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a  b  s  t  r  a  c  t

A well  designed  coating  for polyetheretherketone  (PEEK)  implants  can provide  enough  support  to over-
come  crucial  medical  challenges,  which  are  insufficient  osseointegration  and  high  rate  of  infection.
Herein,  we  utilize  the  co-deposition  of polydopamine  (PDA)  and  copper-citrate  nanoclusters  to con-
struct  a pH-responsive  coating  on  porous  PEEK  for synergistic  bone  regeneration,  vascular  formation  and
anti-infection.  Specifically,  this  PDA  coating  released  high  dose  of  copper  and  citrate  at  lower  pH  value,
which  increased  intracellular  copper  content,  boosted  production  of reactive  oxygen  species  and  severe
damage  of  protein,  leading  to killing  of  93 % planktonic  bacterial  and  eradication  of  adherent  bacteria.
At  pH  of  7.4,  the  release  of  copper  and  citrate  were  in a  slow  and  sustained  behavior,  synergistically
enhanced  vascular  formation  potential  and  osteodiffereration  of  Ad-MSC  in  vitro.  After  implanted  in rab-
bit tibia  for  6 and  12  weeks,  the  micro-CT  evaluation  and  histological  analysis  consistently  highlighted  the
ability  of  this  PDA  coating  to  increase  new  bone  formation  adjacent  to coated  PEEK  implant  and  enhance
bone-implant  interfacial  integration.  These  results  were  proven  to be related  to the  synergistic  effect  that

citrate  facilitated  a 2-fold  influx  of  copper  into  cells,  which  not  only  enhanced  the  bacteria-killing  abil-
ity but  also  encouraged  bone  regeneration  of  implants.  This  present  work  provides  an  effective  method
to  control  infections  while  promoting  osseointegration  simultaneously,  which  will show  tremendous
clinical  application  and  can be a solution  to current  challenges  facing  orthopedics.

©  2020  Published  by Elsevier  Ltd on behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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1. Introduction

Polyetheretherketone (PEEK) has attracted increasing atten-
tion as an orthopedic implant because of its excellent chemical
resistance, natural radiolucency, magnetic resonance imaging
compatibility, wear resistance, and most important, its similar
mechanical properties to cortical bone [1]. However, its chemical

and biological inertness, which usually associates with implant-
associated infection and insufficient osseointegration, tends to
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imit its application. Therefore, it appears necessary to endow
ntibacterial and osteogenic ability to PEEK.

Many strategies have been applied to combatting with the
mplant-associated infection as it may  lead to secondary surgery,

hich would increase not only patient suffering but also health
osts. These strategies mainly include the coating of some antifoul-
ng polymers to repel bacteria and the immobilization/release of
rganic/inorganic bactericides to kill bacteria [2–6]. Nevertheless,
he repelling coatings will inevitably become contaminated by
acteria and the bactericidal coatings are hindered by the rising
roblem of multidrug-resistant (MDR) bacteria. Therefore, it turns

o be necessary to explore a new strategy to kill bacteria efficiently
hile prevent the development of MDR. Our previous study uti-

ized the synergistic bactericidal effect of silver and gentamicin
ulfate to eliminate bacteria and prevent the development of MDR
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[7]. However, the utilization of silver caused contradiction between
antibacterial ability and biocompatibility as its antibacterial abil-
ity associates with cytotoxicity, which would lead to difficulties in
balancing antibacterial and biocompatibility. Hence, the key is to
find a strategy that can balance antibacterial and biocompatibil-
ity of implant, which means inhibiting bacteria while promoting
osteodifferentiation of bone cells.

Copper has been reported to possess osteogenic and antimi-
crobial abilities, and it has been used in biomaterials to promote
bone formation and prevent infection [8–10]. However, a high con-
centration of Cu2+ (256 �g/mL) is needed to kill bacteria while
a relative low concentration of Cu2+ (0.1 mM/6.4 �g/mL) will be
enough for osteogenesis [11,12]. Thus, we combined copper nan-
oclusters (CuNs) with citrate which also has been widely used in
biomaterial to facilitate bone regeneration and kill bacteria [13].
In addition, citrate kill bacteria via traversing cell membranes and
causing damage to particular enzymes [14], while copper kill bac-
teria through disrupting cell membranes, elevating production of
reactive oxygen species (ROS), and binding to protein or DNA [15]. It
is clear that copper and citrate share different pathways to kill bac-
teria and it is known that synergistic antibacterial effect can come
from bactericides cocktail attacking bacteria from different fronts.
In this way, bacteria can be killed at relative low concentration of
Cu2+, which would be beneficial to the balance between biocom-
patibility and bactericidal activity. To achieve the switch of PEEK
implant’s bio-function between osteogenesis and antibacterial, we
planned to manipulate the release of Cu2+ under different situa-
tions through the utilization of pH-responsive controlled release
property. It can help to achieve the low concentration and sus-
tained release of copper-citrate nanoclusters under physiological
conditions, which is expected to promote the bone formation; and
achieve high concentration release of copper-citrate nanoclusters
only if bacteria are present. To achieve this on-demand release of
copper-citrate nanoclusters, polydopamine (PDA) was chosen. It
is an important platform for surface functionality and stabiliza-
tion agent in the fabrication of diverse organic-inorganic materials,
most importantly it possesses excellent biocompatibility and pH
responsive charge variation and degradation [16].

However, the two performances of osteogenesis and bacteria-
killing may  not be able to guarantee both rapid bone regeneration
and sufficient early stability of implants. Impaired bone healing is
also associated with a reduction of vascular supply, which would
lead to compromised nutrient availability at the site of injury. It
highlights the importance of functional angiogenic response to
successful implantation [17]. Actually, active angiogenesis is a pre-
requisite step to achieve the successes of bone integration as blood
vessels transport oxygen, nutrients and factors to the site of bone
fracture [18]. Thus, it appears necessary to endow angiogenic abil-
ity to implants. The chosen copper has been proved to be able to
promote angiogenesis by artificially mimicking hypoxia through
stabilizing the structure of hypoxia-inducible factor (HIF-1�), in
turn stimulating the secretion of VEGF [19], which plays an impor-
tant role in the recruitment and differentiation of cells and in blood
vessel formation [20,21]. In addition, citrate also has been reported
to induce angiogenesis [22]. Hence, implants with copper-citrate
nanoclusters are expected to facilitate angiogenesis.

The cross-talk between endothelial cells (ECs) and osteoblastic
cells (OBs) also can affect bone repairing, as blood vessel growth and
osteogenesis are coupled during bone remodeling [23]. Therefore, it
would be important for us to understand the influences of implants
on the crosstalk of ECs and OBs. For this purpose, a coculture sys-
tem with adipose-derived mesenchymal stem cells (Ad-MSCs) and

human umbilical vein endothelial cells (HUVECs) was designed, and
effects of implants on the crosstalk of cells would be evaluated by
their osteogenesis and angiogenesis performance.
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In this study, copper-citrate nanoclusters were co-deposited
ith dopamine upon the porous surface of PEEK implants, aimed

o promote implant’s osteogenesis, angiogenesis and antibacterial
bility. In addition, the effects of implant on the communication
etween Ad-MSCs and HUVECs was  investigated and the mech-
nism underlying the enhanced pH-responsive bacteria-killing
ffect was  partially revealed.

. Materials and methods

.1. Preparation of copper nanoclusters

Two different kinds of copper nanoclusters were prepared, one
s dopamine (DA) stabilized copper nanoclusters and another is
apped by citrate. Briefly, CuSO4·5H2O (0.5 g) and reducing agent
-ascorbic acid (1 g) were dissolved into 90 mL deionized (DI)
ater, followed by the adding of capping agents DA (0.612 g) and

risodium citrate (1.2 g) into this solution respectively. Then the two
ixtures were kept at 80 ◦C under magnetic stirring until dark solu-

ions were obtained. The resulting dispersions were centrifuged at
500 rpm for 20 min  followed by the collection of DA capped copper
anoclusters and citrate capped copper nanoclusters.

.2. Preparation of porous PEEK with PDA assisted deposition of
opper nanoclusters

Medical grade PEEK (KetaSpire, Solvay, Belgium) materials were
sed in this study. Samples were machined into disk shape with
imensions of �15 × 1.5 mm3 for in vitro studies, and rod sam-
les with 2 mm in diameter and 6 mm in length were employed

n animal evaluation. All the samples were mechanically polished
p to 2000 grits and ultrasonically washed in acetone, ethanol, and
eionized water sequentially.

The surface modification process is illustrated in Fig. 1. PEEK
as treated with sulfuric acid (95−98 wt%, Aldrich Chemical Corp)

nder supersonically stirred at room temperature for 5 min. Sub-
equently, samples were ultrasonically rinsed in DI water before
ydrothermal treatment at 100 ◦C for 4 h (labeled as SP). After that,
opper nanoclusters were incorporated onto the surface of SP under
he aid of PDA. In brief, SP samples were immersed into Tris−HCl
uffer (10 mM,  pH = 8.5, Sigma) containing 2 mg/mL dopamine
ydrochloride (Aladdin) before the addition of copper nanoclusters
nd were kept in a shaker in darkness at 37 ◦C for 12 h. The samples
ncorporated with DA capped copper nanoclusters were labeled as
CuN while the samples incorporated with citrate capped copper
anoclusters were labeled as CCuN.

.3. Surface characterization

Field-emission high resolution transmission electron micro-
cope (FE-TEM, JEM-2100 F, JEOL, Japan) was  used to analyze
he copper nanoclusters. The morphology and microstructure of
amples with different coatings were observed by Field-emission
canning electron microscope (FE-SEM, S-4800, Hitachi, Japan)
nder voltage of 5 kV and working distance of 8 mm.  X-ray
hotoelectron spectroscopy (XPS, Kratos, UK) were used for com-
ositional analysis. SL200B contact angle system (Kino, USA) were
mployed to determine the surface hydrophilicity,and deionized
ater was  used.

.4. Cu2+ release into phosphate buffer solution (PBS)
To investigate the release behavior of Cu2+, samples (DCuN and
CuN) were placed into 24-well plates, and 2 mL PBS with dif-

erent pH (pH = 7.4, 5.0) was added into each well. Then samples
ere placed into incubator at 37 ◦C for 28 d. At predetermined time
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Fig. 1. (a) Scheme illustration of surface functionalization of PEEK. TEM images of (b
and  size distribution of (b3) DA capped CuNs and (b4) citrate capped CuNs analyzed

points, the solution was collected and refilled with fresh PBS. The
amount of released Cu2+ was determined by inductively coupled
plasma-mass spectrometry (ICP-MS, Agilent 7700, USA).

To further verify the pH controlled release of Cu2+, samples
(DCuN and CCuN) were immersed into 2 mL  PBS with pH of 7.4
in the first seven days and then changed pH value to 5.0 in the
next seven days. The solution was collected and refilled at prede-
termined time points and the concentration of Cu2+ was  analyzed
by ICP-MS.

2.5. Bacteria culture and inoculation

Gram-negative Escherichia coli (E.coli, ATCC 25922) was incu-
bated in Luria-Bertani (LB) broth at 37 ◦C overnight, then it was
diluted with LB medium to a concentration of 1.0 × 106 colony
forming units (CFU) mL−1. This bacteria solution were incubated
with specimens for different time periods.

2.6. Antibacterial rate

A pH-responsive antibacterial ability was designed to PDA based
coating. To evaluate its effectiveness, samples were incubated with
bacteria at different pH values. Specifically, the antibacterial rates
were evaluated by incubating samples with 1 mL  bacteria suspen-
sion in LB medium with different pH value (pH 7.4 and 5.0) at 37 ◦C
for 6 h. Then standard serial dilution and plate-counting were used
to quantify the active bacteria in the suspension, and the antibac-
terial rate was calculated by the following formula:

Antibacterial rate (%) = A  − B

A
∗  100%

where A is the average number of bacteria colonies on the control
group (PEEK samples, CFU mL−1) and B is the average number of
bacteria colonies on the experimental groups (CFU mL−1).

2.7. Microbial viability assay

The viability of bacteria adhered to the samples was assessed by
the Microbial Viability Assay Kit-WST (Dojindo, Kumamoto, Japan).
After incubated with bacteria in LB medium with pH 5.0, samples

were taken out and washed with PBS before the addition of LB
medium which contains 5% of WST-8 reagent. They were kept at
37 ◦C for 2 h, then the absorbance was read at the wavelength of
450 nm by a microplate reader ((Bio-RAD, USA).

i
A
C
3

33
 capped CuNs and (b2) citrate capped CuNs with FFT images on the top right corner,
 ImageJ software.

.8. SEM observation of bacteria morphology

The bacteria suspension (LB, pH 5.0) was  introduced onto the
amples and incubated for 6 h for anti-attachment assessment and

 d for anti-biofilm assessment. Afterwards, samples were rinsed
n PBS, then fixed with 2.5 % glutaraldehyde and graded ethanol.
inally, the adherent bacteria were observed by SEM.

.9. Membrane permeability measurements

Propidium iodide (PI) (Invitrogen, USA), which can only be
ptake by cells with compromised membrane, was used to monitor
embrane permeability. The bacterial cells were incubated with

amples in LB medium with pH 5.0 for 6 h, then bacteria were col-
ected after centrifugation of bacterial suspension and refilled with
I (3 �L mL−1) in 0.85 % NaCl. This mixture was  mixed thoroughly
nd incubated at room temperature under dark condition for 15
in. The fluorescence intensity was  measured in a 96-well plate

y a microplate reader (SPECTRAMAX M5,  MD,  China) with exci-
ation/emission at 488/630 nm,  and the obtained intensities were
ormalized to that of PEEK group.

The protein concentration in the bacteria suspension was deter-
ined by the Pierce BCA Protein Assay Kit (Thermo Scientific, USA)

fter bacteria incubating with samples in PBS with pH 5.0 for 6 h.

.10. Intracellular production of reactive oxygen species (ROS)

DCFH-DA dye was used to measure the intracellular ROS  gen-
ration. It was added into solution (final concentration 10 �M)  for
0 min  after bacteria cultured with samples for 6 h. Bacteria were
ollected by centrifugation and then suspended in the same vol-
me  of PBS. The fluorescence intensity of this solution was  detected
y a microplate reader in fluorescence mode with excitation and
mission at 488 nm and 525 nm respectively.

.11. Measurement of Cu uptake

The bacteria were treated with samples in LB medium at pH 5.0
or 6 h. A 100 �L aliquot of suspension was plated on agar plates for
acteria counting and the rest of bacteria suspension was washed
n DI water with 1 mM EDTA before washed three times in DI water.
fter that, the collected bacteria were digested in HNO3 (GR, Beijing
hemical Reagent Co., Ltd., China) overnight and heated at 80 ◦C for
0 min. This solution was  diluted with DI water and analyses were
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performed on ICP-MS. The measured Cu content was normalized
to the number of bacteria.

2.12. Cell culture

Ad-MSCs and HUVECs were employed and cultured in �-MEM
and ECM, respectively. Ad-MSCs at passages of 3–5 and HUVECs at
passages of 3–5 were used in this study, and seeding densities for
Ad-MSCs and HUVECs at 20,000 and 40,000 cells/cm2 respectively
were employed for all of monoculture and coculture. The medium
for osteogenic assays was a cocktail of �-MEM with osteogenic fac-
tors (ascorbic acid, dexamethasone and �-glycerophosphate) and
for coculture system was the 1:1 mixture of ECM and �-MEM.

2.13. Cell adhesion and proliferation of Ad-MSCs and HUVECs

To observe cell adhesion, cells were incubated with specimens
in a 24-well plate for 12 h, then 2.5 % (v/v) glutaraldehyde was uti-
lized to fix cells at 4 ◦C overnight and then dehydrated in graded
ethanol before SEM observation. For confocal laser scanning micro-
scope (CLSM) observation, 4% paraformaldehyde (PFA) was  used to
fix Ad-MSCs and then 0.1 % Triton X-100 was used to permeabi-
lize cells before double stained with fluorescein (FITC)-conjugated
phalloidin (5 �g mL−1) and DAPI (2 �g mL−1).

To assess cell proliferation, the MTT  cell proliferation assay kit
(Beyotime, China) was employed after samples incubated with Ad-
MSCs for 1, 3 and 5 d or incubated with HUVECs for 1 and 3 d.
In brief, the culture medium with 10 % of MTT was added and
incubated with samples at 37 ◦C for 4 h, then the medium was  dis-
carded and refilled with dimethyl sulfoxide (DMSO) to solubilize
the formed formazan, and microplate reader was used to measure
the absorbance of this formazan solution at wavelength of 570 nm.

2.14. Vascularization and osteogenic differentiation of
mono-cultured and co-cultured cells

To evaluate the vascularization of cells, the released NO was
quantified through the utilizing of griess reagent system (Promega,
USA) after cell cultured with samples in monoculture or coculture
system for 24 h. Briefly, 50 �L of lysed cell suspension incu-
bated with the reagent solution, and finally a purple/magenta color
appeared. The absorbance of this solution was measured by a
microplate reader at 520 nm,  and the nitrite content was calculated
based on a standard curve constructed with sodium nitrite.

To determine the osteogenic differentiation of Ad-MSCs, they
were seeded on samples for monoculture or seeded with HUVECs
on samples for coculture. Afterwards, qualitative and quantitative
of alkaline phosphatase (ALP) expression were determined with
BCIP/NBT alkaline phosphatase color development kit (Beyotime,
China) and alkaline phosphatase assay kit (Beyotime, China) after
incubation for 7 d. After incubation for 14 d, samples were stained
with 0.1 % solution of Sirius Red (Sigma, USA) in saturated picric
acid for imaging and the absorbance of the destaining solution (0.2
M NaOH/methanol 1:1) which incubated with stained samples was
measured at 570 nm by microplate reader. The extracellular matrix
(ECM) mineralization performance was studies after incubation for
21 d, qualitative analysis was performed by staining with Alizarin
Red S (ARS, Sigma; 2%, pH = 4.3) at 4 ◦C, and quantitative analysis
was achieved by measuring the absorbance of calcium dissolving
solution (10 % cetylpyridinium chloride).

2.15. Gene expression analysis
The expression of angiogenesis related genes were analyzed
by the real-time reverse-transcriptase polymerase chain reaction
(RT-PCR). After HUVECs cultured with samples for 3 d, total RNA
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as extracted with TRIzol reagent (TIANGEN BIOTECH, China) and
onverted to cDNA using a RevertAid First Strand cDNA Synthe-
is Kit (Thermo Fisher, USA). Then RT-PCR was carried out using
YBR Green (Roche, USA) on an ABI 7500 RT-PCR machine (Applied
iosystems, USA). The primers used in this study are listed in Table
1. The relative mRNA expression level of genes were normalized
ith the housekeeping gene18S rRNA and determined by the cycle

hreshold (Ct) value according to the ��Ct method.

.16. Surgery

This animal surgery was approved by Ethics Committee of
eking University Health Science Center, and the surgical proce-
ures were performed in accordance with Experimental Animal
thics Branch (LA2019019). In detail, the rabbit (New Zealand
hite) tibia model was  used to estimate new bone formation adja-

ent to and osseointegration of implants. Six 3-month-old rabbits
ere randomly assigned to different implants. Before implantation,

entobarbital sodium (30 mg/kg) was injected into marginal ear
eins of rabbits for anesthesia. Then three holes with diameter of 2
m and depth of 6 mm were drilled at both the left and right tibia of

abbits, subsequently samples was  inserted into these holes. After
peration, the rabbits were housed in a separate cages. At 6 or 12
eeks, rabbits were sacrificed and rabbit tibias were removed and

hen fixed in 10 % neutral formalin buffer before micro-CT analysis
nd histological observation.

.17. Micro computed tomography (micro-CT) analysis

Micro-CT (Inveon MM CT; Siemens, Germany) was  used to anal-
sis the newly formed bone around the implants. Scanning was
erformed at 80 kV and images (2D and 3D) were reconstructed by

nveon Research Workplace software (Siemens, Germany). Besides,
he bone mineral density (BMD) and bone volume over total volume
BV/TV) was  calculated.

.18. Histological evaluation

For histological analysis, the fixed implants were rinsed in water,
ehydrated in graded ethanol, and embedded in methylmethacry-

ate. Afterwards, the embedded implants were cut into sections
ith thickness of 200 �m and kept grinding to thickness of 20
m. These sections were observed by SEM or observed with optical
icroscope after stained with methylene blue and acid fuchsine.

.19. Statistical analysis

At least three samples were prepared for each data point, and
orresponding results were presented as mean ± standard devi-
tions. Statistically significant difference (P) between groups was
easured by one-way analysis of variance (ANOVA), and P values

 0.05 were considered to be statistically significant.

. Results and discussion

.1. Preparation and characterization of copper-citrate
anoclusters contained porous surface

To achieve successful implantation without the emergence of
DR, a triple-function system was constructed on the surface of

EEK (Fig. 1a). First, a three dimensional (3D) porous structure was
abricated onto the surface of PEEK (Fig. 2a) as it is beneficial to

he ossification [24]. Then the produced copper-citrate nanoclus-
ers (production mechanism and proposed structure displayed in
ig. 1a) were introduced through the co-deposition with PDA, while
opper-DA nanoclusters were deposited on SP surface as a control
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Fig. 2. (a) Surface morphology and (b) contact angle of different samples. Chemica
(c2)  Cu 2p from DCuN, (c3) Cu 2p from CCuN, (c4) C 1s from SP, (c5) C 1s from DCuN

group which contain CuNs and PDA layer without the presence of
citrate. After the deposition procedure, a thick layer appeared on
the surface of DCuN and CCuN samples. This layer on the surface of
DCuN sample decreased the contact angle from 94◦ to 37◦ (Fig. 2b)
and increased the percent of C O compared to CO (Fig. 2c4, c5).
These correspond to the features of PDA and validate the exis-
tence of it [25,26]. The existence of PDA can control the leaked
amount of copper, so as to control the switch of implants biolog-
ical functions between osteogenesis and bacteria-killing. Copper
was detected on the surface of DCuN and CCuN samples and dis-
played in the survey spectra of XPS (Fig. 2c1). The spherical shape
and homogeneously distribution of both copper-DA and copper-
citrate nanoclusters (Fig. 1b1, b2) with around 2∼3 nm in diameter
(Fig. 1b3, b4) were preliminarily analyzed by TEM. Furthermore, the
TEM images with higher magnification were presented as Fig. S1,
which clearly revealed the size of nanoclusters. Additionally, the
fast Fourier transform (FFT) images disclosed that the d-spacing
was 2.1 Å for both copper-DA and copper-citrate nanoclusters,
which indicates the formation of metallic copper. Further investi-

gation on the introduced CuNs was conducted by XPS, and the high
resolution Cu 2p and Cu LMM  spectra of DCuN and CCuN samples
indicate that Cu0 is the dominant component of CuNs while Cu2+

and Cu+ also exist (Fig. 2c2, c3). The fact that most of the copper con-
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osition of coatings: (c1) Survey spectra of XPS, and high resolution XPS spectra of
 (c6) C 1s from CCuN.

ent was  in the state of Cu0 reveals that copper nanoclusters would
e a reservoir of Cu2+ and slow down the release rate of it. This
ould help to maintain Cu2+ in a concentration that is beneficial

o bone regeneration and vessel formation. The existence of citrate
n CCuN sample was supported by the increased ration of C O/C-

 from 0.55 of DCuN sample to 1.0 of CCuN sample, as there are
igher ration of C O/C-O in citrate and oxidized citrate than PDA
Fig. 1a). The existence of citrate was expected to synergize with
opper to promote bone regeneration and antibacterial ability.

The pH-responsive release behavior was designed as a charac-
eristic of this coating, and it was tested by immersing samples
nto solution with different pH values for varying time period. The
elease profiles of Cu2+ were measured and displayed in Fig. 3a.
t is noteworthy that the release profile of Cu2+ from DCuN and
CuN samples were almost the same at different pH condition.
he release amount of Cu2+ increased rapidly during the first week
t pH 5.0 and reached at 9 �g, then the release amount of Cu2+

rogressively increased to 10 �g after 28 d. At physiological envi-
onment, Cu2+ leaked into PBS at relative slow rate and gradually

ncreased to 0.9 �g after immersion for 28 d. On the other hand,
ig. 3b displayed a pH responsive release behavior which was  a
low release of Cu2+ during the first 7 d at pH 7.4 and a dramati-
ally enhanced release rate instantly after exposure to PBS at pH 5.0.
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Fig. 3. (a) The cumulative release profile of copper at different pH cond

Collectively, these results clearly shows that both DCuN and CCuN
samples achieve pH responsive release of Cu2+. PDA plays a key role
in the pH-responsive release of copper. After deposition, the major-
ity of CuNs are entrapped within the PDA layer and only a small
amount of them are deposited on the surface of PDA membrane.
When exposed to physiological pH (pH = 7.4), the structure of PDA
is very stable and only these CuNs on the surface of PDA membrane
release into PBS solution. This low amount of copper would benefit
to ossification and vascularization. As environment pH decreases,
amino groups in PDA are protonated, leading to the weakened or
broken of PDA internal interaction [27], eventually results in the
degradation of PDA membrane and fast release of copper (Fig. 3b).
In addition, the decrease of pH accelerates oxygen dependent disso-
lution of Cu2+ from CuNs. These two factors contributes to the faster
and larger amount release of copper under lower pH condition. This
pH-responsive feature of coatings can control the concentration of
Cu2+, so as to promote new bone formation and vascular formation
at physiological environment and enhance bactericidal effect as pH
decrease. On the other hand, bacteria can metabolically acidify their
local environment [28], indicating that the emergence of bacteria
can trigger the release of copper. It means that this coating deliver
bacteria-killing agents when and where bacteria appear, achieving
bacteria-triggered self-defensive ability.

3.2. In vitro antibacterial evaluation

Once bacterial infection occurred, it is difficult to treat and
may  lead to failure of medical device implantation, not to men-
tion the appearance of biofilm, which notoriously resists killing by
host defense mechanisms and antibiotics [29]. Therefore, implants
that can resist bacterial attachment and prevent biofilm formation
would guarantee the success of implantation. Actually, this was  one
of the properties designed to the implant. As a proof-of-concept,
E.coli was chosen to test the antibacterial ability of copper based-
coatings as E.coli is one of the sources of implant infection and it can
adapt to copper toxicity [30,31]. Most importantly, E.coli are resis-
tant to external pH variation, minimizing the effect of pH variation
on the growth of bacteria [32]. Specifically, samples were treated
with E.coli in LB medium with different pH value (pH 7.4 and 5.0),
and their antibacterial abilities were evaluated. At pH 7.4, the num-
ber of viable bacteria in the medium (Fig. S2) and the activity of
adherent bacteria on the surface of samples were decreased after
treated with CCuN samples (Fig. 4b). This showed the inhibition
effect of CCuN samples on the activity of bacteria at physiologi-
cal environment. At pH 5.0, the number of viable bacteria in the

suspension of PEEK group was less than that at pH 7.4, which indi-
cates lower pH could inhibit the activity of bacteria. However, the
number of viable bacteria in the suspension at pH 5.0 was much
lower than that at pH 7.4 for DCuN and CCuN groups. The antibac-
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and (b) pH controlled release of copper from DCuN and CCuN samples.

erial rates of DCuN and CCuN samples at pH 5.0 were 52 % and
3 %, respectively; while those at pH 7.4 were only 24 % and 42
, respectively (Fig. 4a). The activities of adherent bacteria and the
EM images of adherent bacteria also revealed that much fewer
acteria adhered on the surface of DCuN and CCuN samples at pH
.0 (Fig. 4b, g). These results prove that DCuN and CCuN samples
ave been equipped with bacteria-triggered self-defensive ability
s the metabolism of bacteria can acidify the local environment,
nd that ability is originated from increased release of copper under
ower pH environment.

At pH 5.0, both DCuN and CCuN samples increased the release
mount of copper, which were almost at the same level. However,
here were differences between the antibacterial abilities of DCuN
nd CCuN samples. 93 % of bacteria were killed in the suspension
f CCuN group while 52 % of bacteria were killed in the suspension
f DCuN group. Also, it was  barely to find any bacteria on the sur-
ace of CCuN samples while there were bacteria scattered on the
urface of DCuN samples, and the data of the microbial activity in
ccordance with these results. Furthermore, the long-term antibac-
erial ability was  assessed (Fig. 4h). After cultured for 7 d, biofilm
ormed on the surface of PEEK sample. On the contrary, there were
ust a few bacteria littering on the surface of CCuN samples, and the

ajority of bacteria were with distorted or even broken structure
hile bacteria on the surface of DCuN presented a smoother and

ntact membrane. These indicate that CCuN samples possess bet-
er antibacterial ability than DCuN samples. This phenomenon was
rstly considered associated with the differences in the released
mount of copper and the structure of Cu2+-DA and Cu2+-citrate
omplexes. However, there were no difference in the release behav-
or of copper from DCuN and CCuN samples, and the release amount

ere nearly the same or even lesser from CCuN samples than from
CuN samples. It excludes the influence of the released amount of
opper on this difference and suggests that the differences of struc-
ure between Cu2+-DA and Cu2+-citrate complexes should be the
ey. As exhibited in Fig. 1a, copper-citrate nanoclusters are com-
lexes of copper nanoclusters and citrate, the liberated Cu2+ would

orm complex with citrate due to the electrostatic interaction. It has
een reported that organic acid could potentiate the influx of metals

nto bacteria, which is independent of pH [33]. Meanwhile, citrate is
apable to traverse bacterial membrane and lead to bacteria death
14]. Concluded from that, we reasoned Cu2+-citrate complexes
ould be more likely to enter bacteria than Cu2+-DA complexes,

esulting in a locally high concentration of copper within bacteria.
he localized copper could increase intracellular reactive oxygen
pecies (ROS) production which would be detrimental to bacte-

ia by disturbing different metabolisms of bacteria. To verify this
ypothesis, experiments were carried out. As depicted in Fig. 4c,
, the relative PI intensity and the protein leakage in CCuN group
ere higher than those in DCuN group. Fig. 4f demonstrated that
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Fig. 4. Antibacterial evaluation: (a) antibacterial rate of different samples and (b) a
value  for 6 h. After treated with different samples at pH 5.0 for 6 h, (c) relative PI 

bacteria. SEM observation of bacteria morphology after cultured with samples for (

CCuN treatment facilitated the influx of copper into bacteria com-
pared with DCuN treatment while much higher ROS production in
CCuN group than in DCuN group was illustrated in Fig. 4e. These
results perfectly confirmed our hypothesis and a more detailed
bacterial killing mechanism could be deduced (Fig. 5). The Cu2+-
citrate complexes could be regarded as a kind of nano-antibiotic,

and they cause greater damage to bacterial membrane than copper
or citrate alone. This damage can engender protein leakage, lead-
ing to bacterial death. Meanwhile, it would enable more copper
flow into bacteria and bring about localized high concentration of

c
a
d

37
y of bacteria adhered to different samples after treated with E. coli at different pH
ity, (d) protein leakage, (e) relative ROS level, and (f) concentration of copper per
and (h) 7 d. *P < 0.05; **P < 0.01; ***P < 0.001.

opper within bacteria. This localized high concentration of cop-
er could elevate intracellular ROS production through catalyzing
enton chemistry and hydroxyl radical formation [34,35], and the
levated ROS would lead to DNA damage and inhibition of partic-
lar enzyme activities, causing detrimental effects to bacteria [36].
n the other hand, the localized high concentration of copper itself

ould bind to some particular proteins, thus abolishing enzyme
ctivity and disturbing bacteria metabolisms, triggering bacterial
eath [15,37].
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Fig. 5. Schematic illustration of bacteria-triggered synergistic bacteri

3.3. Adhesion, proliferation, and osteodifferentiation of Ad-MSCs
on CCuN samples

Introduce of copper-citrate nanoclusters into PEEK implant
was expected to promote bone formation and osseointegration.
Cell adhesion and proliferation are fundamental to ossification
and osseointegration [38]. Therefore, cell adhesion and prolifer-
ation of Ad-MSCs were investigated. SEM and CLSM were used to
observe the adhesion and morphology of cells. As detailed in Fig. 6a,
cells adhered on PEEK surface exhibited narrow spreading with
extended filopodia to sense the substrate after cultivating for 12
h. By contrast, on the surface of DCuN sample, cells appeared a
polygonal shape with lamellipodia stretched out but barely spread
filopodia. The CCuN sample had more cells attached, and the
cells displayed an elongated configuration with filopodia stretched
toward different directions. Consistently, cells observed by CLSM
appeared poorly developed cytoskeleton (F-actin) on PEEK sur-
face while exhibited more spreading morphology on CCuN surface
(Fig. S3). Thus, these imply that CCuN sample could favor the
adhesion and spreading of Ad-MSC. The existence of copper could
contribute to the better performance of cell adhesion in CCuN
group. However, the inconsistency of cell morphology between
DCuN and CCuN group could be attributed to the increased contact
angle from 37◦ to 56◦, which would favor cell adhesion [39,40].
Cell proliferation is an event after cell adhesion [41]. Therefore,
the proliferation of cells was evaluated by MTT  assay. It showed
that cells proliferated in a time-dependent manner during the cul-
ture period, and samples with copper, especially CCuN sample,
facilitated the proliferation of cells when compared with PEEK

sample (Fig. 6b). The aforementioned results suggests that CCuN
samples possess better cytocompatibility than PEEK and DCuN
samples, and this may  lead to better osteodifferentiation perfor-
mance.

e
e
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echanism of copper-citrate nanoclusters contained porous surface.

To study the osteodifferentiation of Ad-MSCs cultured with dif-
erent samples, a set of related evaluations were carried out. ALP
ctivity, an early marker for osteogenic differentiation potential,
as determined after cultured for 7 d. As illustrated in Fig. 6d, the
LP activity in CCuN group was the highest and compromised a
it in DCuN group, but still higher than that in PEEK group. The

mages of ALP staining demonstrated the same results. In Fig. 6c,
he deeper the blue color, the stronger the expression of ALP.
hus, it showed clearly that CCuN group displayed the highest
LP expression and followed by DCuN and PEEK groups. To further

nvestigate osteogenic differentiation-inducing effects of samples
o Ad-MSCs, qualitative and quantitative of collagen secretion and
alcium deposition were performed. Deepest red color and largest
taining area for both Sirius red and ARS staining appeared in CCuN
roup (Fig. 6e, g), and the quantitative results were in accordance
ith the staining images.

Collectively, the abovementioned results suggest that the exis-
ence of copper did facilitate osteodifferentiation of Ad-MSCs. It
as originated from the release of copper ions, which has been

roved to promote cell proliferation and differentiation at relative
ow concentration (0.1 mM/6.4 �g/mL) [12]. The release amount
f Cu2+ from DCuN and CCuN samples at physiological environ-
ent for 28 d were just under 1 �g/mL, and it would be even lower
hen cultured with cells because of the barrier effect of extracel-

ular matrix (ECM) [42]. Therefore, it is evident that the released
mount of Cu2+ at physiological environment would not undermine
he activity of Ad-MSCs and conversely would promote cell differ-
ntiation. Besides that, it is noteworthy that CCuN sample exhibited
igher osteodifferentiation potential than DCuN sample. The pres-

nce of citrate could be the reason. It was  found that citrate can
nter mesenchymal stem cells (MSCs) through a kind of membrane
ransporter to regulate cell energy metabolism, elevating cellular
nergy levels, which in turn facilitate osteophenotype progression



J. Yan et al. Journal of Materials Science & Technology 71 (2021) 31–43

l activ
retion

i
c
T
d
d
fl
c
p
p
s
c
a
e
a

Fig. 6. In vitro proliferation of Ad-MSCs. (a) SEM morphology of Ad-MSCs and (b) cel
system:  (c, e, g) Qualitative and (d, f, h) quantitative of ALP expression, collagen sec

[43]. Accordingly, the application of citrate was documented to
elevate ALP activity [44], increase calcium nodule formation [45],
and enhance bone density [46]. Together, these results indicate
the copper-citrate nanoclusters could qualify CCuN samples with
enhanced osteodifferentiation ability.

3.4. Adhesion, proliferation, and vascularization of HUVECs on
CCuN samples

Cortical bone is enmeshed by capillaries that interact with a net-
work of intracortical canals consisting of longitudinal Haversian
canals and transversal Volkmann canals that link the periosteum
and the endosteum [47]. Thus, it would be easier to perceive the

importance of adequate blood supply for bone formation, which can
transport minerals, oxygen and nutrients essential for maintain-
ing proper osteoblastic bone matrix synthesis and mineralization
[48]. Angiogenesis, the formation of new capillaries from exist-

h
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ity evaluated by MTT. Osteodifferentiation of Ad-MSCs in monoculture or coculture
, and calcium deposition, respectively. *P < 0.05; **P < 0.01.

ng vasculature, involves migration and proliferation of endothelial
ells and subsequent differentiation into mature blood vessels [49].
herefore, we  assessed the adhesion, proliferation, and NO pro-
uction of HUVECs. SEM images showed HUVECs in PEEK group
isplayed a spherical shape with few filopodia stretching out while
at morphology with lamellipodia outstretching appeared for the
ounterparts in DCuN and CCuN groups (Fig. 7a), indicating cop-
er is beneficial to HUVECs adhesion. The following proliferation
rocess was  assessed by MTT  assay. At day 1, cells in PEEK group
howed the highest activity, whereas DCuN and CCuN groups
aught up and presented superior cell activity than PEEK group
t day 3 (Fig. 7b). Copper, which was believed to activate an
xtracellular target (perhaps pro-angiogenic cytokine) to initiate
ngiogenesis [50], may  contribute to these results. Besides, copper

as been reported to strengthen the hypoxic stimulus by stabiliz-

ng the structure of hypoxia inducible factor-1� (HIF-1�), in turn
nducing the transcription of vascular endothelial growth factor



J. Yan et al. Journal of Materials Science & Technology 71 (2021) 31–43

l activ
 ***P <

w
a
r
T

3

s
t
t
s
t
o
a
w
e
w
A
s

Fig. 7. In vitro proliferation of HUVECs. (a) SEM observation of HUVECs and (b) cel
system.  Gene expression of (d) HIF-1�, (e) VEGF, and (f) eNOS. *P < 0.05; **P < 0.01;

(VEGF), activating endothelial nitric oxide synthase (eNOS), and
increasing the release of nitric oxide (NO) [19,51], eventually lead-
ing to angiogenesis [52]. Thereby, the production of NO and the
expression of relative genes were measured. The expression of HIF-
1�, which is directly associated with the concentration of copper,
was enhanced by the stimulation of copper containing-samples. In
detail, CCuN samples upregulated 2-fold expression of HIF-1�  com-
pared with DCuN sample (Fig. 7d). This may  associated with the
result that citrate potentiated the influx of copper into cells by 2
times compared with copper alone. Then theoretically, the expres-
sion of HIF-1� would activate the transcription of VEGF, which is a
key regulator of angiogenesis [53]. Accordingly, our results showed
that VEGF was mainly expressed in CCuN group and compromised
in DCuN group (Fig. 7e). Its downstream factor eNOS, which directly
relates to the production of NO, shared the same trend in expres-
sion with the production of NO in different groups. Specifically, as
depicted in Fig. 7c, f, the expression of eNOS and production of
NO were elevated in DCuN group compared with the counterpart
in PEEK group, whereas a 2-fold increase of eNOS expression and
NO production were achieved in CCuN group compared with DCuN

group. These results clearly reveal that CCuN possesses stronger
ability of promoting angiogenesis than DCuN. The ability of citrate
to potentiate the influx of copper into cells by 2 times compared

m
t
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ity evaluated by MTT. (c) NO production of HUVECs in monoculture and coculture
 0.001.

ith copper alone may  be the reason, as angiogenesis capacity is
ssociated with intracellular copper levels [54,55]. Additionally, cit-
ate also has been reported to be able to promote angiogenesis [22].
hese together endow better angiogenesis capacity to CCuN.

.5. Osteodifferentiation and angiogenesis in coculture system

To further investigate the osteogenic and angiogenic ability of
amples, a cocuture system was  used. It is more closely represent
he real situation of tissue regeneration than the monoculture sys-
em. All of these results, except calcium deposition, from coculture
ystem shared the same trend with the results from monocul-
ure system, which was that CCuN samples possess the highest
steodifferentiation and angiogenesis abilities followed by DCuN
nd PEEK samples. What’s interesting, the coculture system per se,
hich allows the fully crosstalk between Ad-MSCs and HUVECs,

xerted positive effects on the early differentiation of Ad-MSCs,
hereas inhibited their later mineralization. The staining images of
LP expression and collagen secretion in coculture system demon-
trated enhanced osteogenic potential of Ad-MSCs compared with

onoculture of Ad-MSCs (Fig. 6c, e). Consistently, the quantita-

ive of ALP activity and collagen secretion revealed the same trend,
nd notably, it exhibited a 20-fold increase of ALP activity in cocul-
ure system compared with monoculture (Fig. 6d, f). However, no
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Fig. 8. Micro-CT imaging and quantification of bone regeneration. (a) 3D reconstru
the  tibia bone defect in the axial plane at 6, and 12 weeks after implantation. Quant

calcium deposition occurred on the surface of samples in the cocul-
ture system (Fig. 6g), indicating coculture with HUVECs abolished
the mineralization ability of Ad-MSCs. The inhibitory effect on the
later mineralization has been disclosed and it is originated from
the suppression of osterix (OSX) expression, so as to arrest Ad-
MSCs differentiation at a pre-osteoblastic stage, avoiding mineral
deposition within vessels [56].

On the other hand, it is widely accepted that the crosstalk
between ECs and MSCs advances angiogenesis [57], which is accor-
dance with our results. NO is regarded as a mediator of angiogenesis
[51], and the coculture system facilitated the production of NO
especially in CCuN group (Fig. 7c).

Collectively, these results point out that CCuN samples still
maintain their ability to potentiate the osteogenesis and angiogen-
esis in coculture system, and it is noteworthy that the coculture
system per se elicits different effects on osteogenesis and angio-
genesis.

3.6. In vivo studies

To examine the osteogenesis and osseointegration perfor-
mances of implants with constructed coating, an established rabbit
tibia model was used. Micro-CT was employed to evaluate the
osteogenic capability. Bone formation was observed on the 3D
remodeling images and axial images, and these images presented
that CCuN group possessed the highest new bone volume at both

6 and 12 weeks (Fig. 8a). Consistently, at 6 weeks, quantitative
results displayed the highest BV/TV in CCuN group and compro-
mised in DCuN group which was still significantly higher than
the counterpart of PEEK group. At 12 weeks, the BV/TV values of

p
g
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icro-CT images of the new bone formation and corresponding micro-CT images of
 histomorphometry analyses of (b) BV/TV and (c) BMD. *P < 0.05.

ll groups kept the same trend as at 6 weeks but all increased
Fig. 8b). Additionally, the copper containing group increased the
MD  and the involvement of citrate further improved it (Fig. 8c).

t is clear that CCuN implants are beneficial to bone regenera-
ion and accelerate bone formation compared with both DCuN and
EEK implants. The integration between bone and implants was
valuated by methylene blue and acid fuchsine staining of hard
issue slices and SEM observation of hard tissue slices. At week 6,

 thick layer of fibrous connective tissue was shown to separate
he bone tissue from PEEK implants, while which was much thin-
er and discontinuous between DCuN implants and bone tissue.
or CCuN implants, it exhibited tighter integration and new bone
ppeared inside some of the pore structure. After implantation for
2 weeks, the fibrous connective tissue was  gradually replaced
y newly formed bone, leading to reduced gap between implants
nd bone tissue. However, there was  still a thin layer of fibrous
onnective tissue around PEEK implants, whereas CCuN implants
erformed a complete osseointegration (Fig. 9). The SEM observa-
ion and elemental mappings further proved this results (Fig. S4).
t showed that a layer full of carbon, which is fibrous connective
issue, separated PEEK/DCuN implants from bone tissue at week
, and no sign of fibrous connective tissue appeared between the
CuN implants and bone tissue. At week 12, the fibrous connec-
ive tissue layer became thinner in PEEK group and disappeared in
CuN group. As to CCuN group, the calcium distribution indicated

he appearance of bone tissue inside the porous structure of CCuN
mplants.
Collectively, these results demonstrate that CCuN implants
ossess better performances in bone regeneration and osseointe-
ration compared with DCuN and PEEK implants. The existence of
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Fig. 9. The methylene blue and acid fuchsine st

copper definitely has a contribution to it because of its well-known
bone regeneration property [9]. Nevertheless, its combination with
citrate should be the factor that makes CCuN implants stand out in
successful implantation when compared with DCuN implants. Cit-
rate can not only promote osteogenesis through regulating cellular
behavior, which has been elaborated above, but also can advance
bone regeneration by facilitating the deposition of calcium phos-
phate. It was found that citrate molecules makes up about 5 wt%
of the total organic component in bone and that over 90 % of the
body’s total citrate content is located in the skeletal system [58]. The
existence of citrate can regulate bone generation not only through
improving the wetting effect at the collagen-mineral interface [59],
but also through stabilizing bone apatite and controlling the size
and crystallinity of hydroxyapatite (HA) particles [60–62]. Thus, it
is fully understandable that CCuN implants performed the most
satisfying results in vivo.

4. Conclusion

In the field of orthopedic implantation, the major difficulty is
to achieve a rapid bone regeneration and a stable bone-implant
integration, particularly when faced with implant-associated infec-
tion. Therefore, PEEK implant coated with polydopamine based
copper-citrate nanoclusters was developed. The in vitro studies
showed promoted osteodifferentiation and angiogenesis, as well as

enhanced bacteria-triggered bacteria-killing performance in CCuN
group due to the synergistic effect between copper and citrate,
while the in vivo studies displayed enhanced bone regeneration
and integration in CCuN implants. This triplet functional implant

42
 in each group at 6 and 12 weeks post-surgery.

an guarantee the success of implantation, and the excellent flex-
bility of coating construction procedure suggests it is applicable
o different medical devices even with complicated shapes and
rchitectures.
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