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Abstract

Mussel adhesive moiety, catechol, has been utilized to design a wide variety of biomaterials. 

However, the biocompatibility and biological responses associated with the byproducts generated 

during the curing process of catechol has never been characterized. An in situ curable polymer 

model system, 4-armed polyethylene glycol polymer end-capped with dopamine (PEG-D4), was 

used to characterize the production of hydrogen peroxide (H2O2) during the oxidative crosslinking 

of catechol. Although PEG-D4 cured rapidly (under 30 seconds), catechol continues to polymerize 

over several hours to form a more densely crosslinked network over time. PEG-D4 hydrogels were 

examined at two different time points; 5 min and 16 hrs after initiation of crosslinking. Catechol in 

the 5 min-cured PEG-D4 retained the ability to continue to crosslink and generated an order of 

magnitude higher H2O2 (40 μM) over 6 hrs when compared to 16 hrs-cured samples that ceased to 

crosslink. H2O2 generated during catechol crosslinking exhibited localized cytotoxicity in culture 

and upregulated the expression of an antioxidant enzyme, peroxiredoxin 2, in primary dermal and 

tendon fibroblasts. Subcutaneous implantation study indicated that H2O2 released during oxidative 

crosslinking of PEG-D4 hydrogel promoted superoxide generation, macrophage recruitment, and 

M2 macrophage polarization in tissues surrounding the implant. Given the multitude of biological 

responses associated with H2O2, it is important to monitor and tailor the production of H2O2 

generated from catechol-containing biomaterials for a given application.
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1. Introduction

Marine mussels secrete adhesive proteins that solidify in situ to facilitate the anchoring of 

these organisms to underwater surfaces (i.e., rocks, boats, other mussels, etc.) [1, 2]. Mussel 

foot adhesive proteins contain an elevated amount (up to 28 mol%) of a unique catecholic 

amino acid, 3,4-dihydroxyphenylalanine (DOPA), which imparts these proteins with 

adhesive characteristics and the ability for crosslink formation [3]. DOPA is a versatile 

adhesive molecule and its catechol side chain can undergo various reversible and irreversible 

chemical interactions, making it highly attractive for designing a wide variety of injectable 

biomaterials and bioadhesives [3–5]. Biomaterials functionalized with DOPA and its 

derivatives (e.g., dopamine) have demonstrated promising results for suture-less wound 

closure [6], fetal membrane sealing [7], Achilles tendon repair [8], cell and tissue 

engineering [9, 10], and localized drug delivery applications [11].

Catechol can be activated by enzymatic (i.e., tyrosinase) or chemical (i.e., periodate, IO4
−) 

oxidants to form the highly reactive quinone, which is a necessary first step in both cohesive 

(i.e., in situ curing) and interfacial (i.e., adhesion to soft tissues) crosslinking formation [12, 

13]. Specifically, the use of IO4
−-mediated crosslinking is widely adopted for designing 

rapidly curable biomaterials [6, 9, 14]. Mussel inspired bioadhesives have exhibited 

favorable biocompatibility based on in vitro cytotoxicity and in vivo implantation testing [6, 

13, 15]. However, these biocompatibility tests were conducted using fully cured adhesives 

and the potential toxic byproducts generated during the curing process were not examined. 

To our knowledge, there have been no documented reports that evaluated the 

biocompatibility of catechol during oxidative crosslinking. For products that polymerize in 
situ, the International Standard ISO 10993-12 necessitates the assessment of the potential 

toxicity of the reacting components during their curing process [16]. Therefore, to advance 

this biomimetic technology for future clinical applications, there is a need to systematically 

evaluate the biological responses associated with the curing of the catechol moiety.

Our lab recently identified the generation of hydrogen peroxide (H2O2) during autoxidation 

of catechol as the source of its cytotoxicity in culture [17]. H2O2 is one of the major reactive 

oxygen species (ROS) released during normal wound healing response and its biological 

functions is highly dependent on its concentration [18]. At a relatively low concentration 
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(102–103 μM), H2O2 induces vascular endothelial growth factor expression and activates M2 

phenotype macrophages differentiation, which promotes angiogenesis and tissue 

regeneration, respectively [19, 20]. Complete removal of H2O2 from the wound site by 

antioxidant (i.e., catalase) impairs wound healing [21]. H2O2 also provides a natural defense 

against bacterial infection [22]. On the other hand, elevated levels of H2O2 (≥ 105 μM) 

destroys healthy tissues, resulting in the formation of chronic wounds and promote tumor 

initiation [18, 21]. Besides the biological responses associated with H2O2, H2O2 is a mild 

oxidant which can oxidize the catechol moiety [23]. H2O2 has also been widely used as an 

electron acceptor in enzyme (e.g. horseradish peroxidase) mediated crosslinking of phenol-

modified polymers and the concentration of H2O2 was correlated to changes in the 

crosslinking density of the hydrogel network [24, 25]. Trapping the oxidant within a 

polymer network can potentially affect the mechanical and swelling properties of catechol-

containing adhesive. Given the vital roles that H2O2 plays in wound healing and oxidative 

crosslinking, it is necessary to determine the production of H2O2 during the oxidative 

crosslinking process of catechol and correlate its release with its biological responses and its 

effect on the mechanical properties of the catechol-containing adhesive.

Here, we used a model polymer, 4-armed polyethylene glycol end capped with dopamine 

(PEG-D4, Figure S1), to investigate the production of H2O2 during IO4
−-induced 

crosslinking of catechol. The effect of the H2O2 generation on the crosslinking density of the 

adhesive, in vitro cytotoxicity, and the upregulation of the antioxidant enzyme, 

peroxiredoxin (Prx), in primary fibroblasts (rat dermal and tendon fibroblasts) were 

determined. Finally, PEG-D4 was subcutaneously implanted in rats and the generation of 

superoxide (O2
•−), recruitment of macrophages, and M2 macrophage polarization in the 

surrounding tissues were evaluated.

2. Materials and methods

2.1 Materials

NaIO4 was purchased from Acros Organics (Fair Lawn, New Jersey). 

Polytetrafluoroethylene (PTFE) sheet was purchased from McMaster (Chicago, IL). 

Dulbecco’s Modified Eagle Medium (DMEM; with 4.5 g/L glucose and glutamine, without 

sodium pyruvate) and trypsin-EDTA (0.05% Trypsin/0.53 mM EDTA in Hank’s balanced 

salt solution) were obtained from Corning Cellgro (Manassas, VA). Phosphate buffered 

saline (PBS, BioPerformance certified, pH7.4), bovine liver catalase, dimethyl sulfoxide 

(DMSO), and PolyFreeze were purchased from Sigma Aldrich (St Louis, MO). H2O2 (30% 

stock solution) was from Avantor (Center Valley, PA). Pierce Quantitative Peroxide Assay 

Kit with sorbitol, 18 mm coverslips, fetal bovine serum (FBS), Penicillin-Streptomycin (10 

U/mL) and dihydroethidium (DHE) were purchased from Thermo Scientific (Rockford, IL). 

4’, 6-Diamidino-2-phenylindole (DAPI) and calcein am/ethidium bromide for cell live/dead 

stain were purchased from Invitrogen, ThermoFisher Scientific (Rockford, IL). 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide 98% (MTT) was from Alfa Aesar 

(WardHill, MA). TransWell® Permeable Supports (12 mm insert, 12 well plate, 3.0 μ, 

polycarbonate membrane) were purchased from Corning Costar (Pittston, PA). Anti-iNOS 

antibody (ab15323), anti-CD68 (ab125212), anti-Prx 2 antibody (ab109367) and goat anti-
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rabbit IgG H&L (Alexa Fluor 488, ab150077) were purchased from Abcam (Cambridge, 

MA). Anti-CD163 antibody (sc-58965) and goat anti-mouse IgG (sc-2781) were purchased 

from Santa Cruz Biotechnology (Dallas, Texas). Rat dermal fibroblasts and rat tendon 

fibroblasts were isolated from rat dermal tissue and tendon, respectively, and identified with 

anti-S100A4 antibody (ab27957) and goat anti-rabbit IgG H&L (Alexa Fluor 488) [17]. 

PEG-D4 was prepared following a previously published protocol [26] using 4-arm 10k Da 

Nhydroxysuccinimide ester activated poly (ethylene glycol) purchased from JenKem U.S.A, 

Inc. (Allen, TX).

2.2 Hydrogel Formation

Equal volume of PEG-D4 (300 mg/mL in pH 7.4 PBS) and NaIO4 (54.5 mM in deionized 

water) were mixed in a mold consisted of 2 glass plates separated with a spacer (thickness = 

0.7, 1.3, or 2.2 mm) to control the thickness of the hydrogel. Hydrogels were allowed to cure 

for either 5 min or 16 hrs. For the 16 hrs-cured hydrogels, the glass molds with hydrogels 

were sealed with parafilm and stored in a sealed zip-lock bag at room temperature to prevent 

liquid evaporation. To determine the effect of PEG-D4 concentration on the release of H2O2, 

hydrogels (75, 110, and 150 mg/mL PEG-D4) were prepared by mixing equal volume of 

PEG-D4 (150, 220, and 300 mg/mL) and NaIO4 (the molar ratio of NaIO4: dopamine = 

0.5:1) in a glass mold with a 0.7 mm-thick spacer. For in vitro cell culture experiments and 

subcutaneous implantation in rats, the precursor solutions of PEG-D4 (300 mg/mL in pH 7.4 

PBS) and NaIO4 (54.5 mM in deionized water) were separately sterilized using a 0.22 μm 

filter prior to forming the hydrogel.

2.3 Oscillatory Rheometry Testing

Rheological properties of PEG-D4 hydrogels were characterized using a HR-2 rheometer 

(TA Instruments, New Castile, DE, USA). A frequency sweep (0.1–100 Hz at 10% strain) 

experiment was performed to determine the storage (G′) and loss (G″) moduli of PEG-D4. 

Hydrogel discs (diameter = 10 mm, thickness = 0.7 mm, n = 3) were tested using a parallel 

plate geometry at a gap distance that is set at 90% of the individual hydrogel thickness, 

which was measured by a digital caliper before testing.

2.4 H2O2 Measurement

Hydrogels were incubated with 1.5 mL of cell culture medium (DMEM with 10% (v/v) FBS 

and 0.5% (v/v) Penicillin-Streptomycin; pH = 7.4) for 48 hours at 37°C. H2O2 concentration 

was measured using the ferrous ion oxidation xylenol orange (FOX) assay by Quantitative 

Peroxide Assay Kit [17, 27]. 20 μL of the hydrogel extract was mixed with 200 μL of the 

FOX reagent and incubated at room temperature for 20 min and its absorbance at 590 nm 

was assessed using a plate reader (SynergyTM HT, BioTek). 20 μL of fresh cell culture 

medium was added to the hydrogel extract to supplement the loss of volume during 

sampling at each time point (from 15 min to 48 hrs). To determine the generation of H2O2 

from the two precursors of the hydrogel, PEG-D4 and NaIO4 were dissolved in cell culture 

medium at an equivalent concentration relative to a sample with a diameter of 1 cm and a 

thickness of 0.7 mm. The H2O2 standard curve was prepared by preparing a serially diluted 

H2O2 solution (0.5 – 2000 μM of H2O2) from 30% H2O2 stock solution.
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2.5 Molecular weight between crosslinks (M̄
c)

Hydrogels discs (diameter = 1 cm) were immersed in 1.5 mL of PBS (pH 7.4) for 24 hrs. 

Swollen hydrogels were dried under vacuum for at least 2 days. The mass of the hydrogel in 

its relaxed (immediately after preparation; Mr), swollen (after swollen in PBS; Ms) and dried 

(Md) states were determined to calculate the polymer volume fraction in swollen hydrogel 

(vs) and relaxed hydrogel (vr) using following equations [28]:

(1)

(2)

where Vr, Vs, and Vp are the volumes of relaxed, swollen and dried hydrogel, respectively. 

ρp is the density of PEG (1.123 g/cm3) [29]. The density of water was assumed to be 1 g/

cm3. M̄
c was calculated using the following equation [30]:

(3)

where Mn is the starting molecular weight of PEG-D4, χ is the Flory-Huggins parameter for 

PEG and water (0.462) [31]. VH2O is the molar volume of water (18.1 mol/cm3).

The equilibrium water content (EWC) was determined based on equation 4:

(4)

2.6 Cell Viability

Hydrogels were cured directly onto the outside membrane of a TransWell® insert (Figure 

S2) so that the cells can be directly exposed to the released H2O2. The hydrogels were 

formed between the membrane of a TransWell® insert and a sheet of PTFE, and separated 

by a silicone rubber spacer (thickness = 0.7 mm) with a circular opening (diameter = 1 cm) 

(Figure S2A). Cell viability was assessed using MTT cytotoxicity assay following the ISO 

10993-5 guideline with minor modification [32]. 1.5 mL of L929 mouse fibroblasts were 

seeded into 12-wells culture plate at a density of 3 × 104 cells/cm2. The cells were incubated 

for 24 hrs to obtain a confluent monolayer (37 °C, 5% CO2). After which, a TransWell® 

insert affixed with either a 5 min- or 16 hrs-cured hydrogel was placed into the culture plates 

and further incubated for another 24 hrs. The samples were removed from the culture plates 

and the culture medium was replaced by 300 μL of 1 mg/mL MTT solution in PBS. After 

incubating for 2 hrs at 37°C, the MTT solution was replaced with 600 μL DMSO to dissolve 
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formazan and the absorbance of the DMSO solution was measured at a wavelength of 570 

nm (reference 650 nm) using a Synergy HT multimode microplate reader (BioTek, USA). 

The relative cell viability was calculated using the absorbance values of cells directly 

exposed to the hydrogel extract divided by those for cells incubated in cell culture medium. 

To verify that the H2O2 is the source of the cytotoxicity, cell culture medium was also 

supplemented with 100 U/mL of catalase. The cytotoxicity of PEG-D4 (9.36–150 mg/mL in 

10 mM PBS) and NaIO4 (1.71–27.3 mM) precursors were also assessed by directly exposing 

them to fibroblasts. Samples with relative cell viability less than 70% were considered 

cytotoxic. Each sample was repeated 3 times independently.

To observe the localized cell response to the hydrogels, after 24 hours incubation with the 

hydrogels, cells were stained with live (calcine) /dead (ethidium bromide) dyes (1:1000 in 

PBS) for 15 min at room temperature and imaged using an Olympus BX51 microscope 

(Melville, NY). Cellular density and live cells ratio were quantified using imageJ.

2.7 Immunofluorescent stain of Prx 2 in rat dermal and tendon fibroblasts

Glass coverslips (diameter = 18 mm) were sterilized by submersing into 70% (v/v) ethanol 

for 45 min and irradiating with UV light for 1 hour, and placed in the wells of a 12-well cell 

culture plate. Either rat dermal or tendon fibroblasts were seeded at a density of 104 

cells/cm2 with 1.5 mL of cell culture medium and incubated for 24 hrs. TransWell® inserts 

with 5 min- and 16 hrs-cured hydrogels were placed over the cells for 2 hrs. The 

TransWells® inserts were removed and the fibroblasts were cultured for another 22 hrs. 

Coverslips with seeded cells were fixed in formalin and stained with primary anti-Prx 2 

antibody, secondary goat anti-rabbit antibody IgG H&L, and DAPI. Fluorescent images 

were captured using Olympus BX51 microscope and the fluorescent intensity was quantified 

by ImageJ following the published method with minor modification [33]. An irregular 

outline was drawn following the edge of the cells so that the area of the cell and fluorescent 

intensity inside the cell could be measured. The area and the fluorescent intensity surround 

the cells were also measured, which was considered as the background intensity. The total 

corrected cellular fluorescent intensity density was measured as the fluorescent intensity per 

unit area within the cell subtracted from that of the background [33].

2.8 Subcutaneous Implantation

Healthy, weight matched Sprague Dawley rats were provided by Michigan Technological 

University animal facility. Subcutaneous implantation were performed following the 

Institutional Animal Care and Use Committee (IACUC) approved protocols. Both 5 min- 

and 16 hrs-cured hydrogels were randomly and bilaterally implanted into 4 pouches along 

the dorsal midline of the rats. Hydrogels with surrounding tissue were harvested after 3 and 

7 days of implantation, embedded in PolyFreeze, and flash frozen in liquid nitrogen. The 

frozen tissues with embedded samples were either freshly sectioned for DHE staining or 

stored at −80°C before sectioning for fluorescent staining.

To detect superoxide in the surrounding tissue, freshly frozen samples were sectioned into 

30-μm thick samples and incubated with DHE (10 μM) in PBS for 30 min at 37 °C, while 

protected from direct exposure to light [21]. To evaluate the macrophage phenotype in the 
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surrounding tissue, samples were cryosectioned into 10-μm thick sections and stained with 

anti-CD68 (non-specific macrophages), anti-iNOS antibody (M1), and anti-CD163 antibody 

(M2). Inflammatory response was evaluated by determining the total number of CD68-

stained macrophage relative to the overall number of cells based on DAPI staining. M1 and 

M2 polarization were quantified by counting the number of M2 macrophages divided by the 

combined number of M1 and M2 macrophages. Samples were imaged using an Olympus 

BX51 microscope. Samples were assessed from 3 different implants.

2.9 Statistical Analysis

Statistical analysis was performed using SigmaPlot. Student t-test and one way analysis of 

variance (ANOVA) were used to compare means of two or multiple groups, respectively. A p 

value less than 0.05 was considered statistically significant.

3. Results

3.1 Experimental design

PEG-D4 was chosen as in situ curable model polymer to study the generation of H2O2 

during the oxidative crosslinking of terminal dopamine moieties. Due to the inert and highly 

predictable characteristics of PEG [26, 34], the observed changes in the physical and 

mechanical properties as well as biological responses can be fully attributed to the reactivity 

of the catechol side chain. When catechol is oxidized with the addition of NaIO4, PEG-D4 

cured rapidly (under 30 seconds) as the branched architecture of PEG-D4 provides a 

junction point for rapid network formation when catechol moieties dimerize [26]. However, 

the oxidized catechol can continue to polymerize, forming oligomers consisting of up to 6 

catechol residues over a period of 8 hours [12]. To observe the H2O2 generation during the 

process of catechol crosslinking, we compared PEG-D4 that was cured for 5 min with PEG-

D4 that was cured for 16 hrs. The 5 min-cured hydrogel appeared light yellowish in color 

(Figure S3), which transitioned into dark reddish brown with time as catechol polymerizes 

through a mechanism that resembles quinone methide tanning [35]. Our experimental design 

aimed at minimizing the compositional differences between samples and the only variable 

that we examined here was the different time points after the initiation of the oxidative 

catechol crosslinking (e.g., 5 min- vs. 16 hrs-cured PEG-D4).

3.2 Rheological assessment of PEG-D4

Oscillatory rheometer was used to confirm the formation PEG-D4 hydrogel networks 

(Figure 1). For both 5 min- and 16 hrs-cured samples, the storage modulus (G′) values were 

significantly higher than those of the loss modulus (G″) and G′ was independent of 

frequency (< 25 Hz). Both observations indicated that PEG-D4 behaved as covalently 

crosslinked networks at both time points. The G′ values for the 16 hrs-cured hydrogel were 

significantly higher than those of 5 min-cured samples (~2 fold higher). Rheological data 

confirmed that PEG-D4 cured rapidly to form a chemically crosslinked network, but as the 

catechol continued to polymerize over time PEG-D4 hydrogels became stiffer and more 

densely crosslinked.
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3.3 H2O2 generated from PEG-D4 hydrogels

5 min-cured samples generated 24 μM of H2O2 within 1 hour and the concentration of H2O2 

continued to increase for over 6 hours to reach a maximum of 40 μM (Figure 2). After which 

point, H2O2 concentration started to decrease, reaching a concentration of 9.5 μM at the 48 

hr time point. For 16 hrs-cured samples, no H2O2 was captured in the hydrogel extract 

within 1 hour but the H2O2 concentration slowly increased to the peak concentration of 4.6 

μM at the 6 hr time point and reduced to 2.9 μM after 48 hours of incubation. The peak 

concentration of H2O2 generated from the 16 hrs-cured sample was one order of magnitude 

lower compared to those detected from the 5 min-cured hydrogel. Despite having the same 

composition, the observed differences suggest that H2O2 is a byproduct generated during the 

oxidative crosslinking of catechol.

PEG-D4 precursor solution generated a significantly higher H2O2 concentration when 

compared to PEG-D4 hydrogels. Over 110 μM of H2O2 was detected within 15 minutes, 

reaching a maximum of 1000 μM after 24 hours (Figure S4). The color of PEG-D4 

precursor solutions turned dark red with time, indicating the oxidation of colorless catechol 

moiety into its quinone chromophore. Without the addition of NaIO4, catechol underwent 

autoxidation in a mildly basic and oxygenated cell culture medium [17], which likely 

generated H2O2 through a different mechanism as compared to that of IO4
−-induced 

catechol oxidation. Additionally, H2O2 generated within the PEG-D4 hydrogel was trapped 

within a 3-dimentional polymer network, which slowed its release into the extract. On the 

other hand, the release of H2O2 from autoxidation of PEG-D4 polymer in solution was 

uninhibited and readily detectable. The large difference in the detected H2O2 between a 

PEG-D4 hydrogel and its precursor (a 25 fold difference) may also suggest that the H2O2 

trapped within the hydrogel was consumed during the oxidative crosslinking process. 

Specifically, the maximum H2O2 concentration generated from the PEG-D4 hydrogel 

accounted for only a fraction of the catechol concentration (0.02 μM H2O2/μM catechol; 

Figure S5), whereas the maximum H2O2 concentration was 0.55 μM H2O2/ μM catechol 

(Figure S6) for PEG-D4 precursor. This is an indication that a large portion of the generated 

H2O2 were not released from the hydrogel network. There was no detectable H2O2 

generated from the NaIO4 precursor solution (Figure S4), indicating that the source of H2O2 

was the oxidation of catechol.

3.4 Effect of hydrogel thickness and PEG-D4 concentration on H2O2 generation and 
crosslinking density

The amount of H2O2 captured in the hydrogel extract was highly dependent on the thickness 

of the sample (Figure 3). Although thicker samples contained a higher amount of catechol 

(i.e., 1.3 and 2.2 mm-thick samples contained 1.9 and 3.1 fold higher catechol, respectively, 

when compared with a 0.7 mm-thick sample), the measured H2O2 concentration decreased 

with increasing hydrogel thickness. This indicates that H2O2 was potentially trapped within 

the thicker hydrogels due to a longer distance that H2O2 needed to travel and a reduced rate 

of solvent exchange due to reduced surface area. Additionally, a reduced amount of 

measured H2O2 in the thicker hydrogels suggests that the trapped H2O2 may be consumed, 

as it may contribute to oxidative crosslinking of catechol.
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Molecular weight between crosslinks (M̄
c) of PEG-D4 was calculated to determine the effect 

of hydrogel thickness and cure time on the crosslinking density of the hydrogels. M̄
c is the 

average molecular weight of polymer between crosslinking points in a hydrogel network, 

and is inversely proportional to its crosslinking density and mechanical properties [36, 37]. 

The calculated Mc̄ values ranged from 1,700 to 2,300 Da, which closely approximate the 

molecular weight of an individual PEG arm (2,500 Da). This implied that new elastic 

junction points were formed during the crosslinking and polymerization of the terminal 

catechol groups. The lower calculated M̄
c values (i.e., less than 2000 Da) may be attributed 

to the inability of the modified Flory-Rehner equation to account for the changes in the 

functionality of the junction points as the terminal catechol group underwent polymerization 

over time [38].

Regardless of hydrogel thickness, M̄
c values of 16 hrs-cured samples were significantly 

lower compared to those of 5 min-cured samples (Figure 4), confirming rheological results 

that crosslinking density increased with curing time. H2O2 generated during catechol 

oxidation is a mild oxidant [23]. For 16 hrs-cured samples, the generated H2O2 were trapped 

within the hydrogel network and contributed to catechol oxidation and crosslinking, 

resulting in a more densely crosslinked network. On the other hand, 5 min-cured samples 

were immersed into cell culture medium just 5 minutes after the initiation of crosslinking, 

and the generated H2O2 during the crosslinking process was continuously exchanged with 

the extracting fluid. For 5 min-cured samples, M̄
c values also decreased with increasing 

hydrogel thickness. When combined with the H2O2 generation results where thicker sample 

generated reduced H2O2 (Figure 3), our data indicated that H2O2 was trapped within the 

thicker hydrogel to further promote crosslink formation resulting in a more densely 

crosslinked network. For 16 hrs-cured samples, changing hydrogel thickness did not 

significantly affect the calculated M̄
c values, as the exchange of H2O2 did not begin until 

after the crosslinking process was complete.

Varying PEG-D4 concentration also greatly influenced the production of H2O2. Despite 

having a higher catechol concentration, hydrogels with a higher concentration of PEG-D4 

produced less H2O2 (Figure S8). Based on the measured EWC values, the crosslinking 

density of the hydrogels decreased with increasing polymer concentration (Figure S9). 

These results indicated that the crosslinking density play a more prominent role in regulating 

the release of H2O2 and the release of H2O2 is not always proportional to the catechol 

concentration. Similar observation was reported for auto-oxidation of catechol, where H2O2 

production was inversely proportional to the network crosslinking density despite having a 

higher catechol concentration [17]. On the other hand, H2O2 production increased with 

increased concentration of catecholic monomer in solution, where the released of the H2O2 

was uninhibited by the polymer network [17].

3.5 Relative cell viability

Typically, cytotoxicity assays exposed cells to the extracts of biomaterials [6, 13, 17, 26, 39]. 

However, the extracts only represent byproducts generated during a certain time point (i.e., 

after the polymerization process is complete) and is only a one-time exposure of the 

byproduct to the cells. To capture the major byproduct generated during crosslinking process 
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of catechol and to directly expose them to cells, PEG-D4 was fixated to a TransWell® insert 

and placed above L929 fibroblasts (Figure S2C). Relative cell viability for fibroblasts 

exposed to 5 min-cured sample (49%) was significantly lower when compared to those 

exposed to 16 hrs-cured hydrogels (77%) (Figure 5). Catalase is an enzyme that decomposes 

H2O2 into non-cytotoxic H2O and O2 [40]. Addition of catalase (100 U/mL) counteracted 

the cytotoxicity effect of H2O2 and significantly increased cell viability (67%) for cells 

exposed to 5 min-cured samples. These results indicated that relative cell viability is highly 

dependent on the concentration of H2O2 released into the cell culture media, and that the 

H2O2 generated during the oxidative crosslinking of catechol is a major source of 

cytotoxicity.

For comparison purposes, the cytotoxicity of the PEG-D4 and NaIO4 precursor solutions 

was also determined. PEG-D4 and NaIO4 tested at concentrations (150 mg/mL and 27.3 

mM, respectively) that were equivalent to those in a piece of hydrogel (diameter = 1 cm, 

thickness = 0.7 mm) were found to be cytotoxic (Figures S10 and S11, respectively). The 

source for the lower cell viability for PEG-D4 precursor (19%) when compared to the 

hydrogels extract is likely due to a higher concentration of H2O2 produced through 

autoxidation (Figure S4). PEG-D4 precursor became non-cytotoxic after a 1:2 dilution 

(Figure S10). On the other hand, NaIO4 required a 1:16 dilution to become non-cytotoxic 

(Figure S11). Although no H2O2 was generated from NaIO4, NaIO4 is a strong oxidant and 

induced cell death upon contact. In the current study, we did not characterize the 

concentration of unreacted NaIO4 released from the hydrogel, and the residual NaIO4 may 

also contribute to the observed cytotoxicity of the PEG-D4 hydrogel.

The cytotoxicity effect of H2O2 released from PEG-D4 hydrogels was highly localized, due 

to a short diffusion radius and half-life of H2O2 [41]. Based on live/dead staining, fibroblasts 

seeded directly under the 5 min-cured hydrogel were rounded in shape and mostly dead with 

a lower cell density (Figure 6A-1). There was a clear dead (red stained) and live (green 

stained) cell boundary at the edge of the TransWell® insert (Figure 6B-1), while cells 

located further away consisted mainly of live cells (Figure 6C-1). Both the cellular density 

and the percentage of live cells increased progressively when moving from directly 

underneath the hydrogel to edge of the cell culture well (Figure S12). On the contrary, cells 

exposed to 16 hrs-cured hydrogel did not show localized effects and cells were mostly 

stained green with similar cellular density and live cell percentages throughout the cell 

culture well (Figures 6 and S12).

3.6 Prx 2 expression in rat dermal and tendon fibroblasts

Peroxiredoxin is a family of antioxidant enzymes that is upregulated in cells in response to 

oxidative stress, and Prx 2 catalyzes the reduction of H2O2 [42, 43]. Rat dermal fibroblasts 

exposed to 5 min-cured hydrogel expressed a higher amount of Prx 2 when compared to 

those exposed to 16 hrs-cured sample and the hydrogel-free media control (Figure 7). This 

indicated that cells exposed to a higher amount of H2O2 released by the 5 min-cured samples 

upregulated the expression of the antioxidant enzyme. On the other hand, Prx 2 was 

upregulated for rat tendon fibroblasts that were exposed to both 5 min- and 16 hrs-cured 

hydrogels. This indicated that tendon fibroblasts are extremely sensitive to H2O2 and a 
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relatively small amount of H2O2 (~3 μM) released from 16 hrs-cured PEG-D4 upregulated 

Prx 2 expression. Regardless of the source of fibroblast, exposing cells to 5 min-cured 

samples resulted in reduced cellular density and the presence of Prx 2 in culture did not 

provide sufficient protection against the oxidative damage generated during the crosslinking 

of catechol.

3.7 Subcutaneous implantation of PEG-D4

PEG-D4 hydrogels were implanted subcutaneously in rat for up to 7 days to evaluate the 

effect of H2O2 generation on the in vivo biological responses. Freshly harvested tissues 

surrounding the implants were stained with DHE, which are oxidized into ethidium by 

superoxide generated in cell nuclei and has been widely used to monitor in vivo production 

of ROS [10]. There was no difference between DHE fluorescent intensity in tissues 

surrounding 5 min- and 16 hr-cured hydrogels after 3 days of implantation (Figure 8A and 

B). ROS is produced during the early phases of normal wound healing response [21], which 

may have masked the effect resulting from differences in the generated H2O2 between 5 

min- and 16 hr-cured hydrogels. After 7 days post-implantation, the fluorescent intensity of 

DHE decreased in cells surrounding both implants when compared to the earlier time point 

(Figure 8C and D), signifying the elimination of acute inflammatory response. However, 

cells surrounding the 5 min-cured hydrogel exhibited a higher DHE fluorescent intensity 

(Figure 8E) when compared to its counterpart, indicating that elevated amount of H2O2 

released from the 5 min-cured sample contributed to a more sustained production of ROS in 

the surrounding tissues.

A higher percentage of cells surrounding 5 min-cured hydrogels (Figure 9A and C) were 

composed of macrophages with CD68 genotype when compared to those surrounding 16 

hrs- cured hydrogel (Figure 9B and D) after both 3 and 7 days implantation. This indicated 

that an elevated H2O2 released from 5 min-cured implants attracted a higher macrophage 

infiltration into the surrounding tissues. H2O2 has a chemotactic role in recruiting 

inflammatory cells to the wound site [17, 44, 45]. For both implants, the percentage of 

macrophages decreased with time, signifying a reduced inflammatory response 7 days post-

implantation (Figure 9E). However, the percentage of macrophages surrounding 5 min-cured 

samples was still significantly higher compared to those surrounding 16 hrs-cured hydrogels. 

Our data confirm published results where elevated macrophages number coincided with 

elevated ROS production [18, 46].

Tissues surrounding the implants were further stained with iNOS (M1) and CD163 (M2) to 

determine the phenotype of the macrophages (Figures 10 and 11, respectively). After 3 days 

of implantation, M2 macrophages appeared immediately adjacent to the surface of the 5 

min-cured hydrogel (Figure 10E), whereas these cells were more than 50 μm away from the 

16 hrs-cured hydrogel (Figure 10F). This indicated that higher H2O2 near the 5 min-cured 

sample promoted M2 macrophage polarization near the interface of the implant. After 7 

days of implantation, M2 macrophages disappeared from the interface of 5 min-cured 

hydrogel, likely because the hydrogel ceased to generate H2O2 (Figure 11E). For both time 

points, a significantly higher amount of M2 macrophages were found near the surface of 5 

min-cured hydrogels when compared to those surrounding 16 hrs-cured samples (Table 1). 
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For 5 min-cured samples, the percentage of M2 macrophages was 21% after 3 days of 

implantation and reaching 44% by day 7. These percentages are 1.6 and 2.4 folds higher 

when compared to cells surrounding 16 hrs-cured samples, respectively. H2O2 is necessary 

to activate M2 macrophage polarization [20] and H2O2 generated during oxidative 

crosslinking of catechol contributed to the activation of M2 macrophages at the PEG-D4-

tissue interface. There was no difference in the amount of M1 macrophage density 

surrounding both hydrogels (Figure 10C and D; Figure 11C and D) at both time points. The 

total number of macrophages decreased over time, confirming results based on non-specific 

CD68 staining (Figure 8).

4. Discussion

NaIO4-mediated crosslinking of catechol involves the formation of α,β-dehydro 

intermediates (Scheme 1) [26, 35, 47]. Addition of IO4
− oxidizes dopamine to dopamine 

quinone (reaction A), which tautomerizes to form α,β-dehydrodopamine (reaction B).α,β-

dehydrodopamine recovers a reduced catechol side chain, which is further oxidized to its 

corresponding quinone (reaction C). Crosslinking between α,β-dehydrodopamine and α,β-

dehydrodopamine quinone resulted in the formation of dehydro dimer (reaction D), leading 

to subsequent polymerization (reaction E) [35, 47]. When catechol (i.e., dopamine and α,β-

dehydrodopamine) was oxidized to its corresponding quinone (dopamine quinone and α,β-

dehydrodopamine quinone, respectively) (reactions A and C, respectively), new oxidant 

species are generated during the process. During the fast oxidation process involving IO4
−, 

IO4
− was reduced to iodate (IO3

− ) [48, 49] while molecular dioxygen (O2) was transformed 

into highly reactive O2
•− (reaction F) [50]. IO3

− can further oxidize catechol to form quinone 

[49]. At the same time, IO3
− is reduced to a highly reactive intermediate product, iodite 

(IO2
−), which is rapidly reduced to the final product iodine (I2) in the presence of phenolic 

compound [49, 51]. O2
•− oxidizes catechol to generate H2O2 (reaction G) [52]. H2O2 can 

also be generated between O2
•− and proton ions (H+) via water mediated dismutation 

reaction [48]. Finally, H2O2 is a mild oxidant which can oxidize catechol to form water 

(reaction H) [23].

Although PEG-D4 cured rapidly through the dimer formation of terminal dopamine 

moieties, polymerization of catechol may take over 8 hours to complete [12]. The newly 

generated oxidant species (i.e., IO3
−, O2

•−, and H2O2) during the oxidation of catechol were 

trapped within the PEG network, which further contributed to oxidative crosslinking and 

polymerization reactions. As such, PEG-D4 cured for over 16 hours were significantly stiffer 

compared to those cured for only 5 minutes (Figure 1). Similarly, thicker samples with 

reduced surface to volume ratio resulted in stiffer and more densely crosslinked networks 

(Figure 4). The amount of released H2O2 decreased with increasing hydrogel thickness 

(Figure 3), indicating that the trapped H2O2 contributed to reducing hydrogel swelling while 

increasing the crosslinking density of the network. Hydrogels with higher PEG-D4 

concentrations also generated less H2O2 despite having a higher catechol concentration 

(Figure S8), likely due to a higher crosslinking density that limit the diffusion of the 

generated H2O2 into the extraction media (Figure S9). Additionally, a PEG-D4 hydrogel 

(Figure S4) generated more than an order of magnitude less H2O2 when compared to the 

PEG-D4 precursor (Figure S6), further support that H2O2 trapped within a network was 
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consumed. We previously reported that network crosslinking density plays a role in limiting 

the release of H2O2 from a hydrogel network [17]. This “cage effect” also explains why 

autoxidation of PEG-D4 resulted in significantly higher H2O2 measurement, as the 

generated oxidant is not trapped and consumed within a polymer network.

During each successive oxidation and crosslinking reaction, the more potent oxidants (i.e., 

IO4
− ) were consumed and progressively converted to the less reactive oxidants (i.e., H2O2). 

H2O2 is relatively more stable compared to other oxidants and oxidizes catechol at a 

significantly reduced rate [53]. As such, H2O2 accumulated within PEG-D4 hydrogels and 

were captured in the hydrogel extracts. In our experiment, the catechol moieties within the 5 

min-cured samples continued to undergo oxidative crosslinking and generated H2O2 during 

the process (Figure 2). On the other hand, the crosslinking process within 16 hrs-cured 

samples was complete and generated an order of magnitude lower amount of H2O2. By 

comparing PEG-D4 hydrogels at these two different time points, we were able to 

characterize the effect of H2O2 generated during oxidative crosslinking while using samples 

with the same composition and preparation method.

A typical culture condition is highly oxidative due to elevated oxygen levels and is deficient 

of antioxidant enzymes when compared to in vivo conditions [54, 55]. H2O2 released during 

the oxidative crosslinking of catechol was cytotoxic (Figure 5). We previously demonstrated 

that a H2O2 concentration of 100 μM and lower to be non-cytotoxic [17]. Although the 5 

min-cured samples generated a maximum of 40 μM of H2O2 (Figure 2), a continuous 

generation of H2O2 during the crosslinking process likely contributed to reduced cell 

viability. Doping the culture medium with antioxidant enzyme, catalase, counteracted the 

cytotoxic effect, indicating that H2O2 is the main source of cytotoxicity for PEG-D4. Due to 

the instability of H2O2 in a typical culture condition (~1 hour) [56], H2O2 exhibited a short 

diffusion radii [41] and highly localized effect (Figure 6). This is potentially beneficial in 

minimizing undesirable systemic effect for in vivo applications.

Cells exposed to an oxidative environment secret a series of antioxidant enzymes (i.e., 

catalase, glutathione peroxidases and Prx) to conserve the normal redox homeostasis [57]. 

Prx 2 is ubiquitously expressed in rat skin cells including fibroblasts and keratinocytes [58]. 

H2O2 generated by PEG-D4 upregulated the expression of Prx 2 in the cytoplasm of primary 

dermal and tendon fibroblasts (Figure 7). However, the efficiency of Prx in catalyzing H2O2 

(~105 M−1 S−1) is significantly lower when compared to catalase (~106 M−1 S−1) and 

glutathione peroxidase (~108 M−1 S−1) [43, 59, 60]. Cells exposed to relatively higher 

amount of H2O2 (i.e., 5 min-cured hydrogel) also resulted in a lower cell density, despite an 

increase in Prx 2 expression. Due to ischemia induced by localized tissue compression in 

tendons, tendon fibroblasts are typically exposed to a lower concentrations of oxygen when 

compared to dermal fibroblasts [61, 62]. Therefore, tendon fibroblasts were more sensitive 

to ROS. Exposing tendon fibroblasts to a significantly lower amount of H2O2 (i.e., 16 hrs-

cured hydrogel) resulted in an increased expression of Prx 2. This result indicates the 

importance when considering the application of catechol-containing biomaterials to different 

tissues and biological systems, as the biological responses to the released H2O2 will likely 

be significantly different.
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Subcutaneous implantation revealed that higher amount of H2O2 released from the 5 min-

cured samples increased the production of O2
•− in the surrounding tissues (Figure 8) and 

recruited macrophages to the tissue-implant interface (Figure 9). Concentrations of O2
•−, 

H2O2 and macrophages are closely regulated in a wound site [63]. The mitochondria in 

respiring cells utilize oxygen to produce O2
•−, which is catalyzed by superoxide dismutase 

to form H2O2. H2O2 could be decomposed by catalase to form H2O and O2 which increases 

the local oxygen concentration and further be used by cells to produce more O2
•−. H2O2 and 

O2
•− also function as chemotactic agent to attract macrophage infiltration, which secretes 

more ROS and activates phagocytes as a part of natural foreign body response to prevent 

infection [64, 65]. Although 5 min-cured hydrogel recruited more macrophages to the 

interface when compared to 16 hrs-cured samples, a higher percentage of these cells were 

M2 macrophages (Table 1). ROS has been reported to play an important role in M2 

polarization [20], which is supported by our findings. Unlike the pro-inflammatory response 

demonstrated by M1 macrophages, M2 macrophages are responsible for regulatory and anti-

inflammatory responses, which are critical in promoting tissue regeneration [66, 67].

Taken together, our report highlights the importance of H2O2 production during the 

oxidative crosslinking of catechol. H2O2 plays an important in promoting chemical 

crosslinking, which affects the physical (i.e., swelling behavior) and mechanical properties 

for injectable biomaterials and bioadhesive designed for load bearing applications. 

Additionally, H2O2 is responsible for a number of biological responses and these effects are 

highly dependent on the concentration of H2O2, duration of release, as well as the biological 

system (i.e., source of cell, in vitro vs. in vivo) that H2O2 comes in contact with. As such, it 

is paramount to monitor and tailor the production of H2O2 generated from catechol-

containing biomaterials for a given application.

5. Conclusion

PEG-D4 was used as a model system to study the generation of H2O2 during the oxidative 

crosslinking of catechol. H2O2 trapped within the hydrogel network contributed to catechol 

polymerization, creating a more densely crosslinked and stiffer hydrogel. For in vitro cell 

assays, H2O2 generation resulted in localized cytotoxicity response and upregulated the 

expression of Prx 2 in primary cell lines. In the subcutaneous implantation model, the 

released H2O2 also promoted superoxide production, macrophage recruitment and M2 

macrophage differentiation in the surrounding tissue of the PEG-D4 implant. These results 

indicated that H2O2 generation is one of the main contributors to the cytotoxicity and 

inflammatory responses during the oxidative crosslinking of the catechol moiety.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Remarkable underwater adhesion strategy employed by mussels has been utilized to 

design a wide variety of biomaterials ranging from tissue adhesives to drug carrier and 

tissue engineering scaffolds. Catechol is the main adhesive moiety that is widely 

incorporated to create an injectable biomaterials and bioadhesives. However, the 

biocompatibility and biological responses associated with the byproducts generated 

during the curing process of catechol has never been characterized. In this manuscript, we 

design a model system to systemically characterize the release of hydrogen peroxide 

(H2O2) during the crosslinking of catechol. Given the multitude of biological responses 

associated with H2O2 (i.e., wound healing, antimicrobial, chronic inflammation), its 

release from catechol-containing biomaterials need to be carefully monitored and 

controlled for a desired application.

Meng et al. Page 19

Acta Biomater. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Storage (G′, filled symbol) and loss (G″, open symbol) moduli for PEG-D4 tested at 5 min 

(■, □) and 16 hrs (●, ○) after mixing the precursor solutions.
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Figure 2. 
H2O2 generated from 5 min- and 16 hrs-cured PEG-D4 hydrogels with a thickness of 0.7 

mm.
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Figure 3. 
H2O2 generated from 5 min-cured PEG-D4 hydrogels with different thicknesses. * p < 0.05 

when compared to 2.2 mm-thick hydrogels. $ p < 0.05 when compared to both 1.3 and 2.2 

mm-thick hydrogels.
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Figure 4. 
Molecular weight between crosslinks (M̄

c) as a function of the thickness of PEG-D4 

hydrogels. * p < 0.05 when compared to 16 hrs-cured hydrogels; $ p < 0.05 when compared 

to 5 min-cured hydrogels with a thickness of 2.2 mm.
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Figure 5. 
Relative cell viability for L929 fibroblasts exposed directly to 5 min- and 16 hrs-cured 

hydrogels with or without 100 U/mL catalase based on MTT assay. * p < 0.05 when 

compared to 5 min-cured hydrogel without catalase.
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Figure 6. 
Live/dead staining of L929 fibroblasts exposed directly to 5 min- and 16 hrs-cured 

hydrogels, for cells located directly beneath the hydrogels (A), at the boundary of the 

hydrogel (B), and at the edge of culture well (C). The orange and black rings represent the 

edge of TransWell® insert and a well of the 12-wells plate, respectively. The diameter of the 

12-wells plate well, the TransWell® insert, and the hydrogel are 2.2, 1.2, and 1 cm, 

respectively. Live and dead cells are stained green and red, respectively. Scale bar: 500 μm.
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Figure 7. 
Peroxiredoxin 2 (Prx 2) antioxidant enzyme staining of rat dermal fibroblasts (A, C, and E) 

and rat tendon fibroblasts (B, D, and F) exposed directly to 5 min- or 16 hrs-cured hydrogels 
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for 2 hours. Cell nuclei and Prx 2 were stained by DAPI (blue) and anti-Prx2 antibody 

(green), respectively. Fluorescent intensity of Prx 2 per cell in rat dermal and tendon 

fibroblasts (G). $ p < 0.05 when compared to both the media control and the 16 hrs-cured 

hydrogel groups. * p < 0.05 when compared to the media control. Scale bar: 100 μm.
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Figure 8. 
Dihydroethidium (DHE) staining of superoxide production surrounding 5 min- and 16 hrs-

cured PEG-D4 hydrogels after 3 (A and B) and 7 (C and D) days subcutaneous implantation. 

The letter h indicates the location of the implanted hydrogel. Fluorescent intensity of DHE 

signals in the surrounding tissue (E). $ p < 0.05 when compared to 5 min-cured hydrogels 

after 7 days of subcutaneous implantation * p < 0.05 when compared to the 16 hrs-cured 

samples obtained after 7 days of subcutaneous implantation. Scale bar: 100 μm.
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Figure 9. 
Immunofluorescent staining of macrophages (CD 68) in tissue surrounding 5 min- and 16 

hrs-cured PEG-D4 hydrogels after 3 (A, B) and 7 (C, D) days of subcutaneous implantation. 

Cell nuclei and macrophages were stained by DAPI (blue) and CD68 (red), respectively. The 

letter h indicates the location of the implanted hydrogel. The percentage of macrophages 

relative to the total number of cells stained with DAPI (E). * p < 0.05 when compared to 5 

min-cured hydrogels after 3 days of subcutaneous implantation; $ p < 0.05 when compared 

to 5 min-cured hydrogels after 7 days of subcutaneous implantation; & p < 0.05 when 

compared to 16 hrs-cured hydrogels after 3 days of subcutaneous implantation. Scale bar: 

100 μm.
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Figure 10. 
Immunofluorescent staining of macrophages (iNOS and CD163) surrounding 5 min- (A, C, 

E and G) and 16 hrs- (B, D, F and H) cured PEG-D4 hydrogels after 3 days of subcutaneous 

implantation. Cell nuclei, macrophage type 1 (M1), and macrophage type 2 (M2) were 

stained by DAPI (blue), iNOS (green), and CD163 (red), respectively. The letter h indicates 

the location of the implanted hydrogel. The dash line indicates the interface between the 

hydrogel and the surrounding tissue. Scale bar: 100 μm.
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Figure 11. 
Immunofluorescent staining of macrophages (iNOS and CD163) surrounding 5 min- (A, C, 

E and G) and 16 hrs- (B, D, F and H) cured PEG-D4 hydrogels after 7 days of subcutaneous 

implantation. Cell nuclei, macrophage type 1 (M1), and macrophage type 2 (M2) were 

stained by DAPI (blue), iNOS (green), and CD163 (red), respectively. The letter h indicates 

the location of the implanted hydrogel. The dash line indicates the interface between the 

hydrogel and the surrounding tissue. Scale bar: 100 μm.
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Scheme 1. 
Proposed mechanism of H2O2 generation during the IO4-induced crosslinking of catechol. R 
= 4 armed PEG.
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Table 1

M1 and M2 type macrophages density and the percentage of M2 macrophage relative to the total number of 

macrophage in the surrounding tissue retrieved after 3 and 7 days of subcutaneous implantation.

3 days 7 days

5 min-cured 16 hrs-cured 5 min-cured 16 hrs-cured

M1 macrophage (×105 cells/mm2)
4.7 ± 0.62 4.5 ± 0.67 0.86 ± 0.30 1.0 ± 0.45

p = 0.97 p = 0.89

M2 macrophage (×105 cells/mm2)
1.2 ± 0.23 0.68 ± 0.08 0.59 ± 0.18 0.29 ± 0.11 51

p < 0.0010 p = 0.021

% M2 macrophage relative to the total number of macrophage
21 ± 4.6 13 ± 2.8 44 ± 12 18 ± 3.9

p = 0.0010 p < 0.0010
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