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Abstract

We report a continuous nanoscale encapsulation of cancer drugs 5-Fluorouracil (FU) and 

Paclitaxel into biocompatible polycaprolactone (PCL) nanofibers (NFs) using core-sheath 

electrospinning process. A high potential electric field of 19–23.2 kV was used to draw a 

compound solution jet from a specialized coaxial spinneret. Using of DMF in both core and 

Sheath resulted in NFs within 50–160 nm along with large beaded structures. Addition of 

Trichloromethane (TCM) or Trifluoroethanol (TFE) in sheath turned NFs in more uniform and 

thin fiber structure. The diameter range for paclitaxel encapsulated fibers was 22–90 nm with 

encapsulation efficiency of 77.5% and the amount of drug was only 4 to 5% of sheath polymer. 

Addition of PVA within core resulted drug nanocrystal formation outside of sheath and poor 

encapsulation efficiency (52%) with rapid initial release (52–53%) in first 3 days. Drug release test 

of NFs in different pH exhibited increase of release rate with the decrease of media pH. In-vitro 
cell viability test with FU encapsulated NFs in human prostatic cancer PC3 cells exhibited 38% 

alive cells at 5 μM concentration while in pristine FU 43% cells were alive. Paclitaxel 

encapsulated NFs with breast cancer cells also exhibited increased efficacy in comparison to 

pristine anticancer drugs. Continuous decrease of cell density indicated the slow release of cancer 

drugs from the NFs. Both PCL+Paclitaxel and PCL+5FU treated conditions caused breast cancer 

cell death between 40% to 50%.
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INTRODUCTION

Cancer occurs at a molecular level when multiple subsets of genes undergo genetic 

alterations,1–3 either activation of oncogenes or inactivation of tumor suppressor genes. Then 

malignant proliferation of cancer cells, tissue infiltration, and dysfunction of organs will 

appear.4, 5 Tumor tissues are characterized with active angiogenesis and high vascular 

density, which keep blood supply for their growth, but with a defective vascular architecture. 
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The inherent complexity of tumor microenvironment and the existence of P-glycoprotein (P-

gp) usually act as barriers to traditional chemotherapy by preventing drug from reaching 

above threshold value inside tumor cells. Combined with poor lymphatic drainage, they 

contribute to what is known as the enhanced permeability and retention (EPR) effect.6–8 

Accordingly, there is a great need for new therapeutic strategies capable of delivering 

chemical agents and other therapeutic materials specifically to tumor locations.

Nanocarriers provide a platform to integrate therapy and diagnostics, which is an emerging 

direction in medical practice. Nanocarriers as a drug delivery provide high therapeutic 

performance when targeting specific host sites for the treatment of AIDS, hepatitis, 

tuberculosis, melanoma, and representative inflammatory diseases.9–11 Stimuli 

responsiveness such a pH, redox sensitive nanocarriers can be developed for efficient 

targeted drug delivery.12–14 Li et al. demonstrated imporved pharmacokinetics profile in-
vivo for breast cancer cells with the use of liposomal daunorubicin plus tamoxifen.15 Hua et 

al. investigated the possibility of using cross linked redox sensitivie Shell and Core 

Crosslinked Hyaluronic Acid Nanocarriers for Tumor-Targeted Drug Delivery purposes.16 In 

parallel with therapy, polymeric multifunctional nanomaterials can be exploited to exhibit 

distinctive magnetic, electrical, and optical properties for concomitant imaging.17–21 

Nanostructures, both inorganic and organic materials, have unique chemical, physical, and 

biological functions, and have been extensively studied as biomaterials or bio-functional 

materials.22–26

Nanofibrous scaffolds are artificial extracellular matrices, which provide natural 

environment for tissue formation.27 In comparison to other forms of scaffolds, the 

nanofibrous scaffolds promote cell adhesion, proliferation, and differentiation more 

efficiently due to having high surface to volume ratio, three dimensional porous architecture, 

opportunities to tune their properties by varying composition and manufacturing parameters. 

These make nanofibers suitable for various fields of biomedical engineering such as cell 

proliferation, drug delivery, wound dressing cosmetic mask, nano-sensor enzyme 

immobilization, tissue engineering scaffolds and other biomedical applications.28, 29 Drugs 

ranging from antibiotic and anti-cancer agents to proteins, aptamer, DNA30 and RNA31 have 

been incorporated into nanofibers.

Electrospinning has gained widespread interest as a potential polymer processing technique 

to produce ultra-fine polymer fibers for drug delivery applications.32–34 It has been proven a 

relatively simple and versatile method for producing polymeric fibers with diameters 

ranging from tens of nanometers to microns.35–37 Manufacturing nanofibers using 

electrospinning is highly adaptable for biomedical application since all of the properties of 

nano-fibers can be effectively controlled by a number of processing parameters, such as 

applied voltage, polymer flow rate, capillary-collector distance, as well as the surface 

tension and viscoelasticity of solution.38–41

Conventional electrospinning technique incorporates drug by hybridization with polymer 

and leads to initial burst release, which is not desirable in most cases. Electrospinning using 

special coaxial spinneret can overcome this limitation by encapsulating the drug within the 

nanofiber polymer matrix.42, 43 The coaxial electrospinning technique44–47 is found to be 
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more useful in loading of various drug, and bioactive agents in polymers, which are forced 

through a coaxial capillary channel for electrospinning in presence of applied potential. 

Investigations have indicated that the coaxial technique of drug delivery systems is 

particularly useful to protect the drugs, which are easily denatured or decomposed during 

electrospinning of nanofibrous scaffolds. Moreover a core-shell structure minimizes 

desorption of drugs from the nanofiber surface and releases the drug via diffusion through 

the porous architecture as well as biodegradation of matrix. A wide range of polymers can 

be used in electrospinning. Polycaprolactone (PCL) is an FDA approved polymer for 

biomedical applications, which can be electrospun to effectively encapsulate drug. Good 

biodegradation properties of PCL in biological media allow delivering drug over prolonged 

period at a controlled rate. We are here investigating the properties of this polymer as 

nanofibers and its applicability as a drug delivery device for anticancer therapy.

EXPERIMENTAL METHODS

Polycaprolactone (PCL) of average molecular weight 80,000 g/mol, Poly Vinyl Alcohol 

(PVA) of average molecular weight 89–98,000 g/mol were purchased from Sigma Aldrich. 

Anticancer drug 5-Fluorouracil (FU) of 98% purity was purchased from AK Scientific. 

Another anticancer drug Paclitaxel was of 98% purity from Chem-express. All other 

chemicals were of reagent grade and purchased from Sigma-Aldrich unless otherwise 

specified. NF-500 Electrospinning Unit (MECC, Japan) was utilized for electrospinning 

process. Ultra coaxial spinneret (Fig. 1), a special concentric nozzle was used for developing 

coaxial stream core and sheath. 27G needle acted as core nozzle, which was placed 

concentrically into shell nozzle (0.8 mm). Solutions were pumped to the spinneret using two 

separate precision syringe pumps and 10 ml NORM-JECT® latex free syringes. Separately 

attached dehumidifier was attached to control system humidity.

Six sets of FU loaded PCL NanoFibers (NFs) in three different category were fabricated 

using different solvent system and electrospinning parameter. Dimethylformamide (DMF), 

Acetic Acid (AA), Formic acid (FA), Chloroform/Trichloromethane (TCM), 

Trifluoroethanol (TFE) were used as solvent individually and in combinations for core and 

shell. Solvent systems and electrospinning parameters for all sets of NFs are summarized in 

Table I. For NF set A (category 1), 140 mg/ml of PCL was dissolved in DMF at 110 °C on a 

magnetic stirrer. For all other NFs (category 2 and 3), shell solution of 140 mg/ml PCL in a 

mixture of solvents of 47.5% FA, 47.5% AA, 5% TCM or TFE was used. In case of core 

solution for NFs set of B and C (category 2), 50 mg/ml of PVA was added in addition to 50 

mg/ml FU. Neat PCL was manufactured as a control sample using the sheath solution used 

to synthesize NFs set A.

Paclitaxel was also encapsulated within PCL nanofibers (Sample G) using coaxial 

electrospinning. 140 mg/ml of PCL was dissolved in a mixture of solvents of acetic acid, 

formic acid and chloroform at 47.5:47.5:5 ratios. Paclitaxel was dissolved into formic acid at 

5 mg/ml concentration. Solution was electrospun at 19.5 kv and 135 mm tip to collector 

distance. PCL and Paclitaxel solution was pumped at 0.6 ml/hr and 0.1 ml/hr flow rate 

respectively.
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All NFs were collected on wax paper using flat plate collector at traverse speed of 10 mm/s 

of spinneret and 150 mm traverse distance to get long and thin nanofiber membrane. 

Nanofibers were taken out of the wax paper and kept into 50 ml deionized water at 37 °C for 

two hours to let the nanofibers release any drug attached to its surface. It was then dried in 

vacuum chamber at 25 °C for 24 hours.

In Vitro Drug Release Test

Six random samples of size approximately 20 × 20 mm were taken from each set of NFs. 

Weight of the samples of corresponding NF set were noted down. Samples were put into 14 

ml of 0.01M Phosphate Buffer Saline (PBS) in centrifuge tubes and preserved in a shaking 

incubator at 37 °C to allow the NFs to release drug in PBS. The PBS media did not contain 

any serum. 50 μL of PBS solution were collected from each centrifuge tubes to UV 

transparent 96 well plate at 24 hours interval to measure the amount of released drug from 

nanofibers within that time. Vortex mixer was used to make the solution homogenized before 

taking samples. Samples’ absorbance was measured using UV-Vis spectrometer at 265 nm. 

Absorbance of FU is proportional to its concentration in PBS solution. Concentration of FU 

was calibrated using 38 solutions of FU at different known concentration. To determine total 

encapsulated drug within the fiber membrane 15 mg of NFs from each set of NFs were 

dissolved into 14 ml dichloromethane and their absorbance were measured at 265 nm. 

Background absorbance of dichloromethane was deducted to get absorbance of 5-FU which 

were compared with standard FU solution. Drug encapsulation efficiency was determined by 

comparing the encapsulated drug with the feed rate of drug in fiber manufacturing process.

In Vitro Cytotoxicity Test

Human prostatic cancer cells PC3 were used to test the biocompatibility and cytotoxicity of 

FU loaded PCL NFs. Human prostatic cancer cells derived from metastatic site (bone) was 

purchased from ATCC, USA. 57 ml of fetal bovine serum (USA origin purchased from 

Sigma Aldrich), 7 ml of Penicillin-Streptomycin (purchased from life technologies) and 6 ml 

of HEPES (purchased from life technologies) was added to 500 ml RPMI-1640 medium 

(Purchased from fisher scientific). This media is called R+ media. 96 well plate were used to 

grow PC3 cells. 100 μL of PC3 cells at 8 × 104 cells/ml were added on each wells of 96 well 

plate for all tests. PC3 cells were incubated at 37° C in a humidified 5% CO2 atmosphere for 

24 hours before performing any test.

All NF samples were sterilized in UV radiation for 30 min prior to cell viability tests. 

Cytotoxicity tests were performed for neat PCL NFs, pristine FU, NFs set A and D. Each 

tests were performed in individual well plates to avoid cross contamination. All naofiber 

samples were sterilized using UV radiation for one hour before performing cytotoxicity test. 

Neat PCL NFs of 5 × 5 mm dimension were incorporated directly into PC3 cells to 

investigate biocompatibility of PCL NFs. Biocompatibility test were carried out using 6 

replica of neat PCL NFs and 6 pristine PC3 cells as control sample. Cytotoxicity of pristine 

FU was performed by 11 aqueous solution of FU of concentration 0.33–5.6×10−6 μM at 1/3 

dilution in each step. FU solutions were directly incorporated into cell culture media. Test 

was performed in triplicates of each FU concentration.
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10 mg NFs were taken from NFs set A and D as sample to perform their cytotoxicity. Both 

NF samples were immersed into 14 ml R+ media and incubated at 37 °C for an hour. This R

+ media was later diluted by fresh R+ media at different concentration from 0.33–5.6×10−6 

μM of FU. These FU loaded media was used for the cell culture of PC3 cells. Ninety six 

well plates were incubated at 37 ° C in a humidified, 5% CO2 atmosphere for 48 hours to 

give sufficient time for the fluorouracil to inhibit essential biosynthetic process of the PC3 

cells and thus cause them to suicide or cell apoptosis. Antimetabolite drug takes 2–5 days to 

cause a cell to die. After 48 hours, well plates were taken out from incubator and 20 μL of 

MTS-based Cell Titer solution was added in each well. MTS based cell titration is a 

convenient colorimetric method to determine the number of viable cell in cytotoxicity assay. 

Well plates were kept again in CO2 incubator for 3 hours and then their absorbance were 

measured at 490 nm using UV-Vis spectrometer. Absorbance of cells with different 

concentration of drug was compared with the absorbance of PC3 cells with no drug to 

determine the cell viability. Percentage of cell viability was plotted against drug amount, 

which indicates the killing curve of neat FU, NFs set A and D.

Paclitaxel loaded nanofibers were tested in human breast cancer cells for 72 hours. The drug 

paclitaxel was delivered in thin film-like forms as Paclitaxel-PCL. They were then cut into 

small 3 mm × 3 mm square pieces that weighed 0.0576 mg containing 0.002592 mg of 

Paclitaxel for Paclitaxel-PCL. These small pieces were then stored in 100 mm petri dishes 

and disinfected inside the biosafety laminar flow hood with ultra violet (UV) light for 18 

hours.

MDA-MB-231 breast cancer cells (4 × 104 cells) per well were seeded in 24 wells plate. The 

cells were maintained in 500 μl DMEM-high glucose media with 10% FBS and incubated at 

37 °C for 24 hours in normoxia chamber (21% O2, 5% CO2) to allow the cells to attach and 

get acclimatized to the growth conditions. After 24 hours, the media was aspirated gently 

and the cells were washed with 1×PBS. 500 μl DMEM-HG fresh media was added to each 

well gently along the walls. The pieces of NFs containing paclitaxel were added in the 

increments of one each starting from one piece per well to four pieces per well. Each 

treatment was performed in duplicates. The cells with the treatments were incubated for 24 

hrs, 48 hrs and 72 hrs following which images were obtained at each time point using an 

inverted microscope. Cells were cultured with only cancer cells, cells with neat PCL and 

Paclitaxel loaded PCL nanofibers.

Proliferation Assay

The drug Paclitaxel and 5-FU was delivered in thin film-like forms as Paclitaxel-PCL and 

Paclitaxel-5 FU-PCL and 5 FU-PCL. They were then cut into small 3 mm × 3 mm square 

pieces that weighed 0.00065 g containing 0.00004 g of Paclitaxel for Paclitaxel-PCL and 

weighed 0.00067 g containing 0.0000388 g of 5-FU for 5 FU-PCL and weighed .00062 g 

containing 0.000031 Paclitaxel and 0.0000124 5-FU. These small pieces were then stored in 

100 mm petri dishes and sterilized inside the biosafety laminar flow hood with ultra violet 

(UV) light for 18 hours.

The WST assay was used as a cytotoxicity assay for the Human Triple Negative Breast 

Cancer (TNBC) cell line, MDA-MB-231 cell line using Paclitaxel, 5-FU and combination of 
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Paclitaxel-5FU. 10,000 MDA MB-231 cells were seeded into 96-well plates (costar 3596-

Corning Incorporated) in 100 μL of high glucose concentration Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum, 4.0 Mm L-Glutamine and 

4500 mg/L Glucose as provided by the manufacturer (Thermo Scientific). There were total 

five experimental conditions—(i) control, (ii) PCL fiber only, (iii) PCL and Paclitaxel, (iv) 

PCL and 5-FU, (v) combination of PCL, Paclitaxel and 5-FU. A chipped piece of drug (as 

mentioned in the preparation of paclitaxel section above) from each formulation was added 

into the corresponding well. Each treatment was performed in triplicates for achieving 

statistical significance. The cells with the treatments were incubated at 37 °C in a normoxia 

(21% O2) chamber for 24 hours. After 24 hours the chipped piece of drug was removed from 

each well. Then 10 μL of WST-1 reagent (ROCHE) was added to each well and incubated at 

37 °C in a normoxia (21% O2) chamber for 4 hours in dark. The remaining viable cells with 

WST dye uptake were determined by measuring the optical density at 490 nm in Perkin 

Elmer Wallac 1420 Victor Multilabel Counter.

Trypan Blue Exclusion Test of Cell Viability

Trypan Blue dye exclusion test was used to discriminate between viable and non-viable 

cells. 100,000 Human Triple Negative Breast Cancer (TNBC) cell line, MDA-MB-231 were 

seeded into 24-well plate (costar 3527-Corning Incorporated) in the same media with the 

same conditions. After 24 hours, all cells (both floating and attached cells) were collected 

and the viability was determined under bright field microscope by adding trypan blue dye. 

Dye positive cells are considered dead cells.

RESULTS AND DISCUSSIONS

Morphology analysis of NFs was performed using Scanning Electron Microscopy (SEM) 

and Energy Dispersive X-ray Spectroscopy (EDS). Samples of 5 × 5 mm dimension were 

taken for this purpose and gold sputtered for 1 min to form a thin layer of gold on the NFs 

surface. SEM image of neat PCL NFs (Fig. 2(A)) exhibited thin fibrous network of narrow 

size distribution ranging from 80–120 nm. Neat PCL NFs exhibited no presence of beads or 

bundles of fibers. While FU was introduced to the core of NFs during the electrospinning 

process using same solvent system (NFs set A), it started forming large beads of 0.3–1.2 μm 

(Fig. 2(B)) within the fiber network. Although NFs set A demonstrated similar fibrous 

network (Fig. 2(C)) between beads with slight broad diameter range from 50–160 nm at 

average diameter of 120 nm and standard deviation of 29.6 nm.

SEM images of NFs set A did not demonstrate any FU particles or crystal on surface of NFs 

which was further verified by EDS. SEM images of NFs set B is shown in Figure 2(D). NFs 

were randomly distributed and showed non-uniform surface features with lots of FU 

particles attached to the surface. SEM image didn’t exhibit large beads as found in NFs set 

A, but it exhibited some FU drug particles attached to the surface of NFs which is red 

marked in the image. Diameter of NFs were distributed between 120–350 nm at average 

diameter of 238 nm and standard deviation of 92 nm. SEM image of NFs set C is shown in 

Figures 2(E) and (F). NFs C demonstrated similar morphology as NFs set B. Diameter of 

fibers were broadly distributed between 60–310 nm at average diameter of 170 nm and 
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standard deviation of 60 nm. NFs set C exhibited few bundles of fibers within nanofiber 

matrices and FU drug particles on the surface which is red marked on the image. EDS plot 

of NFs set B and C is shown in Figures 3(A) and (B) respectively. EDS characterization was 

performed to determine the presence of Fluorine (F) in the spectra. EDS plot verifies the 

presence of Fluorine i.e., fluorouracil drug on the surface of NFs set B and C. NFs set C 

exhibited 4.9 weight percentage of Fluorine on the surface of nanofiber membrane which 

1.75 times more Fluorouracil than that of NFs set B.

SEM images of NFs set D, E and F is shown in Figure 4. All of these NFs share similar 

morphology. None of them showed any formation of large beads, bundles of fibers or 

presence of FU drug within nanofiber matrices. NFs set F exhibited more uniform surface 

while NFs set A exhibited less uniform fibers (Figs. 4(E, F)). Diameter of fibers of NFs set 

D ranged from 110–270 nm at average diameter of 170 nm and standard deviation of 41 nm 

(Figs. 4(A, B)). NFs set E exhibited diameter ranging from 120–350 nm at average diameter 

of 200 nm and standard deviation of 57.5 nm (Figs. 4(C, D)). NFs set F showed diameter 

ranging from 140–400 nm at average diameter of 220 nm and standard deviation of 53.8 nm 

(Figs. 4(E, F)). SEM images of this three sets of NFs demonstrated fiber diameter increases 

from D to F. EDS characterization was performed to determine presence of any Fluorine i.e., 

FU drug particles. EDS plot exhibited no presence of drug particles on the surface of NFs.

SEM image of Paclitaxel loaded PCL nanofibers were shown in Figures 5(A) and (B). SEM 

images of Paclitaxel loaded PCL nanofiber exhibited thin nanofibers with rough surface 

properties. Diameter of nanofibers were randomly distributed from 22–90 nm at average 

diameter of 46.8 nm and standard deviation of 17.2 nm. Paclitaxel loaded PCL nanofibers 

exhibited narrowest average diameter among all manufactured nanofibers. Diameter 

distribution plot of paclitaxel loaded PCL NFs is shown on Figure 5(C).

In order to investigate core-sheath structure of drug loaded nanofibers Transmission Electron 

Microscopy (TEM) was performed. Nanofibers manufactured with Paclitaxel and 5-FU as 

core and PCL as the sheath outer structure doesn’t contain any metallic compound. Due to 

absence of metallic compound in the core and sheath TEM/SEM image doesn’t create any 

contrast difference between core and sheath structure. To overcome this limitations NaCl 

was added to polymer sheath and another cancer drug Cisplatin (contains platinum) was 

added along with FU in the core solution. All other solution processing and electrospinning 

parameters were kept as same as NFs set F. Nanofibers were electrospun directly on TEM 

grid and dried in vacuum chamber for 24 hours. TEM image as shown in Figure 6 exhibited 

drug core of app 80–90 nm and polymer sheath of 30–40 nm thickness.

Morphology of coaxial nanofibers largely depends on the solution properties, mutual 

interaction of polymer as well as drugs. Conductivity difference, viscosity difference, 

surface tension and volatility of solvents are some of the important physical properties which 

affects uniformity of core-sheath nanofibers. Viscosity and surface tension difference 

between solutions dictates Rayleigh instability or jet breakup which primarily determines the 

presence (or absence) of beads. Additionally core solvent needs to be more volatile than that 

of shell for stable coaxial NFs formation. Low vapor pressure of core solution tends to retain 

unevaporated solvent which is responsible for swelling of fibers to form large beads. Core 
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solution of category 1 NFs was FU in DMF had high conductivity and very low viscosity 

than that of sheath which resulted in high pulling force inside of a viscous sheath PCL 

solution. Also DMF has very low volatility in comparison to FA. As a result core solution 

tends to coagulate which significantly influenced formation of beads within the network of 

NFs. Neat PCL NFs didn’t exhibit any beads since there wasn’t any core solution to cause 

viscous drag and jet breakup. Other categories didn’t demonstrate any significant bead 

formation because solvent for core was more volatile and less conductive to electricity.

Category 2 NFs exhibited accumulation of drug particles outside of fibrous structure. Both 

of these experienced higher electric potential (1.76 KV/cm and 2.109 KV/cm) in comparison 

to other NFs set when voltage is considered as a function of tip to collector distance. Such 

high electric potential causes free charges or ion to migrate very rapidly from core fluids and 

core-sheath interface to the free surface of the shell. Such rapid migration of charges results 

in penetration of shell layer since FU solution is polar in nature and can carry ion. When 

applied voltage is low, charge accumulation occurs primarily on the shell solution and the 

compound solution droplet at the tip of the spinneret can be expected to remain stable. The 

electrospinning process can then proceed via charge repulsion at the surface of the shell 

solution. Entrainment of the core solution can subsequently occur through viscous dragging 

and contact friction at the interface (of both solutions). Core solution for NFs set B and C 

also contains PVA in addition to drug which increases its surface tension. FU and PVA are 

not mutually miscible. PVA possesses higher electrospinability while drug solution alone 

tends to spray. The combined effect of high electrical stresses, surface tension and presence 

of PVA resulted in poor drug encapsulation for NFs set B and C. Figure 7 demonstrates the 

correlation between drug encapsulation efficiency and effective applied voltage. From the 

correlation it can be seen that drug encapsulation efficiency increase with the decrease of 

applied voltage. Although NFs set A exhibited comparatively lower encapsulation efficiency 

even lower voltage because of different solvent system. SEM images (Figs. 3 and 4) also 

demonstrated that below 65% encapsulation efficiency, drug particles become prevalent 

outside of nanofiber matrices.

Formic acid, acetic acid and TFE can individually be used as a solvent for PCL which results 

in different NF morphology due to the variation of conductivity, viscosity of resulting 

solution and volatility difference. None of these solvents provides good encapsulation with 

uniform thin fibrous structure when they are used alone. 1:1 ratio FA and AA combination 

provides better fiber morphology in case of neat PCL NFs synthesis. But when perform 

coaxial electrospinning with drug solution (FU in FA), this combination results in thick and 

very uneven NFs because both solution have similar conductivity. TFE has higher 

conductivity than AA or FA. So, incorporation of TFE into the polymer solution increases its 

conductivity which resists Raleigh instability and Taylor cone breakup. Conversely 

incorporation of TFE also increases volatility of solvent system in comparison to core 

solution because of its higher vapor pressure which increase NFs diameter. So, amount of 

TFE was optimized to balance between conductivity and volatility of polymer solution. In 

our experiment, 5% (v/v) TFE resulted in better NF morphology while all other parameters 

were kept constant. DMF, Tetrahydrofuran, Dichloromethane, Trichloromethane solvents 

and their combination were also used for dissolving PCL but none of them resulted thin and 

uniform fibrous structure as in Figures 2 and 3.
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Flow rate ratio of shell and core solution also has influence on the stability of compound 

Taylor cone, diameter of coaxial NFs. Increasing core flow rate increase drug encapsulation 

in cost reduced encapsulation efficiency and extended nanofibers diameter. Dependency of 

coaxial NFs diameter on sheath and core flow ration is presented in Figure 8. 

Electrospinning parameter were not of same, so it is difficult to obtain any rigid dependency. 

However, polynomial trendline demonstrates that flow ratio become more dominant on NFs 

morphology when its value is high (>5). On the other when flow ratio is low (such as 1–3) 

then electrospinning parameters, solution properties, mutual interaction etc. becomes more 

dominant and flow insignificant influence on morphology.

In-vitro drug release of all sets of NFs for 25 days in PBS media is shown in Figure 9. 

Category 1 and 3 NFs exhibited steady and consistent release pattern throughout the entire 

testing period. NFs set A, category 1 showed little bit of high release on the first day while 

NFs set F, category 3 didn’t release significant FU within first day. After first day of drug 

release NFs set A, F exhibited very similar release pattern though percentage of released 

drug from NFs set A were approximately 10% higher than NFs set F. On the other hand 

category 2, NFs set B and C exhibited very high drug release percentage during the initial 

time period. Both of them released 52–53% of encapsulated within three days of release test 

while NFs set A, D, E and F released only 13–23% drug. Drug release rate of NFs set B and 

C were significantly reduced after 3rd day while other sets of NFs showed consistent release 

pattern. Drug encapsulation efficiency of NFs set A, B, C, D, E and F were determined 

70.48%, 62.96%, 52.71%, 73.62%, 72.98%, 77.5% and 76.11% respectively. NFs set B and 

C exhibited lower encapsulation efficiency since lots of FU particles were attached to the 

surface of NFs. Drug release from PCL NFs dictated mainly by diffusion of drugs through 

the pores Disintegration and biodegradation of PCL in PBS media is not that dominant, 

that’s why weight reduction of PCL NFs was insignificant. Drug release characteristics from 

PCL NFs further depends on the release media itself and its dynamics. Drug release pattern 

from NFs can also be tuned by using different MW of PCL. Higher MW degrades faster and 

vice versa. In order to investigate the effect of differential pH level on the drug release 

characteristics, release tests were performed at different pH level.

In vitro drug release test of FU loaded PCL nanofibers in PBS media at different pH is 

shown in Figure 10. Four different pH level (7.0, 6.5, 5.8 and 3.0) of PBS media were used. 

Four sets of FU loaded PCL nanofiber samples were tested at each pH level. The results of 

the release tests are shown in Figure 10. As demonstrated in the Figure 10, effect of pH was 

prevalent from the starting of drug release period. It is observed that, % of drug release 

shows an increasing trend with decreasing pH level of the PBS solution. We believe lower 

pH level increase the degradation rate of nanofibers which expedites release rate. NFs 

released least amount of drug in 7.4 pH and drug release rate increase significantly while pH 

was reduced from 7.4 to 7.00 pH and 6.50 pH. NFs exhibited almost similar release pattern 

at 6.5 and 5.8 pH. It is also observed that drug release rate increased significantly with slight 

change of pH from 7.4. But when the pH of PBS is already low (such as 5.8), it requires a 

significant change of pH to increase a small amount of drug release rate. For example in our 

experiment on 4th day of drug release test, only 0.4 decrease of pH from 7.4 to 7.0 increased 

15.3% drug release while decrease of 2.8 pH from 5.8 to 3.00 increased only 10.2% of drug 

release rate.
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In-vitro biocompatibility test of neat PCL NFs is shown in Figure 11. Cell viability of PC3 

cells in neat PCL was evaluated using MTS assay. Cell viability test showed slightly (about 

2%) increased growth of PC3 cell in neat PCL NFs in comparison to PC3 cells without any 

NFs. This further demonstrates that PCL NFs itself not toxic to cells. Nanofibers possess 

three dimensional architecture which is more favorable to cell growth in comparison to flat 

bottom cell culture microplate.

In vitro cytotoxicity test of pristine FU, NFs set A and NFs set D is shown in Figure 12. 

Microscopic images demonstrates PC3 cells at corresponding concentration after 48 hours of 

exposing NFs to the cell culture media. NFs set A exhibited similar cytotoxic effect to 

pristine FU while NFs set D demonstrated enhanced efficacy and killing rate. At 5 μM initial 

drug concentration in the media NFs set D exhibited 38% alive cells while in pristine FU 

43% cells were alive and in NFs set A 47.8% cells were alive. With increased concentration 

of NFs (set D) we have observed the cell viability decreased close to 20%. Drug release 

from nanofiber matrix relies on diffusion phase from the polymeric matrix along with the 

biological degradation of the carrier. Diffusion is responsible for initial burst release and in 

later stage drug release mainly relies on degradation of polymeric shell. In comparison to 

polylactic acid (PLA), poly glycolic acid (PGA), and other aliphatic polymers, the 

degradation of PCL in a buffer solution is very slow because of its semi-crystalline nature. 

Pitt et al. investigated the degradation of implanted, sub-dermal, drug delivery devices 

produced from PCL (Mn 50,000) over a timescale of 52 months. Weight loss was not 

recorded until after approximately 2.5 years when the molecular weight (Mn) had fallen to 

5000, reflecting the requirement for degraded chain fragments to be below a critical chain 

length for diffusion from the matrix.

Paclitaxel loaded PCL nanofibers has been tested for cytotoxicity in human breast cancer 

cells at Georgia Cancer Center, Augusta University. Cancer cells were tested for 72 hours 

with neat PCL nanofibers and paclitaxel loaded PCL nanofibers in comparison to controlled 

breast cancer cells. Neat PCL nanofibers showed increased growth while Paclitaxel loaded 

nanofibers exhibited continuous decrease of number of viable cells. Decrease of viable cells 

were also dependent on the number of paclitaxel containing NFs. Bright field microscopic 

images of Breast cancer cells are shown in Figure 13. Continuous decrease of attached cells 

(cell density) indicated the slow release of paclitaxel from the NF.

Proliferation or cytotoxicity assay showed significantly decreased proliferation in MDA-

MB-231 cells treated with PCL+Paclitaxel, PLC+5FU, and PCL+Paclitaxel+5FU compared 

to that of untreated and cells treated with PCL only (Fig. 14). Similarly, trypan blue dye 

exclusion test also confirmed the results of WST assay. Number of dead cell varied among 

the drug treatments. There were 33% dead cells in PCL + Paclitaxel + 5FU treated 

condition. Both PCL + Paclitaxel and PCL + 5FU treated conditions caused cell death 

between 40% to 50%.
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SUMMARY

• Anticancer drug FU was encapsulated within PCL nano-fibers (avg dia 190 

nm) and Paclitaxel was encapsulated within ultrafine coaxial nanofibrs (avg 

dia 46.8 nm).

• Addition of TFE with formic acid and acetic acid as solvent for polymer 

sheath influenced formation of narrow NFs.

• Incorporation of PVA in core drug solution resulted in nanocrystals outside of 

sheath surface and poor encapsulation (52.71% efficiency). Absence of 

polymer in core and lower effective voltage (around 1.4 KV/cm) increased 

drug encapsulation efficiency (77.5%).

• Increase of sheath to core solution flow ratio resulted in decreased diameter of 

nanofibers. At 1.5 flow ration average fiber diameter was 220 nm while flow 

ratio 6 resulted 46.8 nm average fiber diameter.

• In-vitro cell viability tests showed enhanced cancer cell growth in NFs 

compare to flat bottom well plate environment. While FU loaded NFs 

demonstrated increased efficacy in comparison to pristine FU.

• Encapsulated NFs demonstrated consistent drug release pattern for 25 days in 

PBS media and increased cytotoxicity in comparison to pristine drug when 

tested in human prostatic cancer and breast cancer cells.

• Cell viability was determined by WST assay and trypan blue dye exclusion 

test. In both assays, PCL containing paclitaxel, 5-FU and both Paclitaxel and 

5-FU decreased cell viability between 33 to 50%.
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Figure 1. 
Schematic representation of ultra coaxial spinneret showing two stream of fluid flow and 

compound Taylor cone.
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Figure 2. 
SEM images of (A) Neat PCL NFs, (B), (C) NFs set A, category 1 at different magnification 

and location showing beads within fiber network, (D) NFs set B, category 2 at different 

magnification and location showing presence of FU nanocrystals outside of sheath which is 

red marked, (E), (F) NFs set C, category 2 at different magnification and location showing 

presence of FU nanocrystals outside of sheath which is red marked.
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Figure 3. 
EDS plot showing weight percentage of Fluorine on the surface of (A) NFs set B, category 2 

(B) NFs set C, category 2.
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Figure 4. 
SEM images of (A), (B) NFs set D, category 3 at different magnification and location (C), 

(D) NFs set E, category 3 at different magnification and location showing uniform NFs 

formation without large beads or drug nanocrystals outside of sheath (E), (F) NFs set F, 

category 3 at different magnification and location showing uniform, thin NFs formation 

without large beads or drug nanocrystals outside of sheath.
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Figure 5. 
(A) SEM image of Paclitaxel loaded PCL nanofibers (NFs set G, category 3) showing 

randomly distributed fibers with no presence of beads or drug particles outside (B) SEM 

image of Paclitaxel loaded PCL nanofibers showing dimensions of nanofibers (C) Diameter 

distribution plot of Paclitaxel loaded PCL nanofibers (NFs set G, category 3).
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Figure 6. 
TEM image of anticancer drug loaded PCL nanofibers showing 5-Fluorouracil, cisplatin 

encapsulated within PCL sheath. Anticancer drug cisplatin was added in core and NaCl was 

added to sheath to enhance contrast in TEM image. Dotted line was drawn to demonstrate an 

approximate boundary between core and sheath.
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Figure 7. 
Graphical representation of correlation between drug encapsulation efficiency and effective 

applied voltage.

Iqbal et al. Page 21

J Biomed Nanotechnol. Author manuscript; available in PMC 2017 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Graphical representation of Influence of Sheath core fluid flow ratio on NFs diameter.
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Figure 9. 
In-vitro FU drug release test from the drug loaded PCL nanofibers in PBS media for 25 

days.
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Figure 10. 
In-vitro drug release test of FU loaded PCL nano-fibers in PBS media at different pH.
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Figure 11. 
In-vitro biocompatibility of neat PCL NFs.
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Figure 12. 
In vitro cell viability test of PC3 cells in pristine FU, NFs set A and NFs set D. Microscopic 

images of PC3 cells after 48 hours of cell viability test at corresponding FU concentration.
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Figure 13. 
Microscopic images of breast cancer cells with neat PCL nanofibers (4 piece), paclitaxel 

loaded nanofibers (4 piece) (NFs set G, category 2).
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Figure 14. 
Cell viability (MDA-MB-231 triple negative breast cancer) determined by WST assay (cell 

proliferation). There was significantly decreased viability in cells treated with PCL 

+Paclitaxel, PCL +5FU, and PCL +Paclitaxel+5FU.
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