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Abstract
Loading of viral vectors in synthetic polymers is a promising strategy for overcoming hurdles associated with viral gene delivery. For enhanced gene expression at a specific site, gene transfer by using hydrogels represents a versatile approach. In this study, adeno-associated virus serotype 2 containing the green fluorescent protein gene (rAAV2-GFP) were loaded into poly(ethylene glycol) (PEG) hydrogels, with and without incorporation of poly-L-hisditine (polyHis). Inclusion of polyHis created pH responsive hydrogels in a physiological range of tissues, containing the damaged vasculature and activated phagocytosis. The fraction of polyHis used controlled the degree of swelling, water uptake and subsequent degradation of the hydrogels and release rate of rAAV2-GFP. The swelling ratio of the PEG-polyHis hydrogels increased inversely with environment pH. As pH declined from 7.4 to 6.0, PEG-polyHis hydrogel swelling ratio and degradation rate increased 875% and 135%, respectively. As a result, release and transduction efficiency of the rAAV2-GFP from PEG-polyHis hydrogel in human HT-1080 fibrosarcoma cells increased significantly compared to a PEG hydrogel. Transduction rate can be controlled by the hydrogels’ polyHis concentration and is sensitive to localized decreases in pH consistent with inflammation. This is relevant to optimizing parameters for wound care and regenerative medicine applications.
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1. Introduction


Non-viral vectors have broad application in gene delivery due to low immunogenicity, ability to accommodate and deliver large-size genetic material, and potential for modification of surface physico-chemical properties relating to biological interaction [1-4]. However, the relatively low efficiency of gene expression of non-viral vectors, in comparison to viral vectors, compromises gene delivery efficacy. Alternatively, recombinant adeno-associated virus (rAAV) is a powerful transgenic vehicle for delivering genetic molecules. The advantages of rAAV include the relative ease of producing high titers, ability to transfect dividing and non-dividing cells with high efficiency, great genome stability, low levels of viral genome integration, and extensive characterization of virus biology [5]. In human clinical trials, rAAV carrying specific genomic material has shown promising results for gene therapy [6,7]. However, non-specificity and insufficient efficacy in up-regulating expression remain as issues needing resolution. Delivery of genes away from their targets can lead to undesirable results, such as loss of efficiency, ectopic gene expression, and/or risk eliciting a severe immune response.


Recently, several studies have indicated that the combination of viral vectors with biomaterial matrices either through encapsulation within scaffolds or immobilization onto a matrix surface could enhance gene expression [8-11]. Promising results using combined tissue engineering and viral gene therapy in healing cutaneous wounds and bone grafts have been reported [12-14]. In addition, layer-by-layer coating of viral vectors with biomaterials can be employed to modulate virus tropism or reduce inflammatory and immune response [15-17]. Polymeric coating of vector surfaces can increase plasma circulation kinetics, affording passive or functionalized in vivo targeting. However, a major concern of polymer-coated vectors is non-specific binding and entrance into non-target cells via endocytosis, especially promoted by positive surface charge. Therefore, a bio-compatible matrix for controlled, prolonged, and localized transduction is sought. An environment-specific triggered release mechanism to initiate virus release is one approach. Utilizing physiological properties of wound sites, pH-dependent delivery systems have exemplified applications for controlled drug delivery [4,18-22].  


Poly(ethylene glycol) (PEG)-based hydrogels have shown broad application in regenerative medicine and have been used in several applications for tissue regeneration and drug delivery [23-27]. PEG is largely composed of hydrophilic moieties that are non-immunogenic and resistant to protein adsorption [27,28]. Thus, PEG hydrogels are frequently considered to mimic non-biofouling properties and function of the natural extracellular matrix. The stability and degradation rate of PEG hydrogels can be regulated through adjustment of their solid content; optimizing properties for controlled drug and gene delivery [23-27].


For drug or gene delivery purposes, histidine is frequently incorporated into delivery vehicles due to its property of forming positive charge in slightly acidic physiological pH ranges [18,19,21]. In addition, the protonation of amine groups in histidine may adjust the surface zeta-potential of matrices and promote absorption of water [18,19,21]. Therefore, in this study we endeavored to synthesize pH-sensitive hydrogels by incorporating various concentrations of polyHis into PEG hydrogels.


Ionization of the amino group in the imidazole ring of histidine is pH controllable, defined by its pKa = 6.10, and is relevant to biological acidosis. The physiological environment of injured/damaged tissues turned out to be more acidic (pH 5.5) or lower because of the damaged vasculature and the release of enzymes during phagocytosis [29]. When these tissues grew or repaired, the pH value of the injured region returns to the normal physiological ranges. In this described work, our approach to promote the effective expression of specific protein is through virus-mediated genetic manipulation within the acidic site. We utilized inclusion of this pH sensitive moiety to impart pH responsiveness to PEG-based hydrogels, which we anticipated to have beneficial physico-chemical mechanisms for localized pH-triggered virus release. Biodegradable pH-sensitive hydrogels were synthesized with incorporation of polyHistidine (polyHis) into the PEG hydrogels, shown schematically in Scheme 1. Swelling and stability/degradation of the hydrogels at neutral and mildly acidic environmental conditions were determined. In addition, rAAV2 containing the green fluorescent protein gene (rAAV2-GFP) as a model reporter was loaded into the PEG-polyHis hydrogels. The transduction efficiency of the rAAV2-GFP released from the hydrogels at different pH conditions toward HT-1080 cells was used to confirm environment-mediated release. 

2. Materials and Methods

2.1. Chemicals


PEG diacrylate (Mn = 700 g/mol), hexadeuterodimethyl sulfoxide (DMSO-d6), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone, poly-L-histidine hydrochloride (polyHis, Mw = 5,000 Da), poly-L-lysine solution (polyLys, Mw = 70,000 - 150,000 Da), and phosphate-buffered saline (PBS, pH 7.4) were purchased from Sigma-Aldrich Co. (St. Louis, MO). rAAV2-GFP virus (concentration: 1 × 1012 genome copies (GC)/mL) was purchased from Cell Biolabs (San Diego, CA). CellTiter 96® AQueous One Solution Cell Proliferation Assay kit for the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay was purchased from Promega (Madison, WI). 
2.2. Synthesis of PEG and PEG-polyHis hydrogels 

For preparation of PEG hydrogels, the PEG precursor solution was prepared by dissolving PEG diacrylate in deionized water containing photoinitiator (2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone) and polyLys, resulting in a final concentration of 0.02% (w/v) of PEG, 0.05% (w/v) of photoinitiator, and 10% (w/v) of polyLys. The PEG precursor solution was then placed in transparent cylindrical containers (10 mm diameter, 5 mm height) and exposed to 365 nm UV light at 8 – 20 mW/cm2 for 10 min to facilitate the photopolymerization reaction. After photopolymerization, the formed PEG hydrogels were placed in deionized water until further analysis.


For preparation of PEG-polyHis hydrogel, polyHis was dissolved with stirring in a deionized water solution containing photoinitiator and polyLys, resulting in a final concentration of 0.05% (w/v) photoinitiator, 10% (w/v) polyLys, and 1, 2, 5, 10, or 20% (w/v) polyHis. PEG diacrylate was then dissolved in a concentration of 0.02% (w/v) in the mixed solutions to prepare the PEG-polyHis precursor solutions. Finally, the PEG-polyHis precursor solutions were placed in transparent cylindrical containers (10 mm diameter, 5 mm height) and exposed to 365 nm UV light at 8 – 20 mW/cm2 for 10 min to facilitate the formation of PEG-polyHis hydrogels.

2.3. Hydrogel Characterization 


The structures of PEG and PEG-polyHis hydrogels were determined by using 1H-nuclear magnetic resonance (NMR) spectroscopy (Varian Unity Inova 500 MHz spectrometer, Varian Inc., Palo Alto, CA, USA). The pure DMSO-d6 solvent (99.8%) was used as the reference. Peaks consistent with the proposed structure of PEG hydrogel were indicated as follows: 1H-NMR (500 MHz, DMSO-d6, ppm) δ: 2.4 – 2.6 (-O-C(O)-CH2CH2-), 3.7, (-OCH2CH2-).


To determine the equilibrium swelling ratio of the hydrogels, the PEG and PEG-polyHis hydrogels were dried in a vacuum oven for 24 h immediately after photopolymerization and weighed to obtain the initial dry weight (Wi). Then, the hydrogels were allowed to swell in 50 mL of PBS solution (pH 6.0 or 7.4) at 37 °C for different incubation periods. During the incubation period, the hydrogels were transferred to a fresh PBS solution every day and their swollen weight (Ws) was measured at the end of experiment. The swelling ratio of the hydrogels was calculated as Ws/Wi.

To determine the degradation rate, the initial dry weight (Wi) of the PEG and PEG-polyHis hydrogels was measured immediately after photopolymerization as mentioned above. Then, the dried hydrogels were incubated in 50 mL of PBS solution (pH 7.4 or 6.0) at 37 °C for 10 weeks. During the incubation period, the hydrogels were transferred to a fresh PBS solution every day. The hydrogels were washed with PBS solution, vacuum-dried and weighed to obtain the dry weight value (Wd) every week. The weight loss (%) of the hydrogels was calculated as [(Wi - Wd)/Wi] × 100 [27].
2.4. Cytotoxicity of PEG and PEG-polyHis hydrogels

Human HT-1080 fibrosarcoma cells (ATCC CCL-121) were maintained in Dulbecco’s modified Eagle's minimum essential medium (DMEM, Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS), 100 U mL-1 penicillin, and 100 (g mL-1 streptomycin at 37 °C in a humidified atmosphere of 5% CO2. Approximately 105 HT-1080 cells were seeded in each well of the 24-well plate and cultured in complete DMEM for 12 hours. The cells were then exposed to PEG or PEG-polyHis hydrogels and incubated for 24 hours. The viable cells were monitored by MTS assay using the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit [4,27,30,31]. The quantity of formazan converted from MTS by viable cells was measured for optical density (OD) at 490 nm. The reduction of MTS achieved by cells without hydrogel treatment (the control group) at pH 7.4 was set as 100% and the reduction of MTS achieved by cells treated with hydrogels was normalized to this control. Data are shown as the mean ± the standard deviation for experiments performed in triplicate.
2.5. pH-Dependent release of rAAV2-GFP from hydrogels


For preparation of rAAV2-GFP-embedded PEG and PEG-polyHis hydrogels, the aqueous rAAV2-GFP solution (5 μL, 1 × 109 GC μL-1) was mixed with the PEG or PEG-poly-His precursor solutions and the hydrogels were prepared by photopolymerization as described above. Approximately 105 HT-1080 cells were seeded in each well of the 24-well plate and incubated at 37 °C, pH 7.4 for 12 h. The culture medium in each well was replaced with fresh culture medium every day during the experiment period. A porous polyester TranswellTM insert (Corning, NY) with a pore size of 0.4 μm was placed in each well of the 24-well plate. Then a piece of rAAV2-GFP-embedded PEG or PEG-polyHis hydrogel was placed into the TranswellTM insert and incubated in the complete DMEM (0.5 mL) at 37 °C, pH 6.0 or 7.4 for 10 weeks. During the incubation period, the assigned pH value of complete DMEM in the TranswellTM insert was adjusted every day. The free-form rAAV2-GFP transduced cells were used as a positive control while the non-transduced cells were used as a negative control. The HT-1080 cells from each experimental group were collected every week and GFP expression levels were determined by flow cytometry, quantitative real-time reverse-transcription PCR (qRT-PCR), and fluorescence microscopy in order to evaluate the transduction efficiency of the rAAV2-GFP released from the hydrogels at different pH conditions.
2.6. Assays of transgene expression

The fluorescence intensities of the GFP-expressing cells were determined using the BD FACSCalibur Flow Cytometry System (BD Biosciences, San Diego, CA, USA), with a 488 nm argon laser and a 530 nm emission filter. Flow cytometry was gated using a forward scatter (FSC) versus side scatter (SSC) dot plot to exclude cellular debris, and 10,000 events were acquired for each analysis [4,30]. 

Total RNA was extracted from these cells using RNeasy Plus Mini Kit (QIAGEN, CA, USA) and first-strand cDNA was synthesized by using the Superscript III Reverse Transcriptase (Invitrogen, CA, USA) according to the manufacturer’s instructions. qRT-PCR was performed by using an ABI-7900HT real-time PCR machine (Applied Biosystems, CA, USA). All reactions were done in a 20 μL reaction volume in triplicate. PCR amplifications were consisted of an initial denaturation step at 95 °C for 10 minutes, followed by 40 cycles of PCR at 95 °C for 15 seconds, 60 °C for 60 seconds. The coding sequence of GFP was amplified using the following forward primer 5’-AAGTTCATCTGCACCACCG-3’ and the reverse primer 5’- TCCTTGAAGAAGATGGTGCG-3’. Data are shown as the mean ± the standard deviation for experiments performed in triplicate. In statistical significance testing, P values were calculated using a two-tailed t test, assuming unequal variances.

For the fluorescence microscopic observation, the nuclei of the HT-1080 cells were stained with propidium iodide (PI, Molecular Probes, Eugene, OR, USA). Analysis was performed using an Olympus IX-70 inverted fluorescence microscope (Olympus Corporation, Tokyo, Japan) with an Argon laser (488 nm) source for excitation, a 505-525 nm filter for GFP emission, and a 560-600 nm filter for PI emission. 
3. Results and Discussion

3.1. Swelling characteristics of the PEG-polyHis hydrogels

Hydrophilic matrices, such as our PEG-polyHis hydrogel described here, will release drug and viral payloads via a swelling-controlled mechanism, in which the inward flux of solvent molecules and extent of consequent swelling of the polymer matrix controls drug release [32]. Increasing the swelling rate of the polymer matrix may be used to increase drug release rates. Since the swelling behavior of hydrogels is affected by physico-chemical properties, we determined the effect of polyHis concentration on the swelling ratio of PEG-polyHis hydrogels. After immersion at pH 6.0 or 7.4 for incubation of 1 week, the swelling ratio of the PEG-polyHis hydrogels was determined. The swelling ratio of the hydrogels reached to a plateau after 1 week of incubation and maintained this state over the incubation periods (data not shown). Moreover, the swelling ratio of the PEG-polyHis hydrogels at pH 7.4 did not change with concentration of the incorporated polyHis (Figure 1). However, the swelling ratio at pH 6.0 increased from 24.6 to 210.0 with the incorporation of polyHis from 0 to 20% respectively. This implies acidity, by instigating swelling, increased water uptake by the hydrogels [27,33].

pH-Sensitive hydrogels have the ability to respond to changes in their environment and release drugs via pH-sensitive release mechanisms [32]. These hydrogels are made up of networks containing ionizable functional groups. In the hydrogels containing anionic groups, such as carboxylic or sulfonic acid, ionization occurs when the environmental pH is above the pKa of the pendant groups. Ionizations increase the number of fixed charges and thus increase the electrostatic repulsions between the chains in the network, resulting in an increase of hydrophilicity and swelling ratios of the hydrogels. Conversely, cationic hydrogels contain pendant groups such as amines, which are ionized in environmental pH below the pKa of the pendant groups. Thus, in a low pH environment, ionizations increase and cause the increase of the electrostatic repulsions, resulting in an increase of hydrophilicity and swelling ratios of the hydrogels [32]. In this study, polyHis (pKa = 6.10) was incorporated into the PEG hydrogels. Thus, under acidic pH condition, the amine groups in polyHis are mostly protonated, resulting in an increase of water uptake by the hydrogels. This, in turn, resulted in the greater swelling ratios of the PEG-polyHis hydrogels.

3.2. Release of rAAV2-GFP from the PEG-polyHis hydrogels


To evaluate viral release from the PEG-polyHis hydrogels through acidifying the culture medium, rAAV2-GFP was embedded into PEG hydrogels and PEG-polyHis hydrogels with varying His content. Hydrogels embedded with rAAV2-GFP were cocultured with HT-1080 cells at pH 6.0 or 7.4 for 24 h and green fluorescence intensity of the cells was determined by flow cytometry analysis. The results show that the transduction efficiency was not significantly different from each other when the cells were cocultured with hydrogels incorporated with different ratio of polyHis at pH 7.4 (Figure 2), indicating PEG-polyHis hydrogels had no effect on viral transduction efficiency at neutral pH. However, the transduction efficiency gradually increased with increasing ratio of polyHis in PEG-polyHis hydrogels when the cells were cocultured at pH 6.0. GFP expression increased in an effectively linear fashion, correlated with the degree of swelling. We suggest that the high transduction efficiency of PEG-polyHis hydrogel at pH 6.0 is attributed to the PEG-polyHis hydrogel absorbing more water and thus releasing rAAV2-GFP at a greater rate than PEG hydrogel. Therefore, the rate of rAAV2-GFP release from the PEG-polyHis hydrogels could be controlled through the extent of polyHis incorporation.

Hydrogels are commonly used as tissue-engineering scaffolds, drug delivery vehicles, or carriers of viral vectors for localized gene delivery [10,23-27]. In clinical applications, hydrogels have been applied to promote tissue formation or induce transgene expression at a variety of sites for physiological improvements in tissue-regeneration applications [34,35]. In these cases, the physiological environment becomes more acidic (pH 5.5) due to the damaged vasculature and/or the activated enzymes during inflammatory/phagocytosis [29]. Thus the pH-sensitive hydrogels could be used as matrices for virus encapsulation. Adjustable composition can then allow more specific localized gene delivery.
3.3. Long-term release of rAAV2-GFP from PEG-polyHis hydrogels


For prolonged residence time of vectors at a target site, releasing virus in a controllable manner can optimize the duration of gene expression, enhance transgene efficiency, and improve physiological response and patient outcome. Therefore, release of rAAV2 from hydrogels over a 10 week period of incubation was determined. The HT-1080 cells were cultured at pH 6.0 or 7.4 with rAAV2-GFP embedded PEG or PEG-polyHis (with 20% polyHis) hydrogels for 10 weeks and the intensity of GFP-expressing cells was analyzed weekly. As shown in Figure 3a, the transduction efficiency increased gradually during the incubation period. After 10 weeks, the importance of the polyHis in the hydrogel composition is exemplified by achieving 85% transduction efficiency at pH 6.0. This is considerably greater than for pH 7.4 and for the PEG hydrogel, indicating preferential release in an acidified environment consistent with inflammation. Otherwise the approaches of virus embedded into the scaffolds have been decreased the transduction activity of virus compared with the virus without biomaterial modification [36]. 


The expression levels of GFP mRNA in the HT-1080 cells were determined by qRT-PCR assay. As observed in Figure 3b, the ratio of the expression levels of GFP mRNA in the HT-1080 cells cultured with the rAAV2-GFP embedded PEG-polyHis hydrogel at pH 6.0 to those at pH 7.0 was higher than 1.5, while the ratio obtained from free-form rAAV2-GFP or PEG hydrogel was only about 1.1. These results demonstrated that the PEG-polyHis hydrogel was indeed pH-sensitive as compared with the PEG hydrogel. Transduction was further confirmed by fluorescence microscopy (Figure 4). Cells cocultured with PEG-polyHis hydrogel showed greater GFP expression than those cocultured with PEG hydrogel. 
3.4. Degradation of the PEG-polyHis hydrogels


We further analyzed the weight loss of the hydrogels over the 10 week period of incubation at pH 6.0. The weight of PEG and PEG-polyHis hydrogels (with 20% polyHis) decreased during the incubation period (Figure 5). Moreover, the weight loss of PEG-polyHis hydrogel (90.4%) was significantly greater than that of PEG hydrogel (67.0%). However, the weight loss of PEG and PEG-polyHis hydrogels incubated at pH 7.4 had no statistical difference during the 10 weeks (data not shown). Taken together, these results suggested that incorporation of polyHis could enhance the water adsorption capacity of the PEG hydrogel at pH 6.0, thus increasing the degradation rate and enhancing the virus-release rate of the PEG-polyHis hydrogel.
3.5. Cytotoxicity of the PEG-polyHis hydrogels

The hydrogels used in gene delivery or tissue engineering must be low cytotoxicity [37]. Cytotoxicity of PEG and PEG-polyHis hydrogels to HT-1080 cells was determined by cell viability with MTS assay after culturing for 24 h. Cells without hydrogel exposure were used as a control group. No significant difference was observed in viability of HT-1080 cells exposed to PEG hydrogel (Figure 6). The inclusion of polyHis had a subtle effect on cell viability with a significant difference occurring with the incorporation of ≥5% polyHis.  After exposure to the PEG-polyHis hydrogel prepared by incorporation of 20% polyHis for 10 weeks, cell viability remained at greater than 80%.

The cytotoxicity of the hydrogels was likely due to residual unreacted monomer, oligomers, or initiators released during application. Therefore, understanding of the cytotoxicity of individual precursors used in the synthesis of hydrogels is very important. In this study, we used PEG diacrylate, photoinitiator (2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone), and polyLys in final concentrations of 0.02, 0.05, and 10% (w/v), respectively, to synthesize the PEG hydrogels. It is generally accepted that PEG-based hydrogels are highly cytocompatible and have low cytotoxicity to cells [38]. In addition, the degradation products released from the PEG-based hydrogels are generally nontoxic [39]. The photoinitiator 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone at low concentrations (≤ 0.01%, w/v) was cytocompatible [40], however, its cytotoxicity increased with increasing concentration [41]. Since the swelling ratio and degradation rate of the PEG-polyHis hydrogels were higher than those of the PEG hydrogel (Figures 1 and 5), these results suggest that the residual photoinitiator in the hydrogels released from the PEG-polyHis hydrogels was faster than that released from the PEG hydrogels, thus resulting in the PEG-polyHis hydrogels showing higher cytotoxicity. In any case, the ability to functionalize hydrogels to optimize response as a function of pH has been demonstrated. Through alternative synthesis methods or purification of the hydrogels to improve biocompatibility, such pH responsive material has promising application for virus delivery. 
4. Conclusions 

Biodegradable and pH-sensitive PEG-polyHis hydrogels with potential for efficient and localized gene transfer were developed. The pH-dependent swelling ratio and degradation rate of the PEG-polyHis hydrogels were controllable through the extent of inclusion of polyHis. The rAAV2-GFP was embedded into PEG-polyHis hydrogels and then effectively released from the hydrogels in acidic environment. The released rAAV2-GFP could transfer genes efficiently and locally. Such PEG-polyHis hydrogels have broad potential for gene delivery at sites of inflammation to promote tissue regeneration and healing.
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Scheme Caption
Scheme 1.
Schematic illustration of the experimental approach of pH-sensitive hydrogel. rAAV2-GFP was embedded into PEG or PEG-polyHis hydrogels and incubated under neutral (pH 7.4) or acidic (pH 6.0) environments. Under acidic condition, the amine groups in polyHis are mostly protonated, resulting in an increase of water uptake by the PEG-polyHis hydrogel. 
Figure Captions

Figure 1.
Effect of the incorporated concentration of polyHis on the swelling ratio of the PEG hydrogels in PBS solution at different pH values. PEG-polyHis hydrogels swelled to an extent dependant on the polyHis concentration under acidic conditions. No difference was observed for pH 7.4. The swelling ratio of these hydrogels reached to a plateau after 1 week of incubation. The bars represent the mean ± standard deviation (n = 3).

Figure 2.
Effect of the incorporated concentration of polyHis on the transduction efficiency of rAAV2-GFP embedded hydrogels. The rAAV2-GFP-embedded PEG or PEG-polyHis hydrogels were incubated at pH 7.4 or 6.0 and cocultured with HT-1080 cells for 10 weeks when these hydrogels and cells were separated by a porous polyester TranswellTM insert (pore size = 0.4 μm). Fluorescence intensity of the GFP-expressing cells was determined by flow cytometry. The only rAAV2-GFP transduced cells were used as a positive control while the non-transduced cells were used as a negative control. *, P < 0.05; based on a two-tailed t test, assuming unequal variances. The bars represent the mean ± standard deviation (n = 3).

Figure 3.
(a) Kinetics of transduction efficiency (%) of GFP-expressed cells via delivery of rAAV2-GFP from PEG or PEG-polyHis hydrogel (20% polyHis, w/v) at different pH values when these hydrogels and cells were separated by a transwell membrane. Environment acidity triggers much greater virus release and GFP expression with the inclusion of polyHis into the hydrogel. (b) Comparison of the ratio of GFP mRNA expression in acidic pH medium (pH 6.0) relative to normal pH medium (pH 7.4). Total mRNA was isolated and determined for GFP expression by quantitative RT-PCR (qRT-PCR) analysis. The bars represent the mean ± standard deviation (n = 3).

Figure 4.
Fluorescence microscopic observation of rAAV2-GFP transducted HT-1080 cells when PEG or PEG-polyHis hydrogel (20% polyHis, w/v) hydrogels and cells were separated by a transwell membrane. The rAAV2-GFP-embedded PEG or PEG-polyHis hydrogel was incubated at pH 6.0 and cocultured with cells for 2 weeks. Bars = 50 μm.

Figure 5.
Weight loss of the PEG hydrogel or PEG-polyHis hydrogel containing 20% of polyHis over a 10 week incubation period in PBS solution at pH 6.0, 37 °C. No difference was observed for pH 7.4. The bars represent the mean ± standard deviation (n = 3).

Figure 6.
HT-1080 cell viability after culturing with hydrogels. The cells were exposed to PEG or PEG-polyHis hydrogels in culture medium at pH 7.4 for 24 h and viability determined by MTS assay. The cells without hydrogel exposure were used as a control group. The bars represent the mean ± standard deviation (n = 3). 

