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Abstract
Zinc is a micronutrient of key importance for human health. An increasing number of studies indicate that zinc plays a sig-
nificant role in bone tissue’s normal development and maintaining homeostasis. Zinc is not only a component of bone tissue 
but is also involved in the synthesis of the collagen matrix, mineralization, and bone turnover. It has been demonstrated that 
zinc can stimulate runt-related transcription factor 2 (Runx2) and promote the differentiation of osteoblasts. On the other 
hand, zinc has been found to inhibit osteoclast-like cell formation and to decrease bone resorption by stimulating osteoclasts’ 
apoptosis. Moreover, zinc regulates the RANKL/RANK/OPG pathway, thereby facilitating bone remodeling. To date, not all 
mechanisms of Zn activity on bone tissue are well understood and documented. The review aimed to present the current state 
of research on the role of zinc in bone tissue, its beneficial properties, and its effects on bone regeneration. Since calcium 
phosphates as bone substitute materials are increasingly enriched in zinc ions, the paper included an overview of research 
on the potential role of such materials in bone filling and regeneration.
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Introduction

Zinc belongs to the group of the most widespread micro-
nutrients. It is considered the most important trace element 
for human health [1, 2]. It performs not only catalytic or 
regulatory functions, but also structural ones. In the body of 
an adult human weighing 70 kg, zinc is stored in the amount 
of 2 to 2.5 g, mainly in compounds with metallothionein [2, 
3]. Fifty percent of this element is found in muscles, 30% 
in bone tissue, and 20% in other tissues (including testicles, 
liver, brain, and plasma) [3–5]. Zinc is considered a low-
toxic element for humans. The American Food and Nutrition 
Institute has set the maximum tolerable upper intake level 
(UL) of zinc for adults at 40 mg/day [6].

Zinc absorption occurs mainly in the small intestine, with 
greater efficiency from liquids (up to approx. 70%) than from 
solid foods (approximately 30%) [7]. Depending on its con-
centration, zinc transport occurs by two mechanisms: pas-
sive and facilitated transport, in high and low concentrations, 

respectively. Importantly, part of the zinc is secreted into the 
intestines along with pancreatic juice and bile. The absorp-
tion of zinc with food also depends on the status of zinc in 
the body—with its low content, absorption is more efficient 
[7]. The maintenance of a relatively constant zinc concentra-
tion both in the extra- and intracellular spaces is possible due 
to the presence of specific proteins acting as importers and 
exporters of this element, regulating the flow of ions into and 
out of the cell: transporters from the ZnT family (facilitating 
the diffusion of cations, SLC30) and ZIP (ZRT or Irk-like 
protein, SLC39) [8]. ZnT proteins reduce the concentration 
of zinc in the cytoplasm, either transporting zinc outside the 
cell or moving it to extracellular fluids, while ZIP proteins 
have the opposite effect—they allow the influx of zinc from 
the vessels into the cell. Zinc may be transported from the 
intestinal lumen into the enterocytes via a non-specific diva-
lent metal transporter (DMT1) [7, 9, 10].

Zn is a component or activator of approximately 300 
enzymes or their isoforms and therefore significantly impacts 
the functioning of various human body areas. It is the only 
metal that is a constituent of all six classes of enzymes [11]. 
Studies provide that zinc is associated with the activity of 
about 10% of all proteins in the human body [3]. For exam-
ple, as a component of zinc-dependent enzymes, i.e., DNA 
polymerase and thymidine kinase, zinc ensures the proper 
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synthesis of DNA and proteins. In addition, zinc participates 
in the formation of the correct quaternary structure of many 
regulatory proteins and hormone receptors, enabling binding 
to DNA, RNA, or proteins [3, 12]. It produces the so-called 
zinc fingers, in which the chains of amino acids form a domain 
(in the shape of a finger) with a centrally located divalent zinc 
cation, connecting to cysteine, and histidine residues [13–15].

Zinc belongs to the group of the most effective antioxi-
dants—it protects thiol groups of proteins against oxidation 
[16, 17], and in physiological conditions, it induces metal-
lothioneins with an antioxidant capacity 300 times higher 
than the ability to capture hydroxyl radicals by glutathione, 
the most important antioxidant of the cytosol [17].

What is also very important, zinc prevents the excessive 
production of cyclooxygenase-2 (COX-2), controlling the 
process of formation of prostaglandins from arachidonic 
acid. Excess COX-2 leads to enhanced cell proliferation, 
blocking apoptosis, changes in cell adhesion processes and 
angiogenesis, and also increases the metastatic capacity of 
tumor cells, thus contributing to carcinogenesis [18, 19].

A significant role of zinc is also the direct inhibition 
of some apoptotic enzymes, mainly caspases. Zinc can 
reduce the level of oxidative stress markers, inhibit the 
production of C-reactive protein, and block the adhesion 
of molecules on macrophages and monocytes, protecting 
the body against inflammatory processes [1, 4].

Therefore, zinc deficiency is one of the major risk factors 
(ranked 11th by World Health Organization) for morbid-
ity and mortality in developing regions of the world, most 
dangerous in infants and children [20, 21]. The basic effects 
of zinc deficiency on the functioning of selected organs are 
presented in Table 1.

Zinc and Its Role in Bone Metabolism

Bone tissue is one of the mineralized tissues of the human body. 
It consists of about 30 wt.% of proteins (mainly collagen type 
I), 60 wt.% of inorganic compounds (mainly bone apatite), and 
the rest is water (about 10 wt.%) [44]. Bone tissue is constantly 
remodeled through a process of coupled bone turnover: briefly, 
osteoclasts (bone-breaking cells) resorb bone tissue and then 
osteoblasts fill the resorption sites with new tissue [45].

In addition to calcium and phosphorus, the basic elements 
that are components of bone apatite, many other macro- and 
micronutrients affect bone health by participating in the pro-
cesses of formation or resorption, including interaction with 
many enzymes involved in them. Zinc belongs to the most 
important nutrients involved in the metabolism of bone tis-
sue and the proper functioning of the skeletal system [46].

Effect of Zinc on Bone Metabolism

The effects of zinc supplementation on bone development 
were discovered over 60 years ago. Prasad et al. noticed 
decreased levels of zinc in the plasma, erythrocytes, and 
hair of young boys with dwarfism, hypogonadism, and 
anemia. The conducted research showed that thegrowth 
rate of boys with dwarfism was markedly higher in indi-
viduals fed with a full-fledged diet supplemented with 
zinc than in individuals on the same diet without addi-
tional amounts of this micronutrient. It was then discov-
ered that nutritional zinc may play a pivotal role in bone 
development and growth [47].

Zinc in bones, as in other tissues, is a component of many 
enzymes, but it is also found in the mineral fraction, mainly 
in bone apatite [48]. Studies conducted on women with 
osteoporotic disease showed that the zinc content in their 
bones was lower than in healthy women [49]. Moreover, in 
studies of postmenopausal women, it was noted that the zinc 
content in the urine could be an effective macronutrient for 
bone health (women with osteoporosis excreted over 800 µg 
of zinc per 1 g of creatinine [49].

In turn, studies conducted on rats and consisting of the 
supply of various doses of zinc (in the form of zinc sulfate, 
5–50 mg Zn /kg of body weight) for 3 days showed not only 
an increase in the content of zinc in the femur but also DNA, 
calcium, collagen, and alkaline phosphatase (ALP) [50].

Zinc cations act as cofactors for ALP as well as for 
collagenase, involved in bone tissue metabolism [51]. 
ALP belongs to the group of metalloenzymes and con-
tains one magnesium ion and two zinc ions in its active 
center [52]. Its action is to cleave the phosphate ester 
bond in compounds such as pyrophosphate, phosphoe-
thanolamine, and pyridoxal phosphate, thereby releasing 
phosphate ions into the bone matrix, and stimulating its 
mineralization [52].

Human studies have shown that oral administration of 
zinc at a dose of 3060 µmol/kg increased both ALP activity 
as well as the DNA content of the diaphyseal tissues [53].

It is worth noting that the DNA content in the bone is 
a marker of the number of bone cells: osteoblasts, osteo-
clasts, and osteocytes [53, 54].

Zinc plays a physiological role in the stimulation of bone 
growth in cooperation with IGF-I or TGF-β [53, 55]. It may 
partially interact with tyrosine kinase and tyrosine phos-
phatase, which are involved in the IGF-I signaling mecha-
nism in cells [56, 57]. Receptors for 1,25-dihydroxy vitamin 
D3 (calcitriol) have also been shown to have 2 zinc fingers 
at the DNA binding site. Zinc availability may therefore 
modulate the effects of calcitriol on bone growth and min-
eralization [58].
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Table 1   Effect of zinc activity and deficiency in selected human organs

Organ Zn activity Zn deficiency References

muscles

promotes the proliferation and 

activation of myoblasts 

activates several factors in the 

insulin signaling pathway and 

the concomitant uptake of 

glucose in skeletal muscle cells

reduced growth and 

mass of muscles 

disturbed skeletal muscle 

proteostasis

[22,25] 

skin 

prevents UV-induced damage 

inhibits the expression of 

integrins by keratinocytes 

reduces the production of 

inflammatory mediators 

acrodermatitis 

skin lesions 

decreased wound healing 

[26,27] 

heart

controls cardiac contractility 

balances ROS/RNS 

modulates electrical and 

mechanical functions 

ensuring cardioprotective effect 

congestive heart failure  

coronary heart disease 

atherosclerosis 

arterial hypertension 

[28,29] 

testes 

controls spermatogenesis  

regulates sperm motility 

affects sperm integrity  

modulates fatty acid 

composition 

impaired 

spermatogenesis 

reduced testosterone 

production 

testicular malfunction 

[30,32] 

pancreas

stimulate insulin biosynthesis 

facilitated demand-dependent 

insulin release 

affected synthesis, 

storage, and secretion of 

insulin 

[33] 

brain

modulates synaptic 

transmission 

inhibits NMDA receptors: N-

methyl-D-aspartate and 

GABAA

inhibits glutamate and γ-

aminobutyric acid transporters 

neuropsychiatric 

disorders 

impaired sense of smell 

and taste 

impaired cognitive 

performance

[34-38] 

liver 

activates many enzymes: 

ornithine transcarbamylase 

(OTC) and glutamate 

dehydrogenase (GDH), 

superoxide dismutase (SOD) 

decreased capacity for 

regeneration 

cirrhosis  

hepatic encephalopathy

[39-41] 

immunity

activates thymuline responsible 

for lymphocyte T activity 

regulates development and 

function o  neutrophils and 

natural killer cells 

reduced number of 

monocytes and 

polymorphonuclear cells 

reduced activation of 

macrophages by T 

helper cells 

increased oxidative 

stress 

decreased activity of 

immune systems 

frequent inflammation

[42,43] 
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Zinc in Bone Formation

Studies provided in vitro on osteoblast cells showed that 
zinc plays a significant role in the process of bone tissue 
formation [59–61]. Seo et al. showed that zinc treatment of 
osteoblastic MC3T3-E1 cells affected their proliferation, col-
lagen synthesis, and bone marker protein ALP activity [59].

In vitro studies have been confirmed in an animal model. 
In studies of oral administration of zinc complexed with 
beta-Alanyl-L-histidine (beta-alanyl-L-histidine-zinc, AHZ), 
prolonged administration of significant doses of AHZ in rats 
stimulate the expression of Runx2/Cbfa1 (core binding factor 
alpha1), collagen type I, alkaline phosphatase, and osteocalcin 
(a non-collagenous protein) in cells [62–66].

Runx2/Cbfa1 is a transcription factor, essential for oste-
oblast differentiation and bone formation. It was found that 
it serves as a regulatory gene to activate osteoblastogen-
esis. In turn, the expression of Runx2/Cbfa1 is induced 
by the activation of BMP-2 signaling. It was established 
that zinc may induce the BMP-2 signaling pathway and 
therefore affect osteoblast differentiation [67, 68]. Osterix 
(osteoblast-specific transcription factor) is also a key regu-
lator of osteogenesis, responsible for preosteoblast differ-
entiation. In addition, Osterix enhances the expression of 
ZIP1, so that a series of feedback loops occur that will 
induce zinc influx, osteogenic differentiation, and bone 
apatite formation [69, 70].

Recent studies have indicated another osteogenic activ-
ity of zinc ions [63]. It turns out that zinc ions affect the 
precipitation and deposition of citrate in bone apatite. It 
should be noted that citrates are an integral part of osse-
ous apatite. Citrates may facilitate bone mineralization by 
stabilizing the liquid precursors of calcium phosphates 
and enhancing their infiltration into the collagen fibrils 
[63, 70].

In the study provided on ovariectomized rats, it was found 
that Zn supplementation resulted in a significant increase 
in ALP activity as well as osteocalcin content. The results 
obtained in this work confirmed that zinc has a definite effect 
on osteoblastogenesis, promoting osteoblast differentiation 
and proliferation [71]. As far as ALP is generally a marker of 
immature osteoblasts, osteocalcin influences the next stages 
of osteoblast differentiation [70, 72, 73].

The key role of zinc in bone formation processes has been 
confirmed by studies conducted on MC3T3-E1 preosteo-
blasts in vitro culture using zinc-carbon dot complexes [66]. 
Bifunctional Zn2+-doped carbon dots, new nanomaterials 
were found to have higher osteogenic activity than observed 
using undoped carbon dots [66]. In the next step, the experi-
ments were continued in vivo on rat’s calvaria, where Zn-
doped carbon dots were used as potential osteogenic agents. 
For comparison, zinc gluconate was used. The obtained 
results have shown a high capability for bone formation, 
ALP activation, and long-term stimulation.

It has also been shown that zinc can protect osteoblasts 
from oxidative stress-induced apoptosis by triggering a 
series of enzyme cascades leading to a decrease in cellu-
lar oxidation, inhibition of cytochrome-C release, and a 
decrease in the phosphorylation of P38 and JNK, involved 
in cell death signaling. This action of zinc may be used in the 
prevention of oxidative stress-induced bone diseases such as 
osteoporosis [54, 70] (Fig. 1).

Zinc in Bone Resorption

Many years of research on the role of zinc in the metabolism 
and growth of bone tissue have shown that it also plays a key 
role in inhibiting bone resorption [54, 62, 74–82].

Moonga and Dempster in the experiments conducted 
in vitro on isolated rat osteoclasts. The studied cells were 

Fig. 1   A scheme for Zn activity 
in bone formation



5644	 M. Molenda, J. Kolmas 

1 3

extremely sensitive to zinc, even at very low concentrations 
of zinc ions (10−14 M). Moreover, the effect of a significant 
decrease in bone resorption was specific to zinc and was not 
observed with other metal ions tested [77].

In a similar experiment, the inhibitory effect of zinc on 
bone resorption was investigated. The skulls were removed 
from the rats and then cultured in Dulbecco’s modified Eagle 
medium for 48 h. The experimental group was treated with 
different concentrations of AHZ (10−4–10−7 M). In the PTH 
control group, prostaglandin E2 and interleukin 1α (bone 
resorption factors) significantly reduced the calcium con-
tent in the examined bone. Interestingly, this effect was 
not observed in the experimental group. Therefore, it was 
suggested that zinc may have an inhibitory effect on bone 
resorption [76].

In [74] it was found that zinc inhibits PTH-stimulated 
osteoclast-like cell formation mediated by Ca2+-dependent 
protein kinase C. The zinc compound completely inhibits 
PTH or IL-1α-induced increases in glucose consumption 
and lactic acid production by bone tissues.

Other studies conducted in an animal model on rats 
have shown that animals fed food containing no zinc had 
50% more osteoclasts in the femoral epiphyseal plate 
compared to the control group. Zn2+ inhibits osteoclas-
togenesis by decreasing calcineurin phosphatase activity 
[79, 81].

Zinc regulates the RANKL/RANK/OPG pathway, 
thereby facilitating bone remodeling [62, 77–80]. The 
RANKL/RANK/OPG system is a crucial way for com-
munication between osteoblasts and osteoclasts. It com-
prises three factors: (1) RANK, a receptor activator of 
nuclear factor kappa B (NF-κB) expressed on osteo-
clast precursor cells; (2) RANK ligand (RANKL) found 
on the surface of osteoblast; and (3) osteoprotegerin 

(OPG) released by osteoblasts. Zinc was found to inhibit 
RANKL stimulation as well as signaling pathways asso-
ciated with it in preosteoclasts [77–80] (see Fig. 2).

Moreover, the available literature contains many refer-
ences to the inhibitory effect of Zn on TNFα-induced osteo-
clastogenesis by inhibition of RANKL stimulation in osteo-
clast precursor cells [80–82].

Zinc—Antibacterial Activity

Zinc, in addition to its physiological role in the human 
body, in ionic and nanoparticle forms (particularly in the 
form of zinc oxide and zinc sulfide) has significant antibac-
terial activity. It has been shown to exhibit selective toxic-
ity against both Gram-negative and Gram-positive bacteria, 
with negligible effects on human cells [83, 84].

Zinc oxide nanoparticles (ZnO NP) are some of the most 
used inorganic materials with bactericidal activity [85]. Due 
to their high safety in use, they can be found in disinfectants, 
dental materials, cosmetics, and pharmaceutical preparations. 
However, it is worth noting that their mechanism of action is 
not fully understood. It has been shown that the antibacterial 
activity depends on the dose and size of the nanoparticles—
the smaller they are, the greater their toxic effect on micro-
organisms [86–88]. ZnO and ZnS nanoparticles, under the 
influence of pH changes and growth factors, move towards 
and then aggregate on bacterial cells or tumor lesions [89]. 
As a result of direct contact with the bacterial cell wall, the 
integrity of the cell membrane is disrupted, the nanoparti-
cles penetrate the cell and release Zn2+ ions, the formation 
of ROS (reactive oxygen species), which induces oxidative 
stress in the bacterial cell and result initially in cell growth 
inhibition and then cell death [83, 84, 90, 91] (see Fig. 3).

Fig. 2   A scheme for Zn activity 
in bone resorption
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Zinc in Bone Replacement Therapy—Calcium 
Phosphate Biomaterials Containing Zinc 
Ions

Due to their broad physiological effects, biocompatibility, 
biodegradability, and pro-regenerative and antibacterial 
properties, recently metallic biomaterials made of zinc or 
enriched with zinc (in the form of ions or nanoparticles) 
are the subject of research by many researchers [83, 85, 87, 
92–134]. Of particular interest are biomaterials based on 
bioceramics calcium phosphate and apatite/polymer com-
posites for the treatment of bone defects in orthopedics and 
dentistry [100–104, 106–134].

Zinc alloy-based implant materials have gained quite a 
lot of popularity due to the appropriate time of gradual and 
H2-emission free biodegradation—long enough for local 
tissues to regenerate completely [93–95]. Zinc alloys are 
characterized by a medium degree of corrosion and good 
biocompatibility. Simultaneously, their degradation prod-
ucts—mainly ZnO, Zn(OH)2, Zn3(PO4)2 4H2O, are com-
pletely bioresorbable [94]. For example, Ca2+ ions present 
in body fluids may react with zinc phosphates and precipitate 
calcium phosphates (pure or with an admixture of zinc)—
compounds with a lower solubility in the aqueous environ-
ment [93]. These can then detach from the implants together 
with the substrate particles and be dissolved or degraded in 
the physiological environment.

However, zinc alloys also have their disadvantages, 
including low mechanical strength and the need to pro-
duce them by age hardening. Therefore, they are used 
only as orthopedic fixations (sutures, screws, pins and 
plates) [94].

Zinc-containing compounds (in the form of nanopar-
ticles or ions) can be used as a coating for conventional 
metallic implants [95]. The released Zn ions can change 
the local pH, increasing the alkalinity of the cellular 

microenvironment and altering the structure of cell trans-
membrane proteins, which allows cells to bind more eas-
ily to proteins adsorbed on the biomaterial surface and 
promotes adhesion—ensuring proper osteointegration 
and new bone formation [99]. Using zinc-containing 
biomaterials accelerates the healing process [92, 93]. 
Studies have shown that released Zn ions may induce 
macrophage polarization to a pro-healing phenotype, 
which facilitates osteogenic differentiation and bone 
regeneration [94, 95].

Metallic and ceramic materials as well as organic MOFs 
containing zinc have been described in a review article 
[85], so the present study focuses on calcium phosphates 
enriched in zinc ions for potential applications in bone 
replacement therapy.

According to the available literature, various calcium 
phosphates with applications in bone replacement ther-
apy are known to have successfully incorporated zinc 
ions: tricalcium phosphate in β-crystalline form (β-TCP, 
β-Ca3(PO4)2), brushite (dicalcium phosphate dihydrate, 
DCPD, CaHPO4∙2H2O), and monetite (dicalcium phos-
phate anhydrous, DCPA, CaHPO4), and hydroxyapatite 
(HA, Ca10(PO4)6(OH)2) [87, 104, 110, 111].

Due to their greatest chemical similarity to the mineral 
fraction of bone tissue, hydroxyapatite is among the most 
interesting. HA is characterized by a high capacity for 
ionic substitutions, both cationic and anionic [105, 106]. 
Calcium cations may be partially replaced by other diva-
lent cations (i.e., strontium, magnesium, manganese ions) 
and other valence ones (i.e., sodium, potassium, gallium, 
iron ions) [105]. Affinity to substitution depends on the 
valency of the introduced cations and their radii: cations 
of the same valency and similar ionic radius can replace 
calcium cations.

Zinc ions with ionic radii smaller than those of calcium 
ions (74 vs 100 pm) can be introduced by partial substitution 

Fig. 3   Mechanism of antibacte-
rial effect of nanoparticles of 
zinc compounds
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in place of calcium ions or by insertion between two oxygen 
atoms in a column of OH groups [104].

Numerous studies on hydroxyapatites have indicated 
that the limit of zinc introduction is relatively large and, 
depending on the method of synthesis, can range from 20 to 
25 mol% [113, 115, 118]. It is worth noting that above this 
value, other phases are formed, such as amorphous calcium 
phosphate with zinc phosphate (see Fig. 4). Importantly, 
the introduction of zinc ions into the structure of HA alters 
its physicochemical properties. The crystallite size and the 
crystallinity index significantly decreased with an increase 
in Zn concentration [108].

Zinc ions inhibit the crystallization process by altering 
the lattice parameters of the HA elemental cell, as well as 
reducing the thermal stability of the material [117, 127, 130].

It appears that at the maximum amount of zinc in 
hydroxyapatite, it is phase homogeneous up to a tempera-
ture of about 700 °C, above which it decomposes with the 
formation of calcium triphosphate and calcium oxide.

However, such a high concentration of zinc in HA is not 
necessary to induce a biological response. An in vitro study 
by Thian et al. [114] indicated that ZnHA with a Zn:(Zn + Ca) 
ratio of 2.5 mol% had enhanced bioactivity, which is com-
prised of the ability to form apatite. A significant increase 
in the growth of human adipose tissue-derived mesenchymal 
stem cells was observed, along with markers of bone cell dif-
ferentiation. In addition, bacterial activity tests on this mate-
rial showed a large decrease in the number of viable Staphy-
lococcus aureus bacteria following contact with ZnHA [114].

Zinc present in small amounts in HA is not cytotoxic [128, 
133]. HA can enter the cytoplasm through the endosome and 
decompose into calcium ions and phosphate ions. Stimulation 
of HMSCs by ZnHA increases the activity of the transcrip-
tion factor CREB (cAMP response element-binding protein). 
CREB binds CRE on the promoters of osteogenic genes such 
as Id1, bone sialoprotein, and osteocalcin, stimulating their 
transcription. CAMP has also been found to increase the 
number of hematopoietic stem and progenitor cells (HSPCs).

It is noteworthy that the introduction of zinc ions into 
hydroxyapatite increases its solubility and bioactivity. The 
studies presented in [112, 118, 123] showed that this has a 
beneficial effect on osteoblast proliferation.

In numerous studies of Zn-HA used as metal coatings, its 
beneficial characteristics such as bioactivity and lack of cyto-
toxicity have been demonstrated [99, 110, 115]. For example, 
in a study of titanium implants, where zinc oxide was used as 
a dopant for HA [99]. Such material had a beneficial effect 
on increasing osteoblast proliferation and inhibited osteoclast 
growth. Another study focused on coatings formed from vari-
ous hydroxyapatites containing Zn, Sr, or Mg ions [110, 115]. 
The study showed that all materials, including Zn-HA, could 
improve and accelerate osteointegration. The effect of adding 
zinc ions to hydroxyapatite has also been studied in animal 
models. Calasans-Maia et al. used Zn-HA containing 5.0 mol% 
zinc by introducing it (in powder form or ceramic cylinders) 
into rat calvaria and rabbits’ tibia bones [132]. In both models, 
it was shown that the addition of zinc had a beneficial effect 
on the restoration of bone tissue at the defect site. In contrast, 

Fig. 4   XRD patterns of the 
samples with Zn fraction over 
20 mol. %. a Zn40, b Zn60, c 
Zn80, and d Zn100 according to 
[108], with permission
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another study [128] examined the effect of ZnHA in apatite/
alginate microspheres introduced into damaged rat bone tissue. 
In vivo studies indicated that: a high accumulation of calcium 
and zinc in the defect played a key role in inhibiting osteocon-
duction and thus impaired bone repair.

In the available literature, studies can also be found on 
other non-apatite calcium phosphates containing zinc ions. 
Such include zinc-containing calcium phosphate. β-TCP, like 
hydroxyapatite, has long been used in medicine as a bone 
substitute biomaterial. Due to its significantly better solubil-
ity, it is often combined with HA to improve the bioactivity 
of the implanted material.

The first studies on the enrichment of β-TCP with zinc 
ions date back to the 1990s. Bigi et  al. [123] obtained 
zinc-containing TCPs up to 20 mol% at high temperatures 
(> 1000 °C). Zinc ions, as those having a smaller ionic radius 
than calcium ions, substitute in their place while affecting 
changes in the lattice parameters of the TCP elemental cell.

Zinc was found to affect the morphology and mechanical 
properties of β-TCP by increasing its bulk density. In a study 
on mouse osteoblasts, Zn-βTCP was shown to stimulate their 
activity and ALP [125].

In vivo studies of Zn-βTCP-containing materials con-
ducted by Kawamura et al. consistently showed that zinc 
ions contained even in lesser amounts (5.0 mol%) in calcium 
phosphate improved rabbit bone tissue regeneration as early 
as 4 weeks after implantation [124]. On the other hand, the 
paper [111] presents a study on a canine model indicating 
an increase in osteoinduction under the influence of zinc 
ions contained in Zn-βTCP. The good solubility of Zn-βTCP 
could be used to reveal the antibacterial properties of zinc 
ions in a shorter period than with Zn-HA. Interestingly, few 
such studies have been conducted to date.

A calcium phosphate material containing zinc ions is also dical-
cium phosphate dihydrate. There is not much work in the available 
literature exploring its properties and potential applications.

In the work of Laskus-Zakrzewska et  al. [104], Zn-
DCPD containing different amounts of zinc (ranging from 
5 to 20 mol%) were obtained by a standard wet method 
and their physicochemical properties were investigated in 
detail. It was found that higher concentrations of zinc ions 
resulted in the formation of an additional crystalline phase—
αZn3(PO4)2, hopeite. At the same time, it was shown that 
all materials were non-toxic to mouse fibroblasts, which is 
promising for further research into their potential use, e.g., 
for the production of docking cement.

An interesting study was presented by Zhao et al. [121]. 
In this study, they demonstrated the strong antibacterial 
effect of Zn-DCPD-containing coatings. Simultaneously, 
they pointed out the anti-corrosive properties of such a coat-
ing on an Mg implant.

The presented examples of zinc-containing calcium phos-
phate materials do not exhaust all possible applications. It is 

worth mentioning composite materials that replace bone tis-
sue, as well as multifunctional biomaterials that are addition-
ally used as carriers for drugs delivered directly to the bone, 
where the released zinc ions then act to support the regeneration 
process.

Conclusions

The aforementioned studies have indicated that zinc plays a 
pivotal role in bone remodeling, regeneration, and homeosta-
sis. In vitro and in vivo studies have shown that zinc exhibits 
multidirectional effects: on the one hand, by promoting osteo-
blast proliferation and differentiation and protecting osteoblasts 
from oxidative stress-induced apoptosis; on the other hand, by 
inhibiting osteoclastogenesis and affecting osteoclast apopto-
sis. Thanks to its pro-regenerative properties as well as the 
antibacterial activity, it has been possible to use it in bone sub-
stitutes and implant biomaterials with successful results. Based 
on the presented results, zinc incorporated into various calcium 
phosphates (hydroxyapatite, β-TCP, brushite, or monetite) may 
act as a beneficial agent in bone repair.

Certainly, many aspects are not yet known: the optimal 
amount of zinc introduced into calcium phosphate, the deg-
radation time of calcium phosphate modified in this way, or 
its long-term biological properties. Nevertheless, the results 
of the research conducted so far are promising and indicate 
a potential improvement in the regenerative properties of 
calcium-phosphate materials.
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