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Background: In this study, we developed biodegradable andrographolide (AG)-eluting 

nanofibrous mats and evaluated their efficacy in treating cervical cancer. 

Materials and methods: Membranes of two different poly[(d,l)-lactide-co-glycolide] (PLGA)-

to-AG ratios (6:1 and 3:1) were prepared via electrospinning technology. The liberation behavior 

of AG was evaluated. A cervical cancer model with C57BL/6J mice was created and employed 

for an in vivo efficacy assessment of the drug-eluting nanofibers. Twelve mice with cervical 

cancer were stochastically divided into three different groups (four animals per group): group A 

received no treatment as the control, group B was treated with pure PLGA mats, and group C was 

treated with AG-loaded nanofibrous membranes. The changes in tumor sizes were recorded.

Results: All membranes eluted high concentrations of AG at the target area for three weeks, 

while the systemic drug concentration in the blood remained low. Histological analysis showed 

no obvious tissue inflammation. Compared with the mice in groups A and B, the tumor size 

of the mice in group C decreased with time until day 25, when the daily drug concentration 

reduced to 3 µg/mL. 

Conclusion: Biodegradable nanofibers with a sustainable release of AG exhibit adequate 

efficacy and durability for the treatment of mice with cervical cancer.

Keywords: andrographolide, cervical cancer, biodegradable nanofiber, sustainable release

Introduction
Cervical carcinoma is a highly potent gynecological malignancy and comprises ~12% 

of all carcinomas in women worldwide.1 It originates in the cervix owing to the 

abnormal proliferation of cells, which are then capable of invading or migrating to 

other organs of the body. There are usually no observable symptoms in its early stages. 

Abnormal vaginal bleeding, pelvic pain, or pain during sexual intercourse may occur 

in its advanced stages. While bleeding after sex may commonly occur, it may also 

represent the occurrence of cervical cancer.2 Over 99% of cervical carcinoma cases are 

carriers of human papilloma viruses (HPVs), wherein HPV is a primary risk factor for 

cervical carcinoma.3 HPV infection appears to be involved in the development of .90% 

of cervical cancer cases. Nevertheless, most people who have had HPV infections do 

not develop cervical cancer. Other risk factors include smoking, birth control pills, 

and becoming sexually active at a young age. Cervical cancer generally evolves from 

precancerous changes over the span of 10–20 years. Approximately 69% of cervical 

cancer instances are squamous cell carcinomas and 25% are adenocarcinoma, along 

with a few other forms. Cervical biopsy and medical imaging are typically used to 

diagnose these cancers.
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Despite the fact that prophylactic HPV vaccines have 

been reported to prevent up to 90% of cervical carcinomas, 

having regular Pap smears, few or no sexual partners, and the 

use of condoms are still generally recommended.4 Cervical 

intraepithelial neoplasm (CIN) – a cervical pre-cancer 

lesion – can also be diagnosed by Pap smear or cervical 

biopsy. A combined therapeutic regime consisting of surgery, 

chemotherapy, and radiotherapy may be employed to treat 

cervical cancer.5 Despite these treatments, many cervical 

cancer patients die every year. The development of new 

therapeutic methods to effectively manage this dreadful 

disease in women is thus needed.6

Thus far, researchers have developed nanofibrous mats 

loaded with cisplatin and curcumin,7 dichloroacetate (DCA) 

and oxaliplatin,8 and Pt(IV) prodrug-backboned micelle 

and DCA-loaded nanofibers9 to reduce tumor recurrence 

for cervical cancer treatment. The experimental results 

have suggested that the implanted devices exhibit enhanced 

anticancer efficacy with lower systemic toxicity against 

advanced cervical cancer in vivo.

In this work, we developed biodegradable androgra-

pholide (AG)-eluting nanofibers as an anticancer film that, 

when applied topically, provided the sustained release of 

anticancer pharmaceuticals at a target area. We fabricated bio-

degradable AG-loaded nanofibrous membranes to inhibit the 

progression of cervical cancer. AG is a labdane diterpenoid 

(Figure 1) that has been isolated from the stem and leaves 

of Andrographis paniculata, and has been traditionally used 

to treat infections and certain diseases. Recent studies have 

demonstrated the anticancer characteristics of AG and its 

derivatives,10–15 which are promising agents for the suppres-

sion of tumor metastasis. Furthermore, compared with most 

anticancer compounds, AG attenuates inflammation by the 

inhibition of nuclear factor kappa B activation through the 

covalent modification of reduced cysteine 62 of p50, demon-

strating a unique pharmacological mechanism of protective 

anti-inflammatory actions.16 To fabricate the biodegradable 

nanofibers, AG and poly[(d,l)-lactide-co-glycolide] (PLGA) 

were mixed with hexafluoro-2-propanol (HFIP) and elec-

trospun into nanofibrous mats. The fabricated nanofibers 

were then characterized. The in vitro and in vivo liberation 

behaviors of AG from the nanofibers were explored. The effi-

cacy of the released AG against cervical tumors in mice was 

investigated. Histological analyses were also carried out.

Materials and methods
Manufacture of AG-eluting nanofibrous 
membranes
The materials utilized included PLGA (LA:GA =50:50) 

polymer, with a molecular weight of 33 kDa. AG was used 

as the pharmaceutical drug. Both were acquired from Sigma-

Aldrich (St Louis, MO, USA).

The nanofibers with two PLGA-to-AG ratios, namely 

6:1 and 3:1, were produced utilizing an electrospinning 

setup.17 To fabricate the AG-embedded nanofibers with a 6:1 

polymer-to-drug ratio, PLGA/AG (720:120 mg) were first 

mixed with 3 mL of HFIP (Sigma-Aldrich). The mixture 

was transported and spun by a syringe pump at a flow rate of 

0.025 mL/min into a non-woven form nanofibrous membrane 

onto a collection plate at room temperature. The voltage was 

set to 17 kV, while the travel distance from the needle to the 

collection plate was 9 cm. The manufacture of nanofibers 

with a 3:1 polymer-to-drug ratio consisted of the same 

electrospinning process, except that the polymer-to-AG ratio 

utilized was 630:210 mg.

Evaluation of spun nanofibrous 
membranes
Spun nanofibers were assessed utilizing a scanning electron 

microscope (SEM) (JSM-7500F; Joel, Tokyo, Japan). 

Fifty arbitrarily chosen fibers from each SEM image were 

employed to calculate the fiber diameter distribution.

A contact angle measurement device (First Ten 

Angstroms, Portsmouth, VA, USA) (N=5) was used to mea-

sure the water contact angles of the electrospun membranes. 

Meanwhile, a Lloyd tensiometer (AMETEK, Berwyn, PA, 

USA) was employed to measure the tensile properties of the 

nanofibrous membranes.

A Fourier Transform Infrared (FTIR) spectrometer 

(Model Nicolet iS5 spectrometer; Thermo Scientific, 

Waltham, MA, USA) was utilized to investigate the spectra 

of electrospun AG-eluting nanofibers. Specimens were 

compressed as KBr discs, and spectra were monitored in the 

absorption modes at resolutions of 4 cm−1 and 32 scans over 

a 400–4,000 cm−1 range.Figure 1 Chemical structure of andrographolide.
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Assessment of in vitro drug release
The liberation behavior of AG from the drug-embedded nano-

fibrous membranes with various PLGA-to-drug ratios (6:1 

and 3:1) was resolved utilizing the in vitro elution method. 

Specimens with a size of 10×10 mm and a weight of 5 mg 

were placed in 1 mL of buffered solution. The eluent was gath-

ered and analyzed after being placed in an isothermal oven 

at 37°C for 24 hours. The phosphate buffer was substituted 

every 24 hours and the procedure was repeated for 40 days.

The AG levels were evaluated utilizing a high-

performance liquid chromatography (HPLC) assay on a 

Hitachi L-2200R system (Hitachi, Ltd., Tokyo, Japan) 

using a Discovery® 25 cm ×4.6 mm, 5 µm HPLC column 

(Sigma-Aldrich). The mobile phase for the analysis included 

methanol (20/80; Sigma-Aldrich) and distilled water at a ratio 

of 62:38 [v/v]. The absorbency was assessed using an ultra-

violet light detector (L-2400R; Hitachi, Ltd.) at a wavelength 

of 250 nm. The volumetric flow rate was 1.0 mL/min, while 

the retention time was 10 minutes.

In vivo animal model assessment
All animal-related procedures received institutional approval 

from Chang Gung University, and all of the animals were 

cared for under the supervision of a licensed veterinarian 

in a manner that was consistent with the regulations of 

the Department of Health and Welfare, Taiwan. Female 

C57BL/6J (B6) mice were acquired from the National 

Laboratory Animal Center (Taipei, Taiwan) and kept at 

the Animal Center of Chang Gung University. The animal-

related procedures acquired institutional approval. All of the 

animals employed were 6–8 weeks old.

E7-expressing tumorigenic cell line, HPV + TC-1, was 

obtained from Dr T.C. Wu at Johns Hopkins University in the 

USA. Mice were subcutaneously injected in the back region 

with 2×105 HPV + TC-1 tumor cells/per mouse on day 0.18 

The use of the cell line was approved by the institutional 

review board.

Mice were anesthetized via breathe-in of isoflurane utiliz-

ing an atomizer in an anesthesia box (40×20×28 cm). After 

shaving, an incision was made on the backs of the mice to 

expose the tumors. The mice were operated under anesthesia 

that was maintained by breath-in of isoflurane via a mask. 

All mice were divided into three groups with four mice in 

each group. The mice in Group A received no treatment as 

the control. The mice in Group B received the treatment of 

pure PLGA nanofibrous mats (10×10 mm in size) on day 

12 after HPV + TC-1 injection. The four mice in Group C 

received PLGA nanofibrous mats with 3:1 polymer-to-drug 

ratio (PLGA/AG) on day 12 after HPV + TC-1 injection. The 

wound was closed using 3-0 vicryl sutures post-implantation 

(Figure 2).

Tissue samples from around the nanofibers were collected 

from mice receiving AG-loaded mats on days 7, 14, 21, and 

28 after operation (N=3). In vivo drug release was analyzed 

by HPLC assay. Another nine mice implanted with drug-

loaded nanofibrous mats were sacrificed on days 1, 2, and 3 

after operation (N=3), for histological examination and blood 

samplings.

Results
By employing the electrospinning technique, biodegradable 

nanofibrous mats were successfully prepared. Figure 3 shows 

Figure 2 Experimental procedure of the deployment of the andrographolide-eluting membranes.
Notes: (A) A rat bearing the tumor. (B) An incision was made. (C) Implantation of nanofibrous membrane. (D) Wound was closed by sutures.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

424

Chen et al

Figure 3 Scanning electron microscope images and fiber diameter distributions of (A) 6:1 and (B) 3:1 polymer-to-drug ratios.

the images and fiber diameter distributions of the spun 

PLGA/AG nanofibers. The computed fiber diameters were 

597.7±248.1 nm and 810.6±133.8 nm, respectively, for the 

6:1 and 3:1 polymer-to-drug ratio nanofibers. Nanofiber 

diameters reduced with the contents of embedded AG. This 

might be owed to the fact that the polymeric materials in 

the matrix reduced as the pharmaceutical concentration was 

raised. Generally, a solution that possesses lower polymer 

contents is less viscous and, therefore, easier to be stretched 

when subjected to the same electric force. Fiber diameters 

reduced accordingly.

The results of the water contact angle estimation in 

Figure 4 suggest that the contact angles decreased with the 

increase of AG content in the mat (127.77°, 124.22°, and 

119.46°, respectively, for the pure PLGA nanofibers, and 

6:1 and 3:1 polymer-to-drug ratio nanofibers). Since AG is a 

poor water-soluble drug, its appearance slightly increases the 

hydrophilicity of electrospun nanofibers. On the other hand, 

the tensile test results in Figure 5 show that the ultimate tensile 

strengths and elongations at the break of spun nanofibers 

reduced with the increase of contents of embedded AG. 

This might be due to the fact that the addition of AG reduced 

the polymer content in the nanofibrous mats. Measured tensile 

properties were thus compromised accordingly.

An FTIR spectroscopy assay confirmed the AG in 

the spun nanofibrous membranes. The estimated result in 

Figure 6 suggested that the absorbance at 3,325 cm−1 was 

extremely enhanced by the O-H bonds of AG. The new peak 

at 1,688 cm−1 could be attributed to the typical skeletal vibra-

tion of the lactone ring (C
6
H

12
O

6
).19 Furthermore, the C=O 

stretching peaks at 1,710 cm−1 intensively grew relative to the 

peak of pure PLGA nanofibers. Based on the FTIR spectra, 

we successfully loaded AG onto the electrospun nanofibers.

In vitro and in vivo liberation behavior 
of AG
The liberation patterns of AG from the nanofiber are shown 

in Figure 7. AG showed a steady and nearly first-order drug 

release pattern for 30 days, after which minor peak releases 

were observed. The characteristic of daily liberation was 

www.dovepress.com
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Figure 4 Water contact angles of (A) pure poly[(d,l)-lactide-co-glycolide] nano
fibers, and (B) 6:1 and (C) 3:1 polymer-to-drug ratio nanofibers.

Figure 5 Tensile properties of electrospun drug-eluting nanofibers.
Abbreviations: AG, andrographolide; PLGA, poly[(d,l)-lactide-co-glycolide].

Figure 6 FTIR spectra of pure PLGA and andrographolide-loaded PLGA nanofibers.
Abbreviations: FTIR, Fourier transform infrared; PLGA, poly[(d,l)-lactide-co-
glycolide].

comparable with the two drug-eluting nanofibers of dif-

ferent AG loadings, with a tiny error for the two curves, 

demonstrating that the AG was evenly embedded in the spun 

nanofibers. While the 6:1 polymer-to-drug ratio mats released 

nearly 90% of the total dosage in 40 days, the 3:1 ones only 

eluted ,80% of the total drug loaded. This can be explained 

by the fact that the daily releases of nanofibers with dif-

ferent polymer-to-drug ratios were comparable. The 3:1 

polymer-to-drug ratio nanofibers had a greater drug loading, 

based on the comparable daily release, thus exhibited a slower 

accumulated release. All drug-eluting nanofibers liberated 

effective levels of AG for .40 days.

The in vivo drug release behavior was also investigated. 

The measured curves in Figure 8 suggest that the drug-

loaded nanofibers released high concentrations of AG for up 

to 3 weeks, after which the drug concentration dropped to 

1,000 µg/mL at the fourth week. Relatively, the drug level in 

the plasma showed a concentration significantly lower than 

the concentration at the target site.

Efficacy of drug-loaded nanofibrous 
membranes
Tumor size
Figure 9 displays the gross tumor conditions for the mice 

in Groups A (control) and C (implanted with drug-eluting 
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Figure 7 Daily (A) and accumulated release (B) of drug-eluting nanofibers in vitro.

nanofibers) at different weeks, while Figure 10 shows the 

measured size variation with time. While the tumors in 

Group A (control) and Group B (treated with pure PLGA 

mats with no drug loading) grew with time, the tumor size 

in Group C decreased with time until the twenty-fifth day, 

after which the tumors recurred.

Histological analysis
The histological images at every time-point (at post-operative 

days 1, 2, and 3) are shown in Figure 11. No inflammation, 

increased leukocytes, or tissue necrosis was observed in the 

histological examination in all groups.

Discussion
Advanced cervical carcinoma is a primary disease associ-

ated with a high mortality rate. Most cervical carcinomas 

result from infection with HPVs. Despite the use of prophy-

lactic vaccines, the treatment of cervical carcinoma is still 

unsatisfactory.20 The excessive number of deaths associated 

with this cancer could be attributable to the fact that the major-

ity of cervical carcinomas are only identified in advanced 

stages. Metastatic cervical cancers possess a 5-year survival 

rate of ~50%. Advanced-stage cervical cancers are treated 

by different regimes, including chemotherapeutic agents, 

radiotherapy, and immunotherapy, among others. Neverthe-

less, these treatments can fail due to drug resistance or rapid 

tumor progression. In addition, the anticancer therapies of 

anticarcinoma drugs may induce side effects, which restrict 

the use of high dosages. Therefore, improved diagnosis and 

treatment of cervical cancers are highly desired in order to 

improve the survival rate of the affected individuals.

The cervical epithelium is generally a normal barrier 

for the prevention of HPV infection.21 However, the current 

cervical screening method, which includes Pap smears and 

biopsies, may damage the cervical epithelium. In addition, 

the protocols used for treating CIN, such as laser and cervical 

conization, also destroy the epithelia. As a result, it would 

be necessary to use local agents to protect the barrier from 

iatrogenic cervical lesion to prevent further HPV infections.

In recent years, nanotechnology has provided different 

ways to enhance the management of carcinomas; it appears 

to be a promising methodology for developing cancer treat-

ments. Nanoparticles are able to accumulate at the tumor 

site via a passive targeting strategy, thereby reducing the 

side effects of pharmaceuticals and enhancing treatment 

effectiveness.22 Cancer-targeting delivery has also been 

investigated to improve the accumulation of anti-tumor 

pharmaceuticals at tumor sites. In cervical cancer, nanotech-

nology has been increasingly studied for enhancing early 

diagnosis and improving vaccine and treatment efficacy.23 

Roy et al24 pointed out that the use of nanoparticles improves 
Figure 8 In vivo drug concentrations of andrographolide at the targeted tissue and 
in the plasma.
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Figure 9 Images of the tumors on the backs of the mice.
Notes: A represents as group A; B represents as group B; C represents as group C. 0 represents as day 0; 7 represents as day 7; 14 represents as day 14; 21 represents as 
day 21; 28 represents as day 28.

Figure 10 Variation of tumor sizes with time.
Notes: *P,0.05 and **P,0.01.
Abbreviations: AG, andrographolide; PLGA, poly[(d,l)-lactide-co-glycolide].
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the effectiveness of anticancer AG in MCF-7 cells and mice 

with Ehrlich ascites carcinoma. Parveen et al25 formulated 

lipid AG nanoparticles and examined the in vitro and in vivo 

efficacy. They found that the anticancer activity in Balb/c 

mice showed better outcomes with AG-loaded solid lipid 

nanoparticles compared with the AG alone. Zhang et  al26 

proposed AG-embedded PLGA/PEG/PLGA micelles to 

enhance the drug’s bioactivity and anticancer efficacy.

This study developed biodegradable PLGA nanofibrous 

membranes for the sustained transport of AG to the target 

tumor site for the treatment of cervical cancers. Owing to the 

high surface area-to-volume ratio, nanofibers provide a useful 

pathway for delivery of water-insoluble or poor water-soluble 

drugs. Electrospun drug-embedded nanofibers not only pos-

sess one dimension at the microscopic scale but another dimen-

sion in the macroscopic form. This distinct feature endows the 

drug-loaded nanofibers with the advantage in modifying the 

biopharmaceutic and/or pharmacokinetic characteristics of 

the drug molecule for desired clinical outcomes and the merits 

of traditional solid dosage forms such as simple processing, 

good drug stability, ease of packaging and shipping.27

Different biomaterials have been used for the transport of 

pharmaceuticals, genes, and peptides. Among these materi-

als, PLGA is a biodegradable polymer that has received the 

approval of pharmaceutical agents as a therapeutic carrier 
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Figure 11 Histological analysis images at days 1–3 (D1–D3).
Notes: Scale bar 1 mm.

owing to its good biocompatibility and biodegradability.28,29 

Local drug therapy with pharmaceuticals incorporated into 

implants or administered by local injection or implantation 

provides the advantages of delivering high drug levels to the 

target site while minimizing the systemic drug concentrations 

and the associated side effects. The experimental results in 

this work demonstrated that the AG-eluting nanofibrous 

membranes exhibit a steady and nearly first-order in vitro 

drug release pattern for 30 days, after which minor peak 

releases were observed. Meanwhile, the drug levels in the 

blood remained much lower. Of clinical importance, the 

animal study showed that the biodegradable drug-embedded 

nanofibers provide a sustained liberation of AG for 4 weeks 

in  vivo. This extended liberation of therapeutic levels of 

AG provides specific benefits in terms of managing cervical 

cancers as well as preventing their recurrence.

The animal test results showed that while the tumor size 

for rats in the control and in the group receiving pure PLGA 

mats grew with time, the tumor size in rats implanted with AG-

eluting mats decreased over time until day 25. Thereafter, the 

tumor recurred. This might be attributable to the fact that the 

drug-loaded nanofibers released high concentrations of AG for 

up to 3 weeks, after which the drug concentration gradually 

dropped to 1,000 µg/mL at the fourth week. Tumor cells thus 

regenerated with the decrease of drug concentration.

Limitations
In spite of the proven efficacy of the AG-embedded nano-

fibers, there still exist limitations in this study. The first 

limitation is the relatively small number of animals enrolled 

in this study. The second limitation is the relevance of our 

findings to humans with cervical cancer, which remains to 

be consolidated and requires further exploration.

Conclusion
In this study, we manufactured biodegradable AG-eluting 

nanofibrous mats and evaluated their efficacy in treating 

cervical cancers, employing PLGA as the carrying matrix. 

The in vitro AG release was evaluated by HPLC. A cervi-

cal cancer mouse model was created and employed for the 

in  vivo efficacy assessment of drug-eluting nanofibers. 

The experimental results demonstrated that all membranes 

liberated effective concentrations of AG for .4 weeks after 

surgery while the systemic drug concentration in the blood 

remained low. Histological analysis showed no obvious tis-

sue inflammation. Therefore, we conclude that nanofibers 

with sustainable AG releases exhibit their potential in the 

treatment of cervical cancer.
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