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A B S T R A C T

Biodegradable polymer based novel drug delivery systems brought a considerable attention

in enhancing the therapeutic efficacy and bioavailability of various drugs. 14-deoxy 11, 12-

didehydro andrographolide (poorly water soluble compound) loaded polycaprolactone (nano-

DDA) was synthesized using the solvent evaporation technique. Nano-DDA was characterized

by scanning electron microscopy (SEM) and dynamic light scattering (DLS) studies. Fourier

Transform InfraRed Spectroscopy (FTIR) was used to investigate the structural interaction

between the drug and the polymer. Functional characterization of the formulation was de-

termined using drug content, cellular uptake and in vitro drug release. 2-deoxy-D-[1-3H] glucose

uptake assay was carried out to assess the antidiabetic potential of nano-DDA in L6 myotubes.

The nano-DDA displayed spherical shape with a smooth surface (252.898 nm diameter), zeta

potential, encapsulation and loading efficiencies of −38.9 mV, 91.98 ± 0.13% and 15.09 ± 0.18%

respectively. No structural alteration between the drug and the polymer was evidenced (FTIR

analysis). Confocal microscopy studies with rhodamine 123 loaded polycaprolactone

nanoparticles (Rh123-PCL NPs) revealed the internalization of Rh123-PCL NPs in a time de-

pendent manner in L6 myoblasts.A dose dependent increase in glucose uptake was observed

for nano-DDA with a maximal uptake of 108.54 ± 1.42% at 100 nM on L6 myotubes, thereby

proving its anti-diabetic efficacy. A biphasic pattern of in vitro drug release demonstrated an

initial burst release at 24 h followed by a sustained release for up to 11 days. To conclude,

our results revealed that nano-DDA formulation can be a potent candidate for antidiabetic

drug delivery.

© 2017 Shenyang Pharmaceutical University. Production and hosting by Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Type 2 diabetes mellitus is the most prevalent form of diabe-
tes constituting 90–95% of the diabetic population [1] and is
characterized by insulin resistance. Impaired insulin secre-
tion and free radical formation are the initial events triggering
the development of insulin resistance and dysregulation of
glucose and fatty acid metabolism [2]. DDA (14-deoxy-11, 12-
didehydroandrographolide) is a diterpenoid of the annual
herbaceous plant, Andrographis paniculata [3], that has been used
for centuries in Asian countries to treat infections of gastro-
intestinal, upper respiratory tract and diseases including herpes
[4]. DDA has also been proven for its potent cardiovascular
effects [5], vasorelaxant effect [6], anti-diabetic nephropathy
effect [7] and antidiabetic effect in vitro (unpublished data).

In recent years, biomaterial research led to an increased in-
terest in the usage of biodegradable polymeric nanoparticles
for hydrophobic bioactive principles in drug delivery systems.
In spite of extensive research and development, these bioactive
compounds did not find their way into clinical applications
due to their low solubility factor. Attempts were made to en-
capsulate these compounds into the nanoparticulate system
(liposomes, polymeric nanoparticles, lipo-nanoparticles, bio-
degradable microspheres, cyclodextrin, and hydrogels) to reach
the target sites effectively. Nanoencapsulated drugs, fabri-
cated with therapeutic agents, were loaded on a biodegradable
polymer matrix.The diameter of these nanoparticles (NPs) ranges
between 1 and 1000 nm [8].Although various biodegradable poly-
mers were used in the formulation of nanoencapsulation,
Polycaprolactone (PCL) was highly preferred due to its biode-
gradability and low cost [9]. Further, PCL is achiral and renders
resistance against chemical hydrolysis, which enhances the
structural stability of polymeric chains in the nanoencapsulation.
Due to its permissible nature to a broad range of drugs and
lack of toxicity, PCL and its derivatives are well suited for
colloidal drug delivery [10]. In our study, PCL was used as a
biodegradable polymer for nanoencapsulation of DDA. Its
physiochemical characteristics along with in vitro drug release
were determined. To the best of our knowledge, our study is
the first to report on the synthesis and anti-diabetic efficacy
of nanoencapsulated DDA (nano-DDA).

2. Materials and methods

2.1. Chemicals

Polycaprolactone was purchased from Sigma-Aldrich Limited,
Bangalore. 14-deoxy,11,12-didehydro andrographolide was pur-
chased from Apeksha Research Centre Private Limited, Indore,

Madyapradesh, India. Polyvinyl alcohol and Tween 20 were pro-
cured from HiMedia, Mumbai, India. All other chemicals and
reagents used unless otherwise stated were of analytical grade.

2.2. Formulation of nanoencapsulation of DDA in PCL

Four formulations of nanoparticles containing PCL-DDA con-
jugate (A1–A4) were fabricated by solvent evaporation technique
[11]. Briefly, known amounts of the DDA (Table 1) and PCL were
added to 10 ml of dichloromethane, stirred to ensure that the
materials were dissolved. The organic phase was introduced
slowly into either 0.5% PVA (A1), 1% Tween 20 (A2 and A3),
double emulsion containing 0.5% PVA or 1% Tween 20 solu-
tion (A4) resulting in an emulsion. This emulsion was broken
down into nanodroplets using a Bandelin sonopuls sonicator
(model UW2070, BANDELIN electronic GmbH & Co. KG, Berlin)
and the nanodroplets formed nanoparticles upon evapora-
tion. The solvent was evaporated with continuous magnetic
stirring at 60 rpm under atmospheric conditions for 4 h leaving
behind a colloidal suspension of nano-DDA. The nanoparticles
were recovered by collecting the precipitate by centrifugation
at 14,000 rpm for 15 min. The pellet was air-dried and then
stored at 4 °C.

2.3. Size, morphology, PDI and zeta
potential determination

SEM was used to study the shape and morphology of the
nanoparticles [12]. Nano-DDA was re-suspended in sterile water,
vortexed vigorously and then loaded onto a double-sided ad-
hesive carbon tape. Samples were coated with a gold layer under
vacuum for 30 s and were observed at an acceleration voltage
of 5 kV. SEM image was analyzed using Image J software.
Polydispersity index (PDI) was noted to determine the narrow-
ness of the particle distribution. Zeta potential was acquired
using a Zetasizer Ver. 7.11 (Malvern Instruments Ltd, UK).
Sample was diluted and filtered to avoid multiscattering
phenomena. The electrophoretic mobility was converted to
zeta potential using the in-built software using Helmholtz–
Smoluchowski equation.

2.4. Fourier Transform Infrared spectroscopy (FTIR)

FTIR analysis reveals the presence of encapsulated com-
pound in nanoparticles by analyzing the functional groups [13].
Sample pellets were prepared by dispersing a sample (drug,
polymer and nano DDA preparation) in potassium bromide
and applying a pressure of 5 tons using a hydraulic press. FTIR
spectra of loaded NPs were obtained using an IR spectropho-
tometer (Agilent Technologies, Cary 660 FTIR, USA). The same
were obtained for PCL, DDA and PVA, which served as standards.

Table 1 – Optimization of PCL vs DDA ratio.

Formulation code DDA: PCL ratio DDA (mg) PCL (mg) Surfactant Ultrasonication time (min)

A1 1:5 2 10 0.5% PVA 4
A2 1:4 2 8 1% Tween 20 3
A3 1:5 2 10 1% Tween 20 3
A4 1:5 2 10 1% Tween 20, 0.5 % PVA (double emulsion) 3 (twice)
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2.5. Drug content, loading efficiency,
encapsulation efficiency

The amount of drug loaded in the nanoencapsulation was de-
termined by HPLC. Briefly, a known quantity of prepared nano-
DDA (5 mg/5 ml) was subjected to pass through the column after
filtration through 0.22 µ with acetonitrile:water (47:53 v/v) as
mobile phase. At a flow rate of 0.5 ml/min and with an injection
volume of 10 µl, the peak was detected at 263 nm. The content
of DDA was calculated using the area of the principal peak by
single point standardization technique [14].

To determine the amount of free DDA, the supernatant was
collected at the end of the formulation by centrifugation. The
absorbance was measured at 263 nm in UV Spectrophotometer
using empty NPs as blank.

The encapsulation and loading efficiencies were calculated
using the following formulae [15].

Encapsulation Efficiency
Weight of initial amount of DD

%( )
= AA Weight of free DDA

Weight of initial amount of DDA
−(
) × 100

Loading efficiency
Weight of initial amount of DDA Weig

%( )
= − hht of free DDA

Total Weight of nanoparticles) × 100

2.6. In vitro release of DDA from nanoencapsulation

In vitro release of DDA from PCL matrix was estimated using
a dialysis bag immersed in phosphate buffered saline (PBS;
pH 7.4) [16]. Dialysis membrane of 10,000 Da cut-off was pre-
treated to remove glycerol and other metal traces. A known
amount of nano-DDA (A1 formulation) was dispersed in 2 ml
of Phosphate buffered saline (PBS) with a pH 7.4 and intro-
duced into the dialysis bag. The dialysis bag was immersed in
35 ml of PBS at 37 ± 0.5 °C with continuous magnetic stirring
at 60 rpm. Samples were collected at regular time intervals and
fresh dissolution medium of the same volume was replaced
to maintain a constant volume. The amount of drug released
was determined using UV spectrophotometer at 263 nm. The
% release profile of free and nano-DDA were obtained by cal-
culating the ratio of the quantity of DDA released to the total
drug content in the same volume of sample.

Drug release Released DDA Total DDA%( ) ( )= × 100

2.7. Mathematical modeling of the release experiments

Mechanism of drug release from the matrix is a crucial factor
in determining the therapeutic potential of a drug. To de-
scribe the rate of drug release from the nanoformulation, a new
mathematical model is derived. A semi-empirical model namely
Korsemeyer–Peppas model was applied to the DDA release from
the matrix to classify the type of mechanism involved [17]. As
proposed by Korsemeyer and Peppas, the mechanism of release
was characterized by release exponent (n). To demonstrate the
mechanism of drug release, first 60% of drug release data were
fitted in Korsemeyer–Peppas model [18].

M M ktt
n

∞ =

where Mt/M∞ = fraction drug release at time ‘t’, K = rate con-
stant which reflects the structural and geometrical aspects of
the system, and n = release exponent (which reflects the type
of release mechanism).

2.8. Surfactant removal study

Residual polyvinyl alcohol present in the nanoencapsulation
was determined by colorimetric method [19]. Briefly, lyophi-
lized nanoparticles were treated with 0.5 M sodium hydroxide
for 15 min at 60 °C. Samples were neutralized with 900 µl of
1N Hydrochloric acid and the volume was adjusted to 5 ml with
distilled water. To the sample, 3 ml of 0.65M boric acid fol-
lowed by 0.5 ml of I2/KI (0.05M/0.15M) was added and incubated
for 15 min. The absorbance was read at 690 nm and the con-
centration of PVA was determined using a standard plot of PVA.

2.9. Cell culture studies

L6 (rat skeletal muscle cells) were cultured in DMEM with 10%
Fetal Bovine Serum (FBS) and supplemented with penicillin
(120 units/ml), streptomycin (75 µg/ml), gentamycin (160 µg/ml)
and amphotericin B (3 µg/ml) in a 5% CO2 environment. For dif-
ferentiation, the L6 cells were transferred to DMEM with 2%
FBS for four days, post-confluence. Differentiation of L6 cells
was established by observing the multinucleation of cells.
The differentiated cells were incubated with high glucose
medium (25 mM/l glucose) for 24 h in order to develop insulin
resistance [20].

2.9.1. Cellular uptake study
Cellular uptake was determined by loading the polymer using
a fluorochrome (rhodamine-123) according to Chawla and Amiji
[21]. To prepare the dye-entrapped nanoparticles, rhodamine-
123 was added to the polymer/dichloromethane solution; later,
polyvinyl alcohol was introduced into the mixture and kept
under magnetic stirring.The concentration of the fluorophore
was optimized at 1.0% (w/w) of the polymer since fluorescence
signal was lost due to photobleaching at lower concentra-
tions. Since rhodamine-123 is a hydrophobic dye [22], it was
efficiently loaded in the PCL nanoparticles. Rhodamine-123 con-
taining nanoparticle suspension was prepared by re-suspending
the washed pellet using de-ionized distilled water. After the
washing steps, 100 µl of rhodamine-123 containing PCL
nanoparticle aliquot was added to the L6 myoblast that were
cultured on glass coverslips. After incubation for specific time
intervals (30 min, 1 h, 2 h), the media was removed and plates
were gently washed with sterile PBS. Finally, the cells were fixed
with 4% paraformaldehyde and the individual coverslips were
mounted on clean glass slides. Nucleus was stained using DAPI.
The slides were viewed under a confocal microscope (Carl Zeiss
laser scanning microscope LSM700) at 40× magnification at an
excitation and emission of 500 nm/560 nm for rhodamine-123
and 358 nm/461 nm for DAPI respectively.

2.9.2. Assessment of cytotoxicity by MTT assay
The effect of the free and nanoencapsulated drug on the
viability of L6 myoblast was determined by MTT (3-[4,
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5-dimethylthiazol- 2-yl]-2, 5-diphenyltetrazolium bromide) assay.
NAD(P)H-dependent cellular oxidoreductase enzymes are
capable of reducing the yellow tetrazolium dye MTT (3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) to
insoluble purple color formazan crystals. The intensity of the
color is therefore directly proportional to the viability of the
cells. The cell viability was calculated using the following
formula [23].

% Cell Viability A of test A of control= ×( )570 570 100

2.9.3. Glucose uptake assay
L6 myotubes grown in 24-well plates (BD Falcon) were
subjected to glucose uptake assay as reported [24]. Briefly, dif-
ferentiated myotubes were serum starved for 5 h and were
incubated with free and nano-DDA; it was then stimulated with
suboptimal concentration of insulin (10 nM) for 15 min. After
experimental incubation, the assay was carried out using
0.5µCi/ml of 2-deoxy-D-[1-3H] glucose. The lysates were
transferred to 96 well plates (Packard) and measured for
cell-associated radioactivity by liquid scintillation counting.
The results were expressed as counts/min and finally these
data were converted to percentage of glucose uptake with
respect to the untreated control. Rosiglitazone (50 µM) and
Insulin (100 nM) were used as positive controls.

2.10. Statistical analysis

Results were expressed as mean ± SD. The data were ana-
lyzed using Graphpad Prism 5.03 statistical software (Graphad
Software Inc., La Jolla, CA).The statistical significance was evalu-
ated by one-way analysis of variance (ANOVA) and Dunnett’s
multiple comparison test was performed to determine signifi-
cant differences between groups. The criteria for statistical
significance was P < 0.05.

3. Results and discussion

3.1. Formulation of polymeric nanoparticles

The purpose of encapsulating DDA in Polycaprolactone was to
develop a sustained drug release system to enable the drug to
be used for antidiabetic therapy.The current study throws light
on developing a safer antidiabetic therapy.

Polymer coated DDA nanoparticles were prepared by solvent
evaporation method in various formulations (A1–A4) by varying
the surfactants and the ultrasonification time (Table 1). At the
end of the preparation, gradual evaporation of solvent led to
the precipitation of the polymer and drug leading to the for-
mation of solid shell polymeric nanoparticles with an average
size of 252.898 nm (Fig. 1) for A1 formulation. Higher magni-
fication (1200×) of the nanoparticle had shown the smooth
surface with spherical shape. A2, A3 and A4 formulations
showed agglomeration (sonication time, drug:polymer ratio
and the type of surfactant used could influence the size and
structure of the nanoparticle) [19] and hence the particle size
could not be determined. Many factors play a vital role in at-
taining the characteristic properties of nanoparticles such as

high encapsulation efficiency, small size and narrow distribu-
tion. These features of the nanoparticles have significant input
in biological applications [25]. Nanoparticles possessing
zeta potential above +/−30 mV are considered stable in sus-
pension [26]. Zeta potential value and Polydispersity index (PDI)
for all the formulations were tabulated. Among the four for-
mulations, A1 formulation alone exhibited ζ potential and PDI
of −38.9 ± 0.091 mV and 0.150 ± 0.002 respectively (Table 2). The
results revealed that there was no aggregation due to the charge
repulsion and hence considered stable in suspension (−38.9 mV).
Polydispersity index <0.2 is indicative of homogenized particle
size range [27]. Since the polydispersity index obtained in the
study was found to be 0.150, the results revealed proper par-
ticle homogeneity. Physicochemical characteristics such
as particle size and surface properties play a key role in de-
termining the in vitro drug release, cellular uptake, cytotoxicity
as well as their in vivo pharmacokinetics and biodistribution.
The structural stability thereby correlates with the therapeu-
tic efficacy of the encapsulated drug.

3.2. Drug content, drug loading and
encapsulation efficiency

The amount of drug loaded per milligram of polymer and the
percentage loading was determined by re-constituting a known
quantity of the nanoparticles (5 mg/5 ml) in methanol and then
analyzing for the drug content by high-performance liquid
chromatography (HPLC). The amount of drug loaded in the
nanoencapsulation was extrapolated by calculating the area
of the peak observed in the standard drug. The drug content
for various formulations was tabulated (Table 3). Among the
four formulations, A1 formulation showed high drug content.
The amount of DDA (0.94 mg), which was encapsulated inside
PCL, corroborates with the encapsulation efficiency obtained
for the A1 formulation.

The nanoparticles possess the property of a high surface
to volume ratio as they allow the molecules to readily incor-
porate as a core material. In addition, chemical nature of the
compound and its polarity play a vital role in encapsulation
efficiency, where the hydrophilic compounds elicit up to 10%
while the hydrophobic compounds display >70% of encapsu-
lation efficiency [17]. DDA had shown an encapsulation
efficiency of 91.98 ± 0.13% which can be attributed to its hy-
drophobic nature. The concentration of the polymer used in
the preparation was also a major determinant for encapsula-
tion. In this study, two ratios (1:5, 1:4) were prioritized out of
5 tested ratios. From the results, it was inferred that, by in-
creasing the polymer concentration in the organic phase, the

Table 2 – Zeta potential and Polydispersity index of
nano-DDA.

Formulation Zeta potential Polydispersity index

A1 −38.9 ± 0.091 0.150 ± 0.002
A2 −17.30 ± 0.265 0.551 ± 0.027
A3 −15.027 ± 0.449 0.651 ± 0.029
A4 −21.067 ± 0.491 0.432 ± 0.019

Zeta potential is expressed as mV.Values are expressed as mean ± SD,
n = 3.
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viscosity of the solution also increased. As reported by Byun
et al., the increase in viscosity can decrease the drug diffu-
sion into the aqueous phase and thus increase the drug
incorporation into the nanoparticles [28]. Consequently, the en-
capsulation efficiency of nanoparticles was increased upon the
increase in the polymer concentration. Table 3 depicts that,
among the four formulations attempted, formulation A1 has
shown the highest encapsulation efficiency. Encapsulation ef-
ficiency was found to be 91.98 ± 0.13% for 1:5 ratio formulation
using 0.5% PVA.The ratio of 1:5 was prioritized for future studies
as the drug wastage during nanoparticle preparation was found
to be minimum. The A2 and A3 formulations with Tween 20

as a surfactant and A4 formulation with the combination of
Tween 20 and PVA as surfactant have shown significantly less
encapsulation efficiency than A1 (P < 0.05). This could be at-
tributed to the high drug wastage and a large quantity of carrier
required to achieve sufficient amount of drug at target site.
There was a negative proportion of loading efficiency with the
encapsulation efficiency, which revealed the fact that higher
loading of drug into the polymer tends to diffuse out of the
matrix without exerting much biological effort. Hence, the
results obtained had directed to prioritize the A1 formulation
due to its high encapsulation efficiency, loading efficiency and
high drug content.

Fig. 1 – SEM images of nano-DDA [(A) A1 formulation, (B) A2 formulation, (C) A3 formulation, and (D) A4 formulation].
Scanning electron micrograph images showing surface morphology of DDA loaded PCL nanoparticles. Inset: High
resolution image (1200×) of DDA loaded PCL nanoparticles.

Table 3 – Encapsulation, drug loading efficiencies and drug content of various formulations.

Formulation code Encapsulation
efficiency (%)

Drug loading
efficiency (%)

Drug content present in 5 mg
of nanoparticle (w/w)

A1 91.98 ± 0.13 15.09 ± 0.18 0.94 ± 0.015
A2 75.87 ± 0.24* 11.59 ± 0.33* 0.77 ± 0.027*
A3 52.82 ± 0.21* 10.77 ± 0.14* 0.59 ± 0.07*
A4 63.94 ± 0.23* 12.8 ± 0.26* 0.66 ± 0.025*

Values are expressed as mean ± SD, n = 3. Encapsulation and loading efficiencies were expressed in percentage. Drug content was expressed
in mg. (*) P < 0.05 as compared with respective A1 formulation.
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3.3. Fourier Transform InfraRed Spectroscopy (FTIR)

FTIR analysis is one of the necessary tools for the quick and
efficient identification of encapsulated chemical molecules [29]
and much helpful in studying the chemical modifications or
changes that occur in the polymer in the form of a band stretch-
ing or bending due to the addition of drug. In Fig. 2, FTIR spectra
of DDA displayed a broad and main band at 3313.18/cm, cor-
responding to O—H stretch. Similarly, a band at 3317.77/cm was
observed in spectra of nano-DDA and peak at 604.43/cm,showing
similarity to the characteristic peak of DDA at 604.52/cm. In
DDA, bands were observed at 1105.06/cm and at 1740.98/cm,
which may be attributed to C—O and C=O stretching respec-
tively. For PCL, bands were observed at 1112.67/cm and at
1731.36/cm, which may be attributed to C—O stretching and
ketone (C=O) stretching respectively. For nano-DDA, similar
peaks at 1111.53/cm for C—O stretching and 1732.09/cm and
1732.91/cm respectively for C=O stretching were observed
respectively. The peaks obtained revealed that there is no sig-
nificant alteration in the polymer and drug structure, thereby
retaining its structural integrity. The results indicated that
no alteration was observed in the functional groups of the
drug and polymer, suggesting that no interaction that could
interfere with polymer and drug structures were evidenced as
shown in Fig. 2.The results clearly demonstrated that the con-
figurations of functional groups present in both DDA and PCL
remain unaltered, which denoted an efficient chemical sta-
bility. Similar findings for the nanoformulations with bioactive
compounds have been reported earlier [16,30] in which the
functional groups present in the compounds even upon en-
capsulation retained their configuration.

3.4. In vitro drug release studies

The cumulative release of DDA from PCL nanoparticles was
shown in Fig. 3. A biphasic drug release pattern was evidenced

by an initial release within (20% of DDA release) 24 h, which
gradually increased up to 50% until 192 h, and declined at 264 h.
In this study, nano-DDA passes through the pores of the di-
alysis membrane of lesser cut off (10,000 KDa cut off) than the
PCL, hence allowing DDA to get released from the polymer
matrix of the nanoparticles. The initial burst of the release of
DDA was due to the immediate dissolution and release of DDA
adsorbed on the surface of the nanoparticle, followed by slow
and sustained release of DDA present on the core of the polymer
matrix. During the study, sample aliquots were collected at pre-
determined intervals and the amount of DDA was quantified.
The results were expressed in terms of percentage release.
During the drug release process, the drug diffuses through the
hydrated polymer matrix into the aqueous phase. The process
of hydration relaxes the polymer chains and enhances the dif-
fusion of drug molecules. The rate of water uptake (hydration)
of copolymer particles increases with the hydrophilicity of

Fig. 2 – Fourier transform infrared spectroscopy (FTIR) analysis of drug, polymer and drug loaded polymer nanoparticles
[(A) DDA, (B) PCL, and (C) nano-DDA].

Fig. 3 – In vitro drug release (%) profile of DDA from PCL
matrix. The values are expressed as mean ± SD of three
consecutive experiments.
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polymer [31]. The release profiles of DDA was monitored, as a
function of time (Fig. 3) in vitro. Our results corroborated with
the prior study reported by de la Ossa et al. in which 76–84%
of cannabinoid release was at the end of day 7 from the PCL
microspheres [32]. The data obtained from in vitro drug
release studies were fitted to Korsmeyer–Peppas model
(Supplementary data). The release constant (k) of the plot of
log Mt/M∞ versus log t for NPs was found to be 0.3077 with
the release exponent (n) value as 0.2666. Since the n value is
less than 0.5, it indicates Fickian type of release [30]. However
the free drug showed a fast and short release pattern from
the dialysis membrane up to 24 h (Fig. 3). Hence, it was con-
cluded that the release of DDA from NPs was carried out by
Fickian diffusion.

3.5. Cellular uptake of nanoparticles

The analysis of intracellular uptake and its distribution were
performed by incubating L6 cells with Rh-123 loaded PCL
nanoparticles at specified time intervals (30 min, 1 h and 2 h)
by confocal microscopy. In Fig. 4, the cells started eliciting fluo-
rescence at 1 h (Fig. 4B) post incubation, which increased at 2
h (Fig. 4C). NPs accumulated predominantly in the cytoplasm
juxtaposition in the cell membrane, thereby displaying the
cellular uptake of nano-DDA. A schema of a time-dependent
increase in the fluorescent signal was observed as shown in
Fig. 4. Absence of any background fluorescence substantiated
that the fluorescent dye loaded in the polymer did not leach
out of the matrix thereby confirming the efficient loading of
the dye within the polymer.The accumulation of internalization

of nanoparticles was observed clearly in the cytoplasm. Our
results corroborated with the prior literature reported for the
cellular uptake of nanoparticles [21,33,34], in which the Rh-
123 loaded nanoparticles were uptaken by the cells. Hence, the
results obtained in the study substantiated the cellular uptake
of the drug loaded NPs.

3.6. Surfactant removal rate

Due to its stabilizing nature, polyvinyl alcohol was the first
surfactant studied in pharmaceutical field to prepare micro-
and nano-systems [35] as an emulsion stabilizer. It has the
ability to form relatively smaller nanoparticles and uniform
size distribution [36]. The amount of residual PVA present in
the surface of the drug–polymer matrix was determined as it
may interfere with the biological applications. In our study,
we observed that 92.974 ± 0.02% of residual PVA was removed
efficiently by high-speed centrifugation. Our results clearly
showed the efficient removal of PVA from nano-DDA. Studies
have shown that nanoparticles with a lower amount of surface
associated PVA showed about three-fold higher cellular
uptake in vascular smooth muscle cells than the nanoparticles
with higher residual PVA [19]. The residual PVA was deter-
mined to be 7.02%. However, the permissible level of PVA in a
nanoformulation can be up to 13% as reported [19]; therefore,
it might not interfere with the pharmaceutical application of
the nano-DDA. In spite of repeated washing, a fraction of PVA
might associate with the nano-DDA due to the formation of
an interconnected network of the polymer at the interface
[37].

Fig. 4 – Cellular uptake of Rh-123 loaded PCL nanoparticles. Confocal microscopic images of L6 myoblast cells with Rh-123
(red) loaded PCL nanoparticles at specified time intervals: (A) 30 min, (B) 1 h, and (C) 2 h (40× magnification). DAPI (blue) was
used as a nuclear stain. The merged images of Rhodamine 123 and DAPI were also shown.
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3.7. Cytotoxicity studies

For a successful nanoformulation, it is entailed to character-
ize the nanoformulation and to evaluate their toxicity to reduce
negative impacts on living system. To test the cytotoxic effect
of the nanoformulation, cultured L6 myoblasts were exposed
to various concentrations of nano-DDA. The capability of the
cells in reducing MTT indicates the mitochondrial integrity and
activity which could be infered as a measure of viability of cells
[15]. L6 myoblasts was treated with free DDA at various con-
centrations to compare the cytotoxicity of free and nano-
DDA. Both free and nano DDA did not alter the cell viability
as shown in Fig. 5. Therefore they are found to be non-toxic
up to a concentration of 10 µM. Upon treatment with free and
nano-DDA, the cell viability of all the treated cells were found
to be >90%, indicating that the nano-DDA and free DDA were
found to be non-toxic at all tested concentrations. For both free
and nano DDA, no significant cytotoxic effect was observed,
which might be because DDA is a phytocompound which has
been studied for various ailments [4,5,7] and Polycaprolactone
was approved and utilized as a biodegradable polymer in various
studies [38]. This clearly suggested that both free and nano-
DDA does not pose cytotoxity to L6 myoblasts up to 10 µM.

3.8. Glucose uptake assay

The rationale of using L6 myotubes for studying the glucose
transport has been well established [39].The effect of free and
nano DDA on 2-deoxy-D-[1-3H] glucose uptake were deter-
mined to analyze their antidiabetic efficacies.The free DDA and
nano-DDA exhibited an increase in glucose uptake in a dose
dependent manner as depicted in Fig. 6. This dose dependent
increase in glucose uptake was apparent for both free DDA and
nano DDA, suggesting their significant (P < 0.05) antidiabetic
activity. Both free and nano-DDA augmented the glucose uptake
of 97.24 ± 1.44% and 108.54 ± 1.42% on par with the positive con-
trols. Rosiglitazone and Insulin exhibited 110.0434 ± 0.21% and
125.41 ± 1.84% glucose uptake respectively.The optimum con-
centration exhibiting maximum glucose uptake acitivity was
found to be 100 nM and 1 µM for nano-DDA and free DDA re-
spectively. Upon nanoencapsulation, the glucose uptake activity
was found to be increased as compared to free DDA. Nano-DDA

was found to be on par with the positive controls used. Simi-
larly, an increased glucose uptake >70% compared to control
in L6 rat skeletal muscle cells for Epigallocatechin gallate (EGCG)
was reported [40]. The nanoencapsulation of DDA resulted in
an enhancement in its antidiabetic efficacy. Similarly, a gliclazide
loaded alginate-methyl cellulose mucoadhesive microcap-
sules exhibited a significant hypoglycemic effect after 12 h of
treatment to alloxan induced diabetic rats [41].

4. Conclusion

To conclude, DDA was efficiently nanoencapsulated into
Polycaprolactone. The present study demonstrated a repro-
ducible preparation of nano-DDA with spherical morphology.
No significant difference was observed in the cell viability upon

Fig. 5 – Cell viability of free DDA and nano-DDA on L6 myoblasts using MTT assay. The values are expressed as mean ± SD,
n = 3 (*) P < 0.05 as compared with control.

Fig. 6 – Comparative analysis of free DDA and nano-DDA on
2-deoxy-D-[1-3H] glucose uptake. The results were
expressed as percentage glucose uptake with respect to the
control. The solvent control showed 1.36 ± 1.45% glucose
uptake. The positive controls (Rosiglitazone (50 µM) and
Insulin (100 nM)) exhibited 110.04 ± 0.21%, 125.41 ± 1.84%
glucose uptake respectively. The values are expressed as
mean ± SD, n = 3 in duplicates. (*) P < 0.05 as compared
with control.
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treatment with nano-DDA, revealing the non-toxic nature of
the nanoformulation. The Rh-123 loaded PCL nanoparticles ex-
hibited the internalization of nanoparticles.The release of DDA
from polymer matrix had shown a slower, sustained and pro-
longed drug release from the matrix. Upon nanoencapsulation,
the glucose uptake activity of the DDA was found to be en-
hanced due to its sustained and prolonged drug delivery. The
results obtained from the study supports that the nano-DDA
may serve as a potent antidiabetic compound with profound
drug delivery for the treatment of diabetes. However, the exact
molecular mechanism behind its antidiabetic activity needs
to be elucidated.
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