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Abstract

In this study, hydrophilic and hydrolytically degradable poly (ethylene glycol) (PEG) hydrogels 

were formed via Michael-type addition and employed for sustained delivery of a monoclonal 

antibody against the protective antigen of anthrax. Taking advantage of the PEG-induced 

precipitation of the antibody, burst release from the matrix was avoided. These hydrogels were 

able to release active antibodies in a controlled manner from 14 days to as long as 56 days in vitro 
by varying the polymer architectures and molecular weights of the precursors. Analysis of the 

secondary and tertiary structure and the in vitro activity of the released antibody showed that the 

encapsulation and release did not affect the protein conformation or functionality. The results 

suggest the promise for developing PEG-based carriers for sustained release of therapeutic 

antibodies against toxins in various applications.
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 INTRODUCTION

Anthrax is caused by Bacillus anthracis, a Gram-positive, rod-shaped, spore-forming 

bacterium that primarily affects livestock but can spread to humans.1,2 Due to the ability of 

the pathogen to form endospores that can be easily concealed, transported, and released, B. 
anthracis poses a great threat as a bioterrorism agent, highlighted by the anthrax postal 

attack in 2001.3,4 The pathogenesis of B. anthracis is mediated by a tripartite toxin. This 

exotoxin consists of protective antigen (PA) and two enzymatically active proteins: lethal 

factor (LF) and edema factor (EF). PA functions as a cell-binding receptor for LF and EF to 

form lethal toxin (LeTx) and edema toxin, respectively, making it an ideal target for vaccine 
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and countermeasure development. The development of biotechnology and genetic 

engineering methodologies has enabled monoclonal antibody (mAb) therapy to be 

developed as an effective countermeasure for protection against anthrax.5,6 The utilization of 

mAbs that target specific cells or proteins permits anthrax toxin neutralization by a variety 

of mechanisms, including neutralizing pathogen growth, limiting its spread from infected to 

adjacent cells, or by inhibiting the toxin’s biological activity.7 During the past 10 years, 

several human antibodies against anthrax PA have been demonstrated to provide passive 

protection in variety of animal models including rats, rabbits, guinea pigs and non-human 

primates.8–10 One such mAb was developed by Fraunhofer USA Center for Molecular 

Biotechnology (FhCMB) and shown to provide full protection against an inhalation anthrax 

spore challenge in non-human primates.11,12 FhCMB engineered this mAb in their plant-

based production platform to be a non-glycosylated (NG) version of a mAb against PA, 

termed PANG. This NG variant was shown to have superior half-life and protective efficacy 

compared to a glycosylated counterpart. Therefore, PANG was selected as the mAb of 

interest for the work described below.

Similar to most protein therapeutics, antibodies can suffer from poor stability due to 

chemical degradation as well as physical aggregation.13 Also, repetitive dosing may be 

required to achieve a therapeutic effect, which compromises patient’s comfort, convenience, 

and compliance.14–16 Water-swollen polymeric hydrogels have been extensively investigated 

as vehicles for the delivery of a variety of small and large molecules, including 

proteins.17–21 By encapsulation in the network, proteins can be protected against 

degradation and released from the hydrogel matrix in a controlled manner over an extended 

period of time, either in blood circulation or in the surrounding tissues.22–24 Degradable 

hydrogels are desirable for protein delivery, since the release rate of the therapeutic proteins 

can be manipulated by the degradation of the matrix, and clearance of the device from the 

body can be achieved when the release is completed.25–28 Recently, several hydrogels based 

on synthetic polymers, natural polymers, and peptides have been formulated to offer local 

and sustained release of antibodies including immunoglobulin (IgG), Herceptin (a breast 

cancer antibody), and Bevacizumab (an anti-VEGF antibody), with enhanced therapeutic 

efficacy that reduces the number of injections and lowers the administered dose.29–34

In this study, we present hydrolytically degradable poly (ethylene glycol) (PEG) hydrogels 

as a reservoir system for the controlled delivery of PANG, an anthrax LeTx neutralizing 

antibody. Degradable PEG hydrogels were formed via Michael-type addition using multi-

arm PEG thiols (-SH) and linear PEG acrylates (-Ac). These hydrogels were rendered 

hydrolytically degradable via the acrylate ester linkages (see polymer structures in Scheme 

1). We characterized the swelling properties of these hydrogels and demonstrated that the 

release rate of PANG can be adjusted by varying the molecular structures of the hydrogel 

precursors. Post-release and in-gel characterizations including polyacrylamide gel 

electrophoresis (SDS-PAGE), size-exclusion chromatography (SEC), circular dichroism 

(CD), and fluorescence indicated that PANG remained stable when encapsulated and 

released from the gel. A toxin neutralization assay (TNA) showed that the released PANG 

remained biologically active and exhibited toxin-neutralizing activity in a concentration-

dependent manner.
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 MATERIALS AND METHODS

 Materials

Four-arm, thiol-functionalized PEG (PEG-4SH, Mn = 5000; 10,000; and 20,000 g/mol), 

eight-arm, thiol-functionalized PEG (PEG-8SH, Mn = 10,000 and 20,000 g/mol) and linear 

diacrylated PEG (PEG-2Ac, Mn = 2000, 3500, 5000, and 7500 g/mol) were purchased from 

JenKem Technology USA Inc. (Allen, TX). Low molecular weight, diacrylated PEG 

(PEG-2Ac, Mn = 700) was purchased from Sigma-Aldrich (St. Louis, MO). The non-

glycosylated mAb (PANG) was produced by Fraunhofer USA (Newark, DE). All other 

reagents and materials were purchased from Fisher Scientific (Pittsburgh, PA) unless 

otherwise noted.

 Purification of plant-produced mAb PANG

Engineering, expression, and purification of PANG followed methods previously described 

with minor modifications.12 Briefly, Agrobacterium tumefaciens transformed with the 

plasmid pGR-D4, carrying either the heavy chain or light chain, were used for 

agroinfiltration of Nicotiana benthamiana. Infiltrated plant material was blended in 1 volume 

of Tris based extraction buffer and centrifuged at 16,000 × g for 15 min at 4°C. The 

supernatant was collected and the pH adjusted to 5.3, mixed for 15 min at room temperature, 

and centrifuged a second time. The pH of the supernatant was then raised to 7.5, followed by 

filtration through a 0.45/0.2 μm Sartopore filter and loading onto a 10 mL HiTrap MAb 

Select resin (GE Healthcare, Piscataway, NJ). The column was washed with 15 column 

volumes of 50 mM Tris, pH7.5 buffer before elution with 100 mM citrate buffer (pH 3.0). 

Eluted PANG was buffered to neutral with pH 9 Tris buffer. The protein was concentrated 

using a Centricon Plus–70 (3000 MWCO) and dialyzed into PBS.

 Formation of degradable PEG hydrogels

The hydrogels were formed by a Michael-type addition between multi-arm PEG-SH and 

hydrolytically degradable crosslinkers of linear PEG-diacrylate. The molar ratio of thiols/

acrylates was 1:1 for all hydrogels. Each polymer precursor was dissolved in a phosphate-

buffered saline (PBS) solution (pH = 7.4). The identities of the polymer precursors for 

various hydrogel formulations are summarized in Table I. The convention for naming the 

hydrogel samples is based on the number of arms and molecular weight of the multi-

functional PEG and the molecular weight of the linear PEG “crosslinker.” For example, the 

notation “8-arm 10/2K” indicates a hydrogel comprising a 10 kDa, 8-arm PEG-SH mixed 

with a 2 kDa linear PEG-diacrylate. Immediately after mixing, the solution was quickly 

vortexed, and then transferred to a scintillation vial and allowed to gel at 37°C. Gelation 

occurred in several minutes, but the hydrogels were left in the incubator overnight to achieve 

maximum crosslinking. For protein encapsulation, a solution of PANG (15.7 mg/mL) was 

used to dissolve the polymer precursor to achieve a final protein concentration of 5 mg/mL 

or 2.5 mg/mL.
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 Rheological characterization of PEG hydrogels

Oscillatory rheology experiments conducted on a stress-controlled AR-G2 rheometer (TA 

Instruments, New Castle, DE) were used to characterize the gelation time of the PEG 

hydrogels. Experiments were conducted at 37°C using a 20 mm-diameter, cone and plate 

geometry with a 25 lm gap distance, with oscillatory time, frequency, and strain sweeps 

performed. Strain sweeps were performed on samples from 0.1% to a maximum strain of 

1000% to determine the limit of the linear viscoelastic region. Dynamic oscillatory time 

sweeps were performed to monitor the in situ gelation of different PEG hydrogel solutions at 

angular frequencies of 6 rad/s and 1% strain chosen from the linear viscoelastic region. The 

PEG-SH and PEG-Ac precursors were dissolved in PBS separately with a final polymer 

concentration of 20 wt %. The precursors were then combined, vortexed, and loaded onto 

the rheometer stage. The temporal evolution of G′ (storage modulus) and G″ (loss modulus) 

was recorded throughout the crosslinking experiments.

 Swelling experiments

Hydrogels (100 μL) were incubated at 37°C in water. Hydrogel samples were collected at 

regular intervals of swelling, excess water removed by blotting, and their mass after swelling 

was measured. The hydrogels were then dried under vacuum overnight, and their dry mass 

was measured. The equilibrium mass swelling ratio q was experimentally obtained by the 

following equation:

where Wswollen and Wdry are the weights of the polymer at swollen and dried states, 

respectively.

 In vitro protein release experiments

The protein release experiments were performed at 37°C in a glass vial with PBS buffer. 

Hydrogels (400 μL) were placed on the bottom of the vial and 5 mL of PBS was added over 

the gel. One mL of PBS was sampled from the vial at predetermined time points and 

replaced with 1 mL of fresh PBS. The final time point of the release experiments was 

defined as the time point when the buffer solutions above the gels became too viscous for 

sampling (which was prior to 100% hydrogel degradation). The resulting release samples 

were distributed into several aliquots and stored at −80°C to avoid potential damage to the 

PANG before characterization. Samples were reserved for determination of concentration 

and determination of cumulative release. (Samples were also reserved for characterization of 

protein conformation and activity; see below.) Protein samples were concentrated by 

centrifugation using Amicon Ultra-0.5 mL Centrifugal Filters (3 kDa, Billerica, MA), and 

protein concentration was characterized via UV–Vis spectrometry with detection at 280 nm. 

Protein stability was confirmed by SDS-PAGE electrophoresis.

The cumulative protein release (given as a percentage of encapsulated protein, (Pr)) was 

calculated using the following equation:
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Where mPANG represents the amount of protein encapsulated in the hydrogel, V0 is the 

whole volume of the release media (5 mL), Ve is the volume of each sample that is being 

taken out at each time point (1 mL), and Ci represents the concentration of the PANG protein 

measured by UV–Vis in the ith sample (Cn represents the nth sample).

 In-gel and post-release characterization

 Size-exclusion chromatography—Size-exclusion chromatography (SEC) studies 

were performed on an Agilent 1260 HPLC with PANG resolved over a ZENIX SEC-300 7.8 

× 300 mm column (Sepax Technologies, Newark, DE, USA) with PBS as the mobile phase. 

All samples were analyzed at a flow rate of 1.0 mL per minute, with UV detection at 280 

nm.

 Circular dichroism spectroscopy—Circular dichroic spectra were recorded on a 

Jasco J-810 spectropolarimeter (Jasco Inc, Easton, MD) equipped with a Jasco PTC-424S 

temperature controller. Background scans of PBS were recorded and subtracted 

automatically from the sample scans. For in-gel experiments, the samples (50 μL) were 

loaded into a 0.20 mm path length demountable cuvette. For solution-phase experiments, the 

samples were loaded into a 1 mm path length quartz cuvette. Data points for the wavelength-

dependent CD spectra were recorded at every nanometer with a 1 nm bandwidth and an 

averaging time of 10s for each data point from 190 to 250 nm, at room temperature. The 

mean residue ellipticity [θ]MRE (degrees cm2 dmol−1), was calculated via use of the 

concentration, molecular weight of the samples, number of residues, and cell path length.

 Fluorescence emission spectroscopy—Fluorescence emission of released PANG 

and PANG control was measured by using a HORIBA Jobin Yvon SPEX FluoroMax-4 

spectrofluorometer (HORIBA Scientific, Edison, NJ) at room temperature with quartz 

cuvettes of 1 cm path length. Emission spectra were recorded between 310 and 400 nm after 

excitation at 300 nm. In-gel experiments were carried out using a QuantaMaster 

spectrofluorometer (Photon Technologies International, Edison, NJ) at room temperature 

with quartz cuvettes of 1.0 mm path length. Emission spectra were recorded between 310 

nm and 400 nm on excitation at 295 nm. The excitation and emission slit widths were set at 

5.0 and 2.5 nm, respectively. All spectra were corrected for the background emission of 

PBS.

 Anthrax lethal toxin neutralization assay—Samples collected after release were 

characterized for toxin-binding activity via an anthrax LeTx neutralization assay that was 

performed using decreasing amounts of the released samples. Specifically, the biological 

activity of PANG was measured using a LeTx neutralization assay as described previously 

with modifications.35 J774A.1 (ATCC TIB-67, Manassas, VA) cells were plated in 96-well 

flat-bottomed tissue culture plates at 2.5 × 104 cells/well in 50 μL and incubated for 16–19 h 
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at 37°C with 5% CO2. Test samples were diluted and titrated on the plated cells in the 

presence or absence of LeTx (List Biological Laboratories, Campbell, CA). After a 4 h 

incubation at 37°C with 5% CO2, cell viability was assessed by the addition of WST-1 

(Roche Applied Sciences, Indianapolis, IN), a proliferation reagent, followed by a 

spectrophotometric measurement at 450 nm. A four-parameter logistic-log regression model 

was used to analyze data plotted as OD versus the reciprocal of the sample dilution. The 

inflection point for each curve from this model is reported as the dilution of the sample that 

provides 50% inhibition of LeTx; termed effective dilution 50 (ED50).

 RESULTS

 Hydrogel compositions and formation

The Michael-type addition reaction has long been used as a versatile crosslinking strategy 

for the development of injectable biomaterials, owing to its rapid kinetics and mild reaction 

conditions.36 Hydrogels were formed in situ from multi-arm PEG-SH precursors with linear 

PEG diacrylate cross-linkers via Michael-type addition (Scheme 1) in PBS buffer. Gelation 

occurred within 1–3.5 min depending on the molecular structures of the precursors, as 

characterized by oscillatory rheology time sweeps (Fig. 1 and Supporting Information Fig. 

S1). Figure 1 shows the time sweep profile of the evolution of G′ and G″ for the 20 wt % 8-

arm 10/2K hydrogel. (The convention 8-arm 10/2K indicates a hydrogel comprising a 10 

kDa, 8-arm PEG-SH mixed with a 2 kDa linear PEG-diacrylate; this convention is used 

throughout the manuscript to indicate the compositions of the various hydrogels studied.) A 

rapid increase of G′ was observed after mixing, with a crossover point (where G′ becomes 

larger than G″) at approximately 2 min.37 Although the apparent gelation times estimated by 

a tube inversion method were greater (ca. 2–5 min) compared to those observed in the 

rheological profiles, they were proportionate for all PEG hydrogels studied (i.e., longer 

inversion times correlated with longer rheological crossover times). The composition of 

hydrogels was varied by using polymers with different functionalities, molecular weights, 

and concentrations (Table I), to tune the rate of release of the antibody.

 Swelling experiments

Swelling is a critical parameter for hydrogels employed in biomedical and pharmaceutical 

applications as the equilibrium swelling ratio is inversely correlated with the hydrogel 

crosslinking density, which in turn influences solute diffusion in and release from the 

hydrogel.38 In Figure 2, the relationship between network composition and hydrogel 

crosslinking density was explored by evaluating the equilibrium swelling ratio. The data in 

Figure 2(a) show the equilibrium swelling ratios (q) of 4-arm 10/5K gels at various polymer 

concentrations. It was observed that the q value of 4-arm 10/5K hydrogels decreased from 

13.8 ± 0.5 to 11.8 ± 0.7 and then further to 8.8 ± 0.2 as the precursor concentration increased 

from 10 wt % to 20 wt % to 30 wt %, which can be attributed to the lower degrees of 

intramolecular reactions at higher monomer concentrations in step-growth polymerizations, 

resulting in an increased overall crosslinking density.39–42

The equilibrium swelling ratios (q) of hydrogels synthesized from precursors with different 

functionalities and molecular weights were also investigated. The data in Figure 2(b) 
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demonstrate that hydrogels polymerized from 4-arm PEG-SH precursors have significantly 

higher swelling ratios than those of the hydrogels polymerized from 8-arm PEG-SH 

precursors (ca. 12 vs. 7.5), as expected given the increased crosslinking density of the 8-arm 

precursors. The data in Figure 2(b) also confirm that the equilibrium swelling ratio of the 4-

arm 20/7.5K hydrogel is greater than that of the 4-arm 10/5K hydrogel (13.6 vs. 11.8), 

consistent with the increased molecular weight between crosslinks (MC) for the 4-arm 

20/7.5K hydrogels and as would be expected according to Flory-Rehner theory.41,43 The 

changes in the hydrogels formed from 8-arm precursors are not as significant as those for the 

hydrogels formed from 4-arm precursors, as the extent of crosslinking for the 8-arm 

hydrogels is already high. Comparable swelling ratio data from PEG hydrogels with similar 

architectures were reported by Metters and Hubbell,39 in which such dependence of swelling 

ratio on precursor concentration, functionality, and molecular weight was also observed. 

These results confirm that the network density and physical swelling of these hydrogels can 

be easily tuned, which provides insights in the design of hydrogels that meet the 

performance criteria demanded by a specific biomedical application.

 In vitro studies of PANG release from PEG-based hydrogels

The PEG hydrogels formed by Michael-type addition were employed as the delivery 

vehicles for PANG, a plant-produced non-glycosylated mAb against the PA of anthrax, 

which is able to neutralize anthrax LeTx activity in vivo and in vitro.12 The release of PANG 

from various 4-arm 10/5K gels (Supporting Information Fig. S2) was measured every 24 h 

for the first 10 days and then monitored every week until the buffer solutions above the gels 

became too viscous for sampling (as a result of matrix degradation). The 20 wt % hydrogel 

formulation was chosen for expanded studies of PANG release, given the steady release 

kinetics of PANG and the injection-friendly viscosity of precursor solutions. Interestingly, 

precipitation of the antibody was observed within most of the hydrogel formulations, 

consistent with previously observed PEG-induced protein precipitation44 that is generally 

attributed to depletion effects. The exclusion of PEG chains from the solvent space between 

protein molecules (as a result of entropic considerations) results in osmotically driven 

attractive forces between proteins.45 Therefore, a lower initial loading concentration of 

PANG (2.5 mg/mL) was adopted in these studies in order to minimize the influence of 

protein precipitation on the release properties of different hydrogel compositions.

A series of 20 wt % PEG hydrogels prepared from 4-arm and 8-arm PEGs with various 

linear PEG crosslinkers were targeted to manipulate antibody delivery rates; results are 

presented in Figure 3. Controlled release of the antibody without initial burst was observed 

from most of these hydrogels. The timespan of the release of the antibody varied from 14 

days up to 56 days depending on the polymer architectures and molecular weights of the 

precursors, which is consistent with results reported in similar systems for protein 

release.22,40,46 For 4-arm 10/5K hydrogels, the antibody was released in a sustained fashion 

for approximately two weeks, with approximately 60% of PANG released at day 14. For 8-

arm 20/5K hydrogels, approximately 90% of the antibody was released with zero-order 

kinetics over 28 days, with release of 3–4% of the antibody each day. For 8-arm 10/2K and 

10K/700 hydrogels, following a slow initial release of approximately 10% of the antibody 
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for the first 14 days, an increased rate of antibody release was observed, achieving a release 

of approximately 95% at day 35 and 85% at day 56, respectively.

In agreement with previous swelling experiments, release of PANG from 8-arm hydrogels 

was slower than that from 4-arm hydrogels due to the increase in crosslinking density. While 

approximately 60% of PANG was released on day 14 from the 4-arm 10/5K hydrogels, the 

amount of PANG released at the same time from 8-arm hydrogels was only 44%, 13% and 

7% for the 8-arm 20/5K, 10/2K and 10K/700 hydrogels, respectively, and, the release of 

PANG could be extended from 28 days to 56 days. These observed trends are in accordance 

with theory47 as well as with other existing reports.39,43,48. However, the release kinetics of 

PANG were unexpectedly similar for almost all of the 4-arm hydrogels, despite the variation 

in the molecular weight of the precursors (Supporting Information Fig. S3). During the first 

week of the experiment, the cumulative release curves of 4-arm 5/2K, 5/3.5K and 10/5K 

almost overlap, with approximately 43%, 38% and 37% of PANG released at day 7, 

respectively. This discrepancy might be explained by the effect of the PEG molecular weight 

on the precipitation of PANG. PEGs with lower molecular weights produce smaller 

depletion interactions between protein molecules, owing to the reduction in entropic driving 

force for the smaller macromolecules.49,50 The solubility of PANG thus would be expected 

to increase as the molecular weight of the linear PEG decreases, which would facilitate the 

release of PANG from the 4-arm 5/2K and 5/3.5K hydrogels and might subsequently offset 

the expected reduction in release rate from the gels with decreased MC.

 In-gel and post-release characterization of PANG

To characterize PANG after its release from the hydrogels, SEC and SDS-PAGE were used 

to examine aggregation and possible degradation of the released protein. To obtain further 

insight into the conformational properties of PANG during encapsulation and after release, 

CD and fluorescence spectroscopy in both hydrogel and solution were used to examine the 

secondary and tertiary structures of the protein, respectively.

For characterization of protein stability, samples of PANG released from 8-arm 10/2K and 

10K/700 hydrogels were selected as a more stringent test owing to the longer duration of 

retention of PANG in these networks. PANG samples collected after 28 days of release were 

examined by SEC, as shown in Figure 4. Peaks of monomeric PANG, from all the samples, 

were observed at an elution volume of 7.8 mL. A soluble PANG control incubated at 37°C 

(without hydrogel) showed a similar elution profile to that observed for the PANG solution 

stored at −80°C, indicating that PANG was stable over the test period. Quantitative analysis 

of the amount of monomeric PANG in these samples is also shown in Table II. The PANG 

released from both type of hydrogels contained approximately 90–92% monomer, which is 

very close to that of a control solution of PANG dissolved directly (ca. 92–97% monomer), 

indicating that PANG released from both types of hydrogels was mainly in a monomeric 

state and showed no significant aggregation. In a similar report,40 Leach and coworkers also 

confirmed that bovine serum albumin (BSA) was mostly maintained as monomer (>90%) 

after its release from PEG hydrogels. The small peak at about 9.5 mL in the elution profile 

of the PANG released from the 10/2K hydrogel is possibly due to the presence of PEG 

fragments caused by hydrogel degradation [visible in the UV owing to the ester linkage at 
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the termini (Supporting Information Fig. S4)]. The lack of these fragments from the 10/700 

hydrogel is likely a result of the slower rate of degradation of the 10/700 hydrogel.

Protein samples collected at later time points, when almost all of the PANG had been 

released (day 35 and day 56, respectively), were also characterized via SDS-PAGE (Fig. 5). 

Similar to most antibodies, PANG comprises two heavy chains (50 kDa) and two light 

chains (25 kDa) connected by disulfide bonds. Therefore, electrophoresis under reducing 

(with DTT) and non-reducing (without DTT) conditions was used to examine the structural 

integrity of the antibody. Generally, separate heavy chains and light chains are observed in 

SDS-PAGE under reducing conditions while the intact antibody is observed under non-

reducing condition. PANG released from 8-arm 10/2K and 10K/700 hydrogels was loaded in 

Lane 1 and Lane 4, respectively. PANG controls stored at either 37°C or −80°C were loaded 

in Lane 2–3 and Lane 5–6, respectively, for parallel comparison with the release samples. In 

Figure 5(a), two bands representing the heavy chains (50 kDa) and light chains (25 kDa) of 

the antibody were observed as expected in each lane. In Figure 5(b), bands indicative of the 

intact antibody were observed at approximately 220 kDa, significantly greater than the 

expected molecular weight (~145 kDa), likely due to incomplete linearization and unfolding 

of the antibody under these conditions. Some fragmentation products were observed for the 

higher concentration PANG samples (Lane 1–3) under non-reducing conditions, which 

might be a result of disulfide-bond scrambling catalyzed by free sulfhydryl groups in the 

antibody itself.51–53 Nevertheless, these data demonstrate that the majority of PANG 

released from the hydrogels, even after extended periods, showed an electrophoretic profile 

comparable to the PANG controls.

The conformational properties of PANG after its release from the matrices were investigated 

by CD and fluorescence emission spectroscopy respectively, as shown in Figure 6. Figure 

6(a) illustrates CD confirmation of the secondary structure of PANG after its release. 

Negative peaks were observed at 218 nm for both of the release samples as well as for the 

antibody control, which is consistent with the presence of β-sheet conformations in the 

protein.54 More importantly, the CD spectra of the released PANG closely resembled that of 

the PANG control. The low signal-to-noise ratio observed in some spectra, especially in the 

PANG solution collected from the 10K/700 hydrogel after 56 days, may be attributed to the 

relatively low concentration (even after concentration via centrifugal filtration) of released 

PANG in these samples, along with the possible presence of detached PEG fragments from 

the hydrogel matrix.55 Figure 6(b) shows the data from fluorescence emission spectroscopy, 

which was used to detect changes in the tertiary structure of the PANG after its release from 

the hydrogel, as the emission spectrum is sensitive to the tryptophan micro-environment 

within the 3D structure of the protein. The data in Figure 6(b) show an emission maximum 

of tryptophan at 340 nm; the emission spectra of the released PANG were similar to those of 

the PANG control with respect to both the emission maximum and fluorescence intensity 

normalized for concentration. These results suggest that PANG maintained its structural 

conformation after undergoing the precipitation and re-dissolution process, as well as release 

from the PEG hydrogels.

Although hydrogel strategies have been widely used to protect proteins from degradation 

and denaturation, the conformational properties of proteins during in situ gelation and 
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encapsulation have rarely been studied. In order to understand the conformation of PANG 

when incorporated within the hydrogel, PANG-loaded PEG hydrogels were also studied via 

CD and fluorescence spectroscopy (Fig. 7). In this case, a relatively low polymer 

concentration (10 wt % hydrogel) was employed to alleviate the opacity caused by PEG-

induced precipitation. Similar to the data in Figure 6, the characteristic negative peak at 

approximately 218 nm of β-sheet conformations were observed [Fig. 7(a)] while the 

expected fluorescence emission maximum of PANG was observed at 331–334 nm [Fig. 

7(b)]. The data in Figure 7 confirm that soluble PANG encapsulated in the polymer network 

exhibited similar secondary and tertiary structures as those of the antibody control. The 

slight red shift of the emission maximum of the in-gel PANG (334 nm) compared to that of 

the PANG control (331 nm) in Figure 7(b) might be attributed to a slightly more hydrophilic 

local environment within the hydrogel.56 These data indicate that the processes involved 

during the in situ gelation in the presence of PANG did not adversely affect the antibody 

conformation.

 Biological activity of released PANG

To examine the biological activity of the antibody released from the hydrogels, an anthrax 

lethal TNA was employed to assess the ability of PANG to neutralize anthrax LeTx. Test 

samples were applied to cells in the presence of LeTx, and the dilution of the sample at 

which 50% of the cells are protected from LeTx was determined to be the effective dilution 

50 (ED50).12 ED50 values establish a quantitative criterion to a dose response curve that 

allows for the comparison of the biological activity of PANG in each test sample. Higher 

ED50 values indicate that a higher sample dilution yields 50% protection, and thus indicate a 

sample with greater neutralizing activity (which is related to the concentration of functional 

PANG in the sample). As shown in Figure 8(a), the ED50 values of these release samples 

gradually increased over time, after an initial lag period. For 8-arm 20/5K hydrogels, little 

toxin-neutralizing activity was observed for the first 5 days. After that, the release samples 

exhibited a significant increase in activity, reaching an ED50 value of 1550 at day 28. 

Similarly, following an initial delay in biological activity over the first 10 days, samples 

from 8-arm 10/2K and 10K/700 hydrogels showed increased activity, achieving an ED50 

value of 1890 at day 35 and 670 at day 56, respectively. The PANG released from the 

hydrogel matrix clearly retained its ability to neutralize anthrax LeTx in vitro up to 56 days. 

The initial delay in toxin-neutralization might be attributed to the slow initial release of 

PANG from the hydrogels. Furthermore, the toxin-neutralizing profile of the released 

proteins closely mirrored the concentration profile determined via UV–Vis [Fig. 8(b)], 

further confirming that the functionality of the antibody was not affected by its extended 

encapsulation in the PEG hydrogels.

 DISCUSSION

In contrast to many other existing antibody release vehicles, PANG release from these PEG 

hydrogels exhibited zero-order kinetics without any significant burst effect during the initial 

release stage, likely a result of the PEG-induced precipitation of the antibodies. At an early 

stage of the experiment, PANG release from the hydrogel is hindered due to the fact that 

only a minor, non-precipitated fraction of the incorporated antibody is available for diffusion 
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out of the matrix, resulting in a lack of burst release. (Opacity associated with the 

precipitation of PANG was observed within the hydrogel for most formulations until 

approximately 40% of the antibody was released.) In most hydrogel delivery systems, 

swelling of the polymer network and release of protein result in a decreasing protein 

concentration gradient, leading to a decrease in release rate.57,58 The consistent release rate 

observed for our experiments, in contrast, may be a result of a balance between hydrogel 

degradation and dissolution of the antibody precipitate throughout the course of the 

experiment. As the gels swell/degrade, the soluble antibody concentration within the 

network decreases (decreased concentration gradient), and the dissolution of antibody 

precipitate increases (increased concentration gradient). These two limiting factors of 

antibody release counteract each other, which might yield a more consistent concentration 

gradient and lead to an almost constant release rate of PANG over prolonged periods of 

time.22 This proposed mechanism, which still requires hydrogel degradation for the release 

of antibody from the hydrogels, is further evidenced by the release profiles of the 8-arm 

10/2K and 10K/700 hydrogels with high network density. The swelling and degradation of 

these hydrogels was observed to be very limited during initial time points, which would be 

expected to retard protein release. Consistent with this expectation, only minimal protein 

release (ca. 10%) was observed over the first 10 days of the experiment, and zero-order 

release was observed only once hydrogel swelling and degradation became significant, 

leading to increased dissolution and subsequent release of the precipitated antibody.

The observation of these release profiles for PANG, in conjunction with the precipitation of 

the protein, is consistent with results reported by others. For example, Hubbell and 

coworkers took advantage of the precipitation of human growth hormone (hGH) by linear 

PEG (or complexation of zinc) to protect the protein during in situ gelation and dramatically 

decrease the rate of protein release from PEG hydrogels.48 Hennink and coworkers also 

confirmed the effect of protein precipitation by NaCl or concentrated dextran on prolonging 

the release of hGH from dextran hydrogel microspheres.59 In addition, Herrmann et al. 

demonstrated that PEG-containing lipidic implants significantly reduced the burst release of 

rh-interferon α-2a (IFN-α), due to the PEG-induced, reversible precipitation of protein.60 

Similar to these reports, our results suggest that the precipitation and subsequent dissolution 

of PANG have contributed significantly to its prolonged release from the hydrogel network.

Altogether, our studies illustrate the facile use of hydrogel based methods to control the 

delivery of an antibody that is active for the neutralization of the LeTx of anthrax. The data 

presented here for PANG suggest more general applications for the controlled release of 

therapeutic proteins/antibodies by PEG-induced precipitation methods. Although the ability 

of PEG to precipitate proteins has been extensively studied and widely used in the field of 

protein separation and purification,44,45 only few studies have explored the precipitation of 

protein within PEG hydrogel-based controlled release systems and its potential benefit in 

controlling delivery profiles.48,59–61 The in situ, reversible precipitation of the protein 

induced by PEG in this report may not only provide protein stabilization during the gelation 

process without the addition of any exogenous precipitants, but also offer a useful strategy to 

prevent burst release and prolong the release of protein over an extended period of time. In 

addition, the in-gel characterization of the protein provides insight about the conformational 
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properties of proteins during in situ gelation and encapsulation, potentially relevant to the 

clinical translation and approval of such protein delivery systems.

 CONCLUSIONS

In this study, hydrolytically degradable PEG hydrogels have been synthesized and used as 

injectable local delivery materials for sustained release of the antibody PANG. The delivery 

properties of the hydrogels can be easily adjusted by varying the chemical composition of 

the precursors. PANG was released from the hydrogel matrix in a controlled manner ranging 

from 14 to 56 days in vitro. Burst release of the antibody was prevented by PEG-induced 

protein precipitation. The secondary and tertiary structures of the hydrogel released 

antibodies as well as their biological activities were not affected by encapsulation and 

release from the hydrogel. These results suggest that the injectable PEG hydrogels, 

combined with PEG-induced protein precipitation, hold significant potential in the sustained 

and long-term delivery of therapeutic antibodies.

 Supplementary Material
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FIGURE 1. 
In situ gelation of 20 wt % 8-arm 10/2K hydrogel, as characterized by oscillatory rheology. 

The evolution of G′ (storage modulus) and G″ (loss modulus) was monitored as a function of 

time.
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FIGURE 2. 
Equilibrium swelling properties of various PEG hydrogels. (a) 4-arm 10/5K gels at different 

concentration; (b) 20 wt % hydrogels prepared from polymer precursors with different 

functionalities and molecular weights.
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FIGURE 3. 
In vitro cumulative release of PANG from various PEG hydrogels at a precursor 

concentration of 20 wt %, with an initial loading concentration of 2.5 mg/mL, as a function 

of time. The release of protein was monitored by measuring the absorbance, at 280 nm, of 

the buffer solution above the gel at the indicated time intervals.
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FIGURE 4. 
Normalized SEC trace of PANG controls and PANG released from the hydrogels after 28 

days in PBS. Elution was monitored by UV absorbance at 280 nm.
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FIGURE 5. 
SDS-PAGE electrophoresis depicting protein release under (a) reducing and (b) non-

reducing conditions. Lane 1: D35 sample from 10/2K; Lane 2: D35 PANG Control at 37°C; 

Lane 3: PANG Standard at −80°C; Lane 4: D56 sample from 10K/700; Lane 5: D56 PANG 

Control at 37°C; Lane 6: PANG Standard at −80°C.
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FIGURE 6. 
Conformational characterization of PANG control solutions and of PANG released from the 

hydrogels. (a) CD spectra of solutions of PANG control and PANG released from hydrogels; 

(b) Normalized fluorescence emission spectra of PANG control and PANG released from 

hydrogels.
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FIGURE 7. 
Conformational characterizations of PANG (5 mg/mL) when encapsulated within the 

hydrogels. (a) CD spectra of PANG control and encapsulated PANG; (b) Normalized 

fluorescence emission spectra of PANG control and encapsulated PANG.
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FIGURE 8. 
In vitro characterization of PANG released from PEG hydrogels. (a) Toxin-neutralizing 

activity of released PANG on J774A.1 cells incubated with LeTx; (b) Concentration profile 

of the in vitro released protein samples as characterized by UV–Vis at 280 nm.

Liang et al. Page 23

J Biomed Mater Res A. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SCHEME 1. 
Formation and degradation of PANG-loaded PEG hydrogels.
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TABLE I

Formulations of Different PEG Hydrogels

Sample Polymers employed Polymer concentration (wt %) PANG loading concentration (mg/mL)

4-arm 10/5K 10K PEG-4SH/5K PEG-2Ac 10, 20, 30 5, 2.5

4-arm 5/2K 5K PEG-4SH/2K PEG-2Ac 20 2.5

4-arm 5/3.5K 5K PEG-4SH/3.5K PEG-2Ac 20 2.5

8-arm 20/5K 20K PEG-8SH/5K PEG-2Ac 20 2.5

8-arm 10/2K 10K PEG-8SH/2K PEG-2Ac 20 2.5

8-arm 10K/700 10K PEG-8SH/700 PEG-2Ac 20 2.5
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TABLE II

SEC Analysis of the Physical State of Released PANG

Sample type Time (day) % monomer

PANG control at −80°C 97.7%

PANG control at 37°C 28 91.5%

PANG released from 10/2K gel 28 92.0%

PANG released from 10K/700 gel 28 89.3%
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