  Peroxidase-Immobilized Porous Silica Particles for        In Situ Formation of Peroxidase-Free Hydrogels with Attenuated Immune Responses
Li Li1, Ki Hyun Bae1, Shengyong Ng, Atsushi Yamashita, and Motoichi Kurisawa*
Institute of Bioengineering and Nanotechnology, 31 Biopolis Way, The Nanos, Singapore 138669.

1Equal contribution.

*Corresponding author. 

Tel: +65 6824 7139; Fax: +65 6478 9080;  
Email: mkurisawa@ibn.a-star.edu.sg (M. Kurisawa)
Abstract

Enzymatic crosslinking chemistry using horseradish peroxidase (HRP) has been widely utilized as an effective approach to fabricating injectable hydrogels with high efficiency under mild reaction conditions. However, their clinical applications are limited by the immunogenicity of the plant-derived enzyme. Herein we report the design, synthesis and characterization of HRP-immobilized porous silica particles (HRP-particles) and their use for in situ formation of HRP-free hydrogels. HRP was immobilized on aminopropyl-modified porous silica particles of 70–140 µm in diameter via poly(ethylene glycol) spacers of different molecular weights by reductive amination reaction. Two different HRP-free hydrogels based on dextran-tyramine and gelatin-hydroxyphenylpropionic acid (GHPA) conjugates were produced by passing a solution containing the conjugates and H2O2 through a syringe packed with HRP-particles. The storage modulus and gelation rate of both hydrogels were tunable by varying the contact time between the polymer solution and HRP-particles. Our in vitro study revealed that HRP-free GHPA hydrogel was less stimulatory to activated mouse macrophages than HRP-containing GHPA hydrogel with the same stiffness. Furthermore, HRP-free GHPA hydrogel exhibited remarkably lower levels of local and systemic inflammation than HRP-containing one upon subcutaneous injection in immunocompetent C57BL/6J mice. The attenuated immunogenicity of HRP-free GHPA hydrogels makes them an attractive platform for tissue engineering applications. 
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Statement of Significance

The immunogenicity of HRP is a significant issue for clinical application of HRP-catalyzed in situ forming hydrogels. HRP-particles are developed to overcome the safety concerns by fabricating HRP-free hydrogels. The porosity of silica particles and molecular weight of poly(ethylene glycol) spacers are discovered as important factors determining the catalytic ability of HRP-particles to induce the in situ crosslinking of polymer-phenol conjugates. Although several articles speculate the potential of HRP to trigger immune responses when administered as a part of hydrogel formulation, no literature has attempted to investigate the immunogenicity of HRP-containing hydrogels in comparison with HRP-free hydrogels. Our findings suggest that the immunogenicity issue should be carefully considered before clinical translation of HRP-containing hydrogels. 

1. Introduction
Injectable hydrogels have drawn increasing attention as they offer significant advantages over traditional preformed hydrogels, such as minimal invasiveness, ease of administration, and better patient compliance [1, 2]. Over the last decade, enzymatic crosslinking strategies using HRP have been extensively applied for the development of injectable hydrogels because of its high substrate specificity and catalytic efficiency under mild reaction conditions [3, 4]. Another advantage of HRP-mediated crosslinking chemistry is that it enables independent tuning of gelation rate and stiffness by changing the concentrations of HRP and H2O2, respectively [5]. Given the favorable characteristics, various in situ forming hydrogels based on gelatin [6], dextran [7], hyaluronic acid [8], and glycopolypeptide [9], have been developed by HRP-catalyzed oxidative coupling of phenol moieties pre-conjugated on the polymer backbone. Among them, gelatin-based hydrogels have been of particular interest for tissue engineering because they inherently harbor cell-adhesive and proteinase-degradable motifs, potentially providing cells with a tissue-like extracellular environment [10]. For example, gelatin-hydroxyphenylpropionic acid (GHPA) hydrogels can promote the adhesion of mesenchymal stem cells (MSCs) [11], neural stem cells [12], chondrocytes [13] or myoblasts [14], and allow them to proliferate and migrate into the surrounding gel matrix. Moreover, GHPA hydrogels have been demonstrated to induce spontaneous endothelial differentiation of the encapsulated MSCs into a perfusable vascular network upon in vivo engraftment, even without the use of exogenous growth factors [15]. In addition to GHPA hydrogels, dextran-tyramine (Dex-Tyr) hydrogels have proven to be capable of maintaining the differentiated phenotype of chondrocytes and stimulating their biosynthesis of cartilaginous-specific matrix [16].  

Despite the aforementioned advances, two major issues still exist for the clinical translation of HRP-catalyzed in situ forming hydrogels. The first is associated with the use of H2O2 because it may cause oxidative damage to surrounding tissues, if not fully consumed [17]. Yet this toxic risk can be lowered by using the minimum amount of H2O2 needed for gelation and thus ensuring its complete consumption [18]. A more serious issue is the unavoidable introduction of HRP into the body. It has been recognized that plant-specific glycan structures of HRP have the potential to elicit immune responses when administered to humans and other mammals [19]. Mice, rats, and rabbits have been reported to develop antibody responses against α(1,3)-fucose and β(1,2)-xylose epitopes on the HRP glycan residues [20, 21]. Surprisingly, about 50% of healthy human subjects are found to have antibodies specific for β(1,2)-xylose and 25% for α(1,3)-fucose, raising a concern on the immunogenicity of HRP in humans [20]. To overcome the limitations, extensive efforts have been devoted to fabricate HRP-free hydrogels. For instance, the peroxidase-like catalyst hematin and its derivatives have been proposed as alternatives lacking HRP epitopes to avoid the immunogenicity [22, 23]. A hematin-coated syringe has also been developed by polydopamine coating on the inner surface of a syringe and carbodiimide-mediated coupling of hematin, and then applied to crosslink catechol-containing polymers via the generation of quinone/semiquinone free radicals in the presence of H2O2 [24]. Another interesting approach involves the use of a syringe packed with HRP-immobilized ferromagnetic microbeads [25]. In this approach, HRP-catalyzed oxidative reaction is initiated when a solution containing polymer-phenol conjugates and H2O2 is loaded into the syringe, finally leading to the formation of HRP-free hydrogels from the solution passing out of the syringe. Although such hydrogels hold great promise for clinical translation, their in vivo performance has not been investigated in previous literature. Particularly, very little is known about the in vitro and in vivo immune responses to HRP-free hydrogels in comparison with HRP-containing ones. 

We describe herein the synthesis of HRP-immobilized porous silica particles (HRP-particles) for in situ formation of HRP-free hydrogels. Porous silica particles were chosen as a solid support material owing to their high surface area, customizable pore size, chemical inertness, and ease of surface modification [26, 27]. HRP was covalently coupled onto the surface of aminopropyl-modified porous silica particles of 70–140 µm in diameter through a poly(ethylene glycol) (PEG) spacer by reductive amination reaction (Fig. 1A). The flexible and hydrophilic PEG chain was expected to provide HRP with sufficient mobility to increase the likelihood of the enzyme-substrate binding [28]. Dex-Tyr and GHPA hydrogels devoid of HRP were produced by injecting a solution containing the polymer-phenol conjugates and H2O2 through a syringe packed with HRP-particles (Fig. 1B). Rheological analysis was performed to study the effect of H2O2 concentration and contact time on the hydrogel stiffness and gelation rate. Production of inflammatory cytokines was assessed to examine the in vitro macrophage responses to GHPA hydrogel surfaces. Furthermore, we sought to compare the in vivo cytokine expression and tissue response in immunocompetent C57BL/6J mice between HRP-free and HRP-containing GHPA hydrogels with the same stiffness. Our approach using HRP-particles was demonstrated to enable in situ formation of HRP-free hydrogels with minimal immunogenicity for potential tissue engineering applications. 
2. Materials and Methods 

2.1. Materials    
Dex-Tyr and GHPA conjugates were synthesized as described previously [7, 11]. Aminopropyl-modified porous silica particles with 70–140 µm of particle size and different pore size (473 or 989 Å) were obtained from Biosearch Technologies (Petaluma, CA, USA). Non-porous silica particles (aminopropyl-functionalized, 70-100 µm) were purchased from OPS Diagnostics (Lebanon, NJ, USA). Dialdehyde-modified poly(ethylene glycol) (PEG-dialdehyde) with different molecular weights (Mw=0.6, 2.0, and 3.4 kDa) were purchased from Creative PEGWorks (Chapel Hill, NC, USA). HRP (150 unit mg-1) was purchased from Wako Pure Chemical Industries (Osaka, Japan). H2O2 was obtained from Lancaster Synthesis (Lancashire, UK). Fritted polypropylene syringes of 2.5 mL volume were purchased from Torviq (Niles, MI, USA). Sodium borohydride (NaBH4) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Micro BCA protein assay kit and 1-Step™ 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) substrate solution were purchased from Thermo Fisher Scientific (Waltham, MA, USA). SureBlue™ 3,3',5,5'-tetramethylbenzidine (TMB) solution was purchased from KPL Incorporation (Gaithersburg, MD, USA). Lipopolysaccharide from E. coli 055:B5 was obtained from InvivoGen (San Diego, USA). Mouse interleukin-6 (IL-6) and tumor necrosis factor (TNF-α) ELISA kits (Abcam, UK) were used according to the manufacturer’s instructions. All other chemicals and reagents were of analytical grade. 
2.2. Synthesis of HRP-immobilized porous silica particles (HRP-particles)
HRP was covalently immobilized on aminopropyl-modified porous silica particles through a PEG spacer by reductive amination reaction. Briefly, 1 g of the porous silica particles with different pore size (473 or 989 Å) was suspended in 10 mL of 0.1 M phosphate-buffered saline (PBS, pH 6.9). PEG-dialdehyde (Mw=0.6, 2.0 or 3.4 kDa) was dissolved in 5 mL of PBS at a concentration of 0.06 M and mixed with silica particles. After the mixture was incubated for 6 h at 25 °C on an orbital shaker at 50 rpm, the particles were filtered, washed with PBS, and suspended in 8 mL of PBS. HRP (220 mg, 0.005 mmol) was dissolved in 3 mL of PBS and added to the suspension. The coupling of HRP to the silica particles proceeded for 18 h at 4 °C on an orbital shaker at 50 rpm. The resulting HRP-particles were filtered, washed with PBS, and mixed with 100 mL of 1% (w/v) NaBH4 solution. After reaction for 4 h at 4 °C on an orbital shaker at 50 rpm, HRP-particles were filtered and washed with PBS extensively (three times a day) to completely remove unreacted HRP. The washing process was continued until the amount of HRP in the wash-out solution was decreased to undetectable levels (< 1 × 10-6 units mL-1), as examined by the method described in the next section. The purified HRP-particles were stored in PBS at 4 °C until use. For comparison, HRP-immobilized non-porous silica particles were prepared under the same condition but using 1 g of aminopropyl-modified, non-porous silica particles instead of 1 g of the porous silica particles. 

2.3. Characterization of HRP-particles

The amount of immobilized HRP was quantified by using the Micro BCA protein assay kit. Briefly, 30 mg of HRP-particles or standard solutions containing 0.2 to 2 mg of free HRP were incubated with 0.3 mL of the Micro BCA assay reagent. After incubation for 1 h at 50 rpm, 0.2 mL of the supernatant from each mixture was transferred to 96-well plates for the absorbance measurement at 562 nm. The amount of HRP (expressed as mg HRP per gram particle) was calculated by comparing the absorbance of samples with that obtained from the standard solutions. The catalytic activity of HRP-particles was measured by the 1-Step™ ABTS assay. Briefly, 10 mg of HRP-particles or 20 µL of standard solutions containing various amounts of free HRP (0.0025 to 0.02 units) were placed in each well of 6-well plates. After 2 mL of 1-Step™ ABTS substrate solution was add to each well, the plates were incubated for 2 min on an orbital shaker at 150 rpm. Then, 0.2 mL of the supernatant was quickly transferred to each well of 96-well plates for the absorbance measurement at 410 nm on a Tecan Infinite M200 microplate reader (Tecan Group Ltd., Switzerland). The catalytic activity of HRP-particles was calculated by comparing the absorbance of samples with that of the standard solutions and expressed as the units of HRP per gram particle. 
To investigate the effect of NaBH4-mediated reduction on the catalytic activity and stability of HRP-particles, NaBH4-untreated HRP-particles were prepared by the above method, except that NaBH4 treatment step was omitted, and their catalytic activity was evaluated by the ABTS assay. Then, 20 mg of NaBH4-treated and untreated HRP-particles were suspended in 0.5 mL of 0.1 M PBS solution (pH 7.0). After mixing for 10 min on an orbital shaker at 50 rpm, the amount of detached HRP in the supernatant was measured by the Micro BCA assay. To assess the long-term stability of HRP-particles in solution, 500 mg of HRP-particles were suspended in 20 mL of 0.1 M PBS solution (pH 7.0) and then kept at 4 °C for a 2-month period. At selected time points, HRP-particles were collected and their catalytic activity was monitored by the ABTS assay. For scanning electron microscopy, HRP-particles and the bare porous silica particles in a dry powder form were deposited on a double-sided carbon tape on an aluminum stub, sputter-coated with platinum (6 nm thickness) using Leica EM SCD050 (Wetzlar, Germany), and then imaged with a JSM-6701F scanning electron microscope (JEOL Ltd., Tokyo, Japan).  
2.4. Preparation and characterization of HRP-free in situ forming hydrogel

Dex-Tyr and GHPA conjugates were first dissolved in 10 mM PBS solution (pH 7.4) at a concentration of 9% and 5% (w/v), respectively. To form HRP-free Dex-Tyr hydrogels, 9% (w/v) Dex-Tyr solution and 1.8 mM H2O2 were added into a 2.5-mL fritted polypropylene syringe packed with 100 mg of HRP-particles with PEG spacers of different molecular weights. The total volume of the mixture was fixed to 0.4 mL. The syringe was placed on an orbital shaker for the desired period of time, typically 9 min, at 250 rpm for homogeneous mixing, and 210 µL of the mixture solution passing out of the syringe was applied to the bottom plate of a HAAKE Rheoscope 1 rheometer (Karlsruhe, Germany). The rheological measurement was carried out at 37 ºC in the dynamic oscillatory mode with a constant deformation of 1% and a frequency of 1 Hz, using a cone and plate geometry of 3.5 cm diameter and 0.949º cone angle. The evolution of storage modulus (G′) and loss modulus (G′′) was monitored as a function of time. The gel point, an indicator of gelation rate, was determined as the time at which crossover of the two moduli occurred. HRP-particle with 3.4 kDa PEG spacer was chosen for the rheological studies regarding the effect of H2O2 concentration and contact time on hydrogel formation. The effect of H2O2 concentration on the stiffness and gelation rate of HRP-free Dex-Tyr hydrogels was investigated while the contact time was fixed to 9 min. The effect of contact time on Dex-Tyr hydrogel formation was investigated while keeping H2O2 concentration constant at 1.8 mM. 

HRP-free GHPA hydrogels were prepared under the same condition but using 5% (w/v) GHPA solution, 3.2 mM H2O2, and a syringe packed with 50 mg of HRP-particle with 3.4 kDa PEG spacer. The effect of contact time on the stiffness and gelation rate of GHPA hydrogels was investigated while keeping H2O2 concentration constant at 3.2 mM. The absence of HRP in GHPA hydrogel was verified by the chromogenic reaction with the peroxidase substrate TMB. Briefly, pre-gel solutions of HRP-free GHPA hydrogels were prepared as described above. After 5 min of the contact time, 100 µL of the pre-gel solutions were injected between two parallel glass plates clamped together with 1.5 mm spacing to produce disk-shaped hydrogels. Gelation was allowed to proceed for 2 h at 37 °C. For comparison, HRP-containing GHPA hydrogels having the same storage modulus (ca. 870 Pa) as that of HRP-free GHPA hydrogels were produced using 5% (w/v) GHPA solution, 0.03 units mL-1 HRP, and 2.13 mM H2O2, according to the previous report [11]. The resultant hydrogel disks were placed in each well of 48-well plates and 0.5 mL of SureBlue™ TMB solution was added. Photographs of the plates were taken after 1 min of reaction with TMB at 25 °C in a dark place. After 5 min of incubation, the hydrogel disks were taken out of the solution and then photographed. For scanning electron microscopy, HRP-free and HRP-containing GHPA hydrogels were equilibrated in deionized water for 24 h and cut into thin slices (3 mm × 5 mm × 5 mm) using a razor blade. The specimens were frozen in liquid nitrogen, lyophilized for 2 days, and then imaged with a JSM-6701F scanning electron microscope as described above.       

2.5. Cell viability study
Human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs) at passage 2 were obtained from Lonza (Basel, Switzerland) and used up to passage 7. HRP-particles were sterilized by soaking in 70% (v/v) ethanol for 15 min and rinsing with deionized water extensively. The cells were harvested by trypsinization at 90% confluency and resuspended in 5% (w/v) GHPA solution at an initial cell density of 3.1 × 106 cells mL-1. Pre-gel solutions of HRP-free GHPA hydrogels were prepared as described above and were added to each well of 48-well plates in replicates (150 µL), followed by incubation for 1 h at 37 °C to allow gelation to complete. Culture medium was added after 1 h of gelation and replaced every 2-3 days. The cells were stained for 30 min with calcein AM (2 μM) and ethidium homodimer-1 (4 μM) to ascertain the proportion of live and dead cells, respectively.  
2.6. Evaluation of cytokine expression by macrophages cultured on hydrogels
RAW 264.7 mouse macrophages were purchased from the American Type Culture Collection (Manassas, VA) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin. Pre-gel solutions (100 µL) of HRP-free GHPA hydrogels were prepared as described above and coated at the bottom of each well of a black-walled 96-well plate. For comparison, HRP-containing GHPA hydrogels having the same storage modulus (ca. 870 Pa) as that of HRP-free GHPA hydrogels were produced at adjusted concentrations of HRP (0.03 units mL-1) and H2O2 (2.13 mM), according to the previous report [11]. The final concentrations of HRP and H2O2 used to form the hydrogels were 0.03 units mL-1 and 2.13 mM, respectively. Gelation was allowed to proceed for 24 h at 37 °C in a humid chamber under sterile conditions. RAW 264.7 cells suspended in 50 µL of phenol red-free DMEM were seeded onto the hydrogel-coated or uncoated wells at a density of 5 × 104 cells per well and then allowed to adhere for 6 h at 37 °C. The cells were cultured for additional 18 h with 50 µL of phenol red-free DMEM/FBS media supplemented with or without 4 μg mL-1 lipopolysaccharides. The concentrations of IL-6 and TNF-α in the supernatant were measured by using mouse IL-6 and TNF-α ELISA kits (Abcam, UK), respectively. 

2.7. Evaluation of the in vivo biocompatibility of hydrogels. 

All animal experiments were performed according to the protocols approved by the Institutional Animal Care and Use Committee (IACUC) at the Biological Resource Centre in Biopolis, Singapore. Male C57BL/6J mice (8-9 weeks old, 20-23 g) were obtained from InVivos Pte Ltd (Singapore) and randomly allocated into 4 groups. For the first group, 200 µL of HRP-free GHPA hydrogel were prepared as described above and then injected subcutaneously into the back of the mice under anesthesia. The second group received a subcutaneous injection of HRP-containing GHPA hydrogel (200 µL). The third group received a subcutaneous injection of HRP solution (200 µL) at an equivalent concentration to that in GHPA hydrogel (44 units L-1). The dose of HRP was 8.8 milliunits per mouse. As a control, the last group received a subcutaneous injection of PBS solution (200 µL). At selected time points, blood was withdrawn from the mice (3 mice per time point), transferred into Protein LoBind tubes (Eppendorf, Germany) and then allowed to clot at 4 °C overnight. Serum samples were isolated by centrifugation at 1,000 × g for 15 min at 4 °C and then stored at -80 °C until use. The concentrations of IL-6 and TNF-α in the serum were measured by using mouse IL-6 and TNF-α ELISA kits (Abcam, UK), respectively. For histological examination, the skin and subcutaneous tissue around the injected hydrogels were harvested 7 d post-injection. The excised tissues were fixed with 10% neutral-buffered formalin, embedded in paraffin blocks, and then sectioned for hematoxylin and eosin (H&E) staining. Immunohistochemistry was performed on the tissue sections using a rat anti-Mac3 M3/84 monoclonal antibody (BD Pharmingen, USA) and a rat anti-Ly6G NIMP-R14 monoclonal antibody (HyCult Biotech, The Netherlands). Ten representative images for each group were taken under an Olympus IX71 inverted microscope (Olympus, Japan). The percentage of stained cells was calculated by dividing the number of positively stained cells by the total number of cells in each field using the ImmunoRatio software (University of Tampere, Finland).

2.8. Statistical analysis 
Data are expressed as mean ± standard deviation unless otherwise stated. Statistical comparisons between groups were performed by one-way ANOVA with Tukey's multiple comparison test using the OriginPro 9 software (OriginLab Corporation, USA). Statistical significance was determined, with P values less than 0.05 considered statistically significant. 
3. Results 
3.1. Synthesis and characterization of HRP-particles

HRP-particles were synthesized by coupling HRP molecules onto the surface of aminopropyl-modified porous silica particles via a PEG-dialdehyde spacer by reductive amination reaction (Fig. 1A). The aldehyde group at one end of the PEG spacer was reacted with the primary amine group on the silica particles, prior to conjugation of HRP at the opposite end via Schiff base reaction. The extent of aldehyde functionalization on the porous silica particles was assessed using bicinchoninic acid (BCA), which forms purple-colored BCA/copper complexes upon aldehyde-mediated reduction of Cu2+ to Cu1+ [29]. It was found that 14.46 ± 0.74 µmol of 3.4 kDa PEG-dialdehyde was introduced per gram of porous silica particles with 473 Å pores (Fig. S1). The imine bond formed by the Schiff base reaction was converted to a secondary amine upon reaction with NaBH4, a mild reducing agent which does not cleave disulfide bonds in protein structures [30]. There was little difference in the catalytic activity between NaBH4-treated and untreated HRP-particles, suggesting that the activity of HRP was not compromised by NaBH4-mediated reduction (Fig. S2A). While considerable amounts of HRP (~12% for 10 min) were detached from NaBH4-untreated HRP-particles during incubation in PBS solution due to hydrolysis of the imine bonds [29], no detachment of HRP occurred from NaBH4-treated HRP-particles, demonstrating their high stability in physiological buffer solutions (Fig. S2B). 
We investigated the effect of silica particle porosity and molecular weight of PEG spacers on the immobilization of HRP onto the particle surfaces. As shown in Fig. 2A, porous silica particles allowed for immobilization of much larger amounts of HRP than non-porous ones, when the molecular weight of PEG spacers was fixed to 0.6 kDa. The silica particles with smaller pores (473 Å) were found to have nearly 9-fold greater amounts of HRP than those with larger pores (989 Å), possibly due to higher amine density on the smaller particles (Table S1). When PEG molecular weight increased from 0.6 to 2.0 kDa, the amount of immobilized HRP decreased from 1.92 to 1.13 mg per gram particle. There was negligible change in the amount of immobilized HRP when PEG molecular weight increased further to 3.4 kDa. A similar trend was observed when the catalytic activity of HRP-particles was assessed with ABTS assay (Fig. 2B). HRP-immobilized porous silica particles with 989 Å and 473 Å pores displayed about 12-fold and 57-fold higher activity than non-porous ones, respectively. As the molecular weight of PEG increased from 0.6 to 3.4 kDa, the activity of HRP-particles gradually decreased from 3.39 to 2.65 units per gram particle. The grafting ratio of HRP to the amine group on silica particles was also characterized and summarized in Table S2. In the case of HRP-particles with 473 Å pores and 3.4 kDa PEG spacer, the grafting ratio was 2.7×10-4, indicating that approximately one of every 3690 amine groups (0.027%) was used for the covalent immobilization of HRP.    
HRP-free Dex-Tyr hydrogels were produced upon injection of a solution containing Dex-Tyr conjugates and H2O2 through a fritted syringe packed with HRP-particles (Fig. 1B). It was hypothesized that HRP-particles could catalyze the oxidative coupling of phenol moieties using H2O2 as an oxidant, thereby leading to in situ gelation from the precursor solution passing out of the syringe. Rheological analysis was performed to examine the effect of PEG molecular weights on the capability of HRP-particles to produce HRP-free Dex-Tyr hydrogels. As depicted in Fig. 2C, HRP-particle with 3.4 kDa PEG spacer induced the formation of stiffer hydrogels at a faster rate, compared to those with 2.0 kDa. The hydrogels formed by HRP-particle with 3.4 kDa PEG spacer presented a shorter gel point than by those with 2.0 kDa PEG spacer (Fig. S3). Surprisingly, HRP-particle with 0.6 kDa PEG spacer failed to trigger gelation even after incubation for 80 min, although they exhibited the highest activity among all the HRP-particles. Hence, the molecular weight of PEG spacers was discovered to play a crucial role in determining the ability of HRP-particles to facilitate the in situ crosslinking of polymer-phenol conjugates. It was noteworthy that HRP-particles with 2.0 and 3.4 kDa PEG spacers preserved their catalytic activity in PBS solution at 4 °C for over 60 days, indicative of their high stability (Fig. 2D). Based on the findings, HRP-particle with 473 Å pores and 3.4 kDa PEG spacer was chosen for the rest of the study. The surface morphology and pore structure of HRP-particles were also examined by scanning electron microscopy. HRP-particles had similar morphology and pore structure to the bare porous silica particles, suggesting that the surface modification process did not cause any deformation or destruction of the particles (Fig. S4).  
3.2. Effect of H2O2 concentration and contact time on Dex-Tyr hydrogel formation    
To assess the effect of H2O2 concentration on gel properties, HRP-free Dex-Tyr hydrogels were prepared at varying concentrations of H2O2, while the contact time was fixed to 9 min (Fig. 3A). Storage modulus of Dex-Tyr hydrogels gradually increased from 116 to 1116 Pa with increasing H2O2 concentrations from 1.2 to 1.8 mM. A further increase in H2O2 concentration caused a decline in the storage modulus, owing to H2O2-mediated denaturation of HRP [5]. The highest storage modulus and minimum gel point were observed at 1.8 mM, implying that this concentration of H2O2 was sufficiently high to activate all the available phenol moieties and to induce maximal levels of intermolecular crosslinking, finally leading to accelerated formation of the stiffest Dex-Tyr hydrogels. It has been reported that HRP-catalyzed oxidation of tyramine induces the formation of fluorescent dityramine bridges [8]. Fluorescence measurements revealed that dimerization of tyramine occurred when Dex-Tyr conjugates were mixed with H2O2 and HRP-particles (Fig. S5), suggesting that the oxidative coupling of tyramine moieties was responsible for the observed in situ gelation of Dex-Tyr solution. To further examine the effect of contact time on the hydrogel formation, 9% (w/v) Dex-Tyr solution and 1.8 mM H2O2 were mixed in a syringe packed with 100 mg of HRP-particles for different periods of time, before extruded the syringe for rheological analysis. As presented in Fig. 3B, the peak storage modulus of Dex-Tyr hydrogels increased proportionally to the contact time between the polymer solution and HRP-particles. Raising the contact time from 5 to 21 min resulted in a rise in the peak storage modulus from 0.4 to 1.7 kPa, with an accompanying decrease in the time to reach gel point after extrusion (Fig. 3C). No gelation was observed when the precursor solution was extruded after 1 min, indicating that this duration was not sufficiently long to promote gelation. 

3.3. Preparation and characterization of HRP-free GHPA hydrogels

We further evaluated the capability of HRP-particles to produce HRP-free hydrogels from GHPA conjugates. To examine the effect of contact time on GHPA hydrogel formation, 5% (w/v) GHPA solution and 3.2 mM H2O2 were mixed in a syringe packed with 50 mg of HRP-particles for various periods of time, and then extruded for rheological analysis. Similarly to the observations made in Dex-Tyr hydrogels, increasing the contact time between GHPA solution and HRP-particles led to increased storage modulus of GHPA hydrogels (Fig. 4A), with a concomitant decrease in the time to reach gel point after extrusion (Fig. 4B). HRP-free GHPA hydrogel formed with the contact time of 5 min was chosen for the rest of the studies because this hydrogel had a sufficiently high modulus (ca. 870 Pa) to maintain its integrity. To verify whether the produced GHPA hydrogel was devoid of HRP, the hydrogel was subjected to reaction with 3,3',5,5'-tetramethylbenzidine (TMB), a highly sensitive chromogenic substrate for peroxidases. For comparison, HRP-containing GHPA hydrogel having the same storage modulus as that of HRP-free GHPA hydrogel was produced at adjusted concentrations of HRP and H2O2 (Fig. S6). The gel points of HRP-containing and HRP-free GHPA hydrogels were 5.5 ± 0.8 and 12.7 ± 1.0 min, respectively. Scanning electron microscopy revealed that HRP-containing GHPA hydrogel had a similar porous structure to HRP-free GHPA hydrogel (Fig. S7). As shown in Fig. 4C, a mixture of GHPA conjugate and HRP developed a deep blue color after reaction with TMB for 1 min, indicative of the formation of oxidized TMB product [31]. A less intense blue color appeared from HRP-containing GHPA hydrogel, probably due to the delayed diffusion of TMB into the gel matrix. On the other hand, no blue color was developed from HRP-free GHPA hydrogel as well as GHPA conjugate alone. HRP-free GHPA hydrogel, in contrast to HRP-containing one, was not stained in blue even after 5 min of the reaction (Fig. 4D), demonstrating the absence of HRP in the hydrogel. 

Next, we sought to examine the applicability of a syringe packed with HRP-particles for three-dimensional cell encapsulation in HRP-free GHPA hydrogels. Human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs) were suspended in a mixture of 5% (w/v) GHPA solution and 3.2 mM H2O2, and then injected through a syringe packed with 50 mg of HRP-particles. The ejection volume (i.e., the volume of solution passing out of the syringe) was approximately 84% of the initial injection volume, regardless of the presence of cells (Fig. S8). Viability of the cells encapsulated in GHPA hydrogel was assessed by fluorescence staining using calcein AM (live cell probe) and ethidium homodimer-1 (dead cell probe). More than 97% of the cells remained alive after 1 h of cultivation, indicating that they experienced minimal damage when passing through the space between HRP-particles inside the syringe (Fig. 4E and 4G). The encapsulated cells maintained a high viability of 95.4 ± 1.7% after 14 d of cultivation (Fig. 4F and 4G). In addition, they became more elongated and interconnected, which is consistent with reported observations of cellular self-organization of HUVECs and MSCs in co-culture [32]. 
3.4. In vitro macrophage response to GHPA hydrogels 
We investigated the cellular response of mouse macrophages cultured on the surface of HRP-containing and HRP-free GHPA hydrogels. Since the substrate stiffness is known to have great influence on the in vitro activation of macrophages and in vivo tissue response, it is important to prepare two hydrogels having identical stiffness [33]. In the current study, HRP-containing GHPA hydrogel having the same storage modulus (ca. 870 Pa) as that of HRP-free GHPA hydrogel was used for comparison. RAW 264.7 mouse macrophages were introduced on the surface of tissue culture-treated polystyrene (TCTP) plate, HRP-containing GHPA, and HRP-free GHPA hydrogels at a density of 5 × 104 cells per well, and allowed to adhere for 6 h at 37 °C. Subsequently, lipopolysaccharide (LPS) was treated to the macrophages for additional 18 h to simulate the in vivo inflammatory environment [33]. As shown in Fig. 5A, macrophages cultured on GHPA hydrogels displayed a more localized attachment and less spreading than those cultured on TCTP plates, probably due to smaller stiffness of the former substrates [34]. There was little difference between HRP-containing and HRP-free GHPA hydrogels in terms of macrophage adhesion and morphology. The cell culture supernatants were further analyzed by ELISA to measure the expression of TNF-α and IL-6, which are representative proinflammatory cytokines. The addition of LPS to macrophages cultured on TCTP plates stimulated the expression of TNF-α and IL-6, indicating that LPS transformed quiescent macrophages to an activated state (Fig. 5B and 5C). Impressively, LPS-stimulated macrophages cultured on HRP-free GHPA hydrogel secreted much lower levels of TNF-α and IL-6, as compared to those on HRP-containing GHPA hydrogel (P < 0.001). The pronounced cytokine production was attributable to the activation of macrophages by HRP molecules liberated from GHPA hydrogel.  
3.5. In vivo cytokine expression and tissue response evaluation
The in vivo biocompatibility of HRP-containing and HRP-free GHPA hydrogels was evaluated by assessing their effect on systemic cytokine expression and local tissue response. To form HRP-free hydrogel in situ, a solution containing GHPA polymer and H2O2 was injected through a syringe packed with HRP-immobilized porous silica particles into the subcutaneous space of immunocompetent C57BL/6J mice (Fig. 6A). For comparison, other groups of mice received a subcutaneous injection of HRP-containing GHPA hydrogel having identical storage modulus (ca. 870 Pa) and HRP solution at an equivalent dose to that in GHPA hydrogels (8.8 milliunits per mouse). As depicted in Fig. 6B, the mice treated with HRP solution had elevated levels of TNF-α and IL-6 at 1 d post-injection, verifying that the plant-derived enzyme HRP promoted systemic proinflammatory responses in mice. It was also noteworthy that HRP-free GHPA hydrogel triggered lower levels of TNF-α and IL-6 production than HRP-containing GHPA hydrogel and HRP solution. Surprisingly, the serum levels of TNF-α and IL-6 in HRP-treated mice did not decrease back to the normal levels even after 14 days of injection, suggestive of sustained inflammatory effect of HRP (Fig. 6C). The cytokine levels induced by HRP-free GHPA hydrogel were markedly lower than those observed for HRP-containing GHPA hydrogel at 14 d post-injection.   
Histological assessment of the skin tissue surrounding GHPA hydrogels was conducted to understand their local tissue response. Macrophages and neutrophils were detected by immunohistochemistry staining of the Mac3 and Ly6G antigens, respectively. We observed a marked recruitment of macrophages and neutrophils in the subcutaneous space of the mice at 7 d post-injection of HRP solution (Fig. 7A). Notably, HRP-containing GHPA hydrogel showed larger numbers of macrophages and neutrophils at the hydrogel-tissue interface, as compared to HRP-free GHPA hydrogel. Our observations were further supported by the quantitative analysis of the percentage of Mac3- and Ly6G-positive cells in the tissue sections. While a dramatic increase of macrophages was observed for HRP-containing GHPA hydrogel (52.77 ± 18.48%) and HRP solution (48.85 ± 8.47%) relative to the control group (30.57 ± 5.51%), HRP-free GHPA hydrogel exhibited a similar percentage of macrophages (32.85 ± 6.46%) as the control group (Fig. 7B). Quantification of Ly6G-positive cells (Fig. 7C) also revealed that HRP-free GHPA hydrogel induced less recruitment of neutrophils (23.07 ± 6.70%) than HRP-containing GHPA hydrogel (41.91 ± 12.06%), although fewer numbers of neutrophils were observed from the mice injected with HRP solution (13.36 ± 5.19%) and the control group (8.42 ± 2.66%). The immunostaining analysis, together with in vivo cytokine profiles, indicated that HRP-free GHPA hydrogel was less inflammatory than HRP-containing one. No signs of necrosis, hemorrhage, and other histopathological abnormalities were observed in H&E-stained sections of the mouse skin tissues around HRP-free GHPA hydrogel, suggestive of its biocompatibility (Fig. S9).
4. Discussion 

The aim of this work was to develop HRP-particles for in situ formation of HRP-free hydrogels. One key finding from our study was that silica particle porosity and molecular weight of PEG spacers play an important role in determining the capability of HRP-particles to induce the crosslinking of polymer-phenol conjugates. As expected, significantly larger amounts of HRP was immobilized on porous silica particles with higher amine density, as compared to non-porous ones. Interestingly, HRP-particle with 3.4 kDa PEG spacer exhibited a superior capability to form HRP-free hydrogels than those with shorter PEG spacers. An earlier study [28] reported that lipase exerted low activity when immobilized on poly(styrene-acrylic acid) microspheres with no spacer, due to steric hindrance resulting from the short distance between the microsphere and lipase. In the same study, the activity of lipase was greatly improved by introducing 0.8 and 4.0 kDa PEG spacers, but not by 0.4 kDa PEG spacer, implying that sufficiently long PEG spacers could give the enzyme greater freedom of movement for catching substrate molecules. In this perspective, 3.4 kDa PEG spacer used in our study was considered long enough to provide HRP with sufficient mobility to increase the probability of the enzyme-substrate binding, thereby contributing to the enhanced gel-forming ability of HRP-particles with the spacer. Impressively, HRP-particles remained highly active for over 60 days in PBS solution at 4 °C, providing advantages for practical applications.

Rheological analysis revealed that both H2O2 concentration and contact time had profound impact on the formation of HRP-free hydrogels. Particularly, we observed a gradual increase in the stiffness of Dex-Tyr hydrogels and concomitant decline in their time to reach gel point after extrusion as a function of contact time. This was in good agreement with the previous report [25], which demonstrated that elastic modulus and gelation rate of gelatin-PEG-tyramine (GPT) hydrogels was highly dependent on the contact time between GPT solution and HRP-immobilized ferromagnetic microbeads. The number of phenolic radicals produced by the physical contact between Dex-Tyr conjugates and HRP-particles was likely to play an important role in enzymatic crosslinking of the conjugates. For instance, increasing the contact time might facilitate generation of more phenolic radicals, eventually leading to the formation of stiffer Dex-Tyr hydrogels at a faster rate. 
We also found that storage modulus and gelation rate of HRP-free GHPA hydrogels could be modulated by varying the contact time between GHPA solution and HRP-particles. Moreover, the absence of HRP in the hydrogel was confirmed by the chromogenic reaction with the peroxidase substrate TMB. Although this result proved the capability of HRP-particles to form HRP-free GHPA hydrogels as potential cell scaffolds, their use raised concerns about possible negative effects on the viability of encapsulated cells during their passage through the space between HRP-particles in the syringe. To address this concern, we carried out cell viability studies using HUVECs and MSCs. Co-culture of HUVECs and MSCs in three-dimensional hydrogel scaffolds recapitulates key aspects of neovascularization in vitro [32, 35] and is a common strategy for vascular tissue engineering [36]. In the current study, HUVECs and MSCs were co-encapsulated inside HRP-free GHPA hydrogels via the use of a syringe packed with HRP-particles. Fluorescence microscopy revealed that the vast majority of HUVECs and MSCs remained alive after 14 days of cultivation in HRP-free GHPA hydrogels and exhibited elongated and interconnected structures that are reminiscent of early-stage vasculogenesis in HUVEC-MSC co-cultures [32, 35]. These observations suggest that the initial passage of the cells through the particle-packed syringe did not compromise their viability and self-organizing potential.

Next, we evaluated the in vitro response of LPS-stimulated macrophages to GHPA hydrogels. Although HRP-containing and HRP-free GHPA hydrogels showed little difference in terms of macrophage adhesion and morphology, those hydrogels promoted markedly different levels of proinflammatory cytokine secretion. The production of TNF-α and IL-6 was more pronounced when LPS-stimulated macrophages were cultured on HRP-containing GHPA hydrogel, suggesting that the macrophages were activated by HRP molecules liberated from the hydrogel. Our finding was in agreement with the previous report [37], in which the introduction of HRP to mouse macrophages stimulated their production of nitric oxide (NO), an indicator of macrophage activation and local inflammation [38]. Macrophages on HRP-free GHPA hydrogels were found to produce elevated levels of TNF-α and IL-6 than those on TCTP plates following LPS stimulation, indicative of increased activation of macrophages in response to the hydrogel surfaces. This phenomenon was considered as a result of incomplete or “frustrated” phagocytosis due to inability of macrophages to engulf bulk materials larger than 100 µm [39].  
To elucidate the effect of GHPA hydrogels on in vivo cytokine expression, we injected HRP-containing and HRP-free GHPA hydrogels having identical storage modulus (ca. 870 Pa) subcutaneously into immunocompetent C57BL/6J mice and then collected the serum for ELISA analysis. For comparison, another group of mice received a subcutaneous injection of HRP solution at an equivalent dose to that in GHPA hydrogels (8.8 milliunits per mouse). ELISA analysis revealed that administration of HRP solution stimulated the production of proinflammatory cytokines in mice over 2 weeks. This phenomenon was consistent with the literature reporting the propensity of HRP to elicit immune reactions in mice due to the presence of plant-specific glycan structures [20]. Notably, HRP-containing GHPA hydrogel triggered much higher levels of TNF-α and IL-6 production than HRP-free GHPA hydrogel at 14 d post-injection, suggesting that HRP diffusing out of GHPA hydrogel was likely to cause systemic proinflammatory responses following subcutaneous injection. The cytokine levels observed for HRP-free GHPA hydrogel, although slightly higher, was not significantly different (P > 0.05) than those for controls for 2 weeks, demonstrating that the HRP-free hydrogel induced only a minimal level of systemic inflammation.  
To further investigate the local tissue response to GHPA hydrogels, we performed immunohistochemistry staining of the Mac3 (macrophage) and Ly6G (neutrophil) in the mouse skin tissues surrounding GHPA hydrogels. Macrophage and neutrophil are of specific interest because they play a crucial role in modulating a foreign-body response to implanted biomaterials [40]. Neutrophils, the most abundant white cell in the blood, are first recruited at implant sites and then stimulated to release proinflammatory cytokines and chemokines, which attract and activate macrophages to initiate fibrotic cascade [41]. Immunostaining revealed that the number of macrophages and neutrophils was markedly increased in the subcutaneous space of the mice at 7 d post-injection of HRP solution, indicating that the plant-derive enzyme HRP was immuno-stimulatory in mice. We observed remarkably increased accumulation of macrophages and neutrophils around HRP-containing GHPA hydrogel relative to the control group, probably due to the host’s immune responses to both HRP and the hydrogel surfaces. Importantly, HRP-free GHPA hydrogel exhibited much smaller numbers of macrophages and neutrophils at the hydrogel-tissue interface, when compared to HRP-containing GHPA hydrogel. Considering that both hydrogels were prepared to have identical storage modulus (ca. 870 Pa) in order to minimize its influence on the in vivo tissue response [33], the absence of HRP was likely responsible for the observed reduction in cellular recruitment around HRP-free GHPA hydrogel. The attenuated immunogenicity of HRP-free GHPA hydrogel would be advantageous for its clinical application because an adverse tissue response to implanted biomaterials often causes fibrotic encapsulation and thus impairs their intended function in the body [42]. Collectively, the above results demonstrated that our approach using HRP-immobilized porous silica particles allowed for in situ formation of HRP-free GHPA hydrogel with minimal immune responses, thereby avoiding the safety concerns associated with the use of HRP. 

5. Conclusions
The current study described the development and characterization of HRP-particles for in situ formation of HRP-free hydrogels. HRP-particles were synthesized by grafting HRP onto aminopropyl-modified porous silica particles of 70–140 µm in diameter via a PEG spacer by reductive amination reaction. We discovered that the porosity of silica particles and molecular weight of the PEG spacer greatly influenced the catalytic ability of HRP-particles to mediate the in situ crosslinking of polymer-phenol conjugates. The capability of HRP-particles to produce HRP-free hydrogels was demonstrated using Dex-Tyr and GHPA conjugates. Increasing the contact time between the polymer solution and HRP-particles gradually increased the storage modulus and gelation rate of the hydrogels. Our in vitro study demonstrated that lipopolysaccharide-stimulated macrophages cultured on HRP-free GHPA hydrogel secreted markedly lower levels of proinflammatory cytokines than those on HRP-containing GHPA hydrogel with the same stiffness. When injected subcutaneously in C57BL/6J mice, HRP-free GHPA hydrogel induced only minimal cytokine expression and local inflammation as compared to HRP-containing one. Our HRP-free gelation technology using HRP-particles would be helpful for overcoming the immunogenicity issue of HRP-catalyzed in situ forming hydrogel systems. 
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Figure captions

Fig. 1. Schematic diagram of the synthesis of HRP-immobilized porous silica particle (HRP-particle) and its application for in situ formation of HRP-free hydrogel. (A) Surface immobilization of HRP through a PEG-dialdehyde spacer by reductive amination reaction. The aldehyde group at one end of the PEG spacer was reacted with the primary amine group on aminopropyl porous silica particles, prior to conjugation of HRP at the opposite end via Schiff's base formation. Subsequent addition of NaBH4 led to reduction of the labile imine to a stable amine linkage. (B) Photographs (left panel) and proposed reaction scheme (right panel) depicting the in situ formation of HRP-free hydrogels upon injection of a mixture solution of Dex-Tyr conjugate and H2O2 through a syringe packed with HRP-particles. The reaction scheme shows that HRP-particles catalyze the coupling of phenol moieties by using H2O2 as an oxidant while producing water as a leaving group, leading to intermolecular crosslinking and gelation. 

Fig. 2. Immobilization and catalytic activity of HRP-particles. (A and B) Effect of the porosity of silica particles and molecular weight of PEG spacers on (A) the amount of immobilized HRP and (B) catalytic activity of HRP-particles. (C) Time-course changes in the storage modulus of Dex-Tyr hydrogels formed by HRP-particles with PEG spacers of different molecular weights. The final H2O2 concentration and contact time were fixed to 1.8 mM and 9 min, respectively. (D) Stability of HRP-particles with 2.0 kDa and 3.4 kDa PEG spacers for a 2-month period in terms of their catalytic activity. Results are expressed as mean ± SD (n = 3).
Fig. 3. Characterization of HRP-free Dex-Tyr hydrogels. (A) Storage modulus and gel point as a function of H2O2 concentrations. The contact time was fixed to 9 min. (B) Time-course changes in the storage modulus of Dex-Tyr hydrogels formed with varying contact time. The final H2O2 concentration was fixed to 1.8 mM. (C) Effect of contact time on the time to reach gel point after extrusion. Mean ± SD (n = 3).
Fig. 4. Characterization of HRP-free GHPA hydrogels. (A) Time-course changes in the storage modulus of GHPA hydrogels formed with varying contact time. The final H2O2 concentration was fixed to 3.2 mM. (B) Effect of contact time on the time to reach gel point after extrusion. (C) Photograph showing 4 different sample solutions after chromogenic reaction with the peroxidase substrate TMB for 1 min. The samples include a mixture of GHPA conjugate and HRP, HRP-containing GHPA hydrogel, HRP-free GHPA hydrogel, and GHPA conjugate alone (from left to right). The blue color indicates the formation of oxidized TMB product. (D) Photograph showing HRP-containing GHPA hydrogel (left) and HRP-free GHPA hydrogel (right) taken out of the solution after chromogenic reaction with TMB for 5 min. (E and F) Fluorescence images of HUVECs and MSCs in HRP-free GHPA hydrogel after (E) 1 h and (F) 14 d of cultivation. The cells were stained with calcein AM and ethidium homodimer-1 to visualize live (green) and dead (red) cells, respectively. Scale bars represent 200 μm. (G) Viability of the cells cultured in HRP-free GHPA hydrogel. Mean ± SD (n = 3). 
Fig. 5. Cytokine expression by macrophages cultured on hydrogels. (A) Optical microscopic images of lipopolysaccharide (LPS)-stimulated RAW 264.7 cells cultured on GHPA gel, HRP-free GHPA gel or tissue culture-treated polystyrene (TCTP) plate for 24 h. Unstimulated cells on TCTP plates were tested as a control. Scale bars represent 50 µm. Expression of (B) TNF-α and (C) IL-6 from LPS-stimulated RAW 264.7 cells cultured on GHPA gel, HRP-free GHPA gel or TCTP plate. The expression of IL-6 from unstimulated cells on TCTP plates was below detectable levels (B.D.L.). Mean ± SD (n = 6). Statistically significant differences between groups are marked as asterisks; *P < 0.05, **P < 0.01; ***P < 0.001.
Fig. 6. In vivo cytokine analysis. (A) Schematic diagram illustrating in vivo experiment where HRP-free hydrogel was formed by injecting a solution containing GHPA polymer and H2O2 through a syringe packed with HRP-immobilized porous silica particles into immunocompetent C57BL/6J mice. Serum levels of TNF-α and IL-6 in the mice (B) 1 d and (C) 14 d after subcutaneous injection of 200 µL of GHPA gel, HRP-free GHPA gel, HRP solution (44 units L-1) or PBS solution as a control. Mean ± SEM (n = 6). Statistically significant differences between groups are marked as asterisks; *P < 0.05; **P < 0.01; ***P < 0.001; n.s.: nonsignificant.
Fig. 7. In vivo tissue response evaluation. (A) Mac3 (macrophage marker) and Ly6G (neutrophil marker) staining of the mouse skin tissues retrieved at 7 d post-injection. The bottom panel shows higher-magnification images of red rectangle area in the top panel. “H” indicates the location of the injected hydrogel. Scale bars represent 100 μm (top panel) and 50 μm (bottom panel). Quantification of (B) Mac3-positive and (C) Ly6G-positive cells in the tissue sections. Results are presented as mean ± SEM (n = 10). Statistically significant differences between groups are marked as asterisks; *P < 0.05; **P < 0.01; ***P < 0.001; n.s.: nonsignificant. 
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Fig. 4.

[image: image5.png]LPS-stimulated RAW 264.7 cells

A RAW 264.7 cells
on TCTP plate TCTP plate GHPA gel HRP-free GHPA gel

2500 -

2000 -

-

(34

o

o
I

1000 -

TNF-a (pg ml™")

500 -

%*k
%*kk %*ekk

O

(=24
o
I

*kk *ekek

(-1}
(=
1

1

IL-6 (pg mI™)
S

*%

N
o
1

B.D.L. }

TCTP plate

GHPA gel ‘ HRP-free
GHPA gel

LPS stimulation

TCTP plate | TCTP plate

TCTP plate | GHPA gel | HRP-free

GHPA gel
LPS stimulation





Fig. 5.
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Fig. 6.  
[image: image7.png]1
GHPA gel HRP-free

HRP-free GHPA gel

HRP solution

*

I
Control

(=] (=] (=] o
< (2] N -

(%) sl192 sAnIsod-99A7

HRP-free

HRP solution

GHPA gel

HRP solution

Control

. ¢ T i . ! o o -] o o o
W ay . A © 0 ~ 1z N - e

A_wmmcgo._omEv noms__ (%) sl1eo eAnisod-goep

S

GHPA gel

GHPA gel




Fig. 7.  
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