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Background: 6-Mercaptopurine (6-MP) is a potential anti-cancer agent which its therapeu-
tic and limitation applicability due to its high toxicity.

Objective: Herein, 6-MP was loaded into tri-layered sandwich nanofibrous scaffold (the top
layer composed of poly methyl methacrylate/polycaprolactone (PMMA/PCL), the middle
layer was PCL/PMMA/6-MP, and the bottom layer was PCL/PMMA to improve its bioac-
tivity, adjusting the release-sustainability and reduce its toxicity.

Methods: Electrospun tri-layered nanofibers composed of PCL/PMMA were utilized as
nano-mats for controlling sustained drug release. Four groups of sandwich scaffold config-
urations were investigated with alteration of (PMMA: PCL) composition.

Results: The sandwich scaffold composed of 2%PCL/4%PMMA/1%6-MP showed the
best miscibility, good homogeneity and produced the smoothest nanofibers and low
crystallinity. All fabricated 6-MP-loaded-PCL/PMMA scaffolds exhibited antimicrobial
properties on the bacterial and fungal organisms, where the cytotoxicity evaluation
proved the safety of scaffolds on normal cells, even at high concentration. Scaffolds
provided a sustained-drug release profile that was strongly dependent on (PCL: PMMA).
As (PCL: PMMA) decreased, the sustained 6-MP release from PCL/PMMA scaffolds
increased. Results established that ~18% and 20% of 6-MP were released after 23h from
(4%PCL/4%PMMA/1%6-MP) and (2%PCL/4%PMMA/1%6-MP),
this release was maintained for more than 20 days. The anti-cancer activity of all

respectively, where

fabricated scaffolds was also investigated using different cancerous cell lines (e.g.,
Caco-2, MDA, and HepG-2) results showed that 6-MP-loaded-nanofibrous mats have an
anti-cancer effect, with a high selective index for breast cancer. We observed that
viability of a cancer cell was dropped to about 10%, using nanofibers containing 2%
PCL/4%PMMA/1%6-MP.

Conclusion: Overall, the PCL: PMMA ratio and sandwich configuration imparts a tight
control on long-term release profile and initial burst of 6-MP for anticancer treatment
purposes.

Keywords: sandwich scaffold, PCL/PMMA, 6-MP, sustained drug release, anticancer,
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Introduction

Globally, cancer represents the second major cause of death,
there were estimated to be 9.6 million deaths in 2018 accord-
ing to studies carried by World Health Organization (WHO).
Nearly, three quarters of deaths from cancer take place in
middle- and low-income countries. Breast cancer is the most
prolific cancer in women and represents about 25% of all
female malignancies worldwide." The most common treat-
ment modalities of cancer are radiotherapy, chemotherapy
and surgery but chemotherapeutic approaches are considered
to be the main option for late stage and metastatic cancer
the traditional
approaches are often inadequate due to features such as toxi-

treatment.” However, chemotherapeutic
city to the normal cells, poor drug uptake, difficulty targeting
the delivery of drugs to tumor sites, insufficient therapeutic
efficiency. Nanotechnology offers the potential to overcome
some of these limitations and has been extensively studied in
cancer diagnosis and treatment over the years. Nano-carriers
such as nanofibers, liposomes, nanotubes, dendrimers, as well
as nanoparticles are principally used for providing and preser-
ving desired dose of therapeutic agents with slight toxicity.”
6-Mercaptopurine (6-MP) is a familiar commercial drug as
anti-cancer, immune suppressant and anti-inflammatory
properties.* It is also utilized as an effective treatment of
inflammatory diseases (non-Hodgkin-lymphoma), immune dis-
eases (theumatologic disorders) and enhances avoidance of
rejection following organ transplantation. In the cell, 6-MP is
metabolized by hypoxanthine phosphoribosyl transferase to
methylated thioinosinic (the active form) to prevent synthesis
of purine and is transformed later to thioguanine, which is
a DNA inserting agent.® 6-MP goes through a complex bio-
transformation representing the drug inactive. Moreover, 6-MP
suffers from limiting their bioavailability by increasingly pre-
scribed to destroy by thiopurine S methyl transferase and
Xanthine oxidase. Subsequently, this might lead to decrease
its bioavailability approximately 16%.” Currently, the creation
of nano-structured carrier materials in the form of nanofiber
scaffolds have gained attention for a wide-range of applications.
There are many advantages of nanofibers structure; such as
control of release profile, high surface area, and enhance fiber
strength. As result of these rich and valuable properties, nano-
fiber scaffolds could be used in numerous biomedical applica-
tions like, drug delivery systems,® tissue engineering” and
wound dressings.'® Electrospinning is considered one of the
best options for producing nanofibers due to its flexibility,
simplicity and cost-effectiveness, coupled with its capability

: 11
to produce smooth as well as continuous nanofibers.

There are several features the loaded nanofibers mats
must display, such as hemo-compatibility, adequate tissue
distribution, stability in biological fluids, control the size
distribution, high drug loading efficiency, bioavailability,
biodegradation and nontoxicity.'? The structural, as well as
physical, properties of polymers can be modified to specific
requirements by blending between two or more polymers.'?
Mixing biopolymers physically, can result in the formation
of novel properties which are superior to any one of the
component of polymers used.'* The miscibility between
different biopolymers may create from several various inter-
actions, such as hydrogen bonding, charge transfer for
homo-polymer mixtures and dipole—dipole forces.'> The
thermoplastic polymethly methacrylate (PMMA) has been
extensively used in medicinal applications and in optical
systems (intraocular lenses).'® Because of its stability in
the oral environment, PMMA is widely utilized as
a promising biomaterial in dentistry applications.'” A semi-
crystalline aliphatic polycaprolactone (PCL) is considered to
be one of the most promising biodegradable and biocompa-
tible aliphatic polymer; because of its biological and
mechanical properties. It possesses a glass transition tem-
perature around —60°C in addition to a melting point (MP)
equal to 60°C."® Thus, PCL has been permitted by the US
Food and Drug Administration (FDA) to utilize in medical
applications and drug delivery systems.'’

Numerous researchers have proved the advantages of coax-
ial/triaxial techniques for creation of nanofibrous mats for con-
trolled release of drugs.’>?' Even though such techniques
produce efficient nanofibrous mats for sustained drug release,
a complexity of creation process is the critical problem.
Therefore, there is an essential to develop a simple technique
with merits of controlling drug release. Sandwich-nanofibrous
(tri-layered electrospun nanofibrous) model is a straightforward
approach that can assist to release drugs in a very controlled
manner. Previous studies have stated a sandwich-model of
electrospun nanofibrous scaffold composed of PCL/shellac for
releasing salicylic acid'® and poly(lactic-co-glycolic acid)/col-
lagen scaffold (PLGA/collagen) for releasing vancomyecin,
lidocaine and gentamicin®” in a sustained fashion. Recently,
Wang et al reported a design of tri-layered electrospun nanofi-
brous with controlled release of acyclovir®> While Kamath
et al** used electrospinning technique to fabricate the sandwich
models of IBU loaded PCL fibrous scaffolds which extensively
observed for their efficacy in sustainable drug release. Recently,
PCL/PMMA were prepared by different methods like casting
method'® and utilizing coaxial electrospinning technique,”
where the whole results reported that homogeneity and
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miscibility between the bi-polymers were developed in addition
to improve optical, structural and electrical properties for drug
delivery applications.

Here, we are exploring the first demonstration of loading
6-MP into sandwich electrospun PCL/PMMA nanofibrous
scaffold as innovative anticancer platform, through electro-
spinning technique. The results present the physicochemical
properties of different composite mats, their biocompatibil-
ity, anti-microbial activity, cytotoxicity, anti-cancer activity
and their potential as a novel efficient sustained drug releas-
ing biomaterial for cancer treatment.

Materials and Methods

Materials

Polymethyl methacrylate (PMMA, M, ~550 KDa) was
purchased from Alfa Aesar, Germany. Polycaprolactone
(PCL, M,,; ~ 14 KDa) was obtained from Sigma-Aldrich,
Japan. Solvents of polymers, e.g., dimethylformamide
(DMF purity > 99%) and dichloromethane (DCM; purity
> 99%) were purchased from Fisher Scientific, UK and
Sigma-Aldrich, France; respectively. 6-MP monohydrate
(purity 98.5%) was obtained from Sigma-Aldrich, South
Korea. Electrospinner model (MECC, NANON-01A,
Japan) was utilized for nanofibers fabrication.

PCL/PMMA

Fabrication of PCL/PMMA/6-MP

Sandwich Nanofibrous Scaffolds

Briefly, 1% (v/v) of 6-MP loaded PCL/PMMA was pre-
pared by adding 6-MP (10 mg/mL) in 4% (w/v) PMMA
with different concentrations of PCL solution (0, 2, 4, 8%,
w/v) which were dissolved in mixture of solvents (DMF:
DCM) with ratio (2:1). Schematic explanation of layer-by-
layer fabrication process is representing in Figure 1. 6-MP
loaded PCL/PMMA sandwich nanofibrous scaffolds were
created by spinning in sequence of bottom layer followed
by 6-MP loaded as a middle layer and subsequently top
layer as shown in Table 1. The solutions used to fabricate
each layer were placed into 5 mL syringe connected with
stain steal nozzle (22 G), then mounted into electrospinner
system using tubeless spinneret supplied with high power
supply up to 25 KV and operated at RH ~ 55% at room
temperature.

Characterization of PCL/PMMA/6-MP
Nanofiber Scaffolds

PCL/PMMA/6-MP nanofibers were instrumentally
characterized by FTIR, SEM, XRD analyses and
mechanical strength measurement (Supplementary
Material).

*| Sandwich nanofiber scaffold

PCL/PMMA

Figure | Schematic design of sequential electrospinning process of PCL/PMMA/6MP sandwich nanofibrous scaffold.
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Table | Configuration of Sandwich and Non-Sandwich Electrospun PCL/PMMA/6-MP Nanofiber Scaffolds with Different Composition

of Group Codes GI-G5

Group Codes Bottom Layer (PCL/PMMA) Middle Layer (PCL/PMMA/6-MP) Top Layer (PCL/PMMA)
(%, wt.lv) (%, wt.Iv) (%, wt.Iv)

Gl 2 mL, (8% PCL/ 4% PMMA) (2:1) 2 mL, (8% PCL/ 4% PMMA/ 1% 6-MP) 2 mL, (8% PCL/ 4% PMMA) (2:1)

G2 2 mL, (4% PCL/ 4% PMMA) (I:1) 2 mL, (4% PCL/ 4% PMMA/ 1% 6-MP) 2 mL, (4% PCL/ 4% PMMA) (1:1)

G3 2 mL, 2% PCL/ 4% PMMA) (1:2) 2 mL, 2% PCL/ 4% PMMA/ 1% 6-MP) 2 mL, (2% PCL/ 4% PMMA) (1:2)

G4 2 mL, (4% PMMA) 2 mL, (4% PMMA/ 1% 6-MP) 2 mL, (4% PMMA)

G5 Single layer; with 6 mL of (4% PMMA)

Physicochemical Properties of PCL/

PMMA/6-MP Nanofiber Scaffolds

Swelling Index (SI) and Hydrolytic Degradation of
Nanofibrous Scaffolds

Dried scaffolds were weighed separately (W4) before
soaking in de-ionized water. After 10 min, swollen nano-
fibers were well dried by filter paper and the swollen
nanofibrous mats were re-weighed (W), at interval times
(0,0.5,1,2,3,4,5, 6 and 7 hour) to determine the weight
change of sample against the time, as given in eq. (1).*°

Ws — Wd

X100. 1
i M

Swelling ratio(%) =

To evaluate the relative amount of weight loss (%) due to
the hydrolytic degradation from different nanofibrous scaf-
folds in an aqueous environment, each mat was sectioned
in appropriate format and weighed. After that, each speci-
men immersed in 15 mL of de-ionized water and saved in
an incubator at room temperature for varied time intervals:
(1, 3, 6, 8, 12, 16, 20 and 28 day). Subsequently, each
piece was eliminating from the medium, dried in a vacuum
oven and weighed (Wf). The weight loss (%) was calcu-
lated using eq. (2). Where, Wi is the original weight of the
mat sample.
Wi — Wf

Weight loss(%) = T‘XIOO. )
i

In vitro Bio-Evaluation Tests

Evaluation of Antimicrobial Activity in vitro of
Nanofibrous Scaffolds

To describe the resistance of tested human pathogens, anti-
microbial susceptibility tests were investigated using differ-
ent antibiotics categories such as; Kanamycin (30 mcg),
Ampicillin (10 mcg), and Cephaloridine (30 pg) for
Klebsiella rhinoscleromatis, Streptococci sp., Shigella sp.,

and Staphylococcus epidermidis besides Itraconazole (10
ug), Fluconazole (25 mcg), and Clotrimazole (10 mcg) for
Candida tropicalis, and Candida krusei via disc diffusion
method.””** Subsequently, antimicrobial activities of tested
composite mats that contains different concentration of PCL
as follows: (8% PCL/4% PMMA/1% 6-MP) (A), (4% PCL/
4% PMMA/1% 6-MP) (B), and (2% PCL/4% PMMA/1%
6-MP) (C) were evaluated statistically and compared with
(4% PMMA/1% 6-MP) (D), (4% PMMA) (E), and (1%
6-MP) (F) utilizing agar-well diffusion assay.”

An agar-well diffusion assay was used to calculate the
antagonistic activity of different composed mats as liquid
phase against six of multi drug-resistance human patho-
gens. Briefly, Mueller Hinton agar medium that used for
fungal cells was prepared by dissolving 17.5 of acid
Hydrolysate of casein, 2.0 g of beef extract, and 1.5 g of
starch, using 1L distilled water and the pH was adjusted at
7.3, then 15 g of agar was added. For bacterial cells,
nutrient agar medium was prepared (g/L) using 5
g peptone, 1.5 g yeast extract, 1.5 g beef extract, and 5
g NaCl that solidified using 15 g agar. Via spread plate
method, these solidified plates were swabbed with tested
human pathogens separately. Then, wells were bored using
different metal cork borers (2, and 6 mm) and 50 pL of
different tested composites were loaded and placed at 4°C
for 8 h. These plates were incubated at 30°C for fungal
cells and at 37°C for bacterial cell for 48 h. At that time,
the resultant clearing (inhibition) zones were noted and the
average of three zones diameters was calculated for each
composite.

Hemocompatibility of PCL/PMMA/6-MP Nanofibrous
Scaffolds

The important tool to observe the biocompatibility of exam-
ined nanofibers is testing the capability of a scaffold to
enhance the human RBCs discharging their hemoglobin
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content. Briefly, a sample of healthy blood was collected
and mixed with EDTA solution to evade its clotting. 700 pL
was a total volume of Ca™-Mg"? free DPBS buffer were
lightly mixed with 10 pL of the obtained blood. 100 mg of
samples (G1, G2, G3, G4 and G5) were added individually
to diluted blood in each tube. Furthermore, 100 pL of
DMSO (0.5%) and Triton X-100 were replacing the sam-
ples in the negative and positive controls, respectively. Both
of control tubes and tested tubes were incubated for 3.5 h at
37°C followed by 30 min interval inverting. Subsequently,
all tubes were centrifuged for 15 min at 10,000 rpm. The
mixture (1:1) of cyanmethemoglobin reagent and each sam-
ple was prepared and the absorbance was observed spectro-
photometric at 540 nm using nanofibers without blood and
Ca"2-Mg"? free DPBS buffer as blank.*’

Assay of Drug Content and Drug Loading Efficiency
into Nanofibrous Scaffolds

A spectrophotometric method was used to determine the
active drug content on a representative scaffold. To calculate
the amount of drug entrapped from each mat, fibrous mat
discs (1 x 1 cm) were dissolved in known volume of DMF
and DCM and absorbance was recorded at the absorption
maxima of 340 nm for 6-MP by using UV-spectrophotometer
(Agilent Cary 5000 UV-Vis-NIR spectrophotometer). The
different discs of mats were tested randomly from different
positions on the fibrous scaffolds. Consequently, the different
concentration was obtained from standard calibration curve
of 6-MP dissolved in DMF and DCM. The amount of active
drug and the efficiency of drug loading is defined as percent
of labeled drug content to the weight of the sample and
as percent of calculated drug to the initial drug added accord-
ing to eqgs. 3, 4, and 5, respectively.

Amount of drug = drug Conc x volume 3)
A tof di
Drug content = MXIOO. 4
amount of fiber
tof di
Drug loading efficiency = - .amoun of drug X100.
intial amount of drug
®)

Drug Release Profile and Kinetics Study

6-MP release profile was carried out for 21 days by sus-
pending discs of different mats in 50 mL of phosphate
buffered saline (DPBS, pH 7.4). At exact interval times,
1 mL of sample was drawn from the stock vial and placed
in a clean quartz cuvette to read at 340 nm then the 1 mL

returned back to the sample stock to keep the dilution
factor fixed. The concentration of drug released was
found from standard calibration curve of 6-MP, where
the cumulative drug release was determined.

Cytotoxicity of PCL/PMMA/6-MP Nanofibrous
Scaffolds

Effectiveness of nanofibers samples on cell viability of
HFB-4 cells (normal human melanocytes) was examined
using cell viability assay (MTT) as previously mentioned
by Mosdam®' and Almahdy et al.** Briefly, HFB-4 (1.0 x
10%) cells were triplicate seeded in 96-well sterile flat
bottom tissue culture micro-plates and cultured in
DMEM media (Lonza, USA) supplemented with 10%
fetal bovine serum (FBS), subsequently cells were incu-
bated at 37°C in 5% CO, incubator for 24 h. Then, nano-
fiber discs at concentrations of (0.125, 0.25, 0.5, 1, and
2 mg/mL) were added to cells in triplicates and incubated
at 37°C in 5% CO, incubator. After 48 h of incubation,
nanofiber discs were discarded, then the cells were washed
with 1.0 M PBS three times to eliminate dead cells and
debris. Subsequently, 200 puL of (0.5 mg/mL) MTT solu-
tion was added to each well and incubated for about 2-3
h and 5% CO, at 37°C. The formazan crystals were solved
in 200 pL/well of DMSO and the absorbance was recorded
using micro-plate ELISA reader at 595 nm. The cell via-
bility was calculated by comparing to control wells having
cells only without nanofiber discs using the following
formula: (A) test / (A) control x 100%. Where, ICs, values
were estimated using the GraphPad Instat 6.0 software.
All experiments were measured three times and untreated
control cells were acted as a negative reference.

Anticancer Activity of PCL/PMMA/6-MP Nanofibrous
Scaffolds

Antitumor activity of tested nanofibers samples was inves-
tigated in vitro through examined their cytotoxicity effect
by using MTT assay on the different tumor cell lines, as
revealed aforementioned. Human cancer (Caco-2, HepG-
2, and MDA) cells (all cell lines were obtained commer-
cially from GEBRI, SRTA-City, Egypt) were seeded at
concentrations of 1.0 x 10* / well in 96-well flat bottom
plates for overnight in 5% CO, atmosphere. After cell
attachment, tested discs at different concentrations
(0.125, 0.25, 0.5, 1 and 2 mg/mL) were implanted to
each well. All plates were incubated for 48 h in 5% CO,
incubator. Subsequently, cells were washed with fresh
medium three times to get rid of dead cells, debris and
200 pL of MTT (0.5 mg/mL) solution in PBS buffer, were
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added to each well then incubated for 2-3 h in 5% CO,
incubator to allow viable cells metabolize MTT. Then,
ICso values and cell viability were recorded as revealed
above in addition to the selectivity index (SI) for each
sample were calculated by dividing the mean value of
ICsq of HFB-4 cells by the mean value of ICsq of tumor
cells.

Results and Discussion

Optimization of Spinning Conditions
Numerous spinning conditions are required to achieve
accepted morphological nanofibers in terms of smooth,
beads less, nanofiber production.>> PCL and PMMA were
blended in different ratios then fabricated under different
voltage, and adapted solution feed rate, as explained in
Table 2. Table 2 exhibits the spinning conditions optimiza-
tion for preparation of nanofibrous scaffolds with different
compositions. The distance between syringe-nozzle and the
plate collector coated with aluminum foil was kept constant
at 15 cm. It was noticed that, the applied voltage and feed
rate of polymer solution represented one of the critical para-
meters to control the topography of nanofibers fabrication. It
was established that, the solutions that have ratio of PMMA
> PCL (G2, G3, G4 and G5) were affected by high voltage
(22-23 KV) and feed rate around (0.7-1.0mL/h) resulted in
uniform nanofibrous mats. Meanwhile, the scaffold com-
posed of the highest ratio of PCL (G1) was fabricated using
an applied voltage up to 16 KV and feed rate ~1.4mL/h. All
nanofibrous scaffolds were created in the form of sandwich
nanofibrous mats by spinning layer-by-layer sequence. The
top and bottom layers of all scaffolds were of the same
composition; whilst the middle layer was loaded with
6-MP, as represented below in Table 1. The collected sand-
wich nanofiber mats were dried using vacuum oven for 24

h to remove residual solvents and then were stored in dried,
cold, conditions to avoid any possible contamination.

Characterization of PCL/PMMA/6-MP

Nanofiber Scaffolds

FTIR Analysis

FTIR spectra were used to assess the incorporation of 6-MP
physically into PMMA/PCL blend nanofibrous scaffold.
Figure 2 represents the FTIR absorption spectra of different
nanofibers composed of various concentration of PCL (i.e.,
0, 2, 4 and 8%, w/v) blended into 4% PMMA, in addition to
loaded 6-MP. PMMA displayed characteristic absorption
peaks at v 1725 and 1140 cm™' which are assigned to C=0
and O-CHj respectively as clearly showed in Figure 2B.
Specific absorption bands of PCL were detected at v 1728,
1468, 1171 cm ' which were related to C=0, CH, bending
and C-O-C modes respectively, as shown in Figure 2C. The
characteristic absorption bands of both PCL and PMMA
were represented in all scaffolds composed of PCL and
PMMA in addition to 6-MP, as shown in Figure 2D-F.
Some bands changed and shifted their intensity, others dis-
appear, and a new absorption band appeared nearly at
v1200 cm ™" which this is a significant indication for compat-
ibility between PMMA and PCL,; this result is in agreement
with previous observations by Abdelrazek et al.'® While, the
characteristic absorption peaks of 6-MP are due to C—N
stretching and S—H bending at (v 1450 and 768 cm ',
respectively) was clearly observed in Figure 2A of the
pure drug (6-MP). 6-MP loaded-scaffolds were obviously
showed specific absorption band around at v 1450 cm™'
which is assigned to the C—N group. This observation
proved that the spectrum of PCL/PMMA/6-MP realized all
characteristic spectrum absorption bands of all scaffold
compositions.

Table 2 Optimization of Spinning Conditions of Fabrication of Electrospun PCL/PMMA/6-MP Nanofiber Mats with Different

Composition in Codes GI, G2, G3, G4 and G5

Group PCL/ PCL PMMA 6-MP Voltage Feed Distance Between Tip
PMMA Concentration Concentration Concentration (KV) Rate and Collector (cm)
Ratio (%, wiv) (%, wiv) (%, wiv) (mL/h)

Gl 2:1 8% 4% 1% 16 1.4 I5

G2 H 4% 4% 1% 22 I I5

G3 1:2 2% 4% 1% 23 0.7 I5

G4 - 4% 1% 23 0.7 I5

G5 - - 4% 23 I I5

https:
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Figure 2 FTIR spectra of (A) 6-MP, (B) PMMA, (C) PCL, (D) 8% PCL/4% PMMA/1% 6-MP, (E) 4% PCL/4% PMMA/1% 6-MP, (F) 2% PCL/4% PMMA/1% 6-MP and (G) 4%

PMMA/1% 6-MP.

Morphology Investigation of Sandwich

Nanofibrous Scaffolds

The sandwich configuration structure and topography fea-
tures of tri-layered nanofibrous scaffolds were investigated
by SEM as shown in Figures 3 and 4. Figure 3 represents the
tri-layered configuration (sandwich structure) of different
compositions of nanofibers at different magnifications. The
cross-sectional images of the scaffolds obviously show
empty spaces between the layers whenever the concentration
of PCL decrease. While, interspace of scaffolds can be
explained as the relative evaporation rate of DMF (solvent
of PMMA), less than DCM (solvent of PCL); so the nanofi-
bers were created with high concentration of PCL are tightly
bound together in contrast of scaffolds have low concentra-
tion of PCL (Figure 3). The sandwich configuration of all
6-MP-loaded scaffolds with different ratios of PMMA: PCL
were successfully fabricated using electrospinning technique.
The diameters of fibers prepared by electrospinning techni-
que depend on the nature of polymer and the conditions of
process.®® In this study, PCL was added to PMMA with
different ratios (0, 2, 4 and 8% w/v) to obtain uniform and
beadles 6-MP-loaded nanofibrous mats (Figure 3).

As represented in Figure 4, the diameter of electrospun
NF was decreased significantly by decreasing PCL concen-
trations. The average diameter of different scaffolds was
calculated using image J software by detecting and analyz-
ing of random fifty nanofibers. The average diameter of NFs
ranged between ~ 0.8, 0.5 and 0.4 pm for (PCL: PMMA)
(2:1, 1:1 and 1:2) respectively; while the diameter of nano-
fibers remains almost without change up to 0.2 pm for
6-MP-loaded and unloaded onto PMMA nanofibrous mats.
The nanofibers were arranged randomly with uniform and
smooth feature and their pores increased with increasing
concentration of PMMA in mats.** However, the pores of
mats decreased notably with increasing the concentration of
PCL in composite nanofibrous mats.

XRD Analysis

The crystallographic structure of electrospun nanofibrous
mats was obtained by XRD patterns as shown in Figure 5.
XRD patterns show drug induced changes in the crystallinity
of nanofibers. The X-ray diffraction scan of pure 6-MP
showed the fingerprints with sharp observed patterns,” indi-
cating its crystalline structure which indicated at 20 15.5°,
14.8°, 23.9°, 27.6° and 30°. XRD patterns of PMMA/PCL
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nanofibers reveal two broad patterns at 20 13° and 29° for
PMMA and clear intense patterns at 260 21.6° and 24° of PCL
which indexed to amorphous and orthorhombic crystalline
structure, respectively.'® Moreover, XRD patterns of PCL/
PMMA blend mats showed reduced crystallinity of both
drug and PCL which was the critical indication of miscibility
between polymers'® and 6-MP. Previously, the degree of
crystallinity is affected by the evaporation rate of used
solvent.>> The crystallinity of different 6-MP-loaded mats
was calculated from XRD pattern using Origin pro software,
the results noticed that 6-MP and PCL have a high degree of
crystallinity about 62% and 47%, respectively; while the
6-MP-loaded nanofibers represented low crystallinity about
24, 16, 15 and 48% for (8% PCL/4% PMMA/1% 6-MP), (4%
PCL/4% PMMA/ 1%6-MP) (2% PCL/4% PMMA/1% 6-MP)
and (4% PMMA/1% 6-MP), respectively. This implies that
the crystallinity of 6-MP-loaded PMMA/PCL increased with
increasing PCL content in mats. These results are consistent
with results obtained by Elashmawi et al, who found that the
addition of PMMA to PVDF reduce the crystallinity structure

and completely miscible among two polymers.*®

Mechanical Stability of PCL/PMMA/6-MP
Nanofiber Scaffolds

Young’s modulus, elongation-at-break (%) and maximum
strength of composite nanofibers were measured to study

the mechanical stability under mechanical loads with differ-
ent PCL contents in scaffolds (8%PCL/4%PMMA/1%
6-MP),  (4%PCL/4%PMMA/1%6-MP),  (2%PCL/4%
PMMA /1%6-MP), (4%PMMA/1%6-MP) and (4%
PMMA), as displayed in Figure 6A and B. Interestingly,
the incorporation of low concentration of PCL (2, 4%, w/
v) into PMMA nanofibers significantly enhanced the
mechanical strength, compared to nanofibers with high con-
centration of PCL (8%) and scaffolds without PCL. These
results reveal that, the compatibility between PMMA with
low concentration of PCL might realize as result of blending
mechanism of 6-MP. Meanwhile, the incorporation of 1%
6-MP to sandwich form of PCL and PMMA solution could
generate porous interconnected scaffold, that enhances
mechanical stability of nanofibrous mats and in turns facil-
itates cell proliferation, adhesion and differentiation.

Swelling Study and Hydrolytic
Degradation of PCL/PMMA/6-MP

Nanofibrous Scaffolds

Drug-loaded NFs scaffolds absorb water or physiological
fluids through their internal pores, this can assist cells
signaling and nutrition in scaffolds or provide route for
the egress of drugs.’’ As represented in Figure 7, five
scaffolds with varied PCL contents (8% PCL/4%
PMMA/1% 6-MP), (4% PCL/4% PMMA/1% 6-MP),
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Figure 7 Physiochemical features of different nanofibrous mats (A) swelling ratio (%) and (B) weight loss (%).

(2% PCL/4% PMMA/1% 6-MP), (4% PMMA/1% 6-MP)
and (4% PMMA) revealed different behavior when sub-
merged in distilled water at pH 7.5, as a function of time.
Swelling ratio of nanofibrous scaffolds was observed to be
low and slowly due to the high hydrophobicity of PMMA/
PCL polymers and drug, as well. Therefore, NFs mats
exhibit low weight loss behavior in PBS; where (2%
PCL/4% PMMA/1% 6-MP) exhibited the highest degree
of degradation because it provided the highest swelling
ratio, compared to unloaded-scaffold. This can be ascribed
to the miscibility and amorphous structure of NFs mats as

aforementioned proven by XRD analysis which thus allow
more water molecules to diffuse through pores and swell
the mats even further.

Antimicrobial Activities of Tested NFs
Mats Against Multi-Drug Human
Pathogens

There are different drug resistance profiles for human
pathogens,*® for example, the medical literature refers to
different definitions for resistance; such as multidrug-
resistant, extensively drug-resistant, in addition to pan
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drug-resistant to describe the resistance of microbial
pathogens against different antibiotics.*® In this work,
human pathogens were tested against different antibiotic
categories; such as Kanamycin (30 mcg), Ampicillin (10
mcg) and Cephaloridine (30 pg) for bacterial cells;
Itraconazole (10 pg), Fluconazole (25 mcg), and
Clotrimazole (10 mcg) for fungal cells. Subsequently,
“Extensively-Resistant” microbial cells were detected as
those that resisted at least one of the tested antibiotics.
Klebsiella

Streptococci sp., and Candida tropicalis. On the other

Examples include rhinoscleromatis,
hand, Klebsiella rhinoscleromatis resisted to Kanamycin
(30 mcg) but sensitive to both Ampicillin (10 mcg), and
Cephaloridine (30 pg). But Streptococci sp., resisted
Ampicillin (10 mcg) nevertheless sensitive to Kanamycin
(30 mcg), and Cephaloridine (30 ng) discs. Additionally,
Candida tropicalis was sensitive to both ltraconazole (10
ng), and Fluconazole (25 mcg) and resisted Clotrimazole
(10 mcg). On the other hand, the “Pan drug-resistant”
human pathogens were defined as non-susceptibility to
all tested antibiotics NFs mats, (i.e., Shigella sp.,
Staphylococcus epidermidis, and Candida krusei (Table 3).

By comparing results of all fabricated electrospun
6-MP-loaded PMMA/PCL nanofibrous scaffolds, (2%
PCL/4% PMMA/1% 6-MP) (C) recorded the highest inhi-
bition zones against Shigella spp., (24.67+0.3) followed by
Candida krusei (16.78+0.9), and Staphylococcus epider-
midis (15.78+1.8). Also, (8% PCL/4% PMMA/1% 6-MP)
(A), (4% PCL/4% PMMA/1% 6-MP) (B), and (1% 6-MP)
(F), showed inhibition zones lower than (2% PCL/4%

PMMA/1% 6-MP) NFs scaffolds (C). However, no inhibi-
tion zones were observed in case of (4% of PMMA) (E),
as shown Figure 8. Generally, different concentrations of
fabricated nanofibrous scaffolds inhibited the growth of
different multi-drug-resistant human pathogens; which
indicated that the antimicrobial efficacy exhibited due to
existing 1% 6-MP. Since, mats that free of 1% 6-MP (E)
showed no inhibition zones against all tested microbes.
Also, there are many studies used biodegradable PCL-
based films incorporated with PMMA and different drugs
or nanoparticles which reported that these mats have no
antimicrobial activities individually.**™*?

Different mats compositions of electrospun PMMA/PCL/
6-MP nanofibers coded as (A) (8% PCL/4% PMMA/1%
6-MP), (B) (4% PCL/4% PMMA/1% 6-MP), and (C) (2%
PCL/4% PMMA/1% 6-MP) were tested against extensively
drug-resistant human pathogens (Klebsiella rhinoscleromatis,
Streptococci sp., and Candida tropicalis) as shown in Figure 9.
We noticed that, the highest inhibition zones were found for
NFs (2% PCL/4% PMMA/1% 6-MP) (C) against Candida
tropicalis (39.43+3.5), and Klebsiella rhinoscleromatis (35.37
+0.9) followed by Streptococci sp., (29.25+2.2). While, the
lowest inhibition zones were recorded against Klebsiella rhi-
noscleromatis (20.83£2.0) followed by Streptococci spp,
(22.33+1.3), and Candida tropicalis (23.63£0.1) in case of
NFs of (8% PCL/4% PMMA/1% 6-MP) (A). Previously,
different immunosuppressive and anti-inflammatory drugs, i.
e., 6-MP, and azathioprine (AZA) were tested to inhibit the
growth of gastrointestinal human pathogens significantly such

as campylobacter concisus, Bacteroides fragilis, Bacteroides

Table 3 Represented Antibiotic Susceptibility Test Using Different Antibiotics Such as Kanamycin (30 Mcg), Ampicillin (10 Mcg) and
Cephaloridine (30 pg) for Bacterial Cells Besides Itraconazole (10 pg), Fluconazole (25 Mcg), and Clotrimazole (10 Mcg) for Fungal

Cells
Human Pathogens Antibiotic Sensitivity Discs
K-30 mcg AMP-10 mcg CH-30 pg
Shigella spp R R R
Klebsiella rhinoscleromatis R S S
Staphylococcus epidermidis R R R
Streptococci spp S R S
IT-10 pg FLC -25 mcg CC-10mcg
Candida krusei R R R
Candida tropicalis S S R

Notes: Consequently, the synthesized compositions coded as A, B, C, D, E, and F were surveyed firstly against pan drug-resistant human pathogens, i.e., Shigella spp. (-ve),

Staphylococcus epidermidis (+ve), and Candida krusei (Figure 8).
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Figure 8 Antimicrobial activities of tested composite nanofibrous mats containing different concentrations of PCL: (8% PCL- 4% PMMA-1% 6-MP) (A), (4% PCL- 4% PMMA-
1% 6-MP) (B), and (2% PCL-4% PMMA-1% 6-MP) (C), (4% PMMA-1% 6-MP) (D), (4% of PMMA) (E), and (1% 6-MP) (F) against Shigella Spp. (1), Staphylococcus Epidermidis (1),

and Candida Krusei (lll) using agar-well diffusion method.

vulgatus, and E. coli®® Lately, 6-MP has been reported as
a significant antimicrobial agent against other human patho-
gens as mycobacterium avium.** Since, 6-MP was trans-
formed to purine analogs that interfered with DNA synthesis

depending on specific characters of human pathogens.*>*°

Hemocompatibility Test of Nanofibrous
Scaffolds

The hemolysis (%) test was applied to different NFs com-
posites, where results of tests are summarized in Table 4. It
was noticed that, the composition with high ratio of (PCL:

PMMA) (2:1) showed the highest percentage of hemolysis,
while the extent of hemolysis decreases for scaffolds com-
posed of low ratios of (PCL: PMMA) as (1:1 and 1:2),
respectively. The safety of an examined nanofibers towards
RBCs obtained from a healthy individual could be presented
and ordered according to the most hemo-compatible NFs as
follows: (4%PCL/4%PMMA/1%6-MP) > (2%PCL/4%
PMMA/1%6-MP) > (4%PMMA/1%6-MP) > (4%PMMA)
> (8%PCL/4%PMMA /1%6-MP). These results might be
attributed to the hydrophobic nature of PCL, PMMA and
6-MP which significantly favors protein-surface interaction
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therefore enhanced thrombogenicity. These results were pro-
ven previously by Choubey et al,*” who demonstrated the
addition of high ratio of hydrophobic PCL to PMMA (2:1)
which showed an increase in hemolysis (4.7%), compared to
low ratios (1:1) and (1:2) which revealed decreasing in

hemolysis to (2.3 and 2.6%), respectively.*’

Drug Content Calculation

The mean 6-MP content and the loading efficiency in
different NFs scaffolds were calculated and listed in
Table 5 and Figure 10. All scaffolds showed high loading

efficiency of 6-MP ranged from 90-97.5%, while the
highest efficiency of 6-MP loading was scaffold which
has the lowest PCL content, where the drug content was
at 6.5%. These results established that the absence of
drug loss during the electrospinning process and uniform
distribution of the drug through 6-MP -loaded nanofiber
scaffolds. This result is coupled with that achieved by El-

1,*® who successfully loaded raloxifene onto

Helaly et a
different polymer nanofiber mats with efficiencies ran-
ging from 92—-103% dependent on the different composite

ratio of NFs mats.
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Table 4 Blood Hemolysis Assay (%) of Electrospun 6-MP
Loaded-PMMA/PCL  Nanofibrous Scaffolds
Healthy Blood

Against Human

Nanofiber Mats Hemolysis (%)
I mg/mL 2 mg/mL

(8%PCL/ 4%PMMA/ 1%6-MP) 68 87
(4%PCL/ 4%PMMA/ 1%6-MP) 2 5
(2%PCL/ 4%PMMA/ |%6-MP) 3 10
(4%PMMA/ 1%6-MP) 43 71
(4%PMMA) 51 8l
Positive control 100 100

In vitro Drug Release Profile from 6-MP-
Loaded Nanofibrous Mats

Figure 11 shows 6-MP release behavior from different
drug-loaded nanofibrous mats. Drug release rates are
strongly depending on drug hydrophilicity and the incor-
poration method to the polymer matrix.*> As shown in
Figure 11, scaffold of (4%PMMA/1%6-MP) showed the
lowest level of release of 6-MP in the buffer solution, due
to the hydrophobicity of PMMA carrier scaffold in addition
to the good dispersion and high miscibility between 6-MP
and PMMA. However, scaffolds of (4%PCL/4%PMMA/
1%6-MP) and (2%PCL/4%PMMA/1%6-MP) released 18
and 20% of 6-MP after 23 h, respectively and the release
profile was kept pretty constant for more than 20 days. It is
well known that, DMF as a good solvent for both PMMA
and 6-MP resulted in high miscibility between 6-MP and
high ratio of PMMA nanofibers resulting in stabilize of
6-MP in the core of scaffold. On the other hand, DCM as
a typical solvent of PCL and a poor solvent for 6-MP, thus
high ratio of PCL nanofibers resulted in 6-MP aggregating
on the surface of scaffold and sudden burst release occur-
ring with 60% at first 2 hours. The results ensured that,
a sustained 6-MP release profile leading to targeted

decrease its toxicity effect on the surrounded and contacted
cells. Whilst, the drug release can be enhanced efficiently
from the hydrophobic scaffold by enzymatic degradation as
previously proven by Yuan et al.*

Cytotoxicity Test of Electrospun PCL/

PMMA/6-MP Nanofibrous Scaffolds

Cell viability (%) of tested NFs mats was estimated by MTT
assay using HFB-4 cell line, as presented in Figure 12. The
recorded results indicate that, all tested nanofibers promote
proliferation of HFB-4 in a concentration-dependent man-
ner, related to control after 3 days of cell treatment. The
observed viability of cells recorded at 98, 99, 96, 98 and
99.5% for G1, G2, G3, G4 and G5, respectively for exposure
to lower concentration of NFs (0.125 mg/mL). The cell
viability at higher concentration (2 mg/mL) was recorded
to be 73, 55, 63, 65, 79%, respectively. Previously, it was
found that the platform of PCL/PMMA was a safe on the cell
and appropriate for cell proliferation.** However, 6-MP as
chemotherapeutic agent have many undesirable properties
but the most critical one is cytotoxicity toward the normal
cells. Herein, the results demonstrated that all sandwiching
6-MP-loaded nanofibrous scaffolds were extensively safe on
the normal cells even with using high concentrations of NFs.
This result is consistent with those of Kushwaha et al,”> who
successfully loaded 6-MP onto hollow mesoporous silica
nanoparticles to increase its release efficiency and reduce
cytotoxicity of 6-MP.

Anticancer Activity of PCL/IPMMA/6-MP
Nanofibrous Scaffolds

The anticancer effect of different 6-MP-loaded mats with
different PCL contents as (8%PCL/4%PMMA/1%6-MP),
(4%PCL/4%PMMA/1%6-MP), (2%PCL/4%PMMA/1%
6-MP), (4%PMMA/1%6-MP and 4%PMMA) were
investigated on various cancerous cell lines, e.g.,
(Caco-2, HepG-2 and MDA cell lines) which were spe-
cified for (colon cancer, liver cancer and breast cancer),

Table 5 Drug Content and Its Loading Efficiency on Different Nanofiber Scaffolds

Scaffold Amount of Drug (mg) | Scaffold Weight (mg) | Drug Capacity (%) | Drug Loading Efficiency (%)
8%PCL/ 4%PMMA/ 1%6-MP 18 720 2.5 90
4%PCL/ 4%PMMA/ 1%6-MP 19.2 320 6 96
2%PCL/ 4%PMMA/ 1%6-MP 19.5 300 6.5 97.5
4%PMMA/ 1%6-MP 19 205 9.2 95
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respectively. By using MTT assay, the viability of differ-
ent cancerous cells was observed after three days of
incubation with tested nanofibers, as shown in
Figure 13. The results indicate that; all 6-MP-loaded
sandwich scaffolds have a wide anticancer effect on
different types of cancer cell lines. Both nanofibrous
sandwich scaffolds composed of (4%PCL/4% PMMA/
1%6-MP) and (2%PCL/4%PMMA/1%6-MP) demon-
strated the lowest viability of all cancerous cell lines
and this clarified by high miscibility and homogeneity
between 6-MP and PCL/PMMA polymers. The sandwich
tri-layered electrospun nanofiber mats revealed the suc-
cessful model of sustained release of 6-MP which
affected directly and obviously on cancer cell lines via-
bility and kept a safe on the normal cell at the same
concentration and environment.

As shown in Figure 13, when the cells were mixed
with 2 mg/mL of (2%PCL/4%PMMA/1%6-MP) the cell
viability of (Caco-2, HepG-2 and MDA cells) dropped to
almost 12%. However, the same concentration was less
toxic for the normal cells, which have a viability around
66%. Likewise, the viability of different cancer cell lines
was broken down to 18, 15 and 27% when treated with
(4%PCL/4%PMMA/1%6-MP) nanofibrous mat.
Additionally, sandwich 6-MP-loaded PMMA nanofibers
represented reduction of the cancerous cell lines (Caco-2,
HepG-2 and MDA cells) to be recorded as 20, 25 and 29%,
respectively; compared to control PMMA scaffold. The
selectivity of nanofibrous scaffold to cancer cells is con-
sider a critical factor for the treatment manner. From
Table 6, it was concluded that ICsy values of (2%PCL/
4%PMMA/1%6-MP) varied from 0.3 mg/mL for MDA
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Figure 13 Anticancer assay of different 6-MP loaded- PCL/PMMA nanofiber mats treated with various cancer cell lines as Caco-2, MDA and HepG-2 cells.

cells (breast cancer) to 3.3 mg/mL for HFB-4 cells (normal
cell). Meanwhile, Table 7, concluded that the high ratio of
PMMA enhanced the selective index of the different can-
cer cells specifically breast cancer cells.

Conclusion

The sandwich configurations of 6-MP-loaded PMMA/PCL
nanofibrous mats were made-up by electrospinning techni-
que and extensively evaluated for their efficiency in con-
trolled manner of drug release. It was evident that (4% PCL/
4%PMMA/1%6-MP), (2%PCL/4%PMMA/1%6-MP) and

(4%PMMA/1%6-MP) revealed minimal initial burst and
controlled drug release for 21 days than (8% PCL/4%
PMMA/1%6-MP). Moreover, XRD results established that
hydrophobic drug of 6-MP was amorphized during fabrica-
tion process which ultimately improved the dissolution
properties. Further, the crystallinity (%) of the sandwich
scaffolds imparted by the flanking layers of PMMA/PCL
modulated 6-MP release. The outcomes of this study sug-
gest that, the ratio of PCL to PMMA in the flanking layers is
strongly affected the initial burst and long-term release of

6-MP release profile. The anti-microbial properties of mats

Table 6 I1Csy (95% Confidence Intervals) of Electrospun 6-MP Loaded-PCL/PMMA Nanofibrous Scaffolds

Composition of Nanofiber Mats

1Cs50 (95% Confidence Intervals) (mg/mL) Using Different Cancer Cell-Lines

HFB-4 Cells

Caco-2 Cells

MDA Cells

HepG-2 Cells

(8%PCL/4%PMMA/ 1 %6-MP)

5.414 (3.934: 7.450)

0.6476 (0.5718: 0.7333)

0.7009 (0.4747: 1.035)

0.9641 (0.7572: 1.228)

(4%PCL/4%PMMA/ | %6-MP)

2.188 (1.843: 2.598)

0.5497 (0.4393: 0.6879)

0.6766 (0.4491: 1.019)

0.5077 (0.4071: 0.6332)

(2%PCL/4%PMMA/ 1 %6-MP)

3.306 (2.399: 4.554)

0.376 (0.2845: 0.4969)

0.3555 (0.2591: 0.4878)

0.4244 (0.3404: 0.5291)

(4%PMMA/ | %6-MP)

3.928 (2.111:7.312)

0.5626 (0.3474: 0.9112)

0.6767 (0.4223: 1.084)

0.6056 (0.4944: 0.7418)

(4%PMMA)

7.545 (2.871: 19.83)

9.429 (2.471: 35.98)

13.13 (3.954: 43.57)

4.135 (2.282: 7.495)

Table 7 Selective Index (SlI) of Electrospun 6-MP-Loaded PCL/PMMA Nanofibrous Scaffolds

Composition of Nanofiber Selective Index (SI)
Mats
Caco-2 Cells MDA Cells HepG-2 Cells

(8% PCL/4% PMMA/1% 6-MP) 32 4.5 27

(4% PCL/4% PMMA/1% 6-MP) 4.5 5 36

(2% PCL/4% PMMA/1% 6-MP) 5.1 5.6 43

(4% PMMA/1% 6-MP) 43 35 27

(4% PMMA) 1.5 1.6 1.5
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were studied against different bacterial and fungal strains

(Shigella sp., Klebsiella rhinoscleromatis, Staphylococcus

epidermidis, Streptococci sp., Candida krusei and Candida

tropicalis) to reveal the clear inhibition zone surrounded all

6-MP-loaded-tri-layered scaffolds. Moreover, these nanofi-

brous scaffolds were investigated for cytotoxicity with

HFB-4 cell line and were established to be nontoxic.

Moreover, the anti-cancer activity showed that the viability
of cancerous cells (Caco-2, HepG-2 and MDA cells)
decreased to almost 12% when cells mixed with 2 mg/mL
of (2%PCL/4%PMMA/1%6-MP). Accordingly, we rein-
state our hypothesis that sandwiching 6-MP-loaded electro-

spun tri-layered

scaffolds of lipophilic PMMA/PCL

effectively enhance sustained drug release. To summarize,
(2%PCL/4%PMMA/1%6-MP) and (4%PCL/4%PMMA /
1%6-MP) sandwich scaffolds with comparatively desired

drug release profile amongst other groups in the study

need to be further examined in vivo for assessing its poten-

tial in cancer treatment.
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