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Enhanced bone regeneration via
local low-dose delivery of PTH1-34

in a composite hydrogel

Shanyong Zhang1, Lei Ding2, Gaoyang Chen3, Jiayin Zhang1,
Wanbao Ge1 and Yuan Qu1*
1Department of Spine Surgery, The SecondHospital of Jilin University, Changchun, China, 2Department of
Rehabilitation, The Second Hospital of Jilin University, Changchun, China, 3Shenzhen Key Laboratory of
Musculoskeletal Tissue Reconstruction and Function Restoration, Department of Hand Surgery,
Shenzhen People’s Hospital, The First Affiliated Hospital of Southern University of Science and
Technology, Jinan University Second College of Medicine, Shenzhen, China

Introducing bone regeneration–promoting factors into scaffold materials to
improve the bone induction property is crucial in the fields of bone tissue
engineering and regenerative medicine. This study aimed to develop a Sr-HA/
PTH1-34-loaded composite hydrogel system with high biocompatibility.
Teriparatide (PTH1-34) capable of promoting bone regeneration was selected as
the bioactive factor. Strontium-substituted hydroxyapatite (Sr-HA)was introduced
into the system to absorb PTH1-34 to promote the bioactivity and delay the release
cycle. PTH1-34-loaded Sr-HA was then mixed with the precursor solution of the
hydrogel to prepare the composite hydrogel as bone-repairingmaterial with good
biocompatibility and high mechanical strength. The experiments showed that Sr-
HA absorbed PTH1-34 and achieved the slow and effective release of PTH1-34. In
vitro biological experiments showed that the Sr-HA/PTH1-34-loaded hydrogel
system had high biocompatibility, allowing the good growth of cells on the
surface. The measurement of alkaline phosphatase activity and osteogenesis
gene expression demonstrated that this composite system could promote the
differentiation of MC3T3-E1 cells into osteoblasts. In addition, the in vivo cranial
bone defect repair experiment confirmed that this composite hydrogel could
promote the regeneration of new bones. In summary, Sr-HA/PTH1-34 composite
hydrogel is a highly promising bone repair material.

KEYWORDS

PTH, bone regeneration, hydrogel, strontium, hydroxyapatite

1 Introduction

Bone tissue engineering has emerged as a promising strategy for addressing the limitations
associated with traditional methods of bone repair and reconstruction. Current procedures often
involve graft transplantation, which faces challenges such as donor site morbidity, limited graft
availability, and potential immunogenic responses. As a result, there is a growing interest in
developing alternative strategies that can stimulate the body’s innate regenerative capacity. Among
these, in-situ bone tissue engineering stands out as it combines the principles of biology and
engineering to create functional bone tissue directly at the site of injury or disease (Kim et al., 2011;
Hou et al., 2018; Chen et al., 2021a; Chen et al., 2021b). The use of scaffolds that either have inherent
bone-inducing properties or are functionalized with osteoinductive growth factors is increasingly
being recognized as a key factor in successful in-situ bone regeneration (Hasani-Sadrabadi et al.,
2020a; Wan et al., 2022; Zhang et al., 2023). Novel scaffold materials, including bioactive ceramics,
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synthetic polymers, and compositematerials, have been engineered to not
only provide structural support but also to facilitate bone cell adhesion,
proliferation, differentiation, and ultimately, new bone formation
(Annamalai et al., 2018; Johnson et al., 2019; Olov et al., 2022; Liu
et al., 2023).

An injectable hydrogel has the advantages of high-water content,
injectability, in situ formation, controllable physical and chemical
properties, and high biocompatibility (Cui et al., 2019; Zhao et al.,
2019; Hasani-Sadrabadi et al., 2020b; Wu et al., 2021). It has been
considered one of themost promising biologicalmaterials and is used in
the field of bone tissue engineering. Furthermore, the injectable
hydrogel can mini-invasively load cells, drugs, and various biological
factors and thus has several advantages in bone tissue engineering (Olov
et al., 2022; Zhao et al., 2022). Therefore, usingmini-invasive techniques
for administering the injectable hydrogel loaded with bone
regeneration–promoting factors into the high-risk regions of
osteoporotic fractures in elderly people with initial fractures,
followed by in situ solidification, can rapidly enhance the
mechanical strength of local bone tissues and exert short-term
protective effects (Zhang et al., 2020; Oprita et al., 2022). In
addition, the controlled local release of biological factors and the
degradation of the hydrogel can persistently enhance the bone
density and bone mass of patients and thus exert long-term
protective effects (Cheng et al., 2020). This treatment can be used to
treat OP and prevent the occurrence of fractures in key regions.

In recent years, various types of gelatin hydrogels have been widely
investigated and used for bone defect repair. Gelatin has several
advantages, including high biocompatibility, biodegradability, low
production cost, and capability of being chemically modified. For
instance, gelatin methacryloyl (GelMA) hydrogel is a relatively ideal
bone-substitute material. The methacrylic acid groups of GelMA are
linked to the amino group on the side chain of gelatin, which can well
mimic the extracellular matrix (ECM) (Chai et al., 2022; Wang et al.,
2022). The chemical cross-linking of GelMA can effectively maintain cell
viability, combine bioactive factors that promote cell or bone
regeneration, and thus produce more excellent biological materials for
bone tissue engineering (Yue et al., 2015). Heparin hydrogel is also a
material widely used as a bone tissue engineeringmaterial, which has not
only high histocompatibility but also high bioactivity (Sakiyama-Elbert,
2014; Nilasaroya et al., 2021). Combining chemically modified heparin
with other high-molecular-weightmaterials can produce bone-substitute
materials for bone defect repair. Strontium (Sr) is an extremely important
element in the human skeleton (Place et al., 2011; Malinovsky et al.,
2013). Various previous studies demonstrated that Sr could inhibit bone
resorption to increase bone strength and improve the rate of the bone
union. Sr ranelate is an effective drug for treating OP in clinical practice
(Tournis et al., 2006). Recent studies have also demonstrated the
osteogenic capability of Sr The supplementation of Sr ions to bone-
substitute materials, such as bioactive glass and calcium phosphate,
improves not only themechanical properties of thematerials but also the
bone induction capability of the system, thus inducing the differentiation
of osteoblasts in vitro and accelerating bone regeneration in the area of
osteoporotic bone defect in vivo (Kargozar et al., 2019;Demirel andKaya,
2020). Hydroxyapatite (HAP) is the major component of bones and
teeth in vertebrates, which has high bioactivity and biocompatibility.
Compared with conventional bone-substitute materials such as metals
(e.g., stainless steel and titanium alloy) and ceramics (e.g., aluminum
oxide and silicon nitride), HAP has the advantages of high resistance to

corrosion and high capability of inducing bone generation (Shi et al.,
2021). In addition, the degradation of HAP also eliminates the safety
concerns associated with the use of conventional materials. Previous
studies on the application of HAP as bone-substitute materials mainly
focused on two aspects: HAP coating and human bone biomimetic
regenerative material. Compared with HAP, strontium-substituted
hydroxyapatite (Sr-HA) could more significantly accelerate bone
union and enhance bone-forming capability (Vestermark, 2011).
Small amounts of Sr-HA with the hydrogel also have such effects.

Achieving the balance between osteoblasts and osteoclasts is
critical for effectively promoting bone regeneration. Currently,
teriparatide (PTH1-34) is the only bone regeneration–promoting
drug approved by the Food and Drug Administration (Gomes-
Ferreira et al., 2022). The unique capability of PTH1-34 in activating
osteoclasts and osteoblasts can help achieve the balance between
bone resorption and bone regeneration and thus maintain the good
state of bone. Various previous studies demonstrated that the local
intermittent injection of PTH could effectively repair bone defects
(Yoshida et al., 2019). However, the development of a local drug
delivery system is generally limited, restricting the precise release of
drugs. On the contrary, the local high-dose injection of PTH1-34 may
induce net bone resorption (Chandra et al., 2014; Orbeanu et al.,
2022). Therefore, we hypothesized that the local low-dose PTH1-34

intervention could provide a microenvironment to promote bone
regeneration.

In this study, Sr-HA was used to absorb PTH1-34 polypeptide
and obtain Sr-HA/PTH1-34. Then, double-bonded heparin
(HepMA) and methacrylate gelatin (GelMA) were used as the
main body of the hydrogel to produce the precursor solution of
the hydrogel with high biocompatibility. Further, Sr-HA/PTH1-34

was combined with the precursor solution of the hydrogel to prepare
the Sr-HA/PTH1-34composite hydrogel, which could allow the local
controlled release of low-dose PTH to achieve the repair of defected
bone tissues. In vitro cellular experiments showed that Sr-HA/PTH1-

34-loaded hydrogel system had high biocompatibility (Figure 1).
This composite hydrogel could promote the differentiation of
MC3T3-E1 cells into osteoblasts. In vitro cranial bone defect
repair experiments confirmed that this composite hydrogel could
effectively promote the regeneration of new bones. The composite
hydrogel was mini-invasively injected into the site of osteoporotic
fractures, followed by in situ solidification, which could rapidly
enhance the mechanical strength of the local bone tissues and thus
exert supporting effects. In addition, with the swelling and
degradation of the composite hydrogel, the released PTH1-34

could induce bone marrow mesenchymal stem cells (BMSCs) to
promote osteoblastic differentiation, persistently increase the bone
density and bond mass at specific sites, and thus exert long-term
protective effects.

2 Experimental

2.1 Preparation of the composite hydrogel

GelMA and HepMA were prepared as described in previous studies
(Yue et al., 2015; Brown et al., 2017; Kurian et al., 2022). In brief, gelatin or
heparin was dissolved in phosphate-buffered saline (PBS) to prepare a
10% gelatin solution or 2% heparin solution. Then, a certain amount of
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methacrylic anhydride was added to react for 3–4 h. A high amount of
deionized water was added for dialysis for 5 days, which was then freeze-
dried to obtain the GelMA and HepMA monomers. The prepared
HepMA and GelMA were dissolved in PBS and mixed evenly. Sr-
HAwas dissolved in a weak acid to prepare a homogeneous emulsion.
The aforementioned solutions were mixed evenly, and then PTH1-34 was
added. Blue ray photoinitiator Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was added to induce rapid cross-
linking and solidification, forming the injectable composite hydrogel.
LAP has high biocompatibility and can be used to induce the
solidification of the hydrogel that wraps the cells (Wang et al., 2012;
Magalhães et al., 2020).

2.2 Physical and chemical properties of the
composite hydrogel

2.2.1 Gel formation time of the hydrogel
The tube inversion method was used to measure the gel

formation time of the hydrogel. Different concentrations of the
hydrogel were prepared at 37°C. The gel formation time was the time
during which the inverted tube showed no flow. All samples were
prepared in triplicate for the measurement.

2.2.2 Analysis of themicrostructure of the hydrogel
Cylinders with a diameter of 6 mm and thickness of 1 mm were

prepared, which were then freeze-dried. Then, the samples were
placed on the platform of a scanning electron microscope. The sizes
and numbers of pores, as well as the pokiness rate, were analyzed
using scanning electron microscopy.

2.2.3 Analysis of mechanical properties
The Shimadzu mechanical system (AG-IS, Shimadzu, Japan) was

used to assess themechanical properties of the hydrogel. The cylindrical
hydrogel with a diameter of 8 mm and thickness of 6 mm was
compressed at the strain rate of 5 mm/min, and the modulus of
compression was calculated using the slope of the stress–strain curve
in the range of linearity corresponding to 5%–10% of strain. The
limiting stress was the highest stress before the rupture of the hydrogel.

2.2.4 Analysis of the swelling behavior of the
hydrogel

The hydrogel was freeze-dried, and the dry weight (Wd) was
measured. The dry hydrogel was placed in deionized water and
retrieved at predefined time points (i.e., 0.5, 1, 3, 6, 12, 24, and
36 h). The wet weight (Ww) of the hydrogel at each time point was
measured. The swelling ratio was calculated using the equation: swelling
ratio = (Ww–Wd)/Wd × 100%, where Ww is the wet weight at
predefined time points andWd is the dry weight of the initial material.

2.2.5 Analysis of the degradation of the hydrogel
The hydrogel was freeze-dried, and the dry weight (Wd) was

measured. The hydrogel was placed in 1× PBS, and the PBS was
changed every other day. The hydrogel was retrieved on a predefined
day 7 and freeze-dried, and the dry weight (Wt) was measured. The
hydrogel was then placed in 1× PBS again and retrieved sevenmore days
later (a total of 14 days) and freeze-dried, and the dry weight was
measured. The experiment was continued for 28 days. The remaining
mass of the hydrogel was calculated using the equation: Remaining
mass =Wt/Wd × 100%, whereWt is the dryweight at the predefined time
points and Wd is the initial dry weight.

FIGURE 1
Schematic illustration of a composite hydrogel for local low dose delivery of PTH1-34 for bone repair.
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2.3 In vitro drug release test of the
composite hydrogel

The drug release test of the hydrogel was performed. In brief,
1 mL of the hydrogel sample loaded with PTH1-34 (1 mg/mL) was
dispersed in 5 mL of 1× PBS and vortexed in a water bath at 37°C.
The samples were retrieved at different time points (i.e., 0, 5, 10, 20,
30, 50, 70, 90, 120, 140, and 180 h) and centrifuged to obtain the
supernatant. Then, high-performance liquid chromatography was
used to measure the PTH1-34 level in the solution. The cumulative
drug release level was assessed, and the cumulative drug release
curve was plotted. The chromatographic column used in this study
was the X-Bridge-Shield-RP-C18 column (Waters, United States)
(50 × 4.6 mm2, 3.5 µm), the flow rate was 2.5 mL/min, and the
column temperature was 40°C. The volume of the sample load was
100 μL, and the wavelength of measurement was 245 nm. The
mobile phase A was 0.05% Trifluoroacetic acid (TFA)–water
solution and the mobile phase B was 0.05% TFA–acetonitrile,
which were used for gradient elution.

2.4 In vitro assay of the composite hydrogel

2.4.1 Biocompatibility of the composite hydrogel
MC3T3-E1 (ATCC, United States) were cultured in α-minimum

essential medium (α-MEM, Gibco, United States) supplemented with
10% fetal bovine serum (Gibco), 1% penicillin, and streptomycin
(Gibco). The cells were cultured under standard conditions in the
presence of 5% CO2 and at 95% humidity. The merged cells were
collected after digestion with EDTA containing 0.25% trypsin (Gibco)
for the subsequent experiments.

The live/dead detection reagent Calcein AM and propidium (PI)
were prepared, added to cells co-cultured with the hydrogel, and
incubated at 37°C for 15 min. The samples were washed with PBS
twice, and then an inverted fluorescence microscope was used for
imaging. The CellTiter 96 aqueous solution cell proliferation assay
(MTS, Promega, United States) was used to measure the viability of
hBMSCs. The culture medium was discarded after the cells were
cultured for 1, 3, and 7 days, and then 200 μL of the fresh culture
medium with 10% MTS was added to incubate the cells for 4 h. A
microplate reader (ELX808, BioTek, United States) was used tomeasure
the optical density at 490 nm.

2.4.2 Induction of osteoblast differentiation by the
hydrogel

The alkaline phosphatase (ALP) activity was measured to assess
osteoblast differentiation. The BCIP/NBT ALP detection kit (Beyotime,
China) was used to measure the ALP activity following the
manufacturer’s protocols. In brief, the 48-well plate was fixed with
formalin solution, washed with PBS, and stained with 300 μL of the
dye. Then, the cells were rinsed with running water and blotted dry, and
the Olympus CKX53 microscope was used for imaging.

2.4.3 Expression of osteogenesis-related genes
induced by the composite hydrogel

Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed to assess the expression of osteogenesis-related
genes. The AG RNAex Pro reagent (AG21102, Accurate

Biotechnology, China) was used to extract the total RNA from
cells following the manufacturer’s protocols. The Nanodrop
2000 spectrophotometer (Thermo Scientific, United States) was
used to quantitatively assess the RNA level, and the OD260/
OD280 was between 1.9 and 2.1. Total RNA (1 μg) was
obtained and reverse transcribed to obtain cDNA using the
PrimeScript RT kit (RR037A, TaKaRa, Japan). The StepOnePlus
quantitative PCR system (Applied Biosystems, United States) with
TB Green pre-mixed Ex Taq (RR420A, Takara, Japan) was used for
the qRT-PCR. When assessing osteogenesis-related genes (ALP,
osteocalcin (OCN), osteopontin (OPN), and runt-related
transcription factor 2 (RUNX2)), GAPDH was used as the
internal reference, and the 2−ΔΔCT method was used to estimate
the relative expression of mRNA. All the primers were synthesized
by Sangon Biotech, China.

2.5 Induction of the cranial bone defect
model

All the animal procedures were approved by the Animal
Research Committee of Shenzhen People’s Hospital, Jinan
University. Forty-eight male rats (10 weeks old, body weight of
280–300 g) were obtained from the Guangzhou Animal
Experiment Center. After the rats were anesthetized with an
intraperitoneal injection of pentobarbital sodium (45 mg/kg), a
manual electric trephine was used to make two symmetric full-
thickness round defects of 4.5-mm diameter on the bilateral sides
of the skull in the rats. GelMA, GelMA + HepMA + Sr-HA, and
GelMA + HepMA + Sr-HA + PTH1-34 were injected into the skull
defects (each group consisting of six rats), and normal saline was
injected into the rats in the control group (sham surgery group).
The antibiotics were injected into all the rats after the surgery once
every 3 days. All the rats were sacrificed by cervical dislocation
after 4 weeks. The skull was obtained and stored in 4% formalin,
which was consequently used for imaging and histological
analyses.

2.6 Micro-CT assay

The rats were sacrificed 4 weeks after the surgery, the root
skull was collected and fixed in 4% paraformaldehyde (PFA), and
then the skull was scanned using the high-resolution images were
acquired using the 3D creator software, and then the parameters
including bone mass density (BMD), bone volume (BV/TV),
bone trabecular number (Tb.N), and trabecular separation
(Tb. sp) were calculated.

2.7 Histological analysis and
immunohistochemistry

After micro-CT assay, the skull was immersed in 10% EDTA
for decalcification, followed by dehydration and paraffin
embedding. Then, 5-µm-thick slices were prepared, stained
using hematoxylin and eosin (H&E) (Sigma, United States)
and Masson trichrome staining (Solarbio, China) for assessing
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FIGURE 2
Physical and chemical properties of different hydrogels. (A–E)Microstructural properties of the hydrogels (A): GelMA hydrogel; (B) SrHA; (C)GelMA
+ HepMA hydrogel; (D) GelMA + HepMA + SrHA hydrogel; (E) GelMA + HepMA + SrHA/PTH1-34 hydrogel). (F) Time of gel formation of the hydrogel. (G)
Comparison of modulus of compression of different hydrogel preparations. (H, I) Swelling and degradation behaviors of different hydrogel systems.

FIGURE 3
Influence of different hydrogel systems on PTH1-34 release behaviors. (A) PTH1-34 mixed with the hydrogel system of GelMA:HepMA = 1:1. (B) PTH1-

34 mixed with the hydrogel system of GelMA:HepMA = 1:1 (with SrHA).
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the histological morphology of the defect region of the skull. For
the immunohistochemistry (IHC), the skull was fixed in 4% PFA,
dehydrated, and paraffin embedded. The slices (5 µm) were
prepared and dewaxed with xylene, rehydrated with ethanol,
processed using 3% H2O2 in absolute methanol for 30 min,
immersed and boiled in citrate buffer (pH = 6.0) for 10 min,
and then cooled to room temperature. The slices were blocked
with normal goat serum for 30 min and then incubated with rat
anti-RUNX2 and anti-OCN monoclonal antibodies at 4°C
overnight. Afterward, the samples were subjected to
processing using an Avidin-Biotin Complex (ABC) kit
(Zhongshanjinqiao Biotechnology Co., Ltd, China) (biotin: 1 h;
streptavidin: 30 min, 37°C) and then incubated using the
3,3′Diaminobenzidine (DAB) kit (Zhongshanjinqiao
Biotechnology Co., Ltd.) for 1 min. The Mayer hematoxylin
was used for counterstaining. The omission of the primary
antibody was used as the negative control.

2.8 Statistical analysis

All the data were described as means and standard deviations
(≥3 samples). One-way analysis of variance and paired-sample t-test
were used for the statistical analysis. A p-value < 0.05 indicated a
statistically significant difference. All the statistical analysis and figure
plotting were performed using the Origin 8.5 software.

3 Results and discussion

3.1 Preparation of the composite hydrogel
and analysis of physical and chemical
properties

The composite hydrogel system was prepared by rapid
solidification of HepMA (10 wt%) and GelMA (2 wt%)

FIGURE 4
In vitro cellular experiments of the composite hydrogel. (A) Live-dead cell staining findings after MC3T3-E1 cells were co-cultured with different
hydrogel systems for 3 and 7 days (B) Quantitative analysis of the cell proliferation of MC3T3-E1 cells co-cultured with different hydrogel systems for
3 and 7 days using MTS. (C) The ALP activity of MC3T3-E1 cells after 7-day growth on various hydrogels-conditioned medium (A): GelMA hydrogel; (B)
GelMA + HepMA hydrogel; (C) GelMA + HepMA + SrHA hydrogel; (D) GelMA + HepMA + SrHA/PTH1-34 hydrogel); (D) Measurement of the
expression of different osteogenesis-related genes (A):GelMA + HepMA hydrogel; (B) GelMA + HepMA + SrHA hydrogel; (C) GelMA + HepMA + SrHA/
PTH1-34 hydrogel).
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induced by a blue ray photoinitiator LAP. The gel formation
time of the different systems is shown in Supplementary Table
S1. The Sr-HA showed no significant influence on the gel
formation time of the ultimate systems (Figure 2F). The
porosity and sizes of pores were critical for some cellular
functions, such as influencing cell growth and nutrient
transportation. The freeze-dried samples were scanned
using electron microscopy. The findings are shown in
Figures 2A–E. Adding HepMA to GelMA could increase the
cross-linking of the hydrogel and the number of pores in the
hydrogel, making the network more dense and even. In
addition, when the ratio of GelMA to HepMA was 1:1, the
best modulus of compression was obtained. The introduction
of HAP could reduce the modulus of compression of the
hydrogel (Figure 2G). The swelling equilibrium of the
hydrogel was achieved in approximately 12 h. Compared
with pure GelMA hydrogel, adding HepMA reduced the

swelling ratio of the system, and adding SrHA also slightly
but not significantly reduced the swelling ratio (Figure 2H).
After the different hydrogel preparations were freeze-dried,
the degradation assay was performed by immersing the
samples in PBS, followed by degradation after 7, 14, and
21 days. The findings are shown in Figure 2I, which
indicated that the introduction of Sr-HA could delay the
degradation of the system.

3.2 In vitro drug release assay of the
composite hydrogel

The in vitro effects of the composite hydrogel on PTH1-34 release
were assessed. As shown in Figure 3A, the direct combination of PTH1-

34 with the hydrogel resulted in a relatively fast release in the first 3 days.
On the contrary, introducing Sr-HA into loaded PTH1-34 reduced the

FIGURE 5
Effects of the composite hydrogel systems in promoting bone regeneration in vivo. (A) 3D reconstruction images of the skull after different hydrogel
materials were implanted to the site of skull bone defects for 4 weeks. (B–E)Quantitative analysis of the micro-CT images for the assessment of BV/TV,
BMD, Tb.N, and Tb.Th. (A): GelMA + HepMA hydrogel; (B) GelMA + HepMA + SrHA hydrogel; (C) GelMA + HepMA + SrHA/PTH1-34 hydrogel).
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release rate in the initial stage and allowed the slow, low-dose release of
PTH1-34 in the following week (Figure 3B).

3.3 In vitro cellular experiments of the
hydrogel

MC3T3-E1 cells were co-cultured with the hydrogel, and MTS and
live-dead cell staining were performed after the cells were cultured for
3 and 7 days, respectively, to assess the influences of different hydrogel
systems on cell viability. As shown in Figures 4A, B, the co-culture of cells
with different hydrogel systems-maintained cell viability. In addition, the
introduction of Sr-HA and PTH1-34promoted the proliferation of cells.
Scanning electron microscope (SEM) was used to visualize the state of
cells co-cultured with the hydrogel (Supplementary Figure S1), showing
that the cells could attach to the surface of hydrogelmaterials and survive.
ALP staining was performed to assess the effects of the hydrogel systems
on the osteoblast differentiation ofMC3T3-E1 cells. The findings showed
that compared with the control group, the hydrogel loaded with Sr-HA
and PTH1-34 showed the most significant ALP staining signals, which
were higher than those for the system loadedwith Sr-HAonly, indicating
that Sr-HA and PTH1-34 could jointly promote the differentiation of
MC3T3-E1 cells into osteoblasts (Figure 4C). The hydrogel systems
loaded with Sr-HA increased the expression of osteogenesis-related
genes, including OCN, OPN, RUNX2, and ALP (Figure 4D). More
significantly, the simultaneous loading of Sr-HA and PTH in the system
resulted in the highest expression levels of the osteogenesis-related genes.

These findings demonstrated that the joint effects of Sr-HA and PTH1-34

could better promote the differentiation into osteoblasts.

3.4 In vivo effects of the composite hydrogel
in promoting bone regeneration

After the materials were implanted in the body for 4 weeks, micro-
CT images clearly displayed the differences in the regeneration of new
bone tissues after treatment with different components (Figure 5). The
images clearly showed that the in vivo osteogenesis effects were in
agreement with the in vitro findings, and the hydrogel with both Sr-
HA and PTH could better promote the repair and regeneration of bone
tissues at the bone defects (Figure 5A). The quantitative analysis of BMD,
BV/TV, Tb.N, and Tb.Th was performed to further assess the
osteogenesis effects. The findings showed that after treatment with the
composite hydrogel system for 4 weeks, the hydrogel loadedwith both Sr-
HA and PTH could induce the regeneration of new bones at the site of
bone defects, and the effects were higher than those for the hydrogel
system loaded with Sr-HA only (Figures 5B–E).

3.5 Histological assessment and IHC of the
new bones

H&E staining, Masson trichrome staining, and IHC were
used for the assessment of bone regeneration at the site of bone

FIGURE 6
H&E staining (A) and Masson trichrome staining (B) after the bone defects were treated with different hydrogel systems for 4 weeks (4×).

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Zhang et al. 10.3389/fbioe.2023.1209752

11

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1209752


defects to further verify the effects of the composite hydrogel
systems on bone regeneration. The Figure 6 shows the H&E
staining and Masson trichrome staining results of bone defects
in different groups. The findings were in agreement with the
micro-CT results. Compared with other treatments, Sr-HA and
PTH co-treatment induced the highest amount of new bone
tissues, with the new bones filling the whole defect site, and the
regenerated collagenous fibers were denser than those in other
groups. The Masson trichrome staining further showed that
the GelMA/HepMA/SrHA/PTH group had more calcified
bone-like tissues connected to each other, indicating the
presence of more new bones with higher maturity. The IHC
assay showed slightly lower expression in the GelMA/HepMA/
Sr-HA group, while the expression of OCN and
RUNX2 significantly increased in the GelMA/HepMA/SrHA/
PTH group (Figures 7A, B).

4 Conclusion

In this study, we established a composite hydrogel capable of
the controlled release of PTH to achieve the local controlled
release of low-dose PTH, providing a good microenvironment
for promoting bone regeneration at the site of bone defects. First,
Sr-HA was used to absorb the PTH polypeptide, which was then
mixed with the precursor solution of GelMA/HepMA hydrogel

to prepare the composite hydrogel system with high mechanical
strength and high biocompatibility and capable of the local
controlled release of low-dose PTH by light cross-linking.
The treatment of bone defects using the composite hydrogel
could effectively promote the cells to differentiate into
osteoblasts and promote tissue regeneration via the local
controlled release of low-dose PTH. In addition, the mini-
invasive injection of the composite hydrogel into the site of
osteoporotic fracture, followed by in situ solidification, could
rapidly enhance the mechanical strength of local bone tissues,
thus exerting the supporting effects. Furthermore, with the
swelling and degradation of the hydrogel, the PTH released
by the composite hydrogel could induce the BMSCs to
promote bone differentiation, persistently improve the local
bone density and bone mass, and thus exert long-term
protective effects.

Despite the promising results demonstrated in our research,
several limitations must be acknowledged. Firstly, the results
indicated that the local low dose PTH treatment could better
activate the signaling pathways associated with osteoblasts and
thus promote bone regeneration. However, the exact mechanisms
involved in the effects on osteoblasts and osteoclasts were not
investigated, which should be explored in future. Secondly, the
current study only examined the short-term effects of the
developed hydrogel in bone repair. Long-term studies are
necessary to assess the persistence of the newly formed bone and

FIGURE 7
IHC images of OCN (A) and RUNX2 (B) after the bone defects were treated with different hydrogel systems for 4 weeks (4×).
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the possible long-term effects or complications related to the hydrogel
or its degradation products. In addition, the use of strontium and PTH
was based on their proven benefits in osteoporosis treatment and bone
regeneration. However, the specific doses and ratios used in this study
were determined empirically. Further dose-response studies may be
necessary to optimize the concentrations of strontium and PTH for
maximal therapeutic effects and minimal side effects. Nevertheless,
future work will need to explore the long-term safety, efficacy, and
practicality of these hydrogel systems.
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Polyester urethane urea (PEUU)
functionalization for enhanced
anti-thrombotic performance:
advancing regenerative
cardiovascular devices through
innovative surface modifications
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Introduction: Thrombogenesis, amajor cause of implantable cardiovascular device
failure, can be addressed through the use of biodegradable polymers modified with
anticoagulating moieties. This study introduces a novel polyester urethane urea
(PEUU) functionalized with various anti-platelet deposition molecules for enhanced
antiplatelet performance in regenerative cardiovascular devices.

Methods: PEUU, synthesized from poly-caprolactone, 1,4-diisocyanatobutane,
and putrescine, was chemically oxidized to introduce carboxyl groups, creating
PEUU-COOH. This polymer was functionalized in situ with polyethyleneimine, 4-
arm polyethylene glycol, seleno-L-cystine, heparin sodium, and fondaparinux.
Functionalization was confirmed using Fourier-transformed infrared
spectroscopy and X-ray photoelectron spectroscopy. Bio-compatibility and
hemocompatibility were validated through metabolic activity and hemolysis
assays. The anti-thrombotic activity was assessed using platelet aggregation,
lactate dehydrogenase activation assays, and scanning electron microscopy
surface imaging. The whole-blood clotting time quantification assay was
employed to evaluate anticoagulation properties.

Results: Results demonstrated high biocompatibility and hemocompatibility, with
the most potent anti-thrombotic activity observed on pegylated surfaces.
However, seleno-L-cystine and fondaparinux exhibited no anti-platelet activity.

Discussion: The findings highlight the importance of balancing various factors and
addressing challenges associated with different approaches when developing
innovative surface modifications for cardiovascular devices.

KEYWORDS

anti-thrombotic performance, polyester urethane urea (PEUU), biocompatibility, surface
modifications, regenerative cardiovascular devices
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1 Introduction

Various cardiovascular devices, including vascular grafts, stents,
valves, and venous catheters, are intended for blood contact.
However, thrombogenesis remains a critical factor contributing
to the short- and long-term failure of these devices (Rodriguez-
Soto et al., 2021; Rodriguez-Soto et al., 2021). For example, recurrent
thrombogenesis is the leading cause of patency loss in vascular grafts
for hemodialysis access, with primary patency rates of just 41% after
1 year and 28% after 2 years of implantation (Halbert et al., 2020;
Halbert et al., 2020). Although secondary patency can be achieved by
mechanically removing the thrombus, 29% of cases require a
reintervention for replacement (Guidoin et al., 1992; Guidoin
et al., 1992).

In healthy blood vessels, a functional endothelium actively
serves to prevent thrombogenesis. In contrast, non-
endothelialized surfaces facilitate thrombogenesis through protein
adsorption, platelet aggregation, complement activation, and
thrombin generation. Thrombogenesis not only obstructs the
vessel but also is associated with immune system activity, leading
to increased foreign body responses and bacterial colonization in
specific applications like catheters and vascular grafts for
hemodialysis access. In such circumstances, infection rates can
reach up to 44% (Ed Rainger et al., 2015; Ed Rainger et al., 2015;
Rodriguez-Soto et al., 2021; Rodriguez-Soto et al., 2021).

Historically, efforts to prevent thrombosis on blood-contacting
surfaces have centered on systemic anti-thrombotic or anticoagulant
drug administration. Furthermore, there is no conclusive evidence
on how oral anticoagulation management improves the outcome of
patients requiring the use of vascular grafts. Furthermore, there is no
clear evidence regarding the benefits of mid-term and long-term
anticoagulation in the vascular graft patency outweighing the
increased risk of bleeding (Liang et al., 2017; Liang et al., 2017;
Schoenrath et al., 2021; Schoenrath et al., 2021). However,
developing surfaces with inherent thrombogenesis prevention
capabilities can enhance the prognosis of implanted
cardiovascular devices. For example, bioprosthetic heart valves
that have been modified to exhibit anti-thrombogenic and anti-
immunogenic characteristics have demonstrated encouraging
outcomes in in vivo studies. Such outcomes indicate that
inhibiting the formation of thrombi not only enhances
hemocompatibility but also bolsters the performance of medical
devices. This is achieved by mitigating the risk of extreme immune
reactions triggered by hyperactivation, which in turn supports more
effective tissue regeneration (Hu et al., 2020; Liang et al., 2023).

Passive and active surface modifications have been proposed to
reduce thrombus formation by minimizing protein adsorption
(Irvine et al., 2012; Irvine et al., 2012). The interaction between
electrostatic and hydrophobic forces influences protein adherence to
surfaces, resulting in an increased entropy due to the displacement
of water molecules and counter ions from proteins. Specific
adsorbed proteins can present binding sites, for platelets and
reendothelialization (Tang et al., 2009; Tang et al., 2009; Liu
et al., 2013; Liu et al., 2013). Passive surface modifications, such
as low-adherent topographies or PEGylation to improve
hydrophilicity, can be employed to modify these processes.
However, caution is necessary when considering these
approaches for cardiovascular devices that require

reendothelialization for optimal clinical outcomes (Valencia-
Rivero et al., 2019; Valencia-Rivero et al., 2019). Alternatively,
active surface modification mainly focuses on surface
functionalization with bioactive molecules that target thrombin
generation and fibrin formation. For instance, heparin
attachment to the surface, as a catalyst for the inactivation of
thrombin and factor X, has been proposed (Janairo et al., 2012;
Janairo et al., 2012). The PROPATEN® graft, a PTFE vascular graft
modified with heparin and approved by the FDA in 2006, has
demonstrated a nearly 16% increase in patency compared to its non-
coated counterpart. Although direct thrombin inhibitors like
hirudin and bivalirudin have been investigated, they have not
been widely adopted. Recent research, however, suggests that
combining both alternatives can provide a synergistic effect in
anti-thrombotic surface modifications (Zhu et al., 2021; Zhu
et al., 2021).

In this work, we propose the use of carboxyl group-modified
poly (ester urethane) urea (PEUU-COOH) for functionalization
with various anti-thrombotic strategies. PEUU exhibits
biodegradability and superior mechanical performance, making it
a promising biomaterial for cardiovascular tissue engineering
applications. It offers the necessary compliance to withstand
blood pressure and facilitates mechanotransduction from flow to
cells on the surface, which is required for reendothelialization (Fang
et al., 2014; Fang et al., 2014). By considering only one bulk material
we were able to independently analyze the efficiency of proposed
antiaggregating surface treatments.

First, we examined polymer functionalization with a high
molecular weight 4-arm PEG (20,000 mW), which could be an
outstanding strategy due to its steric inhibition potential and
increased hydrophilicity (Pozzi et al., 2014; Pozzi et al., 2014).
We then utilized a similar molecule, polyethyleneimine (PEI
400 mW), shown to prolong prothrombin time by blocking
thrombin-catalyzed fibrin formation (Chu et al., 2003; Chu et al.,
2003). Additionally, considering that heparin is one of the most
widely used anti-thrombotic surface modifications, we hypothesized
that a synthetic heparin analog, Fondaparinux, might also be
suitable for anti-thrombotic functionalization. Fondaparinux
selectively inhibits factor Xa and thrombin generation but not its
activity, thereby allowing protein C activation for its anticoagulation
function. Furthermore, heparin is anti-angiogenic due to the
downregulation of endothelial cell migration genes (Shen et al.,
2011; Shen et al., 2011). Fondaparinux may offer a selective
anticoagulant strategy without interfering with the
reendothelialization necessary for regenerative cardiovascular
devices (Zhang et al., 2019; Zhang et al., 2019).

Lastly, nitric oxide (NO) released from endothelial cells has been
recognized for its antiplatelet function through the inhibition of
glycoprotein Ib (GPIb)-V-IX and integrin αIIbβ3 complex in
platelets (Yau et al., 2015; Yau et al., 2015). Moreover, NO
activates the cGMP (cyclic guanosine monophosphate) dependent
protein kinase pathways and reduces cytosolic Ca2+, thus inhibiting
platelet adhesion, and aggregation, and disrupting platelet
aggregates (G.-R. Wang et al., 1998; Wang et al., 1998).
Consequently, we hypothesized that surfaces capable of inducing
NO production could prevent platelet activation. For this, we
selected an organoselenium compound to increase nitric oxide
from blood plasma S-nitrosothiols (Yang et al., 2008; Yang et al.,
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2008; An et al., 2015; An et al., 2015). Furthermore, increased NO
levels have been shown to promote endothelial cell proliferation and
reduce the inflammatory response of biomaterials by inhibiting
proinflammatory cytokine production (Tousoulis et al., 2012;
Tousoulis et al., 2012), all of which are desirable properties for
regenerative applications.

Building upon these principles, our study aims to develop and
evaluate the effectiveness of these anti-thrombotic strategies on the
modified PEUU (PEUU-COOH) surfaces. We investigate the
biocompatibility, mechanical properties, and anti-thrombotic
performance of the functionalized PEUU, comparing each
strategy’s efficacy in vitro and in vivo.

2 Materials and methods

2.1 Materials

For polymer synthesis, Polycaprolactone diol (PCL, Mn = 2000),
dimethylolpropionic acid (DMPA), 1,4-Diisocyanatobutane (BDI),
putrescine and stannous octoate (Sn(Oct)2) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 1,1,1,6,6,6-
Hexafluoroisopropanol (HFIP) was purchased from Oakwood
Products, Inc. (Columbia Hwy, N, Estill, USA). For polymer
functionalization, Heparin sodium salt from porcine intestinal
mucosa (H3393), Fondaparinux sodium (SML1240),
Polyethyleneimine mW 400 (PEI - P3143), 4-arm Polyethylene
Glycol with amine terminal groups Mw 20.000 (PEG 4 Arm NH2 -
JKA7026), Seleno-L-cystine (545996), N-(3-Dimethylaminopropyl)-
N′-ethyl carbodiimide hydrochloride (EDC - E7750),
N-Hydroxysuccinimide (NHS - 130672), Chloroform (99.8%) and
hydrofluoric acid (48%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). For nanoparticles synthesis used in the
functionalization of heparin and fondaporinux surfaces, hydrochloric
acid (HCl, 37%, CAS 7647-01-0), glutaraldehyde (GTA, 25%, CAS 111-
30-8), acetone (99.5%, CAS 67-64-1), glacial acetic acid (99.7%, CAS 64-
19-7), and sodium hydroxide (NaOH, 98%, CAS 1310-73-2) were
purchased from PanReac AppliChem (Chica-go, IL, USA). For
biological assays, Triton X-100, Phosphate Buffer Saline (PBS),
thiazolyl blue tetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO, 99%), Dulbecco’s modified Eagle’s medium (DMEM),
Roswell Park Memorial Institute 1640 Medium (RPMI1640), and
Fetal Bovine Serum (FBS) were purchased from Sig-ma-Aldrich (St.
Louis, MO, USA). VERO cells (CCL-81) and THP-1 cells (ATCC TIB-
202) were acquired from ATCC®. Lactate Dehydrogenase (LDH) kit
was acquired from Sigma Aldrich (MAK066, St. Louis, MO, USA). The
Nitric Oxide Assay kit was acquired from Abnova (KA1641, Taipei,
Taiwan). Fetal bovine serum (FBS) was obtained from Biowest
(Riverside, MO, USA), and Type B gelatin was purchased from the
local store Químicos Campota (Bogotá, Colombia).

2.2 Biomaterial synthesis and modification

2.2.1 PEUU-COOH (PC) synthesis and modification
To facilitate functionalization with various anti-thrombotic

bioactive molecules, carboxyl groups were incorporated into the
PEUU backbone (Guan et al., 2002; Guan et al., 2002; Hong et al.,

2012; Hong et al., 2012; Zhou et al., 2014; Zhou et al., 2014). Briefly,
PCL and DMPA were dried in a vacuum oven at 60°C overnight to
remove residual water, and BDI and Putrescine were purified
through vacuum distillation before PC synthesis. Sn (Oct)2 was
dried using 4 Å molecular sieves.

PCL was used as the soft segment. DMPA and putrescine are
chain extenders and BDI is the hard segment. PCL was dissolved in
DMSO in a three-necked flask under argon protection stirring at
75°C. BDI was added followed by 3 drops of Sn (Oct)2 as a catalyst.
The reaction was allowed for 3 h at 75°C and then the prepolymer
solution was cooled at room temperature. DMPA dissolved in
DMSO was added dropwise to the pre-polymer solution and the
reaction was allowed for 1 h at 25°C. Putrescine diluted in DMSO
was slowly added to the reactor then the reactor was kept at 25°C
overnight under argon. PCL/DMPA/BDI/putrescine molar ratio
was 1:0.5:2:0.5, for a final polymer concentration of 4% on the
solution. The polymer was then precipitated with cold deionized
water, rinsed with isopropyl alcohol, and dried in a vacuum oven at
60°C for 3 days to obtain fine PC pellets. The reaction yield was over
90%. Figure 1 presents a schematic representation of the PEUU
synthesis and carboxylation process. The chemical structure of the
synthesized PC was confirmed by proton nuclear magnetic
resonance (1H-NMR) spectrum and the ratio of PCL:BDI in the
backbone was calculated as 1:2.6 from the spectrum (Supplementary
Figure S1).

2.2.2 PEUU-COOH (PC) physicochemical
characterization

PEUU carboxylation was confirmed through an X-ray
photoelectron spectroscopy (XPS), a Fourier-Transform Infrared
Spectroscopy (FTIR), and a thermogravimetric analysis.

A photoelectron spectrometer (SPECS Surface Nano Analysis
GmbH, Germany) equipped with a PHOIBOS-150 hemispherical
electron energy analyzer and a µfocus-600 Al X-ray source was used
for XPSmeasurements. The ultra-high vacuum conditions were kept
below 3 × 10−9 mbar in the operation procedure. The surface charge
compensation of the samples, previously mounted on a non-
conductive tape, was achieved by an electron flood gun operated
at 3 eV (20 µA) over a tantalum mesh with a nominal aperture of
430 µm. The spot diameter was 200 nm, the energy pass was fixed at
20 eV and the scan number for the high-resolution measurements
was 20. The signals were calibrated to a binding energy of 284.6 eV
for adventitious carbon and the Ta4f7/2 peak from the tantalum
mesh was employed as a reference. The HR spectra were fit by the
XPSPeak4.1 software, using a Shirley-type single-peak background
with a simultaneous GL peak shape of 30% and full-width at half
maximum (FWHM) data from the literature. A deconvolution
process was conducted to analyze the surface chemical species
after the functionalization of the involved materials.

An Alpha II FTIR Eco-ART (Bruker Optik GmbH, Ettlingen,
Germany) was used for the identification of the oxygen-containing
functional groups by recording the infrared spectra from 4000 to
600 cm-1 with a 2 cm-1 spectra resolution. Changes in the
characteristic peaks of PEUU were analyzed to identify the
backbone structural modifications.

To evaluate alterations in the covalent bonds of the PEUU
backbone, a thermal degradation profile was determined using
thermogravimetric analysis (TGA) and differential scanning
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calorimetry (DSC) assays. Both experiments were conducted using a
TA Instrument Q600 Thermogravimetric Analyzer® (New Castle,
DE, USA). The thermogravimetric profile was obtained under a
nitrogen atmosphere (100 mL/min) at a heating rate of 10°C/min,
reaching up to 600°C, following ASTM E1131. The DSC analysis was
carried out under a nitrogen atmosphere (300 mL/min) at a heating
rate of 10°C/min, reaching up to 130°C, and maintained at an
isothermal condition for 5 min to eliminate prior thermal history.
Subsequently, samples were cooled at a rate of 10°C/min and
reheated to 130°C for a second time.

For the COOH quantification, a titration of PEUU and PC was
performed. A 30 mL solution of 1 mg/mL of the polymer was
resuspended in distilled water, and the pH was adjusted to 3 by
adding 0.1 N HCl. Then, 20 μL of 0.1 N, NaOH was added to the
solution, and the resulting pH was recorded. A titration curve was
built to determine the equivalence point. The content of carboxyl
groups was calculated through the product of the titrant
concentration (N) and volume at the equivalence point (V),
divided by the polymer mass (M) (Barbosa et al., 2013; Barbosa
et al., 2013).

FIGURE 1
Schematic representation of the workflow for the Synthesis of PEUU-COOH (PC), detailed structure can be seen on Supplementary Figure S1.

FIGURE 2
Schematic representation of the PEUU-COOH (PC) Functionalization. Group 1–Direct Functionalization. Group 2 –Indirect Functionalization.
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2.2.3 PEUU-COOH (PC) anti-thrombotic
modification

PC was subsequently functionalized in situ with a series of
bioactive molecules possessing anti-thrombotic properties. These
molecules were divided into two groups for further
functionalization. The first group, referred to as “Direct,”
encompassed bioactive molecules with NH2 functional groups,
enabling the formation of a peptidic-covalent bond with the
COOH functional groups of PC. The molecules in this group
included Polyethyleneimine Mw 400 (PEI), 4-arm Polyethylene
Glycol with amine terminal groups Mw 20,000 (P4A), and
Seleno-L-cystine (SLC). The second group, designated “Indirect,”
involved bioactive molecules containing functional COOH groups,
necessitating the use of a linker. Gelatin nanoparticles with NH2

functional groups were employed to establish a bond between PC
and the anticoagulant molecule. This group comprised molecules
such as heparin sodium salt derived from porcine intestinal mucosa
(HEP) and fondaparinux sodium (FPX).

For direct in-situ functionalization, PC pellets were dissolved in
chloroform (5% w/v) at 30°C under magnetic stirring. Then,
according to the number of COOH functional groups quantified
in the PC (3 × 10−4 mol/g), a 1:10 ratio of polymer/EDC and NHS
were added (3 × 10−3 mol/g), and the activation reaction was allowed
for 15 min at 37°C under magnetic stirring. Following this, the anti-
thrombotic bioactive molecule with NH2 functional groups was
added to the solution and the reaction was allowed for 24 h at 50°C
under magnetic stirring. In this regard, a 1:2 ratio was considered for
PEI (2 × 10−4 mol/g) and P4A (2 × 10−4 mol/g), while a 1:1 ratio was
considered for SLC (2 × 10−4 mol/g). Upon completion of each
reaction, solutions underwent solvent casting for 24 h, and the
resulting film was washed twice with Type II water.

For indirect in-situ functionalization, the gelatin B nanoparticles
(GNPs) were synthesized using a previously reported two-step
desolvation method (Gonzalez-Melo et al., 2021; Gonzalez-Melo
et al., 2021). Briefly, Type B gelatin was dissolved in type II water
(5%w/v) and an equal volume of acetone was added dropwise for 5 min
to induce coiling. The supernatant was collected and centrifuged at 810 g
for 3 min to recover the high molecular weight gelatin. The resulting
pellet was resuspended in an equal volumemixture of water and acetone,
and the pH was adjusted from 10.5 to 11.5 before initiating the second
desolvation process. Chemical crosslinking of the NH2 groups to form
the GNPs was achieved by gradually adding glutaraldehyde to a final
concentration of 0.4% w/v while stirring magnetically and allowing the
reaction to proceed for 16 h. Excess acetone was removed by
evaporation, with simultaneous water addition to prevent
agglomeration, and the GNPs were recovered by freeze-drying.

For indirect functionalization, PC pellets were dissolved in
chloroform (2.5% w/v) at 30°C under magnetic stirring. Then, a 1:
10 ratio of polymer/EDC and NHS (3 × 10−3 mol/g) was added, and the
activation reaction proceeded for 15 min at 37°C under magnetic
stirring. Subsequently, a 1:10 ratio of polymer/GNPs (3 × 10−3 mol/
g) and a 1:5 ratio of HEP or FPX (2 × 10−3 mol/g) were added. The
mixture was allowed to react for 24 h at 50°C under magnetic stirring.
Each solution underwent solvent casting for 24 h and the obtained film
was washed twice with Type II water. Figure 2 Shows a schematic
representation of the PEUU-COOH (PC) Functionalization. Two
different groups were assigned as Group 1–Direct Functionalization
and Group 2–Indirect Functionalization.

To confirm surface functionalization, XPS and FTIR spectra
were obtained and analyzed following the previously described
procedure. The primary peaks of the raw bioactive molecules
were compared with the functionalized surfaces on the PC. TGA
and DSC assays were also performed as previously described to
assess differences in thermal degradation profiles resulting from the
chemical modification of the PC films. Films, each measuring 1 cm2

films were sterilized with ethylene oxide at the sterilization center of
Fundación CardioInfantil following the NTC 4426-1 and NTC
4426–2 standards, ahead of the subsequent biocompatibility and
anti-thrombogenic tests. Surface hydrophilicity was evaluated by
measuring the contact angle using a 100 μL droplet of Type II water
before and after sterilization.

To elucidate the nitric oxide production capacity of PC
functionalized with seleno-L-cystine (PC + SLC) and its relation
with anti-thrombotic activity, we quantified the total NO2-/NO3-

released by plasma in contact with the functionalized polymer as an
indicator of NO production. Briefly, O+ fresh human blood was
collected in sodium citrate blood collection tubes after obtaining
informed consent (Ethical Committee at the Universidad de Los
Andes, minute number 928-2018). The anticoagulated blood was
centrifuged at 324 g for 15 min to obtain platelet-poor plasma (PPP).
Films were then exposed to 400 μL of PPP, followed by incubation
for 24 h at 37°C and 5%CO2. The supernatant was collected,
deproteinized with ZnSO4 and NaOH according to the
manufacturer’s instructions (KA1641, Taipei, Taiwan), and
centrifuged at 2250 g for 10 min to remove the protein pellet.
The reaction proceeded via the reduction of nitrates to nitrite
using the Griess method, incubating the sample with the required
A and B reagents for 10 min at 60°C. Centrifugation was performed
at 2250 g for 30 s, and the supernatant was transferred to a brand
new 96 well-plate to measure absorbance at 540 nm. Controls
included pristine PC and PPP alone. NO concentration was
calculated using a linear dependency of y = 0.003x + 0.07 from a
linear regression model according to nitrite standard curve with a
known nitrite concentration (100 uM), and NO release was then
normalized based on the surface area.

2.3 Biocompatibility analysis

Considering that the films presented in this study are intended
to be in contact with live tissues and blood, cytocompatibility, and
hemolytic propensity were assessed according to the ISO
10993 standard. For the hemolysis test, O+ fresh human blood
was collected in Ethylenediaminetetraacetic acid (EDTA) blood
collection tubes after obtaining informed consent (Ethical
Committee at the Universidad de Los Andes, min number 928-
2018). To isolate erythrocytes and remove the plasma contents, the
anticoagulated blood was washed five times with a 0.9% w/v NaCl
physiological solution at 324 g for 5 min. The isolated erythrocytes
were resuspended in PBS 1x to obtain an initial stock of 4 × 106

erythrocytes/μL. Sterilized films of 0.3 cm2 were immersed in 150 μL
of the erythrocyte solution, while 1x PBS and 1% v/v Triton X-100
served as negative and positive controls, respectively. The samples
were incubated at 37°C for 1 h, centrifuged, and the supernatant
absorbance was determined at 454 nm. The hemolysis percentage
was determined by means of the positive control with Triton X-100
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(International Organization for Standardization, 2017; International
Organization for Standardization, 2017).

To evaluate cytocompatibility, a metabolic activity assay was
performed using MTT on VERO cells and THP-1 cells. For this
purpose, 1.0 × 105 VERO cells/mL were seeded onto 96-well plates
containing DMEM supplemented with 10% FBS and allowed to
adhere for 24 h at 37°C in a 5% CO2 atmosphere. To assess
cytocompatibility, the MTT metabolic activity assay was
performed on VERO cells and THP-1 cells. VERO cells (1.0 ×
105 cells/mL) were seeded on 96-well plates with DMEM
supplemented with 10% FBS and allowed 24 h for adhesion at
37°C in a 5% CO2 atmosphere. In parallel, THP-1 cells (5.0 ×
105 cells/mL) were seeded on 96-well plates containing RPMI
1640 supplemented with 10% FBS. Cells were then exposed to
previously sterilized 0.4 cm2

films for an additional 24 h and 72 h
in serum-free media. DMSO at a concentration of 10% v/v and
untreated cells were used as negative and positive controls,
respectively. Post incubation, films were carefully removed, and
the MTT solution was applied to facilitate formazan crystal
formation over a 2-h incubation period. Media was removed
after centrifuging the culture plates at 250 g for 5 min, and
DMSO was added to dissolve the formazan crystals. Absorbance
was then read at 595 nm, with cell viability percentages
benchmarked against a live cell control (International
Organization for Standardization, 2017; International
Organization for Standardization, 2017).

2.4 Anti-thrombotic activity analysis

To assess the anti-thrombotic activity of the different bioactive
molecules employed, multiple assays were performed to examine
protein adsorption, platelet aggregation, activation, and clot formation.

We hypothesized that surface modifications increasing wettability
would also reduce platelet aggregation due to potential alterations in
the protein adsorption profile. Therefore, the contact angle was
determined by directly measuring the tangent angle at the
interfacial point when a 100 μL drop of type II water reached the
three-phase equilibrium point on a 1 cm2 sample before and after
sterilization. To evaluate the protein adsorption capacity, 0.5 cm2

samples were immersed in 10% FBS and incubated for 12 h. The
samples were then transferred to a 96-well plate and washed with
50 μL of a 1% SDS solution for 35 min at 37°C under gentle agitation
at 100 rpm. Supernatant protein concentrations were quantified using
a Bicinchoninic Acid (BCA) Assay Kit (Quanti-Pro, Sigma Aldrich).
Solutions with andwithout FBS in the absence of any treatment served
as positive and negative controls, respectively. BCA working solution
incubation was allowed for 30 min and absorbances were measured at
565 nm. Protein concentration was calculated using a linear
dependency of y = 0.2633x + 0.1019 from a linear regression
model according to a Bovine serum albumin (BSA) standard curve
with a known protein concentration (2 mg/mL), and protein
concentration was then normalized based on the surface area.

For platelet aggregation and activation, O+ fresh human blood
was collected in sodium citrate blood collection tubes after obtaining
informed consent (Ethical Committee at the Universidad de Los
Andes, min number 928-2018). The anticoagulated blood was
centrifuged at 180 g for 10 min to obtain platelet-rich plasma

(PRP). Films of 0.5 cm2
films were then exposed to 200 μL of

PRP that had been activated with 20 μL 0.1 M CaCl, allowing
contact for 20 min. After incubation, films were removed and the
supernatant absorbance was determined at 620 nm. Surfaces
functionalized with epinephrine, adenosine diphosphate (ADP)
and collagen were used as positive controls with high, medium,
and low aggregation potential, respectively. Platelet aggregation was
expressed as a percentage of the epinephrine control (International
Organization for Standardization, 2017; International Organization
for Standardization, 2017).

Scanning electron microscopy (SEM) was used to verify platelet
presence and activation. Sterilized 0.5 cm2

films were exposed to
PRP for 30 min under gentle agitation at 10 rpm. The films were
then removed, fixed with glutaraldehyde 4% v/v for 30 min, and
washed 3 times with PBS 1x. The samples were dried using a
decreasing ethanol curve, affixed onto aluminum plates with
carbon tape, and coated with a gold layer using a Vacuum Desk
IV apparatus (Denton Vacuum, Moorestown, NJ, USA). An SEM
model JSM-6490LV® (JEOL USA Inc., Peabody, MA, USA) with a
10 kV accelerating voltage was used for sample analysis.

An LDH assay was performed to quantify the platelet number
adhered to the film surfaces exposed to PRP for 1 h. For quantification,
a calibration curve was built using PRP with 10 serial dilutions of 3.56 ×
105 platelets/µL, and absorbance was recorded at 493 nm. The exposed
films were transferred to brand new plates, and platelets were lysed with
1% Triton X-100 for 5 min. The films were then removed and the LDH
working solution (MAK066, St. Louis, MO, USA) was applied to the
supernatant with absorbance recorded at 493 nm. The number of
platelets was determined with the aid of a linear dependency of y =
4 × 10−8 x + 0.1427 obtained from a linear regression model of a
standard curve created with decreasing concentrations of PRP. Data
were normalized based on the contact surface area (Braune et al., 2015;
Braune et al., 2015).

To assess whole blood clotting on the film surfaces, the O+ whole
blood from human donors was collected in sodium citrate tubes with
the first tube discarded to avoid contamination with tissue
thromboplastin. 5 mL of whole blood was transferred to a centrifuge
tube, and 500 μL of 0.1 MCaCl was added immediately before the assay
to restore coagulability. Sterilized 1.5 cm2

films were placed in 12-well
plates and 200 μL of the activated blood was applied to the film surface.
The samples were incubated for 15 min or 1 h at 37°C to facilitate clot
formation. After incubation, 3 mL of type II water was carefully added
to each sample and incubated for 5 min. 100 μL of the supernatant was
transferred to a 96-well plate and absorbance was recorded at 540 nm.
Positive control for coagulation was obtained with a glass slide.
Absorbance is proportional to free hemoglobin released by the red
blood cells that are not protected by the polymerized fibrin mesh and is
inversely related to thrombus formation (Sabino and Popat, 2020;
Sabino and Popat, 2020).

2.5 Statistical analysis

Statistical analysis of the data was conducted using GraphPad
Prism® 9.1.1 software (Windows, GraphPad Software, San Diego,
CA, USA, www.graphpad.com, accessed on 24 March 2023). A two-
way ANOVA test with Tukey’s multiple comparisons of means was
employed after confirming the normality, independence of
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observations, and homoscedasticity of the data. Data conforming to
normal distribution are presented as mean ± standard deviation,
with p-values less than 0.05 (p < 0.05) deemed significant. Grubbs’

test was applied to identify single outliers within the data sets (data
not shown). A schematic illustration of the scaffold fabrication
process is provided in Figure 3.

FIGURE 3
Schematic representation of the workflow for the PEUU-COOH (PC) in-situ functionalization with anticoagulant molecules and anti-thrombotic
activity assessment. (A) PEUU carboxylation with DMPA (B) Physicochemical characterization of PEUU-COOH. (C) In-situ functionalization with anti-
thrombotic bioactive molecules. (D) Biocompatibility assessment. (E) Anti-thrombotic activity assessment.

FIGURE 4
High-resolution XPS spectra for the C1s, O1s, andN1s core-level of PEUU (bottom) and PC (top) samples. Colored areas correspond to the sub-peak
components referred to in Supplementary Table S1.
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3 Results and discussion

3.1 PEUU carboxylation

3.1.1 PEUU-COOH (PC) X-ray photoelectron
spectroscopy (XPS) analysis

The chemical surface characterization of PC was conducted by
the XPS. A reference sample of PEUU reference was analyzed to
determine the incorporation of dimethylolpropionic acid (DMPA)
into the PEUU backbone. Figure 4 shows the high-resolution (HR)
spectra for the main peaks of C1s, O1s, and N1s, subdivided into
component sub-peaks delineated by distinct color zones. The spectra
were normalized to the C1s mean signal. The binding energy (BE)
values for all components, integral to the overall fitting, are indicated
by red lines overlaid on black dots that represent the experimentally
recorded data A summary of the BE, full width at half maximum
(FWHM), and area under the curve values for all analyzed systems is
presented in Supplementary Table S1 (Supplementary Section S1).
Charging artifacts, evidenced as asymmetric tails at lower energies,
are marked in red.

For the C1s core level, both samples showed sub-peaks
corresponding to -O-C=O (C6—magenta-), N-C=O
(C5—brown), -C-O (C4 –purple), -C-N (C3 –cyan), C-C (C2
–blue) and C-H (C1 –green) bonds, arranged from high to low
binding energies. The peak integration counts, calculated from
the area under the peak, demonstrated a noticeable disparity; the
PC sample had higher counts than the PEUU, attributed to the
presence of DMPA molecules. This variation confirms successful
functionalization, as the urea/urethane ratio decreased from 1/
1 to 1/3 after substituting DMPA for putrescine on a 1:1 basis.
This substitution suggests an increased concentration of pi-bond
resonant structures, caused by the interaction between DMPA,
BDI, and PCL molecules. Consequently, the chemical potential of
the PC sample surface exceeded that of PEUU. This observation
correlates with the homogeneous distribution of the electronic
density of states along the chain extension. It is noteworthy that
XPS analysis was conducted on large polymer compounds, thus
the fitting data reflect the aggregate chemical environment,
directly linked to the functional groups introduced during the
carboxylation process.

For the O1s core level, the spectrum consisted of three sub-peak
components corresponding to chemisorbed hydroxyl (O3—cyan),
-O-C (O2—blue), and C=O (O2—green) bonds, arranged from high
to low binding energies. The results align with those of the carbon
species since the O1s intensities for the PC sample exceeded those of
the reference sample. Similarly, the N1s core-level exhibited weak
signals for -N-C=O (N3—cyan), -N-H2 (N2—blue), and --N-H
(N1– green) bonds, which are congruent with the organic matrix.
Despite the general increase in count observed with the introduction
of DMPA molecules, the -N-C=O bond component remained
relatively consistent due to the expected reduction of amides with
putrescine substitution.

3.1.2 PEUU-COOH (PC) FTIR analysis
The physicochemical evaluation of PEUU was conducted by

Fourier Transform analysis, which confirmed the presence of
functional groups in the polymer and the successful introduction
of carboxyl groups of the PEUU (PC). The characteristic peaks of

PEUU were identified at 3320 cm-1 (urethane and urea N-H
stretching vibration), 2933 and 2855 cm-1 (carboxyl C-H
stretching vibration), 1724 cm-1 (ester carbonyl stretching
vibration of the urethane group C=O) and 1160 cm-1 (stretching
vibration of the ester group C-O-C) (Nair and Ramesh, 2013; Nair
and Ramesh, 2013; Włoch et al., 2018; Włoch et al., 2018). As shown
above (Figures 5A, B) the carbonyl group peak of the PC (1724 cm-1)
exhibited elongation and broadening, indicating the oxidation of the
PEUU and the presence of the COOH free radicals, which confirmed
the successful functionalization of the polymer.

Additionally, the titration curve was used to confirm the
carboxylation process. The presence of a higher number of
carboxyl groups in the polymer results in increased acidity,
requiring a greater quantity of NaOH solution to raise the
pH level, as shown in Figure 5C. This technique has been widely
used to determine the quantification of carboxyl groups in materials,
considering the material’s acidity (El Jundi et al., 2020; El Jundi et al.,
2020; Babaev et al., 2022; Babaev et al., 2022). Therefore, the results
of the titration curve provide additional evidence of the successful
carboxylation of PEUU.

3.1.3 PEUU-COOH (PC) thermogravimetric analysis
The weight degradation profile of both PEUU and PC was

analyzed via TGA, and the results are presented in Figures 5D, E.
The two polymers exhibit similar behavior, but PC displays a distinct
degradation temperature compared to PEUU, with temperature
peaks dropping from 365°C to 305°C. This variation may be due
to structural modifications in the PEUU, leading to weaker bonds or
less stability in the carboxylated polymer itself. Alternatively, the
decrease in temperature could be due to the reduction in molecular
weight when compared to the unmodified polymer (Hong et al.,
2012; Hong et al., 2012). Nevertheless, this difference in degradation
temperature does not represent a significant inconvenience, as the
melting temperature does not differ greatly from that of PEUU.
Furthermore, a second weight loss can be observed at 350°C which
may be related to the decomposition of urethane and urea bonds,
and a total and remaining decomposition at 442 °C related to the
decomposition of ester bonds (El-Raheem et al., 2021; El-Raheem
et al., 2021).

The DSC thermogram confirmed the TGA results, showing a
melting temperature of 363°C for PEUU and 305°C for PC
(Figure 5F). The differences in both degradation temperatures
can be attributed to the loss of bonds resulting from COOH
generation on the backbone of the PC, leading to a slightly less
stable polymer. However, these structural changes do not represent
critical modifications in the material but are made to facilitate the
formation of peptide bonds with the available amine (-NH)
terminals of anti-thrombotic molecules studied (Fang et al., 2014;
Fang et al., 2014).

3.2 PEUU-COOH (PC) biocompatibility and
hemocompatibility

As the proposed biomaterial is intended for implantation and
will come into contact with blood, its biocompatibility was assessed
by evaluating cell viability, hemolysis percentage, and platelet
activity.
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Cell viability of VERO cells exposed to the PC film was analyzed at
24 and 72 h (Figure 6A). Results indicated no significant decrease in
viability for both polymers, with PC showing cell viability percentages of
93%± 11 at 24 h and 95%±11 at 72 h, compared to PEUUat 96%± 4%
and 90%± 4, respectively. No apparent cell morphological changes were
observed, and both maintained a viability percentage above the
minimum allowed by the 10993 ISO standard (80%). Similar results
are found when the viability of exposed THP-1 cells was evaluated
(Figure 6B). PEUU-COOH showed 87% ± 4 and 111 ± 4 after 24 h and
72 h, while PEUU maintained the viability at 96% ± 5% and 91% ±
5 after 24 h and 72 h. No statistically significant differences were found.

The hemolysis percentage (Figure 6C) of the PC remained below
1% (0.6% ± 0.6) similar to PEUU (0.2% ± 0.4), with no statistically
significant differences, and well below the maximum percentage
allowed by the 10993 standards (5%), indicating hemocompatibility
for both polymers.

To further analyze anti-thrombotic activity, contact angle
(Figure 6D) and protein adsorption (Figure 6E) profiles were
examined. Findings revealed that polymer functionalization led to
a decrease in contact angle and an increase in hydrophilicity, this
behavior did not present any significant difference after ethylene
oxide sterilization. Post-sterilization contact angle measurements
yielded 64 ± 6 for PEUU-COOH versus 78 ± 5 for PEUU (p ≤ 0.01),
with a PTFE graft serving as a hydrophobic control (96 ± 2). No
discernible differences were observed post-sterilization in either
film’s manipulability or flexibility. Previous reports have shown
that ethylene oxide sterilization might cause an increase on the
rigidity of the biomaterial, thus mechanical property assessment is
crucial for each specific application (Bednarz et al., 2018).

PC had lower mean protein adsorption than PEUU (3 × 10−2 mg/
mm2 ± 8 × 10−3 vs. 2 × 10−2 mg/mm2 ± 6 × 10−3), though these surfaces
were not statistically different. According to Ramachandran, B. et al.,
PEUU’s wettability can be influenced by both the density of carboxyl
groups present on its surface and its surface roughness. Consequently,
PC exhibits more pronounced hydrophilic behavior in comparison to
the unmodified polymer. As the carboxyl group density on the polymer
surface increased, protein adsorption decreased (Ramachandran et al.,
2018; Ramachandran et al., 2018).

Upon 20 min of exposure to PRP, the platelet aggregation rate
elicited by the PEUU-COOH was comparable to that of PEUU,
registering 37% ± 1 versus 36% ± 2 (p ≤ 0.05) (Figure 6E). Films
functionalized with epinephrine, collagen, and ADP served as
platelet aggregator inducers, categorizing them as high (100% ±
5), medium (47% ± 5), and mild (32% ± 1) aggregators, respectively.
To determine if this result was related to platelet activation, an LDH
test was performed, and the total count of adhered platelets/mm2

was calculated through a linear regression from a calibration curve
(Figure 6). Findings showed that the number of platelets adhered to
the film surface increased proportionally with time, with a
statistically significant increase from 15 min to 1 h for both
groups. The increase in platelets adhered to surfaces was from
4 × 105 ± 2 × 104/mm2 at 15 min to 6 × 105 ± 1 × 105/mm2 at
1 h for PEUU (p ≤ 0.05), and from 3 × 105 ± 2 × 105/mm2 at 15 min
to 8 × 105 ± 1 × 105/mm2 at 1 h for PC (p ≤ 0.01). Although platelet
aggregation was lower for PC than for PEUU, platelet adhesion to
the modified surface was twice as high, and the platelet density
increased at a faster rate over time. This may be attributed to the
presence of -COOH free radicals, which facilitate platelet adhesion, a

FIGURE 5
Physicochemical evaluation of the carboxylation of PEUU. (A) FTIR spectra of PEUU and PC measured in the range between 3500 and 500 cm-1.
Magnification of the (B) carbonyl (C=O) stretching. (C) Titration curve for COOH quantification (Mean ± SD). (D) DSC thermograms of PEUU and PC (E)
Thermogravimetric (TGA) analysis and (F) DTGA curves of PEUU and PC.
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property that PEUU does not possess. Platelet aggregation is
primarily driven by platelet-to-platelet adhesion, a process
initiated by an elevation in the intracellular calcium levels. This
increase subsequently boosts the activity of the GPIIb/IIIa complex,
which serves as an adhesive molecule. Given this mechanism, the
carboxyl groups present on PC could potentially serve as anchoring
sites for platelet adhesion (Poussard et al., 2004). Furthermore,
previous research has highlighted that the negative charge
provided by the terminal carboxyl groups has the capacity to
activate the FXII coagulation factor, further promoting platelet
adhesion (Stavrou and Schmaier, 2010; Shiu et al., 2014).
Importantly, cell viability can be influenced by a myriad of
factors, among which surface charge and the types of functional
groups on the surface stand out as particularly significant.

3.3 PEUU anti-thrombogenic
functionalization

Surface functionalization was classified into two distinct
groups based on the strategy employed for incorporating anti-
thrombotic molecules. Group 1 involved direct functionalization,
while Group 2 necessitated indirect functionalization using
gelatin nanoparticles as intermediaries between the polymer
and the bioactive molecules.

In Group 1, anti-thrombotic molecules were directly grafted
onto the polymer surface, facilitating a straightforward interaction
between the polymer and the molecules. This approach aimed to
enhance the inherent anti-thrombotic properties of the modified
polyester urethane urea (PEUU) surface, potentially improving the

FIGURE 6
Biocompatibility testing of PC. Viability percentage extracted from MTT data of tests performed by directly exposing (A) VERO cell cultures (ATCC
CCL81.4) and (B) THP-1 Cell cultures (ATCC TIB-202) to film’s fragments for 24 h and 72 h. (C) Hemolysis percentage of films exposed to only
erythrocytes. (D) Contact Angle of type II H2O on the surface of the polymers before and after sterilization with ethylene oxide. (E) Adsorbed serum
protein on the film surface. (F) Platelet aggregation percentage of PRP exposed to films. (G)) Number of platelets adhered to the surface of the film by
LDH activation analysis. Data compared to PEUU. Mean ± SD) where, ns = no significant *p ≤ 0.05 **p ≤ 0.01 ***p ≤ 0.001 ****p ≤ 0.0001.
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performance of regenerative cardiovascular devices. Conversely,
Group 2 employed gelatin nanoparticles as a bridge between the
polymer and the bioactive molecules. This indirect functionalization
strategy allowed for the controlled release of anti-thrombotic agents
and facilitated a more stable interaction between the polymer and
the bioactive molecules. The utilization of gelatin nanoparticles as a
delivery system may offer additional benefits, such as improved
biocompatibility and the ability to incorporate multiple bioactive
agents for synergistic effects.

3.3.1 PEUU-COOH (PC)/anti-thrombogenic
functionalization XPS analysis

The surface chemistry evaluation of the functionalized samples
was organized into two categories. The first involved a direct
reaction of Seleno-L-Cystine (PC + SLC), PEG 4 ARM (PC +
P4A), and polyethyleneimine (PC + PEI). The high-resolution
XPS spectra for these reactions are displayed in Figure 7A (top-
down). The results and discussion are drawn from Section 3.3.1, and
henceforth, all three systems will be discussed concurrently for each

FIGURE 7
(A)High-resolution XPS spectra for SLC, P4A, and PEI samples (top-down) corresponding to the Group 1 of the PEUU-COOH (PC)/Anti-thrombotic
functionalization system. (B) High-resolution XPS spectra for HEP, FPX, and gelatin (reference) samples (top-down) corresponding to the Group 2 of the
PEUU-COOH (PC)/Anti-thrombotic functionalization system.
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core level. Beginning with the C1s peak, atomic percentages linked to
carboxyl and amide functional groups escalated in a sequence from
PEI, P4A, to SLC samples. Contrarily, the C-O interaction was more
pronounced in the PEI sample, while hydroxyl species peaked as
anticipated. These observations correlate well with the N1s core
level, where the peak intensity also ascended in the same sequence.
Protonated species were readily discernible at a binding energy of
401.1 eV (N4—blue). In addition, carbonyl species were scrutinized.
The O1s subpeak suggested a superior functionalization yield for the
SLC sample, trailed by P4A and PEI, in that order.

The second part of the evaluation involved an indirect, in-situ
functionalization, as depicted in the high-resolution XPS spectra
presented in Figure 7B. This section includes gelatin
nanoparticles (GNPs) as a reference, with Fondaparinux (PC +
FPX) and Heparin (PC + HEP) serving as anti-thrombogenic
agents. Significant changes were observed in the overall intensity
of the anti-thrombogenic agents relative to the GNPs. Moreover,
charge artifacts were more prominent for the PC + HEP sample.
This finding suggests a successful surface modification, given the
constant electron bombardment maintained throughout the
experimental setup across different sample types. To delve
further, the S2p core level was analyzed, confirming the
presence of sulfate species at 168 eV for PC + HEP. This was
not observed for PC + FPX. However, both samples demonstrated
an increased count of -C=O bond types and a considerably higher
atomic percentage of oxygen species compared to GNPs. The
analysis of the N1s core level revealed that GNPs were fully
covered by N-H bonds. Its intensity diminished following anti-
thrombotic functionalization, which could be attributed to the
presence of larger molecules on the outer layers. It is worth
noting that atomic ratios should be compared between sub-peak
components. Accordingly, the presence of nitrogenated species
significantly decreased for both PC + HEP and PC + FPX. The
findings substantiate the successful anti-thrombotic
functionalization achieved via an indirect, in-situ reaction
using GNPs as an intermediary.

3.3.2 PEUU-COOH (PC)/anti-thrombotic
functionalization FTIR spectroscopy analysis

Physicochemical evaluation by Fourier Transform analysis
confirmed the presence of functional groups related to the
functionalization of PC with polyethyleneimine (PC + PEI), PEG
4 ARM (PC + P4A), Seleno-L-Cystine (PC + SLC), Fondaparinux
(PC + FPX) and Heparin (PC + HEP).

For group 1 molecules, the carbonyl group peak of the PC
(1720 cm-1) exhibited attenuation, which is evident in PC + PEI,
indicating functionalization, moreover, a decrease in absorption at
1720 cm-1 is also evident, a characteristic peak for imide carbonyl
groups in PEI (Chen et al., 2006; Chen et al., 2006). Other identified
peaks were located between 2950 and 2865 cm-1 (C-H stretching
vibration) and decreased following PEI functionalization.
Furthermore, the peak at 1100 cm-1 (stretching vibration of the
ester group C-O-C) exhibited an increase. For PC + P4A, the C-H
stretching vibration (2933 cm-1 to 2852 cm-1) and the amine group
(1625 cm-1) stretching appeared more pronounced than in PC,
suggesting that functionalization was successful. Conversely, the
N-O group peak at 1498 cm-1 has decreased. Finally, the ether group
at the 1100 cm-1 peak increased because of the formation of bonds

during the functionalization process. Furthermore, a slight
attenuation of the carbonyl group at 1720 cm-1 is observed at the
time of functionalization, which indicates the bonding of the
NH2 groups of P4A to PC. The characteristic peaks of PC + SLC
include the carbonyl group peak of 1720 cm-1, where the PC + SLC
polymer shows a decrease compared to PC. Similarly, the peak at
1600 cm-1, corresponding to the amine group, increased, and the
peak of the ether group at 1170 cm-1 decreased (Figures 8A–C).

On the other hand, the analysis of group 2 molecules revealed
notable peak changes, suggesting that Heparin (PC + HEP), and
Fondaparinux (PC + FPX) functionalization led to a decrease
(Figures 8D, E). For HEP functionalization, the characteristic
peaks show a decrease in the peaks in 1720 cm-1 (corresponding
to the vibration of the carbonyl stretching, C=O), 1640 cm-1

(corresponding to the vibration of amine stretching, N-H), and
1100 cm-1 (corresponding to the vibration of ester stretching,
C-O-C) in comparison to the PC. This observation is consistent
with the HEP control displaying higher inverse peaks. Additionally,
a new peak emerged at 1780 cm-1 (corresponding to the vibration of
carbonyl C=O) that was not present in the PC control but appeared
in the PC + HEP functionalization. Similarly, FPX functionalization
demonstrated peak reductions at 2941 cm-1 (corresponding to the
C-H stretching), 1592 cm-1 (corresponding to nitro-compounds),
1240 cm-1, and 1154 cm-1 (corresponding to the ester group) when
compared to the PC control. In contrast, the carbonyl stretching
(C=O) peak (1720 cm-1) increased. The FTIR analysis substantial
peak changes after each functionalization, which collectively suggest
successful functionalization of the polymer surface with the anti-
thrombotic molecules.

3.3.3 PEUU-COOH (PC)/anti-thrombotic
functionalization thermogravimetric analysis

DCS analysis of the different functionalization was performed to
confirm the presence of active components. The DSC curves
revealed that the melting temperatures (Tm) of functionalized
polymers deviated from the PC control. In group 1, Tm for PC +
PEI peaked at 309°C, for PC + P4A at 334°C, and for PC + SLC at
388°C. Similarly, in group 2, for PC + HEP the Tm peaked at 324°C
while for PC + FPX at 328°C (Figure 9A).

TGA of functionalized polymers exhibited an initial weight loss
at low temperatures due to the evaporation of water present in the
sample. For group 1, varying percentages of weight loss were
observed (Figure 9B). For PC + PEI and PC + P4A, two distinct
percentages of weight loss were noted at 269°C and 322°C, which
approached 22% and 87% for PC + PEI, since it has been found that
pure PEI decomposition can occur at temperatures between 250°C
and 350 °C (Zhu et al., 2007; Zhu et al., 2007), and weight loss at
305°C and 361°C which approached 30% and 93% for PC + P4A, in
which the first weight loss is related to the decomposition
temperature of P4A molecule, reported to be between 200°C and
300°C, and, the remaining percentage is associated with PC
decomposition (Zarour et al., 2021; Zarour et al., 2021). A single
weight loss of 35% at 317°C was observed for PC + SLC, which could
be attributed to the rapid and spontaneous release of functionalizing
molecules. This behavior might be explained by the detachment of
each active molecule as the temperature increases, most likely
reflecting the strength and the number of functionalized
molecules on the surface.
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In contrast, the degradation percentages for group 2 were higher
than those of group 1 (Figure 9B), which might indicate the weight
loss produced by the gelatin nanoparticles serving as bridges
between the active molecule and the polymer. For PC + HEP,
weight losses of 10% (180°C) and 36% (290°C) were observed,
resulting from the degradation of the functionalization molecule
and the gelatin nanoparticle. In the case of PC + FPX, a single weight
loss of 23% (285°C) was observed, most likely due to the rapid
degradation of both the gelatin nanoparticle and the FPX molecule.
These results can be compared with the temperatures shown by the
DTGA, where the points of inflection indicate the regimes of highest
degradation of mass loss (Figure 9C). For PC + PEI and PC + P4A,
the inflection points were 305°C and 334°C, respectively. On the
other hand, the PC + SLC shows two important inflection points,
350°C and 388°C, which can be correlated to degradation events,
leading to the release of material. This behavior is more evident in
group 2, where bonding with gelatin likely causes a double inflection

peak at 205°C and 322°C for PC + FPX. This is also the case of PC +
HEP where the peaks appeared at 217°C and 322°C. This behavior
can be similar to other articles that show similar temperature
degradation against molecules such as HEP, PEG, and PEI (Kim
et al., 2017; Kim et al., 2017; Zhu et al., 2021; Zhu et al., 2021).

3.4 PEUU-COOH (PC)/anti-thrombotic
functionalization biocompatibility

The PC functionalization success with the anti-thrombotic
molecules is contingent upon the biocompatibility of these
biomaterials. The viability of VERO cells exposed directly to PC
functionalized with the bioactive molecules was assessed at 24 and
72 h (Figure 10A). Results indicated that cell viability was
maintained for all functionalized films. The highest viability
percentages were observed for PC + PEI with 98% ± 28 at 24 h

FIGURE 8
FTIR evaluation of the functionalization of PC. (A) FTIR spectra of PC functionalized with Polyethylenimine (PC + PEI), (B) FTIR spectra of PC
functionalized with PEG 4 ARM Amine (PC + P4A), (C) FTIR spectra of PC functionalized with Seleno—L—Cystine (PC + SLC), (D) FTIR spectra of PC
functionalized with HEP and (E) FTIR spectra of PC functionalized with FPX.
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and 91% ± 28 at 72 h, followed by PC + P4A with 98% ± 12 at 24 h
and 93% ± 12 at 72 h, and PC +HEP with 97% ± 9 at 24 h and 80% ±
9 at 72 h. Lower viability percentages were found for PC + FPX with
90% ± 16 at 24 h and 88% ± 15 at 72 h and PC + SLC with 89% ±
30 at 24 h and 80% ± 30 at 72 h. However, all groups exhibited a
viability percentage above the minimum threshold specified by the
10993 ISO standard (80%), and no discernible cell morphological
changes were observable. Similar behavior was found for THP-1
cells directly exposed to the films (Figure 10B). Higher viability rates
were found for PC + PEI with 105% ± 27% and 109% ± 4 after 24 h
and 72 h, followed by PC + P4Awith 99% ± 23 and 104 ± 5 after 24 h
and 72 h. Neither did the evaluated groups decrease the cell viability
below 85%, nor did they show any statistically significant difference.

Concurrently, the hemolysis percentage (Figure 10C) for all
functionalized films remained below 1% without any statistically
significant differences, considerably lower than the maximum
percentage permitted by the 10993 ISO standard (5%).

3.5 PEUU-COOH (PC)/anti-thrombotic
functionalization and anti-thrombogenic
activity

An assessment of platelet aggregation percentages was
conducted in light of the anticoagulant functionalization
(Figure 11A). Films functionalized with epinephrine, collagen,

FIGURE 9
(A) DSC. (B) TGA. (C) DTGA results for PC in-situ functionalization (Blue dotted line) according to two different groups of bioactive molecules. Right
column of data from Group 1–Direct Functionalization of PC + PEI (Brown), PC + P4A (Orange) and PC + SLC (Red). Left column of data from Group
2–Indirect Functionalization of PC + HEP (Aqua) and PC + FPX (Green).
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FIGURE 10
Viability percentage extracted from MTT data of tests performed by directly exposing (A) VERO cell cultures (ATCC CCL81.4) and (B) THP-1 Cell
cultures (ATCC TIB-202) to film’s fragments for 24 h and 72 h. (C)Hemolytic behavior after an incubation time of 1 h. Triton X-100 and PBS were used as
positive and negative controls respectively. Data compared to PC (PC) (Mean ± SD) where, ns = no significant *p ≤ 0.05 **p ≤ 0.01 ***p ≤ 0.001 ****p ≤
0.0001.

FIGURE 11
Platelet activation evaluation. (A) Platelet aggregation percentage, Epinephrine, Collagen, and ADP solutions were used as positive controls of high,
medium, and low platelet aggregants. (B) Platelet density calculated asmeans of LDH release content of films exposed to platelets and treated with Triton
X-100. (C)Concentration of nitric oxide species at 24 h and 48 h. Data compared to PC (Mean ± SD) where, ns = no significant *p ≤ 0.05 **p ≤ 0.01 ***p ≤
0.001 ****p ≤ 0.0001.
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and ADP were used as high, medium, and mild platelet aggregation
inducers, respectively. In general, the anti-thrombotic
functionalization led to a decreased platelet aggregation
percentage compared to PEUU-COOH alone (37% ± 1). The
lowest aggregation percentage was observed for PC + HEP,
which registered 10% ± 2 (p ≤ 0.0001), followed by PC + P4A at
17% ± 6 (p ≤ 0.001), PC + SLC at 19% ± 5 (p ≤ 0.001) and PC + PEI at
20% ± 4 (p ≤ 0.001). Unexpectedly, PC + FPX presented a higher
platelet aggregation percentage of 35% ± 5%, which was higher than
that of PEUU-COOH.

To correlate these findings with the platelet adhesion and
activation on the polymer surfaces, an LDH activation test was
performed, and the total count of adhered platelets was calculated
through a linear regression from a calibration curve (Figure 11B).
The results indicated that the number of platelets adhering to the
film surface was directly proportional to time. Platelet density
increased after 1 h of exposure to PRP for all groups, except for
SLC. According to the platelet aggregation test at 1 h, PC + HEP
presented the lowest platelet count of 18022 2 ± 41460/mm2 (p ≤
0.0001) followed by PC + P4A with 3 × 105 ± 2 × 104/mm2 (p ≤
0.001), PC + SLCwith 4 × 105 ± 7 × 104/mm2 (p ≤ 0.01) and PC + PEI

with 5 × 105 ± 1 × 105/mm2 (p ≤ 0.05). Higher platelet counts were
found for PC + FPX with 6 × 105 ± 9 × 104/mm2, with no significant
difference from PC.

Platelet activation might be observed by SEM images
(Figure 12). The surface functionalized with epinephrine showed
a high platelet density, and platelets displayed filopodia, indicating
attachment and activation. Similarly, PC showed high platelet
density, albeit without filopodia. In contrast, a fragment of a
PTFE vascular graft was presented without platelets. Regarding
the anti-thrombotic activity functionalization, the surfaces of the
functionalized polymers appeared markedly different from the PC
alone. A highly porous surface was observed for PC + FPX, less
porous surfaces for PC +HEP and PC + P4A, and smoother surfaces
for PC + SLC and PC + PEI. Platelets were found to attach on PC +
FPX and PC + SLC, whereas PC + HEP, PC + P4A, and PC + PEI
showed no adhered platelets. On the other hand, given that the SLC
action process is attributed to the production of reactive nitric oxide
species, its efficacy was verified by quantifying the NO2-/NO3-
species ratio. Nitric oxide at 24 and 48 h was evaluated for PC + SLC
to confirm its activity (Figure 11C), and results indicated an increase
from 25 uM to 45 uM, almost doubling the amount at 24 h. This is

FIGURE 12
SEM microscopy images of the film’s surfaces exposed to PRP, the changes in topography and platelet adhesion and activation can be observed.
Arrows show platelets, asterisks indicate salt crystals.
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most likely a result of the enhanced production of nitric oxide
species due to PC-SLC activity as an organoselenium compound,
this might lead to elevated cyclic guanosine monophosphate levels
and decreasing Ca2+ levels, which are required for platelet activation
in the coagulation process (Suchyta et al., 2014; Suchyta et al., 2014).

As shown above, the most potent anticoagulant activity was
achieved for heparin-functionalized materials followed by PEG-
4-Arm-NH2 and PEI. Surprisingly, Seleno-L-cystine and
Fondaparinux showed no anti-platelet activity. These results
align with the literature, in which the two molecules showing
the most significant anti-platelet effects are Heparin and various
PEG polymers such as the PEG-4-Arm (Ashcraft et al., 2021;
Ashcraft et al., 2021). These compounds shown to be effective
because they neutralize the prostaglandin prostacyclin, a potent
inhibitor of platelet aggregation that can also inhibit integrin
exposure. Additionally, the PEG-4-arm used here is of a longer
chain. As previously mentioned, increased PEG length reduces
protein adsorption and cell adhesion capabilities, which is
beneficial for controlling cell adhesion and inflammation (J.-L.
Wang et al., 2018). This technique has also been previously
reported as a passivation strategy to inhibit unspecific surface
interaction (Sauter et al., 2013).

For a more detailed analysis of the anti-thrombotic properties of
the surface-functionalized films, we measured the contact angle and
protein adsorption. Furthermore, free hemoglobin and thrombus
inhibition tests were performed. As anticipated, Surface
functionalization with P4A and PEI, given their inherent
hydrophilicity, reduced the contact angle on PEUU-COOH
(Figure 13A) with 34° ± 6 for PC + P4A (p ≤ 0.001) and 36 ±

9 for PC + PEI (p ≤ 0.001). However, post-ethylene oxide
sterilization, a slight decrease for PC + P4A and an increase for
PC + PEI were noted, with both changes lacking statistical
significance, i.e., 26° ± 4 and 42° ± 5, respectively.
Functionalization with SLC and HEP also resulted in minor
contact angle reductions with 46° ± 7 and 42° ± 8 (p ≤ 0.05) and
49° ± 8 and 52 ± 8 (p ≤ 0.05) pre- and post-sterilization for PC + SLC
and PC + HEP, respectively. In contrast, PC + FPX contact angle
remained relatively stable (53° ± 4 and 57° ± 3 pre- and post-
sterilization). Accordingly, adsorbed protein for PC was determined
to be 2 × 10−2 ± 6 × 10−3 mg/mm2 (Figure 13B) and the protein
adsorbed on the PC + P4A film was 8 × 10−3 ± 1 × 10−3 mg/mm2 (p ≤
0.01). Contrary to expectations, PC + HEP exhibited even higher
adsorbed protein levels than PC, with 3 × 10−2 ± 6 × 10−3 mg/mm2

(p ≤ 0.001). No other statistically significant differences were found
among the groups. Furthermore, it is noteworthy that both PC + PEI
and PC + P4A formulations exhibited a marginal decline in protein
adsorption, aligning with reduced hemolysis percentages.
Conventionally, the positive charge of PEI and P4A surfaces, due
to their terminal amine groups, would suggest enhanced protein
adsorption. However, the observed attenuation in protein
adsorption could conceivably hint at potential amide bond
formation between the carboxyl groups of PC and the amine
groups of PEI and P4A, possibly leading to a muted positive
charge on these surfaces. Concurrently, this diminished positive
charge is postulated to boost hemocompatibility, a phenomenon
attributable to the reduced interaction between the polymer and
negatively charged erythrocytes (Monfared et al., 2022; S; Zhu et al.,
2007).

FIGURE 13
Antithrombogenic activity evaluation. (A) Contact angle of the surface of the functionalized films. (B) Adsorbed protein over the surface of the
functionalized films. (C) Free hemoglobin released of clots formed on the surfaces of the films and exposed to water at 15 and 1 h, glass and PTFE were
used as negative and positive controls. (D) Thrombus Inhibition percentage extracted from free hemoglobin and considering the PC value as the initial
condition.
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The free hemoglobin tests were performed to measure the
amount of free hemoglobin released due to reduced coagulation
processes. Higher absorbance values correlate with lower
coagulation potential and increased hemocompatibility. After
exposing the films to whole and activated blood for 15 min, free
hemoglobin levels were recorded. In agreement with previous
experiments, PC + P4A showed the highest absorbance for free
hemoglobin with 0.8 ± 0.2 (p ≤ 0.0001), compared to PC alone with
0.2 ± 3 × 10−3, followed by PC + PEI with 0.6 ± 5 × 10−2 (p ≤ 0.001)
and PC + HEP with 0.58 ± 0.2 (p ≤ 0.01). The behavior persisted for
1 h, during which the PC + P4A and PC + HEP maintained their
anticoagulant effects. No other statistically significant differences
were found among the groups (Figure 13C).

To further analyze data, thrombus generation was induced on a
glass surface, which was considered the maximum value for
coagulation. Accordingly, thrombus inhibition percentages were
derived from the free hemoglobin test. Consistent data showed
the highest thrombus inhibition percentage achieved by PC +
P4A with 79% ± 5 (p ≤ 0.0001) followed by PC + PEI with
71% ± 2 (p ≤ 0.0001) and PC + HEP with 69% ± 10 (p ≤
0.0001). This behavior persisted for up to 1 h for these groups.
Nevertheless, PC + FPX did not exhibit a significant increase in the
thrombus inhibition percentage, and PC + SLC displayed a highly
variable behavior (Figure 13D).

4 Conclusion

The development of innovative surface modifications to
enhance the anti-thrombotic performance of Polyester Urethane
Urea (PEUU) is critical for advancing regenerative cardiovascular
devices. In this study, a biodegradable PEUU elastomer with
carboxyl groups was synthesized to facilitate functionalization
with anti-thrombotic molecules. The carboxylation of PEUU
proved successful, maintaining excellent biocompatibility with
cellular viability above 85% and hemolysis percentage below 2%,
in accordance with international ISO10993 standards. Various
strategies were employed to functionalize the carboxylated PEUU,
targeting different biochemical routes to inhibit platelet adhesion,
activation, or activity. These included the use of PEI (400 MW) and
PEG-4-arm (20000 MW) to induce steric inhibition, Seleno-L-
Cystine as a Nitric Oxide producer, Fondaporinux as a selective
factor Xa inhibitor, and Heparin as an inhibitor of both factor Xa
and thrombin. Physicochemical characterization confirmed
successful functionalization and excellent biocompatibility for all
bioactive molecules.

The most effective anti-thrombotic results were achieved with
PC functionalized with Heparin and PEG-4-arm, significantly
reducing platelet adhesion, and demonstrating high thrombus
inhibition. While PEI and Seleno-L-Cystine functionalization
exhibited anti-thrombotic effects, they were not as potent.
Surprisingly, Fondaporinux functionalization did not yield any
significant improvement in thrombogenesis. Future applications
of synthesized PEUU functionalized with anti-thrombotic
molecules could include anti-thrombogenic biomaterials for
cardiovascular devices such as tissue-engineered vascular grafts,
synthetic vascular graft coatings, stents, valves, or catheters.

Additionally, PC functionalization with other bioactive molecules
could broaden its potential biomedical applications.

All in all, the development of anti-thrombotic-functionalized
PEUU offers promising advancements for regenerative
cardiovascular devices by improving hemocompatibility and
reducing thrombogenesis. However, it is essential to consider the
tradeoffs between various functionalization strategies and the
challenges associated with different approaches to optimize
outcomes.

5 Patents

Biodegradable, Non-Thrombogenic Elastomeric Polyurethanes.
Patent Application Publication, United States. Pub. No: US 2014/
0248232 A1. Pub. Date: Sep. 4, 20164.
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Delivery of adipose-derived
growth factors from heparinized
adipose acellular matrix
accelerates wound healing

Jiangjiang Ru‡, Qian Zhang‡, Shaowei Zhu, Junrong Cai,
Yunfan He*† and Feng Lu*†

Department of Plastic Surgery, Nanfang Hospital, Southern Medical University, Guangzhou, Guangdong,
China

Dermal white adipocytes are closely associated with skin homeostasis and wound
healing. However, it has not been fully investigated whether adipose-derived
products improve wound healing. Here, we obtained adipose acellular matrix
(AAM) and adipose-derived growth factors (ADGFs) from human adipose tissue
and fabricated an ADGF-loaded AAM via surface modification with heparin. The
product, HEP-ADGF-AAM, contained an adipose-derived scaffold and released
ADGFs in a controlled fashion. To test its efficacy in promoting wound healing,
mice with full thickness wound received three different treatments: HEP-ADGF-
AAM, AAM and ADM. Control mice received no further treatments. Among these
treatments, HEP-ADGF-AAM best improved wound healing. It induced
adipogenesis in situ after in vivo implantation and provided an adipogenic
microenvironment for wounds by releasing ADGFs. HEP-ADGF-AAM not only
induced adipocyte regeneration, but also enhanced fibroblast migration,
promoted vessel formation, accelerated wound closure, and enhanced wound
epithelialization. Moreover, there was a close interaction between HEP-ADGF-
AAM and the wound bed, and collagen was turned over in HEP-ADGF-AAM. These
results show that HEP-ADGF-AAM might substantially improve re-
epithelialization, angiogenesis, and skin appendage regeneration, and is thus a
promising therapeutic biomaterial for skin wound healing.

KEYWORDS

acellular dermal matrix, adipocyte, decellularized adipose tissue, growth factor, wound
healing

1 Introduction

Impaired wound healing is challenging to treat and places patients at increased risk of
wound complications that negatively impact their quality of life and increase healthcare
expenditure (Wang et al., 2018; Davis et al., 2018; Okur et al., 2020). Wound dressings that
are functionally and structurally similar to normal skin tissue play important roles in the
treatment of deep and full-thickness wounds (Landriscina et al., 2015; Obagi et al., 2019).
Recent advances in tissue engineering approaches in the field of extracellular matrix (ECM)
research have led to the generation of promising scaffold dressings for the treatment of
impaired wound healing (Maquart and Monboisse, 2014). Various market products have
been developed from the naturally occurring ECM scaffold and approved as skin substitutes
for skin wounds and burns (Tavelli et al., 2020).

OPEN ACCESS

EDITED BY

Oommen Podiyan Oommen,
Tampere University, Finland

REVIEWED BY

Timo Ylikomi,
Tampere University, Finland
Juan C. Cruz,
University of Los Andes, Colombia

*CORRESPONDENCE

Yunfan He,
doctorheyunfan@hotmail.com

Feng Lu,
doctorlufeng@hotmail.com

†These authors have contributed equally
to this work

‡These authors have contributed equally
to this work and share first authorship

RECEIVED 01 August 2023
ACCEPTED 18 September 2023
PUBLISHED 03 October 2023

CITATION

Ru J, Zhang Q, Zhu S, Cai J, He Y and Lu F
(2023), Delivery of adipose-derived
growth factors from heparinized adipose
acellular matrix accelerates
wound healing.
Front. Bioeng. Biotechnol. 11:1270618.
doi: 10.3389/fbioe.2023.1270618

COPYRIGHT

© 2023 Ru, Zhang, Zhu, Cai, He and Lu.
This is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 03 October 2023
DOI 10.3389/fbioe.2023.1270618

35

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1270618/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1270618/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1270618/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1270618/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1270618&domain=pdf&date_stamp=2023-10-03
mailto:doctorheyunfan@hotmail.com
mailto:doctorheyunfan@hotmail.com
mailto:doctorlufeng@hotmail.com
mailto:doctorlufeng@hotmail.com
https://doi.org/10.3389/fbioe.2023.1270618
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1270618


Adipose tissue is abundant, easily harvested andmanipulated, and
can be decellularized and converted into a biological scaffold termed
acellular adipose matrix (AAM) (Brown et al., 2011). With its unique
biological and mechanical properties, AAM has previously become a
promising biomaterial scaffold for soft tissue reconstruction (Wu
et al., 2012). Furthermore, it is also demonstrated that high efficiency
of heparinized AAM loaded with growth factors will promote adipose
regeneration and neovascularization with in the long-term (Zhang
et al., 2016; Zhang et al., 2016). In recent years, AAM has gradually
become a promising approach for tissue repair and regeneration. In
the full-thickness skin wound model, AAM-hydrogel accelerated
wound closure and increased neovascularization (Chen et al.,
2020). During the treatment of bone defects, AAM is defined as
an alternative bone graft material with preserved ECM components
(Ahn et al., 2022). AAM can be converted into a powder, solution,
foam, or sheet for convenient implantation to repair various injuries
(Chun et al., 2019; Gentile et al., 2020).

In order to obtain adipose-derived growth factors (ADGFs), the
decellularized adipose ECM was collected and undergo a series of
centrifugation and dialysis, collecting the supernatant and lyophilize
finally (Chun et al., 2019). The type and composition of ADGFs can
vary depending on different extract conditions (Choi et al., 2012).
Furthermore, numerous growth factors in ADGFs may assist
angiogenesis, including vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF) and stromal cell-
derived factor-1 (SDF-1) (Murohara et al., 2009). ADGFs can
also stimulate both collagen synthesis and cell viability of dermal
fibroblasts, which improved the wrinkling and accelerated wound
healing in animal models (Kim et al., 2009).

In vivo study of nude mice with full-thickness wounds showed
that AAM promotes wound healing and that AAM combined with
adipose stem cells (ASCs) elicits the best effects (Xia et al., 2020).
Similarly, delivery of ASCs using a hydrogel biological scaffold derived
from human decellularized adipose matrix accelerates chronic wound
healing and increases neovascularization (Chen et al., 2020). These
studies revealed the therapeutic potential of AAM to promote wound
healing. However, these strategies require the use of AAM in
combination with viable cells, which limits their wider application.

Our previous study showed that a growth factor-rich liquid
extract prepared from human subcutaneous adipose tissue contains
a wide variety of proangiogenic and proadipogenic factors, which
efficiently induce angiogenesis and adipogenesis in vitro and in vivo
(He et al., 2019). Reconstitution of a bioactive AAM by coating it with
native ADGFs is a potential strategy for regenerative purposes.
Heparin reversibly binds to proteins including growth factors and
soluble ECM proteins. Researches demonstrated that heparin-binding
domain II in fibrin (the provisional ECM during tissue repair) plays
an important role in promiscuous high-affinity GF-binding domain,
whichmay be one of fibrin’s main physiological functions, assisting in
tissue repair (Martino et al., 2013). Enhancement of the protein-
binding ability of a biomaterial using heparin is important for drug
delivery systems (Wissink et al., 2000a; Wissink et al., 2000b; Wissink
et al., 2001; Pieper et al., 2002).

Acellular dermal matrices (ADMs) are commonly used acellular
products, which can capitalize on the properties of native ECM in case
of inadequately healing in traumatic or chronic wounds in clinical
contexts (Kirsner et al., 2015). After the application of ADMs,
recipient cells were tightly preserved in the matrix structure by

growth factors and gradually incorporated into the matrix (Kirsner
et al., 2015; Boháč et al., 2018). Furthermore, a variety of cells invade
into the ADMs andmatrix begin to remodel, numbers of collagen and
elastin increase, and angiogenesis is initiated (Boháč et al., 2018; Lee
et al., 2015; Mirzaei-Parsa et al., 2019; Ye et al., 2016). In recent years,
various ADMs have been developed from human cadaver (HADM),
bovine (BADM) and porcine (PADM) tissues, which would be used in
a variety of different clinical contexts with regard to different
applications (Petrie et al., 2022).

In the present study, we aimed to functionalize AAM with
heparin in order to enhance its ability to bind ADGFs. The
capacity of heparinized ADGF-bound AAM (HEP-ADGF-AAM)
to release growth factors and its effects on cellular functions were
assessed. The efficiencies with which HEP-ADGF-AAM and AAM
repaired full-layer wounds in comparison with acellular dermal
matrix (ADM) were assessed, and particular attention was paid
to dermal adipogenesis and wound healing.

2 Materials and methods

2.1 Fat harvesting and AAM preparation

To prepare AAM, adipose tissue was obtained through liposuction
in human patients at the department of Plastic and Cosmetic Surgery,
Nanfang Hospital. The study protocol was approved by the Institutional
Review Board of the Nanfang hospital. After obtaining informed
consent, human adipose tissue was harvested from four healthy
female patients (aged 22–34 years) undergoing abdominal liposuction.
Fat was obtained by manual liposuction using a combination of
intravenous general anesthesia and local anesthesia. Two-hole blunt-
tipped liposuction needles with diameters of 2.5 and 3.0 mmand a lateral
hole (2 mm diameter) were used for suction with a 10 mL screw-tipped
syringe under low negative pressure. The detailed procedure of AAM
preparation is shown in Figure 1A. Briefly, the tissue was subjected to
three cycles (1 h each) of freezing and thawing (−80°C to 37°C) in
balanced salt solution. Following centrifugation (2,000 × g, 3 min), the fat
samples were homogenized using a specially made blender (Shanghai
Tiangong Instruments Co., Ltd., Shanghai, People’s Republic of China)
at 3,000 rpm for 1 min. After homogenization, the adipose suspension
was collected and centrifuged again at 3,000 × g for 3 min to remove the
free lipid content. After washing with PBS, the samples underwent 6 h of
polar solvent extraction in 99.9% isopropanol to remove the lipid
content. After three rinses with phosphate-buffered saline (PBS), the
samples were decellularized with aqueous sodium deoxycholate (2%) for
12 h. After three rinses with PBS, the samples were disinfected with 4%
ethanol containing 0.1% peracetic acid for 4 h and then rinsed three
more times with PBS. The remaining ECM component (i.e., AAM) was
soaked in PBS containing 1% penicillin and stored at −20°C.

2.2 Preparation of ADGFs and HEP-
ADGF-AAM

Human ADGFs were prepared as previously described (He et al.,
2019). The obtained adipose tissue was washed with PBS and
centrifuged at 1,200 × g for 3 min to remove blood constituents.
Then, the adipose tissue was mixed with an equal volume of PBS
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and physically emulsified by repeated transfer between two 10 mL
syringes connected by a female-to-female Luer-Lock connector
(1.4 mm internal diameter). Adipose tissue was transferred for 1 min
at a constant rate (10 mL/s). After centrifugation at 1,200 × g for 2 min,
the liquid portion from emulsified adipose tissue was passed through a
0.20 μm syringe filter (Xiboshi; DIONEX, USA) to remove cell and
tissue debris, and was collected as ADGFs.

For loading of ADGFs, heparin and AAM were crosslinked as
described previously (Wissink et al., 2001). Briefly, the carboxylic acid
groups of heparin were activated with 1-ethyl-3 (3-
dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide
(NHS). One milligram of heparin (H-4784; Sigma, Steinheim,
Germany) was activated with 1 mg EDC and 0.6 mg NHS in
500 mL of 0.05M MES buffer (pH 5.6) for 10 min. The AAM
specimen was immersed in this solution, which was then evacuated
at 20 mmHg for ~2 min to remove air from AAM. The reaction was
allowed to proceed for 4 h at 37°C, after which AAM was extensively
washed with 0.1 MNa2HPO4 (2 h), 4 M NaCl (four times in 24 h), and
distilled water (five times in 24 h). After the modification procedure,
AAM was frozen at −80°C overnight and lyophilized. Native and
heparinized AAM was cut into discs (1 × 1 × 0.5 cm3) for
experiments. The native and heparinized AAM samples were
incubated with 5 mL ADGF solution for 90 min at room
temperature and then washed with 5 mL PBS (two times for 5 min)
to remove all non-bound ADGFs. Finally, HEP-ADGF-AAM and
ADGF-AAM were frozen at −80°C overnight.

2.3 Evaluation of decellularized matrix

Both fat tissue and AAM samples were fixed in 4%
paraformaldehyde and embedded in paraffin. Five-micrometer
sections were then cut for hematoxylin and eosin (H&E) staining. In

addition, residual DNA was extracted using a DNeasy kit (Qiagen,
Valencia, CA, USA). DNA content (µg/mg wet weight) was then
quantified with a microplate reader (Model 680; Bio-Rad, Hercules,
CA, USA) at 260 nm and normalized to the initial wet weight of each
sample.

2.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) SEM was used to examine
decellulized products and normal fats. Samples were fixed in 2%
glutaraldehyde for 2 h, dehydrated using an ethanol series (30%–
100%), critical point-dried, coated with gold, and examined under a
scanning electronmicroscope (S-3000N;Hitachi Ltd., Tokyo, Japan). SEM
images were captured using a digital camera (Canon Inc., Tokyo, Japan).

2.5 Collagen labeling of acellular products

To visualize the collagen turnover in the acellular products, the
collagen components of ADM, AAM, and HEP-ADGF-AAM were
labeled immediately after preparation according to a previously
described protocol (Correa-Gallegos et al., 2019). Before being
applied to wounds, ADM, AAM, and HEP-ADGF-AAM
(500 mg) were incubated with 100 µM Alexa Fluor 647 NHS
Ester (A20006; Thermo Fisher Scientific, Foster City, CA, USA)
for 1 h at 25°C, and then washed three times with PBS.

2.6 Full-thickness skin wound model

The wound healing efficacy was evaluated using a full-thickness
wound mouse model. Male nude mice aged 8–10 weeks and

FIGURE 1
Preparation and characterization of AAM (A) Scheme of AAM preparation. (B) Scanning electron micrographs of AAM, ADM and normal fat tissue.
Scale bar = 100 µm. (C) H&E staining of AAM and normal adipose tissue. Scale bar = 100 µm. (D)Quantification of the residual DNA content of AAM and
normal adipose tissue. ***p < 0.001.
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weighing 20–25 g were purchased from the Laboratory Animal
Center of Southern Medical University. For wound healing
experiments, mice were anesthetized and two circular full-
thickness excisional skin wounds of 8-mm radius were made on
the dorsum of mice. A prefabricated 12 mm silicone ring (inner ring
radius of 8 mm) was placed around the wound and fixed using 4-
0 silk sutures to prevent wound contraction (Lin et al., 2021). To
compare in vivo wound healing efficacies, 48 nude mice were
randomly divided into the HEP-ADGF-AAM, AAM, ADM
(Beijing Jayyalife Biological Technology Co.,Ltd.), and control
groups (n = 12 per group). Wounds were untreated in the
control group, while covered with ADM, AAM, and HEP-ADGF-
AAM dressings in other groups, respectively. All dressings had a
diameter of 8 mm, and a thickness of 1 mm. Wounds are treated
every 2 days and sterile dressings are changed daily. Photographs of
the skin around the wound and healthy skin were taken at 5 and
14 days postoperatively (n = 6 per time point) and samples were
taken for further histological analysis. At the end of the study, all
mice were anesthetized by intraperitoneal injection of pentobarbital
sodium (0.3%, 50 mg/kg). Cervical vertebra dislocation was used for
euthanasia and death was confirmed by cessation of the heartbeat.
Using the ImageJ software to quantify the wound area, wound
healing is represented as follows: residual wound area/original
wound area 100%. Researchers were blinded to the analysis of
data from different groups.

2.7 Subcutaneous implantation of acellular
products

To assess the adipogenic capacity of these acellular products in
vivo, ADM, AAM, and HEP-ADGF-AAM (diameter of 8 mm and
thickness of 3 mm) were subcutaneously inserted into the backs of
nude mice, and then the skin was closed with 7-0 nylon sutures.
Twelve weeks later, the implanted material was harvested and
analyzed (n = 6 per group).

2.8 Histological assessment and
immunohistochemical staining

Fresh samples of wound skin and subcutaneous tissue were fixed
in formalin for histological assessment and immunohistochemical
staining. Briefly, formalin-fixed samples were embedded and sliced
into 5-μm sections. For histological assessment, tissue sections were
deparaffinized in xylene, rehydrated through graded alcohol in
phosphate-buffered saline (PBS), and then stained with a
hematoxylin-eosin (HE) working solution. For
immunohistochemical analysis, sections were dewaxed and
rehydrated, then incubated in 3% H2O2 to block endogenous
peroxidase. Immunohistochemical staining was performed using
antibodies against vimentin (1:25, ab92547, Abcam, Cambridge,
UK) and perilipin (1:500, GP29; Progen, Heidelberg, Germany). The
vimentin + cells and perilipin + adipocytes were evaluated by
counting the number of brown-labeled cells from six fields of
each slide. For immunofluorescence staining, the sections were
incubated with the following primary antibodies: guinea pig anti-
mouse Perilipin (Progen, GP29, Germany) and rat anti-CD31 (1:

200; Abcam, Cambridge, MA, USA), followed by the corresponding
secondary antibodies. After DAPI staining (Sigma, D9542, USA),
the sections were observed and photographed using a FV10i-W
confocal laser scanning microscope (Olympus, Japan). Angiogenesis
was evaluated by counting the number of fluorescent vessel-like
structures from six fields of each slide.

2.9 In vitro growth factor release study

Upon immobilization of ADGFs onto native and heparinized
AAM, the scaffolds were immersed in 2 mL PBS. Release of VEGF,
HGF, bFGF, and EGF from HEP-ADGF-AAM and ADGF-AAM
was assessed at 1, 3, 5 and 7 days. Supernatants were collected at
designated time points and was analyzed using VEGF, HGF, bFGF,
and EGF enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems, Minneapolis, MN, USA) following the manufacturer’s
instructions. The experiment was repeated three times.

2.10 Scratch-wound assay

Fibroblasts were cultured in six-well plates until reaching 100%
confluence and a linear gap was generated using a sterile 200-μL
pipette tip. Complete medium was then replaced with a serum-free
medium supplemented with 2 mL of soak solution obtained by
soaking ADM, AAM or HEP-ADGF-AAM within PBS for 24 h or
serum-free medium (control group); the cells were then cultured for
0, 12 and 24 h. Three representative images of each scratched area
were obtained using a light microscope (Nikon, Japan). Cell
migration rate was analyzed using ImageJ software (NIH, MD,
USA). All scratch-wound assays were carried out in triplicate.

2.11 Tube formation assay

The Matrigel (diluted 1:1 in PBS) was transferred to a 24-well
plate and solidified by incubation at 37°C and 5% CO2 for 30 min.
HUVECs (5 × 105 per well) were then seeded on the Matrigel and
treated with 2 mL medium (1:1, soak solution obtained by soaking
ADM, AAM or HEP-ADGF-AAM within PBS for 24 h to
endothelial cell basal medium). HUVECs treated with angiogenic
factors [20 ng/mL vascular endothelial growth factor (VEGF) and
5 ng/mL basic fibroblast growth factor (bFGF)] served as a positive
control, while cells treated with 2 mL medium (1:1, PBS to
endothelial cell medium) were used as a negative control.
Angiogenesis is evaluated by counting the number of tubular
structures from six fields of each well. Tube formation assays
were repeated three times.

2.12 Induction of adipogenic differentiation
of ADSCs

ADSCs (1 × 105 per well) were plated on 6-well plates and
cultured overnight at 37°C and 5% CO2. The next day, cells in each
well were rinsed and treated with 2 mL medium (1:1, supernatants
from ADM, AAM or HEP-ADGF-AAM soak solution to human
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ADSC complete growth medium). ADSCs treated with 2 mL
medium (1:1, PBS to human ADSC complete growth medium)
were used as the negative control. The medium in all the groups was
changed every 3 days. Adipogenic differentiation of ADSCs was
examined for lipid accumulation by Oil Red O (ORO; Sigma-
Aldrich, USA) staining. Cells were photographed using a Nikon
E200 microscope and collected for gene expression analysis at days
21. Adipogenic induction assays were repeated three times.

2.13 qRT-PCR

Samples of wound beds and subcutaneous implants were quickly
excised, immediately frozen in liquid nitrogen, and stored at −80°C.
Total RNA was extracted from 50 mg frozen tissue using a RNeasy
Lipid Tissue Mini Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. cDNA was amplified in 40 cycles using
the QuantiTect Reverse Transcription Kit (Qiagen, Germany) and
Rotor-Gene 3,000 Real-Time PCR Detection System (Corbett
Research, Sydney, Australia). GAPDH was used as the reference
gene. The primer sequences were as follows: peroxisome
proliferator-activated receptor gamma (PPARG), forward 5′-TCG
CTGATGCACTGCCTATG-3′ and reverse 5′-GAG AGGTCCACA
GAGCTGATT-3′; CCAAT-enhancer-binding protein alpha
(CEBPA), forward, 5′-CTTGATGCAATCCGGATCAAAC-3′ and
reverse, 5′-CCCGCAGGAACATCTTTAAGT-3′; vascular
endothelial growth factor A (VEGFA), forward 5′-TTACTGCTG
TACCTCCACC-3′ and reverse 5′-ACAGGACGGCTTGAAGAT
G-3′; basic fibroblast growth factor (bFGF), forward 5′- AGC
GGCTGTACTGCAAAAACGG-3′ and reverse 5′-CCTTTGATA
GACACAACTCCTCTC-3’. Expression levels were calculated
using the 2−ΔΔCT method.

2.14 Statistical analysis

Data were analysed using IBM SPSS (V22.0; IBM Corp.,
Armonk, NY, USA). An independent variable t-test was
performed to compare the two mean values. For comparison of
three or more means, one-way ANOVA was conducted, followed by
the post hoc Tukey test. All results were expressed as mean standard
deviation. The level of significance was set as p < 0.05.

3 Results

3.1 Physical characteristics of AAM

AAM was prepared as shown in Figure 1A. Scanning electronic
microscopy (SEM) showed that AAM had a porous structure,
whereas normal fat contained a large volume of connected
adipocytes and ADM presented condensed collagen fibers
(Figure 1B). Hematoxylin and eosin (H&E) staining showed that
AAM only contained ECM and lacked any cellular components
(Figure 1C). The residual DNA content of AAM (7.42 ± 2.25 ng/mg)
was significantly lower than that of normal adipose tissue (40.65 ±
3.12 ng/mg) (p < 0.001) (Figure 1D), indicating that cellular
components were effectively removed from AAM.

3.2 Controlled release of ADGFs from HEP-
ADGF-AAM

HEP-ADGF-AAM was prepared as shown in Figure 2A. To
assess the efficiency with which HEP-ADGF-AAM released ADGFs,
growth factors released from HEP-ADGF-AAM were quantified
using ELISA and compared with those released by ADGF-bound
AAM (ADGF-AAM). ELISA of VEGF (Figure 2B), hepatocyte
growth factor (HGF) (Figure 2C), bFGF (Figure 2D), and
endothelial growth factor (EGF) (Figure 2E) showed that release
of these growth factors was sustained after a peak in the HEP-
ADGF-AAM group, with relatively high concentrations maintained
for up to 7 days, while the concentrations of these growth factors
remained low after Day 2 in the ADGF-AAM group.

3.3 Comparison of the in vivowound healing
efficacies of different acellular wound
dressings

Acellular wound dressing was applied to a full-layer wound
model of mice. Wound healing was monitored on day 5 and day 14,
respectively, and measured by the percentage of lesion area closed.
Figure 3A shows representative images of full-layer wound beds of
mice in different treatment groups. Histological observations
(Figure 3A) showed that on day 5, the wounds treated with
HEP-ADGF-AAM showed significant re-epithelialization, while
virtually no re-epithelialization was observed in the blank control
group. On the 14th day, the blank control group still had unhealed
wounds. Compared with a blank control group, AAM, ADM, and
HEP-ADGF-AAM all promoted wound healing to varying degrees
(Figure 3B, p < 0.05). However, there was no significant difference in
wound area between the AAM group and the ADM
group. Surprisingly, the HEP-ADGF-AAM treatment group
achieved almost complete wound healing on day 14, showing the
best pro-healing properties. In addition, the level of re-
epithelialization induced by HEP-ADGF-AAM at 14 days after
injury was significantly higher than that in the control and AAM
groups (Figure 3D). HE staining showed (Figure 3C) that
granulation tissue, adipose cells, and regenerated skin attachment
levels were higher in the HEP-ADGF-AAM group than in the other
three groups at day 5 and 14 post-injury. We can see that on day 5,
significant subcutaneous fat regeneration can be observed in both
ADM and HEP-ADGF-AAM treatment groups. And, unlike the
other groups, wound skin in the HEP-ADGF-AAM treated group
had more regenerated hair follicles and sebaceous glands at day 14.

3.4 HEP-ADGF-AAM enhances fibroblast
migration

After the skin defect is formed, the repair process begins with the
coordination of a variety of cells. The directional migration and
proliferation of activated fibroblasts from the dermis to the wound is
important for the remodeling of the extracellular matrix in the
defective skin. For this purpose, we used Vimentin to track
fibroblasts in the dermis. Immunohistochemical staining
suggested (Figure 4A) that AAM, ADM, and HEP-ADGF-AAM
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could effectively promote the migration of fibroblasts to the wound
bed on the 5th day after injury. Among them, the number of
vimentin-positive fibroblasts in the wound bed of the HEP-
ADGF-AAM group was significantly higher than that in AAM,
ADM, and control groups (p < 0.05) (Figure 4B). In addition,
fibroblasts cultured in immersion solution with different acellular

products were used for in vitro scratch experiments (Figure 4C). The
results showed that after 12 and 24 h, the fibroblast migration rate of
the HEP-ADGF-AAM group was significantly faster than that of the
other three groups. However, fibroblast migration did not differ
significantly between ADM, AAM, and negative controls
(Figure 4D).

FIGURE 2
Preparation and characterization of ADGFs and HEP-ADGF-AAM (A) Scheme of ADGFs and HEP-ADGF-AAM preparation. ELISAs of (B) VEGF, (C)
HGF, (D) bFGF, and (E) EGF in soak solution obtained by soaking ADGF-AAM or HEP-ADGF-AAM within PBS at 1, 3, 5 and 7 days. *p < 0.05, **p < 0.01.

FIGURE 3
Wound healing efficacies of different acellular biomaterials (A) Wounds treated with AAM, ADM, and HEP-ADGF-AAM at different time points. (B)
Wound healing rate in different treatment groups (p < 0.05). (C) H&E staining of wounds in different treatment groups. Scale bar = 500 µm. (D) Re-
epithelialization level of the wounds in different groups, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.5 HEP-ADGF-AAM promotes angiogenesis

To explore whether treatment with HEP-ADGF-AAM has the
effect of stimulating angiogenesis, we used
CD31 immunofluorescence staining to characterize and quantify
the number of CD31-positive capillary cells in wounds of different
treatment groups. Only a small amount of neovascularization was
observed in the blank control group, and treatment with AAM,
ADM, and HEP-ADGF-AAM significantly promoted wound
angiogenesis (Figure 5A). Quantitative angiogenesis showed that
the amount of CD31 in AAM group, ADM group, and HEP-ADGF-
AAM group was significantly higher than that in the control group
(p < 0.05) (Figure 5B). To further confirm their ability to promote
vascular regeneration, mRNA levels of angiogenic genes (VEGF and
bFGF) in the wound bed were detected by qRT-PCR. The results
showed that these levels in the HEP-ADGF-AAM, AAM, and ADM
groups were significantly higher than those in the control group (p <
0.05) (Figure 5C). In addition, we used in vitro tube formation
experiments to directly observe the angiogenesis induction ability of
HEP-ADGF-AAM on human umbilical vein endothelial cells
(HUVECs). In the presence of HEP-ADGF-AAM, the typical
tubular structure could be observed after 18h, which was similar
to the positive control group and significantly higher than the
negative group. However, almost no typical tubular structure was
observed when HUVECs were cultured with AAM or ADM
throughout the assay process (Figure 5D). Quantitative analysis
of capillary tubular structures showed (Figure 5E) that the number
of tubular structures in the HUVECsHEP-ADGF-AAM group and

positive control group cultured with HEP-ADGF-AAM was
significantly higher than that in other groups (p < 0.05).

3.6 HEP-ADGF-AAM induces adipogenesis
and promotes adipogenic differentiation of
adipose-derived stem cells (ADSCs) in a
paracrine manner

At Day 5, perilipin + adipocytes were found in the wound bed in
all four groups (Figure 6A). The number of perilipin + adipocytes in
the wound bed was significantly higher in the HEP-ADGF-AAM
group than in the other three groups (p < 0.05) (Figure 6B).
Expression of adipogenic genes was tested by qRT-PCR.
Expression of PPARγ and CEBP/α in wounds was significantly
higher in the HEP-ADGF-AAM group than in the other three
groups (p < 0.05) (Figure 6C). To evaluate the adipogenic
capacities of the acellular products, they were subcutaneously
transplanted into nude mice. After 12 weeks, H&E staining
showed that grafts in the ADM group did not contain
adipocytes, and this was confirmed by immunofluorescence
staining of perilipin. Viable adipocytes (perilipin+) were found in
the AAM and HEP-ADGF-AAM groups (Figure 6D). mRNA levels
of adipogenic genes (PPARγ and CEBP/α) in the grafts were tested
by qRT-PCR. Adipogenic gene expression was significantly higher in
the HEP-ADGF-AAM and AAM groups than in the ADM group
(p < 0.05) (Figure 6E). Oil Red O staining was performed following
culture of ADSCs with the acellular products under adipogenic

FIGURE 4
HEP-ADGF-AAM promotes fibroblast migration into the wound bed (A) Representative immunohistological staining (vimentin) of the wound bed in
the four groups. Scale bar = 500 µm. (B)Quantification of vimentin + cells of thewound bed in the four groups. *p < 0.05, **p <0.01. (C)An in vitro scratch
assay was performed by culturing fibroblasts with soak solution with different acellular products. Scale bar = 100 µm. (D)Migration rate of the fibroblasts
in the in vitro scratch assay. *p < 0.05.
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induction conditions (Figure 6F). Measurement of absorbance at
530 nm showed that HEP-ADGF-AAM improved adipogenic
differentiation, while AAM and ADM did not (Figure 6G). In
addition, the mRNA level of PPARγ was significantly higher in
the HEP-ADGF-AAM group than in the other three groups (p <
0.05) (Figure 6H).

4 Discussion

Large and deep wounds including surgical wounds and burns of
both partial and full thickness require bio-functional dressings or
dermal substitutes to replace lost tissue and support intrinsic self-
regeneration mechanisms (Zhong et al., 2010; Goodarzi et al., 2018).
New developments in ECM-derived tissue-engineered scaffolds may
achieve the ultimate goal of tissue regeneration rather than tissue
replacement (Yi et al., 2017; Varshosaz et al., 2019). Considering that
recent studies have provided evidence that adipocytes and an
adipogenic microenvironment provide essential support for skin
repair and regeneration (Schmidt and Horsley, 2013; Franz et al.,
2018; Shook et al., 2020), we fabricated a biomaterial called HEP-
ADGF-AAM from adipose tissue to support wound healing. In this
study, we obtained AAM and ADGFs from human adipose tissue.
These two products were then assembled into a bio-functional
wound dressing using heparin. The final product, HEP-ADGF-

AAM, contained adipose ECM and stably released ADGFs. In a
full-thickness wound mouse model, HEP-ADGF-AAM significantly
improved wound closure and angiogenesis. Furthermore, HEP-
ADGF-AAM potently induced adipogenesis in the wound bed
(Figure 7).

Themanufacturing process of AAM varies widely due to the lack
of a standardized preparation scheme. Several studies have reported
alternative methods to efficiently decellularize adipose tissue (Brown
et al., 2011; Choi et al., 2011; Song et al., 2018). Methods for tissue
decellularization differ depending on the intended application of
AAM. In the present study, AAM was prepared by repeated
freeze–thaw cycles followed by high-speed physical
homogenization. Mechanical homogenization is a rapid and
efficient method to remove lipids from adipose tissue, reduces
the use of harsh chemical agents, and may improve the retention
of ECM components.

Decellularization of adipose tissue reduces the diversity and
levels of proteins in AAM. Surface modification with heparin
improves the capacity of collagen scaffolds to bind growth factors
(Wissink et al., 2000b; Wissink et al., 2001; Pieper et al., 2002). Our
previous study showed that ADGFs effectively promote wound
healing by enhancing fibroblast migration, vessel formation, and
intradermal adipogenesis (He et al., 2019). In this study, we used
heparinized AAM to physically immobilize ADGFs, which were
removed from AAM during the decellularization process. ADGFs

FIGURE 5
Effects of different acellular products on angiogenesis in the wound bed and tube formation in vitro. (A) Representative immunofluorescence
staining(CD31) of the wound bed in the four groups. Scale bar = 100 µm. (B)Quantification of CD31+ cells of the wound bed in the four groups. (C) Real-
time PCRmeasurements of angiogenic genes (VEGF and bFGF) in the four groups. (D) Tubule formation assay by HUVECs with different treatment. Scale
bar = 100 µm (E) The number of tubular structures in the tubule formation assay. *p < 0.05, **p < 0.01,***p < 0.001.
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were released from HEP-ADGF-AAM in a controlled fashion. Our
results confirmed that relatively high local concentrations of VEGF,
bFGF, and HGF released from HEP-ADGF-AAM, but not ADGF-
AAM, were stably maintained. The in vitro scratch assay and
angiogenesis induction test showed that HEP-ADGF-AAM
stimulated fibroblast migration and tube formation by endothelial
cells in a paracrine manner, while ADM and AAM did not. These
results suggest that HEP-ADGF-AAM stably releases ADGFs and
improves cellular functions in a paracrine manner.

Heparin was reported to improve the porous structure and
maintain good mechanical properties of the scaffolds.
Furthermore, the combination of heparin and growth factors into
the scaffold can significantly improve the microenvironments of cell
growth and increase the secretion function of cells (Fan and Yang,
2017). It is also reported that the use of heparin can increase the

biocompatibility of implanted materials and growth factors with a
high affinity, which will protect the protein from degradation or
denaturation and augmented the biological activity of growth factors
(Park et al., 2018). What’s more, cells on the heparin-conjugated
scaffold exhibit high bioconpatibility and could maintain an
effective local concentration of growth factors on the scaffold
surface, which also verify the effectiveness of heparin and hopeful
prospects (Ikegami and Ijima, 2020).

Adipocytes are traditionally considered to be important energy
storage cells and were recently found to have essential functions for
skin homeostasis and wound healing (Schmidt and Horsley, 2013;
Wang et al., 2018; Franz et al., 2018; Shook et al., 2020). Migration
and repopulation of adipocytes may be essential for wound healing.
Adipocyte precursor cells proliferate, and mature adipocytes
repopulate skin wounds following inflammation and in parallel

FIGURE 6
HEP-ADGF-AAM induces adipogenesis and promotes adipogenic differentiation of ADSCs (A) Representative immunohistological staining (perilipin)
of the wound bed in the four groups. Scale bar = 100 µm. (B) TQuantification of perilipin + cells of the wound bed in the four groups. (C) Real-time PCR
measurements of adipogenic genes (PPARγ and CEBP/α) in the four groups. (D)H&E staining and immunofluorescence staining (perilipin) of transplanted
tissue in different treatment groups. Scale bar = 50 µm. (E) Real-time PCR measurements of adipogenic genes (PPARγ and CEBP/α) in the
transplanted tissue. (F) Oil Red O staining of ADSCs cultured with acellular products under adipogenic induction conditions. Scale bar = 100 µm. (G)
Measurement of absorbance at 530 nm of ADSCs cultured with acellular products under adipogenic induction conditions. (H) Real-time PCR
measurements of adipogenic gene (PPARγ) of ADSCs cultured with acellular products under adipogenic induction conditions. Results with *p < 0.05,
**p < 0.01,***p < 0.001 were considered statistically significant.
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with fibroblast migration (Schmidt and Horsley, 2013; Franz et al.,
2018; Guerrero-Juarez et al., 2019; Shook et al., 2020). In this study,
mature adipocytes were observed in the wound bed in the control
group, indicative of adipocyte recruitment or spontaneous
regeneration during wound healing. Moreover, AAM and HEP-
ADGF-AAM increased the number of adipocytes in the wound bed.
We compared the adipogenic capacities of these acellular products
after transplantation. ADM did not induce adipocyte regeneration
in situ, while AAM and HEP-ADGF-AAM stimulated adipogenesis,
and HEP-ADGF-AAM had the best adipogenic capacity after
transplantation. The interaction between biological dressings and
wounds may be dependent on direct contact or paracrine
mechanisms. ADSCs were cultured with these acellular products
during adipogenic induction to verify the effects of growth factors
released by these products. The results suggested that only HEP-
ADGF-AAM was able to enhance adipogenesis of ADSCs,
suggesting that only HEP-ADGF-AAM can release ADGFs to
create an adipogenic niche. In summary, ADM is unable to
induce adipocyte regeneration, while AAM provides an
adipogenic scaffold that induces adipogenesis, and HEP-ADGF-
AAM not only functions as an adipogenic scaffold, but also provides
an adipogenic niche in a paracrine manner.

The study has some limitations to consider. First, HEP-ADGF-
AAM is derived from human adipose tissue, so the differences in
tissue activity between different donors and the potential risk of
infectious disease transmission cannot be ignored. However, this

problem can be solved by rigorous screening for infectious diseases
and careful evaluation and selection of donors. Secondly, in this
experiment, we used a mouse wound model to demonstrate the
excellent efficacy of the lipogenic biomaterials HEP-ADGF-AAM in
promoting wound healing. However, major structural and
functional differences between mouse skin and human epidermis
limit the inference of the results of this therapeutic model. To this
end, we tested human cells directly instead of animal cells in vitro to
minimize this limitation. However, their wound-healing
mechanisms are different. At present, the biggest limitation of
the mouse wound healing model is that the wound closure in
mice is mainly through contraction, while the wound closure in
normal people is mainly through re-epithelialization. To this end,
attempts can be made to avoid contraction-mediated wound healing
by removing the thin striated muscle located between the
subcutaneous fat and the dermis during wound modeling, thus
mimicking the wound healing process in human skin. In addition,
the development of reliable humanized skin wound models in recent
years has also provided a more reliable platform for testing skin
repair strategies. All in all, more robust preclinical studies are still
needed to further confirm the benefits observed in mouse models. In
addition, nude mice were used as experimental objects in this study,
which could not effectively evaluate the effect of allograft products
due to immune deficiency.

5 Conclusion

In this study, we showed that HEP-ADGF-AAM accelerates
wound epithelialization and angiogenesis, and provides an
adipogenic microenvironment for fibroblast activation and vessel
formation. This study demonstrated that HEP-ADGF-AAM has a
better therapeutic effect than ADM, which has been clinically used
for many years. Overall, the results of this study indicate that the
adipogenic biomaterial HEP-ADGF-AAM accelerates wound
healing by inducing adipocyte regeneration and enhancing
angiogenesis and re-epithelialization. Further studies are needed
to confirm the role of the adipogenic microenvironment in skin
wound healing.
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FIGURE 7
Graphical conclusion of the construction and application of
HEP-ADGF-AAM. Both AAM and ADGFs were obtained from human
adipose tissue via different procedures. The obtained adipose tissue
was first processed through homogenization and centrifugation.
The adipose layer underwent repeated freeze-thawing and high-
speed physical homogenization to obtain AAM. The liquid layer
underwent filtration to obtain ADGFs. These two adipose tissue-
derived products were then assembled into a biofunctional wound
dressing with the assistance of heparin. The HEP-ADGF-AAM is a cell-
free product that could be a promising therapeutic biomaterial for skin
wound healing. (AAM, adipose acellular matrix; ADGFs, adipose-
derived growth factors; HEP-ADGF-AAM, heparinized ADGF-
bound AAM).
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Micro-arc oxidation (MAO) and its
potential for improving the
performance of titanium implants
in biomedical applications
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Yuanyuan Kang1*
1School and Hospital of Stomatology, China Medical University, Liaoning Provincial Key Laboratory of Oral
Diseases, Shenyang, China, 2School of Mechanical Engineering and Automation, Northeastern University,
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Titanium (Ti) and its alloys have good biocompatibility, mechanical properties and
corrosion resistance, making them attractive for biomedical applications.
However, their biological inertness and lack of antimicrobial properties may
compromise the success of implants. In this review, the potential of micro-arc
oxidation (MAO) technology to create bioactive coatings on Ti implants is
discussed. The review covers the following aspects: 1) different factors, such as
electrolyte, voltage and current, affect the properties of MAO coatings; 2) MAO
coatings affect biocompatibility, including cytocompatibility, hemocompatibility,
angiogenic activity, corrosion resistance, osteogenic activity and
osseointegration; 3) antibacterial properties can be achieved by adding copper
(Cu), silver (Ag), zinc (Zn) and other elements to achieve antimicrobial properties;
and 4) MAO can be combined with other physical and chemical techniques to
enhance the performance of MAO coatings. It is concluded that MAO coatings
offer new opportunities for improving the use of Ti and its alloys in biomedical
applications, and some suggestions for future research are provided.

KEYWORDS

Ti and its alloys, micro-arc oxidation, biological properties, antibacterial properties,
coating

1 Introduction

Metal implants have been a staple in biomedical applications since the onset of the 19th
century, with Ti and its alloys becoming the prime choice for medical implant materials with
high biocompatibility, excellent corrosion resistance, high specific strength and the best
osteogenic potential (Kaur and Singh, 2019). Since the mid-twentieth century, due to their
mechanical and chemical properties, titanium and its alloys have been widely used in
industrial and biomedical applications, particularly in dentistry and orthopaedics such as
dental implants, bone fusion, bone fixation and arthroplasty (joint replacement surgery)
(Anderson et al., 2021; Hoque et al., 2022; Lim et al., 2022).

Although titanium and its alloys have been extensively used, they are inert metals that do not
effectively promote the proliferation of osteoblasts and osteocytes, which can lead to implant
failure. In addition, titanium-based implants still face some clinical problems, such as slow
biological reactions to the material surface, slow early bone integration, and implantable diseases
caused by bacterial colonization, leading to implant loosening and survival ability loss (Zhang
et al., 2020b). Surface morphology, composition, hydrophilicity and roughness are key factors of
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TABLE 1 Surface treatment methods with their advantages, disadvantages, and applications

Method Advantages Disadvantages Ref.

Sandblasting Enhancing implant surface roughness and
biocompatibility

Sandblasting particles and etchants may not be
completely removed, leading to surface residues

Szmukler-Moncler et al. (2004); Wennerberg
and Albrektsson (2009); Shemtov-Yona et al.
(2014); Velasco et al. (2016)

Increased cell attachment, promoted
osseointegration and bone bonding

Enhancing bacterial adhesion and accumulation

Improving initial stability of the implant Uncontrolled sandblasting may result in surface
cracking of the implant

Increased the fatigue test lifespan of the implant Improper sandblasting speed or particle size may
reduce the implant’s lifespan

PVD Improved the hardness and wear resistance of the
coating

Not suitable for materials with high melting points
and relatively low melting points, such as Al and Mg

Kaseem et al. (2021)

Improved biological activity Coatings usually have low thickness and poor
adhesion

Improve bonding strength The process is complex, takes a long time
uneconomical

Thermal spraying Dense and high-temperature oxidation-resistant
coating

High cost Liu et al. (2020); Xue et al. (2020)

High bonding strength convenient Difficult to coat the inner surface of small holes

Enhanced wear-resistant, corrosion-resistant, and
oxidation-resistant

Coating can accelerate bone regeneration and has
good biocompatibility

Ion implantation Improve the tribological properties and corrosion
resistance of metals

May release metal ions, causing cytotoxicity Rautray et al. (2010); Wang et al. (2014); Xue
et al. (2020)

Selectively modify the surface without adversely
affecting the overall performance

Extremely high controllability and repeatability

High accuracy in controlling the concentration
and depth distribution of impurities

Chemical vapour
deposition

Improved corrosion resistance Poor coverage over large areas and complex surfaces Antunes and de Oliveira (2009)

Wear resistance and fatigue resistance The thickness of the coating may be uneven

High purity, easy to control and monitor High radiant heat may change the properties of the
substrate material

High vaporization rate

Relatively low cost

Anodic oxidation Enhance coating hardness and thickness Not environmentally friendly Hu et al. (2021); Seyidaliyeva et al. (2022);
Wang et al. (2022)

Alter coating colour Slow deposition rate

Improve the adhesion and abrasion resistance of
coating

Strict pre-treatment requirements

Inexpensive

Sol-gel method Simple manufacturing environment and reliable
equipment

High Cost Hsieh et al. (2002); Gan and Pilliar (2004);
Ishikawa et al. (2020); Azzouz et al. (2022)

High uniformity of the coatings Long process time

Applicability to substrates of different sizes Poor adhesion to a substrate

Significant enhancement of corrosion protection
and biocompatibility of the metal substrate,
reducing the risk of implant rejection

Require postprocessing to obtain more desirable
coating properties

Ease of controlling chemical composition and
microstructure

(Continued on following page)
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implant tissue interaction and osseointegration (Le Guéhennec et al.,
2007). The bioactive calcium phosphate (Ca-P)-containing coatings on
titanium are similar to biomimetic implant materials used for bone
tissue. Therefore, we can focus on the development of Ca-P-based
surface coatings on titanium-based materials for load-bearing implant
applications. Hence, typical coating methodologies have emerged in
recent years. The methodologies can be divided into three categories:
mechanical methods (fine machining, grinding, tumbling, and
sandblasting), physical methods [physical vapour deposition (PVD),
thermal spraying, and ion implantation] and chemical methods
[pickling, chemical vapour deposition (CVD), anodic oxidation, sol-
gel, and micro-arc oxidation (MAO)] (Shen et al., 2019; Gabor et al.,
2020). These methods can improve the properties of titanium and its
alloys, such as their better wear and corrosion resistance, providing
strong mechanical adhesion between bone and implant, enhancing
osteo-induction and osteo-conduction, improving bioactivity and
biocompatibility, and accelerating healing time at the implant site
(Sasikumar et al., 2019; Xue et al., 2020). At the same time, they
have different advantages and disadvantages (as shown in Table 1).

MAO [plasma electrolytic oxidation (PEO), or anodic spark
deposition (ASD)] has attracted substantial attention as an emerging
surface coating methodology. MAO uses an arc discharge to
enhance and activate the reactions occurring on an anode to
form a ceramic film on the surface of a metal through the
interaction of the workpiece and electrolyte (Wang Y. et al.,
2015; Kaseem and Ko, 2019b; Kaseem and Ko, 2019a; Zhang R.
et al., 2021; Xia et al., 2021). This approach can incorporate bioactive
electrolyte components such as Ca and P into the coating. Ca-P
coatings, particularly HA coatings, can facilitate the process of early
and rapid osseointegration. The bioactivity of the coating is
determined by its physicochemical characteristics, including
roughness, porosity, phase, elemental composition, and adhesive
strength (Wang et al., 2022).

In addition, the process of MAO can be regulated by multiple
factors. On the one hand, a porous bioactive Ca-P-based composite
layer can be deposited on Ti-based implant surfaces according to the
selected electrolyte, which would enhance the biocompatibility and
bonding strength of the coated layer (Zhao et al., 2007; Sun et al.,
2008). On the other hand, antibacterial metal elements can be
incorporated into implant surfaces to inhibit the initial adhesion

of bacteria and prevent postsurgical complications, thus enhancing
the antibacterial properties (Ferraris and Spriano, 2016).
Furthermore, the contents of bioactive elements and antibacterial
metal elements on the MAO coating surface can be tuned by
controlling the voltage, electrolyte components and MAO time.

This review aims to collect and compare recent scientific papers
concerning Ti and its alloys modified by MAO technology in the
biomedical field. This review is focused on several aspects, including
the influences of different factors on the performance of MAO
coatings, the biocompatibility of MAO coatings and the
combination of MAO with other physical or chemical techniques.
In addition, implant-associated infection remains one of the most
devastating postoperative complications (Oh-Hyun et al., 2018). It is
highly desirable to introduce antimicrobial agents into implant
surfaces to provide antibacterial activities and prevent peri-
implant infections. Due to their perfect stabilities, superior
broad-spectrum antibacterial properties and relatively low toxicity
levels, inorganic antibacterial metal elements [e.g., silver (Ag),
copper (Cu) and zinc (Zn)] have attracted great attention, which
was elaborated in detail in our review. Finally, we highlight the
potential challenges and future applications of MAO-modified
titanium and its alloys in the biomedical field.

2MAOprocess parameters for Ti and its
alloys

Although more research is needed to fully understand the
mechanisms at play, experts have identified three key
components of the MAO process: electrochemical oxidation,
plasma chemistry, and thermal diffusion in the electrolyte
(Hussein et al., 2013). During this process, Ti and its alloys are
submerged in an electrolyte containing modified species in the form
of dissolved salts, such as silicates (Si), phosphates(P) and Ca salts
(Sarbishei et al., 2014). The Ti and its alloys are used as the anode,
while stainless steel plates serve as the cathode in the electrolytic bath
(as depicted in Figure 1) Typically, MAO treatments last between
5 and 180 min, with current densities ranging from 500 to
2,000 A-m-2 and voltages reaching up to 1,000 V (Snizhko et al.,
2004).

TABLE 1 (Continued) Surface treatment methods with their advantages, disadvantages, and applications

Method Advantages Disadvantages Ref.

Suitable for coating complex-shaped substrates

High preparation efficiency

Micro-arc
oxidation

The coating has excellent corrosion resistance,
high hardness, good adhesion, and is evenly
distributed

Exhibit minor defects such as micro-cracks, micro-
pores, and discharge channels

Pesode and Barve (2021); Li et al. (2023)

Suitable for complex surfaces, Rapid increases in the electrolyte temperature can
make it challenging to maintain stable control over
the micro-arc oxidation process

Easy to process and control Excessively high electrolyte temperatures may result
in over-discharge, leading to uneven surface
topography of the coating

Low-cost and cost-effective Relatively high energy consumption
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As the metal comes into contact with the electrolyte, a protective
film gradually forms. As voltage increases, a porous oxide coating
emerges under conditions of dielectric breakdown. When voltage
surpasses the dielectric breakdown of the oxide coating, spark
discharges occur, forming larger pores and an interconnected
microstructure. The cyclic formation and breakdown of the oxide

coating cause potential fluctuations, allowing for the formation of a
ceramic oxide coating through material dissolution and electrolyte
gasification. (Figure 2).

In the case of Ti and its alloys, the formation of the coating
during MAO is influenced by various factors, including electrolyte
composition, voltage, current density, frequency, reaction time and

FIGURE 1
Schematic representation of the MAO coating system.

FIGURE 2
Schematic of the formation process of MAO porous coating. When exposed to air, there will be a layer of passive coating (A) on the surface of
titaniummetal. When themetal is exposed to the electrolyte, a protective film (B)will be formed. As the voltage increases, a porous oxide coating (C,D) is
formed under dielectric breakdown conditions. When the voltage exceeds the dielectric breakdown of the oxide coating, spark discharge will occur,
forming larger pores and interconnected microstructure (E,F). The cyclic formation and decomposition of oxide coatings cause potential
fluctuations (G), thereby allowing the formation of ceramic oxide coatings by material dissolution and electrolyte gasification (H).
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duty cycle (Chen et al., 2019; Li Z. et al., 2020; Zuo et al., 2020; Huang
C. et al., 2021; Yong et al., 2021; Wu and Jiang, 2023). The coating
properties obtained afterMAOmay vary depending on the influence
of different parameters. Parameter control aims to obtain a
homogeneous, stable, viscous and biologically active surface.

2.1 Electrolyte composition

In the MAO process, the choice of electrolyte is of critical
significance. The electrolyte not only determines the environment
in which MAO occurs but also determines the elemental
composition of the final ceramic coating. The electrolyte is
important because during the MAO process, the anions in the
electrolyte are driven by high voltages, and they strongly
bombard the titanium surface, causing them to melt and be
deposited in the ceramic coating. Therefore, the chemical
composition of the MAO coating depends on the anionic species
in the chosen electrolyte. Changing the chemical composition of the
electrolyte changes the chemical bonds between the ceramic and
titanium, forming the primary bonding force in titanium-ceramic
restorations. The electrolyte composition used is established by
mixing silicon, calcium, Zn, manganese(Mg) and magnesium
particles into the following electrolytes: KOH, Na2SiO3, NaF,
Na2P4O7, and NaAlO2 (Pesode and Barve, 2021). To date, the
most commonly used electrolytes in MAO technology are Si, P
and aluminate-based electrolytes (Walsh et al., 2009; Khorasanian
et al., 2011; Shokouhfar et al., 2012). An important factor in the
composition of the electrolyte that affects the structure, morphology,
and corrosion resistance of MAO coatings on Ti and its alloys is the
composition of the electrolyte used (Venkateswarlu et al., 2012;
Venkateswarlu et al., 2013; Jiang et al., 2016; Fattah-Alhosseini et al.,
2018; Sousa et al., 2021).

Generally, adding silicates to the electrolyte results in thick
coatings, rough surfaces and low adhesion. MAO oxide films
formed on commercially pure Ti with electrolyte solutions
containing silicates have round holes of multiple sizes, whereas P
solutions produce mainly round and crater-shaped holes
(Shokouhfar et al., 2011; Shokouhfar et al., 2012). In addition,
various sodium-based additives in the working electrolyte can
significantly affect the corrosion resistance of MAO-modified
pure Ti, in terms of microstructure and phase composition
(Molaei et al., 2019). Additives such as K2ZrF6 and K2TiF6 in
silicate electrolytes can improve the sealed microstructure, increase
the hardness and improve the corrosion resistance (Yang et al.,
2018). Additionally, wear-resistant ceramic coatings have been
generated on novel commercially pure titanium grade 4+ alloys
by MAO in an aluminate- and zirconia-containing electrolyte,
increasing the hardness and wear resistance of the MAO coatings
(Lederer et al., 2021). The research conducted by Xiaohui Yuan et al.
shows that using Na2SiO3 orMgSiF6 electrolytes inMAO treatment
significantly enhances the bonding strength of titanium-ceramic
interfaces. Na2SiO3 and MgSiF6 groups exhibited uniformly porous
MAO coatings, reducing oxygen diffusion and cracks at the
titanium-ceramic interface (Yuan et al., 2017).

Phosphate-based electrolytes have low roughness and coating
thickness but excellent adhesion. It has been shown that coatings
obtained from Ca-P electrolytes exhibit higher surface thickness and

corrosion resistance values than coatings obtained from silicate
electrolytes (Venkateshwarlu et al., 2012). MAO coatings on
valve metals are normally white in appearance, however,
colourants, which are normally the salts of transition metal ions,
can be used to prepare coloured coatings. Research has shown that
MAO treatment can be performed on Ti-6Al-4V alloy in
concentrated sodium silicate electrolyte. By controlling the
oxidation time, black and white TiO2 coatings with silicon
dioxide bases are obtained. The short treatment time results in a
black coating with excellent corrosion resistance, which is attributed
to the presence of Ti2+ and Ti3+ in the coating. The white coating
exhibits good surface roughness and super hydrophilicity. The bond
strengths of the black and white coatings on Ti-6Al-4V alloy are
approximately 14.4 and 4.3 MPa, respectively (Han et al., 2018). It
has been found that MAO treatment of Ti-6Al-4V in a phosphate
electrolyte may produce a yellowish colour, while when vanadate is
added to the coating, the colour of the coating may change from
yellow to brown (Jiang et al., 2016).

A.L. Yerokhin compared the processing and performance of
oxide films formed on a Ti-6Al-4V alloy by MAO in aqueous
solutions containing aluminate, phosphate, silicate and sulphate
anions and certain combinations of these materials. The film
produced by the aluminate-phosphate electrolyte is dense and
uniform, which was thicker than that produced by the phosphate
electrolyte, but both showed good corrosion behaviour. Thicker
SiO2/TiO2-based films with high bulk porosity produced from
silicate and silicate-aluminate electrolytes exhibit good corrosion
behaviour in H2SO4 solutions with high chemical stability (Yerokhin
et al., 2000).

Hardness is a basic mechanical property of materials. In
Gaoqiang Xu’s research, it was found that the hardness of native
titanium is low, 265 HV, but the MAO coating on titanium causes a
significant increase in the hardness of titanium. It can make the
hardness of natural titanium reach 342 HV. After incorporating
SiO2 nanoparticles, the hardness of MAO-Si increases to 467 HV.
The authors concluded that the highest hardness value of MAO-Si
can be attributed to the presence of hard SiO2 nanoparticles and
fewer micropores on the surface of MAO-Si (Xu and Shen, 2019).

2.2 Voltage

Voltage variation is another key factor affecting the performance
parameters of MAO coatings on Ti and its alloys. Studies have
shown that different choices of voltage affect the porosity, pore size,
elemental content of the coating, high-temperature resistance,
surface morphology, contact angle and surface free energy of the
coating (Sedelnikova et al., 2017; Du et al., 2018; Komarova et al.,
2020b; Yu et al., 2020). Qing Du’s experimental results show SEM
(scanning electron microscopy) images of pure Ti and MAO
coatings formed at 300, 350, 400, 450 and 500 V. It was
confirmed that a rough and porous surface structure was
observed on the MAO-treated Ti plate. A large number of
micropores with a size of approximately 1~3 μm were observed
on the MAO coating formed at 300 V. However, as the applied
voltage (350~500 V) increases, the average micropore size on the
MAO coating surface increases, while the micropore density
decreases. In addition, when the applied voltage is 350–500 V,
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the uniformity of micropore size decreases. The results show that the
applied voltage has an important influence on the surface
morphology of MAO coating (Du et al., 2018). Increasing voltage
during MAO results in a linear increase in thickness, roughness and
porosity of the MAO coatings on Ti and Ti-40Nb substrates, as well
as a decrease in adhesion strength values (Komarova et al., 2020a). In
addition, Zhao Wang et al. used the MAO technique to fabricate
ceramic coatings on AlTiCrVZr alloys and adjusted the voltage to
360, 390, 420 and 450 V during the process (Wang et al., 2023). The
resulting coating composition was dominated by Al2O3, TiO2,
Cr2O3, V2O5, ZrO2, and SiO2. Additionally, the results showed
that the MAO coating gradually became smooth and dense with
increasing voltage, the surface roughness decreased the coating
thickness increased, and the coating prepared at 420 V showed
the best high-temperature oxidation resistance after oxidation
for 20 h.

2.3 Current

The density, frequency, duty cycle and type of current also have
a significant effect on the thickness, surface roughness, corrosion
resistance and porosity of MAO coatings on Ti and its alloys
(Sobolev et al., 2019; Lederer et al., 2021; Grigoriev et al., 2022;
Muntean et al., 2023). For example, Grigoriev et al. discovered that
higher current densities increased the coating thickness and surface
roughness of Ti-6Al-4V alloys (Grigoriev et al., 2022). Meanwhile,
increasing the current density, frequency and duty cycle results in
thicker and denser coatings with better tribological properties on
pure Ti surfaces (Lederer et al., 2021). Higher current pulse
frequencies will produce denser and less porous coatings,
resulting in improved corrosion resistance (Sobolev et al., 2019).
Finally, for smoother MAO coatings with lower porosity and denser
structures on Ti and its alloys, pulsed currents can be used in place of
direct currents (Muntean et al., 2023).

Research by Mónica Echeverry-Rendón et al. tested different
electrolytes, voltages, current densities and anodization times to
obtain surfaces with different properties. The obtained materials
were characterized by different techniques such as X-ray diffraction
(XRD), SEM and glow discharge emission spectroscopy (GDOES).
The results show that compared with the untreated surface, MAO
treatment can obtain a super-hydrophilic surface with a contact
angle of about 0°, which is hydrophilic, and this situation remains

stable after several weeks of MAO in some cases (Echeverry-Rendón
et al., 2017).

In summary, the MAO process is a complex technique that
requires careful parameter control to achieve desired coating
properties. Electrolyte composition, voltage variations and current
parameters influence the topography, thickness, roughness, colour,
porosity, corrosion resistance, hardness, hydrophilicity, etc., of
MAO coatings on Ti and its alloys (Figure 3).

3 The biocompatibility of the MAO
coating

Biocompatibility is the ability of a material to come into contact
with a living organism without causing any adverse or rejection
reaction. It is mainly determined by how an organism’s cells, tissues
and immune system respond to the material. In the fields of
medicine and biology, it is essential to ensure good
biocompatibility of materials. MAO technology facilitates the
formation of highly biocompatible oxide coatings on Ti and its
alloys. Studies on the biocompatibility of MAO coatings on Ti and
its alloys focus on cytocompatibility, hemocompatibility, corrosion
resistance, angiogenic activity, osteogenic activity and
osseointegration (as shown in Figure 4).

3.1 Cytocompatibility

Cytocompatibility is the ability of a material to interact with
biological cells without causing a toxic or immune response.

Various cell types have been shown to adhere and proliferate
better on MAO-modified Ti and its alloys, including bone marrow
stromal stem cells (BMSCs), MC3T3-E1 cells, MG63 cell lines,
hMSCs, NIH-3T3, immortalized skin fibroblasts, rabbit
mesenchymal stem cells and endothelial cells (Xiu et al., 2016;
Zhang X. et al., 2018; Zhou W. et al., 2019; Zhou et al., 2019 J.;
Liao et al., 2020; Shen Y. et al., 2022; Kostelac et al., 2022; Molaei
et al., 2022). MAO-treated specimens have highly porous layers that
can be observed under SEM. Cells onMAO exhibit polygonal shapes
with filamentous and lamellar extensions of pseudopods, improved
spreading, increased cell density and pseudopods anchored in
micropores (Zhou J. et al., 2019; Pan et al., 2019; Zhang et al.,
2019; Li Y. et al., 2020; Kostelac et al., 2022; Wang et al., 2022). The

FIGURE 3
Schematic representation of surface properties modification after MAO deposition.
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degrees of cell adhesion and proliferation on Ti and its alloy MAO
coatings can be influenced by adding different elements or by
adjusting the ion concentration in the electrolyte (Wang L.
J. et al., 2021; Shen Y. et al., 2022). The longer the MAO process
is, the larger the pore size on the coating and the more cells are
attached (Zhou W. et al., 2019). Cell adhesion and extension assay
on MAO coating on Ti and its alloy as shown in (Figure 5) (Zhou
J. et al., 2019; Zhou W. et al., 2019; Zhang et al., 2019; Shen Y. et al.,
2022). In addition, under an SEM electron microscope, the smooth
titanium surface has parallel scratches arranged along the grinding
direction. The surface of the coating treated by micro-arc oxidation
shows a typical nano-porous structure. As the duty cycle increases,
the surface of the coating shows micron-sized grooves and nano-
sized pores that are evenly distributed and connected. Cell
proliferation is increasingly obvious in structures with nanoscale
porous and micron-scale grooves. (Pan et al., 2019).

Scholars have shown that the MAO-treated Ti surface creates a
safe coating that reduces the cytotoxicity of the metal. For example,
Ti and its alloys covered with MAO coatings containing Mg, Ca, P,
Sr, Co and F show no cellular toxicity, differing from untreated Ti
(Zhou J. et al., 2019; Li X. et al., 2020). Additionally, Lorena Kostelac
conducted cell adhesion tests to confirm the cytocompatibility of the
hydroxyapatite (HAP) coating obtained on the surface of titanium
alloys by MAO. Human skin fibroblasts are first incubated with the
samples for 48 h and then stained with calcein-AM to visualize
viable cells on titanium substrates. The results showed that after
2 days of cell culture, no cytotoxic effects were observed, and
fibroblasts spread and colonized all available areas on the sample
surface. Furthermore, higher cell densities are observed in all MAO-
treated substrates relative to untreated substrates. (Kostelac et al.,

2022). However, it is important to note that the presence of excess
Cu ions in the coating inhibits cellular activity (Zhang X. et al.,
2018). There are also high and low levels of cytotoxicity for each
coating, with one study finding that Ti-Ag2O coatings are less
cytotoxic than Ti-Ag coatings (Zhang et al., 2021c).

In the design of multifunctional surface coatings for titanium
and its alloys, the nanoscale is sometimes involved. Nanoparticles
(NPs) can bind to antibodies, ligands, and drugs, thereby
enhancing their potential applicability in biotechnology, drug
and gene delivery, magnetic separation, and imaging; in addition
to their favour properties, they can cause harmful effects if they
enter living biological systems and tissues (Attarilar et al., 2020).
The formation of MAO coatings on Ti-6Al-4V alloy surfaces with
ZrO2 and ZnO nanoparticles significantly improves the corrosion
resistance of MAO-treated Ti and its alloys, with corrosion rates
that are approximately 14 times lower than those of the substrate
(Nadimi and Dehghanian, 2021). These results suggest that MAO
treatment is beneficial in reducing cytotoxicity.

Therefore, MAO treatment can create a safe coating on the
surface of Ti and its alloys to enhance the cytocompatibility of Ti
and its alloys to promote cell adhesion, proliferation and
differentiation.

3.2 Hemocompatibility

Hemocompatibility refers to the biological reactions and
effects that occur when a material comes into contact with
blood. One of the important indicators to examine the
hemocompatibility of blood contact materials is the hemolysis

FIGURE 4
The biocompatibility of the MAO coating.
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rate. Studies have shown that the hemolysis rates of MAO-
treated Ti-6Al-4V alloy and untreated Ti-6Al-4V alloy are
0.85% and 1.51% respectively, indicating that the former has
better hemocompatibility. Furthermore, MAO treatment
reduces platelet adhesion and activation to the surface of Ti
and its alloys which exhibit a uniform but rough porous
microstructure (crater-like), inhibits thrombosis and
inflammatory responses, and ultimately reduces the risk of
vascular endothelial cell damage (Jiang et al., 2015). However,
it should be noted that not all MAO treatments improve
hemocompatibility and, in some cases, may even reduce
haemotolerance. For example, it has been shown that platelet
coverage on MAO-treated Ti surfaces can be higher than that
without MAO treatment (Klein et al., 2020). Wang Maosheng
et al. also found that platelets spread on MAO-treated surfaces
and exhibited extensive pseudopods. The interaction between
platelets and the MAO-treated surface resulted in the formation
of an almost connected platelet layer (Wang M.-S. et al., 2015).

3.3 Corrosion resistance

To be able to evaluate the quality of the coatings produced by
MAO on Ti and its alloys, it is necessary to test their corrosion
resistance, particularly regarding evaluating their
biocompatibility (Molaeipour et al., 2022). For biomedical
applications, simulated body fluids (SBF) are often used as
electrolytes because of their ionic composition, which is similar
to that of human blood plasma. Studies have shown that pure Ti
with MAO coating immersed in SBF exhibited no significant
damage or cracking, while untreated CP-Ti showed ulcerative
corrosion (Molaei et al., 2022). In addition, the corrosion current
density of the Ti alloy samples with MAO coating decreased by
more than 15 times in SBF. A comparative analysis of the
corrosion behaviour of samples with and without protective
coating in SBF was performed. Potentiodynamic polarization
data reveals an improvement in corrosion properties after
surface coating with an MAO layer (Mashtalyar et al., 2020).

FIGURE 5
Cell adhesion and extension assay. (A) SEM micrographs of MSCs cultured for 3 days. Reprinted from Ref. (Zhou J. et al., 2019). Copyright (2019)
Springer Nature. (B) SEM images of morphologies of SaOS-2 cells adhered to the MAO: A 4 h and C 24 h; MHTZn: B 4 h and D 24 h. Adapted from Ref.
(Zhang et al., 2019). © 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. (C) BMSCs were stained by FITC-phalloidin
and DAPI after incubation for 4 h on four samples. Scale bar = 50 mm. Reprinted from Ref. (Zhou W. et al., 2019). Copyright (2019) Taylor & Francis.
(D) Representative staining images of the early adhesion and morphology of MC3T3-E1 cells. Reprinted from Ref. (Shen Y. et al., 2022). Copyright (2022)
Frontiers.
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Likewise, a study by Gaoqiang Xu showed that the MAO
technique can form wear and corrosion-resistant coatings on
Ti and its alloys (Xu and Shen, 2019). These results suggest
that in the human body, MAO-treated Ti and its alloy
implants may possess good corrosion resistance.

3.4 Angiogenic activity

Studies have demonstrated that the application of MAO
coatings onto the surface of Ti and its alloys can augment the
attachment, multiplication, differentiation, and transmigration
of vascular endothelial cells and fibroblasts. This ultimately
results in invigorating tissue repair and regeneration by
inspiring vascular rejuvenation. For instance, research by
Yiding Shen et al. revealed that MAO-modified titanium
evinced noteworthy enhancement in the viability and
translocation of human umbilical vein endothelial cells when
compared to untreated titanium. Cells on the surface of MAO-
treated titanium and its alloys exhibited intricate vascular
networks and significantly high levels of vascular genes,
indicating the potential for rapid angiogenesis in vitro (Shen
Y. et al., 2022). Additionally, mesenchymal stem cells co-cultured
with MAO coatings witnessed an elevation in angiogenic factors
like HIF-1a and VEGF (Zhou J. et al., 2019). Adding Cu NPs to
TiO2 coatings was also found to amplify endothelial cell
proliferation and VEGF secretion (Zhang X. et al., 2018). In
conclusion, these findings suggest that MAO-treated Ti and its
alloys have immense potential for enhancing tissue repair and
regeneration by stimulating angiogenesis.

3.5 Osteogenic activity

Osteogenic activity refers to the ability of a material to
promote the proliferation and differentiation of bone cells,
thereby accelerating the repair and regeneration of bone
tissue. The MAO coating on the surface of Ti and its alloys,
with its porous structure, have been found to improve the
adhesion and bioactivity of osteoblasts while releasing
beneficial ions and molecules that stimulate the proliferation
and differentiation of osteoblasts and the formation of new bone
tissue. Various studies have shown that MAO coatings can
increase extracellular matrix mineralization and bone-like
apatite deposition by osteoblasts, indicating desirable
osteogenic activity (Zhang X. et al., 2018; Zhang. et al., 2021c;
Shen Y. et al., 2022). In addition, MAO treatment has been found
to increase alkaline phosphatase (ALP) activity, along with a
wider positive area for ALP staining than the untreated group
(Zhou W. et al., 2019; Zhao et al., 2020). The expression of genes
related to osteogenesis is also critical in determining osteoblast
activity. qRT-PCR studies have shown that MAO treatment
significantly increased the expression levels of osteogenic
genes such as Runx2, ALP and osteocalcin (OCN) in Ti and
its alloys compared to the untreated group (Wang et al., 2022).

Furthermore, the effect of MAO coating on osteoblasts plays an
important role in determining osteoblast activity. Studies have
shown that MAO-coated Ti and its alloys promote the spread

and growth of osteoclasts on their surface and increase
osteoclasts (Santos-Coquillat et al., 2019).

Inappropriate use of antibiotics leads to the proliferation of drug-
resistant bacteria and the emergence of “superbugs,” such asmethicillin-
resistant Staphylococcus aureus (MRSA), Multidrug-resistant (MDR)
E. coli (Escherichia coli), Multidrug-resistant Pneumonia Klebsiella, and
vancomycin-resistant Enterococcus (VRE). (Xia et al., 2023). Themisuse
of antibiotics has increased in cases of osteomyelitis. In the study
conducted by Teng Zhang and others, they developed a novelmultilevel
structured MAO 3D-printed porous Ti6Al4V scaffold for the sustained
release of vancomycin. The scholars designed polydopamine (PDA) as
an adhesive anchor for heparin; the adhesive was affixed to the
underlying microporous MAO-TiO2/CaP layers. As confirmed by
high-performance liquid chromatography, this system demonstrates
high loading capacity and sustained vancomycin release kinetics. In vivo
experiments, they injected 0.1 mLof 108 colony-forming units (CFU) of
MRSA into the tibiae of rabbits to induce severe osteomyelitis. Physical,
haematological, radiological, microbiological, and histopathological
analyses were conducted to assess the therapeutic effects. It has been
found that rabbits treated with vancomycin-loaded MAO scaffolds
inhibit bone infection and enhance bone formation. (Zhang et al., 2020).

3.6 Osseointegration

Osseointegration is an important aspect of ensuring the long-
term stability and function of artificial implants in the host bone
tissue. It shows that the MAO coating process promotes
osseointegration by creating a highly porous and rough surface
that improves interfacial bonding between bone tissue and Ti and its
alloy implants (Huang L. et al., 2021).

MAO-treated Ti-6Al-4V alloys can promote bone growth and
implantation in healthy adult male New Zealand rabbits, with early
osteogenesis occurring primarily on the implant surface, followed by
external expansion (Xiu et al., 2016). Histological examination
showed that the microporous clocks of MAO-treated Ti had
more bone tissue surrounded by a thicker and continuous bone
matrix than untreated Ti, demonstrating the effectiveness of the
MAO coating process in promoting osseointegration (Xiu et al.,
2016). Similar experiments have shown that 8 weeks after the
placement of Ti implants in adult rabbits, the pure Ti surface
was still covered with fibrous tissue, while new bone formed on
the surface of the titanium implants with MAO coating (Zhao et al.,
2020). Other experiments have shown that MAO-coated implants
have better bone-to-implant contact and coverage area attached to
the implant, the highest density of newly grown paragenetic bone
tissue, and can withstand greater shear (Chen et al., 2021; Ding et al.,
2022; Ni et al., 2022). Wang et al.’s study demonstrated good
osseointegration of the MAO coating was found by observing
gross observation and micro-CT reconstruction of the femoral
condyle after implant implantation and new bone formation was
observed by toluidine blue and fuchsia-methylene blue staining.
(Figure 6); (Wang L. J. et al., 2021). Compared to smooth surfaces,
the MAO-treated group had more aggressive contact and much
distant osteogenesis (Li et al., 2018).

Strontium (Sr), as an essential microelement that acts similarly
to calcium with potent bone-seeking properties, has been proven to
be an integral feature in the development of bone and/or teeth. Sr-
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doped implants have been proven to significantly promote early
osseointegration under normal and osteoporotic conditions. (Lu W.
et al., 2022). It has been reported that Sr prevents osteoporosis via two
mechanisms, simultaneously stimulating osteogenesis and restraining
osteoclastogenesis via diverse cellular signalling pathways. Recently,
Zhou et al. discovered that Sr-doped titanium samples can significantly
promote osteogenesis by decreasing ROS expression and inhibiting
adipogenic differentiation of mesenchymal stem cells in ageing rats.
(Zhou C. et al., 2019). In addition, scientists have implanted MAO
coatings into osteoporotic rats and found that high concentrations of
Sr2+ significantly reduce the expression of ROS in osteoporosis, showing
good results (Shen X. et al., 2022). Overall, MAO significantly improves
fixation strength, bone formation, and osseointegration with the Ti and
its alloy implant surface.

HA is a biologically active material widely used to enhance the
osseointegration of titanium dental implants. During the MAO
process, an electrolyte solution containing calcium and phosphate
ions is utilized, which can result in the formation of HA within the
oxide layer. Subsequent hydrothermal treatment can be employed to
increase the HA content. This phenomenon in a titanium oxide
surface with high porosity, controlled thickness, and a considerable
density of HA. (Lugovskoy and Lugovskoy, 2014).

According to research in the literature, the utilization of HA
coatings with a nanoparticle structure can facilitate the adhesion,
spreading, and differentiation of bone cells (MC3T3-E1), leading to
an improvement in their overall activity. It should be noted,
however, that excessive deposition of a large quantity of nano-
HA particles on the surface may have adverse effects on cell
proliferation (Wang X. et al., 2021).

Additionally, by applying MAO treatment and microwave
hydrothermal treatment, a coating containing HA crystals can be

rapidly formed on the titanium surface. Research results show that
HA can dissolve in SBF, thus increasing the local supersaturation of Ca
and phosphorus(P) elements near the coating surface. Furthermore, the
material exhibits a good crystallographic match with the deposited
apatite, accelerating the formation of the deposited apatite layer.
Therefore, this surface demonstrates good cell activity and
osseointegration capabilities due to its favourable wettability, high
surface energy, and aptitude for apatite formation. (Du et al., 2019).

In summary, the MAO technique can form a layer of
biocompatible coating on the surface of Ti and its alloys. This
coating promotes the proliferation, adhesion and differentiation
of many cell types on the surface and has high cytocompatibility
and haem compatibility. In addition, this coating has excellent
corrosion resistance and remains stable during long-term use.
Importantly, this coating can promote bone formation and
therefore has broad application prospects in the medical field.

4 The antibacterial properties of the
MAO coating

Bacterial infection remains a significant global threat
worldwide owing to its potential to cause multiple organ
damage and increase the risk of other diseases. (Tang et al.,
2021; Huang et al., 2023; Ji et al., 2023; Lin et al., 2023). Similarly,
the use of MAO-treated materials for medical applications is also
often hampered by the potential risk of bacterial infection. To
address this issue, researchers have explored the use of metallic
elements such as Cu, Ag, Zn, Mg, etc., as well as biological
antimicrobial agents to enhance the antimicrobial properties
of MAO coatings on Ti and its alloys. (Figure 7).

FIGURE 6
Osseointegration assay. (A) Gross observation and micro-CT reconstruction of the femoral condyle were observed at 4 and 8 weeks after
implantation. (B) Toluidine blue and fuchsin-methylene blue staining of new bone formation at 4 and 8 weeks after implantation. Reprinted from Ref.
(Wang L. J. et al., 2021). Copyright (2021) Springer Nature.
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Incorporating these elements into the coating can help reduce the
risk of bacterial infection, making MAO-treated materials more
suitable for medical applications (Supplementary Table S1).

4.1 Cu-containing MAO coating

Cu is a vital trace element in the human body with excellent
antibacterial properties (Gross et al., 2019). Studies have shown that Cu
can enhance lipid peroxidation, inhibit bacterial active DNA and related
enzymes, interfere with bacterial energy metabolism, and exhibit a low
potential for drug resistance (Shimabukuro, 2020). In addition, Cu ions
can kill bacteria or disrupt their replication using direct contact and ion
release (Huang et al., 2018; Wang et al., 2019a; He et al., 2020).

The MAO process can be used to successfully produce Cu-
containing coatings on Ti and its alloy, resulting in substantially
antimicrobial properties (Lu X. et al., 2022). In a related study by
Binbin Kang, Cu doping has been found to effectively promote the
proliferation of BMSCs and enhance osteogenic differentiation
when compared to TiO2 coating. Furthermore, the antibacterial
experiments conducted revealed that Cu-doped TiO2 coating had a
significant impact on Streptococcus mutans (S. aureus) and
Porphyromonas gingivalis (P. gingivalis), demonstrating
exceptional antibacterial properties (Figure 8) (Kang et al., 2022).

Furthermore, studies have shown that Cu ions exhibit high
bioactivity and excellent antibacterial properties over a range of
concentrations and that higher concentrations of Cu lead to better
antibacterial effects. The research findings indicate that all samples
exhibit morphological features indicative of sedimentation
phenomena, with porosity following descending order: Ti−10Cu
(~1.87%) > Ti−5Cu (~1.55%) > Ti−2Cu (~0.82%). In addition to
the presence of flocculent deposits, the Ti−2Cu coating also exhibits
spherical, rod-like, and lamellar deposits. Similarly, typical micron-
scale clusters containing sediment of various morphologies are
observed in the Ti−5Cu coating. Conversely, the Ti−10Cu coating

exclusively features lamellar deposits. The antimicrobial capability of
the Ti−2Cu, Ti−5Cu, and Ti−10Cu coatings was assessed by
measuring the OD600 value of the medium after 24 h of
incubation. The results showed that the OD600 value of the
copper-doped TiO2 coating was significantly reduced compared
with the titanium substrate, indicating that the copper-doped was
beneficial to its antibacterial effect. However, the antibacterial efficacy
is inconsistent with its Cu content, because the Ti−2Cu coating shows
higher antibacterial efficacy than the Ti−5Cu coating, and the Ti−5Cu
coating is similar to the Ti−10Cu coating (Zhang X. et al., 2018).

The studies show that the antimicrobial concentrations of Cu
ranging from 0.54% to 0.72% on the surface of MAO coatings
showed antibacterial and fungicidal properties (Zheng et al., 2018;
Rokosz et al., 2020). However, Zhang Xinxin et al. found that the
antibacterial rate (AR) of the TiO2 coating formed by adding 2 g/L
Na2Cu EDTA was similar to that of adding 10 g/L; both were
superior to the 5 g/L coating (Zhang et al., 2021b). Therefore, the
modulation of Cu concentration needs to be further investigated.

Additionally, aside from Cu concentration, the antimicrobial
properties of MAO coatings on Ti and its alloys are influenced by the
price of Cu ions. It has been shown that Cu-doped TiO2 coatings in
the Cu2+ enriched region have better antimicrobial activity
compared to those with high Cu + content (Zhang et al., 2020e).
Furthermore, t increasing the Cu+/Cu2+ content of the coating leads
to better antibacterial and antifungal effects (Rokosz et al., 2020).

MAO coatings with Cu ions have been found to possess powerful
long-term antibacterial properties. For example, a porous three-
dimensional (3D) MAO coating containing 1.92 wt% Cu (Cu-
1.92 wt%) developed on a Ti-6Al-4V alloy maintained 100%
antimicrobial activity against S. aureus (S. aureus) even after being
immersed in a Hanks solution for 14 days (Liang et al., 2020). In
addition, studies have shown Cu-based MAO coatings on Ti alloys
exhibit exceptional antibacterial activity against Gram-positive and
Gram-negative bacteria even after being submerged in normal brine
for 28 days (Shimabukuro et al., 2020b).

FIGURE 7
Direct contact with antimicrobial elements causes physical damage and cell death in bacteria. The bacteria can experience physical damage to their
membrane upon direct contact with antimicrobial elements, including Cu, Ag, and Zn, which ultimately leads to cell death.
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TABLE 2 Combined application of MAO with other treatment methods.

Treatments Substrate Surface
morphology

Cell models Animal
models

Bacteria Outcome Reference

MAO and
hydrothermal
treatment

Ti6Al4V Micro-nano hybrid
coating with moderate
roughness

MC3T3-E1 cells rat - Enhance
biocompatibility,
osteogenesis, and
osseointegration

Huang et al.
(2021)

MAO and
microwave
hydrothermal
treatment

Ti Slightly higher sub-
micron roughness

BMMSC Enhancing the
differentiation of
osteoprogenitor stem cell

Lin et al.
(2020)

MAO and Steam-
Hydrothermal
treatment

Ti Volcanic porous
structure and nano-
structures

MC3T3-E1 cells,
human umbilical
vein fusion cells

rabbits - Promote Osteogenesis,
and angiogenesis and
accelerate the process of
osseointegration

Wang et al.
(2021)

MAO and large-grit
sandblasting

Ti Micron-sized craters
accompanied by sub-
micron-scale pits, more
porous architectures

BMMSC dog - Enhance cell adhesion,
proliferation, osteogenic
and peri-implant new
bone Formation and
osseointegration

He et al.
(2019)

MAO and SLA Cp-Ti A typical crater-like
porous structure was
formed on the surface

MC3T3-E1 cells Enhance cellular
attachment and
proliferation

Kim et al.
(2021)

MAO and HESP Cp-Ti Many non-uniform
nanoparticles, some
elliptical or circular
micro-pores and some
obvious cracks on MAO
substrates

MC3T3-E1 cells - - MC3T3-E1 cells on
S-MAO substrate had
better spreading,
proliferation, and
osteogenic differentiation
capacities

Shen et al.
(2020b)

MAO and HESP Ti Some porous structures
and no obvious cracks

MC3T3-E1 cells - S. aureus
S. mutans

Promoting the spreading,
proliferation and
differentiation of cells and
having bactericidal effects
on both bacterial

Shen et al.
(2020a)

MAO and SFT Ti3Zr2Sn3Mo25Nb
alloy

Evenly distributed with
sub-circular or elliptical
crater-like and much
fewer submicron pores

MC3T3-E1 cells Nanocrystalline micro-
arc oxidation coating is
conducive to cell
adhesion and growth and
has good biocompatibility

Yu et al.
(2022)

MAO and SLM Ti-6AL-4V The homogenous
micro-/nano-porous
oxide layer

Pre-osteoblast
MC3T3-E1 cells

- MRSA
USA300

Highly porous SLM
titanium bone implants
that were
biofunctionalized using
PEO with Ag and Zn NPs
in ratios of up to 75% Ag
and 25% Zn fully
eradicated bacterial
inocula within 24 h in
both in vitro and ex vivo
experiments

Iaj et al.
(2020)

MAO and SLM Ti-10Ta-2Nb-2Zr
alloy

Covered homogeneously
with “volcano-like holes”
that were micro/nano-
diameter in scale. Large
holes were encased in
tiny holes and
interconnected

MG-63 cells rabbits - MAO coating and porous
structure improved cell
viability in vitro and
increased new bone
formation in vivo

Luo et al.
(2021)

MAO and SG Ti Flower-like and
spherical dense micro
nanostructured deposits
completely cover the
surface

- - E. coli The coating produced
with MAO and sol-gel
combined methods is
doubly effective for both
bioactive and
antibacterial properties

Yılmaz (2021)

(Continued on following page)
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The Cu-containing MAO coating achieved 98.7 antibacterial activity
against S. mutans, effectively killing S. mutans on almost all surfaces, and
also demonstrated potent antibacterial effects against S. aureus and E. coli
(Shen et al., 2020a). These results indicate that Cu-based MAO coatings
on Ti and its alloys have strong antibacterial properties.

4.2 Ag-containing MAO coating

Ag is a prevalent metal known for its antibacterial properties. The
presence of Ag ions can disrupt the membrane integrity of bacterial
cells, leading to their death. Many studies have demonstrated that Ag-
containing TiO2 coatings can impede the proliferation and adhesion of
bacteria such as S. aureus while showing extremely high bactericidal
activity against multiple antibacterial strains of S. aureus (e.g., USA300),

E. coli and Pseudomonas aeruginosa (P. aeruginosa), which can destroy
planktonic and adherent bacteria (Sedelnikova et al., 2019; Zhang L.
et al., 2020; Zhang et al., 2021c; van Hengel et al., 2020; Zhao et al.,
2022).

Through SEM analysis, it was observed the Ag-MAO coating was
uniformly covered withmicro/nanoporous oxide layers. Furthermore,
the surface morphology of the biofunctionalized implants remained
unaltered by the addition of AgNPs when compared to pure titanium
and pure titanium combined with strontium implants. Results
indicated that after 24 h, Ag-MAO coating completely prevented
bacteria from adhering to the surface. After 48 h, little to no
bacteria was observed on the surface of the Ag-MAO samples,
whereas the control group had significant bacterial adhesion. In
vivo experiments on murine femurs showed that the Ag-MAO
samples were effective in eliminating bacterial inoculum

TABLE 2 (Continued) Combined application of MAO with other treatment methods.

Treatments Substrate Surface
morphology

Cell models Animal
models

Bacteria Outcome Reference

MAO and SG Ti6Al4V alloy A hierarchically rough
structured topography
with a large number of
crater-like micropores

MC3T3-E1 cells - - Good biocompatibility
and enhancing cell
proliferation

Li et al. (2020)

MAO and SG Cp-Ti The thickness and area
of the coating increase,
and the particle structure
on the surface is covered,
resulting in the
disappearance of cracks

MC3T3-E1 cells - - The composite coating
has excellent anti-
inflammatory and bone-
promoting properties

Zhu et al.
(2022)

MAO and UA Cp-Ti A relatively uniform
brownish appearance,
porous morphology and
presence of depositions
were observed

MC3T3-E1 cells - S. aureus The introduction of
ultrasonic vibration
enhances the corrosion
resistance, antibacterial
capability and cellular
response of the Cu-
incorporated
TiO2 coating

Zhang et al.
(2021)

MAO and UA Ti Formation of an intact
substrate/coating
interface with the
absence of large cracks

MC3T3-E1 cells - S. aureus Both in vitro and in vivo
biological examinations
indicate the desirable
biological response
including
biocompatibility and
antibacterial property

Lv et al.
(2021)

MAO and UA Ti-Cu alloy Increased the roughness MC3T3-E1 cells - S. aureus Improved the
antibacterial activity and
non-cytotoxicity but
improved the early
adhesion of MC3T3 cells

Hu et al.
(2020)

MAO and bioactive
factors

Ti6Al4V alloy More pores on the
metallic surface are
covered by Ca, P
coatings and HA-
precipitated

murine bone marrow
mesenchymal stem
cell line D1
(mBMSCs)

rabbit - Ti-alloy implant modified
by MAO with CaP-BMP2
is osteo-inductive and
osteoconductive which
can create better
osteogenesis and
angiogenesis

Teng et al.
(2019)

MAO and bioactive
factors

Cp-Ti Petal sheets and
roughness decreased

MC3T3-E1 cell E. coli The coating with BMP-2/
chitosan/hydroxyapatite
can significantly improve
cell adhesion, spreading
and proliferation with
excellent antibacterial
properties

Wang et al.
(2019)
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(Thukkaram et al., 2020). Besides, it has been found that higher
concentrations of AgNPs or Ag2O nanoparticles in the electrolyte
yield better antibacterial effects for Ag-doped TiO2 coatings. (Lv et al.,
2019; Thukkaram et al., 2020). Moreover, TiO2 coatings containing
18.5 wt% Sr and 0.58 wt% Ag showed good osteogenic activity on
MC3T3-E1 cells and strong short- and long-term antibacterial effects
(Zhang Y.-Y. et al., 2021).

While Ag-rich MAO coatings are highly biocompatible with
U2OS cell lines in some studies (Oleshko et al., 2020b), it is
important to note that excessive amounts of Ag content can
reduce the cytocompatibility of the coating. For instance, coatings
synthesised with a concentration of ≥0.001 mol L−1 AgC2H3O2 to the
electrolyte have been shown to harm the proliferation of Saos-2 cells
(Teker Aydogan et al., 2018). In their research, Masaya Shimabukuro
et al. found that MAO coatings of Ti prepared with an electrolyte
containing Ag nitrate at a concentration of 0.04 mm or higher
exhibited good antibacterial effects, but when Ag concentration
exceeded 2.5 mm, the resulting samples inhibited the activity of

MC3T3-E1 cells (Shimabukuro et al., 2019). Therefore, it is crucial
to pay attention to the concentration of Ag when using it in the MAO
treatment of Ti and its alloys, selecting concentrations that are highly
effective against bacteria while still exhibiting biocompatibility.

4.3 Zn-containing MAO coating

Zn is an essential trace element for the human body and an
important component of superoxide dismutase (Siddiqi et al., 2018).
Studies have shown that the incorporation of Zn onto the surface of Ti
and its alloys has been shown to not only act as an effective antimicrobial
agent but also improve cytocompatibility (Hu et al., 2022; Qin et al.,
2022). It was reported that TiO2 coatings significantly inhibited bacterial
growth without causing cytotoxicity at concentrations of Zn ions
between 10−5 and 10−4 M (Zhang et al., 2016).

In addition, Zn was doped on the surface of Ti-15MoMAO coating,
which was found to be effective in reducing the number of attached

FIGURE 8
Antibacterial activities of Cu-doped coatings against S. aureus and P. gingivalis (A); CFU results after S. aureus and P. gingivalis were cocultured with
the Cu-MAO coating for 24 h. Data are presented as mean ± SD; (**p < 0.01, vs. 0Cu-MAO group); (B); Live/Dead assay (D) and the corresponding SEM
images (C) of S. aureus cultured on different surface after 24 h of incubation. Source: Reprinted from Ref. (Kang et al., 2022). Copyright © 2022 kang, Lan,
Yao, Liu, Chen and Qi, with permission from Frontiers in Bioengineering and Biotechnology.

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Wen et al. 10.3389/fbioe.2023.1282590

60

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1282590


Staphylococcus epidermidis (ATCC 700296), indicating that Zn can
prevent the formation of bacterial biofilm on the implant surface
(Leśniak-Ziółkowska et al., 2020). Oleksandr Oleshko et al. used
MAO technology to combine ZnO nanoparticles (NPS) with TiZrNb
alloys to form high-contact angle ceramic coatings on TiZrNb alloys.
Observe the sample with SEM, the surface is covered with an oxide layer,
containing small circular holes and craters of various sizes. This coating
containing ZnO NP prevents the adhesion of S. aureus and significantly
improves the antimicrobial properties of TiZrNb alloys (Oleshko et al.,
2020a).

4.4 Multiple elements-containing MAO
coating

Recent research has shown that incorporating multiple elements into
MAOcoatings can lead to a stronger antibacterial effect thanusing a single
metal element. For instance, TiO2 coatings mixed with both Ag and Zn

showed higher antibacterial activity against S. aureus than Ti substrates
containing only Ag or Zn alone (Lv et al., 2020; Lv et al., 2021b). Cu, Zn,
and P were doped into Ti-6Al-4V Ti alloy coatings via MAO, which
showed good antibacterial properties against E. coli, S. aureus, andMRSA
(Wang et al., 2020). Meanwhile, TiO2 coatings doped with Mg, Cu, and
fluoride (F) elements on the Ti surface weremore effective in inhibiting S.
aureus than pure Ti and oxide coatings containing Mg, Cu, or F alone
(Zhao et al., 2019). In addition, doping multiple metal elements into the
coatings not only improved the antibacterial properties of Ti and its alloys
but also enhanced biocompatibility. For example, co-doping 0.55 wt%Cu
and 2.53 wt%Zn further boosted the proliferation of L-929 cells compared
to TiO2 doped with 0.77 wt% Cu alone (Zhang et al., 2018a).

Recent studies have revealed that additional elements beyond
the usual Cu, Ag, and Zn elements can be added to MAO coatings to
confer antibacterial effects on Ti and its alloys. Elements like
Zirconium (Zr), Boron (B), Manganese (Mn), Tungsten (W),
Yttrium (Y), and Fluorine (F), have demonstrated bactericidal
effects against S. aureus, P. aeruginosa, and E. coli (Sopchenski

FIGURE 9
Combined application of MAO and other treatment methods. Created with BioRender.com.
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et al., 2018; Zhou J. et al., 2019; Zhou et al., 2019 T.; Zhang et al.,
2020d; Zhang et al., 2020a; Nikoomanzari et al., 2020; Molaei et al.,
2022).

In studies evaluating MAO coatings on Ti and its alloys for
antibacterial, scholars have also utilized electrolytes containing
bioactive elements like Na2SiO3-5H2O, C4H6O4Ca, NaNO3, and
C3H7Na2O6P to form bioactive glass-based coatings (MAO-BG).
MAO-BG coatings were found to reduce pathogenic bacteria
associated with biofilms and have positive effects on various
microbial biofilms. This suggests that incorporating bioactive
elements into Ti materials could be a useful way to impart
antimicrobial properties (Costa et al., 2020).

To summarize, the incorporation of multiple elements into MAO
coatings has the potential to enhance the antimicrobial properties and
biocompatibility of Ti and its alloys. In addition to commonly used
elements like Cu, Ag, and Zn, alternative elements like Zr, B, Mn,W, Y,
and F have shown notable bactericidal effects in MAO coatings.
Moreover, MAO-BG coatings formed by electrolytes containing
bioactive elements can effectively impart antimicrobial properties to
Ti materials and positively impact different microbial biofilms. These
discoveries offer novel approaches and concepts for developing more
powerful antimicrobial coatings.

5 Combined application of MAO and
other treatment methods

In modern times, it has been discovered that relying solely on
MAO technology may not always suffice for certain biomedical
surface modification needs. As a result, researchers have delved into
exploring the use of MAO combination with other surface treatment
methods, including but not limited to hydrothermal method,
sandblasting and acid etching (SLA), selective laser melting
(SLM), high-energy shot peening (HESP), sliding friction
treatment (SFT), sol-gel coating method (SG), ultrasonic
vibration (UV), and bioactive factors (Figure 9). By utilizing a
combination of these methods, researchers aim to achieve the
desired level of effect (as outlined in Table 2).

5.1 The combined application of MAO and
hydrothermal method

By subjecting a material to high temperature and pressure, the
hydrothermal method activates water molecules to dissolve or react
with surface substances. This promotes crystal growth and alters the
structure, morphology, and porosity of thematerial. Recent studies have
shown that combining the hydrothermal method with MAO can result
in the formation of micro/nano coatings on Ti and its alloys, which
possess excellent biocompatibility and bone integration ability (Huang
L. et al., 2021). Some studies also indicate that microwave-assisted
hydrothermal technology combined with MAO, can regulate stem cell
differentiation (Lin et al., 2020). Furthermore, applying HA coating on
the Ti surfaces using MAO and hydrothermal steam treatment (SHT)
not only shows good biocompatibility but also stimulates endothelial
cells to secrete vascular endothelial growth factor, promoting the
formation of capillary-like networks and inhibiting inflammation
(Wang X. et al., 2021).

5.2 The combined application of MAO
and SLA

SLA are commonly used method to improve the surface roughness
of implants. However, using sharp alumina sand and caustic soda may
not completely remove thesematerials, whichmay negatively affect bone
formation around the implant and interfere with bone bonding. To solve
this problem, some researchers have combined large particle
sandblasting with MAO to create micro- and submicron-level 3D
porous structures on Ti implants. This optimizes surface properties
and improves new bone formation and bonding (He et al., 2019).
Jinyoung Kim’s research on enhancing the surface roughness of Ti by
combining sandblasting, acid etching and MAO. The typical crater-like
porous structure can be observed under an SEM, which can help
enhance the adhesion and differentiation of pre-osteoblasts,
ultimately improving the overall biocompatibility (Kim et al., 2021).

5.3 The combined application of MAO and
HESP

Different from sandblasting technology, shot peening (SP)
technology surface cleaning can also enhance residual compressive
stress and improve fatigue resistance. In a study conducted by Xinkun
Shen et al., Ti substrates were treated with HESP and MAO to create
porous TiO2 films containing Ca and P. The results showed that HESP
pretreatment improved the stability of TiO2 coating and the bioactivity
of MAO-treated samples (Shen et al., 2020c) Furthermore, the research
revealed that using HESP-assisted MAO to produce Si/Cu-MAO
coatings resulted in osteogenic properties and bactericidal activity
against S. aureus and S. mutans (Shen et al., 2020b).

5.4 The combined application of MAO
and SFT

SFT technology is widely used to refine the surface grain
structure and improve the mechanical properties, as well as to
improve the performance and life of biomaterials through severe
surface plastic deformation. Yu Sen and other researchers combined
SFT with MAO to form a uniform coating with nearly circular or
oval crater-like pores of less than one micron on the surface of
Ti3Zr2Sn3Mo25Nb alloy. This coating has demonstrated excellent
biocompatibility and can promote the attachment and growth of
cells (Yu et al., 2022).

5.5 The combined application of MAO
and SLM

To achieve optimal new bone growth in porous scaffolds, it is
crucial to maintain precise control and optimization of pore size,
porosity, and connectivity throughout the fabrication process.
Recently, SLM has garnered significant attention as an additive
manufacturing technique for personalized orthopaedic implant
production. Junsi Luo’s research team leveraged SLM technology
to precisely manufacture Ti alloy implants, using MAO technology
to modify their surface for micro/nano-level roughness before
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coating themwith HA. These novel HA coatings possess appropriate
mechanical properties, excellent biocompatibility and bioactivity,
and enhanced cell viability in vitro, as well as new bone formation in
vivo. Theymay be a promising alternative treatment option for high-
risk or younger patients in need of more durable implants (Luo et al.,
2021). In another study, researchers synthesized porous Ti implants
using SLM and functionalized them with Zn and Ag nanoparticles
embedded throughMAOwith Ti oxide layers, effectively preventing
implant-associated infections (IAI) caused by antibiotic-resistant
bacteria (Iaj et al., 2020).

5.6 The combined application of MAO and
Sol-gel coating method

Researchers have utilized a sol-gel coating method capable of
forming uniform nanofilms on the material surface, resulting in
bioactive antimicrobial polymer/Ca-P bio-composites on MAO-
modified titanium for dental and orthopaedic implant
coatings (Yılmaz, 2021). The findings suggest that the coating
promotes cell recruitment and improves cell proliferation
during the initial stages of culture, potentially extending the
lifespan of the implant (Li R. et al., 2020). To improve the
performance of oral implants, researchers used MAO and sol-gel
techniques to fabricate a multifunctional composite coating
consisting of silica particles and zirconium hydrogen
phosphate on the Ti surface, which exhibits higher friction
and corrosion resistance, as well as better anti-inflammatory
and osteogenic properties (Zhu et al., 2022).

5.7 The combined application of MAO
and UV

UV is a commonly used auxiliary technique to tune the
morphological and structural properties of MAO coatings to
enhance their performance. Ultrasound-assisted micro-arc oxidation
(UMAO) is a promising surface modification method for fabricating
high-quality titanium-based orthopaedic implants. Studies have shown
that the use of UV in the MAO process can increase the corrosion
resistance and bonding strength of TiO2 coatings, improving their
biological properties (Lv et al., 2021a). UMAO can also be used to
enhance the corrosion resistance, antimicrobial properties, and
cytocompatibility of Cu-doped TiO2 coatings, creating functional
surfaces with higher uniformity and performance for biomedical
materials (Zhang et al., 2021d). Additionally, UMAO can modify
the surface of Ti-Cu alloys to improve their antibacterial properties
and cell biocompatibility (Hu et al., 2020).

5.8 The combined application of MAO and
bioactive factors

Recent research has shown that combining MAO with other
bioactive elements such as Bone Morphogenetic Proteins (BMPs),
can stimulate new bone formation. However, the effectiveness of
BMPs in promoting osteogenesis depends on the careful control of
carrier type and release rate. In a study conducted by Teng et al., a

unique approach was employed involving 3D printing, MAO
treatment, and the coprecipitation of calcium and P layers with
BMP-2 technology to fabricate porous titanium alloy-based
implants featuring interconnected channel structures.

The growth factor BMP-2 exhibited a continuous diffusion
pattern from the central region to the periphery of the implant,
thereby facilitating the proliferation, differentiation, and
mineralization of bone cells. In vivo experiments further revealed
the infiltration of bone tissue and blood vessels into the central area
of the implant. It was observed that MAO-CaP-BMP-
2 outperformed both the MAO and MAO-CaP groups in terms
of promoting new bone formation, underscoring the potential of
MAO-CaP-BMP2 in enhancing bone healing. As a result, MAO-
CaP-BMP2 stands as a promising candidate for applications as a
growth factor vector. (Teng et al., 2019).

In addition, some studies have found that a petal-like HA/TiO2

composite coating was prepared on the Ti surface through one-step
MAO, and then pure chitosan (CS) was used and BMP-2
respectively loaded with CS coatings on the HA/TiO2 surface
using a dip coating method, which can give Ti good antibacterial
and biological properties, and the thicker the HA layer, the higher
the load of BMP-2 and CS. The larger the amount, the better the
bonding strength, antibacterial activity and biocompatibility
between coatings. (Wang et al., 2019b).

To sum up, the combined MAO technology with other surface
treatment methods has demonstrated immense potential in
improving surface properties and enhancing the biological
performance of biomedical materials. The integration of MAO
with diverse techniques such as hydrothermal method, SLA, HESP,
SFT, SLM, sol-gel coating method, UV and bioactive factors has
resulted in the development of novel coatings that possess superior
biocompatibility, antibacterial properties, corrosion resistance, and
osteogenic properties, thereby making them well-suited for
orthopaedic and dental implant applications. These advancements
hold great promise for enhancing the long-term outcomes of implant
surgeries while mitigating associated risks. Continued research and
development of these hybrid technologies could lead to further
improvements in the field of biomedical surface modification,
ultimately benefiting patients worldwide.

6 Limitations and future scope

MAO coatings have shown tremendous potential for medical
applications, particularly in titanium and its alloys. These coatings
enhance surface properties such as biocompatibility, corrosion
resistance, wear resistance, and hardness, making them attractive
for improving the performance and safety of medical devices.
Unfortunately, the use of MAO coatings in medical applications
is not without limitations. One major issue is that the coating
process can be both expensive and complex, thereby limiting its
widespread use. Additionally, the uniformity and thickness of the
coating may vary depending on the materials used and the process
parameters applied, which can affect the overall performance and
reliability of the coating material. Furthermore, while the porous
morphologies of MAO coatings theoretically can enhance the
bonding between implants and bone tissue, promoting bone
tissue growth, the porosity may create channels for accelerated
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corrosion ion (Cl−) penetration, thus limiting the application of
some biodegradable materials. Therefore, researchers exploring the
use of magnesium (Mg) in the biomedical field tend to produce
MAO coatings with self-sealing pores.

The parameters of MAO are crucial for producing coatings with
excellent performance. Process parameters include electrolyte
composition, voltage, current density, frequency, response time, and
duty cycle. Parameter control aims to obtain a surface that is uniform,
stable, adhesive, and bioactive. Although preliminary research has
shown promising results, our understanding of the long-term
biocompatibility of MAO coatings remains limited. Further research
is needed to evaluate their durability and biocompatibility over time.
Regarding antibacterial applications,MAOcoatings have great potential
to reduce bacterial adhesion and growth. However, the efficacy of these
coatings depends on several factors, such as coating thickness,
roughness, and bacterial strain. Incorporating high concentrations of
metal ions into the coating may have adverse effects on cell
biocompatibility, and suitable concentrations need to be investigated.
Additionally, further research is needed to explore the mechanisms by
which these coatings affect cells and bacteria (Zhang et al., 2018b).
Furthermore, MAO may need to be combined with other antibacterial
agents and treatments to achieve optimal results. Photodynamic
antibacterial therapy is receiving increasing attention due to its
bactericidal efficiency and safety being higher than those of metal
ions. For example, Han et al. found that a MoS2-modified TiO2 coating
prepared using a hybrid process exhibits excellent antibacterial activity
when exposed to 808 nm near-infrared light (Han et al., 2021). Scholars
also indicate that functional TiO2 coatings co-doped with nitrogen and
bismuth achieve antibacterial effects under visible light with good
biocompatibility and reactivation potential (Nagay et al., 2019).

Additionally, Wenyue Yang et al. reported that TiO2 nanoparticles
can be incorporated into the β titanium alloy Ti-35Nb-2Ta-3Zr (TNTZ)
matrix using friction stir processing (FSP) as a bioactive reinforcement,
which can build an integrated micro-nano composite layer that
facilitates the adhesion and proliferation of BMSCs (Yang et al.,
2023). Therefore, MAO technology can be considered in the future
to build micro-nanostructures on the surface of titanium alloys.

In summary, despite these limitations, researchers continue to
explore methods for optimizing coatings, developing new materials
and formulations, and combining MAO with other physical and
chemical methods to improve its biocompatibility, antibacterial
properties, and other properties. This technology has tremendous
potential in enhancing the safety and performance of medical
biomaterials made from titanium and its alloys.

7 Conclusion

In this review, we delve into recent advancements in the
biomedical application of MAO coatings for Ti and its alloys. We
focus specifically on process parameters, biocompatibility,
antibacterial properties and combinations with other technical
aspects. Our conclusions are summarized below:

1) We analyse various process parameters such as electrolyte
composition, voltage, and current, that can influence the
characteristics of MAO coatings, including their surface
roughness, porosity, structure, and morphology attributes.

2) We emphasize the importance of studying the biocompatibility
of MAO coatings for Ti and its alloys. Our findings suggest that
these coatings have significant potential to enhance cell
compatibility, blood compatibility, corrosion resistance,
angiogenesis activity, osteogenic activity, and bone integration.

3) Another aspect we highlight is the incorporation of metal
elements, such as Cu, Ag, and Zn into MAO coatings. This
integration is proven to be an effective technique for imparting
antibacterial properties to Ti and its alloys.

4) We discuss several pretreatment and posttreatment hybrid
technologies developed to improve the biological properties of
MAO coatings. The combination of MAO with hydrothermal
methods, SLA, HESP, SFT, SLM, the sol-gel coating method, UV,
and bioactive factors provide advantages over using individual
techniques.

5) Finally, while considerable progress has been made in
researching bioactive MAO coatings on Ti and its alloys,
several challenges still need to be addressed. Specifically,
further understanding of the mechanism of MAO is needed
to facilitate its wider adoption in the industry.

In our review, we emphasize the enormous potential of micro-
arc oxidation coatings in improving performance and expanding the
applications of titanium and its alloys. In addition, it emphasizes the
continuous necessity of MAO technology research in the field of
biomedicine. To further promote the application of Ti and its alloys
in medical applications, we suggest that future researchers focus on
real-world application scenarios, delve into the complex
mechanisms behind MAO coatings, and strive to advance this field.

Reducing the gap between laboratory findings and actual
medicine is the future research direction. Understanding the
complex interactions between MAO coatings and biological
systems at the molecular level not only helps to develop
customized coatings but also promotes the safe and effective
integration of titanium-based materials in the human body. In
addition, collaborative efforts bringing together materials scientists,
biologists, medical practitioners, and engineers will play a crucial role
in promoting the transformation of MAO-coated titanium and its
alloys into innovative medical devices and implants. These
interdisciplinary methods can bring breakthroughs, redefine the
prospects of medical technology, provide enhanced treatment for
patients, and improve their quality of life.

In summary, our review serves as a catalyst, and it highlights the
potential and necessity for research in the field of micro-arc oxidation
coatings on titanium and its alloys. It is through joint efforts and a deeper
understanding of basic science that we can fully utilize the capabilities of
MAO technology, completely transform biomedical applications, and
usher in a new era of medical innovation.
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Tumour survival and growth are reliant on angiogenesis, the formation of new
blood vessels, to facilitate nutrient andwaste exchange and, importantly, provide a
route for metastasis from a primary to a secondary site. Whilst current models can
ensure the transport and exchange of nutrients and waste via diffusion over
distances greater than 200 μm, many lack sufficient vasculature capable of
recapitulating the tumour microenvironment and, thus, metastasis. In this
study, we utilise gelatin-containing polymerised high internal phase emulsion
(polyHIPE) templated polycaprolactone-methacrylate (PCL-M) scaffolds to
fabricate a composite material to support the 3D culture of MDA-MB-
231 breast cancer cells and vascular ingrowth. Firstly, we investigated the
effect of gelatin within the scaffolds on the mechanical and chemical
properties using compression testing and FTIR spectroscopy, respectively.
Initial in vitro assessment of cell metabolic activity and vascular endothelial
growth factor expression demonstrated that gelatin-containing PCL-M
polyHIPEs are capable of supporting 3D breast cancer cell growth. We then
utilised the chick chorioallantoic membrane (CAM) assay to assess the
angiogenic potential of cell-seeded gelatin-containing PCL-M polyHIPEs, and
vascular ingrowth within cell-seeded, surfactant and gelatin-containing scaffolds
was investigated via histological staining. Overall, our study proposes a promising
composite material to fabricate a substrate to support the 3D culture of cancer
cells and vascular ingrowth.

KEYWORDS

gelatin, polyHIPE, CAM assay, PCL (polycaprolactone), vascularisation, angiogenesis
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1 Introduction

Angiogenesis is the process through which new vasculature is
formed from an existing network and is a key process to ensure cell
survival and maintenance, facilitating oxygen and nutrient delivery,
and waste removal (Adair and Montani, 2010; Rouwkema and
Khademhosseini, 2016). Moreover, angiogenesis is critical for
tumour survival, maintenance and growth, as well as providing a
route for cancer cell metastasis (Nishida et al., 2006; Lugano et al.,
2020). However, many current in vitro models lack sufficient
vasculature to fully recapitulate tumour-driven angiogenesis,
tumour growth and metastasis. Therefore, there is a need to
design improved in vitro culture substrates to support tumour
cell culture and growth whilst additionally facilitating tumour-
driven angiogenesis and vascular ingrowth.

Substrates for in vitro culture are commonly fabricated using
polymers, either natural or synthetic (Langer and Tirrell, 2004;
Kohane and Langer, 2008; Place et al., 2009). Whilst natural
polymers, such as collagen and Matrigel, better recapitulate the
architecture of the microenvironment (Habanjar et al., 2021) and
lend themselves to optical microscopy analysis techniques better
than synthetic polymers, they are often fabricated as hydrogels, and
as such, the resultant mechanical properties of the gels can cause
challenges in scaffold handling. Synthetic polymers can be fabricated
consistently, at low cost, are easier to produce and can often be
chemically or mechanically tuned, producing scaffolds which can be
easily handled (Rijal et al., 2017; Donnaloja et al., 2020; Reddy et al.,
2021). Thus, a substrate fabricated with a combination of natural
and synthetic polymers could provide a better solution for improved
in vitro cell culture, resulting in a substrate which has architecture
recognisable by cells whilst still easily handled.

We have previously reported on the use of gelatin to both
chemically and mechanically tune porous polymer substrates
(Furmidge et al., 2023). Gelatin is a biodegradable and
biocompatible polymer with low toxicity that is a molecular
derivative of type I collagen, therefore, it has the capability to
biologically perform similarly to collagen and is a suitable
substitute (Bello et al., 2020). Furthermore, gelatin is readily
available, can be extracted from multiple sources and is more
cost-effective than extracellular matrix (ECM) proteins such as
collagen, laminin and fibronectin (Bello et al., 2020; Lukin
et al., 2022).

Due to the amphiphilic properties of gelatin, it has been
previously utilised as a surfactant, albeit a weak surfactant and is
capable of stabilising emulsions (Aldemir Dikici and Claeyssens,
2020; Zhang et al., 2020; Furmidge et al., 2023) via lowering the
interfacial energy of the oil-water interface.

Our previous study demonstrated how the inclusion of gelatin
within the internal phase of PCL polyHIPEs led to a significant

increase in pore size of the resulting scaffold (Table 1) (Furmidge
et al., 2023). Thus, we hypothesised that such increases in the pore
size could enable increased vessel ingrowth. Therefore, this study
investigates the use of gelatin-containing polyHIPEs as a substrate to
support 3D breast cancer cell growth and facilitate angiogenesis. We
initially assessed the impact of gelatin within the scaffold on
mechanical properties and the cancer cell metabolic activity
before using the pre-existing vascular network from an ex ovo
chick chorioallantoic membrane (CAM) assay to assess the
vascular ingrowth of the CAM vessels. Furthermore, we
combined 3D cancer cell culture on the substrates as a tumour
tissue mimic within the CAM assay, assessing the validity of our
approach using a porous polymer substrate to recapitulate
angiogenesis surrounding tumour tissue.

2 Materials

Photoinitiator (2,4,6-Trimethylbenzoyl Phosphine Oxide/2-
Hydroxy-2- Methylpropiophenone blend), Dulbecco’s modified
Eagle media (DMEM), fetal bovine serum (FBS), pencillin/
streptomycin (PS), L-glutamine, trypsin, formaldehyde, resazurin
sodium salt, type A gelatine from porcine skin, isopentane and
haematoxylin solution were purchased from Sigma Aldrich.
Chloroform, toluene, ethanol, acetone and methanol were
purchased from Fisher Scientific. The surfactant, Hypermer
B246 was received as a sample from Croda (Goole,
United Kingdom). The optimal cutting temperature-tissue freezing
medium (OCT-TFM) was purchased from CellPath, the VectaMount
aqueousmountingmediumwas purchased fromVector and the eosin
solution was purchased from Acros Organics. High molecular weight
4-arm methacrylated polycaprolactone (PCL-M, 20,331 g/mol, 95%
methacrylated) was synthesised in the laboratory [a general synthesis
method is given in Aldemir Dikici et al. (2019)].

3 Methods

3.1 PCL-M PolyHIPE fabrication

0.4 g PCL-M and 10 wt% surfactant were heated to melt the
surfactant and PCL-M. 0.6 g of 60 wt% chloroform and 40 wt%
toluene solvent mixture and 0.03 g photoinitiator were added to the
PCL-M-surfactant mixture respectively. The contents were mixed
(250 rpm) using a magnetic stirrer (20 mm × 7 mm) for 3 min at
37°C. Once homogeneous, 2 mL of the internal phase (water or 5%
gelatin solution prepared with water (wt/v)) was added dropwise
and the emulsion was mixed for 5 min. Three compositions were
prepared: i) 10 wt% surfactant with water as an internal phase

TABLE 1 The pore size (Furmidge et al., 2023) and stiffness of PCL-M polyHIPEs fabricated with different combinations of 10% surfactant and 5% gelatin
(mean ± SD).

PCL-M PolyHIPE Pore size (µm) (Furmidge et al., 2023) Stiffness (MPa)

G0S10 53 ± 19 0.91 ± 0.23

G5S10 39 ± 24 2.68 ± 0.60

G5S0 80 ± 43 1.52 ± 0.20
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(G0S10), ii) 10 wt% surfactant with 5% gelatin solution as an
internal phase (G5S10) and iii) 0 wt% surfactant with 5% gelatin
solution as an internal phase (G5S0).

3.2 Polymerisation of PCL-M HIPEs

Emulsions were polymerised in a transparent 2 mL syringe. All
samples were cured using ultraviolet (UV) light for 5 min on both
sides using the OmniCure Series 1,000 system (100 W, Lumen
Dynamics, Canada), with 18 W/cm2 reported light density and
spectral output from 250–600 nm. The resulting polyHIPEs were
removed from the syringe and washed in 100% ethanol for 24 h
before washing in 70% ethanol for 48 h, changing the ethanol after
each 24 h period. Following this, ethanol was gradually replaced with
deionised water for 3 days, changing the water after each 24 h
period. All polyHIPE samples were washed and stored in
dH20 at room temperature.

3.3 Mechanical characterisation

The compressive modulus of the PCL-M polyHIPEs was
calculated by compressive mechanical testing (MultiTest 2.5–dv,
Mecmesin, Slinford, United Kingdom), using the 250 N load cell at
room temperature. Samples were cut into approximately 1 cm
cylinders using a scalpel and placed between two compression
plates. The compressive tests were performed on each sample at
a rate of 1 N/s until the maximum load of 250 N was reached. The
stiffness was calculated from the gradient of the initial linear region
of the stress-strain curve for each sample.

3.4 Chemical characterisation using fourier
transform infrared spectroscopy (FTIR)

Measurements were collected using an Agilent 4300 spectrometer
fitted with a diamond 3-Bounce-2-Pass attenuated total reflection (ATR)
crystal and amercury cadmium telluride detector (Agilent Technologies,
Santa Clara CA, United Kingdom). Data between 4000 cm−1 and
1,000 cm−1 was obtained by collecting 32 scans at 4 cm−1 resolution.
All spectra were normalised to the PCL peak (1722 cm-1). Spectral
processing was conducted using Spectragryph (v1.2.15, 2020).

3.5 General cell culture

MDA-MB-231 cells (Aldrich, 2023) were used to evaluate the
proliferation of cancer cells within gelatin-containing PCL-M
polyHIPEs. The MDA-MB-231 cells were purchased from Merck
(ECACC) and transduced to express luciferase2 andmStrawberry by
transfection with a transposon and the transposase PiggyBac using
methodology developed previously (English et al., 2017). The cells
were transduced and selected with puromycin and stocks frozen
within 5 passages and then used within 30 passages of receipt from
ECACC. The cells were thawed, transferred to media (DMEM
supplemented with 10% FBS, 1% PS, 1% L-glutamine) and
centrifuged at 95 g for 5 min. The cell pellet was resuspended in

fresh media with 1 μg/mL puromycin and cultured until 90%
confluence with media changes every 3 days. Puromycin was
removed from the media 24 h before each experiment.

3.6 MDA-MB-231 cell seeding on PCL-M
polyHIPE scaffolds

To initially characterise cell-scaffold interactions, polyHIPE discs
(8 mm diameter and 1 mm depth) were used. To sterilise, all scaffolds
were washed in ethanol followed by dH2O. Once reaching 90%
confluency, cells were detached from the cell culture flask using
trypsin. After 4 min the trypsin was neutralised with cell culture
media (ratio of 1:2 respectively), followed by centrifugation (95 × g for
5 min) and resuspended in fresh media before counting using the
trypan blue exclusion method to assess cell viability. For cell viability
and CAM assays, 25 μL of MDA-MB-231 cells at 2 × 106 cells/mL
were transferred onto each scaffold and left for 30 min in the
incubator (37°C and 5% CO2) to allow for cell attachment. After
30 min, fresh media was placed in each well and incubated for 7 days
with fresh media replaced every 2–3 days.

3.7 Cell viability on PCL-M
polyHIPE scaffolds

The viability of cells on the scaffold was assessed using the
resazurin reduction (RR) assay. 1 mM resazurin stock solution was
diluted in cell culture media to form a 10% v/v resazurin working
solution. The media was removed and discarded from each well and a
further 0.5 mL of the working solution was added to each well. The
well plate was protected from light and incubated for 4 h at 37°C. An
orbital rocker (30 rpm) was used in the incubator to ensure full
penetration of the resazurin working solution. 150 μL was taken, in
triplicate, from each scaffold and transferred to a 96 well plate. A
fluorescence microplate reader (BioTek FLx800, Agilent BioTek,
Santa Clara, CA, United States) was used to read the fluorescence
of each well at an excitation wavelength of 540 nm and an emission
wavelength of 630 nm. The working solution was removed from the
scaffolds, and each scaffold was further washed with PBS three times
before adding fresh cell culture media and continuing incubation. The
assay was performed at days 1, 3 and 7.

3.8 VEGF ELISA

The concentration of VEGF in the supernatant of cell-seeded
scaffolds was determined using the Human VEGF ELISA kit,
according to the manufacturer’s instructions (Abcam,
United Kingdom). The optical density was measured on an
absorbance microplate reader (BioTek ELx800, Agilent BioTek,
Santa Clara, CA, United States) set to 450 nm.

3.9 CAM assay

The ex ovo CAM assay, as described by Mangir et al. (2019) was
used to study the vascularisation of gelatin-containing, cell-seeded
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polyHIPEs. Briefly, pathogen-free fertilised eggs (Gallus domesticus),
obtained from Med Eggs (Fakenham, United Kingdom), were
cleaned with 20% v/v industrial methylated spirits (IMS) before
incubating in humidified (45%) hatching incubators (Rcom King
Suro Max-20, P&T Poultry, Powys, Wales) at 38°C and for 3 days.
After 3 days the eggs were cracked into sterile 100 mL weigh boats
with 3 mL of PBS + 1% v/v penicillin–streptomycin solution
(100 IU/mL–100 mg/mL) (Supplementary Figure S1). The eggs
were further incubated at 38°C in a cell culture incubator
(Binder, Tuttlingen, Germany). At day 7 of embryonic
development, 500 µm polyHIPE discs sectioned using a
vibratome (5100 mz, Campden Instruments, Loughborough,
United Kingdom), seeded as described in Section 3.6, were
implanted within the boundaries of the CAM and incubated for
a further 6 days. The scaffolds were placed with the non-seeded
surface in contact with the CAM to create a chemotactic gradient
through the polyHIPE scaffold from the CAM surface. At day 13 of
embryonic development, the CAM was imaged using a digital
camera and MicroCapture software (version 2.0). Body lotion
(Extracts, Tesco, Welwyn Garden City, UK) was injected into the
surrounding area of the sample to provide contrast between blood
vessels and the sample (Supplementary Figure S2). Following
imaging, all embryos were sacrificed by the end of day 13 of
embryonic development. Within each condition, initially
8 scaffolds were placed within the boundary of the CAM of
individual eggs. This allowed for compensation when the foetus
became unviable or for when the scaffold was not in an optimal
position for imaging and analysis following the growth of the foetus.
For each condition, the 3 scaffolds which were most optimally
positioned were used for image analysis and data collection.

3.10 Morphometric quantification of the
angiogenesis

Three images from each group were quantified using IKOSA
software (CAM Assay, KML Vision GmbH) to assess the total vessel
length and area and the number of branching points. Furthermore, a
modified version of a well-established method (Barnhill and Ryan,
1983; Eke et al., 2017; Mangir et al., 2019; Dikici et al., 2020; Dikici
et al., 2021) was used to assess the number of vessels. Briefly, the
following parameters were set to all images in Adobe Photoshop (PS)
to improve the ability to discern between the blood vessels; brightness
and contrast; −50/10, unsharp; 50/10/0, smart sharpen; 100/5 with
Gaussian blur, reduced noise; 5/0/0/50, contrast; 100, and contrast;
20-100. A new layer was created in PS, and all discernible vessels
touching the scaffolds were drawn digitally using aWacom Intuos Pro
Medium Tablet with a 2 pixels size-hard round brush. The number of
blood vessels was calculated by counting the total count of the vessels
touching the border of the scaffolds (Aldemir Dikici et al., 2020).

3.11 Haematoxylin and Eosin (H&E) staining

On day 13, following the CAM assay the polyHIPE scaffolds and
a surrounding area of tissue were excised from the membrane and
were fixed with 3.7% w/v formaldehyde for 30 min at room
temperature. The samples were further washed with PBS and

stored in 70% ethanol. The excess CAM tissue was trimmed
from the edges of the scaffold, and the scaffold was sectioned
into 2 semi-circular sections before placing the sections in the
cryo-mould with OTC-TFM and freezing in isopentane. The
cryo-moulds were placed in liquid nitrogen for 7 min before
sectioning on a cryostat (CM 1900, Leica, Germany), 16 µm slices
were mounted onto the surface of Thermo SuperFrost® Plus slides.
For H&E staining, samples were air dried for 2 h before freezing in a
50% v/v acetone and methanol mixture for 15 min. The slides were
washed in PBS for 1 min followed by a wash in H2O for 3 min. Slides
were stained in haematoxylin for 15 s, rinsed for 10 min in H2O and
dehydrated in 70% and 90% ethanol for 1 min each. Slides were
further stained in eosin for 8 s before washing in 100%, 95% and 70%
ethanol for 1 min each and mounted using aquamount medium.

3.12 Statistical analysis

Statistical analysis was carried out using the analysis software
GraphPad Prism (Version 9.4.1, CA, United States). All data was
analysed using one-way or two-way analysis of variance (ANOVA)
followed by Dunnett T3 (n < 50) multiple comparisons test. Error
bars on graphs indicate standard deviation, and all n values are given
in figure captions where relevant. Statistical significance on graphs is
represented as p-value < 0.033 (*), 0.002 (**) and 0.001 (***).

4 Results

4.1 Mechanical characterisation

The compression tests were conducted under wet conditions, in
which the scaffolds had been washed and pre-soaked in deionised
water before the experiment. The inclusion of gelatin within the
internal phase of the polyHIPE resulted in a significant increase in
stiffness independent of whether the scaffold was fabricated with
additional surfactant (Table 1; Figure 1A). The stress-strain curves
of the gelatin-containing scaffolds demonstrated a deviation in the
curve at ~60% strain, resulting in an S-shaped curve compared to the
smooth J-shaped curve observed in the control surfactant-only
polyHIPE (G0S10) (Figure 1B).

4.2 Biological characterisation

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy was used to verify the presence of gelatin in the
scaffolds post-processing and before cell seeding. The spectra of all
PCL-M polyHIPE samples show characteristic bands for 4 arm PCL,
observed at 2,940 cm−1 and 2,860 cm−1 (Figure 2A), caused by
asymmetric and symmetric CH2 stretching, respectively. The
fingerprint region also shows strong absorption peaks attributed
to PCL at 1722 cm−1 (ester carbonyl stretching), 1,290 cm−1 (C-O
and C-C stretching), 1,240 cm-1, (asymmetric C-O-C stretching) and
1,170 cm-1 (symmetric C-O-C stretching). Furthermore, the
fingerprint region of the spectra of the gelatin-containing
polyHIPEs (G5S10 and G5S0) also include peaks at 1,630 cm−1

(C=O stretching vibration), corresponding to the amide I band.
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FIGURE 1
Stiffness of PCL-M polyHIPEs fabricated with different combinations of 10% surfactant and 5% gelatin displaying (A) the mean stiffness ± SD (n = 5, *
p < 0.033, ** p < 0.002) and (B) representative stress-strain curves of each PCL-M polyHIPE condition (red dotted line indicates 60% strain).

FIGURE 2
Chemical and biological assessment of PCL–MpolyHIPEs containing gelatin. (A) Themid-infrared spectrum of PCL-M polyHIPEs containing gelatin,
the red callout indicates the fingerprint region. (B) The metabolic activity of MDA-MB-231 cells via a resazurin reduction assay across 7 days (mean ± SD,
N = 3, n = 3). (C) The concentration of VEGF expressed by MDA-MB-231 cells following 7 days of culture on PCL-M polyHIPEs containing gelatin (mean ±
SD, N = 3, n = 2).
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The intensity of the amide I bands is higher and more prominent in
the spectrum of the gelatin-only PCL-M polyHIPE.

A 7-day resazurin reduction assay was utilised to assess the
metabolic activity of MDA-MB-231 cells on PCL-M scaffolds

containing gelatin. There was a significant increase in metabolic
activity across the 7-day period for all PCL-M polyHIPE scaffolds
(Figure 2B). Furthermore, at each time point, there was no
significant difference between the PCL-M polyHIPE scaffolds and

FIGURE 3
Assessment of the angiogenic potential of PCL-M polyHIPEs. (A) Digital Images of surfactant-only (G0S10), surfactant and gelatin-containing
(G5S10) and gelatin-only (G5S0) PCL-M polyHIPEs prepared in control (PBS soaked), media soaked and cell seeded conditions on chick chorioallantoic
membrane (CAM) at day 13 (scalebar represents 5 mm) with quantitative assessment describing (B) the total vessel area, (C) the total vessel length, (D) the
number of branching points and (E) the number of blood vessels surrounding the PCL-M polyHIPE scaffolds (Mean ±SD, N = 3).
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the control condition (tissue culture plastic, TCP). A VEGF ELISA
was used to quantify the concentration of VEGF expressed byMDA-
MB-231 cells following 7 days of culture on PCL-M polyHIPEs.
There was no significant difference in the expression of VEGF
between the different PCL-M polyHIPEs containing gelatin ±
surfactant and standard surfactant-only PCL-M
polyHIPEs (Figure 2C).

4.3 Ex ovo chorioallantoic membrane assay
to assess angiogenic potential

The ex ovo CAM assay was utilised to assess the angiogenic
potential of PCL-M polyHIPEs seeded with MDA-MB-231 breast
cancer cells. Visually, we observed no negative impact of the gelatin-
containing scaffolds ± cancer cells on the viability of the chick
embryos or vascular network (Figure 3A). We observed increased
directionality of the vessels towards the scaffold when seeded with
MDA-MB-231 cells. To further investigate this finding, we
quantified the vessels, defining the total vessel area and length,
number of branching points and the number of vessels surrounding
the scaffolds. There was no significant difference in the total vessel
area and length or number of branching points between the
conditions (Figures 3B–D). There was a significant increase in
the number of vessels surrounding the scaffold gelatin-only cell-
seeded polyHIPE compared to the surfactant-containing cell-seeded
polyHIPEs (Figure 3E).

Haematoxylin and Eosin (H&E) staining was used to further
assess the integration of the CAM vasculature within the gelatin-
containing PCL-M polyHIPEs (Figure 4). Blood vessels (indicated
by red arrows) were observed in the CAM tissue on the polyHIPE

scaffolds, with more vessels present in the CAM tissue on the cell-
seeded gelatin-containing scaffolds. Moreover, additional blood
vessels were observed within the cell-seeded surfactant and
gelatin-containing polyHIPE scaffolds.

5 Discussion

Within this study, we demonstrate the use of gelatin-containing
PCL-M polyHIPEs that can support 3D breast cancer cell culture,
whilst maintaining the key functionality of expressing vascular
endothelial growth factor (VEGF) to promote angiogenesis. We
used an ex ovo CAM assay to validate the capability of these gelatin-
containing cell-seeded polyHIPEs for vascular ingrowth. Our study
presents a potential substrate, with tuneable mechanical properties
for use within microphysiological systems (MPS) that can
successfully support 3D breast cancer cell culture and
vascular ingrowth.

Firstly, we assessed the stiffness of the polyHIPE scaffolds to
better understand the mechanical environment around the cells
cultured within the substrates. We assessed the stiffness of the
polyHIPEs in wet conditions with gelatin remaining in the
scaffold to be more physiologically relevant, as has been
discussed in previous studies (Aldemir Dikici et al., 2019; Jackson
et al., 2023). Interestingly, when compared to our previous study in
which PCL-M polyHIPE constructs were compressed in dry
conditions with the gelatin removed prior to testing, we observe
little difference in the stiffness of the resulting polyHIPEs
(Figure 1A). Therefore, this suggests that the fabrication
technique, utilising gelatin in the internal phase and the resulting
effect it has on the polyHIPE structure is responsible for the change

FIGURE 4
Haematoxylin and Eosin staining to analyse the angiogenic potential of surfactant-only (G0S10), surfactant and gelatin-containing (G5S10) and
gelatin-only (G5S0) PCL-M polyHIPEs prepared in media soaked and cell-seeded conditions on chick chorioallantoic membrane (CAM) at day 13
(scalebar represents 100 μm, red arrows indicate blood vessels).
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in stiffness rather than the condition of the scaffolds during testing
(wet/dry ± gelatin).

When further analysing the stress-strain curves, all the
polyHIPE samples demonstrated typical linear elastic behaviour
at low strain with a final region of rapidly increasing stress at
high strain, this is likely due to material densifying (Sun et al.,
2016). The standard surfactant-only PCL-M polyHIPE displayed
standard viscoelastic behaviour, as observed in our previous study
(Furmidge et al., 2023). However, the addition of gelatin into the
scaffolds alters the response of the polyHIPE to compressive loads,
observing a deviation in the curve at 60% strain before increasing to
a maximum (Figure 1B). The S-shaped curve observed, indicates
elastic instability. Up to 60% strain we observed the stiffness due to
the composition of the pores and the gelatin which results in a higher
stiffness than the surfactant PCL-M polyHIPE (G0S10). 60%–75%
strain is where we observed elastic instability, this is likely due to the
gelatin being extruded from scaffold through the collapsed pores.
We observed this difference visually, finding that the gelatin-
containing polyHIPEs structurally failed following compression,
with large sections of gelatin protruding from the broken body of
the scaffold compared to surfactant-only polyHIPEs, which
remained intact (Supplementary Figure S3). Moreover, gelatin
has its own viscoelastic properties which differ from PCL-M, and
as such, this may introduce a difference in energy dissipation and the
resulting deformation (Guarino et al., 2017; Moučka et al., 2023). At
75% strain onwards the stiffness observed is due to the bulk of the
PCL-M in which the gelatin-containing polyHIPE scaffolds
demonstrate a similar stiffness to surfactant-only PCL-M
polyHIPE scaffolds. In our previous study, compression of gelatin
polyHIPE constructs in which the gelatin was removed prior to
compression testing did not result in the S-shaped curve observed in
this study (Furmidge et al., 2023). This would further suggest it is the
gelatin remaining in the scaffold that causes the complex response to
the compression rather than any physical changes to the structure of
the polyHIPE when using a gelatin solution as the internal phase.

To ensure the presence of gelatin within the scaffolds following
the post-processing washing steps and prior to cell seeding we used
ATR-FTIR to identify the attributed peaks (Figure 2A). In both
samples containing gelatin, amide I peaks were evident and
interestingly, sample G5S0 shows the highest absorption in this
region, which ties well with the fact that this sample contains gelatin
only. Gelatin is widely used in biomaterials due to its cell adhesive
properties and capability to provide a more ECM-like environment
for cell growth (Bello et al., 2020; Lukin et al., 2022; Asim et al.,
2023). Interestingly, the presence of gelatin did not have any
significant effect on the metabolic activity of the cells compared
to the surfactant-only polyHIPE (Figure 2B), these finding are
similar to previous studies in which common coating techniques,
such as fibronectin and plasma coating did not yield any significant
improvement in 3D cell culture within PCL-M polyHIPEs (Dikici
et al., 2019; Jackson et al., 2023). In this study the potential
improvement in cell attachment might be mitigated by the lower
amount of surface area or the potential for the cells to fall through
the pores when being seeded in the larger pore scaffolds. However,
this technique, which utilises a cost-effective, biocompatible protein,
provides a simple and effective method to alter pore size and stiffness
whilst supporting 3D cell culture. Thus, these scaffolds could be used
in combination with each other within an MPS cancer model to

achieve a diverse range of mechanical cues and environments to
influence different stages of the metastatic cascade.

Vascular endothelial growth factor (VEGF) is a factor secreted
by tumour cells, including the MDA-MB-231 breast cancer cell line
used in this study. Expression of VEGF is a key factor for
angiogenesis, promoting the proliferation of vascular endothelial
cells. Using a VEGF ELISA kit, we confirmed the expression of
VEGF from MDA-MB-231 cells cultured on surfactant-only and
gelatin-containing PCL-M polyHIPEs (Figure 2C). There is
variation within these results, and it is most likely due to the
inefficiency of cell adhesion which arises from using a manual
seeding technique. Further improvements in the seeding
technique using automation would be beneficial in the future to
reduce such variability. The concentration of VEGF expressed is
comparable with previous studies which have used similar cell
numbers (Matsui et al., 2008; Sohn et al., 2018). This further
suggests that PCL-M polyHIPEs (surfactant-only and gelatin-
containing) are suitable substrates for 3D cell culture of
breast cancer.

It is well documented in the literature that gelatin is a suitable
biomaterial to replicate the mechanical properties of breast tissue
and has been commonly used to fabricate breast tissue phantoms
(McGarry et al., 2020; Cannatà et al., 2021; Amiri et al., 2022).
Therefore, whilst the stiffness of the PCL-M scaffolds does not
replicate that seen in soft tissue in vivo, the gelatin within the
structure can provide a more mimetic environment for the breast
cancer cells. Furthermore, it has been widely reported that gelatin
sponges implanted on CAM assays demonstrate good levels of
angiogenesis (Ribatti et al., 1997; Ribatti et al., 2006; Dreesmann
et al., 2007). The gelatin sponges used in many previous studies
provide a permissive substrate for cell attachment, migration and
proliferation resulting in vastly improved rates of angiogenesis
compared to commercial collagen sponges. However, it is often
difficult to handle and manipulate hydrogels. The combination of
gelatin within a PCL-M polyHIPE scaffold provides a synthetic
polymer scaffold, which is easily handled and manipulated, and a
hydrogel to promote angiogenesis and vascular invasion within the
bulk of the scaffold. Similarly, Tan et al. used PCL/gelatin
electrospun scaffolds combined with induced pluripotent stem-
cell derived endothelial cells (iPSC-ECs) (Tan et al., 2018). When
implanted in vivo it was observed the iPSC-ECs survived a further
3 days once implanted and there was improved blood perfusion and
host-angiogenic responses compared to when the iPSC-ECs were
implanted without the composite PCL/gelatin scaffold.

In this study we seeded MDA-MB-231 cells on to gelatin-
containing PCL-M polyHIPEs to further support angiogenesis by
the expression of VEGF from the triple negative breast cancer cell
line. Wang et al. have shown how the addition of VEGF to a PCL/
gelatin electrospun scaffold can improve endothelial cell
proliferation in vitro and enhanced vascularisation in vivo (Wang
et al., 2015). Sustained release of VEGF was achieved by
functionalising the gelatin by heparin immobilisation, creating a
binding site for VEGF. Similarly, Del Gaudio et al. functionalised
gelatin by crosslinking with genipin, resulting in improved
angiogenesis (Del Gaudio et al., 2013). Alternatively, Jiang et al.
combined PCL nanofibers with gelatin encapsulated VEGF to
enhance angiogenesis of endothelial cells (Jiang et al., 2018). In
this study, we simplify the scaffold processing steps, removing the
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need for gelatin functionalisation or encapsulation by utilising the
innate ability of MDA-MB-231 cells to express VEGF.

To validate the use of gelatin-containing PCL-M polyHIPEs to
support vascular invasion and growth, we used the ex ovo CAM
assay, assessing the effect of cell-seeded PCL-M polyHIPEs on
angiogenesis from an established, pre-existing vascular network.
The CAM assay has been well documented to study the angiogenic
capability of biomaterial scaffolds (Naik et al., 2018; Ribatti et al.,
2020). Due to the biological nature of the CAM assay, it is common
to see variation within datasets as shown in previous studies which
utilise the CAM assay (Aldemir Dikici et al., 2020; Samourides et al.,
2020). We report visually increased directionality of the vessels
towards the cell-seeded polyHIPE scaffolds (Figure 3). We suggest
this observation is due to the expression of VEGF from the breast
cancer cells promoting directed vessel growth around the
circumference of the scaffolds. This is further supported in
literature, in which VEGF is identified as one of the main factors
for vascular growth regulation in the CAM (Chen et al., 2021), with
many studies observing an increase in scaffold integration and
number of blood vessels when the scaffolds were loaded with
VEGF (Cidonio et al., 2019a; Cidonio et al., 2019b; He et al.,
2019; Marshall et al., 2020). Moreover, similar directional vessel
growth has been observed by Guerra et al. in response to varying
VEGF concentrations (Guerra et al., 2021). They identified that
increased levels of VEGF resulted in vessel growth with increased
vessel density towards the VEGF-loaded hydrogel.

There was a statistically significant increase in the number of
vessels surrounding the cell-seeded gelatin-only polyHIPE scaffolds
(Figure 3E). This was also observed in the H&E staining, we observed
there were more vessels present in the CAM tissue on the cell-seeded
gelatin-only polyHIPE scaffold compared to the media-soaked
gelatin-only polyHIPE scaffold (Figure 4). A study investigating
porous poly(glycerol sebacate urethane) scaffolds observed a
significant increase in the number of vessels surrounding scaffolds
which had larger pores (Samourides et al., 2020). This correlates to the
significance observed in this study in which the gelatin-only scaffolds
have significantly larger pores than the surfactant-containing
polyHIPEs. The average pore sizes have been previously reported,
as 80 µm for the gelatin-only scaffold, 39 µm for the gelatin and
surfactant scaffold, and 53 µm for the surfactant-only scaffold
(Furmidge et al., 2023). On the other hand, whilst we observed a
greater number of vessels in the CAM tissue around the gelatin-only
scaffolds, we did not observe vessels within the scaffold. The H&E
staining of these scaffolds showed the CAM tissue forming a distinct
layer on the scaffold with limited integration. This lack of integration
was further pronounced when preparing the samples for histological
assessment, and the layer of CAM tissue was easily separated from the
scaffold, as previously described by Mangir et al. (2019). This lack of
integration is likely due to the larger pores in the gelatin-only PCL-M
polyHIPEs. Whilst large pores are favourable for vascular invasion
and integration, for cell attachment and migration they may need to
be significantly smaller. The ingrowing CAM cells are likely
fibroblasts, and it is reported that fibroblast ingrowth occurs with
scaffold pore sizes of 5–15 µm (Yang et al., 2001). Interestingly, on
multiple occasions in the cell-seeded surfactant and gelatin-containing
PCL-MpolyHIPEs, we observed the CAMmembrane starting to grow
over and envelop the scaffold (Figure 3. G5S10 +MDA-MB-231;
Supplementary Figure S4). This phenomenon has been observed

previously as an indicator of tissue/scaffold integration and
angiogenesis (Baiguera et al., 2012; Totonelli et al., 2012; Orlando
et al., 2013). Interestingly, these studies use ECM-derived matrices to
fabricate decellularised scaffolds. Thus, it is likely the gelatin, a
heterogenous mixture of peptides which are derived from
Collagen, which is one of the most abundant ECM proteins,
alongside the expression of VEGF from the MDA-MB-231 cells
within the PCL-M polyHIPEs is responsible for stimulating the
envelopment of these scaffolds. The H&E staining provided further
evidence of vascular integration, where we observed the presence of
blood vessels within the surfactant and gelatin-containing scaffold
(Figure 4). Whilst these scaffolds have smaller pores [mean = 39 µm
(Furmidge et al., 2023)], vascular invasion was observed. Similarly,
Paterson et al. demonstrated vascular invasion occurred within
emulsion-templated microspheres with small pores (median pore
size = 21 µm) however, only in combination with human
embryonic stem cell-derived mesenchymal progenitor cells
(Paterson et al., 2018). Furthermore, they suggest the expression of
VEGF from the cells may be partially responsible for the induction of
the angiogenic response. Furthermore, Baker et al. observed vascular
ingrowth within porous PCL scaffolds with a similar range of pore
sizes as the scaffolds used in this study (Baker et al., 2011). The study
also identified that the infiltrating vascular network preferentially
aligned along micro-fractures in the structure. Therefore, any similar
fractures or weaknesses within the polyHIPE structure could provide
additional support for vascular alignment and infiltration and is a
possible design feature to investigate in the future to further improve
the vascularisation of gelatin-containing PCL polyHIPEs.

6 Conclusion

In this study, we demonstrated the use of gelatin-containing
PCL-M polyHIPEs to support 3D breast cancer cell culture by
assessing the cell metabolic activity and the expression of VEGF.
Furthermore, we validated the use of these substrates to support
vascular invasion and growth using the CAM assay. Via combining
breast cancer cells with the gelatin-containing polyHIPE substrates,
we observed a significant increase in the number of blood vessels
surrounding the scaffold and improved tissue integration. Thus, we
present gelatin-containing PCL-M polyHIPEs as a promising
composite material for MPS substrates to support both 3D
cancer cell culture and vascular ingrowth.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
Ethical approval was not required for the study involving animals in
accordance with the local legislation and institutional requirements

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Jackson et al. 10.3389/fbioe.2023.1321197

78

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1321197


because the work was completed in ex ovo conditions under the
14 days threshold set out by the UK Home Office.

Author contributions

CJ: Data curation, Formal Analysis, Investigation, Methodology,
Writing–original draft, Writing–review and editing. ID: Data
curation, Formal Analysis, Investigation, Writing–original draft.
HK: Data curation, Investigation, Methodology, Writing–review
and editing. SW: Data curation, Formal Analysis, Investigation,
Methodology, Writing–original draft, Writing–review and editing.
BA: Formal Analysis, Writing–original draft, Writing–review and
editing. EB: Supervision, Writing–review and editing. HB:
Supervision, Writing–review and editing. WE: Supervision,
Writing–review and editing. NG: Supervision, Writing–review
and editing. FC: Conceptualization, Supervision, Writing–review
and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by EPSRC, grant number: EP/S022201/1 and EP/
R513313/1, the Royal Society, grant number: SRF\R1\221053, The
Department of Scientific Research Projects of Izmir Institute of
Technology (IZTECH-BAP, 2021-IYTE-1-0110 and 2022-IYTE-2-
0025), Health Institutes of Turkey (TUSEB-2022B02-22517) and
IzTech Integrated Research Centers (IzTech IRC), the Center for
Materials Research.

Acknowledgments

CJ would like to thank the EPSRC, centre for Doctoral Training
in Advanced Biomedical Materials for PhD studentship funding
(EP/S022201/1). FC also thanks the Royal Society for funding of a
Royal Society Leverhulme Trust Senior Research Fellowship 2022
(SRF\R1\221053).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1321197/
full#supplementary-material

References

Adair, T. H., and Montani, J. P. (2010). “Overview of angiogenesis,” in Angiogenesis
(San Rafael (CA): Morgan and Claypool Life Sciences). Available from: https://www.
ncbi.nlm.nih.gov/books/NBK53238/.

Aldemir Dikici, B., and Claeyssens, F. (2020). Basic principles of emulsion templating
and its use as an emerging manufacturing method of tissue engineering scaffolds. Front.
Bioeng. Biotechnol. 8, 875. doi:10.3389/fbioe.2020.00875

Aldemir Dikici, B., Reilly, G. C., and Claeyssens, F. (2020). Boosting the osteogenic
and angiogenic performance of multiscale porous polycaprolactone scaffolds by in vitro
generated extracellular matrix decoration. ACS Appl. Mater Interfaces 12 (11),
12510–12524. doi:10.1021/acsami.9b23100

Aldemir Dikici, B., Sherborne, C., Reilly, G. C., and Claeyssens, F. (2019). Emulsion
templated scaffolds manufactured from photocurable polycaprolactone. Polym. Guildf.
175, 243–254. doi:10.1016/j.polymer.2019.05.023

Aldrich, S. (2023). Authenticated MDA-MB-231 cell line. Available from: https://
www.sigmaaldrich.com/GB/en/product/sigma/cb_92020424.

Amiri, S. A., Berckel, P. V., Lai, M., Dankelman, J., and Hendriks, B. H. W. (2022).
Tissue-mimicking phantom materials with tunable optical properties suitable for
assessment of diffuse reflectance spectroscopy during electrosurgery. Biomed. Opt.
Express 13 (5), 2616–2643. doi:10.1364/boe.449637

Asim, S., Tabish, T. A., Liaqat, U., Ozbolat, I. T., and Rizwan, M. (2023). Advances in
gelatin bioinks to optimize bioprinted cell functions. Adv. Healthc. Mater 12 (17),
2203148. doi:10.1002/adhm.202203148

Baiguera, S., Macchiarini, P., and Ribatti, D. (2012). Chorioallantoic membrane for in
vivo investigation of tissue-engineered construct biocompatibility. J. Biomed. Mater Res.
B Appl. Biomater. 100 B (5), 1425–1434. doi:10.1002/jbm.b.32653

Baker, S. C., Rohman, G., Hinley, J., Stahlschmidt, J., Cameron, N. R., and Southgate,
J. (2011). Cellular integration and vascularisation promoted by a resorbable, particulate-
leached, cross-linked poly(ε-caprolactone) scaffold. Macromol. Biosci. 11 (5), 618–627.
doi:10.1002/mabi.201000415

Barnhill, R. L., and Ryan, T. J. (1983). Biochemical modulation of angiogenesis in the
chorioallantoic membrane of the chick embryo. J. Investigative Dermatology 81 (6),
485–488. doi:10.1111/1523-1747.ep12522728

Bello, A. B., Kim, D., Kim, D., Park, H., and Lee, S. H. (2020). Engineering and
functionalization of gelatin biomaterials: from cell culture to medical applications.
Tissue Eng. Part B Rev. 26 (2), 164–180. doi:10.1089/ten.teb.2019.0256

Cannatà, A., Meo, S. Di, Morganti, S., Matrone, G., and Pasian, M. (2021). “Gelatin-
Based tissue-mimicking materials for breast phantoms: dielectric and mechanical
characterization,” in 2021 XXXIVth general assembly and scientific symposium of the
international union of radio science (Rome, Italy: URSI GASS), 1–3.

Chen, L., Wang, S., Feng, Y., Zhang, J., Du, Y., Zhang, J., et al. (2021). Utilisation of
chick embryo chorioallantoic membrane as a model platform for imaging-navigated
biomedical research. Cells 10 (2), 463. doi:10.3390/cells10020463

Cidonio, G., Alcala-Orozco, C. R., Lim, K. S., Glinka, M., Mutreja, I., Kim, Y. H., et al.
(2019b). Osteogenic and angiogenic tissue formation in high fidelity nanocomposite
Laponite-gelatin bioinks. Biofabrication 11 (3), 035027. doi:10.1088/1758-5090/ab19fd

Cidonio, G., Cooke, M., Glinka, M., Dawson, J. I., Grover, L., and Oreffo, R. O. C.
(2019a). Printing bone in a gel: using nanocomposite bioink to print functionalised bone
scaffolds. Mater Today Bio 4, 100028. doi:10.1016/j.mtbio.2019.100028

Del Gaudio, C., Baiguera, S., Boieri, M., Mazzanti, B., Ribatti, D., Bianco, A., et al.
(2013). Induction of angiogenesis using VEGF releasing genipin-crosslinked
electrospun gelatin mats. Biomaterials 34 (31), 7754–7765. doi:10.1016/j.
biomaterials.2013.06.040

Dikici, B. A., Dikici, S., Reilly, G. C., MacNeil, S., and Claeyssens, F. (2019). A novel
bilayer polycaprolactone membrane for guided bone regeneration: combining
electrospinning and emulsion templating. Materials 12 (16), 2643. Available from:.
doi:10.3390/ma12162643

Dikici, S., Aldemir Dikici, B., Bhaloo, S. I., Balcells, M., Edelman, E. R., MacNeil, S.,
et al. (2020). Assessment of the angiogenic potential of 2-deoxy-D-ribose using a novel

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Jackson et al. 10.3389/fbioe.2023.1321197

79

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1321197/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1321197/full#supplementary-material
https://www.ncbi.nlm.nih.gov/books/NBK53238/
https://www.ncbi.nlm.nih.gov/books/NBK53238/
https://doi.org/10.3389/fbioe.2020.00875
https://doi.org/10.1021/acsami.9b23100
https://doi.org/10.1016/j.polymer.2019.05.023
https://www.sigmaaldrich.com/GB/en/product/sigma/cb_92020424
https://www.sigmaaldrich.com/GB/en/product/sigma/cb_92020424
https://doi.org/10.1364/boe.449637
https://doi.org/10.1002/adhm.202203148
https://doi.org/10.1002/jbm.b.32653
https://doi.org/10.1002/mabi.201000415
https://doi.org/10.1111/1523-1747.ep12522728
https://doi.org/10.1089/ten.teb.2019.0256
https://doi.org/10.3390/cells10020463
https://doi.org/10.1088/1758-5090/ab19fd
https://doi.org/10.1016/j.mtbio.2019.100028
https://doi.org/10.1016/j.biomaterials.2013.06.040
https://doi.org/10.1016/j.biomaterials.2013.06.040
https://doi.org/10.3390/ma12162643
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1321197


in vitro 3D dynamic model in comparison with established in vitro assays. Front. Bioeng.
Biotechnol. 7, 451. doi:10.3389/fbioe.2019.00451

Dikici, S., Aldemir Dikici, B., Macneil, S., and Claeyssens, F. (2021). Decellularised
extracellular matrix decorated PCL PolyHIPE scaffolds for enhanced cellular activity,
integration and angiogenesis. Biomater. Sci. 9 (21), 7297–7310. doi:10.1039/
d1bm01262b

Donnaloja, F., Jacchetti, E., Soncini, M., and Raimondi, M. T. (2020). Natural and
synthetic polymers for bone scaffolds optimization. Polym. (Basel) 12 (4), 905. doi:10.
3390/polym12040905

Dreesmann, L., Ahlers, M., and Schlosshauer, B. (2007). The pro-angiogenic
characteristics of a cross-linked gelatin matrix. Biomaterials 28 (36), 5536–5543.
doi:10.1016/j.biomaterials.2007.08.040

Eke, G., Mangir, N., Hasirci, N., MacNeil, S., and Hasirci, V. (2017). Development of a
UV crosslinked biodegradable hydrogel containing adipose derived stem cells to
promote vascularization for skin wounds and tissue engineering. Biomaterials 129,
188–198. doi:10.1016/j.biomaterials.2017.03.021

English, W. R., Lunt, S. J., Fisher, M., Lefley, D. V., Dhingra, M., Lee, Y. C., et al.
(2017). Differential expression of VEGFA isoforms regulates metastasis and response to
anti-VEGFA therapy in sarcoma. Cancer Res. 77 (10), 2633–2646. doi:10.1158/0008-
5472.can-16-0255

Furmidge, R., Jackson, C. E., Velázquez de la Paz, M. F., Workman, V. L., Green, N.
H., Reilly, G. C., et al. (2023). Surfactant-free gelatin-stabilised biodegradable
polymerised high internal phase emulsions with macroporous structures. Front.
Chem. 11, 11. doi:10.3389/fchem.2023.1236944

Guarino, V., Gentile, G., Sorrentino, L., and Ambrosio, L. (2017). Polycaprolactone:
synthesis, properties, and applications. Encycl. Polym. Sci. Technol. 1–36, 1–36. doi:10.
1002/0471440264.PST658

Guerra, A., Belinha, J., Mangir, N., MacNeil, S., and Natal Jorge, R. (2021). Simulation
of the process of angiogenesis: quantification and assessment of vascular patterning in
the chicken chorioallantoic membrane. Comput. Biol. Med., 136, 104647. doi:10.1016/j.
compbiomed.2021.104647

Habanjar, O., Diab-Assaf, M., Caldefie-Chezet, F., and Delort, L. (2021). 3D cell
culture systems: tumor application, advantages, and disadvantages. Int. J. Mol. Sci. 22
(22), 12200. doi:10.3390/ijms222212200

He, D., Zhao, A. S., Su, H., Zhang, Y., Wang, Y. N., Luo, D., et al. (2019). An injectable
scaffold based on temperature-responsive hydrogel and factor-loaded nanoparticles for
application in vascularization in tissue engineering. J. Biomed. Mater Res. A 107 (10),
2123–2134. doi:10.1002/jbm.a.36723

Jackson, C. E., Ramos-Rodriguez, D. H., Farr, N. T. H., English, W. R., Green, N. H.,
and Claeyssens, F. (2023). Development of PCL PolyHIPE substrates for 3D breast
cancer cell culture. Bioengineering 10 (5), 522. doi:10.3390/bioengineering10050522

Jiang, Y. C., Wang, X. F., Xu, Y. Y., Qiao, Y. H., Guo, X., Wang, D. F., et al. (2018).
Polycaprolactone nanofibers containing vascular endothelial growth factor-
encapsulated gelatin particles enhance mesenchymal stem cell differentiation and
angiogenesis of endothelial cells. Biomacromolecules 19 (9), 3747–3753. doi:10.1021/
acs.biomac.8b00870

Kohane, D. S., and Langer, R. (2008). Polymeric biomaterials in tissue engineering.
Pediatr. Res. 63 (5), 487–491. doi:10.1203/01.pdr.0000305937.26105.e7

Langer, R., and Tirrell, D. A. (2004). Designing materials for biology and medicine.
Nature 428, 487–492. doi:10.1038/nature02388

Lugano, R., Ramachandran, M., and Dimberg, A. (2020). Tumor angiogenesis: causes,
consequences, challenges and opportunities. Cell. Mol. Life Sci. 77 (9), 1745–1770.
doi:10.1007/s00018-019-03351-7

Lukin, I., Erezuma, I., Maeso, L., Zarate, J., Desimone, M. F., Al-Tel, T. H., et al.
(2022). Progress in gelatin as biomaterial for tissue engineering. Pharmaceutics 14 (6),
1177. doi:10.3390/pharmaceutics14061177

Mangir, N., Dikici, S., Claeyssens, F., and Macneil, S. (2019). Using ex ovo chick
chorioallantoic membrane (CAM) assay to evaluate the biocompatibility and
angiogenic response to biomaterials. ACS Biomater. Sci. Eng. 5 (7), 3190–3200.
doi:10.1021/acsbiomaterials.9b00172

Marshall, K. M., Kanczler, J. M., and Oreffo, R. O. C. (2020). Evolving applications of
the egg: chorioallantoic membrane assay and ex vivo organotypic culture of materials for
bone tissue engineering. J. Tissue Eng., 11. doi:10.1177/2041731420942734

Matsui, J., Funahashi, Y., Uenaka, T., Watanabe, T., Tsuruoka, A., and Asada, M.
(2008). Multi-kinase inhibitor E7080 suppresses lymph node and lung metastases of
human mammary breast tumor MDA-MB-231 via inhibition of vascular endothelial
growth factor-receptor (VEGF-R) 2 and VEGF-R3 kinase. Clin. Cancer Res. 14 (17),
5459–5465. doi:10.1158/1078-0432.CCR-07-5270

McGarry, C. K., Grattan, L. J., Ivory, A. M., Leek, F., Liney, G. P., Liu, Y., et al. (2020).
Tissue mimicking materials for imaging and therapy phantoms: a review. Phys. Med.
Biol. 65 (23), 23TR01. doi:10.1088/1361-6560/abbd17

Moučka, R., Sedlačík, M., and Pátíková, Z. (2023). Fractional viscoelastic models of
porcine skin and its gelatin-based surrogates. Mech. Mater. 177, 104559. doi:10.1016/j.
mechmat.2023.104559

Naik, M., Brahma, P., and Dixit, M. (2018). A cost-effective and efficient chick ex-ovo
cam assay protocol to assess angiogenesis. Methods Protoc. 1 (2), 19–9. doi:10.3390/
mps1020019

Nishida, N., Yano, H., Nishida, T., Kamura, T., and Kojiro, M. (2006). Angiogenesis in
cancer. Vasc. Health Risk Manag. 2 (3), 213–219. doi:10.2147/vhrm.2006.2.3.213

Orlando, G., Booth, C., Wang, Z., Totonelli, G., Ross, C. L., Moran, E., et al. (2013).
Discarded human kidneys as a source of ECM scaffold for kidney regeneration
technologies. Biomaterials 34 (24), 5915–5925. doi:10.1016/j.biomaterials.2013.04.033

Paterson, T. E., Gigliobianco, G., Sherborne, C., Green, N. H., Dugan, J. M., Macneil,
S., et al. (2018). Porous microspheres support mesenchymal progenitor cell ingrowth
and stimulate angiogenesis. Apl. Bioeng. 2 (2), 026103. doi:10.1063/1.5008556

Place, E. S., George, J. H., Williams, C. K., and Stevens, M. M. (2009). Synthetic
polymer scaffolds for tissue engineering. Chem. Soc. Rev. 38 (4), 1139–1151. doi:10.
1039/b811392k

Reddy, M. S. B., Ponnamma, D., Choudhary, R., and Sadasivuni, K. K. (2021). A
comparative review of natural and synthetic biopolymer composite scaffolds. Polym.
(Basel) 13 (7), 1105. doi:10.3390/polym13071105

Ribatti, D., Annese, T., and Tamma, R. (2020). The use of the chick embryo CAM
assay in the study of angiogenic activiy of biomaterials. Microvasc. Res., 131, 104026.
doi:10.1016/j.mvr.2020.104026

Ribatti, D., Gualandris, A., Bastaki, M., Vacca, A., Iurlaro, M., Roncali, L., et al. (1997).
New model for the study of angiogenesis and antiangiogenesis in the chick embryo
chorioallantoic membrane: the gelatin sponge/chorioallantoic membrane assay. J. Vasc.
Res. 34 (6), 455–463. doi:10.1159/000159256

Ribatti, D., Nico, B., Vacca, A., and Presta, M. (2006). The gelatin
sponge–chorioallantoic membrane assay. Nat. Protoc. 1 (1), 85–91. doi:10.1038/
nprot.2006.13

Rijal, G., Bathula, C., and Li, W. (2017). Application of synthetic polymeric scaffolds
in breast cancer 3D tissue cultures and animal tumormodels. Int. J. Biomater. 2017, 1–9.
doi:10.1155/2017/8074890

Rouwkema, J., and Khademhosseini, A. (2016). Vascularization and angiogenesis in
tissue engineering: beyond creating static networks. Trends Biotechnol. 34 (9), 733–745.
doi:10.1016/j.tibtech.2016.03.002

Samourides, A., Browning, L., Hearnden, V., and Chen, B. (2020). The effect of porous
structure on the cell proliferation, tissue ingrowth and angiogenic properties of
poly(glycerol sebacate urethane) scaffolds. Mater. Sci. Eng. C 108, 110384. doi:10.
1016/j.msec.2019.110384

Sohn, E. J., Jung, D. B., Lee, H. J., Han, I., Lee, J., Lee, H., et al. (2018).
CNOT2 promotes proliferation and angiogenesis via VEGF signaling in MDA-MB-
231 breast cancer cells. Cancer Lett. 412, 88–98. doi:10.1016/j.canlet.2017.09.052

Sun, Y., Amirrasouli, B., Razavi, S. B., Li, Q. M., Lowe, T., and Withers, P. J. (2016).
The variation in elastic modulus throughout the compression of foam materials. Acta
Mater 110, 161–174. doi:10.1016/j.actamat.2016.03.003

Tan, R. P., Chan, A. H. P., Lennartsson, K., Miravet, M. M., Lee, B. S. L., Rnjak-
Kovacina, J., et al. (2018). Integration of induced pluripotent stem cell-derived
endothelial cells with polycaprolactone/gelatin-based electrospun scaffolds for
enhanced therapeutic angiogenesis. Stem Cell. Res. Ther. 9 (1), 70. doi:10.1186/
s13287-018-0824-2

Totonelli, G., Maghsoudlou, P., Garriboli, M., Riegler, J., Orlando, G., Burns, A. J.,
et al. (2012). A rat decellularized small bowel scaffold that preserves villus-crypt
architecture for intestinal regeneration. Biomaterials 33 (12), 3401–3410. doi:10.
1016/j.biomaterials.2012.01.012

Wang, K., Chen, X., Pan, Y., Cui, Y., Zhou, X., Kong, D., et al. (2015). Enhanced
vascularization in hybrid PCL/gelatin fibrous scaffolds with sustained release of VEGF.
Biomed. Res. Int. 2015, 1–10. doi:10.1155/2015/865076

Yang, S., Leong, K. F., Du, Z. M. E., and Chua, C. K. (2001). The design of scaffolds for
use in tissue engineering. Part I. Traditional factors. Tissue Eng. 7 (6), 679–689. doi:10.
1089/107632701753337645

Zhang, T., Xu, J., Zhang, Y., Wang, X., Lorenzo, J. M., and Zhong, J. (2020). Gelatins as
emulsifiers for oil-in-water emulsions: extraction, chemical composition, molecular
structure, and molecular modification. Trends Food Sci. Technol. 106, 113–131. doi:10.
1016/j.tifs.2020.10.005

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Jackson et al. 10.3389/fbioe.2023.1321197

80

https://doi.org/10.3389/fbioe.2019.00451
https://doi.org/10.1039/d1bm01262b
https://doi.org/10.1039/d1bm01262b
https://doi.org/10.3390/polym12040905
https://doi.org/10.3390/polym12040905
https://doi.org/10.1016/j.biomaterials.2007.08.040
https://doi.org/10.1016/j.biomaterials.2017.03.021
https://doi.org/10.1158/0008-5472.can-16-0255
https://doi.org/10.1158/0008-5472.can-16-0255
https://doi.org/10.3389/fchem.2023.1236944
https://doi.org/10.1002/0471440264.PST658
https://doi.org/10.1002/0471440264.PST658
https://doi.org/10.1016/j.compbiomed.2021.104647
https://doi.org/10.1016/j.compbiomed.2021.104647
https://doi.org/10.3390/ijms222212200
https://doi.org/10.1002/jbm.a.36723
https://doi.org/10.3390/bioengineering10050522
https://doi.org/10.1021/acs.biomac.8b00870
https://doi.org/10.1021/acs.biomac.8b00870
https://doi.org/10.1203/01.pdr.0000305937.26105.e7
https://doi.org/10.1038/nature02388
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.3390/pharmaceutics14061177
https://doi.org/10.1021/acsbiomaterials.9b00172
https://doi.org/10.1177/2041731420942734
https://doi.org/10.1158/1078-0432.CCR-07-5270
https://doi.org/10.1088/1361-6560/abbd17
https://doi.org/10.1016/j.mechmat.2023.104559
https://doi.org/10.1016/j.mechmat.2023.104559
https://doi.org/10.3390/mps1020019
https://doi.org/10.3390/mps1020019
https://doi.org/10.2147/vhrm.2006.2.3.213
https://doi.org/10.1016/j.biomaterials.2013.04.033
https://doi.org/10.1063/1.5008556
https://doi.org/10.1039/b811392k
https://doi.org/10.1039/b811392k
https://doi.org/10.3390/polym13071105
https://doi.org/10.1016/j.mvr.2020.104026
https://doi.org/10.1159/000159256
https://doi.org/10.1038/nprot.2006.13
https://doi.org/10.1038/nprot.2006.13
https://doi.org/10.1155/2017/8074890
https://doi.org/10.1016/j.tibtech.2016.03.002
https://doi.org/10.1016/j.msec.2019.110384
https://doi.org/10.1016/j.msec.2019.110384
https://doi.org/10.1016/j.canlet.2017.09.052
https://doi.org/10.1016/j.actamat.2016.03.003
https://doi.org/10.1186/s13287-018-0824-2
https://doi.org/10.1186/s13287-018-0824-2
https://doi.org/10.1016/j.biomaterials.2012.01.012
https://doi.org/10.1016/j.biomaterials.2012.01.012
https://doi.org/10.1155/2015/865076
https://doi.org/10.1089/107632701753337645
https://doi.org/10.1089/107632701753337645
https://doi.org/10.1016/j.tifs.2020.10.005
https://doi.org/10.1016/j.tifs.2020.10.005
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1321197


Progress in injectable hydrogels
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Uncontrollable haemorrhage from deep, noncompressible wounds remains a
persistent and intractable challenge, accounting for a very high proportion of
deaths in both war and disaster situations. Recently, injectable hydrogels have
been increasingly studied as potential haemostatic materials, highlighting their
enormous potential for the management of noncompressible haemorrhages. In
this review, we summarize haemostatic mechanisms, commonly used clinical
haemostatic methods, and the research progress on injectable haemostatic
hydrogels. We emphasize the current status of injectable hydrogels as
haemostatic materials, including their physical and chemical properties, design
strategy, haemostatic mechanisms, and application in various types of wounds.
We discuss the advantages and disadvantages of injectable hydrogels as
haemostatic materials, as well as the opportunities and challenges involved.
Finally, we propose cutting-edge research avenues to address these
challenges and opportunities, including the combination of injectable
hydrogels with advanced materials and innovative strategies to increase their
biocompatibility and tune their degradation profile. Surface modifications for
promoting cell adhesion and proliferation, as well as the delivery of growth
factors or other biologics for optimal wound healing, are also suggested. We
believe that this paper will inform researchers about the current status of the use
of injectable haemostatic hydrogels for noncompressible haemorrhage and spark
new ideas for those striving to propel this field forward.

KEYWORDS

injectable, hydrogel, noncompressible haemostasis, haemostatic material, biomaterial

1 Introduction

Traumatic bleeding remains a significant cause of death, resulting in more than
1.5 million deaths each year (Shi et al., 2021). The type of haemorrhage that accounts
for the highest percentage of deaths is noncompressible haemorrhage, which is responsible
for up to 90% of deaths in war and 40% of deaths in civilian life (Jamal et al., 2021).
Therefore, rapid and effective haemostasis, especially for noncompressible haemorrhage, is
crucial for saving lives (Guo et al., 2021; Peng et al., 2021). With gradually increased
understanding of the haemostatic process, various haemostatic materials that mimic the
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human haemostatic mechanism have been developed. Tourniquets,
gauze, sponges, and bioadhesives are common types of haemostatic
materials, and some marketed haemostatic materials, such as
X-STAT, junctional tourniquets and pelvic binders, have shown
excellent haemostatic properties in surgical and battlefield
emergencies (Zhang et al., 2021). However, there is still a lack of
effective treatments for noncompressible bleeding in the chest and
abdominal organs.

Hydrogels have a three-dimensional porous structure, exhibit
good hydrophilicity, are easily modified, and can be designed to
be injectable. Moreover, these materials have great potential to
solve the problems of the inability to cover the wound completely,
reach the bleeding point, and compress the wound because of
their flexible drug delivery, strong tissue adhesion, strong water
absorption, blood cell enrichment, and haemostatic component
loading (Yu and Ding, 2008; Chin et al., 2019). Through
continuous research efforts, the functionality of hydrogels has
changed from simple physical coverage or single functionality to
multiple properties (Patenaude et al., 2014; Ahmed, 2015; Liu
et al., 2015), providing new options for haemostatic treatment.
Here, we provide an overview of the coagulation mechanisms and
recent applications and research progress of haemostatic
materials, especially injectable hydrogels, based on different
coagulation mechanisms. We will also discuss the outlook on
the challenges and potential in this field.

2 Mechanisms of haemostasis and
treatment of noncompressible
haemorrhage

2.1 Mechanisms of haemostasis

Coagulation is a natural physiological process that occurs when
the body is traumatized and prevents the continuous flow of blood
from broken vessels, mainly through thrombus formation.
Haemostasis can be divided into three stages: vasoconstriction,
primary thrombosis, and thrombus reinforcement (Figure 1A)
(Furie and Furie, 2008).

2.1.1 Vasoconstriction
After vascular injury, a reflexive vascular smooth muscle spasm

occurs (Rodrigues et al., 2019), causing rapid vascular contraction
after injury, while the damaged vascular endothelium releases
endothelin and the damaged cells release prostaglandins, all of
which promote vasoconstriction (Godo and Shimokawa, 2017).
Vasoconstriction causes a rapid decrease in blood flow and
reduces blood loss. However, this stage of haemostasis is
transient, and the hypoxic environment of the wound decreases
the local pH, causing relaxation of the vascular endothelium, at
which blood flow and bleeding resume (Pool, 1977). To achieve
prolonged vasomodulation, mediators such as fibrinopeptides, 5-

GRAPHICAL ABSTRACT
Common methods of haemostasis. The innermost circle shows the three stages of haemostasis. The middle circle shows the common clinical
methods to induce haemostasis. The outermost circle illustrates the use of an injectable hydrogel to induce haemostasis.
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hydroxy tryptamine (5-HT) and thromboxane A2 (TXA2), which
are released after activation of the coagulation cascade, are necessary
(Strecker-McGraw et al., 2007; Teller and White, 2009).

2.1.2 Primary thrombus formation
This stage is dominated by the formation of platelet thrombi.

Platelets were first discovered by Schultze in 1865 as enucleated cells
detached from megakaryocytes (Frojmovic and Milton, 1982; Chan
Choi et al., 2014). In the presence of intact blood vessels, endothelial
cells have antithrombotic properties: they generate nitric oxide
(NO), prostacyclin and negatively charged heparin-like
glycosaminoglycans, preventing platelet activation, adhesion and
aggregation (Golebiewska and Poole, 2015). After vascular injury,
collagen exposure can cause platelet adhesion, and integrins on the
platelet surface are activated after adhesion occurs. αIIbβ3 is the
most abundant integrin on platelets and can promote further
platelet aggregation and adhesion by mediating the attachment of
fibrinogen, fibronectin, and vascular haemophilia factor (vWF)
through RGD sequences (Wagner et al., 1996; Nuyttens et al.,

2011). Activated platelets also undergo significant morphological
changes, and the filamentous actin content in activated platelets can
reach 70%. Moreover, the conformational change in filamentous
actin can change platelets from a disk-like structure to an omelette-
like structure with multiple pseudopods, which allows platelets to
bind tightly to the extracellular matrix (ECM), constrict blood
vessels and seal wounds (Sorrentino et al., 2015). Moreover, these
activated platelets accelerate platelet activation and aggregation by
secreting ADP, 5-HT, calcium (Ca2+), histamine (HIS), TXA2, and
more than three hundred other active substances (Blair and
Flaumenhaft, 2009; Golebiewska and Poole, 2015). Under the
combined effect of the above pathways, the initial formation of
platelet plugs seals the wound and stops bleeding.

2.1.3 Thrombus reinforcement
Primary thrombus formation temporarily closes the wound,

stopping the bleeding. However, at this time, the thrombus is not
stable, and rebleeding is likely to occur due to external forces.
Further reinforcement is necessary, a step we often refer to as the

FIGURE 1
Schematic diagram of the haemostatic process. (A) Schematic diagram of the coagulation process. (B) Schematic diagram of the coagulation
cascade reaction.
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coagulation cascade reaction. The coagulation cascade reaction can
be divided into two pathways: endogenous and exogenous (Gale,
2011). Both pathways promote the formation of the fibrin network
by inducing prothrombogenic fibrin to form thrombin via
coagulation factor X (FX) (Versteeg et al., 2013). However, in the
exogenous haemostatic pathway, subcutaneous tissues activate FC
via factor VII and factor III (prothrombin complex) (Nemerson,
1988; Mackman, 2009; Tormoen et al., 2013). In contrast, in the
endogenous haemostatic pathway, subcutaneous collagen activates
FX via factor XII, factor VIII, and factor IX (Bhopale and Nanda,
2003; Tormoen et al., 2013) (Figure 1B). The cascading amplification
effect of the coagulation cascade reaction and the anionic surface of
the platelet peg contribute to the rapid adhesion of blood cells and
rapid fibrin network formation, which together complete the
thrombus reinforcement process (Morrissey et al., 2012).
Correspondingly, the negative feedback regulatory pathway
represented by fibrolase maintains the overall dynamic balance
and prevents excessive thrombus formation (Hoylaerts et al.,
1982; Travis and Salvesen, 1983). The completion of thrombus
reinforcement marks the end of the haemostatic process.

2.2 Treatment of noncompressible
haemorrhage

Currently, there are three clinical treatments for
noncompressible trunk haemorrhage: blood transfusion,
haemostatic devices and materials, and surgical or endovascular
measures (Figure 2). All of these methods have their own advantages
and disadvantages and can be chosen on a case-by-case basis.

2.2.1 Whole blood and blood products
To date, whole-blood (WB) transfusions remain the most

commonly used clinical treatment for noncompressible
haemorrhage (Cap et al., 2018). The Committee on Tactical

Combat Casualty Care (CoTCCC) gives resuscitation sequence
recommendations for treating haemorrhagic shock, as shown in
Table 1 (Butler et al., 2014).

However, the storage requirements for WB are very high, and it
is difficult to obtain WB in real time on battlefields and at disaster
sites; thus, freeze-dried plasma attracted much attention during the
Second World War. Freeze-dried plasma is a solid powder of WB
obtained after virus inactivation and freeze-drying. The stability and
shelf life of blood after freeze-drying are greatly increased, and
freeze-dried plasma is widely used in prehospital treatment
(Kendrick douglas et al., 1965).

2.2.2 Haemostatic devices and agents
Although blood transfusions are effective in the treatment of

noncompressible haemorrhage, blood products are available from
limited sources and have high storage costs and limited shelf life. To
meet clinical needs, various haemostatic devices and agents have
been developed. A variety of products have been marketed, each
with its own advantages, and have solved some clinical problems;
however, there are still limitations that need to be further addressed.
Several of these devices and agents are compared in Table 2.

FIGURE 2
Treatment of noncompressible haemorrhage.

TABLE 1 Resuscitation sequence recommendations for treating
haemorrhagic shock.

NO. Type of resuscitation fluid

1 Whole blood

2 1:1:1 plasma: RBC: platelet

3 1:1 plasma: RBC

4 Plasma or RBC

5 Hydroxyethyl starch

6 Ringer’s lactate or plasma-lyte A
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2.2.3 Surgery
Open surgery and endovascular measures become necessary

when other treatment methods fail to stop bleeding. Open surgery
includes packing, vascular ligation, the removal of solid organs,
nonanatomical organ resection and temporary shunting, and it
requires not only specialized surgeons but also a fully equipped
and sterilized operating room, which is difficult to achieve in a
hostile environment. A higher risk of infection and longer recovery
time can also occur. As endovascular surgical techniques continue to
develop, resuscitative endovascular balloon occlusion of the aorta
(REBOA) is being used in a variety of haemostatic scenarios.
REBOA can increase vital organ perfusion as well as cardiac
afterload and aortic pressure by blocking distal blood flow and
balloon bleeding. REBOA significantly improves survival and
reduces complications compared to open surgery (Taylor et al.,
2017). After insertion and expansion of the sacculus, various
imaging methods, such as fluoroscopy, ultrasound, and
radiography, can be used to determine whether the designated
placement site has been reached. Physicians can also perform
blind insertion in emergencies or in prehospital care. Successful
placement is determined by changes in systolic blood pressure.

Overall, blood products are still the first choice for clinical
haemostasis, but they do not fully meet clinical needs due to
factors such as source limitations, preservation, and the risk of
viral transmission. Advances in haemostatic devices and agents have
increased interest in haemostatic treatment, but these devices can
only meet the needs of emergency haemostasis or auxiliary
haemostasis and cannot completely replace surgical treatment.
Moreover, there are strict requirements for the injury site and
the degree of injury. Surgical treatment is the most reliable
solution for haemostasis, but it is not suitable for prehospital
rescue because of the high requirements for the environment
and operators.

3 Injectable hydrogels

3.1 Advantages of injectable hydrogels

Hydrogel materials have received much attention in recent
years; they are three-dimensional polymer networks obtained by
crosslinking through chemical bonds or physical interactions that
can absorb large amounts of water while maintaining their structural
integrity (McKinnon et al., 2014). The three-dimensional network
structure resembles the ECM structure and has good
biocompatibility while maintaining satisfactory permeability and
facilitating the release of loaded components (Schmidt et al., 2008);
this structure also endows the hydrogel with good water absorption
properties, which are beneficial for haemostasis (Liu et al., 2015). A
high degree of hydration facilitates the loading and rapid release of
water-soluble components (Hoare and Kohane, 2008; Li and
Mooney, 2016), facilitating the incorporation of water-soluble
haemostatic components such as tranexamic acid and thrombin
(Ker et al., 2012; Morrison et al., 2012; Tripodi, 2016). More
importantly, hydrogels can be endowed with additional functions
by modifying the polymers that constitute the hydrogel backbone,
such as the addition of catechol moieties, to increase the viscosity of
hydrogels (Guvendiren et al., 2012). The multiple advantages of
hydrogels have made them a topic of intense interest in haemostatic
materials (Ahmed, 2015). In recent years, injectable hydrogels have
acquired a broader range of applications (Yu and Ding, 2008):
injectable hydrogels can be used to solve the problem of deep
wound haemostasis facilitating minimally invasive surgery. The
fluid precursor of in situ gel-forming injectable hydrogels can be
used to achieve complete coverage of irregular wounds and precise
delivery to the bleeding location with the help of professional
delivery devices (Patenaude et al., 2014), addressing deep wounds
and noncompressible bleeding.

TABLE 2 Haemostatic devices and agents.

Name Mechanism Advantages Disadvantages References

Abdominal aortic and
junctional tourniquet
(AAJT)

Pressure on the abdominal aorta or
junction after inflation of the
balloon

Compression strength can
be controlled by inflation
volume

Pain, inflammation, liver or intestinal
ischaemia

Anonymous (2013), Croushorn et al.
(2013), Croushorn (2014),
Brännström et al. (2018)

Pelvic binder Reduce the pelvic volume and
increase the pressure in the pelvic
cavity

Can be used for haemostatic
treatment of unspecified
bleeding points

Early trauma does not stop bleeding Ghaemmaghami et al. (2007),
Montgomery et al. (2017), Morris
et al. (2017)

iTClamp Works like a clamp, closes the
wound

Simple to apply and less
painful

Can only be applied to superficial
wounds

Filips et al. (2013), St John et al.
(2015), Onifer et al. (2019), Stuart
et al. (2019)

XStat Quickly concentrates blood to
promote haemostasis, swells to
compress the wound

Can be used for penetrating,
rapid haemostasis

Cannot be left in the wound for a long
period of time but is difficult to
remove from the wound

Sims et al. (2016), Cox and Rall
(2017), Rodriguez et al. (2017), Stuart
et al. (2019), Warriner et al. (2019),
Bonanno et al. (2020)

ResQFoam Foam expands up to 30 times and
becomes solid in contact with
liquid, allowing compression of the
wound

Easy to operate, can be used
by nonprofessionals, less
traumatic

Poor for arterial haemorrhage, leads to
abdominal compartment syndrome,
bowel injuries, thermal injuries

Chang et al. (2015)

Antifibrinolytic
tranexamic acid (TXA)

Antifibrinolytic properties Administered
intravenously, effective for
most haemorrhages

Must be used within 3 h of injury Roberts et al. (2011), Zhang (2018),
Picetti et al. (2019), Hanley et al.
(2021)
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3.2 Injectable hydrogel design strategy

The design of injectable hydrogels involves two main steps:
selection of the backbone material and the crosslinking method. The
density of hydrophilic groups on the backbone material determines
the water absorption capacity, and adequate water absorption is
critical for haemostatic materials. Excellent backbone polymers can
absorb up to several thousand times their own weight in water
(Bhujbal et al., 2020). However, swelling after water absorption will
cause rapid disintegration of the material or inability to form gels, so
crosslinking is needed to promote the transition from sol to hydrogel
or to improve the mechanical properties of the hydrogel. Currently,
the commonly used crosslinking methods include physical
crosslinking and chemical crosslinking (Lee, 2018; Zhu et al.,
2019; Bashir et al., 2020; Zawani and Fauzi, 2021) (Table 3).

In addition, a number of other factors, such as temperature, pH,
electric field, magnetic field, light, and enzymes, can also affect the
crosslinking and state of injectable hydrogels. These characteristics
have been exploited to develop “smart” biomaterials. For example,
injectable haemostatic materials that respond to temperature
changes have been designed (Ryu et al., 2011).

3.3 Design requirements for injectable
haemostatic hydrogels

Rapid haemostasis is the most important requirement for a
haemostatic material. Injectable hydrogels with adhesive sealing
properties are ideal for bleeding sites that cannot be directly
compressed (Han et al., 2020). However, such sites present great
challenges to material performance. In addition to the moist
environment in the case of bleeding, the effects of blood pressure in
the arteries also impose high requirements on the adhesive and burst
strength of the material (Fan et al., 2020; Kim et al., 2020; Baghdasarian
et al., 2022). For materials that achieve haemostasis by enriching blood
cells, sites for easy cell loading or strong fluid absorption are key to
material design. For materials that activate the coagulation cascade, the
appropriate choice of components is critical to successful design.

In addition, to address noncompressible bleeding from in organs
and blood vessels in the torso, high biosafety of the material is also

essential. In addition to meeting regulatory requirements, the
inability to cause excessive thrombosis is a key concern in the
development of haemostatic hydrogels.

Finally, timely and rapid intervention with a short therapeutic
invasive period is needed for patients with uncontrollable bleeding.
Haemostatic hydrogels should be portable, simple to use, and operable
not only by medical personnel but also by civilians without a medical
background. To be useful in prehospital emergency scenarios, the
material should not have strict requirements for storage conditions
or allow too short a storage time.

4 Injectable hydrogels for the treatment
of noncompressible trunk
haemorrhages

With increasing understanding of the haemostatic process, a
variety of haemostatic materials that mimic the human haemostatic
mechanism have been developed (Patenaude et al., 2014). The
haemostatic mechanisms used can be divided into three
categories: wound closure, blood cell enrichment, and the loading
of procoagulant components (Figure 3).

4.1 Closed wounds

Closing or minimizing the wound is the most direct and effective
way to stop noncompressible bleeding, similar to early
vasoconstriction or complete thrombosis in the early stages of
bleeding. A well-bonded hydrogel can quickly and effectively stop
further blood flow (Zhang et al., 2020). Figure 4 shows the common
principles of hydrogel wound closure. Table 4 summarizes the
adhesive strength of representative hydrogel adhesives.

4.1.1 Mussel protein inspiration
The discovery that mussel proteins exhibit strong adhesion

underwater has inspired researchers. 3,4-Dihydroxyphenylalanine
(DOPA), which has a catechol structure, is widely considered to be
the key to the wet adhesion of mussel proteins (Strausberg and Link,
1990; Lee et al., 2006). This is mainly due to the ease with which the

TABLE 3 Injectable hydrogel design strategy.

Crosslinking
method

Mechanism Advantages Disadvantages

Physical Electrostatic
interactions

High biosafety, no crosslinking agent required Reversible crosslinking, low increase in on
mechanical strength

Hydrophobic
interactions

Host-guest interactions

Van der Waals forces

Chemical Diel–Alder High crosslinking efficiency, crosslinking stability, can
significantly increase mechanical strength

Some crosslinkers pose biosafety risks and have long
degradation cycles in vivo

Michael addition

Enzyme-mediation

Photopolymerization
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catechol moiety can be oxidized chemically or enzymatically to form
reactive quinones. These species can further undergo Michael
addition and Schiff base reactions with tissue surface nucleophilic
reagents such as amines, thiols and imidazole. These reactions can
also synergize with hydrogen bonding, π-π stacking, and cation-π
interactions to achieve desirable tissue adhesion through multiple
pathways (Strausberg and Link, 1990; Lee et al., 2006; Wang et al.,
2017; Chen et al., 2018; Xie et al., 2020).

Adding a catechol structure to the material system can
effectively improve the tissue adhesion properties. The most
common methods involve the direct incorporation of dopamine
or tannic acid (TA) into the material body or functional
modification of the backbone structure using dopamine.
Mehdizadeh et al. (2012) prepared a hydrogel by mixing PEG,
dopamine, citric acid and sodium periodate. Its tissue adhesion
strength reached 123 kPa (Mehdizadeh et al., 2012). In the work of
Jae Park, TA was introduced into a double network hydrogel
consisting of poly (vinyl alcohol) (PVA) and poly (acrylic acid)
(PAA) to create tissue adhesives (shear strength of ≈31 kPa) and

haemostatic agents (bleeding reduced by more than 80%) (Park
et al., 2023). Wei et al. (2023) prepared aldehyde-functionalized
hyaluronic acid-catechol-functionalized quaternized chitosan [HA
(CHO)-QCS (DOPA)] by grafting the catechol structure onto
chitosan. The material offers excellent adhesion strength (Wei
et al., 2023). This solution can be further used in combination
with other functionalized chitosans to enrich the functionality of the
material. For example, preparing CQCS@gel with quaternized
chitosan as the main raw material increases the antimicrobial
properties of the material (Fang et al., 2023), and HBCS-C
prepared using hydroxy butyl chitosan has excellent temperature
sensitivity (Shou et al., 2020). In addition to chitosan, hyaluronic
acid (HA), sodium alginate (SA), and gelatine can exhibit increased
viscosity through dopamine modification (Ryu et al., 2011; Chen
et al., 2018; Liang et al., 2019a; Song et al., 2019; Wang et al., 2020;
Xia et al., 2022; Yang et al., 2022). The HACN network designed by
Xia et al. (2022) is representative. It consists of thiourea-conjugated
HA (HA-NCSN) and catechol-conjugated HA (HA-Cat). HACN
has been demonstrated to have a good haemostatic effect on the

FIGURE 3
Injectable haemostatic hydrogel haemostatic mechanisms.

FIGURE 4
Schematic diagram of the bonding principle.
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digestive tract in in vivo experiments in pigs (Xia et al., 2022). By
modifying collagen and starch chains with the structure of catechols
in mussel proteins and the structure of arabinogalactan proteins in
creeping plants, the proteins can then be crosslinked by calcium ions
to form the hydrogel CoSt. CoSt shows repeatable strong wet tissue
adhesiveness (62 ± 4.8 KPa), high sealing performance (153.2 ±
35.1 mmHg), and high haemostatic efficiency compared with fibrin
glue (Yang et al., 2023).

Previous studies have confirmed that adhesiveness is determined
by the balance and synergy of interfacial adhesion and cohesion
qualities inside the sticky matrix (Li et al., 2017; Bu and Pandit,
2022). The introduction of enzymes [e.g., horseradish peroxidase
(HRP)] into the material system not only increases the crosslinking
strength of the material and thus the cohesion but also aids in the
conversion of catechol to catechol aldehyde, which further increases
the adhesive properties of the material. Guoqing Wang synthesized
highly branched gelatine containing a large number of catechol
terminals via synergetic crosslinking of catechol-Fe3+ chelation and
HRP/H2O2-triggered covalent bonds, yielding shear strength of

115.0 ± 13.1 kPa and sealing strength of 245.0 ± 33.8 mmHg
(Wang GQ. et al., 2022). In the hydrogel prepared by Wang
et al. (2017), the catechol structure was grafted onto the poly
(lysine) polyethylene glycol (PEG) backbone, catalysed by HRP.
The interaction between the catechol structure and lysine resulted in
excellent adhesion to dry or wet pigskin, with adhesion strengths up
to 147 kPa. The haemostatic effect in a rat liver injury model was also
significantly better than that of the fibrin glue group (Wang et al.,
2017). Dopamine-coupled starch (St Dopa) macromolecular
monomers, which function with the assistance of HRP and
hydrogen peroxide to increase the speed of crosslinking and the
strength of adhesion, can be injected into the wound surface to
quickly form a tough protective barrier to prevent blood loss (Cui
et al., 2020). Zhou et al. (2022) utilized GMDA as the main
component and introduced photocrosslinking in addition to
enzymatic crosslinking to form a dual network structure, which
makes the material highly adhesive and able to withstand blood
pressures up to 250 mmHg. It has good development prospects in
the field of arterial haemostasis (Shin et al., 2015; Bai et al., 2019;

TABLE 4 Representative research on adhesion strength and adhesion composition/structure.

Material System Maximum adhesion
strength (kPa)

Adhesive composition/
structure

HA (CHO)-QCS
(DOPA)

Aldehyde-functionalized hyaluroni, acid–catechol-
functionalized quaternized chitosan

140 Catechol, aldehyde group

iCMBAs PEG, dopamine, citric acid and sodium periodate 123.0 Catechol

PPD Poly (lysine) polyethylene glycol backbone, HRP 147 Catechol, polylysine

SFP TA, silk protein 130.0 Polyphenol, SF

RAAS Methacrylated hyaluronic acid, PF127, AA-NHS 33.0 NHS

CQCS@gel CQCS, DB-PEG 2000 33.5 Catechol, aldehyde group

GMDA Dopamine-modified methacrylate gelatine, peroxidase,
hydrogen peroxide

134.3 Catechol

CGD Chitosan and DHCA, β-glycerophosphate 32.5 Catechol

PEG-LZM 4-arm-PEG-NHS, sodium tetraborate, lysozyme 20 NHS

St-Dopa Dopamine, carboxylic starch, HRP, hydrogen peroxide 95.5 Catechol

CMCS-brZnO CMCS, brZnO 45.0 Electrostatic interaction, hydrogen
bonding

AHES/ACC AHES, ACC 42.7 Aldehyde group, electrostatic

PDPC PVA, DOPA, Cu2+ 26.0 Catechol

DNGel Catechol-Fe3+, NIPAAm-methacryloyl 3,500.0 Catechol

DGM Amylopectin from maize, gelatine, MBGN 107.6 Hydrogen bonding, electrostatic
interaction

PBO PVA, borax, OPC 29.2 Catechol, hydroxy

CSO CMCS, SA, ODE 120.6 Aldehydes, amino groups, carboxyl
groups

GTB Gelatine, TA, borax 68.0 Polyphenols, Amino

CD CtNWs, CMCS, DDA 33.2 Hydrogen bonding, electrostatic
interaction

PPBA-PVA poly (N,N-dimethylethylenediaminephazene), PVA, polymer
solution modified with phenylboronic group

45.0 Cation–π, π–π, hydrogen bonding
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Zhou et al., 2022; He et al., 2022; Kang et al., 2023; Liu et al., 2023).
Notably, the complexation of catechol with metals can also
effectively increase the crosslinking strength of the material and
improve its adhesion properties (Wang et al., 2020; Hou et al., 2022).
Hu et al. (2023) prepared PVA-DOPA-Cu (PDPC) by esterification
between PVA and DOPA and catechol coordination between Cu2+

and the catechol moiety of DOPA. Pig liver, heart, and carotid artery
haemorrhage experiments were able to stop bleeding rapidly,
significantly improving survival rates.

In addition to increasing the grafting rate of catechol, increasing
the exposure of the catechol structure can also result in superior
tissue adhesion. Cui et al. (2019) attached the catechol structure to
the hydrophobic backbone and subsequently contracted the
structure in the liquid environment to expose the catechol
structure and achieve high adhesion performance.

4.1.2 Schiff and amide bases
Based on the presence of multiple amino structures in tissues,

researchers have increased tissue adhesion by preparing materials
containing aldehyde structures or NHS for Schiff base or amide
reactions with tissues (Xie et al., 2022). Liu et al. (2020) prepared a
series of AHES/ACC hydrogels formed from aldehyde hydroxyethyl
starch (AHES) and amino carboxymethyl chitosan (ACC). It was
also found that varying the ratio of aldehyde to amino groups could
tune the properties of the AHES/ACC hydrogels, including gelation
time, tissue adhesion strength, swelling rate, degradation and
mechanical stretching. Taking advantage of this feature,
researchers have prepared Schiff base haemostasis hydrogels with
different properties by raw material selection and grafting rate
modulation. Cao et al. (2019) constructed a haemostatic hydrogel
with carboxymethyl chitosan (CMCS), gelatine and oxidized SA that
achieved in situ curing within 30 s and reduced bleeding after liver
injury in rats by 82.2%. Hao et al. (2022) constructed a haemostatic
hydrogel with four-arm-PEG-CHO and polyethyleneimine with a
polyamine structure that achieved an in situ curing speed of up to
9 s, and the haemostatic speed was comparable to that of Surgiflo®. Li
et al. (2022) used glycol chitosan and oxidized HA to construct an
injectable haemostatic hydrogel with very strong self-healing
properties, prolonging the time the material protects the wound. Xie
et al. (2022) reported a multifunctional CSO hydrogel prepared from
moist pig skin using CMCS, SA, and oxidized dextran (ODex) with a
lap shear strength of up to 120.6 kPa. To further optimize the material
properties, researchers have combined various design strategies. The
effectiveness of modifying the polyphenol structure on the material
backbone (Liu et al., 2022), selecting synthetic raw materials with
photocrosslinking properties (Chen et al., 2021), and adding
nanosubstances to increase the interactions between the raw
materials (Zhu et al., 2017; Pang et al., 2020) have been verified by
in vivo animal experiments. Notably, Hong et al. (2019) used
methacrylate gelatine and butyramide-modified HA to construct a
dual crosslinked network hydrogel withUV-induced photocrosslinking
and a Schiff base reaction. This material successfully achieved
haemostasis of the porcine carotid artery and heart because of its
high internal systemic strength and high external tissue adhesion
strength (Hong et al., 2019). In addition, the oxidized indole moiety
on serotonin can react with amine, thiol, and imidazole residues in
ECM proteins and carbohydrates via a Schiff base reaction, which
enables the hydrogel to adhere firmly to the wound and seal it,

achieving haemostasis. Zhang et al. (2021) designed a CSS hydrogel
that reduced bleeding in liver-injured rats by 80%.

In recent years, the application of N-hydroxysuccinimide
(NHS) has expanded. Like aldehyde groups, NHS can not only
increase the crosslinking strength inside hydrogels and regulate
the gelation time of materials but also increase the adhesion
strength of materials by binding to amino groups on tissue
surfaces (He et al., 2021). Numerous experiments have
demonstrated that NHS is not involved in the crosslinking of
materials but plays a decisive role in the tissue adhesion of
materials (Ye et al., 2022). Owing to their tuneable
performance and high biosafety, these materials have a wide
range of applications. In addition to effectively controlling rat
liver and blood vessel haemorrhage, they also exhibited ideal
haemostatic effects on rat cerebral cortex injury, cerebrovascular
injury, cardiac injury, and porcine gastric haemorrhage (He
et al., 2021; Bian et al., 2022). The addition of borax further
increased the gel formation speed. The modulation of the ratio
between the components can realize rapid modulation of the
wound and enable long-distance delivery in conjunction with
minimally invasive surgery (Tan et al., 2021).

4.1.3 Physical bonding
In addition to chemical crosslinking, physical bonding affects

tissue adhesion. Grafting long-chain alkyl groups on
macromolecular backbones has been reported to increase tissue
adhesion by interacting with alkyl groups in subcutaneous adipose
tissue. Du and Chen used this principle to prepare adhesive
hydrogels by mixing long-chain alkyl-modified chitosan with
ODex or PEG (Chen et al., 2018; Du et al., 2019a). Positively
charged materials (e.g., chitosan and gelatine) can increase
adhesion to biological tissues through electrostatic interactions
(Hoque et al., 2017). The use of positively charged groups [e.g.,
ammonium groups, quaternary ammonium groups, and ε-
polylysine (ε-PL)] to modify the material backbone has a similar
effect (Balan and Verestiuc, 2014; Konieczynska et al., 2016; Zhao
et al., 2017; Zou et al., 2022). However, further improvements in
adhesion properties are difficult to achieve by relying on these
materials alone, as the presence of a hydrated film can strongly
interfere with the adhesion of the material. Introducing hydrophobic
groups to disrupt the hydration film and allow better contact
between the adhesion groups in the material and the tissue
surface is an effective solution (Pinnaratip et al., 2019). Inspired
by barnacle cement proteins, Ni created a series of dynamic phenyl
borate ester-based adhesive hydrogels by coupling cation-structured
polyphosphazene with polyvinyl alcohol (PPBA-PVA) (Ni et al.,
2022). In a liquid environment, hydrophobic aromatic groups
disrupt the hydration film, and the hydrogel achieves an adhesive
strength of 45 kPa through cation-π and π-π interactions and
hydrogen bonding.

The incorporation of nanocomponents with a porous structure
and a high specific surface area can help increase the adhesion
properties of materials (Hu et al., 2022). Tian et al. (2022)
incorporated mesoporous bioactive glass nanoparticles (MBGNs)
into a material system to make DGM and increased the adhesive
strength to 107.55 kPa by increasing the cohesion of DGM (Tian
et al., 2022). Due to the high temperature sensitivity of these
substances, painless removal of the material can be performed by
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changing the ambient temperature (e.g., by introducing ice). The
diatom biosilica, which contains a large number of surface silanol
groups, was incorporated into bletilla striata polysaccharide, a
traditional Chinese medicine ingredient with haemostatic effects
(Sun et al., 2023). The structural features of the diatom biosilica
increased the cohesion of the material and the force applied to the
tissue surface to improve the contact efficiency and duration of the
material with the wound, reducing the bleeding volume from
452 mg to 250 mg and the bleeding time from 327 s to 186 s.
Diatom biosilica was also used to reduce the bleeding time from
327 s to 186 s.

4.2 Enrichment of blood cells

Primary thrombus formation is accomplished by the rapid
aggregation and activation of red blood cells and platelets.
Therefore, the design of many haemostatic materials focuses on
the adsorption and concentration enhancement of red blood cells
and platelets (Zhu et al., 2018). The longest used strategy is to
provide adhesion sites for blood cells as well as to absorb water from
the blood. Many substances with this function exist in nature.
Chitosan, gelatine and their derivatives are the most common
raw materials for haemostatic materials.

Chitosan is a positively charged polysaccharide that can adsorb
blood cells and clotting factors through electrostatic interactions to
achieve haemostasis (Chou et al., 2003; Okamoto et al., 2003; Lestari
et al., 2020). Chitosan has excellent biocompatibility,
biodegradability, and low toxicity, undergoes enzyme-controlled
degradation, and contains easily modified free amino and
hydroxyl groups (Kean and Thanou, 2010). Therefore, it is
widely used in various kinds of haemostatic hydrogels. Feng and
Wang (2022) mixed chitosan with graphene oxide to further
enhance the ability of the material to enrich blood cells through
the strong adsorption of graphene oxide. In rat liver injury
experiments, the bleeding time was reduced by more than 60%
and the bleeding volume by more than 75% compared to that in the
control group. However, the water solubility of chitosan is not ideal.
Many researchers have chosen to use CMCSs as a raw material for
further synthesis. Not only does CMCSs have better water solubility,
but the addition of carboxyl groups also increases the material’s
adsorption of blood cells (Huang et al., 2016). Rao et al. (2022)
Combined CMCSs with TA-stabilized silver nanoparticles in a
haemostatic gel that can be used for haemostasis in minimally
invasive surgery. Poly-gamma-glutamic acid (γ-PGA) can expel
water from the wound surface, which can rapidly concentrate
blood to increase the concentration of blood cells at the wound
site, and combining this property with the adsorption effect of
CMCS can achieve a significant reduction in bleeding time (Chen
et al., 2023). ε-PL and 1,4-benzenediboronic acid (BDBA) can play a
role in regulating the crosslinking strength and gelation rate of
hydrogels, and haemostatic gels with different pore structures and
gelation times were prepared with different degrees of crosslinking.
The most suitable preparation schemes were screened through
various application scenarios. The extent of bleeding in mouse
livers treated with the hydrogels could be reduced from 240 to
55 mg (77% reduction) (Wang YC. et al., 2020; Geng et al., 2020).

Hydrophobically modified chitosan (hmCS) with hydrophobic
aliphatic side chains has excellent erythropoietic capacity (Dowling
et al., 2011; Dowling et al., 2015; Duc-Thang and Lee, 2017).
Hydrogels prepared from hmCS with ODex using the Schiff base
reaction can effectively reduce the clotting time of heparinized WB
(Du et al., 2019b). Kong et al. (2021) prepared a series of CuS NP
hydrogels using the derivative N-carboxyethyl chitosan (CEC),
sodium oxide alginate (OA) with good water absorption, and
CuS nanoparticles with high specific surface positivity, which
effectively increased the enrichment efficiency of haemocytes. In
an in vivo study in a rat liver bleeding model, the blood loss was
185.1 ± 18.6 mg in the CEC−OA2.8−CuS0.8 group and 538.6 ±
27.5 mg in the control group (Kong et al., 2021). Choline phosphoryl
(CP) is the reverse orientation of phosphatidylcholine (PC, the head
group of phospholipids) and can adsorb to adsorbed biofilms by
electrostatic interactions. Choline-phosphorylated functionalized
chitosan (CS-g-CP) was prepared by grafting CP onto CS and
mixing it with OD to obtain self-repairing haemostatic hydrogels
(CS-g-CP/ODex). The haemostatic capacity of CS-g-CP/ODex was
significantly greater than that of commercially available fibrin
sealant in the tail amputation, liver, and spleen of rats (Zhu
et al., 2022). Wang prepared with the aid of UV crosslinking CS/
4-PA/CAT from dihydrocaffeic acid (CAT), 4-glutamic acid, and
chitosan to form a haemostatic hydrogel with a hydrophobic
network, which overcame the problem of the material dissolving
and extruding the periwound tissue (Wang et al., 2023). Grafting
gallic acid (GA) onto CS increased the mechanical strength of the
material. Gong et al. (2023) incorporated iron oxide nanoparticle-
loaded mica nanosheets with a typical 2D lamellar morphology and
negatively charged surface (iron oxide nanoparticles@mica, IM)
with a typical 2D sheet-like morphology and negatively charged
surface to make a composite magnetic hydrogel, which was able to
reduce the bleeding time in a rat model of liver injury by 60% (Yan
et al., 2022; Gong et al., 2023).

Gelatine is a hydrolysed product of collagen that retains similar
biological functions and has good water absorption and blood cell
adhesion properties (Zeugolis et al., 2008; Xu et al., 2013; Yang et al.,
2018). However, the mechanical strength of these materials is poor,
and they need to be modified or combined with other components.
In early research, gelatine and SA were combined to make a
precursor gel, which was first used to cover the wound surface
and subsequently crosslinked in situ using a spraying portion
composed of TA and Ca2+ chloride to form the low-swelling
haemostatic hydrogel AGBS (Wang et al., 2022). Hydrogels made
from gelatine and hyaluronic acid have also been shown to have
haemostatic properties superior to those of fibrin glue. In a rat
bleeding model, the fibrin glue group had a blood loss of 109 ±
92 mg, whereas the blood loss in the G/HA hydrogel group was 64 ±
50 mg (Luo et al., 2020). Replacing gelatine with gelatine
methacryloyl (GelMA) allows the introduction of a
photocrosslinked network into the material system and increases
the stability of the hydrogel’s three-dimensional network structure.
It is often used to construct the base skeleton for loading other
haemostatic components (Zhang et al., 2022; Haghniaz et al., 2023).
The incorporation of silicate nanosheets (SNs) into GelMA-based
composite hydrogels was shown to reduce bleeding in rat liver injury
by 50% (Gaharwar et al., 2014).

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Wang et al. 10.3389/fbioe.2023.1335211

90

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1335211


In addition to gelatine, a number of other peptides or protein
derivatives with RGD sequences also have favourable blood cell
adhesion effects (Quan et al., 2016). Zhai et al. (2019) designed a
haemostatic hydrogel with encouraging haemostatic properties via
the coassembly of cell adhesion peptide concatenate (Pept-1) and
alginate (ALG) and reduced the amount of bleeding to 18% of the
untreated control in a liver puncture mouse model (Zhai et al.,
2019). Pept-1/ALG utilizes the RGD fraction present in Pept-1 to
bind to the a8b3 receptor on platelets and accelerate haemostasis.
Notably, ADP is a platelet-activating factor that readily self-
assembles with other peptides. ADP adsorbs platelets and
activates platelets, causing the activated platelets to release
biologic factors and further enriching platelets to promote
coagulation (Lokhande et al., 2018). Zhou et al. (2022) prepared
a J-1-ADP hydrogel by self-assembly of the antimicrobial peptide
jelloprotein-1 (J-1) and ADP. In a rat liver bleeding model, the blood
loss in the J-1-ADP hydrogel treatment group was 41.15 ± 14.43 mg,
while the blood loss in the no treatment and PBS treatment groups
was 178.08 ± 41.53 and 167.03 ± 23.36 mg, respectively (Zhou
et al., 2022).

Some surface-charged materials, such as graphene oxide,
limonite nanoclay, and metal nanosheets, can adsorb blood cells
through electrostatic interactions to achieve rapid thrombus
formation (Gaharwar et al., 2014; Gaharwar et al., 2019; Gu
et al., 2023). The addition of such substances not only increases
the adsorption of the material to blood cells but also improves the
cohesion of the material and increases the mechanical strength.
Wang designed a bionic self-assembling peptide (BSAP) hydrogel
that is extremely sensitive to Ca2+ and coagulation factor XIIIa and
can rapidly adsorb and activate platelets and erythrocytes upon
contact (Wang et al., 2022).

4.3 Activation of the coagulation cascade

Haemostasis must ultimately rely on the activation of the
coagulation cascade, which can be effectively achieved by the
direct introduction of coagulation factors into the body. Ca2+,
also known as coagulation factor IV, is an important part of the
coagulation cascade. It has become one of the commonly used
haemostatic components due to its low cost, easy availability and
adjustable mechanical strength. It has been demonstrated that
excellent haemostatic effects can be obtained by adding Ca2+

directly to the material system without special treatment
(Sundaram et al., 2021; Wang et al., 2021). In Weng’s study, the
Ca2+-containing hydrogel NSC-OHA showed blood loss similar to
that of a commercial haemostatic agent (Arista™) in an in vivo
experiment in rats (0.08 ± 0.02 g, 0.10 ± 0.03 g), both of which were
significantly lower than that of the control group (0.62 ± 0.08 g),
demonstrating the excellent haemostatic effect of NSC-OHA. Pillai
found that the addition of Whitlockite nanoparticle nWH, which
can release Ca2+, to the haemostatic material was able to reduce the
blood loss of rat liver perforation by 50% (Pillai et al., 2019).

Thrombin plays an important role in the whole coagulation
process and can activate the conversion of fibrinogen to fibrin.
Platelet-rich plasma (PRP) activated by thrombin is combined with
sodium alginate-Fe3+ to prepare a hydrogel with a dual network
structure that prevents excessively rapid release of the loaded

components and ensures sufficient coagulation components in
the patient’s body (Wang et al., 2023). Applying the material to
the wound surface is equivalent to placing a blood clot at the wound
site, fast-tracking the haemostatic process. However, these “artificial
thrombi” lack sufficient tissue adhesion properties. Xu et al. (2023)
used 6-aminobenzo [c] [1,2] oxaborol-1 (3H)-o (ABO)-conjugated
hyaluronic acid (HA-ABO) and DA-grafted alginate (Alg-DA) as
the backbone components of the hydrogel (Xu et al., 2023). The
excellent adhesion properties and self-healing properties of the
materials reduced blood loss from 364.1 ± 52.4 mg to 129.4 ±
23.0 mg. Transglutaminase (factor XIIIa) promotes fibrin network
formation and increases thrombus strength. Glutaminase can not
only be converted to transglutaminase in the haemorrhagic
environment but also be used as a crosslinking agent to prepare
hydrogels (Zhou et al., 2019). Sun OPEG-AG-G hydrogels were
prepared via double-tube injections (Sun et al., 2022). Tube A
contained 10% glutamine and 20% aminated gelatine, and tube B
contained 10% oxidized PEG and 1% transglutaminase. OPEG-AG-
G achieved haemostasis of porcine arterial rupture without
vascular closure.

Activators of distinct coagulation pathways can be
coincorporated into the material system to improve haemostasis.
Sundaram et al. (2019) found that incorporating nanobio-glass
(nBG) containing silica (which activates coagulation factor XII),
Ca2+ (which activates the endogenous system), and phosphate ions
(which initiate the exogenous pathway) into chitosan matrix
hydrogels can promote rapid thrombus formation (Sundaram
et al., 2019). Loading RG5, which promotes the coagulation
cascade reaction, into platelet-activating hydroxyapatite
nanotubes (HNTs) to make a haemostatic powder, which is
subsequently loaded into an ALG and gelatine hydrogel skeleton,
was the goal of Zhang. The prepared HNTs/RG5 possessed
haemostatic properties superior to those of commercially
available haemostatic products (the haemostasis times of the
HNTs/RG5-and Celox®-treated groups were 97.8 ± 8.2 s and
136 ± 22.1 s, respectively) (Zhang TW. et al., 2021). The strategy
of using a combination of hydrogel and haemostatic powder results
in the superior performance of AGHR hydrogels, which remain
injectable even in extremely hot and cold regions and are suitable for
many types of first aid and battlefield rescue.

5 Summary and outlook

Haemostasis is a key challenge in post-trauma treatment.
Although the body’s inherent coagulation mechanism can
complete the haemostatic repair of small-scale wounds through
vasoconstriction, platelet plug formation and coagulation cascade
triggering, rapid haemostasis cannot be naturally achieved in large-
area trauma bleeding, bleeding from important vessels (such as the
common carotid artery and femoral artery), and bleeding from
parenchymal organs (such as the liver and heart) solely through the
coagulation mechanism alone, and additional injury or even death
can ensue. Here, we summarize the main haemostatic methods,
including haemostatic compression, which is effective at stimulating
vasoconstriction and reducing blood flow but may cause limb
necrosis. These methods are currently used only in first aid and
require the next step of treatment as soon as possible. Haemostatic
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materials with strong water absorption and blood cell adsorption
capacity can rapidly increase blood cell concentrations and create a
high clotting environment, and gelatine sponges are widely used in
intraoperative and postoperative haemostasis. These materials are
completely dependent on the patient’s coagulation system and are
not suitable for patients with coagulation disorders, and some highly
absorbent materials may cause local tissue water loss.
Thrombinogen and fibrinogen components can effectively
promote coagulation cascade reactions and accelerate the
formation of blood clots, while the direct addition of coagulation
components can help patients with coagulation disorders quickly
stop bleeding. However, these materials present problems such as
virus transmission, scarce sources, and high cost. Materials with
high adhesion properties can bind wounds to achieve haemostatic
effects. At present, relatively few haemostatic adhesives, mainly
cyanoacrylate and fibrin sealants, are commercially available.
Cyanoacrylate adhesives have strong adhesive properties and fast
haemostatic efficacy, but they may produce formaldehyde and other
harmful degradation products during biodegradation, which need to
be considered when using these materials. Fibrin sealants achieve
haemostasis through the activation of fibrinogen and thrombin in
vivo, but they may allow viral transmission and are expensive,
limiting their use in clinical practice. Therefore, further research
is needed to develop safe, effective, and cost-saving haemostatic
adhesives for wound closure.

As mentioned above, a large number of haemostatic products
have been used in clinical practice. However, there are still many
unresolved issues. One of the most difficult problems is
noncompressible haemorrhage, in which direct access to the
bleeding site is difficult and bleeding cannot be directly
controlled by physical pressure, making this type of injury
difficult to address. Clinical treatment is still based on blood
transfusion and surgery, but this approach is difficult to
implement in emergencies and in war environments. Hydrogels
have the advantages of high hydrophilicity, high biosafety, easy
modification, easy loading, etc., and are among the most promising
materials. Hydrogels with injectable properties are beneficial for
haemostasis in incompressible haemorrhage, in narrow and deep
wounds, and in minimally invasive surgeries. Researchers have
prepared injectable haemostatic hydrogels in a variety of ways.
Studies have confirmed that positively charged raw materials or
groups, aldehyde structures and catechol structures have positive
effects on the adhesion strength of materials and contribute to the
rapid closure of wounds. Haemostatic materials that can promote
blood cell enrichment can be prepared by selecting materials that
have the characteristics of electrostatic adsorption by blood cells and
rapid water absorption. Loading coagulation factors, haemostatic
peptides and other procoagulant substances can accelerate the
progression of the coagulation cascade, which is highly important
for patients with coagulation disorders. Notably, the three-
dimensional mesh structure of hydrogels easily loads drugs and
bioactive factors, which contributes to the expansion of hydrogel
functions. Amoxicillin (Liang et al., 2019b; Qu et al., 2019),
ampicillin (Refat et al., 2018), tetracycline (Anjum et al., 2016;
Rakhshaei and Namazi, 2017; Liu et al., 2018), gentamicin (Singh
et al., 2013; Zhang et al., 2015), ciprofloxacin (Radhakumary et al.,
2011; Shi et al., 2015; Gao et al., 2019), moxifloxacin (Singh and
Dhiman, 2015; Singh et al., 2016), chloramphenicol (Lacin, 2014),

sulfadiazine (McMahon et al., 2016), simvastatin (Rezvanian et al.,
2017), salicylate (Mi et al., 2011), and other components have been
encapsulated in hydrogels to confer antibacterial properties. Some
metal ions, such as silver, gold, and zinc, can also have antibacterial
effects, and their complexation with the main structure of the
hydrogel can also increase the strength of the system
(GhavamiNejad et al., 2016; Chen et al., 2019; Liang et al., 2019c;
Mahmoud et al., 2019; Shi et al., 2019; Tang et al., 2019). Stem cells
can secrete essential factors that facilitate wound repair and
stimulate angiogenesis and re-epithelialization. Therefore, many
hydrogels promote wound repair by loading stem cells (Oryan
et al., 2019; Xu et al., 2019; Yao et al., 2019; Xiong et al., 2022).

Although injectable hydrogels have achieved rapid haemostasis
with high adhesion, high water absorption, enrichment of blood cells,
and facilitation of the coagulation cascade in past studies, there are still
many challenges to overcome. First, the speed and manner of in situ
hydrogel formation should be further optimized. To better adapt to the
wound shape and achieve injectable properties, many hydrogels are
prepared by in situ gelation: a syringe is used to inject the precursor
solution at the wound site and Schiff base crosslinking and
photoccrosslinking occur simultaneously to achieve in situ gelation
at the wound site. Although, after continuous optimization and
improvement, many gels can now form within 30 s, there is still a
risk that such a gelling speed on the wound surface is insufficient in
cases of severe traumatic bleeding or vascular bleeding; the need for UV
light and other light sources to achieve gelling also limits the use of gels
and increases biosafety risk. Second, exisiting research has mostly used
medium- and small-animal models, such as a rat liver injury model, a
rat femoral artery injury model, a rat broken tail model, a rabbit ear
marginal artery injury model, and a rabbit liver injury model for in vivo
experimental verification. Although the haemostatic performance of the
material can be verified to a certain extent, limited by the animal’s size,
blood volume, bleeding intensity and other issues, there is still a large
gap in understanding the actual clinical bleeding situation. It is
recommended that animal models more closely related to the
clinical situation should be created in future studies or that large
animal models be used for further validation at a more mature stage
of material research. Third, implantable biomedical materials will stay
in the body for a long time. However, the existing studies mostly focus
on short-term haemostatic performance evaluation or simple in vitro
safety evaluation (such as red blood cell haemolysis tests and in vitro
safety tests), lacking long-term biocompatibility assessment and
posthemostasis prognosis evaluation. These are the key factors
determining whether materials can be put into clinical use. In the
history of haemostatic material application, there are many examples of
excellent haemostatic performance but secondary damage to patients,
such as endothelial damage and systemic thrombosis caused by
WoundStat® and tissue inflammation and tissue sclerosis caused by
the degradation of cyanoacrylate products. Our group also found in
previous research that haemostatic hydrogels with strong adhesion
properties can cause aggravated tissue adhesion, which is one of the
complications that need to be prevented after traumatic bleeding. All
these problems can be addressed and further ameliorated through
perfect and systematic long-term safety experiments. We hope that
researchers can give close attention to long-term safety investigations in
future work. Finally, in situations such as car accidents, natural disasters,
and war, there are often multiple types of trauma, and there is no visual
identification of the bleeding site. Existing injectable hydrogel
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haemostatic materials require a clear view of the treatment and direct
contact with the wound, and there is a gap in addressing actual clinical
needs. In addition to injectable hydrogels, targeted drugs can be
developed for intravenous injection in combination with related
devices or intelligent equipment developed for rapid diagnosis,
accurate positioning, and stable haemostatic integration intelligent
haemostatic robots. These new technologies and devices have the
potential to address the challenges of multiple and diffuse trauma
bleeding events and provide more convenient and efficient treatment
options for trauma patients.

The development of perfect haemostatic injectable hydrogels is
still a long way off, but we hope that this paper will help researchers
interested in understanding the current state of injectable
haemostatic hydrogels and has provided some inspiration for the
research efforts of those working to advance this field. We encourage
further research and innovation in this area to address the remaining
challenges and to improve the treatment options available for
trauma victims.
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Background: Small-diameter (<6mm) artificial vascular grafts (AVGs) are urgently
required in vessel reconstructive surgery but constrained by suboptimal
hemocompatibility and the complexity of anastomotic procedures. This study
introduces coaxial electrospinning and magnetic anastomosis techniques to
improve graft performance.

Methods: Bilayer poly(lactide-co-caprolactone) (PLCL) grafts were fabricated by
coaxial electrospinning to encapsulate heparin in the inner layer for
anticoagulation. Magnetic rings were embedded at both ends of the nanofiber
conduit to construct a magnetic anastomosis small-diameter AVG. Material
properties were characterized by micromorphology, fourier transform infrared
(FTIR) spectra, mechanical tests, in vitro heparin release and hemocompatibility.
In vivo performance was evaluated in a rabbit model of inferior vena cava
replacement.

Results: Coaxial electrospinning produced PLCL/heparin grafts with sustained
heparin release, lower platelet adhesion, prolonged clotting times, higher Young’s
modulus and tensile strength versus PLCL grafts. Magnetic anastomosis was
significantly faster than suturing (3.65 ± 0.83 vs. 20.32 ± 3.45 min, p < 0.001) and
with higher success rate (100% vs. 80%). Furthermore, magnetic AVG had higher
short-term patency (2 days: 100% vs. 60%; 7 days: 40% vs. 0%) but similar long-
term occlusion as sutured grafts.

Conclusion: Coaxial electrospinning improved hemocompatibility and magnetic
anastomosis enhanced implantability of small-diameter AVG. Short-term
patency was excellent, but further optimization of anticoagulation is needed
for long-term patency. This combinatorial approach holds promise for vascular
graft engineering.

KEYWORDS

coaxial electrospinning, magnetic anastomosis, small-diameter vascular grafts,
hemocompatibility, sutureless
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1 Introduction

Vascular diseases are major causes of morbidity and mortality
globally (Feng et al., 2022). Bypass surgery or vascular
reconstruction is the only course of correction in some cases
(Seifu et al., 2013; Johnson et al., 2019). Artificial vascular grafts
(AVGs) composed of polyethylene terephthalate,
polytetrafluoroethylene and polyurethane can effectively replace
blood vessels with large diameters (Anderson et al., 2018; Leal
et al., 2021; Popa et al., 2022). However, these materials have
poor patency and frequent thrombosis when replacing
vessels <6 mm (Baguneid et al., 2011; Eilenberg et al., 2020). To
address the challenges of small-diameter AVGs, innovations like
coaxial electrospinning, decellularization, freeze-drying and 3D
printing have been developed (Darie-Niţă et al., 2022). Coaxial
electrospinning in particular shows promise for nanofibrous
vascular grafts (Laktionov et al., 2014; Yin et al., 2017; Liu et al.,
2022). This method enables the incorporation of anticoagulant
agents (Huang et al., 2013; Kuang et al., 2018), within the core-
shell structure of the nanofibers, thus enhancing their
antithrombotic properties.

However, electrospun AVGs have limited compliance
compared to native vessels (Faturechi et al., 2019a). This
makes the anastomosis difficult, increases the leakage risk at
the anastomosis site, and impairs patency (Tamimi et al., 2019;
Jeong et al., 2020). Magnetic anastomosis enables sutureless
magnetic vessel connections, reducing leakage and
hemorrhage risks compared to suturing (Kubo et al., 2018;
Isozaki et al., 2020). Therefore, we hypothesize this technique

can address the compliance mismatch problem in small-
diameter AVGs.

In this study, we develop and apply a small-diameter AVG using
coaxial electrospinning and magnetic anastomosis. We first
fabricated polymer-derived nanofibers with enhanced
hemocompatibility by applying coaxial electrospinning. We then
developed a small-diameter AVG integrating magnetic anastomosis.
Finally, we implanted the AVG in a rabbit model to evaluate its in
vivo performance (Figure 1).

2 Materials and methods

2.1 Materials

Poly (l-lactic acid-co-ε-caprolactone) (PLCL, LLA/CL = 1/1,
15 kDa, Jinan Daigang Biomaterial Co., Ltd., China) was dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Aladdin, United States) at
200 mg/mL. Heparin sodium (13 kDa, Runjie Medicine Chemical,
China) was dissolved in saline at a concentration of 100 mg/mL.
NdFeB magnetic rings were procured from Jiujiu High-Tech
Magnetic Materials Ltd. in China, featuring an inner diameter of
3.3 mm, an outer diameter of 4.9 mm, and a thickness of 1.5 mm.

2.2 Artificial vascular grafts preparation

AVGs were prepared as previously described (Liu et al., 2022)
with modifications. As shown in Figure 2, a 3D printer (Xiao Fang

FIGURE 1
Schematic diagram of the study design Abbreviations: WC, working collector; AC, auxiliary collector.
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ONE, Exquisitely 3D, China) was used to fabricate electrospun
collectors. The collectors were classified into two distinct types
based on their functions: the working collector (WC) and the
auxiliary collector (AC).

An electrospinning machine (ET-2535H, Beijing Yongkang Leye
Technology Development Co., Ltd.) was used to create the
electrospun fibers. The machine had two syringe pumps to
deliver solutions to a coaxial needle (22G+17G, Hefei Sipin
Technology Co., Ltd.). The outer needle dispensed the outer
solution at 2 mL/h, while the inner needle dispensed the inner
solution at 0.2 mL/h. A high-voltage power supply generated
18 kV positive voltage with a 15 cm distance between the
spinneret and collector. The coaxial needle had an inner
diameter of 22G and outer diameter of 17G. For comparison,
single-spinneret electrospinning was done under the same
conditions, except with a 9 kV voltage and a 22G single-
channel needle.

The magnetic anastomosis AVG (mag-AVG) was fabricated
using a double layer wrapping method. Figure 2 illustrates the
workflow of the process, which involved coaxial electrospinning
on one working collector (WC) and two auxiliary collectors (ACs) at
a speed of 75 rpm, forming an inner layer with a bell-mouth
structure. Afterward, the ACs were removed, and the magnetic
rings were inserted. Subsequently, the magnetic rings were
wrapped with the bell-mouth structure. Finally, a second layer of
electrospinning was performed on the WC at a speed of 50 rpm for
15 min. In contrast, the suture anastomosis AVG (suture-AVG) was

fabricated using a similar method, except that no magnetic rings
were embed.

2.3 Micromorphology

The surface/cross-section morphologies were measured via a
scanning electron microscope (SEM, TM-1000, Japan). The core-
shell structures were confirmed by electrospinning fibers onto a
carbon-coated copper mesh and examining them with transmission
electron microscopy (TEM, H-7650, Japan) at 80 kV.

2.4 Fourier transform infrared spectroscopy

IR spectra (PLCL fibers, PLCL/heparin fibers, and heparin) were
acquired using a Thermo Nicolet iS50 FTIR infrared spectrometer.
Each spectrum was obtained by averaging 64 scans, and the
wavenumber range spanned from 400 to 4,000 cm−1.

2.5 Mechanical properties

To assess the mechanical properties of the AVGs, we conducted
tensile testing utilizing a universal testing machine (CMT8502, New
Sans Test Technical Company, China). The specimens were loaded
at a constant strain rate of 10 mm/min until rupture.

FIGURE 2
Schematic workflow of artificial vascular graft preparation Abbreviations: WC, working collector; AC, auxiliary collector.
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The burst pressure of the artificial blood vessels was determined
by a vascular anastomosis experimental system (YZ-08, Xi’an
Magnat Medical Technical Company, China).

Following ANSI 7198, compliance measurements were made
on ~6 cm AVG segments by a vascular anastomosis experimental
system, as described in 2.5. The external diameter was measured
from digital images recorded. Compliance was calculated and
reported as % per 100 mmHg as follows (Konig et al., 2009):

C � R1 − R0( )/R0

Poutlet − Pinlet
× 104

where C is compliance (%), R0 is the original graft diameter, R1 is the
changed graft diameter, Pinlet is the inlet pressure and Poutlet is the
outlet pressure.

2.6 In vitro release of heparin

To assess heparin release, 300 mg samples were immersed in
10 mL PBS (pH 7.4) at 37°C. At specific time intervals, 1 mL of the
solution was extracted and replaced with fresh PBS to measure
heparin concentration. Heparin test kits (G-CLONE Biotechnology
Co., Ltd.) evaluated the initial heparin loading and release, with all
measurements done in triplicate.

2.7 Hemocompatibility analysis

To investigate platelet adhesion, fresh anticoagulated rabbit
blood was centrifuged to obtain platelet-rich plasma (PRP) (Liu
et al., 2022). A 1.0 × 1.0 cm2 sample was immersed in PRP and
incubated at 37°C for 1 h. The morphology and number of platelets
adhered to the electrospun membrane were observed and
quantified using SEM.

The hemolysis test began by collecting freshly anticoagulated
rabbit blood and diluting it with saline. A 1 cm × 1 cm electrospun
membrane was washed and incubated in saline at 37°C for 30 min.
The diluted blood was applied to the membrane, gently mixed, and
incubated at 37°C for 1 hour. Hemolysis degree was quantified by
measuring the absorbance of the supernatant at 540 nm after
centrifugation.

PT and APTT assays were done using a 2 cm × 3 cm electrospun
membrane incubated with platelet-poor plasma (PPP) at 37°C for
15 min. The coagulation analyzer automatically measured PT and
APTT to assess clotting functionality.

In the partial thromboplastin time (PRT) assay, a 2 × 3 cm
electrospun membrane was incubated with PPP at 37°C for 10 min.
Subsequently, calcium chloride was added, and the time required for
clot formation was recorded.

2.8 In vivo implantation

Animal procedures were approved by the Animal Welfare Act
and Institutional Animal Care and Use Committee at Xi’an Jiaotong
University. All rabbits were individually housed in separate cages
and provided with ad libitum access to diets and water. Ten healthy
male New Zealand rabbits, each weighing 2.5 ± 0.5 kg and aged

3 months, were randomly assigned to two groups (n = 5 each): mag-
AVG, implanted using magnetic anastomosis, and suture-AVG,
implanted using conventional manual suturing.

Before surgery, rabbits fasted 12 h and lacked water 6 h.
Anesthesia was administered by intravenous injection of 3%
pentobarbital sodium at a dosage of 1 mL/kg through the
auricular vein. The abdomen was prepared, sterilized and draped.
The inferior vena cava was exposed via midline incision. The vena
cava was clamped at both ends then excised between clamps.

The procedure for mag-AVG implantation was as follows. First,
the magnetic rings were affixed to the vascular clamps separately.
Then, the vena cava wall was flipped and wrapped around the rings.
Next, one end of the mag-AVG was affixed to the magnetic ring.
Heparin saline was injected into the lumen. The other end of the
mag-AVG was affixed with the other magnetic ring to complete the
anastomosis. Clamps were removed to restore blood flow. For
suture-AVG, the vena cava was clamped, transected between
clamps, and anastomosed end-to-end with two continuous
8–0 polypropylene sutures. After the operation, both groups of
rabbits received analgesia and antibiotics, with no further
additional treatments administered.

The status of AVGs was assessed using noninvasive vascular
ultrasound (Xuzhou Paier Electronics Co., Ltd.) by vascular
medicine specialists on the 2nd and 7th postoperative days.
Angiography of the inferior vena cava through the femoral vein
was performed on the rabbits at 2 weeks postoperatively.

2.9 Statistical methods

Data were analyzed using SPSS 22.0 software (IBM, Armonk,
NY). Quantitative data were expressed as mean ± standard
deviation (�x± s). T -tests were used for comparisons between
two groups, and one-way ANOVA was used for comparisons
between multiple groups. The χ2 test was used to compare
categorical data. Differences were considered statistically
significant at p < 0.05.

3 Results

3.1 Morphological characteristics of
electrospun nanofibers

The average diameters of the PLCL/heparin and PLCL
nanofibers (Figure 3A) were measured to be 1.10 ± 0.22 μm and
2.99 ± 0.56 μm, respectively. It is evident that the PLCL nanofibers
displayed a wider range of diameter distribution compared to the
PLCL/heparin nanofibers (Figure 3B).

Figure 3C showed a clear contrast between the dark core and the
bright shell of PLCL/heparin nanofibers, and the diameter of the
core layer constitutes approximately 26.45% of the entire fiber
diameter. As shown in Figure 3D, the FTIR spectrum of PLCL
nanofibers displayed a strong absorption peak at 1746 cm−1

corresponds to the stretching of the C=O bond. Heparin exhibits
vibrations at 1,606 cm−1 (indicating COO− antisymmetric
stretching) and at 1,225 cm-1 and 1,049 cm−1 (indicating SO2-
asymmetric stretching). The PLCL/heparin nanofibers revealed a
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discernible band at 1746 cm−1, originating from the -C=O functional
group of PLCL, along with peaks at 1,606 cm−1, attributable to the
-COO− moiety present in heparin. These findings conclusively
demonstrate the successful encapsulation of heparin within the
PLCL/heparin coaxial structure.

3.2 Hemocompatibility assay

A distinct two-stage release pattern was observed, characterized
by an initial burst release within the first day, followed by a sustained
release phase (Figure 4A) (Liu et al., 2022). Specifically, within the
initial 24 h, a significant proportion of heparin, amounting to 40.5%,
was released. Subsequently, over a span of 14 days, the cumulative
amount of released heparin reached approximately 76%.

The SEM images in Figure 4B show that the PLCL nanofibers
had a much higher number of adherent platelets than the PLCL/
heparin nanofiber group (18.0 ± 6.24 vs. 2.6 ± 0.84 ×105/
cm2, p < 0.01).

The hemolysis rate of both the heparin/PLCL fibers and the
PLCL fibers met the international standard ASTM-F756-17, which
classifies a hemolytic index of less than 2% as “no hemolysis”
(Figure 4C). No significant difference was found in the
prothrombin time (PT) between these two groups (20.24 ± 2.15s
vs. 21.4 ± 3.21 s, p = 0.57) (Figure 4D). However, the activated partial
thromboplastin time (APTT) (152 ± 30.0 s vs. 43.2 ± 11.15 s, p <
0.01) (Figure 4E) and the partial thromboplastin time (PRT)
(116.23 ± 14.21 s vs. 90.01 ± 12.34 s, p < 0.01) (Figure 4F) were
significantly prolonged in the PLCL/heparin nanofiber group
compared to the PLCL nanofiber group.

3.3 Mechanical properties of AVGs

The mechanical properties of the AVGs were depicted in
Figure 5. The compliance of the AVGs appears to be relatively
poor, as observed in Figure 5B (1.22% ± 0.41% vs. 1.88% ± 0.32% vs.
1.48% ± 0.68%/100 mmHg). The compliance of all AVGs was lower
than that of the native blood vessels (4.4%/100 mmHg for vein and
11.5%/100 mmHg for artery) (Camasão and Mantovani, 2021). The
AVGs constructed using PLCL/heparin nanofibers exhibited
significantly higher Young’s modulus (6.22 ± 0.38 vs. 2.58 ±
0.25 MPa, p < 0.001), and tensile strength (14.64 ± 2.3 vs. 8.08 ±
3.25 MPa, p < 0.01) compared to those made of PLCL nanofibers.
Furthermore, the incorporation of a double-layer structure further
enhanced the Young’s modulus (8.43 ± 0.81 MPa, p < 0.001), while
the tensile strength remained largely unaltered (17.52 ± 2.62 MPa,
p = 0.82). Furthermore, as depicted in Figure 5E, the burst pressure
of the PLCL/heparin AVGs exceeded that of the PLCL AVGs but fell
short of the double-layer conduits (704.3 ± 31.2 vs. 195.79.07 ±
34.2 vs. 868.21 ± 41.32 mmHg, p < 0.001).

3.4 In vivo implantation of AVGs

The AVGs are cylindrical with a 3 mm inner diameter and
20 mm length (Figure 6A). Magnetic rings are embedded at both
ends (Figure 6A). The total AVG thickness is ~0.2 mm with two
layers (Figure 6B). The inner PLCL/heparin fiber layer is ~160 μm
thick. The outer PLCL fiber layer is ~80 μm thick.

To mitigate the challenge of mismatched artificial blood vessels,
we selected rabbits with inferior vena cava diameters closely aligned

FIGURE 3
Characterization of electrospun nanofibers. (A) SEM images (scale bar = 20 μm); (B) Diameter distribution; (C) TEM (scale bar = 500 nm); (D)
FTIR spectra.
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with those of the artificial blood vessels. In cases of slight disparity,
we employed techniques such as warm saline or water bag
application to dilate the blood vessels. Additionally, we utilized
specific methods during manual suturing, such as angulated
trimming of the blood vessels, to ensure diameter matching.
Procedures of mag-AVG and suture-AVG implantation are
illustrated in Figures 6D, E. Magnetic anastomosis was faster,
averaging 3.65 ± 0.83 min, compared to suturing, which averaged
20.32 ± 3.45 min (p < 0.001, Figure 6C).

All 5 mag-AVG rabbits had successful surgery without
complications like infection or bleeding. However, 1 suture-AVG
rabbit died during surgery from excessive bleeding at the
anastomosis site. For vascular patency, all 5 mag-AVGs were
patent on day 2 post-op, 2 remained patent on day 7 (Figure 6F,
G), and all were occluded by day 14. In contrast, 2 suture-AVGs
showed early occlusion by day 2, and all were occluded by day 7. In
summary, the mag-AVGs reduced surgical difficulty and risk and
improved early patency, but further optimization of material
properties is needed to enhance long-term anticoagulation
and patency.

4 Discussion

Coaxial electrospinning is a novel technique for producing core-
shell nanofibers that provide a robust structure and deliver bioactive

agents (Yin et al., 2017; Liu et al., 2020). It has been applied to
various fields, such as antibacterial materials (Dong et al., 2023),
tissue engineering scaffolds (Iliou et al., 2022; Nagiah et al., 2022),
catalysts (Choi et al., 2016), and others. Especially, this technique has
unique advantages for creating anticoagulant materials (Huang
et al., 2013; Kuang et al., 2018; Strobel et al., 2018). Using a
bilayer or multilayer coaxial structure, structural polymers form
the outer layer, while natural anticoagulants like heparin are
incorporated in the inner layer. This design enables sustained
anticoagulant release while maintaining mechanical properties.
Compared to physical encapsulation or chemical conjugation, the
coaxial structure better preserves anticoagulant bioactivity and
provides more controllable release kinetics (Figure 4). Coaxial
electrospinning has great potential for small-diameter vascular
tissue engineering applications.

However, coaxial electrospinning of AVGs has some limitations.
The low elasticity and compliance of electrospun materials impairs
suturability and increases the risk of anastomotic complications like
leakage and thrombosis (Li et al., 2008a; Rahmati et al., 2020). In this
study, for example, the compliance of the AVGwas only one-third of
natural blood vessels (vein: 4.4%/100 mmHg; artery: 11.5%/
100 mmHg) (Camasão and Mantovani, 2021). After suturing,
incomplete sealing and enlargement of the anastomosis due to
suture cutting led to a high leakage risk. Approaches like cross-
linking, coating, blending, and reinforcement have been proposed to
improve the compliance (Faturechi et al., 2019b; Furdella et al.,

FIGURE 4
Hemocompatibility of electrospun nanofibers. (A) In vitro heparin release; (B) The number of adherent platelets (scale bar = 20 μm); (C–F)Hemolysis
rate, prothrombin time (PT), activated partial thromboplastin time (APTT), partial thromboplastin time (PRT).
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2021), but may also affect hemocompatibility, requiring
optimization. Given these limitations, we propose magnetic
anastomosis to address the inadequate compliance of
electrospun AVGs.

The main finding of this study was that the mag-AVG group had
lower surgical complication rates (0% vs. 20%) and higher patency
than the suture-AVG group (2 days: 100% vs. 60%; 7 days: 40% vs.
0%). This demonstrates the advantages of magnetic anastomosis
compared to sutured anastomosis. First, magnetic anastomosis seals
with magnetic fields instead of sutures, resulting in a more effective
closure and eliminating leakage risk, as shown in prior
intestinal(Chen et al., 2020; Zhang. et al., 2023a), biliary(Jang
et al., 2011), vascular(Yang et al., 2018; Zhang et al., 2023b), and
biliary-enteric (Li et al., 2008b) anastomoses. Second, magnetic
anastomosis leaves no intraluminal sutures and creates a
smoother anastomotic stoma, reducing turbulence and
platelet adhesion.

Beyond addressing compliance, magnetic anastomosis is easy
and quick to perform, with a short learning curve. Brief training
enables novice students to outperform experienced surgeons in
quality and time (3.65 ± 0.83 vs. 20.32 ± 3.45 min, p < 0.001).

Magnetic anastomosis also ensures safety and reversibility -
unsatisfactory anastomoses can be detached without damage and
repeated until favorable.

In comparison to existing AVGs in the market and those
documented in the literature, our mag-AVG design offers
significant improvements. Traditional AVGs, such as those
made from expanded polytetrafluoroethylene (ePTFE) and
Dacron, have been associated with high rates of thrombosis and
stenosis due to their intrinsic material properties and the technical
challenges associated with their implantation (Halbert et al., 2020;
Ratner, 2023). These grafts often require precise suturing
techniques and can lead to neointimal hyperplasia at the venous
anastomosis site. In contrast, our mag-AVG facilitates a rapid and
secure connection between vessels with its innovative magnetic
mechanism, which not only reduces operative time but also
minimizes the inflammatory response typically triggered by
suture materials (Deng et al., 2021).

However, our AVGs exhibited lower patency in the long term
compared to other studies. For instance, (Wang et al., 2013) attained
a 37.5% patency rate over 24 weeks using electrospun coaxial fibers
composed of a heparin core and PLCL shell. The low patency rate

FIGURE 5
Characterization of AVG. (A) Uniaxial tensile stress-strain curves; (B–E) Compliance, Young’s modulus, tensile strength and burst pressure of AVG.
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could be due to several factors. First, unlike other studies, we
employed AVGs to replace veins rather than arteries. Veins have
lower blood flow velocity and pressure than arteries, increasing
thrombus formation risk. Creating artificial veins is challenging and
requires outstanding anticoagulation. Second, we abstained from
using any anticoagulants in our experiment to assess the optimal
effectiveness of our AVGs. Nevertheless, we also recognize the
potential benefits of anticoagulant therapy for our AVGs. It is
well known that the early stages post-implantation are
particularly prone to thrombosis. The administration of
anticoagulant medications such as aspirin or heparin during this
critical period may potentially enhance the long-term patency of our
AVGs. Nonetheless, this hypothesis requires further experimental
validation. Third, in vitro tests showed ~76% of heparin released

within 2 weeks, impairing long-term anticoagulation. Moreover,
long-term patency necessitates fully developed endothelialization,
which artificial veins typically lack.

The biocompatibility of the implant is crucial. Our novel graft
comprises the biodegradable PLCL and non-degradable magnetic
rings, the latter posing dual risks regarding biocompatibility and
potential magnetic field effects on tissues. However, several factors
in this study mitigate biocompatibility concerns over the short term:
Firstly, the electrospun PLCL fibers fully encapsulate the magnetic
rings, avoiding any direct exposure. Secondly, we have surface-
treated the rings with nickel electroplating, a coating known to
enhance biocompatibility by isolating the poorly biotolerated
magnetic NdFeB core. Our previous work demonstrates the
biocompatibility of this coating (Yang et al., 2018; Wang et al.,

FIGURE 6
In vivo implantation. (A) Images of mag-AVG, magnetic rings and suture-AVG; (B) The cross-sectional SEM image of AVG; (C) Comparison of the
anastomosis time between mag-AVG and suture-AVG. (D) Images of mag-AVG implantation; (E) Images of suture-AVG implantation. (F) X-ray image of
the implanted mag-AVG; (G)Ultrasound images of the implanted mag-AVG on the 2nd day post-implantation; Measurement of AVG length (19 mm) and
diameter (3 mm), “+” symbol representing themagnetic rings; Doppler ultrasound reveals blood flow signals within the AVG; The blood flow velocity
within the AVG is recorded at 2.1 cm/s.
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2019; Lu et al., 2020). Notably, titanium nitride deposition would be
ideal for prolonged implantation according to our expertise, given its
widespread application in modifying implantable devices (Iacovacci
et al., 2021). Finally, the relatively brief implantation period limits
any coating or PLCL degradation, consequently evidencing no
tangible biocompatibility issues presently. Nonetheless, regarding
potential effects of the magnetic fields, our previous studies found no
deleterious effects on surrounding tissue vasculature (Wang et al.,
2019; Lu et al., 2020; Xu et al., 2022). Some research even suggests
magnetic fields may beneficially promote tissue healing,
regeneration and microcirculation (Marycz et al., 2018).
Nonetheless, future iterations will ideally incorporate fully
degradable magnetic rings composed of nanomaterials that
completely degrade within months. This would eliminate any
risks of long-term biocompatibility or exposure concerns.

Despite reduced long-term patency, our AVGs have promising
applications. Excellent short-term anticoagulation was achieved,
with 100% patency by postoperative day 2. Therefore, these
AVGs are suitable temporary blood diversion cases. In a separate
study, we utilized these AVGs for veno-venous bypass (VVB) during
rat liver transplantation (Liu et al., 2022). This enabled rapid bypass
without systemic anticoagulation, improving survival and
biochemistry. This progress could enhance patient outcomes
following complex liver surgeries. Additionally, these vessels may
have utility in extracorporeal circulation, ECMO quick connectors,
and other scenarios needing swift anastomosis and thrombosis
prevention.

However, there exist some limitations in our study. The
magnetic ring design requires optimization, as the current
thickness is relatively large. Consequently, this method is
only suitable for venous reconstruction and cannot yet be
utilized for arterial. In future research, we will aim to refine
the magnetic ring and AVG design to enable arterial
reconstruction applications.

5 Conclusion

This study demonstrates the fabrication of small-diameter
AVGs using the innovative techniques of coaxial electrospinning
and magnetic anastomosis. Coaxial electrospinning enables the
incorporation of heparin within the grafts, thereby enhancing
their hemocompatibility. Magnetic anastomosis provides a rapid,
simple, and safe means of graft implantation while overcoming the
compliance mismatch encountered with electrospun grafts. Our
findings reveal that grafts implanted by magnetic anastomosis
have significantly higher short-term patency and lower surgical
risks compared to conventional sutured grafts. However, long-
term patency remains a challenge due to the lack of sustained
anticoagulation. Further research should optimize the material
design and anticoagulation strategies to improve long-term graft
performance. Overall, this combinatorial approach of advanced
materials and magnetic anastomosis provides a promising
platform for small-diameter artificial vascular graft engineering
with tremendous clinical potential.
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Tissue engineering applications of
recombinant human collagen: a
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With the rapid development of synthetic biology, recombinant human collagen
has emerged as a cutting-edge biological material globally. Its innovative
applications in the fields of material science and medicine have opened new
horizons in biomedical research. Recombinant human collagen stands out as a
highly promising biomaterial, playing a pivotal role in crucial areas such as wound
healing, stroma regeneration, and orthopedics. However, realizing its full
potential by efficiently delivering it for optimal therapeutic outcomes remains
a formidable challenge. This review provides a comprehensive overview of the
applications of recombinant human collagen in biomedical systems, focusing on
resolving this crucial issue. Additionally, it encompasses the exploration of 3D
printing technologies incorporating recombinant collagen to address some
urgent clinical challenges in regenerative repair in the future. The primary aim
of this review also is to spotlight the advancements in the realm of biomaterials
utilizing recombinant collagen, with the intention of fostering additional
innovation and making significant contributions to the enhancement of
regenerative biomaterials, therapeutic methodologies, and overall
patient outcomes.

KEYWORDS

tissue engineering, regenerative, biomaterials, recombinant human collagen,
biomedicine

1 Introduction

Collagen, the most abundant protein in the extracellular matrix of animal cells, plays a
pivotal role in providing structural support and regulating cellular behavior (Avila
Rodríguez et al., 2018; Coppola et al., 2020). To date, 29 types of collagens have been
identified, with types I, II, and III constituting over 90% of the total collagen in the human
body (Meyer, 2019; Naomi et al., 2021). Collagen provides tensile strength and is the
primary component of skin, bones, cartilage, and connective tissues (Law et al., 2017; Jafari
et al., 2020). Due to its biocompatibility, biodegradability, and low immunogenicity,
collagen has been extensively investigated and employed as a biomaterial in the field of
tissue engineering and regenerative medicine (Irawan et al., 2018; Copes et al., 2019; Lin
et al., 2019).

However, the majority of collagen used for biomedical applications is still derived from
animal sources, such as the skin, tendons, and bones of bovines, pigs, and avian species
(Avila Rodríguez et al., 2018; Felician et al., 2018). Animal-sourced collagen has inherent
drawbacks. It exhibits batch-to-batch variability in quantity and quality, can potentially
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trigger immunogenic responses, and carries the risk of transmitting
animal viruses and prions (Gauza-Włodarczyk et al., 2017a; Coppola
et al., 2020). Despite the success of animal-derived collagen products
like Zyderm, the pursuit of recombinant collagen aims to refine the
safety and efficacy of collagen-based treatment (Shekhter et al.,
2019). Produced through intricate in vitro techniques,
recombinant collagens are designed to emulate the post-
translational modifications seen in natural collagens, such as
hydroxylation and glycosylation, thereby achieving a high degree
of similarity to human collagen (Kim et al., 2017). Recombinant
human collagen produced via biotechnological methods can
overcome these limitations associated with xenogeneic or
allogeneic collagen (Wang et al., 2022). Over the past few
decades, research on recombinant collagen has made significant
strides in genetic recombination, protein expression, and material
preparation (Ma et al., 2022). This article provides a comprehensive
review of the latest advancements in recombinant human collagen
and its applications as biomaterials in tissue engineering and
regenerative medicine.

Collagen possesses a characteristic triple-helical structure,
composed of three polypeptide chains known as α-chains (Mi
et al., 2018; Rappu et al., 2019). In vitro studies have
recombinantly produced different types of collagens from isolated
genes, including types I, II, III, and V collagen (Woodley et al., 2017;
Doan et al., 2019; Shuai et al., 2023). Compared to natural collagen,
recombinantly produced collagen achieves proper post-translational
modifications, including hydroxylation and glycosylation (Shekhter
et al., 2019; Deng et al., 2021). Based on the composition of α-chains,
recombinant collagen can be categorized into homotrimeric (I, II,
III), heterotrimeric (XI), and hybrid forms (IX) (Ferraro et al., 2017;
Chen et al., 2020). Type I collagen is the most abundant type inmany
tissues, while type III collagen is relatively less abundant but plays a
crucial role in maintaining tissue integrity and regulating scar
formation (Kuivaniemi and Tromp, 2019; Di Martino et al.,
2022; Harris et al., 2022). Extensive research has also been

focused on type III collagen due to its therapeutic potential in
promoting wound healing and tissue regeneration (ZhangWei et al.,
2018a; Xia et al., 2018; Davison-Kotler et al., 2019).

To produce recombinant collagen, expression systems including
mammalian, insect, yeast, and bacterial cells have been explored
(Capella-Monsonís et al., 2018; Davison-Kotler et al., 2019).
Mammalian cells like CHO and HEK293 have translation
mechanisms most similar to human cells and can therefore
produce collagen with correct modifications (Gauza-Włodarczyk
et al., 2017b; Lim et al., 2019). However, their relatively low yield and
high cost hinder industrial-scale production (Felician et al., 2018;
Song et al., 2018; Meng et al., 2019). Bacterial and yeast expression
systems are more cost-effective but do not achieve proper post-
translational processing (Amyoony et al., 2023). Therefore,
strategies have been developed to enhance the quality of
recombinantly produced collagen by genetically modifying host
cells or supplementing post-translational enzymes. Recent
research has made significant strides in optimizing expression
systems and purifying large quantities of structurally native
collagen (Knüppel et al., 2017; Rittié, 2017).

Following purification, recombinant collagen is fabricated into
various biomaterials for biomedical applications (Zhang et al., 2019;
Ghomi et al., 2021). Collagen hydrogels prepared by differential
mechanisms have been extensively studied as scaffolds and drug
delivery carriers (Li et al., 2020). By adjusting the hydrogel density,
degree of cross-linking, and the incorporation of other biomolecules,
its degradation, mechanical strength, and biological activity can be
customized. The inclusion of growth factors and cells further
enhances the regenerative potential of collagen hydrogels
(Arakawa et al., 2017; Sarrigiannidis et al., 2021). Lyophilized
collagen materials processed through freeze-drying present
another format as wound dressings (Magro et al., 2017). Scaffold
formats of collagen have been expanded further by various
techniques including 3D printing, electrospinning, and particle
sintering (Rashedi et al., 2017; Zhang et al., 2018b; Abbas et al.,
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2020). Functionalizing recombinant collagen biomaterials with
nanoparticles, peptides, and stem cells has emerged as a
promising strategy for precisely guiding tissue regeneration.

In tissue engineering applications, recombinant collagen
biomaterials have been widely studied for skin regeneration due
to the natural abundance of collagen in the dermis (Koons et al.,
2020). Collagen hydrogels promote wound healing by stimulating
cell proliferation, migration, angiogenesis, and collagen deposition
(Nguyen et al., 2019; Roshanbinfar et al., 2023).When used as covers
for skin grafts or wound dressings, they accelerate re-
epithelialization. For load-bearing tissues, collagen scaffolds
combined with stem cells hold potential in bone and cartilage
regeneration. Upon implantation of collagen/stem cell
constructs, substantial new bone and cartilage formation was
observed in animal models (Wang et al., 2020). In vascular
engineering, cell-seeded collagen tubular scaffolds have
demonstrated the ability to remodel into vascular grafts
(Copes et al., 2019; Minor and Kareen, 2020). New evidence
has also validated the feasibility of using collagen implants to
repair damaged myocardium and cornea. Looking forward, the
development of optimized recombinant collagen production,
functional biomaterial design, and translational research will
further expand its regenerative applications (Carrabba and
Madeddu, 2018; Minor and Kareen, 2020). The future of
recombinant human collagen lies in overcoming the
limitations of animal-sourced collagen and propelling the
development in the fields of tissue engineering and
regenerative medicine. Establishing stable high-yield

expression systems and purification processes for industrial-
scale production remains a major challenge.

This review summarizes the research on recombinant human
collagen’s applications in biomedical systems, including its effects in
wound treatment, stroma regeneration, and orthopedics. We explore
studies on recombinant collagen-based hydrogels, scaffolds,
microspheres, and dressings for healing wounds, regenerating skin,
and engineering bone tissue. The review also encapsulates research on
3D printings containing recombinant collagen (Table 1). Our goal is to
shed light on the advancements and inspire further innovations in
recombinant collagen’s biomaterial and clinical uses, with the hope that
ongoing development will improve biomaterials, therapies, and
patient outcomes.

2 Hydrogel delivery of recombinant
collagen for chronic wounds healing

Chronic wounds, including diabetic foot ulcers, are
characterized by impaired healing and persistent inflammation
(Mathew-Steiner et al., 2021). The wounds become trapped in a
prolonged inflammatory stage and are unable to progress through
the normal phases of healing (Las Heras et al., 2020). This results in
significantly delayed closure compared to acute wounds. Chronic
wounds also frequently become colonized with bacteria, leading to
infection. The sustained inflammatory environment causes
continuous tissue breakdown and inhibits cell proliferation and
angiogenesis (Han and Roger, 2017).

TABLE 1 Tissue engineering applications of recombinant human collagen.

Applications Advantages Challenges Reference

Wound treatment 1. Promotes accelerated wound
healing

1. Potential for immune response Han and Roger, (2017); Koehler et al. (2018); Sun et al. (2018);
Las Heras et al. (2020); Mathew-Steiner et al. (2021) Thapa et al.
(2020) Muhonen et al. (2017); Kathawala et al. (2019); Su et al.
(2021); Xu et al. (2022)2. Provides excellent biocompatibility

and cell adhesion
2. Cost of production and purification can
be high

3. Can be fabricated into various forms
(e.g., dressings, hydrogels)

Stroma regeneration 1. Supports cell proliferation and
differentiation

1. Possible immunogenicity Addi et al. (2017); Parmar et al. (2017); Quinlan et al. (2017);
Sheehy et al. (2018); McPhail et al. (2020); Yang et al. (2021a);
Yang et al. (2021b); Kong et al. (2022) Haagdorens et al. (2019);
Wang, (2021) Jeon et al. (2017); He et al. (2018); Huang et al.
(2018)

2. Can be used to construct diverse
tissue scaffolds

2. Control over mechanical properties can
be challenging

3. Promotes skin regeneration

Orthopedics 1. Can be used for bone tissue
engineering

1. Mechanical strength may be less than
some synthetic materials

Chan et al. (2017); Ramírez-Rodríguez et al. (2017); Andrews
et al. (2019); Bien et al. (2020); Fushimi et al. (2020)

2. Offers good biocompatibility and
bioresorbability

2. Potential for immune response

3. Can potentially stimulate bone
growth

3D printing 1. Enables the creation of complex and
patient-specific structures

1. Requires specialized 3D printing
technology

Włodarczyk-Biegun and Del Campo, (2017); Hong et al. (2018);
Lee et al. (2019); Osidak et al. (2020); Tytgat et al. (2020);
Muthusamy et al. (2021) Gungor-Ozkerim et al, (2018); Isaacson
et al. (2018); Gudapati et al. (2020); Cui et al. (2017); Zhang et al.
(2017); Curtin et al. (2018); Nocera et al. (2018); Matai et al.
(2020); Dai et al. (2021); Elalouf, (2021); Tang et al. (2021)

2. Can be combined with other
materials for enhanced properties

2. Control over mechanical properties and
print resolution can be challenging

3. Potential for creating personalized
implants
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Recombinant collagen scaffolds offer several advantages for
chronic wound treatment (Sun et al., 2018). As the major
structural component of the extracellular matrix, collagen
provides an ideal environment to facilitate cell migration and
enable wound closure (Koehler et al., 2018; Sun et al., 2018).
Recombinant collagen allows precise control over scaffold
properties like porosity and bioactivity (Catanzano et al., 2021).
Despite these benefits, challenges remain in optimizing delivery of
recombinant collagen to improve healing. Fast degradation rates
make it difficult to achieve sustained collagen presence within
dynamic wound environments. Enhancing collagen scaffold
stability through chemical or physical crosslinking may help
prolong bioactivity but can also negatively impact integration
with native tissue (Thapa et al., 2020). Therefore, effective
chronic wound therapies will likely require recombinant collagen
delivery platforms that balance scaffold remodeling with
regeneration of functional tissue (Ahmad et al., 2021). Further
research is needed to translate the promise of recombinant
collagen into effective wound treatments that overcome the
barriers to healing in chronic wounds.

RhCol III, the primary collagen type in early granulation tissue,
shows potential for accelerating wound closure. Hydrogels

composed of rhCoI lII have been developed. These hydrogels
feature porous microstructure, near-physiological swelling ratios,
and significant cell adhesion. In vivo testing in diabetic mice
demonstrated expedited wound closure with rhCol III treatment
compared to controls. The hydrogels provide a moist environment
conducive to healing and act as an in situ forming scaffold for
cell migration.

In a study, Wang et al. developed a specialized recombinant
human type III collagen (rhCol III) and constructed a
multifunctional, microenvironment-responsive hydrogel system
integrating this custom rhCol III and multifunctional
antimicrobial nanoparticles (PDA@Ag NPs) (Hu et al., 2021).
This advanced hydrogel showcases accelerated degradation in the
setting of chronic diabetic wounds, orchestrating the regulated and
demand-driven release of various therapeutic agents. Initially, the
hydrogel releases PDA@Ag NPs which possess potent antimicrobial
activity against Staphylococcus aureus and Escherichia coli, thereby
facilitating rapid bacterial eradication. Concurrently, these
nanoparticles exhibit antioxidant and anti-inflammatory
properties within the wound environment. Subsequently, the
release of rhCol III stimulates the proliferation and migration of
murine fibroblasts and endothelial cells during the proliferative and

FIGURE 1
(A) The microenvironment-responsive hydrogel and its therapeutic mechanism contributing to the promotion of chronic wound healing. (B) The
SEM images of for PDA and PDA@AgNPs. (C) The release profiles of payloads from hydrogel. (D) Representative images of S. aureus and E. coli following a
12-h treatment with various hydrogel formulations. (E) Illustrative examples of the progression of wound closure on days 0, 2, 4, 7, and 14 (right) after
being subjected to different treatments at predetermined time points (left, n = 8). (F)Over the course of 14 days, the rate of wound contraction was
also tracked and quantified. (G) The proportional protein expression ratio of bFGF to b-actin. Note the following hydrogel types: (1) Hydrogel 1: Control
hydrogel. (2) Hydrogel 2: Hydrogel encapsulating PDA@Ag nanoparticles. (3) Hydrogel 3: Hydrogel encapsulating rhCol III. (4) Hydrogel 4: Hydrogel
encapsulating both PDA@Ag and rhCol III. Reproduced with permission from ref Hu et al. (2021).
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remodeling phases of wound healing. Upon exposure to a diabetic
wound site with bacterial infection, the hydrogel encounters an
environment rich in reactive oxygen species and characterized by
low pH, indicative of inflammation. This specific environment
triggers a rapid dissolution of the boronic ester bonds within the
hydrogel structure, causing it to collapse and enabling the staged
release of PDA@Ag NPs and rhCol III.

As a result, the hydrogel framework collapses, facilitating the
staged discharge of PDA@Ag NPs and rhCol III (Figure 1A). The
Scanning ElectronMicroscopy (SEM) findings depicted in Figure 1B
illustrate the spherical form of both PDA and PDA@Ag NPs. The
payloads encapsulated within the hydrogel demonstrate a pH-
sensitive release dynamic, where the rate of release notably
escalates under the more acidic conditions of pH 5 (Figure 1C).
The agar plate counting experiment demonstrated that the
hydrogel@Ag&rhCol III group exhibited the most substantial
antibacterial efficiency, as indicated by the fewest bacterial
colonies (Figure 1D). The efficacy of the hydrogel in facilitating
chronic wound healing was evaluated using a rat wound model
infected with E. coli. Among all groups, the hydrogel@Ag&rhCol III
group exhibited the most rapid wound healing, achieving a 64%
wound healing rate by day 7 (Figures 1E, F). As presented in

Figure 1G, the hydrogel@Ag&rhCol III group exhibited notably
elevated levels of bFGF expression compared to other groups. This
observation implies that the hydrogel@Ag&rhCol III has the
potential to amplify the expression of bFGF, thereby fostering
enhanced cell proliferation and angiogenesis.

To summarize, the hydrogel responsive to microenvironmental
changes has shown exceptional capabilities in combating bacteria
and promoting cell growth and movement, successfully speeding up
the healing process of chronic diabetic wounds in both laboratory
and real-world scenarios. This research confirms the significant
potential of newly designed rhCol III for use in mending and
regenerating long-term wounds. As the authers look ahead, they
foresee the creation and implementation of further bespoke
products based on recombinant human collagen, contributing to
advancements in human health and wellbeing.

Wang et al. centers on a pivotal study that delves into the
application of recombinant human collagen III protein hydrogels
and extracellular vesicles (EVs) in skin wound healing (Figure 2A)
(Xu et al., 2022). The research team conducted a series of
experiments to assess the efficacy of these hydrogels and EVs in
promoting wound healing. The findings suggest that the hydrogels
capably released the EVs, thereby stimulating cell proliferation,

FIGURE 2
(A) Illustrative representation of the procedure for preparing the recombinant human collagen III (rhCol III) hydrogel. (B) Impact of the rhCol III
hydrogel extract on cellular proliferation. (C) Swelling ratio observed in the rhCol III hydrogel and the rate of degradation identified in the rhCol III
hydrogel. (D) Proliferations and migration distance of L292 cells in rhCol III hydrogel. (E) images of wounds from each group, taken at baseline (0 days)
and subsequent timepoints (3, 7, and 14 days). (F)Comparison of angiogenesis in human umbilical vein endothelial cells (HUVECs) in various groups.
Reproduced with permission from ref Xu et al. (2022).

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Cao et al. 10.3389/fbioe.2024.1358246

112

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1358246


migration, and angiogenesis (Figures 2B–D). Initially, the study
underscores the crucial role of skin as a protective barrier for the
human body and tackles the challenges associated with the wound
healing process, such as diabetes, vascular insufficiency, and local
pressure alterations. The authors elucidate that collagen III, a vital
component of the extracellular matrix, plays a significant role in
wound healing (Figures 2E, F). They delineate the preparation
process of recombinant human collagen III protein hydrogels
and discuss the role of EVs in sustained therapeutic agent release
for wound healing promotion.

The researchers conducted several experiments to determine the
efficacy of these hydrogels and EVs in wound healing. The hydrogels
successfully released the EVs, enhancing cell proliferation,
migration, and angiogenesis. They also suppressed the
inflammatory response and promoted wound healing in a
diabetic rat skin injury model. The study concludes that these
hydrogels and EVs hold significant potential in skin wound
healing, presenting a novel approach for chronic wound
treatment. In summary, the authors offer an intricate discourse
on the employment of hydrogels as a delivery system for
recombinant collagen, and the utilization of EVs for sustained
therapeutic agent release. They effectively illustrate that the
hydrogels proficiently discharge the EVs, thereby facilitating
wound healing in a diabetic rat skin injury model. This insight
contributes a novel and promising stratagem to the therapeutic
repertoire for chronic wound management.

Presently, hydrogels stand as an encouraging scaffold material
for tissue engineering and regenerative strategies, largely due to their
high-water content, tissue-like mechanical properties, and
adjustable physical features (Kathawala et al., 2019; Su et al.,
2021). Collagen-based hydrogels, in particular, are appealing for
their ability to mimic the extracellular matrix of connective tissues.
Recombinant collagen boasts several advantages over tissue-
extracted collagen, such as enhanced standardization and
tunability, and it circumvents issues of immunogenicity or
pathogen transmission (Muhonen et al., 2017). Nevertheless,
striking the right balance between factors like swelling,
degradation, pore size, and mechanics remains a challenge in
optimizing hydrogel design and collagen incorporation.
Moreover, the production of most recombinant collagen relies on
mammalian cell culture systems, adding a considerable cost (Chen
et al., 2020). There is a call for further research to boost recombinant
collagen yields and devise efficient purification strategies to curtail
expenses (Chen et al., 2022). In summary, while recombinant
collagen-loaded hydrogels offer a promising path in tissue repair,
further optimization and cost-cutting measures are essential to
usher these technologies from the laboratory to clinical practice.
Future research should focus on scalable recombinant collagen
production, the incorporation of cell instructive signals, and in
vivo assessment of performance and host response.

3 The broad application potential of
recombinant collagen in corneal
stroma regeneration

Recombinant collagen has emerged as a promising biomaterial
for various regenerative medicine applications owing to its

versatility, biocompatibility, and improved safety compared to
animal-derived collagens (Strauss and Chmielewski, 2017). As the
most abundant protein in the human body and a major component
of connective tissue, collagen plays a critical role in supporting cell
growth, adhesion, and organization during tissue regeneration
(Sheehy et al., 2018). Recombinant collagen can be
biosynthesized using genetic engineering approaches, allowing
precise control over collagen type, structure, degradation kinetics,
and functionalization with biological signals (Felician et al., 2018).
This advanced engineering of molecular and material properties
makes recombinant collagen highly adaptable for developing
scaffolds, hydrogel, coatings, and delivery systems tailored to
promote regeneration across diverse tissues including skin, bone,
cartilage, vasculature, and others (Addi et al., 2017; Quinlan et al.,
2017; Yang et al., 2021a). The modular and customizable nature of
recombinant collagen, along with its inherent bioactivity and
biodegradability, enables the design of therapeutic platforms that
synergize with endogenous regenerative processes (McPhail et al.,
2020). Further research and clinical translation of recombinant
collagen-based therapies holds promise for enabling more
effective and safer regenerative medicine solutions. In 2021, Sun
et al. developed recombinant human collagen hydrogels with
hierarchically ordered microstructures to regenerate corneal
stroma (Kong et al., 2022). The RHC are modified with
methacrylate anhydride (MA) to mimic native corneal properties.
The collagen hydrogels have aligned microgrooves and inverse opal
nanopores (MI-RHCMA). In vitro experiments show MI-RHCMA
hydrogels guided organized growth and differentiation of limbal
stromal stem cells into keratocytes compared to random collagen
gels. In vivo rat studies demonstrated MI-RHCMA implants
integrate with host tissue and regenerate damaged corneal stroma
better than controls.

In their research, RHCMA was engineered by integrating MA
onto the collagen macromolecular chain via a condensation reaction
between amino and carboxyl groups, as depicted in Figure 3A. This
method effectively maintained the inherent superior
biocompatibility of collagen hydrogel. The distinctive structure of
the MI-RHCMA hydrogel patch is clearly illustrated in Figure 3B.
The cross-sectional view showcases the convexity and indentation of
the microgrooves, which further reveal the existence of inverse opal
pores within the microgroove. Figures 3C, D provide a graphical
representation of the compressive strain-stress relationship, along
with the maximum compressive stress experienced by the RHCMA
hydrogel when submerged in PBS. When it comes to cell behavior,
LSSCs displayed a tendency to form an organized and elongated
structure on MI-RHCMA hydrogel patches, contrasting with their
random distribution on unpatterned RHCMA hydrogel surfaces, as
shown in Figure 3E. The surgical and post-surgical observations are
depicted in Figure 3F. MI-RHCMA hydrogel patches were grafted
onto the left eyes of rats, with the right eyes serving as controls.
These assessments were performed immediately post-surgery and at
1, 2, and 4 weeks following the operation. Figure 3G presents the
results of a histological analysis for measuring corneal stromal and
epithelial thickness. Interestingly, no significant statistical variation
was observed in the thickness of the corneal epithelium across the
allograft, MI-RHCMA, RHCMA, and native corneas.

To summarize, researchers fabricated a novel recombinant
human collagen hydrogel designed for corneal tissue restoration.
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The final product was a hierarchically structured hydrogel, crafted
through the amalgamation of RHCMA hydrogel, lithography, and
photonic crystal techniques. This material, featuring inverse opal
nanopores and aligned microgrooves, alongside ordered topological
indications, promoted the aligned growth and differentiation of
LSSCs into keratocytes in vitro. Moreover, RHCMA hydrogels with
these organized microstructures were found to boost tissue repair
processes and foster the regeneration of damaged stromal tissue in
vivo. These attributes underscore their promising potential in the
domains of tissue repair and stroma regeneration.

Recombinant human collagen (RHC) polypeptide holds a
significant edge over natural collagen sources in the realm of
tissue engineering applications (Yang et al., 2021b). This is
particularly advantageous when compared to animal-derived
collagens, as it considerably reduces the risk of immune rejection
upon implantation (Parmar et al., 2017). One of the key advantages
of RHC is its capacity for precise and customizable biosynthesis.
This allows for the engineering of specific peptide sequences,
integrin binding sites, growth factors, and cross-linking into the

polypeptide chain (Haagdorens et al., 2019; Wang, 2021). Such level
of control paves the way for tuning the properties of RHC to achieve
optimal performance in specific applications. In addition, the
production of RHC yields a highly consistent and reproducible
biomaterial, thereby ensuring uniformity in its quality (Wang,
2021). This process also eradicates risks associated with pathogen
transmission from animal sources and negates the need for reliance
on animal harvesting, thus providing an abundant, sustainable
supply of human collagen (Rico-Llanos et al., 2021). The
degradation rate of RHC is tunable, and it boasts processing
versatility, and overall customizability, which further enhances its
suitability as a biomaterial. These properties make RHC an ideal
biomaterial for the development of engineered tissues and scaffolds
for various applications. These include, but are not limited to, skin
grafts, tendon/ligament repair, wound healing, and other
regenerative medicine applications.

The potential for employing scaffolds as vehicles for
recombinant collagen in the fields of tissue engineering and
regenerative medicine is considerable. These scaffolds deliver a

FIGURE 3
(A)Graphic representation of rhcma hydrogel synthesis process. (B) Cross-sectional SEM visuals of the mi-RHCMA hydrogel patch. Scale bar, 5 μm.
(C)Compressive strain-stress relationships of various RHCMA hydrogels post 60-min PBS soak. (D)Histograms displaying the peak compressive stress for
different RHCMA hydrogels following immersed in PBS. (E)Diagram exhibiting the cytoskeletal and nuclear staining in LSSCs hosted on constructs. Scale
bar, 5 μm. (F) Representative photographs illustrating the post-surgical ocular conditions of corneas that treated with i) allograft, ii) RHCMA, and iii)
MI-RHCMA hydrogel patches, captured immediately. Scale bar, 1.5 mm. (G)Measurements of the thickness of the stroma (B) and the epithelium (C)were
taken at day 14 and day 28 post-operation for corneas that had undergone transplantation with allograft, RHCMA, and MI-RHCMA hydrogel patches.
Reproduced with permission from ref Kong et al. (2022).
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three-dimensional construct reminiscent of the natural extracellular
matrix, fostering cellular attachment, proliferation, and
differentiation. Scaffolds comprising recombinant collagen
present numerous benefits compared to conventional scaffolds
manufactured from animal-derived collagen. The former can be
produced on a large scale, with meticulous regulation of
composition and purity (He et al., 2018). Additionally,
recombinant collagen scaffolds can be functionalized with
elements such as cell-binding motifs, growth factors, and other
biologically active molecules to enhance their efficacy.

Nevertheless, significant obstacles remain. Emulating the
intricate architecture and diverse protein composition of
native ECM continues to be a challenging task. Matching the
degradation rate of scaffolds with the pace of cell/tissue growth
persistently proves difficult (Jeon et al., 2017). Engineering
tissues over 1 mm in thickness necessitates innovative
strategies for vascularization. Moreover, understanding how
the physicochemical properties of scaffolds impact cell
behavior is still lacking. Current research pursuits are focused
on deepening our understanding of cell-matrix interactions,
designing innovative biomaterials and processing
methodologies, and augmenting the functional characteristics
of engineered tissues (Huang et al., 2018). In conclusion, while
recombinant collagen scaffolds represent a promising avenue for
regenerative medicine, additional research is required to enhance

scaffold bioactivity, degradation, and integration within
host tissues.

4 Utilization of recombinant human
collagen in bone tissue repair

Recombinant human collagen has emerged as a significant asset
in the field of bone regenerative engineering (Andrews et al., 2019;
Fushimi et al., 2020). RhCOL retains the biological attributes of
natural collagen while circumventing the issues associated with
immunogenicity and pathogen transmission. RhCOL scaffolds
facilitate the adhesion, proliferation, and differentiation of
osteoblasts in vitro. In vivo studies illustrate enhanced bone
regeneration when rhCOL is used in conjunction with bone
marrow-derived mesenchymal stem cells (BMSCs) and/or
osteogenic growth factors (Chan et al., 2017).

The composition and structure of rhCOL scaffolds can be
precisely tailored to mimic the native bone extracellular matrix.
This is achieved through manipulation of collagen crosslinking,
mineral content, and the incorporation of bioactive motifs, enabling
a controlled degradation rate that synchronizes with new bone
deposition (Bien et al., 2020). Moreover, rhCOL scaffolds surpass
the limitations of traditional bone graft materials by supporting
cellular growth and providing precise control over structural and

FIGURE 4
(A) SEM analysis of MgAp/RCP scaffolds. Scale bar, 250 mm. Release profiles of (B) Ca2+ and (C) RCP from MgAp/RCP scaffolds. (D) Staining of live
and dead cells was performed for the investigation of cytocompatibility. (E) The MTT assay was employed to evaluate cell viability at multiple time points:
after 1, 3, 7, 14, 21, and 28 days. (F) mRNA expression investigation of alkaline phosphatase (ALP), collagen I (COL1), osteopontin (OPN) and runtrelated
transcription factor 2 (RUNX2). Reproduced with permission from ref Ramírez-Rodríguez et al. (2017).
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functional properties (Muhonen et al., 2017; Bien et al., 2020).
Ongoing research endeavors aim to optimize integration and
healing outcomes as rhCOL transitions from laboratory research
to clinical implementation for bone engineering applications.

Sandri et al. delves into the creation of a synthetic bone
substitute that emulates the biochemical and biophysical cues
intrinsic to the native bone extracellular matrix (Ramírez-
Rodríguez et al., 2017). The investigative team employed a
recombinant collagen-based scaffold, which was enriched with
the tri-amino acid sequence arginine-glycine-aspartate (RGD),
aiming to bolster the interaction and differentiation of
mesenchymal stem cells. The study witnessed promising progress
in the generation of superior quality bone grafts, a feat achieved
through biomimetic mineralization of synthetic engineering
peptides under the influence of magnesium ions. The novelty of
this study hinges on the application of a synthetic bone substitute
that, across all scales frommacro to nano, replicates the biochemical
and biophysical cues of the bone extracellular matrix.

Three distinct scaffold compositions were characterized by SEM
analysis, non-mineralized (RCP), mineralized (Ap/RCP), and
mineralized alongside magnesium (MgAp/RCP) possess a highly
porous structure with interconnected pores. The mineralized
scaffolds exhibit a more compact structure compared to their
non-mineralized counterpart, and the incorporation of
magnesium leads to a more uniform and homogeneous structure
(Figure 4A). Encapsulated Ca2+ and Rcp display a consistent and
prolonged release pattern (Figures 4B, C). The scaffold demonstrates
superior cytocompatibility, exhibiting no adverse or toxic effects on
cells (Figure 4D). Detailed examination revealed that the MgAp/
RCP scaffolds exhibited the most pronounced MSC proliferation
within 28 days (Figure 4E). Through the use of qPCR, they analyzed
the messenger RNA (mRNA) levels of ALP, RUNX2, OPN, and
COL1, aiming to discern the influence that the three types of
scaffolds exerted on the expression of osteogenic markers.
Scaffolds exert a significant influence on the expression levels of
these mRNAs (Figure 4F).

FIGURE 5
(A) The diagram depicts the structural network of a hydrogel infused with microspheres. (B) SEM visuals of the SLM+RCP-MS, SLG+RCP-MS, and
HApN+RCP-MS formulations are presented. Scale bar, 100 μm. (C) The dispersion of BMP-2 is contrasted among various precursors. (D) Positive iNOS
staining observed in the formulations after a period of 10 weeks. (E) Two impartial reviewers classified the implants based on the occurrence of
CD68 positive staining observed in the formulations at the intervals of 1, 4, and 10 weeks. (F) Representative sample from each implant formulation at
1 and 10 weeks, with a scale bar indicating 400 μm. Reproduced with permission from ref Fahmy-Garcia et al. (2018).
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In 2018, Farrell et al. presented a research investigation focused
on developing a novel in situ gelling hydrogel, embedded with
recombinant collagen peptide microspheres (Fahmy-Garcia et al.,
2018). This unique slow-release system is designed to stimulate
ectopic bone formation. The study’s objective was to introduce a
promising solution for extensive bone defect repair, employing
natural biomaterials which are biodegradable, biocompatible, and
can actively interact with the extracellular matrix and cells. The
injectable formulation simplifies application and can potentially
expedite patient recovery time.

The research process comprised the production of the hydrogel
and microspheres, succeeded by in vitro and in vivo examinations to
assess their properties and effectiveness. The hydrogel was
synthesized using a blend of gelatin, hyaluronic acid, and β-
glycerophosphate (Figure 5A), while the microspheres were
fashioned using recombinant collagen peptide and poly (lactic-
co-glycolic acid) (PLGA). Various techniques, including scanning
electron microscopy (Figure 5B), Fourier-transform infrared
spectroscopy, and rheological analysis, were employed to
characterize the hydrogel and microspheres. Alginate hydrogels
containing RCP-MS demonstrated a slower release rate,
indicating the synergistic effect of microspheres and hydrogels in
controlling the release. During the in vitro experiments, the hydrogel
and microspheres’ biocompatibility and osteogenic potential were
evaluated. The findings indicated that the hydrogel and
microspheres promoted cells proliferation and differentiation into
osteoblasts, suggesting their potential for bone tissue engineering
applications. In vivo experiments evaluated the hydrogel and
microspheres’ efficacy in stimulating ectopic bone formation in a
rat model. The results revealed significant enhancement in bone
formation in comparison to the control group, as substantiated by
micro-computed tomography and histological analysis. The
hydrogel and microspheres also facilitated the infiltration of
immune cells, including macrophages and M2-like macrophages,
which play an essential role in bone regeneration.

In summary, the research demonstrated the potential of the
novel in situ gelling hydrogel loaded with recombinant collagen
peptide microspheres as a slow-release system to induce ectopic
bone formation. Both the hydrogel and microspheres displayed
excellent biocompatibility and osteogenic potential in vitro and
significantly augmented bone formation in vivo. The findings
indicate that this injectable formulation could serve as a
promising solution for extensive bone defect repair by leveraging
natural, biodegradable, and biocompatible biomaterials that interact
with the extracellular matrix and cells.

5 Application of recombinant human
collagen in 3D bioprinting

Recombinant human collagen has attracted growing interest in
3D bioprinting due to its biocompatibility, low immunogenicity, and
customizable biochemical and mechanical properties (Lee et al.,
2019; Osidak et al., 2020; Muthusamy et al., 2021). Studies have
engineered recombinant human collagen with tailored
supramolecular assemblies, crosslinking densities, and matrix
stiffnesses to resemble native extracellular matrices (Włodarczyk-
Biegun and Del Campo, 2017; Hong et al., 2018). This permits

precise control over microenvironments for directing cell fate
processes (Tytgat et al., 2020). Moreover, recombinant collagen
allows incorporation of cell-adhesive peptides, growth factors,
and cytokines to modulate cell behaviors. Currently, recombinant
human collagen-based bioinks have been utilized to bioprint tissue
constructs such as skin, cartilage, bone, blood vessels, and liver
(Zhang et al., 2021). Looking ahead, recombinant human collagen
bioinks hold great promise for fabricating complex heterogeneous
tissues with biomimetic architectures, compositions, and functions
(Gungor-Ozkerim et al., 2018; Isaacson et al., 2018; Gudapati et al.,
2020). However, challenges remain in scalable recombinant collagen
production and developing universal crosslinking strategies to
enhance print fidelity (Martyniak et al., 2022). Further
interdisciplinary research on optimizing recombinant human
collagen designs, crosslinking mechanisms, and printing
processes is critical to enable wide clinical translations of 3D
bioprinted tissues and organs (Stepanovska et al., 2021).

In 2022, Jin et al. presents the formulation of photo-responsive
bioinks based on chitosan and recombinant human collagen for 3D
bioprinting (Yang et al., 2022a). The authors delve into the merits of
employing these materials, including their biocompatibility,
biodegradability, and their proficiency to foster cell proliferation
and differentiation. They underscore the cruciality of managing
shear stress during the printing operation to preserve the integrity of
stem cells (Figure 6).

Type-III recombinant human collagen methacryloyl/acidified
chitosan (CS-RHCMA) bioinks were synthesized by incorporating
acidified chitosan into a RHCMA solution. The RHCMA was
derived by altering recombinant human collagen with
methacrylic anhydride. The CS-RHCMA composites were created
by amalgamating the acidified chitosan with the RHCMA solution
in varying proportions, facilitating the adjustment of the bioinks’
mechanical resilience and internal pore dimensions. The integration
of chitosan into RHCMA enhanced the printability of the bioinks,
yielding well-structured 3D constructs via extrusion-based 3D
printing (Figure 6A). Figure 6B shows different structures created
by 3D printed constructs using the CS-RHCMA bioinks. The
authors demonstrate the versatility of the bioinks by creating
various structures, including a honeycomb structure, a spiral
structure, and a grid structure. The printed HUVECs are well
sustained within the lattices prepared from the CS-RHCMA
samples, with nearly 80% of the cells being alive after the
extrusion-based printing. This suggests that the CS-RHCMA
bioinks are suitable for 3D bioprinting and can support the
growth and viability of HUVECs. SEM images present the
internal structure of freeze-dried RHCMA and CS-RHCMA
samples. Both samples show a uniformly distributed,
interconnected pore structure (Figure 6C). Introducing chitosan
to RHCMA increased pore size: average pore size in CS-RHCMA 1:
3 is 128 μm, larger than 66 μm in 10% RHCMA. Further CS content
increases lead to smaller pores and denser pore walls, with CS-
RHCMA 3:3 having the smallest size of 58 μm. These findings
indicate that adding chitosan to RHCMA allows control over the
bioinks’ internal structure, influencing the mechanical properties
and cell behavior in printed constructs. Figure 6D depict the
degradation of RHCMA and CS-RHCMA in PBS (pH 7.2) and
lysozyme solution (pH 6.5), measured by weight loss over time.
Lysozyme-incubated samples degraded completely in 4 days, while
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those in PBS took 14 days. RHC and CS-RHCMA 1:3 degraded
slower but increasing CS ratio sped up degradation. This is likely due
to changes in mechanical properties from added acidified CS
disrupting gelation networks. Thus, higher strength UV-cured
bioinks resist fast breakdown, and degradation rate can be
adjusted by varying bioink composition, influencing the stability
and longevity of printed constructs. Figure 6E demonstrates that all
the UV-cured CS-RHCMA bioinks were cytocompatible and
suitable for 3D bioprinting in vitro.

The findings affirm the cytocompatibility of UV-cured CS-
RHCMA bioinks, rendering them suitable for in vitro 3D
bioprinting. The viability of cells within the bioprinted lattice
approximated 80%, underscoring the bioinks’ ability to foster
HUVECs growth and survival (Figure 6F). These insights are
pivotal in advancing bioinks for 3D bioprinted vascularized
tissues and organ constructs.

The novelty of this research rests on the generation of a photo-
responsive bioink capable of fabricating intricate 3D constructs with
superior resolution and cell viability. The authors illustrate the
promise of this bioink for tissue engineering applications,
encompassing the production of skin and cartilage tissues.

Nonetheless, this work is not without its challenges. These
include the necessity for further refinement of the printing
protocol and the imperative to scale up manufacturing for
clinical use. Moreover, the authors acknowledge that additional
research is requisite to fully comprehend the enduring impacts of
employing these materials in a living organism.

Recombinant human collagen has garnered interest in 3D
bioprinting due to its biocompatibility, low immunogenicity, and
adaptable biochemical and mechanical traits (Elalouf, 2021).
Research has tailored RHC to mimic native extracellular matrices
with custom supramolecular assemblies, crosslinking densities, and
matrix firmness, allowing precise control over cellular
microenvironments for directing cell fate (Cui et al., 2017).
Furthermore, RHC allows the integration of cell-adhesive
peptides, growth factors, and cytokines to influence cell behaviors
(Dai et al., 2021). At present, RHC-based bioinks are used to
bioprint various tissue constructs, including skin, cartilage, bone,
blood vessels, and liver (Tang et al., 2021). Moving forward, RHC
bioinks possess significant potential for crafting complex,
heterogeneous tissues with biomimetic structures, compositions,
and functionalities (Zhang et al., 2017; Matai et al., 2020).
Nevertheless, hurdles persist in scalable RHC production and
devising universal crosslinking strategies for improved print
fidelity. Continued interdisciplinary research on refining RHC
designs, crosslinking mechanisms, and printing methodologies is
crucial for broad clinical translation of 3D bioprinted tissues
and organs.

6 Conclusion and discussion

The production of recombinant human collagen (RHC) is a
complex biotechnological process that encompasses the utilization

FIGURE 6
(A) Diagrammatic representation of the CS-RHCMA bioinks preparation process. (B) Different structures created by 3D printed constructs. (C) SEM
images of the internal morphology of freeze-dried RHCMA and CS-RHCMA samples. Scale bar, 200 µm. (D) Degradation of RHCMA and CS-RHCMA
samples when incubated in PBS solution (pH 7.2) and lysozyme solution (pH 6.5), respectively. (E) Assessment of HUVECs viability cultured in sample
extracts at timeframes of 24 and 72 h. None significant (ns) indicates p > 0.05. (F) Evaluation of in vitro biocompatibility for HUVECs-laden CS-
RHCMA bioinks post-printing. Reproduced with permission from ref Yang et al. (2022a).

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Cao et al. 10.3389/fbioe.2024.1358246

118

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1358246


of specific host cells modified to express human collagen genes. The
process begins with the isolation of the relevant human genes
encoding collagen, which are then cloned into vectors–DNA
molecules capable of carrying foreign DNA into a host cell.
These vectors are subsequently introduced into host cells such as
Escherichia coli, yeast, or mammalian cells, which have been chosen
based on their ability to produce collagen in a form that retains its
native structure and function (He et al., 2018; Sheehy et al., 2018).

Following transformation, the host cells are cultured in a
controlled environment that is optimized for the expression of
the collagen gene. The production involves the scaling up of cell
cultures in bioreactors, where conditions such as temperature, pH,
and nutrient supply are meticulously managed to maximize yield
and product quality (Włodarczyk-Biegun and Del Campo, 2017; Lee
et al., 2019). Post-translational modifications crucial for collagen
stability and function, such as hydroxylation and glycosylation, are
carefully orchestrated within the production system.

The benefits of using RHC instead of animal-derived collagen
are multifaceted (Radke et al., 2018; Lagali, 2020; Elalouf, 2021): (1)
safety: RHC reduces the potential for zoonotic disease transmission
and immunogenic reactions as it is produced in a controlled
environment without sourcing from animal tissues; (2)
Consistency: the production of RHC can be tightly regulated to
ensure batch-to-batch consistency, which is a significant challenge
with animal-derived collagen due to natural biological variability;
(3) Customization: RHC can be modified at the genetic level to
include specific amino acid sequences or to introduce particular
post-translational modifications, which is not feasible with animal-
derived collagen. This allows for the creation of collagen with precise
characteristics required for specific applications. (4) Ethical
Considerations: RHC production avoids the ethical concerns
associated with the use of animal products.

It is important to highlight that customizing animal-derived
collagen is inherently challenging. The extraction process from
animal tissues can lead to batch variability, and the complexity of
the native collagen structure makes it difficult to modify post-
translationally. This results in a product that may not be
consistently reliable for precise biomedical applications, where
uniformity in structure and function is paramount (Osidak
et al., 2020).

RHC has emerged as a biomaterial with extraordinary versatility
and promise in the realms of tissue engineering and regenerative
medicine, presenting a multitude of benefits over traditional animal-
derived collagens. Its uniform composition, markedly reduced
immunogenicity, and the amenability to molecular engineering
for bespoke applications highlight its broad potential in diverse
biomedical applications (Nocera et al., 2018). Research has
underscored the adaptability of RHC in various formulations
such as hydrogels, scaffolds, and lyophilized substances, which
have been successfully applied in healing wounds, regenerating
skin, and reconstructing osseous and cartilaginous tissues.

The ability to enhance these RHC-based materials with growth
factors, cellular elements, or nanoparticles opens up avenues for
precision customization, aligning material properties with the
nuanced demands of specific therapeutic contexts. The efficacy of
RHC is evident in its application to skin grafts, weight-bearing
tissue repair, and the engineering of vascular grafts—areas where
there is substantial documentation of its success, particularly in

preclinical animal studies (Curtin et al., 2018; Elalouf, 2021; Yang
et al., 2022a).

To expand upon this, the future of RHC research is poised to
delve into next-level innovations that may redefine therapeutic
approaches. For instance, the integration of RHC with cutting-
edge bio-fabrication technologies, such as 3D bioprinting, has the
potential to construct tissues and organs with unprecedented
complexity and functionality (Liverani et al., 2017; Rico-Llanos
et al., 2021). This would not only revolutionize how we approach
complex tissue reconstruction but also hold implications for
personalized medicine, where RHC-based tissues are tailored to
individual patient’s biological profiles.

Moreover, there exists a burgeoning interest in exploring the
synergistic combinations of RHC with synthetic polymers, which
may yield composite materials with enhanced mechanical properties
and biological functionalities. Such composites could offer new
solutions for the regeneration of tissues that require a high
degree of biomechanical resilience, such as in the case of
intervertebral disc repair or the reconstruction of load-bearing
joints (He et al., 2018; Rico-Llanos et al., 2021; Binlateh et al., 2022).

Another prospective area of RHC application lies in the realm of
controlled drug delivery systems (Lagali, 2020; Yang et al., 2022b).
By embedding therapeutic agents within RHC matrices, it may be
possible to achieve localized, sustained release of drugs at injury
sites, thereby enhancing the healing process while minimizing
systemic side effects.

The ongoing research and future explorations are expected to
not only address the current limitations surrounding RHC
production and application but also to unlock novel therapeutic
paradigms. As we stand on the cusp of these scientific advancements,
RHC research is truly at an inflection point, with the anticipation
that future studies will bring forth groundbreaking applications that
will cement RHC’s status as an invaluable asset in biomedical
engineering and beyond. (Liverani et al., 2017).

RHC is an area of intense research interest due to its potential
applications in biomedicine, particularly in tissue engineering and
regenerative medicine (Parmar et al., 2017; Yang et al., 2021b;
Gajbhiye and Wairkar, 2022). The future direction of RHC-
related research is shaped by the need for safer, more effective,
and customizable biomaterials. Here are several promising avenues
for future research:

6.1 Enhanced biomimicry

Future research will likely focus on improving the biochemical
and biomechanical properties of RHC to more closely mimic the
native characteristics of human collagen. This includes fine-tuning
the amino acid composition, crosslinking patterns, and molecular
alignment to replicate the mechanical strength and biological
signaling present in the human body.

6.2 Genetic engineering advances

Advancements in genetic engineering techniques can be applied
to modify the genes used to produce RHC, leading to collagens with
specific properties or functions that are difficult to obtain from
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natural collagens. This can enable the custom design of collagen
molecules for specific medical applications.

6.3 3D Bioprinting integration

The integration of RHC with advanced 3D bioprinting
techniques is an exciting frontier. Research will likely
explore the development of specialized bioinks that can be
used to print complex, multicellular tissues and organs with
high precision.

6.4 Smart biomaterials

The development of “smart” RHC-based materials that can
respond to physiological stimuli, such as changes in pH or
temperature, could revolutionize drug delivery systems and
dynamic tissue scaffolds that adapt to the healing process.

6.5 Personalized medicine applications

With the advent of personalized medicine, RHC could be
tailored to individual patients based on their genetic makeup,
potentially improving the outcomes of treatments and reducing
the risk of adverse reactions.

By addressing these future directions, RHC research can
contribute to creating more effective therapeutic strategies and
innovative solutions for complex medical challenges.

However, challenges persist. To fully realize the potential of
RHC, high-yield, cost-effective production systems need to be
established (Fu et al., 2019; Groetsch et al., 2019). Systems based
on mammalian cells are often associated with low yields and high
costs, while bacterial and yeast systems, although more cost-
effective, may not achieve the necessary post-translational
modifications. Innovations in genetic manipulation and enzyme
supplementation may offer potential solutions to these problems
(Radke et al., 2018). The use of RHC in 3D bioprinting also invites
further exploration. As technologies evolve, RHC’s potential to be
used in the fabrication of complex, heterogeneous tissues with

biomimetic architectures, compositions, and functionalities could
be transformative.

In summary, the research summarized in this review
underscores the significant potential of RHC in tissue
engineering and regenerative medicine. Despite remaining
challenges, the progress made so far in the development and
application of RHC is encouraging, and the future of RHC looks
promising. As the field continues to advance, RHC is likely to play an
increasingly important role in the development of improved
biomaterials, therapies, and patient outcomes.
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A study on the ultimate
mechanical properties of
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Background: The mechanical properties of the aorta are particularly important in
clinical medicine and forensic science, serving as basic data for further
exploration of aortic disease or injury mechanisms.

Objective: To study the influence of various factors (age, gender, test direction,
anatomical location, and pathological characteristics) on the mechanical
properties and thickness of the aorta.

Methods: In this study, a total of 24 aortas (age range: 54–88 years old) were
collected, one hundred and seventy-four dog-bone-shaped samplesweremade,
and then the uniaxial tensile test was run, finally, pathological grouping was
performed through histological staining.

Results: Atherosclerotic plaques were mainly distributed near the openings of
blood vessel branches. The distribution was most severe in the abdominal aorta,
followed by the aortic arch. Aortic atherosclerosis was a more severe trend in the
male group. In the comparison of thickness, there were no significant differences
in age (over 50 years) and test direction, the average thickness of the aorta was
greater in the male group than the female group and decreased progressively
from the ascending aorta to the abdominal aorta. Comparing the mechanical
parameters, various parameters are mainly negatively correlated with age,
especially in the circumferential ascending aorta (εp “Y = −0.01402*X + 1.762,
R2 = 0.6882”, εt “Y= −0.01062*X + 1.250, R2 = 0.6772”); the parameters ofmales in
the healthy group were larger, while the parameters of females were larger in
atherosclerosis group; the aorta has anisotropy, the parameters in the
circumferential direction were greater than those in the axial direction; the
parameters of the ascending aorta were the largest in the circumferential
direction, the ultimate stress [σp “1.69 (1.08,2.32)”] and ultimate elastic
modulus [E2“8.28 (6.67,10.25)”] of the abdominal aorta were significantly larger
in the axial direction; In the circumferential direction, the stress [σp “2.2
(1.31,3.98)”, σt “0.13 (0.09,0.31)”] and ultimate elastic modulus (E2 “14.10 ±
7.21”) of adaptive intimal thickening were greater than those of other groups,
the strain (εp “0.82 ± 0.17”, εt “0.53 ± 0.14”) of pathological intimal thickening was
the largest in the pathological group.

Conclusion: The present study systematically analyzed the influence of age, sex,
test direction, anatomical site, and pathological characteristics on the
biomechanical properties of the aorta, described the distribution of aortic
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atherosclerosis, and illustrated the characteristics of aortic thickness changes. At
the same time, new insights into the grouping of pathological features
were presented.

KEYWORDS

human aorta, uniaxial tensile test, material properties, pathology, atherosclerosis

1 Introduction

The aorta, the largest blood vessel in the human body, is rich in
multiple layers of elastic membranes and many elastic fibers
(Sokolis, 2007). The anatomy of the aorta influences how well it
functions. Atherosclerosis (AS) is the result of the aorta’s constant
growth, aging, blood flow, or other diseases. These factors alter the
aorta’s structure, particularly the breakdown or damage of elastic
fibers and the proliferation of collagen fibers, which narrows the
lumen and hardens the wall of the artery, and increases the risk of
other cardiovascular diseases (aneurysm, arterial dissection,
intramural hematoma, etc (Mussa et al., 2016; Herrington et al.,
2018)). The death rate in forensic cases involving aortic rupture can
reach 80%–94% (Ye et al., 2022). In particular, the co-occurrence of
external violence and pathological tissue changes complicates cases
of death from aortic rupture following traffic accidents or
medical mishaps.

The biomechanical properties of the aorta are indispensable data
for establishing a finite element model of the aorta (Garcia–Herrera
et al., 2016) and performing computational hemodynamics based on
fluid-structure interaction (Qiao et al., 2023). In addition, it provides
important basic data in clinical surgical treatment and biomaterial
development (Sherifova and Holzapfel, 2019). The current research
is based on in vitromechanical testing (for example, uniaxial tension
(Franchini et al., 2021), biaxial tension (Pukaluk et al., 2022), peeling
test (Myneni et al., 2020), bulge inflation tests (Romo et al., 2014),
etc.) to evaluate the mechanical properties of the aorta. Uniaxial
tensile testing is one of the most commonly used methods. Its
advantages include loose test conditions, many types of test samples
(for example,: brain tissue (Zwirner et al., 2020), lungs (Bel-Brunon
et al., 2014), trachea (Teng et al., 2012), liver (Estermann et al.,
2021), etc.), and relatively simple operation (Li et al., 2023). Some
researchers prepared the aorta as a long strip for tensile testing
(Kobielarz et al., 2020; Franchini et al., 2021), but Yi-Jiu Chen et al.
confirmed that dog bone-shaped samples are better suited for tensile
testing (Pei et al., 2021). Numerous academics have examined the
aorta’s mechanical properties from a variety of perspectives,
including age (Haskett et al., 2010), gender (Sokolis et al., 2017),
pathological features (Bai et al., 2018), different segments (Peña
et al., 2019), and test directions (axial and circumferential)
(Franchini et al., 2021; Polzer et al., 2021), and so forth.

Some studies summarised the variability in previous test results
(Walsh et al., 2014; Sherifova and Holzapfel, 2019), and a lack of
systematic research due to the absence of uniform test standards in
earlier studies (such as the geometric shape of the sample, etc.). In
addition, Fewer studies have provided a more detailed description of
the mechanical properties of the aorta in middle-aged and elderly
people. At the same time, we provide new insights into the
pathological grouping of the aorta, which may provide some
reference value for subsequent studies.

Based on the above issues. The current study used a fresh aorta
removed during autopsy. Basic data, such as age and sex, was then
gathered. The aorta was first observed grossly morphologically.
Next, samples of the aorta were taken in two directions
(circumferential and axial) from four anatomical regions: the
ascending aorta, aortic arch, thoracic aorta, and abdominal aorta.
Then, a thickness measurement was taken on a dog bone-type
sample, and a uniaxial tensile test was conducted. Histological
staining was used to classify the aorta into four groups: Normal,
Adaptive intimal thickening, Pathological Intimal thickening, and
Fibrous atherosclerosis group. Finally, statistical analysis was
carried out.

2 Materials and methods

2.1 Specimen collection

This study was approved by the Ethics Committee of Chongqing
Medical University and informed consent was given by the
deceased’s next of kin.

The aorta (death within 24 h, no aortic disease, and intact aortic
structure) and pertinent information were obtained from the
autopsy of the Forensic Medicine Department of Chongqing
Medical University (Chongqing Forensic Injury Examination
Institute). The entire aorta was collected and transferred to the
laboratory in a crisper box with phosphate buffer at an internal
temperature of 4°C–5°C.

2.2 Uniaxial tensile test

2.2.1 Tensile test configuration
The tensile test was carried out using an electronic universal

material testing machine that was controlled by a microcomputer
(Figure 1). A buffer strip with a frosted paper strip was adhered to
the inside of the clamp to lessen the force the clamp applied to the
sample and its tendency to slip. In operation, the upper clamp
stretches until the sample breaks at a quasi-static speed of 4 mm/
min after going through three preconditioning cycles (about 5%
stretching at a speed of 4 mm/min) to get rid of the
hysteresis effect.

Before the test, the adventitia’s surrounding connective tissue
was cut away, and aortic branch vessel openings were avoided,
174 dog-bone-shaped samples (where “N" denotes the number of
samples) were created using a stamping die. Use a vernier caliper
(accurate to 0.01 mm) to measure the original thickness (measure
three times, taking the average value), the clamp clamped both ends
of the sample and started running. The fracture near the middle of
the sample was judged as a valid sample (Figure 2C) (Loree et al.,
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1994; Pei et al., 2021), there were 156 valid samples (accounting for
89.66%). The number of samples in each group is shown in Table 1.
The test was completed within 48 h (Walsh et al., 2014).

2.2.2 Test data processing
We depict the real stress-strain because it more accurately captures

the dynamic mechanical properties of the sample in real time. The

FIGURE 1
(A) Axial tensile test platform; (B) Clamp; (C) Buffer strip added inside the clamp; (D) Buffer strip material.

FIGURE 2
(A) Complete aorta; (B) Dog bone-shaped aorta sample; (C) Uniaxial tensile test process; the red arrow indicates the beginning of intimal rupture.
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stress, strain, and elastic modulus at each stage can be obtained using a
curve graph (Figure 3). We depict the real stress-strain because it more
accurately captures the dynamic mechanical properties of the sample.

The raw data (load F, displacement L1) are processed to obtain
the true stress and strain.

The specific processing is as follows:
Assuming that the aortic tissue is incompressible (Chuong and Fung,

1983;Wang et al., 2023), the sample initial thicknessT0,widthW0, length
L0, the sample thickness T, width W, length L during stretching, then:

L � L0 + L1 (1)
W0 · T0 · L0 � W · T · L (2)

The initial cross-sectional area A0 and the current cross-
sectional area A, then:

A0 · L0 � A · L (3)
A0 � W0 · T0 (4)
A � A0 · L0

L
(5)

The true stress is the ratio of the current load to the current
cross-sectional area and is mathematically formulated as:

σT � F

A
� FL

A0 · L0 (6)

The true strain is the natural logarithm of the ratio of the current
length to the initial length, and its mathematical formula is:

εT � ln
L

L0
( ) (7)

The modulus of elasticity is the stress required for the elastic
deformation of a material produced by an external force. It is an
indicator of the material’s ability to resist elastic deformation,
usually expressed as E. The modulus of elasticity is a measure of
the material’s ability to resist elastic deformation. The bigger the
value, the more rigid the material is and the more stress it
experiences during a certain elastic deformation. Defined as the
ratio of stress to strain in the elastic deformation stage of a material:

E � dσT

dεT
(8)

The graph has four stages. In the first, alterations in elastic fibers
predominate when subjected to physiological stresses. During the
transition stage, the slope gradually increases as collagen fibers
engage in the activity, indicating hyperelasticity (Li et al., 2023;
Wang et al., 2023); during the reinforcing stage, the slope reaches its
maximum and the collagen fibers provide their greatest effect;
during the failure stage, the sample completely shreds as the
ultimate load is met (Utrera et al., 2022).

The middle variables (σt, εt) are obtained based on the first order
derivatives of the ture stress-strain curves (dσT/dεT). In this curve,
the midpoint of the transition zone is defined in this study as the
middle variable (García-Herrera et al., 2012).

2.3 Histological staining and classification

After testing, the samples were put in an embedding box and
fixed for 24 h with 10% formalin added. After paraffin slices
(4 μm in thickness) were made, they were stained with HE
(hematoxylin and epoxy resin), which showed red coloration
of the cytoplasm as well as the extracellular matrix, and bluish-
purple coloration of the chromatin in the nucleus and nucleic
acids in the cytoplasm as well as the calcium deposit under a light
microscope.

Previous studies have taken tissue from neighboring samples for
histological staining (Kobielarz et al., 2020; Pukaluk et al., 2022),
whereas there may be different pathological features between the
sample and the neighboring area or in different areas of the same
sample (Figure 4). Therefore, we observed the pathological features
of the samples by taking the broken end of the sample as the weakest
point and then grouped them according to the development of
atherosclerosis (normal group, adaptive intimal thickening group,

TABLE 1 Number of samples in each group.

Factor Group N

Age Range (54-88 years) 156

Gender Male 98

Female 58

Anatomic Location Ascending Aorta 21

Aortic Arch 40

Thoracic Aorta 54

Abdominal Aorta 41

Direction Circumferential 80

Longitudinal 76

Anatomic Location Normal 32

Adaptive Intimal Thickening 16

Pathological Intimal Thickening 68

Fibrous Atherosclerosis 40

FIGURE 3
True stress-strain curve. Note: σp-ultimate stress; εp-ultimate
strain; E2-ultimate modulus of elasticity; σt-middle stress point;
εt-middle strain point; E0-starting modulus of elasticity. Zone 1, 2, 3,
and four denote the starting, transition, strengthening, and failure
phases of the aortic tensile test, respectively.
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pathological intimal thickening group, fibrous atherosclerosis
group) (Otsuka et al., 2014; Jing et al., 2022) (Figure 5).

3 Statistical analysis

SPSS 24.0 software was used for statistical analysis and Graphpad
Prim9 for plotting.Mean ± standard deviation (Mean ± SD)was used for
normally distributedmeasures, andmedian (interquartile range) [M(P25,
P75)] was used for non-normally distributed measures; t-test or Mann-
Whitney U-test was used for comparisons between two groups; one-way
ANOVA or Kruskal-Wallis test was used for comparisons between three
or more groups; Indicators with significant differences were tested by
LSD multiple comparisons or Kruskal-Wallis pairwise comparison test;
regression analysis was carried out by linear regression method; when a
p-value was less than 0.05, it was assumed to be significant, and was
denoted by "*", "**" indicates p ≤ 0.01, and "***" indicates p ≤ 0.001.

4 Results

4.1 Gross morphological observations

The pathological alterations in the aortic intima are shown in
Figure 6. We found that the distribution of the segments was

most severe in the abdominal aorta, followed by the aortic arch,
and least severe in the ascending aorta. Atherosclerotic plaques
were mostly seen in the openings of the vascular branches,
particularly at the left subclavian artery opening and at the
branches of the common iliac artery. When comparing the
two genders, males had a more severe tendency of aortic
atherosclerosis (Figure 7).

4.2 Comparison of thickness

Between age and thickness, there is no discernible linear
connection. Comparisons of thicknesses between anatomical
locations, test orientations, and genders are shown in Figure 8.
The axial and circumferential directions do not significantly differ
from one another. Males’ average thickness was noticeably higher
than females’ when it came to gender. The abdominal aorta is
substantially thinner than the aortas in other anatomical regions,
and the aorta thickness gradually declines from the proximal to
the distal end.

4.3 The relationship between age and
parameters

There is a negative correlation between age and several
parameters in different anatomical regions. The most significant
one is strain (εp, εt), which means that as age increases, strain
gradually decreases (Figure 9), especially in the circumferential
ascending aorta (εp “Y = −0.01402*X + 1.762, R2 = 0.6882”, εt
“Y = −0.01062*X + 1.250, R2 = 0.6772”). In the axial direction of the
ascending aorta, age is related to stress (σp “Y = −0.02607*X + 3.018,
R2 = 0.3557”, σt “Y = −0.005977*X + 0.8938, R2 = 0.5066”) and elastic
modulus (E2 “Y = −0.1346*X + 14.82, R2 = 0.5125”, E0
“Y = −0.001010*X + 0.1091, R2 = 0.4545”).

4.4 Comparison of parameters for
different genders

The influence of gender on mechanical characteristics in
various orientations at various anatomical regions is shown in
Figure 10. In general, females exhibit more dominance, as
evidenced by statistically significant differences in stress (σp,
σt) and ultimate modulus of elasticity (E2). The gender
differences were more significant in the circumferential
direction of the ascending aorta (σp “3.25 ± 0.59”, σt “0.23 ±
0.11”, E2 “20.28 ± 3.74”), and in the axial direction of the aortic
arch [σp “1.28 ± 0.33”, σt “0.07 (0.06,0.12)”, E2 “7.09 ± 1.87”]. In
addition, we separated into normal and atherosclerotic groups
to compare the parameters between genders (Table 2). In the
normal group, the parameters were greater in males, ultimate
stress [σp “1.20 (1.00,1.85)”] and ultimate strain (εp “0.76 ±
0.13”) were the most significant differences, while in the
atherosclerotic group, the parameters were greater in
females, and all parameters have significant differences
[except initial modulus of elasticity (E0) and ultimate
strain (εp)].

FIGURE 4
Different regions of a sample. (A) The sample’s broken end
exhibits thickening of the intimal collagen fibers, calcium salt deposits,
cholesterol crystals under the fibrous cap (HE staining reveals needle
cracks), and foam cell formation within the necrotic core (red
arrows), defined as fibrillary atherosclerosis; (B) The sample’s mid-
section exhibits thickening of the intima of, with the presence of
acellular lipid pools in the intima, and near the media where lipid
deposition and proteoglycans are abundant but SMCs are absent
(black arrows), defined as pathological intimal thickening. (HE staining,
40×, 80×).
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4.5 Comparison of parameters in different
test directions

In general, the mechanical characteristics exhibit higher values
in the circumferential direction as compared to the axial direction
(Figure 11). Except for the abdominal aorta group, there were
significant differences in stress (σp, σt) and ultimate modulus of
elasticity (E2), whereas the initial modulus of elasticity (E0) showed
significant differences only in the aortic arch.

4.6 Comparison of parameters at different
anatomical parts

The mechanical parameters of the ascending aorta were
greater in the circumferential direction, with the most
significant higher ultimate stress (σp “2.09 ± 0.89”) and
ultimate modulus of elasticity (E2 “12.93 ± 5.29”). On the
other hand, the abdominal aorta had significantly greater

FIGURE 5
Classification of the main pathological features in the region of the sample dissection. (A)Normal aorta (20×, 80×); (B) Adaptive intimal thickening is
characterized by intimal thickening begins with an increase in smoothmuscle cells (SMCs) and proteoglycan-collagenmatrix with little or no infiltration of
inflammatory cells (40×, 80×); (C) Pathological intimal thickening is characterized by the intima has many fusiform, foamy cells clustered beneath the
arterial endothelium, and in some areas of the intima there are numerous proteoglycan and lipid deposition of lipid pools (80×, 200×); (D) Fibrillary
atherosclerotic is characterized by calcium salt deposits and cholesterol crystals under the fibrous cap (HE staining shows needle cracks), foam cell
formation and infiltration of inflammatory cells are seen within the necrotic core (40×, 80×). + indicates the main lesion area. Additional note: Figure 4
and Figure 5D are taken from the same sample.

FIGURE 6
The distribution of aortic atherosclerosis. The concentrated
region of hardened plaques is indicated by the red arrow. FIGURE 7

(A) Male, 58 years old; (B) Female, 58 years old.
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ultimate stress [σp “1.69 (1.08,2.32)”] and ultimate modulus of
elasticity [E2 “8.28 (6.67,10.25)”] than the rest of the part in the
axial direction (Figure 12). In the initial and transitional phases,
the differences were not significant, but the ascending aorta still
had a strong advantage.

4.7 Comparison of parameters for different
pathological features

In general, the mechanical parameters tended to increase and
then decrease with the development of atherosclerosis. In the
circumferential direction, the stresses [σp “2.2 (1.31,3.98)”, σt
“0.13 (0.09,0.31)”] and ultimate modulus of elasticity (E2
“14.10 ± 7.21”) of the adaptive Intimal thickening group were
significantly greater than the other groups, whereas the strain
(εp “0.82 ± 0.17”, εt “0.53 ± 0.14”) was greater in the
pathological Intimal thickening group. There was no statistically
significant difference in the parameters of the axial
direction (Figure 13).

5 Discussion

This study systematically analyzed the mechanical parameters of
the aorta under the influence of age, gender, test direction,
anatomical location, and pathological characteristics. In addition,
we elaborated on the distribution of aortic atherosclerosis through
gross morphological observation. The characteristics of aortic
thickness changes were analyzed. At present, there is no relatively
comprehensive study.

5.1 Comparison of thickness and
atherosclerosis distribution

There are certain differences in aortic thickness with age, gender,
and anatomical location (Albu et al., 2022), which is attributed to its
composition on the one hand and atherosclerosis and intimal
thickening on the other hand (Li et al., 2004). In the present
study, there is no discernible trend in aortic thickness at 50 years
of age and above. When comparing genders, the Male group had
greater thickness (Li et al., 2004) and higher prevalence and extent of
atherosclerosis than the female group (Mathur et al., 2015), the
reasons could be increased endothelial fibroblast proliferation and
accumulation of collagen fibers, and muscle sympathetic nerve
activity (MSNA) was greater in males, stimulating smooth muscle
hypertrophy, which was not present in females (Holwerda et al.,
2019). In terms of anatomical parts, the thickness of the aorta
decreases progressively from proximal to distal, which is mainly
related to the structural composition of the aorta, where elastin,
collagen, and smooth muscle form the laminar units, which are the
structural and functional units of the aorta (O Connell et al., 2008).
Arteries in the proximal part of the aorta have denser laminar units.

Among the segments, the abdominal aorta has the most severe
atherosclerosis, followed by the aortic arch, and the ascending aorta
is the least severe. The abdominal aorta has fewer laminar units,
poor elasticity, and is itself a high-incidence part of endothelial
injury (Czamara et al., 2020). In addition, the abdominal aorta has
more macrovascular branches (abdominal celiac trunk arteries and
common iliac arteries, among others), which makes it more
susceptible to vortex phenomena (Qin et al., 2021). The unique
geometric features of the aortic arch make it subject to higher shear
forces, especially at the opening of the left subclavian artery.

5.2 The effect of age on parameters

Despite the age limitation of the present study, the results show
parameters gradually decrease with age, which is consistent with
previous studies (Huh et al., 2019). Themost significant difference of
these was strain (εp, εt). It could be due to weaker or reduced fiber
cross-linking caused by structural elastin and collagen degeneration
(Astrand et al., 2011), decreased density of elastin and smooth
muscle (Jadidi et al., 2021), thicker intima-media collagen fibers,
but no major change in overall collagen content. These factors
remodel the aortic structure (Morrison et al., 2009; Albu et al., 2022),
and have an impact on the aorta’s mechanical properties.

5.3 The effect of gender on parameters

In the healthy group, the mechanical parameters of males were
greater (Ninomiya et al., 2015; Li et al., 2023), whereas, in the
atherosclerotic group, the mechanical parameters of females were
higher, especially in the proximal part of the aorta (ascending aorta
and aortic arch) (Figure 8). The samples were taken from
postmenopausal females. Estrogen mainly acts on endothelial
cells and smooth muscle cells in premenopausal females,
promoting the release of vasoactive mediators and mediating the
functional balance of vascular inflammation, lipid metabolism, and

FIGURE 8
Comparison of thickness in different directions of stretching. (A)
Different genders; (B) Different anatomical parts.

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Chen et al. 10.3389/fbioe.2024.1357056

130

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1357056


oxidative stress (Zahreddine et al., 2021). For premenopausal
females, the prevalence of atherosclerosis is lower than that of
males (Man et al., 2020). After menopause, females’ ovarian
function decreases, dyslipidemia increases (Peters et al., 1999),
vascular smooth muscle cells migrate or proliferate, and oxidative

stress and inflammatory reactions aggravate. Generally speaking, the
prevalence of atherosclerosis increases in postmenopausal females,
and the stiffness of the female vasculature increases (Zhang et al.,
2022). Findings also suggest that the effects of estrogen may be
concentrated in the proximal aortic region (Waddell et al., 2001).

FIGURE 9
Linear regression analysis between age and strain. (A) Ascending aorta; (B) Aortic arch; (C) Thoracic aorta; (D) Abdominal aorta.
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5.4 The effect of different test directions on
parameters

The circumferential direction is the primary orientation of the
aortic laminar unit (O Connell et al., 2008; Holzapfel and Ogden,

2018), and the mechanical characteristics of the aorta exhibit
anisotropy (Sigaeva et al., 2019; Pukaluk et al., 2022). The result
showed that the parameters of the circumferential direction were
greater than the axial direction group, in line with previous studies
(Gaur et al., 2020), but there were no significant differences in the

FIGURE 10
Comparing the effect of gender on mechanical parameters. (A), (B), (C), (D), (E), and (F) denote the ultimate stress (σp), ultimate strain (εp), ultimate
modulus of elasticity (E2), middle stress point (σt), middle strain point (εt), and initial modulus of elasticity (E0), respectively.
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abdominal aorta. It may be due to an increased gradually proportion
of collagen fibers from proximal to distal, which are predominantly
aligned in a longitudinal direction (Assoul et al., 2008). Meanwhile,
the ascending aorta is subjected to the greatest blood pressure and
wall shear, whereas the descending aorta is subjected to less blood
pressure and wall shear based on the results of computational
hemodynamic analysis (Malvindi et al., 2017). This may explain

the decreasing prevalence of aortic dissection from the ascending
aorta to the distal end of the abdominal aorta, and the fact that the
tear direction of dissection tends to be transverse (Sherk et al., 2021).
The structural and hemodynamic characteristics of the abdominal
aorta may be made intima less prone to tear, and then form isolated
abdominal aortic dissection (Sen et al., 2021), but it more prone to
abdominal aorta aneurysms (Song et al., 2023).

TABLE 2 Comparison of parameters between genders in normal aorta and atherosclerotic groups.

Sex Pathology σp εp E2 σt εt E0 N

Male Normal 1.20 (1.00,1.85)* 0.76 ± 0.13* 7.45 ± 3.39 0.07 (0.05,0.11) 0.43 ± 0.10 0.05 (0.03,0.07) 19

Atherosclerosis 1.24 (0.78,1.75)** 0.76 ± 0.15 6.88 (3.76,9.16)** 0.07 (0.05,0.10)*** 0.42 (0.32,0.49)** 0.06 (0.04,0.07) 79

Female Normal 0.95 (0.71,1.34)** 0.66 ± 0.11* 6.27 ± 2.78 0.06 (0.05,0.09) 0.37 ± 0.08 0.03 (0.02,0.05) 12

Atherosclerosis 1.58 (1.21,2.23)* 0.79 ± 0.13 7.77 (5.67,11.14)** 0.10 (0.07,0.14)*** 0.48 (0.40,0.57)** 0.04 (0.02,0.06) 46

FIGURE 11
Comparison of the effects of different test orientations onmechanical parameters. (A–F) denote the ultimate stress (σp), ultimate strain (εp), ultimate
elastic modulus (E2), middle stress point (σt), middle strain point (εt), and initial elastic modulus (E0), respectively.
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5.5 The effect of different anatomical parts
on parameters

Currently, there are no studies of uniaxial stretching tests on four
anatomical parts together. In the previous study, Ninomiya et al. found

that the strength and elasticity of the thoracic aorta were higher than
that of the abdominal aorta in circumferential stretching (Ninomiya
et al., 2015). Our study showed that the ascending aorta had the greatest
parameters in circumferential stretching, with the most significant
differences in ultimate stress (σp) and ultimate modulus of elasticity

FIGURE 12
Comparison of mechanical parameters at different anatomical parts. (A–F) denote the ultimate stress (σp), ultimate strain (εp), ultimate modulus of
elasticity (E2), middle stress point (σt), middle strain point (εt), and initial modulus of elasticity (E0), respectively.
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(E2). the ascending aorta has more laminar units, greater total
fibronectin content and density, and a more complete structure
(Emmott et al., 2016). In axial tension, the abdominal aorta had the
greatest ultimate stress (σp) and ultimate modulus of elasticity (E2)
(Figure 10). As mentioned earlier, collagen fibers grow longitudinally
and the abdominal aorta has a higher collagen fiber content, collagen
fibers are stretched during the strengthening phase and elevate the
abdominal aorta’s tensile strength.

5.6 The effect of different pathological
features on parameters

With the development of aortic atherosclerosis, the mechanical
parameters showed a tendency to increase and then decrease (Koniari
et al., 2011). The adaptive intimal thickening group exhibited the
highest stress (σp, σt) and ultimate modulus of elasticity (E2). This
may be explained by the increased collagen fiber content and density in

the intima, as well as the absence of pathological alterations including
aberrant fiber structural organization and fibrin denaturation (Glagov
et al., 1993; Herity et al., 1999). The strain (εp, εt) was significantly higher
in the pathological intimal thickening group (multilayered foam cells or
lipid pools with loose intima) than that of other groups, which suggested
that the aorta stretches longer. The abnormal proliferation and
migration of smooth muscle cells or macrophage infiltration
gradually forms layers of lipid cells and foam cells (Bennett et al.,
2016), resulting in the relaxation of the connective action between
fibrous tissues. Compared with the fibrous atherosclerosis group, the
normal group did not show significant differences in any of the
parameters, but the modulus of elasticity (E2, E0) was slightly higher
than that of the fibrous atherosclerosis group. Fibrous atherosclerosis is
mainly due to the formation of lipid cores, atherosclerotic substances, or
calcium salt deposits under the intima, resulting in a severe effect on the
structure of the tunica intima and media tunica (Jing et al., 2022). To
some extent, thickening of the intimal collagen fibers improves the
aortic stiffness, but the internal structural integrity is damaged, and

FIGURE 13
Comparison of parameters for different pathological features. (A–F) denote the ultimate stress (σp), ultimate strain (εp), ultimatemodulus of elasticity
(E2), middle stress point (σt), middle strain point (εt), and initial modulus of elasticity (E0), respectively.
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some of the elastic and collagen fibers are structurally and functionally
impaired (Tsamis et al., 2013). A balance between damage and repair is
achieved (Uimonen, 2021) to keep the original mechanical properties.

5.7 Outlook

Only human aorta samples older than 50 years old were collected
for this research. In addition, the aorta is anisotropy, and multi-axial
tensile testing may better simulate physiological conditions. Bulge
inflation tests are a more demanding test condition method for
multiaxial testing to determine ultimate properties (Duprey et al.,
2016). The present study focuses on how different variables affect the
aorta’s mechanical characteristics at different phases. In previous
studies, some scholars have used optical extensometers to solve the
strain problem, and our study uses the crosshead displacement to
derive the strains, which may hinder the comparison with the results
of previous studies but does not influence the study of the changing
pattern of the mechanical properties of the aorta. In further research,
we will make efforts to further illustrate the mechanical properties of
the aorta by collecting samples (normal aorta, aortic dissection,
aneurysm, etc.) in a targeted manner and selecting the optimal test
method according to the required parameters.

6 Conclusion

This study concluded that the abdominal aorta is most susceptible
to atherosclerosis. With the development of atherosclerosis, mechanical
parameters decrease, and the risk of injury increases. The average
thickness of the aorta was greater in males than that of females and
decreased progressively from the ascending aorta to the abdominal
aorta. Mechanical parameters were smaller in the axial direction, which
may explain the greater risk of injury to blood vessels in axial stretching.
For the grouping of pathological features, we proposed the pathological
features of the sample’s broken end as the condition for grouping. In
addition, we consider that stiffness may be greater in middle-aged and
elderly females after the occurrence of atherosclerosis.
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Atomic layer deposited TiO2

nanofilm on titanium implant for
reduced the release of particles

Xiangyu Zhao1†, Xiaoxuan Zhang1†, Zilan Zhou1, Fanchun Meng2,
Ruilin Liu2, Mengyuan Zhang1, Yujia Hao1, Qingpeng Xie1,
Xiaojun Sun3*, Bin Zhang2* and Xing Wang1*
1Shanxi Medical University School and Hospital of Stomatology, Taiyuan, China, 2State Key Laboratory of
Coal Conversion, Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan, China,
3Department of Stomatology, The First Hospital of Shanxi Medical University, Taiyuan, China

Objective: Titanium implants are widely used in surgeries for their
biocompatibility and mechanical properties. However, excessive titanium
particle release can cause implant failure. This study explores Atomic Layer
Deposition (ALD) to coat commercially pure titanium (Cp-Ti) with TiO2, aiming
to improve its frictional and corrosion resistance while reducing particle release.
By comparing TiO2 films with varying ALD cycle numbers, we assess surface
properties, particle release, friction, and corrosion performance, providing
insights into mitigating particle release from implants.

Methods: Cp-Ti surfaces were prepared and coated with TiO2 films of 100, 300,
and 500 ALD cycles. Surface characterization involved SEM, EDX, and XRD.
Friction was tested using SEM, nanoindentation, and ICP-MS. Corrosion
resistance was evaluated through immersion tests and electrochemical
analysis. Cytotoxicity was assessed using BMSCs.

Results: Surface characterization revealed smoother surfaces with increased ALD
cycles, confirming successful TiO2 deposition. Friction testing showed reduced
friction coefficients with higher ALD cycles, supported by nanoindentation
results. Corrosion resistance improved with increasing ALD cycles, as
evidenced by electrochemical tests and reduced titanium release. Cytotoxicity
studies showed no significant cytotoxic effects.

Conclusion: ALD-coated TiO2 films significantly enhance frictional and corrosion
resistance of titanium implants while reducing particle release. The study
underscores the importance of ALD cycle numbers in optimizing film
performance, offering insights for designing implants with improved properties.

KEYWORDS

atomic layer deposition, titanium dioxide, titanium implant, particles release, friction
and corrosion

1 Introduction

Commercially pure titanium (Cp-Ti) has been acknowledged as a premier implant material
with bio-safety and nearly 1,000 tons of titanium is used annually in clinical applications in
diverse applications, such as artificial joints, dental implants and heart valves (Xu et al., 2020).
However, despite the excellent performance, many cases of implant Ti failure still exist. The
failure rate of dental implants has been reported to be about 1%–20% (Alves et al., 2017), and
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more than 35% for orthopedic implants (Tobin, 2017). In 75% of these
cases, implant failure was due to aseptic loosening and impaired implant
fixation (Awad et al., 2022). It has been shown that titanium implants in
bone can continuously release titanium species (He et al., 2016), and the
release of titanium ions and titanium particles can contribute to peri-
implantitis and aseptic implant loosening (Eger et al., 2017). The
released Ti species are not confined to the periphery of the implant,
and even migrate with the blood and progressively accumulate in distal
organs (Heringa et al., 2018), which leads to systemic hypersensitivity
and allergic reactions. Released Ti particles are not limited to the
periphery of the implant; they can migrate with the bloodstream
and gradually accumulate in distant organs. In most studies, Ti
nanoparticles have been found to cause oxidative stress, tissue
pathology changes, carcinogenesis, genetic toxicity, and immune
disruption (Shakeel et al., 2016). Worryingly despite the reported
importance of excessive titanium species release on implant success
and systemic health, the problem is routinely ignored by clinicians,
patients and implant manufacturers, lacking sufficient attention and
preventive measures.

Mechanical friction and corrosion are the main reasons for the
physical degradation of titanium implants (Mombelli et al., 2018).
Mechanical friction and corrosion are the primary factors leading to
the degradation of titanium implants. Even within the bone-encased
portions of the implant, frictional corrosion still occurs. This
phenomenon arises from minute relative vibrations between two
surfaces (implant surface and bone surface) under mechanical loads
(friction), leading to irreversible corrosion degradation of the implant
through electrochemical interactions with the surrounding environment
(Berbel et al., 2019; Prestat and Thierry, 2021). Generally, increasing the
strength of Ti and Ti alloys against friction and corrosion suppresses the
mechanical friction to titanium particles. On the other hand, corrosion
originates from the surface chemical reaction of metallic Ti in acidic
environments. Although TiO2 films formed spontaneously on Ti
surfaces in contact with oxygen are resistant to corrosion when in
contact with acids and reactive substances (Peron et al., 2021). However,
the growth of the oxide layer is a dynamic equilibrium process involving
oxidation and reduction reactions. Under certain conditions, the growth
rate of the TiO2 layer may be slow or non-uniform, resulting in an
unstable layer quality that is easily damaged by external factors (Lara
Rodriguez et al., 2014).

Surface overcoating has attracted extensive interest from
researchers in recent years due to its ability to maintain the surface
morphology of the implant and to be matched to the mechanical
properties. There are various coating techniques available for implant
modification. Such as anodic oxidation (Fazel et al., 2018), pulsed laser
deposition (PLD) (Gnanavel et al., 2018), and physical vapor deposition
(PVD) (Esmaeili et al., 2017), have been implemented to improve
corrosion resistance. Forming anodic oxide coatings requires precise
control of multiple process parameters such as electrolyte composition,
temperature, and current density (Leinenbach and Eifler, 2009) and,
therefore, requires complex process control and operation techniques
with poor reliability and stability. The PLD technique is subject to effects
such as phase explosion, which causes large particle sputtering, thus
reducing the film quality and generating localized high-temperature
effects on the titanium surface, which may lead to lattice structure
alterations and thermal stresses in the titanium material, which may
impact the properties and structure of the material (Deng et al., 2021).
In addition, the coating thickness of PVD deposition is inhomogeneous

on the surface of complex-shaped implants (Mohseni et al., 2014). This
could lead to delamination of the substrate with the thinner coating, and
the local oxide film will break if a critical strain is reached. It is still
necessary to develop implant modification technique that can achieve
uniform deposition at low temperatures and is easy to handle.

Atomic layer deposition (ALD) has unique advantages in sub-
nanometer film thickness and uniformity control with increasing
applications in biomedical advanced materials (Yang, 2020). Atomic
Layer Deposition (ALD) is a precise thin-film deposition technique that
enables highly accurate control over film thickness and composition by
depositing films atom by atom on the material surface. During the
reaction process, precursor molecules adhere to the substrate surface in
a “self-limiting” manner, forming a single-molecule layer. Once the
substrate surface is fully covered, excess precursor molecules no longer
adsorb, resulting in the automatic termination of the deposition process.
This means that regardless of the quantity of precursor molecules
provided, only enough molecules can adsorb and participate in the
reaction. This ensures the uniformity and consistency of the film.
Compared to PCD, ALD is based on surface self-limiting and self-
saturating adsorption reactions (Kim et al., 2023), which enables precise
deposition at the atomic level on the complex surface of implants
(Blendinger et al., 2021), and one study reported that the thickness of
the film deposited per cycle on the implant surface is only 0.097 nm
(Yang et al., 2017). The uniformity and consistency of ALD film avoid
problems such as surface inhomogeneity and thickness variation.
Compared with PLD, which usually operates at 500°C–800°C, ALD
can even be conducted at a low temperature of 100°C (Wree et al., 2023),
avoiding heat damage and shape changes to the implant material and
maintaining the integrity and structural stability of the implant. The
homogeneous films deposited by ALD are stable in properties;
consequently, ALD-deposited TiO2 films have the potential to be
used for implant surface coatings (Hashemi Astaneh et al., 2021).

Herein, we have used ALD technology to overcoat the titanium
surface with stable TiO2 film to enhance its frictional corrosion
resistance and reduce the release of titanium particles (Figure 1). To
our knowledge, this is the first study of the utilization of ALDTiO2 films
to solve the problem of titanium particle release from implants. The
simplicity of the ALD technique, the lower working temperature, and
the uniformity and stability of the films compared to other deposition
techniques make it a viable solution. In addition, to further evaluate the
friction and corrosion resistance of the films with different cycles and
the particle release after friction and corrosion, we deposited 100, 300,
and 500 cycles of TiO2 films on Cp-Ti using the ALD technique.
Through this study, we intended to provide a feasible solution to the
problem of implant particle release, demonstrating that the ALD
modification technique has tremendous potential in implant
research to enhance the performance and long-term success of
titanium implants, providing a new direction and opportunity for
research to reduce titanium particle release from implants.

2 Materials and methods

2.1 Sample preparation and thin film
deposition

A commercial pure Ti (CP-Ti) plate was utilized as a surrogate for
titanium implants in this study. CP-Ti (10 mm × 10 mm × 5mm) was
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ground sequentially with silicon carbide sandpaper of different particle
sizes (600, 800 and 1200), and then cleaned sequentially with acetone
and ethanol by ultrasonication for 15 min. TheALDprocess was carried
out in a homemade closed-chamber type ALD reactor. High-purity N2

(99.999%) was utilized as a carrier gas.
The selection of Titanium tetraisopropoxide (TTIP) and ultrapure

water as precursors offers advantages such as usability, affordability,
chemical stability, availability, low maintenance, safety, and a lower
deposition temperature range (150°C–300°C) (Niemelä et al., 2017).
Deposition at 160°C prevents thermal damage to the substrate material
at high temperatures, which holds significant importance for the
structure and applications of titanium implants. TTIP and water
were kept at 80°C and 25°C, respectively. The pulse, exposure, and
purge times for titanium tetraisopropoxide were 1, 8, and 20 s, and
those for H2O were 0.1, 8, and 25 s, respectively. To explore the role of
different number of cycles on particle release, we deposited 100, 300,
and 500 cycles of ALD layers.

2.2 Surface characterization

Scanning Electron Microscopy (SEM) using the JSM-7900F was
employed to meticulously observe the surface morphology of thin
films, providing crucial insights into the microstructure and surface
features of different cyclically deposited films. Additionally, Focused
Ion Beam (FIB) was used to cut samples for Transmission Electron
Microscopy (TEM), enabling the measurement of nanofilm
thickness and cross-sectional elemental distribution.

Energy-Dispersive X-ray Spectroscopy (EDX) was utilized to
quantitatively analyze the elemental composition of the films,

helping determine whether variations in titanium-to-oxygen
ratios exist across different cycles. The combination of SEM, FIB-
TEM, and EDX provides a comprehensive understanding of the
morphology and elemental distribution of TiO2 coatings.

Research findings indicate that rutile-type TiO2 nanoparticles
cause more significant damage to murine bone tissue compared to
anatase-type TiO2 nanoparticles (Cheng et al., 2021). By comparing
measured XRD patterns with standard reference cards in databases,
the phase structure can be accurately determined. Therefore, we
employed a PANalytical X’Pert Pro X-ray Diffractometer (XRD) to
examine the film’s structure within an angular range of 20°–60°.

2.3 Friction tests

In the oral environment, dental implants are exposed to various
components present in saliva, including organic substances,
dissolved oxygen, inorganic anions (such as Cl−, HPO4

2-, HCO3-),
and cations (such as Na+, K+, Ca2+, Mg2+), as well as amino acids and
proteins. These constituents may contribute to the degradation of
the TiO2 layer (Ossowska and Zieliński, 2020). To study oral
implants, we conducted friction-corrosion tests simulating the
oral microenvironment, also known as bio-tribocorrosion. In
these experiments, we selected artificial saliva as the medium to
better understand the performance and durability of titanium-based
implants and prostheses in the oral environment.

According to ASTM G119-93 (ASTM, 1993), a material surface
property tester (MFT-4000, Huahui, China) was used to perform the
friction corrosion test under artificial saliva immersion. In this
study, GCr15 steel balls were used as the friction counterpart

FIGURE 1
Schematic illustration of the research of TiO2 films deposited through ALD on CP-Ti.
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because the hardness of GCr15 bearing steel can reach HRC
58–63 after heat treatment, which is much higher than that of
titanium alloy (HRC 28–33) which would not cause plastic
deformation of the friction counterpart leading to wear and thus
affect the experimental results during the tribocorrosion
experiments (Zhou et al., 2019). A normal force of 5 N was
applied to the counterpart, using the Hertzian contact stress
model, corresponding to a maximum contact pressure of about
950 MPa, while the radius of the wear track was set to 5 mm, the
speed of the sample table was set to 200 mm/min, and the test time
was 10 min.

Two different methods were employed to assess the frictional
performance. Scratch experiments were conducted using an ultra-
nanoindenter with a diamond probe featuring a radius of 1 µm and
an angle of 60°. The experiments were performed under a constant load
of 500 μN, with a scratch distance of 10 µm and a duration of 1 min.

The surfaces of the four sample groups after friction were examined
for surface scratches and particle detachment using SEM. In the
presence of titanium nanoparticles in the sample, the distribution of
elements no longer exhibits uniformity but appears as discrete atomic
clusters. This non-uniformity hinders accurate quantitative analysis.
Addressing this challenge, we employed the high-sensitivity ICP-MS
(Inductively Coupled Plasma Mass Spectrometry) technique,
specifically designed for elemental analysis in samples (Laborda
et al., 2014). In this experiment, we collected titanium nanoparticles
from artificial saliva dissolved in nitric acid and utilized ICP-MS for
precise quantitative and statistical analysis of titanium content in the
solution. To gain a more detailed insight into the morphology and size
of titanium particles, we further employed SEM.

2.4 Corrosion tests

2.4.1 Corrosion resistance test
Infection, medication, dietary factors, periodontal disease, smoking,

and systemic illnesses can potentially decrease the pH of normal saliva
from 6.3–7.0 to <6.0 (Licausi et al., 2013). Under acidic conditions, the
oxide layer on implant surfaces may be compromised, resulting in
surface erosion and eventual release of titanium particles in the absence
of wear. Commonly used oral medications, such as citric acid,
tetracycline, and sodium fluoride, can lower the solution’s pH to <3
(Wheelis et al., 2016), causing rapid breakdown of the implant surface
oxide layer and release of Ti particles. Therefore, this experiment
simulated different acidic environments in the oral cavity using
artificial saliva with pH values of 2.5, 5.5, and 7.0.

Each set of samples was immersed in 2 mL artificial saliva with
different pH values, at 37°C for 7 days. SEM was utilized to compare
the corrosion status of the samples before and after immersion, and
EDX was employed to detect elemental changes on the corroded
surface. To assess titanium release in highly acidic conditions,
artificial saliva with a pH of 2.5 was collected, and the titanium
content was quantified using ICP-MS, followed by statistical
analysis. TEM was employed to investigate the morphology and
size of particles that might exist in the solution.

2.4.2 Electrochemical tests
The electrochemical workstation (CHI6600E, Chinstruments,

China) was used to perform the electrochemical tests on four sets of

samples, respectively. A three-electrode setup was used, with the sample
as theworking electrode, the saturated glyceryl electrode as the reference
electrode, and the platinum plate electrode as the counter electrode.
Artificial saliva at pH 6.5°C and 37°Cwas used as the electrolyte. All tests
were performed in a simulated oral environment at 37°C ± 1°C.
Electrochemical tests were performed according to ASTM-G61
standard. The first step was system stabilization, and after 3600s of
open circuit potential (OCP) monitoring, dynamic potential
polarization tests and electrochemical impedance spectroscopy (EIS)
tests were performed at a stable OCP. EIS tests were performed in the
frequency range of 100 kHz-0.005 Hz, and Nyquist plots were plotted
using EIS data. The dynamic potential polarization test was performed
at a scan rate of 0.5 mV/s, and the corrosion potential (Ecorr) and the
corresponding current density (Icorr) were estimated using Tafel
curves. The measurements were repeated three times for
each condition.

2.5 Cytotoxic studies

2.5.1 Cell cultures
Biocompatibility tests were performed according to ISO

7405–2018 (ISO, 2018). The cells used in this test were bone
marrow mesenchymal stem cells (BMSCs)Cultivate under
conditions of 37°C, 5% CO2, and saturated humidity until cells
reach 70%–80% growth. Perform passage using 0.25% trypsin. Cells
cultivated up until passage 3 (P3) then ready for experimental use.
The titanium samples were placed in complete medium and in a
37°C for 72 h to obtain the extracts for the cell experiments.

2.5.2 Fluorescent staining
Cells at a density of 1×105 cells/mL were incubated in confocal

dishes for 24 h. Cells were seen to adhere to the wall under an
inverted microscope, the original culture medium was discarded, an
immersion fluid exchange was performed, and the plates were
incubated in an incubator for 24 h. And then rinsed three times
with PBS. Add 150 μL of staining working solution A, incubate for
30 min at 37°C protected from light, rinse three times with PBS, add
150 μL of staining working solution B, and incubate for 20 min at
37°C protected from light. Observe the cell morphology at 488 nm
under a laser confocal microscope (FV3000, Olympus, Japan).

2.5.3 LDH tests
The cytotoxicity of the samples was assessed by quantifying the

release of lactate dehydrogenase (LDH) from BMSCs. Following
cultivation, cells were seeded into a 96-well plate and treated with
different material extracts. After 12 h of incubation, LDH release
reagent was added, and the cells were incubated for an additional
hour. The cell culture plate was then centrifuged at 400g for 5 min
using a multi-well plate centrifuge. Supernatant (120 µL) from each
well was transferred to a new 96-well plate, and absorbance was
measured at 490 nm.

2.6 Statistical analysis

OriginPro 8.5 and Graphpad Prism9 software have been used for
all graphical and statistical analyses. All experiments were conducted
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three times, except for the LDH assay, which was performed four
times. All repeated measurements were expressed as standard
deviation (SD). The statistical significance of the data was
estimated using a one-way analysis of variance (ANOVA). p <
0.05 was considered statistically significant for significance levels, *
for p < 0.05 and ** for p < 0.01.

3 Results

3.1 Surface characterization

The surface morphologies of the modified samples are shown in
Figure 2. The SEM results (Figures 2A–D) showed that the surface of
the TiO2 films generated by ALD was significantly smoother as the

number of cycles increased. Since the thinness of TiO2 nanofilm
increases with the ALD cycle number, a thick enough TiO2 film
improves the surface smoothness. TEM was employed to examine
the 300-cycle group, and the results are depicted in Figures 2E, F.
The nanofilm exhibited a thickness of 26.7 nm, with an average TiO2

film thickness of 0.089 nm per cycle. Figure 2F illustrates the even
distribution of titanium and oxygen elements across the cross-
section of the film. The upper layer, containing platinum for
detection purposes, is clearly distinguished from the lower layer,
representing the pure titanium substrate without
additional elements.

The EDX spectra (Figures 3A–D) show the elemental
distribution of titanium and oxygen on the surfaces of each
group. Table 1 and Figure 3E indicates the titanium and
oxygen content of the sample surface. The increase of oxygen

FIGURE 2
Surface morphologies of CP-Ti with different ALD cycles. (A) CP-Ti, (B) 100ALD-Ti, (C) 300ALD-Ti and (D) 500ALD-Ti of SEM. (E) TEM and (F)
mapping for 300ALD-Ti.
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ratio on the surface suggests the covering of TiO2 on the Ti
surface. Since the oxygen content is not changed after 300 cycles
of TiO2, a uniform overcoating is realized. The XRD spectra of
the samples are in Figure 3F. All diffraction peaks are in good
agreement with the standard JCPDS data. The anatase TiO2 films

had strong diffraction peaks at 2θ = 25.4° and 48.0°, while none of
the three groups of ALD-Ti saw this diffraction peak, indicating
that the increase in the number of cycles at the deposition
temperature of 160°C did not change the crystalline
shape of TiO2.

FIGURE 3
Phase composition and elemental distribution. (A)CP-Ti, (B) 100ALD-Ti, (C) 300ALD-Ti and (D) 500ALD-Ti is themapping diagram after EDX, with O
in red and Ti in green. (E) Titanium oxygen ratio by EDX spectra. (F) XRD patterns. The blue color of the horizontal axis indicates Amorphous TiO2 type.
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3.2 Friction tests

The surface morphology of the sample after friction is shown in
Figures 4A–D. It is evident that all four groups showed friction
marks on the surface after friction. However, as the number of cycles
increased, the friction marks became shallower, with the 500 ALD-
Ti exhibiting the shallowest marks among the four groups.

To facilitate the observation of trends in friction resistance, the
friction tests data were smoothed and then plotted, and the
relationship between the number of cycles and the coefficient of
friction (COF) is illustrated in Figure 4E. Evidently, both the
experimental and control groups displayed a progressive increase
in friction coefficient followed by a tendency to stabilize. This
pattern arises from initial challenges like surface roughness and
uneven contact, resulting in a COF increase. As the friction surface
adapts and readjusts, the COF gradually stabilizes. And COF is
inversely proportional to the friction resistance (Matijošius et al.,
2020), from the smooth segment in the graph. As the cycle increases,
COF becomes smaller, indicating that the friction resistance
increases. The nanoscratch results, as shown in Figure 4F,
indicate that the titanium dioxide nanofilm enhances the friction
performance, with an improvement observed as the number of
cycles increases.

To quantify the titanium species shed from the sample surface
into the solution, the solution was acid dissolved and subjected to
ICP-MS. The test results are summarized in Figure 4G. Analysis of
the data showed that the release of titanium particles was
significantly reduced in each experimental group compared to
the control group (p < 0.001), indicating that the ALD-deposited
TiO2 coating was able to substantially reduce the release of titanium
particles from the implant surface. The reduction in titanium
particle release with increasing number of cycles was also
observed between the experimental groups (p < 0.05), which
suggests that the improvement of titanium particle release by the
coating is closely related to the number of ALD cycles. SEM
(Figure 4H) was employed to determine the size of residual
particles in the immersion liquid. A total of 20 particles were
identified and measured in the liquid. The particle sizes were
predominantly in the micrometer range, exhibiting diverse shapes
and forms.

3.3 Corrosion tests

3.3.1 Corrosion resistance test
Figures 5A–D show the SEM comparisons before and after

corrosion. As can be seen from the figures, there is no change in
the four groups of samples before and after corrosion at a PH of
7.0 and 5.5. 100ALD-Ti corrosion traces are more obvious at a

PH of 2.5, followed by the 300ALD-Ti. While the 500ALD-Ti and
CP-Ti groups had almost no corrosion. This indicates that the
corrosion resistance increases with the increase in the number of
ALD cycles. The basically unchanged morphology of the CP-Ti
before and after corrosion is due to the uniform distribution of
the CP-Ti surface and the consistent corrosion resistance, which
results in no significant change in the overall surface structure
before and after corrosion.

Further EDX analysis of the corroded samples shows that the
darker areas in Figure 5C image have a low titanium-to-oxygen ratio
(Figure 5E), which corresponds to the TiO2 coating. While the
brighter region has a high titanium-to-oxygen ratio (Figure 5F),
which corresponds to a pure titanium substrate. This suggests that
when the titanium implant comes into contact with an acidic
environment, the TiO2 coating is the first to be corroded,
providing protection for the underlying titanium. In addition, as
the number of ALD cycles increases, the coatings become thicker,
exhibit better corrosion resistance, and provide stronger protection
for the titanium. The TEM results (Figure 5G) revealed the presence
of nanoscale titanium particles in the solution, exhibiting diverse
morphologies and shapes.

To determine the titanium ions released from the sample
surface into the solution, artificial saliva at a pH of 2.5 was
collected and subjected to ICP-MS testing. The results, shown in
Figure 6A, revealed that compared to the control group, all
experimental groups exhibited a decrease in titanium content
(p < 0.05). However, in comparison to the other two sample
groups, the 500ALD-Ti exhibited a significant reduction in
titanium ion release (p < 0.001). This finding is consistent
with the SEM images, indicating that the decrease in titanium
content in the experimental groups may be attributed to the
protective effect of the TiO2 coating on the underlying titanium
substrate. The 500ALD-Ti, which had the thickest deposited
TiO2 coating, demonstrated the strongest protective effect on
the substrate, resulting in the least amount of titanium
ion release.

3.3.2 Electrochemical tests
Figure 6B depicts the typical electrochemical reactions that may

occur during the corrosion process of uncoated titanium implants
without protective coatings. In this process, water molecules play a
role in providing hydroxide ions (OH−) while oxygen acts as the
oxidizing agent. In such a corrosive environment, titanium metal is
oxidized into various oxidation states, releasing electrons. It is
essential to note that this is just a simplified electrochemical
reaction equation representing one possible aspect of the
complex process of biocorrosion. The actual scenario is
influenced by various factors such as the composition of oral
fluids, temperature, pH levels, among others. Therefore, this
simplified reaction equation only represents a potential aspect of
the corrosion process.

Figure 6C reports the dynamic potential polarization curves
of the experimental and control groups. The corrosion potentials
of the samples in the experimental group were all shifted to the
left compared to the control group. This may indicate a positive
effect of the coating on the corrosion resistance of CP-Ti.
According to the Tafel equation, the average values of
corrosion potential (Ecorr) and corrosion current density

TABLE 1 Surface analysis of the elemental composition of TiO2 films
deposited by EDX.

CP-Ti 100ALD-Ti 300ALD-Ti 500ALD-Ti

Ti (%) 90.7 86.6 82.3 82.0

O (%) 9.3 13.4 17.7 18.0

Ti/O 9.7 6.4 4.6 4.5

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Zhao et al. 10.3389/fbioe.2024.1346404

145

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1346404


FIGURE 4
Friction performance. SEM images of (A) CP-Ti, (B) 100ALD-Ti, (C) 300ALD-Ti and (D) 500ALD-Ti. (E) Influence of different deposition cycles on
coefficient of friction. (F) Friction analysis of nano scratch testing. (G) ICP-MS of post-friction solutions. The results represent the average of three
experiments. (n = 3, *p < 0.05, **p < 0.001 compared with the CP-Ti group; #p < 0.05, ##p < 0.001 compared with the 100ALD-Ti group; and p <
0.001 compared with the 300ALD-Ti group). (H) SEM of particles in solution.
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(Icorr) are shown in Table 2. The lower the corrosion current
density, the lower the corrosion rate. The higher the corrosion
potential in the case of similar currents, the lower the corrosion
tendency, it can be observed that the corrosion current of
experimental group are lower than the control group,
indicating that the presence of TiO2 coating increases the
corrosion resistance of the material. And the number of cycles
increased corrosion resistance also increased, 500ALD-Ti shows
the best ability of corrosion resistance.

Figure 6D reveals the Nyquist (real vs. imaginary impedance)
plots used to study the EIS data. The Nyquist plot reveals a
significant increase in capacitance loop for the experimental
group compared to the control group. A larger capacitance
loop diameter correlates with higher corrosion resistance. This

indicates that the 500ALD-Ti coating has the highest corrosion
resistance and is considerably higher than the control
group. 100ALD-Ti has the smallest semicircular ring and
therefore has the lowest corrosion resistance in the
experimental group. However, 100ALD-Ti still has corrosion
resistance compared to the control group.

3.4 Cytotoxic studies

Because BMSCs are sensitive to external environmental changes
and materials, and can reflect the effect of implant modification
materials on cell activity and function, BMSCs are involved in the
bone tissue regeneration and repair process in vivo, which is

FIGURE 5
Surfacemorphology after corrosion. SEM images of (A)CP-Ti, (B) 100ALD-Ti, (C) 300ALD-Ti and (D) 500ALD-Ti. (E,F) correspond to the EDX spectra
of the white boxed region in the last image (C). (G) TEM image of Ti particles.
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important for implant compatibility and bioactivity, BMSCs were
selected for this test. To analyze the cytotoxicity, confocal
microscopy experiments were performed using both xanthophyll-
AM and propidium iodide (PI) solutions, which were used to stain
live and dead cells, respectively, and the results are displayed in
Figures 7A–D. There were fewer dead cells in both the control and
experimental groups.

In LDH test on BMSCs indicated that both pure titanium and
ALD-deposited TiO2 films were not cytotoxic and were not
correlated with the number of cycles. The results of the
cytotoxicity test are shown in Figure 7E. Compared to the CP-Ti
group, the cell death rates in all other groups did not show a
statistically significant increase.

4 Discussion

Implant surface degradation in the human body is caused by
both friction (resulting in mechanical particle breakdown) and
corrosion (leading to chemical degradation of soluble metal ions)
(Delgado-Ruiz and Romanos, 2018). Titanium implants with TiO2

coatings exhibit strong resistance to friction and corrosion
(Matijošius et al., 2020). To address the issue of particle release
due to friction and corrosion of these implants, this study deposited
thin TiO2 films using the ALD technique to create protective layers.
ALD’s step-by-step deposition process allows precise control at the
atomic level, ensuring uniformity and accurate thickness control of
the film (Kim et al., 2021).

FIGURE 6
Corrosion performance. (A) ICP-MS of post-corrosion solution. The results represent the average of three experiments. (n = 3, *p < 0.05, **p <
0.001 compared with the CP-Ti group; #p < 0.05, ##p < 0.001 compared with the 100ALD-Ti group; and&p < 0.001 compared with the 300ALD-Ti
group). (B) The reaction route for titanium corrosion. (C) Potentiodynamic polarization (Tafel) plots and (D) Nyquist plots for electrochemical corrosion.

TABLE 2 Means and standard deviations of Icorr and Ecorr for each group, n = 3.

CP-Ti 100ALD-Ti 300ALD-Ti 500ALD-Ti

Icorr (A/cm2) (3.44 ± 2.29) (1.41 ± 0.62) (7.17 ± 2.25) (1.46 ± 1.59)

E−6 E−6 E−7 E−7

Ecorr(V) 0.14 ± 0.04 0.21 ± 0.12 0.22 ± 0.08 0.24 ± 0.07
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The crystalline shape of TiO2 deposited by ALD is related to the
deposition temperature (Jolivet et al., 2023). The XRD results show
that TiO2 is an amorphous structure when the temperature is 160°C,
consistent with literature reports (Liu et al., 2017). Moreover, the
TiO2 of different cycles did not show anatase titanium dioxide,
which indicates that the crystalline form is not related to the number
of cycles but to the working temperature. Anatase TiO2 may be toxic
to osteoblasts (Bernier et al., 2012). So the amorphous TiO2 films in
this study can avoid the toxicity problem. Furthermore, different
cycle counts of ALD have been reported in the literature to have an
effect on the corrosion resistance of zirconia films (Yang et al., 2017),
but there is little literature comparing the friction and corrosion
resistance of TiO2 deposited on the surface of titanium implants
with different ALD cycles. This study was therefore conducted with
three gradients of cycle numbers to investigate the relationship
between cycle numbers and friction and corrosion resistance.

In this study, we assessed how different ALD cycles affect
titanium implant performance, specifically focusing on species
release and friction corrosion resistance. We simulated intraoral
conditions with artificial saliva at 37°C. We found that the TiO2

coating initially experienced wear and corrosion, but it effectively
protected the underlying titanium substrate. Thicker TiO2 coatings
showed greater resistance to both wear and corrosion, providing
better protection for the titanium implant.

ICP analysis of the immersion solution confirmed reduced ion
levels, with the 500ALD-Ti group having significantly lower
titanium ion concentrations compared to other groups. This
aligns with our friction and corrosion results, confirming that the
titanium dioxide film effectively limits the release of titanium species
from the implant’s surface. Overall, increasing the number of ALD
cycles enhances friction corrosion resistance and reduces titanium
species release.

FIGURE 7
Cytotoxic assays. Fluorescence images after live/dead staining of bonemarrowmesenchymal stem cells (BMSC) after culturing for 48 h (A)CP-Ti (B)
100ALD-Ti (C) 300ALD-Ti and (D) 500ALD-Ti. (E) LDH assay of BMSC. The results represent the average of three experiments. (n = 4, ns mean p > 0.05).
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Despite the small thickness of TiO2 overcoating layers, they
significantly contributed to the corrosion behavior of CP-Ti. The
smaller corrosion current (Icorr) values of the coated samples
obtained by fitting the dynamic potential polarization curves
using Tafel curves indicate that the coatings effectively reduced
the corrosion rate of Ti and protected its surface from
electrochemical reactions. And the 500-cycle TiO2 films showed
the smallest Icorr compared to the other two sets of coatings, a trend
consistent with that reported in the literature (Kania et al., 2021).
Moreover, Nyquist plots of impedance spectra showed that the
experimental group had a larger semicircle diameter than the
control group, while the 500-cycle group had the largest, which
suggested that the films improved the insulating properties of the
surface. In other words, the ALD films are better capacitors with a
higher protection level than pure titanium. This may be due to the
fact that the standard electrode potential of TiO2 is the same as that
of titanium, which slows down the oxidation rate. This paper used
three different methods to evaluate the corrosion resistance:
dynamic polarization curves, EIS spectroscopy and immersion
experiments. The results of the three methods are basically
consistent. By increasing the number of ALD cycles of the TiO2

film, the corrosion resistance of the titanium surface can be
significantly improved, the corrosion rate reduced, the corrosion
area minimized, and the ions release reduced, providing an effective
method for the corrosion protection of titaniummaterials in various
applications.

It is worth mentioning that although the cell activity of the
experimental group in the in vitro cell test was higher than that of
the control group and increased with cycling, the cell activity of all
four groups of samples was smaller than that of the blank group,
and there was no statistical difference between the groups.
Therefore, the experimental results can only show that TiO2 is
not cytotoxic, but cannot prove that the coating can increase
cellular activity. This is inconsistent with the report of Liu et al.
on the ability of TiO2 to increase cytocompatibility (Liu et al.,
2017), which may be due to the fact that the number of cycles in the
literature is 2500, while the number of cycles in this experiment is
less, and the uncoated pure titanium can also show high
biocompatibility and stimulate cell differentiation in the
osteogenic direction, so the difference between the experimental
group and the control group is smaller.

While Atomic Layer Deposition (ALD) technology
demonstrates significant advantages in surface modification, it
still encounters challenges in large-scale manufacturing. The
layer-by-layer deposition process of ALD results in a relatively
slow preparation speed, as each layer needs to go through a
complete cycle. This limitation hampers the technology
compared to other surface modification techniques. To address
this issue, optimizing the reaction conditions of ALD to enhance
the efficiency of each cycle and consequently increase the
preparation speed could be considered. Another significant
challenge is reducing the cost associated with ALD in
manufacturing. The ALD process requires substantial energy for
heating and vacuum, making optimization in throughput crucial
(Zhuiykov et al., 2017). Adjusting the reactor to maximize precursor
utilization and reducing precursor costs is a potential solution.
Additionally, exploring more economical and readily available
precursor materials can effectively alleviate cost pressures.

From the comprehensive experimental results, it is worth
affirming that the ALD-deposited TiO2 coating can both enhance
the frictional corrosion resistance of pure titanium and reduce the
release of titanium species. In this experiment, three sets of gradient
cycle times were set, so it is presumed that the increase of ALD cycle
numbers has positively affects the reduction of species release.
However, no conclusion has been reached on the optimal
number of cycles for the friction resistance and corrosion
performance; therefore, the optimal number of cycles for the
friction resistance and corrosion performance will be further
investigated. Furthermore, the relationship between the
biocompatibility of ALD-TiO2 films and their resistance to
frictional corrosion remains uncertain. To address this
uncertainty, we plan to conduct additional biocompatibility
experiments in subsequent studies, examining the biological
performance of TiO2 films under different frictional corrosion
conditions. Through these experiments, we aim to determine the
optimal number of TiO2 film cycles to achieve the best performance
in various aspects.

5 Conclusion

In this study, TiO2 films were prepared on the titanium surface
by the ALD technique, which significantly improved the friction
corrosion resistance of the material and thus reduced the release of
titanium species. Three different cycle designs demonstrated that the
increase in the number of ALD cycles significantly impacted the
morphology and properties of the TiO2 films, significantly
improving the friction corrosion resistance of the TiO2 films and
reducing release of titanium species. This provides important
guidance for designing and preparing titanium implants with
more resistance to friction and corrosion. Future studies can
further explore optimizing ALD parameters and selecting coating
materials to achieve better friction corrosion resistance and
biocompatibility.
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