Novel complexation hydrogels for oral peptide delivery:
In vitro evaluation of their cytocompatibility and insulin-
transport enhancing effects using Caco-2 cell monolayers
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Abstract: Poly[methacrylic acid-grafted-poly(ethylene gly-
col)] [P(MAA-¢-EG)] is a complexation hydrogel molecu-
larly designed for oral peptide delivery. In this work, the
cytotoxicity and insulin-transport enhancing effect of
P(MAA-g-EG) microparticles on intestinal epithelial cells
were evaluated using Caco-2 cell monolayers. A series of
P(MAA-g-EG) microparticles with different polymer com-
positions were prepared by a photo-initiated free radical
solution polymerization and subsequent pulverization. The
hydrogel microparticles were preswollen in either Ca**-
containing (CM+) or Ca**-free medium (CM—; pH 7.4) and
applied to the apical side of the Caco-2 monolayers. No
significant cytotoxic effects, as determined by a calorimetric
assay with P(MAA-¢-EG) microparticles preswollen in the
CM+, were observed at doses ranging from 3 to 31 mg/cm?
of cell monolayer. Transepithelial electrical resistance
(TEER) measurements showed that the P(MAA-¢-EG) mi-
croparticles induced a Ca®" concentration-dependent low-

ering in TEER values. The reduction effect in CM— media
was greater than that in CM+ media (17 = 2% reduction in
CM+ and 45 = 3% reduction in CM—, respectively). Insulin
transport in the presence of the preswollen P(MAA-g-EG)
microparticles was also strongly depended on the Ca®"
concentration in the medium. The respective estimated per-
meability for insulin alone and the insulin with hydrogels in
CM+ were 0.77 and 1.16 X 10~ ® cm/s, whereas those in
CM— were 1.18 and 24.78 X 10~® cm/s. The results demon-
strate that the P(MAA-¢-EG) hydrogel microparticles could
be used as a cytocompatible carrier possessing the transport-
enhancing effect of insulin on the intestinal epithelial cells.
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609-617, 2003
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INTRODUCTION

In the last few decades, considerable research has
been done in the design of oral release systems for
delivery of therapeutic peptides and proteins. Diffi-
culties encountered for delivery of these drugs via the
oral route result mainly from their delicate physico-
chemical properties, their degradation by proteolytic
enzymes, and their poor permeability through the
intestinal tissue. Thus, the system requires specific
functions so as to deliver the drugs in an effective way.
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For this purpose, versatile polymeric materials such as
azopolymers,' poly(alkyl cyanoacrylates),® chitosan,’®
poly(acrylic acid) and its derivatives,*” polyanhy-
drides,® and graft copolymers with hydrophobic back-
bone and hydrophilic branches 7 have been utilized to
fabricate the delivery systems with such specific func-
tions.

Copolymer networks of poly[methacrylic acid-
grafted-poly(ethylene glycol)] [P(MAA-¢-EG)] are hy-
drogels exhibiting hydrogen bonding and molecularly
designed to achieve such specific functions in oral
delivery of peptides and proteins.® ' These hydrogels
were shown to exhibit swelling behavior due to the
formation of interpolymer complexes in acidic media
as a result of hydrogen bonding between etheric
groups of the graft PEG chains and the protons of the
carboxylic groups on the PMAA network.®” At low
pH values corresponding to a gastric juice, the net-
works form complexes and thereby do not swell to a
high degree. The network mesh size at the low pH is
small enough to prevent diffusion of peptide drugs
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such as insulin through the network.'” Hence, drugs
incorporated into the hydrogels can be protected from
degradation by digestive enzymes.

In the higher pH environments of the intestine, the
pendant acid groups on the PMAA network become
ionized, and the hydrogen bonds break down. Conse-
quently, the network swells to a high degree because
of the electric repulsion generated within the network.
The large mesh size resulting from the highly swollen
state allows drug release from the network at more
favorable sites for their absorption.’® Additionally, the
uncomplexed hydrogels demonstrate mucoadhesive
characteristics due to the PEG tethered chains act as
anchors for the mucin layer '* and inhibitory effects of
calcium-dependent luminal enzymes such as trypsin
and a-chymotrypsin by the calcium chelating capabil-
ity of the carboxylic acid pendant groups.'? These
characteristics can lead to the locally increased drug
concentration at its absorption sites and thereby the
enhanced absorption. Indeed, insulin-loaded P(MAA-
¢-EG) microparticles have demonstrated strong hypo-
glycemic effects when they were orally administered
to diabetic rats.'?

Previous findings in our laboratory motivated us to
further investigate the enhancing effect of insulin ab-
sorption in a model biological environment for better
understanding of the performance of P(MAA-¢-EG)
hydrogels in vivo. In the present study, the effect of
P(MAA-¢-EG) microparticles on the cellular response
involving peptide absorption behavior was thus eval-
uated using the Caco-2 cell line. Viability and integrity
of the cell monolayers, which affect the permeability
of cell monolayers for peptide molecules, were as-
sessed in the presence of P(MAA-¢g-EG) micropar-
ticles. The transport behavior of insulin employed as a
model peptide drug through the cell monolayers was
also examined.

MATERIALS AND METHODS

Materials

Methacrylic acid (MAA) and 2,2-dimethoxy-2-phenylac-
etophenon (DMPA) were purchased from Aldrich Chemical
Co. (Milwaukee, WI). Methoxy-terminated poly(ethylene
glycol) monomethacrylate (PEGMA) with PEG chains of
molecular weight 200, 400, and 1000, and tetraethylene gly-
col dimethacrylate (TEGDMA) were obtained from Poly-
sciences Inc. (Warrington, PA). The other reagents were
used without further purification.

Preparation of hydrogels

P(MAA-g-EG) hydrogels were synthesized by free radical
solution polymerization according to a previous report.'
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The monomer MAA was purified by vacuum distillation
prior to use. The MAA and PEGMA were mixed in the
molar ratios of 1:2, 1:1, 2:1, and 4:1 MAA /EG repeating units
with PEG1000, whereas they were mixed at a molar ratio of
1:1 for hydrogels with different molecular weights of the
PEG chains (200, 400, and 1000). One wt % (based on the
total amount of MAA and PEGMA) of TEGDMA, a
crosslinking agent, was added to the monomer mixture. The
resulting mixture was diluted with 50 wt % ethanolic solu-
tion to provide 66.7 wt % concentration of the monomer
mixture. Nitrogen was bubbled through the mixture for 30
min. Thereafter, the photoinitiator DMPA was dissolved in
the monomer mixture in the amount of 2 wt % of the total
monomers. The solution was cast between two flat glass
plates with a 0.9-mm-thickness spacer.

The glass plates were exposed with a UV light source
(Ultracure 100, Efos USA., Inc., Williamsville, NY) with an
intensity of 800 mW/cm? at 365 nm for 15 min in a nitrogen
atmosphere. The polymer films thus obtained were im-
mersed in deionized water for 7 days; the water was
changed twice daily in order to remove unreacted mono-
mers, crosslinking agent, and initiator. The washed films
were dried at room temperature for 48 h. The dried films
were pulverized by a mortar and pestle and then finely
ground using a mill.

The pulverized hydrogels were passed through a stainless
sieve with an opening of 150 pm. Two hundred milligrams
of the hydrogel powders were dispersed in 10 mL of puri-
fied water in a 30-mL volume glass vial, autoclaved at 121°C
for 35 min, and used for all experiments. The hydrogel
particles thus autoclaved were washed with Hanks’ bal-
anced salt solution (HBSS; Sigma, St. Louis, MO) under
aseptic conditions until pH value of the suspensions reached
>7.0. For certain experiments, the hydrogel particles were
washed with calcium-and magnesium-free HBSS [HBSS-
CM(—), Sigma] in the same manner.

Cell culture

The Caco-2 cell line was purchased from the American
Tissue Culture Collection (Rockville, MD). The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma), supplemented with 10% fetal bovine serum (Life
Technologies, Gaithersburg, MD), 1% nonessential amino
acids (Life Technologies), 1% L-glutamine (Life Technolo-
gies), 100 U/mL penicillin, and 100 pg/mL streptomycin
(Sigma). The medium was changed every other day. The
cells were passaged weekly after exposure to 0.25% trypsin
plus 0.02% EDTA solution and routinely grown in 75-cm?
culture flasks at 37°C in a humidified atmosphere of 5% CO,
in air. For all experiments, cells were used between passage
number 66 and 72.

Viability test

Cell viability was determined using a CellTiter 96 Aqueous
One Solution Reagent (Promega, Madison, WI) containing a
novel tetrazolium compound, 3-(4,5-dimethylthiazole-2-yl)-5-
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(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS), and an electron coupling reagent, phenazine ethosul-
fate. Briefly, the MTS tetrazolium compound is bioreduced
by cells into a colored formazan product that is soluble in
cell culture medium. This conversion was accomplished by
NADPH or NADH produced by dehydrogenase enzymes in
metabolically active cells. Cells were seeded in 96-well cul-
ture plates at a density of 31,250 cells/ cm? and cultivated for
7 days. The cells were washed twice with HBSS and incu-
bated at 37°C for 2.5 h with 0.2 mL of HBSS containing the
hydrogel particles prewashed with HBSS at a given concen-
tration of 1, 5, and 10 mg/mL [corresponding to 3, 16, and 31
mg polymer (dry basis) per unit area (cm?) of cell monolay-
ers], rinsed twice with HBSS and further incubated with the
MTS assay solution for 1 more hour. The color intensity at
490 nm was determined with a microplate reader (EIx800NB
BioTek Instruments, Winooski, VT). Cell viability (%) was
expressed as the ratio of the color intensity in the treated
groups to that in the control (untreated) group.

Measurement of the transepithelial electrical
resistance

The integrity of cell monolayers upon contact with the
hydrogel particles was assessed by measuring the transepi-
thelial electrical resistance (TEER). The cells were seeded on
polycarbonate filters with a surface area of 4.71 cm” and a
pore size of 0.4 pm in Costar Transwell 6-well plates at a
seeding density of 52,500 cells/cm?. The cells were left for 21
days to reach confluence and to differentiate, while the
culture medium was changed every other day. An EVOM
volt-ohm meter with a chopstick-type electrode (World Pre-
cise Instruments, Sarasota, FL) was used to measure the
TEER values. A preliminary confirmation revealed that the
electrical resistance of the filter itself in the presence of the
P(MAA-g-EG) particles was not different from that in the
absence of the P(MAA-g-EG) particles, indicating no distur-
bance. The resistance of the monolayer was obtained by
subtracting the intrinsic resistance of the system (filter insert
alone) from the total resistance (monolayer plus filter insert).
The TEER of the untreated monolayers reached a value of
around 1200 Qcm?.

The cell monolayers were washed twice with PBS (pH 7.4)
and then equilibrated in HBSS containing 0.05 w/v% bovine
serum albumin (BSA, Fraction-V, fatty acids free, Sigma) for
60 min. Thereafter, the apical medium was replaced with 1.5
mL of the HBSS dispersion containing 10 mg of the P(MAA-
g-EG) microparticles, and the cell monolayers were incu-
bated for 2.5 h. At specific time points, the TEER was mea-
sured by the EVOM. After 2.5-h incubation, the P(MAA-g-
EG) microparticles were removed from the apical side,
replaced with fresh HBSS and incubated for an additional 30
min. Then, both the apical and basolateral media were re-
placed with an equal volume of DMEM and the change of
the TEER values of the cell monolayers were further moni-
tored for a 21-h incubation.

The TEER measurements were also carried out under a
calcium-deficient condition using the P(MAA-g-EG) micro-
particles prewashed with the HBSS-CM(—) media. In this
experiment, the HBSS-CM(—) and the HBSS-CM(—) contain-

611

ing 0.2 mM calcium chloride were used as the apical media
and the basolateral media, respectively. This solution is
henceforth designated as HBSS-CM(0.2). This value is
slightly above the minimum calcium concentration (0.1 mM)
required to maintain monolayer integrity.'*

Insulin transport

The cell monolayers were obtained as described in the
preceding section, except that a polycarbonate filter with a
pore size of 3.0 pm was used for the insulin transport
experiments. Preliminary experiments using the Diff-Quick
staining kit (Dade International Inc., Miami, FL) revealed
that cell migration to the pores of the filter was negligible.
The TEER values of the monolayers formed on the filters
were in the range of 580-610 (Qcm? before use.

Ten milligrams of bovine insulin (27.6 IU/mg, Sigma) was
dissolved in 0.2 mL of 0.1N HCI. The insulin solution was
diluted with 20 mL of HBSS containing 0.05 w/v% BSA (pH
7.4) medium and neutralized with 0.2 mL of 0.IN NaOH.
This stock solution (15 mL) was further diluted with the
HBSS and sterilized by passing the diluted solution through
a 0.2-pm membrane filter in an aseptic condition. The cell
monolayers were washed and equilibrated by the same pro-
cedure described in the preceding section. After the apical
medium was removed, the insulin solution with the
P(MAA-g-EG) particles dispersed in the corresponding me-
dium was added so that the final insulin concentration was
161 pg/mL and 10 mg of the particles was present in each
apical side.

At specific time points, 0.1-mL samples were withdrawn
from the basolateral side and replaced with an equal volume
of the corresponding fresh media. Control experiments were
carried out with the insulin solution without the P(MAA-g-
EG) particles. The samples were diluted with PBS containing
0.05 w/v% BSA and analyzed by using ELISA-kits (ALPCO,
Windham, NH). In order to examine the calcium concentra-
tion dependence on the insulin transport-enhancing effect of
the P(MAA-g-EG) particles, another experiments were per-
formed under a calcium deficient condition with the similar
manner described as the preceding section.

The apparent insulin permeability coefficient, P
estimated by the following equation:

P, = (@) b

dt ) A-C,

where Q is the amount of insulin in the basolateral side, C,

is the initial concentration of insulin in the apical chamber,
and A is the surface area of the filter.

appr WS

RESULTS
Cytotoxicity of P(MAA-g-EG) hydrogels

In order to examine a maximum dose of P(MAA-g-
EG) hydrogels in contact with the Caco-2 cell mono-
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Figure 1. Viability of Caco-2 cells as determined by
NADH+ activity after exposure to P(MAA-g-EG) micropar-
ticles with different MAA-to-EG molar ratios for 2.5 h in
HBSS. Concentration of P(MAA-g-EG) microparticles (mg/
mL): 1 (open bar), 5 (shaded bar), 10 (hatched bar). Each bar
represents the mean * SD of at least three experiments.

layers, the cell viability was evaluated after exposure
to the P(MAA-g-EG) particles for 2.5 h. The results are
shown in Figure 1 for P(MAA-¢-EG) particles with
different molar ratios of MAA and EG repeating units.

Overall, the P(MAA-¢g-EG) particles exhibited no
significant cytotoxicity within the dose range studied
here. At the low dose of 3 mg/ cm?, >90% of the cells
remained viable regardless of the polymer composi-
tion. As the dose increased, the cell viability tended to
decrease, depending on the polymer composition.
This tendency was most remarkable in the P(IMAA-g-
EG) with 4:1 molar ratio of MAA/EG repeating units.
As shown in Figure 2, on the other hand, no significant
dose-dependent effect on the cell viability was ob-
served in the P(MAA-¢-EG) with different length of
PEG graft chains at 1:1 molar ratio of MAA/EG re-
peating units. In all cases, the cell viability was >90%,
indicating that these hydrogels had a good compati-
bility with the cells.

Effect of P(MAA-g-EG) on TEER of cell
monolayers

Change of the cell monolayer permeability was in-
vestigated by measuring the TEER in the presence of
P(MAA-¢-EG) microparticles with 1:1 molar ratio of
MAA/EG units and EG repeating units of 23, which
were the formulation employed for in vivo trials of the
previous study.'? It is well known that Ca®* ions have
an important role to maintain the paracellular perme-
ability of epithelial cell monolayers by modulating the
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tight junctions.'*™'° Because the P(MAA-¢-EG) hydro-
gels have the ability to bind calcium,'? their effect on
the monolayer integrity was anticipated to be highly
dependent on calcium concentration in the extracellu-
lar medium. Therefore, in order to clarify this, the
TEER experiments were performed using calcium-rich
and calcium-deficient media, respectively.

Figure 3 shows the change of the TEER of the cell
monolayers in calcium-deficient conditions after the
P(MAA-¢-EG) microparticles were applied to the api-
cal side at a dose of 2.1 mg/ cm?. The TEER value
dropped significantly in the presence of the P(MAA-
¢-EG) microparticles, when compared with that in the
control. At 2.5 h after incubation, it reached 55% of the
initial value. After the particles were removed from
the apical side, the rapid recovery of TEER value was
observed for ~1.5 h. The cell monolayer recovered its
original TEER at 12 h followed by gradual recovery.
This recovery stage lasted for 8 h, indicating that this
TEER-lowering behavior was a reversible process. In
contrast, it was found that this TEER-lowering effect
was weaker in calcium-rich conditions as shown in
Figure 4. The TEER value was simply reduced by 80%
of its initial value after 2.5-h incubation, though the
effect was still statistically significant compared with
the control group.

Effect of the P(MAA-g-EG) on the transport of
insulin across cell monolayers

The apical-to-basolateral transport of insulin across
the cell monolayers was compared in the presence or

23

Number of EG repeating unit (-)
w

NADH+ activity (%)

Figure 2. Viability of Caco-2 cells as determined by
NADH+ activity after exposure to P(MAA-g-EG) micropar-
ticles with different number of EG repeating units for 2.5 h
in HBSS. Concentration of P(MAA-¢-EG) microparticles
(mg/mL): 1 (open bar), 5 (shaded bar), 10 (hatched bar).
Each bar represents the mean * SD of at least three exper-
iments.
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Figure 3. Time course change of the TEER of monolayers
exposed to P(MAA-g-EG) microparticles with MAA-to-EG
molar ratio of 1:1 and EG repeating units of 23 under calci-
um-deficient condition at a feed amount of 2.1 mg/cm? for
2.5 h at 37°C. (O) Control, (®) P(MAA-¢g-EG). Culture me-
dium: apical, HBSS-CM(—); basolateral, HBSS-CM(0.2).
Each point represents the mean = SD (n = 3). * * *p < 0.001,
**p < 0.01, significantly different from control result.

absence of the P(IMAA-¢-EG) particles with 1:1 molar
ratio of MAA/EG and 23 EG repeating units. The
experiments were performed under either calcium-
rich (Fig. 5) or calcium-deficient conditions (Fig. 6). No
significant enhancement of the insulin transport by the
P(MAA-¢-EG) microparticles was detected in the cal-
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Figure 4. Time course change of the TEER of monolayers
exposed to P(MAA-¢-EG) microparticles with MAA-to-EG
molar ratio of 1:1 and EG repeating units of 23 under
calcium-rich condition at a feed amount of 2.1 mg/cm2 for
2.5 h at 37°C . (O) Control, (®) P(MAA-g-EG). Culture
medium: apical, HBSS; basolateral, HBSS. Each point rep-
resents the mean * S.D. (n = 3). * *p < 0.01, *p < 0.05,
significantly different from control result.
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Figure 5. Effect of the addition of P(MAA-¢-EG) micropar-
ticles with MAA-to-EG molar ratio of 1:1 and EG repeating
units of 23 to the apical side of monolayers on cumulative
transport of insulin under calcium-rich condition at 37°C.
(O) control, (@) P(MAA-g-EG). Each datum point represents
the mean * SD (n = 3).

cium-rich conditions. In contrast, the P(MAA-¢g-EG)
microparticles in the calcium-deficient conditions ef-
fectively improved the insulin transport across the cell
monolayers. The cumulative amount of insulin trans-
ported for 4 h in the presence of the P(IMAA-¢-EG)
microparticles reached ~1.0% of the total amount of
insulin applied.
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Figure 6. Effect of the addition of P(MAA-¢-EG) micropar-
ticles with MAA-to-EG molar ratio of 1:1 and EG repeating
units of 23 to the apical side of monolayers on cumulative
transport of insulin under calcium-deficient condition at
37°C. (O) control, (@) P(MAA-g-EG). Each datum point rep-
resents the mean = SD (n = 3). *p < 0.05, significantly
different from insulin solution.
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TABLE I
Apparent Permeability Coefficients of Insulin and the Corresponding TEER Measured Immediately before and after
the Transport Experiments

Ca?" Concentration (mM)
in Transport Media

TEER (QXcm?)?

Before test After test Popp x1078
Apical Basolateral (0 h) (4 h) (cm/sec)

Control 1.26 1.26 609 =7 546 * 12 —

Insulin solution 1.26 1.26 581 =12 555 + 15 0.77
Insulin + P(MAA-g-EG) 1.26 1.26 597 + 14 485 + 14 1.16
Control 0 0.2 586 = 12 515*7 —

Insulin solution 0 0.2 590 = 12 504 =12 1.18
Insluin + P(MAA-¢-EG) 0 0.2 597 =7 316 = 12 24.78

“Each value represents the mean * SD (n = 3).

The apparent permeability coefficients of insulin
were estimated from the data shown in Figures 5 and
6. The results are listed in Table I with the correspond-
ing TEER values measured immediately before and
after the transport experiments. Regardless of whether
the PIMAA-g-EG) microparticles coexisted with insu-
lin or not, the P, values were found to be low in the
calcium-rich conditions where there was no pro-
nounced decrease in TEER up to 4 h, even with hy-
drogel application. However, in the calcium-deficient
conditions, the P,,, value in the presence of the
P(MAA-g-EG) particles was significantly higher
(24.78 = 4.85 X 10~° cm/sec), compared with that in
the absence of the P(MAA-g-EG) particles (1.18 =
0.30 X 107® cm/sec). This significant increase in the
P, value is probably ascribed from the substantial

app
TEER reducing-effect of the PIMAA-¢-EG) particles.

DISCUSSION

Several strategies for effective delivery of peptide
drugs via oral route have been proposed so far. Use of
absorption enhancers is a widely employed way to
improve the absorption of peptides across the epithe-
lial intestinal membrane.'”'® Ideally, the absorption
enhancers used for this purpose must be capable of
enhancement of peptide absorption, whereas they do
not damage the intestinal membrane. The same is true
for any class of oral peptide delivery systems based on
an absorption-enhancing mechanism. The utility of
the P(MAA-¢-EG) hydrogels as devices for oral pep-
tide delivery was thus assessed using the Caco-2 cell
monolayers to determine the cytocompatibility as
measured by intracellular enzyme activity, electro-
physiology, and transport studies of insulin in the
presence of the P(MAA-¢-EG) microparticles.

The P(MAA-9-EG) microparticles were found to
have a good cytocompatibility within the dose range
and the monomer compositions studied here. The ef-

fect of the P(MAA-g-EG) hydrogels on intracellular
enzyme activity was far lower than that observed with
other commonly studied absorption enhancers, such
as bile salts, fatty acids, chelating agents, and some
other hydrophilic polymers.'”** In general, such ab-
sorption enhancers are applied in the form of solution,
so that they can easily access and more or less pene-
trate into the cells. Consequently, some absorption
enhancers affect to the mucosal cell membrane and
some induce essential cytotoxicity, depending on their
type and/or their concentration. Unlike traditional
absorption enhancers applied in the form of solution,
it is reasonable to consider that the present hydrogels
would be hardly absorbed into the Caco-2 cells mono-
layers because of their infinitely large macromolecular
size.? %

It is interesting to note that the P(MAA-g-EG) hy-
drogels are able to decrease the TEER of Caco-2 mono-
layers in a reversible manner (Figs. 3 and 4). Signifi-
cantly larger drop of TEER value was observed when
the cell monolayers were exposed to the P(MAA-g-
EG) in the calcium-deficient condition, indicating that
the integrity of the tight junctions in the Caco-2 mono-
layers became weak. Most probably, complexation or
binding of cellular Ca*" with swollen P(MAA-¢-EG) is
responsible for this effect.*'~*

It has been reported that the normal cellular Ca**
level in Caco-2 cells is maintained by the basolateral
buffer solution, and the integrity of the tight junctions
is not affected by removing Ca>" from the apical
side." For example, Kriwet and Kissel * reported that
the application of poly(acrylic acid) microparticles
with calcium chelating ability to apical side of Caco-2
monolayers led to a modest drop of the TEER by 17%
of the initial value, whereas the addition of poly-
(acrylic acid) to the basolateral side induced signifi-
cant TEER reduction of almost 70%. In contrast, the
apically applied P(MAA-¢-EG) in calcium-deficient
media caused significant reduction of TEER, suggest-
ing that the P(MAA-¢-EG) could somehow affect the
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basolateral Ca®" concentration level. Basolateral-to-
apical Ca®* transport through the paracellular process
seems to be related to this behavior.*” Chirayath et
al.*’ reported that Ca®* flux in the basolateral-to-api-
cal direction was 14.3 = 1.11 nmol/h/well. This flux
was not so high, but it might be increased in the
presence of the apical P(MAA-g-EG) because concen-
tration gradient of Ca®* across the cell monolayers is
probably kept maximum by the chelation of Ca®* with
the P(MAA-¢-EG). This may cause the Ca>* depletion
or decreased Ca”>" concentration in the basolateral
side, leading to the significant decrease in TEER.

In the calcium-rich medium, the TEER-reducing ef-
fect of P(MAA-¢-EG) became weaker, in contrast to
that in the calcium-deficient media (Figs. 3 and 4). It
has been demonstrated that the integrity of the tight
junctions is dependent on the basolateral Ca®>" con-
centration. Therefore, the effect of chelating agents for
Ca®" on the integrity of the tight junctions would be
related to their chelation capacity. The calcium bind-
ing capacity of PIMAA-¢-EG) with MAA-to-EG molar
ratio of 1:1 and EG repeating unit of 23 was 66.1 mg
Ca®" /g polymer.'? The cumulative amount of Ca* to
P(MAA-¢-EG) supplied from the media throughout
prewashing is ~300 mg Ca®" /g polymer. Assuming
that the binding constant of Ca®" to P(MAA-¢-EG) in
the present case is comparable to the previous case,
the P(MAA-¢-EG) hydrogels in calcium-rich media
should be presaturated with Ca”*. Interestingly, how-
ever, the reduction in TEER was still statistically sig-
nificant when compared with the control group.

For certain absorption enhancers, the TEER-reduc-
ing effect has been linked to epithelial damage. How-
ever, this is unlikely in the case of P(MAA-g-EG) be-
cause cytotoxicity tests show no toxicological damage
of the P(MAA-g-EG) at the dose used in the TEER
experiments (Figs. 1 and 2). It seems that another
“unknown” mechanisms regulating the integrity of
the junctional complex may contribute to the weak
TEER-reducing effect observed in the calcium-rich
media, though it cannot negate a possible effect by
calcium-chelating as a consequence of our underesti-
mation for the binding constant of Ca** to P(MAA-g-
EG) in the present work.

At present, it is unclear that the weak TEER-reduc-
ing effect observed in the calcium-rich media can be
ascribed to our underestimation for the binding con-
stant of Ca>* to P(MAA-¢-EG) in the present work or
to other yet unknown mechanisms contributing to
regulation for the integrity of the junctional complex.
Further investigations will have to clarify the predom-
inant factors affecting this behavior.

Our results clearly demonstrate that insulin trans-
port across the cell monolayers is also enhanced by the
application of P(MAA-g-EG) hydrogels to the apical
side in a calcium-concentration dependent manner
(Figs. 5 and 6). In the calcium-deficient conditions, the
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P, of insulin in the presence of P(MAA-¢-EG) was 21
times higher than that in the absence of P(MAA-¢-EG),
whereas the significant enhancement of insulin trans-
port by the apically applied P(MAA-¢-EG) was not
observed in the calcium-rich media (Table I). There
may be two major pathways, i.e., transcellular and
paracellular routes, for insulin transport through the
Caco-2 cell monolayers. It has been suggested that
insulin can be absorbed into the cells through insulin
receptors present in the cellular membrane of Caco-2
cells.*®* However, the activity of insulin-degrading en-
zyme (IED), a thiol metalloprotease degrading insulin
in many insulin target cells and localized in the cytosol
of Caco-2 cells, has to be minimized in order to im-
prove transepithelial transport of insulin.***° Several
chelating agents including EDTA and 1,10-phenanth-
roline were shown to strongly inhibit IDE activity and
thus cytosolic insulin degradation.®® This inhibiting
effect was not expected for the PIMAA-g-EG) because
the absorption of P(MAA-¢-EG) gels by the cells,
which may be a requisite for the enzyme inhibitory
effect, probably did not occur.

In contrast, paracellular transport of insulin is plau-
sible in the Caco-2 cell monolayers as discussed in
several reports.’”' Indeed, the increase in insulin
transport-enhancing effect observed in the calcium-
deficient media was accompanied by a corresponding
decrease in TEER, suggesting that the increased per-
meability in paracellular route is possibly responsible
for this effect. Regulation of paracellular permeability
has been shown to occur even by the addition of
highly purified insulin to the basolateral side in cer-
tain cultured intestinal epithelial cell monolayers in-
cluding Caco-2 cell line.>* In the case of Caco-2 cells,
the TEER was shown to be significantly reduced when
the monolayers were treated with 3 pg/mL purified
bovine insulin.”? The insulin concentration in the ba-
solateral compartment at 4 h was ~1 ng/mL (Fig. 6),
which was three times lower than the required insulin
concentration. In addition, the TEER-reducing effect
by the insulin treatment required long-term (4 days)
exposure to insulin,®® whereas the significant reduc-
tion of the TEER and the increased insulin-permeation
were observed within 4 h in the present study. There-
fore, it is reasonable to consider that the significantly
enhanced transport of insulin shown in Figure 6
would be as a consequence of the application of
P(MAA-¢-EG) to the apical cell monolayers and
thereby the loosening of the tight junctions of cell
monolayers.

Incubation of the monolayers with P(MAA-¢-EG) in
the calcium-deficient condition resulted in a relatively
high permeability of insulin in comparison to that
without P(MAA-¢-EG) (Table I). The estimated Papl;
value of insulin with P(MAA-¢-EG) was 2.48 X 10~
cm/sec. Even this Papp value seems to be low however

and indeed much smaller compared with the P, of
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insulin obtained with the everted rat small intestine
from the literature (the corresponding P, values for
the duodenum, jejunum, and ileum were reported as
9.39 X 1078,9.08 X 1077, and 7.01 X 10~7 cm/sec).>®

At first glance, the implication of this comparison
casts some doubt on the insulin transport-enhancing
effect exerted by P(MAA-g-EG) in vivo. Several stud-
ies, however, suggested that transport studies of hy-
drophilic compounds across Caco-2 cells could poten-
tially underestimate transport across small intestinal
tissue. For example, Tanaka et al.>* demonstrated that
the permeability of FITC-dextran with MW 4000
across Caco-2 monolayers was one order of magni-
tude lower than in rat jejunum and five times lower
than in rat colon. An analogous tendency was ob-
served in the present study, though the difference
between the P, value of insulin in the Caco-2 cells
and that in the rat small intestine reached 1 to 2 orders
of magnitude. From these consideration, the P(MAA-
g-EG) can be expected to have a potential to demon-
strate the insulin transport-enhancing effect even in
vivo conditions.

CONCLUSIONS

The cytotoxic, electrophysiological, and insulin-
transport enhancing effects of P(MAA-¢g-EG) hydro-
gels on intestinal epithelial cell monolayers were eval-
uated using the Caco-2 cell line. It was confirmed that
P(MAA-g-EG) hydrogels possessed low cytotoxic ef-
fects independent of hydrogel composition, i.e., mono-
mer molar ratio and the length of PEG graft chains.
The application of P(MAA-g-EG) microparticles with
1:1 molar ratio of MAA/EG units and EG repeating
units of 23 to the apical side of the cell monolayers
gave rise to reduction of the cell monolayer integrity
as evidenced by the changes in TEER values, indicat-
ing opening of the tight junctions. These effects were
highly depended on the Ca®* concentration in the
culture media. The Ca®"-chelating capabilities of
P(MAA-¢-EG) hydrogels play an important role in
determining the ability and effectiveness of the hydro-
gels to open the tight junctions, which regulates per-
meation through the paracellular transport pathway.
As a result, the apical-to-basolateral transport of insu-
lin across the cell monolayers was also enhanced by
the apical application of P(MAA-¢-EG) hydrogels in a
Ca”*-concentration-dependent manner. In conclusion,
the present study demonstrates that P(MAA-g¢-EG)
hydrogel microparticles can be a cytocompatible car-
rier possessing the transport-enhancing effect of insu-
lin in the intestinal epithelial cells.
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