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A B S T R A C T

Infections strongly reduce the success rate of implant-related medical procedures. The incorporation of anti-
bacterial implant coatings can reduce the chance of infection. However, most of these coatings do not repel
bacteria, such that dead bacteria stay on the surface and the performance of these coatings degrades. Ideally,
implant coatings should repel bacteria and inhibit bacterial growth in the event of attachment. Unfortunately,
the preparation of such coatings often involve complex and expensive synthesis steps, or rely on antibiotics. In
this article, we present a simple, inexpensive and robust technique to prepare implant coatings without the use of
antibiotics. Our coatings have both anti-fouling and anti-bacterial properties, such that bacteria do not stick to
the implant surface and are killed when they come into contact. The coating is composed of poly(3-sulfopropyl
methacrylate potassium salt) (Cu@PSPMAK) polymer brushes doped with copper ions (Cu2+). The Cu2+ in the
Cu@PSPMAK coating enables an excellent antibacterial efficiency against Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli), while the PSPMAK polymer brushes in the coating effectively repel the (dead) bacteria.
We show using both in vitro and in vivo tests that the Cu@PSPMAK coating is indeed very effective in avoiding
implant-related infections. Moreover, the tests show that the Cu@PSPMAK coating is also biocompatible and
accepted within the body. All this makes the Cu@PSPMAK coating an ideal solution for combatting bacterial
infections at implants.

1. Introduction

Implant-related infections are very common in surgical procedures,
which often necessitates a second operation to remove the implant
[1,2]. Up to now, the modification methods that have been developed
for resisting implant infection have included mechanical debridement,
laser therapy, medical treatment and construct antibacterial coatings.
Among these techniques, the most effective and common strategy to
resist implant-infection is to construct antibacterial coatings on the
implant surfaces [3–6]. This is often accomplished by incorparating
large amounts of antibiotics with the coatings [7,8]. Antibiotics have
played an irreplaceable role in resisting microbial infection, but the side
effects of their extensive use are becoming more and more evident. On
the one hand, the overuse of antibiotics might induce the production of

drug-resistant pathogens, which would increase the difficulty and cost
of treatment of diseases [9,10]. On the other hand, high doses of an-
tibiotics causes cytotoxicity to inhibit cell adhesion/proliferation and
decrease the rate of tissue regeneration [11–13]. Consequently, it is
specially valuable to develop and prepare antibacterial coatings with
high biocompatibility and without the use of antibiotics.

As inorganic antimicrobial agents, copper ions (Cu2+) have been
widely studied by researchers, as it has a broad antimicrobial spectrum
[14,15]. Moreover, it has also been shown that trace amounts of Cu2+

can regulate cell behavior and accelerate tissue repair [16,17]. For
example, Wang et al. [18] prepared Cu doped borate glass (Cu@BG)
scaffolds using a polymer foam replication technique. The results of the
in vivo implantation experiments showed that the Cu@BG had a better
capacity to stimulate angiogenesis and regenerate bone tissue than pure
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BG scaffolds. Also, Zhao et al. [19] demonstrated that the Cu2+ from
Cu-doped borate bioactive glass microfibers can stimulate the pro-
liferation, migration and tube formation of endothelial cells and the
expression levels of angiogenic-related genes of fibroblasts to accelerate
full-thickness skin wound healing. Despite these important develop-
ments, a critical step is still missing. Most of the proposed antibacterial
coatings can not remove dead bacteria after exerting their antimicrobial
activity, which will in time impair the antibacterial activity of coatings,
and trigger immune response and cause chronic inflammation [20,21].
Recently, it has been shown that the incorporation of materials with
antifouling properties in the antibacterial coatings can solve this pro-
blem [22,23].

Over that last decades, coatings with antifouling properties have
been successful in applications in drug delivery and tissue engineering,
as they can effectively resist the influence of proteins, cells and mi-
croorganisms on surfaces [24–26]. Especially, antifouling coatings
based on polymer brushes have attracted considerable attention for the
following reasons. (1): The polymerization process is easily regulated
and controlled [27,28]; (2): Polymer brushes can be prepared on the
surface of a variety of substrates, including nanoparticles, bulk mate-
rials and porous materials, etc [29–31]; (3): Brushes can display ex-
cellent biocompatibility and biosafety due to avoiding the use of tox-
icants [32–34]. The antifouling mechanism of polymer brushes can be
explained by ‘‘steric repulsion” and by the presence of ‘‘water barrier”,
which can effectively suppress non-specific substance-adsorption and
remove foreign bodies from substrate surfaces [35,36]. Therefore, we
anticipate a broad application potential in resisting implant-related
infections by the construction of multi-functional coating with both
antifouling and antibacterial activity based on combining polymer
brushes with copper ions.

Herein, we report on the facile and inexpensive synthesis and
characterization of antifouling and antibacterial coatings without the
necessity to use antibiotics. The coatings consist of copper ions in-
corporated in poly(3-sulfopropyl methacrylate potassium salt) brushes
(Cu@PSPMAK), which can effectively resist bacterial infection of im-
plants without cytotoxic effects. The general coating process is sum-
marized in Fig. 1. First, PSPMAK brushes were grafted from silicon (Si)
surface by atom transfer radical polymerization (ATRP). Second, the
Cu@PSPMAK coating was obtained by immersing the PSPMAK brushes
into copper ions solution. Furthermore, we show also that, on the one
hand, Cu2+ from Cu@PSPMAK coatings display excellent antibacterial
efficiency against both Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli). On the other hand, the Cu@PSPMAK coatings can effec-
tively remove dead bacteria to maintain the antibacterial activity.
Moreover, cell culture experiments, performed in vitro, indicate that the
Cu@PSPMAK coating had no obvious cell/tissue cytotoxicity. There-
fore, our Cu@PSPMAK coating with antifouling property and anti-
bacterial activity has a great potential to be employed to avoid bacterial
infection of implants during and after medical procedures.

2. Experimental section

2.1. Preparation of PSPMAK polymer brushes

First, Si substrates (1 × 1 cm2) were cleaned by piranha solution
(H2SO4:H2O2 = 3:1, V/V) for 15 mins. Then, (3-aminopropyl) trie-
thoxysilane and 2-bromo-2-methylpropionyl-bromide (BIBB) were
successively attached to the Si surface. Finally, the PSPMAK polymer
brushes were grafted from the BIBB initiators by ATRP. The detailed
preparation process is described in the Supporting Information (SI).

2.2. Preparation of Cu@PSPMAK coating

First, the Si substrates decorated with PSPMAK polymer brushes
were immersed in copper sulfate (CuSO4) (5 mL, 50 mM) for 30 mins.
Next, the substrates were washed alternatingly with water and ethanol

several times and dried at room temperature.

2.3. Characterization of the Cu@PSPMAK samples

The surface composition of the modified Si substrates was analyzed
by X-ray photoelectron spectroscopy (XPS, Axis Supra, China).
Hydrophobicity of each surface was measured by contact angle goni-
ometer (CA, KRUSS DSA25, German). The chemical composition of the
polymer brushes was confirmed by Fourier transform infrared spec-
troscopy (FT-IR, Nicolet-560, USA). The morphology and height of
polymer brushes were measured by an atomic force microscope (AFM,
NanoScope, Bruker).

2.4. In vitro antibacterial test

E. coli and S. aureus were cultured with four groups of samples
(1 × 1 cm2) respectively, including a blank, Si, PSPMAK polymer
brushes and Cu@PSPMAK coating. Then, the antibacterial properties of
the various sample groups were evaluated using the turbidimetric
method, and the flat colony counting method. The details of the anti-
bacterial tests are described in the SI, and are based on data reported in
references [37–39].

2.5. In vitro antifouling test

E. coli and S. aureus were cultured with three groups of samples
(1 × 1 cm2) respectively, including Si, PSPMAK polymer brushes and a
Cu@PSPMAK coating. After culturing for 12 h, all samples were im-
mersed in distilled water for 5 min. Then, the samples were stained by a
live-dead cell staining kit. Finally, the bacterial state of all samples was
observed by a fluorescent inverted microscope (FIM, LEICA, DMI8,
Germany). The details of antifouling tests are described in SI, and based
on those reported in reference [40,41].

2.6. Cell experiment in vitro

In vitro cell experiments were performed by culturing fibroblasts
(3T3 cells) with samples (1 × 1 cm2), including clean Si, PSPMAK
brushes and Cu@PSPMAK coating to evaluate their cytotoxicity. First,
3T3 cells were seeded on the 48 well plates with a density of 1 × 104

cells/plate. Then, the samples were placed on the 48 well plate con-
taining 3T3 cells. Finally, the cytotoxicity of the various samples was
evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay after 1 day of culture. The details of the cell
culture tests are described in the SI, and similar to those reported in
reference [42,43].

2.7. In vivo antibacterial test

The antibacterial activity of the samples was evaluated in vivo
subcutaneously in Sprague Dawley (SD) rat models. 4 male SD rats,
weighing 250–300 g each, were used. Briefly, 100 μL S. aureus solution
(108 CFU/mL) was dropped onto surfaces of samples (0.5 × 0.5 cm2),
including Si, PSPMAK polymer brushes and Cu@PSPMAK coating, and
incubated at 37 °C for 2 h. Following this step the samples were im-
planted in the subcutaneous pocket on the back of each rat. After 7 days
of implantation, the samples were harvested for hematoxylin-eosin (H&
E) staining. All histological staining was observed by a light microscope
(Olympus BX63, Japan). The details of this process are described in the
SI, and are reported in references [44,45].

3. Results and discussion

3.1. Characterization

In order to confirm successful modifications, water CA
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Fig. 1. Schematics of the preparation and characterization of Cu@PSPMAK coating on Si surface.

Fig. 2. (a) The CA of water on the different coatings. (b) The FT-IR spectrum of PSPMAK polymer brushes. (c) The XPS spectrum of PSPMAK polymer brushes and
Cu@PSPMAK coating.
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measurements were carried out on the substrates after each reaction
step. The changes in the contact angle after each synthesis step in-
dicated the successful modification of each step (see Fig. 2a). FT-IR
measurements were performed to analyze the chemical composition of
PSPMAK polymer brushes. As shown in Fig. 2b, the characteristic
SO3

2− vibration peak appears at 1178 and 1036 cm−1, which indicate
that PSPMAK polymer brushes were successfully grafted from the Si
surface. XPS was utilized to characterize the elemental composition of
PSPMAK polymer brushes and the Cu@PSPMAK coating. As shown in
Fig. 2c and Table S1, for the PSPMAK brushes, the characteristic sul-
phur peaks, corresponding to (231 ± 1 eV) and (168 ± 1 eV), are
present. Moreover, the characteristic peaks of potassium (K), corre-
sponding to (373 ± 1 eV) and (292 ± 1 eV) are clearly present, too.
After immersion in Cu2+ solution, the peaks of copper appear at
(934 ± 1 eV) and (76 ± 1 eV). Moreover, the peaks of potassium
disappears, which indicates that K+ ions have been replaced by Cu2+

ions in the brushes. All the above results demonstrate that each reaction
step was performed successfully and that the Cu@PSPMAK coating was
successfully prepared. In addition, the effect of Cu2+-doping on the
height and morphology of PSPMAK brushes is shown in Fig. S1. The
results showed that the height of PSPMAK brush reduce from 36 nm to
30 nm after Cu-doping. Moreover, the surface becomes rougher. This
can indeed indicate that the presence of copper ions increases the ef-
fective bonding (or cross-links) between the polymers.

3.2. Evaluation of antibacterial activity

Both S. aureus and E. coli bacteria were used to evaluate the anti-
bacterial properties of all coatings. As presented in Fig. 3a and b, the
optical density (OD) value of the pure Si and PSPMAK brushes groups
were close to that of the control group. The OD values (about 0.05) of
Cu@PSPMAK coating group was significantly lower than the value 0.8
of the control group, showing a more clear solution than all other
groups (Fig. S2a). These results indicate that the non-functionalized Si
and the PSPMAK polymer brushes show no significant antibacterial
activity against S. aureus and E. coli. As expected, the Cu@PSPMAK
coating does display excellent antibacterial efficiency against S. aureus
and E. coli, as the Cu2+ was continuously released from the Cu@
PSPMAK coating (Fig. S3).

In parallel, the antibacterial performance of the three types of
coatings was evaluated by agar plate counting experiments. As shown
in Fig. 3c and d, many bacterial colonies could be observed for pure Si
and for the PSPMAK brushes group, and the number of colonies was
close to that of the control group. In contrast, only few bacterial co-
lonies were found on the agar plate of the Cu@PSPMAK coating group.
In addition, we quantitatively analyzed the antibacterial ratio of the
samples by calculating the number of bacteria colonies on the agar
plate, and the antibacterial ratio of Cu@PSPMAK coating was close to
100% against S. aureus and E. coli (Fig. S2b). All antibacterial results of
these in vitro experiments demonstrate that PSPMAK brushes show ef-
fectively no antibacterial activity, but that the incorporation of Cu2+

Fig. 3. Antibacterial properties of various coatings in vitro. The OD value of (a) S. aureus suspension (b) E. coli suspension cultured on the various coatings for 12 h. (c)
Photographs of the bacterial colonies including S. aureus and E. coli on the corresponding substrates.
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ions significantly improves the antibacterial ability of PSPMAK brushes
due to the inherent antibacterial property of Cu2+.

3.3. Estimation of antifouling property

As mentioned above, the Cu@PSPMAK coating showed a good an-
tibacterial performance against both E. coli and S. aureus. However, it
should also be prevented that the dead bacteria adhere to the surfaces
of implants and thus reduce the antibacterial capabilities of the coating.
Otherwise, eventually, a biofilm can be formed through layer by layer
bacterial stacking. As earlier mentioned, thus both antibacterial and
antifouling capabilities are required for implants. Here, the anti-
bacterial and antifouling performances of the brush coatings were
measured by inverted fluorescence microscopy images. As shown in
Fig. 4a, plenty of living bacteria adhered on pure Si and PSPMAK brush-
modified surfaces, with only few dead bacteria. In contrast, almost no
living bacteria could be observed on Cu@PSPMAK coated surfaces.
Instead, a large amount of dead bacteria adhered on the surfaces, in-
dicating a good antibacterial efficiency, which agrees well with the
results shown in Fig. 3. In order to study the antifouling property, all
the tested surfaces were soaked in distilled water, and stained. Next,
they were characterized by fluorescent inverted microscopy measure-
ments. As shown in Fig. 4b, great green fluorescence (alive S. aureus and
alive E. coli) still adhered on pure Si surface after soaking in distilled
water. However, most of the bacteria (alive or dead) disappeared from
both the PSPMAK brushes and the Cu@PSPMAK coating-modified
surfaces. As reported in previous papers, polymer brushes with high
hydrophilicity with strongly associated water molecules will form hy-
dration layers to resist nonspecific protein adhesion [35,46]. PSPMAK
brushes are very hydrophilic, and the hydration layers formed are likely
effectively repel microorganisms on the corresponding surfaces. Even
when the K+ ions are replaced by Cu2+ ions, the brushes keep their

excellent antifouling properties. All the above results demonstrate that
the Cu@PSPMAK coating cannot only kill bacteria, but can also remove
the dead bacteria from the surfaces to avoid formation of biofilms.

In summary, the introduction of antifouling properties in anti-
bacterial coatings can lead to the following advantages. (1) It will re-
duce the probability of implant infection during storage, as it can resist
the adhesion of living bacteria [23,24]. (2) The Cu@PSPMAK coating
can efficiently kill the attached bacteria. (3) The high antifouling per-
formance against adhesion of dead bacteria will reduce the risk of
biofilm formation on implants [47,48].

3.4. Cytotoxicity test and animal experiments

The cytotoxicity of all modified surfaces was assessed by 3T3 cells
culture experiments (Fig. 5a). After culturing for 1 day, the cell bio-
compatiblity of pure Si, PSPMAK brushes and Cu@PSPMAK coating-
modified surfaces were more than 90% of that of the control group. The
above results show that the incorporation of Cu2+ does not increase the
cell cytotoxicity of PSPMAK brushes. Thus, the Cu@PSPMAK coatings
are promising sytems to be coated on the surfaces of implants.

The antibacterial capabilities of various samples were evaluated in
vivo using SD rats. To do so, S. aureus suspension was deposited drop-
wise on various substrates, including bare Si, PSPMAK brushes and
Cu@PSPMAK coating-modified surfaces. Next, the substrates were im-
planted in subcutaneous tissue on the back of the SD rats. As shown in
Fig. 5b, after implantation for 7 days, the Si and PSPMAK brushes
showed obvious pustules on the wound areas due to the bacterial in-
fections present. In contrast, the wound area greatly decreased for the
Cu@PSPMAK treated group. After 15 days, the wound was almost
healed for the Cu@PSPMAK treated group compared to the Si and
PSPMAK brushes groups. In parallel, pus from the wound site was ap-
plied to agar plates after implantation for 2 days (Fig. 5c). A large

Fig. 4. Antifouling property of various coatings. (a) Inverted fluorescence microscopy images of S. aureus and E. coli cultures on various coatings for 12 h. (b) Inverted
fluorescence microscopy images of S. aureus and E. coli culture on various coatings for 12 h and washed with distilled water. Green fluorescence: live bacteria; Red
fluorescence: dead bacteria. Insets (pie charts) showed the percentage of fluorescence intensity of live and dead bacteria adhered on the various sample surfaces,
Green area: fluorescence intensity of live bacteria; Red area: fluorescence intensity of dead bacteria; White area; non-fluorescence of live and dead bacteria.
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number of colonies were observed on the agar plates of pure Si and
PSPMAK brushes. In contrast, there were only a few colonies on the
agar plate of Cu@PSPMAK group, as the Cu@PSPMAK coating had
excellent antibacterial ability to kill S. aureus. Moreover, H&E straining
(Fig. 5d) of the wound sites was used to evaluate the tissue reparation
after implantation. The granulation tissue spacing of the bare Si group
and the PSPMAK polymer brush group exceeded 1795 μm and 1300 μm
respectively, whereas the granulation tissue of Cu@PSPMAK coating
group could not be clearly observed. In addition, the number of in-
flammatory cells in the Cu@PSPMAK treated group was significantly
less than those of the pure Si group and the PSPMAK brush treated
group. As the Cu@PSPMAK coated substrates can effectively eliminate
the attached bacteria, less inflammatory response was induced after the
implantation. For the bare Si group and PSPMAK polymer brush mod-
ified group, there were severe bacterial infections observed, showing
that they induce serious inflammation. All the results of these animal
experiments demonstrate that the Cu@PSPMAK coating can resist
bacterial infection, which accelerates wound healing.

Thus, we can indeed conclude that the Cu@PSPMAK coating resists
implant-related infection and accelerates wound healing, which is
likely caused by three reasons. First of all, the Cu@PSPMAK coating has
no obvious cytotoxicity. Second, the Cu@PSPMAK coating can hinder
bacterial infection due to their antifouling and antibacterial properties,
which can decrease tissue damage caused by bacteria infection [49,50].
Third, Cu2+ ions in the brushes can increase the rate of tissue re-
generation, as this can promote endothelial cell behavior and accelerate
vascularization [51,52].

4. Conclusions

In summary, Cu@PSPMAK coatings were fabricated through a
simple, one step ion displacement reaction. These brushes exhibit both
antibacterial and antifouling activities without the necessity of using
antibiotics, and can effectively resist implant-related infections. On the
one hand, the Cu2+ ions in the Cu@PSPMAK coating enable excellent
antibacterial efficiency against both S. aureus and E. coli. On the other

Fig. 5. (a) Cytotoxicity evaluation of various coatings in vitro. (b) Photographs of the healing for Si, PAPMAK polymer brush and Cu@PSPMAK coating following 0, 7,
and 15 days of healing. (c) Bacterial colonies of the pus from the wound site after treatment for 2 days. (d) H&E staining of the wound section at the 15th day for the
bare Si substrates, PSPMAK polymer brush and Cu@PSPMAK coating, respectively. The arrows indicate the inflammatory cells.
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hand, the brushes can effectively remove dead bacteria to maintain a
long-term stable antibacterial activity on the surfaces and, thereby,
reduce the chances of inflammatory reactions. The cell culture experi-
ments performed in vitro indicate that the Cu@PSPMAK coatings have
no obvious cytotoxicity. Moreover, in vivo experiments prove that the
Cu@PSPMAK coatings cannot only resist bacterial infection, but can
also accelerate wound healing. Therefore, the Cu@PSPMAK coatings
are expected to be very well suited to avoid bacterial infections of
implants in clinical applications.
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