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The current study aims to design a nanoparticulate system that could encapsulate insulin and improve its sta-
bility. Nanoparticles were formulated by ionic cross-linking of chitosan (CS) with carbonate divalent anions. The
interaction between the two moieties was evidenced by AFM, FTIR and surface tension measurements. CS car-
bonate nanoparticles were prepared with different mole fractions. The mole fraction of carbonate that produced
the smallest size nanoparticles and highest zeta potential (40 nm and +39 mV, respectively) was determined.

Circular dichroism (CD) studies revealed that insulin conformation was not affected by CS at 20 °C. However, the
studies at elevated temperatures demonstrated that CS had a role in insulin stabilization. Fluorescence spec-
troscopy indicated the interaction between insulin and CS carbonate. The findings from this investigation showed
the potential use of CS carbonate as an insulin stabilizer and at the same time as an insulin nanocarrier system.

1. Introduction

Diabetes mellitus is an endocrine disorder results in elevating blood
glucose level (Jarrar, Al-Essa, Kilani, Hasan, & Al-Qerem, 2018). Exog-
enous insulin is usually administered by subcutaneous injection to treat
diabetic type I patients (Rull et al., 2005). However, insulin is a delicate
protein molecule. Its three-dimensional structure could be easily dis-
rupted during formulation, manufacturing and storage. Excipients are
added to preserve the stability of this challenging molecule. Poly-
sorbates (non-ionic surfactants) are classical insulin stabilizers which
are used in commercial products to minimize adsorption and aggrega-
tion. Recently, many concerns about their usage in protein formulations
have been raised. Polysorbates contain polyoxyethylene moiety that
undergoes autoxidation and form peroxides that damage protein's
structure and increase its immunogenicity (Maggio, 2012). These
problems make the search for alternative stabilizers a necessity.

Rasmussen, Tantipolphan, van de Weert, and Jiskoot (2010) exam-
ined the effect of molecular chaperone a-crystallin on insulin's physical
stability and compared it with common stabilizers. The molecular
chaperone o-crystallin demonstrated superior stabilizing effect
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compared to human serum albumin, polysorbate 80 and sucrose. Other
studied insulin's stabilizers were modified sugars, zwitterionic and
trehalose degradable polymers and natural polymers such as gelatin and
chitosan (CS) (Piccinini et al., 2022, Pelegri-O'Day et al., 2020, Jaya-
mani & Shanmugam, 2016, Elsayed, Al Remawi, Qinna, Farouk, &
Badwan, 2009). Actually, CS is considered an interesting polymer which
was used as a carrier for delivery of both chemical and protein-based
ingredients that control diabetes mellitus such as metformin (Lari,
Zahedi, Ghourchian, & Khatibi, 2021), glipizide (Kar & Pati, 2019),
extindin-4 (Lee et al., 2013) and insulin (Sharma, Arora, Banerjee, &
Singh, 2021).

Nano delivery systems were also explored to suppress aggregation of
biopharmaceuticals. Nanoparticles showed high potential in protecting
insulin from thermal and chemical aggregation (Das, Chakrabarti, &
Das, 2015). However, the effect of nanoparticles on protein's stability
depends on surface chemistry of the nanoparticles and intrinsic protein
stability (Cabaleiro-Lago and Lins, 2012). Herein, we investigated the
stability of insulin incorporated in CS-carbonate nanocarrier.

CS has gained considerable attention due to its biocompatibility,
biodegradability, non-immunogenicity, non-toxicity, and ability to
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Fig. 1. CS carbonate structural changes upon crosslinking (a) schematic rep-
resentation of CS polymer upon crosslinking with carbonate divalent anions. (b)
FTIR of 1—crosslinked CS carbonate, 2—physical mixture (PM) of CS/sodium
carbonate, 3—CS and 4—sodium carbonate.
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Fig. 2. Surface tension kinetics after the sequential addition of CS and sodium
carbonate (Well 2) and water additions (Well 1) (control). The attached
Table describes the sequence of addition.

enhance the absorption of peptides and proteins (Chen et al., 2013; Ma
& Lim, 2003). Nano-polymeric colloids formulated from CS have been
explored as carrier systems for in vivo delivery of insulin and showed
promising results (Al-Remawi, Elsayed, Maghrabi, Hamaidi, & Jaber,
2017; Badwan et al., 2009; Elsayed et al., 2009; Elsayed et al., 2011).
Different methods for fabrication of CS nanoparticles were discussed in
literature (Du, Luo, Xu, & Chen, 2007; Grenha, 2012). However, ion-
tropic gelation of CS with polyanions remains the most popular method
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for delivery of peptides and proteins. The delicate structures of these
molecules were preserved during processing as this method does not
involve high temperature or organic solvents. Polyanions such as tri-
polyphosphate, sulfate, citrate, poly [y-glutamic acid], were proposed as
crosslinking agents for CS (Al-Remawi, 2012; Bagheri, Younesi, Hajati,
& Borghei, 2015; Diop et al., 2015; Lin et al., 2005). Recently, carbonate
anions were used to crosslink high molecular weight CS excipient. The
excipient was used to produce orally dispersible solid pharmaceutical
formulations (Al-Remawi & Al-Akayleh, 2020). The aim of this study is
to investigate stability of insulin loaded in low molecular weight (LMW)
CS carbonate nanoparticles produced by ionotropic gelation as a
formulation prerequisite for development of buccal insulin delivery
system. The study demonstrates the importance of using CS poly-
saccharide as delivery system in disease treatment through simple
chemical modifications leading to low-cost natural medicine. Factors
affecting the delivery system were characterized by FTIR, surface ten-
sion, particle size, zeta potential and atomic force microscope. The effect
of changing pH and temperature on insulin physical stability was also
evaluated. Moreover, circular dichroism (CD) and fluorescence micro-
scopy studies were conducted to gain more information about confor-
mation and secondary structures of free and encapsulated insulin.

2. Experimental
2.1. Materials

LMW CS was prepared by acid hydrolysis with a molecular weight
average around 13 kDa and degree of deacetylation DDA of 100% ac-
cording to our previous published work (Obaidat et al., 2010; Qandil
et al., 2009). Rh-insulin was obtained from Sigma-Aldrich. Sodium
carbonate, anhydrous was purchased from PRS Panreac Quimica SA,
Spain.

2.2. Methods

2.2.1. Preparation of CS/carbonate nanoparticles

The method was adopted with modifications according to Al-
Remawi, 2012. 0.1% w/v LMW CS was prepared in 100 ml 0.01 M HCl
with stirring at room temperature the pH of the solution was maintained
in the acidic range i.e. 3.9-4. Another, 1% w/v sodium carbonate in 100
ml distilled water was prepared to produce the alkaline crosslinking
solution. In another beaker, various volumes of carbonate solution were
added drop wise to 10 ml 0.1% w/v CS solution while mixing using
magnetic stirrer (900 rpm) for 2 min at ambient temperature to produce
the nanoparticle dispersion at different molar ratios where, the changes
in pH, particle size and zeta potential were monitored upon each
addition.

2.2.2. Preparation of CS/carbonate nanoparticles loaded with h-insulin
An amount of 44 mg insulin was dissolved in 10 ml 0.01 M HCI and
the volume was completed with water up to 100 ml. To the previous
insulin solution, 100 mg LMW CS was dissolved, then suitable amount of
1% w/v sodium carbonate solution was added drop wise with stirring
using magnetic stirrer (900 rpm) for 2 min at ambient temperature,
while monitoring the changes in pH, particle size and zeta potential.

2.2.3. Surface tension kinetics

Surface tension kinetic study was conducted at room temperature
using surface tensiometer (Kibron with KBN 315 sensor head, Finland).
Two clean wells were used and the sequence of addition of solutions to
the wells, each containing 1 ml double distilled water, was as follows:

Well-1: To 1 ml double distilled water, two portions of 0.1 ml double
distilled water were added at 150 and 250 s sequentially
(control).
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Fig. 3. AFM contact mode using MPP-AFM tips crosslinked CS carbonate upon the addition of sodium carbonate 0, 50, 80 and 120 mg to 10 ml 0.1% w/v CS. The

scanned area 50 pm x 50 pm.

Well-2: To 1 ml double distilled water, 0.1 ml 0.1% w/v CS was added
after 150 s then after 250 s another 0.1 ml of 1% w/v sodium
carbonate was added.

2.2.4. FTIR

The crosslinked CS carbonate was prepared as mentioned before and
dried in an oven at 40 °C for 48 h. The 10 mg powder samples of
crosslinked CS carbonate, physical mixture of CS/sodium carbonate, CS
and sodium carbonate were mixed individually with 200 mg KBr and a

disc was formed and Abs was measured using FTIR (Perkin-Elmer, UK).

2.2.5. Atomic force microscopy (AFM)

Different amount of sodium carbonate (0, 50, 80 and 120 mg) were
added to 10 ml of 0.1% w/v CS solutions to form crosslinked CS-car-
bonate nano-suspensions. The nano-suspensions were diluted with
distilled water by 1:10 volume ratio. One drop sample was carefully
spread as a very thin layer over a glass slide and the samples were left to
dry in closed drying oven at 35 °C for 4 h. The surface morphology of the
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Fig. 5. Effect of mole fraction of carbonate anion to glucosamine monomers
present in CS on (a) changes in particle size and pH upon the addition of car-
bonate anions to insulin/CS solution, and (b) changes in zeta potential and pH
upon the addition of carbonate anion to insulin/CS solution.

produced smear particles was scanned using AFM (Dimension® Edge™
Atomic Force Microscope, Bruker). The AFM head is seamlessly inte-
grated with light microscope instrumentation, were photos of the sur-
face were taken prior to scanning by AFM. AFM photos were scanned
using tapping mode operation with a tip model. AFM contact mode using
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MPP- AFM tips composed of MPP-33220-W, 5 N/m, 40 kHz, Asymmetric
Tip, Al Reflective.

2.2.6. Particle size and zeta potential measurements

To a constant concentration of CS (1 mg/ml), different volumes of
sodium carbonate were added drop wise with mixing to have a final
concentration of sodium carbonate in the mixture in range of
(0.15-0.55 mg/ml). Zeta potential and median particle size were
determined for all samples using Zetasizer Nano ZS (Malvern In-
struments, UK) at 25 °C. Five measurements with 10 runs were con-
ducted and the average was calculated.

2.2.7. pH changes

pH autotitration profiles of CS with carbonate anions were prepared
as follows: sodium carbonate, alkaline solution, was used to titrate the
positively charged CS. 1 g sodium carbonate was placed in 100 ml
distilled water and used to titrate 25 ml of 0.1% w/v CS in 0.01 M HCl
solution using the pH autotitrator unit attached to Zetasizer Nano-ZS
(Malvern Instruments, UK) starting from pH around 3.5 until reaching
7.5. Similarly, the CS/insulin solution prepared as mentioned previously
was also titrated with 1% w/v sodium carbonate solution.

2.2.8. Loading capacity and encapsulation efficiency

To determine the effect of addition of carbonate anion on loading
capacity and encapsulation efficiency of insulin, six samples were
evaluated. Carbonate anion was added to CS in mole fractions of 0, 0.09,
0.22, 0.28, 0.36 and 0.4 to solutions containing constant concentration
of insulin dissolved in 0.01 M HCl i.e. 0.4 mg/ml.

The amount of insulin loaded within nanoparticles has been
described in our previous work (Elsayed et al., 2011). Briefly, to deter-
mine insulin loaded in CS carbonate nanoparticles, samples were
centrifuged at 15,000 rpm for 30 min. Insulin content in the supernatant
was assayed by high pressure liquid chromatography, HPLC (Thermo-
spectra HPLC using TSP 1000 pump system with TSP 1000 UV-VIS
detector and a TSP AS 3000 autosampler, Spectra System, USA). The
conditions employed were as follows: the column was ACE 5 pm, 250
mm x 5 mm i.d. and 300 A pore size (ACE, Scotland); detection at 214
nm; eluent, acetonitrile-aqueous solution of 0.2 M sodium sulfate acid-
ified with concentrated phosphoric acid to pH 2.3 (volume ratio 27:73);
flow rate was 1 ml/min. The HPLC analytical method was verified in
terms of linearity, specificity and precision (Elsayed et al., 2009). The
inter and intra-day variability using different standard insulin concen-
trations were within a coefficient of variation CV below 2%.

Loading capacity (LC) was the percentage of actual mass of insulin
loaded in nanoparticles to the total mass of nanoparticles, while the
encapsulation efficiency (EE) was the percentage of the actual mass of
insulin loaded in nanoparticles to the initial insulin mass used in the
formulation of nanoparticles. The formulas for calculating LC and EE are
as follows:

M
LC=——x100 (@D)]
MNP
M
EE = ©))
Mimia]

in which M is the actual mass of insulin loaded in the nanoparticles, Myp
is the total mass of the nanoparticles, and Mjpjtia is the initial mass of
insulin used in the preparation of the nanoparticles (Raut, Doijad,
Mohite, & Manjappa, 2018; Lu et al., 2019).

2.2.9. Particle morphology

To determine the particle morphology of insulin loaded CS carbonate
nanoparticles, scanning electron microscope, SEM (Phenom XL G2
scanning electron microscope, Thermo Fisher Scientific coupled with
AXS EDS system) was used. The SEM images were collected at 6.10-4 Pa
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Scheme 1. Demonstration of the formation of insulin loaded CS carbonate nanoparticles.

and with 15 kV accelerating voltage.

All samples were containing insulin at concentration of 0.4 mg/ml in
0.01 M HCI, then carbonate anions were added to CS at carbonate anion
molar fractions 0, 0.28, 0.36 and 0.4. A single liquid drop specimen was
placed onto the metal sample holder using an electrically conductive
adhesive. The specimens were dried at room temperature in vacuum
oven for 4-6 h until complete dryness. SEM images with magnifications
10,000x were taken.

2.2.10. In vitro release study

Insulin loaded CS carbonate samples were prepared as mentioned
previously with insulin concentration (0.4 mg/ml) and carbonate anion
mole fraction (0.36). The CS carbonate samples (10 ml) were placed in
dialysis bags. The dialysis bags were put in 200 ml dissolution media. In
vitro dissolution was carried out using USP Type-II paddle apparatus at
rotational speed of 100 rpm and temperature 37 + 0.5 °C. The release
media used was either 0.1 M HCI (pH 1.2) or USP phosphate buffer (pH
6.8) for 1 h. The release medium was withdrawn (1 ml) at regular time
intervals and analyzed for insulin content using the HPLC method
mentioned before.

2.2.11. Particle size (Z-average) and thermal stability

Changes in particle size (Z-average) were used to evaluate the ther-
mal stability of insulin loaded in CS carbonate (Elsayed, Al-Remawi,
Maghrabi, Hamaidi, & Jaber, 2014). Z-average measurements were
carried out with Zetasizer Nano ZS (Malvern Instruments, UK). Insulin-
loaded in CS carbonate nanoparticles were diluted to final insulin con-
centration 0.1 mg/ml with pure dust free deionized water. Particle size
measurements (Z-average) for free and encapsulated insulin were also
performed in a temperature range 20-90 °C.

2.2.12. Circular dichroism (CD)

CD spectra of free insulin and insulin loaded CS carbonate nano-
particles samples were determined at 20 °C with a total nitrogen flow of
5 I/min on Circular Dichroism Spectrometer (Chirascan, Applied Pho-
tophysics, England). All materials were prepared at insulin final con-
centration of 0.1 mg/ml and scanned from 190 to 280 nm, the time
points were 0.5 and time interval was 0.1 ms. The effect of temperature
on the spectra was also determined by heating the samples at constant
rate (2 °C/min) starting from 25 to 80 °C with a scan range from 190 to
280 nm. Deconvolution was carried out using CDNN program (Dr.
Gerald Bohm, Applied Photophysics, UK) and so the percentages of o-
helix, p-sheet and random coil in free and associated insulin were
calculated accordingly (Elsayed et al., 2014).

2.2.13. Fluorescence spectroscopy measurements

The fluorescence property of the Tyrosine [Tyr] residues was used to
follow the interaction of insulin with CS carbonate nanoparticles. All of
the fluorescence measurements were carried out using a Varian Cary
Eclipse spectrofluorimeter. Insulin loaded CS carbonate nanoparticle
sample was incubated for 24 h. To estimate the direct effect of insulin
loaded CS carbonate nanoparticle on Tyr fluorescence, free insulin
sample was prepared as a reference solution. The excitation wave length
was performed at 276 nm and emission spectra were recorded between
285 nm and 450 nm with the fixed slit width of 5 nm.
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after storage at ambient conditions for 4 h. The prepared tubes were analyzed
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3. Results and discussion

3.1. Formulation and characterization of crosslinked LMW CS carbonates
nanoparticles

In this study, LMW CS was used for preparation of nanoparticles
since it produces a reasonable small-sized particles compared to high
molecular weight candidates (Hui-Chia, 2009). CS molecular chains are
extended in solution due to charge repulsion of highly protonated amino
groups. The chains are expected to be accessible by the small carbonate
anions, where carbonate divalent anions serve as pH neutralizer and at
the same time crosslinking agent. Chain-crosslinking of CS by carbonate
anions could produce compact nanoparticles as illustrated in the sche-
matic representation in Fig. 1(a). It may also react with CS and form
nano-structures that are adsorbed at the surface and reduce surface
tension as discussed in surface tension measurements below. Moreover,
in FTIR spectrum, the carbonyl functional group band at 1770 cm™!
disappeared in the complex due to polymer engulfment and formation of
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a highly restricted bond due to interaction between carbonate anion and
amine group of CS, as shown in Fig. 1(b) (Jain & Jain, 2010).Two ab-
sorption bands appeared in the spectrum of CS crosslinked with car-
bonate; band at 1640 cm ! assigned to antisymmetric deformation N—H
vibrations in NH{ ion and another split band at 1112 and 1107 ecm ™},
corresponding to antisymmetric stretching vibrations of carbonate
groups, confirms the formation of ionic crosslinks between NH3 groups
of CS and carbonate anions. Such crosslinking interactions would
involve ion-ion, ion-dipole and hydrogen bonding (Gierszewska-Dru-
zynska & Ostrowska-Czubenko, 2011).

As a proof of this interaction, surface tension measurements were
performed as shown in Fig. 2. When CS was added to water, surface
tension remained constant (Al-Sou'od, 2013). However, when sodium
carbonate was added to CS solution, a pronounced reduction in surface
tension from 72 to 40 mN/m occurred. Sodium carbonate induced a
structural change in CS that lead to change in surface tension. The
addition of crosslinking carbonate anions decreased CS nanoparticles
electrostatic charges. Consequently, the repulsion force between the
nanoparticles and the liquid molecules increased which enhanced the
adsorption to the surface and therefore, reduced surface tension
(Bhuiyan, Saidur, Amalina, Mostafizur, & Islam, 2015). Similarly,
physical crosslinking of water soluble low molecular weight CS pro-
duced water-insoluble nano-structures as in the case of crosslinking of
CS with pentasodium tripolyphosphate, sulfate and carbonate anions
(Rivas, Urbano, & Sanchez, 2018; Gierszewska & Ostrowska-Czubenko,
2016; Al-Remawi & Al-Akayleh, 2020).

The particle size changes of the dried aggregated structures were
scanned in an area of 50 x 50 pm using the MPP-AFM contact mode,
Fig. 3.

The figure indicated the presence of relatively large aggregated dried
structures ranging from 1000 to 10,000 nm for CS, while the addition of
carbonate to CS resulted in the existence of large number of nano-sized
particulates ranging from 100 to 300 nm. This could indicate the
crosslinking of CS polymer chains with carbonate anions (Marques,
Chagas, Fonseca, & Pereira, 2016). Furthermore, particle size and zeta
potential were also measured for crosslinked CS carbonate in the
aqueous state and the suitable crosslinking molar ratio was determined,
as shown in Fig. 4.

Parameters that influence particle size of crosslinked CS nano-
particles would be pH, the ratio of CS to carbonate anions, condition of
mixing and CS molecular weight. In this study, the parameters that in-
fluence particle size were studied simultaneously. In other studies, each
parameter was investigated individually while fixing other parameters
(Abdel-Hafez, Hathout, & Sammour, 2014; Asasutjarit, Sorrachaita-
watwong, Tipchuwong, & Pouthai, 2013). In our study, the parameters
are interrelated and couldn't be separated. As illustrated in Fig. 4(a), the
particle size was influenced by the mole fraction of the two interacting
moieties i.e. carbonate anions and glucosamine monomer cations;
however, the pH of the dispersion medium was also changed with the
change in mole fractions. The pH determined the density of charges on
the interacting molecules and the electrostatic interaction between CS
and carbonate anions. Thus, the particle size change was not dependent
on change of mole fraction alone but it was a resultant of these two
interacting parameters i.e. the ratio and the pH. An increase in the pH
was observed with the increase of the carbonate mole fraction. This was
expected, as sodium carbonate is an alkaline solution (pH about 11.3)
and when it was added to acidic solution of protonated CS of pH around
4, the pH increased first rapidly and then slowly. At pH 5.5, 90% of CS
will be ionized since CS pKa is 6.5 (Athavale et al., 2022). The cross-
linking of CS with carbonate ions leads to formation of smallest particle
size due to CS polymer chains shrinkage. The optimal interaction based
on molar fraction of carbonate and glucosamine monomer was deter-
mined to be at the lowest particle size produced. It was found to be 0.23
and 0.77 for carbonate and glucosamine monomers, respectively. Thus,
approximately each molecule of carbonate divalent anion would coor-
dinate with 3 molecules of glucosamine monomer monovalent cation to
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Fig. 7. SEM images of microstructure of insulin loaded CS carbonate preparation. Where, insulin (0.4 mg/ml) in 0.01 M HCl was subjected to carbonate anions to CS
at molar fractions (a) 0, (b) 0.28, (c) 0.36 and (d) 0.40. Images were taken at magnification 10,000x.
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Fig. 8. Insulin release from insulin loaded CS carbonate (at carbonate mole
fraction 0.36) in 0.1 M HCI and phosphate buffer pH 6.8.

produce the optimal smallest particle size. A steep increase of the par-
ticle size was noticed when the fraction of carbonate was further
increased above 0.35, where pH became >6.5. This may be due to vast
neutralization of the amino functional groups i.e. more than 50% of
glucosamine monomers will be neutralized, which leads to the decrease
in CS solubility and aqueous dispersibility and subsequently leading to
CS polymer precipitation. These results were in accordance with a pre-
vious report about particle size of CS-TPP nanoparticles, which was
found to be pH sensitive (Antoniou et al., 2015). Another explanation,
the reduction of particle size when pH increased up to 5.5 may be

probably caused by the reduction of repulsive interaction between
positively-charged CS because CS positive charges reduced when pH
increased. When pH increased from 5.5 to 7.0, loss of electrostatic
interaction between CS and carbonate anions caused by neutralization
of CS positive charges loosened cross-linking of nanoparticles that
resulted in increase of particle sizes.

Zeta potential was also sensitive to concentration of carbonate an-
ions and pH of the solution. The highest value [+40 mV] was noticed at
pH 5.5 i.e. at carbonate mole fraction of 0.23, as shown in Fig. 4(b). This
indicates that the resulted positively charged nanoparticles would have
the maximum physical stability at pH 5.5. At pH below 5.5, carbonate
anions act as mild counter-ions that replaces chloride counter-ions of CS
glucosamine monomers. Thus, carbonate anions would not reduce the
positive charge of CS nanoparticles, rather the CS folding by such
crosslinking interactions leading to more shrinkage and folding CS
backbone which resulted in an increase in positive charge in the CS
surface charge density. Above pH 5.5, upon further addition of car-
bonate, glucosamine started to lose its positive charges due to pH change
and thus the positive charge of CS nanoparticles started deceasing. This
was evidenced by the formation of larger particle size due to instability
of these systems which eventually leads to their aggregation. The use of
multivalent anions to crosslink amino polymers has been described
elsewhere (Al-Remawi & Al-Akayleh, 2020, Thakashinamoorty et al,
2010).

After the addition of insulin to CS carbonate, the lowest particle size
was observed at carbonate mole fraction 0.27 and pH 5.1 to 5.5 in the
presence of fixed amount of insulin using different mole fractions of
carbonate to CS, Fig. 5(a).
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and insulin loaded CS carbonate at 20 °C.

This result indicated the presence of insulin affected the reaction of
carbonate anion to CS. It seems that more carbonate anions were
required to have the lowest particle size compared to carbonate/CS
without insulin. Similarly, a rapid increase in particle size was noticed
when the mole fraction of carbonate was increased above 0.35, where
pH > 6.5. Moreover, the change in zeta potential was different due to the
existence of insulin. There was a reduction in surface charges of the
nanoparticles prepared at different carbonate anion mole fraction, Fig. 5
(b). This could be explained by neutralization of some of CS charges with
insulin. Insulin acquired negative charge above its isoelectric point (IEP)
which is 5.5. pH increased almost linearly with the increase in carbonate
mole fraction. Particles formed large aggregates at pH 6.5 which
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coincide with the reduction in zeta potential of CS. Based on these
findings, an optimum mole fraction of carbonate anion which gives a
reasonable nano-size, zeta potential was selected to be 0.27.

A scheme was established to demonstrate the effect of carbonate
anion addition to the formation of insulin loaded CS carbonate nano-
particles, Scheme 1. At pH below 4, CS and insulin should have a posi-
tive charge with no significant interaction before the addition of
carbonate anion. Upon the addition of a sufficient amount of carbonate
to change the pH 5.1 to 5.5, CS started crosslinking with carbonate anion
in the presence of insulin. The associated insulin started to precipitate at
its IEP inside the CS carbonate nanoparticle. Further addition of car-
bonate anions resulted in an increase in pH above 6.5 where CS started
losing its charge and precipitated and so releasing the associated insulin.

3.2. characterization of insulin loaded CS carbonates nanoparticles

In order to study loading capacity (LC) and encapsulation efficiency
(EE) of insulin in CS carbonate nanoparticles, different mole fractions of
carbonate anions to CS were added to solution containing constant in-
sulin concentration (0.4 mg/ml). The mixture resulted in the production
of insulin loaded CS carbonate nanoparticles as depicted in Fig. 6. The
increase in solution turbidity was noticed as the fraction of carbonate
increased, as in Fig. 6(a). This is due to the increase in the degree of
crosslinking and so precipitation produced. All the preparations showed
physical stability upon storage except the preparation where carbonate
was added at 0.4 mol fraction. Mole fraction 0.4 (where pH of the so-
lution around 6.5) showed particle aggregation and precipitation.

Insulin LC in the nanoparticle system was in the range of 21-27%,
Fig. 6(b), while the EE reached a maximum limit at carbonate anion 0.4
mol fraction (98%), Fig. 6(c). However, due to physical instability of
formula of 0.4 mol fraction, the selected preparation for further testing
was 0.36 mol fraction with EE of 71%. The high LC (>20%) and EE
(>70%) are considered important properties in any nanocarrier system
(Cohen et al., 2000; Liu, Yang, Jin, Xu, & Zhao, 2020). These parameters
directly affect the physicochemical and therapeutic effect of the system.
However, results showed that the amount of insulin encapsulated was
dependent on carbonate concentration and pH of the system. The
entrapment efficiency increased significantly at higher carbonate mole
fraction at pH in the range of 5.5 to 6.5.

SEM images of insulin loaded CS carbonate were carried out to
observe the nanoparticle morphology, Fig. 7. Insulin formed cubic
crystalline structures in the absence of carbonate anions, Fig. 7(a).
Similar findings were observed for insulin crystallization in acidic and
alkaline solutions (Gursky, Badger, Li, & Caspar, 1992; Timofeev et al.,
2010).

The addition of carbonate anion in mole fraction 0.28, decreased the
number of crystalline structures and at same time resulted in the pro-
duction smaller sized insulin crystals, Fig. 7(b). Further addition of
carbonate anions resulted in disappearance of insulin crystalline struc-
tures and instead nano-structures or sphere were clearly observed i.e. at
molar fractions of 0.36 and 0.4, Fig. 7(c) & (d), respectively. Conse-
quently, the SEM images could indicate that insulin was encapsulated in
spherical smooth surface nanoparticles at carbonate to CS mole fractions
higher than 0.36.

In vitro release profiles of insulin from insulin loaded CS carbonate
nanoparticles (carbonate mole fraction 0.36) was performed in release
media mimicking physiological pH of the stomach and buccal cavity i.e.
pH values were 1.2 and 6.8, respectively at 37 °C (Baliga, Muglikar, &
Kale, 2013; Liu et al., 2021). Insulin showed slower release pattern
behavior at pH 6.8, compared to the release in at pH 1.2, Fig. 8. Thus, the
nanoparticles could have less protection power to insulin in acidic
condition of the stomach compared to slightly neutral pH conditions of
the buccal cavity. This could indicate that such formulation could be
more suitable for insulin buccal delivery.
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3.3. Stability of insulin CS carbonates nanoparticles

In Fig. 9(a), traces of insulin particle size and counts rates values
versus temperature were depicted. A noticeable increase in counts rates
with concomitant reduction in particle size at 60 °C could be attributed
to dissociation of insulin hexamers and dimmers into monomers with
smaller particle size and concomitant increase in particles number.
Another explanation is the unfolding of insulin which, results in an in-
crease in number of species as evidenced by tremendous increase of
counts rates values at 60 °C. It is possible that the two processes were
occurred consecutively, dissociation followed by unfolding. Following
unfolding, inter-polymer hydrophobic interactions can lead to non-
specific aggregation of the denatured polypeptide chains which
occurred at 75 °C as confirmed by pronounced increase in particle size
accompanied with reduction in counts rates values. This is in agreement
with previous study in which the average denaturation temperature of
insulin was 73.1 °C (Mao, Bakowsky, Jintapattanakit, & Kissel, 2006;
Picone & Cunha, 2013; Soleymani et al., 2016).

When insulin was incorporated into nanoparticles, the trace was
complex due to instability of the nanoparticles at higher temperatures.
However, the sharp peak of insulin at 75 °C was not observed as illus-
trated in Fig. 9(b). Nanoparticles may protect insulin at high tempera-
tures. Other studies demonstrated that CS stabilized insulin partially
(Elsayed et al., 2009; Jintapattanakit et al., 2007).

In order to understand the role of CS carbonate system in stabiliza-
tion of insulin, circular dichroism (CD) scans were conducted at different
temperatures for both insulin and CS carbonate. CD measured in far
ultraviolet range was used for determination of secondary structure of
proteins (Elsayed et al., 2014). CD traces of insulin and CS carbonate
were displayed. In insulin and insulin loaded CS carbonate nanoparticles
two minima at about 210 and 222 nm were obtained which indicated the
helical structure of insulin consistent with previous reports (Elsayed
et al., 2014; Sarmento, Ferreira, Jorgensen, & Van De Weert, 2007),
deconvolution was carried out to illustrate the proportion of secondary
structure elements for insulin and insulin-CS carbonate solutions at
20 °C, Fig. 10. Both of them contain about: 28% a-helix, 13% antipar-
allel and 9% parallel p-sheet, 18% p-turn and 32% random coil. The
slight difference between the two samples could be within the software
error i.e. less than 2% error. This indicates that CS carbonate didn't
change the conformation of insulin. However, other studies reported
higher percentage of helical structures for example the values for zinc
free insulin was 57% and in another study it was 46% (Hinds & Kim,
2002). It seems that zinc content affect the proportion of a-helix. Xin-
Hua et al. related the reduction in helical element to dynamic pertur-
bation or segmental changes in conformation (Hua et al., 2006). Expo-
sure of insulin to air/liquid interface like in stirring or centrifugation
promotes conformational changes that were detected by CD (Hua et al.,
2006).

However, in this study, insulin was not exposed to any kind of stress.
CD was also run at different temperatures for the two samples. The
percentage changes of the secondary structure parameters at different
temperatures for insulin and insulin-CS carbonate solutions were dis-
played in Fig. 11. Both a-helical and f-sheet structures change with
temperature. It was found that a-helix decreases, while B-sheet increases
at high temperatures. Bouchard et al. also noticed a conformational
change of insulin from o-helical to p-sheet on heating to 70 °C (Bou-
chard, Zurdo, Nettleton, Dobson, & Robinson, 2000). Insulin CS car-
bonate solution was stable up to 45 °C after that the percentage of
change in a- helix increases with the increase in temperature. While,
insulin solution in water started to change at 30 °C. The difference be-
tween free insulin and insulin-CS carbonate traces was not significant.
Hua et al. attributed the reduction of a-helix to static structural changes
or conformational fluctuations within the helical element (Hua et al.,
2006).

The major change between the two samples i.e. insulin and insulin
CS carbonate solutions was on the percentage of random coil. The
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percentage of random coil of insulin was not affected by temperature. In
contrast, the percentage was decreased with temperature in case of
insulin-CS carbonate solution. Insulin may interact with CS carbonate
due to opposite charges of the two substances. CS has a positive charge
and insulin bears a negative charge above its IEP point (Elsayed et al.,
2014). The force of interaction increases with the increase in tempera-
ture as suggested elsewhere (Jintapattanakit et al., 2007). This inter-
action may decrease the unfolding of insulin and thus decrease the
random coil percentage.

To prove that there was strong interaction between insulin and CS
carbonate, fluorescence study was carried out. The fluorescence prop-
erties of Tyrosine [Tyr] residues can be used to follow protein-
nanoparticles interaction. Insulin has four tyrosine moieties. Binding
of molecules or nanoparticles to proteins often causes proteins confor-
mation change. The emission intensity of Tyr residues is significantly
affected by changing the proteins conformation (Stryer, 1968). To esti-
mate the direct effect of CS carbonate nanoparticle on Tyr fluorescence,
free insulin sample was prepared as a reference compound. The fluo-
rescence spectra for free insulin and insulin-CS carbonate nanoparticles
are shown in Fig. 12. Maximum fluorescence of insulin was recorded at
310 nm. In contrast, the spectrum of insulin-CS carbonate nanoparticles
was decreased broadened and red-shifted indicating complexation be-
tween insulin and CS carbonate. Soleymani et al. observed the same
phenomena when vitamin E was added to insulin (Soleymani et al.,
2016).

4. Conclusion

LMW CS nanoparticles were prepared based on ionic gelation. So-
dium carbonate was used as a source of pH neutralizing agent and at
same time it is a source of carbonate divalent. These negatively charged
anion used as a crosslinking agent that interacts with the positively
charged amino groups of glucosamine monomer units in CS polymer.
This interaction was proved by FTIR, AFM and surface tension mea-
surements. CS carbonate nanoparticles were prepared at different mole
fractions. The optimum mole fraction of carbonate that produced the
smallest size nanoparticles and highest zeta potential (median diameter
40 nm and +39 mV, respectively) was determined to be 0.23. Insulin
was highly associated to nanoparticles with an association efficiency
about 98%. After the addition of insulin, the smallest particle size for
insulin loaded CS carbonate nanoparticles were obtained at carbonate
mole fraction 0.27 and the optimal pH for interaction was 5.1 to 5.5.
Insulin was not released upon dilution of insulin loaded CS carbonate
nanoparticles with water. It is also noteworthy that these robust nano-
particles protected insulin at high temperatures and so could preserve its
biological activity. The findings from this investigation showed the po-
tential use of CS carbonate as an insulin stabilizer and at the same time
as an insulin nanocarrier system. The in vivo work will be carried out in
future to prove their potential role in facilitating insulin buccal delivery.
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