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Key Messages

• The preparation of antioxidant gold nanoparticles uses the insulin plant Chamaecostus cuspidatus.
• The free-radical scavenging properties and antidiabetes activities of antioxidant gold nanoparticles were analyzed.
• The in vivo wound-healing efficacy of antioxidant gold nanoparticles in mice was analyzed.
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a b s t r a c t

Background: Gold nanoparticles are known for their many applications in the fields of therapeutics and
diagnosis.
Methods: This article focuses mainly on the green method of synthesizing gold nanoparticles by using
the leaf powder extract of the insulin plant Chamaecostus cuspidatus and on the characterization of devel-
oped plant-mediated synthesis of gold nanoparticles. Furthermore, we investigated the free-radical scav-
enging activity of green-synthesized gold nanoparticles.
Results: The free radicals were exhibited in a dose-dependent manner. The 50% inhibition of free radi-
cals by gold nanoparticles showed that it was similar to that of the standard inhibition. Toxicity studies
generally examine changes in blood serum chemistry and cell populations in tissue morphology through
histologic analysis without inducing any lethal effects in the mouse model, thereby accomplishing sus-
tained control over the progression of diabetes mellitus, which plays a leading role in vascular compli-
cations in patients. The treatment by gold nanoparticles of the mice with diabetes for a period of 21 days
restored their blood glucose, glycogen and insulin levels.
Conclusions: The use of gold nanoparticles as antidiabetes materials has been achieved. Further studies
are required before gold nanoparticle–based drugs are more widely used.

© 2018 Canadian Diabetes Association.
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r é s u m é

Contexte : Les nanoparticules d’or sont connues pour leurs nombreuses applications dans les domaines
de la thérapeutique et du diagnostic.
Méthodes : Le présent article porte principalement sur la méthode de synthèse verte des nanoparticules
d’or à partir de la poudre d’extrait de feuilles de la plante d’insuline Chamaecostus cuspidatus et sur la
caractérisation de la synthèse médiée par la plante des nanoparticules d’or. De plus, nous avons examiné
l’activité de piégeage des radicaux libres des nanoparticules d’or synthétisées par la méthode verte.
Résultats : Les radicaux libres ont été exposés de façon proportionnelle à la dose. L’inhibition de 50 % des
radicaux libres par les nanoparticules d’or a montré un résultat similaire avec l’inhibition habituelle. Les
études sur la toxicité visent généralement à examiner les modifications de la chimie du sérum sanguin
et les populations cellulaires dans la morphologie tissulaire par l’étude histologique sans réduire les effets

* Address for correspondence: Shanmugam Rajeshkumar, PhD, Department of Pharmacology, Saveetha Dental College and Hospitals, SIMATS, Chennai, Tamilnadu 600077,
India.

E-mail address: ssrajeshkumar@hotmail.com

Can J Diabetes 43 (2019) 82–89

Contents lists available at ScienceDirect

Canadian Journal of Diabetes
journal homepage:

www.canadianjournalofdiabetes .com

1499-2671 © 2018 Canadian Diabetes Association.
The Canadian Diabetes Association is the registered owner of the name Diabetes Canada.
https://doi.org/10.1016/j.jcjd.2018.05.006

mailto:ssrajeshkumar@hotmail.com
https://doi.org/10.1016/j.jcjd.2018.05.006
http://www.sciencedirect.com/science/journal/14992671
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcjd.2018.05.006&domain=pdf


létaux dans le modèle de souris, mais pour maîtriser de manière prolongée l’évolution du diabète sucré,
qui joue un rôle prépondérant dans la survenue des complications vasculaires chez les patients. Le traitement
des souris diabétiques par nanoparticules d’or durant 21 jours rétablit leurs concentrations de glucose
dans le sang, en glycogène et d’insuline.
Conclusions : L’utilisation des nanoparticules d’or comme matériaux antidiabétiques a été démontrée;
les médicaments à base de nanoparticules d’or seront davantage utilisés s’ils font l’objet d’autres
études.

© 2018 Canadian Diabetes Association.

Introduction

In the past 5 decades, nanomedicine has received attention
from major world scientists. In the research field as well as on
the industrial level, researchers have been working on the
improvement of 1- to 100-nm sized nanomaterials. Nanomedicine
research is 1 of the upcoming fields in nanotechnology (1–5).
Among these fields, the preparation of various nanomaterials
has received major consideration because of their distinctive
applications in a number of areas (6–10). The occurrence of
diabetes has grown worldwide, and it causes serious challenges
to public health (11,12), particularly in the form of budget con-
cerns. Diabetes is a severe metabolic disease, and it has been
considered one of the world’s most deadly diseases. It was
reported that by the year 2030, 552 million people may be
affected by it (13,14). Diabetes is a chronic disease in which the
characteristic element is blood glucose concentrations resulting
in a loss of insulin-producing pancreatic beta cells (type 1 diabe-
tes) and a loss of insulin responsiveness in its targets, such as
adipose and muscle tissues (type 2 diabetes) (15). Most patients
have type 2 diabetes. Nanoparticles are able to act as nanoplatforms
for efficient and targeted delivery of drugs and imaging labels by
overcoming many biologic and biomedical barriers (16,17). The
interesting possible applications of metal nanoparticles are
determined by their chemical compositions, sizes, shapes and
controlled dispersities (18). Gold nanoparticles are specifically
most significant for their exceptional and surface tuneable
plasmon resonance (19). Over the past years, the unique colors
and typical electronic properties of gold nanoparticles have been
improved in biomedical applications (20). Gold nanoparticles are
biocompatible and, depending upon the concentration, the gold
nanoparticles could also be toxic, which has been proven by in
vitro and in vivo approaches (21). The synthesis of metal
nanoparticles using plant extract has been a focus in recent years
because it is simple and is being a substitute for chemical and
physical methods. Gold nanoparticle synthesis using plant extracts
has already been reported in the use of various plants, such as
Lippia citriodora, Salvia officinalis, Pelargonium graveolens and Punica
granatum. A lot of consideration has been given to this field
because of the variety of plants and their strong potentials to
produce nanoparticles with a variety of shapes (22). Against this
background, the method of processing the gold nanoparticles as
antidiabetes nanomaterials by synthesizing them with pharmaco-
logically key plant materials has been conceived. Many plants
with antidiabetes characteristics have been subjected to the syn-
thesis of gold nanoparticles. In this context, the plant Chamaecostus
cuspidatus has been used to synthesize gold nanoparticles as
antidiabetes nanomaterials.

In India, it is known as the insulin plant; it has large fleshy leaves
whose undersides are large and smooth and whose dark-green leaves
have a light purple shade (23). In our present investigation, the treat-
ment by gold nanoparticles of the mice with diabetes for a period
of 21 days restored their blood glucose, glycogen and insulin levels.
The use of gold nanoparticles as antidiabetes nanomaterials has been
proven, and the gold nanoparticle-based drugs will be more likely
to be used if subjected to further studies.

Methods

Chemicals and plant materials

C. cuspidatus leaves were collected from the horticulture depart-
ment located in Courtallam, Tirunelveli, Tamilnadu, India. The leaves
of C. cuspidatus were washed with Tween 20 for surface steriliza-
tion and washed thoroughly by double-distilled water 3 times. The
clean plant leaves were dried in a shady place for a week. The dried
leaves were ground into a fine powder; then, 1 g of leaf powder was
mixed with 100 mL of distilled water in an Erlenmeyer flask and
boiled at 80°C for 20 min. The boiled extract was filtered through
Whatman no. 1 filter paper. The collected supernatant was stored
at 4°C in the refrigerator for further studies. The analytic-grade
chemicals and reagents used in this study were purchased from
Sigma Aldrich (Mumbai, India).

Green synthesis of gold nanoparticles

Analytic-grade salt of chloroauric acid tetrahydrate (HAucl4) was
used to synthesize gold nanoparticles. For gold nanoparticle syn-
thesis, 10 mL of plant powder extract was added to 1 mM of HAucl4.
The mixtures were kept at room temperature on an orbital shaker.
The solutions were monitored for gold nanoparticle synthesis at dif-
fering time intervals. The synthesized nanoparticles were col-
lected by centrifugation and were used for characterization.

Characterization

The reduction of gold ions into gold nanoparticles was moni-
tored by a double-beam ultraviolet-visible spectrophotometer
(Lambda 25; PerkinElmer, Singapore) with a wavelength ranging
from 450 to 700 nm. The heat-dried gold nanoparticles were ana-
lyzed by x-ray powder diffraction (XRD) (Malvern Panalytical X Pert
Powder X celerator diffractometer; Westborough, Massachusetts,
United States). The crystalline nature of the nanoparticles was ana-
lyzed at the 2 theta range of 20° to 80°. The morphologies and sizes
of the gold nanoparticles were found by using a scanning electron
microscope (SEM) (PerkinElmer).

The transmission electron microscopy (TEM) method was
employed to predict the sizes and shapes of the synthesized gold
nanoparticles (CM 200; Philips, Amsterdam, The Netherlands).
Thermogravimetric analysis is a method of thermal analysis that
is used to analyze the changes in physical and chemical proper-
ties of materials. The gold nanoparticles were analyzed at a con-
stant temperature rate and a constant mass by thermogravimetric
analysis (Hitachi, Tokyo, Japan).

Free-radical scavenging estimation

α, α-diphenyl-β-picrylhydrazyl radical scavenging activity. The α,
α-diphenyl-β-picrylhydrazyl (DPPH) radical-scavenging activity of
the gold nanoparticles was determined according to the method fol-
lowed by Shimada et al (24).
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Nitric oxide radical inhibition assay. The inhibition of the nitric oxide
radical was assayed according to the method followed by
Ebrahimzadeh et al (25).

Superoxide anion-scavenging activity. The superoxide anion-
scavenging activity of gold nanoparticles was assayed based on the
methods of Nishikimi et al (26).

Lipid peroxidation assay. The lipid peroxidation-scavenging ability
of the gold nanoparticles and standards was evaluated using the
ammonium thiocyanate method followed by Mitsuda et al (27).

Hydroxyl radical-scavenging activity. The scavenging activity of gold
nanoparticles for the hydroxyl radical was carried out using the
method of Halliwell and Gutteridge (28).

Reducing power. The reducing power of gold nanoparticles was deter-
mined according to the method of Yen and Chen (29).

Acute toxicity studies using gold nanoparticles. In total, 6 mice were
used for this study. The mice were randomly divided into 2 groups
(n=3 mice per group) as follows: group 1, control; group 2, treated
with antioxidant gold nanoparticles.

The mice in group 2 were administered gold nanoparticles sus-
pended in distilled water at a dosage of 1.5 mg/kg body weight (BW)/
day, orally, for a period of 10 days. The mice in the control group
were treated with double-distilled water alone. At the end of
10 days’ treatment, all the mice were starved overnight and sac-
rificed the next day to determine the toxicity through hemato-
logic and histologic analysis.

Diabetes study. Adult male Wistar mice (150 g to 180 g) were pur-
chased from Venkateshwara Enterprises (Bangalore, India) and main-
tained at Sri Parama Kalyani Centre for Environmental Sciences
(Alwarkurichi, India). Throughout the experiment, the mice were
housed in polypropylene cages in an air-conditioned room with a
controlled temperature (20°C to 22°C) and automatic lighting (12-h
periods of light and dark) and had free access to a standard pellet
diet (Pranav Agro, Pune, India) and water. The experiment’s pro-
tocol was approved by the Animal Ethical Committee of
Manonmaniam Sundaranar University, Tirunelveli, India.

Induction of diabetes. Type 2 diabetes was induced by a single intra-
peritoneal (i.p.) injection of streptozotocin (STZ) (45 mg/kg BW). STZ
was freshly dissolved in sodium citrate buffer (pH 4.5, 0.1 M) 15 min
after the i.p. administration of nicotinamide (110 mg/kg BW).

Experiment design. In total, 42 mice were divided into 7 groups.
Group 1: control rats administered 0.9% saline; group 2: rats admin-
istered i.p. STZ 50 mg/kg BW; group 3: rats administered i.p. stan-
dard drug (glibenclamide) 50 mg/kg BW; group 4: rats administered
i.p. STZ 50 mg/kg BW plus oral administration of 300 mg/kg plant
extract of C. cuspidatus; group V: rats administered i.p. STZ 50 mg/kg
BW plus oral administration of 600 mg/kg plant extract of
C. cuspidatus; group 6: rats administered i.p. STZ 50 mg/kg BW plus
oral administration of 0.75 mg/kg gold nanoparticles synthesized
using C. cuspidatus; group 7: rats administered i.p. STZ 50 mg/kg BW
plus oral administration of 1.5 mg/kg gold nanoparticles synthe-
sized using C. cuspidatus.

In vivo wound healing

For this experiment, 12 male Wistar rats (120 g to 160 g) were
used. Each in vivo experiment was carried out under in vivo con-
ditions with the permission of the Institutional Animal Ethics Com-
mittee of Manonmaniam Sundaranar University, Tirunelveli, India.

In brief, the rats were divided into 4 groups, with each group con-
taining 3 rats: group 1, control; group 2, vehicle control H2O; group
3, treated with green-synthesized gold nanoparticles; group 4,
treated with plant extract.

Biochemical analysis. All animals were killed at the end of the experi-
ment; blood was collected, and serum was separated immediately.

Statistical analysis. Statistical analyses were performed using Origin
8.1 software (originLab, Wellesley Hills, Massachusetts, United States).
The values are expressed as mean ± SD.

Results and Discussion

The present study was conducted to investigate the
antihyperglycemic and antioxidative activities of the leaf extract of
C. cuspidatus in male albino rats with STZ-induced diabetes. The use
of nanomaterials for biomedical applications is a significantly devel-
oping branch of nanoscience, so the synthesis of biocompatible
nanomaterials using less toxic and more environmentally friendly
components is of great importance. In addition, it is significant that
the combination of green chemistry principles with nanoscience
is 1 of the key issues. New work is being done in nanoparticle syn-
thesis using plant compounds (30–34).

Characterization studies

The ultraviolet-visible spectrophotometry spectra of gold
nanoparticles synthesized from C. cuspidatus are shown in
Supplementary Figure 1. The distinct peak was observed at 462 nm,
that is, the surface plasmon resonance of gold nanoparticles, whereas,
after the addition of C. cuspidatus plant extract, the color of HAuCl4

changed from light yellow to deep blue, which indicates the syn-
thesis of gold nanoparticles in the aqueous solution.

X-ray diffraction analysis

The reduced metal nanoparticles were confirmed as elemental
gold using XRD. This analysis was performed to identify the crys-
talline nature, size and structure of the gold nanoparticles.
Supplementary Figure 2 shows the XRD patterns of synthesized gold
nanoparticles. The diffraction peak of plant extract-mediated syn-
thesis of gold nanoparticles observed at the 2 theta values of 38°,
44°, 64° and 77° corresponded to the set of lattice planes: (111),
(200), (220) and (311), respectively. The peak of synthesized gold
nanoparticles was compared with the standard pure gold, which
was published by the Joint Committee for Powder Diffraction Set
(file 04–0784). The results show that no other peaks were observed
in the XRD spectrum; this indicates that the synthesized gold
nanoparticles are pure. The inset shows peak broadening of the
highest intensity peak parallel to the (111) plane, indicating a reduc-
tion in crystallite size. Similar results were reported earlier for gold
nanoparticles (35). However, in the present study, the observation
of strong peaks indicated that the synthesized gold nanoparticles
were pure and crystalline in nature.

SEM analysis

The morphology of the synthesized gold nanoparticles was exam-
ined by SEM. The shape and distribution of the gold nanoparticles
synthesized by leaf extract of C. Cuspidatus are displayed in
Supplementary Figure 3. The SEM micrograph clearly indicates that
the synthesized nanoparticles were adsorbed on the surface of the
plant extract powder. The SEM micrographs showed the synthe-
sized gold nanoparticles in various shapes; most of them are cubic
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in nature, with a few occasionally having square-shaped
nanoparticles with a size of 2 μm. These results were shown to be
in good agreement with earlier reports of biologic nanoparticle syn-
thesis using lemon grass (36). Similar results were observed in the
synthesis of gold nanoparticles using Cassia fistula. The SEM images
exhibited the differing shapes of gold nanoparticles obtained from
the bark extract of C. fistula (37).

Energy-dispersive x-ray spectroscopy analysis

The energy-dispersive x-ray (EDX) spectra of C. cuspidatus-
synthesized gold nanoparticles are shown in Supplementary Figure
4. The EDX shows a strong profile at 2 keV, which reveals the pres-
ence of gold nanoparticles, whereas the other signals, such as those
of oxygen, indicate the accumulation of plant biomolecule extracts
with gold nanoparticles. The biomolecules of plant extract play an
important role in the reduction of the gold ion into gold
nanoparticles. It is 1 of the advantages of the green synthesis of metal
nanoparticles when compared to other forms of synthesis. EDX quan-
titative analysis confirmed that the gold content had the highest
elementary composition. Some minor peaks were presented, such
as O, Cl, Na, K and Fe, but these compounds are derived from plant
biomolecules. Similar results were reported in the synthesis of gold
nanoparticles using plant extract of Mentha piperita. The results sug-
gested that the gold nanoparticles are synthesized due to the action
of the plant extract, which acts as a good reductant for biosynthe-
sis (38).

TEM analysis

The morphologies and sizes of nanoparticles in green-synthesized
gold nanoparticles were determined through TEM images (Figure 1).
The C. cuspidatus-synthesized gold nanoparticles were
monodispersed and mostly spherical in shape, with an average size
of 50 nm. The spherical and undefined shapes, also found in the TEM
images, showed that these particles are synthesized at the begin-
ning of the reaction, i.e. at 10 min to 2 h of incubation. After 2 h of
incubation, the particles were aggregated and formed a bulk struc-
ture. The low absorbance was observed after 2 h in the ultraviolet-
visible spectrophotometry spectrum, which also proved the
aggregation of particles. The gold nanoparticles synthesized from
a plant extract of Murray koenigii (39) matched with our present
report. Similar results suggest that in the synthesis of gold

nanoparticles with the plant extract Cassia auriculata, the par-
ticles formed were spherical, hexagonal and triangular in shape (40).

Thermogravimetric analysis

Thermogravimetric analysis showed that upon heating the mass
of the sample initially, the rates of mass slowly decreased but then
gradually increased. The total mass loss was 35.0%, which was
assigned to loose gold metal (Supplementary Figure 5). Correspond-
ing to the initial slow mass loss was an exothermic region in the
differential calorimetric data. In the case of the total green-
synthesized gold nanoparticles, weight loss occurred between 240°C
and 360°C, relating to the thermal degradation of the gold
nanoparticles. The gold nanoparticles showed a 1% weight loss up
to 102°C, and this could be due to the loss of the external water
molecule. Furthermore, a slow weight loss of about 3.0% between
102°C and 360°C was due to the slight decomposition of the mate-
rials (41). Similar reports were observed in the work of Fan et al
(42), which demonstrated that the integrity of amino acids in main-
taining high coupling activity could be achieved by the coating of
gold nanoparticles.

Antioxidant study

DPPH radical activity. The proportion of plant extract in the DPPH-
free radicals via hydrogen-donating activity was 96.63%, and the gold
nanoparticles in the DPPH-free radical activity was 97.05%; for stan-
dard vitamin C, it was found to be 91.15%, as shown in Figure 2. DPPH
scavenging was increased in a concentration-dependent manner
compared to ascorbic acid and was used as the positive antioxi-
dant control in this investigation. The inhibitor concentration that
decreases the biotransformation of a substrate at a single, speci-
fied concentration by 50% (IC50) of the value of a plant extract is
43.48 μg/mL, and that of the gold nanoparticles is 48.96 μg/mL. A
similar report by Mubarak et al (38) showed that DPPH scaveng-
ing was increased in a concentration-dependent manner com-
pared to that of ascorbic acid; it was used as the positive antioxidant
control in that investigation.

Nitric oxide assay. The green-synthesized gold nanoparticles
increased nitric oxide radical-scavenging activity above that of the
plant-leaf powder. The radical-scavenging activity increased when
the concentration of gold nanoparticles was increased. When com-
pared to the nitric oxide radical-scavenging activity of raw plant
extract, the green-synthesized gold nanoparticle activity was slightly
increased in a dose-dependent manner (Supplementary Figure 6).
The IC50 value of the gold nanoparticles was 45.65 μg/mL and for
the plant, the extract was 49.33 μg/mL. These results show that gold
nanoparticles are an excellent antioxidant agent.

Superoxide anion activity. The results of the superoxide anion-
scavenging activity of gold nanoparticles and raw plant extract are
shown in Supplementary Figure 7. The decreased absorbance at
560 nm with the gold nanoparticles indicates the consumption of
superoxide anions in the reaction mixture. The gold nanoparticles
showed the scavenging activity; the IC50 value was 46.84 μg/mL, and
the plant extract IC50 value was 45.01 μg/mL (Supplementary Figure
7). Similar results were reported by Babu et al (43). Triphala, an
Ayurvedic herbal rasayana formula extract, shows that superox-
ide scavenging activity is due to the presence of phenolic compounds.

Lipid peroxidation assay. The lipid peroxidation inhibition assay was
conducted using the raw plant extract and gold nanoparticles, which
were compared with standard vitamin E. The gold nanoparticles had
strong inhibition activity when compared to the raw plant extract
in controlling lipid peroxidation. The scavenging activity increased

Figure 1. Transmission electron microscopy image of gold nanoparticles synthe-
sized using Chamaecostus cuspidatus plant leaf extract.
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when the concentrations of gold nanoparticles and the raw plant
extract were raised. The IC50 value of the gold nanoparticles was
48.31 μg/mL, and that of the plant extract was 52.51 μg/mL
(Supplementary Figure 8).

Hydroxyl radical assay. The scavenging activity of the raw plant
extract was 87.33%, and that of the gold nanoparticles was 92.95%,
respectively (Supplementary Figure 9). The IC50 value of gold
nanoparticles was 47.06 μg/mL, and that of the plant extract was
50.71 μg/mL. The activity was more effective in quenching the
hydroxyl radicals produced in the reaction mixture. The hydroxyl
radical can induce oxidative damage to DNA, lipids and proteins
(44).

Reducing power. The reducing power of both plant extract and
gold nanoparticles increased with increases in concentration. The
gold nanoparticles showed more effective reducing ability when
compared to raw plant extract (Supplementary Figure 10). In this
assay, Fe(III) reduction is often used as a significant indicator of
electron-donating activity, which is an important mechanism of
phenolic antioxidant action (45). This is correlated with the pres-
ence of reductones, which exhibit their antioxidant action by
breaking the radical chain and donating a hydrogen atom (46).
The gold nanoparticles showed the highest activity in a dose-
dependent manner due to the presence of more reductones in the
higher doses.

In vivo toxicity studies. In this study, the mice were orally injected
with gold nanoparticles at a dosage of 1.5 mg/kg BW/day for 10 days.
We then examined the morphology and behavioural changes once
daily. All the mice survived throughout the experiment period
without exhibiting any abnormalities. The mice did not show any
symptoms of toxicity, such as fatigue, loss of appetite, change in
fur colour, weight loss, etc. Comparative analyses of various hema-
tologic parameters in the control animals and those treated with
gold nanoparticles clearly showed that there was no significant
alteration except marginal variations in certain parameters
(Supplementary Table 1). The pathologic effect of nanoparticles
on the morphologic characteristics of the organs was examined
through histologic observations by using light microscopy. The
histologic findings exhibited the nontoxic effect of gold nanoparticles
on the liver, kidney and lung (Figure 3). The reports obtained
from Dr. Syed Suliman of the Tirunelveli Medical College Hospital

(Tirunelveli, India) confirmed that the organs treated with gold
nanoparticles did not showed any significant morphologic changes
in comparison to the control organs. The histologic sections of
lung tissue from the control animals showed regular alveolar geom-
etry and normal alveolar septa (Figure 3A). Similarly, lung tissues

Figure 2. 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging effect of gold nanoparticles and Chamaecostus cuspidatus plant extract. AuNPs, gold nanoparticles.

Figure 3. Toxicity studies of gold nanoparticles in mouse organs. AuNP, gold
nanoparticle.
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treated with gold nanoparticles (Figure 3B) showed normal alveo-
lar membranes and common blood vessels. The kidney sections of
control animals showed the presence of usual renal cortex and
glomerular tufts (Figure 3C), and the histologic sections of animals
treated with gold nanoparticles did not show any changes in the
kidney tissue. (Figure 3D). The histologic sections of liver from
the control animals showed normal hepatic portals and central
veins (Figure 3E). The liver treated with gold nanoparticles also
showed normal hepatocytes and a clear vein with no morpho-
logic changes when compared to control animals (Figure 3F). These
studies clearly confirm the nontoxic nature of biologically synthe-
sized gold nanoparticles in the in vivo system. Cells are capable of
taking the gold nanoparticles without any cytotoxic effects (47).
The nontoxic effect of the gold nanoparticles was confirmed by
the study; no subclinical toxicology was shown in the histologic
studies of the vital organs (lung, kidney and liver) after the admin-
istration of gold nanoparticles for 10 days. These results correlated
with previous reports of using the gold nanoparticles as an
antioxidative agent and to control hypoglycemic conditions (48).

In vivo antidiabetes studies: effect on BW. The effect of gold
nanoparticles on BW was studied using in vivo animal models. The
rats treated with STZ showed significant weight loss, but the rats
treated with gold nanoparticles showed normalization of BW and
also weight gain due to their growth (Supplementary Figure 11).
These data indicate that the increased level of glucose in rats with
STZ-induced diabetes was a low level that was achieved by the oral
administration of gold nanoparticles synthesized from C. cuspidatus.
For this experiment, the BW was measured before and after treat-
ment. Before treatment, the rats were at a normal weight; after treat-
ment, significant (p<0.05) weight loss occurred. The BW of rats
administered C. cuspidatus slightly decreased when compared to
control rats with diabetes and rats administered standard drugs. The
BW of rats treated with gold nanoparticles significantly increased
when compared to the control rats (Supplementary Table 2).

Effect on blood glucose, insulin and glycogen. To examine the effect
of gold nanoparticles on the levels of blood glucose, insulin and gly-
cogen, the rats were treated with STZ (Supplementary Figure 12).
The decrease in glucose levels in group 7 rats with diabetes sug-
gests that the synthesized gold nanoparticles exert insulin-like results
on marginal tissues, either by promoting the uptake of glucose or
by inhibiting hepatic gluconeogenesis (49). The rats with diabetes
in groups 4 and 5, which were administered C. cuspidatus, showed
slightly increased blood glucose levels, but the insulin and glyco-
gen levels remained balanced. However, among the rats with dia-
betes in groups 6 and 7, those that were treated with gold
nanoparticles showed no changes in blood glucose, insulin or gly-
cogen levels. It was observed that all biochemical values varied
slightly when compared to those of normal mice. As a result of
extensive screening after various dosages of plant extracts (300 or
600 mg/kg) and gold nanoparticles (0.75 or 1 mg/kg), the rats treated
with the gold nanoparticles did not show any significant effects
(Supplementary Table 3). However, the metal nanoparticles improved
glucose consumption and metabolism through their potent influ-
ence on improvement of hepatic glycogenesis through action on the
insulin-signaling pathway (50). Similar results showed significant
reductions in blood glucose levels in the groups with diabetes that
were treated with zinc oxide nanoparticles, single nucleotide poly-
morphisms or insulin (75.8%, 68.2% and 84.2%, respectively) (51).
The therapeutic efficacy of bergenin was examined in mice with
type 2 diabetes, and similar findings, reported by Ambika and
Saravanan (52), showed improvements in liver tissue, hyperglyce-
mia, insulin sensitivity, glucose uptake and hepatoprotectiveness.
Hence, it might be used in the management of obesity-associated
type 2 diabetes mellitus.

Effect on serum protein and total cholesterol levels. The serum protein
and cholesterol levels showed slight changes in the control rats with
diabetes, and the rats treated with gold nanoparticles (0.75, 1 mg/
kg) showed levels of serum protein and total cholesterol similar to
those of the control mice with diabetes that were administered plant
extract (Supplementary Figure 13). The rats treated with plant extract
(300 or 600 mg/kg) showed significant (p<0.05) changes in cho-
lesterol levels, but the serum protein levels remained unchanged.
The results of the present study indicated that the animals showed
regulation of the metabolic process and restoration of the choles-
terol and serum protein levels to near normal. The induction of dia-
betes with STZ was associated with a characteristic loss of BW, which
was due to increased muscle wasting (53). The present study showed
that the gold nanoparticles synthesized using C. cuspidatus are very
effective in inducing hypoglycemic activity (Supplementary Table 4).

In vivo wound healing. Gold nanoparticles and plant extracts were
used for the wound-healing test (Figure 4). At the initial stage (the
first week), healing was observed in rats treated with both gold
nanoparticles and plant extract when compared to the controls.
However, in the fourth week after wounding, it was observed that
the rats treated with gold nanoparticles and plant extract showed
greater healing responses than did the control rats. In the fourth
week after the treatments, the healing percentages of the 4 groups—
control, vehicle control H2O, gold nanoparticle and plant extract-
treated wounds—were 78%, 97%, 66% and 64%, respectively. These
data indicate that the plant extracts and the gold nanoparticles pro-
duced the most significant healing activity (p<0.01); the antioxi-
dant and anti-inflammatory properties of green-synthesized gold
nanoparticles showed their healing abilities even more pro-
foundly with time. We evaluated the progress of wound healing in
differently treated groups and studied the commencement of apop-
tosis during the course of wound healing. Previous studies have
shown that gold nanoparticles have cutaneous wound-healing abili-
ties through their anti-inflammatory and antioxidation effects (54).
These findings support the potential role of gold nanoparticles in
the treatment of cutaneous wounds (Supplementary Table 5).

Conclusions

Gold nanoparticles are recognized for their wide application in
the field of therapeutics and diagnosis. The present study was
carried out to study the hypoglycemic effects of the extract of
C. cuspidatus in healthy rats and rats with STZ-induced diabetes.
C. cuspidatus is reported to have medicinal and traditional values,
including hypoglycemic properties. In the antidiabetes study, the
blood, glucose and glycogen levels of the test animals showed
that the extract had significant hypoglycemic activity when com-
pared to the control group with diabetes; the effects of various
dosages of extract were studied in rats with STZ-induced diabetes
and in rats without diabetes. The results also indicated dose-
dependent effects. The synthesized gold nanoparticles are nontoxic
and have defensive effects on the organs. The cutaneous wound-
healing activity of green-synthesized gold nanoparticles showed
significantly greater wound recovery when compared to controls,
so these findings reveal that further study of wound healing in
patients with diabetes is warranted. Moreover, we conclude that
the overall results of the experiments have shown that the pro-
spective properties of gold nanoparticles synthesized by plant
extracts of C. cuspidatus show higher activity with less amount
and lower costs than do alternatives for treatment of diabetes.
Our study has opened avenues for further research, especially
with reference to the development of a potent formulation for
use in patients with diabetes mellitus.
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Supplementary Material

Figure S1. Ultraviolet-visible spectroscopic analysis of gold nanoparticles synthesized using C. cuspidatus plant extract. au, arbitrary unit.

Figure S2. X-ray powder diffraction spectra of gold nanoparticles synthesized using Chamaecostus cuspidatus plant extract.

Figure S3. Standard error of the mean images of gold nanoparticles synthesized using Chamaecostus cuspidatus plant leaf extract.
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Figure S4. Energy dispersive x-ray spectroscopy spectrum of gold nanoparticles.

Figure S5. Thermogravimetric (TG) analyses of gold nanoparticles heated at 37°C to 795°C. Cel, Celsius.
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Figure S6. Antioxidant activity of gold nanoparticles and Chamaecostus cuspidatus plant extract by nitric oxide inhibition assay. AuNPs, gold nanoparticles.

Figure S7. Antioxidant activity of gold nanoparticles and Chamaecostus cuspidatus plant extract by superoxide anion scavenging activity. AuNPs, gold nanoparticles.

Figure S8. Antioxidant activity of gold nanoparticles and Chamaecostus cuspidatus plant extract by lipid peroxidation assay. AuNPs, gold nanoparticles.
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Figure S9. Antioxidant activity of gold nanoparticles and Chamaecostus cuspidatus plant extract by hydroxyl radical assay. AuNPs, gold nanoparticles.

Figure S10. Effect of gold nanoparticles and Chamaecostus cuspidatus plant extract reducing power assay. AuNPs, gold nanoparticles.

Figure S11. Effect of gold nanoparticles on changes in body weight of experimental groups.
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Figure S12. Effect of gold nanoparticles on changes in blood glucose, insulin and glycogen.

Figure S13. Effect of gold nanoparticles on changes in serum protein and total cholesterol.

Table S1
Acute toxicity study after 10 days of treatment with gold nanoparticles alone in rats

Serum number Parameter Control Gold nanoparticles (1.5 mg/kg body)

1 Serum protein (g/dL) 7.77±.38 7.48±1.33
2 Total cholesterol (g/dL) 97.67±1.10 97.43±1.23
3 Blood glucose (mg/dL) 85.50±4.96 85.33±2.00
4 Insulin (μU/mL) 15.67±0.75 15.35±1.12
5 Glycogen (mg/g) 50.17±2.34 51.36±1.12

Note: Values are mean ± (n 2); statistical significance p<0.05 as compared with the controls.

Table S2
Effects of gold nanoparticles and aqueous extracts on changes in body weight of experimental groups of rats after 21 days of treatment

Serum number Groups Body weight

Before treatment After treatment

1 Control 193.83±8.14 212.50±10.67
2 Diabetic 201.50±9.59 155.67±7.20
3 Standard drug (glibenclamide) 197.50±9.72 197.17±9.87
4 Diabetes + C. cuspidatus (300 mg/kg body weight) 198.33±9.68 199.83±9.56
5 Diabetes + C. cuspidatus (600 mg/kg body weight) 197.00±9.58 198.67±9.58
6 Diabetes + gold nanoparticles (0.75 mg/kg body weight) 195.8±10.18 203.4±9.65*
7 Diabetes + gold nanoparticles (1 mg/kg body weight) 196.2±8.78 209.6±7.3*

C. cuspidatus, Chamaecostus cuspidatus.
Note: Values are mean ± (n 7).

* Statistical significance p<0.05 as compared with the controls.
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Table S3
Effects of gold nanoparticles and aqueous plant extracts on changes in blood glucose, insulin and glycogen levels

Groups Blood glucose (mg/dL) Insulin (μU/mL) Glycogen (mg/g)

Control 85.50±4.96 15.67±0.75 50.17±2.34
Diabetes 215.50±14.47 6.17±0.31 20.54±1.01
Standard drug (glibenclamide) 88.33±4.61 14.38±0.71 46.50±2.17
Diabetes + C. cuspidatus (300 mg/kg body weight) 110.00±4.31 12.00±0.30 47.33±2.30
Diabetes + C. cuspidatus (600 mg/kg body weight) 99.00±3.56 14±0.20 48.00±2.44
Diabetes + gold nanoparticles (0.75 mg/kg body weight) 98.00±3.12 13±1.25 47.12±1.54
Diabetes + gold nanoparticles (1.5 mg/kg body weight) 96±8.25 12.8±1.36 47.85±2.52

C. cuspidatus, Chamaecostus cuspidatus.
Note: Values are mean ± (n 7); statistically confirmed absence of significant changes.

Table S4
Effects of gold nanoparticles and aqueous plant extracts on changes in serum protein and total cholesterol levels

Groups Serum protein (g/dL) Total cholesterol (g/dL)

Control 7.77±.38 97.67±1.10
Diabetes 4.7±0.20 155±1.90
Standard drug (glibenclamide) 5.06±0.33 98.83±2.13
Diabetes + C. cuspidatus (300 mg/kg body weight) 7.3±0.20 115±1.70
Diabetes + C. cuspidatus (600 mg/kg body weight) 7.4±0.60 114±1.80
Diabetes + gold nanoparticles (0.75 mg/kg body weight) 7.11±0.77 112.85±0.25*
Diabetes + gold nanoparticles (1.5 mg/kg body weight) 6.9±1.08 110.21±0.56*

C. cuspidatus, Chamaecostus cuspidatus.
Note: Values are mean ± (n 7).

* Statistical significance p<0.05 as compared with the controls.

Table S5
Wound areas at differing postwounding days as percentages calculated in relationship to the original wound sizes

Day Wound healing (%)

Plant extract Gold nanoparticles Vehicle H2O Control

1st week 00.0±0.00 00.0±0.00 00.0±0.00 00.0±0.00
2nd week 20.5±2.05 26.5±2.65* 17.6±1.25 15.0±1.65
3rd week 42.0±2.35 64.6±2.45* 32.2±2.72 30.5±1.63
4th week 78.3±1.56 97.0±1.08* 66.6±1.15 64.9±2.45

Note: Values are mean ± (n 4).
* Statistically most significant at p<0.01 as compared with the controls.
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