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Abstract

The term Diabetes Mellitus (DM) comprises a group of metabolic disorders characterized by chronic
hyperglycemia resulting from defects in the secretion and/or action of insulin. The Insulin therapy
constitutes the preferred treatment for DM, consisting of daily subcutaneous insulin injections to
control blood glucose levels. The chitosan studied for Biomedicine is a biomaterial that can be
used for controlled release of drugs whose release rate can be controlled by Sodium Tripolyphos-
phate (TPP), which is an ionic cross linker of the chitosan. Present study, therefore, was aimed to
develop and evaluate membranes of chitosan and chitosan cross linked by TPP for use in con-
trolled release of insulin system, with the purpose of obtaining an alternative to the injectable
administration of this drug. The developed membranes were characterized by the techniques of
Fourier Transform Infrared spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Energy
Dispersive X-ray Spectroscopy (EDX), High Performance Liquid Chromatography (HPLC) and
Evaluation of Cell Viability of Macrophages (MTT). With the FTIR technique the interaction be-
tween chitosan, tripolyphosphate and insulin was identified. Chemical elements present in chito-
san, insulin and sodium tripolyphosphate membranes were detected by EDX technique. By SEM
technique, the changes in the morphology of the membrane containing insulin, with the presence
of granular particles of varying sizes, could be observed when compared to pure chitosan. With
HPLC assay insulin was identified and it was shown that it gets separated from chitosan mem-
brane even when the membrane was cross linked by the TPP, though at a reduced rate. The cros-
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slinking agent was effective to control the rate of insulin release. The biocompatibility of the pre-
pared membranes was confirmed by cell viability of macrophages using the MTT assay. The de-
veloped membranes, therefore, have potential for use as a biomaterial in controlled release sys-
tems for insulin.
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1. Introduction

Diabetes mellitus, a metabolic disease characterized by an abnormal increase of blood glucose and resulting
from defects in secretion and/or action of insulin by the pancreas, is considered as a global epidemic. It re-
presents a major challenge for health systems around the world. According to the World Health Organization
(WHO), the worldwide number of people with this disease was 177 million in 2000 and expected to reach 350
million people by 2025 [1].

Most treatments for diabetes are insulin-based and involve the daily administration of multiple subcutaneous
injections, which promote discomfort to the patient, especially children [2]. Thus, the aim of the present work is
to find a less traumatic alternative to insulin administration. Accordingly, the development of a delivery system
which can perform this function is needed. Due to their various applications and features, especially in con-
trolled drug release therapies, the polymers are among the most widely used excipients. Modifying the proper-
ties of a polymer, in which the active ingredient is dispersed or dissolved, a matrix system for sustained or con-
trolled drug release may be prepared [3].

Among the biopolymers chitosan, being abundant and non-toxic, stands out and has been used for various
purposes. It is indicated for metal ions complexing agent and as a basic element for making controlled drug re-
lease matrixes. Recently, thin chitosan membranes have already been subjected to such evaluations, especially
due to its physicochemical characteristics, such as easy formation of gels, filmogenic capacity and good me-
chanical properties [4]. Chemical modifications of chitosan by means of crosslinking reactions can produce ma-
terials with a wide range of physical, mechanical and biological properties. Sodium tripolyphosphate (TPP),
which contains an anion of low molecular weight, has been used in the ionic crosslinking process of chitosan
with the aim of optimizing the use of this polymer for controlled release drug delivery system application [5].

In this research chitosan, pure and TPP crosslinked, in which insulin was dispersed to form a composite
membrane, has been used as a polymer matrix. Thereby, the desired controlled release of insulin is expected.
The developed membranes were characterized by the techniques of Fourier Transform Infrared spectroscopy
(FTIR), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), High Perfor-
mance Liquid Chromatography (HPLC) and Evaluation of Cell Viability of Macrophages (MTT).

The prepared membrane’s possible use in controlled drug delivery systems via a transdermal and/or oral route
for the treatment of individuals with Diabetes Mellitus is suggested.

2. Materials and Methods
2.1. Materials

Chitosan (Cy,H»;N,O¢)—Chitosan, 75% - 85% deacetylated, molecular weight (190,000 - 310,000 daltons),
degree of polymerization from 1186 to 1924, provided by Sigma Aldrich®. Batch 3804 MKBC. Glacial acetic
acid (C,H,0,)—Vetec® Quimica Fina Ltda, with analytical grade. Batch 0801000. Sodium Hydroxide (NaOH)—
Vetec® Vetec® Quimica Fina Ltda, with analytical grade, molar mass 39.9971 g/mol. Batch 08071098. Insulin
(Ca57H333Ng5077S6)—Commercial Human Insulin liquid-Novolin N, manufactured by the laboratory Nordisk
Novo Pharmaceuticals of Brazil Ltda, Batch AS6 1049 provided by public health units of the region and com-
mercial Human Insulin powder (12643) provided by Sigma Aldrich®, molar mass (5807.57 g/mol). Batch
096K03811V. It is worth mentioning that only the liquid insulin was used for making membranes. Powder insu-
lin only was used, in this research, to perform the characterization by Scanning Electron Microscopy (SEM) and
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High Performance Liquid Chromatography (HPLC). Sodium tripolyphosphate (NasO1,P3)—Sigma-Aldrich®,
molar mass (367.86). Batch 16529COV. Lysozyme—Sigma Aldrich®. Phosphate Buffered Saline (PBS)-Sigma
Aldrich®, pH = 7.4. Batch 049K8204. Sodium sulfate (Na,SO,)—Carlos Erba Brazil, molar mass (142.04).
Acetonitrile (CH;CN)—Vetec® Fine Chemicals Ltd., molar mass (41.05). Batch 1008941.

2.2. Animals

For cytotoxicity assay the source of peritoneal macrophages used was male mice of Swiss type, provided by the
vivarium of the Faculty of Pharmaceutical Sciences of Araraquara, UNESP. All procedures that used animals
were conducted according to the norms of the Brazilian Society of Laboratory Animal Science (SBCAL) and as
advised by the local Ethics Committee.

2.3. Preparation of Chitosan Membranes

The chitosan membranes were prepared by solvent evaporation method [6] by dissolving the polymer in a solu-
tion of acetic acid (1% v/v), under magnetic stirring for a period of 24 hours, to a final concentration of the po-
lymer solution being 1% wi/v. Then, to remove Insoluble substances, a vacuum filtration was performed. After
filtration, the solution was kept under magnetic stirring, where, for complete neutralization of the acid, 1M so-
dium hydroxide was added dropwise and the pH of the solution was constantly measured until neutrality was
reached (pH = 7).

The solution thus formed was distributed in Petri dishes of 5.5 cm. The final volume of the solution in each
dish was 5 ml which was dried in a refrigerator at 8°C for 5 days till the solvent got evaporated completely. Af-
ter drying, the Petri dishes with the membranes were capped and kept refrigerated.

2.4. Incorporation of Insulin in Chitosan Membrane

The incorporation of insulin was carried out using the same technique, of solvent evaporation in the Petri dishes,
as described for preparation of chitosan membranes (Section 2.3). However, after neutralizion, the chitosan so-
lution was distributed in Petri dishes and insulin was added to each dish, such that in the end each 5 ml of chito-
san contained 1ml (100 1U) of insulin. Insulin was slowly mixed with chitosan with the aid of a glass rod. The
dishes were then placed in the refrigerator at 8°C for drying.

2.5. Incorporation of Sodium Tripolyphosphate (TPP) in Chitosan Membrane

The incorporation of TPP was carried out using the same technique, of solvent evaporation in the Petri dishes,
described for obtaining chitosan membrane (Section 2.3). However, after neutralization of the chitosan solution
tripolyphosphate (0.1% w/v) was added to have a final concentration of 1% polymer solution (v/v) under mag-
netic stirring for a period of 15 minutes [7]. Then, the solution was poured into Petri dishes. The remaining steps
were followed in the same order as described for the preparation of chitosan membranes and incorporation of
insulin (Section 2.4).

The membranes thus prepared were designated as: Q (Control group-pure chitosan membrane), QI (Experi-
mental group 1-chitosan membrane with insulin) and QIT (Experimental Group 2-chitosan, tripolyphosphate
and insulin membrane) and subsequently characterized.

2.6. Characterization Techniques

To identify the chemical compounds present in the prepared membranes, a Perkin Elmer Spectrum 400 FTIR/
FTNIR Spectrometer with scanning from 4000 to 400 cm™*, a resolution of 4 cm™ and 20 scans was used. Scan-
ning Electron Microscopy (SEM), HITACHI®, Model TM 1000, coupled with systems for chemical microana-
lysis by Energy Dispersive Spectroscopy-EDX, was performed to obtain morphological information on the
membrane surface. Chromatographic analysis was based on the method of High Performance Liquid Chromato-
graphy (HPLC) using an Ultra-Fast LC System (UFLC) from Shimadzu equipped with two pumps (LC 20AD),
with DGU 20A3, which offers degas options. Furthermore, the apparatus has: column oven (CTO 20A), UV
visible detector with deuterium lamp (SPD 20A), a system controller interface (20A MBC) and monitoring by
LC-Solution Software. Membranes containing chitosan, chitosan/insulin and chitosan/insulin/tripolyphosphate
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were used for this test. The membranes were individually cut and each one was placed in a beaker containing 40
mL of sodium sulfate buffer solution with pH = 2.4 and stirred in a magnetic stirrer (100 rpm) for 60 minutes.
After stirring the supernatant liquid was chromatographed by Ultra-Fast LC (UFLC) System from Shimadzu.
For the preparation of the standard solution powdered human insulin (Sigma Aldrich) diluted in the mobile
phase described below, concentration of 2 mg/mL, was used. The chromatographic separation was performed
with the aid of a C18 50 x 3.0 mm ID Shimadzu Shim-Pac analytical column, which was maintained at 40°C. A
binary method where the mobile phase consisted of a mixture of acetonitrile and buffer solution of 0.2 M so-
dium sulfate (30:70 v/v) was used. The pH was adjusted to 2.4 with H,SO, [8] [9]. The eluent flow rate was of
1.0 ml min*. The volume of sample injected was 20 pL. Detection was at a wavelength of 214 nm, with the to-
tal elution time of 5 minutes.

In order to follow 1SO 10993-5 norm, which recommends in vitro cytotoxicity as initial tests to evaluate the
biocompatibility of any material for use in biomedical devices, we chose the test MTT, [3-(4.5-dimethylthiazol-
2yl)]-2.5 diphenyl tetrazolium bromide, for assessing the cell viability of macrophages. To realize this step, it
was necessary to obtain peritoneal exudate cells using 6 Swiss mice previously stimulated by intraperitoneal in-
jection of 3.0 mL of sodium thioglycolate (Difco Lab LTD) of 3.0%, three days before the collection of cells.
After this period, the animals were euthanized in CO, inhalation chamber. Peritoneal exudate macrophages were
collected for preparation of the cell suspension. The number of cells was determined by counting in a Neubauer
chamber (Hemocytometer) in a 1:100 dilution of the Lazarus liquid. The cells were adjusted to a concentration
of 5 x 10° Cells in RPMI-1640-C media. 100 pL of the suspensions of peritoneal exudate cells of mice per well
was distributed in a 96 well flat bottom sterile plate (Corning, Inc.). A membrane disc made from chitosan, chi-
tosan/insulin and chitosan/insulin/TPP was then added. 3 discs from each composition of membrane were used
for each animal. In other wells of the plate with the same conditions, 100 uL of LPS (bacterial lipopolysaccha-
ride derived from E. coli, purchased from Sigma Aldrich at a concentration of 10 uL, or only culture medium
(negative control) were added. The plates were incubated for 24 h at 37°C in an oven containing 5% CO, (For-
ma Scientific, USA). After this period, 100 pL of a solution of MTT (Across Organics), 0.5 mg/ml in RPMI-
1640 medium was added to cell culture. The plate was then incubated for 3 hours in the same conditions. After
this incubation, the supernatants were discarded and adherent cells treated with 100 pL of isopropanol (Mal-
linckrodt) to solubilize the formed crystals of formazan. The reading of the optical density was determined using
a spectrophotometer (Multiskan Ascent, Labsystems Research Tech. Div, Helsinki, Finland) in UV/visible at
540 nm with reference filter of 620 nm [10]. The Cell viability was calculated as a percentage, considering the
negative control as 100% viability.

3. Results and Discussion
3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 1 shows the infrared spectrum of chitosan (Q), insulin-chitosan (QI) and insulin-chitosan-tripolyphosphate
(QIT) membranes.

Comparing the spectra of Q and QlI, in the spectrum of chitosan with insulin, in addition to the increase in the
intensity of absorbance, a slight displacement of the characteristic amide | (1646 cm ™) and amide 11 (1555 cm ™)
bands was noticed. These modifications of the spectrum may suggest a possible interaction between chitosan
and insulin.

While studying the interaction between chitosan and some drugs it was found that, in the FTIR spectra of
chitosan-insulin microparticles, the chitosan bands overlapped with those of insulin resulting in an increase in
the intensity of the carbonyl (1654 cm ') and amine (1540 cm™*) bands. This behavior was attributed to the inte-
raction between chitosan and insulin [7].

In the spectrum of the membrane containing insulin (QI), when compared to the chitosan membrane without
insulin (Q), a change in the intensity of the absorbance band at around 3331 cm™, was observed. This event may
be related to the fact that in this range of absorbance the insulin contains the same functional groups, thus caus-
ing increase in the intensity of this band due to the increased concentration of OH groups. Likewise, it should be
noted that, under conditions of this experiment, the vibration mode of the hydroxyl functional group was not in-
hibited.

In insulin-chitosan-tripolyphosphate (QIT) spectrum (Figure 1), an increase in absorbance between 3000 -
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Figure 1. FTIR spectra of Q, QI and QIT membranes.

3500 cm* with profile changing in the region 3412 cm* is observed. Certainly these results may be associated
to the ionic cross linking effect of the cross linking agent used which resulted in the vibration mode change of
the OH group and indicated a specific vibration of the NH, group.

An increase in the band intensitis at 1639, 1547 and 1409 cm %, possibly due to the interaction between chito-
san, tripolyphosphate and insulin, was also observed. Wu et al. (2005) [11], analyzing chitosan-tripolyphosphate
nanoparticles, found similar results and concluded that the tripolyphosphate groups of TPP linked with ammo-
nium groups in chitosan. A band at 794 cm* characteristic of TPP was also noticed. The absence of a band in
the region around 1220 cm™* (P = O TPP), reported by Gierszewska-Druzynska, Ostrowska-Czubenko (2010)
and Pierdg et al. (2009), is obseved. This could be due to the low concentration of TPP used in the present study
[12] [13].

3.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy
(EDX)

By analyzing SEM image for the morphology of pure chitosan membrane (Figure 2(a)), a uniform, smooth, flat
and no presence of visible pores surface was observed. Thus, it is characterized as a dense membrane. During
the studies on the morphology of chitosan film [14] [15] also found it to have a flat and dense surface. By intro-
ducing insulin in chitosan membrane (Figure 2(b)), the presence of granular particles of varying sizes can be
noticed. This may be attributed to a chemical activity sufficient to the formation of agglomerates whose mor-
phology differed from the structure of the polymer alone. This phenomenon may be associated to a kind of en-
capsulation. The micrograph of chitosan membrane with both sodium tripolyphosphate (TPP) and insulin is
shown in Figure 2(c). A rod-shaped morphology of different sizes which is spread throughout the membrane
surface can be verified.

In Figure 3(a), in the EDX spectrum, the elements O, C, N present in the chitosan membrane itself are shown.
In addition the element Na, probably remnant of the neutralization process, is seen. The chemical analysis of
Chitosan Membrane QI, obtained by EDX (Figure 3(b)), showed a change in its chemical composition. Herein,
the observed presence of element sulfur thus confirmed the presence of insulin in the film. Certainly this change
in morphology, when compared with the micrographs shown in Figure 2(a) and Figure 2(b), can be attributed
to the phenomenon of cross-linking occurring primarily between the chains of chitosan and TPP. Therefore, the
association of the element of crosslinker and of insulin altered the morphology of the chitosan membrane. In the
analysis by EDX (Figure 3(c)) the presence of phosphorus (P) and sulfur (S) is distinguished.

G2



H. A. Lima et al.
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Figure 2. SEM images of the surfaces of (a) Chitosan Membrane Q, 1000x%; (b) Membrane QIl, 2000x%; and (c) Membrane
QIT, 2000x.
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3.3. High Performance Liquid Chromatography (HPLC)

The high performance liquid chromatography (HPLC) can be used to identify compounds by comparing the
sample retention time to a standard reference [16] [17].

In Figure 4 the chromatograms of the supernatant samples of chitosan, chitosan-insulin and chitosan-insulin-
tripolyphosphate membranes are presented.

In the range of 0.5 and 0.8 minutes a overlapping of chitosan characteristic peaks can be observed. It can also
be noticed that insulin, separated from the other two membranes: QI and QIT, shown as black and pink peaks
respectively, had a retention time of approximately one minute. This time is identical to that of standard insulin.
It, therefore, suggests that insulin has been identified and it gets separated from the chitosan membrane without
undergoing any structural change. It is noteworthy that the area of the insulin peak of QIT is relatively smaller.
Thus, insulin is released with difficulty from the chitosan membrane when crosslinked by TPP.

3.4. Evaluation of Cell Viability of Macrophages

The objective of this test was to determine the cell viability on the surface of the produced membranes for their
use in living organisms. Figure 5 illustrates the results of this test.
Cells in culture medium (RPMI-16,400) were used as a control, being equivalent to 100% viability and are
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shown in the last column (NC = negative control ) of Figure 5. The results shown in Figure 5 were obtained
using the mean (xStandard Deviation) value of peritoneal exudate cells of 6 animals and 3 membranes of each
composition per animal.

Comparing to a minimum of 50% biocompatibility required for cytotoxicity test [18], the results in Figure 5
for the membranes Q, QI, and QIT, shown in first, second and third columns respectively, analyzed in this assay,
demonstrate viability for their use as biomaterials since all the samples exhibited similar behaviors being equiv-
alent to that of the negative control, CN, and the values obtained were above 90%.

The in vitro cytotoxicity assay is considered to be the first test to evaluate the biocompatibility of the mate-
rials to be used in health and after being proven as non-toxic, continuity can be given to carrying out other ne-
cessary tests on laboratory animals [19]. Thus, from the results obtained in this study, it can be inferred that all
the produced membranes may be tested in vivo assays.

4. Conclusions

The technique of spectroscopy in the infrared region identified, for the prepared membranes, the interaction be-
tween chitosan, insulin and tripolyphosphate through changes in absorption regions 3000 - 3500 cm * and 1600 -
1700 cm %, attributed to hydroxyl and amino groups, respectively. Besides, the appearance of a band at 794 cm*
characteristic of tripolyphosphate has been observed.

The Energy Dispersive X-ray Spectroscopy (EDX) technique verified the presence of chemical elements
present in chitosan, insulin and sodium tripolyphosphate in the membranes.

With the technique of scanning electron microscopy, it was possible to notice a change in the morphology of
the membrane due to the presence of granular particles of varying sizes. The presence of these particles and the
chemical element sulfur (observed in EDX) is indicative of the presence of insulin in the membranes developed.

The liquid chromatography (HPLC) test identified insulin separation from chitosan membrane and even when
the membrane was crosslinked by the TPP, though released relatively with difficulty.

The biocompatibility of the membranes was confirmed with tests for assessing cell viability of macrophages.

Considering the above, it can be concluded that the process described in the methodology for obtaining mem-
branes Q, QI, and QIT proved effective.

The results of these observed modifications suggest the presence of insulin incorporated in chitosan mem-
brane with or without tripolyphosphate. This crosslinking agent was effective to control the rate of insulin re-
lease from the chitosan membrane

We suggest a possible use of this membrane in controlled drug delivery systems, through a transdermal and/or
buccal route. This way it shall be a comfortable, effective and safe, being less invasive, painless and more pro-
longed action method.
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