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Introduction: Ureteral stents blocked with encrustation are a common clinical
complication and affect bacteria colonization and inflammatory response. In this
study, different concentrations of copper (0.25, 0.5, 1, 1.5, and 2 g/L) were
immobilized on polyurethane (PU) that showed functionalization of microbe
resistance and regulation of the inflammation response to RAW264.7.

Methods: X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM)
and static water contact angles were used to analyze the surface characterization.
Proteus mirabilis resistance test and adhesion of cells by SEM were carried out to
evaluate the antibacterial property of Cu-bearing samples. Cell cytotoxicity assay and
apoptosis were used to obtain acceptable concentrations of PU-Cu. The
morphology of cells was used to observe the occurrence of pseudopodia after
contact with PU-Cu. Would healing assay and Transwell invasion assay were carried
out to observe themigration and recovery ofmacrophages. IL-6 and IL-10were used
to evaluate the secretion of pro-/anti-inflammatory cytokines.

Results: X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM),
and static water contact angle measurement were used to confirm successful
immobilization of Cu on PU. Plate counting assay and observation of adhered
cells by SEM demonstrated that the antibacterial performance of PU-Cu against
Proteus mirabilis increased with the amount of Cu loading in a dependent manner.
Furthermore, the CCK-8 assay and apoptosis test suggested an acceptable
cytotoxicity of PU-Cu at concentrations of 0.25, 0.5, and 1 g/L. The morphology
of cells observed by SEM showed reduced occurrence of pseudopodia after contact
with PU-Cu. Wound healing and transwell invasion assays manifested that migration
and recovery of macrophages were improved by PU-Cu. ELISA of IL-6 and IL-10
demonstrated that PU-Cu could regulate inflammatory cytokines toward anti-
inflammatory functionalization.
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1 Introduction

Ureteral stents are considered ideal devices for urolithiasis that
have been widely used to maintain the patency of urine from renal to
bladder and to relieve obstruction of the urinary tract (Li et al., 2021).
However, implantation of a foreign object would cause many
complications, such as inflammation, encrustation, and urinary
symptoms (Sali and Joshi, 2020). More than 80% of the patients
suffer from varying degrees of pains in daily life, attributing to the
retention of ureteral stents (Soria et al., 2021). Therefore, it is necessary
to solve these side effects by inspecting new comfortable materials.

Encrustation generally occurs on both lumen and outer surfaces of
the ureteral stent, aggravated by the accumulation of biofilm
formation and indwelling time duration (Barghouthy et al., 2021).
It has been shown that organic molecules, glycoproteins, and microbes
could adhere to the stent in a short-term period to facilitate crystal
deposition (Torrecilla et al., 2020). Ureteral stents tender the surface of
substrates and are conducive to formatting microbial immobilization
and biofilm formation (Bhardwaj and Ingole, 2022). Urease-positive
microbiome (Proteus, Klebsiella, etc.) predisposes urea to ammonia
and contributes to the elevation of urine pH that can accelerate
precipitation of minerals from urine and gather on the stent. These
complicated conditional films and micro-environment around stents
construct a mutual promotion to generate new stones (Wasfi et al.,
2020; Tomer et al., 2021). The main components of encrustation are
calcium phosphate (CaP) and calcium oxalate monohydrate (COM), a
potent type of calcium oxalate (CaOx) (Kram et al., 2022). These
nuclei gradually induce the formation of stones that result in several
kidney stone diseases and deposition of CaOx crystals in infiltrating
macrophages (Singhto and Thongboonkerd, 2018; Zhu et al., 2019).

In addition to lumen blocking, stones can also activate the
inflammatory response of the human body and ultimately lead to
tissue injury under the control of related inflammatory meditators (Li
et al., 2020; Liu et al., 2022a). Macrophages play an important role in
the early inflammatory response, and diverse cytokines such as
interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis
factor-α (TNF-α) are secreted (Liu et al., 2022b). Once bacterial
colonization and crystal deposition occur on the catheter, chronic
infection is caused by macrophages and induces overproduction of
reactive oxygen species (ROS), chemokines, and pro-inflammatory
cytokines (Xue et al., 2020). Consequently, more immune cells
including monocytes, macrophages, and neutrophils can be
recruited toward the inflammatory sites. In addition, macrophage-
engulfed COM contributes to the activation of pyrin domain-
containing protein (NLRP3) that influences the recruitment of
leukocytes and regulates the corresponding pro-inflammatory
cytokines (Anders et al., 2018; Singhto et al., 2018; Lin et al., 2019).
Furthermore, during monocytes phagocytosing crystals, macrophages
would be polarized into M1 and M2 and affect the inflammatory
response (Liang et al., 2021). M1 macrophages modulate promotion of
the deposited crystals via regulating inflammation response and ROS
by releasing pro-inflammatory cytokines like IL-6, leading to the
deposition of crystals. Conversely, M2 polarization positively
alleviates inflammatory response with secretion of anti-
inflammatory cytokines like IL-10 that are conducive to tissue-
healing and phagocytizing crystals (Liu et al., 2020; Jiang et al., 2021).

In this study, copper immobilized on PU was prepared based on
the previous successful performance of Cu-bearing stainless steel
that reduces biofilm formation, and it was fabricated by using the

encrustation deposition method (Zhao et al., 2019). X-ray
photoelectron spectroscopy (XPS), atomic force microscope
(AFM), and contact angle measurement were used to characterize
the surface properties. In order to investigate the inflammation
response induced by copper after incubation with RAW264.7, cell
proliferation, morphology, invasion, and secretion of pro-/anti-
inflammatory cytokines were tested by cell counting kit-8 (CCK-
8) assay, flow cytometry, scanning electron microscopy (SEM),
transwell invasion assay, and enzyme-linked immunosorbent
assay (ELISA).

2 Materials and methods

2.1 Preparation of copper-loaded samples

Polyurethanes (PUs) purchased from Lubrizol Corporation
(United States) were divided into 10 × 10 mm segments for the
experiments. Samples were treated with 2 g/L dopamine
hydrochloride (PDA) (Biotopped, China) solution in Tris-HCL
buffer at 37 C for 24 h. Then, dopamine-immobilized PU (PU-
PDA) was washed ultrasonically with deionized water and
absolute ethanol. After drying, the substrates were immersed in
different concentrations of CuCl2 (0.25, 0.5, 1, 1.5, and 2 g) solution
supplemented with 0.01 mol/L Tris-HCL and 0.1 mol/L
dimethylaminoborane (DMAB) (Maya Reagent, China). The
copper-bearing specimens were named PU-0.25Cu, PU-0.5Cu,
PU-1Cu, PU-1.5Cu, and PU-2Cu according to the concentration
of CuCl2.

2.2 Surface characterization

X-ray photoelectron spectroscopy (XPS, Thermo VG,
United States) was used to measure the surface chemical
compositions of diverse groups of samples with an Al Kα X-ray
source. The peaks of copper and N element were analyzed
using XPSPEAK41 software. An atomic force microscope
(AFM, Agilent 5500) was utilized to detect roughness and
surface morphology of coatings. Static water contact angles
were measured using a contact angle goniometer (DSA-100,
Kruss, Germany) with 5 µL water droplet placed on three
random areas of each sample.

TABLE 1 Chemical components of the artificial urine.

Component Quantity (g)

NaCl 6.17

NaH2PO4 4.59

Na3C6H5O7 0.944

MgSO4 0.463

Na2SO4 2.408

KCl 4.75

Na2C2O4 0.043

CaCl2 0.638

Frontiers in Materials frontiersin.org02

Li et al. 10.3389/fmats.2023.1110919

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1110919


2.3 Proteus mirabilis cultivation and in vitro
bacteria resistance test

The Proteus mirabilis lyophilized powder (BeNa Culture
Collection, China) was dissolved in a liquid medium and incubated
overnight in a shaker at 150 rpm. Afterward, 100 µL bacterial droplets
were cultured on a solid medium for 24 h and prepared for the
subsequent test. The plate counting method was used to evaluate
the antibacterial property of Cu-bearing samples. A measure of 100 μL

bacterial suspension at a concentration of 5.0 × 105 CFU/mL was
dropped on the surface of sterilized samples. After incubating at 37°C
for 24 h, samples were transferred into PBS solution and eluted by
vortex-mixing for 1 min. The serially diluted suspensions were
pipetted out for counting by coating on a solid agar. The
antibacterial rate was calculated as follows:

Antibacterial rate% � A − B

A
× 100%, (1)

FIGURE 1
(A) (a)–(b) XPS results for PU and PDA, representing high-resolution spectra of N1s. (c)–(g) XPS results for PU-0.25Cu, PU-0.5Cu, PU-1Cu, PU-1.5Cu, and
PU-2Cu, representing high-resolution spectra of Cu 2p3/2. (B). (a)–(g) 3D topography images of PU, PDA, PU-0.25Cu, PU-0.5Cu, PU-1Cu, PU-1.5Cu, and PU-
2Cu. (h) surface roughness values of samples. Data were presented as mean ± standard deviation (n=3), with *p<0.05 indicating a significant difference.
(C). (a)–(g) Representative droplet images of PU, PDA, PU-0.25Cu, PU-0.5Cu, PU-1Cu, PU-1.5Cu, and PU-2Cu. (h) Statistical results of water contact
angles, with **p<0.01 indicating a very significant difference.
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where A and B are the colonies of PU and PU-PDA or copper-loaded
samples, respectively.

In addition, scanning electron microscopy (TESCAN MIRA,
Czech Republic) was used to observe the distribution and

morphology of P. mirabilis adhered on the substrates incubated
with 5.0 × 107 CFU/mL suspensions. After co-culturing for 24 h,
samples were washed with PBS three times and then fixed with
2.5% glutaraldehyde (Macklin, China) at 4 C for 2 h. Then, serial
dehydration was performed, and samples were dried.

2.4 Deposited encrustation assay

Each sample was immersed in 1 mL artificial urine containing
5.0 × 108 CFU of P. mirabilis and then incubated at 37°C for 7 days.
The proportion of artificial urine is shown in Table 1. At the indicated
time, samples were taken out and washed with deionized water. After
immersing in 5% HCl solution and ultrasonically cleaning for 5 min,
the contents of Ca2+ and Mg2+ ions were measured by ICP-MS7900
(Agilent, United States).

TABLE 2 Proportion of Cu element determined by XPS.

Sample Cu%

PU-0.25Cu 11.98

PU-0.5Cu 19.09

PU-1Cu 24.61

PU-1.5Cu 46.43

PU-2Cu 51.36

FIGURE 2
(A) (a)–(g) P. mirabilis colonies on plates for PU, PDA, PU-0.25Cu, PU-0.5Cu, PU-1Cu, PU-1.5Cu, and PU-2Cu. (h) Antibacterial rate of samples compared
to PU. Data were presented asmean ± SD (N=3), and a significant difference at p<0.01 is shown as **p<0.01. (B) (a)–(g) Morphology and distribution of Proteus
mirabilis on the surface of PU, PDA, PU-0.25Cu, PU-0.5Cu, PU-1Cu, PU-1.5Cu, and PU-2Cu. (h) Amount of Proteus mirabilis on the samples. A significant
difference at p<0.01 is shown by **p<0.01. (C,D)Contents of Ca2+ andMg2+ in the encrustation on various samples by P. mirabilis. A significant difference
at p<0.05 is shown as *p<0.05, #p<0.05 and p<0.01 is shown as **p<0.01 and ##p<0.01.
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2.5 RAW264.7 cell line culture

Mouse leukemia cells of monocytemacrophage cell lines (RAW264.7),
obtained from theNational Collection ofAuthenticatedCell Cultures, were
cultured in Dulbecco’s modified Eagle medium (DMEM, HyClone,

United States) supplemented with 10% fetal bovine serum (Gibco),
100 U/mL penicillin, and 100 μg/mL streptomycin (Genview, China) in
a 5% CO2 incubator (Shel Lab, United States) at 37 C. Cells were treated
with 0.25% trypsin-EDTA (Gibco, Canada) and re-suspended in fresh
DMEM, while 80% confluence was reached.

FIGURE 3
RGR of RAW264.7 cultured with the extracts for 24, 48, and 72 h. Significant differences are marked as *p<0.05, ▲p<0.05, **p<0.01, ▲▲p<0.01, and
ΔΔp<0.01, respectively.

FIGURE 4
Flow cytometry results of RAW264.7 cultured with the extracts for 24 h. (A) PU, (B) PDA, (C) PU-0.25Cu, (D) PU-0.5Cu, and (E) PU-1Cu.

Frontiers in Materials frontiersin.org05

Li et al. 10.3389/fmats.2023.1110919

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1110919


2.6 Cytotoxicity assay

Cytotoxicity was used to evaluate the cell viability after treating
with 24-h extracts of samples using CCK-8 (Biosharp, China). The
ratio of samples’ surface-area to culture medium volume (3 cm2/
mL) was used to prepare the extracts according to ISO 10993-5. A
measure of 100 μL of cell suspensions at a concentration of 3 × 104/
mL was seeded in a 96-well plate and incubated overnight.
Afterward, the medium was replaced with 100 μL extracts or
DMEM (negative control). After 24, 48, and 72 h of incubation,
cell counting kit-8 was added and co-cultured for 2 h to measure
the optical density (O.D.) at 450 nm (Bio-Rad, United States). The
relative growth rate (RGR) was calculated by the following
equation:

RelativeGrowth Rate %( ) � A –B
B

× 100%, (2)

where A is O.D. for each experimental group and B is the control.

2.7 Annexin V-FITC/PI apoptosis assay

RAW264.7 cells at a density of 1 × 106 cells per well were incubated
in a six-well plate with the sample extracts for 24 h, respectively.
Trypsin solution with phenol red (EDTA-free) (Biosharp, China) was
used to harvest the cells, then washed with ice-cold PBS, and re-
suspended with Annexin V-FITC/PI apoptosis kit (Multisciences,
China) according to the standard instructions. Afterward, flow
cytometry was used to detect apoptosis of cells, and the
corresponding data were analyzed using ModFit LT software.

2.8 Morphology of cells

RAW264.7 cells at a density of 1 × 104 cells were seeded on samples
and incubated for 24, 48, and 72 h. Subsequently, substrates were fixed
with 2.5% glutaraldehyde (Macklin, China) and dehydrated with serial
concentrations of ethanol. After drying and gold spraying, SEM

FIGURE 5
SEM images of RAW264.7 on the surface of samples.
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(TESCANMIRA, Czech Republic) was used to observe morphology of
macrophages.

2.9 Cell distribution

The cell nucleus stained by DAPI (Beyotime, China) was used to
observe distribution and counts of RAW264.7 cells seeded on the samples
and incubated for 24, 48, and 72 h. At the indicated time, samples were
taken out and fixed with 4% paraformaldehyde (Biosharp, China) for
30 min and then supplemented with 0.1% Triton-X-100 (Dingguo,
China) for 5 min. After washing with PBS, DAPI was used to stain
the cells out of light. Three random areas on each sample were

observed using an immunofluorescence microscope (Olympus,
Japan), and the average amount of cells was stated.

2.10 Wound healing assay

Wound healing assay was carried out to investigate the cell
migration capacity of RAW264.7 cells. A density of 1 × 106 cells
were cultured in a six-well plate and incubated until confluent. A 10-
μL pipette tip was used to make a straight scratch. After washing three
times, 2 mL of 24-h extracts was added, and photographs were taken
using an optical microscope (Olympus, CKX53) at 0 h and after
incubation for 24 h at a stable location. The wound areas were
analyzed using Image J, and the relative migration area was
calculated by the following equation:

RelativeMigrationArea %( ) � A –B
A

× 100%, (3)

where A and B are the scratch marks with no cells at 0 and 24 h,
respectively.

2.11 Transwell invasion assay

Ameasure of 100 μL of cell suspensions at a concentration of 5 × 105/
mL was added into the upper chambers and transferred to the wells of
24-well plates containing 600 μL DMEM or 24-h extracts supplemented
with 10% FBS. After incubation for 36 h, the membrane was fixed with
4% paraformaldehyde for 30 min at 4 C and then was stained with 0.1%
crystal violet (Lengene, China). Three random locations of the
membrane were imaged using an optical microscope (Olympus,
CKX53), and the migration numbers were quantified.

2.12 ELISA of IL-10 and IL-6

The secretion of pro- or anti-inflammatory cytokines (IL-6 and IL-
10) of RAW264.7 was detected using the ELISA kit (Multisciences,
China). RAW264.7 cells at a density of 1 × 105 cells per well were
cultured in a six-well plate with the extracts for 24, 48, and 72 h. The
collected specimen from each well was centrifuged at 1,000 rpm for
20 min, and the supernatant was measured using IL-6 and IL-10 ELISA
kits, respectively, according to the manufacturer’s protocol. The mean
values of cytokine secretion of samples were calculated in triplicate.

2.13 Statistical analysis

Data were presented as mean ± standard deviation (SD). The statistical
analysis was expressed by the t-test or one-wayANOVAwith a post hoc test.

3 Results

3.1 XPS analysis

XPS was used to analyze the composition of substrates, and the
corresponding spectra of N1s and Cu2p regions are shown in Figure 1A.
A secondary amine (-NH-) with a binding energy of 399.5 eV appeared in

FIGURE 6
Immunofluorescence images of cell nucleus distribution stained by
DAPI. (A) Cell nucleus distribution imaged using Immunofluorescence
microscopy. (B) The average quantities of the nucleus. Data were
obtained from three random areas on each sample. The statistically
significant difference is shown as *p<0.05 and Δp<0.05. A very significant
difference is shown by ▲▲p<0.01 and ΔΔp<0.01.
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PU, whereas an additional amino-rich tertiary group (=N-) with a binding
energy of 398.5 eV, which was the characteristic peak of PDA, appeared in
PU/PDA, indicating a successful coating of PDA on PU. The peaks of
Cu2p, including Cu (932.50 eV) and CuO (934.60 eV), were considered
important evidence to prove immobilization of Cu on the substrates as
shown in Figure 1A (c)–(g). Table 2 depicts the proportion of Cu, which
increases with concentrations of CuCl2. The proportion of Cu loading on
PU for concentrations of 0.25, 0.5, 1, 1.5, and 2 g/L were 11.98, 19.09,
24.61, 46.43, and 51.36%, respectively.

3.2 Topography and roughness

AFM was carried out to study surface topography and roughness
of samples. The 3D images in Figure 1B depict that PU has a smooth
surface; however, topography of Cu-loaded samples displays a certain
fluctuation. It showed that Ra of PU was 1.61 ± 0.19 nm, which was
enhanced after immobilizing copper, ranging from 5 to 7 nm with no
significant difference.

3.3 Contact angles

As illustrated in Figure 1C, the contact angle of PU andPDAwas 94.4°

and 80.9°, respectively, indicating that PDA was successfully immobilized
on PU with the help of a hydrophilic reagent. There was no significant
difference in copper-loaded PU except for a slightly increasing tendency.

3.4 Antibacterial property

Figure 2A shows the antibacterial rate of samples cultured with P.
mirabilis for 24 h. Compared to PU, an enormous improvement was
seen in PU-Cu against microbes, increasing with the copper loading

content response. SEMwas used to confirm adhesion of P. mirabilis on
samples, as shown in Figure 2B. The morphology of P. mirabilis was
rhabditiform and was distributed evenly on the majority of PU.
However, fewer bacteria were adhered on PU-Cu samples.

3.5 Deposited encrustation assay

The primary elements of encrustation were Ca and Mg. It was
shown that the concentrations of Ca2+ andMg2+, which dissolved from
the samples, gradually decreased with the increasing contents of
copper, as depicted in Figures 2C, D.

3.6 Cytotoxicity

CCK-8 was used tomeasure cytotoxicity of RAW264.7 after culturing
with the extracts for 24, 48, and 72 h. As shown in Figure 3, the RGRswere
all above 80% in PU, PDA, and PU-(0.25–1)Cu, indicating an acceptable
cytotoxicity, according to the standard of ISO 10993–5. However, the
RGR of cells co-cultured with PU-2Cu for 48 h was decreased to 66.71%,
showing negative effects on RAW264.7 due to additional release of copper
ions. When cultivating for 72 h, RGR was reduced to 59.68% and 57.30%
for PU-1.5Cu and PU-2Cu, respectively, demonstrating that there was an
acceptable cytotoxicity against cells only within a certain concentration
range of Cu loaded on substrates. Thus, samples with an acceptable
cytotoxicity were subjected to the following tests besides PU-1.5Cu and
PU-2Cu.

3.7 Annexin V-FITC/PI apoptosis assay

Flow cytometry was performed to evaluate cell viability of PU,
PDA, and PU-Cu groups. After incubating for 24 h, the results are

FIGURE 7
(A) Wound healing assay imaged using an optical microscope, magnified 100 times at 0 and 24 h. (B) Relative migration area of samples. (C) Transwell
assay recorded using an optical microscope at 36 h. (D) Number of cells migrated through the membrane for 36 h. The statistically significant difference at
p<0.05 is shown as *p<0.05 and #p<0.05. p<0.01 is shown by different letters **p<0.01.
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displayed in Figure 4. It could be concluded that the percentage of live
cells (Q4) of PU was 75.7%, whereas that of PDA, PU-0.25Cu, PU-
0.5Cu, and PU-1Cu was 74.3, 73.8, 72.2, and 75.7%, respectively.

3.8 Cell morphology

Cell morphology on the surface of samples was visualized by SEM.
As shown in Figure 5, RAW264.7 cells on PU and PDA were activated
to become spindle-shaped with more pseudopod spreading. However,
the cells adhered on PU-Cu showed a spherical shape with almost no
pseudopods, which means less effect on macrophage irritation. There
was no significant discrepancy of cell morphology among Cu-loaded
PU substrates.

3.9 Staining assay for the cell nucleus

Immunofluorescencemicroscopy was used to observe the cell nucleus
distribution, and the corresponding results are shown in Figure 6. The
average quantities of the nucleus were increased with the prolonged
incubation period for each material. Statistically significant differences of
PU-0.25Cu and PU-1Cu compared to PU indicated a favorable
probability of cell attachment after coating with Cu for 24 h.

3.10 Cell migration assay

The effect of PU-Cu on cell migration capacities was investigated
by wound healing and transwell assays, respectively. As presented in
Figures 7A, B, the relative migration area of RAW264.7 incubated with
PU-0.25Cu was 17.3%, which was significantly higher than that of PU
(13.1%). However, the other PU-Cu samples showed a negative influence.
In addition, Figures 7C, D illustrate cell longitudinal migration capacity
evaluated by transwell assay. Similar to the results of wound healing and
compared with PU or other PU-Cu samples, more stained cells were
observed after incubating with PU-0.25Cu.

3.11 Detection of IL-6 and IL-10 secretion by
ELISA

ELISA kits were used to detect concentrations of IL-6 and IL-10
secretion into the medium. As described in Figures 8A–C, the contents of
IL-6 were obviously decreased after culturing with 24-h PU-Cu extracts,
compared to PU for 24, 48, and 72 h. The concentration of the pro-
inflammatory cytokine, IL-6, in PU was 1.013 ± 0.0064 pg/mL, whereas
that in PU-0.25Cu, PU-0.5Cu, and PU-1Cu was 0.528 ± 0.060, 0.556 ±
0.098, and 0.712 ± 0.081 pg/mL, respectively, with the statistical difference
between PU and PU-Cu for 24 h. It was obvious that the secretion of IL-6
in the PU groupwas increased to 1.200 ± 0.041 pg/mL after incubation for
72 h, while that of PU-Cu samples was significantly lower. These
observations demonstrated that copper loaded on samples has a
preferable effect on inflammatory inhibition. Figures 8D–F depict the
concentration of IL-10 secreted into the medium. It can be seen that cells
incubated with PU secreted the lowest concentration of IL-10 with a
significant difference between PU-Cu for 24, 48, and 72 h, indicating that
the anti-inflammatory cytokine, IL-10, would be increased with the
existence of moderate Cu ions released from PU-Cu samples.

4 Discussion

Ureteral stents are indispensable in urological procedures and
used to relieve obstruction after performing shock wave lithotripsy
(Arkusz et al., 2021; Yoshida et al., 2021). Multiple serious effects
attributing to the encrustation on stents coupled with subsequent
chronic inflammatory response show an adverse influence on the
recovery of patients (Rebl et al., 2020; Van de Perre et al., 2020). Thus,
inhibitory inflammation is favorable to ureteral stents by modulating
surface property. In this study, copper loaded on PU bound via PDA
was conducted to kill microbes, contributing to the inhibition of
encrustation formation, and suppressed the related cytokine
expression for alleviating inflammatory response.

In order to confirm the coating of PDA on PU samples, high-
resolution spectra of N1s were measured. The presence of a secondary

FIGURE 8
(A–C) Concentration of IL-6 secreted into the culture medium for 24, 48, and 72 h. Statistically significant differences are shown as *p<0.05, &p<0.05,
△p<0.05, ▲p<0.05, **p<0.01, ##p<0.01, &&p<0.01, △△p<0.01, and▲▲p<<0.01. (D–F) Concentration of IL-10 secreted into the culture medium for 24, 48, and
72 h. Significant differences are represented as *p<0.05, #p<0.05, &p<0.05, ▲p<0.05, △p<0.05 **p<0.01, and ▲▲p<0.01.
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and tertiary amine group of PDA with binding energies of 399.5 eV
and 398.5 eV, respectively, as shown in Figure 1A (b), indicated
successful PDA deposition. Meanwhile, Cu and CuO peaks
confirmed the successful immobilization of Cu on the substrates, as
demonstrated by the roughness and hydrophilicity changes. Cu+ is
toxic to biological surroundings and kills bacteria via destroying Fe-S
protein; however, it is not stable in solution as Cu2+. The Cu-loaded
samples reacted well with water and formed Cu2O, which converted
into CuO quickly (Eqs 4, 5) under an oxidation reaction. Cu2+ was then
reproduced through the reaction with H+ in urine, and the dynamic
equilibrium would be broken by the action of Cu. Therefore,
disproportionation reactions (Eqs 6, 7) could be restricted to form
more Cu+. Thus, in order to improve the antibacterial property, it is
crucial to enhance the proportion of Cu on samples for more Cu+. The
SEM results showed the inhibitory performance of PU-Cu samples
against P. mirabilis in Figure 2B. The majority of PU was distributed
with microbes, while a decreased number of cells were adhered on PU-
Cu samples with the enhanced Cu proportion. Furthermore, Ma et al.
(2019) confirmed that the release of Cu ions on the urinary implant
materials could kill microbes, thus blocking the occurrence of the
deposited encrustation. The depositions on samples were dissolved
with HCl, and the corresponding concentrations of Ca2+ and Mg2+

were analyzed by ICP-MS. A significant decrease of crystal deposition
on PU-Cu samples compared to PU or PDA was shown, which was
due to continuous contact with PU-Cu.

8Cu + 2H2O + O2 → 4Cu2O + 4H+ + 4e− (4)
3Cu2O +H2O +O2 → 6CuO + 2H+ + 2e− (5)

CuO + 2H+ → Cu2+ +H2O (6)
2Cu+ ↔ Cu2+ + Cu. (7)

However, it was indicated that PU-1.5Cu and PU-2Cu manifested
certain cytotoxicity to macrophage compared to PU-(0.25–1)Cu, with the
same toxic tendency with the proportion of Cu. Figure 3 shows that only
an appropriate range of Cu is preferably vital for RAW264.7, affecting the
regulating crystal deposition. Macrophages play a pivotal role in the
inflammatory response, with the capability of phagocytosis and secretion
of related inflammatory cytokines that are functional in immune defense

(Lee et al., 2021). The RAW264.7 cells were stimulated by samples to be
activated and polarized to form pro-inflammatory M1 macrophage or
anti-inflammatory M2 macrophage (Taguchi et al., 2016; Tu et al., 2021;
Xiao et al., 2021). Pro-inflammatoryM1macrophage enhances deposition
of CaOx crystals and promotes tissue injury, whereas anti-inflammatory
M2 macrophage shows the opposite effect (Yang et al., 2020). Figure 5
confirms that the RAW264.7 cells adhered to PU were partly activated
with the pseudopod spreading, whereas RAW264.7 cells on Cu-bearing
samples were almost sphere plotting that showed anti-inflammatory
tendency. In addition, macrophage recruitment and swallowing
directly affect the eliminating crystals (Yan et al., 2022). Cell nucleus
distribution as shown in Figure 6 was stained by DAPI, and the result
identified that Cu ion plays an active role in RAW264.7 immobilization.
Wound healing assay and transwell assay of cells indicated that
RAW264.7 migrated faster and more with a certain concentration of
Cu, which was conducive to enhancing chemotaxis. As mentioned
previously, different secreted cytokines could promote inflammatory
response or anti-inflammatory performance. ELISA for IL-6 secretion
demonstrated that Cu can decrease secretion of the pro-inflammatory
cytokine. However, it induced secretion of the anti-inflammatory
cytokine, IL-10, suggesting that Cu modulated RAW264.7 for further
immune response.

The mechanism of regulating encrustation response to macrophage is
shown in Figure 9. M1 and its corresponding pro-inflammatory cytokines,
TNF-α and IL-6, and oxidative stress molecules, property to promote the
development of CaOx stones, were downregulated via diminishing the
nuclear factor kB (NF-kB) signal pathway after contacting with PU-Cu
stents (Song et al., 2016; Liu et al., 2022a). Lysosome rupture, ROS
generation, and NLRP3 inflammasome activation were blocked in the
process of macrophage engulfing (Jin et al., 2011). Nevertheless, deposition
of CaOx crystals was suppressed by PU-Cu through polarizing to M2,
which facilitates phagocytosis and contributes to eliminating crystals via
lysosomes, clathrin mediation, and some related anti-inflammatory
chemokines (Dominguez-Gutierrez et al., 2018; Taguchi et al., 2021).
Further investigation should be focused on the related signal pathway
targeting the regulation of macrophages converting into M1 and M2, and
encrustation formation induced by the Cu-bearing ureteral stent in an
infectious and crystal precipitation model.

FIGURE 9
Schematic diagram of Cu-bearing stents, inhibiting encrustation via phagocytosis.
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5 Conclusion

In this study, Cu immobilized on PU was modified with the
functionality of killing microbes and restraining encrustation. The
antibacterial ability was increased with the concentration of Cu
loading, whereas only PU-(0.25–1)Cu had an acceptable
cytotoxicity to cells. In addition, RAW264.7 cells were recruited in
the sustaining action of Cu and secreted the anti-inflammatory
cytokine in response to phagocytized crystals, contributing to
decreasing stone formation on the ureteral stent.
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