
Transport and Delivery of Interferon-α Through Epithelial Tight 
Junctions via pH-Responsive Poly(Methacrylic Acid Grafted 
Ethylene Glycol) Nanoparticles

Mary Caldorera-Moore1, Julia E. Vela Ramirez2,3,4, and Nicholas A. Peppas2,3,4,5,6,7,*

1Department of Biomedical Engineering, Louisiana Tech University, Ruston, LA 71272

2McKetta Department of Chemical Engineering, The University of Texas at Austin, Austin, TX 
78712, USA

3Department of Biomedical Engineering, The University of Texas at Austin, Austin, TX 78712, 
USA

4Institute for Biomaterials, Drug Delivery, and Regenerative Medicine, The University of Texas at 
Austin, Austin, TX 78712, USA

5Department of Surgery and Perioperative Care, Dell Medical School, The University of Texas at 
Austin, Austin, TX 78712, USA

6Department of Pediatrics, Dell Medical School, The University of Texas at Austin, Austin, TX 
78712, USA

7Division of Molecular Pharmaceutics and Drug Delivery, College of Pharmacy, The University of 
Texas at Austin, Austin, Texas 78712, USA

Abstract

Whereas significant advancements have been made in our fundamental understanding of cancer, 

they have not yet translated into effective clinical cancer treatments. One of the areas that has the 

potential to improve the efficacy of cancer therapies is the development of novel drug delivery 

technologies. In particular, the design of pH-sensitive polymeric complexation hydrogels may 

allow for targeted oral delivery of a wide variety of chemotherapeutic drugs and proteins. In this 

work, poly(methacrylic acid grafted ethylene glycol) (P(MAA-g-EG) hydrogel nanoparticles were 

synthesized, characterized, and studied as matrix-type, diffusion-controlled, pH-responsive carriers 

to enable the oral delivery of the chemotherapeutic agent Interferon Alpha (IFN-α). The 

biophysical mechanisms controlling the transport of IFN-α were investigated using a Caco-2/

HT29-MTX co-culture as a gastrointestinal (GI) tract model. The synthesized nanoparticles 

exhibited pH-responsive swelling behavior and allowed the permeation of IFN-α through the tight 

junctions of the developed cellular gastrointestinal epithelium model. These studies demonstrate 

the capabilities of these particles to contribute to the improved oral delivery of protein 

chemotherapeutics.
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Introduction

Advances in detection and tumor treatment have helped to reduce the number of deaths 

associated with many cancer types. Further improvements in patient survival can be aided 

through the development of new technologies to enhance the delivery of chemotherapeutic 

agents [1, 2, 3, 4, 5, 6]. While intravenous administration is currently the delivery method 

most prominently used in the clinic, a promising alternative is the oral administration of 

chemotherapeutics due to the comparable or improved efficacy, increased patient 

compliance, and lower cost [5, 7, 8].

Recent studies have indicated advantageous results following the oral delivery of 

chemotherapeutic agents when compared to intravenous administration [9, 10, 11, 12, 13, 

14]. In vivo studies performed by Ren et al. [15] demonstrated that the oral delivery of 

cabazitaxel using nanocarriers with a hybrid core comprised of poly(ε-caprolactone) and 

medium-chain triglycerides with a positively charged surface using a polyethylene oxide 

shell induced tumor inhibition more effectively and caused less systemic toxicity compared 

with drug administered intravenously. The advantages to oral chemotherapy go beyond 

survival time and toxicity; lower treatment cost, increase patient compliance, flexibility of 

dosing schedule and an overall improvement in quality of life are additional benefits of oral 

chemotherapy [10].

Despite all of these advantages there are only a few oral chemotherapeutic drugs currently in 

clinical use. This is mainly due to the challenges of achieving efficacious drug concentration 

in the bloodstream [10]. This is especially difficult for small molecule drugs and protein 

chemotherapeutics like interferons, which are used as a treatment for a variety of cancers 

[16, 17, 18, 19]. For example, studies have shown that relatively high doses of IFN-α are 

necessary to elicit therapeutic responses in cancer patients; however, these regimens are 

highly toxic [20]. Due to its toxicity levels, IFN-α has been progressively phased out of 

clinical use [21, 22, 23, 24]. Therefore, the overall limited therapeutic use of current 

treatments based on IFN-α might reflect our inability to target these potent antitumor 

molecules to the right place and/or at the right dose. Alternative delivery strategies are thus 

needed to achieve safe and effective IFN delivery in cancer patients [25]. To accomplish this, 

a variety of different delivery systems have been explored for the delivery of IFN-α 
including the synthesis of PEGylated- IFN-α [26], encapsulation of IFN-α into poly(lactic-

co-glycolic acid) (PLGA) microspheres [27], via microporation for transdermal delivery 

[28], and using a nanochannel delivery system [29]. While these approaches showed 

promising results they all lacked the ability to controlled release IFN-α and in the case of the 

nanochannel device, it required implantation at the tumor site.

The GI tract presents harsh and complex environments that make the oral administration of 

drugs challenging. These molecules are exposed to the harsh acidic environment of the 
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stomach and subject to the action of degradative enzymes in the GI tract. Additionally, the 

drug molecules have to be transported across biological barriers before they can reach the 

bloodstream, which may restrict their bioavailability or damage their stability. Furthermore, 

there is potential toxic effects on the GI tissue by the therapeutic agent, if high doses are 

necessary. Current research efforts are focused on understanding the biophysical 

mechanisms regulating oral administration of biopharmaceutics and on the development of 

better drug carrier systems to overcome these challenges.

For almost twenty five years, we have investigated intelligent, highly biocompatible carrier 

systems that can protect and deliver therapeutic agents, especially proteins, to their site of 

action [30, 31, 32, 33, 34]. For these systems to be effective, they also need to enable drug 

transport to the bloodstream, via a series of paracellular or transcellular mechanisms through 

the intestinal wall. The pH shift between the stomach and the upper small intestine can be 

used to our advantage to achieve the controlled release of drugs. Previously, our group has 

reported the development of a suite of intelligent, biocompatible micro- and nanocarrier 

systems that can protect a variety of therapeutic agents from the harsh environment in the 

stomach while also transporting the drug for site-specific release into the bloodstream in the 

upper small intestine [35, 36]. The developed matrix-type, diffusion-controlled carrier 

systems are composed of polymeric hydrogel materials that are complexation controlled and 

can be easily tailored to react to environmental cues [7, 37, 38]. Responsive hydrogels 

composed of ionic networks can be molecularly designed to swell in response to pH 

changes. By incorporating acidic or basic groups into the hydrogel networks with specific 

pKa (acid dissociation constant of a specific molecule) the hydrogels can be tailored to swell 

at specific pH values [39, 40, 41, 42].

In this work, poly(methacrylic acid- grafted- ethylene glycol) hydrogel nanoparticles were 

prepared to create pH responsive, matrix-type carriers for oral delivery of the protein-based 

chemotherapeutic agent IFN-α. Using these particles, we investigated the biophysical 

mechanisms controlling the permeability of IFN-α for cancer treatment. To accomplish this, 

a co-culture monolayer model of human epithelial colorectal adenocarcinoma cells (Caco-2) 

and HT29-MTX human colon carcinoma cells was employed as previously reported by our 

group [43, 44].

Materials and Methods

Nanocarrier Synthesis—Poly(methacrylic acid)- grafted- poly(ethylene glycol) methyl 

ether methacrylate – co- tert-butylamino methacrylate], designated henceforth as (P(MAA-

g-EG-co-tBMA)), complexation hydrogels were synthesized by a photo-emulsion 

polymerization method previously reported by our group [36]. Briefly, tert-butylamino 

methacrylate (t-BMA, Sigma-Aldrich, St. Louis, MO), and tetra(ethylene glycol) 

dimethacrylate (TEGDMA, Sigma-Aldrich, St. Louis, MO) were passed through a column 

of basic alumina powder to remove inhibitor prior to use. Methacrylic acid (MAA, St. Louis, 

MO) was vacuum distilled at 54 °C/25 mm Hg to remove the inhibitor, and poly(ethylene 

glycol) methyl ether methacrylate ((PEGMMA), Mn ~ 2080, Sigma-Aldrich, St. Louis, MO) 

was used as received.
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Crosslinker and monomer were added to an aqueous solution of 5 wt.% PEGMMA, Irgacure 

2959 (Ciba Geigy, Basel, Switzerland) at 0.5 wt.% of total monomer. The ionic surfactants 

Brij-30 (Acros Organics, Morris, NJ) and sodium dodecyl sulfate (SDS) (Fisher Bioreagents, 

Pittsburgh, PA) were added to the precursor solution to stabilize the emulsion at 4 mg mL−1 

and 8.2 mM, respectively. The mixture was emulsified using a Misonix Ultrasonicator 

(Misonix, Inc., Farmingdale, NY).

The emulsion was purged with nitrogen gas for 20 minutes and exposed to UV light 

(Dymax, BlueWave200 UV, Torrington, CT) for 2.5 h 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 NaOH. Polymer particles 

were dialyzed against deionized water (DI H2O) for 7 days with twice daily water changes. 

The particles were then freeze-dried and stored until further use.

Nanoparticle Characterization

Scanning Electron Microscopy—SEM micrographs of synthesized and lyophilized 

particle samples were collected using a Zeiss Supra 40 VP scanning electron microscope. 

Samples were coated with an 8 nm layer of Pt-Pd immediately prior to imaging.

Dynamic Light Scattering (DLS)—Dynamic light scattering (DLS) studies were used to 

verify the hydrodynamic diameter of the synthesized nanoparticles as the particles were 

subject to an increase in pH. The hydrodynamic diameter of the polymer networks was 

measured in aqueous suspension using a Malvern Zetasizer NanoZS (Malvern Instruments 

Corp., Malvern, UK) operating with a 633 nm laser source equipped with a 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. The suspension pH 

was adjusted from pH 4.5 to 8.5 using 1 N NaOH. Measurements of the Z-average particle 

size were collected at 25 °C using pH intervals of 0.5.

Electrophoretic light scattering—The effective surface ζ-potential of the polymer 

networks was measured using a Malvern Zetasizer NanoZS (Malvern Instruments Corp., 

Malvern, UK) operating with a 633 nm laser source equipped with a MPT-2 Autotitrator. 

Measurements of ζ-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 from pH 4.5 to 8.5 using 1 N NaOH. Electrophoretic light scattering measurements 

of the surface ζ- potential were collected at 25 °C.

Loading studies—Loading efficiency studies were conducted to evaluate the capability to 

encapsulate recombinant human IFN-α (alpha 2A, Pestka Biomedical Laboratories (PBL) 

Assay Science, Piscataway, NJ) by the synthesized P(MAA-g-EG-co-tBMA) nanoparticles. 

Briefly, P(MAA-g-EG-co-tBMA) nanoparticles (0.5 mg mL−1) were incubated in PBS at pH 

7.4 for 24 hours to fully swell the hydrogel network. IFN-α was then introduced to the 

nanoparticle solution at a final concentration of 0.05 μg of protein mg−1 of particles and 

incubated for 1 hour before the particle networks were collapsed by dropping the solution 

pH to 4.6. The nanoparticles were then rinsed 3 times in fresh PBS at pH 4.8. The amount of 
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IFN-α remaining in the supernatant following the 1-hour incubation, after collapse, and 

particle rinses was measured using a VeriKine™ Human IFN-α ELISA Kit (PBL Assay 

Science).

In Vitro Performance Characterization

In vitro characterization of the biocompatibility and ability to effectively transport IFN-α 
across the intestinal lining of the developed particles was determined using a Caco-2/HT29 

MTX co-culture model previously reported by the Peppas lab [43]. Caco-2 cells were 

obtained for the American Type Culture Collection (ATCC, Manassas, VA) and HT29-MTX 

cells were generously donated by Dr. Thecla Lesuffleur (INSERM, Paris, France). HT29-

MTX cells are a sub-population of HT29 cells that were adapted to 10−6 M methotrexate 

(MTX) [45, 46].

All cell types were cultured in Dulbecco’s Modified Eagle Medium (DMEM) high glucose 

supplemented with 10% heat-inactivated fetal bovine serum, with 1% streptomycin from 

Sigma Life Sciences (St. Louis, MO). Dulbecco’s Phosphate-Buffered Saline (DPBS) and 

was also obtained from Sigma Life Sciences (St. Louis, MO). Individual cultures of the 

Caco-2 and HT-29 MTX cells were maintained in T-75 flasks at 37°C and 5% CO2. The 

culture medium was changed every 48 hours. Cells were consistently passaged at 80% 

confluence, which occurred between 6 and 7 days after seeding. A passage consisted of two 

washes with Dulbecco’s phosphate buffered saline (DPBS) without Ca2+ and Mg2+, 

followed by the addition of 1 ml of 0.5% trypsin/0.2% EDTA solution with a 5–8 min 

incubation after which cells were detached from the flasks and could then be counted and 

reseeded. Caco-2 cells were seeded at a density of 3.0 × 103 cells cm−2 and used between 

passages 60 and 80. HT29–MTX cells were seeded at a density of 2.0 × 104 cells cm−2 and 

used between passages 8 and 20.

Biocompatibility studies—Cytocompatibility of the synthesized nanocarriers was 

investigated using a cellular metabolic assay CellTiter 96® Aqueous One Solution Cell 

Proliferation Assay (Promega, Madison, WI). Human epithelial colorectal adenocarcinoma 

cells (Caco-2) were incubated with various concentrations of purified P(MAA-g-EG-co-

tBMA) nanoparticles for 2 hours. After the incubation period, the effect of particles on 

cellular proliferation was quantified. Replicates of 6 for each data point were used.

IFN-α transport studies—Transport studies were conducted as previously reported by 

our group using Costar Transwell® plates with a polycarbonate membrane (0.4 μm pore 

size) and a 1 cm2 cell growth area (12 well plates) [43]. Caco-2 and HT29-MTX cells were 

seeded on the apical side of Transwell® plates at a 1:1 ratio at a final cell density of 6 × 105 

cells cm−2; which has been shown previously to produce transepithelial electrical resistance 

(TEER) values that closely match reported in vivo values for human intestinal epithelia [43, 

44]. Cell culture media was changed every other day in both the apical and basolateral sides 

of the Transwell® plates.

Transepithelial electrical resistance was used to evaluate the formation of tight junctions in 

the Transwell® co-cultures. Measurements were taken every other day, 2 hours after media 

changes using an EVOM volt-ohm meter and a chopstick electrode (World Precision 
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Instruments, Sarasota, FL). In order to calculate the resistance across the cellular monolayer, 

it was necessary to subtract out the resistance from the membrane and the media in the 

wells. Blank resistance measurements for every well was taken in the presence of complete 

DMEM media prior to seeding the cells. The measured blank resistance values were then 

subtracted from the experimental TEER value. During the TEER measurements, Transwell® 

plates were placed on a heating mat to maintain the temperature at 37 °C.

Transport studies were performed to determine the amount of IFN-α across a cellular 

monolayer with and without the presence of the P(MAA-g-EG-co-tBMA) nanoparticles. 

Passage 70 Caco-2 cells and passage 14 HT29–MTX cells were cultured in a 12-well 

Transwell® plates for 24 days as previously described. To prevent IFN-α from adhering to 

the Transwell® plates during the transport studies, the plates were first blocked with bovine 

serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO) prior to introducing IFN-α. A 0.5 mg 

mL−1 BSA solution in Hank’s balanced salt solution (HBSS, Thermo Scientific, Waltham, 

MA) was used. The solution was then filtered using a GE Healthcare Whatman™ 0.02 μm 

anotop filter (Fisher Scientific, Waltham, MA) and pre-warmed for 20 minutes at 37°C. Cell 

culture media was removed from the apical and basolateral chambers and replaced with pre-

warmed BSA-HBSS solution after first washing both chambers one time with HBSS. The 

BSA-HBSS in both the apical and basolateral chambers contained Ca2+ at a concentration of 

1.26 mM. Cells were allowed to equilibrate for one hour and TEER measurements were 

taken at 0 and after 1 hour. For all samples and TEER measurements the Transwell® plates 

were placed on a heating mat to maintain the temperature at 37 °C.

IFN-α was dissolved at a concentration of 0.0012 mg mL−1 diluted in the BSA-HBSS 

solutions. IFN-α solutions were warmed at 37 °C for 15 minutes prior to addition to the 

equilibrated cells. For samples containing nanoparticles, the nanoparticles were added to the 

IFN-α solution at a concentration of 1 mg mL−1 immediately before adding the sample to 

the apical chamber. Control wells contained only the IFN-α/BSA/HBSS solution without 

nanoparticles. After sample addition, 0.1 mL IFN-α samples were taken from the apical 

chamber at 0 and 3 hours and from the basolateral chamber at 0, 0.5, 1, 2, and 3 hours. 

Samples were replaced with a pre-warmed HBSS solution containing 0.5 mg mL−1 BSA. 

TEER values were monitored over the course of the experiment. After 3 hours, the contents 

of the apical chamber were removed and washed 2 times with HBSS. Fresh, pre-warmed cell 

culture media was then added to both the apical and basolateral chambers and TEER values 

were monitored over the next 24 hours.

IFN-α concentration was determined using the VeriKine™ Human IFN-α ELISA Kit (PBL 

Assay Science, Piscataway, NJ). The high sensitivity range of the kit was 12.5–500 pg mL−1 

and the extended range of the ELISA was 156–5000 pg mL−1. The apparent permeability 

coefficient Papp, was calculated from the following equation:

Papp = dQ
dt

1
A ∙ C0

Where dQ/dt represents the steady-state flux of IFN-α across the cell monolayer, A is the 

surface area of the membrane, and C0 is the initial IFN-α concentration in the apical 
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chamber. The flux across the cell monolayer was calculated from the slope of the IFN-α 
transport to the basolateral chamber versus time.

Results and Discussion

Poly(methacrylic acid-grafted-poly(ethylene glycol) methyl ether methacrylate-co-t-
Butylamino methacrylate (tBMA) (P(MAA-g-EG-co-tBMA)) complexation hydrogel 

nanoparticles were synthesized and evaluated as an oral drug delivery system for the protein 

chemotherapeutic agent interferon alpha (IFN-α). Nanoparticle size was determined using 

scanning electron microscopy and dynamic light scattering. The pH responsiveness and zeta 

potential of the developed carriers were also determined using dynamic light scattering 

under different conditions. A series of studies were conducted to evaluate the properties and 

in vitro performance of the fabricated nanogels as an oral drug delivery system (DDS).

Nanoparticle Characterization

Nanoparticle size was determined using scanning electron microscopy and dynamic light 

scattering. Electron micrographs obtained from dry samples were used to qualitatively 

evaluate the size, shape, and polydispersity of the nanoparticles (Figure 1). Figure 1A shows 

the morphology of the carriers after synthesis, purification, and dialysis. These findings 

confirm that the aqueous photo-emulsion nanoparticle synthesis method produced nanoscale 

spherical particles (~460 nm in diameter), consistent with previous reports [47]. Following 

lyophilization the particle size was reduced to ~80 nm as shown in Figure 1B.

Size and zeta potential of the produced hydrogels were confirmed using dynamic light 

scattering. DLS measurements of particle size were conducted as a function of pH using an 

auto-titration system, confirming their pH- responsive behavior. As shown in Figure 2A an 

increase in particle diameter from 103.1 nm to 134.5 nm was observed when the solution pH 

was increased above 5 which is close to the pKa of MAA. A swelling transition at pH 5 

indicates that drug release as a result of decomplexation would occur in the upper small 

intestine [47, 48]. Measurements of the effective surface ζ-potential of the P(MAA-g-EG-

co-tBMA) nanoparticles revealed a decrease in charge at pH 5 when the particles being to 

swell (Figure 2B).

Loading efficiency studies were then conducted to evaluate the capability of P(MAA-g-EG-

co-tBMA) nanoparticles to encapsulate recombinant human IFN-α. Nanoparticles were 

incubated for 1 hour in an IFN-α solution prior to collapsing the hydrogel network to 

effectively encapsulate the IFN-α. After the 1-hour incubation period, 60.4% of the IFN-α 
was encapsulated or attached to the surface of the nanoparticles (Table 1). After collapsing 

and rinsing the hydrogel network the final percent loading was determined to be 37.4%. 

These amounts are comparable to the obtained with other delivery platforms [49].

In Vitro Characterization Biocompatibility

To evaluate the biocompatibility of the synthesized carriers, cytocompatibility studies were 

conducted using an MTS assay, which monitors the mitochondrial activity of the cells. The 

results from the cytotoxicity evaluation (Figure 3) show that the P(MAA-g-EG-co-tBMA) 

nanoparticles with 1% (w/w) TEGDMA crosslinker (1X) and 3% (w/w) TEGDMA 

Caldorera-Moore et al. Page 7

J Drug Target. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



crosslinker (3X) were non-toxic to the cells at 1, 2.5 and 5 mg mL−1 concentrations. The 

concentration of the nanoparticles did not affect the particle toxicity although there was a 

decrease in cell proliferation observed with the higher crosslink concentration at the 5 mg 

mL−1 concentration. These results are consistent with previously developed hydrogel 

platforms from our group [48].

IFN-a Transport Studies Using Cell Lines

The Caco-2 cell line is a continuous line of heterogeneous human epithelial colorectal 

adenocarcinoma cells; and since the 1990s monolayers of Caco-2 cells have become the 

gold standard for investigating the permeability of therapeutic drugs [50, 51]. Caco-2 cells 

are derived from a colon (large intestine) carcinoma and when cultured under specific 

conditions the cells became differentiated and polarized. Their phenotype, morphologically 

and functionally, resembles the enterocytes lining the small intestine. In addition, Caco-2 

cells express tight junctions, microvilli, and a number or enzymes and transporters that are 

characteristic of enterocytes like: peptidases, esterases, and P-glycoproteins [50, 52].

One limitation of the model is that Caco-2 cells only differentiate into absorptive 

enterocytes, whereas the intestinal epithelial layer consists of a variety of different cell types, 

including goblet cells (mucus-secreting), enteroendocrine cells and M-cells. Due to the lack 

of goblet cells, there is no mucus layer lining the cellular monolayer. For this reason, a 

variety of different cell lines have been investigated to develop a mucus producing intestinal 

epithelial layer model. One such cell line is the human colon carcinoma HT29 cells that are 

both columnar absorptive and mucus secreting cells. Various sub clones of this cell line that 

differentiate into predominantly mucus secreting cells have been developed including the 

HT29-H [53, 54, 55] and HT29-MTX [52, 56, 57] cells. HT29-MTX cells are a sub-

population of HT29 cells that were adapted to 10−6 M methotrexate (MTX) that develop an 

apical brush border which strongly expresses dipeptidylpeptidase IV, carcinoembryonic 

antigen, and villin [45, 46]. Previously, our group has worked on the optimization of the 

Caco-2 gastrointestinal (GI) model with the addition of HT29-MTX cells into the model 

[43]. A co-culture of Caco-2/HT29 cells creates a GI tract model that produces enzymes and 

mucus, possess tight junctions, and will develop microvilli.

IFN-α transport studies were conducted to examine the difference in transport of drug from 

nanoparticle versus free IFN-α across a Caco-2 and HT29-MTX co-culture cell monolayer 

model. Transepithelial electrical resistance (TEER) was employed to evaluate the 

development of tight junctions within the cellular monolayer. This evaluation has been used 

to measure drug permeability and for the selection of leading formulations [58, 59]. To 

produce a cell monolayer with TEER values close to that of human intestinal epithelia, cells 

were cultured for 24-days. Phase contrast images of the co-culture over time (Figure 4) 

shows that by day 7 (Figure 4B) a cell monolayer is formed. By day 21, large amounts of 

mucus from the HT29-MTX cells are visible to the point that it is hard to see the monolayer 

of cells underneath (Figure 4D). This co-culture has shown to present similar 

morphofunctional properties as an in vitro model of human intestinal epithelium [60]. The 

monolayer morphology and TEER measurements confirm the success establishing the in 
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vitro model and the suitability of this model to determine the capability of the developed 

delivery vehicles to induce IFN-α transport across the epithelium.

The TEER of the monolayer was measured every other day over the 24-day period (Figure 

5A). Additionally, the TEER was monitored during the IFN-α studies (Figure 5B). No 

significant drop in the cell monolayer resistances was observed during the incubation of the 

cells with either free IFN-α or the P(MAA-g-EG-co-tBMA) nanoparticles with IFN-α. To 

determine the amount of drug transported across the cell monolayer, samples were taken at 

different time points during the experiment and protein concentration was determined using 

IFN-α ELISA kit as shown in Figure 6. For all samples, the IFN-α permeability (Papp) was 

calculated (Table 2). The Papp for the IFN-α and nanoparticles sample (n=4) set was 

marginally higher but not statistically significantly different from the free IFN-α samples (p 

= 0.2150). These results demonstrate that the developed nanoparticles do not hinder 

transport of IFN-α across the co-culture monolayer. However, the tight junctions are 

composed of transmembrane and cytosolic proteins that prevent the diffusion of large 

molecules, thus the limited transport of free IFN-α. In previous studies, the presence of 

polymeric formulations has been shown to induce a permeation enhancement effect in 

gastrointestinal epithelium cellular models, as demonstrated by Sadeghi et al. [61]. 

Furthermore, there are variations in the tight junction present along the small intestine, 

which may cause that IFN-α transport to be higher in vivo than in the co-culture model [62].

Overall, these findings demonstrate that the developed P(MAA-g-EG-co-tBMA) 

nanoparticles have the potential to be used as an oral delivery system capable of protecting 

the IFN-α in the acidic environment of the stomach while allowing for the controlled release 

of the protein in the upper small intestine, and its transport across the intestinal lining at 

comparable concentrations than free IFN-α.

Conclusions

In this work we have demonstrated the ability to synthesize pH-responsive, hydrogel 

nanocarriers for the oral delivery of IFN-α. SEM and DLS were used to confirm the 

formation of spherical nanoparticles that swell as the environmental pH increases from 

acidic to neutral. Loading efficiency of IFN-α in the synthesized P(MAA-g-EG-co-tBMA) 

nanoparticles was determined to be 37.4%. Cytocompatibility studies confirmed that the 

developed nanoparticles did not cause detrimental effects to Caco-2 cells. IFN-α transport 

studies were conducted to examine the differences between IFN-α loaded nanoparticles 

versus free IFN-α across a Caco-2 and HT29-MTX co-culture cell monolayer model. 

Transepithelial electrical resistance (TEER) was employed to evaluate the development of 

tight junctions within the cellular monolayer and their maintenance during the IFN-α 
transport studies. No significant drop in the resistance of the cell monolayer was observed 

during the incubation of the cells with either free IFN-α or in the presence of IFN-α within 

P(MAA-g-EG-co-tBMA) nanoparticles. These results further confirm the suitability of the 

developed nanocarriers for the oral delivery of proteins. The values of Papp for the 

nanoparticles-loaded with IFN-α were higher but did not show statistically significance 

when compared to the free IFN-α groups; demonstrating that the developed nanoparticles 

support the transport of IFN-α across the co-culture monolayer. Ultimately, these carriers 
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will allow for sensitive protein chemotherapeutic agents to be efficiently delivered via the 

oral route, therefore eliminating the need of systemic IV administration.
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Figure 1: Scanning Electron Microscopy (SEM) of synthesized P(MAA-g-EG-co-tBMA) 
nanoparticles.
A) particles after synthesis, purification and dialysis, 10 μm scale bar and B) particles after 

freeze-dried, 200 nm scale bar.
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Figure 2: Dynamic Light Scattering (DLS) of synthesized P(MAA-g-EG-co-tBMA) 
nanoparticles.
A) particles average diameter as a function of pH, and B) nanoparticles zeta potential as a 

function of pH. Results are plots as average value of 3 runs with error bars being standard 

error.
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Figure 3: Viability of P(MAA-g-EG-co-tBMA) nanocarriers.
Percent viable cells as a function of total particle concentration exposed to Caco-2 and 

normalized to control cells, n=5 for each condition. The results show the effects by the 

P(MAA-g-EG-co-tBMA) nanoparticles with 1% (w/w) TEGDMA crosslinker (1X) and 3% 

(w/w) TEGDMA crosslinker (3X) at 1, 2.5 and 5 mg/mL concentrations.
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Figure 4: GI tract model: Caco-2/HT29-MTX co-culture over time.
Phase contrast images for Caco-2 and HT29-MTX co-culture at A) 72 hours, B) 7 days, C) 

14 days and D) 21 days after seeding. Cells were seeded at a 1:1 cell ratio and were cultured 

for 24 days before transport studies were performed.
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Figure 5: TEER values of Caco-2/HT29-MTX co-culture
A) over the 24 days growth period (n=24) and B) during transport studies experiments (n=4 

for each condition). TEER studies monitor the electrical resistance of the developing cell 

layer with tight junctions; representative of intestinal lining
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Figure 6: Cumulative IFN-α (pg) transported across Caco-2/HT29-MTX monolayer over time.
Results are presented as average and standard deviation.
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Table 1:

IFN-α loading efficiency

Amount Loaded (pg) % Loaded

1 Hour 166.0 ± 68.4 60.4

After Particles Collapsed 156.7 ± 62.7 57.0

After Rinsing 103.6 ± 11.6 37.4
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Table 2:

Permeability values for IFN-α transport in Caco-2/HT29-MTX monolayer

Formulation Papp × 105 (cm/s)

IFN-α 8.11 ± 1.8

IFN-α + Nanoparticles 9.36 ± 0.11
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