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A B S T R A C T

There is growing interest in the use of electrospun polymeric nanofibers in drug delivery systems
due to their remarkable surface-to-volume ratio, which enhances the processes of drug loading,
specific cell binding and proliferation. The preferred polymers for drug delivery must be
biocompatible and biodegradable. Gum tragacanth is one of the materials of choice for drug
delivery. This work aimed at cross-linking the tragacanthin, the water-soluble fraction of gum
tragacanth, with glutaraldehyde, synthesis of the cross-linked nanofibers and evaluating their
properties to encapsulate and deliver a drug using caffeine as a model drug in the first place. The
nanofibers were then loaded with cisplatin and evaluated against HepG2 cell line. The drug-
loaded nanofibers (dia. 0.841 μm) were prepared by electrospinning using glutaraldehyde as
the cross-linker and glycerol as a plasticizer and characterized by scanning electron microscopy,
Fourier transform-infrared spectroscopy, electronic spectroscopy, 1HNMR, powder X-ray
diffraction analysis, and thermogravimetric analysis. They released the encapsulated drugs in a
sustained manner at pH 7.4 over 4.5 days (~275 h with ~80 % release) following Higuchi
(cisplatin) and Hixon-Crowell (caffeine) kinetics. In a cytotoxicity assay against HepG2 cell line
the cisplatin-loaded nanofibers exhibited enhanced activity compared to that with the standard
cisplatin and in the caspase activity assay it activated caspase 3 to a higher extent and 8 and 9 to
double the extent (4-fold) of cisplatin, suggesting a higher apoptotic activity by the nano-
formulation than the standard cisplatin. Thus, nanoformulation appeared to be a potential
candidate for treating hepatocellular carcinoma as an implant.

1. Introduction

Nanofibers have emerged as a promising class of biomaterials with unique characteristics such as a large surface area, high
porosity, small pore size, and remarkable mechanical properties. Polymeric nanofibers produced through the electrospinning tech-
nique have gained significant attention as carriers for controlled and sustained drug delivery [1]. These nanofibers exhibit excellent
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encapsulation efficiency, and remarkable mechanical strength, making them highly suitable for various drug delivery applications [2,
3]. They can encapsulate a wide range of poorly soluble drugs, thereby enhancing their bioavailability and achieving controlled
release. Electrospinning is a simple, user-friendly, and low-cost method for creating nanofibers for drug delivery systems [4].

Among the nano frameworks El-Bindary et al. reported one-pot synthesis of biocompatible zeolitic imidazolate crystal [5] and
zirconium based [6] metal-organic frameworks affording high loading and efficient delivery of doxorubicin. This group also reported
non-metal chitosan based naogel for pH-responsive delivery of doxorubicin exhibiting enhanced efficacy and reduced toxicity in vivo
[7]. These studies demonstrate the effectiveness of nanomaterials in targeting cancerous cells. Recently, Entezar-Almahdi et al. [8]
reported receptor specific nano-hydrogel based on histidine-modified poly(aminoethyl methacrylamide) as targeted cisplatin (CDDP)
delivery system. The system could respond to pH changes in the tumor microenvironment in vivo and efficiently target the HT29 cells.
This group also reported synthesis of thermo-responsive poly(N-isopropylacrylamide) hydrogel for in vitro delivery of CDDP to MCF-7
cell line; the hydrogel was found to be suitable for treatment of breast cancer [9]. They also prepared hyaluronan-coated EDTA--
modified [10] and imidazoline-modified [11] magnetic mesoporous silica nanoparticles for delivery of CDDP, which was evaluated as
a multifunctional pH-responsive system for efficient drug delivery and magnetic resonance imaging. Nanoparticles and nanofibers are
both promising materials in the field of drug delivery, but they have distinct characteristics and potential applications. Nanofibers
offer, relatively, higher sustained release and are suitable for localized drug delivery, such as implantable devices. They provide a
scaffold that can support cell growth while releasing therapeutic agents.

Mostly, the CDDP-loaded nanofibers have been prepared from relatively less biocompatible materials. Zhang et al. [12] encap-
sulated CDDP in polylactic acid-poly(ethylene oxide) electrospun nanofibers and evaluated them in a murine model. Ma et al. [13]
reported polylactic acid-poly(ethylene oxide) nanofibers simultaneously loaded with cisplatin and curcumin for combination therapy
to prevent cervical cancer recurrence after surgery. Similarly, Kaplan et al. [14] employed CDDP-loaded polycaprolactone-poly
(glycerol monostearate-co-caprolactone) nanofiber meshes for prevention of lung cancer recurrence. These systems have limitations,
such as their tendency to accumulate in the liver and low absorption rate following intravenous administration.

Very few reports are available where gum tragacanth has been employed in synthesizing nanofibers [15]. In cases where it has been
utilized, the composites involve both of its components, i.e., the water-soluble and water-swellable fractions. Tragacanth, an edible
gum consisting of a mixture of water-soluble (tragacanthin) and water-swellable (bassorin) polysaccharides [16], is a dried sap ob-
tained from various plants of the genus Astragalus from the Indian subcontinent. It is an abundantly available gum that can be used for
safe drug delivery. It is a cost-effective polysaccharide with desirable biocompatibility and biodegradability. Drug-loaded nanofibers
from the gum have been extensively studied for their application as wound dressings [17–19]. To the best of our knowledge, there
exists no study reporting the synthesis of cross-linked tragacanthin nanofibers for delivery of CDDP.

CDDP, a platinum-based chemotherapeutic molecule, is a powerful drug used against various types of cancer including ovarian,
testicular, bladder, and lung cancers. It acts by damaging the DNA structure of rapidly dividing cancer cells, leading to their death. It
forms DNA adducts through covalent bonding, which inhibit DNA replication and transcription, triggering a cascade of events that
ultimately lead to cell apoptosis [20]. Its versatility and broad-spectrum activity have made it a cornerstone in cancer treatment
regimens. However, CDDP’s clinical use is not without challenges, as it can cause significant side effects such as nephrotoxicity and
ototoxicity. Conventionally systemic chemotherapy is the most widely used treatment method. However, intravenously administered
anticancer drugs face transport barriers before reaching the tumor site. Consequently, only a small fraction of the drugs reaches the
tumor, so higher systemic doses are required, which lead to undesirable side effects in normal tissues. Local chemotherapy using
polymer-based drug delivery systems is seen as a highly promising approach to enhance treatment efficacy and reduce systemic side
effects. Additionally, local chemotherapy is emphasized as a potential future solution for such problems. To mitigate these adverse
effects, researchers continue to explore novel drug delivery methods and combination therapies. CDDP-loaded implants have been
studied for intramural chemotherapy [21]. The scaffolds studied so far for local cisplatin delivery lack required mechanical strength
[22]. Moreover, the reports on intratumoral delivery of chemotherapeutic drugs in hepatocellular carcinoma are very rare [23], and, to
the best of our knowledge, there is no report using CDDP-loaded nanofibers as implants. We hypothesize that such limitations could be
overcome by preparing the drug-loaded cross-linked nanofibers, which are mechanically stronger than hydrogels. Therefore, in the
present work, we planned to cross-link the gum tragacanth with glutaraldehyde and synthesize CDDP-loaded nanofibers using glycerol
as a plasticizer. The objectives of this work were to i) explore the possibility of use of CDDP-loaded nanofibers as implants, ii) explore
the use of gum tragacanth in implants due to its distinct properties being biocompatible, nonimmunogenic, nonallergic, non-
tumorigenic, analgesic, anti-rheumatic, antibacterial, pseudoplastic and biodegradable [24], iii) cross-link the gum to enhance its

Fig. 1. Structure of gum tragacanthin [25]. Abbreviations: Galp – galactopyranose, Xylp – xylopyranose, Fucp – fucose (6-Deoxy-galactopyranose).
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mechanical strength, iv) prepare CDDP-loaded nanofibers, v) study drug release properties of the prepared nanofibers, and vi) test in
vitro their performance against Hep G2 cell line. CDDP was selected because it is relatively more stable and can be effectively released
from implants over time compared with other cytotoxic drugs like doxorubicin, which is more susceptible to degradation and can
interact with the materials used in implants.

Tragacanthin (GT) consists of a linear chain of α-D-galacturonic acid residues linked at the 1 and 4 positions. Themajority of these D-
galacturonic acid residues are attached to sidechains containing xylose at the C-3 position. The sidechains are single β-D-xylopyranose
units, as well as disaccharide units consisting of 2-O-α-L-fucopyranosyl-D-xylopyranose and 2-O-β-galactopyranosyl-D-xylopyranose
with a possibility of small amounts of other units, such as xylobiose. Thus, it is a hemicellulosic material having the structure as shown
in Fig. 1 [25]. The carboxylic groups of galacturonic acid residues can readily cross-link with an aldehyde through hemiacetal for-
mation (hemiacetalization). In one example [26] the whole gum (tragacanthin + bassorin) carboxymethylated and cross-linked with
glutaraldehyde. This type of cross-linking would result in the formation of a robust hydrogel. After cellulose, hemicellulose is one of the
most abundant polysaccharides. However, its full potential has yet to be realized. Hemicelluloses

are partially digested in the small bowel and therefore, are generally considered as safe for drug delivery [27]. Caffeine was used, in
the first place, to study the intrinsic release properties of the cross-linked nanofibers because its solubility in aqueous medium is in-
dependent of pH, then the fibers were loaded with CDDP.

Hep G2, also known as HepG2, is a cell line derived from human liver cancer. These cells serve as an in vitro model for studying
polarized human hepatocytes and are well-suited for the study of intracellular movement of sinusoidal membrane proteins, bile
canalicular and lipids within human hepatocytes [28]. So, the focus of this work was to synthesize the CDDP-loaded nanofibers and
evaluate their activity against the Hep G2 cell line.

2. Materials and methods

2.1. Materials

Gum tragacanth, sodium hydroxide, glutaraldehyde (25 % aqueous solution), glycerol, methanol, caffeine, and diethyl ether were
sourced from Merck, Germany, and used as received. CDDP and simulated gastric fluid without enzyme (SGF) were procured from
Sigma-Aldrich, USA. The human liver cell line Hep G2 (ATCC: HB-8065™) was obtained from the American Type Culture Collection.
Dulbecco’s Modified Eagle Medium (DMEM), phosphate buffer saline (PBS), fetal bovine serum (10500-064 Gibco™), penicillin-
streptomycin (Gibco™), trypsin (25300-054 Gibco™) and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay kit (Invitrogen™) were from Thermo Fisher Scientific, USA. The Mycoplasma Detection Kit MycoAlert® (Lonza Group, Ltd.), the
proteasome inhibitor MG132 (Millipore-Sigma) and the caspases 3, 8, and 9 colorimetric protease assay kit (MBL, Nagoya, Japan) were
used for bioassays. Distilled water was utilized throughout this work, whereas, for cell culture sterile distilled water was used.

2.2. Extraction of tragacanthin from crude gum tragacanth

The crude gum tragacanth (1.0 g) was powdered and washed with ethanol. To this water (200 mL) was added and the mixture was
shaken in a sealed bottle overnight. The water-soluble fraction (tragacanthin) was separated by centrifugation at 3600×g for about 3 h
and freeze dried for subsequent use. For freeze-drying the sample was frozen at − 70 ◦C and then evacuated at 0.1 mbar by FD 8512
freeze dryer (ilShinBioBase, Korea) for two days. The yield was ~85.2 %.

2.3. Synthesis of cross-linked nanofibers

The freeze-dried tragacanthin (0.5 g) was mixed with 50 mL of water and 1.0 mL of NaOH solution (2.5 % w/v) was added. The
resulting mixture was vigorously stirred for 10 min followed by addition of 50 mL of distilled water and stirring for 10 min. After that,
additional amounts of GT (0.5 g) and NaOH (1 mL of 2.5 % w/v solution) were introduced. Following a 20-min interval, another 0.5 g
of GT and 0.5 mL of glutaraldehyde (equivalent to 0.15 g) were added. The mixture was stirred for 20–30 min followed by addition of
50 mL of water, 1.5 g of GT, 2 mL of methanol and 3–4 drops of glycerol (as a plasticizer). Finally, caffeine (0.9 g) was added, and the
solution was stirred for a further 20 min. The viscosity of the mixture was ~800mPa S and conductivity ~1.0× 10− 8 S/m. The mixture
for CDDP-loaded nanofibers was similarly prepared by replacing caffeine with CDDP (20 mg) and including NaCl (10 mg) to prevent
transplatin formation in solution [29] as transplatin is clinically ineffective. This mixture was subjected to electrospinning.

A 10-mL polypropylene syringe (BD, Shandong, China) was filled with the electrospinning mixture, avoiding the introduction of air
bubbles. The syringe was then fitted with a 24-gauge SS single needle. The needle was attached to the positive terminal of a high
voltage DC power supply, and a rotating drum collector (effective length 100 mm, ø 40 mm, speed: 100–1000 r min− 1) wrapped in
aluminum foil was grounded. The electrospinning conditions were set to: temperature 25 ± 1 ◦C, 35 % relative humidity, spinning
distance 12 cm, voltage 10 kV DC, current< 1 mA, and pump speed 1 mL h− 1. The machine was assembled in the house. The nanofiber
mats thus obtained were subjected to elemental analysis, scanning electron microscopy (SEM), Fourier transform-infrared spectros-
copy (FT-IR), UV–Vis spectroscopy, 1HNMR, powder X-ray diffraction (pXRD) analysis and thermogravimetric analysis (TGA) before
biological testing.

A. Shabbir et al.
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2.4. Elemental analysis

Elemental analysis was performed by TruSpec Micro CHNS analyzer (LECO Corporation, USA).

2.5. FT-IR spectroscopy

The FT-IR spectra were recorded by Cary 630 FT-IR spectrometer (Agilent, USA). The sample was placed on the Diamond-ATR
crystal and the spectra were recorded in the 400–4000 cm− 1 range.

2.6. Thermogravimetric analysis

The TGA thermograms were recorded by SDT Q600 simultaneous analyzer (TA Instruments, USA) in the ambient to 800 ◦C range@
20 ◦C min− 1 under nitrogen flow (10 mL min− 1).

2.7. Powder X-ray diffraction

The pXRD spectra were recorded by D2 Phaser XRD spectrometer (Bruker, USA) using Cu-Kα radiation (λ = 1.54056 Å), at 40 kV
and 100 mA, in the 2θ range of 5–70◦.

2.8. 1HNMR spectra

The 1HNMR of the synthesized adduct, starting material and drug were recorded by using 60PRO 60 MHz NMR spectrometer
(Nanalysis Carporation, Canada) in D2O.

2.9. Scanning electron microscopy

The SEM images were obtained by FEI Nova NanoSEM450 scanning electron microscope (Thermo Fisher, USA).

2.10. Zeta potential measurement

Zeta potential of CDDP-loaded nanofibers was determined by Zetasizer (Zetasizer Nano ZS, Malvern Instrument Ltd., Worcester-
shire, UK) at 25 ◦C. For this, aqueous suspension of the fibers was sonicated for 30 s, transferred to disposable cuvette, and mea-
surement was made in triplicate using 632.8-nm laser at the scattering angle of 173◦. The results were reported as mean ± SD.

2.11. Degree of swelling

The degree of swelling is a relative indicator of how tightly the nanofibers are linked together. This was determined in distilled
water at 37 ◦C by gravimetric method. The dry nanofiber mats (2 × 1.5 cm2) were weighed and soaked in water for 2 h at 37 ◦C. The
mats were carefully pulled out of the water and the surface water was wiped away with the help of filter paper. The wet mats were
weighed again, and the degree of swelling was calculated using the formula: Degree of swelling (%)= (Ms –Md)× 100/Md, whereMs is
the weight of the swollen sample and Md is the weight of the dry sample.

2.12. Drug-loading efficiency

The drug-loading efficiency of the cross-linked nanofibers was determined by formula: Drug loading efficiency, DLE (%)= (Amount
of drug in the nanofibers/Initial amount of drug) × 100. The amount of drug in dry nanofiber mats was determined by dissolving the
dry mat (24.0 mg) in 15 mL water (for caffeine) and 15 mL 0.1%HCl (for CDDP) with sonication for 5 min followed by filtration
through 0.54-μmmembrane filter and HPLC analysis according to USP–NF 2024. The drug standards used were 0.1–1.0 mM solutions
prepared from reference materials. The amount of the drug was determined from the calibration curve exhibiting high linearity (R2 >
99.99). HPLC analysis was performed using the following.

2.12.1. For caffeine
Buffer: 0.82 g L− 1 of anhydrous sodium acetate.
Mobile phase: acetonitrile, tetrahydrofuran, and the buffer in the ratio 25:20:955; the pH adjusted with glacial acetic acid to 4.5.
Detector: UV 275 nm.
Column: 4.6 mm × 15 cm ODS.
Flow rate: 1 mL min− 1

Injection size: 10 μL.

2.12.2. For cisplatin
Mobile phase: degassed mixture of ethyl acetate, methanol, dimethylformamide and water (25:16:5:5).

A. Shabbir et al.
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Detector: UV 310 nm.
Column: 4.0 mm× 30 cmmonomolecular layer of aminopropylsilane chemically bonded to totally porous silica gel support (Merck

KGaA, Darmstadt, Germany)
Flow rate: 2 mL min− 1

Injection size: 10 μL.

2.13. Drug assay in the nanofibers up to six months

In order to assess the long-term availability of the drugs in nanofibers, the drug assay was carried out periodically by HPLC for six
months on the samples stored at 30 ± 1 ◦C in the dark for six months.

2.14. Drug release study

Drug release was studied at pH 7.4 (PBS), 5.5 (PBS) and 1.8 (SGF). A dialysis bag (MW 3500 Da) filled with the drug-loaded
nanofiber (20 mg) was immersed in the dissolution medium (50 mL) and stirred (90 rpm) magnetically at 37 ◦C. Samples (2 mL)
were withdrawn after 30, 90, 150, 210 and 270min so on up to 240 h and assayed by USP HPLCmethods as described above. Following
each withdrawal, an equivalent volume of dissolution mediumwas added. The experiment was conducted in triplicate. The cumulative
release vs time was graphed, and the data were analyzed.

2.15. Cell culture

The Hep G2 cells were cultured in DMEM supplemented with 10 % FBS and 1% penicillin/streptomycin. The cells were maintained
in a controlled environment with 5 % CO2 at 37 ◦C. When cell confluence reached 85–90 %, they were detached using 0.25 % w/v
trypsin and subcultured at a 1:4 ratio. Regular testing for mycoplasma contamination was performed using theMycoAlert® kit at three-
month intervals. Prior to commencing the study, cell line identity was confirmed through single tandem repeats profiling. Subse-
quently, HepG2 cells were exposed to 10 μM of the proteasome inhibitor for a duration of 6 h prior to conducting the in vitro
SUMOylation assay.

2.16. Cytotoxic assay

Cells nearing confluence were treated with various concentrations of sterilized (by filtration through sterile 0.2 μm Millipore
Millex® hydrophilic PTFE syringe filter SLLG025SS) test samples for 24 h and relative number of viable adherent cells was determined
by MTT assay. Briefly, the cells were incubated for 4 h with a 0.2 mg mL− 1 MTT solution in the culture medium. Following a single
wash with PBS, the cells were lysed using DMSO, and absorbance (at 540 nm) of the cell lysate was measured using a microplate reader
(Labsystems Multiskan, Biochromatic Labsystem, Japan). The 50 % cytotoxic concentration (CC50) was determined by using the dose-
response curve.

2.17. Determination of caspase activity

The cells were subjected to PBS washing and then lysed using a lysis solution (MBL, Japan). Following a 10-min incubation on ice
and subsequent centrifugation at 15,000×g for 10 min, the resulting supernatant was collected. To the lysate (50 μL), equivalent to
100 μg of protein, 50 μL of the reaction buffer (MBL, Japan) containing the specific substrates [caspase 3 (DEVD-pNA, p-nitroanilide),
caspase 8 (IETD-pNA), or caspase 9 (LEHD-pNA)] was added. This mixture was incubated for 4 h at 37 ◦C, and the absorbance at 405
nm resulting from the liberated chromophore pNA was quantified using the microplate reader. The relative caspase activity was
determined by comparing the absorbance of pNA from an apoptotic sample with that of an uninduced control and reported as percent
of the control [30].

2.18. Statistical analysis

All the experiments were performed in triplicate and analyzed statistically using GraphPad Prism 8.0.1 (GraphPad Software, Inc.;
Dotmatics). The results were reported as mean± standard deviation. One-way ANOVA was used to analyze the difference between the
groups.

Table 1
Elemental analysis (%) of gum tragacanth and drug-loaded nanofibers.

Material C H N

GT-nanofiber 40.97 5.11 Not detected
Caffeine-nanofiber 43.25 5.35 7.41
CDDP-nanofiber 40.01 5.00 2.51

A. Shabbir et al.



Heliyon 10 (2024) e37304

6

3. Results and discussion

3.1. Elemental analysis

The CHN percentages increased in Caffeine-nanofiber as the molecule of caffeine contains these elements, while in CDDP-nanofiber
the CH percentages decreased and that of N increased due to absence of C and presence of NH3 and Pt in CDDP (Table 1). Thus, the
comparison of the elemental analysis values showed that the drugs are loaded on the synthesized nanofibers without degradation of the
polymer.

3.2. FT-IR spectroscopy

The major absorbance bands in the spectrum of GT-nanofiber were observed at about 3435, 2930, 2860, 2150, 1745, 1380, and
1037 cm− 1 (Fig. 2, Table 2). The broad band at ~3435 cm⁻1 was assigned to the ν(OH) in the cross-linked GT-nanofiber. The bands at
~2930 and ~2860 cm− 1 corresponded to the νas(CH2) and νs(CH2) vibrations of methylene groups, respectively. The broad band at
2150 and 1745 cm− 1 arose from various carbonyl species in the nanofiber. The band at ~1145 cm− 1 corresponds to the νas(COC) of the
glycosidic groups of the polysaccharide. Cross-linking of glutaraldehyde was through hemiacetalization with the -OH groups of the
polysaccharide (Fig. 3). The symmetrical stretch of the carboxylate group appeared at 1380 cm− 1. The peaks at ~1037 cm− 1 were due
to the ν(CO) vibrations of polyols.

In the spectrum of caffeine (Fig. 2, Table 2) a broad peak was observed at 3408 cm− 1 due to ν(NH) vibration. The peak at 1660 cm− 1

is due to − C=N ring stretching [31]. The spectrum of CDDP exhibited absorptions due to νs(NH) at 3225 cm− 1, νas(NH) at 3315 cm− 1,
δs(NH3) at 1296 cm− 1, δas(NH3) at 1640, 1585, 1540 cm− 1. Most of the absorption bands in the spectra of the drugs and the blank GT
nanofibers were present in the drug-loaded nanofibers with no significant change (Fig. 2, Table 2) indicating that the drugs were
encapsulated in the fibers without any chemical interaction. The absence of the chemical interaction suggests that synthesized

Fig. 2. FT-IR spectra of caffeine, CDDP, GT-nanofiber (blank), Caffeine-nanofiber and CDDP-nanofiber.

A. Shabbir et al.
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nanofibers are compatible with the loaded drugs.

3.3. Thermogravimetric analysis

Thermograms (TGA) of the drugs, blank nanofibers and drug-loaded nanofibers are shown in Fig. 4. It was observed that the drugs
undergo degradation starting at ~180 ◦C (caffeine) and ~320 ◦C (CDDP), whereas in case of the blank and the drug-loaded nanofibers
degradation started at ~60 ◦C (GT-nanofiber), ~150 ◦C (Caffeine-nanofiber) and ~240 ◦C (CDDP-nanofiber) with different patterns
representing different phases due to encapsulation of the drugs. The CDDP-nanofiber exhibited higher stability (decomp. ~240 ◦C)

Table 2
FT-IR absorption bands (cm− 1) in the spectra of GT-nanofiber, caffeine, CDDP, Caffeine-nanofiber and CDDP-nanofiber and their assignments [31].

Material→
Band↓

GT-nanofiber Caffeine CDDP Caffeine-nanofiber CDDP-nanofiber

ν(CO) in various carbonyl species
and polyols

1037, 1745,
2150

1120, 1220, 1599,
1660

1037, 1122, 1219, 1379, 1661,
1745, 2149

1038, 1121, 1218, 1380,
1748, 2150

νas(COC) glycosidic 1145 1144 1145
ν(OH) 3435 3434 3433
νs(CH2) 2860 2858 2858
νas(CH2) 2930 2931 2929
νs(N–H) 3220 3220
νas(N–H) 3408 3314 3315
δs(NH3) 1296 1294
δas(NH3) 1541, 1585,

1640
1540, 1583, 1641

Pyranose ring 628 625 627
ν(Ar-H) 3104, 2953
ν(Ring -CN)

ν(-C=N)
1600 1660 1637, 1660

1600
1601

Fig. 3. Structure of GT-nanofiber cross-linked with glutaraldehyde through hemiacetal formation.

Fig. 4. Thermograms (left: TGA, right: DSC) of caffeine, CDDP, GT-nanofiber (blank), Caffeine-nanofiber and CDDP-nanofiber.

A. Shabbir et al.
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than those loaded with caffeine (decomp. ~150 ◦C) possibly due to stronger hydrogen bonding in the former. The CDDP-nanofiber
composite afforded higher residue due to the presence of Pt. The DSC scans (Fig. 4) of caffeine-loaded and CDDP-nanofiber con-
tained the endotherms at 235 ◦C and 270 ◦C representing the melting of caffeine and CDDP, respectively, which demonstrated the
absence of any chemical interaction of the drugs with the nanofiber material.

3.4. Powder X-ray diffraction

The pXRD spectra of caffeine, CDDP, GT, cross-linked GT-nanofiber, Caffeine-nanofiber, and CDDP-nanofiber are shown in Fig. 5.
The peaks at 20.6◦ and 21.9◦ in the spectrum of GT indicate the crystalline nature of the gum [32]. In the spectrum of cross-linked
nanofibers these peaks shifted to slightly higher values in addition to broadening pattern, suggesting a reduction in crystallinity on
cross-linking through hemiacetalization resulting in a relatively more amorphous three-dimensional network.

3.5. 1HNMR spectra

The 1HNMR spectra of caffeine, CDDP, GT-nanofiber (blank), Caffeine-nanofiber and CDDP- nanofiber are shown in Fig. 6. In the
spectrum, of caffeine the chemical shifts, δH, at 3.4, 3.5 and 4.0 ppm correspond to CH3-N1, CH3-N3 and CH3-N7 respectively (refer to
the structure I for numbering). The δH at 4.1 in the spectrum of CDDP is due to the NH3 protons. These peaks are also present in the
respective drug-loaded GT-nanofiber. Slight shifts in the absorptions of the blank GT-nanofiber were observed due to hydrogen
bonding with the drug molecules in the spectra of the drug-loaded nanofibers (see Fig. 6).

3.6. Scanning electron microscopy

The images of the drug-loaded electrospun nanofibers are shown in Fig. 7. They appeared to be tubular in shape having porous and
smooth surface with average diameters of 120 nm (Caffeine-nanofiber) and 50 nm (CDDP-nanofiber). The tubular shape ensured high
drug loadings. The drugs appear to be uniformly dispersed in the tubes.

3.7. Zeta potential measurement

Zeta potential values reflect the stability of nano materials. The CDDP-loaded nanofiber exhibited a value of − 25.10 ± 4.31 mV,
which indicates that they are quite stable [33].

3.8. Degree of swelling

The degrees of swelling were: blank cross-linked GT-nanofiber 500 ± 5 %, caffeine-nanofibers 485 ± 4 % and CDDP-nanofiber 490
± 4 % (n = 3). The relatively higher values are because of the tubular structure of the synthesized cross-linked GT-nanofibers that
provided larger space for swelling.

3.9. Drug-loading efficiency

The drug loading efficiencies were 96.3 % (caffeine) and 97.1 % (CDDP), which showed that the cross-linked GT-nanofibers had

Fig. 5. pXRD Spectra of caffeine, CDDP, GT (bulk), cross-linked GT-nanofiber, Caffeine-nanofiber, and CDDP-nanofiber.

A. Shabbir et al.
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Fig. 6. 1HNMR spectra (60 MHz, in D2O) of caffeine, CDDP, GT-nanofiber (blank), Caffeine-nanofiber and CDDP-nanofiber.

Fig. 7. SEM images of drug-loaded GT-nanofibers. (a) Caffeine loaded, (b) CDDP loaded.
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high entrapment capacity due to their tubular structure. The loading efficiency of the nanofibers under investigation was close to that
reported for CDDP-loaded poly-caprolactone/chitosan nanofibers (98.6 %) [34].

3.10. Drug assay in the nanofibers up to six months

The assay data is graphed in Fig. 8, which demonstrates that both the drugs remained>92% for six months at 40C and 70% ERH. It
is worth mentioning here that there were no signs of isomerization of cisplatin during the process to transplatin as the peak due to the
later was not detectable in the HPLC chromatogram of CDDP-nanofiber. Based on these results it can be predicted that the formulations
will remain useable for 2–3 y if stored in a cold and dry place.

3.11. Drug release study

As caffeine exhibits a pH-independent solubility profile (Fig. 9), it was chosen as a model drug to assess the intrinsic release
properties of the synthesized cross-linked GT-nanofibers at various pH values. Both drugs under investigation are released in a sus-
tained manner for more than 240 h (Fig. 9) following the Higuchi kinetic model with R2 > 0.99 [35]. So, the release appears to be
controlled by diffusion and solubility. The release profiles of Caffeine-nanofiber at different pH values suggest that the drug is released
at relatively higher rates with increasing pH; this is attributed to the fact that nanofibers were insoluble at pH < 7. CDDP is released,
relatively, at higher rates at pH < 7 because of its higher solubility in acidic medium. The sustained release of CDDP at pH 5.5 for an
extended period of time, where the release reaches ~90 % after 240 h, is of significance to its sustained cytotoxic effect on the cancer
cells where the pH is around 5 [36]. At lower pH, a negligible burst release was observed against a reported value of 30 % for
CDDP-loaded poly-caprolactone/chitosan nanofibers [34]. Other attempts to control this using metal-based, 3D-printed titanium alloy
implants, also resulted in a burst release of CDDP [37].

3.12. Cytotoxic assay

CDDP-nanofiber showed significantly higher (P < 0.05) cytotoxic activity against HepG2 cells (CC50 = 8 ± 0.2 μM, n = 3) than the
CDDP standard (CC50 = 13 ± 0.4 μM, n = 3) and the blank GT-nanofiber did not show any activity (Fig. 10). The nanofiber having a
high surface area to volume ratio supports cell attachment, proliferation, drug loading, and mass transfer processes. Our CC50 value is
close to that reported for bare CDDP (12 μM) against human hepatoma and oral squamous cell carcinoma cell lines [38], meaning by
that the efficacy of the drug is not sacrificed on incorporation into the nanofibers under investigation. Other studies with different
types of nanofibers [34,39,40] also support our findings.

3.13. Caspase activity

The caspases 3, 8, and 9 were activated both by CDDP-nanofiber and CDDP when incubated with HepG2 cells, while the blank GT-
nanofiber did not show any activity. The activity of CDDP-nanofiber and CDDP increased with time up to 36 h and decreased after-
wards (Fig. 11). Caspase 3 was activated 16-fold by CDDP compared to the control, whereas the activation of 8 and 9 was much lower
(~2-fold) than this. On the other hand, the CDDP-nanofiber activated 8 and 9 to double the extent (4-fold) of CDDP. These results also
show better activity than that exhibited by bare CDDP (ca. 11-fold for caspase 3) against human hepatoma and oral squamous cell
carcinoma cell lines [38], Upon exposure to anticancer drugs, the cellular caspases undergo activation. The activation cascades are
regulated through two pathways: an extrinsic pathway that operates outside the mitochondria, initiated by death receptors (Fas)
involving caspase 8 [41], and an intrinsic pathway that takes place within the mitochondria, involving caspase 9 [42]. It has been
postulated that the Fas/FasL system plays a role in modulating cell death induced by anticancer drugs [43–45]. These results suggest
that the CDDP-nanofiber induces higher apoptotic activity than the CDDP standard. This induction is contingent upon the charac-
teristics of the GT-nanofiber.

There are different pathways leading to apoptosis by CDDP. One of the critical mechanisms involves the activation of caspases. By
this, CDDP binds to DNA and forms DNA adducts leading to DNA damage as reported by others [46]. This damage triggers the
activation of the tumor suppressor protein p53, which leads to the transcription of pro-apoptotic genes, like Bax and PUMA, which
promote the intrinsic pathway of apoptosis. The biological activity of CDDP is affected by the solvent used in a formulation. It is less
soluble in water and more soluble in saline or slightly acidic solutions. Therefore, in the case of implants the drug is in the right
environment, where it can undergo hydrolysis replacing chloride ligands with water molecules, which is necessary for its activation.
On the hand, nucleophilic solvents can form inactive complexes, reducing their therapeutic effectiveness. The release mechanism of
the drug from nanofibers may be postulated as the result of hydrolysis of CDDP at pH ~5 that the pH of cancer cells [36]. The chloride
ions in the drug are replaced with water molecules; this process activates the drug action.

4. Conclusion

Electrospun glutaraldehyde cross-linked nanofibers (dia. 0.841 μm) of gum tragacanthin were prepared, and their intrinsic drug
release properties were studied using caffeine as a model drug. Subsequently, the nanofibers were loaded with cisplatin. The drug
loading efficiency was found to be >96 % and degree of swelling of the drug-loaded nanofibers was around 500 %. They released the
encapsulated drugs in a sustained manner at pH 7.4 over 4.5 days (~275 h with ~80 % release). The release of cisplatin at pH 1.8 was
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only ~10 % at this time, indicating that the nanoformulation will deliver the drug to the colon. The release of cisplatin from the
nanofibers followed the Higuchi kinetic model with R2 > 0.99, which suggests diffusion- and solubility-controlled mechanism,
whereas the release in contact with the cell line is due to hydrolysis of the drug. The cisplatin-loaded nanofibers exhibited significantly

Fig. 8. Stability curves of Caffeine-nanofiber and CDDP-nanofiber.

Fig. 9. Release profiles of Caffeine-nanofiber and CDDP-nanofiber at pH 1.8, 5.5 and 7.4.

Fig. 10. Cytotoxic activity of HepG2. The cell line was incubated with the test samples for 24 h and the relative viable cell number was determined
by MTT assay.

Fig. 11. Activation of caspases 3, 8 and 9 by CDDP and CDDP-nanofiber. The near confluent HepG2 cells were incubated for 16, 24, 36 or 48 h with
10 μM test sample and activity was recorded as % of the control. The values are the mean ± S.D. (n = 3).
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(P< 0.05) higher cytotoxic activity against the HepG2 cell line (CC50= 8± 0.2 μM) than the standard cisplatin (CC50= 13± 0.4 μM).
In the caspase activity assay, caspase 3 was activated 16-fold by cisplatin compared to the control, whereas the activation of 8 and 9
was much lower (approximately 2-fold) than this. On the other hand, the cisplatin-loaded nanofibers activated caspase 3 to a slightly
higher extent and 8 and 9 to double the extent (4-fold) of cisplatin, suggesting that the cisplatin-loaded nanofibers induce higher
apoptotic activity than the standard cisplatin. The cisplatin-loaded nanofibers were thermally stabe up to 240 ◦C, meaning by that they
can be steam sterilized. Thus, this nanoformulation can be considered a potential candidate for treatment of hepatocellular carcinoma
as an implant.
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