
The Application of Tannic Acid in
Orthopedics
Yingchuan Sun, Yang Qu and Jianwu Zhao*

Jilin University, Changchun, China

Tannic acid (TA) is a naturally occurring polyphenol compound commonly found in tea,
wine, and fruits. Because of the excellent structural and functional properties afforded by
TA, materials based on the structure of polyhydroxyphenols have great value, particularly
for orthopedic transplantation. This compound, for example, can form a strong interaction
with metals and can form a stable coating on their surfaces, thus, improving the physical
and chemical properties of bone–implant surfaces and boosting implantation success
rates. TA can also inhibit the activity of osteoclasts, thus, playing a potential role in the
treatment of osteoporosis. Furthermore, if the body becomes polluted with heavy metals,
TA can chelate the ions to protect bone morphology and structure. It also has a significant
antibacterial effect and can reduce infections caused by surgical implantation and inhibit a
variety of tumor cells, thereby promoting its potential application in spinal metastasis
surgery. Furthermore, it can also slow the corrosion caused by magnesium alloys, thereby
greatly improving the development of degradable orthopedic metal fixatives. Importantly,
TA is cheap and easy to obtain, making it extremely valuable for use in orthopedics. This
review focuses on the research status and practical applications of TA, and prospects for
its future application for orthopedics (Figure 1).
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INTRODUCTION

Tannic acid (TA) is a polyphenolic compound commonly found in many plants used for food and
animal feed (Wang et al., 2020). Its empirical formula is represented by (Figure 2) C76H52O46 (Yan
et al., 2020). The molecular structure of TA is composed of a central glucose unit, connected by 10
gallic acid molecules (Xu et al., 2018). TA is widely used for many diverse purposes, including
industrial ink manufacture (when TA is mixed with ferric ions, a color reaction occurs), and is used
for leather tanning, where it can bind to proteins (mainly collagen) through strong interactions,
making them insoluble, more resistant to mechanical abrasion, and less susceptible to biodegradation
(Chaplin, 1985; Belgacem and Gandini, 2008). Furthermore, this polyphenolic organic compound,
possesses specific structural properties and biological activity, enabling it to be used as a building
block for supramolecular assembly in the synthesis of biologically active nanomaterials (Lu et al.,
2020). In the field of beauty and skin care, TA is widely added to cosmetics and skin care products to
enhance their astringent, whitening, antiwrinkle, moisturizing, sun screening, antioxidant, and
antiseptic effects (Ryeom et al., 2018; Chai et al., 2019). It also has important medical applications
where it is often used to treat pharyngitis, tonsillitis, hemorrhoids, skin blisters, diarrhea, and
intestinal bleeding (Li et al., 2018; Ren et al., 2019), and as an important lead-reducing compound,
TA can also be used to inhibit Alzheimer’s disease (Braidy et al., 2017). It is also important for the
prevention and management of diabetes mellitus and its associated complications (Ajebli and
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Eddouks, 2019). TA has a strong antibacterial function against
Gram-positive and -negative bacteria when used as a coating, and
shows good biocompatibility to mammalian cells (Sileika et al.,
2013). As mentioned, TA can also scavenge reactive oxygen
species and free radicals (Preedy, 2013) with anticancer and
antimutagenic effects (King-Thom et al., 1998). In the field of
orthopedic implants, TA can be crosslinked with a variety of
metal implant surfaces and quickly coated on the metal surface
(Ejima et al., 2013; Kim and Pasc, 2017) enabling better
compatibility between the metals. As a plant polyphenol, TA
represents a powerful synthetic tool for high-performance
biocompatible bone adhesives, thereby avoiding the
detrimental effects of traditional hydrogels, by enhancing
water-resistant fixation, and guiding bone regeneration (Bai
et al., 2020). In addition, the US Food and Drug
Administration has classified TA as generally safe and

relatively inexpensive, making it an ideal orthopedic material
(Steffi et al., 2019a).

TANNIC ACID ACTIVITY ON THE
BONE–IMPLANT INTERFACE

Orthopedic biomedical materials have the ability to repair or
replace damaged bone and bone tissue during the treatment of
orthopedic-related diseases and injuries, and help restore the
normal physiological function of bones (Vogt et al., 2015).
Currently, the application of biomedical materials in the field
of orthopedics is becoming increasingly extensive and diversified.
The physical and mechanical properties, as well as corrosion
resistance and biocompatibility of various materials, have their
own advantages. With increasing developmental and innovative

FIGURE 1 | The application of TA in orthopedics.
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advances in modern science and technology, higher expectations
have been applied to the research and development of orthopedic
biomedical materials (Gu et al., 2012; Guo et al., 2013). For
example, the physical and chemical properties of the implant
surface play a crucial role in the activity of bone cells at the
bone–implant interface (Klymov et al., 2013). The oxidative stress
generated by the accumulation of reactive oxygen species will
hinder the osseointegration of the bone–implant interface (Chen
et al., 2017). Oxidative stress can severely impair the biological
function of osteoblasts, thereby hindering early bone formation
and even cause implants to fail (Hu et al., 2017). For example,
titanium and its alloys are widely used in orthopedic implants
where its excellent mechanical properties, ideal density, good
corrosion resistance, and very low cytotoxicity are highly suited to
a clinical application (Borsari et al., 2007; Chen et al., 2016).
However, titanium and its alloys can form an inert oxide layer in
the human body, thereby rendering the surface of the implant
biologically inert, which is not conducive to the growth of new
bone, and can result in poor osseointegration at the implant
interface (Mei et al., 2014).

The polyphenolic hydroxyl group of TA has a strong ability to
donate hydrogen atoms and, therefore, has a profound ability to
eliminate oxygen free radicals (Marrassini et al., 2018). Therefore,
TA is often used to improve the bone–implant interface. As an
antioxidant compound, TA prevents lipid oxidation and free

radical-mediated DNA cleavage caused by active oxygen
scavenging and its derived free radicals, thus, inhibiting the
formation of polycyclic aromatic hydrocarbon-
deoxyribonucleic acid adducts from in vivo or in vitro derived
electrophiles and DNA (Khan et al., 2000; Baer-Dubowska and
Szaefer, 2013). TA can also reduce the production of reactive
oxygen species (ROS) by inhibiting the expression of NADPH
oxidase-1 (NOX-1) (Xu et al., 2018). In addition, TA can increase
serum levels of antioxidant enzymes, such as superoxide
dismutase (SOD), catalase (CAT), glutathione (GSH), and
endothelial nitric oxide synthase (e-NOS), which can remove
tractive oxygen (Chu et al., 2016). Therefore, it can improve the
physicochemical properties of the bone–implant interface, thus,
improving the implantation efficiency and increasing its success
rate. TA, therefore, has the potential to become a very suitable
coating for orthopedic implants.

THE APPLICATION OF TANNIC ACID IN
OSTEOPOROSIS

According to the 1994 definition by the World Health
Organization (WHO), osteoporosis is a systemic bone disease
characterized by low bone mass, bone microstructure damage,
increased bone fragility, and susceptibility to fractures. The

FIGURE 2 | The chemical structure of TA.
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disease is also common in the elderly as approximately 40% of
women and 14% of men over 50 years of age will develop
osteoporosis-related fractures (Eastell and Lambert, 2002).

TA, as a polyphenol compound, can spontaneously adhere to
the surface of various metal oxide substrates and form a thin
coating through ametal–ligand interaction (Son et al., 2018). This
effect helps to fix strontium onto the titanium surface, so that
strontium, a metal ion is able to better promote osteoblast
activity, with a concomitant inhibition of osteoclasts (Bonnelye
et al., 2008; Steffi et al., 2019a). TA can also be complexed with
calcium, where the calcium ions are fixed onto the surface of
titanium dioxide nanotubes by forming a coordination complex
with morpho TA, causing further phosphorylation to form an
apatite coating, which can promote osteogenesis and long-lasting
and effective antioxidant activity (Qiaoxia et al., 2020).

TA alone also has the ability to inhibit osteoclast activity which
is important for homeostasis between osteoclast-mediated bone
resorption and osteoblast-mediated bone formation. (Sims and
Martin, 2020). Studies have shown that inhibition of osteoclast
differentiation and function, and reduction of excessive osteoclast
activation is an effective way to treat diseases of bone loss.
(Hasegawa et al., 2019). TA can selectively affect mature
osteoclasts by influencing receptor activator of NF-kB (RANK)
and receptor activator of NF-kB ligand (RANKL) signaling,
thereby reducing TRAP activity in osteoclasts (Park et al.,
2004). Compared with pure titanium or titanium–dopamine
complexes, titanium complexed with TA has been found to
significantly reduce the total amount of DNA in osteoclasts
and the number of actin rings, suggesting an inhibitory effect
on activity and proliferation in these cells (Steffi et al., 2019b).

Therefore, surgery on patients with osteoporosis, especially
osteoporotic fractures, is benefited by the combination of internal
fixation and tannin, which cannot only produce a better fixation
effect but also improve bone density and improve the success of
the procedure, further reducing the frequency and probability of
postoperative complications. Poly (methyl methacrylate)
(PMMA), which is currently used to treat osteoporosis, has
many disadvantages (high polymerization temperature, release
of toxic monomers, poor histocompatibility, nonbiodegradable,
nonosteoinductive, and can cause bone cement leakage,
osteonecrosis in the vertebral body, and complications such as
re-fracture of the vertebral body during surgery), making this
compound far from ideal (Rho et al., 2012; Lv et al., 2015).
Therefore, TA with its better performance may gradually replace
PMMA as a frontline therapy, and its potential merits further
exploration.

THE PROTECTIVE EFFECT OF TANNIC
ACID ON BONE DURING HEAVY METAL
POLLUTION
Cadmium and lead are highly toxic heavy metals that are widely
present in the environment, having no current threshold limit for
their toxic effects. Even if the concentration of these heavy metals
found in the blood is only a few micrograms, they can still exert
toxic effects (Winiarska-Mieczan, 2013). Due to their induction

of oxidative stress, they can damage organs and exhibit
mutagenic, genotoxic, carcinogenic, and teratogenic effects in
both humans and animals (Bampidis et al., 2013). Lead mainly
exists in the bone tissue in the body. Of all lead found in the body,
90% is found in the bone tissue (Cretacci and Parsons, 2010), and
the two aforementioned metals can exist in the bones for more
than 10 years and can replace the calcium in hydroxyapatite
(Castelli et al., 2005). This mechanism can protect important
organs and tissues from the direct impact of heavy metals, but
long-term exposure to cadmium and lead can cause disorders of
the nephron, increased calcium excretion, systemic osteomalacia,
and osteoporosis, which are due to the competitive replacement
of calcium ions from the bone tissue and a deterioration of the
bone structure. This results in a reduction in the thickness of the
bone trabecula, affecting their mechanical properties and causing
frequent fractures (Agneta et al., 2006). Cadmium can also reduce
body vitamin D content, reduce the absorption of calcium in the
intestines, and cause bone deformation and softening (Brzóska
et al., 2007).

TA contains multiple orthophenolic hydroxyl structures,
which can be used as a multibase ligand to complex with
metal ions. It has adjacent phenolic hydroxyl groups that can
form a stable five-membered ring capable of chelating metal
ions. Although the third phenolic hydroxyl group in the
pyrogallol structure does not participate in this complex
formation, it can promote the other two. Furthermore, the
dissociation of phenolic hydroxyl groups can promote the
formation and stability of complexes, thereby complexing
with heavy metals such as lead and cadmium. For bone
tissues that have been exposed to lead and cadmium,
treatment with TA can increase the calcium content in the
bone, increase trabecular bone density, increase trabecular bone
volume to tissue volume ratio, increase the thickness of articular
cartilage, and reduce the lead and cadmium content of the bone
(Tomaszewska et al., 2017). Therefore, TA cannot only prevent
bone damage caused by heavy metals in the early stage of heavy
metal pollution but also can achieve better surgical results when
used with internal fixation, in surgical treatments after bone
injury, thereby improving bone quality and prognosis after
surgery. TA can also be taken orally to remove any
remaining heavy metal pollutants from the body and avoid
further bone destruction.

THE APPLICATION OF TANNIC ACID IN
SPINAL METASTASES

With continuous advances in medical technology, the survival
period for cancer patients continues to grow, but metastasis of
various tumors, including bone tumors, remains a serious
problem and is increasing (Siegel et al., 2019). Approximately
60% of bone metastases occur in the spine (Bollen et al., 2018),
60% of all metastases occur in the bone tissue, and of this,
3%–30% occur in the spine (Siegel et al., 2018). Spinal
metastases are often treated with surgery, especially if the
general condition of the spine is poor, unstable, the tumor
compresses the spinal cord, or the posterior column is
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invaded. In these circumstances, surgery is usually performed by
way of simple percutaneous vertebroplasty (PVP), but when
surgery is not possible, pedicle screw decompression
techniques are often performed (Moussazadeh et al., 2015;
Rajah et al., 2015). TA can inhibit the activity of DNA
polymerase and telomerase in tumor cells and can inhibit
cancer progression by inhibiting oxidative stress and reducing
inflammatory damage (Majed et al., 2015; Savelyev et al., 2018). It
can also inhibit the expression of cyclooxygenase-2 (COX-2) and
the activation of nuclear factor-JB (NF-JB), and inhibit the
overexpression of nitric oxide synthase (NOS), which
contributes to the inhibition of tumor development (Majed
et al., 2015). Treatment with TA also inhibits lung cancer cell
viability through cell cycle arrest and can induce the intrinsic
apoptosis pathway (Sp et al., 2020). It can also induce breast
cancer cell apoptosis by affecting the cell epidermal growth factor
receptor (EGFR) (Darvin et al., 2017) and as a natural fatty acid
synthase (Fas) inhibitor to downregulate the expression of Fas in
breast cancer cells and induce cancer cell apoptosis (Nie et al.,
2016). TA can selectively inhibit the activity of an isoenzyme of
glycolytic pyruvate kinase, M2 (PKM2), to cause inhibition of
proliferation in gastrointestinal tumor cells (Yang et al., 2018). In
prostate cancer cells, TA can inhibit signals for lipogenesis and
the lipid metabolism pathway, and can mediate their apoptosis
through the endoplasmic reticulum stress pathway (Nagesh et al.,
2018; Nagesh et al., 2020). It can also induce caspase activation
and increase the presence of ROS and reactive nitrogen species
(RNS) in cells, while downregulating the expression of
antioxidants, causing DNA breakage and increased death to
liver cancer cells (Mhlanga et al., 2019). Compared with most
traditional drug delivery systems, the combined technology of
metal and TA ligands can improve the anticancer ability of drugs
and achieve better therapeutic effects (Mathivanan et al., 2019).
As a polyphenol, TA can form complexes with metals, thus,
becoming a superior drug delivery system and improving the
anticancer effect of nanomedicines and reducing the systemic
toxicity of the drug (Ren et al., 2020). When tannins and internal
fixation methods are used together, for example, the application
of tannins combined with the pedicle screw technique, this hugely
improves outcomes in surgery of spinal metastases (Table 1).

If TA is used as the coating for pedicle screws in spinal metastasis
surgery, or in combination with bone cements to treat tumor-
invaded vertebrae, this may help successful tumor resection and
eliminate residual lesions. Due to its intrinsic anticancer properties,

TA may be beneficial for drug delivery to metastatic areas, thereby
inhibiting the spread and recurrence of cancer.

THE ROLE OF TANNIC ACID IN
PREVENTING ORTHOPEDIC IMPLANT
INFECTIONS
In recent years, the number of orthopedic surgery procedures has
continued to increase, but at the same time, cases of surgical
failure are also on the rise. Among them, the failure of internal
fixation caused by implant-related infections has led to a
significant increase in the need for revision operations, and
45% of nosocomial infections after orthopedic surgery are
caused by implant infections (Alvand et al., 2017). Due to the
low blood supply on the surface of the implant and lack of nutrients,
the bacterial biofilm produced tends to grow continuously and
slowly, and drug resistance is often 1,000 times higher (Zoubos
et al., 2012). The bacteria on the surface of orthopedic implants are
composed of a variety of types, including Staphylococcus aureus,
beta-hemolytic streptococcus, and aerobic Gram-negative bacilli
(Getzlaf et al., 2016). Currently, 6–8 weeks of an anti-infective
treatment (intravenous antibiotics) is adopted in clinical practice,
but the shortcomings, such as difficulty to accurately manage the
duration of use, low antibiotic concentration at the target site, and
difficulty in achieving effective concentrations of drug at the surface
of the implant, or in the biofilm, are all important confounding
factors. Increasingly, medical practitioners have realized that relying
solely on anti-infective treatment to prevent the occurrence of
postoperative artificial implant infection is not ideal and is greatly
limited (Schmidt et al., 2015; Song et al., 2015).

TA is a polydentate ligand, which binds to proteins mainly
through hydrophobic interactions and hydrogen bonds, thereby
inhibiting bacterial metabolism (Theisen et al., 2014; Jöbstl et al.,
2006). Moreover, TA interacts with biomolecules and metal ions
in bacteria to increase cell membrane permeability, disrupt cell
membrane stability, and change the protein-to-lipid ratio, so that
the assembled materials have good antibacterial properties
(Chung et al., 1998). Importantly, due to its phenolic hydroxyl
group, TA possesses antibacterial properties against specific
bacteria, including S. aureus and E. coli (Dabbaghi et al.,
2019), and can also be used as an inhibitor of the NorA efflux
pump, producing antibacterial properties against Gram-positive
bacteria, especially Glucococcus aureus and Enterococcus faecalis

TABLE 1 | The inhibitory effect of tannin on common spinal metastases.

Primary disease Proportion (%) Tannic acid inhibition Reference

Lung cancer 32.25 Cell cycle arrest Sp et al., 2020
Breast cancer 18.95 Inhibit epidermal growth factor receptor (EGFR) Darvin et al., 2017

Inhibit fatty acid synthase (Fas) Nie et al., 2016
Gastrointestinal cancer 15.72 Inhibit Pyruvate kinase M2 (PKM2) Yang et al., 2018
Prostate cancer 6.54 Inhibit lipid metabolism pathway Nagesh et al., 2018

Endoplasmic reticulum stress Nagesh et al., 2020
Thyroid cancer 5.60 — —

Hepatic carcinoma 5.60 Mediate oxidation Mhlanga et al., 2019
Kidney cancer 5.24 — —
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(Belhaoues et al., 2020). In higher concentrations, tannins can
also inhibit the intake of sugars and amino acids, thereby
inhibiting bacterial growth (Pandey and Negi, 2018). TA can
exert its antibacterial effect by inhibiting the biofilm formation of
G. aureus, Streptococcus, Streptococcus mutans, and others (Lee
et al., 2013; Dong et al., 2018) (Table 2). Interestingly, TA can also
reduce Ag+ to Ag nanoparticles in situ, thereby promoting a
synergistic antibacterial effect between them (Lu et al., 2020).
Moreover, TA can combine with several cationic antibiotics
(tobramycin, gentamicin, and polymyxin B) to form a highly
efficient, bioresponsive, and controlled-release antibacterial
coating, which can be used to prevent bacterial colonization of
biomedical devices (Zhuk et al., 2014).

An ideal orthopedic implant material, therefore, should not
only have the ability to resist infection, but also be able to promote
fracture healing. These two prerequisites, however, are difficult to
fulfill at the same time. If TA is used as a coating, it can be used in
combination with metal implants to take advantage of its affinity
with metal, promote bone formation, and enhanced antibacterial
effects (Yang et al., 2019).

TANNIC ACID CAN IMPROVE THE
CORROSION RESISTANCE OF
MAGNESIUM ALLOY INTERNAL FIXATION
In medicine, metallic materials have been widely used due to
their high mechanical strength, toughness, and good machining
performance. However, alloy materials cannot be degraded in
the body, and most of them need to be removed by a second
operation, causing socioeconomic burden, and pain caused by
this secondary procedure (Hermawan, 2018). However,
degradable internal fixation materials are well capable of
solving these existing problems. From research, looking at
new biodegradable metallic materials, magnesium and
magnesium alloys have become a more important research
option due to their nontoxicity and superior mechanical
properties (Li et al., 2008). However, the rapid corrosion rate
of magnesium alloys in the human environment has become a
bottleneck for further development. Controlling the
degradation rate of magnesium alloys, therefore, represents a
large gap in the field of medical devices that needs to be
overcome (Sezer et al., 2018).

TA can be used as a polymetallic ligand to react with metal
ions to form a metal–tannin complex due to its polyphenol

structure with hydroxyl groups in the ortho position. Because
polyphenol hydroxyl groups are negatively charged at
physiological pH, TA is expected to be able to achieve
supramolecular assembly by electrostatic interaction with
cationic compounds (Abouelmagd et al., 2019). The two
ortho–hydroxy groups in the form of oxygen anions can react
with metal ions to form a chelate and avoid metal corrosion (Gust
and Suwalski, 1994). Therefore, TA can form a dense and stable
conversion film on metallic surfaces, thus exhibiting good
resistance to corrosion (Chen et al., 2009). TA can also be
hydrolyzed and then react with Mg2+ ions to form magnesium
hydroxybenzoate, further preventing corrosion to magnesium
alloys (Chen et al., 2008). In addition, this TA coating can
improve the biocompatibility of magnesium alloys while
protecting the magnesium alloys from corrosion, highlighting
a bright future for its use with degradable magnesium alloys (Zhu
et al., 2017). If research in this area can be improved further, it will
greatly complement the shortcomings seen with degradable
magnesium alloy internal fixation materials, thus, promoting
its development and optimization may result in a new era for
orthopedic surgery.

CHALLENGES

Although it has a wide range of application prospects and great
application value, TA and its research and progress in the field of
orthopedics still face many challenges. TA can inhibit the
absorption of iron of the body (Montanaro et al., 2011),
thereby causing anemia, which will adversely affect the
recovery of patients after orthopedic surgery. However, this
study mostly focused on the intake of TA as food, whether it
will cause anemia after being degraded in the body as a coating or
hydrogel still needs us to continue to explore. Yet, clinical
applications of TA have been limited owing to its poor lipid
solubility, low bioavailability, and short half-life (Wang et al.,
2018). How to overcome the above problems so that TA can be
used in orthopedics clinics as soon as possible is also our direction
of effort.

CONCLUSION

Orthopedic diseases are diverse, and their treatment requires the
development of new biomaterials and drugs to achieve better

TABLE 2 | The resistance of tannins to the common pathogens of common orthopedic internal fixation infection.

Common pathogens of
orthopedic implant infection

(Dabbaghi et al., 2019)

Antibacterial properties of
tannic acid

1 Staphylococcus aureus Dabbaghi et al., 2019 (Schmidt et al., 2015)
2 Staphylococcus epidermidis Wang et al., 2018 (Belhaoues et al., 2020)
3 Pseudomonas aeruginosa Suzilla et al., 2020 (Pandey and Negi, 2018)
4 Enterococcus faecalis Belhaoues et al., 2020 (Song et al., 2015)
5 Staphylococcus haemolyticus —

6 Escherichia coli Pandey et al., 2018 (Theisen et al., 2014)
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therapeutic effects. Many studies in recent years have found that
the application of TA in the field of orthopedics has unlimited
potential and bright prospects. TA possesses many beneficial
biological effects including antioxidation, antibacterial, and
osteogenic effects, and is an ideal material for coating
orthopedic implants. Its unique antiosteoclast property makes
it a potential treatment for elderly patients with osteoporosis, and
its surface and osteoclast inhibitory properties make it a potential
replacement for bone cement as a new material for assisting
internal fixation for patients with osteoporosis. Furthermore, the
protective effect of TA on bone tissue after heavy metal infection
makes it useful for patients with poor bone quality after heavy
metal pollution. In addition, a series of reports also found
promising results for TA as an antitumor agent, suggesting a

role in spinal metastasis and even primary tumors. This effect has
not been fully investigated yet, but does represent a promising
new area of research for the future. As a material with both good
coating performance and corrosion resistance, TA is likely to
become a boost for the advancement of orthopedic biodegradable
internal fixation materials, and it is believed that with continuous
in-depth development and research, its value to transplantation
orthopedics will be soon realized (Suzilla et al., 2020).
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