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Abstract 

Benefits achieved by the biodegradable magnesium (Mg) and zinc (Zn) implants could be suppressed due to the invasion of infectious 
microbial, common bacteria, and fungi. Postoperative medications and the antibacterial properties of pure Mg and Zn are insufficient against 
biofilm and antibiotic-resistant bacteria, bringing osteomyelitis, necrosis, and even death. This study evaluates the antibacterial performance 
of biodegradable Mg and Zn alloys of different reinforcements, including silver (Ag), copper (Cu), lithium (Li), and gallium (Ga). Copper 
ions (Cu 2 + ) can eradicate biofilms and antibiotic-resistant bacteria by extracting electrons from the cellular structure. Silver ion (Ag + ) kills 
bacteria by creating bonds with the thiol group. Gallium ion (Ga 3 + ) inhibits ferric ion (Fe 3 + ) absorption, leading to nutrient deficiency and 
bacterial death. Nanoparticles and reactive oxygen species (ROS) can penetrate bacteria cell walls directly, develop bonds with receptors, and 
damage nucleotides. Antibacterial action depends on the alkali nature of metal ions and their degradation rate, which often causes cytotoxicity 
in living cells. Therefore, this review emphasizes the insight into degradation rate, antibacterial mechanism, and their consequent cytotoxicity 
and observes the correlation between antibacterial performance and oxidation number of metal ions. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

A permanent implant is unfavorable for the pediatric pa-
ient as the metal implant cannot adjust to the recipient’s
ody growth [1] . Temporary implants can be placed inside
he body for a relatively shorter period to support the body
tructures and must be removed after finishing the task. The
emoval of these implants is unavoidable in such cases, and
t can lead to challenges during the surgical procedure and
otential postoperative complications. A biodegradable im-
lant is a savior for this problem, where the body absorbs
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he implanted part gradually. Biodegradable implant materials
BIMs) can be fabricated using polymers, ceramics, compos-
tes, and metal. Among them, metals have superiority over
thers for their excellent mechanical properties. Metal is suit-
ble for load-bearing applications where polymers are shy of
ulfilling such requirements, and ceramics are brittle in nature
ith a very slow degradation rate. Again, the stress shielding

ffect hinders its progress due to the high elastic modulus.
omposites have the potential in the bio-implant sector since

he properties are highly dependent on the type of matrix and
einforcement(s) [2 , 3] . Although all metals are not well prac-
iced as BIMs, Mg and Mg alloys, Zn and Zn alloys are the

ost suitable. These pure metals or alloys can be dissolved
r absorbed in the body, thus exempting secondary implant
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t  
emoval surgery. Researchers also developed ferrous (Fe) and
e-based biodegradable alloys [4 , 5] ; however, they possess
 very slow degradation rate with a high modulus of elas-
icity that is not suitable when faster degradation is targeted
6] . Furthermore, according to Wolff’s law, osteopenia and
e-fracture are most likely to occur because of the mismatch
f elastic modulus between human bone and artificial metal
mplant [7 , 8] . 

Iron-based implants are usually used in load-bearing ap-
lications with minute degradation and little toxicity. Mg
nd Zn are the principal alloying elements for developing
uch alloys [9] . Heavy metals are often considered not suit-
ble for biomedical implants as they could react with the
ody fluid, enzymes, and proteins, resulting in toxicity [10] .
or those reasons, Mg and Zn alloys are unequivocally pop-
lar in the field of degradable implants over other tradi-
ional biomedical implants. The nature of biodegradability of

g alloys comes from the heart of being prone to corro-
ion in an aqueous solution, especially in body fluid [11 , 12] .
lso, these materials must be macro or trace elements in

he human body [13] . The degradation rate of Mg alloys
s enormous and depends on the allowing elements, fabri-
ation process, post-processing (heat treatment, coatings, and
urface modification), and implant environment. A precipi-
ated secondary phase may initiate micro-galvanic corrosion;
hus, the dissolution of such a phase reduces the degrada-
ion rate [14] . Zhang et al. [15] conducted nanomodification
n the surface of the Mg-0.2Cu alloy using surface mechan-
cal grinding treatment, which induced nano-crystallization,
nd the modified surface exhibited a degradation rate that
as one-ninth of the untreated surface during the first 12 h.
xtruded Ni-reinforced Mg-Zn alloy degrades at a rate of
19 mm/y, whereas second-phase reinforcement of cerium
nd calcium shows relatively less degradation of around
.5 mm/y for Mg-Zn alloys [16] . The major problems are the
iscoelastic behavior, uncontrolled dissolution, and fast metal
trength deterioration before the sufficient healing of the host
issue [17] . 

Most bioresorbable materials are broken into micro-pieces
n an in-vivo environment and converted to essential metal
ons, which can be carried out by blood circulation and ab-
orbed by body cells [18] . Mg-based alloys like ZE21B [19] ,
n-based allows like Zn-Ag [20] , and Ca-Mg-Zn [21] have
lso been recently introduced to produce bioresorbable scaf-
olds, which are used as vascular implants, especially in ar-
eries and veins [22–24] . Although pure Zn shows a lesser
egradation rate of 0.063 mm y −1 after immersion for 336 h
han Mg [25] ; however, it causes a high level of inflamma-
ion [20] . Therefore, sodium hydroxide solution treatment, hy-
rofluoric acid (HFA) treatment, and sulfonated hyaluronic
cid nanoparticles (S-HLA NPs) with poly L -lactic acid hy-
rid coating help to improve hemocompatibility and reduced
orrosion rate [19 , 26] . The formation of MgF 2 passivation
ayer due to HFA treatment compounded with dopamine poly-

er film and hyaluronic acid loaded astaxanthin (HLA-ASTA)
oating showed improved biocompatibility with increased en-
othelial cell proliferation [27] . 
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
Bacterial infection and biofilm formation on the implant
ite are recurrent problems and create significant complica-
ions. Biofilm construction prevents the antibiotics and im-
une response leading to inflammation, osteomyelitis, necro-

is, and repetitive or implant correction surgery [28 , 29] . Os-
eomyelitis inhibits osseointegration (structural and functional
ntegration between the metallic implant and living bone).
t initiates osteoclast (cells that mediate bone loss by bone
esorption), and the dominant bacteria for osteomyelitis are
taphylococcus aureus ( S. aureus ) and Staphylococcus epi-
ermidis ( S. epidermidis ) [30] . Treatments include antibiotics,
ebridement, and filling the space after debridement help to
radicate bacteria [31] . The situation becomes worse when
ntibiotic-resistant bacteria, e.g., methicillin-resistant Staphy-
ococcus aureus (MRSA) and methicillin-resistant Staphy-
ococcus epidermidis (MRSE), attack the implanted site or
iofilm have formed [32] . Thus, a robust antibacterial prop-
rty is urgent for bioimplants. 

In contrast, a robust antibacterial material often influ-
nces cytotoxicity in a living cell, which is incompatible with
iomedical applications [33] . Mg and Zn-alloys implants are
ainly coronary stents, bone fixation plates and screws, den-

al wire and membranes, craniomaxillofacial implants, surgi-
al staples, and sutures [34 , 35] , where outstanding cytocom-
atibility is obligatory. Unlike bone implants, cardiovascular
tents are typically designed for temporary placement to main-
ain vessel patency. Also, these implants are in contact with
ontinuous blood flow to maintain a sterile environment, mak-
ng it challenging to form bacterial colonies, and the blood-
arried immune cells defend against infection [36] . However,
nfections on the implant sites can occur due to prolonged
ndwelling, restenosis (re-narrowing of the vessel), immuno-
ompromising, and bacteremia (the presence of bacteria in the
loodstream) [37] . Thus, materials with antibacterial proper-
ies are handy for cardiovascular materials but not as crucial
s orthopedic implants. Most bacteria-killing action is equally
esponsible for killing healthy body cells. Several studies have
een published on the influence of fabrication techniques,
echanical performance, degradation mechanisms, and com-

lications after implantation [38–47] . Yet, a detailed review
egarding antibacterial mechanisms and the consequent cyto-
oxicity for commonly used alloying components, particularly
n Mg and Zn alloys, is currently inadequate, leaving suffi-
ient room for further discussion. Hence, this study aims to
ritically analyze the antibacterial mechanism and relevant cy-
otoxicity, giving the researchers a detailed understanding of
otential harm to bodily cells. It will help predict and de-
elop an effective implant material with effective antibacte-
ial properties and minimal cytotoxic reaction. Furthermore, it
iscusses a correlation between metal ion’s intrinsic chemical
roperties and antibacterial ability in Section 6 , which will
e helpful for researchers to perceive systematically. 

. Eligibility of Mg and Zn as biodegradable implants 

Mg and its alloys provide a greater strength-to-weight ratio
han metallic or polymeric bioimplants. The density of such
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 1. Implants fabricated from Mg/Zn powders and alloying elements. Implants are implanted inside the body to support the site. Released metal ions take 
antibacterial action near the implant site, followed by site healing and completion of implant absorption. 
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lloys lies between 1.74–2.00 g/cm 

3 and the elastic modulus
0–45 GPa, which is close to the human bone (1.8–2.1 g/cm 

3 

nd 15–40 GPa). They also exhibit good vibration-damping
roperties, fatigue and creep strength, excellent thermal con-
uctivity, high impact resistance, and good dimensional stabil-
ty [48] . On the other hand, low fracture toughness, low com-
ression strength (65–100 MPa) compared to femoral bone
 ∼162 MPa), poor ductility, and swift corroding nature in the
hysiological atmosphere (salty fluids, sugar, and proteins) re-
trict their applications [49 , 50] . The biggest challenge for Mg
mplants is to control the degradation rate to maintain suffi-
ient mechanical strength as long as the site is completely
ealed. 

Zn is the second most abundant metal, one of the essen-
ial elements in the human body, and it serves as a co-factor
n all six classes of enzymes and several classes of proteins.
ccording to the School of Public Health, Harvard, the max-

mum limit for taking Zn is 40 mg for people over 19 years
f age, although the recommended limit is 11 mg for men
nd 8 mg for women of the same age group [51] . Poor me-
hanical strength of pure Mg and Zn can be improved signifi-
antly by adding alloying elements, including, but not limited
o, titanium (Ti), silver (Ag), copper (Cu), manganese (Mn),
trontium (Sr), Fe. Furthermore, these alloys have consider-
bly lower degradation rates than pure Mg and Zn, which
akes them more biocompatible and implantable. Zn is ca-

hodic in nature; therefore, it reacts with the environment and
reates a strong protective compound for slowing down the
egradation rate. During the degradation process, constituent
etals release ions, and implants are absorbed gradually into

he body along with site healing. Fig. 1 illustrates the com-
lete procedure from fabrication to bioabsorption and bone
ealing with antibacterial actions for Mg and Zn alloys. 

Cell adhesion with metallic implants and bioactivity de-
ends on the hydrophilicity of the implant’s surface. Re-
earchers use hydrophilic elements and coatings and often
odify the outer surface of constituents by chemical or ther-
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
al treatment to improve hydrophilicity that decreases water
ontact angle (WCA). Wang et al. [52] noticed 264.81% more
ell proliferation after adding hydrophilic graphene with HA
hen culturing rat’s MC3T3-E1 cells. They also observed a

educed contact angle of 15.38 ° from 29.85 ° with high surface
nergy. Besides, an Nd-YAG laser improves hydrophilicity
nd less bacterial ( S. aureus ) adhesion tendency on the metal
urface [53] . The untreated pure Mg and pure Zn showed
6.55 ° [54] and 60 ° [55] WCA, respectively, indicating a
igh wettability and degradation tendency. Excessive degra-
ation of Zn, Mg, and its alloys can be controlled by main-
aining hydrophilicity. Liu et al. [56] treated the TZ51 Mg
lloy with anodic oxidation and formed a hydrophobic sur-
ace with WCA 163 °. This surface can also be converted to
ydrophilic with a WCA 1 °−5 ° by annealing, as higher tem-
eratures can destabilize and remove oxide layers, enhancing
ettability [57] . Peng et al. used diamond-like carbon coated
n the Zn to increase the WCA to 90 °. Wettability is vital
or biocompatibility and for antimicrobial properties since it
ontrols the degradation rate and the amount of constituent
ons released inside the body. These ions are eventually re-
ponsible for antibacterial actions and cytotoxicity. 

In addition to the preceding discussion, the suitability of
agnesium (Mg) and zinc (Zn) and their alloys largely relies

n their acceptance by the host body. Hypersensitivity reac-
ions and immune rejection are two major reasons for implant
ailure, which is common for degradable implants due to their
ons and debris released in the body [58] . Excessive debris
auses coagulative and caseous necrosis and acts as an im-
une trigger [59] . On that note, many studies have evaluated

he inflammatory and immune response for Mg and Zn al-
oys. Mg possesses antioxidant ability, and Mg 

2 + ions can in-
ibit inflammation by effectively decreasing ROS [60] . Even
lloying by silver or gadolinium does not have an adverse
mpact on cell viability. Mg and its alloys produce ample M2

acrophage phenotype to alleviate inflammation [61] . Simi-
arly, Zn and Zn alloys do not show an inflammatory response,
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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lthough a tiny amount of Mg with Zn alloys shows a mi-
or inflammatory response due to the formation of Mg 2 Zn 11 

ntermetallic and a higher degradation rate [62 , 63] . A similar
esponse was observed for binary Zn-4Li and Zn-(1,3,5)Al
lloys due to the intermetallic precipitation [64 , 65] . However,
n-doped Calcium phosphate-coated Zn- 0.1Li [66] and Zn-

.8Cu [67] promoted positive M2 macrophages without any
nflammatory responses. Thus, the immune response for Mg
nd Zn alloys is satisfactory as a degradable biomedical im-
lant. 

. Degradation mechanism of Mg and Zn implant 

The degradation rate is directly related to the implant
trength. Mg has higher tensile strength than Zn, but the rapid
egradation and hydrogen gas emission limit its application.
roper biocompatible reinforcement with oxidative nature can
orm the protective oxide layers and decrease the degradation
ate. The targeted degradation rate of < 20 μm/year is con-
idered suitable for cardiovascular scaffolding [68] . Mg has
 high physiological interaction and absorbability in the hu-
an body. The body saline is an aqueous solution that further

romotes the dissolution of Mg [69] . High chloride ion con-
entration ignites the corrosion and emits H 2 gas that ham-
ers the site healing and initiates necrosis [70] . Chloride ions
eact with Mg(OH) 2 and convert into more soluble MgCl 2 .
ome parts of Mg(OH) 2 can convert MgO and H 2 O, and MgO
orks as an antibacterial element during the tissue regener-

tion process. The degradation reactions of Mg implants are
iven in Eqs. (1–4) [71] . 

g ( s ) + 2H 2 O ( aq ) → Mg 

2+ + 2OH 

− + H 2 ( g ) (1)

g ( s ) + 2Cl − → MgC l 2 ( aq ) (2)

g ( OH ) 2 ( aq ) + 2Cl − → MgC l 2 ( aq ) (3)

g ( OH ) 2 ( aq ) ↔ MgO ( s ) + H 2 O ( aq ) (4)

Researchers found that the safe value for internal degrada-
ion is 0.5 mm/yr, while the degradation rate for Mg alloys is
uch higher [72 , 73] . Nidadavolu et al. [74] determined that

he average degradation rate of Mg alloys is around 5 mm/yr
0.51 μm/day). Additionally, weight loss increased over time
ue to the increased surface area. The formula for weight loss
ue to degradation can be defined as [75] : 

Weight loss, W = D × A × t ; where D = degradation rate,
 = active surface area, t = immersion time. 

Unlike Mg, the degradation of Zn does not emit H 2 ; hence,
t produces oxides and relevant compounds based on the site’s
ttending elements, such as calcium (Ca), carbonates (CO 3 

2 −),
hlorine, and phosphates (PO 4 

3 −). The degradation rate in-
reases in an alkaline in-vivo environment, underscoring the
ital influences of other elements. Eqs. (5–11) [76] describes
he Zn degradation steps by reacting with chloride and biphos-
hate ions (HPO 4 

2 −) and forming soluble or insoluble prod-
cts. Since the degraded products are either absorbed by the
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
issue or excreted from the body by the kidneys, the selected
einforcement might be nontoxic and biocompatible. 

 Zn ( s ) + 2H 2 O ( l ) + O 2 → 2 Zn ( OH ) 2 ( aq ) (5)

 Zn ( s ) → 2Zn 

2+ + 4e − ( Anodic reaction ) (6)

H 2 O ( l ) + O 2 + 4e − → 4OH 

− ( Cathodic reaction ) (7)

n ( OH ) 2 ( aq ) → ZnO ( s ) + H 2 O ( l ) (8)

 Zn ( OH ) 2 ( aq ) + Zn 

2+ + 2Cl − → 6 Zn ( OH ) 2 . ZnC l 2 ( aq ) 

(9) 

 ZnO ( s ) + 4H 2 O ( l ) + Zn 

2+ + 2Cl − → 

 Zn ( OH ) 2 . ZnC l 2 ( aq ) (10) 

n 

2+ + 2 HPO 

2−
4 + 2OH 

− + 2H 2 O → 

n 3 ( PO 4 ) 2 . 4H 2 O ( crystalline solid ) (11) 

The degradation nature and rate vary based on the implant
spect ratio and in-vivo application. For the same implant ma-
erials, implanted inside the abdominal aorta and bone implant
ives different degradation rates while calculating by using
he weight loss to the duration of implantation [76] . There-
ore, the cross-sectional area reduction to the implantation
eriod mentioned in Eq. (12) [77] has been given uniformity.

ross − sectional degradation rate = 

√ 

A 0 
π

−
√ 

A t 
π

t 
(12) 

here t is the total duration of implantation, A 0 and A t are
he cross-sectional area of the implant when time = 0 and
ime = t , respectively. Another approach is proposed by Li
t al. [78] , considering the volume difference over the surface
rea by using Eq. (13) , where V 0 and V t represent the initial
nd final volume, respectively. Mei et al. used almost the same
ollowing equation by taking the weight difference (W 0 -W t )
nstead of the volume difference [79] . 

orrosion rate = 

( V o − V t ) 

A × t 
(13) 

Another degradation rate can be calculated by measur-
ng the concentration of released ions in the extraction
edium over a specific period of incubation time, given in
q. (14) [80] . This equation is mostly used for in-vitro mea-
urement but can also be used for in-vivo degradation by
uantifying the metal release in periprosthetic tissue, blood,
rine, or serum [81] . 

egradation rate = 

(
C sample − C fresh 

) × V ) 

( A × T ) 
(14) 
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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(

here C sample is the ion concentration ( μg/mL) in the extrac-
ion medium, C fresh is the ion concentration ( μg/mL) in the
riginal fresh medium. V is the solution volume (mL). A is
he surface area (cm 

2 ), and T is the incubation time (day). 
Degradation rates in the in-vivo condition are much higher

han in in-vitro conditions due to the complex biological envi-
onment, including different enzymes, proteins, and immune
esponses [82] . Mechanical stresses related to physical move-
ent, physiological activities, and weight-bearing can further

xpedite the degradation [1] . Also, the rate cannot be the
ame throughout the implantation period. In the initial state,
mplants degrade faster, followed by slow degradation due to
he formation of protective layers. A time-dependent volume-
ased calculation is recommended to conveniently and accu-
ately estimate the degradation rate during in-vivo observation
sing CT (computed tomography) images. 

. Antibacterial properties of reinforcements and 

onsequent cytotoxicity 

Antibacterial property often comes with cytotoxic after-
ath; henceforth, equilibrium is necessary for successful im-

lementation. Inorganic metal elements, e.g., Ag, Cu, Zn,
a [29] ; inorganic coatings, e.g., oxide, nitride, diamond-

ike carbon [83] ; organic coating, e.g., chitosan, tannic acid,
olyurethane, and drug-eluting implant with antibiotics, pep-
ig. 2. Schematic of the osseointegration process starts with (a) the blood clot an
istance and contact osteogenesis. (d) Fill up the gap with newly born woven bo

Reuse permission: open access) [102] . 

Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
ides are used to enhance antibacterial properties [84 , 85] . The
ntibacterial mechanism is implied in incrementing Zn and
g ions concentration through degradation, which develops

 considerable osmotic pressure and kills bacteria by osmotic
ysis [80 , 86] . Extraction medium also influences the degrada-
ion and ion release in in-vitro conditions. Fetal bovine serum
FBS) gives fewer cytotoxic effects for Mg implants due to
he corrosion protection layer forms on the alloys with the re-
ction of HCO 3 

−, HPO 4 
2 − ions [87] . In contrast, FBS causes

ore Zn 

2 + release than DMEM, McCoy’s extraction medium,
ausing cytotoxicity [80] . 

When Mg degrades excessively, it leads to the production
f an excessive amount of H 2 gas and hypermagnesemia. Ad-
itionally, the degradation of Mg results in the formation of
g 

2 + and hydroxyl ions (OH-) in the body fluid, as indicated
n Eq. (1) . Although these ions contribute to the bactericidal
ffect, elevated concentrations of them can lead to cytotoxic-
ty [88] . Similarly, when the Zn 

2 + concentration crosses the
n tolerance limit of biological cells, it responds cytotoxic.
igh Zn ions create copper deficiency and toxicity, including
rain tissue damage, a hindrance to neuronal development,
nd respiratory tract inflammation [89] . Besides, gastrointesti-
al tract infection causes epigastric pain, nausea, and diarrhea
nd elevates the risk of prostate cancer [90] . Furthermore, the
article size and type of compounds from the degradation im-
lant create different cytotoxicity. ZnO particles with different
d fibrin matrix formation. (b) Angiogenesis and woven bone formation. (c) 
nes and bone remodeling. (e) Woven bones transform into lamellar bones; 

ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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izes of 20 nm, 40 nm, and 80 nm have shown 67.7%, 83%,
nd 85% cell viability for L929 mouse fibroblast cells at a
oncentration of 200 μM [91] , although the tolerance limit
s less than 80 μM for Zn 

2 + ion concentration [92] . For hu-
an coronary artery endothelial and osteosarcoma U-2 cells,

he tolerance limit is < 100 μM [93] and < 120 μM [92] ,
espectively. 

Cytotoxicity hampers osteogenesis; therefore, controlled
egradation is essential for bone formation. Mg degrades
radually inside the body and facilitates new bone genera-
ion. Xie et al. [94] developed Mg-Zn based alloy of ZK30-
.2Cu-xMn, where x = 0, 0.4, 0.8, 1.2, 1.6, and observed
hat all compounds demonstrated cytocompatibility under in-
itro conditions. Among these, ZK30-0.2Cu-0.8Mn exhibited
etter results in terms of degradation rate and antibacterial
erformance. Li et al. [95] tested the osteogenic performance
f pure Mg, Mg-3 Zn, and Mg-2Zn-Mn. The Mg-2Zn-Mn
howed stable degradation and excellent osteogenesis with-
ut systemic toxicity for rat’s bone-tissue formation. Also,
orphogenetic proteins of bones are observed with the in-

olvement of fibroblast growth factor receptors. Surface mod-
fication plays a crucial role in enhancing biocompatibility.
 porous structure with a proper three-dimensional surface
etwork helps to improve osseointegration, cytocompatibility,
nd bone-implant integration. The porous implant framework
acilitates nutrient and waste exchange, cellular infiltration,
one tissue integration, and vascularization. Scaffolds having
ores ranging from 200 to 300 μm demonstrated superior
steogenesis due to the favorable spreading and elongation
f stem cells [96] . Moreover, the presence of a nano-porous
tructure could potentially create a distinct immune environ-
ent, leading to alterations in macrophage morphology and

he initiation of their osteoimmune response and improving
one regeneration [97] . 

On the other hand, material like lithium (Li) is well known
or its osteogenesis and angiogenesis (promoting new blood
essel) capability [98] . Li-doped magnesium-phosphate bio-
eramic stimulates the osteogenic and angiogenic properties
nd has excellent potential in repairing bone defects [99] .
i activates the Canonical Wnt/ β-catenin signaling (WCS)

athway, a pathway that regulates cell proliferation, migra-
ion, stem cell generation, and cell stability [100] and in-
ibits osteoclastogenesis [101] . Fig. 2 illustrates the osseoin-
egration process of angiogenesis and bone remodeling, start-
ng with developing a fibrin matrix involving various pro-
eins and enzymes. After the formation of the fibrin ma-
rix and new blood vessels, cell migration begins, and new
oven bone forms. Gradually, the gap between the liv-

ng bone and implant is closing, and the simultaneous ac-
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
ion of osteoblast and osteoclast optimizes the lamellar bone
urface [102] . 

To conclude, the synergistic effect of porous implants and
uitable materials improves osseointegration efficacy. How-
ver, porous implants have a vast surface area that is highly
rone to corrosion due to galvanic and crevice corrosion and
eaking substantial amounts of ions that cause severe postop-
rative complications such as osteolysis, allergenicity, toxicity,
nd implant failure [103] . Highly porous implants made from
g and Zn alloys are unsuitable for most cases due to their

ower mechanical strength, rapid degradation, and subsequent
ytotoxic response [104] . Nonetheless, the controlled presence
f limited superficial pores and the addition of Li facilitate
sseointegration while avoiding potential adverse effects. 

. Antibacterial mechanism and associated cytotoxic 
esponse 

.1. Silver-reinforced alloys 

Ag ions, salt, and nanoparticles are well known for cor-
osion resistance and antibacterial properties. The addition of
ilver in a degradable Mg and Zn matrix helps to release
g 

+ ions that can attach with the thiol (-SH) protein en-
yme of bacteria and break the hydrogen-sulfur bonding. In
onsequence, the bacteria cell died. Ag 

+ ions create a chain
eaction as ions can be free after the cell destruction and
ttack another bacteria cell. The killing mechanism of Ag 

+ 

ons encompasses the inhibition of the replication of bacteria
y attaching to their DNA and RNA [105] or changing the
nherent structure by creating a bond with the proteins [106] .
q. (16) and Fig. 3 have demonstrated the antibacterial action
f Ag 

+ ions [85] . Tie et al. [107] tested Mg-xAg ( x = 2,4,6)
lloys and observed that the initial in-vivo degraded prod-
ct of Ag is AgCl, which further releases Ag 

+ ions that kill
bove 90% of S. aureus and S. epidermidis bacteria. However,
he formation of AgCl reduces the free Ag 

+ , which reduces
ytotoxicity [108] . 

 AgCl � 2Ag 

+ + 2Cl − (15)

(16) 

Qu et al. [109] investigated the antibacterial, antiosteoly-
is, and internal fixation performance of Zn-xAg ( x = 0, 0.5,
, 2) alloys on a rat femur, mouse cranial, and rabbit femoral
ondyle. Zn-2Ag prevented staphylococci growth, responsible
or rabbit bone loss, MRSA, and MRSE . It also suppressed
he activated osteoclast and blocked mouse cranial osteolysis.
ig. 4 illustrates the micro-galvanic corrosion of Zn-4Ag re-
ulting in a selective dissolution of Zn, and Zn 3 Ag enriched
urface has been revealed, thus initiating cytotoxic effects and
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 3. A schematic diagram of Ag ions’ antibacterial action; (modified and redrawn) [85] . 

Fig. 4. Selective dissolution of Zn and Ag from Zn 4 Ag alloy surrounded by 
second phase Zn 3 Ag. Increased corrosion releases more Zn 2 + and Ag + ions 
induced cytotoxicity; (modified and redrawn) [110] . 
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Fig. 5. Schematic diagram of Na-K-ATPase into the cell membrane. The 
Ag + ions have inhibited ionic transport through α subunits, causing cell 
death. 
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ncreasing necrosis [110] . Alloys with more than 1 wt% Ag
ignificantly decrease cell proliferation and cell adhesion due
o the rise of pH values [111] . 

Liu et al. [112] prepared Mg-6Ag and Mg-8Ag alloys and
valuated the cytocompatibility and antibacterial performance
ia biofilm culture. They found excellent antibacterial proper-
ies compared to the Ti control group. For pure Mg, the bac-
eria viability was around 50%, where the Mg-6Ag and Mg-
Ag showed 18.64% and 14.75%, respectively. Similar results
ere found for the biofilm culture, although the T4-treated

lloy performed less microbicidal than the extruded counter-
arts due to slow degradation. Besides, Mg-6Ag and Mg-8Ag
ould not reach 75% cell viability, indicating high cytotoxi-
ity. After diluting the extracts five times, the extruded Mg-
Ag and T4-treated Mg-6Ag samples surpassed 80% efficacy,
hile only the T4-treated Mg-8Ag sample achieved the same

hreshold. Dai et al. [113] developed RE element yttrium (Y)
einforced Mg-Ag alloy to improve mechanical and antibacte-
ial activity. After 24h of testing, extruded Mg-4Y-Ag showed
2.93% antibacterial inhibition for S. aureus with no cytotox-
city (L929, fibroblast). 

Ag nanoparticles (NPs) are active antibacterial elements
hat can prevent bacterial adhesion on the implant surface,
enetrate the cell membrane of bacteria, release ROS, and
revent DNA replication [114] . AgNPs ranging from 3 nm to
 nm have shown the most effective antibacterial properties
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
or gram-negative bacteria [115] , although a relatively larger
0 nm NP Ag is effective for gram-positive bacteria [116] . A
imilar result has been found by Florea et al. [117] developed
gNPs doped Mg 3 (PO) 4 coating deposited on the orthopedic

mplant by using the matrix-assisted pulsed laser evaporation
MAPLE) technique. They observed bacteria cell count after
4h and 48h were ∼1 × 10 

11 and ∼1 × 10 

13 CFU/mL, re-
pectively. The inhibited cell number was ∼1 × 10 

5 CFU/mL
or an uncoated and coated sample. AgNPs are not as effective
up to 44.3%) as gold NPs (up to 93.6%) against P. aerug-
nosa and S. aureus biofilm and Laccaria fraternal fungal
train [118 , 119] . Oppositely, different hydroxides, homoge-
eous and non-homogeneous Ag 2 O and AgO, give oxidative
tress on the cell membrane, DNA of the cells, and proteins
y forming ROS. Besides, it restricts the activities of sodium
nd potassium adenosine-triphosphatase (Na + , K 

+ -ATPase),
hus hampering the flow of Na + , K 

+ and killing animal cells.
ig. 5 illustrates the inhibition effects of Ag 

+ for sodium-
otassium pump. 

The reason behind the severe cytotoxic outcome of Ag + is
ot well defined. Researchers [120] correlate silver cytotoxic-
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 6. Schematic diagram of Cu 2 + ions antibacterial action in E-coli. De- 
graded implants release soluble Cu ions, which extract electrons from the 
cell membrane and damage the central nucleoid [125] . 
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1  
ty with particle size and ion concentration as 10 nm AgNPs
re significantly cytotoxic than 100 nm particles for human
ung cells. The underlying cause for such an outcome lies in
he antibacterial properties of Ag 

+ . The human cell’s com-
onent, including cytoplasm, mitochondria, and the nucleus,
ontains the thiol group, which plays a vital role in cellular
unction, including protein folding, enzymatic reaction, and
ntioxidant defense mechanism [121–123] . Similar to antibac-
erial action, Ag + creates a bond with the thiol group and
ampers the normal functionality of body cells. Accumula-
ion of AgNPs might block the necessary transportation of
a + and K 

+ electrolytes into the body cell, causing cellular
welling and cell death. Therefore, large AgNPs and lower
on concentrations show acceptable cytotoxicity. 

.2. Copper-reinforced alloys 

Cu has antibacterial and anti-inflammatory properties, and
t also prevents the proliferation of malignant cells [124] . Cu
ubstrates in the suspension are attracted to the cell mem-
rane due to the electrostatic force and soluble Cu 

2 + ions
nternalized inside the cell [125] . These ions usually do not
amage the DNA of bacteria; instead, the strong ability of
u 

2 + ions extract electrons from the cell membrane of bacte-
ia, thereby pulling out the cytoplasm and oxidizing the nu-
leus [126] . Fig. 6 illustrates the Cu 

2 + ion’s antibacterial ac-
ion. The OH 

− in the basic solution could break the protein’s
onic bonds, alter the DNA structure, and inhibit its repli-
ation [127] . Cu-nanoparticles are also bactericidal elements
ith various cell-killing mechanisms, including lipid peroxi-
ation, ROS release, DNA degradation, and nucleus oxidation
128] . 

Li et al. [129] formulated three Mg-xCu, ( x = 0.05, 0.1,
.25) alloys to assess the antibacterial activities of an MRSA .
he in vitro antibacterial testing was performed on E. coli,
. epidermidis , and MRSA and found a few bacteria colonies
n the Mg-0.25Cu glass plate. Similarly, the Mg-0.25Cu al-
oy showed considerably lower osteomyelitis (swelling in the
one) with the usual surface morphology for in-vivo testing
n rabbits’ tibia. Alloy with higher Cu content effectively
nhibits bacterial colonies. Fig. 7 illustrates the bacteriostatic
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
bility of Zn-xCu, ( x = 0, 0.5, 1, 2) alloys. Four types of bac-
eria, S. aureus, S. epidermidis , MRSA, and MRSE were cul-
ured on the sample’s surface and counted using plating gradi-
nt dilution techniques. Results showed ( Fig. 7 a) that Zn-2Cu
ompletely eradicated all types of bacteria. Also, distorted,
hrunk, and raptured bacteria cell morphology was observed
 Fig. 7 b) on Zn-Cu alloys [130] . Tong et al. [131] observed
hat the threshold tolerance limit for a specific cell is related
o cytotoxicity. The order for toxicity is Zn < Pb < Cu, where
eavy metal like Cu has a greater toxic effect than Zn [132] .

The degradation rate of Cu-Zn/Mg alloy increases with the
ncrease of Cu content [129 , 130] . In Zn-Cu alloys, Zn of the
djacent location of the dendritic structure (CuZn 5 ) degrades
rastically due to the galvanic corrosion effect and induces
ytotoxicity [130] . A similar result has been found by Tong
t al. [133] , where untreated and heat-treated Zn-Cu foams
ere tested. Heat treatment reduced the Cu 

2 + concentration
rom 34 ± 2 ng/mL to 16 ± 2 ng/mL, and cell viability im-
roved from 26 ± 2% to 82 ± 2% after one day of immer-
ion at 50% extracts. Only more than 90% cell viability can
e achieved for Cu ions at 4.2 μg/L. Surprisingly, Bao et al.
134] found almost no cytotoxicity for Zn-1Cu alloys (Zn
on concentration 17.7 ± 1.8 μg/mL and Cu ion concentra-
ion 0.0214 ±0.004 μg/mL) for intrauterine devices, although
ndometrium inflammation observed for excessive release of
u 

2 + ions from pure Cu implant (130.1 ± 5.6 μg/mL). An-
ther study showed the cytotoxicity of Zn-4Cu pure extracts
o EA. Hy926 cells only had a 20% cell viability, while the
iluted extracts (up to 50%) showed almost 100% cell via-
ility [68] . Fig. 8 shows the Sprague-Dawley rat’s damaged
ndometrial stromal cell structure due to the Zn-Cu cytotox-
city. 

The Cu substance is also used in coating content to im-
rove corrosion resistance and antibacterial activity. Chen
t al. [135] developed Mg-2Zn-1Gd-0.5Zr alloy and coated
ith Cu-MAO coating (1 g/L HA, 1 g/L CuO nanopowders,
 g/L potassium fluoride (KF), and 3 g/L (NaPO 3 ) 6 ). The
orrosion rate was 0.16 mm/yr and showed no cytotoxicity.
oreover, the bacteria-killing rate reached 95% after 12hr. A

ecently developed metal-organic zeolitic imidazolate frame-
ork (ZIF) can be used as an excellent platform to release the
esired ions in a controlled fashion. This can be achieved due
o the high surface area, ease of dope, adjustable pores, good
iocompatibility, thermal stability, and commercial availabil-
ty [136 , 137] . The antibacterial property depends on the oxide
tate of copper. Cu 2 O kills bacteria by damaging fumarase due
o its low molecular concentration. CuO can convert to Cu 2 O
n an anaerobic environment, creating severe toxicity to E.coli
ompared to CuO. On the other hand, CuO produces a sig-
ificant amount of ROS to perform bactericidal/ bacteriostatic
ctivities [138] . 

Ling et al. [139] Tested the biocompatibility and antibac-
erial properties of copper-doped ZIF-8/Hydroxyapatite com-
osite coated on AZ31 alloy. They prepared three samples
ith 15%, 30%, and 45% copper content and found 99.99%

ffective against bacteria, and the CFU/mL decreased from
0 

9 to 10 

3 due to the presence of Cu 

2 + and Zn 

2 + ions.
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 7. Images represent (a) Bacteria growth after 24 h on the surface of samples, including pure Ti as a control. (b) Cell morphologies of MRSA and MRSE 

strains on the surface of the sample (reproduced with permission) [130] . 
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C3T3-E1 cells were cultured and found above 80% cell
iability for all three Cu-doped-ZIF-8 samples. The ion re-
ease rate was stable after seven days of immersion in the
BF, and the highest release was 8881.56 μg/L observed from
5% Cu-ZIF-8/HA, which was considered in the low concen-
ration range. This low ion release was achieved due to the
odecahedron structure of Cu-doped ZIF-8. Therefore, it can
e concluded that excessive Cu ions have a detrimental effect,
hile a small quantity of Cu ions enhances cytocompatibility.
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
he electronegativity of Cu (1.9) is higher than Zn (1.65) and
g (1.31); thus, Cu 

2 + shows more cytotoxicity than Zn 

2 + and
g 

2 + . 

.3. Magnesium/zinc reinforced alloys 

Both Mg and Zn itself have antimicrobial properties with
ood degradation rates. Lin et al. [140] cultured E.coli and
. aureus on 316LSS, pure Zn, and Zn-0.02Mg and found
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 8. Histological photographs of Sprague-Dawley rat uterine tissues stained with hematoxylin and eosin. The inset depicts uterine cross sections, and the 
magnified picture is the square area in the inset. The endometrial structures were disrupted after implantation, as seen by the damaged structure of endometrial 
stromal cells (red arrows). Zn-1Cu group has moderate tissue responses than other groups, and SO indicates the sham-operated group (reproduced with 
permission) [134] . 
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hat both Zn and Zn-0.02Mg showed good antibacterial prop-
rties. However, Zn-Mg alloy cannot suppress P. Aeruginosa
acteria biofilm due to its metal-resistant strains capability
MRSC) [141] . These bacteria bear an extracellular polymeric
onstituent that protects the biofilm by preventing biofilm dif-
usion [142] . The antibacterial mechanism for Mg 

2 + and Zn 

2 + 

ons is similar to the Ag 

+ and Cu 

2 + ions. The in-vitro cy-
otoxic response of undiluted extracts for pure Zn implant is
omparable to Zn-3Ag [143] . Zn-3Mg alloy showed signif-
cant toxicity on NOHst cells with cell viability of 47% ±
2% after one test day [144] . Cytotoxicity response depends
n the cell type; L929 was found more sensitive to Zn ions
han U-2 OS for Zn-xMg ( x = 0–1.6 wt.%) alloys [145] . The
ighest safe concentrations are 120 μM and 80 μM, respec-
ively, for Zn-0.8Mg alloy; overall, it shows less cytotoxicity
ehavior than Zn-3Ag. Fig. 9 depicts the fluorescent photo-
raph of alive MG63 osteoblast cells where cells’ morphol-
gy was changed above 12.5% extracts (Zn ion concentration
1 mg/L for pure Zn implant) of all compounds. Besides,
he 100% Zn extract exhibits more detrimental results than
n-3Ag. Nonetheless, the in vivo results often do not show
uch strong cytotoxic effects for Zn implants due to the blood
irculation and complex body environment [146] . 

Zhang et al. [147] compared the antibacterial ability, cy-
ocompatibility, and osteogenicity of ZC21 (Mg-2Zn-0.5Ca)
ver Mg-4Zn-1Sr (ZSr41) and pure Mg. ZC21 performed bet-
er adhesion of bone-marrow-derived mesenchymal stem cells
BMSCs) in both direct and direct exposure cultures. They
lso cultured the MRSA and found the lowest 1.5 × 10 

5 
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
FU/mL after 24 h. The degradation rate inside the mouse
emoral was also lower than ZSr41, and after 12 weeks of
mplantation, ZC21 promoted bone growth along with the
mallest gap found at the femoral defect. Zou et al. [148] de-
eloped Zn-doped montmorillonite (MMT) coatings on AZ31
lloy and tested the antibacterial property of E. coli and S.
ureus . They observed the damaged bacterial cells and leaked
ut the intracellular substance of the bacteria on the Zn-MMT.
n-MMT was more effective for gram-positive bacteria as the
one inhibition was 22 mm and 32 mm for E. coli and S. au-
eus, respectively. Besides, the cytotoxicity assessment was
lso favorable for Zn-MMT coatings since the cell viabil-
ty remains above 75% for MC3T3-E1 after 72 h of culture.
hatt et al. [149] extracted Zinc acetate dihydrate from the
ucalyptus seed extracts and prepared Mg-doped Zinc oxide

o test the antibacterial property. They cultured E. coli on an
gar plate, observed 22.66 mm and 17.66 mm inhibition zone
IHZ) for the 75% Mg-ZnO nanoparticles and ZnO nanopar-
icles, respectively, and concluded that the combined effect of

g and Zn ions inhibits the bacteria growth. 
Gram-negative and gram-positive bacteria mostly have

esh-like peptidoglycan around their cytoplasmic membrane
ith a thickness of 20–80 nm and 2–3 nm, respectively [150] .
nO NPs with an average particle size of 25.7 nm can eas-

ly interact with gram-positive bacteria and damage the cell
embrane. Dopants like Co can further reduce the particle

ize (20.5 nm) to improve the binding strength, produce more
OS components, and increase the bactericidal activity [151] .
articles size less than 10 nm can directly pierce the bac-
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 9. Fluorescent images of MG-63 Osteoblast cell stained with calcein-DAPI after 1 day of indirect cell culture for pure (A) Zn, (B) Zn-3Ag, (C) 
Zn-3Ag-0.5Mg. The scale bar is 100 μm for all images. (Reuse permission: open access) [143] . 

Fig. 10. Gram-positive bacterial cell wall surrounds peptidoglycan containing 
teichoic and lipoteichoic acid. -OH radicals damage cell membranes and 
create a pathway to penetrate H 2 O 2 and destroy DNA protein [ 150 , 153] . 
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erium cell membrane [152] . ROS is the common antibacte-
ial technique for ZnO NPs where hydroxyl radical (-OH),
uperoxide (O 

2 −), and H 2 O 2 (hydrogen peroxide) destroy the
acteria cell membrane and DNA protein. Fig. 10 gives an
llustration of the antibacterial actions of ZnO NPs. These
actericidal techniques are also valid for CuO, TiO 2 , Au 2 O 3 ,
nd Ag 2 O NPs [153] . 

Based on the preceding discussion, it is evident that the
ynergistic action of Mg and Zn can effectively kill bacteria
xcept for MRSC bacteria. Additionally, the findings of 10 nm
nO particles’ ability to pierce bacterium cells support the
ytotoxic effects observed in AgNPs. It indicates that particles
oughly 10 nm in size could possess detrimental effects on
ody cells. 

.4. Gallium-reinforced alloys 

Gallium (III) is well known as a chemotherapeutic agent,
nd its antibacterial properties depend on the chemical
imicry with iron (III) [154] . Fe 3 + is an essential ion for
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
NA replication, anti-oxidative stress, and electron transfer
f bacteria. Due to the similarity of Fe 3 + and Ga 3 + , the iron
cquisition pathway of bacteria can be used for Ga trans-
ort and can inhibit replication by creating a bond with the
acteria envelope and preventing Fe metabolism [85 , 155] . Ex-
luding that, Ga hampers the functional activity of deoxyri-
onucleotide reductase, an iron-containing enzyme, reducing
he chance of forming biofilms [156] . Recent studies found
hat Ga ions can inhibit aerobic bacteria more effectively
han anaerobic bacteria, indicating the ROS association in an-
ibacterial action. Lin et al. developed a partially Ga-coated
n-based biodegradable micromotor to kill the targeted He-

icobacter pylori bacteria. The cell viability at 2 mg/mL ion
oncentration was 85%, indicating minimal cytotoxicity. The
ropulsion technique of micromotor was involved with the H 2 

as evolution in the acidic environment, although no signif-
cant pH change was not observed. Eq. (17) [157] gives the
eaction with acid (H 

+ ions) and Zn to produce H 2 bubbles.
ig. 11 shows the functionality of Ga/Zn Janus micromotor.

n ( s ) + 2H 

+ ( aq ) → Zn 

2+ ( aq ) + H 2 ( g ) (17)

Gao et al. [158] investigated the combined effect of Ga 3 + 

nd Sr 2 + on S. aureus and E. coli in in-vitro and in-vivo
onditions with cytotoxicity analysis. Although the in-vitro
ytotoxicity report for human MSCs was unfavorable, with
0% dead cells, the in-vivo (mouse femur implant) antibac-
erial and biocompatible results were convincing due to the
ynamic flow of ions inside the body. At the beginning of im-
ersion, cytotoxicity could be observed due to the massive
g 

2 + release; soon, the ion release rate reached a toxic level
f 1000 ppb/h for Ga 3 + after 48–72 h. Vukomanovic et al.
159] tested an osteogenic effect on human MSCs and an-
ibacterial activity by developing a multi-doped apatite with

g 

2 + , Sr 2 + , Zn 

2 + , and Ga 3 + ions. Due to the good syner-
istic effect, the inhibition of bacteria growth and prolonged
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 11. Schematic diagram of (a) Ga/Zn Janus micromotor’s fabrication and antibacterial action, (b) EDX mapping, (c) Ga 3 + ion release, and (d) Ga 3 + ion 
prevents Fe 3 + penetration and binds with the receptor (Reproduced with permission) [157] . 
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L  
ntibacterial protection were achieved. Compared to single-
oped apatite, ions release for multi-doped apatite was infe-
ior; however, the antimicrobial effects were the same, with
atisfactory cell viability results of less than 20 LDH (Lactate
ehydrogenase) value for human MSCs cells. 

Ga 3 + can be evenly embedded in chitosan using in-
itu precipitation by using chitosan’s chelation capacity. The
hitosan-Ga ion complex successfully inhibited more than
0% of E. coli bacteria compared to pure chitosan implant
fter 24 h [160] . Conversely, cytotoxicity was observed on
G63 osteoblast cells for high Ga 3 + to chitosan ratio of

:16, 1:8, and 1:4 with cell viability of around 63 ± 2%.
he cytotoxicity is dose-dependent for both Ga 3 + and chi-

osan [161] . Therefore, the synergistic effect reinforced the
ytotoxic effect. Song et al. [162] developed Ga-Sr-PO 4 coat-
ng and found that Ga-Sr-PO 4 coating on Mg protects the
ucleus damage of osteoblast cells. The dead cell count for
ure Mg was 60%, whereas the dead cell count for coated
g was 16% only. Similar success was observed in antibac-

erial performance, where the inhibition rate was 78% and
7% after three days of incubation for P. aeruginosa and E.
oli , respectively. 

Ga has excellent effects on bone growth affirmatively by
educing the loss of bone site calcium. Ga salt can be used
or bone regeneration and osteoporosis-related diseases [163] .
t may be responsible for accumulating hydroxyapatite (HA)
nd phosphorus in the bone, as they are also essential com-
onents of bone. Also, the Ga-doped HA (HAp(Ga)) has
ntibacterial properties against P. aeruginosa, E. coli, and
. epidermidis. Moreover, arginine functionalized gold with
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
A (Au/Arg@HAp(Ga)) exhibited more than ten times su-
erior antibacterial properties than those without Ga coun-
erparts [164] . The 0.1 mg/mL concentration inhibited bac-
eria growth over 1 mg/mL (Au/Arg@HAp) (without Ga).
 comparable result was found while testing Ga-bioactive
lass, (0.42SiO 2 - 0.10Na 2 O-0.08CaO-(0.40-x)ZnO-(x)Ga 2 O 3 )
165] . A comparison was made by Sara et al. [166] be-
ween Ga- mesoporous bioactive glasses (MBGs) and non-
a-MBGs. Researchers concluded that 3% Ga-MBG showed
etter antibacterial properties, achieving a 99% antibacterial
ate against E. coli and S. aureus, surpassing 1% and 2%
a-MBG counterparts. The increased amount of Ga 2 O 3 con-

ent releases more Ga 3 + ions, resulting in higher pH, which
ight be the mechanism of killing bacteria. On the contrary,

ow (1%) Ga 2 O 3 contained MBG showed excellent cytocom-
atibility and hemostatic properties and helped to stop bleed-
ng by platelet adhesion. Overall, the antibacterial mechanism
or Ga 3 + is relatively safe as it blocks the nutrients of the
acteria. Since ferric ions are critical components of blood
emoglobin and are responsible for oxygen transportation,
ron deficiency can lead to anemia and internal bleeding [167] .
his phenomenon can be correlated with the above findings,
s the accumulation of Ga 3 + might hamper the regular bal-
nce of Fe 3 + . Nevertheless, a detailed study is still necessary
n this field for better understanding. 

.5. Lithium-reinforced alloys 

Recent studies have found mild antibacterial properties in
i. Like Ag 

+ ions, Li + ions attach with the thiol group of
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Fig. 12. Antibacterial operation with E. coli and S. aureus after 24 h. on pure Zn and Zn-0.5x ( x = V , Zr, Cr) alloy surfaces. (a) SEM images of bacterial 
adhesion. Antibacterial rates and corresponding Zn ion concentrations in the culture medium after culture with (b) E. coli and (c) S. aureus (Reuse permission: 
open access) [173] . 
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he bacteria and damage the cell envelope [168–170] . If Li
s doped with metal oxides, it helps to produce more O 

2 −.
he generated O 

2 − dissolves in water and produces hydro-
en peroxide, followed by the generation of ·OH by oxy-
emoglobin and methemoglobin, thus causing oxidative dam-
ge to the protein and DNA of bacteria [169 , 170] . Simultane-
usly, Zn-modulated Li caused hepatotoxicity in rats, although
n shows hepatoprotective efficacy [171] . Researchers antic-

pated that due to the direct effect of Li, lipids and proteins
egenerated rapidly, affecting rats’ livers. Hence, Li degrada-
ion needs to be controlled to dissolve cytotoxicity issues. A
on-porous and polished surface could prevent degradation,
s polished surfaces showed four times less degradation than
orous surfaces [172] . 

.6. Other transitional metals reinforced alloys and coatings 

Other than Ag, Ga, and Cu, some transitional materials,
.g., V, Cr, and Zr, are used nowadays with Zn to enhance
echanical properties and inhibit bacteria. Zn-0.5Cr showed

he highest five-fold degradation than others in rat’s femur,
nd all the Zn alloys showed a good bone-tissue response.
fter three months of implantation, the tissue reached the
steoid to the bone [173] . Tong et al. [174] developed a dys-
rosium (Dy) alloyed Zn composite and found improved cell
iability and antibacterial properties. Fine-grained hot-rolled
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
amples showed a greater degradation rate. Fig. 12 shows the
n ion release ( μg/ml) and antibacterial rate for Cr, Zr, and
 alloys. All the alloys have demonstrated at least 50% ef-
cacy for E. coli and 99% for S. aureus . The antibacterial
roperty correlates with the release of Zn ions. Nevertheless,
n-0.5 V alloy has performed better than expected. Zn and V
ight have a synergic effect to do a score of bacteria-killing
ore than 60%. 
Sol-gel, a “green” process, is a cost-effective way of high-

uality coating on Mg and Mg-alloys to achieve targeted
roperties like cytocompatibility, osteogenic, and antibacte-
ial properties. HA-coated Mg shows good biocompatibility
ith sacrificed corrosion resistance properties in the aqueous
edium. Substances like TiO 2 nanoparticles, silver and silver

ompounds like Ag/AgBr/TiO 2 and AgTi 2 (PO 4 ) 3 have bac-
ericidal and bacteriostatic ability for both gram-positive and
ram-negative bacteria, respectively, although they also have
ytotoxic properties [175] . Sol-gel TiO 2 -coated HA-coated
g alloy improved corrosion behavior by creating a thin layer

n the porous HA-Mg surface. TiO 2 generates ROS, owing
o its strong oxidizing capabilities, to kill bacteria effectively
176] . ROS can be produced by a layered double hydrox-
de (LDH), and black Mn-comprised LDH nanosheet contain-
ng Mg alloy can be used to treat osteosarcoma bone cancer
nd bone regeneration. Mn-contained LDH has photothermal
roperties and Fenton-like catalysis that can generate heat
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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vibration energy) and in-situ hydroxyl radicals ( ·OH), re-
pectively, to kill targeted cells and in-site bacteria [177] . A
imilar approach was taken by Zhang et al. [178] , where they
eveloped sodium copper chlorophyllin (C 34 H 31 CuN 4 Na 3 O 6 )-
aP layer-by-layer (LbL) coating on hydroxylated AZ31. The
 34 H 31 CuN 4 Na 3 O 6 has a photodynamic and photothermal

herapy effect that is effective in a broad spectrum of bacteria.
ui et al. [179] coated an antibacterial coating consisting of
hitosan and deoxyribonucleic acid (DNA) on AZ31 alloys
y adopting alternating LbL assembly with Mg(OH) 2 inner
egradation protection layer. Chitosan has a contact-killing
ntibacterial property and hydrophilic nature that ameliorates
ell proliferation and adhesion. DNA is a functional poly-
er that works with Ca 2 + ions and helps biomineralization

180] . Graphene oxide and HA coating were also applied on
he Mg(OH) 2 inner layer to enhance osteogenic differentia-
ion without hampering the antibacterial property of Mg(OH) 2 
181] . Authors cultured mouse preosteoblasts cell, MC3T3-
1, in an in-vitro condition and found prominent cell growth
ith cytoplasmic and pseudopodia propagation. Table 1 sum-
arizes the effect of degradation rate and bactericidal ions

oncentration on antibacterial performance and cell viability. 

. Critical analysis and future prospect 

It is evident from the above study that bactericidal perfor-
ance depends on the concentration of metal ions released

uring biodegradation and their oxidation number. Increased
onic release changes the localized pH level and affects the
ntibacterial performance. Not all the metal ions react in the
ame way with water. Metals from Group 1 and Group 2 in
he periodic table (e.g., Li + , Sr 2 + , Na + , Mg 

2 + ) perform basic
ydrolysis and form hydroxyl radicals (OH-), thus increasing
H [193] . Several metal ions (e,g., Al 3 + , Zn 

2 + , Cu 

2 + , Ga 3 + ,
nd Cr 3 + ) show amphoteric behavior and produce OH- when
hey react with water [194] . Bacteria have an ideal pH state
o perform enzyme functional activity and metabolism. Imbal-
nce pH kills bacteria by damaging cell membranes by alter-
ng protein structure and making it more permeable, disrupt-
ng cellular processes, and inhibiting bacterial growth. Higher
H reduces nutrient availability and blocks metabolic path-
ays, including ATP and protein synthesis, electron transport

hain, and enzyme inactivation [195 , 196] . 
The DNA and RNA of bacteria are composed of nu-

leotides containing a sugar molecule, a nitrogenous base,
nd a phosphate group. Four different nitrogenous bases have
een found in DNA and RNA, and hydrogen bonds hold two
trands of DNA together [197] . Li, Al, and Mg metal ions
ith solid antibacterial properties exhibit strong reactions with
itrogen, hydrogen, and oxygen, altering the structure of sugar
olecules and a nitrogenous base. From the metal-phosphate

olvation study [198] , the energy for solvation complexes of
 different phosphate group in a nucleic acid environment is
sually lower, and it varies as Mn 

2 + > Mg 

2 + > Ca 2 + >

i + > Na + > K 

+ . Lower solvation complex energy indicates
tronger solute-solvent molecular attachment and higher sta-
ility. These bonding lead to DNA and RNA breakage and
Please cite this article as: C.A. Shahed, F. Ahmad, E. Günister et al., Antibacter
biodegradable magnesium and zinc alloys: A review, Journal of Magnesium and 
illing bacteria. Although Ag 

+ shows a slow reaction with
 phosphate group, it condenses DNA molecules and dam-
ges their replication ability [105] . Also, a link to metal type,
ation number, and antibacterial properties has been observed.
ype-I metal (formed only one type of cation) showed supe-
ior antibacterial properties than type-II metal (formed more
han one type of cation) if the highest cation numbers are
he same for two comparable metals, and the cation num-
er has the opposite relation with the antibacterial properties.
lthough Cu and Ag belong to the same Group 11 in the
eriodic table and Cu, Ag, and Zn all are transitional metals,
g and Zn are type I metal with + 1 and + 2 cation number,

espectively. On the other hand, Cu is a type II metal with
 1 and + 2 cation numbers. According to this hypothesis,
g and Zn should have more antibacterial efficacy than Cu.
urdu et al. [199] validated this hypothesis by concluding that
g performed most effectively, while Zn showed better effi-

iency than Cu against S. aureus and E. Coli. Another study
as performed by Sun et al. [200] , taking into consideration
g (I), Cu (II), Zinc (II), and Ga (III). The results indicated

hat the antibacterial effectiveness followed the order: Ag >

n > Cu > Ga, consistent with the predictions of the hypo-
hetical model. Therefore, it is evident that metals with + 1
nd + 2 oxidation numbers show relatively strong antibacterial
roperties than + 3. However, the physiological environment
s highly complex, and different microbial respond differently;
hus, more studies need to be done to establish the hypothesis.

A controlled corrosion rate and hybrid reinforcement ap-
roach could prevent a particular ion redundancy and mini-
ize cytotoxicity. Reactive metal reinforcements can produce
OS products and raise WCA, thereby controlling the degra-
ation rate. Cu-reinforced alloys look promising for MRSC
acteria; however, Ga-reinforced alloys look safer among
ther implants. As the cytotoxic response varies depending on
he cell type, implant materials selection should be subjective
ccording to the application. Nanoparticles might have detri-
ental effects due to the high surface area and accumulation

f debris at the implant site. A thorough in-vivo compari-
on between ion concentration and nanoparticles of the same
etal is essential. 
The target killing of bacteria using photodynamic and pho-

othermal effects can be competent if the generation of ROS
an be controlled, although most of the carbon-based pho-
othermal elements cause genotoxicity and lipid peroxidation.

oreover, it is only effective on superficial surface conditions,
ostly right under the skin, as light waves need to pene-

rate to activate the actions. Therefore, further research can
e conducted to develop a nontoxic phototherapeutic agent.
esearchers mainly exercised a few common bacteria like E.
oli, S. aureus , MRSA, S. epidermidis, and P. aeruginosa .
onsequently, a wide range of bacteria is left unobserved,
nd importantly, the harmonious effects of different bacteria
n the same site have not been observed yet. Finally, extensive
nvestigation needs to be done on the same material in vari-
us locations inside the living body to identify its antibacterial
nd cytotoxicity performance since the physiological charac-
eristics vary depending on the body’s location. 
ial mechanism with consequent cytotoxicity of different reinforcements in 
Alloys, https:// doi.org/ 10.1016/ j.jma.2023.08.018 
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Table 1 
The list of different biodegradable materials with degradation rate, corresponding bactericidal ion, inhibited bacteria, antibacterial performance, and cell viability. 

Alloys Inhibited 
microbial 

Antibacterial performance Bactericidal ions and 
concentration ( μg/L) 

Degradation rate Cultured cell; viability; 
extraction concentration 

Incubation 
period 

Ref. 

Mg-3.16 
Nd-0.18Zn-0.41Zr 

MRSA , E. coli Antibac. ratio was 90% and 
92.1% for MRSA and E. coli 

Mg 2 + = 561 at 50% 

extract, Zn 2 + 
0.039 ± 0.003 
gm/d 

MC3T3-E1; 49%; 100% 7d [182] 
MC3T3-E1; 108%; 50% 

PEO E. coli, S. aureus Initial CFU = 100,000. 
Remaining: 
S. aureus = 105, 75 (no NIR, NIR) 
E. coli = 4, 0 (no NIR, NIR) 

– MC3T3-E1; 58%; at 
100% 

7d [177] 

AZ31-PEO-LDH- 
MnCl 2 ·4H 2 O 

(6 h) 

E. coli, S. aureus Initial CFU = 100,000. 
Remaining: 
S. aureus = 1400, 14 (no NIR, NIR) 
E. coli = 105, 0 (no NIR, NIR) 

– MC3T3-E1; 78%; at 
100% 

7d [177] 

AZ31-PEO-LDH- 
MnCl 2 ·4H 2 O 

(9 h) 

E. coli, S. aureus Initial CFU = 100,000. 
Remaining: 
S. aureus = 17,300, 4 (no NIR, NIR) 
E. coli = 280, 0 (no NIR, NIR) 

– MC3T3-E1; 77.5%; at 
100% 

7d [177] 

Mg-0.8Ca E. coli, 
S. aureus 

Antibac. ratio, after 1d 
80% (for S. aureus ) 
81% (for E. coli ) 

Mg 2 + 80% degraded by 
4 weeks 

MC3T3-E1; 81% ( S. 
Aureus ), 
80% ( E.coli) 
bacteria-induced; direct 
culture 

1d [183] 

HA-Mg (OH) 2 
coated MZ-1.5Ag 

E. coli, 
S. aureus 

Antibac. ratio, after 1d 
92% (for S. aureus ) 
90% (for E. coli ) 

Mg 2 + , ·OH – MC3T3-E1; 89% ( S. 
aureus ) 
86% ( E.coli) 
bacteria-induced; direct 
culture 

1d [183] 

HA-GO-Mg 
(OH) 2 coated 
MZ-1.5Ag 

E. coli, 
S. aureus 

Antibac. ratio, after 1d 
88% (for S. aureus ) 
86% (for E. coli ) 

Mg2 + , ·OH, 50% degraded by 
4 weeks 

MC3T3-E1; 88% ( S. 
aureus ) 
84% ( E.coli) 
bacteria-induced; direct 
culture 

1d [183] 

HA-AZ60 E. coli, 
S. aureus 

Antibac. ratio: 
HA-AZ60 = 19% and 18% for 
S. aureus and E. coli, respectively 
HA-AZ60-TiO 2 

(15 times) = 99.8% and 99.5% for 
S. aureus and E. coli, respectively 

HEV 

3.56 mL/cm 

2 
L929; 48%; direct 
culture 

5d [176] 

HA-AZ60-TiO 2 

(15 times) 
HEV 

2.18 mL/cm 

2 
L929; 83%; direct 
culture 

5d [176] 

Mg-1Al-Cu E. coli, 
S. aureus 

IZD (mm) 
0.99 ( S. aureus) 
1.38 (E. coli) 

Mg 2 + = 86, 
Cu 2 + = 0.33, Al 2 + 

0.042 mm/h (after 
10 hr) 

hMSCs; 23%; 12 mg/mL 7d [184] 

0.18Gr@Mg-1Al- 
Cu 

4.7 ( S. aureus) 
3.7 (E. coli) 

Mg 2 + = 72, 
Cu 2 + = 0.25, 
Al 2 + 

0.012 mm/h (after 
10 hr) 

hMSCs; 35%; 12 mg/mL 7d [184] 

0.5Gr@Mg-1Al- 
Cu 

2.4 ( S. aureus) 
1.4 (E. coli) 

Mg 2 + = 83, 
Cu 2 + = 0.18, 

0.053 mm/h (after 
10 hr) 

hMSCs; 62%; 12 mg/mL 7d [184] 

AZ31 – – Mg 2 + = 660 34.2 mm/y (after 
90d) 

EA.hy926; 82.5%; at 
50% 

3d [185] 

( continued on next page ) 
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Table 1 ( continued ) 

Alloys Inhibited 
microbial 

Antibacterial performance Bactericidal ions and 
concentration ( μg/L) 

Degradation rate Cultured cell; viability; 
extraction concentration 

Incubation 
period 

Ref. 

Mg-APC – – Mg 2 + = 550 0.80 mm/y (after 
90d) 

EA.hy926; 98.5%; at 
50% 

3d [185] 

Thiol-ene-Mg- 
APC 

– – Mg 2 + = 325 0.11 mm/y (after 
90d) 

EA.hy926; 105%; at 
50% 

3d [185] 

AZ31-Mg (OH) 2 E. coli, 
S. aureus 

Antibac. ratio for S. aureus & 

E. coli 
= 62% & 64% 

·OH, Mg 2 + HEV = 

5.92 ± 0.69 mL 

cm 

−2 

MC3T3-E1; 93%; at 
25% 

5d [179] 

AZ31-Mg 
(OH) 2 –Chitosan/DNA 

Antibac. ratio for S. aureus & 

E. coli 
= 93.5% & 95% 

·OH, Chitosan, Mg 2 + HEV = 3.72 mL 

cm 

−2 
MC3T3-E1; 91%; at 
25% 

5d [179] 

MgO NPs E. coli, B. 
subtilis, 
S. epidermidis, P. 
aeruginosa 

IZD, 
E. coli = 30 mm; B. 
subtilis = 31 mm; 
S. epidermidis = 20 mm; 
P. aeruginosa = 22 mm 

Mg 2 + , MgO NPs, ROS – A-375; 87%, 74%; at 
20 μg/ml, 
40 μg/ml 

1d [186] 

Mg MRSA Antibac. ratio 
≈52% 

Mg 2 + = 2.1 mM 0.63 mg cm 

−2 

d −1 (in vivo) 
BMSCs; 85% 1d [147] 

Mg-2Zn- 0.5Ca MRSA ≈80% Cultured with MRSA 

Mg 2 + = 14 mM; 
Zn 2 + = negligible 

0.28 mg cm 

−2 

d −1 

(in vivo) 

BMSCs; > 100% 1d [147] 

Mg-4Zn-Sr MRSA ≈45% Cultured with MRSA 

Mg 2 + = 9.1 mM; 
Zn 2 + = negligible 

0.37 mg cm 

−2 

d −1 

(in vivo) 

BMSCs; > 100% 1d [147] 

Zn-3Cu (HR and 
CR) 

S. aureus IZD = 7.68 ± 0.43 mm Cu 2 + = 33.2, Zn 2 + = 

36.8 
311 ± 9 μm/y 
(after 90d) 

MG-63; 92.8%; at 25% 3d [187] 

Zn-3Cu-0.2Ti 
(HR and CR) 

S. aureus IZD = 7.11 ± 0.32 mm Cu 2 + = 32.9, Zn 2 + = 35.6, 
Ti 4 + = 0.9 

299 ± 11 μm/y 
(after 90d) 

MG-63; 86.4%; at 25% 3d [187] 

Zn–1Cu–0.1Ti 
(HR and CR) 

S. aureus IZD = 6.99 ± 0.33 mm Cu 2 + = 14.6, Zn 2 + = 34.8, 
Ti 4 + = 0.3 

32 ± 11 μm/y 
(after 30d) 

MG-63; > 83%; at 25% 5d [188] 

Zn-0.8Mn E. coli Antibac. ratio 81.3 ± 8.3% Zn 2 + = 189.5 μM 101 ± 9 μm/ yr L929; 95%; at 40% 2d [189] 
Zn-0.8Mn-0.4 Cu E. coli Antibac. ratio 91.8 ± 2.5% Cu 2 + = 0.2 μM, 

Zn 2 + = 127.8 μM 

133 ± 15 μm/ yr L929; 97%; at 40% 2d [189] 

Zn-0.8Mn-0.4 Ag E. coli Antibac. ratio 93.7 ± 1.8% Cu 2 + = , 
Zn 2 + = 187.8 μM, 
Ag = negligible 

168 ± 21 μm/ yr L929; 78%; at 40% 2d [189] 

Zn-Mg 2 Ge – – Zn 2 + = 32, 
Mg 2 + = 4, 
Ge 4 + = 6 

51.1 ± 2.0 μm/ 
yr (after 30d) 

MG63; 89%; at 25% 3d [190] 

Zn-3Mg 2 Ge – – Zn 2 + = 37, 
Mg 2 + = 13, 
Ge 4 + = 23 

68.4 ± 2.7 μm/ 
yr (after 30d) 

MG63; 85%; at 25% EC 3d [190] 

Zn-5Mg 2 Ge – – Zn 2 + = 40, 
Mg 2 + = 30, 
Ge 4 + = 38 

76.6 ± 2.8 μm/ 
yr (after 30d) 

MG63; 79%; at 25% 3d [190] 

( continued on next page ) 
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Table 1 ( continued ) 

Alloys Inhibited 
microbial 

Antibacterial performance Bactericidal ions and 
concentration ( μg/L) 

Degradation rate Cultured cell; viability; 
extraction concentration 

Incubation 
period 

Ref. 

Zn-0.8Li S. epidermidis, S. 
aureus 

IZD = 13.6 mm Zn 2 + , Li + 17 μm/ yr (after 
90d) 

– – [31] 

Zn-0.8Li-0.5Ag S. epidermidis, S. 
aureus 

IZD = 24.8 mm Zn 2 + , Li + , 
Ag + 

19.5 μm/ yr 
(after 90d) 

– – [31] 

Zn-0.8Li-1.25Ag S. epidermidis, S. 
aureus 

IZD = 18.4 mm Zn 2 + , Li + , 
Ag + 

18 μm/ yr (after 
90d) 

– – [31] 

Zn-0.8Li-1.2.0Ag S. epidermidis, S. 
aureus 

IZD = 25.3 mm Zn 2 + , Li + , 
Ag + 

16 μm/ yr (after 
90d) 

– – [31] 

Zn foam S. aureus IZD = 5.85 mm Zn 2 + = 6200 1.3 ± 0.2 mg/d MC3T3 & MG63; 75% 

& 81%; 
at 25% 

3d [191] 

ZnO + Zn foam S. aureus IZD = 6.15 mm Zn 2 + = 4200 1.0 
± 0.1 mg/d 

MC3T3 & MG63; 76% 

& 82.5%; 
at 25% 

3d [191] 

ZnP + Zn foam S. aureus IZD = 5.40 mm Zn 2 + = 3650 0.7 ± 0.2 mg/d MC3T3 & MG63; 92% 

& 90%; 
at 25% 

3d [191] 

(ZnO + ZnP) + Zn 
foam 

S. aureus IZD = 6.0 mm Zn 2 + = 3150 0.5 ± 0.1 mg/d MC3T3 & MG63; 95% 

& 89%; at 25% 

3d [191] 

Sr-Ca-P-Zn1 (Zn 
doped) 

E. coli, S. aureus Antibacterial rates. 
59% for S. aureus; 52% for E. 
coli 

Zn 2 + = 156 ppb after 
100 h 

14.2 μm/ yr 
(after 30d) 

MC3T3; 91%; co-culture 5d [192] 

Sr-Ca-P-Zn4 (Zn 
doped) 

E. coli, S. aureus Antibacterial rates. 
80% for S. aureus; 71 % for E. 
coli 

Zn 2 + = 205 ppb after 
100 h 

16.3 μm/ yr 
(after 30d) 

MC3T3; 91%; co-culture 5d [192] 

Zn-Dy (HR) S. aureus IZD = 5.2 mm Zn 2 + = 0.8 μg/mL 

Dy 3 + = 5 ng/mL 

38 μm/ yr (after 
30d) 

MC3T3-E1; 68%; at 
25% 

3d [174] 

Zn-3Dy (HR) S. aureus IZD = 6.4 mm Zn 2 + = 0.83 μg/mL 

Dy 3 + = 22 ng/mL 

40 μm/ yr (after 
30d) 

MC3T3-E1; 75%; at 
25% 

3d [174] 

Zn-5Dy (HR) S. aureus IZD = 7.3 mm Zn 2 + = 0.9 μg/mL 

Dy 3 + = 38 ng/mL 

49 μm/ yr (after 
30 days) 

MC3T3-E1; 70%; at 
25% 

3d [174] 

∗PEO-plasma electrolytic oxidation, NIR: near-infrared light, APC- aliphatic polycarbonate, HEV- Hydrogen evolution volume, GO-Graphene oxide, IZD- Inhibition zone diameter. 
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. Conclusion 

Bacterial infections are a severe concern to biomedical ma-
terials associated with unsuccessful implants, loss of bone
density, and necrosis. Mg and Zn are considered the two
most suitable materials for biodegradable implants with
antibacterial properties. Pure Mg and Zn generally suf-
fer from rapid degradation and loss of quick mechanical
strength for most implant-related applications. Also, Mg 

2 + 

and Zn 

2 + ions do not show antibacterial efficacy against
metal-resistant strain bacteria like P. Aeruginosa . 
Although a porous surface helps osseointegration, exces-
sive degradation of implants causes H 2 evolution, hyper-
magnesemia, and osmotic pressure that can harm human
cells. Introducing hydrophobic surface by anodic oxidation,
annealing at a higher temperature can resolve excessive
degradation. 
Different metal ions have different antibacterial mecha-
nisms, such as Ag ions creating bonds with thiol enzyme,
DNA, and RNA to kill bacteria, whereas Ag NPs block
the Na and K ion transportation. Soluble Cu 

2 + ions ex-
tract electrons from the phospholipid and break the cell
membrane; hence, it can inhibit the growth of MRSC bac-
teria. Ga 3 + ions resist bacteria from absorbing their essen-
tial Fe 3 + ions. 
Additional antibacterial elements, e.g., CuO, MgO, TiO 2 ,
ZnO, and ZnO NPs, have synergic effects of inhibiting
bacterial growth effectively . The bactericidal efficacy is
higher for nanoparticles as they directly attack the cyto-
plasm, DNA, and RNA of the bacteria by penetrating the
cell envelope. TiO 2 and ZnO NPs convert H 2 O and O 2 

to ROS products, which can damage bacterial protein and
DNA by oxidation. It also bonds with the receptors and
prevents the bacteria from absorbing nutrients. 
Li has selected antibacterial properties like Ag 

+ , but the
main attraction is that it activates the WCS pathway
to accelerate cell proliferation. Transitional metal ions
like Cr, V, Zr, and Sr also show mediocre antibacterial
performance. Photothermal properties of black Mn-LDH
nanosheet and sodium copper chlorophyllin could be the
future of controlled target killing of bacteria. 
It has been observed that metal from Group 1 and Group
2 of the periodic table shows superior antibacterial prop-
erties by forming hydroxyl radicles. Besides, a correlation
has been observed between the oxidation number and the
antibacterial efficacy in the order of + 1 > + 2 > + 3. 
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