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A B S T R A C T   

Prevention of cardiovascular implantable electronic devices (CIED) infection is crucial for successful outcomes. 
In this study, we report an adhesive and antibacterial hydrogel coating for CIED infection treatment, by 
immobilizing polyethylene glycol (PEG) and 2′-O-hydroxypropyl trimethyl ammonium chloride chitosan (HAC) 
on Ti surface. Initial alkali and APTES treatment caused the formation of –NH2 to enhance the adhesion of the 
hydrogel coating to Ti implants, followed by immobilizing a photo-cross-linkable PEG/2′-O-HTACCS hydrogel on 
Ti/OH/NH2 surface. Surface characterization of Ti/OH/NH2 sample and adhesion testing of hydrogel on Ti/OH/ 
NH2 surface confirm successful immobilization of hydrogel onto the Ti/OH/NH2 surface. In vitro and in vivo 
antimicrobial results exhibited that the photo-cross-linkable PEG/HAC composite hydrogel has excellent anti
microbial capabilities against both Grampositive (S. aureus and S. epidermidis) and Gram-negative (P. aeruginosa 
and E. coli) bacteria. The outcome of this study demonstrates the photo-cross linked PEG/HAC coating hydrogels 
can be easily formed on the Ti implants, and has great potential in preventing CIED pocket infection.   

1. Introduction 

Cardiovascular implantable electronic devices (CIED) are widely 
used for the treatment of arrhythmia and heart failure [1,2]. However, 
CIED-related infection is a major complication, which result in increased 
mortality and health care utilization [3]. The results from epidemio
logical studies showed that the incidence of CIED infection has been 
increasing year by year [4,5]. Pathogenic bacteria such as 
coagulase-negative staphylococci, staphylococcus aureus, enterococcus 
and pseudomonas are most common pathogens isolated in patients with 
CIED infection [6,7]. 

Currently, guidelines for prevention of CIED infection mainly 
recommend prophylactic systemic antibiotics [8]. However, bacteria 
colonized in the packet are challenging to kill with systemic antibiotics 
therapy, especially after the formation of bacterial biofilm. The TYRX 

antibacterial envelope, which constructed from a multifilament knitted 
mesh with minocycline and rifampin, was approved by FDA for the 
prevention of CIED infection [9]. Overall, this envelop can reduce 1-year 
CIED infection by releasing antibiotics for 7–10 days and can be 
absorbed in 9 weeks. Nevertheless, a larger subcutaneous space is 
required when using the TYRX envelope, which increases the risk of 
incision dehiscence [10]. Moreover, the long-term stimulation of the 
surrounding tissues by the multifilament knitted meshcan might result 
in tissues fibrosis. Another study devised a plasma-based material (PBM) 
combined with antibiotics used in the prevention of CIED infection [11]. 
Compared to antibacterial envelop, the PBM is softer and more easily 
absorbed. However, long-term acquisition and preservation of 
plasma-based material is difficult. Moreover, antimicrobial resistance is 
a serious global problem and its development is driven through overuse 
of antibiotics. Recently, our team designed an injectable hydrogel that 
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significantly reduces the risk of CIED infection [12]. However, the 
injectable hydrogels often exhibit poor encapsulation and uneven dis
tribution in packet. Therefore, it is important to develop a antibacterial 
material with safe, adhesiveness and long-term stability for CIED 
infection. 

The construction of antimicrobial coatings on the surface of implant 
is considered to be an effective method to inhibit bacterial attachment 
and biofilm formation [13,14]. Numerous materials have been studied 
for building antimicrobial coatings, such as polysaccharide polymers, 
antimicrobial peptides, and metal nanoparticles [15–17]. Chitosan is a 
non-toxic biological material obtained through deacetylation of chitin, 
and it has wide spectrum antimicrobial activity due to its polycationic 
nature [18–20]. However, chitosan is insoluble in water, which limits its 
various biomedical applications [21]. 2′-O-hydroxypropyl trimethyl 
ammonium chloride chitosan (HAC) is a chitosan derivative, which 
enhances antibacterial activity and solubility [22,23]. However, HAC 
hydrogel have short-term adhesiveness and poor mechanical properties. 

Polydopamine (PDA) is widely used in the biomedical and pharma
ceutical fields as an intermediate coating to enhance adhesion to ma
terials [24–26]. However, PDA coating has the following shortcomings: 
low formation rate of coatings and uneven distribution on the material 
surface [27]. Hydrogel are hydrophilic polymer biomaterial, which play 
a significant role in the drug-delivery technology [28]. Polyethylen 
glycol (PEG) has been extensively applied in the preparation of hydro
gels due to its biocompatibility and low immunogenicity [29]. More
over, PEG has been widely used for reducing bacteria adhesion because 
of the steric barrier and excluded volume effects [30]. Numerous past 
studies have demonstrated that PEG is able to significantly decrease the 
adhesion of bacteria, such as Staphylococcus aureus, Staphylococcus 
epidermidis, Escherichia coli and Pseudomonas aeruginosa [31,32]. 

For clinical applications, it is important to complete surface modi
fication of CIED quickly before the surgery. The photo-crosslinkable 
hydrogel is viewed as a promising biomaterial because of its advan
tages of rapid polymerization and easy controlled polymerization [33]. 
In this study, PEG was selected as the backbone macromolecule and then 
o-nitrobenzyl alcohol (NB) was modified to synthesize PEG-NB as pre
viously described [34]. In addition, the hydrogel should have strong 
adhesion to CIED surfaces, especially in subcutaneous packet. The CIED 

shell consists mainly of titanium alloy, alkali-based treatment and 
APTES-silanized treatment was used to generate amino (− NH2) on Ti 
surface, which build a bridge between the functional species like imine 
photo-crosslinkable PEG, HAC and Ti surface (Scheme 1). Under UV 
irradiation, the o-nitrobenzene in PEG-NB is converted to o-nitro
sobenzaldehyde groups, which can subsequently react with amino 
groups of Ti samples and HAC. An extensive characterization of the 
PEG-NB/HAC composite hydrogel, including mechanical properties, in 
vitro and in vivo antibacterial activities, was performed. Our results 
show that the PEG-NB/HAC hydrogel possess promising potential for 
protection of CIED infection due to its excellent antibacterial capabilities 
and biocompatibility. 

2. Materials and methods 

2.1. Materials 

β-chitin, 3-chloro-2-hydroxypropyl trimethyl ammonium chloride 
(CTA), 3-aminopropyltriethoxysilane (APTES), HCl, isopropyl alcohol, 
acetone, potassium dichromate, and silver nitrate were purchased from 
MACKLIN reagent (Shanghai, China). All the bacteria were obtained 
from American Type Culture Collection (ATCC, USA). NIH-3T3 mouse 
fibroblast cells were kindly provided by Stem Cell Bank, Chinese 
Academy of Science. Live/Dead Viability/Cytotoxicity Kit (L3224), 
Live/Dead BacLight Bacterial Viability Kits (L7012), phosphate buffer 
saline (PBS), dulbecco’s modifified Eagle’s medium (DMEM), fetal 
bovine serum (FBS), nutrient agar and tryptic soy broth (TSB)were 
purchased from Thermo Fisher Scientific (USA). Other reagents were 
used as received without further purification. 

2.2. APTES attachment to titanium 

The CIED including permanent cardiac pacemakers (PM), implant
able cardioverter defibrillators (ICD), cardiac resynchronization therapy 
(CRTP), cardiac resynchronization therapy defibrillators (CRTD), and all 
the CIED shell is primarily composed of titanium alloy. Therefore, we 
used Ti sample as an alternative to CIED in this study. 1.5 × 1.5 cm2 

titanium (Ti) plates were cleaned in ethanol followed by ultrapure 

Scheme 1. Synthesis and application of PEG-NB/HAC hydrogel. (A) Schematic of Ti/NH2 samples formation and photocrosslinking of PEG-NB/2′-O-HTACCS 
hydrogel prepolymer solution with Ti/NH2 samples. (B) Schematic representation of PEG-NB/HAC hydrogel for pacemaker pocket infection prevention. 
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water. Then, the Ti plates were hydroxylated in a solution of 1:1 (v/v) 
concentrated sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) for 2 
min [35]. The were then rinsed with DI water, and weathered. After
ward, the hydroxylated samples were further placed in APTES solution 
(5% v/v in ethanol) in a vacuum oven for 2 h [36]. The samples were 
then cleaned by rinsing with ethanol and DI water. The above modified 
substrates were named as Ti/NH2. 

2.2.1. Surface characterization 
The surface morphology of Ti, Ti/OH and Ti/OH/NH2 were inves

tigated through scanning electron microscopy (SEM, Japan, SU8100). 
Before the observation, all samples required gold-coated by sputtering. 
The surface elemental composition was evaluated using X-ray photo
electron spectroscopy (XPS, Thermo). The contact angle of surface of Ti, 
Ti/OH and Ti/OH/NH2 was measured using dynamic contact angle 
system (KRUSS DAS100, German). In addition, we selected SEM to 
explore the microstructure of PEG-NB/HAC hydrogels coating to Ti 
implants. 

2.3. Synthesis of PEG-NB/HAC composite hydrogel 

HAC with a high degree of functionalization was synthesized in 
accordance with previously reported methods [23]. The synthesis 
method of PEG-NB was reported according to previous literature [34, 
37]. Fig. S1 demonstrates the 1 H NMR spectrum of the PEG-NB. The 1H 
NMR spectrum of PEG-NB showed obvious peaks that corresponded to 
the peaks of hydrogen atoms (a, b, h, i) in NB. This result confirmed 
successful graft of NB to PEG. Fig. S2 presents the chemical formula of 
PEG-NB and HAC. Purified HAC (0.7g) and PEG-NB (1g) was succes
sively added to 10 ml of PBS and fully dissolved overnight at 4 ◦C, to 
obtain hydrogel precursor solution (7 wt% HAC/10 wt% PEG-NB). A 
certain amount of hydrogel precursor solution is added to the surface of 
the Ti plates, upon UV exposure, o-nitrobenzene converted to o-nitro
sobenzaldehyde groups, which then crosslink with amino groups of Ti 
samples and HAC to form cured hydrogel. 

2.4. Adhesive test 

The adhesive properties of hydrogels were measured by a visual and 
quantitative method. Briefly, 100ul PEG-NB/HAC composite hydrogels 
added to the surface of Ti, Ti/OH and Ti/OH/NH2. Then, a glass sheet 
was placed in contact with the hydrogels to form an overlapping area of 
approximately 1.5 × 1.5 cm2. After UV light irradiation for 30s, the lap 
shear test was performed by the electronic universal testing machine 
(CMT2102, MTS) at a tensile speed of 3 mm/min. 

2.5. In vitro biocompatibility 

The biocompatibility of PEG-NB/HAC hydrogel was assayed by a Cell 
Counting Kit-8 for NIH 3T3 mouse fibroblast cells. NIH 3T3 cells were 
cultured in 96-well culture plates at a concentration of ~1 × 104 cells 
per well with DMEM supplemented with 10% FBS and incubated at 
37 ◦C in 5% CO2 overnight. Then, the growth media was removed and 
the growth media extracts of the uncoated and hydrogel coated Ti plates 
which was soaked for 24h were added on the cell layer. The growth 
media was removed at 24h and 72h, respectively. 100 μL of DMEM 
contained 10 μL CCK-8 solution was added to each well. After 2 h of 
incubation, the absorbance was measured at OD450. 

The biocompatibility of PEG-NB/HAC hydrogel was also evaluated 
by a live/dead assay kit. Briefly, 3T3 cells were cultured in 24-well 
overnight at a density of 5 × 104 cells per well and then cultured in 
growth media extracts of the hydrogels for 24h and 72h, respectively. 
Each sample were stained with calcein AM (0.5 μL/mL) and ethidium 
homodimer-1 (EthD-1, 2 μL/mL) in PBS for live and dead cells, respec
tively. The cells were incubated at 37 ◦C for 20 min, followed by 
observed by inverted fluorescence microscope. 

In addition, we added hemolytic activity assay for hydrogel to 
further evaluate the safety of hydrogels. Whole Blood was collected from 
a healthy human volunteer with written informed consent. Erythrocytes 
were collected by centrifugation at 1500 rpm for 15 min, washed three 
times with PBS, and suspended in PBS. Afterward, 1 mL of RBC sus
pension and 20 μL of hydrogel were added in a tube and incubated at 
37 ◦C for 1 h. Triton X-100 and PBS were used as positive and negative 
controls, respectively. The absorbance of supernatant, after centrifuga
tion, was analyzed at 540 nm [38]. 

2.6. In vivo toxicity 

All animal experiments were conducted in accordance with the 
guidelines of the Animal Care and Ethics Committee of Nanchang Uni
versity. Sprague-Dawley (SD) rats (female, 250–350 g) were randomly 
divided into control groups (3 rats in each of the 1-, 7-, and 14-day 
groups) and experimental groups (3 rats each of the 1-, 7-, and 14-day 
groups). The rats in the control group were implanted with bare Ti 
plates and rats in the experimental group were implanted with Ti–NH2 
coated with hydrogels. All samples were implanted into the subcu
taneous pocket on the right dorsum of the rats. At each experimental 
time point (1, 7, and 14 days), the tissues around the site of implanta
tion, heart, liver, kidney, and blood samples were collected. The tissue 
samples were stained via H&E staining to evaluate the inflammatory 
response around the site of implantation. The blood samples from rats 
were collected for routine blood, liver and kidney function assessment. 
In addition, we regularly observed the in vivo degradation of the 
hydrogel until the hydrogel was completely dissolved. 

2.7. In vitro antibacterial tests 

Antimicrobial performance of PEG-NB/HAC hydrogel was conducted 
by colony counting, live/dead fluorescence staining and SEM observa
tion with Grampositive (S. aureus and S. epidermidis) and Gram- 
negative (P. aeruginosa and E. coli) bacteria. Briefly, 100 μL of bacte
rial suspension (108 cfu/ml) was introduced to three bare Ti plates and 
three Ti–NH2 load with hydrogels, respectively. After 4 h, 24 h and 48 h 
of incubation, the bacterial culture were removed serially diluted with 
PBS for colony counting. The antimicrobial activity of hydrogel was also 
evaluated by fluorescence microscopy. After stained for 20 min, the 
bacteria on the surfaces were observed by inverted fluorescence mi
croscope. In addition, the morphology of the adhered bacteria on the 
samples was observed by scanning electron microscopy (SEM). 

2.8. In vivo antibacterial studies 

To evaluate the antibacterial property of the PEG-NB/HAC com
posite hydrogel in vivo, this study was conducted on the pocket infection 
of the rat model. CIED are primarily implanted under the skin of the 
patient’s chest in clinical practice. Therefore, we chose to implant the 
samples under the skin of the rat’s back, which is similar to the skin 
structure at the location of CIED implantation in humans. Previous 
studies have also used the back of the animal as the implantation site for 
CIED [11,12,39]. Staphylococcus aureus is the most common cause of 
bacteraemia and early pocket infections. Therefore, we chose Staphylo
coccus aureus as the causative agent for the construction of an in vivo 
model of CIED pocket infection. The bare Ti plates and Ti–NH2 plates 
coated with hydrogel were incubated in S. aureus suspension (1 × 108 

CFU/mL) for 4 h. The back was shaved and the underlying skin was 
disinfected with alcohol under general anesthesia. Under sterile condi
tions, two subcutaneous pockets were created on both sides of the back, 
and d the left pocket was implanted with bare Ti plates. After 3 and 7 
days implant period, the samples were removed and immersed in 5 mL 
PBS and sonicated for 5 min. After ultrasonication, solution were diluted 
and plated onto agar plates for colony counting. Moreover, microbial 
activity on the Ti plates surface of the control and experimental group 
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was evaluated using fluorescence microscopy. 
In addition, the tissues around the site of implantation were removed 

and conducted the H&E stained as described above. The expression of 
interleukin 1β (IL-1β) and tumor necrosis factor α (TNF-α) of the pocket 
was tested by immunohistochemical staining. Images of stained slides 
were accquired using the ScanScope CT automated slide scanning sys
tem (Aperio Technologies, Vista, CA, USA). Gene expression was also 
assessed by Quantitative Real-Time PCR (qRT-PCR). Total RNA was 
purified from freshly tissue around the site of implantation via RNAprep 
Pure Kit (TIANGEN) and complementary DNA was synthesized using 
FastKing gDNA Dispelling RT SuperMix (TIANGEN). The primers used in 
the study were showed in Table S1. Gene expression levels were quan
tified by the 2-ΔΔCT method (Ct of target gene, Ct of GAPDH). 

2.9. Statistical analysis 

All data are shown as mean ± standard deviation (SD). Experimental 
data were analyzed using one-way analysis of variance (ANOVA) with 
Tukey’s post hoc analysis. Statistical significance was accepted for P 
values of <0.05. 

3. Results and discussion 

3.1. Surface characterizations 

To determine the surface properties of samples at each stage of 
surface modification, we assessed the sample surfaces based on Surface 
topography (SEM), surface hydrophilicity (contact angle measurements) 
and elemental composition (XPS). Fig. 1A displays the representative 

SEM images of the various treated surface morphologies. As shown in 
Fig. 1A, the surface of pure Ti plate was typically flat. After alkali 
treatment, large surface irregularities with a roughness formed on Ti 
surface. Compared with the hydroxyl-modified Ti, nodular structures 
were emerged on the surface of APTES-modified Ti. Similar structure 
was found in another study [36,40,41]. 

XPS analysis was conducted to assess the elemental composition of 
the different sample surfaces. Table 1 and Fig. S3 presents the results of 
surface elemental analysis. XPS after alkali treatment showed a signifi
cantly increase in the oxygen (O%). Modification with APTES increased 
nitrogen (N%), carbon (C%) and silicon (Si%) to 9.32%, 9.21% and 
42.82% respectively. Moreover, APTES decreased O% to 37.19% and Ti 
% to 1.46%. Changes in surfaces composition indicate the successful 
immobilization of hydroxyl group and APTES onto the surface. 

Water contact angle was assessed to identify the hydrophilicity 
change of various sample surfaces (Fig. 1B). The results showed that the 
water contact angle decreased after alkali treatment [40], as shown by a 
decrease in the water contact angle from 65.5 ± 0.51◦ to 41.3 ± 1.0◦. 
The change in water contact angle was attributed to the presence of 

Fig. 1. (A) SEM images and (B) Water contact angle of Ti, Ti–OH, Ti–NH2 samples. (A) The representative SEM images of the various treated surface morphologies. 
(B) Digital photos of the water droplets placed on surface of Ti, Ti–OH, Ti–NH2 samples; Average static contact angle determined after 10 min. 

Table 1 
Elemental compositions (at.%) of different sample surfaces determined by XPS.   

Black NaOH APTES 

C (%) 12.79 1108 42.74 
N (%) 0.00 0.00 9.40 
O (%) 16.14 68.24 37.24 
Ti (%) 71.07 20.68 1.49 
Si (%) 0.00 0.00 9.14  
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numerous of hydrophilic hydroxyl groups on the alkali-treated surface 
[42]. The water contact angle increased to 76.3 ± 2.6◦ after APTES 
modification due to APTES is hydrophobic molecular. The results also 
show the successful modification of hydroxyl group and APTES onto the 
sample surfaces. 

To verify the conversion of o-nitrobenzene in PEG-NB to o-nitro
benzaldehyde groups after irradiation, it can then react with the amino 
groups of Ti samples and HAC. We selected SEM to explore the micro
structure of PEG-NB/HAC hydrogels coating to Ti implants. Cross sec
tions of PEG-NB/HAC hydrogels coating to Ti implants are shown in 
Fig. S4. It can be found that hydrogels show a highly interconnected and 
porous three-dimensional network structure coating to Ti implants. 

3.2. Adhesion of PEG-NB/HAC hydrogels 

High adhesion of hydrogels to Ti surfaces is important for the success 
of the PEG-NB/HAC hydrogel coating on Ti implants. The adhesive test 
was assessed by placing the hydrogels between Ti sample and glass slide 
according to the lap shear strength test. As shown in Fig. 2, the adhesion 
property of hydrogels to Ti was significantly increased after APTES 
modification compared to the Ti and alkali treatment groups. Results 
showed that lap shear strengths was enhanced after APTES modification 
from 13.2 ± 0.6 kPa to 38.7 ± 1.3 kPa. The almost 2-fold increase in 
adhesion property after APTES modification might be attributed to the 
binding effect between the amino groups and hydroxyl groups, which 
significantly improved coating stability on Ti implants [43]. 

3.3. Biocompatibility assay 

The hydrogel kills bacteria through a direct contact mechanism, 
which maybe damage mammalian cells. The live/dead cell staining and 
CCK-8 assay were performed to assess the cytotoxicity of PEG-NB/HAC 
hydrogels. Fig. 3A shows the live/dead fluorescent images of 3T3 cells. 
The overall cell viability was similar between control and hydrogel 
groups at days 1 and 3 of culture. Furthermore, high cell viability 
(>90%) was observed in all groups after culturing for 1, 3 and 7 days 
(Fig. 3B), indicating that the hydrogel shows excellent biosafety [44]. As 
shown in Fig. S5, the PEG-NB/HAC hydrogels produced negligible he
molysis, indicating that PEG-NB/HAC hydrogels exhibited good 
hemocompatibility. 

The degradation products of the hydrogel can be absorbed into the 
circulatory system, so it is important to assess the biocompatibility of 
hydrogel. The histocompatibility of the hydrogel was evaluated in rats. 
Ti plates and Ti–NH2 coated with hydrogels were implanted in the back 
of the rats under a sterile environment. H&E staining of the tissues 
around the site of implantation, heart, liver and kidney were evaluated 

after 1d, 7d, and 14 d. As shown in Fig. 3C and Figs. S6–S9, there were 
no obvious toxicity and inflammatory reaction in experimental group 
compared with the control group. The biosafety was also assessed by 
blood routine, liver function and renal function. There were no signifi
cant difference in white blood cell (WBC), red blood cell (RBC), alanine 
aminotransferase (ALT) and serum creatinine between control group 
and experimental group (Fig. 3D). Furthermore, other biomarkers of 
blood routine (platelet and hemoglobin), hepatic (aspartate amino
transferase, glutamyl transpeptidase and bilirubin) and renal function 
(blood urea nitrogen) were normal in hydrogel group (Fig. S10). The in 
situ hydrogel was surgically separated and observed. As shown in 
Fig. S11, the PEG-NB/HAC hydrogel adhering to Ti sheets could be 
completely degraded in vivo within 10 days. According to the above 
results, PEG-NB/HAC hydrogel has high biological safety. 

3.4. In vitro antibacterial activity 

Previous studies have suggested an increased rate of CIED-related 
infection and antibiotic resistance [5,45]. In present study, instead of 
using antibiotics, we used PEG-NB/HAC composite hydrogel to achieve 
the purpose of preventing CIED infection. The antimicrobial activity of 
the PEG-NB/HAC hydrogel was first evaluated via colony count. 
Representative bacteria of CIED-associated infections, Gram-positive 
(S. aureus and S. epidermidis) and Gram-negative (P. aeruginosa and 
E. coli) bacteria were used to evaluate the antimicrobial capability of the 
PEG-NB/HAC composite hydrogels using the colony counting assay 
[46]. After 4, 24 and 48h of incubation, the colonies were counted and 
compared with the control group. As shown in Fig. 4A and Fig. S12A, the 
results of colony count are presented as images and histograms. For all 
four species of bacteria used in the experiment, the control groups dis
played significant increased colony counts during incubation, as ex
pected. In contrast, PEG-NB/HAC composite hydrogel exhibited 
excellent antimicrobial capability, the colony counts of hydrogel groups 
was significantly lower than control groups. 

The antibacterial activity of the PEG-NB/HAC hydrogel was further 
assessed by a live/dead bacterial staining. Four different bacteria were 
incubated on the surface of hydrogel coatings for 24 h, and Ti samples 
were used as the control groups. Living bacteria were stained as green 
and dead as red, respectively. As shown in Fig. 4B and Fig. S12B, bac
teria incubated on the surface of Ti plates were shown very high viability 
after 24 h. In contrast, the results from the PEG-NB/HAC composite 
hydrogel were found to have a lower viability for four different bacteria. 

The antibacterial properties of chitosan are mainly attributed to 
polycationic nature, which disrupts the integrity of the outer membrane 
and ultimately leads to cell death [18]. Moreover, PEG possess the 
ability to resist bacterial adhesion and inhibit biofilm formation [32]. To 

Fig. 2. Adhesion properties of PEG-NB/HAC hydrogel to different Ti samples. (A) Schematic presentation of the lap shear test; (B) Lap shear strengths of PEG-NB/ 
HAC hydrogel of to different Ti samples. 
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Fig. 3. Biocompatibility of PEG-NB/HAC hydrogel. (A) Live/Dead staining images and (B) Cell viability of fibroblast cells after coculture with hydrogels. (C) H&E 
staining of tissue around the site of implantation. (D) White blood cell, red blood cell, alanine aminotransferase and serum creatinine in rats after implantation of 
hydrogel. (*P < 0.05) 

Fig. 4. In vitro antibacterial activity of the PEG-NB/HAC hydrogel. (A) Bacteria colony count experiments, (B) Live/dead bacterial viability assay, and (C) SEM 
images of S. aureus and E. coli after co-culture with the PEG-NB/HAC hydrogel. 
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better understand the antibacterial mechanism of the PEG-NB/HAC 
composite hydrogels, SEM was used to observe the morphological 
change of the bacteria in contact with the hydrogels [47]. The SEM 
images presented for control groups showed that bacteria retained 
smooth spherical morphologies with intact membranes after 24 h of 
incubation (Fig. 4C and Fig. S12C). In contrast, only few bacteria were 
able to adhere to the PEG-NB/HAC composite hydrogels coating sur
faces. Moreover, the bacteria on the hydrogels coating surfaces exhibi
ted morphological deformations. Considering the high initial number of 
bacteria (107 cfu/mL), the PEG-NB/HAC composite hydrogels coating 
might be effective in clinical situations. 

3.5. In vivo antibacterial activity 

A rat model of CIED pocket infection was developed to investigate 
the antimicrobial capability of PEG-NB/HAC hydrogel in vivo (Fig. 5A). 
The treatment was divided into control and PEG-NB/HAC hydrogel 
groups. After 3 and 7 days implant period, the pockets were opened for 
observation, and the Ti samples collected in pockets were assessed for 
bacterial infection using live/dead staining and colony counting. Fig. 5B 
shows the representative images of S. aureus-infected pockets after 3 
and 7 days. The control group was found to have pus accumulation in 
the pockets. In contrast, there were no purulence in the hydrogel groups, 
which could be attributed to their effective antibacterial activity. AS 
shown in Fig. 5C, Live/dead staining revealed that the bacteria viability 
of the control groups was clearly visible by green fluorescence, while the 
bacteria membrane permeability was enhanced in the hydrogel groups, 
as seen by red fluorescence. The antibacterial activity of PEG-NB/HAC 
composite hydrogels coated on Ti plates was assessed by colony count
ing assay. On days 3 and 7, the bacterial burden collection from the Ti 
samples was compared between control groups and hydrogel groups. A 
large number of colonies were found on the agar plates in the control 
groups, whereas few colonies were found in the hydrogel groups 
(Fig. 5D). These results suggested that PEG-NB/HAC hydrogels had 
excellent antibacterial activities for CIED related infection. 

On the days 3 and 7, the tissues around the pocket were collected and 
stained with H&E, IL-1β, and TNF-α, and further studied for inflamma
tory gene expression by qRT-PCR [48,49]. H&E staining of the tissues in 
the site of implantation showed that there was substantial inflammatory 
cell infiltration and purulent phenomenon in control groups. In the 
PEG-NB/HAC composite hydrogels groups, there were no significant 
exudation and inflammatory reactions in the fascia (Fig. 6A and 
Fig. S13). In addition, in the case of IL-1β and TNF-α staining, a signif
icant reduction of inflammatory cytokines (brown staining) was 
observed in the hydrogel groups, while severe inflammation response 
was observed in control group (Fig. 6B). Quantitative RT-PCR (qPCR) 
revealed that the mRNA levels of IL-1β and TNF-α, two inflammatory 
factors, markedly higher in the control groups than in the hydrogel 
groups (Fig. 6C). In summary, inflammatory responses of the tissues 
around the pocket were significantly lower in hydrogel groups [50]. 
These in vivo results indicated the PEG-NB/HAC composite hydrogel 
can inhibit bacterial growth and accumulation on the Ti implants, which 
is promising for avoiding CIED related infection. 

4. Conclusion 

In this study, we designed a photo-cross linked PEG-NB/HAC coating 
hydrogel for Ti implants to prevent CIED related infection. Alkali-based 
and APTES treatment caused the formation of –NH2 to enhance the 
adhesion of the hydrogel coating to Ti implants. After coating onto the Ti 
surface, the hydrogel coating is easily crosslinking between o-nitro
sobenzaldehyde groups of PEG-NB and amino groups of HAC and Ti 
samples upon UV irradiation. These in vitro and in vivo results suggested 
that the biocompatibility and antibacterial activity of the PEG-NB/HAC 
hydrogels. When applied in a CIED pocket infection model, the photo- 
cross linked hydrogel was found to significantly inhibit implant- 
related infections. In summary, our study shows that the photo-cross 
linked PEG-NB/HAC coating hydrogel can be easily formed on the Ti 
implants, and has great potential in preventing CIED pocket infection. 

Fig. 5. In vivo antibacterial activity of the PEG/HAC hydrogel. (A) Schematic illustration of PEG-NB/HAC hydrogel for prevention of pocket infection. (B) The image 
of the pockets in visually. (Day 3 and Day 7) (C) Live/dead bacterial viability assay of the Ti implants. (D) The plate for bacterial count of the control group and PEG- 
NB/HAC hydrogel group at different time. 
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