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Abstract
Effective delivery system for oral insulin administration is a promising way for diabetes
therapy. Herein, we prepared alginate microbeads containing chitosan nanoparticles (CNP)
for controlled release of insulin. CNP was developed by reaction between tripolyphosphate
(TPP) and chitosan. The ratio of TPP to chitosan was optimized aiming with smaller and more
unified distributed CNP. TEM and DLS analysis confirmed that CNP has size around 150 nm
with low PDI value and strong surface charge. Encapsulate ability for bovine serum albumin,
working asmodel protein, was 11.45%, and the encapsulate efficiencywas 23.70%. Tomodify
the release profile of protein suitable for oral insulin delivery, sodium alginate was applied to
coat on the surface of CNP by electrostatic interaction. After that, CaCl2 was added to reinforce
the alginate coating layer. FTIR analysis confirmed the interaction of alginate with chitosan and
reaction with calcium ion. After reaction with Ca2+ ion, size measurement revealed that CNP
was incorporated into alginate microbeads with mean diameter about 3.197 μm. Alginate
microbeads presented irregular shape with small particles inside as revealed by optical
microscope. Meanwhile, the release test demonstrated that protein release was pH-dependent.
Acidic pH value retards protein release and neutral pH value promotes protein release. At last,
insulin-loaded alginate microbeads were administrated to hyperglycemia model mice and
blood glucose profile was monitored afterward. Insulin-loaded microbeads significantly
lowered blood glucose level compared with mice treated with alginate microbeads without
insulin. It is noted that insulin-loaded alginate microbeads could lower blood glucose level in
much prolonged period of 96 h, indicating that insulin was released in controlled manner.
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Introduction

Insulin administration is the most effective therapy for diabetes patients to control hypergly-
cemia and other complications [1]. However, usage of insulin is still quite problematic due to
its administration method. By far, subcutaneous injection is the commonest way which also
generates problems like allergic reaction, possible infection, skin bulges, needle phobia, and
low patient compliance [2]. Compared with injection, oral insulin delivery is a more conve-
nient and comfortable administration route exerting a long-term glycemic lowering effect and
gains better patient compliance. Moreover, when delivered orally, insulin is transported to liver
and exerts its function which works similar with endogenous pathway of insulin in the body
[3]. But oral insulin administration also faces problems like low stability and bio-availability
[4]. Insulin is not stable when pass through the stomach and intestinal tract due to severe pH
variation and several proteases degradation in the digestive juice. Additionally, when reach to
intestinal tract, insulin also needs to bypass the mucous layer adhered to the intestinal track in
order to be absorbed by the intestinal epithelium. To circumvent the problems associated with
oral insulin administration, development of effective oral insulin formulation has been put
forward in recent decades.

Among the many proposed methods, polymer-based micro- and nanoparticle carriers gain
much attention due to easy fabrication procedures and absorption promotion ability. Ideal
polymer-based carriers should encapsulate insulin and protect it from harsh environments in
the gastrointestinal (GI) system [1]. Both natural and synthetic polymers have been employed
to fabricate polymer-based delivery tool for oral insulin administration. For this end, chitosan
and alginate acid are two most investigated polymers.

Chitosan is a cationic polysaccharide derived from partial deacetylation of chitin which is
the second largest natural polysaccharide only after cellulose. Chitosan is composed of
glucosamine and N-acetyl-d-glucosamine linked by β(1, 4) glycosidic bonds. It is the only
biopolymer that bears positive charge when dissolved in solution. Moreover, chitosan is
biodegradable and biocompatible that guarantees its wide application in pharmaceutical and
medical areas. Glucosamine group in chitosan could interact with linking agents such as
sodium tripolyphosphate (TPP) and glutaraldehyde, forming stable and spherical carriers in
optimized conditions [5]. The positive charge of chitosan also facilitates interaction with
functional proteins like insulin which usually bears negative charge in natural pH solution.
Chitosan and its derivatives formulated carriers that have strong mucoadhesive ability and
could promote permeation and absorption of payload in the gut [6]. Juan Wang et al. prepared
chitosan based nanogels with positive and negative surface charge for oral insulin delivery [7].
They reported that nanogels with negative charge could delivery insulin with more efficiency.
However, as pointed out in previous research, chitosan based carrier tends to dissolve in
stomach which lead to early release of payload and low efficiency due to protein denaturation
[8]. Further modification of insulin loaded chitosan carriers is needed to adjust its release
profile and increase the bioavailability of insulin.

Alginate acid is a natural linear polysaccharide isolated from brown algae [9]. It is
composed of β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues linked by β(1,
4) glycosidic bonds. Alginate acid forms gel when linked by divalent cations, especially Ca2+,
making it one of the most commonly used materials for gel beads preparation [10]. Moreover,
alginate acid beads are stable in lower pH value but swell and dissolve in neutral and higher
pH value which imparts pH responsive release feature[11]. Alginate acid beads are also widely
used for oral insulin delivery. Insulin-loaded alginate microbeads were prepared by
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emulsification and internal gelation induced by Ca2+, but the microbeads could not control the
release of insulin in acidic medium which guarantees further investigations [12]. As pointed
out by previous studies, although alginate microbeads are stable in gastric juice, it could not
modulate the release speed of insulin which leads to the abovementioned problems [13]. Both
chitosan and alginate acid can be employed to fabricate delivery tools which better protect and
control the release profile of insulin. Chitosan-coated alginate nanoparticles and microbeads
reduce the release of insulin in simulated gastric buffer but accelerate the release when in
simulated intestinal condition [13, 14].

In the present study, we prepared alginate acid microbeads containing chitosan nanoparti-
cles which could be used to encapsulate insulin for oral administration. Chitosan nanoparticles
were prepared and added with alginate acid to form alginate microbeads due to electrostatic
attraction. Then, alginate microbeads were reinforced by reaction with Ca2+. It shows con-
trolled release feature in simulated gastric and small intestine solution. Animal study proved
that it is effective to control the blood glucose concentration in diabetic mice in prolonged
period.

Materials and Methods

Materials

Chitosan with low viscosity (<200 mPa.S) and sodium alginate (200 ± 20 mPa.S) were
provided by Macklin Inc (Shanghai, China). Bovine serum albumin (BSA), streptozotocin,
and insulin (27 IU/mg) were purchased from Aladin Inc (Shanghai, China). BCA protein assay
kit was from Beyotime Biotechnology (Shanghai, China). All other reagents were provided by
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).

Hyperglycemia Animal Model Development

C57BL/6 mice, 6 weeks old, were purchased from Laboratory Animal Center of Anhui
Medical University, Hefei, China. Mice were housed in an animal experiment room with
standard conditions (23 ± 2 °C, 55 ± 5% relative humidity, 12-h light/dark cycle) and fed
standard diet for 1 week to acclimatize. After that, all mice were fed with high-fat diet which
was formulated according to our previous research [15]. And during the experiment, low
dosage of streptozocin (0.1 M sodium citrate and 0.1 M citric acid, pH 4.2–4.5, dosage of
30 mg kg−1 BW) was intraperitoneally injected to mice on day 20, day 27, and day 34 to
develop diabetes according to our previous study [16]. After 8 weeks of high-fat diet treatment,
fast blood glucose concentration higher than 7.5 mmol/L was adopted as the standard to select
hyperglycemia mice (a total of 21 mice). The animal experiment was approved by the animal
ethical committee, Hefei University of Technology.

Chitosan Nanoparticles (CNP) Preparation and Optimization

Chitosan was dissolved in 1% acetic acid solution to prepare chitosan solution at the
concentration of 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 mg/mL. Sodium tripolyphosphate (TPP)
was prepared in distilled water at concentration of 0.5 mg/mL. TPP solution was dripped at
rate of 2 mL/min into chitosan solution magnetic stirred at the speed of 800 rpm. The mixture
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was stirred for further 20 min and centrifuged at 10,000 g for 15 min. Supernate fluid was
removed to separate CNP. Protein was entrapped into CNP by dissolving in chitosan solution
in advance. CNP was washed with distilled water for twice to remove adhered surface protein
and free chitosan. During the preparation, appearance of solution with obvious aggregation
and agglomeration was discarded, and only solution with transparent or semi-transparent
appearance was processed for the following steps [17].

Alginate Microbeads Preparation

CNP was dissolved in distilled water with the aid of ultrasonication treatment for 2 min.
Alginate sodium was fully dissolved in water at the concentration of 6 mg/mL. Then, dissolved
CNP was dripped via a syringe into alginate sodium solution under stirring. Alginate
microbeads were separated by centrifugation at 10,000 g for 15 min. The precipitate was
removed and washed with distilled water and again centrifuged at the same conditions.
Precipitate was dissolved in water with the aid of ultrasonication treatment. Then, CaCl2
solution at the concentration of 1% was dripped into alginate microbeads solution to initiate
crosslink reaction. The reaction was processed for 30 min, and microbeads were separated by
centrifugation at 3000 g for 15 min.

Hydrodynamic Parameters Examination

Size, PDI value, and zeta potential of CNP were measured by dynamic light scattering (DSL)
on a ZS nanosizer analyzer (Malvern, Worcestershire, UK). Size and PDI was analyzed in a
polystyrene cell. Zeta potential was measured in a zeta cell, and the measurement was
conducted at 25 °C with a detector angle of 90° and wavelength of 633 nm. Size of alginate
microbeads was analyzed on a Master Sizer 2000 (Malvern, Worcestershire, UK). Microbeads
were added into a sample holder which contained about 500 mL distilled water, and size was
measured by static light scattering [18].

Transmission Electron microscopy (TEM) Analysis of Chitosan Nanoparticle (CNP)

Morphology properties of CNP were observed via TEM. Samples were prepared according to
our previous method [19]. Phosphotungstic acid (2%) was applied to stain the sample on a
TEM grid. Morphological features were observed on a transmission electron microscopy
(JEM, 1200EX, Japan) at an accelerating voltage of 120 kV.

Microscope Observation of Alginate Microbeads

Alginate microbeads contain CNP were prepared after sodium alginate coating and CaCl2
cross-linking. The appearance of alginate microbeads was observed through a common optical
microscope (E100, Nikon, Japan) mounted with a digital camera (J1, Nikon, Japan). Images of
microbeads magnified by 100 and 400 times were recorded.

Attenuated Total Reflecting-Fourier-Transform Infrared (ATR-FTIR) Investigation

After lyophilization, chitosan, alginate, CNP, alginate microbead containing CNP, and Ca2+

cross-linked alginate microbead powder was analyzed on a PerkinElmer Spectrum 100
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spectrophotometer (Waltham, MA, USA). The sample powder was sandwiched between the
ATR accessary and the diamond crystal. Spectra between 600 and 4000 cm-1 were recorded.

Differential Scanning Calorimetry (DSC)

After lyophilization, thermal properties of insulin, chitosan, alginate, insulin-loaded CNP,
alginate microbeads containing CNP, and Ca2+ cross-linked alginate microbeads
powder were analyzed by a different scanning calorimeter (DSC Q200, TA instruments,
USA). Briefly, under constant nitrogen flow rate (50 mL/min), samples were heated from 20
to 300 °C at a rate of 10 °C/min.

Loading Ability and Efficiency Measurement

For the pilot study, BSA protein, as a model protein, was encapsulated into microbeads [20].
BSA protein was first dissolved in chitosan solution for preparing CNP. The other procedures
are conducted according to above description. Protein concentration in the supernatant after
centrifugation was determined by the BCA protein assay kit according to the instruction.
Protein encapsulated into CNP was calculated as total protein minus protein in supernatant
[21]. Loading ability and efficiency was calculated using the following formulas.

Loading ability ¼ Total protein amount−Protein amount in supernatant
CNP weight

;

Loading efficiency ¼ Total protein amount−Protein amount in supernatant
Total protein amount

Release Profile of Alginate Microbeads Containing CNP

Protein release from alginate microbeads containing CNP was monitored by the BCA protein
assay kit. Protein concentration was calculated using the following standard curve:

Y ¼ 0:8231*Xþ 0:1346; r2 ¼ 0:9948;

where X means protein concentration (mg/mL) and Y means the absorption value at 562 nm.
Alginate microbeads containing CNP were dissolved in 5 mL of simulated digestive juice

(dilute hydrochloric acid with pH 1.2 or PBS pH 7.4, working as simulated gastric juice and
simulated small intestinal juice respectively) and transferred to a dialysis tube with cutting
molecular weight of 100KDa. The dialysis tubewas submerged into 20mL of dilute hydrochloric
acid with pH 1.2 or PBS pH 7.4 under stirring at the temperature of 37 °C. At 0, 1, 2, 4, 12, and 24
h, 30 μL of dialysate was collected for measurement of protein concentration [22].

Accelerated Stability Test

Insulin-loaded Ca2+ cross-linked alginate microbead powder was dissolved in 210 mL PBS
solution and incubated at 50 °C. Sample solutions were taken out at 0, 1, 2, 3, 4, 5 and 6
h respectively. After centrifugation, the supernatant was used to measure the concentration of
released insulin by HPLC (E2695, Waters, USA). The column was Symmetry C18 with 5 μm
particle size, 4.6 mm id × 250 mm length. The mobile phase consists of 0.1% trifluoroacetic
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acid (TFA) and acetonitrile (ACT) aqueous solution. The flow rate is 1 mL/min and UV
detection was used to identify insulin at 214 nm [23].

The remaining amount of insulin was calculated to indicate stability according to the
following formulation:

The remaining amount of insulin %ð Þ
¼ total amount of insulin−free amount of insulinð Þ= total amount of insulinð Þ*100:

Hyperglycemic Ability

Alginate microbeads containing CNP loaded with insulin (insulin loaded beads) and without
insulin (blank beads) were dispersed in saline. The concentration of microbeads was adjusted
so that 3 U insulin/kg BW was achieved when 0.2 mL of the solution was delivered to mice.
The blood glucose level was monitored after microbeads treatment at 0, 1, 2, 3, 4, 5, 7, 10, 24,
48, 72, 96, 120, and 144 h respectively.

Statistical Analysis

All data were presented as mean ± standard deviation after being statistically processed.
Software SPSS 13.0 was used for t test analysis of the inter group deviation. p < 0.05 means
significant difference.

Results and Discussion

Chitosan Nanoparticles (CNP) Preparation and Optimization

Chitosan nanoparticles (CNP) were prepared using ionic gelation method. Weight ratio of
chitosan to TPP was adjusted to 3:1 to 7:1 by varying concentration of chitosan from 1.5 to
3.5 mg/mL and fixing the concentration of TPP to 0.5 mg/mL. Size of CNP ranges from
245.5 to 143.0 nm (Fig. 1). When weight ratio of chitosan to TPP was 5:1, the size was
smallest. Also, PDI value of CNP prepared by the same condition was smaller than other
groups, indicating that CNP distributes in a unified pattern. Zeta potential is impacted by
weight ratio of chitosan to TPP either. When the ratio was low, zeta potential value was
smaller than the counterparts with higher ratio. TPP reacted with amino groups of chitosan
and reduced the positive charge deployed on the surface of CNP, lowering the zeta
potential value. As is well known, lower PDI and higher zeta potential value are important
indicators of stable nanoparticles when dissolved in solution. Hence, the ratio of chitosan
to TPP was determined as 5:1 in the following experiments. Fabrication conditions
including chitosan/TPP ratio has been investigated which found that weight ratio of 3:1
was appropriate using flush method [24]. Lower concentration of chitosan could decrease
the size of chitosan nanoparticles. It was reported that CNP formed with higher concen-
tration of TPP was opalescent or even aggregated, meaning much larger particle size [17].
Other factors, such as molecular weight of chitosan, preparation temperature, solution pH
value, and the way solutions mixed, all impact on the hydrodynamic properties of chitosan
nanoparticles [25, 26].
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CNP Morphology Observation

Fig. 1 Hydrodynamic properties of chitosan-sodium tripolyphosphate nanoparticles (CNP) at different prepara-
tion conditions. (a) size of CNP, Chit 3, Chit 4, Chit 5, Chit 6, Chit 7 indicates the concentration of chitosan
solution are 1.5, 2.0, 2.5, 3.0, 3.5 mg/mL when fix the concentration of sodium tripolyphosphate at 0.5 mg/mL;
(b) PDI of CNP; (c) zeta potential value of CNP

Fig. 2 Morphology characteristic of CNP at the optimized preparation conditions. (a) and (b) are CNP without
protein loading, and bars are 100 and 200 nm, respectively; (c) and (d) are CNP loaded with protein, and bars are
100 nm and 200 nm respectively
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Morphology properties of blank CNP and protein-loaded CNP were observed via TEM (Fig.
2). Size of CNP without protein was slightly lower than 100 nm which was also lower than that
revealed in DLS. After preparation, wet CNP without protein should contain much hiatus or
pores occupied by water. During TEM sample preparation, CNP was dried which may lead to
shrinking of the particles. Moreover, as revealed in TEM images, blank CNP is only
approximate spherical with much small irregular structures on the surface which could be
ascribed to drying process when preparing TEM sample. On the other hand, CNP loaded with
protein is larger than that without protein. The size of CNP revealed by TEM was about
150 nm which was similar with that obtained by DLS. Size of most CNP was similar, meaning
that they distributed in a narrow range as also indicated by the low PDI value. CNP shows
prefect spherical feature which was also presented by previous researches [27]. Protein loaded



Fig. 3 Size distribution profile of alginate microbeads contains CNP without Ca2+ ion crosslinking (Chit-TPP-
Alg), and alginate microbeads contains CNP crosslinked with CaCl2
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into CNP may replace water and occupy hiatus or pores in the CNP, such maintains its size and
shape as well during TEM sample drying process.

Preparation of Alginate Calcium Microbeads Containing CNP

After the condition for CNP fabrication was optimized, CNP was dripped into sodium alginate
solution to prepare alginate-coated CNP (Chit-TPP-Alg). Positive charges on the surface of
CNP would interact with negative charge of alginate acid and form aggregation of CNP linked
and coated by alginate. The alginate microbeads were further reinforced by adding CaCl2
solution (Chit-TPP-Alg-CaCl2). Alginate could form microbeads with divalent cation, espe-
cially Ca2+, by linking the guluronic acid block in the alginate acid polymer [28]. Frist of all,
the size of Chit-TPP-Alg and Chit-TPP-Alg-CaCl2 was assessed which showed that after Ca2+

crosslinking size of alginate microbeads increased by about 30%. The mean size of Chit-TPP-
Alg was 3.50 ± 0.24 μm, suggesting alginate interact with CNPs and form microbeads much
larger than CNP. In the present experiment conditions, alginate was not coated on the surface
of single CNP but may linked with several CNPs and form microbeads with CNPs inside.
Chit-TPP-Alg was further treated with CaCl2 to strength the gel structure of microbeads. The
size of Chit-TPP-Alg-CaCl2 was about 4.77 ± 0.40 μm. Ca2+ may linked alginate acid existed
in the solution with that on the surface of microbeads, such increased size of the microbeads.
Size distribution pattern of microbeads was depicted in Fig. 3. There are three main distribu-
tion peaks, around 0.2–1.0, 1.0–10, and 10–100 μm, respectively. The size distribution profile
of Chit-TPP-Alg-CaCl2 and Chit-TPP-Alg was quite similar, showing Ca2+-alginate interac-
tion exerted little impact on the size distribution pattern.



Microscope images indicate that apart from large microbeads, there exist microbeads in
smaller size (Fig. 4). Most microbeads have irregular shape and contain very small little
particles inside which should be CNPs. One typical microbead contains hundreds of CNPs
inside, suggesting microbeads containing CNPs were formed as predicted (Fig.4 c).

FTIR Spectrum Analysis

FTIR spectrum of chitosan, sodium alginate, chitosan TPP nanoparticles (Chit-TPP), alginate
microbeads contain CNPs (Chit-TPP-Alg), and calcium alginate microbeads contain CNPs
(Chit-TPP-Alg-CaCl2) were recorded and presented in Fig.5. Peak at 3360 cm-1 which is
concluded as OH stretching, become more flat and wider in spectrum of Chit-TPP compared
with spectrum of chitosan, indicating stronger hydrogen bonding [29]. Peaks at 1646 cm-1 and
1597 cm-1 of chitosan which are attributed to C=O stretching from amide I and NH2 bending
vibration shifted to 1635 cm-1 and 1537 cm-1 in spectrum of Chit-TPP, respectively. This has
been reported in previous publication as the result of linkage between phosphoric groups of
TPP and the amino groups in chitosan [21]. A new peak at 1220 cm-1 of Chit-TPP is ascribed
to P=O from TPP. Alginate bears negative charge in solution which could interact with
positively charged Chit-TPP nanoparticles. FTIR spectrum of Chit-TPP-Alg showed signifi-
cant peak shift compared with Chit-TPP and sodium alginate. C=O stretching from amide I at
1635 cm-1 was shifted to 1590 cm-1 and becomes stronger than that of Chit-TPP due to strong
antisymmetric CO2

- stretching of alginate acid [25]. While NH2 bending vibration at 1537 cm-1

Fig. 4 Images of alginate microbeads contains CNP. (a) Images of alginate microbeads contain CNP without
insulin loading at 100 X magnification. (b) Images of alginate microbeads contain CNP loaded with insulin
loading at 100 X magnification. (c) Images of alginate microbeads contain CNP without insulin loading at 400 X
magnification. (d) Images of alginate microbeads contain CNP without insulin loading at 400 X magnification
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was much weaker in spectrum of Chit-TPP-Alg, another peak at 1406 cm-1 becomes prom-
inent which is contributed from symmetric CO2

- stretch of alginate acid. The changes should
be caused by interaction between amino group from chitosan and carboxyl group from alginate
when forming the Chit-TPP-Alg microbeads. It should be noted that in the Chi-TPP-Alg
microbeads, only electrostatic interaction is the main force holding the microbead gel structure
which was further fortified with adding of Ca2+ ions. The FTIR spectrum of Chit-TPP-Alg-
CaCl2 has strong peak at 3368 cm-1 which is correlated to OH stretching, indicating that Chit-
TPP-Alg-CaCl2 may hold more bonding water than the Chit-TPP-Alg. The antisymmetric
CO2

- stretching signal shifted to 1629 cm-1 and becomes more prominent than that of Chit-
TPP-Alg which is also revealed by our former report [11]. The peak of symmetric CO2

- stretch
also shifted to 1425 cm-1 in Chit-TPP-Alg-CaCl2. The above result indicates Ca2+ ions react
with carboxyl groups of Chit-TPP-Alg microbeads.

Differential Scanning Calorimetry (DSC)

The thermal transition curve of insulin, chitosan, alginate, and insulin-loaded NPs were
studied by DSC, which examine structural interactions between insulin and the wall
material. The presence of the drug molecule can slightly affect the thermal behavior of
the nanoparticles which depend on the interaction between drugs and wall materials [30].
In Fig. 6, the DSC thermogram of insulin presented a strong endothermic peak at 116.49
°C and a weak endothermic peak at 159.16 °C, which are attributed to the denaturation
of insulin and water loss [31]. Compared with insulin, the endothermic peak of insulin
loaded NPs became indistinct, which is due to the low loading ability (11.45%) and
efficiency (23.70%) as mentioned in the following section. On the other hand, insulin-
loaded NPs reached the endothermic peak at a lower temperature. As for exothermic
peaks, insulin-loaded NPs started at a higher temperature, while the decomposition of
insulin happened after 190 °C. Our result indicated that there is an interaction between
insulin and chitosan, but the specific kind of interaction is unknown, which need further
investigations.

Fig. 5 FTIR spectrum of chitosan, alginate, chitosan-TPP nanoparticles (Chit-TPP), alginate microbead contain
CNP without CaCl2 ion crosslinking (Chit-TPP-Alg), and alginate microbeads contains CNP crosslinked with
CaCl2 (Chit-TPP-Alg- CaCl2)

472 Applied Biochemistry and Biotechnology (2021) 193:463–478



In vitro Release Profile

Alginate microbeads are stable in acidic solution but swell and dissolve in solution with neutral
and alkaline pH value. On the contrary, chitosan NPs tend to swell and debacle in acidic
solution but stable in neutral and alkaline solution. The present study investigates the alginate
microbeads containing chitosan NPs which adjust the release properties of payload (Fig. 7).
Bovine serum albumin (BSA) was used as a model protein dissolved along with chitosan to

Fig. 6 The DSC thermograms of insulin, chitosan, alginate, and insulin-loaded Chit-TPP, Chit-TPP-Alg, and
Chit-TPP-Alg-CaCl2

Fig. 7 Release profile of protein from alginate microbeads contains CNP under pH 1.2 and 7.4, simulating
gastric solution and small intestinal solution respectively
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prepare chitosan NPs. Loading ability and efficiency measurement of BSA in prepared
microbeads were 11.45 and 23.70%, respectively. During the preparing process, protein could
release into the solution which may limit the loading efficiency. Release profile of Chit-TPP-
Alg-CaCl2 microbeads in simulated gastric juice (pH 1.2) and small intestinal juice (pH 7.4)
showed that protein release was significantly impacted by the pH value. When in gastric juice,
the gel structure of Chit-TPP-Alg-CaCl2 microbeads is stable which could inhibit free release
of protein. At the end of the release test (24 h), only about 4% of protein was released. On the
other hand, when simulated in small intestine juice, the gel structure of Chit-TPP-Alg-CaCl2
microbeads was destroyed and increases the release of protein. About 80% of protein was
released at the end of the test. The release pattern verified our hypothesis that alginate
microbeads contain chitosan NPs could control the release of payload, in response to the pH
value.

Protein in microbeads prepared only by alginate releases very quickly when dissolved in
simulated gastric juice, showing no pH responsive release properties [12]. In one previous
study, hybrid microbeads were developed by adding protein containing sodium alginate into
chitosan-CaCl2 solution [20]. Alginate/chitosan nanoparticles were also prepared by ionotropic
pre-gelation of alginate microbead core followed by chitosan coating [32]. The release profile
was improved compared with the previous one that higher pH value stimulates the protein
release but only with very small difference. The microbeads also showed burst release pattern
in Tris-HCl solution pH 7.4. Alginate-chitosan microspheres prepared via membrane emulsi-
fication technique were also used as a delivery tool for protein [33]. Alginate-chitosan
microspheres showed pH-responsive release that when in simulated gastric juice, very small

Fig. 8 The stability of insulin loaded Chit-TPP-Alg-CaCl2 within 6 h at 50 °C
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amount of protein was released, but when in simulated small intestine juice, release speed was
greatly enhanced.

Accelerated Stability Test

In the Fig.8, through 6 h of high-temperature experiment, insulin still had a high remaining
amount in the first 2 h. The insulin concentration decreased faster after the third hour, which
should be cause by the high temperature. Therefore, the electrostatic attraction between
chitosan and alginate became weaker, thereby losing the protective effect on insulin
[34].The high temperature experiment proved that our nanoparticles have good stability,
compared with NPs prepared by other researchers [35]. Our results indicated that even if
NPs are exposed to high temperature in a short period of time during the manufacturing and
transportation process, NPs can also have a good protective effect on insulin, while under
normal storage conditions, insulin in NPs can maintain a high biological activity for
longer period.

In vivo Hyperglycemic Ability

Chit-TPP-Alg-CaCl2 microbeads loaded with and without insulin were administrated to
diabetes mice to monitor its hyperglycemic ability (Fig. 9). After 3 h of administration, the
mean blood glucose concentration of mice begun to decrease which was stabilized from 5 h
afterward. The blood glucose level decreased from about 20 mmol/L to about 10 mmol/L in

Fig. 9 Blood glucose level of diabetes model mice treated with alginate microbeads contains CNP loaded with
insulin (insulin loaded beads) and alginate microbeads contains CNP without insulin (blank beads), inset in
glucose level changes in the first 10 h after treatment
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mice treated insulin-loaded Chit-TPP-Alg-CaCl2 microbeads. On the contrary, blood glucose
level of mice treated with blank beads fluctuated around 20 mmol/L. It is noted that insulin
loaded Chit-TPP-Alg-CaCl2 exert hyperglycemic ability in much long period to about 100 h,
suggesting that insulin could release from microbeads in much controlled manner. In the past
decades, several chitosan and alginate acid-based delivery tools have been reported with
hyperglycemic ability. But in most cases, hyperglycemic time was quite short, meaning more
frequent medication is required. Insulin-loaded chitosan nanogel lowered blood sugar level
within about 15 h [7]. In another study, insulin-loaded alginate/chitosan NPs lowered the blood
glucose level within about 20 h [32]. Our results indicate that alginate microbeads contain
chitosan NPs which is an effective delivery tool for insulin to lower the blood glucose level
which is promising for diabetes treatment.

Conclusion

Alginate microbeads containing chitosan nanoparticles (NPs) were fabricated by electrostatic
interaction between sodium alginate and chitosan NPs and followed by Ca2+ ions crosslinking.
Chitosan NPs retain its spherical morphology inside the alginate microbeads as revealed by
microscope. Prepared alginate microbeads release its payload in controlled and pH-responsive
manner. Lower pH value inhibits the release of payload due to the fact that alginate microbeads
are stable in acidic solution. Higher pH value promotes the decompose of microbeads structure
and increases the release speed. When tested in vivo, insulin-loaded microbeads could lower the
blood glucose level in much prolonged manner. Within about 100 h, insulin-loaded alginate
microbeads showed significant hyperglycemic ability which is promising for diabetes treatment.
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