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Abstract

Hydrogels have been instrumental in the development of polymeric systems for controlled release
of therapeutic agents. These materials are attractive for transmucosal and intracellular drug
delivery because of their facile synthesis, inherent biocompatibility, tunable physicochemical
properties, and capacity to respond to various physiological stimuli. In this contribution, we
outline a multifaceted hydrogel-based approach for expanding the range of therapeutics in oral
formulations from classical small-molecule drugs to include proteins, chemotherapeutics, and
nucleic acids. Through judicious materials selection and careful design of copolymer composition
and molecular architecture, we can engineer systems capable of responding to distinct
physiological cues, with tunable physicochemical properties that are optimized to load, protect,
and deliver valuable macromolecular payloads to their intended site of action. These hydrogel
carriers, including complexation hydrogels, tethered hydrogels, interpenetrating networks,
nanoscale hydrogels, and hydrogels with decorated structures are investigated for their ability
respond to changes in pH, to load and release insulin and fluorescein, and remain non-toxic to
Caco-2 cells. Our results suggest these novel hydrogel networks have great potential for controlled
delivery of proteins, chemotherapeutics, and nucleic acids.

Keywords

Responsive Hydrogels; Oral Delivery; Protein Delivery; Nanoscale Hydrogels; Interpenetrating
Network

l. INTRODUCTION

The development of molecularly engineered biomaterials has been motivated by the
challenges of controlled transmucosal and intracellular delivery of both hydrophobic drugs
and macromolecular biotherapeutics, such as proteins and nucleic acids. Intelligent materials
that can sense and respond to physiological and biological cues demonstrate promise in
helping engineers and scientists overcome the significant challenges of achieving efficient
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oral administration of fragile therapeutics [1]. For these applications, researchers in our
laboratory have developed a new class of crosslinked hydrogels composed of poly(ethylene
glycol) (PEG)-containing grafted copolymers of acrylic acid (AA), methacrylic acid (MAA)
or 2-diethylaminoethyl methacrylate (DEAEMA), containing functional compounds such as
carbohydrate-binding proteins [2], polysaccharides, and targeting ligands [3]. In our recent
work, we have shown that biomacromolecular delivery from these hydrogels can be
controlled by their three-dimensional network structure as well as the conditions of the
surrounding environment as these systems exhibit reversible hydrogen bonding and
interpolymer complexation/decomplexation [4, 5].

Promising new studies indicate that this class of hydrogel carriers, including complexation
hydrogels, tethered hydrogels, nanoscale hydrogels, and hydrogels with decorated structures,
can be used for delivery of hydrophobic drugs or biomacromolecules such as proteins and
small interfering RNA (siRNA) [6, 7].

A molecular understanding of how these hydrogels interact with and respond to biological
environments is fundamental to continued development of transmucosal and intracellular
drug delivery systems. For example, understanding the mucoadhesive behavior of PEG-
containing carriers in contact with the intestinal mucosa is of utmost importance in local
protein delivery, especially in the upper small intestine [8]. An important contributor to
successful transmucosal delivery is adhesion to the intestinal mucosa through the presence
of molecular adhesion promoters such as PEG chains grafted to crosslinked networks,
lectins attached to hydrogels [2], and novel hydrogel structures decorated with
carbohydrates [9].

In recent years, our laboratory has demonstrated great success in polymer-mediated delivery
of fragile biomacromolecules such as insulin [10], calcitonin [11], and interferon p [12]. We
now turn our attention to expanding the suite of fragile therapeutics available via oral
administration. Through rational molecular design of novel polysaccharide-modified
complexation hydrogels, we aim to improve bioavailability of therapeutic proteins by
enhanced biophysical interaction with intestinal mucosa. Increased understanding of
transport phenomena in tumor environments and the behavior of biomaterials in
physiological environments are paramount to our goal of developing highly efficient oral
delivery systems for chemotherapeutic drugs. New therapeutic modalities, such as RNA
interference, have given researchers a host of new tools with which to treat previously
intractable diseases. To this end, we are exploring nanoscale hydrogel carriers as sSiRNA
delivery vehicles to disease targets along the Gl tract [9, 13-18].

I.1 Tethered Carriers and Protein Delivery

One particular structural modification of interest is the decoration of micro- and nanoparticle
surfaces with chains containing specific flexibility and functional groups. Specifically, our
laboratory has studied PEG-tethered complexation hydrogels for controlled oral delivery of
proteins. A central aim of our work has been protection of the protein bioactivity and to
ensure therapeutic bioavailability. The seminal work of Lowman et al. [10, 19-22]
demonstrated that three-dimensional network structure could be used to control diffusion of
proteins in gastric fluids. Promising studies from other groups [23] showed that erodible
polyanhydride polymers displayed strong interactions with the mucosa of the
gastrointestinal tract, suggesting that these microparticles could be used for delivery of
insulin and plasmid DNA. Subsequent studies by our laboratory have focused on tailoring
the structures of complexation hydrogels to address the major challenge to oral delivery of
protein drugs—low bioavailability. Low bioavailability is attributed [24] to protein drugs’
chemical instability in the gastrointestinal (GI) tract, susceptibility to proteolysis, and
reduced ability to traverse biological barriers due to size [25].
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One unique attribute of poly(methacrylic acid)-grafted-poly(ethylene glycol) (P(MAA-g-
EG)) complexation hydrogels is their ability to protect protein drugs from enzymatic and
chemical degradation upon exposure to intestinal fluids [26]. Several studies in our
laboratory have shown that the structure of P(MAA-g-EG) hydrogels in acidic conditions as
well as chemical composition contribute to this phenomenon. At low pH, the formation of
physical crosslinks due to hydrogen bond formation between the poly(methacrylic acid)
(PMAA) backbone and the PEG tethers limits diffusion into and out of the gel. Using
insulin-loaded P(MAA-g-EG) microparticles, Wood et al. demonstrated limited release (<
10%) of insulin during a 60 minute incubation in simulated gastric conditions [2]. Following
a step change in pH from pH 3.2 to pH 7.0, 80% of the insulin was released within 30
minutes. The theoretical distance these adjacent cross links, or mesh size, ¢, can be
calculated by well-known techniques [27]. We have also shown that PMAA can bind Ca2*
thereby inhibiting Ca2*-dependent proteases [26, 28]. For insulin and hemoglobin, Lehr and
coworkers reported inhibition of proteolytic degradation in the presence of adhesive
poly(acrylic acid)-based hydrogels [29, 30].

Bioadhesive drug delivery systems capable of concentrating release at the absorption site are
one strategy for improving protein drug absorption and increasing bioavailability [18]. The
residence time of the carrier at the site of absorption, the upper small intestine, is an
important contributing factor to the bioavailability of orally administered protein drug
delivery systems. If the residence time of the carrier is extended in the upper small intestine,
there is a longer window for protein drug absorption as well as higher concentration
gradients at the absorption site. Our design of bioadhesive drug delivery systems relies on a
fundamental understanding of how hydrogels interact with mucosal membranes and
biological tissues. Serra et al. [8, 31, 32] have carried out molecular and structural studies to
analyze the nature of the adhesive interactions. Thomas et al. [17, 33, 34] have used these
studies to develop a new class of PEG-containing adhesive carriers. Moreover, to take
advantage of mucoadhesion due to chain interpenetration, our laboratory has proposed
adding adhesion promoters composed of long, linear polymer tethers extending from the
hydrogel surface [18, 31, 35]. A number of studies have demonstrated hydrogels with PEG
tethers are mucoadhesive and have increased residence time in the upper small intestine [8,
32, 34, 36]. More recently, we have focused on biomolecules to promote adhesion, with an
effort to develop a mechanistic understanding of molecular adhesion. The primary goal of
bioadhesive controlled drug delivery is to localize a delivery device within the body to
enhance the drug absorption process in a site-specific manner. Wheat germ agglutinin-
functionalized P(MAA-g-EG) gels [2] have shown promising results in vitro and in vivo. In
this work, we have modified P(MAA-g-EG) hydrogels with neutral polysaccharide tethers
of dextran and pullulan to form P(MAA-g-EG-Dextran) and P(MAA-g-EG-Pullulan)
hydrogels.

I.2 Nanoscale hydrogels in drug delivery

Several recent efforts have explored the utility of responsive nanoscale hydrogel carriers in
drug delivery [3, 37-39], demonstrating release of biological therapeutics such as insulin
and imaging agents such as gold. Nanoscale hydrogels are increasingly attractive as drug
delivery agents owing to their facile manufacture, tunable physicochemical characteristics,
and repeatable release. Furthermore, their covalent crosslinking endows them with
mechanical integrity not available in their self-assembled counterparts.

Applications in Cancer Treatment—Significant advancements have been made in our
fundamental understanding of cancer; but unfortunately these developments have not yet
been fully translated into effective clinical treatments of cancer [40]. A major reason is our
inability to administer therapeutic agents selectively to the targeted sites while avoiding
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adverse effects on healthy tissue. Current therapeutic strategies for most cancers involve a
combination of surgical resection, radiation therapy, and chemotherapy. These therapies are
associated with significant morbidity and mortality primarily due to their non-specific
effects on “normal” cells. The increase in efficacy of a therapeutic formulation is directly
correlated to its ability to selectively target diseased tissue, overcome biological barriers,
and intelligently respond to the disease environment to release therapeutic agents.

Nanotechnology coupled with advanced cancer biology offers great potential for addressing
these challenges [41]. In recent years, outstanding progress has been made using
nanovectors, liposomes, and polymer-mediated delivery strategies to increase localized
delivery by (a) targeting drugs to tumor cells and (b) increasing serum residence time [42,
43]. Although these strategies have reduced systemic toxicity, significant improvements on
delivery strategies are still necessary to increase patient quality of life and reduce
chemotherapy-related side effects.

The development of oral delivery systems for chemotherapeutic agents has recently been
explored in order to minimize the side effects of the intravenous administration, increase the
effectiveness of the drug, and improve the patient’s quality of life [44—46]. Recent studies
have demonstrated that orally-delivered chemotherapeutic agents were effective relative to
conventional intravenous administration [47-51]. However, low bioavailability due to poor
absorption, degradation of drugs in the acidic environment of the stomach, and gastric
enzymes in the leaky upper part of the small intestine must be circumvented for oral
administration of chemotherapeutic agents to be an effective delivery strategy. In addition,
an effective delivery strategy must protect the Gl tract from the potential toxicity of these
chemotherapeutic agents.

An anionic pH-responsive hydrogel is well-suited to overcome these barriers due to its
ability to release drug in the upper small intestine in response to increased pH. Researchers
in our laboratory have produced pH-responsive hydrogels, P(MAA-g-PEG), that have
demonstrated great potential as an oral drug delivery system of hydrophilic cancer and
protein based drugs [52-55]. Many popular chemotherapy drugs currently used are
hydrophobic, which limits their ability to interact favorably with hydrophilic pH-responsive
hydrogels for oral delivery. In this research, we are focusing on developing pH-responsive
polymers with hydrophobic moieties that will enable efficient loading and responsive release
of hydrophobic drugs like doxorubicin and fluorouracil.

Oral hydrogel chemotherapy delivery systems require hydrophobic components to favorably
interact with the chemotherapeutic. Our laboratory has taken two approaches: 1)
incorporation of hydrophobic monomers into our grafted hydrogel network and 2)
interpenetrating polymer networks (IPNs) comprised of hydrophilic and hydrophobic
networks. For the first approach, our laboratory has focused on nanoscale gels of the
P(MAA-g-EG) copolymers with added hydrophobic monomer t-butyl methacrylate
polymerized into the hydrogel network (P(MAA-co-t-BMA-g-PEG)).

In addition, our laboratory has developed sequential interpenetrating polymer networks
(IPNs) which are characterized by interwoven or entangled individual polymer networks.
IPNs with networks of opposing or complementing properties with a hydrogel network
(P(MAA-g-EG)) and an interpenetrating hydrophobic network (poly(butyl acrylate)), have
been developed in our laboratory for oral chemotherapy delivery [39, 56].

Applications in nucleic acid delivery—Additional efforts in our lab aim to develop

nanogel-based platform technologies for delivery of siRNA. The landmark discovery of
RNA interference (RNAI) in 1998 has sparked a massive research effort in all fields of
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biological science and redefined our understanding of gene regulation mechanisms [57].
Theoretically, RNAi mediated by siRNA could be used as a powerful and versatile treatment
modality to treat nearly any disease resulting from aberrant gene expression. Owing to its
remarkable potency and reversible therapeutic effect, SIRNA holds extraordinary promise as
a new biological therapeutic. As with many biotherapeutics, efficient delivery has been
implicated as the major hurdle to its widespread clinical application [58]. Though much
effort has been directed toward synthetic polymer carriers for sSiRNA, there remains a
paucity of data on the development of oral delivery systems. The goal of our work is to
develop a novel hydrogel platform for sSiRNA delivery; a synthetic polymer carrier capable
of delivering siRNA to disease targets along the gastrointestinal tract. Amine-containing
methacrylates, such as 2-(diethylaminoethyl) methacrylate (DEAMA) [59] and 2-
(dimethylaminoethyl) methacrylate (DMAEMA) [60], are attractive foundations for
polymeric nucleic acid-delivery systems because of their ability to form cooperative
electrostatic interactions with polyanionic siRNA. We have previously developed
DEAEMA-based polycationic nanogels [3, 37] and are currently investigating their utility as
highly-efficient SIRNA delivery vectors. However, a critical aspect of intracellular delivery
systems is a mechanism for elimination or degradation. Disulfide linkers can be cleaved by
the reductive tripeptide glutathione; present at intracellular concentrations of 1 — 11 mM
[61]. By incorporating these linkers into polycationic nanogels, we can impart degradability
to the network while retaining their mechanical integrity and pH-responsive behavior.

II. EXPERIMENTAL SECTION
II. 1. Polymerization of P(MAA-g-EG) Hydrogels

P(MAA-g-EG) films were prepared by a free radical UV-initiated polymerization. Briefly, a
1:1 (by weight) solution of ethanol and water was prepared. To the solvent, an equal mass of
monomers was added. The monomers consisted of methacrylic acid (MAA, Sigma Aldrich)
and poly(ethylene glycol) monomethyl ether monomethacrylate (PEGMA, Polysciences
Inc.) with an average molecular weight of 1000 Da combined in a ratio of 1 mol MAA to 1
mol EG. The crosslinker poly(ethylene glycol) dimethacrylate (PEGDMA, Polysciences
Inc.) with an average molecular weight of 400 Da was added to comprise a desired percent
of the total monomers, the percent crosslinker. The initiator, Irgacure 184 (Ciba Geigy), was
added to be 0.1 wt% of the total monomers. The solution was sonicated for 20 minutes then
purged with nitrogen for 30 minutes inside a glove box, which was purged for the same
amount of time. The solution was then placed in a mold consisting of two glass slides and a
Teflon spacer. The polymerization was started upon exposure to ultraviolet (UV) light with
an intensity of 16-17 mW/cm? for 30 minutes. The resulting film was then washed in
ultrapure water for 7 days and the water was exchanged twice daily to remove any unreacted
components. Films were dried in a vacuum oven and then crushed and sieved to form
microparticles 90-120 um in diameter.

Il. 2. Polymerization of P(MAA-g-EG-co-Polysaccharide) Hydrogels

To form P(MAA-g-EG-co-Dextran) and P(MAA-g-EG-Pullulan) gels, methacrylate groups
were added to dextran (average humber molecular weight 6 kDa or 100 kDa; Sigma Aldrich,
St. Louis, MO) or pullulan (average number molecular weight 75 kDa; Sigma Aldrich, St.
Louis, MO) as reported previously [62]. The methacrylated polysaccharides were
incorporated into P(MAA-g-EG) hydrogel films using a UV-initiated free radical solution
polymerization. In order to solubilize dextran with the other monomers, modifications were
made to the P(MAA-g-EG) synthesis. The solvent was 73% 0.1 N sodium hydroxide and
27% ethanol solution. MAA was first solubilized in sodium hydroxide, followed by
Dextran-methacylate or Pullulan-methacrylate, PEGMMA, PEGDMA, ethanol, and then
Irgacure 184. The solution was sonicated for 20 minutes or until the reactants were fully
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dissolved. The polymerization followed the same procedure outlined for P(MAA-g-EG)
gels.

Il. 3. Polymerization of Nanoscale Hydrogels

Nanoscale hydrogels were synthesized via UV-initiated free radical photoemulsion
polymerization according to previous reports from our laboratory [3, 37]. Briefly, 2-
(diethylamino) ethyl methacrylate (DEAEMA, Sigma-Aldrich), 2-(tert-butylamino)ethyl
methacrylate (t-BAEMA, Polysciences, Inc.), tert-butylamino methacrylate (t-BMA, Sigma-
Aldrich), and tetra(ethylene glycol) dimethacrylate (TEGDMA, Sigma-Aldrich) were passed
through a column of basic alumina powder to remove inhibitor prior to use. Methacrylic acid
(MAA, Aldrich Chemical Co.) was vacuum distilled at 54°C/25 mmHg to remove the
inhibitor, and poly(ethylene glycol) methyl ether methacrylate (PEGMMA), M, ~ 2080,
(Sigma-Aldrich) was used as received. Bis(2-methacryloyloxyethyl) disulfide (SSXL) was
synthesized according to a previous report [63]. Crosslinker and monomer were added to an
aqueous solution of 5 wt% PEGMMA, Irgacure 2959 (Ciba Geigy) at 0.5 wt% of total
monomer, 4 mg mL~1 Brij-30 and ionic surfactant myristrimethylammonium bromide
(MyTAB) or sodium dodecyl sulfate (SDS), depending on the ionic nature of the monomer.
The mixture was emulsified using a Misonix Ultrasonicator (Misonix, Inc.). The emulsion
was purged with nitrogen gas and exposed to a UV source for 2.5 hr with constant stirring.
Surfactants and unreacted monomers were removed by repeatedly inducing polymer-
ionomer collapse, separating particles by centrifugation, and resuspending in 0.5 N HCI for
cationic particles or 0.5 N NaOH for anionic particles. Polymer particles were dialyzed
against ddH,0 for 7 days with the water changed twice daily.

I1.4. Synthesis of P(MAA-g-EG)/P(BA) IPNs

The hydrophobic-hydrophilic IPNs were prepared by sequential UV-initiated free radical
polymerization. First, hydrophilic P(MAA-g-EG) networks were synthesized as described in
section I1.1 and crosslinked with TEGDMA rather than PEGDMA. The resulting film was
washed for 7 days to remove unreacted components and dried in vacuo. To form the second
network, dried P(MAA-g-EG) films were incubated overnight in a solution of butyl acrylate,
TEGDMA, Irgacure 184, and a solvent consisting of various ratios of ethanol and water. The
solutions were then purged with nitrogen. The films were placed on an open-faced glass
plate and exposed to UV light allowing polymerization of the second network. The resulting
IPN was washed to remove unreacted components and dried in vacuo. Three unique IPNs
were synthesized by varying the ethanol to water ratio of the soaking solution: 80/20 IPN,
75/25 IPN, and 70/30 IPN.

Il. 5 Characterization

Equilibrium Swelling Studies—Equilibrium swelling studies were performed on dry
polymer disks of P(MAA-g-EG-co-Dextran 6,000), P(MAA-g-EG-co-Dextran 100,000), and
P(MAA-g-EG-Pullulan 75,000). The initial mass of the gels was recorded. Gels were then
incubated in 50 mL 10 mM 3,3-dimethylglutaric acid (DMGA) buffers with different pHs
(pH = 3.2t0 7.6) at 37°C and constant ionic strength for 24 hours. The final mass of the
swollen gels was used to calculate the equilibrium mass swelling ratio.

Contact Angle Measurements—Surface analysis was carried out on a Rame-Hart
Goniometer (Model No. 100) and analyzed with DROPimage software. Using HPLC water,
a5 pL sessile drop was placed on 3 random locations on an IPN or P(MAA-g-EG) disc.
Images were captured at time equal 0 sec and 120 sec and the angle formed between the disc
surface and water droplet were analyzed to determine extent of hydrophobicity.
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Dynamic Light Scattering (DLS)—The hydrodynamic diameter in aqueous suspension
of the polymer networks was measured using a Malvern Zetasizer NanoZS (Malvern
Instruments Corp.) operating with a 633 nm laser source equipped with MPT-2 Autotitrator.
DLS measurements of particle size and pH-responsive behavior were conducted by
resuspending lyophilized particles in PBS at 0.5 mg mL™1. For cationic particles, the
suspension pH was adjusted to 10.5 using 1 N NaOH and gradually lowered to pH 3.5 using
1 N HCI. In contrast, the suspension pH for anionic particles was decreased to 4.5 and then
gradually increased to pH 9 using 1 N NaOH. Measurements of the z-average particle size
were collected at 25°C and pH intervals of 0.5.

Electrophoretic Light Scattering—The effective surface {-potential of the polymer
networks was measured using a Malvern Zetasizer NanoZS (Malvern Instruments Corp.)
operating with a 633 nm laser source equipped with MPT-2 Autotitrator. Measurements of
C-potential as a function of pH were conducted by resuspending lyophilized particles in 5
mM phosphate buffer at 0.5 mg/mL. The suspension pH was adjusted to 10.5 using 1 N
NaOH and gradually lowered to pH 3.5 using 1 N HCI. Electrophoretic light scattering
measurements of the surface {-potential were collected at 25°C with nanogels suspended in
5 mM sodium phosphate.

Electron Microscopy—TEM micrographs were collected using a FEI Tecnai
Transmission Electron Microscope (80 kV) at magnifications from 16,500 to 160,000x.
Lyophilized particles were diluted in ddH,0 and stained with 2% uranyl acetate
immediately prior to imaging. Particle volume in the dry state was taken as the cube of mean
diameter from TEM images. Particle diameters were calculated from the particle area as
determined by an ImageJ particle sizing algorithm. Reported values represent the mean +
standard deviation (n > 50). SEM micrographs were collected using a Zeiss Supra 40 VP
scanning electron microscope and coated with a 8 nm layer of Pt-Pd immediately prior to
imaging.

Cytocompatibility Studies—In vitro cytocompatibility was determined for polycationic
and polyanionic nanoscale hydrogel networks using the CellTiter 96 AQueous One Solution
Cell Proliferation Assay kit (Promega Corp., Madison, WI) in which the soluble tetrazolium
salt [3-[4,5-dimethylthiazol-2-yl]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] (MTS) is reduced to a purple formazan product. The absorbance of the
formazan product is proportional to the number of viable cells. Stock solutions of polymer
were suspended in PBS and allowed to equilibrate overnight. Caco-2 cells were seeded in
96-well plates at 15,000 cells/well and incubated for 36 hours prior in 200 pL Dulbecco’s
Modified Eagles Medium supplemented with 100 U mL™1 penicillin, 100 pg mL™1
streptomycin, and 10% FBS. Media was aspirated and cells were washed 2x with DPBS and
incubated in serum-free DMEM for 90 minutes. Following this incubation period, polymer
stock solutions at 5x were added to cells for another 90 minutes. Media and polymer were
aspirated and replaced with a DMEM/MTS solution. Absorbance at 490 nm was recorded
after 4 hours incubation in the DMEM/MTS solution.

Il. 6. Loading and Release Studies

P(MAA-g-EG), P(MAA-g-EG-co-Dextran 6,000), P(MAA-g-EG-co-Dextran 100,000) and
P(MAA-dg-EG-Pullulan 75,000) microgels of 90 — 120 um were loaded with insulin
according to published protocol [64]. During the loading process, the initial insulin and final
insulin concentration were sampled and measured by aqueous high throughput liquid
chromatography (HPLC). The loading efficiencies, the ratio of the mass of insulin loaded to
the initial insulin mass, for modified and unmodified P(MAA-g-EG) gels were compared.
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Release studies were carried out using a USP 2 dissolution apparatus according to
established protocols. Insulin-loaded particles (30 mg) were added to 30 mL of 1X PBS at
37 oC and were stirred with impellers at 100 rpm. Samples of 200 pL were taken at 0, 5, 10,
15, 30, 60, and 120 minutes after the addition of the microparticles, and the concentration of
insulin was determined by HPLC. To compare release from different polymers, the ratio of
mass of insulin released to the final mass of insulin released was calculated (Figure 1b).

HPLC was performed to determine insulin concentrations using a Waters Alliance HPLC
unit equipped with a Symmetry C4 5 um column. The mobile phase consisted of 70% water
with 0.1% trifluoroacetic acid (TFA) and 30% acetonitrile with 0.08% TFA. The column
was heated to 40°C. A gradient was run in the reverse direction from 30% to 60%
acetonitrile over a 6 minute time period. The sample run time was 10 minutes, and the
sample injection volume was 20 uL. Absorbance was measured at 220 nm.

P(MAA-g-EG) and IPN microparticles of 75-500 um were loaded with fluorescein
according to the following procedure: fluorescein was dissolved in 2% (w/w) dimethyl
sulfoxide in 1X PBS to a concentration of 0.145 g mL~1. To this stock solution dried
microparticles were added and allowed to stir 24 hr. After 24 hr, the initial and final
fluoroscein concentrations were sampled and measured on a BIO-TEK SynergyHT UV/VIS
plate reader to determine amount loaded. Loaded particles were lyophilized for 48 hrs.

Release of fluorescein loaded particles were conducted with two modifications: 10 mg of
fluorescein loaded particles were added to 30 mL 1X PBS and sampling was extended to 4
and 6 hr time points. The concentration of fluorescein was determined by UV/VIS plate
reader.

[ll. RESULTS AND DISCUSSION

In this work, we studied a variety of complexation hydrogels for transmucosal and
intracellular delivery of hydrophobic drugs or biomacromolecules. The performance of each
drug delivery system was evaluated based on the material properties as it applied to the
specific application and drug. For example, the pH-dependent complexation behavior of
each of these hydrogels was studied for either oral delivery or intracellular delivery.
Hydrogels which undergo a sharp swelling transition at different pHs are highly
advantageous for both oral delivery and intracellular delivery. The pH-dependent
complexation behavior of P(MAA-g-EG) hydrogels has been well studied in our laboratory.
In acidic conditions, physical crosslinks form as a result of interpolymer complexes.
Interpolymer complexation is due to hydrogen bonding between pendant MAA along the
polymer backbone and etheric oxygen of PEG tethers. In acidic milieu, the mesh size of the
network, &, the distance between adjacent junctions, formed either by covalent or physical
crosslinks, is small. The small mesh size limits diffusion into and out of the hydrogel
network. At more neutral conditions, at pHs above the pKa of MAA, deprotonation of
pendant MAA results in decomplexation. Decomplexation causes the mesh size to increase
as a result of fewer hydrogen bonds, permitting efflux of entrapped macromolecular
therapeutics. Macroscopically, complexation behavior results in a sharp swelling transition
between the non-swollen and swollen state as a function of pH.

For transmucosal delivery of protein drugs using polysaccharide-modified hydrogels, the
effect of large polysaccharides on complexation behavior and drug loading and release was
studied. The complexation behavior of P(MAA-g-EG-co-Dextran) and P(MAA-g-EG-co-
Pullulan) hydrogels was evaluated by determining the equilibrium mass swelling ratios in
buffer over pHs relevant to the gastrointestinal tract. Data shown in Figure 2 demonstrate the
hydrogels have pH-dependent complexation behavior and that decomplexation occurs
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between a pH of 5 and 6. Swelling transitions in this range are desirable for triggered release
in the upper small intestine. Additionally, we observed that hydrogels with the lowest
molecular weight dextran (6 kDa) exhibit maximum swelling greater than hydrogels with
larger dextran (100 kDa) or pullulan (75 kDa) polysaccharide components at pH 5 — 7.

The ability to load and release protein drugs from P(MAA-g-EG-co-Dextran) and P(MAA-
g-EG-co-Pullulan) gels was demonstrated with insulin. As shown in Figure 3, insulin release
was more rapid from 53-75 um diameter microparticles composed of either P(MAA-g-EG-
co-Dextran) or P(MAA-g-EG-co-Pullulan) than P(MAA-g-EG) controls. The two
formulations with lower molecular weight polysaccharides including the P(MAA-g-EG-co-
Dextran 6,000) microgels and the P(MAA-g-EG-co-Pullulan 75,000) controlled release of
insulin over the 2 hour release study more effectively than the P(MAA-g-EG-co-Dextran
100,000) which released all of the drug in 20 less than minutes. It is possible that this
difference in insulin release rate may be due to polymer-protein interactions, as insulin has
been shown to interact more favorably with PEG than with Dextran [65].

To evaluate anionic complexation nanogels with hydrophobic moieties for oral
chemotherapeutic delivery applications, we evaluated the material properties including the
nanogel size and morphology and the complexation of these hydrogels. Successful synthesis
of P(MAA-g-EG) carriers with hydrophobic comonomers P(MAA-co-t-BMA-g-PEG) was
shown using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). Figure 4 shows the synthesized nanoparticles after purification both before
lyophilization (Figure 4a-b) and after lyophilization (Figure 4c-d). As observed in Figure 4,
the particle size is affected by post-synthesis steps. Particle diameter is decreased following
lyophilization.

DLS was used to study the effects of the hydrophobic comonomer on complexation
behavior. It is well known that addition of hydrophobic or hydrophilic comonomers can shift
the pKa of the pH- and temperature-dependent swelling [3, 66, 67]. From DLS
measurements of lyophilized P(MAA-co-t-BMA-g-PEG) particles that were re-hydrated in
PBS (Figure 5), an increase in the particle volume is observed with increasing pH above 4.8
which is close to the pKa of MAA. A swelling transition at pH 4.8 indicates that drug
release as a result of decomplexation would occur in the upper small intestine.

Characterization and evaluation of the P(MAA-g-EG)/P(BA) IPNs focused on the effect of
polymerization conditions on hydrophobicity and drug loading and release. Contact angle
measurements were conducted to determine if the ratio of hydrophobic P(BA) network
differed between various IPN formulations. Table 1 demonstrates the gradual increase in
hydrophobicity across IPN formulations, confirming the hypothesis that P(BA) content
increases as a result of the degree of swelling during the second network
photopolymerization. By tailoring the polymer chemistry, the resultant physicochemical
properties of the IPNs could be tuned to optimize them for chemotherapeutic loading and
release.

Evaluation of hydrophobic drug loading and release was investigated using fluorescein, a
fluorescent dye with similar hydrophobicity, chemical structure, and molecular weight as
chemotherapeutics. IPN microparticles (75-400 um) were loaded with fluorescein. Table 1
presents the loading efficiencies of IPNs and P(MAA-g-EG). The 75/25 IPN showed a
balance of swelling and hydrophobic components to optimize loading levels. The release
profiles for the IPNs illustrated over 80% release of contained drug by 2 hr, a time scale
relevant to transit through the small intestine.

A panel of polycationic nanoscale hydrogels comprised of a crosslinked core of poly[2-
(diethylaminoethyl) methacrylate] surface grafted with poly(ethylene glycol) was
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synthesized using photoemulsion polymerization. Polymer composition was varied to
determine the effect of crosslinking density and core hydrophobicity on physicochemical
properties and drug delivery efficacy. Analysis of TEM micrographs revealed successful
formation of nanoscale hydrogel networks. All preparations appear to have a narrow particle
size distribution with a mean diameter of approximately 50 nm. Specifically, dry diameters
of 51 + 14 nm for P(DEAEMA-g-PEGMMA) (PDET) crosslinked with TEGDMA, 52 + 16
nm for P(DEAEMA-co-t-BAEMA-g-PEGMMA) crosslinked with TEGDMA
(PDETBA15), 52 + 15 nm for P(DEAEMA-co-t-BMA-g-PEGMMA) crosslinked with
TEGDMA (PDETB20) and 50 £17 nm for P(DEAEMA-co-t-BMA-g-PEGMMA)
crosslinked SSXL (PDESSB20) were observed.

Figure 9 illustrates the influence of hydrophobic moiety incorporation in the polymer
network. The addition of t-BMA clearly shifts the onset of pH-dependent swelling from ~7.4
to pH 7.0. Maximum volume swelling of these networks occurs near pH 6.0, characteristic
of the early endosomes. Incorporation of t-BAEMA also lowers the onset of pH-dependent
swelling, though the effect is less pronounced. The degree of volume swelling is decreased
in PDETB30 and PDESSB30 relative to PDETB and PDETBA20 due to stronger
hydrophobic associations in the polymer core and decreased ionizable amine content.
Polymers crosslinked with TEGDMA and a degradable disulfide linker exhibit nearly
identical swelling properties. All preparations exhibited a collapsed hydrodynamic diameter
of 70 — 100 nm as determined by dynamic light scattering.

Measurements of the effective surface -potential reveal insignificant difference between the
various formulations. These data are consistent with the expectation that the PEG-grafted
surface of these nanoscale hydrogels are very similar and that the modifications in chemical
composition primarily affect the network core. All formulations posses a reversible surface
charge, with an isoelectric point (IEP) at approximately pH 8.0, slightly positive {-potential
at pH 7.4, and a maximum ¢-potential of 25 - 30 mV at pH 3.50. At physiological pH, the
slightly positive ¢-potential may help facilitate non-specific cell-uptake. The negative -
potential observed from pH 10.5 to ~ pH 8.0 can be ascribed to the adsorption of negatively
charged hydroxyl ions on the PEG-coated surface [68]. Likewise, the positive (-potential
can be ascribed the surface adsorption of hydronium ions and protonation of amine-
containing groups in the network core.

Hemolysis experiments were used to evaluate the ability of these hydrogels to disrupt
erythrocyte membranes as a measure of their endosomolytic ability. These data (not shown)
suggest these nanogels have utility in intracellular delivery applications as polymers mediate
erythrocyte membrane disruption in a concentration- and pH-dependent manner. At pH 6.50,
PDETB20 demonstrates excellent hemolytic ability, lysing over 80% of erythrocytes at 1 pg
mL~1 and nearly 100% at 100 pg mL~1. These data, coupled with cytotoxicity results,
indicate these nanoscale hydrogels are promising agents for delivery of biomacromolecules.

The effect of polymer concentration and composition on cellular proliferation was assessed
using an MTS assay. As seen in Figure 10, PDETB15 and PDETB20 are non-toxic to
Caco-2 cells at concentrations below 0.5 mg mL™2. From 0.05 mg mL™1 — 2 mg mL™1, these
formulations are significantly less toxic than the base formulation of P(DEAEMA-g-PEG)
(PDET). It has been well documented that free amino groups contribute to the untoward
cytotoxicity of many polycationic delivery agents and that increased cationic charge density
correlates with increased cytotoxicity [69]. As expected, polymers with similar cationic
charge densities, e.g. nanogels with 15 mol% and 20 mol% t-BAEMA and PDET, exhibit
similar toxicity profiles. By nature of the polymer composition, nanogels with 15 mol% and
20 mol% t- BMA have less cationic charge density and thus result in decreased toxicity.
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CONCLUSION

We have synthesized novel pH-responsive hydrogel materials with diverse length scales and
physicochemical properties. Because of their pH-dependent conformational change, these
materials can protect entrapped therapeutics in their collapsed state and permit diffusion of
solvent and drug in the swollen state. The ability to load and release insulin in P(MAA-g-
EG) hydrogels can be modulated by the chemical nature and molecular weight of
bioadhesion-promoting polysaccharides, including dextran and pullulan. Interpenetrating
networks of P(MAA-g-EG) and P(BA) demonstrated controlled release of the model drug
flourescein over four hours. Physicochemical properties, including particle size, volume
swelling ratio, and critical swelling pH, of nanoscale hydrogels P(MAA-co-t-BMA-g-PEG),
P(DEAEMA-co-t-BMA-g-PEG), and P(DEAEMA-co-t-BAEMA-g-PEG), were investigated
using electron microscopy and dynamic light scattering. These properties can be modulated
by tuning the polymer composition. Incorporation of hydrophobic moieties into the polymer
core of P(DEAEMA-g-PEG) serves to lower the critical swelling pH while concomitantly
decreasing cytotoxicity by decreasing cationic charge density. Nanogels synthesized with t-
BMA exhibit favorable pH-responsive behavior for intracellular delivery and offer an
excellent cytocompatibility. Our results suggest these novel hydrogel networks have great
potential for transmucosal and intracellular delivery of proteins, chemotherapeutics, and
SiRNA.
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Figure 1.
Schematic of pH responsive hydrogels and the effect of complexation on the correlation
length (pore size) & for pH responsive hydrogels
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pH-dependent equilibrium swelling of P(MAA-g-EG-Dextran 6000) (o), P(MAA-g-EG-
Dextran 100000) (m), and P(MAA-g-EG-Pullulan 75000) (V).
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Figure 3.
Insulin release from microparticles of P(MAA-g-EG-Dextran 100,000) (<), P(MAA-g-EG-
Pullulan) (m), P(MAA-g-EG-Dextran 6,000) (¥), and P(MAA-g-EG) controls (e).
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Figure 4.

Scanning electron microscopy of P(MAA-g-EG) with t-BMA particles: (A-B) particles after
purification and (C-D) particles after freeze dry lyophilization. Scale bars equals 200 nm (A
and C), 2 um (B), and 1 um (D).
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Figure 5.

pH-dependent equilibrium swelling of P(MAA-g-EG)/P(BA) IPN microparticles. 80/20 IPN
(e), 75/25 IPN ('¥), 70/30 IPN (m), and P(MAA-g-EG) ().
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Figure 6.
Fluorescein release from crushed P(MAA-g-EG)/P(BA) IPN microparticles (75-500 um) of
70/30 IPN (), 75/25 IPN ('¥), 80/20 IPN (m).
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Figure 7.

Swelling profile of P(MAA-g-EG) with t-BMA nanoparticles as a function of pH.
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Figure 8.
Representative transmission electron microscopy images of TEGDMA-crosslinked

P(DEAEMA-g-PEG) (A), TEGDMA-crosslinked P(DEAEMA-co-t-BAEMA-g-PEG) (B),
TEGDMA-crosslinked P(DEAEMA-co-t-BMA-g-PEG) (C), and SSXL-crosslinked
P(DEAEMA-co-t-BMA-g-PEG) (D). Particles stained with uranyl acetate and images
collected at 43,000x. Scale bar represents 200 nm.
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Figure 9.
pH-responsive behavior of nanogels in suspended in PBS. P(DEAEMA-g-PEG) (),
P(DEAEMA-co-t-BAEMA-g-PEG) crosslinked with tetra(ethylene glycol) dimethacrylate
(A), P(DEAEMA-co-t-BMA-g-PEG) crosslinked with tetra(ethylene glycol) dimethacrylate
(), and P(DEAEMA-co-t-BMA-g-PEG) crosslinked with bis(2-methacryloyloxyethyl)

disulfide (@).

Page 24

00% t-BMA, TEGDMA

A15% t-BAEMA, TEGDMA

020% t-BMA, TEGDMA

©20% t-BMA, SSXL

J Control Release. Author manuscript; available in PMC 2012 October 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liechty et al.

Page 25

40
® 0% t-BMA, TEGDMA
Vv 15% t-BAEMA, TEGDMA
30 O O > B 20% t-BMA, TEGDMA
0 -
2 |0f €0y O 20% t-BMA, SSXL

10

C-Potential
[—

ey
&
3Pm

Figure 10.

Effective surface (-potential of various polymer formulations P(DEAEMA-g-PEG) (e),
P(DEAEMA-co-t-BAEMA-g-PEG) crosslinked with tetra(ethylene glycol) dimethacrylate
(V), P(DEAEMA-co-t-BMA-g-PEG) crosslinked with tetra(ethylene glycol) dimethacrylate
(m), and P(DEAEMA-co-t-BMA-g-PEG) cross linked with bis ( 2-methacryloyloxyethyl)
disulfide (o). Data points represent the mean of 3 measurements + SD.
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Cytocompatibility of polycationic nanoscale hydrogels as a function of polymer
concentration. The relative viability of Caco-2 cells was determined by MTS assay and is
expressed as a fraction of the control (untreated) cells. Data are expressed as means + SEM,
n = 8. Statistical significance is noted relative to viability of cells exposed to PDET (* p <

0.005).
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Comparison of contact angle measurements and loading efficiencies among P(MAA—-g-EG)/P(BA) IPNs and
P(MAA-g-EG) microparticles.

Formulation  Contact Angle (°)  Loading Efficiency (%)
80/20 IPN 62+1 25+4
75/25 IPN 68+1 28+3
70/30 IPN 106 +1 45+7
P(MAA-g-EG) 47+1 2147
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