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Abstract
Due to the increasing use of silica nanoparticles (SiNPs), their possible toxic effects on human health have undoubtedly 
been considered. Previous studies proved that SiNPs induced oxidative stress. Reactive oxygen species (ROS) and oxidative 
stress disrupt cell function and decrease insulin secretion. Therefore, this study intended to assess the effects of SiNPs on 
oxidative stress and insulin secretion and also the protective effects of gallic acid (GA) and gallic acid nanoparticles (NP-GA) 
on pancreatic β-islets. In this study, the mice islets were separated and pretreated with various concentrations of GA and 
NP-GA then treated with a single dose of SiNPs. The cell viability of islets examined by MTT assay and also the levels of 
ROS, malondialdehyde (MDA), glutathione (GSH); activities of superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GPx), and insulin secretion were evaluated. The results of MTT assay showed that SiNPs reduced islet viabil-
ity in a dose-dependent manner and also insulin secretion, induced the formation of ROS, augmented MDA amounts, and 
decreased GSH levels, SOD, GPx, and CAT activities. Furthermore, pretreatment of islets with GA and NP-GA significantly 
returned these alterations at low dose. These findings suggested that SiNPs induced oxidative stress in the pancreatic islets, 
which could be one of the reasons for the decrease in insulin secretion and inducing diabetes. This study also showed that 
low doses of GA and NP-GA boosted the antioxidant defense system in the pancreatic β-islets, preventing oxidative stress 
and, consequently, the progression of diabetes.
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Introduction

Mitochondrial respiratory chains are the main source of 
reactive oxygen species (ROS)/reactive nitrogen species 
(RNS) in beta cells. The ROS and RNS produced can 
attack beta cells and cause oxidative damage to them, a 
process that has been identified in type 2 diabetes mellitus 
(T2DM). Oxidative stress can cause β-cell dysfunction, 
insulin resistance, dyslipidemia, impaired glucose toler-
ance, and T2DM. Chronic oxidative stress is dangerous for 
β-cells because it stimulates genes involved in apoptosis 
and cell death [1]. Since the β-cells have little level of anti-
oxidant protection enzymes such as superoxide dismutase 
(SOD) and catalase (CAT), these cells enormously have 
excessive sensitivity to free radical–induced impairment 
[2, 3].

Silica nanoparticles (SiNPs) have been very popular 
in various industries and biological fields due to their 
excellent properties such as biocompatibility and bio-
degradability [4–7]. However, previous assessments have 
confirmed the SiNPs induced toxicity in human. Several 
investigations reported increase in ROS production after 
SiNP exposure in several cell types [8, 9]. It has been 
shown that amplified ROS levels can lead to the destruc-
tion of cytosolic proteins and DNA damage by inducing 
lipid peroxidation in cell membranes and mitochondria 
[10]. Consequently, it can be hypothesized that oxida-
tive stress and potential ROS production may be some of 
the mechanisms of cytotoxicity of SiNP [11]. Given the 
destructive effects of oxidative stress on the development 
and progression of T2DM, antioxidant therapy can be con-
sidered as a potentially effective method in improving the 
pathogenesis of T2DM.

Gallic acid (GA) is an isoquinoline alkaloid that is orig-
inally extracted from the traditional Chinese plant Coptis 
chinensis (Huang Lian) and is an established treatment for 
diarrhea in traditional Chinese medicine [11]. Evidence 
suggests that GA has many biological activities including 
anti-inflammatory, anti-tumor, immune regulator, hypo-
glycemic, and hyperlipidemic [12]. GA has shown its pro-
tective effect against free radicals as an inhibitor of ROS 
and reactive nitrogen species. Moreover, GA increases the 
activity of antioxidant enzymes such as SOD, CAT, glu-
tathione peroxidase (GPx), and glutathione (GSH). Nano-
strategies constitute an effective approach to enhance drug 
delivery across the GA [13].

The use of nanoparticles has been investigated in vari-
ous studies based on mesoporous silica, polymer, den-
drimer, lipid, carbon, and metal nanoparticle platforms 
to increase bioavailability, and better effectiveness than 
pure GA has been investigated in various studies [14]. 
For example, GA nanocapsulation (NP-GA) significantly 

increased its bioavailability [15] as well as its pharmaco-
logical activity [16]. The well-known technique of multi-
ple emulsions and solvent evaporation is commonly used 
to prepare nanoparticles of hydrophilic drugs. Eudragit 
RS-100 is a biocompatible polymer with wide application 
in oral dosage forms.

The aim of this study was to prepare GA nanoparticles with 
multiple emulsions and solvent evaporation method to increase 
the efficiency of GA and to investigate the possible protec-
tive effect of GA and its nanoparticles on oxidative stress and 
insulin secretion of pancreatic β-islets against SiNPs toxicity 
in mice.

Materials and Methods

Chemicals

The SiNPs (length 50–300 nm and diameter 1–2 nm) were 
obtained from US Research Nanomaterials, Inc. (Houston, TX 
77084, USA). 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic 
acid) (HEPES), mannitol, GA hydrochloride, thiobarbitu-
ric acid (TBA), trichloroacetic acid (TCA), ethylene glycol 
tetraacetic acid (EGTA), 2,7-dichlorofluorescein diacetate 
(DCFH-DA), bovine serum albumin (BSA), MTT, trichlo-
roacetic acid (TCA), 1,1,3,3-tetramethoxypropane, reduced 
GSH, oxidized GSH, and Coomassie Brilliant Blue pow-
der were obtained from Sigma-Aldrich (St Louis, Missouri, 
USA). 5,5-Dithiobis (2-nitrobenzoic acid) (DTNB), dimethyl 
sulfoxide (DMSO), sodium chloride (NaCl), sodium bicarbo-
nate (NaHCO3), potassium chloride (KCl), calcium chloride 
(CaCl2), and magnesium chloride (MgCl2) were obtained 
from Merck company (Darmstadt, Germany). Other required 
high-purity chemicals were procured from the market.

Animals

The present study was performed on 120 adult male Naval 
Medical Research Institute (NMRI) mice at the age of 4 
to 6 weeks and weighing 20 to 25 g prepared from Ahvaz 
Jundishapur University of Medical Sciences. The ani-
mals were maintained in cages at a controlled temperature 
(22 + 2 °C) and on a 12:12-h light-dark routine, with free 
access to drinking water and standard chow. This study was 
done according to the guidelines of the Animal Ethics Com-
mittee of Ahvaz Jundishapur University of Medical Sciences 
(approval number: IR.AJUMS.REC.1397.036).

Characterization of SiNPs

NP-GA Preparation

NP-GA was prepared using double emulsion-solvent evapo-
ration technique. First, the aqueous phase was prepared by 
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dissolving 200 mg GA in 30 ml, then the organic phase was 
obtained by dissolving 400 mg Eudragit RS-100 in 40 ml 
dichloromethane. For the next step, the aqueous solution 
was added to the organic phase and became homogenous 
in an ice bath under homogenization (24,000×g), then pre-
emulsion  (W1/O) was added to 100 ml polyvinyl alcohol 
(PVA) (0.2%). Next, the emulsion  (W1/O/W2) was stirred 
on the magnetic stirrer for 2 h at room temperature; then, 
suspensions were centrifuged for 30 min at 25 °C (6000×g) 
and separate the supernatant [17].

After the lyophilization of the NP-GA, the production 
yield was calculated with the following equilibrium:

The production yield experiments were carried out three 
times and the statistical analysis was done.

NP-GA suspension was centrifuged at 6000×g for 30 min 
at 25 °C, then 10 ml of the supernatant containing unloaded 
GA was placed in the dialysis bag. The bag was then placed 
in a becher containing 20 ml of PBS. The becher was stirred 
on a magnetic stirrer for 30 min (50×g) at room tempera-
ture to let the solutions become equilibrated with each other. 
Finally, the absorption of unloaded GA was measured by 
spectrophotometry, Shimadzu spectrophotometer (Kyoto, 
Japan) at 420 nm. Entrapment efficiency (EE %) was calcu-
lated using the following formula:

Nanoparticle Size Analysis

Prior to the experiment, NP-GA was first diluted with double 
distilled water and then the particle size was analyzed using 
a particle size analysis tool (Scatteroscope 1 Qudix, Korea). 
Each test was performed three times and the average of three 
numbers was calculated as the final result [17].

SEM

Surface morphology of NP-GA was determined by SEM 
(Leo 1455 VP, Germany). Two milligrams of the NP-GA 
suspension was poured onto an aluminum sheet to dry at 
room temperature, then coated with a 50 nm gold/palladium 
alloy, and finally the surface morphology of the nanoparti-
cles was studied [17].

FT-IR

To reveal the probable interactions between drug and pol-
ymer, infrared spectroscopy of the formulation, drug and 
Eudragit RS were carried out by IR spectroscope equipment 

(1)Production yield = (Weight of freeze dried nanoparticles (mg) )∕(Weight of drug (mg) + Polymer (mg)) × 100

(2)EE% = (amount of drug in the formulation (mg) − amount of unloaded drug in supernatant (mg))∕(amount of drug in the formulation (mg) ) × 100

(vortex 70, Bruker, Germany) using KBr disk over a range 
of 500–4000  cm−1 [17].

Zeta Potential

A zeta seizer measuring device was used to examine the 
surface charge of nanoparticles (Malvern, ZEN3600, UK). 
Nanoparticles were suspended in distilled water (pH = 7) at 
25 °C. The surface charge test was carried out three times, 
and the average of the measurements was reported as zeta 
potential [18].

TGA of SiNPs

The thermograms of the drug and formulation were recorded 
on Chromatopac R6A Thermal Analyzer (Shimadzu, Japan). 
Five milligrams of nanoparticles, GA, and Eudragit RS-100 
were transferred separately to aluminum pans, and the sam-
ples were scanned from 50 to 1150 °C at the heating rate of 
10 °C/min using an empty aluminum pan as reference [17].

Dissolution Studies

The in vitro release profile of GA from the polymeric nan-

oparticles was studied by the dialysis bag diffusion tech-
nique under sink condition for formulations. The dialysis 
bag retained nanoparticles and allowed the diffusion of the 
drug immediately into the recipient compartment. Eighty 
milligrams of lyophilized nanoparticles was added to 10 ml 
of PBS and stimulated the intestinal medium in the dialysis 
bag and placed in 20 ml of dissolution medium in a water 
bath on a heater with a magnetic stirrer, and the temperature 
was kept at 37 ± 1 °C, then stirred at 50 rpm. The dialysis 
bag was removed from the becher at 0.5-, 1-, 2-, 4-, 6-, 8-, 
12-, and 24-h intervals and placed in a new one containing 
20 ml of fresh buffer. The sample’s volume was reduced to 
5 ml by rotary (Heidolph, 4EF63CX- 4, Germany), then their 
UV absorption was measured by the spectrophotometer. The 
UV absorption of the solutions was read at 420 nm [17].

Dispersion of SiNPs

The SiNPs were dispersed in distilled water; then, 600 mcg 
of stock suspensions to reduce agglomeration was mixed by 
vortex for 20 s and sonicated for 20 s by a sonicator probe 
(ultrasonic processor VCX-750 W, Vibra-Cell™). The stock 
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suspensions were then diluted with distilled water and soni-
cated as before to prepare test concentrate [17].

Isolation of Islets

The mice pancreatic islets were isolated by collagenase 
digestion method. In short, after dislocating the neck, the 
animals’ bellies are opened. The bile duct was closed at the 
distal end near the duodenum. Then, 5 ml of Hank’s Bal-
anced Salt Solution (HBSS) including NaCl 115 mmol/l, 
 NaH2PO4 1.2  mmol/l, HEPES 25  mmol/l, D-glucose 
5  mmol/l, NaHCO3 10  mmol/l, KCl 5  mmol/l, MgCl2 
1.1 mmol/l, CaCl2 2.5 mmol/l, BSA 1%, and collagenase 
P 1.4 mg/ml with PH: 7.4 were injected into the duct. The 
pancreas were removed and placed into a tube and incubated 
at 37 °C water bath for 15 min. Then, 15 ml of cold HBSS 
was added to the tube containing pancreas to dilute collagen 
and end the enzymatic digestion progression. To remove the 
collagenase from islet tissues, the tubes containing pancreas 
were centrifuged and supernatant rejected. The islets were 
washed three times and the sediment containing the islets 
was transferred to Petri dish. The islets were isolated under a 
stereomicroscope and cultured in RPMI-1640 medium along 
with 100 U/ml penicillin, 10% fetal bovine serum, 5 mM 
D-glucose, and 100 U/mL streptomycin and was subjected 
with 95% O2 to 5% CO2 atmosphere.

Insulin Secretion Measurement

Insulin secretion was assessed in a glucose static incubation. 
The separated islets were divided into 36 groups (10 islets 
in each group); 12 groups for concentration of 2.8 mM of 
glucose +12 groups for concentration of 5.6 mM of glucose 
+12 groups for concentrations of 16.7 mM of glucose. After 
the end of the treatment, islets were washed and incubated 
at 37 °C for 1 h with concentrations of 2.8 mM, 5.6 mM, 
and 16.7 mM of glucose. Next, islets were centrifuged at 
3500 rpm for 15 min and the supernatants were collected 
and insulin concentration was measured by a Rat Insulin 
ELISA (Monobind, USA). The results were reported with 
μU/islet/h [19].

Group I: Control group; islets were cultured in RPMI-
1640 medium for 48 h.
Group II:  H2O2 group; islets were cultured for 24 h in 
RPMI medium then exposed with  H2O2 (50 μM) for 2 h 
[19].
Group III: SiNP group alone; islets were cultured for 
24 h in RPMI medium then exposed with 240 μg of 
SiNPs for 24 h [19].
Group IV: Islets were pretreated with 10 μg of gliben-
clamide (GLIB) for 24 h and then exposed with 240 μg 
of SiNPs for 24 h [19].

Group V: Islets were pretreated with 7.5 μM of GA for 
24 h and then exposed with 240 μg of SiNPs for 24 h.
Group VI: Islets were pretreated with 20 μM of GA for 
24 h and then exposed with 240 μg of SiNPs for 24 h.
Group VII: Islets were pretreated with 40 μM of GA for 
24 h and then exposed with 240 μg of SiNPs for 24 h.
Group VIII: Islets were pretreated with 7.5 μg of NP-GA 
in RPMI medium for 24 h then exposed with 240 μg of 
SiNPs for 24 h.
Group IX: Islets were pretreated with 20 μg of NP-GA 
in RPMI medium for 24 h then exposed with 240 μg of 
SiNPs for 24 h.
Group X: Islets were pretreated with 40 μg of NP-GA 
in RPMI medium for 24 h then exposed with 240 μg of 
SiNPs for 24 h.
Group XI: Islets were treated with 40 μg of GA in RPMI 
medium for 48 h.
Group XII: Islets were treated with 40 μg of NP-GA in 
RPMI medium for 48 h [19].

Islet’s Viability Evaluation

The islet’s viability was calculated by MTT test after islet’s 
exposure with different concentrations of GA and NP-GA 
against 240 μg of SiNPs by the ELISA Kit. Concisely, pre-
treated islets were washed twice by Krebs-HEPES buffer; 
after washing, MTT solution (20 μl) was added to pretreated 
islets and incubated at 37 °C for 4 h. Then, DMSO (100 μl) 
was added to tests and the absorbance of samples was read 
at 570 nm. The islet viability of the control group was con-
sidered as 100% and the rest of the groups were calculated 
accordingly [20].

Islet Preparation for Biochemical Tests

For biochemical analysis, 50 islets in each group were 
selected. Then, the islets were washed three times with ice-
cold PBS and lysed through sonication for 10 s (ultrasonic 
processor VCX-750 W); then, homogenated solution was 
centrifuged for 10 min at 4 °C. The obtained supernatant 
was used to measure the biochemical tests [21].

MDA, GSH, GPx, CAT, and SOD Measurement

GSH, SOD, GPx, and CAT protect the cell against ROS 
damage and free radicals. During lipid peroxidation, free 
radicals damage cell membranes by oxidative degradation 
of lipids.

GPx plays an important role in preventing the lipid per-
oxidation process and consequently protects cells from oxi-
dative stress. The GPx activity was estimated by quantifying 
the rate of oxidation of the reduced GSH to the oxidized 
GSH by H2O2 catalyzed by GPx. The GPx kit (ZellBio 
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GmbH, Lonsee, Germany) utilizes an enzymatic recycling 
method based on the reaction between GSH and 5,5-dith-
iobis (2-nitrobenzoic acid) (DTNB) that produces a yellow 
colored compound (NBT). The GPx activity was measured 
at 412 nm by Shimadzu spectrophotometer (UV-1650PC 
SHIMADZU, Kyoto, Japan) [22].

SOD enzyme activity was identified by the ZellBio kit 
(ZellBio GmbH, Lonsee, Germany). In summary, in this 
protocol, the xanthine-xanthine oxidase agent was used as 
a superoxide anion producer and caused the reduction of 
nitroblutotrazolium composition to formazan dye. Then, 
SOD enzyme activity was assessed based on superoxide 
radical inhibition according to manufacture method and was 
measured by spectrophotometer (UV-1650PC SHIMADZU, 
Kyoto, Japan) at 505 nm.

To determine the level of MDA, the liver tissue homoge-
nate was mixed with TCA then centrifuged for 5 min and 
TBA reagent added to supernatant, then was incubated in a 
hot water bath for 30 min. After cooling, the absorbance was 
recorded at 532 nm by Shimadzu spectrophotometer (UV-
1650PC SHIMADZU, Kyoto, Japan) [23].

To determine CAT activity, the supernatant was mixed 
with phosphate buffer (pH: 7.5) then hydrogen peroxide 
(30 mM) was added to this mixture to begin the reaction. 
The rate of H2O2 decomposition was assessed by measur-
ing the absorbance changes at 240 nm for 1 min. One unit 
of CAT activity was defined as 1 mM of H2O2 that was 
consumed in 1 min and was measured by Shimadzu spec-
trophotometer (UV-1650PC SHIMADZU, Kyoto, Japan); 
ultimately, the specific activity of CAT was expressed as 
unit per milligram of protein [22].

To determine of the GSH level, the liver homogenate was 
mixed with phosphate buffer (pH: 7.5) and TCA (50%) for 
15 min, then centrifuged at room temperature for 15 min 
at 2000 g to precipitate tissue proteins. The supernatant 
was mixed with Tris buffer (0.4 M) at pH 9.8 and 0.01 M 
5,5′-dithiobis (2-nitrobenzoic acid) solution (DTNB), and 
the absorption was read at 412-nm Shimadzu spectropho-
tometer (UV-1650PC SHIMADZU, Kyoto, Japan). The 
result was expressed as micromoles of GSH per milligrams 
of protein [23].

ROS Evaluation

To evaluate the amount of ROS, fluorometric assay and 
DCFH-DA fluorescent material were used. Concisely, pre-
treated groups of islets were washed with PBS, then DCFH-
DA (40 μM) solution was added to samples and incubated 
for 30 min. In the next step, the islets were washed with 
PBS, lysed with NaOH, and centrifugated for 10 min at 
4 °C and the obtained supernatant was used to measure the 
fluorescence of dichlorofluorescein. Finally the light absorb-
ance of samples was read by fluorescence spectrophotometer 

(F-7000, Hitachi, Japan) with excitation 485-nm and emis-
sion 530-nm wavelengths. The fluorescence intensity of the 
control group was considered as 100%, and the rest of the 
treatment groups were calculated as a percentage of control 
group [24].

Protein Calculation

The amount of protein in islet tissue was measured by Brad-
ford method [25]. The pretreated islets were first prepared 
according to the groups mentioned above. After centrifuga-
tion, 1 ml of Bradford prepared solution was poured onto 
20 μl of supernatant in each tube. Then, the light absorbance 
of samples was read at 595 nm. BSA solution was prepared 
as standard.

Statistical Analysis

The results of this study were statistically analyzed using 
GraphPad Prism (version 5.04). Data were considered as 
mean ± standard deviation (SD) by one-way analysis of vari-
ance (ANOVA) followed by post hoc Tukey’s test. The sta-
tistical differences were considered significantly at p < 0.05.

Results

Production Efficiency

The preparation of nanoparticles was done with different 
methods, such as high-pressure homogenization, solvent 
evaporation methods, solvent diffusion, emulsification, and 
high-shear homogenization. However, the method used in 
this study was based on microemulsion with organic sol-
vents. The production efficiency of the formulation is shown 
in Table 1; the production efficiency of NP-GA was meas-
ured 85.15% ± 4.37 that was an acceptable loading efficiency 
for prepared nanoparticles.

Loading Yield

As shown in Table 1, the loading yield of the formulation 
was estimated to be 94%, which was an acceptable loading 
yield of the formulation. It was possible that as the ratio of 
polymer to drug increased, more particles of the drug were 

Table 1  The production efficiency, loading yield, mean particle size, 
and PDI

Mean produc-
tion efficiency 
± SD (%)

Mean loading 
yield ± SD
(%)

Mean particle 
size mean ± SD 
(nm)

Mean PDI ± SD

85.15% ± 4.37 94% 169 ± 14.9 0.26 ± 0.014
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trapped inside the nanoparticles. When the homogenizer 
speed changed, no significant difference in loading efficiency 
was observed [26].

Particle Size

As observed in Table 1 and Fig. 1, the average of polydis-
persity index and particle size formulation, meant particle 
size was 169 nm. One study similar to this investigation 
described that particle size with Eudragit RS-100:drug ratio 
was 1:1 and 3:1. As observed in Table 1, the polydispersity 
index (PDI) of formulation was 0.26 that could be acceptable 
for polymer-based nanoparticles [27].

SEM

The results of this study based on SEM images exhibited that 
the nanoparticles had a spherical surface and were compara-
tively uniformed (Fig. 2). Because of this, the pharmacokinetics 
of nanoparticles in the body are somewhat more predictable.

FT‑IR

The results of this study based on the FT-IR spectrum dis-
played a peak at 1722  cm−1, which showed the presence of a 
polymer in the nanoparticle due to its carbonyl-ester group; 
existence peaks at 1469–1653  cm- 1 (aromatic ring) in the 
nanoparticle approved loaded drug on nanoparticle. The 
results of IR spectra showed shift of the stretch ester carbonyl 
stretching peak of the amine salt groups at 2950–2988  cm−1 
and peak of stretching C-H at 3433  cm−1in GA. The decrease 
in the intensity of the mentioned peaks was due to the inter-
action between the drug and the polymer. Hydrogen binding 
interactions between drug and polymer could stabilize both 
the drug and the polymer that this issue was also reported 
by Adibkia et al. [27]. Spectrum of nanoparticles showed 
the presence of the following characteristic peaks: C = O 
stretching at 1637  cm−1. The complete disappearance of the 
GA characteristic peak at 1646  cm−1 in inclusion complexes 

could be attributed to the inclusion of functional groups of 
GA into the nanoparticles. Probably, because of the attraction 
of the polymer steric oxygen by the hydroxyl groups of GA, 
the stretching peak at 1752  cm−1 was related to the shifted 
carbonyl group peak in Eudragit RS-100 and drug which 
shifted to the higher wavelength presenting the strengthen-
ing of this bond because of increased polarity.

Zeta Potential

The zeta potential of formulation +30.5, pure drug −40.8, 
and pure polymer +40.3 were detected. Because the sur-
face charge of Eudragit RS-100 was positive, drug-polymer 
encapsulation revealed a uniform polymer coating by SEM 
imaging. The measured zeta potential was sufficient to sta-
bilize and prevent the accumulation of nanoparticles [28].

TGA 

The analysis of TGA showed that the regents were heated 
from 50 to 1150 °C in air atmosphere at 10 °C/min. The sharp 

Fig. 1  Size distribution of 
NP-GA

Fig. 2  SEM images of GA
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peak at 146 °C was observed in the thermograms of drug and 
formulation that associated with the melting point of the drug. 
The presence of the polymer in the formulation made this 
peak shorter in association with the pure drug and the higher 
ratio of polymer lead to a shorter peak. The percentage of the 
drug thermal decomposition decreased in formulation. This 
designates the thermal stability of the drug in the presence of 
the polymer, triggering the stability of the ready formulation.

Dissolution Examination in PBS

According to the data, approximately 20% of the initial drug 
was released in 30 min. In solvent evaporation, diffusion occurs 
in almost all microspheres [29]. Probably due to particle surface 
erosion, the release of the GA near the nanoparticle surface by 
electrostatic attraction was an explosive emission. Various data 
have shown that insufficient drug release was common when 
solvent evaporation was used. One study described the inade-
quate ibuprofen release from the Eudragit RS-100 microspheres 
ready by solvent evaporation method, which was probably due 
to drug-polymer interactions and/or the delay property of the 
polymer [30, 31]. Another possibility was less swelling of the 
Eudragit RS-100 after absorption of the dissolution medium 

and reduction of drug release with water absorption due to 
hydrogen bond interactions. The mechanism of drug release 
was according to logarithmic Wagner type.

Response‑Dose of SiNPs

First, the islets were pretreated with different doses of SiNPs 
(40, 80, 160, 240, 320, 400, and 600 μg) for 24 h, then cell via-
bility was evaluated by MTT test. To calculate islets viability, 
the control group considered 100% and the rest of the treatment 
and pretreatment groups were compared to the control group. 
When islets were treated with 240, 320, or 400 μg of SiNPs, 
cell viability was reduced by about 50% (p < 0.001). Therefore, 
240-μg dose was selected as the optimal dose (Fig. 3).

Effect of GA and NP‑GA on Cell Viability 
in SiNP‑Treated Islets

After obtaining the optimal dose in 24 h, first, the islets were 
pretreated with different doses of GA (7.5, 20, and 40 μM) 
and NP-GA (7.5, 20, and 40 μM) then treated with 240 μg 
of SiNPs. As shown in Fig. 4, pretreated islets with 7.5 and 

Fig. 3  Effects of SiNP treatment 
on the viability of isolated mice 
islets. Islets were exposed to 
SiNPs (40, 80, 160, 240, 320, 
400, and 600 μg) for 24 h or 
H2O2 50 μM for 2 h, and then 
cell viability was measured (7 
mice in each group). The dif-
ference between the control and 
other groups was significant at 
p < 0.05 (*), p < 0.01 (**), and 
p < 0.001 (***). SiNPs, silica 
nanoparticles; H2O2, hydrogen 
peroxide
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Fig. 4  Pretreatment islets with 
GA (7.5, 20, and 40 μM), 
NP-GA (7.5, 20, and 40 μM), 
and glibenclamide (GLIB, 
10 μM) for 24 h and then treat-
ment with SiNPs (240 μg) for 
24 h for cell viability evalua-
tion. The difference between 
control and other groups was 
significant at p < 0.01 (**) and 
p < 0.001 (***). The difference 
between SiNPs and other groups 
was significant at p < 0.01 (##) 
and p < 0.001 (###). SiNPs, 
single-walled carbon nanotube; 
GA, gallic acid; NP-GA, gallic 
acid nanoparticle; GLIB, glib-
enclamide
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20 and 40 μM of GA as well as 7.5 μM of NP-GA meaning-
fully augmented the cell viability (P < 0.01, P < 0.001). But, 
there was no important alteration in cell viability of NP-GA 
20 and 40 μM + 240 μg of SiNPs in comparison with the 
control group after 24 h.

Effect of GA and NP‑GA on Insulin Secretion 
in SiNP‑Treated Islets

As shown in Fig.  5A, 2.8 mM of glucose significantly 
increased the insulin secretion in GA (20 μM) and NP-GA 
(7.5  μM) plus 240  μg of SiNPs groups (P < 0.05 and 
P < 0.01). As shown in Fig. 5B, 5.6 mM of glucose sig-
nificantly increased the insulin secretion in GA (7.5 and 
20 μM) and NP-GA (7.5 μM) plus 240 μg of SiNPs groups 
(P < 0.05, P < 0.01 and P < 0.001). However, as shown in 
Fig. 5C, 16.7 mM of glucose significantly increased the 
insulin secretion in GA (7.5, 20, and 40 μM) and NP-GA 
(7.5 and 20 μM) plus 240 μg of SiNPs groups (P < 0.05 and 
P < 0.01 and P < 0.001).

Effect of GA and NP‑GA on SOD Activity 
in SiNP‑Treated Islets

In all concentrations of glucose medium, SOD activity of 
islet significantly decreased in SiNP group alone compared 
to the control group (P < 0.001). In 2.8- and 5.6-mM glu-
cose medium, SOD activity significantly improved in GA 
7.5 and 20 μM (P < 0.05, P < 0.001) as well as NP-GA 
7.5 μM (p < 0.001) and glibenclamide 10 μM (P < 0.01) 
groups compared to SiNP group alone (Tables 2 and 3).

In 16.7-mM glucose-containing medium, only a pro-
tective effect was observed in the GA 20 μM (P < 0.001), 
NP-GA 7.5  μM (P < 0.001), and glibenclamide 10  μM 
(P < 0.01) groups compared to SiNP group alone (Table 4).

Effect of GA and NP‑GA on GSH Levels 
in SiNP‑Treated Islets

As shown in Tables 2, 3, and 4, GSH levels displayed a 
significant decrease in SiNP group alone compared to 
the control group (P < 0.001), while in all concentrations 
of glucose in 24-h treatment of islets, 7.5 and 20 μM of 
GA, 7.5 μM of NP-GA, and glibenclamide 10 μM signifi-
cantly improved GSH levels compared to SiNP group alone 
(P < 0.05, P < 0.01, P < 0.001).

Effect of GA and NP‑GA on GPx Activity 
in SiNP‑Treated Islets

According to our results, after the addition of SiNP to 
the islets, the GPx activity of islet significantly decreased 

compared to the control group in all concentrations of glu-
cose medium (P < 0.001), while in concentrations of 2.8- 
and 16.7-mM glucose medium; GPx activity significantly 
improved by GA 20 μM, NP-GA 7.5 μM, and glibenclamide 
10 μM groups compared to SiNP group alone (P < 0.05, 
P < 0.01, and P < 0.001) (Tables 2 and 4). But, in concentra-
tion of 5.6-mM glucose medium, GPx activity significantly 
improved by GA 7.5 and 20 μM, NP-GA 7.5 μM, and glib-
enclamide 10 μM groups compared to SiNP group alone 
(P < 0.05, P < 0.01, and P < 0.001) (Table 3).

Effect of GA and NP‑GA on MDA Levels 
in SiNP‑Treated Islets

In all concentrations of glucose medium, after incubation of 
islets with 240 μg of SiNPs, the MDA levels significantly 
augmented compared to the control group (P < 0.001). Fur-
thermore, the MDA level of islets with 7.5 and 20 and 40 μM 
of GA, 7.5 μM of NP-GA and glibenclamide 10 μM signifi-
cantly decreased compared to SiNPs group alone (P < 0.05, 
P < 0.01, and P < 0.001) (Tables 2, 3 and 4).

Effect of GA and NP‑ GA on CAT Activity in SiNPs 
‑Treated Islets

According to our results, after the addition of SiNPs to the 
islets, the CAT activity of islet significantly decreased com-
pared to the control group in all concentrations of glucose 
medium (P < 0.001). In concentrations of 2.8- and 5.6-mM 
glucose medium, a remarkable increase in CAT activity was 
observed in 7.5 and 20 μM of GA (P < 0.05 and P < 0.001), 
7.5 μM of NP-GA (P < 0.001) and glibenclamide 10 μM 
(P < 0.01) compared to the SiNPs group alone (Tables 2, 3, 
and 4). In concentration of 16.7-mM glucose medium, a sig-
nificant increase in CAT activity was observed in 40 μM of 
GA (P < 0.05) compared to the SiNP group alone (Table 4).

Effect of GA and NP‑GA on ROS Levels 
in SiNP‑Treated Islets

As shown in Fig. 6, the exposure of islets to SiNPs sig-
nificantly increased the production of ROS compared to the 

Fig. 5  Pretreatment islets of GA (7.5, 20, and 40 μM), NP-GA (7.5, 
20, and 40 μM) and glibenclamide (GLIB, 10 μM) for 24 h and then 
treatment with SiNPs (240  μg) for 24  h for insulin secretion calcu-
lation and a subsequent 1-h incubation with a 2.8  mM, b 5.6  mM, 
or c 16.7 mM glucose-containing medium. Results are expressed as 
mean ± SD. The difference between control and other groups is sig-
nificant at p < 0.01 (**) and p < 0.001 (***). The difference between 
SiNPs and other groups is significant at p < 0.05 (#) and p < 0.01 (##) 
and p < 0.001 (###). SiNPs, silica nanoparticles; SEM, standard error 
of mean; GA, gallic acid; NP-GA, gallic acid nanoparticle; GLIB, 
glibenclamide
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control group (P < 0.001). However, pretreatment islets with 
7.5, 20, and 40 μM of GA (P < 0.05, P < 0.01, and P < 0.05, 
respectively) and 7.5 and 20 μM of NP-GA (p < 0.001 and 
0.05, respectively) significantly inhibited SiNP-induced ROS 
production.

Discussion

The data of this study demonstrated that SiNPs induced 
oxidative stress, reduced insulin secretion in pancreatic 
β-islets, and possibly caused diabetes. Pretreatment islets 
with GA (7.5 and 20 μM) and NP-GA (7.5 μM) signifi-
cantly ameliorated oxidative stress factors including ROS, 

MDA, GSH, SOD, GPx, and CAT and increased insulin 
secretion.

NP-GA was obtained by double emulsion-solvent evap-
oration method using Eudragit RS 100 as a polymer and 
polyvinyl alcohol as carrier. The data of this study estab-
lished that this method was appropriate for the preparation 
of NP-GA by evaluation zeta potential, size, dispersity, 
morphology, drug release studies, and thermal gravimetric 
analysis of nanoparticles. According to previous studies on 
the biocompatibility of Eudragit RS-100 and its widespread 
application in oral formulations, its use for the preparation 
of GA nanoparticles was confirmed with double emulsion 
and solvent evaporation [32, 33]. In agreement with our 
study, one study reported that quercetin nanoparticles were 

Table 2  Pretreatment islets with GA (7.5, 20, and 40 μM), NP-GA (7.5, 20, and 40 μM) and glibenclamide (GLIB, 10 μM) for 24 h and then 
treatment with SiNPs (240 μg) for 24 h and a subsequent 1-h incubation with 2.8-μM glucose-containing medium

Values expressed as mean ± SD
*P < 0.001 significant difference from the control group
# P < 0.05, ## P < 0.01, and ### P < 0.001 significant differences from the SINP group

Groups GSH (mg/mg protein) MDA (nmol/mg protein) CAT (U/mg protein) SOD (U/mg protein) GPx (U/mg protein)

Control 59.60 ± 3.24 6.34 ± 0.74 4.59 ± 0.48 40.06 ± 3.75 102.10 ± 6.64
SiNP 240 μg 29.77 ± 2.94 * 9.96 ± 1.10 * 1.95 ± 0.18 * 18.55 ± 3.34 * 75.50 v 6.32 *

SiNP 240 + GLIB 10 μM 48.29 ± 5.39 ### 7.88 ± 1.16 ### 3.06 ± 0.46 ## 28.44 ± 3.70 ## 90.09 ± 6.46 ##

SiNP 240 + GA 7.5 μM 41.39 ± 4.67 ## 8.09 ± 0.84 ## 2.85 ± 0.42 # 26.36 ± 3. 67b # 86.83 ± 6.11
SiNP 240 + GA 20 μM 47.93 + 4.92 ### 7.15 v 0.69 ### 3.21 ± 0.42 ### 30.35 ± 5.69 ### 90.72 ± 5.56 #

SiNP 240 + GA 40 μM 40.37 + 6.94 # 8.27 ± 1.02 # 2.77 ± 0.45 25.67 ± 3.87 84.57 ± 5.95
SiNP 240 + NP-GA 7.5 μM 50.80 ± 6.35 ### 7.07 ± 0.92 ### 3.76 ± 0.45 ### 34.60 ± 3.52 ### 93.78 ± 5.60 ###

SiNP 240 + NP-GA 20 μM 38.74 ± 4.56 8.38 ± 0.46 2.65 ± 0.40 25.36 ± 3.54 83.36 ± 6.93
SiNP 240 + NP-GA 40 μM 35.09 ± 5.20 8.85 ± 0.75 2.27 ± 0.37 22.71 ± 3.56 81.02 ± 5.68
GA 40 μM 64.31 ± 3.83 6.49 ± 0.57 4.92 ± 0.47 43.06 ± 4.26 105.20 ± 7.36
NP-GA 40 μM 61.30 ± 4.78 6.32 ± 0.64 4.75 ± 0.60 41.15 ± 4.88 103.70 ± 6.46

Table 3  Pretreatment islets with GA (7.5, 20, and 40 μM), NP-GA (7.5, 20, and 40 μM) and glibenclamide (GLIB, 10 μM) for 24 h and then 
treatment with SiNPs (240 μg) for 24 h and a subsequent 1-h incubation with 5.6-μM glucose-containing medium

Values expressed as mean ± SD
*P < 0.001 significant difference from the control group
# P < 0.05, ## P < 0.01, and ### P < 0.001 significant differences from the SINPs group

Groups GSH (mg/mg protein) MDA (nmol/mg protein) CAT (U/mg protein) SOD (U/mg protein) GPx (U/mg protein)

Control 61.54 ± 3.14 5.10 ± 0.71 4.95 ± 0.65 42.88 ± 4.10 105.7 ± 8.00
SiNP 240 μg 33.09 ± 3.71 * 10.04 ± 0.89 * 2.26 ± 0.36 * 20.86 ± 3.62 * 79.15 ± 6.09 *

SiNP 240 + GLIB 10 μM 50.60 ± 5.54 ### 6.81 ± 0.59 ### 3.71 ± 0.46 ## 31.54 ± 6.15 ## 92.46 ± 5.89 ##

SiNP 240 + GA 7.5 μM 44.52 ± 5.31 ## 8.08 ± 0.93 ## 3.35 ± 0.40 # 29.63 ± 3.37 # 89.69 ± 5.96 #

SiNP 240 + GA 20 μM 49.26 ± 5.05 ### 6.70 ± 0.65 ### 3.95 ± 0.58 ### 32.94 ± 3.21 ### 93.30 ± 6.73 ##

SiNP 240 + GA 40 μM 44.17 ± 3.32 ## 8.16 ± 1.03 ## 3.15 ± 0.40 28.06 ± 3.27 88.78 ± 4.90
SiNP 240 + NP-GA 7.5 μM 53.90 ± 4.25 ### 6.12 ± 0.50 ### 4.15 ± 0.40 ### 36.15 ± 3.80 ### 96.53 ± 5.36 ###

SiNP 240 + NP-GA 20 μM 42.40 ± 5.36 # 8.36 ± 0.60 # 3.05 ± 0.53 27.44 ± 4.30 87.43 ± 5.05
SiNP 240 + NP-GA 40 μM 38.96 ± 5.58 8.83 ± 0.89 2.72 ± 0.62 25.35 ± 3.29 85.21 ± 4.19
GA 40 μM 55.98 ± 7.73 6.87 ± 0.75 3.63 ± 0.41 36.02 ± 4.51 97.20 ± 6.12
NP-GA 40 μM 48.77 ± 6.50 7.12 ± 0.53 3.39 ± 0.47 30.52 ± 3.50 93.86 ± 7.41
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prepared by nanoprecipitation technique with Eudragit E 
and polyvinyl alcohol and the results showed that antioxi-
dant activity of quercetin nanoparticles was more than pure 
quercetin [34]. Previous studies have performed the manu-
facture of nanoparticles to increase their antioxidant proper-
ties and increase their penetration into cells. In this regard, 
Vico et al. reported the SiNP formulation with GA [35] and 
Kim et al. reported the synthesis of gold nanoparticles using 
GA as a capping agent [36].

Studies have shown that SiNPs induce oxidant stress and 
ROS production. Oxidative stress increases the accumula-
tion of ROS. In physiological conditions, ROS levels are 
controlled by the balance between ROS production and its 
elimination by the cellular antioxidant system including 

GSH, SOD, GPx, and CAT. SiNPs produce free radicals 
such as superoxide anion, hydrogen peroxide, and hydroxyl 
radicals that react with the cellular membrane lipids and 
cause lipid peroxidation. The MDA is the end product of 
lipid peroxidation [37–39]. In this study, SiNPs significantly 
increased islets’ MDA and ROS levels and reduced islets’ 
GSH levels compared to the control group which also sig-
nificantly decreased islets’ CAT, GPx, and SOD activities. 
While GA (7.5 and 20 μM) and NP-GA (7.5 μM) signifi-
cantly reduced MDA and ROS levels and increased the GSH 
levels, CAT, SOD and GPx activity in islets.

One study found that SiNP vasodilate aorta, which was 
blocked by the antioxidant enzyme SOD. Improving the vaso-
dilation induced by SiNPs with SOD indicated the involvement 

Table 4  Pretreatment islets with GA (7.5, 20, and 40 μM), NP-GA (7.5, 20, and 40 μM) and glibenclamide (GLIB, 10 μM) for 24 h and then 
treatment with SiNPs (240 μg) for 24 h and a subsequent 1-h incubation with 16.7-μM glucose-containing medium

Values expressed as mean ± SD
*P < 0.001 significant difference from the control group
# P < 0.05, ## P < 0.01, and ### P < 0.001 significant differences from the SINPs group

Groups GSH (mg/mg protein) MDA (nmol/mg protein) CAT (U/mg protein) SOD (U/mg protein) GPx (U/mg protein)

Control 56.89 ± 5.00 7.31 ± 0.64 4.32 ± 0.49 37.72 ± 3.19 98.52 ± 5.32
SiNP 240 μg 25.47 ± 6.25 * 12.34 ± 1.02 * 1.51 ± 0.47 * 17.62 ± 3.05 * 72.91 ± 5.94 *

SiNP 240 + GLIB 10 μM 41.40 ± 7.40 ## 10. 29 ± 0.82 ## 2.82 ± 0.36 ### 26.54 ± 3.57 ## 86.81 ± 7.20 ##
SiNP 240 + GA 7.5 μM 37.41 ± 5.08 # 10.48 ± 0. 89 # 2.56 ± 0.30 ## 23.76 ± 2.98 83.04 ± 4.18
SiNP 240 + GA 20 μM 43.10 ± 5.30 ### 9.34 ± 0.87 ### 2.98 ± 0.53 ### 28.24 ± 3.40 ### 87.36 ± 5.01 ##
SiNP 240 + GA 40 μM 36.43 ± 7.38 # 10.64 ± 0.86 # 2.35 ± 0.29 # 24.03 ± 4.49 d # 82.47 ± 5.71
SiNP 240 + NP-GA 7.5 μM 49.17 ± 4.45 ### 8.24 ± 0.79 ### 3.41 ± 0.42 ### 32.53 ± 3.79 ### 91.06 ± 5.78 ###
SiNP 240 + NP-GA 20 μM 34.73 ± 5.07 10.71 ± 0.93 2.31 ± 0.23 # 23.05 ± 2.75 81.70 ± 4.50
SiNP 240 + NP-GA 40 μM 32.73 ± 5.55 11.09 ± 1.05 2.17 ± 0.21 20.94 ± 2.76 78.68 ± 4.02
GA 40 μM 48.47 ± 4.20 7.50 ± 0.59 3.55 ± 0.84 35.85 ± 4.75 96.20 ± 7.00
NP-GA 40 μM 37.81 ± 4.39 d 8.05 ± 0.55 3.26 ± 0.53 30.37 ± 4.67 92.70 ± 6.18
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Fig. 6  Pretreatment islets with GA (7.5, 20, and 40  μM), NP-GA 
(7.5, 20, and 40  μM) and glibenclamide (GLIB, 10  μM) for 24  h 
and then treatment with SiNPs (240 μg) for 24 h for reactive oxygen 
species estimation. Results are expressed as mean ± SD. The differ-
ence between control and other groups is significant at p < 0.01 (**) 

and p < 0.001 (***). The difference between SiNPs and other groups 
is significant at p < 0.05 (#) and p < 0.01 (##) and p < 0.001 (###). 
SiNPs, silica nanoparticles; SEM, standard error of mean; GA, gallic 
acid; NP-GA, gallic acid nanoparticle; GLIB, glibenclamide
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of oxidative stress mechanism in this toxicity [40]. In the same 
line, one study reported that SiNPs induced endothelial dys-
function through mitochondrial dynamics and change of bio-
genesis [41]. Another study showed that the accumulation of 
ROS in pancreatic β cells caused them to lose their proper 
function [42].

In this study, the islets’ exposure to SiNPs significantly 
reduced the insulin secretion after the addition of 2.8, 5.6, 
and 16.7 mM of glucose mediums. Due to the vulnerability 
of pancreatic islets to oxidative damage and low levels of 
antioxidants in this tissue, their contact to ROS can stimu-
late some cellular stress-sensitive ways which are associated 
with reduced insulin secretion. It seems to be a relationship 
between  KATP current and β-cell function in cases of mild oxi-
dative stress. Low levels of ROS help β-cell function and the 
regulation of insulin gene expression. While high levels of 
ROS reduce insulin gene expression and insulin secretion, it 
leads to islet disorder. The three factors of glucose metabolism, 
ROS production, and ATP production as a result of  KATP chan-
nel activity are associated with β-cell dysfunction. Increased 
SiNPs impair ATP production and open  KATP channels, lead-
ing to hyperpolarization of β-cells to limit calcium influx 
and glucose-induced insulin secretion. Mitochondrial ROS 
accumulation followed by ATP depletion is associated with 
metabolism and cell death [19, 43]. Our findings have shown 
that SiNPs as inducers of ROS reduced the insulin secretion of 
pancreatic islets by generating the oxidative stress.

GA is well-known as a natural antioxidant involved in both 
inhibitory and scavenging actions of ROS [44]. GA was also 
reported the increased activity of antioxidant enzymes such 
as SOD, GPx, and glutathione S-transferase with a simulta-
neous reduction in amounts of ROS in lymphocytes without 
any modification in the total antioxidant capacity [45]. Cells 
treated with high glucose exhibited a significant rise in mRNA 
expression of TNFα, IL-6, NADPH oxidase, and TXNIP; all 
these changes were weakened in the presence of GA. High 
glucose levels also increase SOCS-3 expression while GA can 
regulate this effect [46]. GA could also rise insulin secretion 
in β- cells and up-regulate mRNA of PDX-1 and insulin [47]. 
Also the results of one study showed that GA and NP-GA with 
their potential antioxidants could improve renal mitochondrial 
dysfunction, oxidative stress, and inflammation in cisplatin-
induced nephrotoxicity in rat [17]. The antioxidant properties 
of GA and its nanoparticles are probably due to the phenolic 
hydroxyl groups present in their molecular structure.

Conclusion

The findings of this study showed that GA and its nanoparti-
cles improved insulin secretion and oxidative stress induced 
by SiNPs in Langerhans β-islets in mice. The present study 
also demonstrated that NP-GA was successfully produced 

by double emulsion-solvent evaporation method and estab-
lished their properties. GA (7.5 and 20 μM) and NP-GA 
(7.5 μg) significantly ameliorated insulin secretion and the 
amounts of ROS, MDA, GSH, SOD, GPx, and CAT. Finally, 
GA and its nanoparticles can be considered as potential anti-
oxidants in alternative therapy for diabetes in cases where 
the toxic agents act on the oxidative stress mechanism. How-
ever, more detailed molecular studies, including studies of 
other mechanisms involved in Langerhans islets injury and 
the development of diabetes, are needed to evaluate the effi-
cacy of these compounds for future clinical use.
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