International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Coating CoCrMo Alloy with Graphene Oxide and
e-Poly-L-Lysine Enhances Its Antibacterial and
Antibiofilm Properties

Jianbin Guo'®*
Guihua Cao®*
Xing Wang'
Wenhao Tang'
Weilong Diwu'
Ming Yan'

Min Yang'

Long Bi'

Yisheng Han®'

'Department of Orthopedics, The First
Affiliated Hospital of Air Force Military
Medical University, Xi’an, People’s
Republic of China; 2Department of Joint
Surgery, Hong-Hui Hospital, Xi’an
Jiaotong University College of Medicine,
Xi'an, People’s Republic of China;
3Depar‘tment of Geriatrics, The First
Affiliated Hospital of Air Force Military
Medical University, Xi’an, People’s
Republic of China

*These authors contributed equally to
this work

Introduction: With increases in implant infections, the search for antibacterial and biofilm
coatings has become a new interest for orthopaedists and dentists. In recent years, graphene
oxide (GO) has been extensively studied for its superior antibacterial properties. However, most
of these studies have focused on solutions and there are few antibacterial studies on metal
surfaces, especially the surfaces of cobalt-chromium-molybdenum (CoCrMo) alloys. e-Poly
-L-lysine (e-PLL), as a novel food preservative, has a spectrum of antimicrobial activity;
however, its antimicrobial activity after coating an implant surface is not clear.

Methods: In this study, for the first time, a two-step electrodeposition method was used to
coat GO and &-PLL on the surface of a CoCrMo alloy. Its antibacterial and antibiofilm
properties against S. aureus and E. coli were then studied.

Results: The results show that the formation of bacteria and biofilms on the coating surface was
significantly inhibited, GO and e-PLL composite coatings had the best antibacterial and antibiofilm
effects, followed by &-PLL and GO coatings. In terms of classification, the coatings are anti-
adhesive and contact-killing/inhibitory surfaces. In addition to oxidative stress, physical damage to
GO and electrostatic osmosis of e-PLL are the main antibacterial and antibiofilm mechanisms.
Discussion: This is the first study that GO and &-PLL coatings were successfully prepared
on the surface of CoCrMo alloy by electrodeposition. It provides a promising new approach
to the problem of implant infection in orthopedics and stomatology.
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Introduction

The rapid increase in infections caused by bacteria and their biofilms has become one of
the greatest potential threats to human health. Antibiotics have been a traditional
weapon in the treatment of infections for many years, but the emergence of multidrug
resistance (MDR) makes the situation worse. MDR is not just a national problem but
a very complex global phenomenon.' Biofilms play an important role in infection
caused by MDR bacteria: they are communities of surface attachment formed by
microorganisms.” It produces an extracellular matrix that protects microbes from
drugs and host immunity leading to persistent infections.” Therefore, an effective
way to combat MDR bacteria and biofilms is to develop new and effective antibiotics
and/or therapeutics.*> However, it is very difficult to find novel and effective anti-
biotics to replace and/or supplement existing antibiotics.® In recent years, various
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For orthopaedic and dental surgeons, implant infec-
tions are often catastrophic. They are the result of impro-
per disinfection and/or improper handling of the material
resulting in bacterial reproduction and the formation of
biofilms on the material surface. Medical implant infec-
tions caused by bacterial biofilms are a major clinical
problem.® Reducing implant infections has been a major
challenge for orthopaedic and dental surgeons.

In recent years, a growing number of researchers have
begun coating artificial implants to prevent infection.
Coating materials can generally be divided into two cate-
gories: those that combine antibiotics with polymers and
those that rely on the intrinsic properties of the material to
kill or repel bacteria on the contact surface.'® The anti-
microbial properties of material surfaces can be divided
into four categories: anti-adhesive surfaces, contact-killing
/inhibitory surfaces, releasing-killing/inhibitory surfaces,
and remote controllable bactericidal surfaces.

Cobalt-chromium-molybdenum (CoCrMo) alloys have
become one of the main materials for artificial joints due
to their excellent mechanical properties, abrasion resistance,
corrosion resistance, and good biocompatibility.'®!” In
recent years, an increasing number of studies have been
performed on the surface modification of CoCrMo alloys.
However, most of this research focuses on biocompatibility
and mechanical properties and there is little research on its
antibacterial and antibiofilm modification.'®2°

With the rapid development of nanoscience and nano-
technology, various antibacterial nanomaterials, such as
metal nanoparticles,?’ carbon nanotubes,* graphene and
their derivatives”>~* have been widely studied. Graphene
oxide (GO) is a type of graphene with abundant oxygen
bonds at the edges and defect sites, such as carboxyl
groups (-COOH), carbonyl groups (-C=0), and hydroxyl
groups (OH) on the access side. GO was first used in
medical research as a drug delivery agent in 2008.%
However, since the antibacterial activity of GO was first
discovered in 2010,%° its antibacterial properties have
attracted extensive attention in medical studies.

e-Poly-L-lysine (e-PLL) is a kind of natural polymer
synthesized by microorganisms and is characterized by
a peptide bond between a lysine carboxyl group and e-
amino group.?’ It is widely used in various foods, medi-
cines, and electronic products.”® e-PLL has been found to
have broad-spectrum antibacterial activity,”® the minimum
inhibitory concentration for bacterial growth is less than
100 pg/mL, and it is soluble in water, biodegradable, and

stable under high temperature, acid, and alkaline
conditions.?’

In this study, for the first time, we used electrodeposi-
tion to coat the surface of CoCrMo alloy with GO and e-
PLL. We then characterized the coating and tested the
mechanical properties and hydrophilic and hydrophobic
properties of the coating surface. We further compared
the antibacterial and antibiofilm effects of each coating
on S. aureus and E. coli in the hope of providing a new
direction for clinical treatment of surface infections of

CoCrMo alloy prostheses.

Materials and Methods

Preparation of Materials

CoCrMo Alloys Substrate Preparation

Medical-grade CoCrMo alloys (Northwest Institute for
Nonferrous Metal Research, Xi’an, China®=12 mm,
=2 mm) are polished to a mirror grade with mechanical
polishing and diamond paste. Before each
experiment, CoCrMo alloy sheets were cleaned by ultra-
sonication in a sequence of deionized water - anhydrous
ethanol - acetone - deionized water for 20 minutes for

each step, followed by N? stream drying.

CoCrMo Alloys Modified with GO

GO solution with a concentration of 100 pg/mL was
used. The alloy sheet was placed at the anode as the
working electrode and the graphite electrode placed at
the cathode. The speed of the magnetic agitator was
500 RPM. The voltage of the DC stabilized power
supply was increased to 20 V at a rate of 1
V per second for 10 min.>* After the reaction, the
sample was gently rinsed with deionized water and
dried in an N? flow. The modified sample surface is
named as CoCrMo/GO.

CoCrMo Alloys Modified with e-PLL

To optimize the e-PLL coating on the CoCrMo surface an
orthogonal experimental table with 3 factors and 4 levels
was used to design the experiment. The 3 factors and 4
levels are: e-PLL concentration 0.05 W/V%, 0.1 W/V%,
0.15 W/V%, and 0.2 W/V%; voltage: 5V, 10 V, 15V, and
20 V; time: 5 min, 10 min, 15 min, and 20 min. According
to the experimental test table, a total of 16 tests are needed
(Supplementary Materials Table 1). The alloy sheet was

placed on the cathode as the working electrode and the
graphite electrode placed at the anode. The speed of the
magnetic agitator was 500 RPM. The voltage of a DC-
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regulated supply was increased at a rate of 1 V per second
to the corresponding operating voltage. After the reaction,
the alloy sheets were gently washed with deionized water
and dried in an N? flow. The modified sample surface is
denoted as CoCrMo/e-PLL.

CoCrMo Modified with GO and &-PLL

To make a composite coating of GO and &-PLL on the
surface of the CoCrMo alloy, we first made a GO coating
according to method. Once again, we used the orthogonal
table of 3 factors and 4 levels for the &-PLL coating
(Supplementary Materials Table 1). CoCrMo/GO was
used as the cathode, and a graphite electrode was used as

the anode, immersed in e-PLL aqueous solutions of differ-
ent concentrations. Electrodeposition took place at room
temperature. The magnetic stirring speed was 500 RPM.
After electrodeposition was completed at different vol-
tages and times, the alloy sheets were removed and dried
in a N? flow at room temperature. The modified sample
surface is marked as CoCrMo/GO/e-PLL.

Characterization of Materials

The surface morphology and topography of the material
were observed by scanning electron microscopy (FE-SEM,
S-4800, Hitachi High Technologies, Tokyo, Japan) and
atomic force microscopy (AFM, Agilent 5500 SPM,
USA). After the coating, the samples of each group were
mechanically polished again to remove the surface coating
then ultrasonic shock cleaning was used. The composition
changes of the CoCrMo alloy elements in each group then
were detected by scanning electron microscopy energy
dispersive spectrometry (SEM-EDS). There were 3 sam-
ples in each group, and 3 points in each sample were taken
to calculate the mean value for each element. Fourier
transform infrared (FTIR) spectroscopy (VERTEX70 FT-
IR-Spectrometer, Bruker Optics, Germany) with an
attenuated total reflection accessory (ATR) was used to
analyse the chemical composition of the modified surface.
Hydrophilicity and hydrophobicity were measured with
a contact angle meter (DSA 30, Kruss, Germany) by
dropping 4 pL of ultrapure water onto each sample.
There were 6 samples in each group, and 6 different
measurement areas were selected for each sample. The
mechanical characteristics of the coating surface were
measured using a nanoindentation instrument (Agilent
Nano Indenter G200, USA). There were 3 samples in
each group and 3 data points were measured for each
sample.

In vitro Antibacterial Experiments

Bacterial Culture

Gram-positive Staphylococcus aureus (S. aureus ATCC
25923) and gram-negative Escherichia coli (E. coli
ATCC 25922) were used to evaluate its antibacterial and
antibiofilm activity. The two bacteria were incubated over-
night in brain-heart infusion (BHI, Solarbio, China) med-
ium. Before each study, the two bacteria were adjusted to
10° CFU/mL using a turbidity meter. All subsequent bac-
terial cultures were completed in a 0.05% dioxide incuba-
tor. All alloy samples were sterilized using Go60 before
bacterial culture.

Field Emission Scanning Electron Microscopy
(FE-SEM) Observation

Four groups of samples were put into a 24-well plate
(triplicate of each group). Then, 1 mL of 10° CFU/mL
bacterial suspension was added to each well and cultured
for 24 and 48 hours. After that, samples of each group
were gently removed and rinsed with PBS (pH 7.2) 3
times and then fixed in 2.5% glutaraldehyde at 4 °C over-
night. The samples were dehydrated with gradient alcohol
for 10 min with each gradient and soaked in hexamethyl-
disilane for 30 min. After drying, samples were sprayed
with gold and observed with FE-SEM.

Antibacterial and Adherent Rate

At the end of cultivation samples of each group were
removed and rinsed with PBS gently 3 times to remove
nonadherent bacteria. The sample was then immersed in
normal saline and vibrated in ultrasound for 10 minutes to
separate the bacteria that adhered to the surface of the
material. Gradient dilution was then performed, 10 pL of
bacterial suspension was taken and evenly coated on blood
plate medium, and CFUs were counted after 24 and 48
hours of culture. The antibacterial rate and adhesion were
calculated using the following formula.

Antibacterial — CFU(Control) — CFU(Experimental)

rate(%) CFU(Control)
‘ CFU(Experimental)
Adh te(%) =
esion rate(%) CFU(Control)

Bacterial Viability Assessment

The viability of bacteria on the surface of different materi-
als was evaluated using an Alamar blue assay kit (Alamar
Blue, A7631, Solarbio, China). After S. aureus and E. coli
were cultured on different surfaces for 24 and 48 h,
respectively, samples were gently washed with PBS to
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remove unadhered bacteria. After that, 500 uL of 10%
Alamar blue was added to each sample surface and then
cultured at 37 °C for 2 hours.>' After that, 100 uL medium
was transferred to a 96-well black plate, and fluorescence
intensity (FI) was detected by a fluorescence spectrophot-
ometer (Biotek, Synergy H1, USA) at an excitation wave-
length of 540 nm and emission wavelength of 590 nm.

Fluorescence Microscopy

Fluorescence images of S. aureus and E. coli with different
coatings were detected at 24 and 48 h using a FilmTracer Live
& Dead Bacterial Backlight Kit (ZeYe Biotechnology Inc,
China). For both bacterial species, S. aureus and E. coli,
staining dissolution was prepared by mixing 100 pL of
DMAO and 200 pL of ETHD-III in a microcentrifuge tube
and then adding 800 pL of 0.85% NaCl solution to mix
thoroughly. After incubating the two bacteria on different
surfaces for 24 and 48 hours, a 40 pL stain was dropped
onto each substrate and then stained for 15 min in a dark
room at room temperature. After dyeing, the substrate was
gently rinsed with deionized water. The fluorescence of bac-
teria was observed using laser scanning confocal microscopy
(LSCM,, Fluoview FV1000, Olympus Corporation, Tokyo,
Japan). Green excitation light (488 nm) was used to observe
living bacteria (intact membrane). Red excitation light (543
nm) was used to observe dead bacteria (damaged membrane).

In vitro Antibiofilm Experiments
Fluorescence Staining of Biofilms

The biofilm was stained with concanavalin A fluorescein
isocyanate-conjugated  (ConA-FITC C7642; Sigma-—
Aldrich Inc, USA) to evaluate the effects of each coating
on the biofilm at 24 and 48 hours.>* After the two bacteria
were incubated on different surfaces they were rinsed 3
times gently with PBS. Then, 1 mL of 2.5% glutaralde-
hyde was added to each well, they were placed in
a refrigerator at 4 °C for 1.5 h, and again rinsed gently 3
times with PBS. After that, 40 pL of ConA-FITC at
a concentration of 50 ug/mL was dropped on the substrate
surface and incubated at room temperature for 30 min. The
bacteria were then observed under LSCM (signals
acquired 488 nm; emission 552 nm).

Crystal Violet Assays

The biofilm formation of S. aureus and E. coli was quan-
tified using a crystal violet (CV) assay. After bacterial
culture according to the above methods to the correspond-
ing time point the unadhered bacteria were gently washed

off the material surface with PBS. Then, the biofilm was
fixed with 2% formalin for 15 minutes at room tempera-
ture. The samples were then placed into a new 24-well
plate, 1 mL 0.1% CV stain (Sigma—Aldrich, USA) was
added to each well for 5 min which were then washed 3
times with PBS to remove excess stain. One mL 95%
ethanol was then added to each well and incubated for
15 min. After incubation, 200 pL of ethanol was trans-
ferred to a 96-well plate and the absorbance at 570 nm was
measured using a spectrophotometer (Biotek, Synergy
H1, USA).

Observation of Bacteriostasis Zone

To determine whether the antibacterial effect was affected
by the release of certain substances, a method of observing
the inhibition zone was adopted. The Mueller-Hinton agar
plate (MH plate) was evenly coated with 1.5x10% S. aureus
and E. coli, then the groups of materials were gently
placed into the MH plate and cultured in a 0.05% dioxide
incubator. The formation of inhibition zone was observed

continuously in each group.

Intracellular Reactive Oxide Species
Assay

To investigate ROS levels in bacterial cells an intracel-
lular ROS detection kit (Beyotime, China) was used
according to the manufacturer’s instructions. As in the
previous experiment, S. aureus and E. coli were cultured
on different substrate surfaces for 24 h and 48 h and the
bacteria that did not adhere to the surface were gently
washed off. The samples were transferred to a new 24-
well plate. Then, 500 pL DCFH-DA (10 mM) was
added to each well and cultured at room temperature
for 30 min.

Finally, 100 uL medium was transferred to a 96-well
black plate and the fluorescence intensity corresponding to
DCF was detected at an extinction wavelength of 485 nm
and an emission wavelength of 535 nm using an enzyme
label instrument.>’!

Statistical Analyses

Intragroup and intergroup differences were estimated using
statistical analysis of variance and Fisher’s protected least
significant difference (LSD) test. SPSS 20.0 software was
used for statistical analysis and P < 0.05 was considered
significant.
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Results

Surface Characterization

Appearance

The CoCrMo alloy group was the control group, marked
as CoCrMo. Our experimental materials were divided into
four groups: CoCrMo, CoCrMo/GO, CoCrMo/e-PLL, and
CoCrMo/GO/e-PLL. After coating, the surfaces of differ-
ent groups of materials exhibited different colors
(Figure 1). The CoCrMo alloy sheet presented silver
white (Figure 1A). The CoCrMo/GO presented a golden
colour (Figure 1B). The surface of the CoCrMo/e-PLL
group is very similar to that of the CoCrMo alloy group
which is also silvery white (Figure 1C). The CoCrMo/GO/

&-PLL appears dark blue (Figure 1D).

Two-Dimensional Morphology
After completing 16 groups of tests using the parameters of
the orthogonal experiment table, the surface morphology of
each group of materials was observed using SEM (Figure 2).
In CoCrMo/e-PLL (Figure 2A), all groups had a different
appearance from the control group, as if there was
a membrane overlay. When the voltage and the concentration
were low the coating was in the thin film state, and with
increasing concentration, time, and voltage, the coating was
in the form of clusters. In the CoCrMo/GO/e-PLL group
(Figure 2B) it can be seen that the surfaces of some groups
had almost no PLL coating (Ep 1). Some of the groups were
orderly and granularly arranged and some were in a chaotic
state (Ep 7,8,10). To ensure the uniformity of subsequent
experiments, following our observation of these two groups
of morphologies, we decided to use Experiment 2 (e-PLL
0.05 W/V%, 10 V 10 min) to conduct subsequent studies, &-
PLL was uniformly coated on CoCrMo and GO surfaces and
the GO surface not completely obscured.

After determining the parameters of each group, we
observed the material surface of each group by SEM at
different magnifications (Figure 3). The surface of the

A

&

A B

CoCrMo alloy has obvious scratches (yellow arrow). On
the CoCrMo/GO group, we can see that GO is symmetri-
cally attached to the surface of the alloy, and GO wrinkles
on the surface of the alloy can be observed (blue arrow).
After further modification of CoCrMo with e-PLL, it can
be seen that the surface of CoCrMo is a compact film (red
arrow), different from that of bare CoCrMo alloy.
However, on the CoCrMo/GO/e-PLL group we can see
that GO wrinkles (blue arrow) and e-PLL (green arrow)
are uniformly distributed in granular form.

Component Detection of CoCrMo Alloy Elements in
Each Group

To determine whether the composition of the CoCrMo
alloy changes after electroplating, the samples of each
group were polished and cleaned and the compositional
changes of the CoCrMo alloy in each group were
detected using SEM-EDS (Figure 4). We calculated the
mean value of each element in each group and found
that there was no statistically significant difference in
each element between the groups (Table 1, P>0.05).

Three-Dimensional Topography

To determine the three-dimensional structure of the material
surface before and after modification, we used AFM to
analyze the samples of each group (Figure 5). The surface
of the CoCrMo alloy is heterogeneous, and scratches pro-
duced during the polishing process can be seen. However,
after modification of GO and e-PLL, a homogeneous organic
layer can be seen covering the surface of the alloy. These
scratches become blurred and even disappear, while wrinkles
of GO and &-PLL particles were observed. By further com-
paring the surface roughness of the four groups of materials
(9 different 3 umx3 pum regions were analysed for each
sample), it was found that the surface roughness of the
materials decreased significantly after modification with
GO and &-PLL. The roughness of the CoCrMo/e-PLL
group is the lowest and that of the CoCrMo alloy group is

% .
R ‘

C D

Figure | The surface appearance of the CoCrMo alloy after coating. (A) CoCrMo; (B) CoCrMo/GO, (C) CoCrMo/e-PLL, and (D) CoCrMo/GO/e-PLL.
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Figure 2 Orthogonal experimental results. (A) &-PLL coating under different parameters (EI-E16). (B) GO and &-PLL composite coating under different parameters (Ep

I-Ep 16).

the highest. There was no statistically significant difference
between the CoCrMo/GO group and CoCrMo/GO/e-PLL
group (Figure 6). GO and &-PLL fill the gullies on the surface
of the CoCrMo alloy and compensate for the unevenness of
the CoCrMo alloy.

Hydrophilic and Hydrophobic

The wetting characteristics on the surfaces of the four groups
are shown in Figure 7. Compared with the control group the
contact angle of all the experimental groups was significantly
reduced (P<0.05). CoCrMo/e-PLL group had the best hydro-
philicity. The change in wettability is consistent with the

presence of the e-PLL layer, as reported by other authors.**-**

Mechanical Characteristics of the Coating Surface
To verify the mechanical characteristics of the coating
surface we used a nanoindentation instrument to measure
each group. The elastic modulus and Vickers hardness of
the control group were the highest, and the three experi-
mental groups had different degrees of decline (Figure 8).
We found that there were no statistically significant differ-
ences in elastic modulus except for the CoCrMo/GO
group. Vickers hardness results showed that compared
with the CoCrMo group the difference between the
CoCrMo/GO and CoCrMo/GO/e-PLL groups was statisti-
cally significant, while the difference in the CoCrMo/e-
PLL group was not statistically significant (Table 2).

FTIR—ATR Spectra Results
After modification with GO and ¢-PLL, each substrate was
characterized by FTIR—ATR. The spectra in Figure 9 show

the different types of oxygen functional groups in
CoCrMo/GO. A broad O-H stretching vibration peak

appears at 3286 cm ', strong C=0 peak at 1627 cm ',

a C-OH stretching peak appears at 1265 cm ', and
C-O stretching peak at 1080 cm™ ', confirming the presence
of a large number of hydrophilic groups such as -OH, -
COOH and epoxides on the surface of the material after
successful modification of GO. The CoCrMo/e-PLL group
showed characteristic PLL absorption characteristics, C=0O
stretching vibrations peak at 1645 cm ' and characteristic
CH, stretching vibrations appeared at 2856 cm ' and
2923 c¢m'. The CoCrMo/GO/e-PLL group showed both
GO and PLL absorption characteristics, C-O stretching
vibrations at 1140 cm™', C=0 stretching vibrations at
1649 cm™', CH, stretching vibrations at 2856 cm ' and
2922 cm ! and O-H stretching vibrations at 3288 cm .
The results show that GO and &-PLL were successfully

coated on the surface of the CoCrMo alloy.

Antibacterial Performances of the
Modified Surfaces

Morphology of Bacteria

The morphology of bacteria on each surface was observed
using FE-SEM. Figure 10 shows the morphological changes
of the bacteria, illustrating the degree and properties of bacter-
ial cell damage. On the surface of CoCrMo alloy, S. aureus can
be seen growing well, with smooth, round, and complete cell
morphology (A1, A2). The number of S. aureus on the GO
surface was significantly reduced, some bacterial cell mem-
branes were damaged, and cell perforation atrophy could be

7254 https:

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove

Guo et al

CoCrMo

CoCrMo/GO

9mm x5.00k SE(M)

8mm x5.00k SE(M)

CoCrMo/GO/e-PLL.  CoCrMo/ ¢-PLL

20K

mm x20.0k SE(M) 2.00urr

5.00um § S-

5.00um J S-480

Figure 3 SEM observation of CoCrMo, CoCrMo/GO, CoCrMol/e-PLL, and CoCrMo/GO/e-PLL.

seen (B1, B2). On the CoCrMo/e-PLL surface, more S. aureus
cell membranes burst and atrophied (C1, C2). In CoCrMo/
GO/e-PLL group, a significant increase in the number of
bacterial cell deaths can be seen, and the cells are severely
deformed, with breaking and bursting in addition to perfora-
tion and shrinking (D1, D2).

The situation was similar in E. coli. On the surface of
CoCrMo, E. coli showed a short rod shape, intact cell
membrane, and visible pili (E1, E2). On the GO surface,

the number of E. coli was significantly reduced. The pili
disappeared and part of the membrane rupture content was
discharged (F1, F2). On the surface of e-PLL the number
of E. coli was also relatively reduced, the pili disappeared,
with the cells ruptured and shrinking (G1, G2). On the
surface of CoCrMo/GO/e-PLL, it is almost impossible to
see the normal shape of E. coli: cell fracture, atrophy, and
cell membrane splitting content can be seen everywhere
(H1, H2).
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Figure 4 Energy dispersive spectra of elements in CoCrMo alloys. (A) CoCrMo; (B) CoCrMo/GO, (C€) CoCrMo/e-PLL, and (D) CoCrMo/GO/e-PLL.

Staining Results for Living and Dead Bacteria

For cells without obvious morphological changes under
SEM, to further determine whether they were dead, the
living/dead bacteria staining method was used. In the
CoCrMo alloy group, almost all exhibited green fluores-
cence, with a fluorescence intensity at 48 hours signifi-
cantly higher than at 24 hours (Figure 11 Al, B1, C1, D1).
Both green and red fluorescence existed in the CoCrMo/
GO group, with the intensity of red fluorescence higher
than that of green, and with an overall fluorescence inten-
sity lower than that of the CoCrMo group (Figure 11 A2,
B2, C2, D2). Compared with the CoCrMo/GO group the

Table | Mean Values of Each Element in Each Group (P>0.05)

fluorescence intensity of the CoCrMo/PLL group was
lower and the proportion of red fluorescence was higher
(Figure 11 A3, B3, C3, D3). Almost all of the CoCrMo/
GO/e-PLL group showed red fluorescence, with the inten-
sity of fluorescence significantly reduced, indicating that
the little bacterial adhesion and with the adherent bacteria
basically dead (Figure 11 A4, B4, C4, D4).

Antibacterial and Adhesion Rate of Each Group

The antibacterial activity and adhesion rate of S. aureus
and E. coli were evaluated by plate counting method. After
the bacteria on the surface of the material were fully

Elements CoCrMo (wt. %) CoCrMo/GO (wt. %) | CoCrMol/e-PLL (wt. %) | CoCrMo/GO/e-PLL (wt. %)
Si 0.45+0.05 0.51+0.074 0.63+0.05 0.39+0.01

Cr 28.19+0.24 30.17x0.62 28.52+0.07 30.10+0.14

Mn 0.15+0.10 0.22+0.06 0.24+0.11 0.25+0.13

Fe 0.16+0.10 0.15+0.01 0.13+0.04 0.12+0.04

Co 64.40+0.37 61.63+0.58 63.95+0.10 63.64+0.26

Ni 0.23+0.10 0.170.12 0.14+0.05 0.14+0.01

Mo 6.44+0.07 7.15+0.61 6.42+0.08 5.46+0.14
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10pm X 10pm 3pum X3um

CoCrMo

CoCrMo/GO

CoCrMo/e-PLL

CoCrMo/GO/e-PLL

Figure 5 The surface morphology and three-dimensional structure of each group of materials.

shaken down by ultrasonic concussion, we diluted each
group of bacteria 10* times and then inoculated them on
a blood plate medium. The results showed that there was
a significant difference between the experimental group
and the control group, with the CoCrMo/GO/e-PLL
group having the fewest colonies (Figure 12).

By further counting the number of bacterial colonies in
each group, we found that the relative adhesion rate was the
highest in the control group. When the relative adhesion rate
of the control group was defined as 100%, the first-day
adhesion rates of S. aureus in the CoCrMo/GO, CoCrMo/e-
PLL, and CoCrMo/GO/e-PLL groups were 22.8%, 15.35%,
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Figure 7 Comparison of the surface hydrophilicity of the four groups of materials (*P<0.05, **P<0.01).

and 8.86%, respectively, and 26.6%, 10.8%, and 6.37% on
the second day (Figure 13A). These figures were 25.4%,
20.3% and 10.6% for E. coli on the first day and 38.2%,
23.4% and 12.5% for the second day (Figure 13B).

In our study of the antibacterial rate, we defined the
antibacterial rate of the control group as 0. We found that
the antibacterial rate of the CoCtrMo/GO/e-PLL group was
the best. On the first day, the antibacterial rates of the
CoCrMo/GO, CoCrMo/e-PLL, and CoCrMo/GO/e-PLL
groups against S. aureus were 77.2%, 84.65%, and 91.94%,
respectively, and on the second day, they were 73.4%, 89.2%,
and 93.63%, respectively (Figure 13C). The antimicrobial
rates in E. coli on the first day were 74.6%, 79.7%, and

89.4%, respectively, and those on the second day were
61.8%, 76.6%, and 87.5% (Figure 13D).

Bacterial Viability Assessment

The viability of bacteria on the surface of each group was
evaluated using Alamar blue staining. The results are pre-
sented in Figure 14. The CoCrMo/GO/e-PLL group had the
lowest fluorescence intensity, followed by the CoCrMo/e-PLL
and CoCrMo/GO groups. This means that bacterial activity in
the control group was strongest, while the bacterial activity in
each experimental group was weakened, and the weakest was
CoCrMo/GO/e-PLL. The pairwise comparison between each
group was also statistically significant (p<0.05).
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Figure 8 Nanoindentation values of each group. (A) CoCrMo; (B) CoCrMo/GO, (C) CoCrMol/e-PLL, and (D) CoCrMo/GO/e-PLL.

Antibiofilm Performances of the Modified

Surfaces

The adhesion of bacteria to the surface of the material is
initially reversible but becomes irreversible when the biofilm
is formed. In this study, we observed the structures of bio-
films under SEM (Figure 15). Our study shows that GO and
&-PLL have antibacterial effects on the surface of CoCrMo
alloy. To further study whether they have antibiofilm effects,
we carried out ConA-FITC staining and CV assays.

Fluorescence Staining of Biofilms

Glycocalyx in biofilms can be stained by ConA-FITC and
fluoresce green in CLSM images.>?> With this method,
biofilms that are invisible even under electron microscopy
can be observed. As seen in S. aureus (Figure 16A),
a large amount of green fluorescence was observed on
the surface of the control group and it was significantly
stronger on the second day than on the first day. The green
fluorescence on CoCrMo/GO and CoCrMo/e-PLL was

significantly reduced, and only a small amount of green
CoCrMo/GO/e-PLL  on
the second day. The same trend was observed in E. coli

fluorescence  appeared on
(Figure 16B). In general, the fluorescence intensity of
E. coli was weaker than that of S. aureus, indicating that
E. coli is less capable of forming biofilms than S. aureus.

Biofilm Quantification

To further quantify the biofilms produced by each group, we
performed a CV assay. The CV assay was first described by
Christensen in 1985 and has been continuously improved to
be applied to whole microorganism biofilm quantification.*
As described in the results (Figure 17), the absorbance of the
control group was significantly higher than that of the other
groups. Among the four experimental groups, the absor-
bance of the CoCrMo/GO/e-PLL group was the lowest,
while there was no significant difference between the
CoCrMo/GO and the CoCrMo/e-PLL groups. The overall
absorbance of the E. coli group was slightly lower than that

Table 2 Values of the Elastic Modulus and Vickers Hardness (*P<0.05)

CoCrMo CoCrMo/GO CoCrMol/e-PLL CoCrMo/GO/e-PLL
Elastic Modulus 268.652+56.436 169.749+19.986* 249.261+14.875 224.543+18.596
Vickers hardness 10.277£3.462 3.892+0.836* 8.806+0.950 5.254+0.627*
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Figure 9 FTIR-ATR spectra of &-PLL, GO, and GO/e-PLL on CoCrMo alloy.

of the S. aureus group, which also suggests that £. coli is less
capable of producing biofilms.

Determination of Inhibition Zone

To determine whether the experimental group released
something to cause its antibacterial activity, we used the
method of observing inhibition zones. The continuous
observation time was 3 days. The results showed that
there was no inhibition zone in either group (Figure 18).

Detection of ROS Fluorescence Intensity
To verify whether ROS affect the antibacterial activity of
the material surface, we detected the ROS level in each
group. The ROS level detection results of each group are
shown in Figure 19. The results show that the ROS level
of the CoCrMo/GO/e-PLL group is significantly higher
than that of the other three groups (P<0.001). However,
there is no significant difference in ROS levels between
the CoCrMo/e-PLL and the CoCrMo/GO groups. The
results indicate that ROS levels are one of the main anti-
bacterial mechanisms of GO and &-PLL.

Discussion

In the field of joint surgery and stomatology the advent of
artificial joints and false teeth has greatly improved the
quality of life of patients. As the population ages, the
number of patients undergoing joint replacement and den-
tal implants is increasing every year.° Infections are
a catastrophic complication in orthopedics and stomatol-
ogy and are more difficult to manage due to the use of
implant components.’” Mechanisms for bacterial adhesion,
aggregation and biofilm formation on biomaterials include
van der Waals, electrostatic, hydrophobic and glycopro-
tein-mediated forces, etc.”*® Therefore, the development
of materials that reduce the adhesion of pathogenic bac-
teria to the surface of the prosthesis and the formation of
biofilms is fundamental to the reduction of periprosthetic
infections.>** In recent years, a growing number of
researchers have begun coating artificial implants to pre-
vent infection.

Through a literature review, we know that both GO and
e-PLL are substances that have been demonstrated to have
broad-spectrum antibacterial properties. However, most of
the antibacterial studies focus on the solution, and few on
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Figure 10 Morphology of S. aureus ((A) 24 h, (B) 48 h) and E. coli ((C) 24 h, (D) 48 h) on the surface of each group.

the surface of the alloy. GO in aqueous solution is nega-
tively charged®® while e-PLL is positively charged,*' mak-
ing it possible to deposit GO and &-PLL on alloy surfaces
by electroplating. In this study, GO and e-PLL were depos-
ited on the surface of a CoCrMo alloy by electrodeposition
for the first time. As the base material of the coating, the
stability of CoCrMo alloy under voltage was one of the

decisive factors in this study. Numerous literatures evi-
denced that CoCrMo alloys have high biological inertia
and have been extensively used for artificial joints for
many years. Likewise, it has been reported that CoCrMo
alloys have inherently higher biological inertia than TiAIV
alloys.*” One study involved nitriding the surface of
CoCrMo alloys to increase their corrosion resistance. The
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Figure 12 Bacterial colonies of S. aureus and E. coli of each group on the blood plate.

detailed method is to place the CoCrMo alloy at 400°C
and load the voltage of 500 V to 1100 V. After 4 hours,
except for the addition of nitriding layer on the surface, no
change in the components of the CoCrMo alloy was
observed.' In joint replacement surgery, surgeons apply
a high-voltage, high-frequency current close to a metal
implant to stop bleeding in adjacent blood vessels, and
the voltages reach as high as 5 kV.* Also, the study in the

effect of CoCrMo alloys under a high current electrotome
showed that only minor damage was raised. Fortunately, in
these reports no alteration in alloy components was found
following high voltage treatment. In our present study, the
voltage of 20V only was used to conduct electrodeposition.
Therefore, it is not possible to change the ion dissolution
status of this alloy under such lower voltage. To further

substantiate our claim, we carried out ultrasonic vibration
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cleaning and mechanical polishing again on the materials
after the voltage action, and found no change in alloy
components by means of SEM-EDS scanning.

After successful coating, the antibacterial and antibio-
film activities of GO and e-PLL on the surface of CoCrMo
alloy in vitro were systematically studied. We used SEM

observation of cell morphology, living/dead bacteria

staining, colony counting, Alamar blue staining, and
other methods to study the antibacterial properties of
each group of materials. The results show that GO and e-
PLL exhibit significant inhibitory effects on S. aureus and
E. coli on the surface of CoCrMo alloy, leading to
a decrease in bacterial cell aggregation and activity. In
the CoCrMo/GO/e-PLL group, the perforation, shrinking,
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Figure 17 Results of CV assay (*and # P<0.05, ** and ## P<0.01). (A) S. aureus. (B) E. coli.

atrophy, bursting, and cell membrane splitting of bacterial
cells could be seen everywhere.

Biofilm formation is one of the most important events
in the development of biomaterials infection and is also
a difficult clinical problem.® In general, it goes through
several stages, including bacterial community develop-
ment, maturation, and decomposition.37 Biofilm formation

is fatal to the implant and is difficult to reverse because

traditional treatments are often ineffective in treating
biofilms.**** So, it is very important to prevent the for-
mation of biofilm. To determine whether the experimental
materials have an antibiofilm effect, we first observed the
biofilms of S. aureus and E. coli using SEM and then
further observed the differences in biofilms among the
groups using ConA-FITC staining. After the differences
were observed, the CV staining method was used to
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Figure 19 Fluorescence intensity of DCF on each group (*and # P<0.05, ** and ## P<0.01). (A) S. aureus. (B) E. coli.

quantify the biofilms of each group. The results of biofilm
detection showed that the GO and &-PLL coatings signifi-
cantly inhibit the biofilm-forming ability of these two
bacteria.

Cytolactase can deacetylate 2',7'-2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) into nonfluorescein
DCFH, which can be oxidized with intracellular ROS to
fluorescein 2',7'-dichlorofluorescein (DCF). Therefore, the
fluorescence intensity of DCF can reflect the level of ROS
to some extent.*® In this study, ROS levels were signifi-
cantly increased in the experimental group, suggesting that
ROS levels are one of the main antibacterial mechanisms
of GO and &-PLL.

Observation of appearance morphology showed that in
the GO group, cell perforation was more common while in
the e-PLL group, cell atrophy was more common. We have
previously performed a detailed review of the antibacterial
mechanisms of GO*” on the surface of the material. In

addition to oxidative stress, GO reduces microbial activity
through physical damage while &-PLL mainly destroys
bacteria through electrostatic action and affects cell mem-
brane permeability leading to cell disintegration
(Figure 20).*'*7*® Whether the hydrophilicity and hydro-
phobicity of the surface of the material are one of the
mechanisms affecting the antibacterial activity of the sur-
face has not yet been determined. The results of this study
show that antibacterial activity on the surface of the mate-
rial has nothing to do with the hydrophilicity and hydro-
phobicity of the surface.

Coating materials can generally be divided into two
categories: those that combine antibiotics with polymers
and those that rely on the intrinsic properties of the mate-
rial to kill or repel bacteria on the contact surface.'” The
antimicrobial properties of the surface of the material can
be generally divided into four categories: anti-adhesive
surfaces,

contact-killing/inhibitory surfaces, releasing-
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Figure 20 Antimicrobial and biofilm resistance mechanisms of GO and &-PLL on CoCrMo alloy.

killing/inhibitory surfaces, and remote controllable bacter-
icidal surfaces. In this study, we found that after coating
the adhesion rate of bacteria on the surface of the material
was reduced and a large number of bacteria that had
adhered to it died. In the bacteriostasis zone test, we did
not find the existence of inhibition zone. So, the experi-
mental group did not kill the bacteria by releasing some-
thing. Therefore, in terms of classification, the coatings in
this study belong to intrinsic properties of the material to
kill or repel bacteria, its anti-adhesive and contact-killing
/inhibitory surfaces.

However, regardless of the kind of coating, its adhe-
sion strength is a problem that cannot be ignored. The
elastic modulus of each group was measured by nanoin-
dentation. In the experimental group containing GO, both
the elastic modulus and Vickers hardness decreased, pos-
sibly because GO is not a single-layer structure and the
combination between layers is not very strong. However,
the application of &-PLL solved this problem well.
Compared with the control group, the elastic modulus
and Vickers hardness of the group containing e-PLL
were not significantly different. Here, e-PLL may act as
an adhesive, securing itself and GO to the surface of the
alloy. However, not all antibacterial coatings need to
adhere firmly to the substrate surface.

Taking the example of an artificial joint prosthesis, it is
well-known that the interface of artificial joint prosthesis is
generally divided into moving interface and fixed inter-
face. Usually, infection mainly occurs at the fixed inter-
face, while wear mainly occurs at the moving interface. In
the case of artificial knee prostheses, the fixation interface,
especially the interface between the polyethylene pad and
the tibial plateau, is one of the most common sites for

bacterial breeding. Therefore, exterminating the infection
of fixed interface is equivalent to solving the infection of
artificial joint prostheses to a large extent. In this study, we
successfully prepared the coating and demonstrated that
the coating has antibacterial and antibiofilm effects.
However, for further optimization of the coating process,
there is still a long way to go before it is applied in clinical
practice.

Conclusion

By exploring and optimizing experimental parameters, GO
and e-PLL coatings were successfully prepared on a CoCrMo
alloy by electrodeposition. The results show that the coating
not only has good mechanical properties, but also has
obvious antibacterial and antibiofilm effects to S. aureus
and E. coli in vitro. At a time when prosthesis-related infec-
tion is becoming increasingly serious, the coating material
provides a promising new approach to the problem of
implant infection in orthopedics and stomatology.
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