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Abstract In the recent years, temperature and pH-sensi-
tive hydrogels were developed as suitable carriers for drug
delivery. In this study, four different pH-sensitive nano-
hydrogels were designed for an oral insulin delivery
modeling. NIPAAm—-MAA-HEM copolymers were syn-
thesized by radical chain reaction with 80:8:12 ratios
respectively. Reactions were carried out in four conditions
including 1,4-dioxan and water as two distinct solution
under nitrogen gas-flow. The copolymers were character-
ized with FT-IR, SEM and TEM. Copolymers were loaded
with regular insulin by modified double emulsion method
with ratio of 1:10. Release study carried out in pH 1.2 and
pH 6.8 at 37 °C. For pH 6.8 and pH 1.2, 2 mg of the insulin
loaded nanohydrogels was float in a beaker containing
100 mL of PBS with pH 6.8 and 100 mL of HCI solution
with pH 1.2, respectively. Sample collection was done in
different times and HPLC was used for analysis of samples
using water/acetonitrile (65/35) as the mobile phase.
Nanohydrogels synthesis reaction yield was 95 %, HPLC
results showed that loading in 1,4-dioxan without cross-
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linker nanohydrogels was more than others, also indicated
that the insulin release of 1,4-dioxan without cross-linker
nanohydrogels at acidic pH is less, but in pH 6.8 is the
most. Results showed that by opting suitable polymeriza-
tion method and selecting the best nanohydrogels, we could
obtain a suitable insulin loaded nanohydrogels for oral
administration.

Keywords pH-sensitive nanohydrogels - Insulin -
Diabetes mellitus - Drug delivery

Introduction

Diabetes mellitus (DM) is a disorder caused by decreased
production of insulin or by decreased ability to use insulin,
leading to increase blood glucose levels [1]. Complications
in DM causes excess morbidity and mortality, loss of
independence, and reduced quality of life. As the disease
progresses, severe complications such as retinopathy,
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nephropathy, neuropathy, cardiovascular disease, and foot
ulceration occur [2].

Diabetes mellitus may be categorized into several types
but the two major types are type 1 (insulin-dependent
diabetes mellitus; IDDM) and type 2 (non-insulin depen-
dent diabetes mellitus; NIDDM) [2].

The World Health Organization (WHO) according to
increasing global incidence of diabetes has called diabetes
as a hidden epidemic and has invited the world countries to
deal with the epidemic since 1993. According to WHO
epidemiological studies, 135 million persons in 1995 were
diabetic and will reach to 300 million in 2025 [3].

Insulin is used to cure diabetes since 1922 [4]. There are
different methods for insulin delivery such as subcutaneous
injection, pulmonary, intranasal, and the colon, but up to now
there is no consensus on the best method for treatment [4].

Nowadays, the scientists attempt to replace non-invasive
methods instead of invasive methods (e.g. injection) for
insulin delivery into the body [5]. Oral administration of
insulin is one of the interesting methods that enter insulin
in the blood through the gastrointestinal tract. According to
the rapid enzymatic digestion of insulin in the stomach,
insulin is digested and active insulin decreases [5]. So, in
order to protect insulin in acidic soap and enzymatic
digestion in stomach, different carriers could be used so
that they could release and absorbed insulin into the
bloodstream through the small intestine [6].

Oral drug delivery offers many advantages in compari-
son with other prescribed methods, including non-invasive
and free from the interference due process for sterile
injectable products, easy to use, easy dose adjustment and
low cost in comparison with injection method [7]. Oral
administration of insulin has great advantages such as
direct entry of insulin from the portal vein to the liver and
the direct effect of insulin on glucose metabolism in the
liver having the same physiological state [8]. Carriers such
as micelles, nanoparticles, microcapsules, nanogels, etc.
have been used to date for drug delivery [9].

First time, Lowman et al. were loaded insulin on
microspheres of poly metacrylic-ethylene glycol and give it
orally to normal and diabetic mice [10]. In another study,
polymers of acrylic acid—N-isopropyl acrylamide and
meta-butyl methacrylic acid with molar ratio of 10:5:85
was used [11, 12]. Alginate microparticles produced by
emulsification method was used as a carrier for the drug
delivery of insulin by Reis et al. [13]. Used nanoparticles
were protect insulin from stomach acid but had little bio-
safety and showed side effects.

Among the carriers, nanohydrogels have attracted much
attention. Microspheres with a diameter less than one
micrometer is often called nanogels and sensitive micro-
spheres with diameters of micrometer and less is known
nanohydrogels [14]. Nanohydrogels are materials that are
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made from biodegradable natural polymer [15, 16]. Micro
nanohydrogels are made from copolymers by photo cross
linking and responding to chemical and physical changes
such as temperature, pH and composition of the solution
and adding special ions and electric fields [14, 17, 18].
Hydrogels can be designed to show significant volume
changes in response to small environmental changes such
as pH, ionic strength, temperature, electric fields, solution
or magnetic fields [19].

Nanohydrogels are made from swellable and water-
soluble polymers [20] and convert from powdery substance
into the swollen polymer network via absorbing water from
the environment and confine the drug to them. This trapped
material in suit condition could be released [15, 16].

Nanohydrogels have a special surface that increases its
interaction time with various biological components. They
could maintain most of the loaded drugs and their small
size allow them to pass through the anatomic walls and
reach to the capillaries [17].

The main goal of the present study was to provide pH
sensitive nanohydrogels containing human insulin and to
assess the amount and rate of insulin releasing from
nanohydrogels in different pH conditions in order to con-
dense in the gastric pH for insulin protection and decon-
dense in intestine pH. The best nanohydrogel preparation
and drug loading method was selected in four different
conditions to make a pH sensitive nanohydrogel as insulin
delivery system with good smart-releasing behavior for
oral administration of insulin.

Poly NIPAAm polymers can exhibit pH-sensitive
behaviors by the addition of acidic or basic groups.
Hydrophilic characteristic in copolymer is produced by
PNIPAAm base. Mechanical strength of PNIPAAm
hydrogels was improved by adding MAA to the hydro-
philic monomer. pH-sensitive behavior in copolymer was
produced by a MAA derivative that is HEMA [21].

Materials and instruments
Materials

N-Iso propyl acryl amide (NIPAAm) obtained from Acros
Organics (NJ, USA), hydroxy ethyl methacrylate (HEMA)
(Merck chemical Co., Germany), methacrylic acid (MAA)
(Merck chemical Co., Germany), HCI (Merck chemical Co.,
Germany), NaOH (Merck chemical Co., Germany), NaCl
(Merck chemical Co., Germany), BPO (Merck chemical Co.,
Germany), 1,4-dioxan (Di gung chemical Co., Korea), n-
hexane (Merck chemical Co., Germany), trichloromethane
(Merck chemical Co., Germany), dichlromethane (Merck
chemical Co., Germany), ammonium per sulfate (Merck
chemical Co., Germany), acetonitrile (Merck chemical Co.,
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Fig. 1 Whole scheme of insulin 5ml trichiromethan +nanohydrogel +insulin 50 ml PVA 1%
loading to nanohydrogel /
protocol Hemogenite 30 s \
Ultrasonication ﬂ
Solvent evaporation
Hemogenite 60 s [ ———————
Centrifuge 13000 rpm 25=c

Germany), pure human insulin was purchased from EXIR,
Iran hormone, N,N-methylene bis acryl amid (N,N-
MBAAm) (Merck chemical Co., Germany), centrifuge
sigma (5,000 rpm), centrifuge HEROLAB (13,000 rpm),
vacuum rotary, sonicator, high performance liquid chroma-
tography (HPLC, Waters), FT-IR spectrometer instrument
(FT-IR, Tensor 27 Bruker), scanning electron microscopy
(SEM, Mira3 tescan 5.0 kV), transmission electron micros-
copy (TEM, Zeiss EM10C 80 kV).

Preparation of poly (NIPAAm-MAA-HEMA)
nanohydrogel

NIPAAmM-MAA-HEMA copolymer was synthesized by
radical chain reaction with 80:8:12 ratios respectively.
Reactions were carried out in four conditions including 1,4-
dioxan and water as two distinct solutions under Nitrogen
gas-flow. For preparation of poly NIPAAm-MAA-HEMA
hydrogel, cross linker was not used and for preparation of
cross-linked nanohydrogel, N,N-MBAAm (300 pL of N,N-
MBAAm) was used as cross linker. Benzoyl peroxide and
ammonium per sulfate (0.3 mol% with respect to the
monomers) for 1,4-dioxan and water distinct solution were
added as initiator of polymerization, respectively. The
mixture was magnetically stirred and degassed with nitro-
gen gas for 30 min. The polymerization was fulfilled at
70 °C for 24 h and 25 °C for 24 h under nitrogen atmo-
sphere for 1,4-dioxan and water distinct solution, respec-
tively. The synthesized polymers were precipitated using n-
hexane in liquid nitrogen bath. The polymerization yield of
the experiment was 86.5 %. Figure 1 shows whole scheme
protocol of nanohydrogel synthesizing.

Preparation of insulin loaded copolymers

Modified double emulsion method was used for loading
insulin in the polymers. Poly vinyl alcohol (PVA) was used
as stabilizer with 0.1 % concentration. First 100 mg of the
synthesized and freeze dried copolymer was dissolved in
5 mL of chloroform. Then 50 IU (international unit) of
insulin as aqueous solution was added in solution and
sonicated for 60 s. Then 50 mL of PVA was added to the
mixture and sonicated 50 s. The mixture was located in
vacuum rotary for 30 min for further evaporation of chlo-
roform and loading of insulin and then centrifuged in
13,000 rpm and 25 °C. Loaded polymers lyophilized and
stored in 2-8 °C for further use. Figure 1 shows whole
scheme protocol of insulin loading to nanohydrogel.

In vitro release study

After loading insulin in nanohydrogels, solutions at 4° C
for 30 min (three consecutive times each for 10 min) were
centrifuged and the supernatant was removed and the
precipitate was collected. The in vitro release of insulin
from nanohydrogel was carried out at 37 °C and in two
different pH (pH 1.2 and 6.8). For pH 6.8 and pH 1.2, 2 mg
of the insulin loaded nanohydrogel was float in a beaker
containing 100 mL of PBS with pH 6.8 and 100 mL of HC1
solution with pH 1.2, respectively. The beakers were
placed in a shaker incubator maintained at 37 °C. 200 pL
samples were removed from the external solution and were
replaced with fresh solution. Sample collection was done in
different times and HPLC was used for analysis of samples
using water/acetonitrile (65/35) as the mobile phase. The
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Table 1 Under curve area in HPLC of insulin in different solution supernatant

Nanohydrogel 1,4 Dioxan with 1,4 Dioxan without Water without Water with
crosslinker crosslinker crosslinker crosslinker
Under curve 652,120 559,520 769,341 670,146

area (LLv/s)

UV detection was at 214 nm. The run time for the assay
was 15 min and the retention time for insulin was
2.56 min. HPLC was determined to opt better loaded
nanohydrogel.

Statistical analysis

Analyze of Statistical data was performed by student ¢ test
on SPSS versionl6 and charting was performed by
Microsoft Excel software 2010 version.

Results
Synthesis of NIPAm-MAA-HEMA copolymers

The products of synthesized nanohydrogels in four meth-
ods are crystal or powdery form. These products for sub-
sequent applications could be kept in refrigerator or in
freezer or at room temperature.

Preparation of insulin loaded copolymers and loading
percentage

Fifty international units of human insulin were loaded in
every four nanohydrogels. In this step nanohydrogels
would be in solution state, so we got them in a solution of
dichloromethane, but it was low solubility in dichloro-
methane or was so difficult to solute in it. So nanohydro-
gels were soluted in trichloromethane (chloroform)
solution, and then to prevent solution from evaporation,
mouth of the container of solvent and nanohydrogels was
closed with aluminum foil and parafilm.

After insulin loading and removing the solvent by vac-
uum rotary, emulsion should be centrifuged by refrigerated
centrifuge at 13,000 rpm. Special falcons were used to
separate the sediment from supernatant. HPLC was done
for supernatant and sediments were saved to examine the
rate of release (at temperature of —20 °C). The under curve
area from the corresponding HPLC chromatograms from
the supernatant after centrifugation of the emulsion
obtained from loading stage, are shown in Table 1.

After performing a modified double emulsion method,
drug loading percentage was determined by HPLC and
loaded drug is calculated according to the following
equation.

@ Springer

Drug loading = [(Drug content — supernatant drug) * 100]

/(Mass of drug used in formulation)

FT-IR spectroscopy

The structure of Insulin loaded on poly(NIPAAm-MAA—
HEMA) nanohydrogels was showed using FT-IR spec-
troscopy (Fig. 2). In IR spectrum, absorption peaks pre-
sented at 673, 1282, 1411, 1642, and 3300 cm ™" (OH,
which is related to the structure of the polymer that have
been synthesized nanoparticles form) belonged to Insulin
loaded on (NIPAAm-MAA-HEMA). Bending vibration
of CH2 made peak at 1,040 cm™' and absorption peaks at
761, 964 and 1,135 cm™'were because of the stretching
vibration of the alkyl groups from NIPAAm. However, the
peak identification to the stretching vibrations of C-N
(normally at about 1,100 cm™') was problematic due to
overlapping of other peaks.

Size and size distribution by scanning electron
microscopy (SEM)

The SEM micrographs of pure PNIPAAm—-MAA-HEMA
nanohydrogels (Fig. 3a) and Insulin loaded on poly(NIP-
AAmM-MAA-HEMA nanohydrogels (Fig. 3b) are shown.
Observing the photograph (a), nanohydrogels were aggre-
gated seriously, which was due to the nano size of the
polymer and they were about 50 nm. At (Fig. 3b) after
insulin loading, the size of particles was changed to be
80-200 nm.

Transient electron microscopy (TEM)

Figure 4 shows delegate TEM images of synthesized poly
NIPAAm-MAA-HEMA nanohydrogels and insulin loaded
nanohydrogels. The TEM image indicates that nanohy-
drogels are nano-crystalline, though their shape is primarily
spherical with some hexagonal shaped nanohydrogels. The
size of the spherical nanohydrogels varies from 70 to
150 nm with average particle size of 80. Moreover, poly
NIPAAmM-MAA-HEMA nanohydrogels are agglomerates
due to high surface area particles.

To evaluate content of insulin release from the nano-
hydrogels in invitro conditions, 2 mg of the insulin loaded
nanohydrogels was float in a beaker containing 100 mL of
PBS with pH 6.8 and 100 mL of HCI solution with pH 1.2,
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Fig. 2 Fourier transforms infrared spectra of a poly NIPAAm-MAA-HEMA, b insulin loaded nanohydrogels

respectively. The beakers were placed in a shaker incu-
bator maintained at 37 °C. 200 pL samples were removed
from the external solution and were replaced with fresh
solution. Sample collection was done in different times
Cumulatively (harvested at 15, 30, 45, 60 min and 2 h for

acidic environment and harvested at 15, 30, 45, 60 min, 2,
6, 12 and 24 h for the basic environment). HPLC was
used for analysis of samples, under curve area was cal-
culated and column charts are plotted for all nanohydro-
gels. (Fig. 5).
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Fig. 3 SEM of a poly
NIPAAm-MAA-HEMA,
b insulin loaded nanohydrogels

"
SEM MAG: 10.0 kx | Date(m/dly): 10/13/13

Fig. 4 TEM images of a poly
NIPAAm-MAA-HEMA
nanohydrogels, b insulin loaded
nanohydrogels

Discussion

To compare the insulin loading and insulin releasing in
different pH conditions, four types of nanohydrogels were
synthesized in this study. In all of four cases, the amount of
synthesized nanohydrogels was approximately equal and
had not significant difference between them. Color of
synthesized nanohydrogels in aqueous solution was milky
and it was almost powdery, but the color of the synthesized
nanohydrogels in 1,4-dioxan solution was yellow and they
were almost transparent crystals.

PNIPAAm side chains in synthesized NIPAAm-MAA-
HEMA copolymer generally have a hydrophilic/hydro-
phobic balance. At room temperature the good solubility of
PNIPAAm is produced by hydrogen bonding interactions
between hydrophilic amide groups in the polymers and
water molecules. Hydrophilic monomers, MAA and
HEMA, increase the hydrophility of the gel [17].

For every four nanoparticles, insulin was loaded and
then HPLC was done to choose the nanoparticle that have
best loading and protects loaded drug in acidic pH and
depletion drug in the intestinal pH. SEM and TEM
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SEM HV: 5.0 kV WD: 16.43 mm
View field: 3.18 ym Det: SE
SEM MAG: 60.0 kx  Date(m/dly): 10/13/13

microscopy was done for selected nanoparticle. Size of
nanohydrogels that measured by SEM microscopy is in
nano range (less than 100 nm) [14, 22].

In our study, the insulin loading extent on polymers that
confirmed by HPLC and FT-IR is 60 % and polymer do not
show unwanted side effects on human and its safety is
demonstrated, pNIPAAm polymers have been used in eye
drop supplies, where no in vitro cytotoxicity was found
[23, 24], and as a new embolic material in neurosurgery
[25, 26], where no acute toxicity in mice was noted, but in
the Reis and colleagues study of the alginate macroparticle
that produced with the emulsification method as a carrier
for drugs, by using the anc polasion method to uptake the
insulin in the polymer, the insulin loading extent was 80 %,
in vitro studies showed that the alginate macroparticle
inhibited of insulin releases in stomach but it can keep
second structure of insulin, also average sizes of particles
was less than the size of the carriers required to attract
insulin orally and can be used as appropriate for insulin
delivery [13]. Used nanoparticles protect the insulin in
front of the stomach acid but have little biological safety
and shows side effects.
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Drug loading = [(Drug content — supernatant drug) * 100]

/(Mass of drug used in formulation)

Drug loading = [(2 mg — 0.80 mg) * 100]/(2 mg)
=60 %

Our in vitro study showed that nanohydrogel-bonded
insulin has lowest release in the acidic environment similar
to the stomach, Our result was consistent with the findings
of Peppas and Ramkisson-Ganorkar that studied from
polymers of acrylic acid-N-isopropyl acrylamide and butyl
metacrylic acid was used in molar ratio of 10:5:85, the
results showed that insulin in the acidic environment of the
stomach had minimal liberalization while in pH 7.4 of
intestinal insulin release done well [11, 12],and also our
result was consistent with the Lowman and colleagues that
loaded insulin on metacrylic-ethylene glycol microspheres
and administered it orally to normal and diabetic rats. They
observed that in the acidic environment of the stomach due
to formation of intramolecular polymeric complexes,
insulin trapped within the polymer network and remained
safe from the photolytic analysis, and the complex was
decomposed in neutral and alkaline intestinal environment
and the drug released [10].

The results of HPLC show that in nanoparticle that
synthesis in the 1,4-dioxan solvent without cross-linker
loading is the most and the liberation in pH 6.8 after 2 h
has been more than other three nanoparticles, and this is

probably due to the existence of larger cavities in nano-
particles for insertion of insulin and the insulin releasing in
acidic pH in the lowest value is because nanoparticles in
the pH 1.2 has been dense but it is open in pH 6.8, probably
this depletion increases over time with the effect of pH 6.8
after 2 h and insulin released and subsequently it reached
to the maximum amount. So it was the best option for our
purpose. Polymer synthesis in hydrogel form in water
soluble is not complete and the drug has not been loaded
well to release to be done. In the case of the cross-linked
nanoparticles the drug is confined within it and its libera-
tion at different pH is similar. The n value is number of
repetitions for each sample in this case we did 3 times
(n = 3).

Conclusion

Our goal was merging of two methods together (nano
encapsulation and pH sensitive property of smart hydro-
gels), to obtain a nanohydrogel to protect insulin from
acidic condition in stomach and release it in intestine pH for
oral delivery of insulin. From four synthesized nanoparti-
cles, copolymer that was synthesized in 1,4 dioxan solvent
without cross linker was capable for the most loaded insulin
and had the lowest insulin release in the environment sim-
ilar to stomach, but in environment similar to the gut had the
largest release of insulin. This release was after 2 h. So by
improving conditions, and altering the monomers ratio, and
selecting different solvents and cross-linkers, we can
achieve better results to have oral insulin delivery.
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