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ABSTRACT

Bone and joint-related infections remain the primary and most critical complications of orthopedic
surgery. We have innovatively prepared Zn-Cu alloys to achieve outstanding material and antibacterial
properties. In this study, we systematically assessed the material properties and antibacterial activity
of these Zn-Cu alloys. Our results showed that the Zn-2Cu alloy had the best mechanical properties,
biocompatibility, and osteogenic properties. Findings of microbial cultures, CLSM, SEM, and TEM indi-
cated that Zn-2Cu alloy can inhibit both coagulase-positive and coagulase-negative staphylococci, as well
as antibiotic-resistant strains (MRSA and MRSE), by preventing the bacteria adhesion and the biofilm
formation. Zn-2Cu alloy could broadly affect the expression of MRSA genes associated with adhesion,
autolysis, biofilm formation, virulence, and drug resistance. A rat femur intramedullary nail infection-
prevention model was established and the Zn-2Cu alloy-treated group showed significant antibacterial
activity against MRSA and reduced the inflammatory toxic side-effects and infection-related bone loss.
Collectively, our results indicate the potential utility of Zn-Cu alloy implants with 2 wt% Cu in treating
orthopedic infections.

Statement of significance: Osteomyelitis is a serious complication of orthopedic surgeries. Wide use of an-
tibiotics contributes to the appearance of multi-drug resistant strains like methicillin-resistant staphylo-
coccus aureus (MRSA). Alternatively, anti-osteomyelitis implants with broad-spectrum antibacterial prop-
erties can be favorable. Here, the antibacterial performance of biodegradable Zn-Cu alloys was evalu-
ated with four different bacteria strains including antibiotic-resistant strains (MRSA and MRSE). Zn-Cu
alloys exert excellent bacterial killing capability in all strains. In a rat femur infection model, the al-
loy showed significant antibacterial activity against MRSA and reduced inflammatory toxic side-effects as
well as infection-related bone loss. The antibacterial property of Zn-2Cu alloy was associated with inhibi-
tion of gene expression related to wall synthesis, adhesion, colonization, biofilm formation, autolysis, and
secretion of virulence factors in MRSA.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Despite advances in medical and surgical therapies, bone- and
joint-related infections such as osteomyelitis and implant infec-
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tions are still the primary and most critical complications of or-
thopedic surgery [1]. The postoperative infection rate remains high,
especially for patients at a high risk of infection: 8-10% in open
long bone fractures [2,3], 8.8% in primary lumbar fusions [4], 12.2%
in revision lumbar fusions [4], 24.8% in revision of periprosthetic
joint infection [5].
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Internal implants are necessary for most orthopedic surgeries.
However, it is easy to contract infection from internal implants
in orthopedic surgery. The interface between the implant and
bone tissue is known to be an immunodeficient fibrotic inflamma-
tion area (an area of host immunosuppression and reduced anti-
infection ability), where bacteria can easily adhere, colonize, and
cause infection [6]. Once bacteria adhere to the implant surface,
they secrete bacterial adhesins and various protein-polysaccharide
complexes, adhering more firmly and forming a bacterial biofilm
that further resists host defenses and antibiotics [7,8]. Although
first and second-generation cephalosporins are routinely admin-
istered perioperatively in orthopedic surgery, they are ineffective
against multi-drug resistant strains such as methicillin-resistant
Staphylococcus aureus (MRSA) [9]. Additionally, a sizeable propor-
tion of orthopedic postoperative implant infections, especially in
susceptible patients, are usually opportunistic and not acute. Gen-
erally, onset of infections may occur in six months or even years. A
high risk of infection remains as long as the implants are present.

In general, the mechanism of implant infection is that the free
bacteria contact and adhere to the material surface to form a bac-
terial biofilm that is difficult to remove [6]. The best way to pre-
vent implant-related infection is “No implants,” where the dis-
appearance of the platform or surface will deprive the bacteria
of necessary living space. Biodegradable anti-microbial implants,
which can prevent infection from the source, might thus be the
best solution to prevent orthopedic postoperative infections. The
promising candidate materials should meet at least the following
criteria: 1) acceptable cytocompatibility; 2) slow initial biodegra-
dation rates, and maintaining sufficient mechanical support for at
least six months; 3) continuous antibacterial capability to prevent
the adhesion of bacteria and biofilm formation; and 4) complete
degradation after fulfilling their internal-fixation and anti-bacterial
functions.

Mg-based biodegradable materials have been considered as
promising platforms for developing orthopedic implants with an-
tibacterial properties. However, their fast degradation and inade-
quate mechanical performance limit their further applications. Our
previous work showed that Cu ion-mediated anti-bacterial Mg-
alloy systems degraded too fast, generating large amounts of gas
and losing their mechanical integrity at an early stage [10,11].
Another study reported that Mg-Cu alloys degraded almost com-
pletely in Hanks’ solution within a week [12]. Moreover, the an-
tibacterial coatings on Mg alloys were easily damaged and de-
tached from the implants, exposing the underlying matrix and
causing localized corrosion [13-16]. Compared to Mg-based ma-
terials, the degradation behavior of Zn-based materials is more
desirable [17], and no gas-related issue has been observed with
Zn-based materials yet [18-21]. Therefore, biodegradable Zn alloys
have recently been reported as alternative candidates for orthope-
dic implants [22]. Among them, the Zn-Cu alloy system was de-
veloped and demonstrated satisfying mechanical performance, ap-
propriate degradation behavior, and acceptable cytocompatibility
in vitro and in vivo [23]. Cu has a broad spectrum of antibacte-
rial properties, and has been widely used as an antibacterial el-
ement in orthopedics [24,25]. Cu presents anti-inflammatory, anti-
microbial, and anti-proliferative properties in both its metallic form
and chemical compound form [26,27]. Cu ion has been successfully
incorporated into orthopedic and oral implant materials such as ti-
tanium (Ti), stainless steel (SS), and Mg alloys to equip them with
bacteria-killing properties [28-34]. However, only two studies have
examined the antibacterial activity of Zn-Cu alloys against S. au-
reus in vitro till now [23,35]. Further, information regarding the ca-
pability of Zn-Cu alloys against different bacterial species and the
underlying anti-bacterial mechanisms is limited. More importantly,
in vivo studies are necessary to evaluate the biosafety and antibac-
terial effectiveness of Zn-Cu alloys.
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In this study, in vitro and in vivo studies were conducted sys-
tematically on biodegradable Zn-Cu alloys. MC3T3-K cells were
used to evaluate the influence of Zn-Cu alloys on cytocompatibil-
ity and osteogenic differentiation. Four bacterial strains including
two coagulase-positive staphylococci (MRSA and S. aureus) and two
coagulase-negative staphylococci (MRSE and S. epidermidis) were
used to investigate the in vitro antibacterial property of Zn-Cu al-
loys. A rat femur model infected with MRSA was established to
study the in vivo antibacterial performance of Zn-Cu alloys. Finally,
the mechanism underlying the antibacterial performance of Zn-Cu
alloys was further revealed at the genetic level.

2. Experimental section

Figure S1 shows a flowchart of the study.

2.1. Pure Zn and Zn-Cu alloy preparation

The experimental Zn-Cu alloys were prepared from high-purity
Zn (99.99%) and Cu (99.9%) bulk raw materials at different mass
percentages. They were ultimately grouped into four kinds of ex-
perimental materials based on Cu mass ratios of 0 wt%, 0.5 wt%,
1 wt%, and 2 wt%, referred to as pure Zn, Zn-0.5Cu, Zn-1Cu, and
Zn-2Cu, respectively. Prior to extrusion, pure Zn and Zn-Cu binary
Zn alloy ingots were homogenized at 350°C for 48 h and quenched
with water. Thereafter, before extrusion, they were kept at 260°C
for 2 h, and then extruded at a ratio of 36 and a speed of 1 mm/s.
The final diameter of the extruded bar was 10 mm. The experi-
mental pure Zn and Zn-Cu alloys were cut into discs ($10 x 1
mm) and cylinders (©1.8 x 10 mm). Each sample was mechani-
cally polished to a mesh of 2000, followed by ultrasonic cleaning
in acetone and ethanol, and drying at room temperature. Samples
were sterilized using ethylene oxide (provided by the Disinfection
Supply Center of the Ninth People’s Hospital affiliated to Shanghai
Jiao Tong University School of Medicine) before performing cyto-
toxicity and animal experiments.

2.2. Microstructure and mechanical properties

The samples were ground to a reflective surface using a 0.5 pym
diamond polishing paste, rinsed with deionized water, and then
blown dry. After immersion in 4% nitric acid alcohol solution for
5-10 s, they were rinsed using absolute ethanol, and after dry-
ing, their microstructure was observed using a metallurgical micro-
scope (Olympus BX51M). The microstructural organization of the
pure Zn and Zn-Cu alloys was determined with an X-ray diffrac-
tometer (XRD, Rigaku DMAX 2400, Japan) using CuKo radiation
with a scanning range of 20-90° and a scanning speed of 4°/min.

The mechanical properties of the pure Zn and Zn-Cu alloys
were evaluated by mechanical tests. The mechanical properties of
the experimental pure Zn and Zn-Cu alloys were tested using In-
stron 5969 universal material testing machine (Instron-5969, In-
stron, USA). The sample had a gauge length of 25 mm, a strain rate
of 1 x 104/s, and was stretched at room temperature. Five paral-
lel samples were tested for statistical analysis. The yield strength
was defined as the corresponding stress at which the sample gauge
length was plastically deformed by 0.2%.

2.3. Immersion test

Immersion tests were carried out in SBF solution at 37°C for
30 days. The pH value of the solution was recorded using a pH
meter (Mettler FiveEasy pH FE20K) at different time points dur-
ing wetting. After removing the products of corrosion, the weight
loss of the sample was measured on an electronic balance (XS105,
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Mettler Toledo) with a measurement sensitivity of 0.1 mg. On av-
erage, five measurements were performed for each group. The in
vitro corrosion rate was calculated according to the following for-
mula: C = Am/pAt, where C is the corrosion rate in mm/year, Am
is the weight loss, p is the density of the material, A is the surface
area, and t is the implantation time.

2.4. Preparation of Zn-Cu alloy extracts

Extracts were prepared according to ISO 10993 standards. The
experimental materials were immersed in the prepared «-MEM
cell culture medium and transferred to a 37°C, 5% CO, environ-
ment at a specific surface area ratio of 1.25 mL/cm?. Extracts were
collected after 24 h, filtered through a sterile filter, stored at 4°C,
and used within 3 days.

2.5. In vitro cell experiments

MC3T3-Kusao (hereafter referred to as MC3T3-K) cells were
used to determine the biosafety and osteogenic induction of ex-
perimental pure Zn and Zn-Cu alloys. This cell line is an osteogenic
precursor cell line and was a gift from Professor Hong Zhou of the
University of Sydney, Australia.

2.5.1. Cell proliferation and viability assays

MC3T3-K cell proliferation and cytotoxicity were analyzed us-
ing the Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technology,
Japan) reagent. After counting the cultured cells, the cells were
seeded in a 96-well plate (100 uL, 2 x 10* cells/mL) and incubated
for 2-4 h in a cell culture incubator (37°C, 5% CO,, saturated hu-
midity) for adhesion. The cell mixture was mixed with pure Zn and
Zn-Cu alloy extracts, and five sub-wells were inoculated in each
group. Measurements were performed at 24, 48, and 72 h. To fur-
ther verify the effect of Zn-based biodegradable metal extracts on
the activity of MC3T3-K cells, Live/Dead cell staining and cytoskele-
tal staining (tetramethylrhodamine isothiocyanate-labeled primary
antibody, phalloidin cytoskeletal labeling, and DAPI nuclear coun-
terstaining) were performed on the cells. Cell survival and spread-
ing were observed using a laser confocal microscope.

2.5.2. Cell osteogenic differentiation assays

After counting the MC3T3-K cells, the cells were seeded in a
6-well plate at 2 mL per well and incubated for 2-4 h in a cell
culture incubator (37°C, 5% CO,, saturated humidity) for adhe-
sion. Pure Zn and Zn-Cu alloy extracts were added for co-culture,
and three sub-wells were inoculated in each group. The culture
medium was changed every other day. The status of the cells was
observed every day. After the MC3T3-K cells reached 80% conflu-
ence, the medium was replaced with prepared osteogenic induc-
tion medium, which was changed every other day. After inducing
differentiation for 10 days, the culture was ended, the osteogenic
induction solution was discarded, the cells were washed gently
with PBS three times, and then, the alkaline phosphatase activity
of the MC3T3-K cells was quantitatively analyzed according to the
protocol of the ALP quantitative assay kit (Nanjing Jiancheng). Ad-
ditionally, MC3T3-K cells from each treatment group were stained
and photographed according to the ALP staining protocol (Shanghai
Honggiao).

2.5.3. Measurement of osteogenesis-related gene expression
Real-time reverse transcription quantitative PCR (RT-PCR) was
used to measure the expression of osteogenesis-related genes. The
expression of MC3T3-K cell marker genes (ALP, OCN, Col I, and
Runx-2) was measured. After counting the MC3T3-K cells, the cells
were seeded in a 6-well plate at 2 mL per well and incubated for
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2-4 h in a cell culture incubator (37°C, 5% CO,, saturated humid-
ity) for adhesion. Pure Zn and Zn-Cu alloy extracts were added for
co-culture and three sub-wells were inoculated in each group. The
culture medium was changed every other day. Prepared osteogenic
induction diluent was used to prepare 1-fold and 2-fold dilutions
of the experimental material extracts. The status of the cells was
observed every day. After the MC3T3-K cells reached 80% conflu-
ence, the medium was replaced with the prepared dilutions, and
the dilutions were changed every other day. After 10 d of induction
culture, total RNA was extracted using the RNeasy mini kit (Qi-
agen) per the manufacturer’s instructions. RT-PCR was performed
using the extracted total RNA to determine the mRNA expression
of osteoblast marker genes (ALP, OCN, RunX-2, and Coll), with 8-
actin as the internal reference. Primer sequences are shown in Ta-
ble S1. A reverse transcription reagent kit (SuperScriptTM III Re-
verse Transcriptase) was used to reverse-transcribe 1 mg of RNA,
SYBR Premix Ex Taq II (2 x) was used as the PCR reagent, and RT-
PCR was performed on the ABI 7500 Fast machine (Applied Biosys-
tems, Courtaboeuf, France). The reaction conditions were as fol-
lows: 95°C for 30 s; 95°C for 5 s + 60°C for 40 s, 40 cycles; melting
curve, 95°C 15 s + 60°C 1 min + 95°C 15 s. The results were cal-
culated using the 2-2ACt method. AACt = (the average Ct value
of the gene to be tested - the average Ct value of the internal ref-
erence gene to be tested) - (the average Ct value of the target gene
of the control - the average Ct value of the internal reference gene
of the control).

2.6. In vitro anti-infection experiments

2.6.1. Bacterial isolation and culture

In this part of the study, four strains were used: ATCC
25923 (Staphylococcus aureus), ATCC 35984 (Staphylococcus epi-
dermidis), ATCC 43300 (MRSA, methicillin-resistant Staphylococcus
aureus), and MRSE287 methicillin-resistant Staphylococcus epider-
midis) MRSE287 was isolated from the prosthetic surface of pa-
tients with prosthetic infection after orthopedic joint replacement
at the Ninth People’s Hospital of Shanghai Jiaotong University
School of Medicine. All study participants provided informed con-
sent. After strains were resuscitated, single clonal colonies were
collected, cultured in tryptone soy broth (TSB) culture medium,
shaken at 37°C with a constant temperature shaker rotating at 120
rpm, and cultured in aerobic conditions for 12-16 h, after which 1
mL of bacterial suspension was collected and centrifuged at 7500
rpm for 5 minutes. The supernatant was discarded and the pel-
leted bacteria were collected. Culture medium was added to the
bacteria and vortexed. The concentration of the bacterial suspen-
sion was adjusted to 1 x 106 cfu/mL according to the McFarland
turbidimetry method, for later use.

2.6.2. Measurement of bacteriostatic efficacy on the material surface
A pure titanium disc sample was used as a control group; the
titanium disc and experimental pure Zn and Zn-Cu alloys wafers
were sterilized with ethylene oxide and placed in a 24-well plate
well. Bacteriostatic efficiency was measured using a serial dilution
plating method. A concentration of 1 x 10 cfu/mL of bacterial sus-
pension was added to the 24-well plate, 1 mL per well, and after
24 h of co-culture, the material sample at the bottom of the well
was collected. The sample was gently rinsed three times, with PBS
buffer, and the material samples were placed in a sterile glass test
tube (1/tube), respectively. TSB medium (0.5 mL) was added drop-
wise. To separate the bacteria adhering to the surface of the mate-
rial, an ultrasonic water washing instrument (B3500S-MT, Branson
Ultrasonics Co., Shanghai, China) was used to sonicate the tube for
20 min at a frequency of 50 Hz. The sonicated bacterial suspen-
sion was diluted through a gradient, and 500 uL of the suspension
was pipetted, plated evenly (on a TSA plate), and then placed in a
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37°C incubator for 24 h. The number of colonies on the TSA culture
plate was counted, and the bacteriostatic efficiency of each group
of Zn-Cu alloy extracts was calculated using pure Ti as the control
group.

2.6.3. Antibacterial performance in bacterial suspension

The bacterial suspension at a concentration of 1 x 108 cfu/mL
was added to a 24-well plate at 1 mL per well and co-cultured
with samples for 24 h. The bacterial suspension was collected and
fluorescence-stained using a Live/Dead stain kit (Invitrogen; Eu-
gene, OR). The kit contained two fluorescent dyes, EthD-1 and AM,
the former causes dead bacteria to emit red fluorescence, and the
latter causes live bacteria to emit green fluorescence. Staining in
the bacterial suspension was observed under a laser confocal mi-
croscope (Leica TCS, SP2, Germany) at room temperature, after be-
ing protected from light for 15 min.

2.6.4. Bacterial morphology on the material surface

The morphological characteristics and changes in bacteria on
the surface of the material were observed by scanning electron
microscopy after the material samples were co-cultured with the
bacteria for 24 h. The material sample was taken out and gently
washed three times with PBS buffer. The sample was placed in 2%
glutaraldehyde fixative and fixed overnight in a refrigerated envi-
ronment at 4°C. The sample was rinsed with PBS at 4°C and fixed
for 2 h with 1% osmium tetroxide PBS fixative at 4°C. The specimen
was washed again with 4°C PBS, dehydrated through a gradient of
different concentrations of alcohol (30%, 50%, 70%, 80%, 90%, 95%,
100%, 100%), and then dehydrated twice with isoamyl acetate for
10 min at each time. After critical point drying using a HITACHI
HCP-2, BAL-TEC ion sputtering was performed, and the morphol-
ogy of the bacteria was observed by field emission scanning elec-
tron microscopy (FESEM, Hitachi S-4800, CamScan).

2.6.5. Bacterial morphology in bacterial suspension

The sterilized pure Ti and Zn-Cu alloy metal disks were placed
in a 12-well plate with three replicate samples in each group,
and 2 mL of 1 x 10% CFU/mL bacterial suspension was added
to each well. Bacterial suspensions were collected 24 h after co-
culture of bacteria with the material samples. After centrifugation
and rinsing, bacterial precipitates were collected, fixed, and dehy-
drated as described above, and stored in absolute ethanol. After
critical point drying using a HITACHI HCP-2, BAL-TEC ion sputter-
ing was performed, and the morphology of the bacteria was ob-
served by field emission scanning electron microscopy (FESEM, Hi-
tachi S-4800, CamScan). Additionally, bacterial precipitates were
collected, washed with 1% sodium carbonate, centrifuged again,
fixed with 2% glutaraldehyde, and observed by transmission elec-
tron microscopy (TEM, Hitachi-7600 machine, Tokyo, Japan).

2.6.6. Expression of bacteria-related genes (real-time PCR)

Based on the results of the above-mentioned studies on the
anti-infection properties of the Zn-Cu alloys, we selected the Zn-
2Cu alloy for further studies on the anti-infection mechanism.
The pathogenic strain ATCC 43300 (MRSA), which is common in
osteomyelitis infections, was selected as the pathogenic bacte-
ria, and real-time PCR was used to determine the expression of
MRSA bacteria-related genes in the Zn-2Cu alloy extract, including
icaA, icaB, icaC, icaD, icaR, SigB, and Spa, associated with bacte-
rial biofilms; SarA, lytM, lytR, ArlR, and ArlS, associated with bacte-
rial autolysis; MurC, MurE, and saeR, associated with bacterial wall
synthesis; cIfA and atlE, associated with bacterial adhesion; PBP2a,
MecA, FemA, FemB, and FemX, associated with bacterial drug re-
sistance; and empbp and ssaA, associated with bacterial virulence.
Bacterial suspension at a concentration of 106 cfu/mL was added
to a 24-well plate containing a Zn-2Cu alloy disc and a Ti disc (for
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the control group) for 24 h, after which the bacterial suspension
was centrifuged to collect the bacterial pellet, and RNAprotect Bac-
teria Reagent solution was added to dissolve the RNA to ensure
its integrity. After centrifugation, the bacteria were lysed using TE
buffer containing 100 pg/mL of lysostaphin (Sigma) and incubated
at 37°C for 10 minutes. Gene expression was assessed as described
in 2.6.3. The details of the primers are shown in Table S2.

2.7. Animal experiments

2.7.1. Surgical procedure

All animal operations and experiments were approved by the
Animal Ethics Committee of the Ninth People’s Hospital affiliated
to Shanghai Jiao Tong University. Thirty-six male Sprague Daw-
ley rats were used. A rat femur intramedullary nail infection pre-
vention model was established, and surgery was performed under
aseptic conditions. Rats were anesthetized by intraperitoneal ke-
tamine injection (10 mg/kg, Shanghai Ziyuan Pharmaceutical Co.
Ltd, Shanghai, China) and 2% xylazine (5 mg/kg, Bayer AG, Lev-
erkusen, North Rhine-Westphalia, Germany). A subcutaneous injec-
tion of 0.3 mg/kg buprenorphine (Temgesic, Reckitt & Cloman, Hull,
UK) was given for postoperative analgesia. The right hind limb of
the rat was shaved and the knee joint was fixed at the maximum
flexion position. After palpating the patella, a 15-mm longitudinal
incision was made along the lateral side of the patella, the lay-
ers of tissues were separated individually, the knee joint was dis-
located, the femoral condyle was fully exposed, and an electric drill
was used to drill along the direction of the medullary cavity at the
center of the femoral condyle. After rinsing the bones with nor-
mal saline to remove debris, sterile forceps were used to implant a
small cylindrical material immersed in MRSA bacteria suspension
at a concentration of 1 x 107 cfu/mL for 10 minutes, into the bone
canal; finally, bone wax was used to seal the bone, and the wound
was sutured. The rats were euthanized at 3 and 6 weeks after
surgery. The surgical groups were as follows: (1) sham operation
group (n = 12): healthy rats were closed immediately after inci-
sion; (2) Ti control group (n = 12): a pure Ti cylinder immersed in
bacterial suspension was implanted into the medullary cavity; (3)
Zn-2Cu alloy group (n = 12): a Zn-2Cu alloy cylinder immersed in
bacterial suspension was implanted into the medullary cavity.

2.7.2. X-ray observation

Rat femurs were imaged under operating conditions using X-
ray machines (52 kV and 3.2 mAs, Digital Diagnost, Philips, Ams-
terdam, Netherlands) at 0, 3, and 6 weeks and the implants were
assessed.

2.7.3. In vivo biosafety

The general characteristics of the experimental animals, includ-
ing body temperature, body weight, and wound healing, were
recorded daily after surgery. Six weeks after the model establish-
ment operation, blood was randomly collected from the hearts of
the experimental animals in the three groups (Blank, Ti, and Zn-
2Cu alloy). Subsequently, routine blood work, serum metal ion con-
centration, and blood biochemical tests were performed, and the
indices of healthy blood samples were used as controls. At 6 weeks
after operation, the heart, liver, spleen, lung, kidney, and prostate
of the Zn-2Cu alloy group were collected. The Zn%* and Cu?* con-
tents in the organs of the experimental group were determined
by ICP-mass spectrometry (NexION 300 ICP-MS, PerkinElmer, USA).
Samples were fixed, embedded, sectioned, and stained with HE to
observe any pathological changes in each organ. Healthy rats were
used as controls.

2.7.4. Histology
Rat femur specimens with the nails removed were fixed in 4%
paraformaldehyde, decalcified in 10% EDTA for approximately 6
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weeks, dehydrated through an ethanol gradient, and embedded in
paraffin. Next, HE, Gram, Giemsa, Masson, Van Gieson, and Trap
staining were performed. The specimens were examined and pho-
tographed using a high-quality microscope (Olympus CKX41, Olym-
pus Co. Ltd., Tokyo, Japan) and an automatic digital slide scanner
(Pannoramic MIDI, 3D HISTECH, Budapest, Hungary).

2.7.5. Culture of bacteria from implants and surrounding tissue

At week 6 after surgery, the implants and surrounding bone tis-
sue were collected. After isolation by ultrasonication, bacteria were
cultured, plated, and counted to assess the in vivo bacteriostatic ef-
ficiency of the Zn-2Cu alloy implants. To check whether the ultra-
sonically detached bacteria were MRSA pathogens, their resistance
to methicillin was confirmed by PCR detection of mecA gene ex-
pression. [10,36].

2.8. Data analysis

Data analysis was performed using SPSS 18.0 statistical software
(SPSS Inc. Chicago, USA). Quantitative data are expressed as mean
+ standard deviation (SD). Data were analyzed using the t-test
for independent samples, one-way analysis of variance (ANOVA),
Tukey’s and Bonferroni multiple comparison test. Differences were
considered statistically significant at p < 0.05 or p < 0.01.

3. Results
3.1. Microstructure and mechanical properties

Fig. 1 shows the microstructure of the experimental pure Zn
and Zn-Cu alloys. Tiny precipitates were visible in Zn-0.5Cu and
Zn-1Cu alloys, and the intermetallic phase became much larger in
the Zn-2Cu alloy. The alloy grain grew after adding Cu but the
grain size then decreased with the Cu contents. The grain size in-
creased in Zn-0.5Cu alloy while both fine and coarse grains can be
observed at Zn-2Cu alloy. The refined grains are usually surround-
ing the second phases. XRD detected no peaks of second phases
at Cu contents < 1 wt%, due to the relatively high solubility of Cu
in Zn (2.75 wt% at 425°C). The Zn-2Cu alloy comprised a CuZns
and Zn matrix. The mechanical properties of the pure Zn and Zn-
Cu alloys are shown in Fig. 1c-e. As the Cu contents increased, the
ultimate tensile strength and yield strength increased remarkably.
A similar trend could be seen in compressive strength and micro-
hardness. In addition, the stress-strain curves of pure Zn and Zn-Cu
alloys for tensile and compressive tests were showed in Figure S2.
Among the experimental Zn-Cu alloys, the optimum composition
was the Zn-2Cu alloy, showing the highest strength (YS 226 MPa,
UTS 270 MPa). Moreover, adding Cu had no detrimental effect on
the ductility of Zn, and the elongation of the Zn-2Cu alloy was still
around 41%.

3.2. Degradation behavior

The surface morphology of the specimens before and after re-
moval of the degradation products are presented in Fig. 2a. All the
samples had similar corrosion morphology before cleaning. After
removal of the degradation products, the Zn-Cu alloys displayed a
rougher surface morphology than that of pure Zn. In Zn-2Cu alloy,
the intermetallic phase remained intact whereas the surrounding
Zn was corroded severely, indicating a typical galvanic corrosion
mode. The corrosion rates of the Zn-Cu alloys increased signifi-
cantly with Cu contents, and they were doubled in the Zn-2Cu
alloy (Fig. 2b). EDS showed that the primary chemical composi-
tion of the degradation products was composed of Zn, C, O, and P
(Fig. 2c).
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3.3. Cytocompatibility and osteogenic differentiation

Fig. 3a shows the viability of MC3T3-K cells after 24, 48, and
72 h of co-culture with pure Zn and Zn-Cu alloy extracts, and the
ion concentrations in extracts are listed in Table S3. One-fold and
two-fold diluted material extracts were used for cytocompatibility
testing based on the industry consensus [37]. In the one-fold di-
luted extract group, we found that the viability of MC3T3-K cells
in the pure Zn extract was significantly reduced at all three time
points compared to the control group, and there was no signifi-
cant improvement in the Zn-0.5Cu alloy group. In contrast, a sig-
nificantly better performance was found on the Zn-1Cu and Zn-
2Cu alloy extracts, which showed a similar OD value to that of
the control group. In the co-culture with two-fold diluted extracts,
the viability of MC3T3-K cells co-cultured with Zn-0.5Cu, Zn-1Cu,
and Zn-2Cu alloy extracts was significantly improved compared
to that in the pure Zn and the control groups. According to ISO
19003-5 [38], the results suggested that pure Zn was cytotoxic to
MC3T3-K cells, whereas adding Cu significantly improved the cy-
tocompatibility of pure Zn. The Zn-2Cu alloy had the best cyto-
compatibility among all the experimental materials. Fig. 3b further
illustrates the effect of one-fold diluted material extracts on the
morphology of MC3T3-K cells using Live/Dead cell staining and cy-
toskeletal staining. Pure Zn and Zn-0.5Cu groups had sparse, low-
intensity green fluorescence, whereas the fluorescence intensity of
the Zn-1Cu group was greatly elevated, and the fluorescence in-
tensity of the Zn-2Cu group was close to that of the control group.
Cytoskeletal staining further revealed that the cells in the pure Zn
and Zn-0.5Cu alloy groups exhibited marked shrinkage and poor
spreading, the cells in the Zn-2Cu alloy group showed a substan-
tial degree of spreading, and the red tensile filaments composed
of actin were fully spread. These results confirmed the good cy-
tocompatibility of Zn-Cu alloys, among which Zn-2Cu alloy being
the most cytocompatible.

The effects of the diluted material extracts on the osteogenic
differentiation of MC3T3-K cells were studied by testing ALP ac-
tivity both qualitatively and quantitatively (Fig. 3c, d). After one-
fold dilution, the osteogenic differentiation in the pure Zn and
Zn-0.5Cu alloy groups was still inhibited compared to that in the
control group. Nevertheless, Zn-1Cu and Zn-2Cu alloy groups dis-
played comparable osteogenic differentiation abilities to that of the
control group. After two-fold dilution, there was no significant dif-
ference among the pure Zn, Zn-0.5Cu alloy, and the control groups
in osteogenic differentiation, whereas the Zn-1Cu and Zn-2Cu al-
loy groups were even better than the control group. The expression
of osteogenic differentiation related genes was further evaluated
and are presented in Fig. 3e. The expression of ALP, COL 1, OCN,
and Runx-2 genes, which are associated with osteogenic differen-
tiation demonstrated the same tendency as the ALP results.

3.4. In vitro anti-infection performance

3.4.1. Bacteriostatic efficacy on the sample surface

The bacteriostatic efficacy of the pure Zn, Zn-1Cu, and Zn-
2Cu alloy was assessed using the plating gradient dilution method
(Fig. 4a, b). The pure Zn group exhibited a significantly higher an-
tibacterial activity compared to the control group after 24 h of bac-
terial co-culture. In contrast, the bacteriostatic efficacy of Zn-Cu al-
loys on all four bacterial strains was significantly higher than that
of the pure Ti and pure Zn groups. A large number of clonal bacte-
rial colonies were observed in the pure Ti group, whereas no bac-
terial colonies were visible in the Zn-2Cu alloy group. Two drug-
resistant bacterial strains (ATCC43300 and MRSE287) were selected
to observe their adhesion on the specimen surface (Fig. 4c). A large
amount of bacterial growth, which resulted in clusters and multi-
layered accumulations with composite morphology, was visualized
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Fig. 1. (a) SEM images of pure Zn and Zn-Cu alloys, (b) XRD, (c) tensile test, (d) compressive test, and (e) microhardness of pure Zn and Zn-Cu alloys.

on the surface of pure Ti. Only a few bacterial colonies formed on
the pure Zn surface. In contrast, limited amounts of bacteria ad-
hered to the surface of Zn-1Cu and Zn-2Cu alloys. More impor-
tantly, the bacterial cells on the surface of the Zn-Cu alloys ex-
hibited morphologies of shrinkage, distortion, and even dissolution
and rupture.

3.4.2. Bacteriostatic efficacy in bacterial suspension

The bacteriostatic activity on the bacterial suspension after co-
culture with the experimental samples was observed using laser
confocal microscopy (Fig. 5). The pure Ti group (control group)
showed high intensity of green fluorescence, indicating the forma-
tion of a bacterial biofilm. In the pure Zn group, the fluorescence
intensity was significantly reduced. In contrast, only a small num-
ber of weak fluorescent spots were observed in the Zn-Cu alloy
groups, and almost no live bacteria were detected in the Zn-2Cu
group.

The morphology and structure of bacteria in the suspension
was further observed by SEM and TEM (Fig. 6a). The bacteria
showed a healthy morphology and normal binary fission on the
surface of pure Ti and pure Zn groups. In contrast, the bacterial
morphologies were abnormal after co-culture with the Zn-1Cu and
Zn-2Cu alloy extracts. The TEM images revealed swelling and dis-
solution of the bacterial wall and membrane, and cells in the di-
viding phase were disrupted substantially.
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MRSA (ATCC43300) was chosen to study the effect of Zn-
2Cu alloy on the expression of bacterial behavior-related genes
(Fig. 6b), with pure Ti as the control. In general, the expres-
sion levels of biofilm-related genes (icaA, icaB, icaC, icaD, and
SigB), autolysis-related genes (lytM, IytR, ArlR, and ArlS genes),
and adhesion-related genes (atlE gene), were downregulated sig-
nificantly compared to those with pure Ti. Similar trends were also
found in cell wall synthesis-related genes (MurC and MurE genes),
resistance-related genes (PBP2a, MecA, FemA, FemB, and FemX
genes), and bacterial virulence-related genes (empbp and ssaA
genes).

3.5. In vivo anti-infective performance

3.5.1. X-ray results and anti-infective performance

Zn-2Cu alloy and pure Ti rods immersed in MRSA bacterial sus-
pension were implanted into the rat femur, with a sham opera-
tion group as the control. The body temperature of the pure Ti
group was remarkably elevated, whereas the body weight was re-
duced during the entire implantation period in contrast to the Zn-
2Cu and sham operation groups (Fig. 7a). X-ray imaging results
are shown in Fig. 7b. Compared to the sham operation group, the
pure Ti group showed signs of osteomyelitis, presenting as ob-
vious cortical bone destruction and periosteal reaction. The os-
teomyelitis and periosteal reaction was much milder in the Zn-
2Cu alloy group, with scores significantly lower than those of the



X. Qu, H. Yang, B. Jia et al.

a

Before

<

0.03

Corrosion rates (mm/year)

Pure Zn Zn-0.5Cu Zn-1Cu Zn-2Cu

— C
0.02 -
0.01
0.00 -

Acta Biomaterialia 117 (2020) 400-417

Zn-2C »

Atomic percentage (%)

Zn-0.5Cu Zn-1Cu Zn-2Cu

Pure Zn

Fig. 2. (a) Corrosion morphology before and after removal of corrosion products following 30 days’ immersion in SBF solution, the intermetallic phase is marked by *, (b)

corrosion rates and (c) chemical composition of corrosion products.

pure Ti group, suggesting an anti-infection property of the Zn-2Cu
alloy (Fig. 7c). The implants were further harvested to evaluate
their bactericidal performance both qualitatively and quantitatively
(Fig. 7d, e). Large amounts of bacteria were isolated from both the
pure Ti implant and surrounding bone tissue, whereas significantly
lesser bacteria were found in the Zn-2Cu group. The Zn-2Cu alloy
showed significantly higher antibacterial activity than that of pure
Ti at both time points (p < 0.01).

3.6.2. Histological assessment

HE staining of the femoral medullary cavity of each group
is presented in Fig. 8. Notable intramedullary abscess formation
was observed in the pure Ti group. A large amount of inflam-
matory cell infiltration was found in the infected lesions. In con-
trast, MRSA-induced infection in the Zn-2Cu alloy group was gen-
erally controlled, but a mild inflammatory reaction was still vis-
ible. This may be related to the stimulation of surrounding tis-
sues by the degradation products of the Zn-2Cu alloy. Additionally,
Gram staining showed a large amount of bacterial counterstaining
(blue) in the medullary cavity of the pure Ti group, but no bac-
terial staining was found in the control and Zn-2Cu alloy groups.
Giemsa staining revealed similar results; remarkable bacterial ag-
gregates (red arrows) could be seen in the medullary cavity of the
pure Ti group, but few bacteria were found in the Zn-2Cu alloy
group.

To evaluate the biosafety of Zn-2Cu implants, Masson and Van
Gieson staining of the femoral medullary cavity were performed
(Fig. 9). There was more immature new bone formation (usually

406

sequestrum) in the pure Ti group, whereas the Zn-2Cu group had
a better bone mass than the blank control group. TRAP staining
revealed more osteoclastic bone resorption in the pure Ti groups,
whereas little indication of bone resorption was observed in the
blank control and Zn-2Cu alloy group.

3.6.2. Systemic toxicity

The results of blood indices are shown in Table S4-6. The
infection-related indices, such as white blood cell count, neutrophil
ratio, and absolute neutrophil count were elevated in the pure Ti
group, whereas these indices were within the normal range in the
Zn-2Cu alloy group. The concentrations of the serum metal ions
including Ca, Mg, Zn, and Cu showed no statistically significant
difference among all the groups. Additionally, the LDH1 index of
blood biochemical tests was significantly elevated in the pure Ti
group, indicating potential myocardial injury. The Zn?* and Cu?t
ion concentration and organ pathology sections in the Zn-2Cu al-
loy group are as shown in Fig. 10. Additionally, no abnormality was
observed in the pathological sections and ion concentrations in im-
portant organs of the of Zn-2Cu group compared to the healthy
group. These results indicate satisfactory in vivo biosafety of the
Zn-2Cu alloy.

4. Discussion

Biodegradable metals provide a major advantage over the tradi-
tional Co-Cr and Ti-based materials in the context of antibacterial
implants as the disappearance of these implants after bone heal-
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Fig. 3. (a) Proliferation of MC3T3-K cells cultured with pure Zn and Zn-Cu alloy extracts (1-fold and 2-fold dilutions) for the indicated times (* p < 0.05; ** p < 0.01). (b)
Live/dead cell staining and cytoskeletal staining for MC3T3-K cells cultured with pure Zn and Zn-Cu alloy extracts. For Live/Dead cell staining, live cells were stained with
green fluorescence, and dead cells were stained with red fluorescence. Representative images of cells stained with TRITC-phalloidin for actin filaments (red) and DAPI for
cell nuclei (blue). (c) ALP staining, (d) ALP activity, and (e) relative expression of osteogenic differentiation marker genes in MC3T3-K cells cultured for 10 days in osteogenic
medium with pure Zn and Zn-Cu alloy extracts. Data represent mean + standard deviation. (*p < 0.05; ** p < 0.01)
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ing will deprive the bacteria of their necessary habitat. Biodegrad-
able Mg-based materials have been considered a promising choice
because of the wide research on them in treating fractures or
other orthopedic injuries in animal and clinical studies [39-67].
Our previous study demonstrated a systematic in vitro and in
vivo characterization of Mg-Cu alloys in terms of antibacterial
performance and mechanism [68], and revealed that Mg-Cu al-
loys exerted antibacterial activity by inhibiting bacterial adhesion
and biofilm formation. However, their future clinical application
could be strictly limited due to their relatively fast corrosion rate,
low mechanical strength, local accumulation of released hydrogen,
and pH elevation. Recently, our team and co-workers have exten-
sively researched Zn-based materials as alternatives for orthope-
dic implants [22,69-73]. The results showed that Zn-based im-
plants demonstrated a prospective performance regarding mechan-
ical property, degradation behavior, and osteogenic capability. We
also found that Zn alone displayed a certain inhibitory effect on
bacteria. Zn-Cu alloys with desirable mechanical performance (YS
250 + 10 MPa, UTS 270 + 10 MPa, and elongation 51 + 2 %) have
been recently developed for orthopedic applications [23,35]. More-
over, Wen and colleagues developed Zn-Cu alloys and Zn-1Cu-0.1Ti
alloys and examined the antibacterial activity by inhibition zone
diameter method of Zn-Cu alloys against S. aureus in vitro [74,75].
Another team developed Cu 17%Ni 10%Zn-coated 316L stainless
steel and found preliminarily antibacterial properties in vitro [76].
The addition of Cu resulted in significant increase in strength while
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the ductility of Zn was maintained. This unique advantage of Zn-Cu
alloy can be attributed to (1) the CuZns has the same crystal struc-
ture as Zn, i.e. dense-hexagonal crystal, which leads to compatible
deformation; (2) the gradient fine-grain and coarse grain architec-
ture enhance the strength-plasticity synergy [77]. However, limited
information is available regarding the capability of Zn-Cu alloys
against different bacterial species and their underlying antibacte-
rial mechanism. Therefore, we assessed the antibacterial perfor-
mance of Zn-Cu alloys and examined the underlying mechanism
by combining in vitro and in vivo experiments. The present study
provides compelling evidence from findings that Zn-Cu alloys had
high anti-bacterial efficacy against both coagulase-positive staphy-
lococci (MRSA and S. aureus) and coagulase-negative staphylococci
(MRSE and S. epidermidis) by preventing pathogen adhesion and
biofilm development. Next, we evaluated the in vivo anti-infection
efficacy of the Zn-2Cu alloy using a rat femoral intramedullary
nail MRSA infection model. Implants made of the Zn-2Cu alloy ex-
erted effective bacterial-killing capability and inhibited the inflam-
matory and toxic side-effects induced by MRSA bacteria in the rat
femur.

The process from bacterial adhesion to effective infection of an
internal implant is complicated and involves bacterial wall syn-
thesis, adhesion, colonization, biofilm formation, autolysis, and se-
cretion of virulence factors. The proposed anti-microbial mecha-
nism of Zn-2Cu alloy against MRSA is shown in Fig. 11. The re-
sults of bacterial culture plating, CLSM, and SEM observations re-
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vealed that the Zn-2Cu alloys inhibited the adhesion and growth
of two coagulase-positive staphylococci (MRSA and S. aureus) and
two coagulase-negative staphylococci (MRSE and S. epidermidis)
significantly. TEM revealed the abnormal morphology of bacteria
co-cultured with Zn-2Cu alloy, showing edema, dissolution, and
rupture of the bacterial wall and membrane. It is worth noting
that this abnormal morphology of bacteria co-cultured cannot be
directly attributed to genetic changes. This phenomenon may be
due to corrosion products, certain physical and chemical interac-
tions between oxides or ions, and impaired protein synthesis.

411

We further investigated the bacteriostatic efficacy of Zn-2Cu al-
loys at the genetic level. The expression of genes associated with
bacterial wall synthesis including MurC and MurE were signifi-
cantly inhibited as per the PCR results [78]. The atlE gene en-
codes cell wall autolysin (AtIE) [79,80], which mediates direct ad-
hesion through hydrophobic changes, and indirect adhesion is me-
diated by polysaccharide intercellular adhesin during the early in-
fection stages. Meanwhile, the clfA gene encodes clumping fac-
tor A, a protein adhesin that also regulates adhesion of bacte-
ria at early infection stages [81]. The Zn-2Cu alloy group signif-
icantly downregulated the expression of the atlE and clfA genes,
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suggesting effective inhibition of the early adhesion of MRSA on
the implant surface. Biofilm formation is critical for effective in-
fection as a biofilm can resist both the immune system and an-
tibiotics. Hence, prevention of biofilm formation is important in
preventing and treating infections. The results of CLSM showed
that the biofilm was disrupted significantly in the Zn-1Cu and Zn-
2Cu alloy groups. The thickening stage of biofilm formation is pri-
marily mediated by the polysaccharide intercellular adhesin (PIA)-
dependent and PIA-independent mechanisms. The primary genes
encoding PIA are icaA, icaD, icaB, and icaC, which are negatively
regulated by the icaR gene [82]. The gene sigB also plays an im-
portant role in bacterial biofilm formation, by regulating biofilms
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via the ica operon [83-85]. Abnormal biofilm formation is primar-
ily mediated through the function of extracellular matrix proteins
such as protein A (Spa) and biofilm-associated protein (Bap) [86].
We found that the Zn-2Cu alloy significantly downregulated the
expression of icaA, icaB, icaC, icaD, icaR, and SigB, but did not af-
fect Spa, suggesting that it may disrupt bacterial biofilm forma-
tion through the PIA-dependent pathway. Bacterial autolysis is a
self-destructive phenomenon that microorganisms undergo in en-
vironments not conducive to their own growth. It is manifested as
bacterial lysis and release of extracellular DNA, which is important
in regulating the early adhesion of bacteria to the surface of im-
plants and to other bacteria, and plays an important role in sta-
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bilizing the biofilm structure in mature bacterial biofilms [87]. A
major reason for the formation of MRSA bacterial biofilms is the
creation of a suitable living environment for companion bacteria
by the autolytic sacrifice of some MRSA bacteria, thereby provid-
ing a basis for biofilm formation. Various autolytic enzymes (espe-
cially peptidoglycan hydrolases) are involved in autolysis. The ex-
pression of autolysis associated genes including lytM, lytR, AriR,
and ArlS was inhibited remarkably, indicating another mechanism
in the disruption of biofilm formation by the Zn-2Cu alloy [88,89].
In MRSA pathogenesis, clinical symptoms are severe due to the se-
cretion of bacterial virulence factors. We found that the bacterial
virulence-associated genes including empbp and ssaA were signifi-
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cantly downregulated by the Zn-2Cu alloy, suggesting that the ge-
netic virulence of MRSA was weakened remarkably.
Infection-related inflammatory toxic side-effects and bone loss
are the most common clinical manifestations after bone infection.
The inflammatory toxic side-effects often manifest as local inflam-
matory reactions, elevated blood inflammation indicators, and even
symptoms of systemic infection. The in vivo study revealed stable
body temperature of animals, and similar results of inflammatory
indicators between the Zn-2Cu alloy and control groups. Addition-
ally, HE staining showed less local inflammatory cells, indicating
that the Zn-2Cu alloy was capable of preventing infection-related
inflammatory toxic side-effects. Further, infection-related bone loss
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Fig. 11. The proposed mechanism underlying the Zn-2Cu alloy anti-microbial properties against MRSA.

is a knotty complication associated with orthopedic implant infec-
tion, which can activate osteoclasts and trigger the process of local
bone loss. Compared to the control group, Masson and VG stain-
ing showed more immature bone formation (usually sequestrum)
in the Ti group, whereas more mature new bone and bone mass
was found in the Zn-2Cu alloy group. TRAP staining indicated mas-
sive osteoclast-induced bone resorption in the Ti group. In contrast,
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little osteoclastogenesis was observed in the control group and Zn-
2Cu alloy group. All these results proved the beneficial role of Zn-
2Cu alloy in preventing infection-related bone loss.

Moreover, we found improved cytocompatibility and osteoge-
nesis for Zn-2Cu alloy, the phenomenon that ZnCu alloy pro-
motes osteogenesis may be related to the release of Cu ions. At
present, there have been a large number of literature reports on
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the mechanism of Cu ions promoting osteogenic differentiation.
For instance, it has been demonstrated that an addition of 5%
Cu into pure Ti contribute to good cytocompatibility [90]. And
TiCu alloy did not negatively affect the adhesion, proliferation and
apoptosis of osteoblasts. In contrast, it could increase the expres-
sion of osteogenesis-related gene including ALP, Collagen I, os-
teopontin and osteocalcin. Next, copper-containing stainless steel
is also found it has improved cytocompatibility and increase the
expression of osteogenic related genes through the Akt signaling
pathway [91,92]. Besides, Jiang et al. found that graphene oxide-
copper nanocomposites (GO-Cu) could improve the adhesion and
osteogenic differentiation of rat bone marrow stem cells (BMSCs)
[93]. Then, they proved that GO-Cu nanocomposites upregulate the
expression of Hif-1ax in BMSCs by activating the Erk1/2 signaling
pathway. Therefore, the sustained release of Cu ions from the Zn-
2Cu alloy might be an important reason for this interesting phe-
nomenon.

Therefore, biodegradable Zn-Cu alloys with satisfactory bacteri-
cidal properties can be manufactured into implants designed for
a variety of clinical applications, including screws, intramedullary
nails for fracture fixation or absorbable interference screws for
sports medicine.

5. Conclusions

In this study, we carried out systematic characterizations by
combining in vitro and in vivo studies to examine the antibacte-
rial performance of Zn-Cu alloys. The Zn-2Cu alloy possessed de-
sirable mechanical properties, satisfying biocompatibility, and fa-
vorable osteogenic properties. More importantly, the Zn-2Cu al-
loy showed strong antibacterial efficacy against both coagulase-
positive and coagulase-negative staphylococci by preventing bac-
terial adhesion and biofilm formation. Additionally, the Zn-2Cu al-
loy eliminated MRSA infection and reduced its inflammatory toxic
side-effects in vivo. PCR revealed that Zn-2Cu alloy downregulated
the expression of genes related to wall synthesis, adhesion, col-
onization, biofilm formation, autolysis, and secretion of virulence
factors in MRSA. Thus, biodegradable Zn-2Cu alloy is envisioned to
be suitable for various orthopedic antibacterial implants and de-
vices.
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