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Abstract

A composite adhesive capable of inducing cellular infiltration was prepared by incorporating 

control clustered silica microparticle (MP) derived from the aggregation of silica nanoparticle 

(NP) into a catechol-terminated poly (ethylene glycol) bioadhesive (PEG-DA). Incorporation of 

MP into PEG-DA significantly improved the mechanical and adhesive properties of the 

bioadhesive. There was no statistical difference between the measured values for NP- and MP-

incorporated adhesives, indicating that MP was equally as effective in enhancing the material 

properties of PEG-DA as NP. Most importantly, MP was significantly less cytotoxic when 

compared to NP when these particles were directly exposed to L929 fibroblast. When the 

adhesives were implanted subcutaneously in rats, MP-containing PEG-DA also exhibited reduced 

inflammatory responses, attracted elevated levels of regenerative M2 macrophage to its interface, 

and promoted cellular infiltration due to increased porosity within the adhesive network. Control 

clustered silica microparticle can be used to improve the performance and biocompatibility of 

PEG-based adhesive while minimizing undesirable cytotoxicity of silica nanoparticle.
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1. Introduction

The incorporation of inorganic nanoparticles (NP) into polymeric matrices provides a simple 

approach to create nanocomposites with improved mechanical properties and tailored 

biological responses (1, 2). This reinforcement strategy of using NP to form physical and 

chemical crosslinks within a polymer network has been rigorously studied in the past 

decades. Specifically, nanoparticles used in biomedical applications include silica (Si) 

particle, bioactive glass, and hydroxyapatite (1, 3–5). Among these particles, Si particles are 
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one of the most commonly used, with key examples such as magneto-luminescence 

composites (6), drug releasing composite (7), and composites with elevated mechanical 

property (2, 8). Additionally, Si NP degrades into silicic acid, which has been found to be 

beneficial for bone and connective tissue formation and remodeling (9, 10).

Despite the advantages associated with Si NP, some reported the toxicity of these particles 

due to its reduced size (9, 11, 12). The cytotoxicity of NP is associated with the direct 

physical interaction between the particle and cell membrane, resulting in the cellular 

internalization of NP (13). Particles with a larger size exhibited reduced cytotoxicity, as the 

internalization process is hindered when the particle size approaches micron scale (9, 11, 12, 

14). However, the performance of the micron-sized particle is inferior to that of NP in 

improving the mechanical properties of polymer matrices, due to a significant reduction in 

the surface area as well as the limitation in particle dispersion (15, 16). To overcome the 

cytotoxicity associated with NP and the reduced performance of micron-sized particles as a 

filler, we prepared clustered microparticles (MP) that were formed through the clustering of 

NP. We hypothesized that the clustered MP will have reduced cytotoxicity due to its 

increased size while retaining nano-scaled surface features with an enhanced surface area for 

interacting with the polymer matrix.

To evaluate the biocompatibility and effectiveness of MP in functioning as a filler, these 

particles were incorporated into a biodegradable poly(ethylene glycol) (PEG)-based 

bioadhesive. A branched PEG was end-functionalized with dopamine (PEG-DA) (Scheme 

1). Dopamine contains a catechol adhesive moiety that mimics the curing and interfacial 

chemistries found in mussel adhesive proteins (17–19). Catechol forms strong interfacial 

bonds (e.g., hydrogen bonds, electrostatic interaction) with inorganic surfaces such as SiO2 

and SiOH on the surface of Si particle (Scheme 1A) (17, 19–21). We previously 

demonstrated that the incorporation of nanosilicate particles (e.g., Laponite®) into catechol 

containing hydrogel, significantly improved the mechanical property of the hydrogel (22–

25). When catechol is oxidized, it forms the highly reactive quinone which can result in 

catechol polymerization and curing of the catechol-containing adhesive (26, 27). Quinone 

can also react with a nucleophilic group (e.g., -NH2 of lysine), resulting in interfacial 

covalent bond formation with the tissue surface (28, 29).

In this paper, Si NP was first prepared by sol-gel method and further clustered to form MP. 

The effect of incorporating the clustered particle on the mechanical property, adhesive 

property, and degradation rate of PEG-DA was examined. Additionally, the biocompatibility 

of the composite adhesive was assessed both in culture and through subcutaneous 

implantation in rats.

2. Material and Method

Sodium periodate (NaIO4, > 99.8%) was obtained from Acros Organics (Fair Lawn, NJ). 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 98% (MTT) was purchased 

from Alfa Aesar (Ward Hill, MA). Phosphate buffer saline (PBS), tetraethyl orthosilicate 

(TEOS, 99.8%), ethanol (200 proof), sodium hydroxide, and acetic acid (Glacier) were 

purchased from Fisher Scientific Co. (Pittsburgh, PA). Histology mounting medium 
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Polyfreeze, Trichrome Stain (Masson) Kit, Bouin’s solution, and Weigert’s iron hematoxylin 

solution were purchased from Sigma-Aldrich (St. Louis, MO). Anti-CD163 antibody 

(ab87099), goat anti-rabbit IgG H&L (Alexa Fluor 488) (ab150077), anti-CD68 antibody 

(ab125212), and goat anti-rabbit IgG H&L (Alexa Fluor 647) were purchased from Abcam 

(Cambridge, MA). 4,6-Diamidino-2-phenylindole (DAPI) was obtained from Invitrogen 

(Grand Island, NY). PEG-DA (Figure S1) was prepared using an 8-armed PEG (MW = 20 

kDa, JenKem USA, TX) while following previously published protocols (22, 30).

2.1. Preparation of silica nano- and microparticle (NP and MP)

NP was prepared using a modified Stöber method (31). Silica precursor solution was 

prepared by mixing 4 g of TOES with 50 mL of ethanol and sonicated for 10 minutes. The 

reactor solution was prepared with 25 mL deionized water mixed with 30 mL ethanol and 

vigorously stirred (15 minutes at 1000 rpm) using a Real Torque Digital overhead 

mechanical stirrer with an HR 18 Half-Moon Blade (Fisher Scientific Co., Pittsburgh, PA) at 

55°C. The pH of the reactor solution was maintained at pH 11 by adding 0.1 M NaOH. The 

silica precursor solution was added dropwise into the reactor solution at a rate of 

approximately 300 μl/second while stirring at 1000 rpm. After stirring for 1 hour at 55 °C, 

the pH of the reaction mixture was neutralized by adding 0.1 M acetic acid. The reaction 

mixture was further stirred for an additional 12 hr at room temperature. The reaction mixture 

was filtered using a filter paper with a mesh size of 20 μm to remove large contaminants. 

Ultra high-speed centrifugation (10000 Gs) was used to separate the particles from the 

solution. The particles were washed rigorously for 3 times with ethanol to ensure complete 

dehydration and removal of sodium acetate. After drying under a vacuum of 24 hrs, the yield 

of NP was 1.5 g.

MP was prepared similarly as NP. Silica precursor solution was added to the reactor solution 

and vigorously stirred (1000 rpm) at 55°C for 1 hr as described above to form NP. To form 

clustered MP, the pH of the reaction mixture was reduced to pH 3 with the addition of 0.2 M 

acetic acid. The reaction mixture was further stirred for an additional 12 hr at room 

temperature. Then, the solution was neutralized by adding 0.1 M NaOH. Ultra high-speed 

centrifugation (5 minutes at 10000 G) was used to separate the particles from the solution. 

The particle was washed 3 times with ethanol and dried under vacuum for 24 hrs. MP was 

further sifted through ASTM 200 (75 μm) and ASTM 450 (32 μm) sifters. The final yield of 

MP was 1.2 g.

2.2. Preparation of composite adhesive

The adhesive hydrogels were formed by mixing an equal volume of the PEG-DA precursor 

solution (300 mg/mL in 20 mM PBS at pH 7.4 with or without 4–20 wt% NP or MP) and 

NaIO4 solution (54.5 mM in deionized H2O). The final concentration of PEG-DA was 150 

mg/mL, and the final concentration of NP or MP in the composite adhesive were 0–10 wt%. 

The final NaIO4 to dopamine molar ratio was 0.5. Cure time was determined when the 

mixture ceased to flow in a tilted vial (Figure S2) (30), as measured using a digital timer. 

Unless specified otherwise, the adhesive was allowed to further crosslinked after curing for 

24 hours and equilibrated in PBS (pH = 7.4) for further characterization. The composite 
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adhesives containing NP and MP were referred to as PEGx%N and PEGx%M, respectively, 

where x is the weight percentage of the particle in the composite adhesive.

2.3. Characterization of the adhesive

Samples were freeze-dried for at least 48 hours and characterized using Fourier transform 

infrared (FTIR) spectroscopy (Perkin Elmer Spectrum One). The morphologies of the 

particles, cured PEG-DA, and its composites were observed using field emission scanning 

electron microscopy (FE-SEM, Hitachi S-4700). The pore size of composite adhesive was 

analyzed using ImageJ (National Institutes of Health, Bethesda, MD). The calculation of the 

equilibrium water content (EWC) of the gels was performed as previously described (22).

2.4. In vitro degradation

Composite adhesive discs (diameter = 10 mm, thickness = 1.5 mm, n = 3) were incubated in 

5 ml of PBS (pH = 7.4) at 37 °C. The PBS solution was removed and replaced with fresh 

PBS every 7 days. Samples were dried to determine their relative remaining mass (Mr) at 2, 

4, 6, and 8 weeks after incubation. The calculation of the residual dry mass of the adhesive 

was performed according to the following equation:

where M0 and Mt are the initial mass of the adhesive and its mass after degradation, 

respectively (22).

2.5. Rheological testing

Rheological properties of the composite adhesives were characterized using a Discovery 

Hybrid Rheometer HR2 (TA instrument, Newcastle DE). Both strain sweep (0.01–100% 

strain, at 0.1 Hz) and frequency sweep (0.01–50 Hz at 10% strain) experiments were 

performed to determine the storage (G′) and loss (G″) moduli. Composite adhesive discs 

(diameter = 10 mm, thickness = 1.5 mm, n = 3) were tested using a parallel plate set up with 

a gap distance that is set at 87.5% of the individual hydrogel thickness, as measured by a 

digital caliper. PBS was introduced around the composite adhesive to prevent dehydration. 

To monitor the changes in the moduli during the curing process, precursor solutions (100 μL 

of PEG precursor solution with and without NP and MP) were directly added to the 

rheometer and mixed in situ with a NaIO4 solution (100 μL) at a gap distance of 0.5 mm 

with a cone and plate set up. The cone dimension was 20 mm diameter with the 2° 

inclination angle.

2.6. Lap shear adhesion testing

Adhesive properties of the composite adhesives were determined using lap shear adhesion 

test according to American Society for Testing and Materials (ASTM) standard F2255-05 

(32). Briefly, the bovine pericardium was cut into 2.5 cm × 2.5 cm strips and hydrated in 

PBS. PEG-DA composite adhesives were cured between two partially overlapping bovine 

pericardial with an overlapping area of 2.5 cm × 1 cm. The adhesive joint was compressed 
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with a 100-g weight for 15 min and further conditioned in PBS (pH=7.4) at 37 °C for 

overnight before testing. The dimensions of the contact area of each adhesive joint were 

measured using a digital caliper immediately before testing. The adhesive joints were pulled 

to failure at a rate of 0.1 mm/sec until the tissues separate using an Electroforce® machine 

(Bose Electroforce Group, MN). The adhesive strength was determined by the max load 

divided by the initial contact area of the adhesive joint (22).

2.7. In vitro cytotoxicity study

A quantitative MTT assay was used to determine the viability of cells exposed to NP and 

MP, extracts of these particles, and the extracts of the composite adhesives containing these 

particles while following ISO 10993-5 guideline (33). The composite adhesives were 

sterilized using ethanol following a published protocol (34). Briefly, disc-shaped samples (5-

mm diameter, 2-mm thick) were submerged in 70 % (v/v) ethanol for 45 min followed by 

washing three times with 20 ml of sterile PBS for 90 min. The adhesives were further 

incubated in cell culture medium (10 mg/mL) for 24 hours at 37 °C to obtain the adhesive 

extracts. NP and MP were treated with UV radiation for 30 minutes before incubation with 

cell culture medium. The treated cell culture medium was used as is or filtered with syringe 

filter with a mesh size of 0.22 μm for direct and indirect cytotoxicity testing, respectively. 

L929 cells were suspended in cell culture medium and seeded into 96-well microculture 

plates at a density of 104 cells/100 μL/well. The cells were incubated in a humidified 

incubator (37 °C, 5% CO2) for 24 hours to obtain a confluent monolayer of cells. Then, the 

medium was replaced with 100 μL of adhesive extract, particle extract, or particles 

suspended in cell culture medium. After incubation for 24 hours, the medium was removed 

and replaced with 50 μL of MTT solution (1 mg/ml in PBS) and further incubated for 

another 2 hours. Finally, all solution was removed, and 100 μL of DMSO was added to 

dissolve MTT. The absorbance of each well was measured at 570 nm (reference 650 nm) 

using a Synergy HT Multi-Mode Microplate Reader (BioTek, USA). The relative cell 

viability was calculated as the ratio between the mean absorbance value of the sample and 

that of cells cultured in the culture medium (22).

2.8. Subcutaneous implantation

Healthy, weight matched Sprague-Dawley rats were obtained from Michigan Technological 

University (MTU) animal facility. The subcutaneous implantation was performed following 

the approved protocol by the Institutional Animal Care and Use Committee (IACUC). PEG-

DA, PEG-DA with 10wt% NP (PEG10%N), and PEG-DA with 10wt% MP (PEG10%M) 

(diameter = 10 mm, thickness = 1.5 mm) were bilaterally implanted subcutaneously in the 

backs of Sprague-Dawley rats. Adhesive samples were sterilized using the same procedure 

as in the in vitro cytotoxicity study (34). Rats were anesthetized using an isofluorane-oxygen 

gas mixture and fur around the implantation site were removed. A pouch was formed using a 

pair of fine scissors, and a composite adhesive disc was placed in this pouch. 4 weeks post-

surgery, the animals were euthanized and implanted composite adhesive along with 

surrounding tissues was collected, embedded in Polyfreeze, and then flash frozen in liquid 

nitrogen. The frozen samples were stored in −80 °C freezer before sectioning. All tissues 

were cryosectioned into 10 μm thick sections and stained with Masson’s trichrome staining 

for morphology and collagen production evaluation. For immunofluorescence staining, 
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CD68 and CD163 were used to identify total macrophage population and macrophage type 2 

(M2), respectively. All histological imaging analyses were performed on an Olympus 

microscope. Cells infiltration and local collagen content were quantified by ImageJ in a 50 

μm × 50 μm area at the tissue-composite adhesive interface.

2.9. Statistical analysis

Statistical analysis was performed using Origin software. One-way analysis of variance 

(ANOVA) with Tukey’s HSD analysis and Student’s t-test were performed for comparing 

means of multiple groups and two groups, respectively, using a p-value of 0.05.

3. Results and discussion

3.1. Preparation of PEG-DA composite adhesives

NP and MP were successfully synthesized via the modified Stöber method. The average 

diameters of the particles were 360 ± 60 nm and 42 ± 25 μm, respectively (Figure 1). MP 

was prepared by controlled clustering of NP resulting in spherical clusters (Figure 1C) with 

nanosized surface features (Figure 1D). MP was forced to cluster via the reduction in pH of 

the reactor solution during the early portion of the condensation process. This allowed Si-O-

Si bond and polysilicic chains to form at the boundaries of the particles, causing the 

clustering of MP similar to aggregation model reported by Kobayashi et al. (35).

Up to 10 wt% of NP and MP were incorporated into PEG-DA adhesives. The adhesive 

precursor solutions solidified to create opaque gels (Figure S2). PEG-DA adhesive cured 

through the polymerization of catechol with the introduction of the oxidizing agent, sodium 

periodate (NaIO4) (30, 36). The cure time of the adhesive significantly decreased from 35.3 

± 0.7 seconds down to less than 8 seconds with the incorporation of either 10 wt% NP or 

MP (Table 1). The presence of these Si particles promoted cohesive crosslinking and 

reduced the number of catechol-catechol crosslinking required to form a 3-dimensional 

polymer network, resulting in a reduction in the cure time (22, 37). There was no difference 

in the cure time for adhesive incorporated with NP and MP, suggesting that there was no 

significant alteration in the catechol crosslinking behavior as a result of the size differences 

of the particles.

Both PEG10%N and PEG10%M also exhibited pores that were an order of magnitude larger 

(~15 μm) when compared to that of PEG-DA (Figure 2 and Table 1). The large pore size can 

potentially facilitate cellular infiltration by providing unhindered openings for cell migration 

and proliferation (38, 39). NP appeared clustered in the adhesive network (Figure 2B) as 

untreated silica NP are known to cluster or aggregate in a neutral pH solution (40–42). In 

contrast to the FE-SEM image of the individual MP, particles found in PEG10%M appeared 

smaller in size (10 to 40 μm, Figure 2C). We speculated that freeze-drying and sample 

sectioning for FE-SEM imaging likely damaged MP in the adhesive network to form smaller 

particulates. Network-encapsulated NP and MP are distinguishable from one another as 

individual NP appeared to be more clearly defined due to much weaker particle-particle 

interaction. On the other hand, the encapsulated MP appeared to be less well defined. There 

was no significant difference in pore sizes between PEG10%N and PEG10%M, suggesting a 
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similar interaction between the polymer matrix and these particles. Without surface 

modification, NP aggregated at a neutral pH (21, 35) and behaved similarly as MP in a 

polymer network.

The equilibrium water content (EWC) of PEG-DA averaged around 94 wt% (Table 1). 

Incorporation of NP and MP into the composite adhesive resulted in a significant reduction 

in the EWC value. EWC values are inversely proportional to both the crosslinking density 

and the stiffness of crosslinked network, indicating that incorporating silica particles into 

PEG-DA significantly increase the crosslinking density of the PEG network (43, 44).

The FTIR spectrum of PEG-DA showed characteristic peaks for ether bonds (1000–1150 cm
−1, -C-O-C-), alkyl groups (2880 cm−1, -CH2-), carbonyl (1729 cm−1, ester bonds), and 

aromatic ring (1400–1500 cm−1) (Figure 3). The spectra for PEG10%N and PEG10%M 

exhibited an increase in the peak intensity at 1100 cm−1 corresponding to the known 

characteristic peak of Si-O-Si, indicating that the particles were successful incorporation 

into the adhesive. There was no noticeable difference between the spectra of PEG10%N and 

PEG10%M, indicating that both composite adhesives have the same chemical composition. 

Both NP and MP have the same building block (i.e., Si NP), which enabled us to examine 

the effect of particle size on the performance of the composite adhesive while keeping the 

chemical composition constant.

3.2. Rheological testing

Oscillatory rheometry was used to track the curing process of the adhesive (Figure S3) as 

well as determining the viscoelastic properties of the cured composite adhesives (Figures 4 

and S4). For all the formulations tested, the storage modulus (G′) values were greater than 

those of the loss moduli (G″) for both PEG10%N and PEG10%M even at the very first 

measurable time point, indicating that the composite adhesive had already cured during the 

process of sample loading (Figure 3S). As such, we were unable to determine the time point 

when the crossover of the G′ and G″ values occurred. However, G′ values for both 

PEG10%N and PEG10%M rose sharply at an earlier time point (10 s) when compared to 

that of PEG-DA (30 s), confirming that the encapsulation of either NP or MP drastically 

reduced cure time (Table 1). The amplitude sweep experiment was used to determine the 

linear viscoelastic range of the adhesive (strain = 0.01–100%, Figure S4). Based on the 

frequency sweep experiment, G′ values of all the adhesive formulations were independent of 

the frequency (< 20 Hz, Figure 4A), further confirming that these polymer networks were 

covalently crosslinked (22, 45). G′ values increased with further increase in the rate of 

deformation as the polymer networks stiffened when polymer chains were not given 

sufficient time to relax (22).

Incorporating either NP or MP into PEG-DA increased both G′ and G″ values 

(approximately 1.5- and 10-fold increases, respectively; Figure 4). The increase in the G′ 
values indicated an increase in the stiffness and the crosslinking density of the composite 

adhesives. This increase coincided in the reduced EWC for the composite adhesives (Table 

1). Elevated G″ values indicated that both PEG10%N and PEG10%M demonstrated an 

increased viscous dissipation properties due to the presence of reversible bonds between 

dopamine and the silica particles in the composite adhesive network (46–48). Catechol 
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forms hydrogen bonds or electrostatic interaction with the SiO2 surface on the particles, 

which contribute to the increase in the measured viscoelastic properties (20). However, there 

was no difference in the values measured between PEG10%M and PEG10%N, indicating 

that MP was equally as effective in enhancing the mechanical properties of the PEG-DA 

matrix as that of NP.

3.3. Lap shear adhesion testing

Incorporation of the Si particles significantly enhanced (~1.5 fold increase) the adhesive 

properties of PEG-DA (Figure 5). Surprisingly, only PEG10%M showed statistically 

significant improvement in the measured adhesion strength when compared to PEG-DA. The 

adhesive properties of PEG10%N may have been affected by the poor particle dispersion of 

NP, which hindered particle-adhesive interaction (20). Nevertheless, there were no statistical 

differences between the measured values for PEG10%N and PEG10%M. Additionally, the 

both composite adhesives failed at a higher displacement when compared to PEG-DA 

(Figure S5). Improvement of adhesive properties is attributed to the strong catechol-silica 

interaction, which resulted in an increased fracture energy to separate the adhesive joint. 

When compared to mechanical testing results, incorporation of the silica particles 

significantly increased the bulk mechanical properties of the adhesive, which resulted in 

improved adhesive performance. This observation is consistent with previously published 

reports that bulk cohesive properties of an adhesive contribute to its adhesive properties (49, 

50). Additionally, Rose et al. (51) also reported that incorporation of nanosilicates increases 

the interfacial adhesion force between soft tissue interfaces which may have partially 

contributed to the increase in adhesion strength. The lap shear strength values reported here 

are lower when compared to previously published results for catechol-modified PEG 

systems with similar architectures (10–40 kPa) potentially due to differences in the testing 

protocols (e.g., preparation of adhesive joint, strain rate, etc.) and the test substrates used 

(52, 53).

3.4. In vitro degradation

The degradation rate of the PEG-DA adhesive was determined by tracking the changes in the 

dry mass of the samples over time (Figure 6). PEG-DA degraded slowly over the first 4 

weeks (~5 wt% loss) but degraded much faster over the later weeks (~95 wt% loss between 

weeks 4 and 8) before completely degrading in week 8. PEG-DA degraded through the 

hydrolysis of the ester bond between PEG and the glutaric acid (Figure S1) (54). As 

degradation progressed, the reduction in the crosslinking density and the increase in the 

water content of the adhesive matrix likely hastened the rate of degradation PEG-DA. On the 

other hand, both PEG10%N and PEG10%M degraded steadily over the same period, 

retaining 20 and 40 wt% of its dry mass, respectively, by week 8. When exposed to water, 

silica particles form a hydrolyzed surface layer that is hydrophilic (9). This increase in the 

local hydrophilicity may have increased water uptake and accelerated the degradation of 

these composite adhesives when compared to PEG-DA. The porosity of the adhesive matrix 

may have also affected the degradation rate as it governs the liquid diffusion within the 

matrix (55–57). Specifically, both PEG10%M and PEG10%N exhibited pores that were an 

order of magnitude larger than those of PEG-DA (Figure 2 and Table 1), which resulted in a 

faster degradation rate during the earlier time points. The degradation product of the 
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composite may contain shorter PEG chains, glutaric-catechol groups, and silicic acid (58, 

59). The release of silicic acid may have mildly reduced the local pH within the adhesive 

network, resulting in a delayed rate of hydrolysis of composite adhesive over time (54). 

These combined effects resulted in a more constant rate of degradation for PEG-DA 

containing either NP or MP. Interestingly, PEG10%M degraded slower than PEG10%N 

starting from week 4. Given that NP is much smaller compared to the pore size of 

PEG10%N, this accelerated mass loss mass may be due to the loss of the NP into the 

surrounding fluid.

3.5. In vitro cytotoxicity

When L929 cells were exposed directly to NP and MP, relative cell viability decreased with 

increasing particle concentration (Figure 7). Specifically, 10 wt% of NP was highly 

cytotoxic with a cell viability of only 20%. However, at the same concentration, MP was 

significantly less cytotoxic when compared to NP with a cell viability of 60%. When the 

particles were removed by filtration (0.22 μm filter), the filtrate solutions became non-

cytotoxic for both NP and MP. Our results confirmed published findings that Si NP is 

cytotoxic through direct contact with cells. Silica particle is known to bypass and disrupt 

membrane function and increase reactive oxygen species generation when it comes in 

contact or internalized by cells in a dose and size dependent manner (11, 12, 60). The 

clustered MP with a particle size in the micrometer range was significantly less cytotoxic as 

its larger size hindered cellular internalization. The filtered extracts were non-cytotoxic for 

both NP and MP. The main degradation product of these Si particles is silicic acid, which is 

found in numerous human tissues and organs (e.g., bone, tendon, liver, and kidney tissues). 

It had been demonstrated to promote synthesis of type I collagen and osteoblast 

differentiation in vitro (61, 62). Similarly, the extracts of the different adhesive formulations 

were found to be non-cytotoxic (Figure 8). Other catechol-modified polymeric adhesives 

have been demonstrated to be biocompatible both in vitro and in vivo (22, 37, 63, 64). Given 

that directly exposing L929 cells to elevated concentrations of the silica particles reduced 

cell viability, these results suggested that both NP and MP were securely sequestered within 

the adhesive matrix.

3.6 Subcutaneous implantation

To further evaluate the effect of the particles on the biocompatibility of the composite 

adhesives and their ability to support cellular infiltration in vivo, PEG-DA adhesive with 

either 10 wt% NP or MP were implanted subcutaneously in rat for 4 weeks. Masson’s 

trichrome staining revealed no definite formation of a fibrous capsule at the interface 

between the implant and subcutaneous tissue regardless of the formulation (Figure 9). Both 

PEG10%N and PEG10%M demonstrated a cellular infiltration layer rich with cells near the 

surface of the adhesive (between the red arrows in Figure 9B and C). From SEM images 

(Figure 2), these composite adhesives contained pores (~15 μm) that are larger than the 

typical size of the cells, which enabled cellular infiltration before the complete degradation 

of the adhesive. On the other hand, PEG-DA contained pores that were an order of 

magnitude smaller (~1.5 μm), which physically hindered cellular ingrowth. The depth of 

cellular infiltration for PEG10%M was 2.5 fold higher when compared to that of PEG10%N 

(Table 2), even though both adhesive formulations exhibited similar pore sizes. This 
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difference may be attributed to the cytotoxicity of NP. The increase in cellular infiltration 

depth may accelerate wound healing associating with the rate of migration of cells into the 

material allowing faster new tissue formation (22, 65). MP was noticeably present even after 

4 weeks of implantation (black arrows in Figure 9F) and in some instances surrounded by 

the infiltrating cells (66). This observation further confirms that the larger MP was not 

cytotoxic.

Based on immunofluorescence staining, PEG10%M attracted 3 times lower the amount of 

macrophage to its surrounding tissue when compared to that of PEG-DA and PEG10%N 

(Figure 10 and Table 2). This result indicated that the incorporation of MP elicited a reduced 

level of immune response. Most noticeably, M2 macrophages were found near PEG10%M 

but not near the other two adhesive formulations (Figures 10 and S6). Unlike the pro-

inflammatory response that M1 macrophages exhibit, M2 macrophages are responsible for 

anti-inflammatory responses and matrix remodeling, which are critical in promoting tissue 

regeneration (67, 68).

PEG-DA formulated with either NP or MP were compositionally identical. As such, the 

observed differences in the mechanical and adhesive performances and the biological 

responses of the composite adhesives can be fully attributed to the difference in the particle 

size of the incorporated Si particles. Unlike other reported micron-sized particles that 

demonstrated reduced effectiveness as a matrix reinforcement filler (15, 16), adhesive 

formulated MP demonstrated equivalent or better mechanical and adhesive properties when 

compared with those formulated with NP. Most importantly, MP exhibited reduced 

cytotoxicity and promoted cellular infiltration and M2 macrophage polarization in vivo 
which will be critical for promoting rapid wound healing.

There are numerous commercially available PEG-based sealants and bioadhesives (e.g., 

Coseal, Baxter Healthcare Corporation and DuraSeal, Integra LifeSciences). However, due 

to the bioinert nature of PEG and small pore size typically associated with covalently 

crosslinked networks, PEG-based biomaterials lack the ability to promote cellular 

attachment and infiltration needed for rapid tissue repair and regeneration (69). PEG-based 

hydrogels have been chemically modified with various peptide sequences or bioligands (e.g., 

Arg-Gly-Asp (70), Arg-Glu-Asp-Val (71), and cysteine-containing peptides (72)) to improve 

their bioactivity. However, these approaches require a multi-step chemical synthesis, which 

is associated with low yield and high cost. Most importantly, these peptide-functionalization 

approaches do not increase the mechanical properties of these PEG-based hydrogels. The 

incorporation of MP provided a facile method for simultaneously increasing the adhesive 

property of a PEG-based bioadhesive and its ability to promote cellular infiltration. 

Additionally, Si particles have been previously reported to provide binding sites for cell 

attachment and proliferation (40, 63) and their soluble degradation products have been 

demonstrated to increase fibroblast proliferation and collagen type I synthesis (10). 

Compositing strategy reported here can potentially be used for designing functional 

bioadhesive and sealant that can promote rapid wound healing.
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4. Conclusions

Micron-sized particles were formed by clustering silica nanoparticle and incorporated into 

PEG-DA adhesive. PEG-DA incorporated with MP exhibited equivalent or better 

mechanical and adhesive properties as adhesive formulated with NP, potentially due to nano-

scaled surface features derived from the clustering of NP. Cytotoxicity tests confirmed that 

MP was significantly less cytotoxic than NP when these particles were brought into direct 

contact with L929 cells. Subcutaneous implantation in rats revealed that PEG-DA 

incorporated with MP demonstrated enhanced cellular infiltration and reduced inflammation 

when compared to adhesives formulated with NP. Most noticeably, MP containing adhesive 

attracted M2 macrophages to the implantation site. Incorporation of clustered silica 

microparticle is potentially a simple and cost-effective method to improve bioactivity and 

adhesive performance of a bioinert PEG-based adhesive.
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Figure 1. 
FE-SEM images of NP (A, B), MP (C) and the enlarged surface of MP (D).
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Figure 2. 
FE-SEM images of the cross-section of PEG-DA (A), PEG10%N (B), and PEG10%M (C). 

Scale bar is 10 μm.
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Figure 3. 
FTIR spectra of the silica nano and micro particles, PEG-DA, PEG10%N, and PEG10%M. 

The arrows point to peaks corresponding to Si-O-Si structure (1100 cm−1).
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Figure 4. 
Storage (A) and loss (B) moduli of adhesvei during oscillatory frequency sweep (0.01–50 

Hz, strain of 0.1%) experiment. The G′ values for PEG10%M and PEG10%N appeared to 

overlap in the frequency range tested.
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Figure 5. 
Lap shear adhesion test results for PEG-DA, PEG10%N, and PEG10%M. * p < 0.05 when 

compared to PEG-DA.

Pinnaratip et al. Page 19

Biomed Mater. Author manuscript; available in PMC 2019 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Residue dry mass of the adhesives incubated in PBS.
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Figure 7. 
Relative cell viability of L929 cells after being treated with silica particles (Non-Filtered) 

and their extracts after filtration (0.22 μm, Filtered). * p < 0.05 when compared with the 

filtered samples. ** p < 0.05 when compared with different particle types at the same wt%.
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Figure 8. 
Relative cell viability of L929 cells treated with the extracts of PEG-DA adhesive and its 

composites.
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Figure 9. 
Trichrome staining of PEG-DA (A, D), PEG10%N (B, E), and PEG10%M (C, F) and their 

surrounding tissue after 4-week subcutaneous implantation. Letters h indicate the location of 

the adhesive. Red arrows indicate the thickness of cellular infiltration layer. Black arrow 

indicates silica particle clusters. Scale bars are 500 μm (A, B, and C) and 100 μm (D, E, and 

F).
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Figure 10. 
Immunofluorescence staining of PEG-DA (A), PEG10%N (B), and PEG10%M (C) after 4 

weeks of subcutaneous implantation. Letters h indicate the location of the adhesive. Dash 

lines indicate the tissue-adhesive interface. Dotted line in (C) indicates the depth of cellular 

infiltration. Blue (DAPI): cell nuclei; Green (CD68): macrophage; Red (CD163): M2 

macrophage. Scale bars are 200 μm.
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Scheme 1. 
Schematic representation of the chemical interactions involved in the curing and adhesion 

processes of the composite adhesive. PEG-DA contains catechol end-groups that can interact 

with silica nano- and microparticles (NP and MP, respectively) through strong reversible 

interactions (A). Oxidation of catechol in the presense of NaIO4 forms highly reactive 

quinone, which results in catechol polymerization and curing of the adhesive (B), as well as 

formation of interfacial covalent bond with nucleophilic function groups (i.e., -NH2 of 

lysine) and adhesion to the surface of soft tissue (C).
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Table 2

Depth of cellular infiltration and macrophage count surrounding the implanted adhesive after 4 weeks of 

subcutaneous implantation

Formulation Cell infiltration (μM) Average macrophage count at the interface (#/2,500μm2)

PEG-DA 0 18.7 ± 4.25

PEG10%N 44.8 ± 7.67* 15.5 ± 5.75

PEG10%M 112 ± 15.5*,& 5.25 ± 2.35*,&

*
p < 0.05 when compared to PEG-DA;

&
p < 0.05 and to PEG10%N;
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