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Abstract: Insulin mucoadhesive buccal films (MBF) are a noninvasive insulin delivery system that
offers an advantageous alternative route of administration to subcutaneous injection. One major
concern in the formulation of insulin MBF is the preservation of an insulin secondary structure in
the presence of the other film components. Buccal films were formulated using chitosan, glycerin,
and L-arginine. The MBF-forming solutions (MBF-FS) and the films (MBF) were examined for their
chemical and structural stability and for their in vivo activity. Enzyme-Linked Immunosorbent
Assay (ELISA) of the insulin-loaded MBF showed that each individualized unit dose was at least
loaded with 80% of the insulin theoretical dose. Results of Synchrotron Radiation Circular Dichroism
(SRCD) measurements revealed that MBF-FS retained the «-helices and —sheets conformations of
insulin. Fourier transform infrared (FTIR)-microspectroscopy (FTIR-MS) examination of insulin MBF
revealed the protective action of L-arginine on insulin structure by interacting with chitosan and
minimizing the formation of an unordered structure and 3-strand. A blood glucose-lowering effect
of insulin MBF was observed in comparison with subcutaneous (S.C) injection using a rat model.
As a result; chitosan-based MBFs were formulated and characterized using SRCD and FTIR-MS
techniques. Furthermore, the results of in vivo testing suggested the MBFs as a promising delivery
system for insulin.

Keywords: insulin; chitosan; mucoadhesive; buccal films; synchrotron radiation circular dichroism;
FTIR-microspectroscopy; in vivo

1. Introduction

Insulin is the main therapeutic agent for the treatment for type I diabetes and many
advanced cases of type 2 patients [1]. The conventional way to supply the body with
insulin is through subcutaneous or intravenous injections, but these methods have draw-
backs, as around 60% of patients fail to achieve glycemic control in the long-term as a
result of non-compliance due to the invasive nature of injectable route of administration.
On the other hand, alternative routes such as orally administered insulin can be easily
degraded in the gastrointestinal tract [2]. However, mucoadhesive buccal films (MBF) are
considered as attractive drug delivery systems in spite of the formulation and delivery
challenges. The permeability-limiting properties of the buccal mucosa were addressed by
the inclusion of additives such as chitosan [3] and L-arginine [4,5], which were incorpo-
rated in the MBF to enhance delivery. The physiologically active form of human insulin
monomer is less stable than the higher associated forms, and it is subjected to form amyloid
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fibril-aggregates under different formulation conditions [6]. Long time ago, molecular
symmetry was found central to the arrangement of the commonly existing insulin dimers
and hexamers [7,8], and correlation of such arrangements with biological activity of insulin
was studied [9]. In addition, MBF components as well as the preparation methodology
might lead to changes in the insulin secondary structure, including disturbance of molec-
ular symmetry. L-arginine is known to suppress insulin aggregation, and it widely used
as a stabilizing agent against insulin aggregation [10,11]. Changes in insulin secondary
structure can be examined using spectroscopy methods such as circular dichroism and
infrared spectroscopy. Circular dichroism is a powerful technique used for the examination
of conformational changes that might take place in peptides and proteins as a function
of environment factors such as temperature, chemical agents, pH, and aging [12-14].
Infrared vibrational circular dichroism (VCD) is used for the investigation of insulin fibril
structure. The method is sensitive to the fibril type and can distinguish between normal
and reversed fibril that are produced in response to different pH values [15] or solvents [16].
Native insulin shows a characteristic positive band at 193 nm and double negative at 208
and 222 nm that are indicative of the amount of the alpha and beta conformations [11-13].
Pocker et al. [17] obtained the circular dichroism spectrum for bovine insulin at pH7, the cal-
culated percentages of alpha helix, beta sheets, and the unordered were 40, 18, and 42%
respectively. Provencher et al. [18] reported slightly different values for alpha helix (46%),
beta sheets (27%), and unordered (27%); these values were described to be comparable
to those obtained using X-ray crystallography. Synchrotron radiation circular dichroism
(SRCD) offers additional advantages compared to the conventional instruments [19-21].
The increased intensity of a synchrotron radiation light source makes it possible to obtain
higher signal-to-noise ratios implying smaller sample requirements, in addition to the
rapid measurements and the possibility of examining samples in the presence of high
concentrations of buffers and other absorbing components [21].

Another biophysical technique; infrared spectroscopy, offers a valuable tool for study-
ing the secondary structures of proteins, particularly in the solid state. Proteins exhibit
characteristic spectral features in the amide I and amide II regions. The amide I peak at
1650 cm ™! arises mainly from the C=0 stretching of amide groups, whereas the amide
IT peak at 1550 cm ™! arises from N-H bending and C-N stretching vibrations of amide
groups of the peptide backbone in proteins. In particular, the amide I peak is sensitive to
the protein secondary structure [22-26]. Recently, Delbeck et al. [27] reported the applica-
tion of Fourier transform infrared (FTIR) spectroscopy as a fast and reliable approach for
monitoring changes in the secondary structure of insulin within commercial formulations.
Lannuzzi et al. and Martinez-Lopez et al. described the role of the FTIR technique in
the monitoring of the formation of 3-sheets structure as an indicator for insulin aggrega-
tion [11,28]. FTIR-microspectroscopy (FTIR-MS) is an imaging technique that allows the
acquisition of a large number of spectra for each tested sample. The data acquired are
subjected to multivariate statistical analysis and the principal component analysis (PCA),
which permits reliable analysis of the spectra.

The present study aims to examine the secondary structure of insulin loaded in MBF-
FS and MBF using in vitro techniques; mainly SRCD and FTIR-MS in addition to the in vivo
evaluation of insulin activity in the MBF using a rat model.

2. Materials and Methods
2.1. Materials

Insulin was purchased from SAFC Biosciences Inc. (Lenexa, KS, USA). Chitosan
1500 Da and Chitosan 13,000 Da (deacetylation 95% and viscosity 11 cP) were purchased
from GTC Union Group Ltd. (Qingdao, Shandong, China). L-arginine was purchased from
BDH Laboratory Supplies (Poole, England), and glycerin was purchased from Gainland
chemical co. (Clwyd, UK).Glacial acetic acid was purchased from Surchem products LTD
(Ipswich, UK). Ketamine was purchased from Hikma Pharmaceuticals (Amman, Jordan)
and Xylazine hydrochloride was purchased from Tokyo Chemical Industry CO., LTD
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(Tokyo, Japan). Sodium carbonate anhydrous was purchased from Daejung Chemicals
and Metals (Siheung-si, Gyeonggi-do, Korea), and phosphate buffer saline was purchased
from EurocloneS.p.A. (Pero M, Italy). Disodium hydrogen phosphate was purchased from
BiochemChemopharma (Cosne-Cours-sur-Loire, France), and potassium dihydrogen phos-
phate was purchased from Scharlau (Barcelona, Spain). Sodium chloride was purchased
from Sigma-Aldrich (Saint Louis, MO, USA), and phosphoric acid was purchased from
Fischer Chemical Limited (Parsippany, NJ, USA).

2.2. Methods
2.2.1. Insulin MBF Preparation

Mucoadhesive buccal films (MBF) were formed from water-soluble chitosan grade
of 1500 Da molecular weight (CH1500 Da) and a slightly water-soluble chitosan grade
of molecular weight 13,000 Da (CH13,000 Da). The MBF-forming solution (MBE-FS) was
prepared in two steps: the CH13,000 Da solution, which consists of 3% chitosan 13,000 Da,
30% glycerin (based on dry weight of chitosan), and 10% L-arginine (based on dry weight
of chitosan) was dissolved in 2% acetic acid using the homogenizer and mixed for 2 to
3 min followed by sonication for up to 5 min. The CH1500 Da solution of 6% chitosan
1500 Da, 15% glycerin (based on dry weight of chitosan), and10% L-arginine (based on
dry weight of chitosan) was dissolved in 2% acetic acid by stirring the components in a
glass rod followed by sonication for up to 10 min. Then, both solutions were combined at a
ratio of 2 CH13,000 Da:1 CH1,00 Da (2:1). The pH of the final solution was adjusted using
2% acetic acid solution until a pH of 3.0-3.3 was obtained. For loaded films, an accurately
weighed amount of human insulin powder was added to the solutions to produce the
required insulin concentration. Similar protocols were used for the preparation of MBF-FS,
which was further treated to prepare the MBF used for Enzyme-Linked Immuno-Sorbent
Assay (ELISA), the in vivo experiments and for the FTIR-MS measurements. For SRCD
measurements, the composition of the MBF-FS was slightly modified, where the concen-
tration of chitosan 1500 Da was lowered to 3%, while the concentration of glycerin was
raised to 30%, and the ratio between the two solutions was raised to 3 CH13,000 Da:1
CH1500 Da(3:1). This modification was necessary to make the film more transparent.
Film casting and drying procedures were tailored for each application and will be de-
scribed in the related sections.

In order to observe the effect of the film components at an insulin secondary structure,
different formulations containing 0.57 mg/mL insulin were prepared, listed in Table 1,
and examined using SRCD (as solutions and films) and FTIR-MS (as films).

Table 1. Composition of the different formulations examined using Synchrotron Radiation Circular
Dichroism (SRCD) and Fourier transform infrared-microspectroscopy (FTIR-MS).

Film Components

Formula
Chitosan Glycerin L-Arginine
A-Loaded yes no no
B-Loaded yes yes no
C-Loaded yes no yes
D-Loaded(MBE-FS)
or (MBF) yes yes yes

2.2.2. Assay of Insulin Films Using ELISA

ELISA analysis was conducted using the Elecsys Insulin kit—Roche at AL-Mahabba
Hospital located in Madaba, Jordan; it is a fast immunoassay for insulin measurement
in serum samples without anti-insulin antibodies. The high precision of this method
and relatively fast results are useful in insulin studies. This assay uses two monoclonal
antibodies which together are specific for human insulin and is based on the Sandwich
principle; the principle and steps of the assay are described in detail by Sapin et al. [29].
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In this work, ELISA was applied to determine the insulin content of the MB films that
were used in the in vivo experiments. In addition, ELISA was also applied to examine
the effect of drying method on the content of insulin in MBE. The insulin content in films
obtained by drying for 48 h at 2-8 °C in the fridge was compared with that obtained by
drying at room temperature at about 25 °C for the same length of time. Fresh units of dose
films were prepared by placing 0.3 mL of the loaded MBE-FS in the well of the aluminum
foil tray (Figure 1B). The films were left to dry using both conditions. The trays containing
the fully dried films were put in plastic bags and kept in the fridge for no more than 24 h.

On site, each film was dissolved in 10 mL of deionized water and subjected to ELISA
measurements. A stock solution was prepared on site to establish a calibration curve by
mixing a pre-weighted insulin powder with the same blank chitosan solution used to
prepare the films followed by dilution with distilled water (DW) and then serial dilution in
a concentration of 4-400 u IU/mL using DW.

Figure 1. (A) The optimized mucoadhesive buccal films (MBF), (B) the individualized MBF unit dose.

2.2.3. Preparation of Simulated Saliva Solution

Simulated saliva was prepared according to the method described by Marques et al. [30]
where disodium hydrogen phosphate (2.382 g), potassium dihydrogen phosphate (0.190 g),
and sodium chloride (8.0 g) were dissolved in one liter of distilled water, and the solution
pH was adjusted to 6.85 using phosphoric acid.

2.2.4. SRCD Measurements

SRCD measurements in the far-UV region (190-260 nm) were conducted at Diamond
Light Source, UK. The measurements were carried out for both solution and films either
at constant temperature of 25 °C or while heating the solution from 20 °C up to 90 °C at
10 degrees intervals and cooling back to 20 °C.

Freshly prepared solutions were measured using a 0.1 mm demountable fused silica
cuvette cell (Hellma, Essex, UK). Films were prepared by spreading 50uL of insulin solution
on a fused silica window of 9 mm diameter and drying at room temperature for no more
than 4 h. For each insulin solution or insulin film, the corresponding unloaded solution or
film was measured to serve as baseline. The SRCD spectra were processed by subtracting
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the corresponding baselines and were reported in Ae (M~'cm™!). The insulin secondary
structure was estimated from the SRCD results using the BeStSel algorithm [31].

2.2.5. FTIR-MS Measurements

For the FTIR-MS measurements, twenty microliters of solution were mounted on
CaF, windows (Crystran Ltd., Poole, Dorset, UK).The applied solution aliquots were dried,
forming a film, for 60 min in a closed chamber purged with compressed dry air.

Measurement for each film was initiated immediately after preparation. The mea-
surement was conducted at the IR laboratory of SESAME synchrotron (Jordan) using a
ThermoNicolet 8700 spectrometer coupled with a continuum IR microscope and OMNIC
9.1 software (Thermo Fisher scientific, Wien, Austria). For each sample, an IR map was
acquired using a double path single masking aperture size of 50 x 50 um? at a step size of
10 um and a spectral resolution of 4 cm~!. For each spectrum, 256 repeated consecutive
scans were recorded in transmission mode. The obtained IR maps were split into spectra
using Omnic software.

FTIR-MS measurements were carried out for the films listed in Table 1 and for their un-
loaded equivalents. In addition, a single spectrum was obtained for each of the individual
components of the MBF in order to be used in the data interpretation.

The resultant raw spectral sets (about 60 spectra for each unloaded film and 80 spec-
tra for each loaded film) were processed in the spectral range corresponding to protein
amide I using the Unscrambler 10.3 software (CAMOAnalytics, Oslo, Norway).The spectra
were suitably smoothed and base line corrected. Savitsky-Golay second derivatives were
calculated using third polynomial order and 9 smoothing points; then, they were range
normalized. Principal component analysis (PCA) was performed on the processed spectral
sets where the unit vector normalized average spectra and range normalized average
Savitsky—Golay second-derivative spectra of the datasets were obtained. A representative
raw spectrum for native insulin and its corresponding Savitsky—Golay second-derivative
spectrum was also obtained using the same procedure utilizing diamond compression cells.

2.2.6. In-Vivo Evaluation
Ethical Statement

In-vivo experiments were conducted at Petra University Pharmaceutical Center,
while the ethical approval (No.1/2018-2019) was obtained from the Deanship of Scientific
Research, the University of Jordan.

Rats Handling, Feeding and Anesthesia

Forty Sprague-Dawley albino laboratory male rats (about 6-8 weeks old) weighing
211.1(£2.95) g were used in the study. The rats were placed in 4 cages, each cage containing
10 rats. The rats were left for 2 weeks to acclimatize. They were fed with regular high
protein feed. Prior to the experiments, all rats were fasted overnight with free access to
water until the initiation of the experiment. The rats were divided according to their insulin
intake into 4 groups. Each group consisted of 10 rats, of which two rats were dropped by
the end of the study. The dosing details for each group are given in Table 2.

In preparation for the experiment, the rats were individually anesthetized with ke-
tamine (40 mg/kg) and xylazine (5 mg/kg) per rat weight [32] by two separate intra-
muscularinjections given to each thigh muscle of each rat. Zero-time measurements were
taken 15 min post anesthesia. A single drop of blood was taken from the tail vein from
each rat post-dosing at time intervals (0, 0.25, 0.5, 0.75, 1, 2, 3, 4, and 6 h) then at post
feeding times at (7.0, 8.0, and 24.0 h). The 24 h sample served as an indication for the safety
and reversibility of the given dosage forms and the used anesthetics agents as well as a
confirmation for the zero point, which was then used in the calculations.



Symmetry 2021, 13, 88

60of 17

Table 2. The composition of the doses administered to the different animal groups.

Component (mg/Unit Dose)

Group Administered Chitosan
Dose Insulin L-Arginine  Glycerin
CH1500 Da CH13,000 Da
1 Placebo MBF 0 6 6 1.2 2.4
2 MBF * 0.0138 6 6 1.2 24
3 S.C Insulin 0.0138 0 0 0 0
4 MBE-FS ** 0.0138 4 4 0.8 1.6

*: One rat (No. 6) was excluded as it ate the dosage form immediately. **: Sample at 45 min. was missed.

Dose Administration

Whenever MBFs were administered, an individualized MBF (unit dose) was cast
for each rat using an aluminum foil tray (Figure 1B) in order to ensure dose uniformity.
The MBF was folded in half and then cut into two halves with each half placed on one
cheek and wetted with 50 uL of water. The subcutaneous insulin solution was freshly
prepared by dissolving insulin powder in 1 mL of 0.1 N HCl and then diluted with distilled
water. The MBE-FS was freshly prepared, and the insulin powder was added to give the
required insulin content in the individual administered dose. For both subcutaneous (S.C)
and MBF-FS, the dose volume was adjusted per weight of each rat, leading to a final dose
of 2 1U/kg. The MBF-FS was administered in the buccal cavity, and the rat was placed on
one side in order to reduce the chance of potential swallowing. The S.C dose was injected
into the loose skin over the inter-scapular aria. Table 2 lists the composition of doses
administered to the different animal groups. For all groups, blood samples were taken
at the pre-set time intervals, and blood glucose was directly measured using Accu-Chek
Performa® Blood Glucose Meter.

2.2.7. Statistical Treatment

Statistical analysis was carried out using free GraphPad software, and results were
presented as mean + SEM, while statistical significance was calculated using one-way
analysis of variance (ANOVA) followed by post hoc tests (Tukey’s test) and tested at
p < 0.05.

3. Results and Discussion
3.1. Insulin MBF Preparation

The quality of the MBF is affected by several factors including but not limited to
chitosan grades and concentrations, solvent pH, and drying methods. Initially, two grades
of chitosan were tested: water soluble (molecular weight 1500 Da) and slightly water
soluble (molecular weight 13,000 Da).Distilled water and 2% acetic acid solutions were
used as solvents, and their ratios were adjusted to produce pH values between 3.0 and
3.3. The films were also assessed in the presence and absence of additives such as glycerin,
which was added as a plasticizer, and L-arginine, which was added as an insulin stabi-
lizer and penetration enhancer [5]. Primary results indicated that films prepared using
chitosan alone were mostly fragile with irregular consistency. The addition of glycerin and
L-arginine produced flexible, peelable, and translucent films (Figure 1A). Consequently,
the optimized MBF is composed of chitosan, glycerin, and L-arginine in proper proportions.

3.2. Assay of Insulin Films Using ELISA

The insulin content was calculated using the calibration equation:

Actual measured insulin concentration, pU/mL =0.523 x theoretical insulin concentration, pU/mL +9.096 R? =0.998.
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Compared to the theoretical loading, the insulin content of the MBF dried in the
fridge and at room temperature was found to be 80% =+ 3.95% (n = 6) and 59% =+ 1.93%
(n = 4) respectively, and the difference between the two drying methods was found to be
significant (p = 0.0048). Consequently, films used in the in vivo experiments were dried in
the fridge.

3.3. SRCD Measurements

The SRCD is used for the assessment of the effect of different formulation parameters
such as insulin concentration, solvent composition, chemical excipients, and pH on the
secondary structure of insulin. The SRCD results were subjected to secondary structure
analysis using the BeStSel algorithm [31]. Figure 2 compares between the secondary
structure estimates (SSE) values for all measured samples. The effect of some formulation
parameters on the SRCD spectrum is demonstrated in the following sections.

i H Beta Strands
= Turns All Conformations
60 | mUnordered
B Alpha Helix
g 40 -
©
g
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S 4
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(]
a 20 -
0 I T T T
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Figure 2. Effect of different parameters on the insulin secondary structure, expressed in percentage calculated using BestSel
algorithm [31]. Bar chart of secondary structure estimates (SSE) of insulin in different media. The “Total 3- Sheets” equals
the sum of Antil, Anti2, Anti3, and Para conformations, while the “Total «x-Helix” is the sum of Helix1 and Helix2.

3.3.1. Effect of Insulin Concentration

It is known that insulin aggregates under different stress conditions including agita-
tion, high concentration, incompatible ionic strength, extreme pH, and temperature. Thus,
we have examined different insulin concentrations in order to be sure that this range of
insulin concentrations did not exhibit aggregation tendency.

Solutions of insulin in 2% acetic acid at the examined concentrations showed very
similar SRCD spectra, as illustrated in Figure 3. The estimated fractions of secondary
structure components, as shown in Figure 2, were 38-41% for o-helix, 16-19% for (3-sheets,
and 13-14% for the turns; these values were consistent with previous studies of native
insulin conformations [17,18].
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—0.34 mg/mli
4 | ——0.45 mg/ml
—0.57 mg/ml

——0.68 mg/ml

wave length

Figure 3. SRCD-spectra of insulin at different concentrations in 2% acetic acid solution measured at 25 °C.

3.3.2. Effect of Insulin Media

The SRCD-spectra obtained for insulin dissolved in HCI (pH ~ 2.0), saliva simulated
fluid (pH =~ 6.85), and Na;COj3 (pH ~ 9.0) are shown in Figure 4. For acetic acid and
NayCO3, the SRCD profiles and the SSE% values were almost similar, indicating simi-
larity in the extent of interaction with insulin leading to negligible effect at the insulin
structure. On the other hand, a noticeable difference was observed in the HCL and the
saliva-simulated media. This difference was accompanied by a decrease in x-helix content
from 52% to 18-20%, as observed in Figure 2. Sodium chloride, as a component of the
simulated saliva solution, was reported to affect insulin structure and to enhance insulin

amyloid fibril formation [33].

6
——Saliva

4 ——0.1 N HCI
——Na2co03

2 1 2% AA

At (M-1cm-)

Wavelength (nm)

Figure 4. SRCD-spectra of 0.68 mg/mL insulin in different media measured at 25 °C.
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3.3.3. Effect of the Film Components

In order to examine the effect of the film components at the insulin secondary structure,
SRCD-spectra were obtained for the formulations listed in Table 1 and compared to the
reference spectrum obtained for insulin (0.57 mg/mL) in 2% acetic acid; the results are
shown in Figure 5. For insulin solutions, the presence of chitosan (A-Loaded) or glycerin
(B-Loaded) did not cause noticeable changes in insulin spectrum, while the presence
of L-arginine (C-Loaded) in the solution appeared to increase the intensity magnitude.
Interestingly, this effect of L-arginine was reduced when combined with glycerin, as shown
in the D-Loaded solution, and it reduced further upon the film formation, as shown in the
case of the D-Loaded MBE. The secondary structure estimate values (Figure 2) clearly show
the reduction in the alpha helix content of the SRCD data of the D-Loaded MBF. This effect
might be attributed to the change in the extent and nature of interaction between insulin
and the different film components upon drying. It is well documented that L-arginine
acts as an aggregation inhibitor, and it stabilizes the secondary structure of insulin [34,35].
At the pH (3.3) of the measured solutions, insulin is expected to be predominantly positively
charged; this implies that the electrostatic attractions between the positively charged L-
arginine and negative residues of insulin are not the only mechanism of the L-arginine
stabilizing effect. The interaction between chitosan and L-arginine is expected to shield the
insulin-destabilization effect of chitosan. In addition, previous studies have demonstrated
the important role of the guanidinium side chain of L-arginine, which tends to bind to
neutral hydrophilic amino acid residues through hydrogen bonding with the carbonyl
group of the protein. L-arginine was also shown to bind to tryptophan residues through
pi—cation interactions [36,37].

Ag (M1Cm1)

20

15

10

——A-Loaded B-Loaded
—— C-Loaded —— D-Loaded (MBF-FS)
2% Acetic Acid — D-Loaded Film (MBF)

Wavelength (nm)

Figure 5. SRCD-spectra of insulin in different film forming solutions measured at 20 °C and the D-Loaded MBF measured

at 25 °C, all compared to the reference; insulin in 2% acetic acid.

In order to investigate insulin stability as function of temperature, SRCD data were
collected for the D-Loaded MBEF-FS while gradually raising the temperature from 20 to
90 degrees followed by cooling back to 20 degrees. The SSE values were obtained at the
initial temperature (initial, 20 °C) and the final temperature (final, 20 °C) and presented
in Figure 2. The heating—cooling process leads to lowering the total alpha-helix content
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from 48 to 32%, increasing the beta structures from 10 to 17%, and increasing the turns
and unordered forms from 41 to 50%. These results indicate that upon exposure to higher
temperature, the insulin undergoes the process of denaturation, which is irreversible with
the loss of helical content and the increase in beta structure upon cooling.

3.4. FTIR-MS Measurements

For proteins, the amide I region from 1600 to 1700 cm™" is mostly composed of
several bands corresponding to the elements of secondary structures such as x-helices,
3-sheets, turns, and unordered conformations (Figure 6). The second derivative analysis
of the amide I bands is used to enhance the resolution of the overlapped bands and
identify the various elements of the protein secondary structure. Figure 6B shows the
second derivative spectrum of insulin obtained in this study with the band at 1655 cm ™!
assigned to the dominant «-helical conformation, the bands in the 1680-1695 cm~1 region
and 1612 cm~! assigned to B-sheets, and the band at 1639 cm~! assigned to unordered
conformation [22-26,38].

1

(A) (B)

1 - 0.01 -
0.8 -

%1 B-Sheet
B-Sheet
0.6 - Unordered
coil
0.4 - -0.01 -
a-Helix
0.2 -
-0.02 - T T )
o . . L 1675 1625 1575
1685 1S8S 1485 Wavenumber (cm1)
Wavenumber (cm1)

Figure 6. (A) Raw IR-spectrum of insulin showing amide I and II peaks and (B) corresponding second-derivative spectrum

of amide I peak.

For investigating the effect of the film matrix components (Table 1) on the stability
of the insulin «-helical structure, the amide I spectral range of the insulin-loaded films
is of particular interest. The unit vector normalized average raw spectra of the insulin-
loaded films in Figure 7 show the amide I and II regions. The result of PCA based on the
second-derivative spectra of the amide I region is displayed in the score plot in Figure 8.
There are evident trends of separation between different films and clustering for each tested
individual film reflecting inter-film spectral differences and intra-film spectral similarities.
Furthermore, the D-loaded film (MBF), which contains all the matrix components (chitosan
mixture, glycerin, and L-arginine) showed the highest similarity, whereas the A-loaded
film that contains only the chitosan mixture as the matrix possessed the highest variability.
In order to reveal these effects, a comparison of the average second-derivative spectra
of the tested loaded films was conducted and illustrated in Figure 9A. The results of the
PCA are interpreted as a direct contribution of the structure of the matrix components
and the possible interaction between them; in addition, it might be due to possible varia-
tions in the secondary structure of insulin in different films (Figure 2) as a function of the
matrix-forming components. It is also useful to compare each loaded film with its corre-
sponding free one (Figure 9B) to delineate the spectral features resulting from a variation
of secondary structures of insulin from those arising from the film matrix components or
their interactions.
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(B) insulin-loaded films.

Within the studied spectral range, eight second-derivative peaks were identified
(Figure 9). Peakl of the insulin-free films appears at 1656.5-1658.5 cm~! and originates
from the film matrix components and could be assigned to chitosan [39]. These peaks occur
near the «-helix conformation of insulin. In the insulin-loaded films, these particular peaks
appear in the range 1656.5-1662 cm ! except in the C-loaded film, where it seems to be
fused with peak2. Peak2 occurs as a clear peak in the loaded films of B, C, and D-loaded at
1650.8-1652.5 cm ™! in the range of a-helix conformation and at the same time is absent
in the insulin-free films of A, B, and D or forms a faint shoulder in C-free. Accordingly,
these peaks are attributed to the x-helix conformation of loaded insulin. In A-loaded film,
this particular peak is exhibited as a faint shoulder, indicating the inability of the chitosan
mixture alone to stabilize this form of insulin o-helix conformation. This conclusion agrees
well with the SRCD results (Figure 2) where the alpha helix conformation was absent
from the A-loaded film. No peaks were observed at position 3, 1643-1644 cm~! was
assigned to an unordered structure for the insulin-free films, whereas peaks appeared in
the loaded films with an intensity magnitude of A > B> D > C. This second-derivative
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peak assigned to unordered conformation implies that L-arginine, in C and D-loaded films,
reduced the formation of an unordered structure of insulin. The high intensity of the
unordered structure was associated with the very low intensity of «-helix in the A-loaded
film, which emphasizes the impact of the chitosan mixture on the destabilization of insulin
folding. The ability of chitosan to interact with insulin was reported for insulin-loaded
chitosan noano/micro-particles [39-41]; in addition, the negative effect of chitosan on
insulin stability in insulin Lispro was pointed out [42].

Interesting findings were observed for peaks 4, 6, and 7, which were found in A
and B-free films as distinct peaks at 1635-1637 cm ™!, 1608-1612 cm ™!, and 1685 cm™*,
respectively. In C and D-free films, these peaks either disappeared or showed significant
reduction of intensity magnitude that were attributed to the interaction of L-arginine with
the chitosan mixture. L-arginine interaction with chitosan could minimize the destabilizing
effect of chitosan on insulin folding with repercussion on its activity. Furthermore, it was
observed that native insulin (Figure 6B) showed a peak at 1635 cm~!arising from an
unordered structure and that was not present in C and D-loaded films, which is consistent
with the stabilizing effect of L-arginine. Nevertheless, L-arginine was found to suppress
the heat-induced amorphous aggregation of insulin; accordingly, it is possible that arginine
could exert its stabilizing effect through interaction with insulin [10,35].

In both free and loaded B, C, and D films, no changes were observed for the peaks
at position 5 of 1627.6 cm !, which is the lower wave number associated to B-sheets.
However, since it is present in both free and loaded films and that the higher wave number
peak was not observed might indicate that this conformation was not present. In A-loaded
film, this peak is shifted to 1623 cm~! in addition to the emergence of a faint shoulder at
1621 cm~!, which may be due to the formation of some type of B-sheets; the latter could
be indicative of the formation of 3-structure typically observed in amyloid fibrils [43—46].

Low intensity peaks at position 7 of 1692-1695 cm~! were observed for insulin- loaded
films as well as native insulin (Figure 6B), which could be due to another form of 3-sheets.
Insulin loading has intensified the peaks at position 5 in all films confirming the presence
of this particular type of 3—sheets of insulin in the loaded films. This spectral behavior was
more pronounced for A and B-loaded films, showing an adjacent peak consistent with the
stabilizing effect of L-arginine in C and D-loaded films.

The variations in the secondary structure of insulin between different films were
significant. L-arginine favors the reduction in the formation of an unordered structure
and -sheets, hence stabilizing the insulin structure. This effect may be mediated by
the interaction of L-arginine with chitosan, shielding and preventing the destabilizing
effect of chitosan on insulin. Although the structural differences and interactions in the
matrix components contribute greatly to the inter-film separation in the PCA score plot
(Figure 8), the lower intra-film spectral variability of D-loaded film (MBF) is very likely to
be a consequence of the lower variability in insulin secondary structures as a result of the
protective effect of L-arginine, while the higher spectral variability detected in A-loaded
film reflects the variations in the insulin secondary structure induced by chitosan.

Overall, the data obtained for the different films using FTIR-MS measurements and
PCA analysis were in good agreement with that obtained for the film-forming solutions
using SRCD measurements. In both methods, the stabilizing effect of L-arginine on the
secondary structure of insulin was evident. L-arginine appeared to enhance the a-helix
content at the expense of an unordered structure. Conversely, the presence of the chitosan
mixture and glycerin in the formulations appeared to increase the content of the unordered
structure at the expenses of a-helix, hence neutralizing the stabilizing effect of L-arginine
on the secondary structure of insulin.

3.5. InVivo Evaluation

Insulin activity was evaluated using four groups of animals. The averages of the blood
glucose (mg/dL) measured for all four groups from time zero to 24 h are illustrated in
Figure 10.
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Figure 10. Average blood glucose (mg/mL) measured at times from zero to 24 h.

The apparent area under the glucose concentration curve (AUC, 0-8 h), as shown in
Figure 11, was calculated using “Linear Trapezoidal Rule” in an Excel spreadsheet and
then translated into glucose reduction percentage. Insulin S.C and insulin MBF showed
an AUC (0-8 h) significantly lower than the placebo MBF (p < 0.05), while insulin MBF-
FS did not show any significant difference from placebo MBF (p > 0.05). Furthermore,
it was found that over the first 8 h, insulin MBF exerted up to about a 40% reduction of
glucose concentration compared to about a 70% reduction caused by the subcutaneously
injected insulin. The minimum glucose concentrations (Cmin, mean £ SEM) for insulin
MBF (54.3 £ 7.11) and for S.C (30.8 £ 6.17) were significantly different (p < 0.05) from that
calculated for the placebo MBF (103.9 £ 7.36) and for MBF-FS (96.1 £ 9.60). The differ-
ence in activity between the solution (MBF-FS) and the MBF highlights the success and
advantage of the formulation approach adapted in this work, where the mucoadhesion
property of the MBF improved insulin bioavailability. Compared to the S.C. route, the MBF
activity was satisfactory, especially if we take into consideration that the MBF contains
about 80% of the loaded dose, as shown by the ELISA results. Additionally, the in vivo
activity of MBF described in this work is comparable to other reported buccal formulations.
Nusaiba et al. [47] examined the in vivo activity of mucoadhesive buccal films composed
of chitosan nanoparticles loaded with insulin at a dose of 12.5 IU/kg, and they observed a
52.2% decrease in blood glucose level in diabetic rats over 5 h relative to a control group.
In another study, Amogh et al. [48] administered an ionic liquid-based buccal formulation
of insulin (7.5 IU/kg) to anesthetized rats, and they observed a moderate decrease in the
glucose blood level, which then plateaued beyond 2 h to 82 £ 3% of the initial levels.
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Figure 11. Apparent area under the 0-8 h curve (AUC, mean £ SEM) calculated for the different treated groups. * p values

were significant for insulin MBF and insulin subcutaneous(S.C); 0.0014 and 0.0001 respectively versus Placebo MBEF,

# p values were non-significant (0.682) for insulin MBF-FS versus Placebo MBF.

The results of the FTIR-MS and the in vivo evaluation proved the preservation of
insulin secondary structure in the MBF, which indicates insulin stability upon drying and
film formation. However, the MBF alpha helix content calculated using the SRCD results
was low compared to its forming solution (MBF-FS), which might indicate some sort of
interaction that took place in the dried film.

4. Conclusions

Insulin-loaded MBFs were formulated successfully using a mixture of 1500 Da and
13,000 Da chitosan in addition to glycerin and L-arginine. The obtained films were of good
appearance and texture in terms of flexibility and transparency. The insulin content of the
MBF was about 80% of the loaded insulin as estimated using an ELISA test.

Analysis of insulin-loaded MBF spectral data obtained using FTIR-MS techniques
was in good agreement the SRCD obtained for the MBE-FS; both methods confirmed
the preservation of insulin secondary structure and in particular the stabilizing effect
of L-arginine In vivo studies on rats showed that insulin MBF reduced blood glucose at
promising levels, which achieved 57% of the effect of insulin S.C injection.
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