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Glucose-Responsive Polyelectrolyte Complexes Based on Dendritic Mesoporous
Silica for Oral Insulin Delivery
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Abstract. The postprandial glycemic regulation is essential for diabetic patients to reduce
the risk of long-term microvascular and macrovascular complications. Herein, we designed a
glucose-responsive oral insulin delivery system based on polyelectrolyte complexes (PECs)
for controlling the increasing postprandial glucose concentrations. Briefly, alginate-g-3-
aminophenylboronic acid (ALG-g-APBA) and chitosan-g-3-fluoro-4-carboxyphenylboronic
acid (CS-g-FPBA) were wrapped on mesoporous silica (MSN) to form the negative charged
ALG-g-APBA@MSN and the positive charged CS-g-FPBA@MSN nanoparticles, with an
optimum insulin loading capacity of 124 mg/g and 295 mg/g, respectively. ALG-g-
APBA@MSN was further cross-linked with CS-g-FPBA@MSN to form PECs through
electrostatic interaction and borate esters. The dense polyelectrolyte network wrapped on
MSN was capable of preventing insulin from diffusion and regulating its release. The in vitro
insulin release of PECs demonstrated an obvious glucose response profile in different glucose
concentrations (0 mg/mL, 2 mg/mL, 5 mg/mL) and presented a switch “on” and “off” release
regulation at hyperglycemic or normal state. The CCK-8 assay showed that none of the MSN,
ALG-g-APBA@MSN, CS-g-FPBA@MSN, and PECs possessed cytotoxicity to Caco-2 cells.
For in vivo tests, the oral PECs exhibited a significant hypoglycemic effect and maintained in
the euglycemic levels up to approximately 12 h on diabetic rats. Overall, the PECs directly
triggered by postprandial glucose in the intestine have a good potential to be applied in
intelligent insulin delivery by the oral route.
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INTRODUCTION

Achieving tight control of blood glucose levels is the
main medical management of diabetes, for preventing the
long-term organ damage caused by chronic hyperglycemia
[1]. The traditional treatment is frequent subcutaneous
injection of insulin, according to carbohydrate content before
or after meals to mitigate postprandial glycemic excursions
[2]. However, this treatment is usually accompanied with
some problems such as pains, hypoglycemia, and glucose
fluctuation due to the difficulty of dose control. The blood
glucose fluctuation may lead to severe complications and
chronic organ damages to the nervous system, heart, kidney,
eyes, or skin [3]. Thereby, a noninvasive and intelligent
delivery system that combines postprandial glycemic

monitoring with self-regulation of insulin release is urgently
required.

Various noninvasive administrations have become the
research focus in developing insulin delivery systems such as
nasal, lung, microarray patch, and microneedles [4]. Those
strategies are currently not optimal for drug delivery of
insulin considering their low penetration, indeterminate
biological safety, cilia scavenging effect, and inconvenient
management. For safety and high patient compliance, oral
insulin delivery platforms emerged as nanoparticles, lipo-
somes, microspheres, and polyelectrolyte complexes present
encouraging prospects these years [5–8]. Nevertheless, this
administration has several drawbacks, such as enzymatic
degradation, poor drug absorption, and short residence time
in the intestinal tract. To overcome these hurdles, the oral
polyelectrolyte complexes (PECs) formed by natural poly-
mers of chitosan and alginate were reported as a promising
insulin delivery system according to our previous and other’s
work [9]. Chitosan, as a natural biopolymer with good
biocompatibility, adhesion, nontoxicity, and biodegradability,
has been widely applied in the research of biomedicine and
drug delivery [10, 11]. More importantly, chitosan can
facilitate the transport of protein and peptides via opening
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tight junctions between epithelial cells [12–15]. Alginate also
serves as a desirable candidate in oral administration for its
ability to shrink under gastric environment conditions,
thereby protecting the loaded drugs from acid [16, 17].

Compared with these organic biopolymers, some inor-
ganic materials especially mesoporous silica nanoparticles
(MSN) are regarded as an ideal drug container for the
advantages including good stability, large surface area,
tunable pore size, uniform morphology, and ease of
functionalization [18]. Orally administered silica nanoparticles
can be easily excreted or degraded into silicic acid, which is
the most bioavailable form of silicon [19]. MSN not only
present more effective protection for macromolecules in the
gastric environment but facilitate permeation in the intestine
as well [18, 20]. Moreover, modification or coating on MSN
can achieve drug release based on stimuli and, thus, provide
better control of drug release [21–23].

Importantly, how to further realize the intelligent insulin
release on demand needs to be considered for MSN. The
intelligent glucose-responsive delivery system is advantageous
to self-regulate insulin release according to different glucose
levels and avoid the risks associated with frequent subcuta-
neous injection. The related functional sections in the glucose
stimuli system including phenylboronic acid (PBA) [24],
glucose oxidase (GOx) [25], and glucose-binding proteins
(Con A) [26], while the first artificial compounds PBA usually
perform better in structural stability and storage than the
others [27, 28]. PBA could exist as the uncharged trigonal
hydrophobic state or the negatively charged tetrahedral
hydrophilic state in an aqueous medium. The latter forms
reversible ester bonds with 1,2-diol and 1,3-diol compounds
to enhance its hydrophilicity [29, 30]. However, what makes
the PBA less sensitive to glucose in physiological conditions is
its high pKa value (8.2–8.6) [31]. Some researchers have tried
to reduce the pKa of PBA by introducing electron-
withdrawing groups (-COOH, -F, -Cl, -NO2) [24, 32].

Herein, we designed a noninvasive and intelligent
glucose-responsive delivery system with a smart release
switch for glucose regulation. The nano-carrier was composed
of inorganic MSN as a stable encapsulant for insulin and
biopolymers as a coating layer. MSN was separately coated
with alginate-g-3-aminophenylboronic acid (ALG-g-APBA)
and chitosan-g-3-carboxy-4-fluorophenylboronic acid (CS-g-
FPBA) to fabricate the negatively charged ALG-g-
APBA@MSN-NH2 and the positively charged CS-g-
FPBA@MSN, after which the oppositely charged nanoparti-
cles cross-linked to form PECs through electrostatic interac-
tion (Scheme 1, 2). Simultaneously, diol moieties on ALG-g-
APBA could bind with boronic acid of CS-g-FPBA to form
borate esters, and diol moieties of CS-g-FPBA bind to PBA
of ALG-g-APBA. The biopolymer network coated on MSN
associated with electrostatic interaction and borate esters
acted as an intelligent monitor to control insulin release,
swollen after glucose competitively bond to PBA on biopoly-
mers in high glucose condition and shrunk following biopoly-
mers replaced glucose to recombine with PBA at glucose-
absence medium. Moreover, the network as well as MSN can
protect insulin from diffusion in the gastric environment and
improve intestinal permeability. The pH and glucose respon-
siveness of PECs in vitro were investigated, as well as its
switch “on” and “off” regulation on release. In addition, the

cytotoxicity was measured by the CCK-8 method. Finally, the
postprandial hypoglycemic effect of PECs was evaluated on
diabetic mice.

MATERIALS AND METHODS

Materials

Cetyltrimethylammonium chloride (CTAC, pu-
rity>95%), triethanolamine (TEA), tetraethyl orthosilicate
(TEOS), and 3-amionpropyltriethoxysilane (APTES) were all
obtained from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). Chitosan (degree of deacetylation>95%),
sodium alginate, 3-aminophenylboronic acid (APBA, pu-
rity>95%), 3-carboxy-4-fluorophenylboronic acid (FPBA,
purity>95%), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropylcarbodiimide) hydrochloride (EDC),
and deuterium oxide (D2O) were all purchased from Aladdin
Industrial Corporation (Shanghai, China). Porcine insulin
(INS, purity>98%) was purchased from Xuzhou Wanbang
Jinqiao Pharmaceutical Co., Ltd (Jiangsu, China).
Bicinchoninic Acid Protein Assay Kit (BCA) and Bradford
Protein Assay Kit were both purchased from Beyotime
Biotechnology Co., Ltd (Shanghai, China). The cell counting
kit-8 (CCK-8) was obtained from Dojindo Laboratories
(Tokyo, Japan). The glucose meter (ACCU-CHEK Active)
was purchased from Roche Diagnostics GmbH (Basel,
Switzerland). Porcine Insulin ELISA Kit was obtained from
Shanghai Enzyme-linked Biotechnology Co., Ltd (Shanghai,
China). Male Sprague-Dawley (SD) rats were available from
the Experimental Animal Center of Southern Medical
University (Guangzhou, China).

Characterization

Proton nuclear magnetic resonance (1H-NMR spectrums,
AVANCE III 400 MHz, Bruker, Germany) of the polymers
were characterized to confirm structure in solvent of D2O.
Fourier transform infrared (FTIR) spectrums were tested in
KBr pellets with Fourier transform infrared spectrometer
(Nicolet 6700, Thermo Fisher, USA) in the wavelength of
300–4000 cm-1. Morphology images were carried out with a
transmission electron microscope (TEM, JEM-2100F, JEOL,
Japan) by dispersing nanoparticles in deionized water.
Particle size and zeta potential (Zetasizer Nano ZS, Malvern,
UK) were measured by nanoparticles dispersing in PBS
buffer (pH =7.4). The nitrogen adsorption-desorption iso-
therms (TristarII 3020, Micromeritics, USA) were character-
ized to properties of mesoporous materials. The entrapment
efficiency (EE), loading capacity (LE), and cumulative
release profiles were recorded with a microplate reader
(Infinite M1000 Pro, Tecan, Switzerland) in a 96-well plate.

Fabrication of PECs

Synthesis of Dendritic Mesoporous Silica (MSN)

The 3D-dendritic mesoporous silica was prepared by a
one-pot biphase stratification approach [33, 34]. Briefly, 24
mL of CTAC solution (10 wt% ) is mixed with 66 μL of TEA
and 36 mL of H2O as water phase and magnetically stirred
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gently for 1 h at 70°C. Then, 20 mL of TEOS in cyclohex-
ane(20 v/v%) as oil phase was added to the prepared water
phase and stirred 12 h at a speed of 200 rpm at 70°C. After
removing the upper oil phase, the product was centrifuged
(12,000 rpm, 20 min) and washed with ethanol and ultrapure
water. In order to remove the template, the precipitate after
centrifugation was dispersed in a mixture of 150-ml absolute
ethanol and 1.5-ml hydrochloric acid and refluxed for 24 h at
80°C. The product was centrifuged (12,000 rpm, 5 min),
washed three times with ethanol, and dried at 100°C for 6 h.

To modify amino groups on the MSN, 150 mg of MSN
and 200 μL of APTES were dispersed in 60 ml of ethanol and
refluxed for 24 h at 80°C. The amino-functionalized MSN was

collected via centrifugation (12,000 rpm, 5 min) and washed
three times with ethanol.

Synthesis of Alginate-g-3-Aminophenylboronic Acid (ALG-g-
APBA)

Alginate-g-3-aminophenylboronic acid was synthesized
via coupling agents as illustrated in Scheme 1a [35, 36].
Alginate (1 g) dissolved in 100 mL of ultrapure water
o v e r n i g h t w a s m i x e d w i t h 0 . 9 6 g o f 1 - ( 3 -
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) and 0.575 g N-hydroxysuccinimide (NHS) as coupling
agents to activate the carboxyl groups for 45 min. While the

Scheme 1. Synthesis of ALG-g-APBA (a) and CS-g-FPBA (b) using the principles of carbodiimide chemistry

Scheme 2. Schematic representation for fabrication and glucose-responsive release of PECs
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pH was adjusted to 5.5 with 1-M NaOH and stirred for 24 h at
ambient temperature, 0.78 g of 3-aminophenylboronic acid
(3-APBA) dissolved in 1 mL of methanol was added to the
activated solution. The reaction product was dialyzed against
ultrapure water for 3 days (MWCO=3,500 Da) and
lyophilized.

Synthesis of Chitosan-g-3-Fluoro-4-Carboxyphenylboronic
Acid (CS-g-FPBA)

Chitosan-g-3-fluoro-4-carboxyphenylboronic acid (CS-g-
FPBA) was synthesized by the same method with ALG-g-
APBA [37]. As shown in Scheme 1b, 0.12 g of chitosan (CS)
was dissolved in 20 mL of 1% (v/v) acetic acid solution with
170 mL of PBS buffer. Added 20 mL of dimethyl sulfoxide
(DMSO) in the flask w i th 0 . 275 -g 4 -fluoro-3 -
carboxyphenylboronic acid (FPBA), 0.288-g 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), and 0.172-g N-hydroxysuccinimide (NHS), the mix-
ture was stirred and activated for 4 h. Then the activated
product was added to the previously dissolved chitosan

solution, and the pH was adjusted to 12.0 with 1-M NaOH
and stirred for 24 h at room temperature. After the reaction,
the product was purged by dialyzing against with 10% (v/v)
ethanol solution and ultrapure water for 3 days
(MWCO=12,000 Da) and freeze-dried.

Preparation of ALG-g-APBA-Coated MSN-NH2(INS) Nano-
particles (ALG-g-APBA@MSN)

The nanoparticles were prepared by solvent adsorption
method as previously reported [38]. Briefly, the ALG-g-
APBA solution (1 mg/ml) was prepared by dissolving ALG-
g-APBA in phosphate buffer (pH=7.4). Then, insulin powder
dissolved in 0.01-M HCl was stirred with MSN-NH2 for 2 h in
an ice bath whereas the pH value was adjusted to 6.0. The
insulin-loaded MSN-NH2 nanoparticle suspension was added
dropwise to the ALG-g-APBA solution (the optimal mass
ratio of INS:MSN-NH2:ALG-g-APBA=2:2:1), stirred for 2 h.
ALG-g-APBA@MSN nanoparticles were obtained after
centrifugation (10,000 rpm, 5 min, 4°C) and washed twice
with PBS buffer (pH=5.3). The free insulin in the supernatant

Figure 1. Fourier transform infrared (FTIR) spectrum of MSN (a),
ALG (b), ALG-g-APBA (c), CS (d), and CS-g-FPBA (e)

Figure 2. 1H-NMR spectrum of ALG (a), ALG-g-APBA (b), CS (c), and CS-g-FPBA (d)
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was determined by BCA protein assay with a standard curve
of a different concentration at 562 nm [39]. The entrapment
efficiency (EE) and loading capacity (LE) rate were calcu-
lated as:

EE% ¼ weighttotal−weightfree
weighttotal

� 100%

where weighttotal is the total amount of insulin and weightfree
is the free insulin in the supernatant solution:

LE% ¼ weighttotal−weightfree
weightnanoparticle

� 100%

where weighttotal is the total amount of insulin, weightfree is
the free insulin in the supernatant solution, weightnanoparticle is
the weight of nanoparticles.

Preparation of CS-g-FPBA-Coated MSN (INS) Nanoparticles
(CS-g-FPBA@MSN)

CS-g-FPBA was dissolved in phosphate buffer (pH=4.0)
with a concentration of 1 mg/mL. Rh-insulin dissolved in 0.01-
M HCl (2 mg/mL) was stirred with MSN powder for 2 h in an
ice bath. The insulin-loaded MSN nanoparticle suspension
was added dropwise to the CS-g-FPBA solution and stirred
for 2 h. CS-g-FPBA@MSN nanoparticles were collected by
centrifugation (10,000 rpm, 5 min, 4°C) and washed twice
with PBS buffer (pH=5.3). The entrapment efficiency (EE)
and loading capacity (LE) rate were calculated as previous
equations.

Fabrication of Polyelectrolyte Complexes (PECs)

ALG-g-APBA@MSN and CS-g-FPBA@MSN were sep-
arately dispersed in PBS buffer (pH=5.3). CaCl2 solution, 200
μL, (5 mg/mL) was mixed with ALG-g-APBA@MSN solu-
tion, after which CS-g-FPBA@MSN solution was dropwise
added and stirred for 1 h [40]. The PECs were obtained by

Figure 3. Transmission electron microscope (TEM) images of MSN (a), ALG-g-APBA@MSN (b), CS-g-FPBA@MSN (c), PECs (d), magnified
image of PECs (e), and zeta potential values of MSN, MSN-NH2, ALG-g-APBA@MSN, and CS-g-FPBA@MSN (F) (n=3).

Figure 4. Nitrogen adsorption-desorption isotherms of MSN, ALG-g-APBA@MSN, CS-g-FPBA@MSN,
and PECs (a); pore size distribution of MSN, ALG-g-APBA@MSN, CS-g-FPBA@MSN, and PECs (b).
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centrifugation (10,000 rpm, 5 min, 4°C), washed with PBS
buffer, and lyophilized. The entrapment efficiency (EE) and
loading capacity (LE) rates were calculated via the same
method in the previous equations.

In Vitro Release Studies

The pH and glucose sensitivity of PECs were investi-
gated by dispersing them in different media (pH=1.2, pH=7.4,
and glucose=0, 2, 5 mg/mL) using a constant temperature
shaker (100 rpm) at 37°C [41]. At predetermined time points
(1, 2, 3, 4, 5, 6, 8, 10, 12, 24 h), the suspension was centrifuged
(6,000 rpm, 1 min) and 0.2 mL of supernatant was taken out
for measurement. Then, 0.2 mL of fresh solution with the
same pH value and glucose concentration was supplied to the
remaining suspension. All the experiments were performed in
triplicate. The collected supernatant was estimated via the
Bradford protein assay by a UV spectrometer at 595 nm, and
the cumulatively released amount under different pH values
and glucose concentrations was calculated [39].

The capacity of switch “on” and “off” release was
estimated through transferring the PECs in a glucose solution
and glucose-absence solution. In brief, the nanoparticles were
dispersed and shook gently in glucose solution (5 mg/mL) at
37°C. After 3 h, the suspension was centrifuged (6,000 rpm, 1
min, 4°C), and the supernatant was removed. The precipitate
was dispersed in PBS buffer without glucose to shake for
another 3 h. The nanoparticles after centrifugation were
redispersed in glucose solution (5 mg/mL) and PBS buffer for
a new cycle. The concentrations of the sample were deter-
mined through the Bradford method at 595 nm for calculating
the cumulative release rate under different conditions.

Cell Viability

The cell counting kit-8 (CCK-8) was used to estimate the
cell viability of blank nanoparticles on Caco-2 cells as
previously reported [42, 43]. The cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; high glucose)

with 10% (v/v) fetal bovine serum at a humidified atmosphere
(37°C, 5% CO2). The Caco-2 cells in the logarithmic growth
phase which proliferated to cover the bottle wall were seeded
onto 96-well plates at a density of 5×103 cells per well with
100 μl of growth medium containing 10% FBS. After the cells
grow against the wall of flask, the original culture medium
was discarded, and the culture medium was separately
replaced with ALG-g-APBA@MSN solution and CS-g-
FPBA@MSN solution in a range of concentrations from
15.625 μg/mL to 1000 μg/mL (15.625, 31.25, 62.5, 125, 250,
500, 1000 μg/mL). Cells without the treatment of nanoparti-
cles were used as the control group whose viability was set as
100%. Each concentration was performed in 5 duplicate
wells. After interacted with the cells for 24 h, the solution was
discarded and washed with PBS buffer. Added to each well
was 100 μL of 10% CCK-8 solution and incubated at 37°C for
4 h. The optical density values were tested at the absorbance
of 450 nm, and then the cell viability was calculated as
follows:

Cellviability %ð Þ ¼ ODtreated−ODblank

ODcontrol−ODblank
� 100%

In Vivo Release Studies

Healthy male Sprague-Dawley (SD) rats were provided
from the Experimental Animal Center of Southern Medical
University (Guangzhou, China), and the rules of the Institu-
tional Animal Care and Ethics Committee of Southern
Medical University were followed. The rats were given
standard dehydrated granules and water as well kept at a
standard temperature (25 ±2°C) under an alternating 12-h
light-dark cycle. All animal experiments are conducted in full
compliance with local, national, ethical, and regulatory
principles and local licensing regulations, per the spirit of
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) International’s expectations for
animal care and use/ethics committees.

The hypoglycemic efficiency of insulin-loaded oral nano-
particles was investigated on five healthy rats and twenty
diabetic male rats induced by intraperitoneal injection of
streptozotocin (STZ, in 10-mM citrate buffer, pH 4.5) at a
dose of 60 mg/kg [44]. The fasting blood glucose was
measured 1 week after establishing the model. The rats were
considered diabetic if the fasting blood glucose value was
over 16.7 mmol/L for 3 days consecutively [45]. All the rats
(180–220 g) were on a fast overnight whereas allowed for
water and randomly divided into four groups (A, B, C, D, E,
n=5). Group A was injected subcutaneously with insulin

Table I. The Particle Sizes, Polydispersity Index (PDI), Entrapment
Efficiency (EE), and Loading Capacity (LC) of MSN, ALG-g-

APBA@MSN, and CS-g-FPBA@MSN Nanoparticles (n=3)

Samples Size (nm) PDI EE (%) LC (%)

MSN 187.2±2.7 0.18±0.05 - -
ALG-g-APBA@MSN 274.0±9.5 0.28±0.02 22.54±3.7 12.4±1.6
CS-g-FPBA@MSN 257.1±4.4 0.22±0.00 63.86±1.7 29.5±0.9

Table II. BET Profiles of MSN, ALG-g-APBA@MSN, CS-g-FPBA@MSN, and PECs

Samples Surface area (m2/g) Pore volume (cm3/g) Pore size (nm)

MSN 750.4 1.47 6.3
ALG-g-APBA@MSN 218.5 0.39 2.8
CS-g-FPBA@MSN 127.1 0.28 2.5
PECs 76.7 0.15 2.4
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solution (5 IU/kg), group B (PECs; 50 IU/kg), group C (PECs
without PBA modification, 50 IU/kg), and group D (insulin
solution; 50 IU/kg) were orally given by intragastric gavage.
PECs without PBA modification nanoparticles were poly-
electrolyte complexes composed of alginate-coated MSN-
NH2 nanoparticles and chitosan-coated MSN nanoparticles.
Group E were normal rats given PECs (50 IU/kg) through
gavage as well. After 30 min, all the experiment groups were
further orally administered glucose solution (1 g/kg) to
simulate postprandial glucose levels. The blood glucose was
monitored at predetermined time points using a glucometer
(Roche). To measure the insulin concentrations of diabetic
rats, blood samples (500 μL) were collected from orbit at
determined time intervals and centrifuged (3,500 rpm, 10
min). Insulin contents in serum were determined by an insulin
ELISA (enzyme-linked immunosorbent assays) kit. The area
below the curve of plasma insulin vs. time (AUC) was
calculated using the trapezoidal role, and the relative
bioavailability (F%) of oral PECs was calculated in the
following equation:

F% ¼ AUCOral �DoseS:C:
AUCS:C: �DoseOral

� 100%

Statistical Analyses

Statistical analyses were carried out with IBM SPSS
Statistics 24. Independent student’s t test and descriptive
statistic were utilized to access significant difference between
groups. A significant difference could be indicated when
p<0.05.

RESULT AND DISCUSSION

Fabrication and Characterization of Polyelectrolyte
Complexes

Modification and Characterization of ALG-g-APBA and CS-
g-FPBA

The FTIR spectrum of mesoporous silica (MSN) is
shown in Figure 1a, the strong and broad absorbance band
of 1,000 cm-1 was antisymmetric, and stretching vibration
peaks of Si-O-Si and the peaks at 963 cm-1 and 800 cm-1

corresponded to Si-O stretching vibration [46]. The structure
of ALG-g-APBA was characterized with the 1H-NMR
spectrum shown in Figure 2b. The resonance peaks at
δ=3.5–4.8 were attributed to protons of carbon skeleton in
alginate [38]. The peaks at δ=7.2–7.8 corresponded to protons
of benzene ring on phenylboronic acid, indicating
phenylboronic acid has been successfully grafted onto the
glucosamine units of alginate. All the information was
consistent with the results of the FTIR spectrum shown in
Figure 1c. The absorbance band of 1,398 cm-1 belonged to B-
O stretching vibration. The C=C stretching vibration of the
benzene ring was at 1560 cm-1, and the peak of 1636 cm-1 was
attributed to CO-NH stretching vibration, demonstrating 3-
aminophenylboronic acid has been successfully grafted onto
alginate. The grafting degree of phenylboronic acid groups

was qualitatively estimated by 1H-NMR spectra of ALG-g-
APBA with the equation proposed by Pettignano and co-
workers [47]. The degree of substitution was calculated about
26% by the ratio between the integration areas of the
phenylboronic acid unit and hydrogen in the alginate unit:

DS ¼ IPBA
IALG

� 100%

where IPBA is the integration areas of the phenylboronic acid
and IALG are the integration areas of hydrogen in the alginate
unit.

The 1H-NMR spectrum of CS-g-FPBA is shown in
Figure 2d. The chemical shifts at 2.8–4.0 were related to the
resonance peak of protons of carbon skeleton in chitosan as
well as the methyl peak of chitosan at 2.0 from incomplete
acetylation. The peaks at δ=7.2–7.8 were assigned to protons
of benzene ring in 3-carboxy-4-fluorophenylboronic acid,
indicating that phenylboronic acid has been successfully
grafted onto chitosan [48]. From the FTIR spectrum of CS-
g-FPBA shown in Figure 1e, the characteristic peaks of CO-
NH stretching vibration appeared at 1637 cm-1. The peaks at
1601 cm-1 were attributed to the stretching vibration of C=C
skeleton on the aromatic ring. The peaks at 1371 cm-1 were
assigned to substituted benzene absorption bands of bending
vibration, revealing that 3-carboxy-4-fluorophenylboronic
acid has been successfully grafted onto the glucosamine units
of chitosan [49]. The degree of substitution was calculated
about 15% by the ratio between the integration values of the
phenylboronic acid unit and hydrogen in the chitosan unit as
follows [50]:

DS ¼ IPBA
ICS

� 100%

where IPBA is the integration areas of the phenylboronic acid
and ICS are the integration areas of hydrogen in the chitosan
unit.

Fabrication and Characterization of Polyelectrolyte
Complexes

The mesoporous silica (MSN) was considered a potential
container for insulin due to the large surface area and tunable
pore size. The morphology investigated by transmission
electron microscope (TEM) showed smooth and spherical
monodispersed particles with dendritic pores and an average
diameter of approximately 165.4±2.7 nm (Figure 3a). The
particle size measured by dynamic light scattering (DLS) was
187.2±2.7 nm, which was larger than TEM. It was because the
hydrodynamic diameter measured in suspension was
corresponded to hypothetical hard spheres dispersed in the
same manner [51]. After wrapped with a polysaccharide layer
of ALG-g-APBA and CS-g-FPBA, the surface became
relatively rough (Figure 3b and c). The size of ALG-g-
APBA@MSN and CS-g-FPBA@MSN nanoparticles in-
creased to 274.0±9.5 nm and 257.1±4.4 nm, respectively, by
DLS analysis, indicating that the polysaccharide has been
successfully wrapped on MSN. As observed in Figure 3d, the
PECs formed by ALG-g-APBA and CS-g-FPBA exhibited a
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crosslink nano-network. MSN still maintained dendritic pore
structure after zooming in TEM images (Figure 3e). Further-
more, the zeta potential of MSN was −(25.5±1.0) mV, while
increasing to +(16.8±1.0) mV after modification with APTES
on the surface (MSN-NH2). Then, the zeta of ALG-g-
APBA@MSN nanoparticles reversed to −(24.9±1.2) mV due
to the successful package of negatively charged ALG-g-APBA
on the positively charged MSN-NH2. The CS-g-FPBA@MSN
nanoparticles are formed by coating the positively charged CS-
g-FPBA on the negatively charged MSN, exhibiting a charge of
+(20.0±0.3) mV (Figure 3f, Figure 4 Tables I, II).

Nitrogen adsorption-desorption analysis of MSN exhib-
ited type-IV isotherm (Figure 5A), suggesting that MSN has
an obvious mesoporous structure with an average pore size of
6.3 nm, pore volume of 1.47 cm3/g, and surface area of 750.4

m2/g, able to accommodate macromolecular drug as insulin
[52]. When MSN nanoparticles were filled with insulin then,
respectively, wrapped with ALG-g-APBA and CS-g-FPBA
on the surface, the isotherm became obviously flat, and the
pore sizes decreased to 2.8 nm and 2.5 nm. The pore volumes
of ALG-g-APBA@MSN and CS-g-FPBA@MSN were 0.39
cm3/g and 0.28 cm3/g which were much less than MSN’s,
indicating insulin has been loaded into the MSN interior. The
surface area decreased to 218.5 m2/g and 127.1 m2/g,
confirming that the surface of the MSN has been already
coated by polymers. Moreover, the pore volume of PECs
reduced to 0.15 cm3/g and the surface area to 76.7 m2/g owing
to the cross-linked network on the surface of MSN. The PECs
with a network possessed the capacity of preventing drug
leakage.

Figure 5. The release profiles in vitro of PECs in different pH values and glucose concentrations at 37°C (n=3) (a); the switch “on-off” release
profiles for PECs in 5-0-5-0 mg/mL of glucose (pH=7.4, 37°C) (n=3) (b); schematic representation for glucose responsiveness of PECs (c)
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In Vitro Release Studies

The release performance in vitro of PECs was investi-
gated under different glucose concentrations and pH condi-
tions as shown in Figure 5a. In the gastric environment, the
increasing protonation intensity of CS-g-FPBA leads to
stronger electrostatic interaction with ALG-g-APBA, and
the shrinking network can effectively prevent insulin from
release or leakage. Thus, the cumulative release of insulin in
the simulated gastric fluid of pH 1.2 was only 23.34±0.48% in
total in 10 h and approximately 30.38±1.9% in 24 h. The
glucose responsiveness profiles were explored with three
glucose concentrations to simulate blood glucose levels
in vivo, a control level (0 mg/mL), an euglycemic level (2
mg/mL), and a critical diabetic glucose level (5 mg/mL). The
release rate of insulin in PBS buffer (pH=7.4) with glucose of
2 mg/mL was around 47.79±1.23% in 10 h and 66.21±4.34%
in 24 h, which were obviously more than glucose-absence
media of 33.09±2.58% and 47.44±2.38% but less than that
with 5-mg/mL glucose of 78.07±2.60% and 90.92±3.11% at
the same time points. It could be seen from the release curve
that the release rate increases with the growth of glucose. 1,2-
Diol moieties of diffused glucose competitively bind to PBA
with PECs for breaking borate esters bond and swelling of
network, resulting in glucose-dependent release behavior of
insulin [35]. The network formed by electrostatic interaction
and borate esters were in response to glucose and provided
protection for insulin.

The blood glucose levels fluctuate for feeding, starving,
and circadian rhythm of diabetic patients. It is essential to
smartly regulate insulin release according to the blood
glucose. To investigate the switch “on-off” of insulin release,
the PECs were alternately immersed in 5 mg/mL of glucose
solution and glucose-absence solution. As shown in Figure 5b,
insulin released fast in glucose solution for the first 3 hours
with the rate around 18.15±2.55%, whereas in glucose-
absence solution only 4.01% for the next 3 hours. In four
cycles of 5-0-5-0–mg/mL release profiles, insulin released a
burst in glucose medium whereas a plateau in glucose-
absence solution. It obviously demonstrated that the drug

carriers played a role of a switch to control insulin release
according to glucose concentrations. In the intestine, the
network was swollen after 1,2-diol moieties of glucose
competitively bond to PBA with CS-g-FPBA and ALG-g-
APBA in high glucose condition, while shrinking following
that CS-g-FPBA and ALG-g-APBA replaced glucose to
recombine with the boronic acid group at glucose-absence
medium (Figure 5c) [41, 53].

Cell Viability

In order to assess the effect of PECs on cell survival,
Caco-2 cells were treated with blank CS-g-FPBA@MSN,
ALG-g-APBA@MSN, and PECs at a series of concentrations
(15.625, 31.25, 62.5, 125, 250, 500, 1000 μg/mL) for 24 hours
and then measured by CCK-8 assay, which was widely used as
a mitochondrion activity measurement to quantify the cell
growth or cell death [54]. As shown in Figure 6, the cell
viability for ALG-g-APBA@MSN, CS-g-FPBA@MSN, and
PECs were all beyond 80% even at the highest concentration
of 1000 μg/mL. It also could be seen that nanoparticles
promoted the proliferation of Caco-2 cells at low concentra-
tions. These results indicated that the nanoparticles had no
toxicity on Caco-2 cells and could be used as an insulin
delivery in vivo.

In Vivo Release Studies

The hypoglycemic effects of different equations assessed
on type I diabetic rats were described in Figure 7a. After oral
administration in vivo, the PECs (INS) should be transported
from the gastrointestinal tract which contains many obstacles
(gastric acid, enzymes, mucus, and epithelial barrier). Subcu-
taneous injection could deliver insulin into blood capillaries
directly between connective tissues. As a result, the bioactiv-
ity of subcutaneous injection is much higher than that of oral
administration, and the dose of oral administration should be
much higher than that of subcutaneous injection [55, 56]. Oral
intake glucose solution (1 g/kg) post 30-min administration of
insulin formulations was used to simulate the postprandial

Figure 6. Cell viability of Caco-2 cells treated with blank ALG-g-
APBA@MSN and CS-g-FPBA@MSN nanoparticles by CCK-8 assay
after incubation for 24 h at 37°C (n=5)
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condition. As shown in Figure 7a, oral administration of
glucose solution led to postprandial hyperglycemia, and the
blood glucose levels of oral-administrated insulin (50 IU/kg)
reduced to the initial level after 8 h while still maintained a
high blood glucose state. The blood glucose levels of
subcutaneous injection (5 IU/kg) decreased rapidly to the
lowest value (14.19±3.48% of initial blood glucose) in 2 h and
began to return to hyperglycemic level after 4 h, which was
due to the short half-life of insulin [57]. PECs without PBA
modification (50 IU/kg) acted as a control group that
primordial alginate and chitosan were coated on MSN-NH2

and MSN nanoparticles, respectively. In this group, the blood
glucose decreased to 56.93±10.25% of the initial level in 8 h
and maintained a relatively constant decline tendency to 18 h.
In comparison, PECs (INS) (50 IU/kg), triggered by high
glucose level in the intestine after oral intake with glucose
solution, exhibited a better hypoglycemic effect, which fell

dramatically to 35.08±12.39% of the initial in 8 h but followed
a slow and steady decline tendency to the lowest value (24.01
±3.41%) till 14 h and then increased after 18 h. Owing to the
modification of PBA, the PECs presented a rapid glucose
responsiveness and self-regulation capacity which could
maintain normal levels for nearly 12 h. Of note, the blood
glucose of oral administration with PECs (INS) on normal
rats exhibited almost no significant hypoglycemic effect but
only a short and mild effect at 6 h. Therefore, PECs delivery
system is capable of regulating release to achieve a steady and
prolonged hypoglycemic effect [58].

According to the pharmacokinetic curves in Figure 7B,
the plasma insulin concentrations of diabetic rats in the
subcutaneous injection group reached a maximum of 55.58
±8.62 μIU/mL at 1 h and then dropped to the initial value
after 3 h, indicating a fast elimination rate and short retention
time of insulin in the body. In the group of PECs (INS)

Figure 7. Blood glucose levels of fasted STZ-induced type I diabetic rats after subcutaneous injection with insulin solution (5 IU/
kg), oral PECs (50 IU/kg), oral PECs without PBA modification (50 IU/kg), oral insulin solution (50 IU/kg) in diabetic rats, and
oral PECs (50 IU/kg) in normal rats (a); glucose solution (1 g/kg) was oral intake post 30-min administration of insulin
formulations. Plasma insulin concentrations of subcutaneous injection with insulin solution (5 IU/kg), oral PECs (50 IU/kg), and
oral PECs without PBAmodification (50 IU/kg) in diabetic rats (b). Data points represent mean ± SD (n=5), significant difference
between groups was analyzed with independent student’s t test: Both oral PECs without PBA modification (50 IU/kg) and oral
insulin solution (50 IU/kg) were the control groups of two aspects, and oral PECs (50 IU/kg) was the experimental group. The t
test was carried out twice because the experimental group should match each control group, respectively. Moreover, there was no
need to adjust the significance probability because the two tests were not absolutely multiple or multi-index comparisons of
sample groups from the same batch (α=0.05). Oral insulin solution (50 IU/kg) and oral PECs (50 IU/kg):*p<0.05, **p< 0.01, ***p
< 0.001. Oral PECs without PBA modification (50 IU/kg) and oral PECs (50 IU/kg): #p<0.05
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without PBA modification, the plasma insulin increased
slowly to a max value of 10.87±5.08 μIU/mL at 10 h, whereas
following a decrease to 3.43±3.07 μIU/mL to 18 h, indicating
the insulin was completely released from PECs. By compar-
ison, the plasma insulin concentrations in oral PECs (INS)
group increased slightly in 3 h, after which it reached a peak
value of 20.53±3.23 μIU/mL at 8 h. Subsequently, the plasma
insulin concentration decreased comparatively stable from
10 h to 14 h because the network of PECs began to shrink to
prevent insulin release at low glucose level. The plasma insulin
was detected at a relatively low level (5.59±2.96 μIU/mL) at 14 h
according with the slow decline tendency of blood glucose level.
The relative bioavailability of PECs reached 11.40%, far more
than that of insulin solution by oral administration (0.5%) [59]
and approximately 1.5-fold higher than that of the PECswithout
PBA modification (8.53%). Thereby, PECs possessed a better
bioavailability for the intelligent release regulation according
with blood glucose variation.

Chitosan has the capacity for overcoming mucus and
epithelial barrier due to good mucoadhesion to intestinal
epithelium and promotion of paracellular transport through
opening the tight junctions (TJs). It can prolong the retention
time of insulin in the intestinal tract and enhance adsorption
before being eliminated from the intestine [49, 60]. In
addition, it is reported that calcium cation plays a vital role
in the activity of digestive enzymes (such as trypsin) in the
gastrointestinal tract. The carboxyl group on the alginate has
a complexation effect on calcium cations, which can inhibit
some digestive enzymes to improve the stability of the drug
[61]. Overall, the orally administrated PECs with glucose
responsiveness can be selected as a good candidate for a
postprandial insulin delivery system.

CONCLUSION

Controlling the postprandial blood glucose level of diabetic
patients is essential to achieve tight blood glucose control
according to carbohydrate content before or after meals. This
study developed an oral glucose-responsive delivery system for
postprandial administration of insulin. The PECs were com-
prised of CS-g-FPBA@MSN nanoparticles and ALG-g-
APBA@MSN nanoparticles through electrostatic interaction
and borate esters, presenting a good pH stability and glucose
responsiveness according to in vitro release studies. The self-
regulation release profiles also manifested the PECs could
switch “on” insulin release at hyperglycemic state and switch
“off” release at euglycemic levels. Furthermore, in vivo studies
on diabetic rats exhibited a significant hypoglycemic effect by
self-regulating insulin release, and possessed a higher bioavail-
ability. Therefore, the PECs have the potential to be used as a
peroral glucose-triggered system to lessen the risk of glucose
fluctuation and prolong release time.
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