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aDepartment of Pharmaceutics, Amity Institute of Pharmacy, Amity University Uttar Pradesh, Noida, India; bFormulation Research and
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ABSTRACT
The study aims at formulation and optimization of resveratrol and humic acid co-encapsulated colloidal
polymeric nanocarriers to improve stability, oral bioavailability, and antiradical activity of water-insoluble,
resveratrol. The eudragit E100 polymeric material was used to fabricate resveratrol and humic acid co-
encapsulated oral colloidal polymeric nanocarriers (Res-HA-co-CPNs) using emulsification-diffusion-evapor-
ation method. Taguchi orthogonal array design was employed to check the effect of formulation factors
on in vitro physicochemical characteristics. The optimized formulation was further evaluated for oral bio-
availability as well as for antiradical potential. Optimized Res-HA-co-CPNs demonstrated spherical and
smooth surface including mean particle size, 120.56±18.8 nm; polydispersity index, 0.122; zeta potential,
þ38.25mV; and entrapment efficiency, 82.37±1.49%. Solid-state characterization confirmed the amorph-
ous characteristic of optimized Res-HA-co-CPNs. In vitro release profile of Res-HA-co-CPNs showed sus-
tained release behavior up to 48h and CPNs were found to remain stable at the refrigerated condition
for 6 months. In vivo pharmacokinetic studies revealed significant (p< 0.05) improvement of �62.76-fold
in oral bioavailability. The radical-scavenging activity was found to be increased with time and after 72h,
it was analogous to pure Res. IC50 values were reported to be decreased with time. Henceforth, devel-
oped Res-HA-co-CPNs was proven to be a proficient dosage form to increase stability, oral bioavailability,
and antiradical activity of resveratrol.

HIGHLIGHTS

� Resveratrol-humic acid co-encapsulated colloidal polymeric nanocarriers (Res-HA-co-CPNs) were fabri-
cated by emulsification-diffusion-evaporation method and optimized by Taguchi orthogonal
array design.

� The Res-HA-co-CPNs revealed favorable mean particle size and percent encapsulation efficiency with
a spherical and smooth surface.

� The Res-HA-co-CPNs showed diffusion-controlled release of Res and were found to be stable at the
refrigerated condition for 6 months.

� The optimized Res-HA-co-CPNs demonstrated significantly (p< 0.05) higher oral bioavailability with
respect to pure Res and PM.

� The optimized Res-HA-co-CPNs demonstrated higher radical-scavenging activity with respect to time.
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1. Introduction

Humic acid (HA) falls under the category of humic substances as
an affluent resource of shilajit, and the most governing fraction of
natural organic matters (Kong et al. 1987; Acharya et al. 1988).
Humic substances are omnipresent: in the soil, in the river and in
the sewage water, and macromolecular negatively charged polye-
lectrolytes. Intensive studies have highlighted humic substances
as constituent components which are primarily comprised of
humus approximately 60%–80% and other components such as
benzoic acid, hippuric acid, fatty acid, ellagic acid, resin, triter-
penes, sterols, aromatic carboxylic acid, amino acids, 3–4 benzo-
coumarins, and phenolic lipids (Agarwal et al. 2007; 2010). The
average molecular weight of the HA is reported to be 6500Da
(Ghosal 2003). HA serves as a potent bioenhancer for poorly
water-soluble active molecules. HA consists of dark brown to

blackish colour and is insoluble under acidic conditions (pH < 2)
but freely soluble at higher pH.

Resveratrol (Res) is a naturally occurring non-flavanoid poly-
phenolic phytoalexin, synthesized by numerous plant species
including grapes, berries, peanuts, and a broad variety of victuals
sources in retort to harmful or fungal attack (Fremont 2000).
Recently, Res has been found to exhibit several biological effects
against many diseases such as antioxidant activity (Kristl et al.
2009), cardiovascular (Vella et al. 2008), platelet aggregation
(Pace-Asciak et al. 1995), inflammatory diseases (Kang et al. 2009),
and potent cancer prevention (Jiang et al. 2017). However, Res
has been indicated to demonstrate few limitations towards stabil-
ity and its use in biological system (Signorelli and Ghidoni 2005;
Walle 2011) due to its poor water solubility (�3mg/100ml) (Lu
et al. 2009; Shah et al. 2014), rapid metabolism and poor oral
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bioavailability (approximately <1%) (Baur and Sinclair 2006). The
plasma half-life of Res after oral administration was reported to be
15min (Emı�lia Juan et al. 2002; Walle et al. 2004) which limits its
utilization in pharmaceutical industries.

Consequently, to overcome the above-mentioned limitations
of Res, several strategies have been taken into consideration to
improve its therapeutic application such as b-cyclodextrin inclu-
sion complexes, liposomes, micro-and nanoemulsions technique,
solid-lipid nanocarriers, and biodegradable polymeric nanopar-
ticles (Amri et al. 2012; Gupta and Gupta 2017). These strategies
have been found to improve the aqueous solubility and bioavail-
ability of Res to a certain extent. However, squat encapsulation
efficiency, elevated leakage rate, minimum stability study data,
and safety concern are the most important challenges to optimize
the deficit (Intagliata et al. 2019). Therefore, in this study we have
developed innovative polymeric nanocarriers co-encapsulated
with water-insoluble active molecules (Res and HA), resulting in
enhanced solubility and oral bioavailability of Res. Colloidal poly-
meric nanocarriers (CPNs) captivated a substantial interest amid
novel drug delivery carriers due to their significant accomplish-
ment in increasing the oral bioavailability, stability, tolerability,
and efficacy of poorly water-soluble drugs encapsulated therein
(Anderson et al. 1989; Barzegar-Jalali et al. 2012; Gupta et al.
2012). The small size of CPNs renders a huge surface area to vol-
ume ratio and offers numerous advantages such as protection of
the drug from the gastrointestinal milieu, improvement of bio-
activity, and oral bioavailability, which further sustain the effect at
the target tissue, evade the first-pass metabolism following
lymphatic uptake through M-cells of payers patches (Sharma et al.
2015; Tariq et al. 2015).

In CPNs development, polymers are used for instant co-encap-
sulation of Res as well as HA and to act as a CPNs. Eudragit E100
(EE100) has been recurrently used to formulate CPNs for the oral
drug delivery. EE100 is a positively charged non-biodegradable
copolymer of methyl methacrylate, N, N-dimethylaminoethyl
methacrylate, and butyl methacrylate monomers in the ratio of
1:2:1 respectively (Chaurasia et al. 2016). Due to its controlled
release, and mucoadhesive behavior, it is demonstrated to formu-
late oral CPNs co-encapsulating both Res and HA to improve bio-
availability and radical-scavenging potential of Res. Further, to the
best of our understanding, there is no scientific literature involv-
ing HA as a bioenhancer to increase bioavailability and radical-
scavenging activity of Res co-encapsulated within CPNs.

In this perspective, present investigation is focused on the
development and evaluation of Res-HA co-encapsulated CPNs
(Res-HA-co-CPNs) using Taguchi orthogonal array (TOA) design
for the enhancement of oral bioavailability as well as antiradical
activity of Res. The TOA was employed to study the effect of inde-
pendent variables on dependent factors to optimize Res-HA-co-
CPNs. Furthermore, the optimized Res-HA-co-CPNs were evaluated
for morphology, physical state, in vitro release, stability study,
in vivo pharmacokinetic study as well as antiradical activity.

2. Materials and methods

2.1. Materials

Resveratrol was provided by Cayman Chemical Company, USA.
Humic acid was purchased from Alfaaser, USA. EE100 and
Poloxamer 188 (PLX188) were obtained as a gift sample from
Evonik Degussa, Mumbai as well as Mankind Pharma Ltd., Okhla,
India, respectively. NanofreeTM grade water (Barnstead, Dubuque,
IA) was used for all studies. ABTSþ and potassium persulfate were

purchased from Sigma-Aldrich, USA. All other chemicals and sol-
vents used were of analytical grade.

2.2. Preparation of the physical mixture

The mortar and pestle method was used to prepare the physical
mixture (PM) in an equimolar mass ratio, manually by mixing Res,
HA, EE100, and PLX188 thoroughly for 10min to obtain a homo-
geneous PM. The prepared homogeneous PM was passed through
40# mesh and stored in a desiccator till further process.

2.3. Method of preparation of Res-HA-co-CPNs

The double emulsification-diffusion-evaporation method was
adopted to prepare Res-HA-co-CPNs (Gupta and Kumar 2012;
Chaurasia et al. 2014; 2016; Kumar et al. 2017). Briefly, an equal
ratio of Res: HA and a specified amount of EE100 were dissolved
in 4ml of ethyl acetate. The internal organic phase solvent (ethyl
acetate) was slowly added via injection into the external aqueous
phase containing PLX 188 solution, and the mixture was then
stirred using a digital overhead stirrer (Dhian Scientific, M30,
South Korea) at 8000–10 000 rpm for 10min. Additionally, mixture
was continuously stirred up to 24 h at room temperature using
magnetic stirrer to completely evaporate ethyl acetate to form o/
w emulsion. The Res-HA-co-CPNs were filtered through a 0.45 mm
filter and centrifuged (Refrigerated centrifuge RC 4100 F, Eltek,
Mumbai, India) at 12 000�g for 60min to separate the super-
natant. The Res-HA-co-CPNs were then washed three times using
NanopureTM water. Finally, freshly prepared Res-HA-co-CPNs were
deep-frozen at �50 �C for 12 h using a deep freezer (�86 �C ULT
upright freezer, Thermo scientific, Germany) and then lyophilized
using freeze-dryer (LABCONCO, USA) at �45 �C temperature and
0.08mbar pressure up to 36 h. Furthermore, the lyophilized Res-
HA-co-CPNs were kept in amber color glass bottle till fur-
ther process.

2.4. L9 Taguchi orthogonal array design

Based on preliminary trials, independent and dependent factors
were selected using Taguchi orthogonal array design (L9; 34) and
are shown in Table 1. Developed designs were arranged and their
responses were estimated for statistical optimization of formula-
tions by investigating the effects of key independent factors on
desirable responses along with the least number of experimental
(Jahanshahi et al. 2008). All key independent factors with the
most favorable responses were determined by estimating experi-
mental settings having least variability using analysis of variance
(ANOVA) tables. The response of dependent factors was estimated
in the form of signal to noise (S/N) ratios of individual experimen-
tal setting followed by ANOVA which was applied to determine
the significance of individual factor S/N ratios by plotting against
each level (main effects plot which reveal the effect of an individ-
ual key independent factor on responses). It also exposed the
optimum level of each independent factor which should be used
to set up an optimized formulation composition. Further, robust-
ness, suitability, and reliability of design were estimated to pre-
pare and evaluate Res-HA-co-CPNs at the optimized level of
independent factors and their dependent responses.

2.5. In vitro characterization of CPNs

Mean particle size (MPS) and polydispersity index (PDI) of devel-
oped Res-HA-co-CPNs were examined using laser light scattering
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generated by standard He-Ne laser at a predetermined angle of
165� including photon correlation spectroscopy with a Delsa
Nano C analyzer (Beckman Coulter, UK). The zeta potential (ZP) of
Res-HA-co-CPNs was determined using electrophoretic light scat-
tering generated by the same instrument. CPNs were suspended
in NanopureTM water before experimentation (Chaubey et al.
2014). The average values of three replicates were calculated.

The drug content was determined directly by measuring the
encapsulated Res amount in CPNs. Briefly, 10mg of freeze-dried
CPNs powder was dissolved in 1ml of methanol for disruption of
CPNs followed by dilution with mobile phase (methanol: phos-
phate buffer, pH 6.8). After centrifugation for 30min at
14 000 rpm, the solution was filtered through a 0.45 mm syringe fil-
ter. Res content of the samples was determined by HPLC con-
sisted of inline degasser, 515 HPLC binary pump (Waters, USA),
Rheodyne 7725i manual injector, C18 reverse-phase
(250� 4.6mm, 5 mm) ODS2 column protected with a guard col-
umn (12� 4.6mm, 5 mm) of the same material and photodiode
array detector. The mobile phase was consisted of 63:37 (v/v) mix-
ture of methanol: phosphate buffer, pH 6.8 (pH adjusted with
0.5% v/v orthophosphoric acid solution). The detector wavelength,
flow rate, and column temperature were set at 306 nm, 1.0ml/
min, and 25 �C, respectively. The HPLC run time was found to be
6.4min. The HPLC method was validated with respect to linearity,
repeatability, the limit of quantitation, and the limit of detection.
Encapsulation efficiency (EE) of the Res in CPNs was calculated
thrice as indicated below:

%EE ¼ amount of Resencapsulated
total amount of Resused in the preparation of CPNs

� �

� 100

2.6. Morphological analysis of CPNs

The surface morphology of Res-HA-co-CPNs was investigated by
atomic force microscopy (AFM) as well as transmission electron
microscopy (TEM). Approximately, 10ml of Res-HA-co-CPNs was
poured on freshly cleaved mica sheet followed by air-drying to
form thin film. Consequently, images were captured under ambi-
ent conditions using non-contact mode with scanning rate 0.5 Hz
of AFM scanner (NT-MDT, Moscow, Russia) as well as Solver Next
software, respectively (Chaurasia et al. 2016).

On the other hand, dispersion of the Res-HA-co-CPNs was set
aside on a carbon-coated copper mesh, stained with 2% phospho-
tungstic acid, dried at room temperature, and then visualized
under TEM (Technai-20G2, Philips, Holland) with an acceleration
voltage of 200 kV. Moreover, electron diffraction (ED) of CPNs
revealed the amorphous diffraction halo pattern, which confirms

the homogeneous distribution of Res inside the polymer matrix of
CPNs and the absence of star shaped free Res particles (Sharma
et al. 2011; Gupta et al. 2012).

2.7. Observation of drug distribution of Res-HA inside the Res-
HA-co-CPNs

The distribution of Res surrounded by HA inside the CPNs was
observed by confocal laser scanning microscope (CLSM 510 Meta,
Carl Zeiss, USA). Res was observed as white powder with a slight
yellow cast, so it may act as yellow fluorescence for clear visibility.
Dispersion of the Res-HA-co-CPNs was placed over glass slide, air-
dried at room temperature, and then visualized in yellow fluores-
cence excitation wavelength at 488 nm.

2.8. Solid state characterization of optimized Res-HA-co-CPNs

Compatibility study is an important parameter to be considered
during developmental stages. Pure Res, HA, PM and Res-HA-co-
CPNs were analyzed by differential scanning calorimetry (TGA/
DSC-1, star system, Mettler Toledo, Switzerland) and powder X-ray
diffraction (X-ray diffractometer, Rigaku, Japan) study. Each sample
was kept onto a standard aluminum pan, and heated between
30 �C and –275 �C at a constant rate of 10 �C/min with a constant
purging of nitrogen at a rate of 50ml/min. p-XRD with a Cu
anode was applied to evaluate the molecular arrangement of
each sample at 40 kV. The scan was found to be in the range of
10� to 50� (2h) with a step size of 0.02� and step time of 5 s.

2.9. In vitro release studies

Dialysis bag diffusion technique with dialysis membrane of MWCO
12 KDa–14 KDa (Himedia Labs, Mumbai, India) (Yadav and Gupta
2015) was employed to evaluate the drug release from CPNs
using 50mM phosphate buffer (pH 7.4) containing 0.1%w/v tween
80 as dilution media. Dialysis membrane was saturated with 5%
glycerin solution for 24 h followed by washing with NanopureTM

water before use. Formulated CPNs suspension equivalent to
2mg of Res was filled into a membrane bag and then sealed with
cotton threads. The sealed bag was dialyzed against 50ml phos-
phate buffer in a 250ml beaker under magnetic stirring at
100 rpm and thermostatically controlled condition (37 �C± 0.5 �C).
Samples (1ml) were withdrawn at predetermined time intervals
(0, 0.5, 1, 2, 3, 4, 5, 6, 8, 12, 24, and 48 h) and replaced by addition
of an equal amount of fresh phosphate buffer to maintain the
sink condition. The same study was also performed for pure Res,
dispersed in 0.25%w/v sodium carboxymethyl cellulose. The drug
was quantified using HPLC at 306 nm. The data obtained from the
release study was plotted to assess the type of release kinetics

Table 1. Taguchi orthogonal array design and their corresponding responses (All values are reported in mean ± SD; n¼ 3).

Formulation codes

Independent variables Responses ± SD (n¼ 3) S/N ratio

A B C D Y1 Y2 Y1 Y2
RH-E1 0.5 8000 10 0.25 260.56 ± 17.8 60.65 ± 1.43 �1.74368 �2.60063
RH-E2 0.5 10 000 12 0.30 190.56 ± 20.8 41.56 ± 1.09 �1.22016 �2.55458
RH-E3 0.5 12 000 14 0.35 145.24 ± 12.2 20.81 ± 1.67 �1.64227 �1.61321
RH-E4 1.0 8000 12 0.35 244.56 ± 21.8 40.97 ± 1.89 �1.12405 �2.20835
RH-E5 1.0 10 000 14 0.25 188.58 ± 18.2 45.66 ± 0.92 �1.32850 �2.66023
RH-E6 1.0 12 000 10 0.30 150.67 ± 14.7 70.98 ± 1.16 �1.31003 �2.72637
RH-E7 1.5 8000 14 0.30 210.34 ± 22.4 49.88 ± 1.53 �1.15326 �2.47728
RH-E8 1.5 10 000 10 0.35 120.56 ± 18.8 82.37 ± 1.49 �0.28182 0.69705
RH-E9 1.5 12 000 12 0.25 101.45 ± 27.8 45.22 ± 1.52 0.24293 �2.42615

Where, A: PLX188 concentration (%w/v); B: homogenization speed (rpm); C: Amount of polymer (mg); D: Organic: Aqueous phase ratio (v/v); Y1: MPS;
Y2: EE.

PHARMACEUTICAL DEVELOPMENT AND TECHNOLOGY 3



such as zero-order, first-order, Higuchi, and Korsmeyer-Peppas
model as well as the mechanism of drug release (Chaurasia
et al. 2014).

2.10. Storage stability study

As per ICH guidelines, the storage stability of optimized formula-
tion was evaluated over 6 months at refrigerated condition
(4 �C± 1 �C), room temperature (25 �C± 2 �C/60%±5%RH) and
accelerated condition (40 �C± 2 �C/75%±5%RH). Lyophilized CPNs
were stored in glass vials and placed in a stability chamber main-
tained at different environmental conditions. Samples were with-
drawn at a pre-determined frequency (0, 1, 2, 3, and 6M) and
assessed for physicochemical properties i.e., MPS, PDI, and EE.

2.11. In vivo pharmacokinetic study

2.11.1. Animals and dosing
The protocol for in vivo pharmacokinetic study was approved by
the Central Animal Ethical Committee (CPCSEA). Healthy Charles
Foster rats (either sex, 150–200 g) were placed in polypropylene
cages with a 12 h light/dark cycle at 25 �C± 2 �C and 40–70% rela-
tive humidity for 1 week before experiments. The animals were
fed with rat chow and water ad libitum (Singh et al. 2012; Patel
et al. 2015). The rats were divided into three groups having six
rats in each group. Group I, Group II and Group III were adminis-
tered with Pure Res, PM (dispersed in 0.3% sodium carboxymethyl
cellulose) and optimized Res-HA-co-CPNs (equivalent to
25mg kg�1 of Res) respectively, through oral route. Rats were
anaesthetized and blood samples (200 mL) were collected via
retro-orbital plexus in heparinized Eppendorf tubes at pre-deter-
mined time intervals (0, 0.25, 0.5, 0.75, 1, 2, 4, 8, 12 & 24 h).
Samples were centrifuged at 5,000 rpm for 10min at �4 �C to sep-
arate the plasma which was finally stored at �20 �C until fur-
ther analysis.

2.11.2. Extraction procedure
Extraction of the drug from the plasma was done by the liquid-
liquid extraction method (Wan et al. 2011). Drug with plasma and
internal standard (Caffeine, 0.436mg/ml) was thawed. Drug mix-
ture (100ml) was transferred to Eppendorf tube along with 900ml
of mobile phase to precipitate plasma proteins. The mixture was
further vortexed for 5min followed by centrifugation at 5000 rpm
for 10min; the supernatant was transferred to a glass tube and
evaporated in a vacuum oven at 40 �C. The remaining residue was
reconstituted in 100ml mobile phase, and 20 ml of this sample was
filtered through a 0.2mm syringe filter (PES grade, Millipore,
Bedford, USA) followed by HPLC estimation of drug content
(Buchanan et al. 2007).

2.12. In vitro antiradical activity

The antiradical activity of pure Res, PM, and optimized Res-HA-co-
CPNs was assessed by cation radical ABTS�þ. The ABTS�þ (7mM)
and potassium persulfate (2.45mM) were mixed and kept at room
temperature. The ABTS�þ solution was diluted with 50mM phos-
phate buffer, pH 7.4 and measured at 734 nm to keep the stand-
ard absorbance of 0.70 (Re et al. 1999; Kurin et al. 2012). Pure Res,
PM, and optimized Res-HA-co-CPNs were used at different concen-
trations ranging from 1 to 25mM. The samples were incubated at
37 �C with continuous agitation and kept in dark condition pro-
tected from light for different time periods of 0, 24, 48, and 72 h.
Samples were further incubated for 30min with ABTS�þ, and

absorbance was estimated at 734 nm. The buffer solution was
used as a control for this assay. The following equation was used
to calculate the percentage of inhibition:where Ac is the absorb-
ance of the control and At is the absorbance of the test.

% Inhibition ¼ Ac�At
Ac

� �
� 100

IC50 was calculated by linear regression of Res concentration
versus percentage of ABTS�þ inhibition curves.

2.13. Statistical calculation

The Graph pad Prism software was used to calculate the analysis
of variance. A p-value less than 0.05 was considered as statistically
significant. Standard deviations are indicated by the error bars in
the figures.

3. Results and discussion

Preliminary experiments were taken into consideration to choose
independent factors and their effective range which showed influ-
ence on the final product performance. During formulation, the
internal organic phase (ethyl acetate) is always composed of sol-
vents, making the active-bioenhancer and polymer soluble com-
pletely, and the external aqueous phase comprises an aqueous
solution. The surfactant was capable to penetrate the Res which is
co-encapsulated with HA during the emulsification-diffusion pro-
cess to form stable CPNs. The trial limits of PLX188 concentration,
homogenization speed, amount of polymer, and organic to aque-
ous phase ratio were found to be 0.5%–1.5% (w/v),
8000–12 000 rpm, 10–14mg, and 0.25–0.35 (v/v), respectively.
Variation in one independent factor at a time increases the num-
ber of experiments resulting in the consumption of large quanti-
ties of the drug and other additives and also a time-consuming
process to optimize any formulation. Thus, to diminish the num-
ber of experiments and observe the effect of independent factors
in all promising combinations, Taguchi orthogonal array design
was utilized for range of independent factors to optimize our
formulation.

3.1. Analysis of design responses

Even though, the design of experiments created good EE and
MPS but was complicated to choose excellent formulation com-
position. Hence, the dependent parameters (Y1 and Y2) were esti-
mated for both the responses concurrently in response to each
formulation experiment’s S/N ratio (Table 1). It also supports the
significance (p< 0.05) of each factor and their most optimal levels
to optimize final formulation. The S/N ratio values influence the
independent factors which further affect the dependent responses
like MPS (Y1) and EE (Y2). The values of dependent responses
were interpreted based on nominal S/N ratio for superior accuracy
of the calculated value. The maximum S/N ratio value was
obtained for the formulation codes, RH-E9 having MPS, Y1:
101.45 ± 27.8 nm (S/N ratio; 0.24293) and RH-E8 having EE, Y2:
82.37 ± 1.49% (S/N ratio; 0.69705), respectively (Table 1). The
results obtained for the S/N ratio consequent to responses
obtained for many formulations indicate that the S/N ratio is an
appropriate parameter for the analysis of responses. The main
effect plots for S/N ratios were drawn for each independent factor
at diverse levels by keeping levels as X-coordinates and S/N ratio
as Y-coordinates to determine mean particle size and encapsula-
tion efficiency, respectively at an optimum level as illustrated in
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Figure 1(a,b). The main effect plots demonstrate the effects of
individual factors on several responses in terms of S/N ratios. As
dependent factors (Y1 and Y2) are represented by a single curve,
it is complicated to envisage the effect of independent factors on
Y1 and Y2 independently because the curve was drawn matching
to the finest compromised responses between Y1 and Y2 as favor-
able MPS and EE in the optimized formulation.

3.1.1. Effect of stabilizer concentration
The influence of stabilizer (PLX188) demonstrates that increasing
its concentration diminishes the MPS along with an increase or
decrease in EE. A very low stabilizer concentration resulted in sta-
ble CPNs formation which was further responsible for aggregation

and high drug encapsulation (Mainardes and Evangelista 2005).
On the contrary, high stabilizer concentration, resulted in small
MPS with low EE of CPNs (formulation, RH-E9; 101.45 ± 27.8 nm
and 45.22 ± 1.52%, respectively) because of reduced interfacial
tension among CPNs as a result of stabilizer adsorption at CPNs
surface. Therefore, on increasing stabilizer concentration, the S/N
ratio was also increased which demonstrates excellent response
at high stabilizer concentration as depicted in Figure 1(a) (A; black
circle with an arrow indicates high concentration of stabilizer).

3.1.2. Effect of homogenization speed
The S/N ratio value and its levels demonstrated excellent
responses at varied (medium to high) homogenization speed.

Figure 1. Main effects plot with respect to ‘nominal is best’ (A) Concentration of PLX188, (B) Homogenization speed, (C) Amount of polymer and (D) Organic: aqueous
ratio on the MPS (a) and EE (b), respectively.
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These levels result into shear force to minimize the particle size of
CPNs (Kumar et al. 2017). Therefore, the combined effect of stabil-
izer concentration along with medium homogenization speed was
found to be optimum to obtain smaller particle size
(120.56 ± 18.8 nm) of CPNs formulation, RH-E8 as shown in Table 1
and Figure 1(a), respectively (B; black circle with an arrow indi-
cates medium homogenization speed). In contrast, very high
homogenization speed may adversely affect the particle size of
CPNs leading to irregular shape and size of CPNs.

3.1.3. Effect of polymer concentration
For factor C (amount of polymer), main effects plot for S/N ratio
demonstrated diminishing S/N ratio with reducing amount of
polymer (EE100) as shown in Figure 1(b) (C; black circle with an
arrow indicates a low amount of polymer). The viscosity of poly-
meric solution was found to be increased with maximum amount
of polymer leading to enhanced resistance of CPNs to emulsifica-
tion in PLX188 aqueous solution with subsequent minimized
Res-HA-co-CPNs dispersibility in the aqueous phase and resultant
bigger particles (Formulation, RH-E7; 210.34 ± 22.4 nm) having less
EE (Formulation, RH-E7; 49.88 ± 1.53%) probably due to less drug
diffusion from the CPNs solution to external phase (Fessi et al.
1989; Quintanar et al. 1998) (Table 1). Therefore, decreasing S/N
ratio with reducing amount of polymer demonstrated high encap-
sulation efficiency for the formulation, RH-E8: 82.37 ± 1.49% as
shown in Table 1.

3.1.4. Effect of organic to aqueous phase ratio
This factor and its levels are indicative effects for S/N ratio value,
demonstrated better responses at higher ratios (Figure 1(b), D;
black circle with an arrow indicates high organic: aqueous phase
ratio). The formulation of small sized CPNs using high organic:
aqueous phase ratio was ascribed to resistance to coalescence
among CPNs particles at the time of emulsification (Dillen et al.
2006; Danhier et al. 2009; Kumar et al. 2017). Further, it also con-
firms that the optimum level of each independent factor can be
used for the development of optimized formulation.

3.1.5. Data evaluation and formulation optimization
L9 (34) experimental trails responses are indicated in Table 1.
Batch RH-F9 resulted in smallest MPS and EE of 101.45 ± 27.8 nm
and 45.22 ± 1.52%, respectively whereas, RH-F8 resulted in highest
MPS and EE of 120.56 ± 18.8 nm and 82.37 ± 1.49% respectively.
The obtained data indicates that it is very complicated to choose

optimized batch composition having high level of EE and smallest
MPS and it needs to be evaluated critically. The data calculated
for S/N ratio was evaluated using ANOVA to prepare and optimize
batch composition of Res-HA-co-CPNs which determine significant
(p< 0.05) values of each independent factor and their optimum
levels. The degree of variance indicated for each factor recom-
mended independent factors ’A’ and ’B’ (PLX188 concentration,
58.69% and homogenization speed, 20.14%) to be highly signifi-
cant (p< 0.05) factors affecting CPNs whereas independent factors
’C’ and ’D’ had slightest and moderate significance (p< 0.05)
(amount of polymer; 28.63% and organic: aqueous phase ratio;
33.15%) (Table 2). Hence, it was indicated that stabilizer concen-
tration and homogenization speed were the most significant
(p< 0.05) factors affecting MPS of the CPNs. After determination
of each significant (p< 0.05) independent factor, it was compul-
sory to ascertain their optimum levels for the development of
optimized batch composition. This could have been achieved
by a thorough assessment of the ‘main effects plot’ of S/N ratios
of independent factors at each level and investigation of mean
S/N ratios.

3.1.6. Optimum level setting
Based on the outcome of ANOVA which was confirmed by the
assessment of mean S/N ratio obtained for each independent fac-
tor (A-D) at various levels (1-3) and influence of factors which
were predicted taking into account ‘nominal is best’ responses of
S/N ratios are summarized in Table 3. The response of mean S/N
ratio also confirmed stabilizer concentration (A3) and homogeniza-
tion speed (B2) to be the most significant (p< 0.05) factor to opti-
mize MPS followed by polymer concentration (C1) and organic:
aqueous phase ratio (D3) to optimize EE. Conclusively, factor
A3B2C1D3 (Formulation, RH-E8) was found to be the most favor-
able factor levels for the development of optimized batch
composition.

3.2. Characterization of optimized formulation

The EE, MPS and PDI of optimized formulation (RH-E8) were found
to be 82.37 ± 1.49%, 120.56 ± 18.8 nm and 0.122 respectively which
confirmed an excellent homogeneity and narrow size distribution
(Figure 2(a)). Further, the ZP of optimized formulation was found
to be þ38.25mV as shown in Figure 2(b), which represents excel-
lent physical stability of CPNs (Chakraborty et al. 2010). High ZP
value was attributed to the presence of high surface charge with
resultant high stability of CPNs. This further diminishes the chan-
ces of agglomeration because of electrostatic repulsion among

Table 2. ANOVA of S/N ratio for mean particle size (MPS) and encapsulation
efficiency (EE).

Factors DoF SS MS %PC Fa pb

PS
A (2) (1.7851) (0.8926) 58.6934 0.7445 0.007
B (2) (0.6127) (0.3064) 20.1453 0.2556 0.003
C 2 0.5457 0.2729 17.9423 pooled –
D 2 0.0979 0.0489 3.2189 pooled –
Pooled Error (4) (2.3978) (0.5994) – – –
SSTotal 8 3.0414 – 100 – –

%EE
A 2 0.1528 0.0764 15.686 pooled –
B 2 0.2195 0.1098 22.533 pooled –
C (2) (0.2789) (0.1395) 28.632 0.4634 0.004
D (2) (0.3229) (0.1615) 33.149 0.5366 0.001
Pooled Error (4) (0.6018) (0.1505) – – –
SSTotal 8 0.9741 – 100 – –

DoF: degree of freedom; SS: sum of squares; MS: mean of squares; %PC: percent
contribution; F: fisher test.
aF< 0.05 (2,4)¼6.94
bp< 0.05; significant in A and B for PSD and in C and D for %EE.

Table 3. Experimental S/N ratio of response parameters at different levels.

Independent Factors

Levels A B C D

MPS1 �1.492 �1.478 �1.231 �0.969
MPS2 �1.365 �0.999 �0.774 �1.189
MPS3 �0.490 �0.872 �1.343 �1.189
Delta value 1.002 0.606 0.569 0.221
Rank 1 2 3 4
EE1 �2.256 �2.429 �2.675 �2.562
EE2 �2.532 �2.637 �2.396 �2.586
EE3 �2.533 �2.255 �2.250 �2.173
Delta value 0.277 0.382 0.424 0.413
Rank 4 3 1 2

PSi and EEi is the mean value of MPS and EE.
Delta value is the difference between the maximum value and the minimum
value of MPSi and EEi.
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CPNs bearing similar surface charges resulting into easily redisper-
sible stable colloidal system. Furthermore, the high ZP value also
demonstrates excellent absorption of CPNs through Peyer’s
patches and their uptake by the liver (Santos et al. 2012).

3.3. Morphological evaluation

The AFM micrograph of optimized Res-HA-co-CPNs (Formulation,
RH-E8) shows well-separated spherical shapes having smooth sur-
faces as depicted in Figure 2(c) (3-D Image). Also, Figure 2(a)
reveals that the Res-HA-co-CPNs had almost uniform size
distribution, the lowest PDI value and average diameter
of 120.56 ± 18.8 nm.

The surface morphology of optimized Res-HA-co-PNs was also
evaluated using HR-TEM which depicts the presence of homoge-
neous, smooth, and spherical CPNs demonstrating their integrity
as distinct entities (Figure 3(a)). Electron diffraction micrograph
(Figure 3(b)) shows homogeneous distribution of Res inside the
CPNs matrix and absence of ring pattern of star-shaped Res par-
ticles which further proved the halo amorphous diffraction pat-
tern (Singh and Muthu 2008).

3.4. Observation of distribution of Res-HA inside the Res-HA-
co-CPNs

The uniform distribution of co-encapsulated Res-HA inside opti-
mized CPNs was investigated using CLSM. Figure 3(c–e) exhibit
fluorescent image, differential interference contrast (DIC) image,
and merge of fluorescent and DIC micrograph to confirm co-
encapsulation and uniform distribution of Res-HA inside polymeric
matrix of the CPNs (Chaurasia et al. 2015).

3.5. Solid state characterization of optimized formulation

DSC analysis: DSC thermograms of HA, pure Res, EE100, PM, and
optimized Res-HA-co-CPNs are shown in Figure 4 [A]. As reported
elsewhere, HA exhibits dulled endotherm and exotherm in the
region of 50�–275 �C (Pietro and Paola 2004) and pure Res shows
sharp endothermic decomposition peak at 267.71 �C (Kim et al.
2012). However, this endothermic peak is absent in the thermo-
gram of optimized Res-HA-co-CPNs which confirms that Res-HA
were uniformly co-encapsulated inside CPNs in amorphous state
(Mirza et al. 2011).

Figure 2. Micrographs representing MPS distribution (a) ZP (b) and atomic force microscopy (3D image) (c) of the optimized Res-HA-co-CPNs (Formulation, RH-E8).
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X-ray diffraction analysis: pXRD study confirms the loss of drug
crystallinity. pXRD of HA, pure Res, EE100, PM, and optimized Res-
HA-co-CPNs is shown in Figure 4 [B]. HA exhibits very small dif-
fuse peaks with few intense peaks at 37.5� and 43.5� implying its
non-crystalline nature as reported earlier (Chilom and Rice 2005;
Visser and Mendel 1971). Pure Res exhibits sharp crystalline dif-
fraction peaks at 6.62�, 13.2�, 16.36�, 19.18�, 22.28�, 23.54�, 25.18�,
28.26�, 31.6�, 38.32�, and 45.18� at 2h as depicted in Figure
4[B](b) (Zu et al. 2016). The EE100 does not exhibit any character-
istic peak at 2h angles as shown in Figure 4[B](c). In case of PM,
although none of the peaks are disappeared as shown in
Figure 4[B](d). Since EE100 shows the absence of characteristic
peak but results suggested that Res was partially present in crys-
talline form in the PM. During the preparation of PM, partial melt-
ing of EE100 followed by dissolving small amount of Res resulting
into partial conversion from crystalline to amorphous state. In
contrast, optimized Res-HA-co-CPNs does not exhibit any intense
characteristic peak as illustrated in Figure 4[B](e). The above out-
comes further supported that drug was transformed into an
amorphous form inside the polymeric matrix of CPNs which could
have been correlated well with DSC results (Kumar et al. 2014).

3.6. In vitro release studies

During in vitro release study, free drug was found to be remain
undissolved in phosphate buffer pH 7.4 whereas optimized Res-
HA-co-CPNs exhibited a sustained release behavior (>90% after
48 h) over pure Res as depicted in Figure 5(a). Even though,

optimized Res-HA-co-CPNs exhibited biphasic release profile,
which initially showed burst release (20.89 ± 1.044% in 2 h) of
drug, followed by sustained drug release profile up to 48 h. The
initial burst release was ascribed to dissolution and diffusion of
CPNs surface adsorbed drug followed by hydration and polymer
swelling/erosion which ultimately favored diffusion-controlled sus-
tained drug release behavior. Hydration probably increases the
diffusional path length of molecules which subsequently results
into lowering of drug diffusion rate (Wong et al. 1999). Besides,
bio-enhancement effect of HA increases the dissolution of Res
inside the polymeric matrix during polymer chain relaxation and
swelling (Wong et al. 1999; Mirza et al. 2011). Moreover, the burst
release followed by sustained release maintain drug concentration
within therapeutic window for a longer duration (Bhagav
et al. 2011).

3.6.1. In vitro release kinetics
The results obtained from in vitro release study exhibited Higuchi
release kinetics suggesting the contribution of drug diffusion phe-
nomenon which was further established by maximum correlation
coefficient (R2¼0.999) in comparison with Hixon-Crowel
(R2¼0.878), zero-order (R2¼0.689), first-order (R2¼0.741), and
Peppas-Korsmeyer model (R2¼0.987). Furthermore, n-value
(n¼ 0.4851) confirmed the ‘Fickian Diffusion’ mechanism of drug
release. This further supports diffusion and erosion mechanism of
sustained drug release (Chawla et al. 2014; Costa and
Sousa 2001).

Figure 3. (a) High-resolution transmission electron microscopy at a magnification of �20,000 (bar ¼ 150 nm) and inset micrograph exhibits co-encapsulated Res-HA
inside CPNs indicated by the red arrow, (b) represents ED micrograph, (c) confocal laser scanning micrographs showing fluorescent image, (d) DIC image and (e) com-
bination of fluorescent and DIC images of Res-HA-co-CPNs at 20� magnification.
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3.7. Evaluation of storage stability study

The stability of the CPNs system against environmental variations
is key prerequisite to confirm its complete final performance con-
cerning in vivo fate. Stability studies of optimized Res-HA-co-CPNs
were performed over 6 months at room temperature, accelerated
and refrigerated conditions respectively and results are shown in
Figure 5(b–d). The optimized Res-HA-co-CPNs exhibited insignifi-
cant (p> 0.05) changes in physicochemical attributes such as MPS,
PDI, and EE at refrigerated temperature (4 �C± 1 �C). However,
there was a significant (p< 0.05) increase in MPS when samples
were stored at room temperature (25 �C± 2 �C/60 ± 5%RH).
Remarkably, PDI and EE were persisted unpretentious and pre-
served intact in the formulation. At accelerated conditions
(40 �C± 2 �C/75± 5%RH), optimized Res-HA-co-CPNs showed sig-
nificant (p< 0.05) change towards MPS, PDI, and EE probably
because of aggregation of CPNs. The aggregation of CPNs was
possibly the result of degradation, deformation, and melting of

polymeric materials at accelerated conditions which could have
been responsible for drug expulsion out of CPNs (Patel et al.
2015). Based on aforementioned results, refrigerated temperature
(4 �C± 1 �C) was found to be the most suitable condition for stor-
age of optimized Res-HA-co-CPNs to maintain their physicochemi-
cal characteristics for long-term use.

3.8 In vivo pharmacokinetic study

Figure 6 illustrates plasma drug concentration-time profile after
single-dose oral administration of pure Res suspension, PM, and
optimized Res-HA-co-CPNs. Numerous pharmacokinetic attributes
of pure Res suspension, PM, and optimized Res-HA-co-CPNs (for-
mulation, RH-E8) are summarized in Table 4. Non-compartment
pharmacokinetic analysis indicated �25.2 fold and �55.6 fold
enhancement in maximum plasma concentration (Cmax) for PM
and optimized Res-HA-co-CPNs respectively as compared with
pure Res suspension. The increase in Cmax of optimized Res-HA-co-
CPNs was due to the existence of HA as a solubility enhancer
which enhanced permeation thereby absorption athwart gastro-
intestinal tract because of its small particle size and hydrophobic
surface as reported elsewhere (Kumar et al. 2014; Chaurasia et al.
2015). The values corresponding to tmax, half-life (t1/2), and mean
residence time (MRT) obtained with optimized Res-HA-co-CPNs
were found to be significantly (p< 0.05) higher than those
obtained with PM and pure Res suspension, respectively. This
might be due to retention of CPNs inside intestinal mucosa and
sustained release of encapsulated Res therein, reiterating the
effectiveness of Res-HA-co-CPNs as a sustained delivery system
(Seremeta et al. 2014; Tariq et al. 2015). The results of AUC0-24h
were found to be significantly (p< 0.05) higher as compared with
PM and pure Res suspension. The relative bioavailability of PM
and optimized Res-HA-co-CPNs was found to be �28.54-fold and
�62.76-fold higher as compared with pure Res suspension after
single-dose administration. This significant (p< 0.05) improvement
in oral bioavailability might be due to increased systemic absorp-
tion of CPNs followed by drug release at absorption site as a
result of bioadhesive and bio-enhancement effect offered by
EE100 and HA, respectively (Tabata and Ikada 1990; Lopedota
et al. 2009; Elshafeey et al. 2010; Mirza et al. 2011). Intact CPNs
were probably get absorbed via paracellular and transcellular
transport mechanisms over enterocytes and lymphatic pathways
through M cells of Payer’s patches to reach systemic circulation
(Des Rieux et al. 2006).

Moreover, the increased oral bioavailability of Res from CPNs
might be attributed to: (i) presence of Res-HA in amorphous or
molecularly dispersed state inside the polymeric matrix, despite
comparatively high loading of Res-HA inside CPNs. (ii) presence of
supersaturated Res-HA inside the intestinal lumen due to presence
of pH-dependent carrier polymer (EE100) which impedes nucle-
ation or crystal growth as a result of adsorption at crystal inter-
face. (iii) presence of EE100 polymer provides good adhesion and
site-specificity to CPNs towards gastrointestinal mucosa (Wang
et al. 2008).

3.9. Antiradical activity

The percentage radical inhibition of pure Res solutions, PM, and
optimized Res-HA-co-CPNs was determined at different concentra-
tions (1, 5, 10, 20, and 25 mM) and at different time points 0, 24,
48, and 72 h and are illustrated in Figure 7(a–d).

At 0 h, the optimized Res-HA-co-CPNs show a similar capability
to scavenge ABTS�þ at entire tested concentration range

Figure 4. [A] DSC thermograms and [B] pXRD curves of (a) Humic acid, (b) Pure
Res (c) EE100 (d) PM, and (e) optimized Res-HA-co-CPNs (Formulation, RH-E8).
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(p> 0.05). The pure Res indicated a maximum percentage of
ABTS�þ inhibition as compared to PM and optimized Res-HA-co-
CPNs (p< 0.05). At 24 h, both PM and optimized Res-HA-co-CPNs
exhibited similar profile as shown at 0 h. However, optimized Res-
HA-co-CPNs at a concentration of 25 mM exhibited an enhanced
ABTS�þ scavenging (p< 0.05). The pure Res at three lower concen-
trations (1, 5, and 10mM) showed decreased ABTS�þ radical-scav-
enging activity (p< 0.05); however, at 20 and 25 mM
concentrations, the percentage radical inhibition was found to be
same as shown at 0 h (p> 0.05). At 48 h, there was a momentous
increase in, radical inhibition by optimized Res-HA-co-CPNs,
whereas PM exhibited almost similar profile as observed at 24 h.
At 25 mM, the optimized Res-HA-co-CPNs were found to be as
much effective as pure Res (p> 0.05). At 72 h and 25 mM concen-
tration, optimized Res-HA-co-CPNs indicated similar radical-scav-
enging activity as pure Res (p> 0.05) whereas at 20 mM
concentration, optimized Res-HA-co-CPNs demonstrated signifi-
cantly (p< 0.05) inferior response. At higher concentration, the
resultant radical-scavenging activity of optimized Res-HA-co-CPNs
was found to be increased with time as reported elsewhere (Re
et al. 1999; Lu et al. 2009; Kim et al. 2016).

Figure 5. (a) In vitro release profile of pure Res and optimized Res-HA-co-CPNs in PBS, pH 7.4 for 48 h and effect of physicochemical properties of optimized batch
during storage at various environmental conditions (b) at room temperature (25 �C±2 �C/60 ± 5%RH) (c) at accelerated condition (40 �C± 2 �C/75 ± 5%RH) and (d) at
refrigerated condition (4 �C± 1 �C) throughout 6 M (experiments were performed in triplicate and the vertical bars indicate mean± SD, n¼ 3).

Figure 6. Pharmacokinetic profile after oral administration of pure Res, PM, and
optimized Res-HA-co-CPNs (dose ¼ 25mg/kg in each group). Vertical bars repre-
sent mean± SEM; n¼ 6, ap< 0.05, compared with control (pure Res), bp< 0.05,
compared with PM, (One-way ANOVA; Tukey’s multiple comparison test).
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Table 4. In vivo pharmacokinetic parameters after oral administration of PM and optimized Res-HA-co-CPNs (formulation, RH-
E8) to rats in comparison with pure Res as an aqueous suspension; All data indicated as mean ± SEM; n¼ 6.

Parameters
Pure Res
(Control) PM

Optimized
Res-HA-co-CPNs

Cmax (mg/ml) 256.004 ± 12.80 6451.301 ± 322.565 14 233.822 ± 711.691
Tmax (h) 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.0
AUC0–24 (mg/ml).h 750.268 ± 1.167 21 412.649 ± 1070.632 47 086.819 ± 2,354.341
AUMC0–24 (ng/ml).h2 920.888 ± 55.112 78 327.47 ± 3916.374 422 745.461 ± 21 137.273
t1/2 (h) 0.623 ± 0.022 3.134 ± 0.1567 6.985 ± 0.349
MRT (h) 1.227 ± 0.112 3.658 ± 0.1829 8.978 ± 0.449

Cmax: maximum plasma concentration; Tmax: time to reach maximum plasma concentration; AUC: area under the plasma drug
concentration-time curve; AUMC: area under the first moment plasma drug concentration-time curve; t1/2: half-life; MRT:
mean residence time.

Figure 7. Percentage inhibition of the radical ABTS�þ from Pure Res, PM and optimized Res-HA-co-CPNs (formulation, RH-E8) at concentrations of 1, 5, 10, 20, and
25 mM for (a) ’0 h’, (b) ’24 h’, (c) ’48 h’ and (d) ’72 h’; a,b,c Mean ± SD calculated per line. Identical alphabets mean statistical sameness and dissimilarity stats are pre-
sented for different alphabets (ANOVA along with Tukey’s post-test as well as p< 0.05).
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The IC50 values of Res scavenging ABTS�þ were found to be
increased with respect to time. Whereas, the IC50 values of the
optimized Res-HA-co-CPNs indicated few variations with time but
found to be significantly (p< 0.05) superior over pure Res.
Furthermore, the IC50 values of optimized Res-HA-co-CPNs were
found to be decreased with time but after 48 h and 72 h, were
found to be almost similar to pure Res (p> 0.05) (Figure 8).

4. Conclusion

CPNs co-encapsulating Res and HA were developed and opti-
mized which demonstrated original approach for improvement of
stability, oral bioavailability as well as the antiradical potential of
Res in the form of Res-HA-co-CPNs. Various optimization parame-
ters and their levels based on Taguchi orthogonal array design
were found to be absolutely reliable, for high co-encapsulation of
Res-HA along with desired MPS, high S/N ratio as well as signifi-
cant (p< 0.05) ANOVA results, which also demonstrated favour-
able physicochemical properties of Res-HA-co-CPNs. Our results
clearly indicate that co-encapsulation of water insoluble drug
along with bioenhancer inside CPNs is a promising approach for
effective oral delivery to increase the bioavailability and perform-
ance of diverse water-insoluble drugs used to avert and treat mul-
tiple ailments.
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