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ABSTRACT: Combating implant-associated infections is an urgent demand due
to the increasing numbers in surgical operations such as joint replacements and
dental implantations. Surface functionalization of implantable medical devices with
polymeric antimicrobial and antifouling agents is an efficient strategy to prevent
bacterial fouling and associated infections. In this work, antimicrobial and
antifouling branched polymeric agents (GPEG and GEG) were synthesized via
ring-opening reaction involving gentamicin and ethylene glycol species. Due to
their rich primary amine groups, they can be readily coated on the polydopamine- §
modified implant (such as titanium) surfaces. The resultant surface coatings of Ti- H
GPEG and Ti-GEG produce excellent in vitro antibacterial efficacy toward both >
Staphylococcus aureus and Escherichia coli, while Ti-GPEG exhibit better antifouling .

ability. Moreover, the infection model with S. aureus shows that implanted Ti- Surface Coating Wsmm & Poymor Agonts
GPEG possessed excellent antibacterial and antifouling ability in vivo. This study

would provide a promising strategy for the surface functionalization of implantable medical devices to prevent implant-associated
infections.
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1. INTRODUCTION highly desirable to develop one surface coating with potent

-3 antimicrobial and antifouling activity via simple procedure.
Herein, we synthesized antibacterial and antifouling branched

polymeric agents (GPEG and GEG, Figure 1) via a one-pot

It is of great urgency to combat implant-associated infection,’
due to the increased use of joint replacements and dental
implantations. Among implants, titanium is widely used in

orthopedic and dentistry implant prosthesis because of their ring-opening reaction of traditional antibiotic gentamicin with
corrosion resistance, mechanical strength, and great biocompat- poly(ethylene glycol) (PEG) species containing diepoxy
ibility.*”” However, titanium implants are prone to protein groups. As a broad-spectrum commercial antimicrobial agent,
adsorption and bacterial fouling after implantation and gentamicin exhibits efficient antibacterial activities against both
exposure to body fluids.” The bacterial fouling on the surface Escherichia coli and Staphylococcus aureus.””*’ Meanwhile, the
of implants may cause serious infection and the biofilm PEG moieties render the antifouling capability.'*°~** Due to
formation makes the bacterial plaques resistant to anti- their rich primary amine groups, the proposed GPEG and GEG
biotics.”™'' As a result, strategies are needed to prevent agents also can be easily coated onto medical implants (such as

bacterial fouling and biofilm formation on implantable medical titanium disk) pretreated with a mussel-inspired polydopamine
devices."' ~'* Several antibacterial coatings have been reported (PDA) adhesive layer.’>** It can be expected that such
by using antimicrobial peptides,'”'® silver,"”'® photodynamic :
agents,”” and cationic polymers.””*' However, these surface
coatings can easily adsorb proteins, platelets, dead cells, and cell
debris under physiological conditions.””*’ Therefore, a
monofunctional antimicrobial coating is insufficient to prevent
biofilm formation.”*** More recently, contact-active antimicro-
bial and antifouling dual-functional coatings were devel-

polymeric coatings on the Ti disks will exhibit potent
antibacterial activity and significantly inhibit the growth of
biofilms. The in vitro biological properties of surface coatings,
including antimicrobial activities and inhibition of biofilm were
investigated in detail. An animal model with the implant-
associated infection was also established, and the antibacterial

oped.”®™** Such antimicrobial and antifouling agents provide

powerful weapons in the arsenal for combating bacterial Received: March 6, 2018
infections. However, these coatings often require multistep Revised:  May 2, 2018
synthetic procedures, which hinders practical application.”* Tt is Published: May 4, 2018
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Figure 1. Schematic illustration of the synthetic route of antibacterial and antifouling polymeric agents and their application for the surface

functionalization of medical implants.

and antifouling ability of the polymer-modified Ti disks was
studied in vivo.

2. EXPERIMENTAL SECTION

2.1. Materials. Gentamicin sulfate (98%), poly(ethylene glycol)
diglycidyl ether (PEGDGE), ethylene glycoldiglycidyl ether (EGDE,
98%), ethylenediamine (ED, 98%) and sodium periodate were
purchased from Sigma-Aldrich. Dopamine hydrochloride was obtained
from Energy Chemical (Shanghai, China). Dimethyl sulfoxide
(DMSO, AR. grade) was purchased from Beijing Chemical Works
(China). The pathological glass slides were purchased from Citotest
(Jiangsu, China). Tryptone and yeast extract were brought from Oxoid
(UK). The strains of Escherichia coli (E. coli, JM 109) and
Staphylococcus aureus (FRF 1169) were obtained from Promega
(Madison, USA). The Live/Dead BacLight bacterial viability kit
(L7012) was purchased from Invitrogen (LifeTechnologies, USA).
The lysogeny broth (LB) medium and deionized water were
autoclaved (120 °C, 20 min) before use. The Cell Counting Kit-8
(CCK-8) was purchased from Wobisen Technology Co (Beijing,
China). The Ti disks with a diameter of 10 mm and the thickness of
0.5 mm were obtained from Hailihua Biotechnology Limited
Company (Guangzhou, China).

2.2. Synthesis of Polymeric Agents. First, commercial
gentamicin was desulfated as described in our earlier work.”” The
antibacterial and antifouling polymers were synthesized via ring-
opening reaction, namely GPEG (from gentamicin and PEGDGE) and
GEG (from gentamicin and EGDE). The antifouling analogue
(EPEG) was prepared by ring-opening reaction between ED and
epoxy groups of PEGDGE. The detailed synthetic procedures and
characterization are described in the Supporting Information.

2.3. Polymeric Coatings on Ti Disks and Characterization.
For the preparation of antibacterial and antifouling coatings, the Ti
disks were pretreated in a Tris(hydroxymethyl)aminomethane hydro-
chloride (Tris-HCl) buffer solution (10 mM, pH 8.5) containing 2
mg/mL of dopamine. After overnight incubation, a layer of
polydopamine (PDA) was coated on the surface of Ti disks, and the
resultant Ti disks were rinsed with copious deionized water to remove
unreacted reagents. Then, the pretreated Ti disks were transferred into
1 mL of aqueous solution containing 1 mg/mL of sodium periodate to
activate the PDA film. After 10 min, the activated Ti disks were washed
with deionized water and immediately transferred into the aqueous
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solutions containing EPEG, GEG and GPEG (2 mg/mL), respectively.
After the incubation at 55 °C for S h, all the Ti disks with different
coatings (namely Ti-EPEG, Ti-GEG, and Ti-GPEG) were rinsed with
a copious amount of deionized water and dried with nitrogen gas. The
pretreated Ti disks without activation were used as the control group.

X-ray photoelectron spectroscopy (XPS) spectra were recorded on
a Kratos AXIS HSi spectrometer (Kratos Analytical Ltd, UK)
equipped with a monochromatized Al Ka X-ray source (1486.6 eV
photons) to characterize modified-Ti disks. The static water contact
angles (WCAs) of samples were measured with Dataphysics OCA
system (Dataphysics, Germany) at room temperature. Two microliters
of deionized water was dispensed onto Ti disks or modified Ti disks,
and the WCAs on the samples were measured and recorded at least
three times.

2.4. Antibacterial Assay. The antibacterial activity of each
polymer in solution was evaluated with inhibition efficiency and
minimum inhibitory concentration (MIC), which was described in
detail in Supporting Information. To examine the antibacterial and
antifouling abilities of polymer-coated surfaces, the Ti disks with
different antibacterial coatings were incubated in bacteria culture, and
subjected to live/dead staining. The detailed procedures are described
in the Supporting Information.

2.5. Inhibition of Biofilm Formation. All the modified Ti disks
were incubated in LB medium (5 mL) containing 1 X 10°® cfu/mL of
bacteria (S. aureus or E. coli) at a stationary atmosphere at 37 °C to
allow biofilm formation. After 7 days, all disks were washed with
phosphate buffer saline (PBS) solution under aseptic condition to
remove the medium and unbound bacteria. Then, the disks were
incubated in a staining solution containing SYTO 9 (6 gmol/L) and
propidium iodide (P 30 #mol/L) from live/dead staining kit (L7012)
in the dark. After 15 min, the stained bacteria were imaged by 3D
confocal laser scanning microscope (CLSM, Leica, SP8) using an oil
immersed 63X objective lens.

2.6. In Vivo Anti-Infection Assay. Female BALB/c mice aged 8
weeks with body weight around 20 g were used for in vivo anti-
infection assay. All protocols involving the mice comply with the
guidelines described in the Association for Assessment and
Accreditation of Laboratory Animal Care, approved by the Peking
University Health Centre Institutional Animal Care and Use
Committee and Peking University Health Centre Ethnics Committee.
The surgical operations were performed after one-week adaption. All
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the mice were divided into five groups: (1) with infection and Ti-
GPEG; (2) with infection and Ti-GEG; (3) with infection and Ti-
EPEG; (4) with infection and pretreated Ti (control (+)); and (S) just
with pretreated Ti (control (—)). The mice were anesthetized by
intraperitoneal injection of 1% pentobarbital sodium (75:1 mg/kg).
Then, a 0.8—1.0 cm incision was cut parallel to the spine, and the
autoclave sterilized Ti disks were implanted subcutaneously. After the
incision was closed with 4—0 sutures, 100 yL of S. aureus suspension
(1 x 107 cfu/mL) was subcutaneously administrated to the
implantation site under the Ti disk. The skin temperatures of mice
were monitored on a daily basis throughout the experiment. On the
Ist, 4th, 7th, and 14th day after surgery, six mice of each group were
sacrificed by overdose pentobarbital sodium administration. Ti disks
and the soft tissues around Ti disks of the sacrificed mice were
harvested. The ex vivo Ti disks were incubated in PBS buffer solution,
and stained with live/dead BacLight Bacterial Viability Kit, and the
bacteria were imaged by CLSM. Soft tissues around the disk were
obtained, weighed, and homogenized in normal saline (1 mg/mL)
using a high-speed homogenizer (IKA T25, Germany). The
homogenates were sequentially diluted with normal saline. The
diluted tissue homogenates were spread on LB-agar plates and
incubated at 37 °C. After 24 h, the bacterial plaques on the plate were
counted. The DNA of single-colony bacteria on the plate was
amplified by polymerase chain reaction (PCR) with bacterial universal
primer 27F (AGAGTTTGATCCTGGCTCAG) and 1492R
(TACGGCTACCTTGTTACGACTT). Full length of 16S rDNA
was sequenced and compared with sequences in National Center for
Biotechnology Information (NCBI) database by Basic Local Align-
ment Search Tool (BLAST). Soft tissues around the disk were
collected and fixed in 4% paraformaldehyde, dehydrated, and
embedded in paraffin. The tissues were cut into S pym slices and
stained with hematoxylin-eosin (H&E) according to the standard
protocols.

2.7. Statistical Analysis. The experimental data were presented as
means =+ standard deviation with at least triplicate measurements. A
detailed statistical analysis is described in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Polymeric
Agents. The antibacterial and antifouling agents were
synthesized via ring-opening reaction of the amine groups of
gentamicin with the diepoxide group (of ethylene glycol
diglycidyl ether (EGDE) or poly(ethylene glycol) diglycidyl
ether (PEGDGE)), namely GEG (from gentamicin and
EGDE) and GPEG (from gentamicin and PEGDGE) (Figure
1). The antifouling analogue (EPEG, Figure S1 in Supporting
Information) was synthesized via the ring-opening reaction of
ethylenediamine (ED) with PEGDGE). '"H NMR was used to
characterize the structures of polymers (Figure S2, Supporting
Information). For GPEG and GEG, the chemical shift (e) at §
= 3.61 was attributed to the PEG moieties, and the peaks
(a,c,d) from 2.50 to 4.25 were attributed to the methyl groups
of gentamicin and the methylene protons (N—CH,—CH) and
(O—CH,—CH). For EGPG, the peak (e) at § = 3.61 also
shows the featured chemical shifts of protons of PEG moieties.
The peaks at 2.51—3.03 and 3.72—4.05 were attributed to the
methylene protons (N—CH,—CH) and (O—CH,—CH). The
methylene protons (O—CH,—CH,) belong to PEG moieties
predominate the signal ratio, causing other signals to be
relatively low. More signal peaks were probably because the
gentamicin possesses different chemical environments in the
polymer. The number-average molecular weight (M,) of
GPEG, GEG, and EPEG were 5.8 X 10° g mol™!, 3.4 x 10°
g mol™!, and 3.8 X 10 g mol™' with the corresponding
polydispersity indexes (PDI) of 1.37, 1.24 and 1.54,
respectively. The elemental analysis was done to certify the
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percentage of gentamicin incorporated into polymers. The mass
percentages of gentamicin of GPEG and GEG are 15.2% and
53.6%, respectively (Table S1, Supporting Information).

3.2. Antibacterial Activity in Solution. The antimicrobial
activity of the polymers toward both the Gram-positive bacteria
(S. aureus) and Gram-negative bacteria (E. coli) were studied in
solution (Figure 2). For S. aureus, the minimum inhibitory
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Figure 2. Inhibition efficiencies of the antibacterial polymers against S.
aureus and E. coli, respectively. The error bars indicate the standard
deviation (n = 3).

concentration (MIC) values of GEG and GPEG are 4 g mL™"
and 128 ug mL™', respectively. For E. coli, the MIC values of
GEG and GPEG are 8 g mL™" and 256 g mL™}, respectively.
GEG shows much lower MIC than GPEG, because GEG has a
larger proportion of gentamicin than that of GPEG (Table S1,
Supporting Information). Figure 2 also shows that EPEG
exhibits minimal antibacterial activity.

3.3. Physical Characterizations of Surface Coatings.
The pretreated Ti disks with PDA were used as the control in
this work. All disks (modified with GPEG, GEG, and EPEG,
namely Ti-GPEG, Ti-GEG, Ti-EPEG surfaces, respectively)
were characterized by XPS spectra (Figure S3, Supporting
Information). Ti-GPEG has the highest ratio of C—O peak
(66.2%), followed by Ti-GEG with a C—O peak (51.6%),
attributed to the PEG moieties in the polymer structure.
Meanwhile, Ti-EPEG has the highest percentage of C—N peak
(18.7%), owing to the higher percentage of the C—N bond of
ED. The above results confirmed the successful coatings of
three different polymers on Ti disks. The hydrophilicity of the
modified Ti disks was further examined by WCA. Figure S4
(Supporting Information) shows the changes in the contact
angles of disks before and after modification. Pristine Ti disks
were hydrophobic with a contact angle of 91.6°. After
pretreatment with PDA, the contact angle decreased to 51.5°,
indicating that the surface became more hydrophilic. All the
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surfaces of Ti-GPEG, Ti-GEG, and Ti-EPEG show contact
angles around 45°, also showing the successful modification of
the Ti disks.

3.4. Antibacterial and Antifouling Abilities of Poly-
mer-Coated Disks. To examine the antibacterial and
antifouling abilities of polymer-coated surfaces, the Ti disks
with different coatings were characterized by the live/dead
staining and scanning electron microscope (SEM). Figure 3

Ti-GEG

(a) Ti-GPEG Ti-EPEG Control
e .

S. aureus

—_—
(=2
—

E. coli

Figure 3. CLSM and SEM images of S. aureus (a) and E. coli (b) on
the modified Ti disks.

shows the fluorescent and SEM images of S. aureus and E. coli
on each disk. On the pretreated Ti disks (control), only green
fluorescence stained S. aureus and E. coli can be observed,
showing that the pretreated Ti disks exhibit minimal
antibacterial activity. When E. coli and S. aureus were treated
with Ti-GEG and Ti-GPEG, almost all of the bacteria were
killed. By contrast, all bacteria were still alive when the bacteria
cultures were incubated with Ti-EPEG. The antibacterial ability
is caused by the gentamicin species. In addition, fewer S. aureus
and E. coli remained on the surface of Ti-EPEG, Ti-GEG, and
Ti-GPEG than the control disk, indicating the good antifouling
abilities of Ti-EPEG, Ti-GEG, and Ti-GPEG due to the PEG
moieties. Moreover, Ti-EPEG and Ti-GPEG retain less E. coli
and S. aureus colonies compared with Ti-GEG. The SEM
images in Figure 3 show the morphologies of S. aureus and E.
coli. On the Ti-EPEG and control surfaces, S. aureus and E. coli
cells show regular and smooth shapes, while the membrane
collapse and shape deformation were observed in the bacteria
cells on the Ti-GPEG or Ti-GEG surfaces.

3.5. Inhibition of Biofilm Formation. Inhibition of
biofilms is one of the most important properties to prevent
implant-associated infections. The three-dimensional (3D)
confocal laser scanning microscopy (CLSM) images of bacterial
colonies on disks after 7 day incubation are shown in Figure 4.
A large number of live cells were observed on the control
surface with the thickness of 4 ym for S. aureus and 8 ym for E.
coli, respectively. The surface coated with GPEG and EPEG had
significantly less bacterial fouling as compared with Ti- GEG,
which is in agreement with the viable surface colonies in Figure
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Figure 4. 3D CLSM images of the biofilms on the modified Ti disks
for 7 days.

3. In addition, Ti-GPEG and Ti-GEG displayed more dead cells
compared with Ti-EPEG. The above results indicated that Ti-
GPEG demonstrated great promise in inhibiting biofilm
formation. The antibacterial polymer was grafted onto the
dopamine modified Ti disks via a Schiff base reaction. Zone of
Inhibition (ZOI) determination is a method for detecting the
dissolution/nondissolution of antibacterial materials.”> No zone
of inhibition was observed (Figure SS in the Supporting
Information), indicating that the grafted polymer was stable on
the Ti disks.

3.6. In Vivo Anti-Infection Assay. To evaluate the
antibacterial and antifouling properties in vivo, an animal
model for the implant-associated infection was established. The
mice were observed for 14 days to obtain an acute to the
chronic infection progression. The skin temperatures of mice
fluctuated within normal range (Figure S4, Supporting
Information). After 14 days of suture closure, the wound sites
of the Ti-GEG and Ti-GPEG groups healed well, and no
obvious redness or swelling was observed (Figure S). By
contrast, the Ti-EPEG and control (+) groups showed a
delayed wound healing and appeared swollen. Meanwhile, the
ex vivo Ti disks of the Ti-EPEG and control (+) groups were
covered with pus. The fluorescence images show more bacteria
fouling on the control (+) surface, while less on the Ti-GPEG
surface. Some unidentified cells and debris can be seen in the
control (=) group.36 The used Live/Dead bacterial staining kit
(Invitrogen, L7012) contains SYTO 9 and PI (propidium
iodide). The kit also can stain prokaryotic and eukaryotic
cells.””® Ti-EPEG, Ti-GEG and Ti-GPEG possess good
antifouling abilities, which accounts for less amount of cells
and debris. The above results suggest the superior antifouling
property of the Ti-GPEG group.

The number of bacteria around modified Ti disks was
determined by counting the bacterial colonies on the LB-agar
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Figure 5. Wound photographs of different groups of mice after implant experiment, ex vivo Ti disk photos and fluorescence imaging of live/dead

bacteria staining after 1—14 days.

Infected Tissues
Ti-GEG Ti-EPEG

a

Ti-GPEG Control (+)

Day 7 Day 4 Day 1

Day 14

Control (-)

T

1000000

mm Ti-GPEG mm Ti-GEG =m Ti-EPEG

mm Control (+) mm Control (-)
800000 -

[=2,
o
o
o
o
o
1

400000 -

CFU/mg soft tissue

200000 -

Day 1 Day 4 Day 7 Day 14

1279
1280

Sequenced_bacteria.seq
NCBK_S.IU!QUS.SQQ
Consensus

atcccataaagttgttctcagttcggattgtagtctgcaa

1319
1320

Sequenced_bacteria.seq
NCBI_S.aureus.seq
Consensus

o
o

gaag el

1359
1360

Sequenced_bacteria.seq
NCBI_S.aureus.seq
Consensus

agcatget

1399
1400

Sequenced_bacteria.seq
NCBI_S.aureus.seq
Consensus

1433
1434

o
o
a

Sequenced_bacteria.seq
NCBI_S.aureus.seq

Consensus Tggagtaaccttitaggagctagecgtcgaaget

Figure 6. Plate counting photos (a) and number of viable bacteria (b) in soft tissues around the Ti disks in the subcutaneous infection model after
1—14 days. (c) Parts of the 16S rDNA sequencing results of the bacteria (from the infected soft tissues) compared with sequences in NCBI database.

plate (Figure 6a and 6b). After the implantation for 1 day, the
bacteria numbers on Ti-GPEG and Ti-GEG were significant
less than the Ti-EPEG and control (+) groups. After 4, 7, and
14 days, the number of bacteria grown on the LB-agar plate
gradually decreased in the Ti-GPEG and Ti-GEG groups. The
number of bacteria in the control (+) group showed a slow
decrease after 7 and 14 days. Such phenomenon is probably
caused by the spontaneous immune response and suppuration.
Bacteria number in the Ti-EPEG group remained slightly
higher in the progression, because Ti-EPEG does not have
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antibacterial ability. The DNA sequence of the bacteria grown
on the LB-agar plate corresponded 99% with S. aureus in NCBI
database (Figure 6¢ and Figure S7 in the Supporting
Information). In addition, no bacterial colonies were observed
in the control (=) group, further indicating that the stained
species in Figure 5 were from unidentified cells and debris.
The infected tissues of the mice were harvested and
subjected to hematoxylin and eosin (H&E) staining. Prominent
neutrophilic infiltration responses in the Ti-EPEG and control
(+) groups were observed after 1 day, indicating an acute
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Figure 7. Representative images of tissue section around the Ti disks stained with H&E after 1—14 days. Green dashes represent Ti disk location
(Arrows: black, neutrophils; red, newly formed vessels and granuloma; green: necrosis; blue: fibrinous inflammation).

inflammatory response (Figure 7). The amount of neutrophil in
the Ti-GPEG and Ti-GEG groups is smaller, showing a milder
inflammatory response. Some neutrophil could also be found in
the control (—) group due to the Ti disk implantation
procedure.”” 7 days later, the neutrophil infiltration decreased
in the control (=), Ti-GPEG and Ti-GEG groups, while in the
other two groups the infiltration became more severe and
disintegrated neutrophil could be observed. After 14 days, the
necrosis took place in the Ti-EPEG and control (+) groups,
which is in accordance with the actual situation of the mice
after implantation. No obvious neutrophil remained in the
tissue of the Ti-GPEG group. Meanwhile, the granulomatous
inflammation and newly formed vessels occurred and
fibroblasts presented as well, showing a healing process.

4. CONCLUSIONS

In summary, antibacterial and antifouling polymeric agents
(GPEG and GEG) have been successfully synthesized via ring-
opening reaction. GPEG and GEG show excellent antibacterial
activity due to the gentamicin moieties in the polymer
structures. Owing to their rich primary amine groups,
antibacterial and antifouling polymers can also be coated on
Ti disks via an adhesive PDA layer. The in vitro and in vivo anti-
infection assays prove that Ti-GPEG possesses significant
antibacterial and antifouling ability. This work would provide a
promising approach for the effective surface functionalization of
medical implants to reduce implant-associated infections.
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