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Abstract: Nanoparticles or microparticles created by physical complexation between two
polyelectrolytes may have a prospective use as an excipient for oral insulin administration. Natural
polymers such as tragacanth, alginate, dextran, pullulan, hyaluronic acid, gelatin and chitosan
can be potential candidates for this purpose. In this research, insulin particles were prepared
by the inclusion of insulin into a tragacanth hydrogel. The effect of the pH and concentration
relationship involving polyelectrolytes offering individual particle size and zeta potential was
assessed by zetasizer and scanning electron microscopy (SEM). Insulin—tragacanth interactions
at varying pH (3.7, 4.3, 4.6, or 6), and concentration (0.1%, 0.5%, or 1% w/w) were evaluated by
differential scanning calorimetry (DSC) and ATR Fourier transform infrared (ATR-FTIR) analysis.
Individual and smaller particles, approximately 800 nm, were acquired at pH 4.6 with 0.5% of
tragacanth. The acid gelation test indicated that insulin could be entrapped in the physical hydrogel of
tragacanth. DSC thermograms of insulin-tragacanth showed shifts on the same unloaded tragacanth
peaks and suggested polyelectrolyte-protein interactions at a pH close to 4.3—4.6. FTIR spectra of
tragacanth-insulin complexes exhibited amide absorption bands featuring in the protein spectra and
revealed the creation of a new chemical substance.

Keywords: insulin; protein; peptides; PEC; hydrogels; gum tragacanth; insulin carrier; rheology;
drug delivery; biopolymers

1. Introduction

Development of an appropriate carrier system for the oral delivery of insulin is still the main
related problem due to compromised bioavailability hindered by the epithelial barriers of the stomach
and gastrointestinal destruction by proteolytic enzymes [1-3]. Thus, a suitable insulin carrier really
should provide biocompatibility as well as stabilisation under conditions in the gut in order to assure
that the primary fraction of the insulin would be biologically active when delivered on site [1-3].

Biopolymers, for example, chitosan, dextran sulphate, and alginates, have been extensively
studied due to their suitability for encapsulating proteins/peptides [4,5]. However, after encapsulation
with these biopolymers, the bioavailability of insulin after oral administration remained low. These
biopolymers can be complexed with insulin using various strategies, which include polyelectrolyte
complexation (PEC), emulsification, ionotropic pregelation, and spray drying. Particles formed
through polyelectrolyte complexation have demonstrated potential for use as an oral insulin carrier.
PEC is generally created as soon as negatively and positively charged polyelectrolytes are mixed
together through electrostatic attractions [5]. To be able to form a complex, the two polymers need
to be ionised as well as carrying opposing charges. Therefore, the reaction could directly take place
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within pH values in the area of (typically) the pKa interval of the two polymers. At the time of
complexation, electrolytes may sometimes form a hydrogel [6]. However, in the case that the ionic
attraction is very strong, precipitation could occur and prevent hydrogel creation. Precipitation could
be prevented when electrostatic interaction is destabilised through enhancement of the ionic strength,
for example, by adding salts (NaCl). Salts can diminish the interactions between positively and
negatively charged electrolytes just by adding to the counter-ion environment. Therefore, basically no
phase separation occurs, and a viscous and macroscopically homogeneous mix that could create a gel
at a low temperature is also acquired [6].

Numerous studies have assessed the feasibility of various PECs for the delivery of insulin
including alginate—chitosan [7,8], chitosan—poly(y-glutamic acid) [9], and chitosan—arabic gum
systems [10]. The benefit of these hydrogel systems is that the drug can be encapsulated easily by
creating a water-based ionotropic gel, which protects the bioactive structure of insulin [11]. One of the
main factors affecting functional properties of insulin-biopolymer complexes is pH. In alginate—insulin
systems, if the environment pH is reduced from 6 to 4, the insulin encapsulation efficiency of
the complexes increases [12]. This is also in accord with other research which showed that the
encapsulation efficiency of insulin was around 93% [13] and 97% [14]. A possible explanation for the
observed difference may be attributed to the environmental pH since it was under the isoelectric point
of insulin (pI = 5.3), which gave preference to alginate—protein electrostatic attraction [15]. In another
study, involving the dextran sulphate—insulin complexation, the protection has been attributed to the
ionic interaction between the amino acid residues in the insulin molecules and the sulphate groups in
the dextran sulphate [11]. This mechanism has also been studied when the complexation of polyion
and protein decreased the release of the protein [16]. The glycemic effect was prolonged with the
promotion of sustained insulin availability in vivo when dextran sulphate was included as a physical
mixture in the delivery systems composed of chitosan and/or polyethylenimine [11,17].

To promote insulin absorption in the intestinal area, the PEC needs to adhere to the gastrointestinal
lining at the site of delivery. Therefore, polymers with enhanced mucoadhesive properties are
selected [18,19]. These types of mucoadhesive particles have the ability to extend the residence time
around the site of release, trigger contact with the intestinal barrier, and produce a drug concentration
gradient, which stimulates the transmission of the insulin via the intestinal membrane layer [18,20].
Recently, we reported that tragacanth gum (TG) could be used as a new polymer to deliver proteins
and peptides. It is highly acid-resistant with high mucoadhesive properties [18]. Tragacanth offers
special functional properties since it is safe, nontoxic, biocompatible, biodegradable, and stable over
a broad range of pH [21]. Moreover, it is the most effective natural emulsifier intended for low pH
O/W emulsions [21]. TG offers distinct surface activity attributes and decreases water surface tension
efficiently even at very low quantities—lower than 0.25%—as well as encouraging emulsification. The
zeta potential of tragacanth is about —21 mV. This can be related to the carboxylic groups of galacturonic
acid (negatively charged) which is the primary chain of tragacanthin (water-soluble fraction of TG). TG
is a viscous, odour-free biopolymer primarily containing two components: tragacanthin (water-soluble)
and bassorin (swellable). The ratio between the soluble and insoluble fractions of TG gum in water
differs considerably and depends on various Astragalus species [21]. Interaction with other material via
hydrogen bonding and crosslinking can be initiated by using these TG functional groups (i.e., carboxylic
acid and hydroxyl) [21].

The TG polymer has the capacity to create a gel via the carboxylic groups of tragacanth. Therefore,
tragacanth provides a possibility to create an interaction with insulin, particularly in an acidic
environment (under the pI of insulin) [18]. In other research, TG was applied in quercetin encapsulation
through structuring of the TG shell and polycaprolactone (PCL) core self-assembled micelles. The
quercetin release from these micelles showed a pH dependence. The rate of release was increased
considerably at pH 2.2 [21].

A gelation and mucoadhesion study indicated that tragacanth has the potential to become an
excipient for the oral administration of protein/peptides, for instance, insulin [18]. It is conceivable
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that tragacanth properties may enhance the drug loading capacity, encapsulation efficiency, and
the stability of the insulin encapsulated in the tragacanth particles through ionic attraction between
tragacanth and the amino groups of the amino acid residues in insulin. Herein, we report our result
on the use of tragacanth as an alternative choice and enhanced carrier for the oral administration of
insulin. The approach was designed to monitor the complexation of the polyelectrolyte in becoming
an insulin excipient. Systems produced from the complexation of polyelectrolytes at different pH and
stoichiometric relationships involving polyelectrolytes were freeze-dried and/or directly analysed to
verify interactions between tragacanth and insulin.

2. Materials and Methods

2.1. Materials

Tragacanth was obtained from Sigma-Aldrich (Castle Hill, Australia). GDL (Glucono-$-lactone)
powder from Sigma—-Aldrich was also applied with no additional purification. The insulin sample that
contains 100 U/mL of insulin was obtained from Novo Nordisk A /S (Bagsvaerd, Denmark). The water
utilised was of a Millipore level of quality.

2.2. Characterisation

2.2.1. Microparticle Preparation

TG stock solution (2% w/w) was well prepared by dissolving a proper amount of the powder in
MilliQ water at different pH levels (3.7, 4.3, 4.6, or 6), which was adjusted by adding an appropriate
quantity of glucono 4 lactone (GDL) powder. GDL dissociates in water, releasing gluconic acid and
lowering the pH of the solution. The advantage of this type of pH adjustment is that the change
is achieved at a slower rate without any change in the bulk volume. Sodium azide was included
throughout the preparation of samples (0.2 g/L) to prevent microbial growth. The resulting solution
was gently stirred with a magnetic rod at room temperature and kept overnight at 4 °C.

Tragacanth and insulin microparticles were prepared via mixing insulin (0.2 mg/mL) and TG
colloidal solutions containing a different concentration of tragacanth (0.1%, 0.5%, or 1% w/w) at a
predetermined pH. The complexation was allowed to proceed overnight by gently stirring the solution
with a magnetic rod at room temperature. The mixture was then centrifuged at 20,000 x g for 60 min
at a room temperature using a high-performance centrifuge (Beckman Coulter Inc., Brea, CA, USA).
The sedimented PECs were then frozen at —20 °C and freeze-dried at 0 °C for at least 48 h using a
freeze-drier (model FD-300, Airvac Engineering Pty. Ltd., Dandenong, Australia).

2.2.2. Acid-Induced Gelation

GDL-induced acidification was carried out to evaluate the capability of TG to entrap insulin
through acid-induced gelation [18]. Dynamic small amplitude oscillatory analysis was carried out
using a stress-controlled rheometer (MCR 301, Anton Paar GmbH, Ostfildern, Germany) with a double
gap geometry (DG 26.7-SN. 24845, Anton Paar) to determine an acid gel point following a previously
described method [18]. The required amount of the GDL powder was added to a TG solution at 20 °C.
An exact volume of the sample (3.9 mL) was added directly into the testing system (double gap) at the
same temperature and allowed to stabilize for 100 min (time sweep) during which time changes in the
viscoelastic behaviour of the colloidal solution were recorded. The change of pH was concurrently
noted every 2.5 min in the remaining part of the sample by using a pH meter (Model 8417; Hanna
Instruments, Singapore) during the same period.

2.2.3. Particle Size and Zeta Potential Analysis

The particle size and zeta potential of the polymeric complexes created by mixing the insulin
solution (0.2 mg/mL) and the TG solution (0.1%, 0.5%, or 1% w/w tragacanth) at different pH (3.7, 4.3,
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4.6, or 6) were analysed using a zetasizer (ZEN3600, Malvern Instrument Ltd., Worcestershire, UK)
with a He-Ne laser beam at 658 nm. An appropriate aliquot of the insulin—tragacanth mixture was
diluted 1:100 with MilliQ) and stored overnight before the measurement [18].

2.2.4. Measurement of Loading Efficiency

Loading efficiency was determined indirectly following centrifugation of the insulin and TG
dispersion upon mixing insulin (0.1 mg/mL) and TG colloidal solutions at different pH and tragacanth
concentrations. The PEC was centrifuged at 20,000x g for 60 min at room temperature using a
high-performance centrifuge (Beckman Coulter, Brea, CA, USA). The quantity of insulin in the
supernatant was analysed using the Bradford procedure at 595 nm [18]. The loading efficiency
was measured as

. . o Total amount of insulin — Free insulin in supernatant
Loading efficiency (%) = Total amount of insulin P x100. (1)

2.2.5. DSC (Differential Scanning Calorimetry) Analysis

Thermal characteristics of particles were analysed using DSC, as explained earlier [15], with
some adjustments. Thermograms of TG solutions were gained by using a DSC (Mettler Toledo,
Schwerzenbach, Switzerland) fitted with an intracooler system and under an inert nitrogen gas
atmosphere. A sample (4-7 mg) obtained under described experimental conditions (variable pH and
tragacanth concentration) was put in a 40 puL aluminium lightweight pan, hermetically enclosed just
before insertion into the DSC, and then heated from 20 to 350 °C at a constant rate of 10 °C/min within
constant purging of nitrogen at 20 mL/min. An empty pan with the same weight functioned as the
reference. The AH values, onset, endset, and peak temperatures of the thermograms were documented.

2.2.6. FTIR Analysis

FTIR spectra of the particles at different pH (3.7, 4.3, 4.6, 6) and concentrations of tragacanth
(0.1%, 0.5%, and 1%) were acquired by using a Perkin Elmer ATR-FTIR spectrometer equipped with a
Diamond TM ZnSe single reflection ATR plate (Perkin-Elmer, Norwalk, CT, USA). The actual spectrum
of every sample was acquired from 16 scans from 600 to 4000 cm ™! having a resolution of 4 cm ™!
as well as strong apodisation. This particular measurement was adjusted towards the background
spectrum of the solvent. Baseline manipulation and data acquisition were gained using Shimadzu IR
solution software v1.40 [18,22].

2.2.7. Scanning Electron Microscope (SEM)

Particle morphology was studied using scanning electron microscopy (SEM). For SEM analysis,
samples of microparticulate complexes were installed on metal stubs, gold covered under vacuums
and then analysed in a JEOL NeoScope JCM-5000 A SEM (10 kV, Tokyo, Japan).

2.3. Statistics

The information acquired from particle size analysis was arranged in a randomised block design
using pH as the primary factor. These assessments were duplicated at least once, with subsequent
subsampling providing a number of independent observations of at least n > 4. Final results were
analysed using one-way ANOVA, SAS (1996). Tukey’s Studentized Range (HSD) analysis was applied
for multiple comparisons of means. The degree of significance was predetermined at p = 0.05.

3. Results and Discussion

The application of a biopolymer as a multiparticulate excipient for protein/peptide delivery has
long been extensively recorded in the scientific literature [2,23]. This kind of matrix currently has great
potential to be applied for the controlled release of drugs because of its relatively small molecular size.
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Furthermore, bioavailability and drug absorption could be improved as a result of a large surface
area to volume level ratio, which leads to significantly more intimate contact along with the mucus
layer [11,23].

In this study, initially, microparticulate polyelectrolyte complexes between insulin and tragacanth
were created, including the mild mixing of two aqueous solutions of tragacanth and insulin. To test
the ability to create a gel, GDL was added to the mixture, and an acid gelation test was conducted.

It can be seen from Figure 1 that during the acid gelation test, as the pH was decreasing, at pH
around 4.3, the storage modulus was greater than that at other pH levels. Almost all of the systems
with viscoelastic properties possess both viscous (liquid) and elastic (solid) elements, in which the
shear stress is between 0 and 90 degrees. In these systems, the stress element that is in-phase with the
shear strain is in charge of the elastic element and is identified as the storage modulus (G’), which
depicts the material elasticity. The value of the storage modulus is proportional to the quantity of
permanent interactions and the strength of the interactions existing in the biopolymers. Therefore, G’
is a measure of the structure of the biopolymers [24]. A time sweep offers the viscoelastic properties of
biopolymers as a function of time, in which the strain, frequency, and temperature are kept constant.
The gel networks of biopolymers continue to develop throughout a time sweep. This can be noticed
from the increase in the value of the storage modulus as a function of time [24]. In our system, during
the time sweep, a change of pH was measured (as described in Section 2.2.2). Therefore, a storage
modulus vs pH graph was created. The increase in the storage modulus (maximum at pH 4.3), which
is close to the gelling point of tragacanth and insulin [18], was an indication that insulin was likely
entrapped in the tragacanth gel (hydrogel creation). Carboxylic groups from tragacanth may be
involved in this process. Most of the pH-sensitive biopolymers consist of pendent basic or acidic
groups, which either take or give protons in reaction to the solvent pH [25]. Polyacid biopolymers
are unswollen in an acidic environment since their acid groups are unionised and protonated [25].
Upon increasing the pH, a negatively charged polymer would swell. The opposing patterns are
noticed in polybasic biopolymers, considering that the ionisation of the basic groups increases the
following decline in pH [26]. Some instances of pH-sensitive biopolymers having anionic groups are
polycarboxylic acids (PAA) or poly-methacrylic acid (PMA) and poly-sulfonamides (derivatives of
p-aminobenzene sulfonamide). In an acidic environment, hydrophobic interactions dominate and
carboxyl groups are protonated, resulting in volume withdrawal involving the biopolymer consisting
of carboxyl groups. In a basic environment, carboxyl groups dissociate into carboxylate ions, causing
higher charge density in the biopolymer, resulting in swelling. The chain configuration of a weak
polyacid is a function of the pKa of the biopolymer [27].
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Figure 1. Evolution of storage modulus (G’) during acid-induced gelation of tragacanth dispersions at
4 0.1% w/w, B0.5% w/w, and ® 1% w/w. Measurements were performed at 20 °C at constant strain
(1%) and frequency (1 Hz).
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This type of gel is called a physical gel due to the fact that the networks tend to be retained
by molecular entanglements and/or weak forces including hydrophobic, H-bonding, or ionic
interactions [28]. The network porosity of such hydrogels changes along with electrostatic repulsion.
An ionic gel consisting of carboxylic and/or sulfonic acid groups demonstrates either immediate or
slow changes in their particular dynamic or equilibrium swelling behaviour due to the change in the
environmental pH. The ionisation degree of those hydrogels is determined by a number of pendant
acidic groups within the gel, causing enhanced electrostatic repulsions involving negatively charged
carboxyl groups at various chains. This, consequently, leads to increasing hydrophilicity of the network
as well as a higher swelling ratio within a higher pH [28]. On the other hand, a hydrogel consisting of
basic pendant groups, including amines, will ionise as well as demonstrate electrostatic repulsion in
an acidic environment [28].

It can also be noticed from Figure 1 that tragacanth at a higher concentration (1%) exhibited
stronger viscoelastic properties than at the lower concentrations (0.5% and 0.1%). If this is linked to
plL, the achievable entrapment of a protein and/or a peptide by TG is most likely achieved under the
isoelectric point (pl) of insulin [18]. For instance, the plI of insulin can vary from 5.5 to 6.4, based on its
origin. At a pH higher than its pl value, insulin will be mainly negatively charged [29]. This insulin
characteristic could be utilised to create insulin-biopolymer complexes through electrostatic attraction
with tragacanth. At pH around 4.3 and 4.6, TG may undergo coacervation with insulin as well as
simultaneously creating a hydrogel which is able to entrap insulin since, at this pH, insulin can be
positively charged close to the determined gelling point of TG [18,30].

After a mixture of a gel-like formation was created, it was then freeze-dried, and a loading
efficiency (LE) was examined at different levels of pH and concentrations. The pH variety was selected
to obtain opposite charges of electrolytes as well as suitable complex creation. Within this particular
pH range, electrostatic attraction involving proteins and biopolymers occurs. It can be observed from
Figure 2 that the reduction of pH from 6 to 3.7 resulted in an increase of LE, especially at pH 4.6.
However, if the pH of the aqueous solution was set to 3.7 or 4.2, the particles become much larger
(>800 nm). In this pH range, some parts of tragacanth begin to precipitate [31], which may play a role in
the increased mean particle size (Table 1). Therefore, insulin was partly bound ionically to the insoluble
uronic acid of tragacanth. The interaction involving biopolymers and insulin is mostly ionic. However,
one should also consider hydrogen bonding as well as van der Waals forces [32,33]. It can be seen
from Table 2 that negative zeta potential (ZP) values are acquired because of the carboxylic groups [34]
of tragacanth [18]. Moreover, the ZP values depend on the dispersion pH [34]. In general, if the ZP
values are less than —10 mV (in most cases, from —25 to —30 mV, Table 2), it can predict an excellent
colloidal stability because of the high energy barrier between particles [34]. Positive amino radicals of
insulin are highly and electrostatically interacted with by carboxylic/sulphate groups. At pH 4.3 or 4.6,
insulin is primarily positively charged (pI of insulin: 5.3) [35] and is therefore attracted to the partly
negative tragacanth, while at pH 6, positive charges are minimised on the amino acid, which could
prevent attractive interactions with the negative charges on the tragacanth. As a result, the insulin LE
is less at pH 6 than at other, lower pH. For that reason, pH 4.6—at which microparticles were produced,
and a high insulin LE was acquired—was selected as the most appropriate pH. The outcomes acquired
suggested that the affinity of insulin for tragacanth carboxylic groups is greatest at pH 4.3 or 4.6, as
pointed out by examining the LEs of the created complexes. A tragacanth concentration of 0.5% (w/w)
tends to be the optimum concentration for complexation. Particularly, at pH 4.3, the LE increased from
65% (0.1%, w/w of TG) to 89% for TG concentration 0.5% (w/w).
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Figure 2. Loading Efficiency (LE) of insulin complexing with tragacanth at different concentrations
(8 —0.1% w/w, & —0.5% w/w, and @ —1% w/w) at different pH (3.7, 4.3, 4.6, or 6) adjusted by addition
of GDL at room temperature and equilibration under very low magnetic stirring overnight.

Table 1. Particle size of polymeric complexes created by mixing insulin solution (0.2 mg/mL) and
tragacanth solution at 0.1%, 0.5%, or 1% w/w concentration at different pH (3.7, 4.3, 4.6, or 6) adjusted
by addition of glucono 4 lactone (GDL) at room temperature and equilibration under very low magnetic
stirring overnight. The results are presented as means of at least five independent observations (1 > 5)
with +SE.

Particle Size, nm

pH Tragacanth Concentration, % w/w
0.1 0.5 1
3.7 1105 =+ 48 1382 + 141 839 £ 22
4.3 667 £ 37 811 £+ 20 957 4+ 56
4.6 651 + 09 601 + 19 649 + 25
6 566 + 23 373 + 08 719 + 05

Table 2. Zeta potential of polymeric complexes created by mixing insulin solution (0.2 mg/mL) and
tragacanth solution at 0.1%, 0.5%, or 1% w/w concentration at different pH (3.7, 4.3, 4.6, or 6) adjusted
by addition of GDL at room temperature and equilibration under very low magnetic stirring overnight.
The results are presented as means of at least five independent observations (n > 5) with £SE.

Zeta Potential, mV
pH Tragacanth Concentration, % w/w
0.1 0.5 1
3.7 —-2234+0.6 —26.0+ 0.6 —-29.1 + 0.5
4.3 —389+1.2 —-1924+25 -309 +1.9
4.6 —-363+ 1.7 —-754+04 —18.1 + 0.6

6 —381+13 —395+49 —40.8 £ 84
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Insulin and biopolymer complexes could be produced at the isoelectric point (pl) of insulin. The
pl of insulin is around 5.5-6.4. At a pH under the pl value, insulin is positively charged; the converse
is also true [2]. These attributes of insulin have been used in the creation of insulin-biopolymer
complexes through electrostatic interaction with a negatively charged biopolymer (alginate) as well as
positively charged biopolymer (chitosan), which are protonated at pH values under its pKa (6.5) [2].
TG has the propensity to form a complex with insulin at a pH under the pI of insulin [18]. Conversely,
a positively charged biopolymer such as chitosan can form a complex with insulin if the pH is altered
over the pl of insulin [36,37].

DSC thermograms in Figure 3 show variations involving individual biopolymers and, after
complexation, suggest ionic interactions indicated by the change of endothermic peaks as well as by
the shift in exothermic peaks associated with decomposition temperature. The DSC curves exhibit a
wide endothermic peak between 100 and 200 °C for isolated polyelectrolyte and its physical mixture.
All samples exhibited exothermic peaks between 220 and 285 °C.

Heat flow

166

T T T T T T T

50 100 150 200 250 300 350

Temperature (°C)

Figure 3. DSC thermograms of polymeric complexes created by mixing insulin solution (0.1 mg/mL)
and tragacanth solution at 0.1%, 0.5%, or 1% w/w concentration at different pH (3.7, 4.3, 4.6, or 6)
adjusted by addition of GDL at room temperature and equilibration under very low magnetic stirring
mixture at pH 3.7;

overnight. Legend: — tragacanth (control); insulin (control);
mixture at pH 4.3; == == mixture at pH 4.6; and, — — mixture at pH 6.0. Arrows and numbers indicate

the temperature of phase transition.

Individual biopolymers were recognised by the occurrence of first endothermic peaks at 140 °C
for tragacanth only and 156 °C, 162 °C, 166 °C, 170 °C for the mixtures at different pH, respectively,
and also by the occurrence of greater exothermic peaks at 256 °C for tragacanth only and 235 °C, 336 °C,
237 °C, 241 °C for the mixtures at different pH, respectively. Exothermic peaks are correlated with
the destruction of polyelectrolytes as a result of dehydration as well as depolymerisation reactions,
most likely due to the incomplete decarboxylation of the protonated carboxylic groups as well as
oxidation reactions of the polyelectrolytes, while endothermic peaks are related to the reduction of
water connected to the hydrophilic groups of the biopolymers [38—40].

Exothermic and endothermic peaks shifted to greater temperatures when the pH of the
microparticles was reduced from 6 to 4.3. It was noticed that lowering the pH resulted in greater
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stability of the microparticle; therefore, more energy was required in order to eliminate residual water
adsorbed onto the mixture (endothermic peak changed to increased value), and a lesser amount of
energy was discharged by breaking ionic attractions and through microparticle thermal decomposition
(exothermic peak change to increased value) [41].

Like alginate and pectin, TG possesses a carboxyl group (galacturonic acid). Consequently, the
charge variations in TG are caused by this particular carboxyl group. The most typical negatively
charged side groups on polysaccharides are usually sulphate groups or carboxylate groups. The
negative charge of agars and carrageenans comes from sulphate groups, but pectins and alginates
obtain their negative charges from carboxylate groups [42]. TG has a previously documented pKa
value of 3 [18].

The optimum ionic attraction between tragacanth and insulin was achieved at lower pH. Almost
similar to alginate, tragacanth gel shrunk at lower pH levels due to a decrease in the pore size of the
tragacanth matrix [18,43]. For that reason, at pH 4.3 or 4.6 it is feasible that microparticles introduced
a more powerful robustness than at pH 6. Interactions between tragacanth and insulin have been
identified to become pH-dependent together with more powerful complexes that were previously
acquired at pH close to 4.2-4.7 [18].

The inclusion of insulin within microparticulate complexes can certainly be seen by the postponing
of its endothermic peak. The two endothermic peaks in connection with insulin, which are related
to water loss and the denaturation process [42], started to be indistinct and changed themselves
into a single peak following entrapment in the microparticulate complexes. Insulin-loaded models
achieved this particular endothermic peak at a lower temperature in comparison to insulin-free models,
apparently showing an attraction involving the protein and the tragacanth. Furthermore, looking
at the exothermic conditions of insulin-loaded and unloaded particles, the onset point began at a
lower temperature for insulin-loaded microcomplexes; this probably suggests that entrapped insulin
initiated decomposition at higher temperatures (235-241 °C) than when analysed in isolation from the
particles (231 °C).

The obtained FTIR spectra are represented in Figure 4a—c, and show two shoulders on the complex
absorption bands in Amide I (~1644 cm™!) as well as in Amide I (~1531 cm ™) that are properties
of the protein spectra. The monomer of insulin has numerous ionizable groups because of six amino
acid residues able to attach a positive charge and ten amino acid residues able to attain a negative
charge [44,45]. These kinds of characteristics are, therefore, probably responsible for the entrapment of
insulin into tragacanth microparticles.

Absorbance (-)

e
7,

e —— :
4000 3000

Wavenumber (cm™)

Figure 4. Cont.
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Figure 4. FTIR spectra of polymeric complexes created by mixing insulin solution (0.1 mg/mL) and
tragacanth solution at (a) 0.1%, (b) 0.5%, or (c) 1% w/w concentration at different pH (3.7, 4.3, 4.6,
or 6) adjusted by addition of GDL at room temperature and equilibration under very low magnetic

stirring overnight. Legend: — tragacanth (control);

indicate a wavenumber of a particular structural change.

insulin (control);

mixture at pH 3.7;
mixture at pH 4.3; == == mixture at pH 4.6; and, == = mixture at pH 6.0. Arrows and numbers

The bands at 1416 and 1369 cm ™! are associated with the symmetric stretching of carboxylate
groups as well as the methyl groups in methyl esters of galacturonic acid, respectively, while the
actual vibrational modes of COOH in galacturonic acid and its salts and esters contain asymmetric
stretching (1740-1600 cm~!). Polygalacturonic acids possess the highest possible absorption band in
this region, having quite strong absorptions at 1017 and 1020 cm~!, and optimum absorption bands at
1018 and 1019 cm ™! representing the occurrence polysaccharides which have galactose, for example,

arabinogalactans and galactans [18,46].
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It can be seen that tragacanth carboxyl peaks close to 1627 cm ™! (symmetric COO- stretching
vibration) and 1416 cm~! (asymmetric COO- stretching vibration) broadened and shifted a little from
1627 to 1616 cm ! and 1416 to 1415 cm ! following complexation with insulin. Moreover, the FTIR
spectrum of tragacanth exhibits a peak associated with an amide bond at 1645 cm~!. Noticed shifts in
the absorption bands of the carboxyl groups, amide bonds, and amino groups could be assigned to an
ionic attraction between the carboxyl group of tragacanth and insulin [47]. Also, the peak absorbance
of amino groups of tragacanth at 1149 cm ! existed right after complexation. Similar observations
were noted previously [48-50]. These findings indicate an effective interaction between biopolymers
corresponding to the stoichiometric ratios between them, which indicate the occurrence of TG at the
end of the mixture [15,51].

Surface morphology information for freeze-dried microspheres has been acquired by SEM analysis
and is presented in Figure 5a. The carrier exhibited an irregular shape and had a somewhat wrinkled
surface. Apparently, the spherical shape of the microspheres was lost after drying. We speculate that
insulin entrapped in tragacanth, as in Figure 5b, explains the results of SEM observation. It could be
seen that, at the beginning, the tragacanth creates a homogenous network from the core to the edge.
Insulin is then entrapped inside the network. The negatively charged tragacanth creates a complex
with the positively charged insulin [52,53]. The microstructure (SEM) of the tragacanth hydrogels after
freeze-drying exhibits the porous morphology, with pore size greater than the submicron range. The
pore structure and size were similar to other acidified gel biopolymers including tragacanth-milk [54]
and pectin-sodium caseinate systems [55]. These morphological characteristics are related to the
exchange of insulin-loaded microparticles. The destruction of hydrogels is followed by the discharge
of insulin from hydrogels. These morphological properties have been connected with water exchange
and swelling of hydrogels. Swelling characteristics of hydrogels are essential for material transfer
when applied to insulin carriers [56].

Insulin b

../ Tragacanth
@
Il

)
o) =
@

b

- B 3
Vac-High PC-Std. 10 kV

Figure 5. SEM image of (a) a complex between insulin (0.1 mg/mL) and 0.5% of tragacanth at pH 4.6
with the best exhibited efficiency and (b) proposed polyelectrolyte complexation (PEC) model of insulin
entrapment in a tragacanth network.

4. Conclusions

Insulin was entrapped in physical hydrogel and polyelectrolyte complexes (PECs) created using
biodegradable biopolymer—tragacanth. Microparticulate complexation between tragacanth and
insulin was revealed by FTIR and DSC measurement. These microparticles appear to have potential
functional properties for oral insulin delivery, especially those that contain tragacanth polyelectrolytes
at pH 4.3 and 4.6, although additional in vivo research should be carried out to ensure the presence of
these properties.

Acknowledgments: The authors gratefully acknowledge a scholarship grant from DIKTI (Directorate General of
Indonesian Higher Education), The Ministry of Research, Technology and Higher Education Republic of Indonesia
as well as from Victoria University.

Author Contributions: The authors Mokhamad Nur and Todor Vasiljevic conceived and designed the
experiments; the author Mokhamad Nur performed the experiments; Mokhamad Nur and Todor Vasiljevic



Materials 2018, 11,79 12 of 14

analysed and interpreted the data; Mokhamad Nur wrote the paper with critical contributions from
Todor Vasiljevic.

Conflicts of Interest: No rewards have already been and/or will be gained from a commercial party associated
with the topic of this research.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Sonia, T.A.; Sharma, C.P. An overview of natural polymers for oral insulin delivery. Drug Discov. Today 2012,
17,784-792. [CrossRef] [PubMed]

Nur, M.; Vasiljevic, T. Can natural polymers assist in delivering insulin orally? Int. J. Biol. Macromol. 2017,
103, 889-901. [CrossRef] [PubMed]

Peppas, N.A.; Kavimandan, N.J. Nanoscale analysis of protein and peptide absorption: Insulin absorption
using complexation and pH-sensitive hydrogels as delivery vehicles. Eur. J. Pharm. Sci. 2006, 29, 183-197.
[CrossRef] [PubMed]

Sarmento, B.; Ferreira, D.C.; Jorgensen, L.; van de Weert, M. Probing insulin’s secondary structure after
entrapment into alginate/chitosan nanoparticles. Eur. ]. Pharm. Biopharm. 2007, 65, 10-17. [CrossRef]
[PubMed]

Sarmento, B.; Martins, S.; Ribeiro, A.; Veiga, F; Neufeld, R.; Ferreira, D. Development and comparison
of different nanoparticulate polyelectrolyte complexes as insulin carriers. Int. |. Pept. Res. Ther. 2006, 12,
131-138. [CrossRef]

Berger, J.; Reist, M.; Mayer, ].M.; Felt, O.; Gurny, R. Structure and interactions in chitosan hydrogels formed
by complexation or aggregation for biomedical applications. Eur. ]. Pharm. Biopharm. 2004, 57, 35-52.
[CrossRef]

De, S.; Robinson, D. Polymer relationships during preparation of chitosan—alginate and poly-l-lysine-alginate
nanospheres. J. Control. Release 2003, 89, 101-112. [CrossRef]

Lee, K.Y.; Park, W.H.; Ha, W.S. Polyelectrolyte complexes of sodium alginate with chitosan or its derivatives
for microcapsules. J. Appl. Polym. Sci. 1997, 63, 425-432. [CrossRef]

Lin, Y.H.; Sonaje, K.; Lin, KM.; Juang, ]. H.; Mi, FL.; Yang, HW.; Sung, H.-W. Multi-ion-crosslinked
nanoparticles with pH-responsive characteristics for oral delivery of protein drugs. J. Control. Release
2008, 132, 141-149. [CrossRef] [PubMed]

Avadi, M.R,; Sadeghi, A.M.M.; Mohammadpour, N.; Abedin, S.; Atyabi, F,; Dinarvand, R.; Rafiee-Tehrani, M.
Preparation and characterization of insulin nanoparticles using chitosan and arabic gum with ionic gelation
method. Nanomed. Nanotechnol. Biol. Med. 2010, 6, 58—-63. [CrossRef] [PubMed]

Martins, S.; Sarmento, B.; Souto, E.B.; Ferreira, D.C. Insulin-loaded alginate microspheres for oral
delivery-effect of polysaccharide reinforcement on physicochemical properties and release profile.
Carbohydr. Polym. 2007, 69, 725-731. [CrossRef]

Moses, L.R.; Dileep, K.J.; Sharma, C.P. Beta cyclodextrin-insulin-encapsulated chitosan/alginate matrix:
Oral delivery system. . Appl. Polym. Sci. 2000, 75, 1089-1096. [CrossRef]

Wang, K.; He, Z. Alginate-konjac glucomannan-chitosan beads as controlled release matrix. Int. |. Pharm.
2002, 244, 117-126. [CrossRef]

Onal, S.; Zihnioglu, F. Encapsulation of insulin in chitosan-coated alginate beads: Oral therapeutic peptide
delivery. Artif. Cell Blood Substit. Immobil. Biotechnol. 2002, 30, 229-237. [CrossRef]

Silva, C.M.; Ribeiro, A.].; Figueiredo, I.V.; Gongalves, A.R.; Veiga, F. Alginate microspheres prepared by
internal gelation: Development and effect on insulin stability. Int. . Pharm. 2006, 311, 1-10. [CrossRef]
[PubMed]

Kamiya, N.; Klibanov, A.M. Controling the rate of protein release from polyelectrolyte complexes.
Biotechnol. Bioeng. 2003, 82, 590-594. [CrossRef] [PubMed]

Tiyaboonchai, W.; Woiszwillo, J.; Sims, R.C.; Middaugh, C.R. Insulin containing polyethylenimine-dextran
sulfate nanoparticles. Int. . Pharm. 2003, 255, 139-151. [CrossRef]

Nur, M.; Ramchandran, L.; Vasiljevic, T. Tragacanth as an oral peptide and protein delivery carrier:
Characterization and mucoadhesion. Carbohydr. Polym. 2016, 143, 223-230. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.drudis.2012.03.019
http://www.ncbi.nlm.nih.gov/pubmed/22521664
http://dx.doi.org/10.1016/j.ijbiomac.2017.05.138
http://www.ncbi.nlm.nih.gov/pubmed/28552728
http://dx.doi.org/10.1016/j.ejps.2006.04.014
http://www.ncbi.nlm.nih.gov/pubmed/16777391
http://dx.doi.org/10.1016/j.ejpb.2006.09.005
http://www.ncbi.nlm.nih.gov/pubmed/17101268
http://dx.doi.org/10.1007/s10989-005-9010-3
http://dx.doi.org/10.1016/S0939-6411(03)00160-7
http://dx.doi.org/10.1016/S0168-3659(03)00098-1
http://dx.doi.org/10.1002/(SICI)1097-4628(19970124)63:4&lt;425::AID-APP3&gt;3.0.CO;2-T
http://dx.doi.org/10.1016/j.jconrel.2008.08.020
http://www.ncbi.nlm.nih.gov/pubmed/18817821
http://dx.doi.org/10.1016/j.nano.2009.04.007
http://www.ncbi.nlm.nih.gov/pubmed/19447202
http://dx.doi.org/10.1016/j.carbpol.2007.02.012
http://dx.doi.org/10.1002/(SICI)1097-4628(20000228)75:9&lt;1089::AID-APP1&gt;3.0.CO;2-5
http://dx.doi.org/10.1016/S0378-5173(02)00324-1
http://dx.doi.org/10.1081/BIO-120004343
http://dx.doi.org/10.1016/j.ijpharm.2005.10.050
http://www.ncbi.nlm.nih.gov/pubmed/16442757
http://dx.doi.org/10.1002/bit.10606
http://www.ncbi.nlm.nih.gov/pubmed/12652482
http://dx.doi.org/10.1016/S0378-5173(03)00055-3
http://dx.doi.org/10.1016/j.carbpol.2016.01.074
http://www.ncbi.nlm.nih.gov/pubmed/27083363

Materials 2018, 11,79 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mathiowitz, E.; Jacob, ].S.; Jong, Y.S.; Carino, G.P,; Chickering, D.E.; Chaturvedi, P.; Santos, C.A.;
Vijayaraghavan, K.; Montgomery, S.; Bassett, M.; et al. Biologically erodable microspheres as potential
oral drug delivery systems. Nature 1997, 386, 410-414. [CrossRef] [PubMed]

Smart, ].D. The basics and underlying mechanisms of mucoadhesion. Adv. Drug Deliv. Rev. 2005, 57,
1556-1568. [CrossRef] [PubMed]

Hemmati, K.; Ghaemy, M. Synthesis of new thermo/pH sensitive drug delivery systems based on tragacanth
gum polysaccharide. Int. J. Biol. Macromol. 2016, 87, 415-425. [CrossRef] [PubMed]

Qomarudin, Q.; Orbell, ].D.; Ramchandran, L.; Gray, S.R.; Stewart, M.B.; Vasiljevic, T. Properties of
beta-lactoglobulin/alginate mixtures as a function of component ratio, pH and applied shear. Food Res. Int.
2015, 71, 23-31. [CrossRef]

Sonia, T.A.; Sharma, C.P. Oral Delivery of Insulin; Elsevier Science: Amsterdam, The Netherlands, 2014.
Kasapis, S.; Bannikova, A. Chapter 2-Rheology and Food Microstructure. In Advances in Food Rheology and Its
Applications; Ahmed, J., Ptaszek, P., Basu, S., Eds.; Woodhead Publishing: Cambridge, UK, 2017; pp. 7—46.
Jadhav, KR; Pacharane, S.S.; Koshy, V.P; Kadam, J.V. Smart polymers and their role in drug delivery:
A review. Curr. Drug Ther. 2010, 5, 250-261. [CrossRef]

De Lima, G.G.; Kanwar, D.; Macken, D.; Geever, L.; Devine, D.M.; Nugent, M.].D. Smart hydrogels:
Therapeutic advancements in hydrogel technology for smart drug delivery applications. In Handbook
of Polymers for Pharmaceutical Technologies; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015; pp. 1-16.
Zhao, C.; Nie, S.; Tang, M.; Sun, S. Polymeric pH-sensitive membranes—A review. Prog. Polym. Sci. 2011, 36,
1499-1520. [CrossRef]

Reyes-Ortega, F. 3-pH-responsive polymers: Properties, synthesis and applications. In Smart Polymers and
Their Applications; Woodhead Publishing: Cambridge, UK, 2014; pp. 45-92.

Lim, H.-P; Tey, B.-T.; Chan, E.-S. Particle designs for the stabilization and controlled-delivery of protein
drugs by biopolymers: A case study on insulin. . Control. Release 2014, 186, 11-21. [CrossRef] [PubMed]
Stephen, A.M.; Phillips, G.O. Food Polysaccharides and Their Applications, 2nd ed.; CRC Press: Hoboken, NJ,
USA, 2014.

Farzi, M.; Yarmand, M.S.; Safari, M.; Emam-Djomeh, Z.; Mohammadifar, M.A. Gum tragacanth dispersions:
Particle size and rheological properties affected by high-shear homogenization. Int. |. Biol. Macromol. 2015,
79, 433-439. [CrossRef] [PubMed]

Zhang, R.; Tang, M.; Bowyer, A.; Eisenthal, R.; Hubble, J. A novel pH- and ionic-strength-sensitive carboxy
methyl dextran hydrogel. Biomaterials 2005, 26, 4677-4683. [CrossRef] [PubMed]

Black, K.A.; Priftis, D.; Perry, S.L.; Yip, J.; Byun, W.Y,; Tirrell, M. Protein encapsulation via polypeptide
complex coacervation. ACS Macro Lett. 2014, 3, 1088-1091. [CrossRef]

Mora-Huertas, C.E.; Fessi, H.; Elaissari, A. Polymer-based nanocapsules for drug delivery. Int. |. Pharm.
2010, 385, 113-142. [CrossRef] [PubMed]

Raj, N.K.K,; Sharma, C.P. Oral insulin—A perspective. ]J. Biomater. Appl. 2003, 17, 183-196. [CrossRef]
[PubMed]

Al-Kurdi, Z.; Chowdhry, B.; Leharne, S.; Al Omari, M.; Badwan, A. Low molecular weight chitosan—insulin
polyelectrolyte complex: Characterization and stability studies. Mar. Drugs 2015, 13, 1765-1784. [CrossRef]
[PubMed]

Bayat, A; Larijani, B.; Ahmadian, S.; Junginger, H.E.; Rafiee-Tehrani, M. Preparation and characterization of
insulin nanoparticles using chitosan and its quaternized derivatives. Nanomed. Nanotechnol. Biol. Med. 2008,
4,115-120. [CrossRef] [PubMed]

Zohuriaan, M.].; Shokrolahi, F. Thermal studies on natural and modified gums. Polym. Test. 2004, 23, 575-579.
[CrossRef]

Mimmo, T.; Marzadori, C.; Montecchio, D.; Gessa, C. Characterisation of Ca- and Al-pectate gels by thermal
analysis and FT-IR spectroscopy. Carbohydr. Res. 2005, 340, 2510-2519. [CrossRef] [PubMed]

Soares, ].P; Santos, ].E.; Chierice, G.O.; Cavalheiro, E.T.G. Thermal behavior of alginic acid and its sodium
salt. Ecletica Quimica 2004, 29, 57-63. [CrossRef]

Sarmento, B.; Ferreira, D.; Veiga, F,; Ribeiro, A. Characterization of insulin-loaded alginate nanoparticles
produced by ionotropic pre-gelation through DSC and FTIR studies. Carbohydr. Polym. 2006, 66, 1-7.
[CrossRef]


http://dx.doi.org/10.1038/386410a0
http://www.ncbi.nlm.nih.gov/pubmed/9121559
http://dx.doi.org/10.1016/j.addr.2005.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16198441
http://dx.doi.org/10.1016/j.ijbiomac.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/26955747
http://dx.doi.org/10.1016/j.foodres.2015.02.024
http://dx.doi.org/10.2174/157488510792927456
http://dx.doi.org/10.1016/j.progpolymsci.2011.05.004
http://dx.doi.org/10.1016/j.jconrel.2014.04.042
http://www.ncbi.nlm.nih.gov/pubmed/24816070
http://dx.doi.org/10.1016/j.ijbiomac.2015.04.037
http://www.ncbi.nlm.nih.gov/pubmed/25987462
http://dx.doi.org/10.1016/j.biomaterials.2004.11.048
http://www.ncbi.nlm.nih.gov/pubmed/15722138
http://dx.doi.org/10.1021/mz500529v
http://dx.doi.org/10.1016/j.ijpharm.2009.10.018
http://www.ncbi.nlm.nih.gov/pubmed/19825408
http://dx.doi.org/10.1177/0885328203017003567
http://www.ncbi.nlm.nih.gov/pubmed/12614083
http://dx.doi.org/10.3390/md13041765
http://www.ncbi.nlm.nih.gov/pubmed/25830681
http://dx.doi.org/10.1016/j.nano.2008.01.003
http://www.ncbi.nlm.nih.gov/pubmed/18339584
http://dx.doi.org/10.1016/j.polymertesting.2003.11.001
http://dx.doi.org/10.1016/j.carres.2005.08.011
http://www.ncbi.nlm.nih.gov/pubmed/16168971
http://dx.doi.org/10.1590/S0100-46702004000200009
http://dx.doi.org/10.1016/j.carbpol.2006.02.008

Materials 2018, 11,79 14 of 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

McClements, D.J. Nanoparticle- and Microparticle-Based Delivery Systems: Encapsulation, Protection and Release of
Active Compounds; CRC Press: Boca Raton, FL, USA, 2014.

Gombotz, W.R.; Wee, S. Protein release from alginate matrices. Adv. Drug Deliv. Rev. 1998, 31, 267-285.
[CrossRef]

Brange, J.; Langkjcer, L. Insulin structure and stability. In Stability and Characterization of Protein and Peptide
Drugs; Wang, Y.J., Pearlman, R., Eds.; Springer: New York, NY, USA, 1993; Volume 5, pp. 315-350.

Tahtat, D.; Mahlous, M.; Benamer, S.; Khodja, A.N.; Oussedik-Oumehdi, H.; Laraba-Djebari, F. Oral delivery
of insulin from alginate/chitosan crosslinked by glutaraldehyde. Int. ]. Biol. Macromol. 2013, 58, 160-168.
[CrossRef] [PubMed]

Fattahi, A.; Petrini, P.; Munarin, F; Shokoohinia, Y.; Golozar, M.A.; Varshosaz, ].; Tanzi, M.C. Polysaccharides
derived from tragacanth as biocompatible polymers and gels. J. Appl. Polym. Sci. 2013, 129, 2092-2102.
[CrossRef]

Ribeiro, A.J.; Silva, C.; Ferreira, D.; Veiga, F. Chitosan-reinforced alginate microspheres obtained through the
emulsification/internal gelation technique. Eur. J. Pharm. Sci. 2005, 25, 31-40. [CrossRef] [PubMed]
Piccirilli, F.; Mangialardo, S.; Postorino, P.; Lupi, S.; Perucchi, A. Ftir analysis of the high pressure response
of native insulin assemblies. J. Mol. Struct. 2013, 1050, 159-165. [CrossRef]

Mitrevej, A.; Sinchaipanid, N.; Rungvejhavuttivittaya, Y.; Kositchaiyong, V. Multiunit controlled-release
diclofenac sodium capsules using complex of chitosan with sodium alginate or pectin. Pharm. Dev. Technol.
2001, 6, 385-392. [CrossRef] [PubMed]

Wu, ZM,; Guo, X.D.; Zhang, L.].; Jiang, W.; Ling, L.; Qian, Y.; Chen, Y. Solvent mediated microstructures and
release behavior of insulin from pH-sensitive nanoparticles. Colloids Surf. B Biointerfaces 2012, 94, 206-212.
[CrossRef] [PubMed]

Kong, J.; Yu, S. Fourier transform infrared spectroscopic analysis of protein secondary structures. Acta Biochim.
Biophys. Sin. 2007, 39, 549-559. [CrossRef] [PubMed]

Sonaje, K.; Lin, Y.-H.; Juang, J.-H.; Wey, S.-P.; Chen, C.-T.; Sung, H.-W. In vivo evaluation of safety and
efficacy of self-assembled nanoparticles for oral insulin delivery. Biomaterials 2009, 30, 2329-2339. [CrossRef]
[PubMed]

Djabourov, M.; Nishinari, K.; Ross-Murphy, S.B. Physical Gels from Biological and Synthetic Polymers; Cambridge
University Press: Cambridge, UK, 2013.

Nejatian, M.; Hatami, M.; Mohammadifar, M.A. Effect of gum tragacanth exuded by three iranian astragalus
on mixed milk protein system during acid gelation. Int. J. Biol. Macromol. 2013, 53, 168-176. [CrossRef]
[PubMed]

Matia-Merino, L.; Lau, K.; Dickinson, E. Effects of low-methoxyl amidated pectin and ionic calcium on
rheology and microstructure of acid-induced sodium caseinate gels. Food Hydrocoll. 2004, 18, 271-281.
[CrossRef]

Li, L.; Jiang, G.; Yu, W,; Liu, D.; Chen, H.; Liu, Y.; Huang, Q.; Tong, Z.; Yao, J.; Kong, X. A composite hydrogel
system containing glucose-responsive nanocarriers for oral delivery of insulin. Mater. Sci. Eng. C 2016, 69,
37-45. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0169-409X(97)00124-5
http://dx.doi.org/10.1016/j.ijbiomac.2013.03.064
http://www.ncbi.nlm.nih.gov/pubmed/23567292
http://dx.doi.org/10.1002/app.38931
http://dx.doi.org/10.1016/j.ejps.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15854798
http://dx.doi.org/10.1016/j.molstruc.2013.07.028
http://dx.doi.org/10.1081/PDT-100002247
http://www.ncbi.nlm.nih.gov/pubmed/11485180
http://dx.doi.org/10.1016/j.colsurfb.2012.01.029
http://www.ncbi.nlm.nih.gov/pubmed/22356870
http://dx.doi.org/10.1111/j.1745-7270.2007.00320.x
http://www.ncbi.nlm.nih.gov/pubmed/17687489
http://dx.doi.org/10.1016/j.biomaterials.2008.12.066
http://www.ncbi.nlm.nih.gov/pubmed/19176244
http://dx.doi.org/10.1016/j.ijbiomac.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23146825
http://dx.doi.org/10.1016/S0268-005X(03)00083-3
http://dx.doi.org/10.1016/j.msec.2016.06.059
http://www.ncbi.nlm.nih.gov/pubmed/27612686
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Characterisation 
	Microparticle Preparation 
	Acid-Induced Gelation 

	Statistics 

	Results and Discussion 
	Conclusions 
	References

