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Abstract. Condyloma acuminatum (CA) is a common sexu-
ally transmitted disease caused by human papillomavirus 
(HPV). Podophyllotoxin (POD), a cytotoxic compound, is 
able to effectively treat HPV; however, the severe irritation 
side effects of POD restrict its use as a treatment for CA. The 
aim of the present study was to construct novel POD-loaded 
nanostructured nanolipid carriers (POD-NLCs) and evaluate 
their physicochemical characteristics and cytotoxicity. 
POD-NLCs (0.5%) were prepared using emulsion-evaporation 
and low temperature‑solidification methods with optimized 
conditions and preparations. Subsequently, the POD-NLCs 
were physicochemically characterized and their in vitro and 
in vivo release efficiencies and in vitro cytotoxicity were 
studied. The prepared POD-NLCs had an average particle 
size, ζ potential, polydispersity index and encapsulation effi-
cacy of 178.5±20 nm, -27±0.5 mV, 0.18±0.01 and 82.9±2%, 
respectively. In vitro and in vivo release studies demonstrated 
that POD-NLCs are able to provide sustained drug delivery for 
72 h in vitro and 10 h in the mucosa. Compared with a tincture 
formulation of POD (POD‑T), POD‑NLC induced less inflam-
matory cytokine production in the cervical mucous and led to 
a decreased histopathological score. In addition, a cytotoxicity 
assay demonstrated that inhibition of the POD-NLCs was 
98.4% at 24 h and remained >98% up to 72 h. Furthermore, 
more cells were arrested in the G2/M phase of the cell cycle 
following POD-NLC treatment compared with the POD-T 
treatment. The present study provides evidence that POD-NLC 
is a promising delivery system for the treatment of CA.

Introduction

Condyloma acuminatum (CA), also known as genital warts, is a 
common sexually transmitted disease that causes prolific lesions 

on the genitalia, perianal area, vagina and cervix; CA is caused 
by certain types of human papillomavirus (HPV) (1). Nearly all 
sexually active individuals become infected with HPV at least 
once during their lifetime (2). In females, HPV infection can 
result in cervical and vaginal intraepithelial neoplasia (3,4). 
Therefore, the prevention and treatment of HPV infection is a 
public health issue.

Podophyllotoxin (POD), a cytotoxic compound extracted 
from the roots and rhizomes of Berberidaceae, is primarily used 
as an anti-tumor and anti-viral drug (5). POD tincture (POD-T; 
0.5%) is commonly used as a first‑line agent for the treatment of 
CA (5). However, the tincture is prepared in alcohol, which can 
cause severe irritation to the vagina, cervix and other mucosae, 
limiting its application (6). In addition, epidermal uptake and 
targeting of POD-T are poor and systemic absorption leads 
to severe side effects, including gastrointestinal disturbances, 
thrombocytopenia, leukopenia, abnormal liver function, ataxia 
and peripheral nerve palsy (7,8). To overcome the side effects 
of POD-T application on mucosae, it is necessary to develop 
novel alternative formulations to prolong the local residence 
time in cervical epithelial cells infected by HPV and reduce 
cervical irritation and systemic toxicity.

At present, localized delivery of chemotherapeutic drugs 
to the cervix is used for a number of reasons, including to treat 
vaginal infections, as contraception and as HIV prevention, 
with various formulations including gels, creams, supposito-
ries, films and nanoparticle drug carriers (NDCs) available (9). 
A previous study reported that NDCs improve the physical 
and chemical properties of drugs, provide sustained, targeted 
release and reduce systemic absorption (10). Nanostructured 
lipid carriers (NLCs) are a novel type of NDC developed from 
solid lipid nanoparticles, in which a solid matrix is blended 
with a fluid lipid to improve drug loading capacity and release 
properties (10-12). NLCs are able to adhere to the skin surface 
and transport drugs in a controlled manner, while causing 
minimal irritation (13).

In the present study, a POD-NLC formula containing 
5 mg/ml POD was prepared and optimized. Tibetan miniature 
pigs were selected as an experimental animal model to inves-
tigate the absorption and metabolism of POD-NLCs and the 
mucosal irritation caused by POD-NLCs in the porcine cervix. 
The physicochemical characteristics of this formula, including 
particle size, entrapment efficiency and polydispersibility, were 
evaluated to 0.0005, 0.005, 0.05, 0.5 and 5 µg/ml with sterile 
water. The stability of POD‑NLCs was investigated at 4˚C and 
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at room temperature (25˚C). The release characteristics were 
investigated in vitro and in vivo, and cervical mucosal tissue irri-
tation was investigated in vivo. The cytotoxicity of POD-NLCs 
on VK2/E6E7 cells and cell cycle arrest were also investigated.

Materials and methods

Chemicals. POD (purity 98%, high performance liquid chro-
matography grade, lot no. J1208009) was purchased from 
Shanghai Aladdin Bio‑Chem Technology Co., Ltd. (Shanghai, 
China). A 5 mg/ml podophyllotoxin tincture was prepared 
using 75% ethanol.

POD loaded NLC preparation. A POD-NLC formula 
containing 5 mg/ml [POD-NLC (0.5%)] was prepared using 
the emulsion‑evaporation and low temperature‑solidification 
methods, as previously described (14). The formulation was 
optimized using orthogonal array testing. Briefly, 50 mg of 
POD, glyceryl monostearate (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) and octyl/decyl acid triglyceride 
(Sigma; Merck KGaA) were dissolved in methylene chlo-
ride and lecithin (Sigma; Merck KGaA) was dissolved by 
sonication in ethanol (≥99.7%) for 30 min at 4˚C. Methylene 
chloride and ethanol solutions were mixed to form an organic 
phase. Subsequently, the organic phase was rapidly injected 
into a poloxamer aqueous solution, which was subsequently 
stirred (245 x g) in a water bath at 80˚C (DF‑101S; Xingshuo 
Instrument, Guangzhou, China) for 3‑4 h. Subsequently, a 
coarse emulsion was rapidly mixed with 5 ml of water and ice 
mixture and sonicated (245 x g) at 4˚C for 30 min.

Characterization of POD‑NLC. The average particle size, 
ζ potential and polydispersity index (PDI) were measured 
using a Malvern Zetasizer 3000HSA (Malvern Instruments, 
Ltd., Malvern, UK). All samples were prepared in triplicate. 
The morphology of the POD-NLCs was observed using trans-
mission electron microscopy (TEM; Tecnai G2 Spirit T12; 
FEI; Thermo Fisher Scientific, Inc., Waltham, MA, USA). To 
prepare the sample for TEM examination, 50 µl POD-NSC 
was added into 5 ml ethanol. Following ultrasonic dispersion 
for 15 min, the dispersion was repeatedly scooped with a 
carbon film copper net sample for 5 min. Then, the dispersion 
was oven‑dried at 60˚C. The prepared samples was used for 
TEM examination as follows: accelerating voltage, 120 kV; dot 
resolution, 0.34 nm; line resolution, 0.20 nm; magnification, 
x50-800,000.

Entrapment efficiency (EE) analysis. EE analysis was carried 
out as previously described (15). The nanoparticles were 
isolated using ultrafiltration filters (0.22 um) and centrifuged 
for 30 min at 23,128 x g. Wfree is the amount of soluble free 
drug in the supernatant and Wtotal is the amount of drug added 
to the emulsion. The samples were analyzed in triplicate and 
assessed using high-performance liquid chromatography 
(HPLC, without internal standards; LC‑20A; Shimadzu 
Corporation, Kyoto, Japan) with a Ecosil C18 analytical 
column (4.6x250 mm; 5 µm) was used and maintained at 40˚C. 
The mobile phase contained methanol and glacial acetic acid 
(52:48, v/v; flow rate, 1 ml/min). The injection volume was 
20 ml, the retention time was approximately 6 min and the 

detection wavelength was 292 nm. The recovery rate ranged 
from 98.6 to 99.6%. The POD concentration, with a range of 
1-500 µg/ml (r=correlation coefficient, 0.9995) was measured 
to detect the POD formulations. The EE was calculated using 
the following formula: EE (%) = [(Wtotal - Wfree)/Wtotal] x 100.

In vitro release studies. The release kinetics of POD-NLC 
were studied using Franz diffusion cells. Simulated vaginal 
fluid (SVF) was used as the release medium and was prepared 
according to a previously described method (16). Briefly, 
0.5 ml tested solutions were added into donor chambers and 
filtered through the cellulose acetate membrane (0.45 µm; 
Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) and aliquots (0.1 ml) were subsequently withdrawn 
from receptor chambers at 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, 
72, 84 and 96 h. Samples were diluted with methanol (99.9 %) 
six times and assessed by HPLC.

Animal model. A total of 15 female Tibetan mini-pigs (8 months 
old; 25 kg) were purchased from the Center of Experimental 
Animals, Southern Medical University (Guangzhou, China). 
The pigs were maintained in large hog pens (n=7 per hog 
pen) in a natural environment (25˚C, 12 h dark cycle) with 
free access to food and water. All the experimental animals 
and the protocol (permit number for pigs: 44002100008963) 
used in the present study were approved by the Experimental 
Animal Ethics Committee of the Southern Medical University 
(Guangzhou, China).

In vivo drug release studies in cervical mucosal tissue and 
cervical mucus. For the purpose of dynamics analysis, 
15 female Tibetan mini-pigs were randomly divided into four 
subgroups and administrated with 1, 5 and 20 mg/ml POD-T, 
and 5 mg/ml POD-NLC. Cervical secretions were extracted 
from ophthalmic sponges using a previously described 
method (17); 1, 5 and 20 mg/ml POD-T, and 5 mg/ml 
POD-NLC (0.5 ml) were administrated on the cervix for one 
treatment. Cervical mucus was collected at 2, 4, 6, 8 and 10 h 
using sponges held in the cervix and left to stand for 5 min 
as previously described (18). All sponges were transferred 
immediately into sterile tubes and stored at ‑20˚C. Following 
anesthesia, cervical mucosal tissue was collected by means of 
a simple punch biopsy as previously described method (19) at 
2, 4, 6, 8, 10 h following administration of 1, 5 and 20 mg/ml 
POD-T, and 5 mg/ml POD-NLC (0.5 ml) as previous stated, 
and the coated cervical mucosa determined to was 3.14 cm2. 
Subsequently, tissues were rinsed with normal saline and 
stored at ‑20˚C. POD was extracted from the sponge and 
cervical tissue by homogenization in 1.0 ml methanol followed 
by centrifugation (24,573 x g for 15 min at 4˚C).

Cell culture. The immortalized vaginal epithelial cells 
VK2/E6E7 (ATCC® CRL-2616™) were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% fetal bovine serum 
(FBS; HyClone; GE Healthcare Life Sciences, Logan, UT, 
USA) at 37˚C in an atmosphere containing 5% CO2.

Histopathological detection and evaluation of cervical 
mucous irritation. For the cervical mucous irritation study, 
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15 female pigs were randomly assigned to 5 subgroups and 
administered with the following treatments: i) Normal saline 
(0.5 ml/day; n=3); ii) 5 mg/ml POD-NLC (0.5 ml/day; n=3); 
iii) 5 mg/ml POD-NLC (1 ml/day; n=3); iv) 5 mg/ml POD-NLC 
(2 ml/day; n=3); and v) 5 mg/ml POD-T (0.5 ml/day; n=3). 
Following catheterization via an insemination catheter (20), 
treatments were administered for 3 consecutive days (once 
daily for three days in total). The method of transcervical 
administration was adopted as previously described (21). Pigs 
were observed daily for clinical signs, including swelling, 
redness, erosion and vaginal discharge. Cervical secretions 
of the pigs were collected using ophthalmic sponges as previ-
ously described (18). Porcine‑specific interleukin (IL)‑lβ, -6 
and -8 levels in the cervical mucus prior to and following 
24, 48 and 72 h drug administration were measured using a 
Luminex instrument (Luminex 200; Luminex Corporation, 
Austin, TX, USA) and immuno assays (ProcartaPlex Porcine 
Basic kit, EPX010‑60460‑901; ProcartaPlex Porcine IL‑1 beta 
Simplex, EPX01A-66048-901; ProcartaPlex Porcine IL-8 
(CXCL8) Simplex, EPX01A-66052-901 and ProcartaPlex 
Porcine IL-6 Simplex, EPX01A-66051-901; all Thermo Fisher 
Scientific, Inc.). On day 4, cervical tissues (obtained by single 
punch biopsy) were cut into 6-mm sections using a slicer 
RM2235 (Leica Microsystems GmbH, Wetzlar, Germany), 
and then fixed in 10% neutral‑buffered formalin (Beijing 
Solarbio Science & Technology Co., Ltd.) followed by hema-
toxylin‑eosin (Beijing Solarbio Science & Technology Co., 
Ltd.) staining (hematoxylin for 20 min and eosin for 5 min, 
each at 25˚C) and complete examination under a light micro-
scope (BX‑41‑32H02; Olympus Corporation, Tokyo, Japan; 
magnification, x10). The pathological scoring of mucosae was 
completed by two blinded professional pathologists using a 
previously described method with the following evaluation 
criteria: 0=absent, 1=minimal, 3=moderate, 4=marked (22).

Evaluation of inhibition of proliferation. POD-NLC-induced 
inhibition of cell proliferation was tested using VK2/E6E7 cells. 
Following attaching for 24 h, cells were exposed to a series of 
doses (0.0005, 0.005, 0.05, 0.5 and 5 mg/ml) of POD-NLC or 
POD, which was diluted with sterile water. The control group 
contained only the culture medium. Following incubation for 
24, 48 and 72 h, 10 µl Cell Counting kit-8 (CCK-8) solution 
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan) 
was added to each well of the plate followed by incubation at 
37˚C for 4 h. The absorbance was measured at a wavelength 
of 450 nm using a Microplate Luminometer (Turner Designs, 
Sunnyvale, CA, USA). All experiments were repeated three 
times. The proliferation inhibition ratio of cells was calculated 
using the following formula: Inhibition ratio = [1 - A(POD or 
POD-NLC group)/A(control group)] x 100%, where A is the 
absorbance value at a wavelength of 450 nm.

Apoptosis assay. Cell apoptosis was detected using the 
Annexin V‑fluorescein isothiocyanate (FITC) kit (containing 
binding buffer, Annexin V-FITC and propidium iodide; 
BD Biosciences, Franklin Lakes, NJ, USA) according to a 
previously described method (23). Briefly, 1x106 VK2/E6E7 
cells were incubated with POD or POD-NLC at a dose of 
0.05 µg/ml for 48 h. Cells were subsequently harvested and 
re‑suspended in PBS. The cells were counted and 1.5x105 cells 

were re-suspended in 200 µl binding buffer and 5 µl 
Annexin V-FITC, and stained for 10 min at room temperature. 
The cells were centrifuged (120 x g for 5 min at 28˚C) and 
re-suspended with 200 µl binding buffer and then added 10 µl 
propidium iodide (PI) and stained for 5 min on ice. Finally, 
the stained cells were analyzed using a NovoCyte flow cytom-
eter (ACEA Biosciences, San Diego, CA, USA). Data were 
analyzed with NovoExpress software (version 1.2.4; ACEA 
Biosciences).

Cell cycle analysis. VK2/E6E7 cells (1x106) incubated with 
POD or POD-NLC at a dose of 0.05 µg/ml for 48 h were 
harvested by centrifuged (120 x g for 5 min at 28˚C) then 
washed twice with cold PBS. Following fixing with 75% 
ethanol for 24 h at 4˚C, the cells were washed twice with PBS 
and stained with 300 µl PI (100 g/ml) for 30 min at 4˚C in the 
dark. The cell cycle was analyzed using a NovoExpress soft-
ware (version 1.2.4; ACEA Biosciences) and the percentage 
of cells in each phase was calculated with the ModFit LT5.0 
software (Verity Software House, Topsham, ME, USA).

Hoechst 33342 staining. 1x106 VK2/E6E7 cells incubated with 
POD or POD‑NLC at a dose of 0.05 µg/ml for 48 h were fixed 
in 4% paraformaldehyde (Beyotime Institute of Biotechnology, 
Beijing, China) for 15 min at room temperature. Subsequently, 
the cells were stained with Hoechst 33342 (Beyotime Institute 
of Biotechnology) for 15 min at room temperature; cells were 
photographed by the fluorescence microscopic examination 
with 350 nm excitation wavelength (BX‑41‑32H02; Olympus 
Corporation, magnification, x20).

Statistical analysis. The experimental groups were compared 
with the control groups via one-way analysis of variance 
with repeated measures and the Fisher's Least Significant 
Difference. P<0.05 was considered to indicate a statistically 
significant difference. Data are presented as the mean ± stan-
dard error of the mean. All calculations were performed using 
SPSS software (version 19.0; IBM Corp., Armonk, NY, USA).

Results

Characterization of POD‑NLC. In the present study, 0.5% 
POD-NLC was prepared using emulsion-evaporation and low 
temperature-solidification methods. The POD-NLCs were 
spherical or ellipsoidal (Fig. 1A) and the mean particle size 
was 178.5±20 nm (Fig. 1B) with a PDI of 0.18±0.01 (data not 
shown), which implies that the prepared POD-NLCs were 
monodisperse. The ζ potential was -27±0.5 mV (Fig. 1C), 
and the pH was 6.20±0.04 (Table I). The preparation's 
entrapment efficiency were calculated using the following 
formula: EE (%) = [(Wtotal - Wfree)/Wtotal] x 100. The POD 
entrapment efficiency in the nanoparticles was determined 
to be 82.9±2% by HPLC (Table I). The final results showed 
POD-NLC (5 mg/ml) has a really high entrapment efficiency. 
The POD‑NLC formulation was stable when stored at 4˚C 
for 6 months or at room temperature for 3 months, with no 
stratification, sedimentation or POD crystallization observed.

POD‑NLCs sustain drug release and extend the local 
action time in vitro and in vivo. To investigate the release of 
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POD-NLCs in vitro, the medium was collected from Franz 
diffusion cells following POD-NLC and POD-T treatment and 
analyzed using HPLC. At 6 h following treatment, nearly 69% 
of POD was released from POD-T, compared with 8.8% from 
POD-NLCs (Fig. 2A). At 24 h following treatment, 30.98% 
of the encapsulated POD was released from POD-NLCs and 
64.90% was released following 72 h (Fig. 2A). Furthermore, 
in vivo release studies were performed with cervical mucus and 
mucosal tissues. The results demonstrated that the concentra-
tion of POD in cervical mucus, released from the POD-NLC 
(5 mg/ml) formulation, decreased gradually following 
administration but increased compared with the POD-T 
(5 mg/ml) group at each time point and increased compared 
with the POD-T (20 mg/ml) group at 4 h (115.3 vs. 95.8 µg/ml, 
respectively; P<0.05). The POD-NLC group maintained an 
increased concentration at 10 h compared with POD-NLC 
group (189.6 vs. 34.2 µg/ml; Fig. 2B). In the cervical mucosal 
tissue, POD-T administrations at different concentrations (1, 5 
and 20 mg/ml) reached the maximum concentration of POD 
4 h following administration, followed by a decline. In the 
5 mg/ml POD-NLC group, however, the POD concentration 
in the cervical mucosal tissue continued to increase up to 8 h 
following administration. At 10 h following administration, 
the POD concentration in mucosal tissues was not markedly 
elevated in the 5 mg/ml POD-NLC group compared with the 
5 mg/ml POD-T group (Fig. 2C). These results demonstrated 
that, compared with POD-T administration, the POD-NLC 
exhibited a more sustained release of POD, which may extend 
the local action time in vitro and in vivo.

POD‑NLC prevents injury and inflammatory cytokine 
production in the cervical mucosal tissue compared with 
POD‑T. Following administration of the formulations, damage 
to the cervical mucosa was assessed for 72 h. In the low-dose 
POD-NLC group (0.5 ml/day), the cervical mucosal epithe-
lium consisted of 5-10 layers of cells with structural integrity. 
Ulcers and hemorrhaging with neutrophil and mononuclear 
cell infiltrations were observed in the high‑dose POD‑NLC 
and POD-T groups. In addition, necrosis of the mucosal 
epithelium was observed in the POD-T group (Fig. 3A). In the 
lamina propria of the cervical mucosal tissue, no inflammatory 
infiltration was observed in the low‑dose POD‑NLC group 
(Fig. 3A‑g), whereas a large number of infiltrating neutro-
phils and mononuclear cells were observed in the high-dose 
POD-NLC and POD-T groups (Fig. 3A-i and -j, respectively). 
Furthermore, submucosal vessels in the low-dose POD-NLC 
group appeared normal (Fig. 3A-l); however, in the high-dose 
POD-NLC group, capillary congestion, hemorrhaging and 
infiltration of mononuclear cells into the perivascular region 
were observed. In the POD-T group, thrombosis of partial 

vessels occurred (Fig. 3A-o). Histopathological scores were 
calculated by assessing the results in multiple regions of 
the cervical mucosal tissue. Histopathological scores of the 
low‑dose and medium‑dose POD‑NLC group were signifi-
cantly lower compared with the POD-T group (4.3±0.8 vs. 
29.3±29.3; P<0.05). No significant difference was observed 
between the low-dose POD-NLC and saline groups (4.3±0.8 
vs. 3.3±1.0; P>0.05; Fig. 3B). Furthermore, the levels of IL‑6, 
-8 and -1β were significantly lower in the low‑dose POD‑NLC 
group compared with the high-dose group (P<0.01), and 
were not significantly different compared with the NS group 
(Fig. 3C-E). The levels of inflammatory cytokines in the 
POD‑T group were significantly increased compared with the 
low-medium- and high-dose POD-NLC groups (Fig. 3C-E). 
Taken together, these results demonstrate that POD-NLCs 
cause less injury and inflammatory cytokine production in the 
cervical mucosal tissue compared with POD-T.

POD‑NLC inhibits the proliferation of VK2/E6E7 cells. 
To evaluate the CA-inhibitory activity of POD-NLCs, the 
effect of POD-NLC on the proliferation of VK2/E6E7 cells 
was investigated. Compared with POD, POD-NLC resulted 
in decreased cell viability at high concentration (0.5 and 
5 µg/ml). The proliferation inhibition rate of VK2/E6E7 cells 
treated with POD-NLC reached 99% at a dose of 5 µg/ml 
(Fig. 4A). However, the inhibition of POD was 64.5% at a 
dose of 5 µg/ml and did not increase further with prolonged 
exposure time (Fig. 4B). The inhibition of POD‑NLCs reached 
98.4% at 24 h and persisted at >98% from 24 to 72 h (Fig. 4B), 
which is increased compared with the POD treatment group.

Hoechst 33342 staining was performed to assess the 
morphology of the nuclei (Fig. 4C). It was determined that 
POD-NLC-treated VK2/E6E7 cells had apoptotic morphology, 
including cell membrane shrinkage, cell shedding and chro-
matin condensation. POD-treated cells exhibited a similar 
pattern (Fig. 4C). In the POD-NLC- and POD-treated groups, 
the apoptosis rates increased by 13.2 and 7.9%, respectively, 
compared with the control group (Fig. 4D). Cell cycle distribu-
tion was analyzed using flow cytometry. Following treatment 
for 48 h, VK2/E6E7 cells in the POD- and POD-NLC-treated 
groups were predominantly in the G2/M phase, and fewer 
cells were observed in the G0/G1 phase (Fig. 4E). POD-NLC 
treatment induced G2/M arrest to a greater extent compared 
with the POD treatment (0.863±0.085 vs. 0.602±0.043, respec-
tively; P<0.01; Fig. 4E). Collectively, these results demonstrate 
that POD-NLC has a more prominent effect on VK2/E6E7 
cell viability compared with the POD treatment.

Discussion

POD-T (0.5%) has been reported to be an effective initial drug 
for the treatment of CA (24). However, it has been demonstrated 
to cause severe irritation when applied to the vagina, cervix or 
other mucosae (25). Recently, POD-NLCs have been proposed 
as an attractive delivery system for the treatment of HPV and 
associated diseases with low systemic adverse effects (14,15). 
Previous studies have reported that nanoparticles of small 
diameter (<100 nm) would be more likely to be hindered or 
immobilized by cervical mucus compared with nanoparticles 
of larger diameter (200 nm) (26,27). In the present study, 

Table I. Podophyllotoxin-nanostructured lipid carriers (5 mg/ml). 

 pH Polydispersity index  Entrapment efficiency (%)

A 6.22 0.187 84.90
B 6.16 0.168 80.90
C 6.23 0.184 83.00
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Figure 1. The characterization of 0.5% POD‑NLC. (A) The morphology of the POD‑NLCs was observed using transmission electron microscopy (magnifica-
tion, x50,000). (B) The average particle size of 0.5% POD‑NLC was measured by Malvern Zetasizer 3000 HSA. (C) The ζ potential of 0.5% POD-NLC was 
measured by Malvern Zetasizer 3000HSA. POD‑NLC, podophyllotoxin‑loaded nanostructured nanolipid carriers.

Figure 2. POD-NLC sustains the release of the drug and extends the local action time in vitro and in vivo. (A) In vitro POD release profiles of 0.5% POD‑NLC 
and 0.5% POD‑T in simulated vaginal fluid. The release kinetics of POD‑NLC were studied using Franz diffusion cells (pH 4.2 at 37±0.5˚C). The cumulative 
release rate of POD was detected at 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, 72, 84 and 96 h. (B) The concentrations of POD in cervical mucus treated with POD‑NLC 
(5 mg/ml) and different concentrations (1, 5 and 20 mg/ml) of POD-T, were detected at 2, 4, 6, 8 and 10 h. (C) Concentration of POD in cervical mucosa treated 
with POD-NLC (5 mg/ml) and different concentrations (1, 5, and 20 mg/ml) of POD-T, were detected at 2, 4, 6, 8 and 10 h. *P<0.05, **P<0.01 vs. the POD-T 
(1 mg/ml) group; ns, no significant difference vs. the POD‑T (20 mg/ml) group; ##P<0.01 vs. the POD-T (20 mg/ml) group. POD-NLC, podophyllotoxin-loaded 
nanostructured nanolipid carriers.
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0.5% POD-NLCs were prepared with an average diameter of 
178.5±20 nm, which is within the optimal range for mucosal 
drug delivery.

The mucosae of the reproductive tract secrete appro-
priate amounts of mucus, mainly composed of mucins, 
which are responsible for mucoadhesion and elasticity (28). 
Ramineni et al (29) proposed that the characteristics of mucus 
could cause it to act as a barrier limiting drug penetration. 
Additionally, the retention time of traditional formulations 
(including solutions, suspensions and emulsions) in the repro-
ductive tract surface is insufficient, making it difficult to 
achieve the desired therapeutic effect (30). Nanoparticles with 
mucoadhesive properties have previously been used to facili-
tate drug administration to the mucosa and improve the active 

effects of transmucosal administration (31). In the present 
study, in vitro experimentation indicated that the residence 
time of POD-NLCs was increased compared with POD-T. 
POD-NLCs enable sustained drug delivery for 60 h, consistent 
with results of a previous study, which used POD-NLCs for 
targeted drug delivery (12). In the present study, the in vivo 
drug release from POD-NLCs in Tibetan miniature pigs was 
monitored by detecting the amount of POD in the cervical 
mucus and mucosal tissue. The results demonstrated that 
the concentration of POD in the mucus of the POD-T group 
decreased rapidly following transmucosal administration. 
The amount of POD in the mucus and the mucosal tissue was 
increased in the POD-NLC group compared with the POD-T 
group. This demonstrates that, although POD-T penetrates 

Figure 3. POD‑NLC causes decreased injury and expression of inflammatory cytokines in cervical mucous. (A) Histological alterations of the cervical mucosa 
following treatment with 0.5 ml normal saline (a, f and k), 0.5 ml 0.5% POD-NLC (b, g and l), 1.0 ml 0.5% POD-NLC (c, h, and m), 2.0 ml 0.5% POD-NLC 
(d, i and n) and 0.5 ml 0.5% POD‑T (e, j, and o) were detected by hematoxylin and eosin staining (magnification, x40). (B) Histopathological score of cervical 
mucosa treated with 0.5 ml normal saline, 0.5 ml 0.5% POD‑T and 0.5% POD‑NLC at different doses (0.5, 1.0 and 2.0 ml). ns, no significant difference; 
**P<0.01 and ***P<0.0001. Concentrations of inflammatory cytokines in cervical secretions were detected by Luminex instrument at 24, 48 and 72 h following 
treatment. The concentrations of (C) IL-6, (D) IL-8 and (E) IL-1β were detected in cervical secretions of pigs treated with 0.5 ml normal saline, 0.5 ml 0.5% 
POD-NLC, 1.0 ml 0.5% POD-NLC, 2.0 ml 0.5% POD-NLC and 0.5 ml 0.5% POD-T, respectively. *P<0.05 and **P<0.01 vs. the POD‑T group. ns, no significant 
difference; #P<0.05 and ##P<0.01 vs. high-dose POD-NLC group. POD-NLC, podophyllotoxin-loaded nanostructured nanolipid carriers; IL, interleukin.
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the mucus and mucosa more rapidly, POD-NLCs are able to 
persist in the cervical mucus and on the mucosal surface and 
exhibit sustained-release for 10 h and controlled-release prop-
erties as high levels of POD were maintained. These results 
suggest that POD-NLCs possesses mucoadhesive abilities and 
provides controlled drug release, which is more suitable for the 
treatment of CA through the cervical mucosal tissue compared 
with POD-T.

Previous reports have demonstrated that certain anti-
microbial agents used in the female reproductive tract can 
cause damage to the mucosal barrier; drugs that alter the 
reproductive tract mucosal tissue environment and disrupt this 
barrier can increase the risk of infection by sexually trans-
mitted pathogens, including human immunodeficiency virus 
(HIV), HPV and Chlamydia trachomatis (32-34). When the 
cervical mucosal tissue is stimulated, induced epithelial cell 
hyperactivity leads to the release of a series of chemokines and 
cytokines, eliciting an immune response through the transmis-
sion of signals to submucosal cells and tissues (24). Cytokines, 
including IL-1β, IL-8 and IL-6, are used as markers for the 
potential toxicity of drugs administered to the reproductive 
tract mucosa (20). NLCs can be prepared using both solid and 

liquid lipids, which induce minimal skin irritation (35). In the 
present study, the irritation caused to the cervical mucosal 
tissue of Tibetan mini pigs following repeated administra-
tions of different doses of POD-NLC was evaluated. In the 
POD-T and high-dose and medium-dose POD-NLC-treated 
groups, severe destruction to the cervical mucosal tissue and 
elevated levels of IL-1β, -6 and -8 were observed, suggesting 
induction of inflammatory responses. However, the low‑dose 
POD-NLC group did not result in any apparent pathological 
alteration in the mucosal epithelium. Therefore, POD-NLCs 
can maintain the integrity of the cervical mucosal epithelial 
barrier whilst also preventing an increase in the release of 
pro‑inflammatory cytokines. The results of the present study 
are in agreement with previous studies, which demonstrated 
that the intermittent use of small doses of POD-NLCs is an 
efficient therapeutic method for preventing irritation of the 
cervical mucosal tissue (36).

E6 and E7 are oncoproteins encoded by HPV that 
transform cells by cooperatively targeting diverse cellular 
pathways involved in the regulation of cell cycle control, apop-
tosis and cell polarity control networks (37). Therefore, the 
HPV-transformed VK2/E6E7 cell line was used to investigate 

Figure 4. POD-NLC inhibits cell proliferation in VK2/E6E7 cells. (A) Comparison of inhibitory effects of different concentrations of POD-NLC and free-POD 
following 48 h of treatment. Ns, no significant difference vs. POD group; *P<0.05 and **P<0.01 vs. corresponding POD group. (B) Comparison of inhibitory 
effects of 5 µg/ml POD-NLC and free-POD-T following 24, 48 and 72 h of treatment. **P<0.01 vs. the POD group. (C) Morphological alterations of VK2/E6E7 
cells incubated with normal saline (control), 0.05 µg/ml POD‑NLC or 0.05 µg/ml POD for 48 h were observed by a fluorescence microscopy (Hoechst 33342; 
magnification, x400). (D) The total number of apoptotic cells and the percentage of the late and early apoptotic cells were quantified. (E) Percentage of 
VK2/E6E7 cells in different phases of the cell cycle. The number of VK2/E6E7 cells in the G0-G1, S and G2-M phases and the corresponding percentage 
values were calculated for normal saline, 0.05 µg/ml POD-NLC and 0.05 µg/ml POD-T groups following 48 h of treatment. **P<0.01 vs. the control (normal 
saline) group; ##P<0.01 vs. the POD group.
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the effects of POD-NLC treatment on the viability of cells. 
Cytotoxic effects of POD were previously reported to influ-
ence different stages of cell cycle, including inhibition of RNA 
and DNA synthesis and polymerization, and prevention of 
cell division through inhibition of microtubule assembly (38). 
In a previously published study, the authors of the present 
study reported that POD increases the intracellular calcium 
concentration and upregulates the expression of 78 kDa 
glucose-regulated protein homolog, glucose requlated protein 
94 and calpain2 mRNA in VK2/E6E7 cells (19). To determine 
the effect of POD-NLCs on VK2/E6E7 cells, proliferation 
inhibition rate and cytotoxicity studies were performed. The 
results of the present study demonstrated that more efficient 
inhibition of VK2/E6E7 cell proliferation was achieved 
following treatment with POD-NLCs compared with the POD 
group. POD-NLC treatment induced a proliferation inhibition 
rate of >99% compared with 68.9% achieved by POD treat-
ment. The elevated proliferation inhibition rate induced by 
POD-NLC treatment may be due to increased uptake of POD 
into VK2/E6E7 cells. In addition, compared with the POD 
treatment, POD-NLC resulted in increased proportion of cells 
in the G2/M stage and elevated apoptosis of VK2/E6E7 cells. 
Although the mechanism underlying these results remains 
to be elucidated, the observations indicate that POD-NLCs 
demonstrated more effective anti-HPV activity compared with 
free POD.

In conclusion, POD-NLCs demonstrate favorable 
physicochemical characteristics for transmucosal delivery, 
providing sustained release and controlled delivery in the 
cervical mucosal tissue. POD-NLCs can inhibit the growth of 
VK2/E6E7 cells via G2/M arrest and inhibit cell proliferation 
more efficiently compared with the POD. The present study 
demonstrated that NLCs is a promising delivery system for 
POD in the treatment of CA.
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