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Characterization and Efficacy of A Novel Formula of 
Insulin Chitosan Layered Duple Hydroxide-Nanohybrid 
for Oral Administration

Abstract
                         

The development of an oral insulin therapy remains an ultimate goal to both enhance ease of use, and 
to provide therapeutic advantages rooted in its direct delivery to the portal vein and liver. The current 
study aimed to develop a novel formula for insulin oral administration against experimental diabetes 
in rats. Entrapped insulin (INS) between chitosan nanoparticles (CSNPs) and layered duple hydroxide 
(LDH) (LDH-INS-CSNPs) was chemically prepared, and characterized by X-ray diffraction, Fourier 
transformation infrared, high-resolution transmission electron microscope, field emission scanning 
electron microscope and Zeta potential measurements. The insulin release study was conducted in 
vitro, while the oral hypoglycemic effect of LDH-INS-CSNPs was investigated in vivo in diabetic 
rats. The prepared formulas revealed a variation in the spectra of characterization methods. The insulin 
entrapment between LDH and chitosan avoided the burst release of insulin and acid denaturation in 
the stomach and enzymatic degradation throughout the gut. Consequently, the blood glucose level of 
LDH-INS-CSNPs formula exhibited a marked hypoglycemic effect. The present work showed that 
the LDH-INS-CSNPs formula had a protective effect against enzymatic degradation, reduced insulin 
initial burst release, and enhanced bioavailability through the oral administration route. Interestingly, 
the presented formula could be an oral antidiabetic agent alternative to injectable insulin.
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Introduction

Diabetes Mellitus (DM) is a common metabolic 
condition. Repeated subcutaneous insulin injection 
is the standard treatment for controlling the blood 
glucose level in type 1 and type 2 diabetes mellitus 

patients [1]. However, current insulin subcutaneous 
injection causes local discomfort, patient non-
compliance, hypoglycemia and hyperinsulinemia. For 
many physiological reasons, the oral bioavailability 
of insulin is low as it is a protein drug [2]. Previous 
studies showed that the strategy for effective oral 
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insulin delivery is based on insulin protection against 
gastric and enzymatic degradation, allows insulin to be 
released into the large intestine and increases insulin 
absorption by opening the epithelial tight junction of 
the intestinal wall [3].       

In the past few years, nano-carriers have opened a 
new landscape for the oral delivery of biomolecules 
[4]. The oral insulin administration has attracted the 
attention of large numbers of biomedical scientists. It 
could improve the loading performance of insulin on 
hydrophobic carriers by using soybean phospholipid 
[5], enteric coatings [6], enzyme inhibitors [7] and 
permeation enhancers [8] to enhance the absorption 
of insulin. Chitosan (CS), a cationic and biological 
polysaccharide, was designated a promising nano-
material with extensive biomedical applications due to 
its biodegradable, biocompatible, mucoadhesive, non-
toxic, and ability to target specific delivery properties 
[9, 10]. Novel nano-materials extensively developed 
from CS have been progressively examined over the 
past decade, with potential applications for targeted 
drug delivery [11].       

Recently, significant attention was given to the 
use of inorganic nanoparticles in drug delivery 
applications, since they have versatile attributes 
with wide availability, strong biocompatibility and 
rich surface functionality [12]. Besides, emerging 
bioinorganic hybrid systems, such as layered double 
hydroxides (LDH), are promising for drug delivery 
[13]. Also, it able to intercalate with different 
therapeutic compounds comprising conjugated linoleic 
acid [14], indole-3-acetic acid [15] and to show 
biocompatibility for several bio-applications [16].

Notably, medical researchers have recently 
committed to developing an oral delivery system of 
insulin for improved diabetes treatment [17], but until 
now, no successful outcome to avoid the mucosal 
barrier and increase the bioavailability, which are the 
main reasons for oral insulin failure [18]. Therefore, 
the present study aimed to prepare a new formula of 
insulin nano-hybrid carrier consisting of organic and 
inorganic constituents (LDH-INS-CSNPs), to achieve 
its sustained release and to increase its bioavailability 
via the oral administration route in diabetic rats.

Experimental
Materials

Sodium hydroxide (NaOH), hydrochloric acid 
(HCl), acetone, aluminum nitrate (Al (NO3)2·9H2O), 

zinc nitrate (Zn (NO3)2·6H2O), methanol, acetic acid, 
1-Propanol, β-alanine, mono-potassium phosphate 
(KH2PO4), NaH2PO4·12H2O and chitosan medium-MW 
(75 kDa) were purchased from LOBA Chemie, India. 
Streptozotocin (STZ) purchased from Sigma (Sigma-
Aldrich Co., St. Louis, Missouri, USA).

Preparation of Zn-Al LDH

Zn-Al LDH was prepared as mentioned previously 
[19]. Briefly, Zn (NO3)2·6H2O and Al (NO3)3·9H2O 
with a molar ratio 4:1 were dissolved in 100 mL 
distilled water, and NaOH (1 M) was added by 
dropwise until complete precipitation at pH (8-9). The 
precipitate suspension lasted under vigorous stirring at 
60 °C for 24 h. Finally, it was filtered, washed until pH 
7, and dried at 40 °C for 24 h.

Preparation of Zn-Al LDH-chitosan

As mentioned in the previous investigation [20], the 
Zn-Al LDH-chitosan composite was formed via the 
co-precipitation method; a mix of Al(NO3)3·9H2O and 
Zn(NO3)2·6H2O (Al/Zn=1/3 molar ratio) was dissolved 
in a solution of distilled water and 1-propanol. Then 
35 mL from this mixture were inserted into a blend of 
25 mL distilled water, 10 mL 1-propanol and 30 mL of 
chitosan (0.25 g/l) and β-alanine (0.005 M) with a high 
magnetic stirring; NaOH solution (0.5 M) was added 
dropwise to adjust pH 7.5. The mixture was transferred 
into a Teflon-lined autoclave and heated at 120 °C for 
18 h. The precipitate was filtered, washed many times 
to remove inorganic ions, and dried in vacuum at 60 °C 
for 24 h.
Preparation of insulin-loaded chitosan 
nanoparticles INS-CSNPs

Chitosan nanoparticles were prepared as described 
in previous publications [21, 22]. Then, 8 mg of 
chitosan nanoparticles were dissolved in 4 mL of an 
aqueous solution of acetic acid (1% v/v) and the pH 
value of the resulting solution was 3.4. Insulin (2 mg) 
was dissolved in 0.01 M NaOH (0.5 mL) and mixed 
with 0.9% (w/V) typically sodium tripolyphosphate 
(TPP) aqueous solution (1 mL). Then the mixture was 
slowly added dropwise to the chitosan solution under 
stirring. 

Preparation of novel LDH-INS-CSNPs
Firstly, insulin was loaded on LDH according to 

the method of Zhao et al. [23]. A chitosan solution 
that comprised 8 mg of chitosan, 4 mL of an aqueous 
solution of acetic acid (1% v/v) and NaOH at pH 6.5 
was prepared. Simultaneously, a solution of Al Zn 
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LDH-insulin (2 mg) plus 0.5 mL of 0.01 M NaOH was 
added to the chitosan solution by a drop wise; the total 
mixture was stirred in a magnetic stirrer for about 1 
hour at room temperature. Then, poloxamer 188 (0.1% 
w/v), and 1 mL of 0.9% (w/w) TPP solution were 
added dropwise to the mixture under stirring for 10 
minutes. In the final, the system was centrifuged with 
the addition of mannitol (0.05% w/v) and the sediment 
was then freeze-dried.
Characterization of the prepared materials

X-ray diffraction (XRD) technique characterized the 
crystallinity of the mentioned formulas using Cu Kα 
radiation (λ = 1.54 Å) in a 2θ scan range 5-80°. Fourier 
transformation infrared (FTIR) spectra were recorded 
on Bruker Vertex 70 FTIR spectrometer in the range 
from 400 to 4000 cm-1. High-resolution transmission 
electron microscope (HRTEM) images were acquired 
using (JEM-2100; JEOL, Japan), with an acceleration 
voltage of 200 kV. Field emission scanning electron 
microscope images (FESEM; JSM 6400 device, IEQL) 
were obtained. The particle sizes and zeta potentials 
were measured using a ZS90 Zetasizer instrument 
(Malvern, UK).
Insulin entrapment efficiency measurement

5  m L o f  L D H - I N S - C S N P s  f o r m u l a  w e r e 
centrifuged, and the supernatant was diluted to 50 
mL; the HPLC method was implied to estimate the 
insulin level in the supernatant. The chromatographic 
conditions followed the methodology of Cui1et al. 
[24]. Briefly, HPLC (SDV 505, Anyang, South Korea) 
equipment was employed to determine the amount 
of free insulin, the used detector 210 nm, C8 column 
(Chrompack, Edinburg, United Kingdom 4.6 mm × 15 
cm, 5 μm), and mixture aqueous solution of NaH2PO4, 
Na2SO4, and acetonitrile C2H3N in a ratio of 35:35: 
30 constituted the mobile phase. The flow rate of the 
mobile phase was 1 mL/min, and the volume of the 
sample was 20 µL. The final pH was adjusted to 3 with 
H3PO4, the detector wavelength was 214 nm, and the 
temperature of the oven was 35 °C. The concentration 
of insulin was calculated from a standard curve, and 
the measured insulin was the free fraction of the total 
insulin added to the system. The entrapment efficiency 
of insulin (IE) was calculated from equation IE = (It-If)/
It, where It is the total insulin, and If the free insulin in 
the supernatant. 

Insulin release profile from LDH-INS-CSNPs 
formula

5 mg of LDH-INS-CSNPs formula were joined 

to 5 mL of phosphate buffer solution (pH 7.4) and 
stirred in a shaker 50 rpm at 37 °C. Samples were 
taken at 0, 1, 2, 4, 6, and 8 h and centrifuged. Insulin 
was detected by HPLC in the supernatant, and the 
accumulated concentration of the released insulin from 
the mentioned formula was estimated.    

Hypoglycemic effect in vivo study 

Adult male Wistar rats (120–140 g) were used in 
the present study supplied by the Holding Company 
for Biological Products and Vaccines (VACSERA, 
Cairo, Egypt). All animal experiments were approved 
by the Institutional Animal Care and Use Committee 
(IACUC), Beni-Suef University, Egypt. STZ 50 mg/kg 
b. wt. was dissolved in cold citrate buffer at pH 4.5 [25].  
Diabetes mellitus was experimentally induced in rats 
fasted for 16 h by intraperitoneal injection dissolved 
STZ. One week post-STZ-injection, animals of fasting 
glucose concentration ≥ 150 mg/dL were included in 
the experiment. 

Experimental design
Rats were divided into 8 groups (N=8) as follows: 

Normal control, Diabetic rats, Diabetic rats+ INS 
oral, Diabetic rats+ INS subcutaneous injection (sc), 
Diabetic rats+ CSNPs, Diabetic rats+ INS-CSNPs, 
Diabetic rats+ LDH-CSNPs, and Diabetic rats+ LDH-
INS-CSNPs. The dose was equivalent to (20 IU/kg 
b.wt. insulin). All doses were given daily via gastric 
intubation for 2 weeks, except for the INS-sc group. 
Glucose level was estimated in the blood sample, 
which collected from the lateral tail vein of each rat 
after the second week of treatment using a glucometer 
(CERA-CHECK™ 1070). 

Statistical analysis
The Statistical Package for the Social Sciences 

(IBM SPSS for WINDOWS 7, version 22; SPSS 
Inc., Chicago) was used for the statistical analysis. 
All statistical comparisons were made by one- way 
analysis of variance (ANOVA) followed by Duncan’s 
method for post-hoc analysis. The obtained data were 
expressed as mean ± standard error (SE). Values with P 
< 0.05 were considered statistically significant.

Results and Discussion  
Structure and characterization

Insulin therapy had significant advances in purity 
and the capability to give further physiologic regulation 
of blood glucose levels. New delivery approaches have 
been proposed to overcome barriers and to attain better 
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oral bioavailability, including the use of surfactants, 
permeation enhancers, enteric coatings, carrier 
systems, and chemical modifications of insulin. The 
presented study designed oral administration of LDH-
INS-CSNPs formula as an alternative to the current 
injectable free insulin. Chitosan was chosen to enhance 
insulin absorption in the intestinal tract, while LDH 
was selected to attain the sustained release of insulin.

Fig. 1 displayed the X-ray diffraction (XRD) 
patterns of the formed materials and loaded insulin. 
The peak position (angle of diffraction) illustrates the 
crystal-structure while the peak height is a resolution 
of the crystallinity. The XRD spectrum of Zn-Al 
LDH matched with ICDD card No. (00-058-0178), 
and illustrated characteristics diffraction peaks at 2θ 
= 9.90° and 19.874° corresponded to the diffraction 
planes (003), and (006) planes. The (006) peak marked 
the hydrotalcite-type and well-ordered crystalline 
materials, while the (003) peak indicated the basal 
of an interlayer anion in LDH materials [26]. The 
observed peaks of LDH were closely matched with the 
results of Balcomb et al. [27]. The XRD of chitosan 
exhibited the semi-crystalline nature of chitosan with 
two distinct peaks at 2θ = 10° and 50° due to (020) and 
(110), respectively. The XRD of LDH-INS-CSNPs 
showed a diffraction peak shifting of (003) and (006) 
specifying the synergy between chitosan and LDH 
[28]. Besides, the disappearance of the small diffracted 
peaks of LDH may refer to one of the following 
reasons: removal of water molecules, rearrangement of 
Zn/Al ions, and / or adsorption of insulin molecules on 

the surface of LDH. Insulin’s peaks are thought to have 
a much lower intensity compared with the LDH and 
chitosan phases and could not be observed in the XRD 
diffractogram. The crystallinity of LDH-INS-CSNPs 
was somewhat distorted as shown in the selected area 
electron diffraction image, Fig.3(b). These alterations 
observed implied the interaction between the three 
entities.

Fig. 2 showed the FTIR spectra of the prepared 
materials and loaded insulin at different wavenumbers. 
Zn-Al LDH displayed a wide band at 3444 cm-1 that 
referred to ν(OH) group stretching vibration in the 
brucite-related sheets and the interlamellar water 

Fig. 1  XRD pattern of the prepared materials shows the 
microstructure and the crystallinity of Zn-Al layered double 
hydroxide (LDH), chitosan nanoparticles, and entrapped 
insulin between chitosan and LDH, revealing variations in the 
diffraction peaks positions and width.
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molecules. The band’s broadening was attributed to the 
formation of hydrogen bonds [29]. The appeared band 
at 1380 cm-1 was assigned to the ν3 (antisymmetric) 
stretching vibration of the NO3– groups in the LDH 
interlayer. The feeble band at 1634 cm−1 could be 
assigned to the δ(H2O) bending vibration of the 
interlayer water. The band approximately at 850 cm–1 
arose from O–M–O vibrations in the brucite-like 
layers (M=Al), where, the weak band at 650 cm–1 was 
induced by the lattice vibration modes corresponding 
to the translation vibration of Zn-OH [30]. The pure 
chitosan spectrum showed basic characteristic peaks 
of chitosan, the band at 3440 cm-1 was related to NH 
stretching vibration, peak at 1650 cm-1 was assigned to 
CH3 symmetrical in the amide group, a band at 1600 
cm-1 was attributed to the bending vibration of N-H 
group, the band at 1741 cm-1 of C=O, and the peak at 
1629 cm-1 was due to amide (I) [31]. The band at 2880 
cm-1 (C-H stretch), the weak band at 1654 cm-1 (NH2 
deformation), and the band at 1153 cm-1 was assigned 
to (bridge-O-stretch) [32]. The FTIR spectrum of 
the insulin revealed a weak band at 1654 cm-1 and a 
strong band at 3400–3100 cm-1 that are characteristic 
of insulin [33]. These bands are still present with 
low intensities in the spectrum of LDH-INS-CSNPs 
confirming the presence of insulin in the formula.

It is well-known that the oral administration of 
insulin is the main challenge because insulin’s stability 
is weak due to its easily degraded in the gastrointestinal 
tract by the action of acids, alkalis, and proteases. 
Besides, it is a large molecule and poorly absorbed 
through the intestinal membrane. Consequently, the 
bioavailability of insulin is low. Practical solutions for 
this issue and some researchers have reported. Sharma 
et al. [34] showed that loading insulin on nanospheres 
protected insulin from degradation, and enhanced its 
uptake via Peyerʼs patches in the mucosa of the small 
intestine. Moreover, Iyer et al. [35] reported that oral 
administration of insulin-loaded nanospheres was 
more effective than intraperitoneal injection. Notably, 
Schipper et al. [36] stated that chitosan is a good 
absorption enhancer for poorly absorbable drugs, and 
boosted the insulin absorption across the intestinal 
mucosa. However, the fundamental limitation of that 
research was the burst release of the insulin from 
the chitosan in the acidic medium of the stomach. 
A potential interpretation for this shortcoming is the 
stomach pH solution, pH 3.2< pKa 6.5 of chitosan, 
and gives the chitosan a positive charge by protonation 
of the amino group. Likewise, under this condition, 

insulin is positively charged due to the stomach pH 
value is lower than the pKa value (5.3) of insulin 
[37]. Theoretically, the same charges would create a 
repulsive force leading to the burst release of insulin. 
The limitations of some previous studies encouraged 
us to conduct our preliminary work to investigate the 
LDH-INS-CSNPs formula as one of the suggested 
solutions to the problem of oral administration and the 
burst release of insulin. 

In the current study, the LDH-INS-CSNPs formula 
was prepared at pH 6.5, the value was greater than 
the pKa value of the insulin and smaller than that of 
chitosan, so that the chitosan was positively charged, 
while insulin was negatively charged, while the LDH 
surface was positively charged. Theoretically, we 
can say that the insulin entrapped between the LDH 
from one side and chitosan from the other side, and 
the calculated insulin entrapment efficiency was 
80.5±3.1%. The electrostatic interaction between the 
particles due to the negatively charged insulin and 
the positively charged chitosan and LDH, boosted 
the stability of the formula, which confirmed by the 
value of the zeta potential of LDH-INS-CSNPs 38.1 
± 0.5 mV. Furthermore, the electrostatic interaction 
maintained the entity structure, which appeared in the 
HRTEM image (Fig. 3(a)), However, the magnitude 
of the measured zeta potential of LDH-INS-CSNPs 

Fig. 3  (a) HRTEM image of LDH-INS-CSNPs formula 
showing aggregation state between the particles; (b) Selected 
area electron diffraction (SAED) revealing low crystallinity of 
the prepared formula.
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was not sufficient to achieve repelling, resulting in an 
aggregation state among the particles and an increase 
in the size, as shown in the 3 dimensions FESEM 
image of the LDH-INS-CSNPs formula, Fig. 4. 
Consequently, the Zeta Sizer and size distribution were 
not suitable for dynamic light scattering measurements.

It is worth noticing that the chitosan with medium-
MW (75 kDa) was employed in the presented research 
based on previous studies [38,39], which indicated that 
low and molecular weight of chitosan enhanced the 
solubility, loading, and release of hydrophobic drugs. 
Besides, chitosan has been extensively investigated for 
its potential absorption enhancer across the intestinal 
epithelium. The mucoadhesive property of chitosan is 
mediated by its ability to spread over the mucous layer 
and additionally through its positive ionic interactions 
with the negative charges of the mucus or the cell 
surface membranes. On the other hand, LDHs have 
attractive anion-exchangeability, strong adsorption of 
negative charges, owing to its inherent positive charge, 
large surface-to-volume ratio and biocompatibility, and 
able to carry anionic biomolecules. 

Fig. 5 presents the cumulative percentage release of 
free insulin and the entrapped insulin from the LDH-
INS-CSNPs formula versus time. After one hour from 
the start of the release experiment, the cumulative 
percentage of the released insulin from the LDH-
INS-CSNPs formula was about 5%, while that of free 

insulin recorded about 20.0%. After 2 h, the percent 
release of the entrapped insulin was 18.0%, and the free 
insulin was 37.24 ± 4.5%. The cumulative percentage 
release of the entrapped insulin increased slowly up 
to 51.8 ± 6.9 after 8 h compared to 89.8 ± 5.8% of the 
free insulin. The slow release of the entrapped insulin 
was due to that the low solubility of chitosan at pH 7.4, 
and decreased the release rate in the first 2 h, avoiding 
the burst release. Another explanation is that the 
insulin took a long time to separate from the surface 
of LDH and the linkage with chitosan before diffusing 
into the solution. The separation of insulin from 
the surface of LDH might be through ion exchange 
reaction between LDH with chloride or phosphate ions 
present in the biological fluids. However, a drawback 
of LDHs materials was the poor kinetics control of 
the drug release. For solving this issue, alterations 
in the synthesis methods and surface modification 
with polymers or surfactants have been reported 
[40]. Interestingly, the release of insulin at mentioned 
pH that mimics intestinal medium, implied that the 
prepared formula was stable and protected the insulin 
from enzymatic and acidic degradation in the stomach.
Effect of LDH-INS-CSNPs on blood glucose 
concentration

Regarding the in vivo study in the current study, 
Fig. 6 illustrates the statistical analysis of glucose 
fasting and 2 h postprandial concentrations in the 
examined groups after two weeks of treatments. The 
figure revealed that fasting blood glucose concentration 
of diabetic rats significantly increased compared to 
normal control, while all treated groups showed non-
significant changes as compared to diabetic one. 
Concerning postprandial measurements, the INS-oral, 
CSNPs, and LDH-CSNPs treated groups revealed 
a non-significant change in relative to diabetic one, 
while both of the INS-sc and LDH-INS-CSNPs were 

Fig. 4  SEM images showing measurements and accumulation 
of LDH-INS-CSNPs formula.
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the most significant hypoglycemic groups. One of 
the suggested explanations for this result was that the 
presented formula LDH-INS-CSNPs started to dissolve 
into the intestine alkaline medium and the positive 
charge of chitosan induced better adhesion with the 
negatively charged lining the intestinal mucosa and 
facilitated the insulin absorption as well as fostered 
the bioavailability of insulin; hence, the efficiency 
of oral LDH-INS-CSNPs formula was higher than 
free oral insulin (INS-oral) as shown in Fig. 6. The 
current data were in parallel with Bruno et al. [41], 
who investigated the possibility of reducing enzymatic 
and absorption barriers to protein and peptide drugs. 
Also, Liu et al. [42] evaluated the potential of different 
protease inhibitors on the intestinal absorption and 
degradation of insulin.

 Importantly, the issue of oral insulin formula is not 
fully optimized and is still a challenge. New strategies 
have been developed to enhance oral insulin delivery; 
however, many questions are still pending, and this is 
an important issue for future research. Regarding the 
study limitation, the future work will target the toxicity 
investigation and in vivo pharmacokinetics studies 
and optimization of the LDH-INS-CSNPs formula 
with the addition of suitable enzyme inhibitors and 
absorption enhancers, as well as exploring the different 
hypoglycemic pathways.

Conclusions 

Although  ora l  insu l in  nanopar t i c les  were 
significantly improved, clinical challenges still exist. 

The oral insulin nanoparticles are needed to enhance 
the bioavailability and sustain release. In this context, 
the current study presented LDH-INS-CSNPs as a new 
formula to improve the insulin entrapment efficiency, 
avoided the alimentary canal degradation, reduced the 
burst release, and enhanced bioavailability. The oral 
administration revealed a significant hypoglycemic 
effect compared to free oral and injectable insulin. This 
study suggested that the LDH-INS-CSNPs formula 
might be considered as a suitable alternative to the 
current injectable insulin.
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