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Abstract 

Background  Diabetes mellitus (DM) can be defined as an increase in the blood sugar level and a disturbance in pro-
tein, fat and carbohydrate metabolism. Bee venom (BV) is useful for treating and preventing diabetic rats’ histological 
and biochemical problems. Although the medical advantages of BV have been identified, its safety has remained 
a substantial barrier for its application. Consequently, the goal of our work was to prepare bee venom-loaded chitosan 
(BV-CS) nanoparticles (NPs), which would then be physically characterized. This was followed by examining the effect 
of the synthetized BV-CS NPs on oxidation, inflammation and coagulation in vitro. In diabetic rats’ model [induced 
by streptozotocin (STZ)], the produced BV-CS NPs were tested as an anti-diabetic medication.

Results  In vivo testing on pancreatic tissue homogenates showed that BV-CS NPs have antioxidant and anti-
inflammatory properties. The results showed that BV-CS NPs can be used as a safe and efficient therapy for diabetes. 
Up to a concentration of 250 µg/ml, the generated NPs demonstrated potential antioxidant, membrane stabilizing, 
and non-cytotoxic capabilities. Our findings indicated that the administration of BV-CS NPs significantly controlled 
blood glucose levels and metabolic abnormalities that accompanied diabetes induction.

Conclusions  BV-CS NPs were successful in treating STZ-induced diabetes in rats, stimulated insulin secretion 
and were safe to be used in vivo.

Key points 

1.	 BV-CS NPs demonstrated potential in vitro antioxidant and non-cytotoxic capabilities.
2.	 BV-CS NPs increased insulin secretion and decreased blood sugar level.
3.	 BV-CS NPs reduced oxidative stress and inflammation in vivo.
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Graphical abstract

1 � Background
According to Tan et  al. [1], diabetes mellitus (DM) is 
among the ancient human diseases. It is a metabolic dis-
order that is, frequently, characterized by high levels of 
glucose in the blood that require ongoing checking and 
effective management. For the majority of individu-
als worldwide, DM is becoming more common in all 
nations, regardless of their economic level [2]. By the year 
2049, over six million individuals are predicted to be dia-
betic, according to English and Lenters-Westra [3]. The 
development of novel treatment entities is greatly aided 
by the scientific and technical advancements since DM is 
a significant economic burden for many nations [4].

With the insulin discovery in the mid-1920s, signifi-
cant progress has been achieved in the treatment of 
diabetes [5]. Anti-hyperglycemic medications, nowa-
days, focus on a number of pathophysiological pro-
cesses, including insulin secretion, glucose uptake and 
glucose re-absorption [6]. Though insulin analogues 
are still an effective method for treating DM in its 
advanced stages, insulin administration is no longer 
utilized to treat DM in early stages. There are several 
recognized oral drugs that reduce elevated blood glu-
cose levels in addition to insulin [7]. Most of these 

medications have negative side effects that make it 
necessary to replace them with natural alternatives [8]. 
Nowadays, many natural drugs have been assigned for 
the treatment of many diseases such as cancer (indole 
compounds), wounds (Aloe vera), colitis (taurine) and 
diabetes (indole alkaloids) [9–12]. Recently, the poison-
ous products of several species have received a lot of 
interest in the development of remedies for numerous 
disorders, including DM [13].

Bee venom (BV) has been used medicinally for between 
3000 and 5000 years in China, as well as in ancient Egypt 
[14]. Apitox, the brand name for BV, is a mixture of sev-
eral chemicals including enzymes like phospholipase A2 
(accounts for 12% of BV) and hyaluronidase, in addi-
tion to other components (non-peptide) like dopamine 
[15]. BV, also, contains melittin (60% of BV), adolapin, 
apamin and mast cell degranulating peptides. BV has 
been utilized for treating chronic inflammatory dis-
eases, in traditional medicine, because it has a variety of 
pharmacological actions [16]. Studies conducted in vivo 
and in  vitro have investigated the pharmacotherapy of 
BV [17–19] like anti-tumor, anti-nociceptive, radio-
protection [20], anti-toxic, anti-apoptotic, antioxidant 
[19], antibacterial, antiviral, anti-inflammatory [18, 19], 
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neuroprotection [18], anti-arthritic [17], painkilling 
potencies, anti-metastatic effects [21].

Hassan et al. [22] reported that BV may have medici-
nal and preventative benefits on the control of histo-
logical and biochemical abnormalities in diabetic rats. 
Khulan et  al. [23] studied the effect of Mongolian BV 
in alloxan-induced diabetic rabbits and reported its 
hypoglycemic effect; they added that this result was 
due to the reduction in pancreatic β cells inflamma-
tion, enhancement of insulin production, and stimula-
tion of glucose and lipid absorption in adipose tissue. 
Mousavi et  al. [24] reported that BV boosted insulin 
production in diabetic rat’s model to normal levels; 
and added that the two primary components of BV, 
melittin polypeptide and phospholipase A2, have been 
shown to increase insulin secretion. Studies indicated 
that extracellular calcium and calcium channels medi-
ated the hypoglycemic effect of BV [25–28]. Ullah et al. 
[29] demonstrated that the severity of inflammatory 
response and the development of diabetes decreased 
after BV therapy in research on the development of 
insulin-dependent diabetes. According to Morgan and 
Montague [25], melittin stimulated insulin release from 
β cells ex vivo; which pointed to melittin as a promising 
option for more research.

Even though BV’s medicinal benefits have been dem-
onstrated, its safety remained a significant limiting factor 
for its use [29]. The side effects of BV varied from minor 
skin allergies that go away within a few days to hemolysis, 
nerve damage and severe anaphylactic reactions that can 
be fatal [30, 31]. Allergic reaction [32], chronic inflamma-
tion [33], administration times and concentration of BV 
[29] are possible explanations for these negative effects. 
It is widely known that in addition to causing inflamma-
tion, BV injections also produce discomfort [34]. Accord-
ing to Chen et  al. [35], melittin (a major component of 
BV) injection under the skin generated tonic pain via the 
stimulation of primary nociceptor cells, either directly 
or indirectly. Because of BV’s short plasma half-life and 
the difficulty in choosing a precise dosage, researchers 
and investigators have promoted and developed various 
options, like combining BV with polymers or loading it 
on nanoparticles (NPs) [36].

Chitosan (CS), which consists of N-acetylglucosamine 
and glucosamine units, has a semi-crystalline structure, 
anti-inflammatory, antioxidant [37], and antibacterial 
properties with no toxicity [38]. Because of CS well-
known mucoadhesive properties and capacity to increase 
the passage of large molecules through the cell  mem-
branes, it is frequently utilized for NPs preparation [39]. 
It has been demonstrated that CS NPs have a strong 
capability for protein interaction. Also, the delivery of 
polypeptides like snake venom and toxoid of diphtheria 

or tetanus using CS NPs was being studied in great detail 
[40, 41]. Elnosary et al. [42] reported that CS’s use in the 
nanoform as a BV carrier was made possible by its bio-
compatibility, biodegradability, and non-toxicity.

Therefore, our study aimed to load bee venom on chi-
tosan nanoparticles (BV-CS NPs), followed by its physical 
characterization and examining its outcome on oxida-
tion, hemolysis inhibition, coagulation and cells viability 
in  vitro. BV-CS NPs were examined as an anti-diabetic 
drug in streptozotocin (STZ)-induced diabetic rats. This 
was accomplished by measuring animals’ body weight; 
level of fasting blood glucose (FBG), insulin and fructosa-
mine (FTA) in different experimental groups. The effect 
of BV-CS NPs on the reduction of oxidation and inflam-
mation was determined, in  vivo, in pancreatic tissue 
homogenates.

2 � Materials and methods
2.1 � Materials
CS (low molecular weight, 448,869), sodium trip-
olyphosphate (TPP, 238,503) and STZ (S0130) were 
obtained from Sigma Aldrich Co. USA. Dried BV pow-
der (MBS348001) was obtained from MyBioSource, USA. 
BV was collected from Apis mellifera, has a pale yellow 
color and contains melittin (64.4%), phospholipase A2 
(14.4%) and apamin (2.67%). BV was explored by high-
performance liquid chromatography (HPLC) to confirm 
the major components.

2.2 � Synthesis of BV‑CS NPs
Nanoparticles were synthetized by the ionic gelation 
method by combining CS (cation) and TPP (anion) [42]. 
CS (1.5 mg/ml) was dissolved in aqueous acetic acid solu-
tion (49.5  ml H2O + 0.5  ml acetic acid) and stirred for 
120 min at room temperature. TPP (0.75 mg/ml) was dis-
solved in water (20 ml) and stirred at room temperature 
for 30 min. The TPP solution was added to the CS solu-
tion followed by mixing at room temperature for 60 min 
until the stabilization of CS NPs. BV, in varied concentra-
tions (0.5–4  mg/ml), was mixed with TPP solution and 
then added to CS solution to create BV-CS NPs. Nano-
particles (CS NPs and BV-CS NPs) were freeze-dried and 
kept in the refrigerator.

2.3 � Characterization of NPs
Using scanning electron microscope (SEM) and trans-
mission electron microscope (TEM), the shape of pro-
duced BV-CS NPs was determined. Dynamic light 
scattering technique was used to assess the NPs hydro-
dynamic size; also, the surface charge (zeta potential) was 
measured by a zetasizer. Additionally, BV, CS, CS NPs 
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and BV-CS NPs were identified throughout the Fourier 
transform infrared (FTIR) spectra.

2.4 � Assessment of the encapsulation efficiency (EE)%
The EE% was determined (indirectly) by measuring the 
amount of BV that was not encapsulated in the NPs. 
BV-CS NPs solution was filtered followed by centrifuga-
tion for 60 min at 12,000 rpm. The protein content (indi-
cating free BV) was measured using the Bradford protein 
assay spectrophotometric technique at 595 nm after the 
supernatant was collected [43]. According to Gan et  al. 
[44] description, encapsulation efficiency was deter-
mined using the next equation.

2.5 � In vitro release study
NPs (10  mg) were suspended in 3  ml of PBS/0.1% 
Tween-80 buffers (release media) followed by incuba-
tion at 37 °C. Hundred microliters of eluted samples was 
removed from the solution and centrifuged (after 2, 4, 
6, 8, 16, 24, 48 and 72 h of incubation); this volume was 
replaced with fresh buffer to prevent sink conditions. 
Protein content was estimated by using the Bradford 
technique.

2.6 � The antioxidant effect of NPs in vitro (DPPH scavenging 
effect)

One ml of 1, 1-diphenyl-2-picryl hydrazyl (DPPH), in 
ethyl alcohol solution, was mixed with various concen-
trations of nanoparticles (1000, …….., 3.9  µg/ml) and 
incubated at room temperature for half an hour with con-
tinuous shaking [45]. The absorbance (A) was measured 
at 517 nm. The next equation was employed to determine 
the DPPH scavenging activity (S. Act.) %.

DPPH S. Act. % = [(A control − A sample)/A con-
trol] × 100, where the control was ascorbic acid.

2.7 � The anti‑coagulation effect of NPs in vitro
The anti-coagulant effect of BV-CS NPs was estimated by 
the determination of the clotting time using heparin (as 
a control) and reagents for measuring prothrombin time 
(PT) and partial thromboplastin time (PTT) [45]. Hun-
dred microliters of NPs (25, 50, or 75 ug/ml) was mixed 
with rat plasma (900 ul) at 37 °C.

EE% =

Original amount of BV - Free amount of BV in supernatant

Original amount of BV
× 100

2.8 � The anti‑inflammatory effect of NPs in vitro (membrane 
stabilization) assay

Red blood cells (RBCs) were prepared from heparin-
ized fresh rat blood. Three ml blood was centrifuged for 
10  min at 2500 rpm followed by discarding the super-
natant, and the pellet was dissolved in saline buffer 
(40%  v/v) [45]. Different concentrations of BV-CS NPs 
(1000, ……. 100  µg/ml) were diluted in five ml of pure 
H2O or five ml of saline solution. Nanoparticles solutions 

and indomethacin (control) were mixed with the gener-
ated erythrocytes’ suspension, left for 60  min at 37  °C. 
The released hemoglobin was determined at 540 nm:

Hemolysis inhibition % = 1  − [(A sample in water − A 
sample in saline)/(A control − A sample in saline)] × 100.

2.9 � The effect of NPs on cell viability (cytotoxicity MTT 
assay)

WI38 lung fibroblast cells (WI001, neuromics, USA) 
(100 µl/well, 105 cells) were incubated until formation of 
cells’ monolayer [45]. RPMI medium was combined with 
graded concentrations of BV-CS NPs (1000, ………… 
31.25 µg/ml) and added to the cells followed by 24 h of 
incubation. MTT (3-(4,5-dimethylthiazol-2-yl)-2–5-di-
phenyltetrazolium bromide) with a concentration of 
5 mg/ml (20 µl) has been added to the cultures followed 
by four hours of incubation (37 °C/5% CO2). To dissolve 
the formazan that had been developed, dimethylsulfoxide 
(DMSO) was applied to the cultures and the absorbance 
was determined at 560 nm.

2.10 � Experimental groups
Male Sprague Dawley rats (180–200  g and 10 weeks) 
were obtained from NODCAR (National Organization 
for Drug Control and Research, Cairo, Egypt). All experi-
mental procedures were carried out in accordance with 
the international guidelines for the care and use of labo-
ratory animals and complied with the ARRIVE guide-
lines. The animals were housed in individual cages in the 
animal house of NCI at room temperature (20 ± 2 °C) and 
on 12/12 h light/dark cycle. They were left to acclimatize 
for a week before the start of the experiment. Animals 
received standard animal diet (18% crude protein, 5% 
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crude oil, 54% carbohydrates, vitamins, salts and miner-
als) and fresh water ad libitum. The sample size was cal-
culated and approved by the ethics committee, where 
power analysis method was used. The required number 
of animals in each group have to be < 6 to achieve 80% 
power with a significance of 0.05. Therefore, twenty-five 
animals were distributed into five groups (five animals/
group):

•	 Group I: healthy negative control rats,
•	 Group II: untreated STZ-induced diabetic rats,
•	 Group III: BV-treated STZ-induced diabetic rats,
•	 Group IV: unloaded CS-NPs-treated STZ-induced 

diabetic rats and
•	 Group V: BV-CS NPs-treated STZ-induced diabetic 

rats.

Diabetes was brought on by a single intravenous injec-
tion (dorsal vein of the penis) of sixty five mg/kg STZ 
(liquefied in 50  mM Na-citrate buffer to the concentra-
tion of 32.5 mg/ml) [46]. FBG was monitored before and 
after STZ injection (for 7 days), where animals that have 
FBG level higher than 160 mg/dl were regarded diabetic. 
Insulin Rat ELISA Kit was used to measure the level of 
serum insulin concentrations (Invitrogen, ERINS). The 
average level of glucose in the past three weeks was 
determined by measuring fructosamine (FTA) by ELISA 
Kit (MBS2601586, MyBioSource, USA). The treatment 
dose for BV was 2 mg/kg according to Hassan et al. [18]. 
BV-CS NPs was dissolved in PBS, where each rat received 
a volume of NPs solution containing 0.1  mg/kg. Also, 
unloaded CS NPs was dissolved in PBS and adminis-
trated in the same volume as BV-CS NPs. Both of CS NPs 
and BV-CS NPs were intraperitoneally administrated for 
8 weeks after diabetes induction. After the treatment 
period, rats were anesthetized by 50  mg/kg pentobar-
bital [47]. Blood was collected by the cardiac puncture 
method; and serum samples were separated by centrifu-
gation at 1500  rpm for 5  min and then kept at − 80  °C. 
Pancreas from all experimental animals were collected by 
dissection for preparation of pancreatic homogenates.

2.11 � Preparation of pancreatic tissue homogenate
A five ml volume of Tris–HCl buffer with a concentra-
tion of 10 mmol and pH of 7.3 was used to homogenize 
0.5 g of pancreatic tissue, which was then centrifuged for 
10 min at 2000 rpm.

2.12 � Biochemical measurements
Triglyceride Assay Kit and Cholesterol Assay Kit (Abcam 
ab65336 and ab65390) were used to determine the lipid 

profile levels in the  liver and serum. Rat ELISA Kit was 
used to assess the alanine transaminase (ALT) and aspar-
tate aminotransferase (AST) levels (Abcam ab234579 and 
MyBioSource MBS264975, respectively). Urea and creati-
nine levels were estimated by assay kits (Abcam ab285275 
and Crystal Chem 80,340, respectively). Measurements 
of levels of malondialdehyde (MDA), glutathione per-
oxidase (GPx), and superoxide dismutase (SOD) activi-
ties in pancreatic tissue homogenates by rat ELISA Kit 
were taken to determine the antioxidant capacity of pro-
duced BV-CS NPs in  vivo (MyBioSource MBS268427, 
MBS727547 and MBS266897, respectively).

2.13 � Immunological measurements
Levels of cytokines (TNF-α, IL-6 and IL-1β) in pan-
creatic tissue homogenates were evaluated with ELISA 
kits (Biolegend 438206, MyBioSource MBS355410 and 
MBS843359, respectively) according to the manufac-
turer’s instruction.

2.14 � Statistical analysis
Data were reported as mean ± SD, and examined by 
one-way analysis of variance (ANOVA) where results 
with a p value < 0.05 were deemed significant. Because 
ANOVA provides information, only on the signifi-
cance between the different groups; it was followed 
by Bonferroni’s post hoc comparisons tests for all sta-
tistical analysis. Bonferroni correction is considered a 
firm post hoc test where it controls the overall type 1 
error rate and calculated from: critical value/number of 
comparisons.

3 � Results
3.1 � Identification of BV main components
The HPLC chromatogram of BV showed its main com-
ponents, where melittin, phospholipase A2 and apamin 
with a retention time of 25.06, 44.50 and 59.4  min, 
respectively, are noticed in Fig. 1.

3.2 � Encapsulation efficiency (EE) % and in vitro release study
The EE% has been elevated by increasing the concen-
tration of BV. The maximum significant EE% (94.1, 94.2, 
94.3, 94.3 and 94.4%) was observed for NPs prepared at 
BV concentrations of 2, 2.5, 3, 3.5 and 4 mg/ml, respec-
tively (Fig.  2A). Therefore, the selected BV concentra-
tion was 2  mg/ml for the preparation of BV-CS NPs. 
The in vitro release of BV-CS NPs prepared at the opti-
mum conditions (one and half mg/ml chitosan and two 
mg/ml bee venom) is presented in Fig. 2B. The release 
profile revealed a sustained release of BV from BV-CS 
NPs; the release % increased with time to achieve a 98% 
after 72 h.
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3.3 � Physical characterization of CS NPs and BV‑CS NPs
The surface charge (zeta potential) of prepared nano-
particles was 35.4 and 31.2 for CS NPs and BV-CS NPs, 
respectively (Fig.  2C and D). The shape and surface 
characteristics of the nanoparticles have been demon-
strated using SEM and TEM pictures (Fig.  2E and F), 
where BV-CS NPs were spherical in form and have 
a smooth surface. The synthesized BV-CS NPs have 
a size range of around 80–86  nm. CS NPs and BV-CS 
NPs had average hydrodynamic sizes of 118.1  nm and 
170.2 nm, respectively, as determined by DLS (Fig. 2G). 
The FTIR spectra of individual free compounds (chi-
tosan and bee venom) and prepared nanoparticles (CS 
NPs and BV-CS NPs) are presented in Fig. 3. BV spec-
trum revealed strong peaks at 3410, 1640, 1530, 1239 
and 1101 cm−1 (Fig. 3B). CS spectra showed two peaks 
at 3435 and 2923  cm−1, in addition to peaks at 1683 
and 1080  cm−1 (Fig.  3A). The spectra of CS NPs were 
different where a wide peak was noticed at 3450  cm−1 
(Fig. 3C). A peak at 1163 cm−1 appeared in the spectra 
of BV-CS NPs (Fig. 3D).

3.4 � Antioxidant activity
The prepared BV-CS NPs have a potential antioxidant 
activity (DPPH scavenging %), in a dose-dependent style, 
in comparison with that of ascorbic acid. The antioxidant 
activities of BV-CS NPs were higher than those of CS 
NPs at all examined concentrations (Fig. 4A).

3.5 � Anti‑coagulant activity
The PT and PTT were elevated by increasing the dose 
of the examined substance (heparin, CS NPs or BV-CS 
NPs). In comparison with control (heparin), the clotting 
time of both of CS NPs and BV-CS NPs was significantly 
lower than that of heparin. The clotting time for both of 
unloaded CS NPs and BV-CS NPs was nearly the same. 
The prepared nanoparticles showed a significantly ele-
vated PTT and PT, in a concentration-dependent style 
(Fig. 4B).

3.6 � Anti‑inflammatory activity
The prepared BV-CS NPs have significantly (p < 0.05) 
inhibited the RBCs’ lysis (Fig.  4C). High percent of 
hemolysis inhibition (CS NPs: 75.2, 77.2, 81.2, 89.2 and 
90.1%; BV-CS NPs: 85.2, 88.2, 90.2, 93.2 and 95.2%) 
were noticed with increasing concentration from 100 
to 800  µg/ml. 1000  µg/ml of CS NPs and BV-CS NPs 
achieved similar results (94.2 and 98.2%, respectively) to 
200 µg/ml indomethacin (99.3%).

3.7 � MTT assay
The cytotoxicity % of prepared CS NPs and BV-CS NPs 
is demonstrated in Fig. 4D. The cytotoxicity % increased 
with increasing the nanoparticles (CS NPs and BV-CS 
NPs) concentration. WI38 cells showed a significant 
viability, after 24 h, with a BV-CS NPs concentration up 
until 250 μg/ml.

Fig. 1  HPLC chromatogram of bee venom
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3.8 � Biochemical results
Diabetes induction significantly decreased the insulin 
level (Fig. 5A), in untreated diabetic group, with a signifi-
cant increase in both of FBG (Fig. 5B) and FTA (Fig. 5C) 

levels. Administration of BV or unloaded CS NPs led to 
a significant elevation in the level of insulin and a signifi-
cant reduction in the levels of FTA and FBG. Conversely, 
the use of BV-CS NPs in STZ-induced diabetic rats raised 

Fig. 2  A Encapsulation efficiency (EE%) of BV-CS NPs (chitosan: 1.5 mg/ml and tripolyphosphate: 0.75 mg/ml) (*,# and $ donated significance 
with regard to BV concentration of 0.5, 1 and 1.5 mg/ml, respectively, at p value less than 0.05), B percent of BV release from BV-CS NPs in vitro 
(chitosan: 1.5 mg/ml, tripolyphosphate: 0.75 mg/ml and bee venom: 2 mg/ml) (* donated significance with regard to the release time of 2 h at p 
value less than 0.05), C and D Zeta potential of CS NPs and BV-CS NPs, respectively, E and F SEM and TEM image of BV-CS NPs, respectively, G size 
of CS NPs and BV-CS NPs using dynamic light scattering (DLS)



Page 8 of 15Farid et al. Beni-Suef Univ J Basic Appl Sci           (2024) 13:97 

the insulin levels to a level similar to that of the healthy 
control group, which resulted in a large drop in the 
FBG level and, in turn, a considerable drop in the FTA 
level. Also, diabetes induction decreased body weight in 
untreated group. The body weights of both BV-CS NPs-
treated diabetic group and healthy control group were 
nearly the same (Fig. 5D).

Untreated diabetic group showed a significant rise 
in the levels of urea, creatinine (Fig. 6A), ALT and AST 
(Fig. 6B); in addition to, a disturbance in the lipid profile 
was obvious in the elevation of triglycerides, cholesterol 
and low-density lipoprotein (LDL)-C levels (Fig. 6C and 
D). When comparing the three used treatments, BV-CS 
NPs administration win the competition as it significantly 
enhanced the kidney (Fig. 6A) and liver (Fig. 6B) function 
of treated rats. Moreover, BV-CS NPs administration sig-
nificantly elevated the high-density lipoprotein (HDL)-C 
level and reduced the LDL-C level in treated group when 
compared to diabetic untreated group. Although free 

BV and unloaded CS NPs significantly ameliorated the 
serum levels of urea, creatinine, ALT, AST and lipid pro-
file markers in treated groups, their levels remained sig-
nificantly different from those of healthy control group.

Induction of diabetes by STZ leads to a significant 
oxidative stress in animals’ pancreatic tissue. This was 
shown by the significant elevation in the MDA level 
(Fig.  7A) and the significant reduction in the antioxi-
dant enzymes levels (SOD and GPx) (Fig. 7B) in diabetic 
untreated group. This oxidative stress led to an elevation 
in the pro-inflammatory cytokines (TNF-α, IL-1β and 
IL-6) levels (Fig. 7C). Although BV or CS NPs adminis-
tration reduced the oxidation and inflammation states 
in treated groups, the best result was observed in BV-CS 
NPs-treated group. This was obvious in the decrease in 
MDA and pro-inflammatory cytokine levels and the 
rise in the antioxidant enzymes levels (SOD and GPx) 
in BV-CS NPs-treated diabetic group. When comparing 
the three treated diabetic groups, the highest reduction 

Fig. 3  FTIR spectra of chitosan A, bee venom B, chitosan nanoparticles C and bee venom loaded-chitosan NPs D 
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in oxidative stress and inflammation in animals’ pancreas 
was observed in BV-CS NPs-treated diabetic group fol-
lowed by BV-treated diabetic group and then unloaded 
CS NPs-treated diabetic group.

4 � Discussion
BV may be therapeutically beneficial in controlling the 
histological and biochemical abnormalities in diabetic 
rats [22]. Reducing inflammation surrounding pancre-
atic β cells, possessing antioxidant properties, improving 
insulin release, and promoting glucose uptake in adi-
pose tissue are possible ways to do this. Khulan et al. [23] 
examined the hypoglycemic effect of BV in rabbits with 
alloxan-induced diabetes and reported the decreased 
inflammation of pancreatic β cells, increased insulin 
production, and increased absorption of glucose in adi-
pose tissue. BV restored insulin synthesis in a diabetic rat 
model to normal levels due to its content of phospholi-
pase A2 and melittin polypeptide that  enhance insulin 

secretion [24]. Despite the fact that BV has been shown 
to provide medical benefits, its safety has remained a 
major barrier to its acceptance [29]. The adverse reac-
tions to BV ranged from mild skin allergies that go 
away in a few days to severe, perhaps lethal anaphylac-
tic events. These adverse effects may be explained by an 
allergic reaction [32], chronic inflammation [33], dosing 
timings, and BV concentration [29]. The preparation of 
BV-CS NPs for use as an anti-diabetic medication was 
the primary goal of the study. Its physical characteristics 
and effects on oxidation, hemolysis inhibition, coagula-
tion, and cell viability in  vitro were then investigated. 
Rats with STZ-induced diabetes were used to test BV-CS 
NPs as an anti-diabetic medication. In order to do this, 
measurements of the animals’ body weight, insulin, FTA, 
and FBG levels in the experimental groups were made. 
In  vivo, pancreatic tissue homogenates were used to 
assess the impact of BV-CS NPs on the decrease of oxida-
tion and inflammation.

Fig. 4  A DPPH scavenging % of CS NPs and BV-CS NPs in comparison with ascorbic acid (* and # donated significance with regard to ascorbic 
acid and CS NPs, respectively, at p value less than 0.05), B the anti-coagulant activity of prepared CS NPs and BV-CS NPs (* donates significance 
with regard to heparin at p value less than 0.05), C the anti-inflammatory activity of prepared CS NPs and BV-CS NPs (* and # donate significance 
with regard to indomethacin and CS NPs, respectively, at p value less than 0.05) and D the cytotoxicity % of prepared CS NPs and BV-CS NPs (* 
donates significance with regard to CS NPs at p value less than 0.05). DPPH: 1, 1-diphenyl-2-picryl hydrazyl
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According to our results, CS NPs that were loaded with 
a minimal concentration of BV (2 mg/mL) were chosen 
for more characterization and application (based on the 
EE% results). CS NPs and BV-CS NPs were made and 
examined at various magnifications using SEM and TEM. 
The bulk of the NPs seemed to have smooth surfaces, a 
homogenous distribution, and a spherical shape. More-
over, the surface charge of CS NPs and BV-CS NPs was 
35.4 and 31.2, respectively. This decrease in zeta potential 
indicated the stability of prepared BV-CS NPs; and the 
importance of TPP as a cross-linking agent. In addition, 
our results demonstrated that the ionic gelation method 
created a stable nanoparticles and protected BV-CS NPs 
from agglomeration.

Our results showed a significant positive relation-
ship between BV concentrations and EE%; it was caused 
by reactions between chitosan and bee venom and the 

cross-linking of chitosan with triphosphate/bee venom. 
Studies on the impact of protein content on EE% have 
produced conflicting and inconclusive results [48]. Our 
results were in agreement with those of Avadi et al. [49] 
and Mohammadpourdounighi et  al. [50], but it was 
opposite to that of Xu and Du [51], who agreed on bovine 
serum albumin (BSA) encapsulation. The similar pattern 
was, also, observed by Sabnis and Block [52] and Som-
nuk et  al. [53] for ribonuclease A, alpha-Lactalbumin 
and cytochrome C. Moreover, the release pattern of bee 
venom from nanoparticles showed a burst release ˃ 50% 
after 6  h. The breakdown of BV molecules that were 
weakly attached to the surface of the CS NPs caused 
this rapid burst action in the first six hours [54]. The BV 
was quickly released in the first few hours due to the 
NPs’ large specific surfaces, and thereafter the gradual 

Fig. 5  Level of A insulin, B FBG, C FTA and D body weight in different experimental groups, where *represents significance compared 
with the healthy control group and #represents significance compared with the untreated STZ-diabetic group (P < 0.05). FBG: fasting blood glucose 
and FTA: fructosamine
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disintegration of the nanoparticles caused the release of 
the entrapped BV at a stable rate [48].

The efficacy of the ionic gelation process to produce 
NPs was assessed using FTIR. The N–H stretching free 
vibrations were indicated by the measured peak in the 
BV spectrum’s absorbance range of 3245–3454  cm–1. 
The FTIR spectrum of BV also indicated the charac-
teristic amide bands at 1640  cm−1 and 1530  cm−1 for 
amide I and II, respectively. Moreover, bands identified 
at 1101 cm−1 and 1239 cm−1 suggested the unsystematic 
coil shape. The noticeable peak in the chitosan spectra’s 
3290–3450 cm–1 area was due to the combined peaks of 
intermolecular hydrogen bonding and O–H stretching. 
The NH originating from primary amines overlapped 

in the same region. A peak at 1080  cm−1 in the amide I 
band of the secondary amide’s carbonyl (C=O] stretch-
ing absorption spectrum corresponds to the C–O–C 
bond stretching. CS NPs and BV-CS NPs have distinct 
spectra. In CS NPs, the peak at 3450  cm−1 broadened 
and the relative intensity increased, indicating improved 
hydrogen bonding. The 1683 cm−1 peak of the NH2 bend-
ing vibration was, also, modified to 1563 cm−1. The cross 
linkage with TPP was further shown by an assigned P=O 
peak on the cross-linked chitosan at 1163 cm−1. Accord-
ing to Saber et  al. [55], the peak corresponding to the 
bending vibration of N–H bond in CS NPs was moved 
(1633–1562 cm−1) and a sharp new peak was developed 
(1642  cm−1). The CS saccharide structure was indicated 

Fig. 6  Level of A kidney function parameters (urea and creatinine), B liver function enzymes (ALT and AST), C and D lipid profile (triglycerides, 
cholesterol, HDL-C and LDL-C) in liver tissue and serum, where *represents significance compared with the healthy control group and #represents 
significance compared with the untreated STZ-diabetic group (P < 0.05). ALT: alanine transaminase, AST: aspartate aminotransferase, HDL-C: 
high-density lipoprotein-cholesterol and LDL-C: low-density lipoprotein-cholesterol
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by the peak at 894  cm−1 [56]. Moreover, since the FTIR 
spectrum agreed with the outcome of the CS film’s phos-
phate modification, it is assumed that phosphoric and 
ammonium ions interacted to produce the observed 
results [57]. Consequently, in NPs, the PO4

3− group of 
tripolyphosphate was connected with the –NH2 group of 
chitosan [58].

Three peaks are identified by Sharma and Sharma 
[58] as defining characteristics of CS: the broad and 
strong hydrogen-bonding stretching O–H peak at 3500–
3300 cm−1; the –NH2 peak at approximately 1633 cm−1; 
and the asymmetrically stretching C–O–C peak at 
approximately 1150  cm−1 [48]. The relative strength of 
the signal at 3450 cm−1 rose in CS NPs, showing that the 
hydrogen bonding has been improved. The attachment 

and encapsulation of bee venom (anionic protein mol-
ecules) with chitosan molecules (cationic) are challeng-
ing due to the 3D conformation and solution condition. 
This is attributed to the 3D folded protein nature of bee 
venom which is impacted by various solution limitations. 
In addition to serving as a cross-linker, TPP also creates 
additional H-bonds with the –NH2 groups on the chi-
tosan and bee venom molecules leading to tightly packed 
BV-CS NPs. More BV molecule adsorption on the sur-
face of newly produced CS NPs may take place sequen-
tially, increasing the amount of protein loaded onto the 
particles [44].

In this work, we assessed the produced BV-CS NPs’ 
in  vitro antioxidant, hemolysis inhibition, anti-coagu-
lant, and cytotoxicity effects before using them in  vivo. 

Fig. 7  level of A and B oxidative stress markers (MDA, SOD, and GPx) and C pro-inflammatory cytokines (IL-6, IL-1β and TNF-α) in pancreatic tissue 
homogenates. where *represents significance compared with the healthy control group and # represents significance compared with the untreated 
STZ-diabetic group (P < 0.05). MDA: malondialdehyde, SOD: superoxide dismutase, GPx: glutathione peroxides, IL: interleukin and TNF: tumor 
necrosis factor
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The findings suggested that BV-CS NPs can be utilized 
as an effective treatment for diabetes in a safe manner. 
The produced BV-CS NPs showed potential antioxidant, 
membrane stabilizing, and non-cytotoxic properties up 
to a concentration of 250 µg/ml. Our results showed that 
free BV and unloaded CS NPs administration slightly 
managed blood glucose level and metabolic abnormali-
ties that followed diabetes induction. However, on com-
paring BV-CS NPs-treated diabetic group with free BV or 
unloaded CS NPs-treated diabetic groups; we found that 
BV-CS NPs won the competition. The prepared BV-CS 
NPs showed a hypoglycemic effect in STZ-induced dia-
betic rats; as it reduced FBG and FTA levels. Moreover, 
it reduced the increase in the liver and kidney function 
parameters that results from diabetes induction. The oxi-
dative stress and inflammation in animal’s pancreas were 
evaluated to determine the antioxidant and anti-inflam-
matory effects of BV-CS NPs in  vivo. This was done by 
measuring the lipid peroxidation marker (MDA) and the 
antioxidant enzymes (SOD and GPx); in addition to the 
pro-inflammatory cytokines (IL1β, IL-6 and TNF-α). 
The overabundance of reactive oxygen species (ROS) in 
tissues and cells that cannot be removed by the antioxi-
dant system is known as oxidative stress. An imbalance 
in this defense system can lead to damage to biological 
components such as proteins, lipids, and DNA [59]. An 
increase in free radicals leads to an excess production of 
MDA. The amount of MDA in a patient is a typical meas-
ure of oxidative stress and their antioxidant status [60]. 
IL-1β is an influential pro-inflammatory cytokine that 
is essential for organism-defense toward injuries and/or 
diseases [61]. The soluble mediator IL-6 affects inflam-
mation, immunological response, and hematopoiesis in 
a pleiotropic manner. Furthermore, IL-6 plays a pivotal 
role in the integration of innate and acquired immune 
responses by promoting the unique development of naïve 
CD4 + T cells. When inflammation is acute, macrophages 
and monocytes release a cytokine called TNF-α. It sets 
off a number of signaling pathways in cells that may 
lead to apoptosis or necrosis [62, 63]. The study showed 
that BV-CS NPs, also, reduced the oxidative stress and 
increased the antioxidant defense system and decreased 
the inflammatory markers in pancreatic tissue homoge-
nates in treated group. BV-CS NPs showed a hypolipi-
demic effect and increased insulin secretion in treated 
rats.

These results can be explained by the combined ben-
eficial medicinal properties of BV and CS, where both 
have antioxidant and anti-inflammatory effects. BV 
contains major bioactive components (melittin and 
phospholipase A2) that accounts to its hypoglycemic 
effects. Therefore, BV-CS NPs stimulated insulin secre-
tion and increased the uptake of glucose and lipid into 

adipose tissue. Our results were in similar to those of 
Mousavi et  al. [24], who confirmed that BV  has hypo-
glycemia and hypolipidemic effects in diabetic animals. 
Khulan et  al. [23] showed that melittin and phospho-
lipase A2, a polypeptide and an enzyme that together 
account up to 62% of the BV, were responsible for these 
effects. By the direct stimulation of insulin production 
and the prevention of β cell inflammation, BV reduced 
blood glucose levels [64]. Melittin starts a process of 
membrane depolarization that, depending on the level 
of extracellular calcium, increases the amount of cal-
cium ions that enter β cells through calcium channels 
leading to insulin secretion [23]. Increasing insulin 
activity in fat cells, which results in decreased LDL, tri-
glyceride, and higher HDL levels, is another potential 
treatment option for diabetic dyslipidemia [65]. Phos-
pholipase A2 in BV partly lyses cell membrane by act-
ing enzymatically on plasmatic lipoproteins [66]. Via 
partial adipocyte membrane lyses and binding of more 
insulin molecules, this action promotes glucose and 
lipid uptake into adipose tissue. According to certain 
investigations, phospholipase A2 from BV is more likely 
to bind to plasmatic lipoproteins and induce cytotoxic-
ity by producing free fatty acids and lysophospholipids, 
esterifying free cholesterol in HDL in the process [67].

In conclusion, the prepared nanoparticles enabled us to 
use small dose of BV and achieved a controlled sustain-
able release. BV-CS NPs decreased blood glucose level 
and increased insulin level. It reduced oxidative stress 
by decreasing MDA level and increasing the antioxidant 
enzymes (SOD and GPx) levels and decreased the pro-
inflammatory cytokines (IL-6, IL-1β and TNF-α) levels. 
The prepared BV-CS NPs was safe to be used in vivo and 
succeeded as an anti-diabetic therapy in rat model. To 
our knowledge, this is the first work to use BV-CS NPs 
for treatment of diabetes; the study can be a new hope 
for treatment of diabetic patients. The study has some 
limitations such as the testing of a single dose of BV-CS 
NPs and small number of animals. We recommend the 
test of different doses of BV-CS NPs in diabetic animal 
models and examine their effects on pancreatic β cells 
neogenesis.
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