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A B S T R A C T   

Resveratrol (RVT) is one of the potent anticancer phytochemicals which has shown promising potential for breast 
cancer therapy. However, its short half-life and low bioavailability is a major hurdle in its effective use. In this 
study, we have developed nanostructured lipid carriers (NLCs) of RVT to enable localized delivery of the drug to 
the breast tissues using microneedle arrays to improve effectiveness. The NLCs were optimized using the Design 
of Experiments approach and characterized for their particle size, polydispersity index, zeta potential and 
entrapment efficiency. The RVT-NLCs delivered using microneedle array 1200 showed a higher permeation of 
RVT across the skin with lower skin retention compared to pure RVT. Further, RVT-NLCs showed higher anti-
cancer activity on MDA-MB-231 breast cancer cell lines and enhanced internalization compared to pure RVT. 
Moreover, the RVT-NLCs were found to inhibit the migration of MDA-MB-231 breast cancer cell lines. Preclinical 
studies in rats showed that RVT-NLCs delivered via microneedles demonstrated a remarkable increase in the 
Cmax, Tmax and AUC0-inf, and a higher localization in breast tissue compared to pure RVT administered orally. 
These results suggests that the RVT-NLCs administered by microneedle array system is an effective strategy for 
the local delivery of RVT for breast cancer therapy.   

1. Introduction 

Breast cancer is the second most common cause of cancer deaths in 
women, impacting around 2 to 2.5 million women across the globe every 
year (Gadag et al., 2020; Jain et al., 2020). By 2030, breast cancer 
incidence is expected to rise by 50% (“Study Forecasts New Breast 
Cancer Cases by 2030 - National Cancer Institute,” n.d.). Chemotherapy, 
surgery, and radiation therapies are used currently to eliminate the 
visible tumor. Nevertheless, chemotherapy has shown many side effects 
and high toxicity, thereby reducing its therapeutic potential. The main 
drawback of the current therapy includes toxicity to the other organs, 
development of resistance, which may be due to the high dose and 

chronic use (Shapiro and Recht, 2001). This demands safe and alterna-
tive strategies for the effective treatment of breast cancer. Recently 
phytoconstituents are gaining attention due to their low toxicity when 
compared to synthetic compounds (A. Bishayee, 2009). These phyto-
chemicals can modulate gene expression and signaling pathways, 
thereby inhibiting cancer cell proliferation and overcoming resistance 
(Younas et al., 2018). Many researchers have reported that the phyto-
chemicals combined with chemotherapeutic agents demonstrated 
reduced toxicity, synergistic effect, and increased sensitivity to 
multidrug-resistant breast cancer (Cragg and Pezzuto, 2016). 

Resveratrol (RVT) is a naturally occurring polyphenol, which has 
exhibited many biological activities namely anti-tumor, anti- 
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inflammatory, anti-viral, anti-oxidant, cardioprotective, neuro-
protective, and antiaging (Carter et al., 2014; Chedea et al., 2017; Cho 
et al., 2017; Ko et al., 2017; Kotecha et al., 2016; Nawaz et al., 2017; 
Xiao et al., 2019). RVT affects all three stages of carcinogenesis such as 
tumor initiation, promotion, and progression, by altering the pathways 
that control cell growth, cell division, angiogenesis, inflammation, 
apoptosis, and metastasis (Anupam Bishayee, 2009). Many researchers 
have accorded RVT as a promising therapy for cancer prevention and 
chemotherapeutic effects on breast cancer (Ko et al., 2017; Sinha et al., 
2016a). Hao and co-workers formulated folic acid-decorated micelles to 
enhance the water solubility and target the tumor cell to effectively treat 
breast cancer and have proved its efficacy on MCF-7 breast cancer cell 
lines (Hao et al., 2017). Despite the proven benefits of RVT in breast 
cancer treatment, its use is restricted due to very low oral bioavailability 
owing to its extensive first-pass metabolism and rapid elimination 
(Sinha et al., 2016b). Moreover, RVT has other drawbacks such as low 
aqueous solubility (<0.05 g/L), photolytic instability, and low perme-
ability across the stratum corneum (Robinson et al., 2015; Silva et al., 
2013; Tosato et al., 2018). To overcome these limitations RVT is 
encapsulated into the nanocarriers. Poonia and coworkers successfully 
incorporated RVT into the nanostructured lipid carriers (NLCs) deco-
rated with folic acid for intravenous administration. The cytotoxicity 
studies showed a lower IC50 of the RVT loaded NLCs with and without 
folic acid decoration when compared to pure RVT in MCF-7 cell lines. 
The preclinical studies showed an increase in AUC of RVT loaded NLCs 
when compared with pure RVT, in the rats (Poonia et al., 2019). 

The transdermal route of administration is another viable alterna-
tive, which can bypass the first-pass metabolism, thereby increasing the 
bioavailability of RVT and also provide a localized delivery of the drug. 
Tosato and co-workers have developed various liposomal formulations 
for the transdermal delivery of RVT (Tosato et al., 2018). Literature is 
available wherein RVT has been incorporated into the NLCs, and used 
for the testing of its antioxidant (Gokce et al., 2012), and antiaging 
potential on dermal application (Hidayah et al., 2018). The use of a 
microneedle (MN) delivery system helps in breaching the skin’s barrier 
and facilitates the delivery of the drug locally or systemically. Bhatnager 
and team, developed zein MN loaded with gemcitabine and tamoxifen 
for localized therapy for breast cancer treatment (Bhatnagar et al., 
2018). Similarly, dissolvable MN patches with docetaxel and doxoru-
bicin have been fabricated for the treatment of breast cancer (Bhatnagar 
et al., 2019). In one of our previous studies, we have successfully used an 
MN array system to deliver pH-sensitive Solulan tailored niosomes 
loaded with donepezil for brain targeted delivery (Nayak et al., 2020). 

Based on this background, in the present study, we have developed 
NLCs loaded with RVT coupled with MN array assisted delivery system 
for the local delivery of RVT to improve the therapeutic concentration at 
the site of action. The in vitro efficacy of the developed RVT loaded NLCs 
were studied in MDA-MB-231 breast cancer cell lines, and preclinical 
studies were performed in Sprague-Dawley rats. To the best of our 
knowledge, this is the first comprehensive characterization of a MN- 
assisted delivery system of RVT loaded NLCs for the localized treat-
ment of breast cancer. 

2. Materials and methods 

2.1. Materials 

RVT (>99.0%), glyceryl monostearate (GMS), cetyl palmitate (CP), 
glyceryl di-stearate (GDS), glyceryl monooleate (GMO) were procured 
from TCI Chemicals Pvt. Ltd., India. Oleic acid (OA), trifluoroacetic acid 
(TFA), poloxamer 188 (P188), stearic acid (SA), tween 80 (T80), tween 
20 (T20), carbopol 934, triethanolamine, acetonitrile (ACN, HPLC 
grade), methanol (HPLC grade) were purchased from Merck Ltd., India. 
Labrafac PG (LP), labrasol (LB), labrafil (LF), miglyol 810 (MG) and 
capryol 90 (C90), compritol ATO888 (CA) were a generous gift from 
Gattefosse India Pvt. Ltd., India. Fluorescein isothiocyanate (FITC) and 

resazurin were procured from Sigma-Aldrich Co., USA. 

2.2. Screening of excipients 

The lipids (solid and liquid) and surfactants were selected based on 
their ability to solubilize RVT. The solubility of RVT in solid lipids (GMS, 
SA, CP, CA, and GDS) was tested by heating the lipids 5 ◦C above their 
melting point, and gradual addition of RVT into the molten lipid until 
undissolved RVT was observed. The solubility of RVT in liquid lipids 
(OA, GMO, LP, MG, and C90) and surfactant T20, T80, P188, LF, and LB, 
1% w/v aqueous solution was performed by adding an excess amount of 
RVT keeping them in a shaking water bath for 48 h. The samples were 
centrifuged at 16000xg for 30 min, followed by analyzing the super-
natant using reverse-phase high-performance liquid chromatography 
(RP-HPLC) (Singh and Pai, 2014). 

2.3. Preparation of NLCs 

NLCs were prepared by melt-emulsification method followed by size 
reduction using a probe sonicator (VibraCell™, VC 130, Sonics and 
Materials Inc., USA) as previously reported (Managuli et al., 2019). GMS 
and C90 mixture were heated to 80 ◦C, to this accurately weighed RVT 
was added and solubilized. To this, preheated (80 ◦C) surfactant solution 
was added under stirring. The so-formed primary emulsion was probe- 
sonicated to obtain NLCs. Similarly, the FITC loaded NLCs were pre-
pared by incorporating FITC-conjugated stearylamine as per the previ-
ously reported method (Patel et al., 2018; Yuan et al., 2008, 2007). 

2.4. Statistical optimization of NLCs 

The screening of the variables and the formulation optimization was 
performed using the Design of Experiments approach using Minitab® 
18. For the screening of independent variables, the Plackett-Burman 
design was adopted. The variables considered for the preparation of 
NLCs along with their limits are presented in Table 1. Following the 
screening, the optimization of the independent variables was carried out 
using response surface methodology, Box-Behnken design (Jazuli et al., 
2019). It involves a bunch of mathematical and statistical methods used 
for modeling and analyzing the experimental framework. The factors 
with p < 0.05 were considered to be influencing the responses signifi-
cantly. Attributes that were considered for building Box-Behnken design 
are presented in Table 2. Response surface plots are used to understand 
the interaction between two variables by keeping the third variable 
constant, as a function of the 3D graph, where variables are plotted on 

Table 1 
Variables considered in Plackett-Burman design.  

Factors Lower limit (¡1) Higher limit (þ1) 

Material attributes 
X1: Total lipid (mg) 70 150 
X2: Surfactant concentration (%) 0.5 3 
X3: Oil (%) (with respect to total lipid) 5 30 
X4: Drug (%) (with respect to total lipid) 5 15 
Process parameters 
X5: Sonication amplitude (%) 20 40 
X6: Sonication pulse (sec) 5 10 
X7: Sonication time (min) 1 5 
X8: Temperature (◦C) 70 90  

Table 2 
Variables considered for optimization using Box-Behnken design.  

Factors Lower limit (¡1) Higher limit (þ1) 

Y1: Total lipid (mg) 90 130 
Y2: Surfactant concentration (%) 1 2 
Y3: Oil (%) (with respect to total lipid) 5 15 
Y4: Drug (%) (with respect to total lipid) 5 15  
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X, Y-axes, and response on Z-axes (Kumar and Sawant, 2013; “Overview 
for Surface Plot - Minitab,” n.d.). 

2.4.1. Robustness of the generated design space 
The design space was obtained by overlaying the contour plots using 

Minitab® 18 by entering the desired value of responses. Validation of 
the established design space in the Box-Behnken design is a pivotal 
factor required from the scale-up point of view. It is essential to inves-
tigate and assess whether the practical design space yields the desired 
response and if the undesired responses are obtained outside the design 
space to assess its robustness. For assessing the robustness of the design 
space three points were considered; at the center, on the border, and 
outside the generated design space. The error was calculated between 
the software suggested values and the obtained experimental results. 

2.5. Characterization of NLCs 

The particle size (PS), polydispersity index (PDI), and zeta potential 
(ZP) of the NLCs were measured using Malvern Zetasizer (Nano ZS, 
Malvern Instruments; Malvern, UK) with the appropriate dilution of 
samples. The optimized formulation was subjected to centrifugation at 
18000xg  for 1.5 h, and the collected pellet was re-dispersed in water 
and lyophilized. The lyophilized formulations were analyzed using FT- 
IR 8300 spectrophotometer (Shimadzu, Tokyo, Japan). The samples 
were prepared by the pressed pellet method using potassium bromide 
and scanned from 4000 to 400 cm− 1. DSC thermograms were recorded 
using a DSC-60 calorimeter (Shimadzu, Kyoto, Japan) by heating from 
25 ◦C to 300 ◦C, at a rate of 10 ◦C per minute under nitrogen flow (50 
mL/min). The solid-state characterization of the samples was performed 
by studying the X-ray diffraction pattern (Philips, PW-171 x-ray 
diffractometer) for assessing any change in the crystal nature of the drug 
during entrapment. The surface morphology and size of the NLCs were 
studied by high resolution- transmission electron microscopy (HR-TEM) 
analysis (Jeol/JEM 2100, LaB6). 

2.6. Entrapment efficiency (EE) 

EE of the formulated NLCs was determined by gel chromatographic 
technique, using Sephadex G-50 column (2 cm length × 1 cm diameter) 
(CH et al., 2014; Gu et al., 2011; Managuli et al., 2019; Zhang et al., 
2014). Briefly, Sephadex G-50 was allowed to swell by soaking in water 
for 12 h at room temperature after which the gel was packed into a 
syringe and centrifuged at 1500xg  for about 2 min. Later, the column 
was hydrated by adding 0.5 mL of water, following which 0.5 mL of 
NLCs suspension was passed through the column. 0.5 mL of water was 
further added for the complete elution of NLCs. The collected turbid 
suspension was treated with methanol to rupture the NLCs, centrifuged 
at 16000xg  for 10 min, and the supernatant was analyzed using RP- 
HPLC with suitable dilutions (Singh and Pai, 2014). 

2.7. Preparation and evaluation of NLCs incorporated into carbopol 

The optimized NLCs formulation was incorporated into carbopol 
(0.1% w/v) as a thickening agent, which was neutralized with trietha-
nolamine (Al-malah, 2014; Lubrizol, 2010). Benzoic acid (0.1% w/v) 
was added as a preservative and ascorbic acid (0.3%) as an antioxidant. 
The viscosity of the formulation was determined using Brookfield pro-
grammable rheometer (Brookfield, LVDV-III U CP, USA). The formula-
tion is denoted as RVT-NLCs-CP in this manuscript. Drug content of the 
formulation was determined by treating the formulation with methanol 
followed by estimating the amount of drug present using RP-HPLC with 
suitable dilution. 

2.8. In vitro drug release study 

The RVT release from RVT-NLCs and RVT-NLCs-CP was examined 

using the dialysis bag method (Bohrey et al., 2016). 2 mL of the 
formulation was transferred into a preactivated dialysis bag (12 kDa cut- 
off) and sealed on both ends. This was placed in 200 mL of phosphate 
buffer saline (PBS), pH 7.4, maintained at 37 ± 2 ◦C for 48 h. The 
samples were collected at predetermined time intervals and analyzed 
using RP-HPLC with appropriate dilutions. 

2.9. Skin permeation and retention study using hollow microneedles 

The permeation study was performed using porcine ear skin obtained 
from a local slaughterhouse. The porcine skin was then sandwiched 
between the donor and receptor compartment of the Franz diffusion cell 
(Orchid Scientific, India), the dermis facing towards the donor 
compartment. The receptor compartment was filled with pH 7.4 PBS 
maintained at 32 ± 2 ◦C and 450 rpm. For the experiment, three 
different dimensions of the microneedle array system were used namely 
600, 777, and 1200 (AdminPatch® Microneedle Arrays, Nano-
BioScience LLC, CA, USA) denoted as 600 MN, 777 MN, and 1200 MN in 
this manuscript. The hollow microneedle arrays were gently pressed on 
the porcine skin. The skin with the microneedle array system was kept 
undisturbed throughout the experiment (Nayak et al., 2020). After 
setting up the skin (Fig. 1) with microneedle arrays in the Franz diffusion 
cell, the donor compartment was filled with 2 mL of RVT-NLCs-CP, and 
the experiment was carried out for 24 h. The samples were collected at 
predetermined time intervals, treated with methanol (to rupture the 
intact NLCs), and analyzed using RP-HPLC after suitable dilution. At the 
end of the experiment, the skin was homogenized in PBS, extracted with 
methyl t-butyl ether (MTBE), and the samples were analyzed using RP- 
HPLC. 

2.10. Accelerated stability studies 

The stability studies of the optimized formulation (RVT-NLCs-CP) 
was performed as per the International Council for Harmonization of 
Technical Requirements for Pharmaceuticals for Human Use (ICH) Q1A 
(R2) guidelines at 5 ± 3 ◦C and 25 ± 2 ◦C/60 ± 5% RH for four months. 
The stability of the formulation was assessed by the change in the vis-
cosity, drug content, and drug release (International Conference on 
Harmonisation Guidelines, 2003; Nagaich and Gulati, 2016). 

2.11. In vitro cell line studies 

2.11.1. Cytotoxicity assay 
Cytotoxicity studies of the optimized NLCs were carried out on MDA- 

MB-231 breast cancer cell lines using alamarBlue assay (Bonnier et al., 
2015; Tahara et al., 2017). Cells were seeded in 96-well plates in 180 µL 
of Dulbecco’s Modified Eagle Medium (DMEM) containing 10% heat- 
inactivated fetal bovine serum (FBS), and 1% v/v antibiotics (peni-
cillin and streptomycin) at a density of 1 × 104 cells per well. The cells 
were allowed to adhere in the incubator at 37 ◦C, 5% CO2. After 24 h of 
incubation, the cells were treated with 20 µL of RVT solution in 0.8% 
DMSO, or RVT loaded NLCs in PBS or placebo NLCs in PBS. The final 
concentration of RVT in each well ranged from 0.1 µg/mL-100 µg/mL. 
After 48 h of treatment, media from each well was replaced with 200 µL 
of resazurin solution (10% w/v) in media and incubated for another 3 h 
(Uzunoglu et al., 2010). Fluorescence intensity was measured at 530/ 
590 nm using a plate reader (SpectraMax m5e, Molecular Devices, USA). 

2.11.2. Cellular uptake study 
Cellular uptake of RVT loaded NLCs was performed on MDA-MB-231 

breast cancer cell lines. Cells were seeded in sterile 24-well plates at a 
concentration of 1.2 × 105 cells per well and incubated for 24 h to allow 
cell adhesion. The cells were treated with FITC loaded NLCs. After 
predetermined time intervals (1 h, 2 h, 4 h, and 6 h), the cells were 
washed 3 times with PBS to remove the free NLCs that were not uptaken 
by the cells. The cells were then fixed with 4% paraformaldehyde, and 
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nuclei were stained with Hoechst solution (Farooq et al., 2019; Kayani 
et al., 2018). The cellular uptake profile was determined by recording 
integrated fluorescence density per cell using a confocal laser micro-
scope (FV1000 SPD, Olympus, USA). Fluorescence intensity per cell was 
measured using Fiji – ImageJ software (Basic Intensity Quantification with 
ImageJ, n.d., “Measuring cell fluorescence using ImageJ — The Open Lab 
Book v1.0,” n.d.; Miura, 2020). 

2.11.3. Cell migration assay 
The cell migration assay was performed using MDA-MB-231 cells 

seeded in a 96-well plate at a density of 5 × 105 cells per well. After 24 h, 
a scratch to the monolayer was made using a 200 µL pipette tip, followed 
by washing with PBS three times to remove the detached cells. The 
scratched cell monolayer was treated with the IC50 concentration of RVT 
solution and RVT-loaded NLCs, (n = 3). The plates were then incubated 
in a CO2 incubator and imaged at 0, 12, and 24 h using a light micro-
scope (Carl Zeiss Microscopy, Germany). The wound width (the scratch 
segment that remained open) was measured using Fiji – ImageJ software 
(10 measurements were taken for each image). To compare the groups, a 
two-way ANOVA with a Post-Hoc analysis using Tukey’s test was per-
formed using GraphPad Prism® 8.0 (La Jolla, CA, USA). 

2.12. Preclinical pharmacokinetic and tissue distribution studies 

2.12.1. Animals 
Female Sprague Dawley rats weighing between 180 and 200 g were 

obtained from the Central Animal Research Facility, Manipal Academy 
of Higher Education, Manipal. The rats were housed in polypropylene 
cages with access to food and water ad libitum, acclimatized to 12 h 
light/dark cycles at a temperature of 25 ± 3 ◦C and relative humidity 65 
± 5%. The studies were performed as per the guidelines framed by the 
Committee for Control and Supervision of Experiments on Animals 
(CPCSEA) and the approved protocol (IAEC/KMC/33/2017). 

2.12.2. Experimental design for pharmacokinetic studies 
The Sprague Dawley rats were randomly divided into three groups of 

six each. They were treated as per the following design: 

Group 1: RVT p.o. at a dose of 20 mg/kg 
Group 2: RVT-NLCs-CP subcutaneous (SC) at a dose of 20 mg/kg 
(equivalent to RVT) 
Group 3: RVT-NLCs-CP via MN array at a dose of 20 mg/kg (equiv-
alent to RVT) 

Blood was withdrawn periodically and collected in a tube containing 
10% EDTA. The plasma was collected by centrifugation and stored at 
− 80 ◦C till the estimation of RVT in it. The amount of RVT in the plasma 
was quantified as per the previously reported RP-HPLC method (Chen 
et al., 2007). The pharmacokinetic parameters, namely Cmax, Tmax, area 
under the curve (AUC), mean residence time (MRT), and elimination 
rate (Ke) was determined using PK Solutions 2.0™. The student’s t-test 
was used to analyze the difference between the group 3 vs group 1, and 
group 3 vs group 2 using GraphPad Prism® 8.0 (La Jolla, CA, USA). 

2.12.3. Tissue distribution studies 
To quantify the amount of RVT in the breast tissue, rats were divided 

into two groups consisting of twenty one rats in each group and treated 
as per those in group 1 and group 3 in pharmacokinetic studies (Section 
2.12.2). At predetermined time intervals, rats were sacrificed, and breast 
tissue was collected. The collected tissues were homogenized and RVT 
present in the tissue was quantified using RP-HPLC. The student’s t-test 
was used to analyze the difference between the groups using GraphPad 
Prism® 8.0 (La Jolla, CA, USA). 

3. Results and discussion 

The present work involves the design, development, and evaluation 
of RVT loaded NLCs wherein the variables affecting the particle size, 

Fig. 1. Photographs of (a) Microneedle array (1200 MN), skin with microneedle array system in Franz diffusion cell (b) top view, and (c) side view.  
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PDI, zeta potential, and entrapment efficiency of NLCs were screened 
and optimized. The working range of the variables was finalized fol-
lowed by its optimization using the Design of experiments. The ex vivo 
permeation studies of the optimized NLCs were performed using MN 
arrays. Further in vitro efficacy testing was performed in MDA-MB-231 
breast cancer cell lines. 

3.1. Solubility studies 

RVT showed maximum solubility in GMS among the chosen solid 
lipids. This may be due to the hydrogen bonding between the hydroxy 
group of RVT and GMS, and the lipophilic interactions between the 
stearyl chain of GMS and benzene rings of RVT. Similarly, RVT exhibited 
the highest solubility in capryol 90 (liquid lipid) and least solubility in 
1% w/v of poloxamer 188 surfactant solution. Therefore, GMS, capryol 
90, and poloxamer 188 were selected as the solid lipid, liquid lipid, and 
surfactant, respectively for the development of NLCs. The solubility of 
RVT in different lipids and surfactants is shown in Fig. 2. An appropriate 
blend of solid lipid and liquid lipid helps in the improvement of 
entrapment efficiency by reducing the crystallinity of RVT and pre-
venting the expulsion of the drug during storage (Haider et al., 2020; 
Subramaniam et al., 2020). 

3.2. Optimization of the NLCs using a statistical model 

3.2.1. Screening of the independent variables 
The screening of independent variables (total lipid, surfactant con-

centration (%), oil (%), drug (%), sonication amplitude, sonication 
pulse, sonication time, temperature) was performed using the Plackett- 
Burman design. Plackett-Burman design is useful in the preliminary 
screening studies to identify the main factors influencing the responses 
from a large number of factors (Vatanara et al., 2007). 

Pareto charts were used to determine significant factors among in-
dependent variables. One-way ANOVA was performed for the same, and 
factors with p < 0.05 were considered to be statistically significant. The 
experimental responses observed in the Plackett-Burman design are 
depicted in Table 3. 

The Pareto chart (Fig. 3) gives the visual impression of the significant 
factors influencing the desired responses. It was observed that the sur-
factant concentration, total lipid, oil (%), and drug (%) showed a sig-
nificant influence on the dependent variables. Surfactant concentration 
was the topmost factor followed by total lipid, which was significantly 
influencing particle size. Similarly, total lipid was the highest influ-
encing factor on the entrapment efficiency followed by surfactant con-
centration, oil (%), and drug (%). However, the independent variables 
did not significantly influence the PDI and zeta potential of the NLCs at 

Fig. 2. Solubility of RVT in (a) Solid lipids, (b) Liquid lipids and (c) Surfactant solutions (1% w/v).  

Table 3 
Summary of results obtained for Plackett-Burman design.  

Batches X1 X2 X3 X4 X5 X6 X7 X8 Particle size (nm) PDI Zeta potential (mV) %EE 

PB-1 70 0.5 5 15 40 10 1 90 200.45 ± 10.12 0.383 ± 0.055 − 6.32 ± 0.35 59.23 ± 1.4 
PB-2 150 3 5 15 20 5 1 90 134.20 ± 5.87 0.302 ± 0.048 − 8.86 ± 0.53 60.06 ± 4.67 
PB-3 70 3 30 5 40 5 1 70 99.25 ± 4.35 0.440 ± 0.086 − 8.60 ± 0.35 34.45 ± 1.98 
PB-4 150 3 30 5 40 10 1 90 120.23 ± 5.63 0.278 ± 0.073 − 4.06 ± 0.22 66.02 ± 5.27 
PB-5 70 3 30 15 20 10 5 70 97.39 ± 7.92 0.366 ± 0.059 − 10.60 ± 0.81 48.39 ± 2.44 
PB-6 70 0.5 30 15 40 5 5 90 180.51 ± 12.48 0.448 ± 0.093 − 9.20 ± 0.37 46.81 ± 3.09 
PB-7 150 0.5 5 5 40 10 5 70 350.01 ± 9.54 0.280 ± 0.074 − 10.30 ± 0.76 88.73 ± 5.68 
PB-8 150 0.5 30 5 20 5 5 90 356.70 ± 11.2 0.388 ± 0.061 − 10.50 ± 0.68 79.10 ± 3.79 
PB-9 150 0.5 30 15 20 10 1 70 384.50 ± 10.73 0.655 ± 0.079 − 12.50 ± 0.94 70.07 ± 3.67 
PB-10 70 3 5 5 20 10 5 90 95.46 ± 4.71 0.403 ± 0.053 − 9.01 ± 0.69 62.39 ± 2.21 
PB-11 150 3 5 15 40 5 5 70 120.04 ± 6.88 0.435 ± 0.071 − 8.86 ± 0.48 61.11 ± 2.65 
PB-12 70 0.5 5 5 20 5 1 70 156.31 ± 8.29 0.380 ± 0.065 − 10.50 ± 0.94 69.24 ± 3.16 

X1 = Total lipid (mg), X2 = Surfactant concentration (%), X3 = Oil (%), X4 = Drug (%), X5 = Sonication amplitude (%), X6 = Sonication pulse (sec), X7 = Sonication 
time (min), X8 = Temperature (◦C). 
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the levels studied. Out of the eight independent variables, only the 
material attributes significantly influenced the dependent variables. As 
the process parameters did not affect the outcome, we carried out 
further optimization of NLCs by maintaining the sonication time, 
amplitude, and pulse at 5 min, 40%, and 10 sec respectively, with a 
temperature of 80 ◦C. 

3.2.2. Statistical optimization of the independent variables 
Based on the results of preliminary screening using Plackett-Burman 

design, the effect of the material attributes, total lipid, surfactant con-
centration, oil (%), and drug (%) were further investigated on the 
desired responses of NLCs using Box-Behnken design. The Box-Behnken 
design was used to optimize and evaluate the main effects, interaction 
effects, and quadratic effects of the process variables. A total of 27 runs 
along with the responses obtained are summarized in Table 4. The in-
fluence of the independent variables on the outcome was assessed from 
the three-dimensional surface plot. The positive sign of the coefficients 
indicates a positive influence on the variables, whereas the negative sign 
reveals a negative effect. The Pareto chart showing the main effects, 
interaction effects, and effects of squared factors on the particle size, 
PDI, zeta potential, and entrapment efficiency is shown in Fig. 4. 

3.2.2.1. Effect of independent variables on particle size. The particle size 
of NLCs was found to be in the range of 103.48 ± 3.65 nm to 708.3 ±
12.84 nm. We observed that the higher the surfactant concentration, the 
smaller the particle size. This could be explained by the theory that 
higher surfactant concentration stabilizes the formed nanoparticle by 
completely covering their surface and thereby preventing the 

coalescence of smaller particles into bigger particles (Kaur et al., 2016; 
Zirak and Pezeshki, 2015). The total lipid concentration showed a pos-
itive influence on the particle size. The increase in the particle size with 
an increase in the lipid could be attributed to increased lipid phase 
viscosity, thus reducing the shearing capacity of the probe sonicator 
(Emami et al., 2015). Amongst all the independent variables, the sur-
factant concentration exhibited the maximum influence on the particle 
size observed from its F-value. The regression equation for particle size, 
presenting the significant factors is shown in Eq. (1). 

Particle size = − 177 + 6.8 [Total lipid] − 342 [Surfactant]
+ 583.1 [Surfactant* Surfactant]
− 13.12 [Total lipid* Surfactant]

(1)  

3.2.2.2. Effect of independent variables on PDI. The PDI of the formula-
tion batches was found to range between 0.201 ± 0.027 and 0.502 ±
0.062. As the surfactant concentration increased, the PDI was found to 
decrease, which was evident from the results. This may be due to the 
reduction in the surface tension between the lipid and aqueous phase 
with an increase in the surfactant concentration, thereby providing a 
better mixing and uniform distribution of shear during sonication (Koh 
et al., 2014). The total lipid concentration showed a positive effect on 
the PDI. This can be explained by the increase in the viscosity of the lipid 
phase with an increase in the lipid concentration which restricts the 
uniform distribution of shear during sonication, thus leading to the 
heterogeneous distribution of particles. Among all the independent 
variables under study, the surfactant concentration showed a maximum 
influence on the PDI of the NLCs. The regression equation for PDI 

Fig. 3. Pareto chart showing the effect of independent variables from Plackett-Burman design.  
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Table 4 
Summary of the results obtained using Box-Behnken design.  

Batches Y1 Y2 Y3 Y4 Particle size (nm) PDI Zeta potential (mV) %EE 

BB-1 90  1.5 5 10 110.48 ± 4.72 0.224 ± 0.031 − 6.32 ± 0.46 62.43 ± 2.63 
BB-2 110  1.5 15 5 109.61 ± 3.76 0.262 ± 0.028 − 10.86 ± 0.51 81.91 ± 3.41 
BB-3 90  1.5 10 15 143.48 ± 6.02 0.339 ± 0.035 − 8.61 ± 0.47 58.03 ± 2.62 
BB-4 130  1.5 10 5 195.50 ± 6.83 0.336 ± 0.027 − 4.06 ± 0.24 87.45 ± 2.48 
BB-5 110  1.5 10 10 110.03 ± 3.09 0.218 ± 0.031 − 6.60 ± 0.33 79.92 ± 4.01 
BB-6 110  1.0 10 15 526.14 ± 4.46 0.651 ± 0.048 − 9.20 ± 0.58 79.34 ± 3.85 
BB-7 110  2.0 10 15 108.52 ± 3.68 0.215 ± 0.032 − 7.83 ± 0.46 57.43 ± 3.36 
BB-8 130  2.0 10 10 123.53 ± 4.32 0.209 ± 0.019 − 8.52 ± 0.32 72.31 ± 2.34 
BB-9 110  2.0 15 10 110.01 ± 2.59 0.211 ± 0.039 − 11.50 ± 0.52 68.06 ± 3.75 
BB-10 110  1.5 15 15 134.28 ± 2.48 0.286 ± 0.045 − 10.50 ± 0.48 68.74 ± 2.56 
BB-11 110  2.0 10 5 106.32 ± 3.65 0.213 ± 0.036 − 8.86 ± 0.59 78.91 ± 3.33 
BB-12 130  1.5 10 15 202.46 ± 4.24 0.325 ± 0.028 − 7.51 ± 0.42 82.64 ± 4.21 
BB-13 110  1.5 10 10 110.02 ± 2.76 0.218 ± 0.034 − 6.62 ± 0.33 79.92 ± 3.76 
BB-14 130  1.5 5 10 188.92 ± 4.93 0.358 ± 0.038 − 4.46 ± 0.27 83.21 ± 2.64 
BB-15 110  2.0 5 10 107.89 ± 3.52 0.208 ± 0.040 − 5.01 ± 0.38 67.58 ± 3.32 
BB-16 110  1.5 5 5 109.15 ± 4.26 0.216 ± 0.046 − 5.06 ± 0.42 83.02 ± 4.27 
BB-17 110  1.0 15 10 492.47 ± 10.43 0.489 ± 0.076 − 10.65 ± 0.73 84.51 ± 4.35 
BB-18 110  1.5 10 10 110.06 ± 4.02 0.218 ± 0.034 − 6.61 ± 0.47 79.92 ± 4.84 
BB-19 110  1.5 5 15 108.66 ± 3.54 0.203 ± 0.035 − 4.33 ± 0.36 69.63 ± 2.66 
BB-20 90  1.0 10 10 163.67 ± 5.38 0.307 ± 0.064 − 6.50 ± 0.35 76.52 ± 3.46 
BB-21 90  1.5 10 5 107.51 ± 2.76 0.245 ± 0.028 − 8.50 ± 0.49 73.68 ± 2.57 
BB-22 130  1.5 15 10 198.84 ± 4.46 0.263 ± 0.053 − 9.98 ± 0.62 83.34 ± 3.39 
BB-23 110  1.0 10 5 315.60 ± 7.36 0.385 ± 0.032 − 7.84 ± 0.59 84.55 ± 4.68 
BB-24 130  1.0 10 10 708.32 ± 12.84 0.668 ± 0.047 − 8.50 ± 0.61 86.20 ± 2.95 
BB-25 110  1.0 5 10 408.68 ± 6.34 0.502 ± 0.062 − 4.32 ± 0.36 85.57 ± 3.43 
BB-26 90  2.0 10 10 103.48 ± 3.65 0.201 ± 0.027 − 8.86 ± 0.53 48.23 ± 5.32 
BB-27 90  1.5 15 10 109.52 ± 3.98 0.223 ± 0.023 − 9.60 ± 0.72 58.91 ± 2.02 

Y1 = Total lipid (mg), Y2 = Surfactant concentration (%), Y3 = Oil (%), Y4 = Drug (%), 

Fig. 4. Pareto chart showing the effect of independent variables from Box-Behnken design.  
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presenting the significant factors is shown in Eq. (2). 

PDI = 0.13 + 0.0016 [Total lipid] − 0.352 [Surfactant]
+ 0.4265 [Surfactant*Surfactant]
− 0.00882 [Total lipid*Surfactant]
− 0.0264 [Surfactant conc*Drug]

(2)  

3.2.2.3. Effect of independent variables on zeta potential. The zeta po-
tential varied between − 4.06 ± 0.24 mV and − 11.5 ± 0.52 mV. The oil 
content showed a positive effect on the zeta potential. Enhanced 
repulsion between the NLCs is expected with a higher zeta potential. The 
surfactant used in the study, poloxamer 188, is a high molecular weight, 
non-ionic surfactant which will sterically stabilize the NLCs despite the 
low zeta potential (Han et al., 2008). The regression equation for zeta 
potential presenting the significant factors is shown in Eq. (3). 

Zeta potential = − 25.6 + 0.445 [Oil] − 4.13 [Surfactant*Surfactant]
(3)  

3.2.2.4. Effect of independent variables on entrapment efficiency (EE). 
The entrapment efficiency of the various batches of NLCs ranged from 
48.23 ± 5.32% to 87.45 ± 2.48%. It was observed that the higher the 
total lipid concentration, the greater is the % EE, which may be due to 
the higher solubilization of RVT in the lipid, thereby ensuring less RVT 
available for partitioning into the aqueous phase. Besides, an increase in 
the lipid content increases the viscosity of the lipid phase, which in turn 
helps in quicker solidification of lipid, thereby giving little time for the 
drug to diffuse out of the lipid (Hao et al., 2011). As the surfactant 
concentration increases, the % EE was found to reduce. The increase in 
the surfactant increases the solubilization of RVT in the aqueous phase, 
subsequently leading to an increase in the partitioning of RVT from lipid 
phase to aqueous phase, which was also reported in other studies (Khalil 
et al., 2013). We observed a negative effect of the drug (%) on % EE, 
which may be due to the lack of enough lipid molecules present to sol-
ubilize RVT completely in lower lipid content and thereby increase the 

partitioning of RVT into the aqueous phase (Thatipamula et al., 2011). 
Among all the independent variables, the total lipid showed a major 
impact on the % EE of RVT into the NLCs as observed from the F value. 
The regression equation for % EE, presenting the significant factors is 
shown in Eq. (4). 

% EE = − 66.4 + 2.571 [Total lipid] − 1.5 [Surfactant] − 0.69 [Drug]
− 0.01356 [Total lipid*Total lipid]
− 13.58 [Surfactant *Surfactant]
+ 0.360 [Total lipid*Surfactant]
− 1.626 [Surfactant *Drug]

(4) 

The three-dimensional (3D) surface plots give us a visual observation 
of the obtained results. The factors that have shown a major impact on 
the critical variables were considered for constructing the 3D surface 
plots and are presented in Fig. 5. Fig. 5a presents the effect of total lipid 
and surfactant concentration on the particle size. As evident from the 
plot, the particle size increases with an increase in the total lipid and a 
reduced surfactant concentration. PDI of the formulation decreased with 
the increase in the surfactant concentration and decreased total lipid 
concentration (Fig. 5b). The zeta potential was found to decrease as the 
oil (%) increases; however, total lipid concentration did not influence 
the zeta potential (Fig. 5c). The EE of NLCs increased with an increase in 
the total lipid and a decrease in the surfactant concentration (Fig. 5d). 

The desirability plot was generated using the software by giving the 
input of the upper and lower limits of the desired responses. The pre-
dicted values for the variables, which would help in achieving the 
desired responses were noted down. A composite desirability value of 
0.9075 was obtained. The suitability of the software-predicted runs was 
assessed by performing the experimental runs and then comparing the 
results obtained by the software. The results are presented in Table 5. 
The results showed a closeness with the predicted results evident from 
the lower error. This demonstrates that the formulation parameters 
suggested by the software hold well from an experimental point of view. 
Fig. 6 shows the desirability plot for the optimized formulation (RVT- 

Fig. 5. Three-dimensional surface plots of (a) Particle size vs. total lipid, surfactant concentration, (b) Polydispersity index (PDI) vs. surfactant concentration, total 
lipid, (c) Zeta potential vs. oil (%), total lipid, (d) Entrapment efficiency vs. surfactant concentration, total lipid. 
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NLCs). 

3.2.3. Establishment and validation of the design space 
The overlay contour plot generated to establish the design space is 

presented in Fig. 6. It provides a range within which we can expect the 
desired responses in a study. The plot was obtained by applying con-
straints on the desired responses. Two factors, namely total lipid and 
surfactant concentration were included, and the rest of the factors, oil 
(%) and drug (%) were kept at hold values corresponding to that of the 
optimized formulation. 

The design space analysis is important from a scale-up point of view 
to assess the robustness of the generated design space. The software 
suggested values within the design space, as well as in and around it was 
compared with the experimental results (Table 5). The flagged region-1 
represents the design space, flagged region-2 is the one on the boundary 
line of the design space, and flagged region-3 falls outside the design 
space generated (Fig. 7). The regions outside the design space are those 
where any one of the responses will be either lower or higher than 
desired. The results suggest that the design space was found to be sen-
sitive to changes in the independent variables when formulations were 
developed as per the conditions mentioned beyond the design space. 
Nevertheless, any area within the design space showed similar results as 
that predicted, suggesting the robustness of the design space. 

3.3. Characterization of the NLCs formulation 

3.3.1. Surface morphology by TEM 
The prepared RVT-NLCs were visualized using TEM (Fig. 8A). NLCs 

were spherical with a smooth and regular surface, and size distribution 
was found to be uniform, and there was no visible aggregation of RVT- 
NLCs. 

3.3.2. DSC analysis 
As shown in Fig. 8B, the DSC thermogram for pure RVT revealed a 

sharp melting endotherm at 269.86 ◦C. The physical mixture of RVT 
with GMS showed two endothermic peaks at 264.04 ◦C and 74.51 ◦C 
corresponding to RVT and GMS, respectively. The absence of the melting 
endotherm corresponding to RVT in the thermogram of RVT-NLCs 
indicated the encapsulation and transformation of RVT into amor-
phous form in the NLCs formulation. 

3.3.3. Powder X-ray diffraction studies 
The powder X-ray diffractogram of pure RVT showed intense Bragg 

peaks at 2θ values of 6.45◦, 16.32◦, 18.91◦, and 28.04◦ indicating its 
crystalline nature. In the placebo NLCs, two peaks were observed at 
19.75◦ and 22.99◦. However, in RVT-NLCs, the absence of intense peaks 
corresponding to RVT suggested the conversion of RVT into its amor-
phous form when encapsulated within the solid and liquid lipid matrix 
of NLCs (Fig. 8C) (Vijayakumar et al., 2016; Zu et al., 2014). This result 
was supported by the DSC analysis as discussed in Section 3.3.2. 

3.3.4. FT-IR analysis 
In the FT-IR spectra (Fig. 8D), RVT showed characteristic peaks at 

3292.49 cm− 1 (–OH stretching), 1382.96 (phenyl –OH bending), 
1151.50 cm− 1 (C-O stretching), 1591.27 cm− 1 to 1452.40 cm− 1 (aro-
matic C = C stretching), 3024.38 cm− 1 (C-H stretching for alkene), 
2889.37 cm− 1 (C-H stretching for alkane), and 977.91 cm− 1 (disubsti-
tuted C = C trans alkene bending) (Jose et al., 2014). All the charac-
teristic peaks of RVT were present in the optimized NLCs formulation 
(RVT-NLCs), thus demonstrating that there was no significant change in 
the RVT functional groups in the NLCs formulation. 

3.3.5. Evaluation of RVT-NLCs incorporated into carbopol 
The optimized RVT-NLCs were incorporated into carbopol 934 (CP) 

as a thickener. The RVT-NLCs-CP was found to be whitish with ho-
mogenous consistency when observed visually. The viscosity of the gel 
was found to be 6,845 ± 6.32 cps at 25 ◦C. 

3.3.6. In vitro release profile 
The in vitro release profile from the RVT-NLCs and RVT-NLCs-CP is 

shown in Fig. 9. We observed 72.82 ± 9.24% and 84.80 ± 5.42% of drug 
release from the RVT-NLCs and 51.81 ± 6.31% and 83.79 ± 4.01% of 
drug release from RVT-NLCs-CP at the end of 12 h and 48 h, respectively. 
An initial burst release of RVT from RVT-NLCs was observed, which may 
have occurred due to the RVT present on the surface of NLCs. Following 
this, a sustained release was observed, which may be attributed to the 
slow diffusion of RVT from the core of the NLCs as reported in literatures 
(Poonia et al., 2019; Rute Neves et al., 2013). The release of RVT from 
RVT-NLCs-CP was slower till 12 h when compared to that from RVT- 
NLCs. This may be due to the time taken for RVT to diffuse out of the 
carbopol matrix. The data obtained for RVT-NLCs were fitted into zero- 
order, first-order, Higuchi and Korsmeyer-Peppas models to predict the 
release kinetics and mechanism of RVT release. The release from RVT- 
NLCs was found to follow the Higuchi model with an R2 = 0.839. The 
n value obtained from the Korsmeyer-Peppas model was found to be 
0.831, suggesting an anomalous transport of RVT from NLCs matrix 
indicating that the drug release is controlled by more than one process, 
coupling of diffusion controlled and erosion mechanism. A smaller sized 
particle releases the drug faster than that compared to larger size par-
ticles due to its higher surface area and shorter diffusion path. During 
the process of melt emulsification method, due to the saturation solu-
bility, drug gets partitioned into the aqueous phase at high temperature, 
and during further cooling, repartitioning into the lipid phase takes 
place. A solid core starts forming at the recrystallization temperature 
and the crystallized core is no longer available for repartitioning of the 
drug, hence drug concentration will be higher near the surface of a 
particle than compared to its core, which is the main reason for the 
initial burst release of drug (Chen et al., 2017; Duong et al., 2019; Khosa 

Table 5 
Predicted and observed responses for the optimized formulation and evaluation 
of the sensitivity of the design space.  

Response Predicted 
value 

Observed % 
Error* 

Software suggested solution for 
optimized formulation (RVT-NLCs)    

Particle size (nm)  102.37 104.47 ±
4.35  

2.05 

Polydispersity index  0.19 0.19 ± 0.02  3.61 
Zetapotential (mV)  − 10.51 − 9.81 ±

0.75  
6.66 

Entrapment efficiency (%)  78.91 77.57 ±
1.06  

1.70 

Flagged region-1    
Particle size (nm)  79.20 79.65 ±

4.13  
0.57 

Polydispersity index  0.18 0.18 ± 0.09  0.55 
Zeta potential (mV)  − 10.37 − 10.39 ±

2.99  
0.19 

Entrapment efficiency (%)  75.61 74.63 ±
1.18  

1.30 

Flagged region-2    
Particle size (nm)  83.16 87.57 ±

3.82  
5.30 

Polydispersity index  0.21 0.20 ± 0.01  5.31 
Zetapotential (mV)  − 10.11 − 9.41 ±

3.98  
6.92 

Entrapment efficiency (%)  70.02 69.54 ±
0.52  

0.68 

Flagged region-3    
Particle size (nm)  159.76 156.90 ±

6.70  
1.79 

Polydispersity index  0.25 0.24 ± 0.03  2.02 
Zetapotential (mV)  − 9.95 − 10.27 ±

1.31  
3.22 

Entrapment efficiency (%)  79.94 79.25 ±
1.40  

0.86  

* % Error = (Predicted results − observed results)/Predicted results × 100. 
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Fig. 6. Desirability plot for the optimized NLCs formulation.  

Fig. 7. Overlay contour plot indicating the design space.  
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et al., 2018; Nagaich and Gulati, 2016; Zur Mühlen et al., 1998). 

3.3.7. Skin permeation study using MN 
The MN provides minimally invasive quick onset of action much like 

hypodermic needle (Halder et al., 2020). The main rationale to use MN 
is to provide high concentration of drug around the site of application 
locally. Bores in the microneedles provides an effective means of de-
livery for local drug absorption which may otherwise not be possible 
only with NLCs. MN enables the delivery and diffusion of the NLCs into a 
wide area continuously through the MN bores. Moreover, the lipophilic 
nature of NLCs helps in creating depot of drug (Raghu Nandan Reddy, 
2012) which will distribute into the nearby adipose tissue in the breast 
and helps to maintain high drug concentration at the breast tissue and 
very little amount of drug will be released into the blood stream in a 
controlled manner. 

In this study, hollow microneedle array was used for the delivery of 
intact NLCs. Coated microneedles cannot be used for the NLCs loading as 
it is difficult to achieve the efficient coating of NLCs and release of intact 
NLCs. Another reason behind using microneedle array system instead of 
loading the drug within the MN is to provide flexibility for dose 
adjustment, to suit the patient requirement. Davis et al. (2005) have 

Fig. 8. (A) TEM images of RVT-NLCs at scale bar of (a) 200 nm and (b) 100 nm, (B) DSC thermograms (C) Powder X-ray diffractogram and (D) FT-IR spectra of pure 
RVT and formulations. 
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Fig. 9. Drug release profile of RVT loaded formulations.  
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used microneedle arrays for the efficient delivery of insulin and obtained 
promising results (Davis et al., 2005). In one of our previous works, we 
have successfully delivered donepezil loaded niosomes to the brain with 
the help of similar MN arrays (Nayak et al., 2020). 

MN array systems used in the experiment had a diameter of 1 cm2, 
with variation in needle number and length. The needles 1200 MN, 777 
MN, and 600 MN had a length of 1100 µm, 700 µm, and 500 µm with 43, 
121, and 187 needles per cm2 respectively. The results of the skin 
permeation study revealed that the 1200 MN showed maximum 
permeation and flux as compared to that without MN as well as other 
MN array systems, with the order of permeation 1200 MN > 777 MN >
600 MN > without MN (Fig. 10). The maximum permeation ability of 
the 1200 MN array system may be due to the higher needle length as 
compared to other MN array systems. Although the 600 MN array sys-
tem had the highest needle number per cm2, it showed lower permeation 
than 1200 MN. It was evident that permeation increases with the length 
of the needles, irrespective of the number of needles per cm2. The 1200 
MN reaches deep into the dermis, the deeper region of the dermis con-
sists of a network of blood vessels, this might be the reason why it has 
shown lower skin retention compared with other MN arrays (Fernandes, 
2017). 1200 MN has a fewer number of needles, hence a lesser number 
of cuts on the skin, thereby leading to less amount of drug diffusion in 
the horizontal direction into the skin. The studies carried out without 
MN showed maximum skin retention which may be due to the stratum 
corneum’s higher lipidic nature which may hold and prevent the NLCs 
from crossing the skin (Viegas et al., 2020). A 32.8 fold increase in the 
permeation was observed using 1200 MN compared to that without the 
MN. Based on the results, we concluded that the 1200 MN array system 
could maintain the required flux of RVT to achieve the therapeutic 
concentration. Table 6 presents the data for the cumulative RVT 
permeated, the flux of RVT across the skin, and its retention in the skin at 

the end of 24 h. 

3.4. Accelerated stability studies 

The stability of RVT-NLCs-CP was assessed at 5 ± 3 ◦C and 25 ± 2 ◦C/ 
60 ± 5% relative humidity (RH) for four months period (Manikkath 
et al., 2020). The samples were analyzed after the 2nd and 4th months 
for viscosity, drug content, and % release of RVT. The viscosity of the 
formulation did not show any significant change during the stability 
study period. The samples kept at 5 ± 3 ◦C showed around 3 % reduction 
in the assay value at the end of 4th month. However, the samples stored 
at 25 ◦C ± 2 ◦C/60% RH ± 5% RH showed around 5% decrease in the 
assay value at the end of 2nd month and about 7% reduction in assay 
value at the end of 4th month, which may be due to the degradation of 
RVT (Table 7). The % release of RVT from the formulation did not 
change during the stability study period (Kosović et al., 2020; Nagaich 
and Gulati, 2016). 

3.5. Cell cytotoxicity assay 

The MDA-MB-231 cell viability profile on treatment with RVT and 
RVT- NLCs is shown in Fig. 11. The IC50 values are shown in Table 8. The 
IC50 of the RVT-NLCs was found to be lower than that of pure RVT, 
indicating that RVT-NLCs are comparatively more potent than the free 
RVT. Reports suggest that NLCs can undergo cellular internalization due 
to their cancer cell affinity owing to their bioadhesive feature and fusion 
with the cell membrane (Chand et al., 2021). The higher penetration of 
RVT-NLCs due to their higher lipophilic nature and slow release of RVT 
from NLCs may be the possible reason for their effective and prolonged 
anticancer activity compared to pure RVT. The placebo NLCs did not 
show any toxic effect on the cell lines, clearly indicating that the cyto-
toxicity of the RVT-NLCs is not due to the carrier by itself (Nordin et al., 
2019). 

3.6. Cellular uptake study 

The results of the study revealed that in MDA-MB-231 cell lines, a 
significant amount of uptake of FITC-NLCs was observed. We observed 
that there was no significant uptake of NLCs at 1 h and 2 h. However, at 
4 h and 6 h, we were able to observe a significant amount of NLCs up-
take. We observed that some of the NLCs have adhered to the membrane, 
which may be due to the lipophilic nature of the NLCs (Fig. 12). 

3.7. Cell migration assay 

The cell migration assay was performed for 24 h after scratching the 
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Fig. 10. Skin permeation profile of RVT-NLCs-CP using needle 1200 MN, 777 
MN, and 600 MN having a length of 1100 µm, 700 µm, and 500 µm with 43, 
121, and 187 number of needles per cm2. 

Table 6 
Skin permeation data using 1200 MN, 777 MN, and 600 MN having needle 
length of 1100 µm, 700 µm, and 500 µm with 43, 121, and 187 number of 
needles per cm2.  

MN array 
system 

Cumulative drug 
permeated at the end of 
24 h (µg) Mean ± SD 

Flux 
(µg/ 
cm2/h) 
Mean ± 
SD 

RVT retention in the 
skin at the end of 24 h 
(µg) Mean ± SD 

MN1200 984.69 ± 91.70 37.44 ±
6.22 

15.60 ± 8.75 

MN777 698.43 ± 65.57 28.75 ±
3.87 

24.33 ± 4.69 

MN600 246.12 ± 54.03 10.62 ±
1.43 

26.51 ± 6.43 

Without 
MN 

30.01 ± 4.30 1.21 ±
0.07 

32.42 ± 8.56  

Table 7 
Data for accelerated stability studies.  

Time 
intervals 

Conditions Viscosity 
(cps) 

Drug 
content 
(%) 

% drug 
release at the 
end of 48 h 

Initial 5 ± 3 ◦C  6809 ± 8.50 99.56 ±
2.91 

84.67 ± 5.67  

25 ◦C ± 2 ◦C/ 
60% RH ± 5% 
RH  

6978 ± 12.64 98.93 ±
2.06 

85.23 ± 4.82 

2 months 5 ± 3 ◦C  6782 ± 10.22 98.85 ±
3.05 

82.98 ± 6.75  

25 ◦C ± 2 ◦C/ 
60% RH ± 5% 
RH  

6964 ± 17.03 93.21 ±
5.87 

86.01 ± 4.52 

4 months 5 ± 3 ◦C  6868 ± 8.63 96.32 ±
3.81 

83.44 ± 6.31  

25 ◦C ± 2 ◦C/ 
60% RH ± 5% 
RH  

6772 ± 18.06 91.80 ±
6.64 

85.61 ± 5.23  
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cell monolayer. The images were taken at intervals of 0 h, 16 h, and 24 h 
(Fig. 13). In the control group and the group treated with placebo NLCs, 
we observed a complete wound closure at 24 h, suggesting that the NLCs 
as carrier played no role in the inhibition of cell migration. In the cells 
treated with the pure RVT and RVT-NLCs, minimum cell migration was 

observed for the study duration (24 h) compared to the initial scratch 
distance. Significant inhibition of wound closure was observed in both 
the pure RVT and RVT-NLCs group (p < 0.05) when compared with the 
control and placebo NLCs groups, demonstrating the cell migration 
inhibitory property of RVT and RVT-NLCs. 

3.8. Pharmacokinetic and tissue distribution studies 

The pharmacokinetic parameters of the developed MN array trans-
dermal drug delivery system were compared with the single dose of pure 
RVT given orally and RVT-NLCs-CP via s.c. route in Sprague Dawley 
rats. The concentration of RVT in the plasma after a single oral dose, and 
RVT-NLCs-CP via MN and s.c. administration is presented in Fig. 14(a) 
and pharmacokinetic parameters are summarized as mean ± SD in 
Table 9. Cmax was significantly increased in MN when compared with the 
pure drug given orally. RVT-NLCs-CP given via MN showed a significant 
rise in the AUC0-t when compared with the pure drug as well as RVT- 
NLCs-CP given s.c, demonstrating an increase in the bioavailability. 
Increase in this AUC0-t and Cmax for RVT-NLCs-CP via MN could be 
attributed to the avoidance of the first-pass metabolism reported for RVT 
when given orally. There was a delay in reaching the Tmax in the MN 
group when compared with oral and s.c. group indicating a sustained 
release of RVT from the carrier or more time taken by the NLCs to reach 
the bloodstream when administered via MN. A higher value of MRT and 
lower value of Ke of RVT-NLCs-CP via MN over oral pure RVT and s.c. 
administration of RVT-NLCs-CP confirms the longer retention of RVT in 
the blood stream when administered via MN. In the s.c group Cmax of 
1251.02 ± 93.34 ng/mL reached at 0.25 ± 0.07 h whereas a Cmax of 
343.75 ± 31.89 ng/mL reached at 2 h in the MN group, indicating a 
rapid rise in the RVT plasma concentration followed by its drastic 
reduction with higher elimination rate in the s.c. group, whereas MN 
group showed steady-state release phase of RVT with lower elimination 
rate. Moreover, in the s.c treated animals, after 12 h, the RVT in the 

Fig. 11. Cell viability analysis using alamarBlue assay on MDA-MB-231 
cell lines. 

Table 8 
Comparison of IC50 values of RVT-NLCs with pure drug.  

Cell lines Sample IC50 (µg/mL)Mean ± SD (n ¼ 3) 

MDA-MB-231 Pure RVT 33.93 ± 7.34 
RVT-NLCs 27.50 ± 3.43  

Fig. 12. Cellular uptake of FITC-NLCs (6 h) (a) bright-field image, (b) Hoechst-stained nuclei of the cells, (c) FITC-NLCs uptake, (d) overlay of images (b) and (c), (e) 
overlay of images (a), (b) and (c). (f) Profile of fluorescence intensity/cell (a.u.) of MDA-MB-231 (the error is represented as SD). 
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plasma could hardly be measured, whereas in that using MN, quite good 
amount of RVT at the end of 24 h was observed, indicating an extended 
release of RVT which may thereby reduce the dosing frequency. The 
significantly higher MRT and lower Ke of RVT-NLCs-CP via MN over oral 
pure RVT and s.c. administration of RVT-NLCs-CP further evidenced the 
sustained release characteristics of RVT incorporated in NLCs when 
administered via MN. Similar trend of results were obtained by Ramöller 
and coworkers in their study (Ramöller et al., 2019). 

Fig. 14(b) represents the RVT concentration profile at different time 

intervals when treated with RVT-NLCs-CP using MN in the breast tissue. 
Higher retention of RVT in the breast tissue compared to plasma was 
observed (at all the time points) indicating the localized/ site-specific 
delivery of the RVT-NLCs. This may be due to the high lipophilic na-
ture of the NLCs and RVT. However, when pure RVT was administered 
orally, a negligible amount of RVT was detected (68 ng/mL) at 0.3 h and 
no response was detected at subsequent time points in the breast tissue 
(Data not shown). The pharmacokinetics parameters calculated for RVT- 
NLCs in the breast tissue demonstrated a significantly higher Cmax, Tmax, 

Fig. 13. In vitro cell migration assay (a) images and (b) quantitative representation of wound width at 0, 16, and 24 h after incubation (n = 3, and data is presented in 
terms of mean ± SD). 
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and AUC0-t compared to that in the plasma (Table 9). These results 
further substantiated that MN-assisted RVT-NLCs-CP successfully 
enhanced the localized delivery of RVT to the breast tissue. 

4. Conclusion 

In the present work, NLCs formulations of RVT were successfully 
developed for the local transdermal delivery via a microneedle array 
system to the breast tissue. The NLCs were optimized using statistical 
models that demonstrated optimum particle size, PDI, zeta potential, 
and drug entrapment. The formulations were found to be stable for the 
duration of storage up to four months. The RVT-NLCs enhanced the 
transdermal permeation of RVT significantly via MN array systems with 
less skin retention than that without MN. Of the different MN array 
systems tried, 1200 MN array systems showed the highest flux of RVT. 
The cell viability studies revealed greater cytotoxicity of RVT-NLCs 
compared to pure RVT. The cellular uptake studies revealed enhanced 
cellular uptake of NLCs. Moreover, the pharmacokinetic profile of the 
formulations was improved when administered via MN array system as 
compared to the oral route. The tissue distribution studies showed 
promising results of localized concentration of the formulation in the 
breast tissue. Hence, the developed RVT-NLCs when combined with the 
advantage of MN arrays may enhance the bioavailability and localized 
effect of RVT, thereby showing a better therapeutic outcome in breast 
cancer. The developed NLCs can further enable the prolonged release of 
RVT thereby reducing the dosing frequency and improving patient 
compliance. 
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Fig. 14. (a) Plasma-concentration time profile for pure RVT (oral) subcutaneous administration of RVT-NLCs-CP, and MN assisted RVT-NLCs-CP, (b) Concentration 
time profile of RVT in breast tissue after MN assisted RVT-NLCs-CP delivery. 

Table 9 
Pharmacokinetic parameters for pure RVT and RVT-NLCs-CP in plasma and breast tissue.  

Parameters Pharmacokinetics Breast tissue distribution 

Pure RVT (p.o.) RVT-NLCs-CP (SC) RVT-NLCs-CP (MN) RVT-NLCs-CP (MN) 

Cmax(ng/mL) 269.30 ± 30.26 1251.02 ± 93.34 343.75 ± 31.89*+++ 12230.6 ± 1953.45### 

Tmax(h) 0.3 ± 0.0 0.25 ± 0.07 2.0 ± 0.0***+++ 6.0 ± 0.0### 

t1/2(h) 3.81 ± 0.85 1.35 ± 0.06 9.98 ± 0.27** 14.41 ± 1.41## 

Ke (1/h) 0.18 ± 0.04 0.52 ± 0.03 0.07 ± 0.002**+++ 0.05 ± 0.005### 

AUC0-t (h*ng/mL) 458.3 ± 21.21 3590.65 ± 122.97 4529.2 ± 299.67***+++ 234128.3 ± 42789.86### 

AUC0-inf (h*ng/mL) 532.8 ± 79.97 3647.3 ± 122.05 5716.95 ± 396.90***+++ 366075.8 ± 86372.81### 

MRT0-t(h) 5.7 ± 0.14 5.55 ± 0.21 15.7 ± 1.48***++ 22.95 ± 2.05### 

Statistically significant at *p < 0.05, ** p < 0.01, ***p < 0.001 when compared to oral plasma concentration of RVT, +p < 0.05, ++ p < 0.01, +++p < 0.001 when 
compared to SC plasma concentration of RVT, and #p < 0.05, ## p < 0.01, 
###p < 0.001 when compared to MN plasma concentration. 
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