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Abstract

Background: The regulation of postprandial blood glucose concen-
tration in a diabetic person is a toilsome task by the conventional ap-
proaches. The continuous monitoring and subcutaneous injection of
insulin are always imperative for diabetes management. To overcome
the hurdle associated with the conventional system, a glucose-respon-
sive nanoparticle (NP)-based approach was developed for oral insulin
administration. The objective of the work is the formulation and char-
acterization of a nanocarrier-based bio-responsive, self-regulated oral
insulin drug delivery system.

Methods: The mannose ligand-conjugated NPs were prepared by
the inotropic gelation method in which insulin and glucose oxidase
enclosed alginate nanocarrier cross-linked by tripolyphosphate. The
prepared NPs were filled into the enteric-coated capsule and their
release profile was determined at different pH and glucose con-
centrations. NPs were characterized by size distribution, % drug
entrapment, enzyme activity, and in vivo and in vitro drug release
studies.

Results: The average size, surface potential, % drug entrapment of
optimized NPs were 245.52 +3.37 nm, 22.12+2.13, and 76.15+1.3%,
respectively. The release of insulin from optimized NPs (GOx-ALG-
MCNPs) (98.56+0.06%) occurs only at higher sugar concentrations
(> 400 mg/dL) and prevents the release at low sugar concentrations
(< 100 mg/dL). The enteric capsule shell protected the formulation to
the gastric environment upon oral administration and directed them
into the intestine. Mucoadhesion characteristics of NPs prolonged
intestinal retention to make them available for cellular uptake. Glu-
cose sensitivity and glucose-dependent effect on different pH envi-
ronments study revealed that NPs released the drug only at higher
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concentrations of sugar solution while inhibiting the release at normal
and lower sugar concentrations. Besides, compared to other prepared
formulations, the GOx-ALG-MCNPs displayed controlled insulin re-
lease in response to glucose concentration.

Conclusions: An important finding of GOx-ALG-MCNPs is auto-
regulating, glucose-responsive behavior imparting a significantly
controlled lowering of blood glucose in an animal model. The find-
ings reveal that the developed glucose-responsive NPs may prove to
be a potential strategy for oral insulin delivery.

Keywords: Bio-responsive; Diabetes; Insulin; Nanoparticle; Oral
delivery

Introduction

Diabetes is a lifestyle disorder wherein glucose metabolism
fails to maintain the normal glucose concentration in the body
[1]. The basic cause behind diabetes is insufficient secretion
of insulin from the P islets of Langerhans cells in the pan-
creas [2]. Continuous monitoring and subcutaneous injection
of insulin are always imperative for diabetes management.
The conventional treatment of diabetes in which drug therapy
and glucose monitoring do not occur simultaneously is called
open-circuit insulin administration. It does not effectively
control blood glucose [3]. There are various categories of the
drug for the management of type II diabetes. Insulin therapy
is a single approach for the management of type I diabetes
[4]. Vial and syringe, insulin pen [5], insulin pump, sensor-
augmented pump therapy [6], and threshold suspend insu-
lin pump [7] were used for the effective delivery of insulin
through the subcutaneous route [8]. Iontophoresis, sonopho-
resis, microdermal ablation, and Insupatch were made for the
delivery of insulin through the trans-dermal route. Aerodose
and Nasulin can be inhaled or given by nasal route. Capsulin,
Oral-Lyn, and Oral-Recosulin were made for the oral delivery
of insulin [9]. The limitations associated with these systems
are nonresponsive and non-patient compliance. In the mod-
ern era various novel approaches were developed as alterna-
tives to open-loop insulin delivery systems [10]. These tech-
niques sense the level of glucose and release the insulin into
the bloodstream [11]. Another approach to obliterating this
problem is an artificial pancreas (two external devices that
must be carried and connected at all times) like a close-circuit
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insulin administration system. The release was observed with
a change in blood sugar level. This would preclude the risk of
insulin-induced hypoglycemia, but the system is not patient-
friendly [12]. The major challenge associated with this kind
of technique was patient compliance and system validation
with the physiological condition. An alternative, a chemically
controlled glucose-responsive system has created greater at-
tention during the last few decades [12].

To overcome the problem associated with a closed-loop
delivery system like the artificial pancreas and to increase
patient suitability, it is necessary to design a glucose-respon-
sive self-regulating system. An insulin-conjugated glucose-
responsive molecule controls the release of insulin by their
structural modification like shrinkage, swelling, and erosion
in response to blood sugar [13]. The commonly used respon-
sive molecules are phenylboronic acid [14], and glucose-
binding proteins (GBPs) [15]. Various glucose-responsive
systems were made by using glucose-responsive molecules
and effectively delivered via the intravenous route. As com-
pared to other routes oral route is the most convenient for the
patient. The hurdle associated with the oral delivery of protein
or peptide drugs is their enzymatic and acidic degradation in
gastric pH [16].

The regulation of postprandial blood glucose concentra-
tion in a diabetic person is a toilsome task by the conventional
approaches. In this study, a glucose-responsive nanoparticle
(NP)-based approach was developed for oral insulin adminis-
tration. The GOx-ALG-MCNPs consist of insulin and glucose
oxidase enzymes entrapped in sodium alginate nanocarrier.
The presence of mannose at the surface of the system acts as
a ligand for a carbohydrate-binding receptor present in gut-as-
sociated lymphoid tissue. The carbohydrate-binding receptor
such as lectin has carbohydrate recognition protein and multi-
ple domains for binding carbohydrates like mannose, fucose,
maltose, etc. [17, 18]. The developed GOx-ALG-MCNPs were
kept into the enteric capsule shell which directs the release of
the system in the intestine. The microfold cell (M cell) and
Peyer’s patches present in the lymph node are the most im-
portant transport cell of the intestine. The GOx-ALG-MCNPs
have prolonged retention in the intestine due to the mucoad-
hesive characteristics of chitosan and are selectively taken by
the receptor-mediated endocytosis via mannose (carbohydrate
ligand)-receptors interaction [19].

However, it was reported that chitosan increases the para-
cellular permeability by tight junction opening between the
cells and promotes paracellular transport of NPs. The mu-
coadhesive property affects the permeability of the mucous
membrane and increases the bioavailability of peptides [20,
21]. Finally, the system will reach the systemic circulation via
cellular transport. It was proposed that at elevated blood sugar
levels consequent acidification will take place by the oxidation
of glucose in presence of glucose oxidase. The acidic envi-
ronment causes dissociation of chitosan that controls insulin
release. The variable system was prepared in this experiment
such as GOx-ALG-NCs (glucose oxidase enzyme immobi-
lized alginate nanocarrier), MCNPs (mannosylated chitosan
nanoparticles), GOx-MCNPs (glucose oxidase mannosylated
chitosan nanoparticles), and GOx-ALG-MCNPs (insulin and
GOx-ALG-NCs entrapped mannosylated chitosan nanopar-
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ticles). GOx-ALG-NCs were designed to immobilize the en-
zyme to prevent burst release. MCNPs systems were designed
to examine the mucoadhesion and cellular uptake characteris-
tics of mannose in comparison to chitosan NPs. Furthermore,
the MCNPs system was also used to investigate the bio-re-
sponsive characteristic with comparison to GOx-MCNPs and
GOx-ALG-MCNPs. The GOx-MCNPs and GOx-ALG-MC-
NPs differ on the basis of free and immobilized enzymes; both
systems were designed to investigate the effect of the free and
immobilized enzymes on NPs characteristics in different glu-
cose concentrations.

Materials and Methods

Materials

Chitosan (128 kDa, > 95% degree of deacetylation (DD), man-
nosylated), glucose oxidase (18.2 IU/mg), and streptozotocin
were procured from Sigma Aldrich (USA) while 27.7 IU/mg
of recombinant insulin and sodium alginate (viscosity 200 + 20
mPas) was purchased from Himidia, India.

Preparation of NPs

Preparation of GOx-ALG-NCs

GOx-ALG-NCs were prepared by the reported method [22]
with slight modification. GOx (30 mg) was dissolved in 1 mL
of pH 5.8 buffer and added drop-wise into the 10 mL of cal-
cium chloride solution (18 mM) and stirred for 1 h at 1,500
rpm. The centrifugation was carried out for the separation of
GOx-ALG-NCs; after that, it was washed with distilled water
and air-dried. The control NCs were prepared by the same pro-
cedure without enzyme. All the experiment was run in tripli-
cate to minimize the experimental error.

Preparation of GOx-ALG-NCs and insulin cross-linked man-
nosylated chitosan NPs (GOx-ALG-MCNPs)

The inotropic gelation method was used for the preparation
of NPs. The formation of NPs occurs due to the ionic in-
teraction between cation mannosylated chitosan (MCs) and
anion; sodium tripolyphosphate and GOx-ALG-NCs). MCs
were dissolved in acetic acid (1%, v/v) to prepare 5 mg/mL
MCs solution. Insulin (200 IU) was added to the MCs solu-
tion. A 26.57 mg GOx-ALG-NCs (equivalent to 10 mg free
GOx) was dispersed in TPP solution, the resulting solution
was added drop-wise into MCs solution with continuous stir-
ring at 400 rpm. The GOx-ALG-MCNPs were separated us-
ing centrifugation (Backman colter Max-LT, UK) at 20,000
g (30 min, 6 °C). The schematic representation is given in
Figure 1. A similar system was prepared without using GOx-
ALG-NCs called MCNPs, another system was prepared by
using free enzyme instead of GOx-ALG-NCs called GOx-
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Figure 1. Schematic drawing of the preparation method. Gox-ALG-NCs: glucose oxidase-alginate nanocarriers.

MCNPs. To understand the effect of mannose on cellular
uptake study, other NPs were prepared as control by using
chitosan instead of mannosylated chitosan, called chitosan
nanoparticles (CNPs). The prepared GOx-ALG-MCNPs sys-
tem was filled into the enteric-coated capsule shell to make
them acid-resistant.

Optimization of NPs by experimental design study

The optimization of NPs was carried out by randomized cen-
tral composite response surface methodology (RSM). The con-
centration of mannosylated chitosan (1 - 5 mg/mL) and TPP
(1 - 3.5 mg/mL) were selected as independent variable. The
concentration of GOx-ALG-NCs was kept constant (26.57

Table 1. Experimental Run and Response

mg). The size and entrapment efficiency were selected as de-
pendent response parameters. The experiment was conducted
in randomized to minimize error. The Stat-Ease Design-Expert
Version13 was used for the statistical analysis of response pa-
rameters. The experimental independent parameter and their
dependent response parameter are given in Table 1, and the ef-
fect of the independent variable on response is mathematically
described by the given Equation (1)

X=o,+ ) oX + Y a,X,+> a0, XX, (1)

X exhibited response, o, is an intercept, o is a linear coef-

ficient, o is the square of the coefficient, o, are interaction

coefficient and level of independent variable exhibited by X,

ij, Xj, X, The analysis of variance (ANOVA) was conducted
to determine the model fitness (Fig. 2).

Factor 1, A: MCs Factor 2, B: TPP

Response 1, size Response 2, entrapment

Run (mg/mL) (mg/mL) (nm) (%)
1 3 2 188.53 71.26
2 5 2 245.52 76.15
3 3 2 188.53 71.26
4 3 2 188.53 71.26
5 5 3 295.52 71.51
6 1 2 128.28 67

7 1 3 178.81 70

8 3 2 188.53 71.26
9 1 1 168.18 60

10 3 35 258.31 73

11 3 1 228.35 64.13
12 5 1 285.52 64.22
13 3 2 188.53 71.26
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Figure 2. Response surface curve. (a) Size vs. MCs or TPP concentration. (b) Entrapment vs. MCs or TPP concentration. (c)
Effect of MCs and TPP on size and entrapment of NPs. MCs: mannosylated chitosan; TPP: tripolyphosphate.

Characterization of NPs

Morphology, particle size distribution, and zeta potential of
NPs

Particle size distribution and zeta potential of GOx-ALG-NCs,
MCNPs, GOx-MCNPs, and GOx-ALG-MCNPs were per-
formed by dynamic light scattering by using a zeta sizer (Nano
ZS, Malvern, UK). Distilled water is used as the dispersion
medium. All study was performed in triplicate [23]. Similarly,
the size and surface morphology of GOx-ALG-MCNPs were
determined by using a scanning electron microscope (Zeiss,
Ultra plus, Germany) at an acceleration voltage of 20 kV. Re-
sults are shown in Figure 3.

Entrapment efficiency

The entrapment efficiency of GOx in GOx-ALG-NCs and
the total protein (GOx and insulin) in GOx-ALG-MNCs were
determined by the indirect bicinchoninic acid (BCA) assay
method. The GOx-ALG-MCNPs were centrifuged and col-
lected in the supernatant. The amount of unencapsulated pro-
tein present in the supernatant was examined by Micro BCA
(Thermo Scientific, USA). The insulin-loaded MCNPs, GOx-
MCNPs, and GOx-ALG-MCNPs were centrifuged (Backman
colter, UK) (14,000 rpm, 30 min); the supernatant was col-
lected to examine insulin content by using high performance
liquid chromatography (HPLC) (Shimadzu-I series, Japan)
consisting of RP-C18 analytical column, isocratic mode, mo-
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bile phase; methanol: 1% acetic acid (60:40, v/v) with the flow
rate of 1 mL/min. A quantity of 20 uL sample was injected into
the sample injector. The PDA is used as a detector at a wave-
length of 276 nm. The concentration of insulin in the injected
sample was determined by the developed method with the re-
gression coefficient (12 = 0.99) [24]. The amount of GOx was
determined by subtracting the insulin concentration from the
total amount of protein. The drug entrapment efficiency was
calculated by the Equation (2).

%EE =
Total Amount of drug added — free drug in the supernatant ~ (2)
Total amount of drug added

All experiment was done in triplicate and the result were
shown in Table 1.

Fourier transform infrared (FT-IR) spectroscopy

The sample (1-2%) (insulin, MCNPs, and GOx-ALG-MC-
NPs) was separately mixed with KBr, make them fine powder,
and placed in a sample holder. The sample was analyzed in
the range of 4,000 - 500/cm by FT-IR spectrophotometer (Shi-
madzu, FT-IR 8700, Japan) at an incident angle of 45° [25].
Results are shown in Figure 4.

Protein structure stability/enzyme activity assay

The stability and activity of the enzyme were analyzed by
determining the concentration of product obtained by the
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Figure 3. Characterization of GOx-ALG-MCNPs by DLS and SEM. (a) SEM image of GOx-ALG-MCNPs. (b, c) Size distribution
study of GOx-ALG-MCNPs measured by DLS and SEM. GOx-ALG-MCNPs: insulin and GOx-ALG-NCs entrapped mannosylated
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chitosan nanoparticles.

enzyme-substrate reaction. The free and immobilized enzyme
(GOx-ALG-MCNPs) was incubated with an equimolar quan-
tity of substrate (glucose) and the concentration of obtained
colored product (o-dianisidine) was examined spectrophoto-
metrically (Shimadzu 1800, Japan) at A = 460 nm (chemical
Equations (3) and (4)).

B d Glucose+0, +H,0O

glucose oxidase

. . 3
—E==22== s gluconic acid + H,0, ®
H,0, + o-dianisidine (reduced)

) 4

—peoxdee , dianisidine (oxidized) + H,0 )

Typically, 0.1 mL of GOx solution in the range of 50 pug/

mL to 300 pg/mL was separately added to 0.3 mL of glucose

(18%, w/v) and incubated for 1 min. A similar procedure was

repeated with the equivalent amount of GOx-ALG-MCNPs.

After the completion of the reaction, the solution was exam-

ined at A = 460 nm and plotted the curve. The slope of the ab-

sorbance curve gives information about enzyme activity. Fur-

thermore, to study the effect of pH on enzyme activity, similar

experiment was conducted in the different pH conditions of 1.8
to 9.1 (Fig. 5).

Estimation of glucose sensitivity

Swelling studies of MCNPs, GOx-MCNPs, and GOx-ALG-
MCNPs were performed in different glucose concentrations
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(100 - 250 mg/dL) (Fig. 6). Particle sizes of the NPs at dif-
ferent glucose concentrations were determined by using dy-
namic light scattering; Zetasizer Nano ZS (Malvern Instru-
ment, UK) [26].

Glucose-dependent effect of pH

The pH lowering effect of the enzyme was determined by add-
ing 5 mg of NPs in a 5 mL phosphate buffer (pH 7.4) hav-
ing glucose concentrations (100 and 400 mg/dL). The pH of
the resulting solution was monitored at different time inter-
vals. S1 is an abbreviation for insulin-loaded MCNPs placed
in 400 mg/dL glucose solution. S2 and S3 are abbreviations
for GOx-MCNPs placed in 100 and 400 mg/dL glucose solu-
tion, respectively. S4 and S5 are abbreviations for GOx-ALG-
MCNPs placed in 100 and 400 mg/dL glucose solution [27],
respectively (Fig. 6).

Ex vivo mucoadhesion and cellular uptake study

Mucoadhesion studies were performed on excised small intes-
tinal tissue of the mice. Excised tissue was cleaned with saline
solution then it was opened and fixed to glass support. GOx-
ALG-MCNPs were applied over the tissue surface and kept for
15 min. Glass slide was positioned at an angle of 45° and made
a constant flow of buffer over it at the rate of 10 mL/min (Fig.
7). The percentage adherence of GOx-ALG-MCNPs on tissue
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Figure 4. FT-IR spectrum. (a) Insulin. (b) Mannosylated chitosan nanoparticles (MCNPs). (c) Glucose oxidase-alginate-manno-
sylated chitosan nanoparticles (GOx-ALG-MCNPs). FT-IR: fourier transform infrared.
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surface was determined by the given Equation (5). The cellular
uptake study of the different systems was investigated by a his-
topathological study of the intestinal mucosa. Different formu-
lation CNPs, MCNPs, GOx-MCNPs, GOx-ALG-MCNPs, and
one controlled; five histopathological studies were performed
on the intestinal mucosa of the mice (Fig. 8).

Amount retained

% of mucoadhesion = — %
Amount Applied

©)

In vitro insulin release profile

An in vitro drug release study was performed with a slight
modification in the reported method [28]. The in vitro dissolu-
tion of the enteric-coated capsules and the subsequent release
profiles of insulin from MCNPs, GOx-MCNPs, and GOx-
ALG-MCNPs were investigated in the distinct media simu-
lated to the biological fluid at 37 °C under agitation (100 rpm).
The GOx-MCNPs and GOx-ALG-MCNPs were dispersed in
a medium consisting of variable (0, 100, and 400 mg/dL) glu-
cose concentrations to study the effect of glucose concentra-

a 1200 - ® Insulin loaded

MCNPs
1000 -
m Insulin loaded Gox
— 8007 Menps
£
~ 600 -
& Insulin loaded Gox-
? 400 | ALG MCNPs

200 | T i 5 ‘ . B
0 _i T T T
0 100 150 200

Glucose conc. (mg/dL)

250

tion on the release of insulin. At particular time intervals, test
samples were replenished and centrifuged, the supernatants
were used for the HPLC analysis. All of the dissolution runs
were performed in triplicate. The cumulative amount of insulin
released at different time intervals was calculated and plotted
against time to obtain the insulin release pattern. The results
are shown in Figure 9.

In vivo study/blood glucose lowering effect

The study was conducted as per protocol approved by the
Committee for the Purpose of Control and Supervision of Ex-
periments on Animals (CPCSEA) under the reference number
PBRI/TACE/08-22/025. The Swiss albino mice were selected
for the study. Diabetes was induced in mice by injecting strep-
tozotocin at 50 mg/mL. During the time period of 2 weeks,
the mice’s blood glucose level reaches up to 400 mg/dL. The
mice were kept in fasting conditions during and before 12 h of
the experiment, only allowed water. The prepared formulation
was administered orally, and blood samples were collected

b 8 ]“ D ——(S1)Insulin loaded
, (T Menps 400mg/dl
6 - ——(S2)Insulin-Gox loaded
MCNPs 100 mg/dI
5 -
T, —A—(S3)Insulin-Gox loaded
N MCNPs 400 mg/d|
3 -
(S4)Insulin Gox-ALG-
2 - MCNPs 100 mg/dl
1 4 —¥— (S5)Insulin Gox-ALG-
B MCNPs 400 mg/dI
0 5 10 15
Time (hr)

Figure 6. Glucose responsive effect. (a) Swelling or change in size. (b) Lowering of pH at different glucose concentration in dif-
ferent formulations: MCNPs, GOx-MCNPs, and GOx-ALG-MCNPs (mean + SD, n = 3). SD: standard deviation.
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Figure 7. Mucoadhesion of GOx-ALG-MCNPs on the intestine. (a) Before sample application. (b) Sample applied. (c) After

washing.

from the tail vein. Mice were divided into 10 groups, and dif-
ferent formulations were given with respect to per kg body
weight, Insulin-loaded MCNPs (22.94 mg equivalent to 100
IU), GOx-MCNPs (18.09, 36.19, and 54.28 mg equivalent
to 50, 100, and 150 IU insulin, respectively) and GOx-ALG-
MCNPs (19.11, 38.23 and 57.35 mg equivalent to 50,100,

and150 IU, respectively) were administered. The other group
of animals was treated with 50 IU/kg oral insulin and 5 [U/kg
subcutaneous injection (control group), and one was kept as a
negative control. Blood glucose was examined by a glucom-
eter (Roche instant, India). The observations were recorded
in Figure 10.

Figure 8. Morphological changes in histopathology of intestinal tissue of mice on treatment with different formulation. (a, b) Nor-
mal/control. (c) CNPs treated. (d) MCNPs treated. (e) GOx-MCNPs treated. (f) GOx-ALG-MCNPs treated.
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Figure 9. In vitro drug release study of different formulations (MCNPs, GOX-MCNPs, and GOx-ALG-MCNPs) in different glucose
concentrations (0, 100 and 400 mg/dL) at different pH medium (1.2, 6.8 and 7.4), (mean * SD, n = 3). SD: standard deviation.

Results and Discussion
Experimental design study

GOx-ALG-MCNPs were prepared by using the randomized
central composite RSM. The formulation was optimized on
the basis of selected criteria minimum size with maximum en-
trapment. All the obtained responses were analyzed statically
given in Figure 2. The regression coefficient of 0.98 exhibited
that the proposed experimental model is reliable. The values of
dependent response size were observed in the range of 128.28

to 295.52 nm and entrapment was observed in the range of 60-
76.15%. The polynomial Equations (6)and (7) were derived
to predict the size and % entrapment of the prepared system.

Size =251.24+20.79-138.78TPP - 0.0786 MCs

« TPP +1.44 MCs’ +34.86 TPP? (©)

Entrapment =41.29 +4.02 MCs +17.68TPP
—0.34 MCs xTPP-0.35 MCs* -3 TPP*

ANOVA study exhibited that independent variable con-
centrations of MCs and TPP have a significant effect (P value <

7)
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Figure 10. Investigation of the hypoglycemic effect of different oral formulations (MCNPs, GOx-MCNPs, GOx-ALG-MCNPs) and
subcutaneous injection on streptozotocin-induced diabetes mice.
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Table 2. Size, PDI, and Zeta Potential of Different Formulations

Formulation Size (nm) PDI Zeta potential (mv) Entrapment efficiency (%)
ALG-NCs 97.23 +10.21 0.322+0.013 -6.66 +0.67 -

GOx-ALG-NCs 110+ 11.33 0.361 +0.011 -5.41+0.47 88.37 £ 1.3 (GOx)

MCNPs 108.32 £ 6.68 0.214+0.012 26.5+2.31 -

Insulin-loaded MCNPs 137.41 +£8.12 0.312+0.015 43.5+3.17 81.13+ 1.6

Insulin-loaded GOx-MCNPs 210.41 £8.61 0.261 +0.013 28.13 +2.31 78.15+ 1.1

Insulin-loaded GOx-ALG MCNPs 245.52 £3.37 0.241 + 0.009 22.12+2.13 76.15+ 1.8

Values are represented as mean + SD (n = 3).

0.05) on dependent response size and % entrapment. The effect
of independent variables on response parameters shown in the
response curve (Fig. 2), exhibited that size and entrapment of the
NPs increase by increasing MCs concentration, but TPP shows
a concentration-dependent effect. The minimized size with high
entrapment NPs was formed up to 2 mg/mL concentration of
TPP. On increasing the concentration > 2 mg/mL, size gradually
increases without any significant change in entrapment. TPP
regulates the size and entrapment by cross-linking, it is cross-
linked with the positively charged amino group of MCs. The
elevated TPP concentration above 2 mg/mL decreases the posi-
tive amino group of MCs and retards the level of cross-linking;
as result large size particles were formed with low entrapment
[29]. The high concentration of MCs with a low level of TPP
produces poorly cross-linked, non-uniform aggregates. How-
ever, at sufficient TPP concentration high degree cross-linking
produces small size particles with low PDI and higher entrap-
ment. The experimental run predicted the value of independent
variable MCs and TPP was 5 and 2 mg/mL, respectively, and the
predicted value of the dependent response size was 248.168 nm,
and entrapment was 74.07%. The experiment was conducted in
triplicate with the suggested value of an independent variable.
The observed response was size (245.52 + 3.37 nm) and entrap-
ment (76.15+1.8%). The closeness of predicted and observed
values exhibited the validation of the experimental design.

Characterization of NPs

Morphology, particle size distribution, and zeta potential of
NPs

The size distribution, polydispersity index, and zeta potential of
formulations are shown in Table 2. ALG-NCs were developed
as a result of the dimerization of alginate chains which gives a
gel-like network [30, 31]. The size of GOx-ALG-MCNPs con-
trolled by TPP and MCs, as the amount of TPP, increased up to
2 mg/mL, the degree of cross-linking increased; as a result, the
small size with low PDI NPs was formed. Above this concen-
tration, (> 2 mg/mL) precipitation will occur. The size plays
a vital role in the cellular uptake of the NPs. The smaller NPs
were liable to cross the sub-mucosal layers while the larger
size micron-particles were predominantly localized in the epi-
thelial lining [32]. The optimized formulation was obtained at
a concentration of 2 mg/mL of TPP and 5 mg/mL of MCs solu-
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tion. The size of the GOx-ALG-NCs was greater as compared
to blank ALG-NCs due to the molecular size of an enzyme.
The zeta potential of GOx-ALG-NCs was found to be lower
as compared to blank ALG-NCs due to the ionic charge of the
protein. The size of GOx-ALG-MCNPs was increased due to
the loading of GOx and insulin while the surface potential of
GOx-ALG-MCNPs was decreased due to the negative charge
of GOx and alginate (Table 2). Figure 3 shows the morphologi-
cal features of the GOx-ALG-MCNPs. Most of the NPs were
found to be oval in shape, and the outer surface of the NPs was
smooth and even, similar to the other findings [33, 34]. SEM
analysis exhibited that the particle sizes of GOx-ALG-MCNPs
formulation varied within a range of 53 to163 nm. The aver-
age particle size of the GOx-ALG-MCNPs was found to be
116.15 nm; during DLS analysis, the size is larger because of
the measurement of hydrodynamic in this process [35].

Entrapment efficiency

The entrapment efficiency of GOx and insulin was determined
by the indirect BCA and HPLC method. The amount of insulin
was determined by calculating the AUC of the peak appearing
at Rt 5.469 min. The total amount of protein was determined
by the BCA method. The amount of GOx was calculated by
subtracting the amount of insulin from the total protein. The
entrapment efficiency depends on the association of the acidic
group of insulin and the amino group of chitosan [36]. From
the results, it was evident that size and entrapment increased
gradually as the concentration of MCs was increased; but the
size and entrapment were controlled by the level of cross-
linking agent (TPP). Significant size and entrapment were
observed at a polymer to TPP ratio of 5:2. The presence of
enzyme also affects the size and entrapment efficiency of for-
mulation as shown in Table 1. The yield of the prepared sys-
tem: GOx-ALG-NCs, MCNPs, GOx-MCNPs, and GOx-ALG-
MCNPs were 70.43 + 1.54, 37.23 + 1.21, 56.57 + 1.87, and
58.23 + 1.36 mg with the entrapment of 88.37+1.3% (26.51
IU glucose oxidase) 81.13%1.6% (162.26 IU), 78.15+1.1%
(156.3 TU), and 76.15%1.8% (152.3 IU) insulin respectively.
The entrapment efficiency of insulin in the GOx-ALG-MC-
NPs was low to MCNPs because of the entrapment of dual pro-
tein GOx-ALG-NCs and insulin. The entrapment of multiple
components slightly increases the size. However, The GOx-
ALG-MCNPs system was selected for further investigation
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because the mannosylated system can be selectively uptake by
receptor-mediated endocytosis [37]; furthermore, the system
consists of an immobilized enzyme that plays a significant role
in the designing of controlled and responsive drug delivery.

FT-IR spectroscopy

FT-IR spectra of insulin (Fig. 4a) exhibited peaks of the amide
group at 1,668 and 1,523/cm. The peak that appeared at 3,296
and 1,446/cm was N-H and C-N stretching of the amide. Ali-
phatic C-H stretching was confirmed by peaks observed at
2,960 and 2,873/cm [38]. FT-IR spectra of MCNPs (Fig. 4b)
exhibited a peak at 804 and 881/cm are the characteristic sig-
nal of mannose, COO symmetric, and asymmetric stretching
signals observed at 1,419, similar kind of result depicted by
Shilakari et al [39]. The carbonyl bond of insulin dimnished in-
dicating MCs overlapping with insulin. FT-IR spectra of GOx-
ALG-MCNPs (Fig. 4c) exhibited signals at 1,255 and 989/cm
indicating the C-O stretching of alginate [40]. In the FT-IR
spectra of the GOx-ALG-MCNPs broadband were observed
around 3,500 to 3,000/cm, which illustrated enhanced hydro-
gen bonding by the interaction of alginate and chitosan [41].
GOx peak gets disappeared due to the overlapping with ALG.

Protein structure ability/enzyme activity assay

The GOx-ALG-MCNPs and free GOx activity were exam-
ined through a spectrophotometer at A = 460 nm. The intensity
of the color is based on the oxidation of glucose [42], shown
in equtions (2) and (3) and Figure 5a. The value of enzyme-
substrate reaction was plotted and found that the value signifi-
cantly fitted in the straight line equation Y = MX + C, where Y
is the absorbance of the colored product of enzyme-substrate
reaction and X is the differential concentration of enzyme so-
lution at which catalytic reaction was carried out, M is the
slope, which indicates the catalytic activity of enzyme, and
C is the intercept on the Y-axis. The slope of the absorbance
fitted line (Fig. 5a) of free GOx (y = 0.003x + 0.225) and
GOx-ALG-NCs (y = 0.003x + 0.340) was found to be similar,
indicating that entrapped enzyme had similar catalytic activ-
ity as free GOx enzyme [43]. Figure 5b exhibited the effect
of different pHs on the relative activity of enzymes in GOx-
ALG-MCNPs. Curve a and b exhibited in Figure 5b show that
maximum enzyme activity is observed at pH 5.8 and deactiva-
tion occurs at pH 2.1. Lesser enzyme activity (5.4%) was ob-
served at pH 9.1. It reveals that GOx-ALG-MCNPs maintain
the significant activity of enzymes similar to free enzymes in
variable pH. A similar finding was also reported by Cheng et
al [44]. It reveals that GOx-ALG-MCNPs maintain the sig-
nificant activity of enzymes similar to free enzymes in the
range of pH 4 - 8.

Estimation of glucose sensitivity

The effect of sugar concentration on the size of MCNPs, GOx-
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MCNPs, and GOx-ALG-MCNPs is exhibited in Figure 6a. The
different concentration of sugar solution 100 - 250 mg/dL was
prepared to correlate the effect of normal and elevated blood
sugar level on the prepared system. Changes in the hydrody-
namic radius and erosion of polymer are pH-dependent. The
pH of the formulation is regulated by an enzymatic reaction
between glucose and entrapped enzymes. On increasing glu-
cose concentration in solution, a concentration gradient builds
across the system which regulates glucose diffusion. The for-
mation of gluconic acid is completely based on the availability
of enzymes. The lowering in pH is governed by the amount of
gluconic acid. The lower pH or acidic environment induced
swelling and erosion in the system. The MCNPs without en-
zyme does not show swelling in variable glucose concentra-
tion (100, 150, 200, and 250 mg/dL) (Fig. 5a). A system that
consists of enzymes (GOx-MCNPs and GOx-ALG-MCNPs)
showed variable swelling properties when placed in different
glucose concentrations (100, 150, 200, and 250 mg/dL). The
hydrodynamic radius of GOx-MCNPs abruptly increases indi-
cating that the system swells rapidly and shows burst release
at all concentrations; it reveals that this system may cause a
hypoglycemic effect on administration. However, GOx-ALG-
MCNPs in 100 and 150 mg/dL of glucose solutions do not
swell; it reveals that this system may not cause hypoglycemic
effects under normal blood glucose levels. The hydrodynamic
radius increases rapidly above 250 mg/dL due to the swelling
of GOx-ALG-MCNPs. The alteration in hydrodynamic radius
depends on glucose concentration; the immobilization of the
enzyme plays a significant role in the regulation of pH and
swelling behavior of NPs. The immobilization of the enzyme
controls the formation of gluconic acid as compared to the free
enzyme [13]; this results in poor swelling of NPs at 150 mg/dL
and controlled swelling of GOx-ALG-MCNPs NPs at higher
blood glucose levels.

Glucose-dependent effect of pH

The release of drugs from the system is regulated by pH
change. The lowering of pH occurs as a result of the forma-
tion of gluconic acid, which is confirmed by the study of pH
change. The prepared systems GOx-MCNPs and GOx-ALG-
MCNPs were incubated with different strengths of glucose
solution. Phosphate buffer pH 7.4 was used as a control solu-
tion. Figure 6b exhibited that S1 was not shown any significant
changes in the pH of the solution at any glucose concentration
(400 mg/dL). It reveals that the conversion of glucose into glu-
conic acid is the feature of glucose oxidase. The pH remains
unchanged possibly due to the lack of an enzyme in the sys-
tem. S2 and S3 show characteristic pH changes in the 100 and
400 mg/dL glucose solution. The pH of S2 and S3 reduced up
to 2.1 folds (from pH 7.4 to 3.5) in 8 h and 6 h, respectively.
The rate of pH change was rapid in initial duration (S2: 4 h, S3:
2 h), with the passage of time rate of pH change becomes low,
which indicates the retardation of enzyme activity at lower pH.
The optimum enzyme activity occurs at pH 4 - 7. The immo-
bilization of the enzyme in a polymeric carrier controls the pH
change which affects the swelling and releases properties. The
S4 and S5 did not show any significant change in the pH of
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the solution as compared to S1, S2, and S3; it exhibited that
polymeric immobilization controls the enzymatic reaction. In
S4 and S5, pH change was observed only at a higher concen-
tration of glucose (400 mg/dL). The reduction of pH in S4 was
not significant due to the low concentration of glucose (100
mg/dL). Similarly, Wang et al [15] also depicted the effect of
glucose concentration on pH change.

Ex vivo mucoadhesion and cellular uptake study

GOx-ALG-MCNPs were applied over the freshly excised in-
testinal tissue (Fig. 7). The sample was applied over the ex-
cised layer and washed continuously with a pH 7.4 solution for
30 min and it was observed that GOx-ALG-MCNPs very well
adhered to the mucosal layer of the intestine. No significant
changes were observed in the intestine segment after washing;
less than 10% amount of GOx-ALG-MCNPs were washed out
during this study, which indicated that the formulation had good
mucoadhesive properties. The percent of mucoadhesion was
94%. Mucoadhesion and absorption of NPs depend on ionic
interaction with the intestinal membrane. Extended adherence
of NPs over the mucosal surface was the key factor in cellular
uptake of the system [45]. In the histopathological study, Fig-
ure 8a exhibited payer patches, and Figure 8b exhibited the
appearance of microvilli. The tissue is compactly packed and
lymph nodes are appearing in normal size. In Figure 8c, CNPs-
treated mice (histopathological study) exhibited little dilation
in microvilli tissue. Chitosan is a mucoadhesive polymer; it
exhibits electrostatic interaction with negatively charged mu-
cin molecules of the intestinal mucosa [46]. Figure 8d-f ex-
hibited more dilation and inflammation in lymphoid tissue. It
may occur due to the mucoadhesion characteristics of chitosan
and receptor-mediated endocytosis of mannose ligand. Man-
nose selectively binds with the carbohydrate-binding receptor
and is internalized through gut-associated lymphoid tissue via
receptor-mediated endocytosis.

In vitro insulin release profile

Percentage insulin release was determined at three different
pHs (1.2, 6.8, and 7.4) and variable glucose concentrations (0,
100, 200, and 400 mg/dL), simulated to physiological condi-
tions. The pH of 7.4 was simulated to blood plasma condi-
tion, and the release was determined with or without the influ-
ence of glucose concentration (Fig. 8). No significant release
of insulin in gastric fluid (pH 1.2) was observed because an
enteric-coated shell prevents the disintegration of the capsule
under acidic conditions [47]. The capsule reached the intesti-
nal part after 2 h and disintegrated under the influence of alka-
line pH. All the formulations were kept at 6.8 pH for 8§ h, but
no significant amount of insulin was released from MCNPs,
GOx-MCNPs, and GOx-ALG MCNPs (Fig. 8). It inferred that
erosion of chitosan was a pH-dependent phenomenon; it will
ionize only under acidic conditions but resist dissolution under
alkaline pH. As a result, NPs maintain their integrity and resist
the insulin release in the intestine [48]. Mannosylated chitosan
interacted with mucus membrane to allow para-cellular uptake
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through redistribution of F-actin and tight junction protein as
also reported by Boroumand et al [49]. Similarly, NPs reach
into the systemic circulation by cellular transport. To charac-
terize the bio-responsive behavior of NPs, a release study was
performed in different glucose concentrations (0, 100, 200, and
400 mg/dL), and the pH of the system was adjusted to 7.4. No
significant insulin release was observed in absence of glucose
solution; GOx-MCNPs released more than 95% insulin at all
glucose concentrations (100, 200, and 400 mg/dL), suggesting
that GOx-MCNPs were unable to control the release of insulin
with respect to glucose concentration. This inferred that GOx
freely reacts with glucose and forms gluconic acid, which rap-
idly decreases the pH of the system and causes ionization and
erosion of the polymer. In GOx-ALG-MCNPs enzyme was en-
trapped in a multilayer of chitosan and alginate layer, which
controlled the formation of gluconic acid by an enzymatic reac-
tion. The release study reveals that the release of insulin from
GOx-ALG-MCNPs depends on the concentration gradient of
glucose. At a low concentration, (< 200 mg/dL) system retards
pH change or release of insulin; however, at a high concentra-
tion gradient (> 200 mg/dL) pH decreases and the system pro-
motes the release of insulin (Fig. 9).

In vivo study/blood glucose lowering effect

Figure 10 shows the changes in blood glucose levels upon
administration of different formulations and insulin, orally
as well as subcutaneously. Insulin-loaded GOx-MCNPs re-
duced the level of blood glucose from 400 to 217, 103, and 63
mg/dL at the doses of (50, 100, and 150) IU/kg body weight,
respectively, within 3 h and reached the basal level within 8
- 9 h. The better glucose-lowering effect indicated the greater
absorption; but the hypoglycemic effect at a higher dose (150
IU/Kg) indicates a lack of control release and bio-responsive
properties. However, The GOx-ALG-MCNPs with the dose
of insulin of 50, 100 and 150 IU/kg reduces the blood glu-
cose level from 400 to 221, 107 and 103 mg/dL and return
to the normal range within 17 - 18 h, reveling that GOx-
ALG-MCNPs prevent the hypoglycemic condition at any
dose. The triggering of enzymes and the release of insulin
are controlled by multilayer covering and cross-linking [50].
Different insulin strength (100 and 150 IU/kg body weight)
of GOx-ALG-MCNPs showed controlled blood sugar regula-
tion, which indicated that the driving force behind the release
of insulin is the concentration of enzyme (into the system)
and substrate (blood glucose); amount of insulin present in
the system does not affect the release. The rate-limiting step
of the developed system is blood sugar concentration. Orally
fed 50 IU/kg body weight dose of insulin solution was inca-
pable to show noticeable effects in comparison with other
NPs. On the contrary, subcutanecous injection of insulin at
5 IU/kg body weight dose showed an instantaneous hypo-
glycemic effect in the first hour and ultimately reaches the
basal blood glucose level within the next 2 h. Saline-treated
diabetic mice did not show any significant change in blood
glucose level during the long fasting time. It also eliminated
the probabilities of any influence in the reduction of blood
glucose levels.
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Conclusions

In this study, a biodegradable glucose-sensitive NPs system
was formulated. Formulations were protected from the gastric
environment and targeted into the intestinal part with the help
of an acid-resistance enteric capsule shell. Formulation got
absorbed from the intestine with the help of a mucoadhesive
polymer and ligand. Mannose ligand plays an important role
in cellular uptake via receptor-mediated endocytosis. Alginate
nanocarrier significantly entrapped the enzyme and maintain
its integrity and activity. SEM morphological study confirms
their uniform shape and nano-sized structure. Nanostructured
favored internalization of NPs. Dynamic swelling behavior
of GOx-ALG-MCNPs with respect to glucose concentration
and pH represents their bio-responsive characteristics. Mu-
coadhesion study confirms the retention property of NPs and
the dilated lymphoid tissue observed in the histopathological
study favors the internalization of the GOx-ALG-MCNPs. In
vitro evaluations showed that the release of insulin from the
system depends on glucose and pH. The in vivo study sug-
gests that GOx-ALG-MCNPs significantly lower the blood
glucose on oral administration and also prevent the chance of
hypoglycemia at a higher dose. The release of insulin from the
formulation is regulated by blood sugar level and the release
was controlled by the degree of cross-linking. The GOx-ALG-
NCs, chitosan polymer, and mannose ligand make the system
efficient for oral administration and glucose-responsive insulin
delivery.
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