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ABSTRACT

The recurrence and metastasis of renal cell carcinoma are severe challenges in

clinical treatment. At present, it is urgent to find a strategy to solve this problem

and improve the therapeutic effect. In this study, we designed a programmed

release system of anticancer drugs by preparing a nanofiber system with two

kinds of diameters and biomaterials (polylactic acid-glycolic acid (PLGA) and silk

protein) as drug carriers (paclitaxel), which inspired the occurrence and patho-

logical microenvironment of renal cell carcinoma. The controlled degradation of

PLGA nanofibers as a drug carrier achieved the short-term release of paclitaxel,

which could rapidly inhibit the spread and metastasis of renal cancer, while the

silk protein nanofibers as a drug carrier with slow degradation could provide the

long time and continuous release of paclitaxel to prevent the proliferation of renal

cancer cells and inhibit recurrence. The synergistic effect of the sustained release

system of paclitaxel successfully achieved inhibition of the recurrence and

metastasis of renal cell carcinoma and improve the therapeutic effect of renal cell

carcinoma. The paclitaxel release profile showed that the PLGA nanofiber drug

system provided controlled release of paclitaxel in the first 14 days, while the silk

protein nanofiber systemprovided a relatively stable and long-duration release of
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paclitaxel (1 month). In vitro experiments showed that the sustained release

systemofpaclitaxel had a lasting inhibitory effect on theproliferationof renal clear

cell carcinoma cells. These results indicated that the sustained release system of

paclitaxel could be used as a promising drug delivery systemwith highly efficient

implementations to reduce the frequency of systemic administration and inhibit

tumor growth and recurrence, which could provide a new strategy for the clinical

applications in renal cell carcinoma microenvironment.

Introduction

Cancer is a leading cause of premature death in the

world [1]. According to estimates by the World

Health Organization in 2019, cancer is the first or

second leading cause of death before the age of sev-

enty in two-thirds of the countries in the world [2].

Renal cell carcinoma (RCC) accounts for approxi-

mately 2% of newly diagnoses cancer cases and

cancer deaths in the world, particularly in developed

countries. It is expected to cause about 76080 new

cases and 13780 deaths in the USA in 2021 [3]. RCC is

the most common renal malignant tumor, and

approximately 75% of renal cancer cases are renal

clear cell carcinoma (ccRCC) [4, 5]. ccRCC is named

after how the appearance of the cancer cells, which

look clear under the microscope. Localized renal

cancer can be treated with a partial or radical

nephrectomy to remove the kidney, but 30% of

patients will eventually develop recurrence and

metastases [6]. Metastatic ccRCC is insensitive to

chemoradiotherapy and has a varied response to

targeted therapy. Most patients will have a poor

prognosis and high mortality [7–9]. Therefore, we

need to develop new treatment strategies to improve

the therapeutic outcomes of ccRCC.

Paclitaxel is one of the most common anticancer

drugs and is effective against a variety of human

tumors [10–12]. Paclitaxel inhibits the growth of

cancer cells by promoting the assembly of tubulin

into microtubules and preventing their dissociation,

thereby, blocking the cell cycle process [13]. How-

ever, the lipophilic properties of paclitaxel make it

difficult to dissolve in water. Lipid-based cosolvents

need to be added for clinical use, such as poly-

oxyethylated castor oil, which can be associated

with serious and dose-limiting toxicities [14, 15].

Immediate anaphylaxis (HSRs) occurs during or

after paclitaxel infusion in 30% of patients [16]. The

12-step administration method, using three bags of

serial tenfold dilutions, is the most widely used

desensitization protocol which involves a slow

exposure to the paclitaxel [17]. Albumin-bound

paclitaxel is a new nanopreparation of paclitaxel

that combines endogenous, human albumin with

paclitaxel in a noncovalent form without a cosol-

vent. Therefore, it has the advantages of safety,

nontoxicity, nonimmunogenicity, biodegradation,

and good biocompatibility [18]. There are reports of

a novel, nano-assembled, drug delivery system

formed by multivalent host–guest interactions

between polymer-cyclodextrin conjugates and

polymer-paclitaxel conjugates, which efficiently

delivers paclitaxel into the targeted cancer cells [19].

All of these systems are designed to improve the

solubility and stability of paclitaxel. Yet, its sys-

temic administration leads to an increase in local

blood concentration, resulting in an increased inci-

dence of adverse reactions. Recently, poly (e-
caprolactone), paclitaxel, and magnetic nanoparti-

cles have been used to design a smart nanofiber

system that combines chemotherapy and hyper-

thermia. Paclitaxel is released over a long interval

and synergizes with hyperthermia to kill tumor

cells [20]. As such, the development of new, local

therapeutic strategies for cancer treatment may offer

many advantages.

Biomaterials, such as polylactic acid–glycolic acid

(PLGA) and silk proteins, are biocompatible and

biodegradable and are considered as attractive can-

didates for the controlled/sustained release of drugs

[21, 22]. Currently, PLGA, a polymer synthesized

from lactic acid and glycolic acid, is one of the most

successfully used biodegradable polymers. The lac-

tic acid and glycolic acid produced by its hydrolysis

can be metabolized by the tricarboxylic acid cycle,

so it has the least systemic toxicity. It has been

approved by both the Food and Drug Administra-

tion (FDA) and European Drug Administration for
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use in a variety of human drug delivery systems

[23, 24]. PLGA has different molecular weights and

copolymer compositions, and the degradation time

depends on the molecular weight and copolymer

ratio [25]. Silk protein is a natural fibrin polymer

produced by arthropods like silkworms and spiders.

It has become a candidate material for biomedical

applications due to its properties such as biocom-

patibility, biodegradability, and nonimmunogenic-

ity, its slow rate of degradation in vivo, and its

ability to be processed into a variety of materials

from aqueous solutions to organic solvents [26]. Silk

protein-based biomaterials have been used as sus-

tainable drug delivery carriers for a variety of

bioactive molecules, including genes, small mole-

cules, and drugs [27–29].

Electrospinning is a widely available technique for

producing ultrathin fibers. Electrospun fibers are

commonly referred to as nanofibers when their

diameters are less than 500 nm. A large number of

biocompatible and biodegradable synthetic poly-

mers, such as polylactic acid (PLA), and PLGA,

have been directly electrospun into nanofibers and

further explored as scaffolds for biomedical appli-

cations [30]. Electrospun nanofibers have a higher

surface area to volume ratio, contributing to a larger

contact area with cancer cells [31]. In addition,

electrospun nanofibers can be easily loaded with

drugs for their controlled release and local delivery,

leading to more effective chemotherapy. In a study

by Qi et al. [32], composite nanofibers were pre-

pared by electrospinning by mixing doxorubicin

with PLGA polymer solution, resulting in sustained

release of doxorubicin for a long time, which effec-

tively inhibited the growth of HeLa cells. In another

study [33], injectable PH-sensitive silk protein

nanofiber hydrogels were prepared by electrospin-

ning to maintain doxorubicin release for 8 weeks,

with long-term cytotoxicity to cancer cells in vitro

and in vivo.

As shown in Scheme 1, considering the different

properties and degradation properties of PLGA and

silk protein, we prepared two kinds of nanofibers

with different diameters as drug carriers by elec-

trospinning. The two-level drug delivery system

that we developed can satisfy either the short-term

release or long-term sustained release of paclitaxel

in a local area to inhibit tumor growth and recur-

rence. The results of our experiments showed that

the antineoplastic membranes with drug sustained

release (ANM-DSRs) we developed achieved a

long-term supply of paclitaxel and had a lasting

inhibitory effect on the proliferation of renal clear

cell cancer cells. Renal cell carcinoma is insensitivity

to chemotherapy [34, 35] and the dose toxicity of

chemotherapeutic drugs limits the frequency and

dose of systemic administration. Therefore, the

local, long-term, drug administration strategy used

in this study provides a new treatment direction for

cancer treatment and meets actual clinical needs

[36].

Experimental section

Materials

PLGA (MW = 100 kDa) was obtained from daigang

Co (Jinan, China). The silk protein was prepared as

described previous method [21]. Paclitaxel was pur-

chased from Shanghai Ruiyong Biotechnology Co

(Shanghai, China). All other chemicals were pur-

chased from Guangzhou Chemical Co. (Guangzhou,

China) and used without further purification.

Fabrication and characterizations of ANM-
DSR

Fabrication of ANM-DSR

For ANM-DSR fabrication, PLGA (100 mg) and

paclitaxel (2.0 mg) were dissolved in 1 mL composite

solvent of dichloromethane and N,N-Dimethylfor-

mamide (V: V = 1: 9), and silk protein (100 mg) and

paclitaxel (2.0 mg) were dissolved into the mixture of

1 mL formic acid and hexafluoroisopropanol (V:

V) = 1: 9), respectively. Then the above-mixed solu-

tion was used to prepare the ANM-DSR by electro-

spinning process according to our previous method

[21]. Briefly, the mixed solution was transferred into a

syringe equipped with a needle nozzle (aperture:

0.5 mm; Yangzhou shuisi Co., Yangzhou, China). The

speed was set as 0.5 mL/h using the syringe pump

(Hebei Lange Co., Shijiazhuang, China). Meanwhile,

a 16 kV electrical potential was provided by a high-

voltage power supply. The ANM-DSR is collected by

a flat collector between the tip of the needle and the

collector at a distance of 15 cm.
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Characterization of ANM-DSR

The morphology of ANM-DSR nanofibers was tested

using the Quanta 200 scanning electron microscope

(SEM, FEI, Netherlands; gas: nitrogen). After the

ANM-DSR was mounted on the conductive adhesive

and sputtered with gold/palladium, the nanofibers

were imaged under the accelerated voltage of 15 kV.

The average diameter of nanofibers was quantified

by the ImageJ software of the National Institutes of

Health (Bethesda, USA).

Scheme 1 Two kinds of biomaterials were processed into

nanofibers of different sizes to achieve short-term and long-term

sustained release of paclitaxel for the treatment of renal cell

carcinoma. Scheme 1 is drawn using Photoshop (Adobe, San Jose,

USA) and 3ds Max (Autodesk, San Rafael, USA) software.
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Determination of drug loading content
and in vitro drug release

The drug loading of paclitaxel in ANM-DSR is defined

as the weight percentage or mass of the drug in each

membrane. To determine the drug loading, the pre-

weighed freeze-dried membrane was re-dissolved in

formic acid. The drug content was determined by an

ultraviolet spectrophotometer. The release behavior of

paclitaxel in ANM-DSR was determined by dynamic

dialysis. The ANM-DSR was packed in a dialysis bag

(MWCO:3.5 kDa), and the dialysate is transferred to a

glass device containing 100 mL phosphate buffer

solution (PBS) as a release medium. The glass instru-

ment was then shaken at the rate of 100 rpm in an

incubator at 37 �C. At the specified time point, 1 mL of

solution outside the dialysis bagwas replacedwith the

same amount of fresh PBS. The sample concentration

was determined by measuring UV–Vis absorbance at

230 nm by an Epoch 2 microplate spectrophotometer

(BioTek, Vermont, USA) [37]. The paclitaxel release

was calculated according to the standard calibration

curve of paclitaxel in PBS. The experiment was carried

out in triplicate.

In vitro studies

Cell culture

Renal clear cell carcinoma cell line 786O was pur-

chased from the cell bank of the China Center for

Type Culture Collection (Shanghai, China). 786O was

cultured in 1640 medium containing 10% fetal bovine

serum, 100 IU/mL penicillin, and 100 ug/mL strep-

tomycin (Gbico, Grand Island, USA) in an incubator

(Thermo, Waltham, USA) at 37 �C and 5% carbon

dioxide.

Live/dead cell analysis

The ANM-DSR and blank membranes were cut into

7*7 mm2 slices and adhered to the carry sheet glass.

After UV irradiation, the carry sheet glass was placed

in 24-well plates. The cells were seeded on the carry

sheet glass with a density of 50000 cells per well and

cultured for 1–3 days. Every day, the cells were

stained with calcein-AM and PI (Meilunbio, Dalian,

China) at 37 �C for 30 min. The images were obtained

Figure 1 Biological characteristics and drug release profiles of

ANM. a SEM image of the ANM of PLGA and silk protein.

b Quantification of diameters of the ANM of PLGA and silk

protein. c Average cumulative release profiles of paclitaxel from

the ANM of PLGA and silk protein in the whole process.

d Average daily release amounts of paclitaxel from the ANM of

PLGA and silk protein.
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by fluorescence microscope (Leica, Wetzlar,

Germany).

Observation of long-term antitumor effect: The

carry sheet glass adhering with ANM-DSR or blank

membrane was soaked in the culture medium, and

the medium was changed every 3 days. 786O cells

were inoculated at a specific time point (PLGA: 3, 6,

9, 12 days; Silk protein: 6, 12, 18, 24 days) and then

cultured for 1–3 days. The staining steps were as

described above.

Cell viability assay

The ANM-DSR and blank membranes were cut into

7*7 mm2 slices and adhered to the carry sheet glass.

After UV irradiation, the carry sheet glass was placed

in 24-well plates. The cells were seeded on the carry

sheet glass with a density of 50000 cells per well and

cultured for 1–3 days. CCK-8 solution (10%;

Meilunbio, Dalian, China) was added to each well

and incubated at 37 �C for 1 h. Then transferred the

medium to a 96-well plate and the absorbance of

450 nm was measured by a microplate reader (Epoch

2; BioTek, Vermont, USA).

Observation of long-term antitumor effect: the

carry sheet glass adhering with ANM-DSR or blank

membrane was soaked in the culture medium, and

the medium was changed every 3 days. 786O cells

were inoculated at a specific time point (PLGA: 3, 6,

9, 12 days; Silk protein: 6, 12, 18, 24 days) and then

cultured for 1–3 days. The steps for incubating CCK-

8 and measuring absorbance were as above. The

staining steps were as described above.

Statistical analyses

The results were expressed as mean ± standard

deviation, and all experiments were repeated at least

three times. GraphPad Prism version 8.0 (GraphPad

Software, San Diego, USA) was used for all statistical

analysis. The differences among the control group,

blank membrane group, and ANM-DSR group were

determined by ANOVA. P\ 0.05 is considered to be

statistically significant.

Results

Preparation of antineoplastic membranes
with drug sustained release (ANM-DSRs)

Apoly(lactic-co-glycolic acid) (PLGA) and silk protein

solution were used in weaving ANM-DSRs. The mor-

phologies of the nanofibers are shown in Fig. 1a, from

which two types of nanofibers can be clearly seen. The

diameter distribution of the two kinds of ANM-DSRs

showed obvious differences (Fig. 1b). The diameter of

PLGA nanofibers was a range of 800–1200 nm,

Figure 2 Biocompatibility studies in vitro. a 6-day live/dead

fluorescence results of the control group, PLGA group, and Silk

protein groups. b Quantification results of CCK-8 in different

groups on the second, fourth, and sixth days. The dotted circle

represents the area of the 400X image taken within the 200X

image.
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whereas the silk protein nanofibers was a range of

250–400 nm. This difference might be attributed to the

effect of the PLGA and silk characteristics [38, 39]. The

ANM-DSRs of PLGA and silk protein are shown in

Figure S1, which appears as a smooth white film.

The UV–vis analysis results indicated that

97.6 ± 5.6 lg of paclitaxel was loaded in each piece

of the ANM-DSRs of PLGA, 102.1 ± 8.1 lg of pacli-

taxel was loaded in each piece of the ANM-DSRs of

silk protein, which was used for subsequent in vitro

experiments.

The paclitaxel release profile of ANM-DSRs

The paclitaxel release profile in vitro was detected

using the dialysis technique. As shown in Fig. 1c, the

results showed two stages. During the first stage, the

drug was released in a controlled manner from 0 to

14 days. The cumulative release of ANM-DSRs of

Figure 3 Short-term antitumor effect of ANM-DSRs. a 3-day

live/dead fluorescence results of the control group, PLGA group,

and PLGA-PAC (paclitaxel) group. b 3-day live/dead fluorescence

results of the control, Silk protein, and SILK-PAC (paclitaxel)

groups. c, d Quantification results of CCK-8 in different groups on

the first, second, and third days. **P\ 0.01, ***P\ 0.001. The

dotted circle represents the area of the 400X image taken within

the 200X image.
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PLGA was as high as 80%, and that of ANM-DSRs of

silk protein was 60%. In the second stage, the drug

was released slowly and completely released after

60 days in ANM-DSRs of PLGA and 90 days in

ANM-DSRs of silk protein. The ANM-DSRs of PLGA

released approximately 26.9 ± 3.16 lg paclitaxel on

the first day, while the ANM-DSRs of silk protein

released approximately 23.5 ± 2.93 lg paclitaxel

(Fig. 1d). The paclitaxel release profile of ANM-DSRs

of PLGA decreased over the next 2 weeks, while that

of ANM-DSRs of silk protein lasted for 1 month; both

were released slowly over time (Fig. 1d). These

results showed that the ANM-DSRs can release a

large number of drugs early to meet the needs of

short-term and rapid treatment. Yet, the ANM-DSRs

can also achieve long-term, continuous treatment and

slow down or inhibit tumor recurrence.

Figure 4 Effect of paclitaxel concentration on 786O cell

proliferation. a 3-day live/dead fluorescence results of the

control group and different concentrations of PAC (paclitaxel)

group. b Quantification results of CCK-8 in different groups on the

first, second, and third days. **P\ 0.01, ***P\ 0.001compared

with CT group. The dotted circle represents the area of the 400X

image taken within the 200X image.
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Biocompatibility and short-term antitumor
effect of ANM-DSRs

The effect of ANM on the proliferation of the renal

clear cell carcinoma cell line 786O was also investi-

gated, as shown in Fig. 2a and b. The results of CCK-8

and fluorescent staining indicated that there were no

significant differences among the PLGA, silk protein,

and control groups (P[ 0.05). It is suggested that

PLGA and silk protein have good biocompatibility.

Additionally, the short-term, antitumor effects of

ANM-DSRs of PLGA and silk protein were evaluated.

The ANM-DSRs of PLGA and silk protein showed

obvious proliferation inhibition compared to the

PLGA, silk protein and control groups (Fig. 3a, b, c and

d; 3 days: PPLGA-PAC vs. PLGA\ 0.001, PSILK-PAC vs SILK

\ 0.001). These results suggest that both the ANM-

DSRs of PLGA and silk protein release a large amount

Figure 5 Long-term antitumor effect of the ANM-DSRs of

PLGA. a 3-day live/dead fluorescence results of the control group,

PLGA group, and PLGA-PAC (paclitaxel) group with different

immersing times. b Quantification results of CCK-8 in different

groups on the first, second, and third days. ***P\ 0.001

compared with the PLGA group. The dotted circle represents the

area of the 400X image taken within the 200X image.
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of paclitaxel to inhibit tumor growth in the early stage.

Furthermore, the effect of paclitaxel concentration on

the proliferation of 786O cells was detected, and these

results indicated that the higher the paclitaxel con-

centration, the stronger the inhibitory effect on cell

proliferation (Fig. 4a, b, c and d; 3 days: P\ 0.001).

Long-term antitumor effect of ANM-DSRs

TO evaluate the long-term, antitumor effects of ANM-

DSRs of PLGA and silk protein, we soaked the ANM-

DSRs in a medium, periodically changed the medium,

and implanted the 786O cells after an interval of time.

As shown in Fig. 5a, b, the ANM-DSRs of PLGA

Figure 6 Long-term antitumor effect of the ANM-DSRs of silk

protein. a 3-day live/dead fluorescence results of the control group,

SILK group, and SILK-PAC (paclitaxel) group with different

immersing times. b Quantification results of CCK-8 in different

groups on the first, second, and third days. **P\ 0.01,

***P\ 0.001 compared with the SILK group. The dotted circle

represents the area of the 400X image taken within the 200X

image.
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appeared to significantly inhibit cell proliferation

(3 days: PPAC-0, 3, 6, 9, 12D vs. PLGA\ 0.001), and the

inhibitory effect did not decrease significantly over

time, suggesting that paclitaxel is released slowly and

evenly. Similar results were found in the ANM-DSRs

of silk protein, they also indicated a significant anti-

proliferation effect after soaking for 24 days (Fig. 6a, b;

3 days: PPAC-0, 6, 12, 18, 24D vs SILK\ 0.001)). Both results

suggest that the sustained release effect of ANM-DSRs

of both PLGA and silk protein can allow for long-term,

continuous treatment and inhibit tumor recurrence.

Notably, the duration of ANM-DSRs of silk protein is

longer than that of PLGA.

Discussion

Due to their remarkable properties, electrospun

nanofibers have been widely used in a variety of

applications ranging from catalysis to environmental

protection and biomedicine [30]. Electrospun nano-

fibers could also be used in cancer chemotherapy by

exploiting their ability to encapsulate and release

antitumor drugs in a controlled manner. For exam-

ple, two antitumor agents camptothecin 11 and

7-ethyl-10-hydroxycamptothecin were encapsulated

in nanofibers for local delivery, achieving up to

90 days of chemotherapy with significant tumor

cytotoxicity against a human colorectal cell line [40].

PLGA and silk protein are two commonly used bio-

materials for electrospinning nanofiber liners for

controlled anticancer drug delivery [41, 42]. In this

study, we used PLGA and silk protein to fabricate

two kinds of nanofibers with different diameters by

electrospinning and loaded the antitumor drug

paclitaxel to achieve a gradient sustained release of

paclitaxel and establish a dual-system drug delivery

strategy. The prepared nanofibers combine the

advantages of both biomaterials. Due to the existence

of different properties of PLGA and silk protein and

the different sizes of the nanofibers [43, 44], the

nanofibers have the characteristics of both short-term

release and long-term, sustained release drug ther-

apy, which potentially meets the clinical treatment

needs of tumor treatment. At the same time, since

renal clear cell carcinoma is insensitive to

chemotherapy [45, 46], paclitaxel-loaded nanofibers

may achieve a locally high concentration of short-

term inhibition of tumor growth and long-term

inhibition of tumor recurrence. Combined with the

paclitaxel release data from ANM-DSRs and the

inhibition of cell growth, we believe that these

nanofibers can achieve rapid drug release in a short

period through fine nanofibers and the controlled

degraded PLGA components. The subsequent

stable and long-term release continues to play an

antitumor role, which may be achieved through the

slow degradation of thicker nanofibers and the silk

protein in the nanofibers. Our results showed that the

sustained release of paclitaxel had a lasting inhibitory

effect on the proliferation of renal clear cell carcinoma

cells. The sustained release membrane has a good

antitumor effect and could be used in the treatment

of renal clear cell carcinoma. Therefore, it is believed

that the naturally derived, gradient release biomate-

rials provide a new drug delivery strategy for cancer

treatment and have great application prospects

[47, 48].
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