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A B S T R A C T   

This study investigates the feasibility of centrifugal spinning for producing fibrous membranes containing pul
lulan, chitosan, and danshen extract. The danshen extract is composed of 20 wt% salvianolic acid B (SA). Citric 
acid was added to the mixture as a crosslinking agent to promote its use in the aqueous medium. The influence of 
the danshen concentration (25 wt% and 33 wt%) on fiber morphology, thermal behavior, and the biochemical 
effect was analyzed. Developed fiber-based membranes consist of long, continuous, and uniform fibers with a 
sparse scattering of beads. Fiber diameter analysis shows values ranging from 384 ± 123 nm to 644 ± 141 nm 
depending on the concentration of danshen. The nanofibers show adequate aqueous stability after crosslinking. 
Thermal analysis results prove that SA is loaded into nanofibers without compromising their structural integrity. 
Cell-based results indicate that the developed nanofiber membranes promote cell growth and are not detrimental 
to fibroblast cells. Anticancer studies reveal a promising inhibition to the proliferation of HCT116 colon cancer 
cells. The developed systems show potential as innovative systems to be used as a bioactive chemotherapeutic 
drug that could be placed on the removed tumor site to prevent development of colon cancer microdeposits.   

1. Introduction 

Targeted drug delivery systems can increase the therapeutic effect of 
the drug and limit the adverse consequences to non-targeted locations. 
Nanotechnology-based drug delivery methods, such as nanoparticles 
[1], hydrogels [2], and nanofibers [3,4], are gaining attention due to 
their potential to deliver therapeutics at a specific site with a precise 
pharmacokinetic profile. Nanofiber based membranes have recently 
gained attention as a viable medium for targeted drug delivery. These 
membranes possess unique characteristics such as high surface area, 
controllable porosity, and ease of handling. Nanofibers have proven 
potential for delivering both hydrophilic and hydrophobic drugs [5,6]. 
Nanofiber systems offer unique ways to increase the rate of dissolution 
of poorly soluble substances, which reduces the drawbacks of oral 
bioavailability [7]. Additionally, nanofibers can i) improve effectiveness 
of loaded drug, ii) enable encapsulated drugs to maintain their thera
peutic effect for extended periods by shielding drugs from adverse 

atmospheric conditions, and iii) provide protection to sensitive biolog
ical molecules from environmental damage. Xie et al. [8] developed 
anticancer drug paclitaxel-loaded PLGA nanofibers; the system con
tained the drug in a solid-state solution within polymeric micro and 
nanofibers. A steady drug release was demonstrated for 60 days. Gui
mares et al. [9] developed PLGA-daunorubicin nanofiber membranes 
with enhanced cytotoxicity against A431 tumor cells, the same level of 
cytotoxicity against fibroblast cells was maintained when compared to 
free daunorubicin. Han et al. [10] developed PCL core-PEO sheath 
nanofibers containing toxin-mitigating enzyme diisopropyl- 
fluorophosphatase (DFPase). The nanofiber provided protection to 
sensitive biological molecules from environmental damage. 

Fig. 1a shows the chemical structure of pullulan (PL), a commercially 
available biopolymer grown by yeast-like fungus called Aureobasidium 
pullulans, it grows in sugar and starch cultures [11,12]. It is formed on 
the surface of microbial cells as an amorphous slime [13–16]. It is 
neither toxic, nor immunogenic or mutagenic [17]. It is a linear, 
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unbranched water-soluble exopolysaccharide ((C6H10O5)n). The mo
lecular weight of pullulan ranges from 4.5 × 104 to 6 × 105 Da, and is 
heavily influenced by cultivating parameters [11]. It has maltotriose 
repeating units, which are connected by α-(1,6) glycosidic bonds [18]. 
Two glucose molecules inside maltotriose are linked by a α-(1,4)glyco
sidic bond [19]. It is available as a white powder that dissolves easily in 
hot and cold water and diluted alkali mediums. Pullulan is not soluble in 
most organic solvents with the exception of dimethylsulfoxide and 
formamide [20]. Due to its unique physico-chemical properties, pullulan 
is used in food [21], pharmaceutical [22], and biomedical applications. 
Its inertness, biocompatibility, low oxygen permeation, and mechanical 
and chemical characteristics make pullulan attractive for biomedical 
applications such as targeted drug [23] and gene [24] delivery, medical 
imaging [25], vaccination [26], tissue engineering [27], and wound 
dressing [28]. Additionally, the FDA has declared pullulan a safe system 
and has received a GRAS designation [29]. Chitosan (CS), Fig. 1b, is a 
modified natural, biodegradable, biocompatible, non-toxic homopoly
mer of linear nitrogenous polysaccharides [30]. Commercial CS is pro
duced by deacetylating chitin, a naturally occurring polysaccharide, 
which is the structural component of the exoskeleton of crustaceans 
[31]. It is composed of randomly distributed β-(1 → 4)-linked N-acetyl- 
d-glucosamine (GlcNAc) and d-glucosamine (GlcN) (Fig. 1b), the latter 
of which gives it cationic properties at physiological pH. It has an 
average molecular weight ranging between 3800 and 20,000 Da [32]. A 
variety of CS derivatives have been created using free amino and hy
droxyl groups with increased solubility, which makes CS an attractive 
compound in pharmaceutical and biomedical processes, such as gene/ 
vaccine/drug delivery [33], tissue engineering [34], wound healing 
[35], and manufacture of cosmetic products. Pullulan/Chitosan com
posites have shown promising applications in targeted drug delivery and 

tissue engineering. Xu et al. [36] developed a ternary nanofiber scaffold 
composed of chitosan, pullulan, and tannic acid as the therapeutic 
compound. The developed scaffold was highly stable in water, exhibited 
antibacterial characteristics, improved cell proliferation and attach
ment, and non-cytotoxic behavior to fibroblast cells. Barbosa et al. [37] 
developed nanofibrous membranes composed of citric acid, pullulan, 
aloe vera extract, and chitosan. A synergistic antibacterial activity 
against E. coli and ability to promote cell adhesion and proliferation was 
reported. Pullulan/chitosan composites have the potential to be used for 
chemotherapeutic applications. Liang et al. [38] used oxidized pullulan 
with chitosan-grafted-dihydrocaffeic acid to develop pH-sensitive, 
mucosal adhesive and multifunctional injectable hydrogels for local
ized drug carriers. The hydrogel showed a slow prolonged release of 
anticancer or antibacterial drugs for the treatment of colon cancer. 
Pullulan/chitosan nanofiber membranes have shown potential in wound 
dressing and skin tissue engineering. Fard et al. [39] developed pullulan 
chitosan based nano emulsion for effective drug delivery to the A375 
cells. 

Salvianolic acid B (SA), Fig. 1c, is a bioactive component derived 
from the Chinese medicinal herb, Danshen, which is the dry root of 
Saliva miltiorrhiza. It is defined as a super herb due to its low toxicity and 
has been widely used in Chinese pharmacology to treat cardiovascular 
diseases such as angina pectoris, myocardial infarction and stroke 
[40–42]. Salvianolic acid B consists of three parts of Danshensu 
(C9H10O5) and one part of dimeric caffeic acid. It has been clinically 
used to treat pulmonary fibrosis, cardiovascular diseases (CVDs), ma
lignant tumors, cerebrovascular diseases, and chronic wounds by stim
ulating angiogenesis, re-epithelialization, and cell proliferation [43,44]. 
It has shown various anti-oxidative [45] and anti-inflammatory [46] 
effects in different disease models. Treatment with Salvianolic acid B 

Fig. 1. Chemical structure of pullulan (a), chitosan (b), salvianolic acid B (c).  
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improved motor function [47] and reduced brain damage [48] after 
cerebral ischemia in rats. Chen et al. [42] reported that Salvianolic acid 
attenuates brain damage and inflammation following the traumatic 
brain injury in rats. Liang et al. [49] reported that Salvianolic acid B 
serves as a matrix metalloproteinase inhibitor, which is helpful in the 
healing of chronic wounds. Studies suggest that Salvianolic acid inhibits 
cancer initiation and development, and its anticancer effect has been 
demonstrated in both in vivo and in vitro model [50,51]. Zhou et al. [52] 
reported that Salvianolic acid B protects various cells, including nerve 
cells and hepatocytes, by acting as an antioxidant and scavenger of free 
radicals. Despite having several biological activities, due to its low ef
ficacy, poor systemic delivery, and low bioavailability, the extensive use 
of SA has been limited [53]. Nanotechnology-based targeted drug de
livery systems have been proven to be able to overcome these limitations 
and improve the bioactivity of Salvianolic acid B [54]. Li et al. [53] 
developed Salvianolic acid loaded phospholipid complex nanoparticles 
that are more potent than free Salvianolic acid and had an anticancer 
effect against HNSCC cells. Shoba et al. [55] developed a nanofibrous 
membrane for wound dressing with salvianolic acid and bromelin that 
improved keratinocyte cell growth, endothelial cell migration, vessel 
density, neovascularization, and inhibited bacterial growth. Kuang et al. 
[56] developed internal layer of artificial vascular grafts with SA and 
heparin that showed sustained release of Salvianolic acid and heparin 
for 30 days without any burst release. 

Colorectal cancer (CRC) is the third most common type of cancer in 
the world. Even though CRC treatment has come a long way in recent 
years, it is still the third leading cause of cancer deaths in the United 
States and the fourth leading cause of cancer deaths worldwide [57,58]. 
5-Fluorouracil (5-FU) and its derivatives are currently used for the initial 
chemotherapy of CRC [59,60]. Even though most patients respond well 
to this chemotherapy, the relapse rate is still high because of the growing 
level of resistance to the chemotherapeutic agents [61]. It has become 
crucial to find new chemotherapeutic drugs. Salvianolic acid has been 
shown to effectively reduce multidrug resistance (MDR) in HCT116 
colon cancer cells by inhibiting the expression of CD44, SOX2, and 
ABCG proteins [62]. Jing et al. [61] reported that Salvianolic acid B is an 
autophagy inducer with potent anticancer activity as a single agent by 
inducing autophagic cell death in HCT116 CRC cells. 

Although SA-loaded nanofibers have been reported previously, to the 
knowledge of the authors, the study of SA-loaded nanofibers for anti
cancer studies has not yet been reported. In this study, SA-loaded PL-CS 
composite nanofiber membranes were developed using the force
spinning® method to avoid the use of electric fields and organic sol
vents. The forcespinning approach has demonstrated high yield and 
proven potential to scale up. The influence of SA concentrations and 
processing parameters on the morphological and thermophysical prop
erties of developed nanofiber membranes was investigated. The results 
indicate that nanofibers produced by forcespinning can include SA and 
exhibit structural integrity suitable for prospective usage as bioactive 
agent delivery systems. The in vitro cell viability studies and in vitro 
anticancer properties were evaluated. 

2. Materials and experimental methods 

2.1. Materials 

Pullulan (CAS 9057-02-7) was purchased from Tokyo Chemical In
dustry Co. (Japan). Chitosan (CAS 9012-76-4) with a low–molecular 
weight (MW =50,000–190,000 and 75 %–85 % degree of deacetylation) 
was purchased from Sigma–Aldrich (St Louis, USA). Citric acid was 
purchased from Sigma Aldrich (St Louis, USA). Deionized (DI) water was 
produced from a Smart2Pure water purification system. Danshen extract 
containing 20 % Salvianolic acid B was acquired from Jiaherb Phy
tochem (China). This bioactive compound will be identified as SA 
throughout the manuscript. All of the chemicals were used in analytical 
grade without any further purification. As for fiber production, the 30- 

gauge bevel needles from PrecisonGlideTM were obtained from Fisher 
Scientific. 

2.2. Solution preparation 

300 mg of citric acid (CA) was added to 10 ml of deionized water 
(DI). The mixture was homogenized at 600 rpm using a magnetic stirrer 
(Thermo Scientific, Cimarec+ series) for 30 min. 50 mg of chitosan (CS) 
was added to the CA solution. The solution was left on the magnetic 
stirrer overnight at 800 rpm for homogenization. 2.2 g of pullulan (PL) 
was added to the mixture to prepare the control (PL-CS) solutions. Three 
control solutions were prepared. Then, SA was added to the control 
samples to prepare 25 wt% and 33 wt% of solutions identified as PL-CS- 
SA(L) to identify the low concentration of SA and PL-CS-SA(H) for the 
high concentration of SA. The mixtures were stirred overnight to prepare 
homogeneous solutions. 

2.3. Development of nanofiber 

The nanofiber membranes were developed using centrifugal force in 
Cyclone-1000 M (FiberRio Technology Corp, McAllen, USA), which 
consists of a cylindrical spinneret with two nozzles. A 3 ml syringe was 
used to inject 2 ml of the prepared solution into the spinneret. Spinning 
was carried out for six minutes at 6500 rpm at ambient temperature and 
20–30 % relative humidity. Mats from five spinning cycles were 
collected manually using a 10 cm × 10 cm hollow frame and stored in 
sealed bags containing desiccants for moisture control. 

2.4. Crosslinking of nanofiber 

Following the collection of nanofibers, the membranes were placed 
in an oven and heated to 140 ◦C in a vacuum environment for 1 h and 15 
min for crosslinking to take place. The composite nanofibers became 
stable in water after crosslinking process. The samples were then taken 
out of the oven and allowed to cool down before further analysis. 

2.5. Characterization 

The surface morphology of the nanofibrous membranes was exam
ined using a field-emission scanning electron microscope (FESEM) 
(Sigma VP, Zeiss Evo LS10, Jena, Germany). A voltage of 1 kV was 
applied throughout the procedure, with magnifications ranging from 
35× to 15,000×. The images were analyzed using ImageJ software 
(Version-1.8.0) to determine the average fiber diameter. The average 
fiber diameter was obtained by measuring the fiber diameter of 100 
different fibers. 

The Fourier transform infrared (FTIR) spectra were obtained using a 
Nicolet iS5 spectrometer in the attenuated total reflection (ATR) mode. 
Samples of 1 cm × 1 cm were cut and placed in the FTIR machine. 16 
scans were collected in the range of 400–4000 cm−1 with a resolution of 
4 cm−1. 

The X-ray powder diffraction (XRD) patterns of the SA powder and 
SA loaded nanofibers were recorded with a Bruker D2 Phaser X-ray 
diffractometer under a wavelength of 2θ range from 10◦ to 75◦ in with a 
step of 0.05◦, with 5 s counting time. X-ray photoelectron spectrometry 
(XPS) was obtained using a Thermo Scientific Kα XPS surface analysis 
instrument with a micro-focused monochromated Al K-α X-ray source at 
1 eV for scans and 1 keV for depth analysis with an etching rate of 1 nm/ 
s. 

The thermal properties were analyzed using thermogravimetric 
analysis (TGA). TGA was carried out using Netzsch 209. For the analysis, 
10 mg samples were heated from 27 ◦C to 700 ◦C at a heating rate of 
10 ◦C/min in a nitrogen environment. 

S. Ahmed et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 250 (2023) 126187

4

2.6. In vitro drug release studies 

The kinetics of SA release were evaluated by submerging a 50-mg 
loaded nanofiber scaffold into 10 ml of PBS solution at pH 7.4. At pre
determined time points, 3 ml of phosphate-buffered saline (PBS) were 
drawn and stored in a vial. The nanofiber loaded PBS solution was 
replenished with 3 ml of fresh PBS solution. The release profile of SA was 
analyzed at 282 nm using a UV spectrometer (Cary60, Agilent Tech
nology, Santa Clara, CA). The cumulative release study was conducted 
over the course of 4 days. The encapsulation efficiency of drug loaded 
nanofiber was measured by dissolving the uncrosslinked nanofiber in 
PBS and measuring the absorbance using the UV–vis spectrometer. 

2.7. Cell viability study 

35,000 3T3 mouse embryonic fibroblasts were seeded to a 24-well 
plate in the presence of the nanofiber materials (20 mg) using Dulbec
co's modified Eagle's medium (DMEM) with 10 % fetal bovine serum 
(FBS) and 5 % antifungal/antibacterial (Anti/Anti, Thermo Fisher, 
Waltham, MA, USA) and incubated for two days at 37 ◦C and 5 % CO2 
environment. The cell proliferation and viability were assessed using the 
Trevigen TACS MTT Cell Proliferation Assay Kit (Gaithersburg, MD). 
MTT Reagent (50 μl) was added to each well and incubated for 4 h at 
37 ◦C and 5 % CO2. Media was aspirated, and 200 μl DMSO reagent was 
added, and incubation was continued for an additional 4 h. MTT signal 
was detected at A595 using a Bio-Rad iMark microplate reader. 

2.8. Invitro anticancer studies 

To determine the anticancer effect of SA embedded with the nano
fibers, in vitro cytotoxicity testing was carried out using human colon 
cancer HCT116 cell lines. 12,000 cells were seeded along with nanofiber 
(20 mg) per well in 24-well plates using Dulbecco's modified Eagle's 
medium (DMEM) with 10 % fetal bovine serum (FBS) and 5 % anti
fungal/antibacterial (Anti/Anti, Thermo Fisher, Waltham, MA, USA). 
Cells were grown under standard tissue culture conditions (5 % CO2 and 
37 ◦C) for five days. The effect of human cell proliferation and/or 
viability was assessed using the Trevigen TACS MTT Cell Proliferation 
Assay Kit (Gaithersburg, MD). Each well contained fifty microliters of 
MTT reagent and was incubated for four hours at 37 ◦C and 5 % CO2. 
Finally, 200 μL of DMSO reagent was added, and incubation was 
continued for an additional 4 h. The optical density (A595) was measured 
using a Bio-Rad iMark microplate absorbance reader. Samples were 
carried out in triplicate. 

2.9. In vitro apoptosis study 

In vitro apoptosis study was conducted using the method described 
by Ahmed et al. [63]. In short, the growth medium of the cells was 
removed following treatment. The cells were subjected to incubation 
with a 0.25 % trypsin solution at a volume of 2 ml per sample for a 
duration of 5 min at ambient temperature. A volume of 1.5 ml from each 
plate was transferred into microcentrifuge tubes with a capacity of 1.7 
ml. The tubes were then subjected to centrifugation at a force of Gx0.2 
for a duration of 10 min. The Trypsin supernatant was removed, and the 
cells were subsequently resuspended in PBS. Following this, the cells 
were centrifuged at Gx0.2 for a duration of 10 min. The supernatant of 
PBS was removed and the cells were subsequently resuspended in a 
diluted binding buffer obtained from the Molecular Probes FITC 
Annexin V/Dead Cell Apoptosis Kit, (Thermo Fisher in Waltham, MA). A 
volume of 100 μl of each sample was diluted using a binding buffer and 
subsequently introduced into a new microcentrifuge tube. In each tube, 
2 μl of Annexin V FITC and 1 μl of PI were introduced and allowed to 
incubate for 15 min in a dark environment. After a 15-min incubation 
period, 400 μl of binding buffer were introduced and cellular samples 
were subjected to sorting via the BD FACS Celesta flow cytometer (BD 

Biosciences, San Jose, CA). 

3. Results and discussions 

Forcespinning® technology was chosen due to its ability to produce a 
high yield of nanofibers. Various concentrations of PL-CS-SA solutions 
were prepared to produce nanofiber. After optimization process, 18 wt% 
of PL was selected considering a balance between fiber production yield 
and fiber diameter. SA-loaded PL-CS systems were developed with SA 
concentrations ranging from 1 to 50 % (1, 3, 5, 15, 20, 25, 33, and 50 wt 
%). The optimal rpm for fiber production was found to be 6500. Samples 
with 25 and 33 wt% of SA were selected for further morphological and 
thermophysical analysis. SEM images and statistical analysis of the 
diameter of the developed fiber samples are depicted in Fig. 2. The 
developed nanofibers have a long, uniform, and continuous fiber 
morphology with a sparse scattering of beads. The control PL-CS sample 
has the highest mean fiber diameter, 644 nm, with a standard deviation 
of 141 nm. With the increasing amount of SA the average fiber diameter 
decreases. The sample PL-CS-SA(H) has the lowest mean fiber diameter, 
385 nm, with a standard deviation of 122.85 nm. With the increase in 
the concentration of SA, the number of beads increases in the system 
(supplemental S2). The fluorescent microscopy (supplemental S1) re
sults reveal that SA is concentrated in the nanofibers' beads. With the 
increasing amount of SA, bead size increased, which resulted in a 
decrease in the diameter of the nanofiber. 

FTIR analysis was carried out to identify different functional groups 
and interactions between PL, CS, and SA. Fig. 3(a) depicts the FTIR 
spectra of SA, pullulan, and chitosan, and 3(b) shows the FTIR spectra of 
the PL-CS control sample, and SA-loaded PL-CS nanofibers. Regarding 
the SA, CS and PL spectrum (Fig. 3a), bands show strong similarity given 
their polysaccharide and glycoside nature. Three important regions 
highlight their unique chemical structures (3500–2800, 1700–1500, 
1200–900 cm−1) [63]. A wide band around 3300 cm−1 can be attributed 
to the hydroxyl group from phenolic (SA) and monosaccharides units 
(CS and PL) influenced by the hydrogen bond formation. For chitosan, 
the broad peak at 3313 cm−1 is overlapping the N–H dual bands typi
cally observed for a primary amide. The bands around 2920 cm−1 

(presented in the SA and PL) and 2890 cm−1 (presented in the CS) can be 
attributed to the stretching vibrations of –CH2 and –CH groups, 
respectively. For the CS, single bands at 1645 cm−1 and 1587 cm−1 are 
attributed to C–N of chitin residues and to the NH2 bending of the 
amine groups, respectively [32,65]. For PL and SA, the band around 
1640 cm−1 is due to a O–C–O stretching vibration. Bands around 1140 
cm−1 represent a polysaccharide (1,4) glycosidic bond stretching vi
bration [64]. The spectra also show bands at 997 cm−1 (C–O) and at 
1348 cm−1 (C-O-H bend) from monosaccharides and carboxylic acid 
units, respectively [32,66]. A new band at 1714 cm−1 was identified in 
the control PL-CS crosslinked nanofiber and attributed to the C––O 
stretching vibration produced by the incorporation of citric acid [37]. 
The composite nanofibers contain the bands at 755 cm−1 and 929 cm−1 

that show the presence of the two primary links in pullulan, the α-(1,4) 
glycosidic bond, and the α-(1,6) glycosidic bond, respectively [64]. 

Compared to the uncrosslinked fiber (supplemental S3, the intensity 
of broad bands around 3305 cm−1 for -OH stretching is diminished in the 
crosslinked fiber, which can be attributed to the formation of acetal 
bridges due to crosslinking [65]. Identical absorption bands were seen 
with lower intensity with the addition of SA in the nanofiber. At higher 
concentrations of SA, the final composites show a slight decrease in their 
absorption bands at 3298 cm−1, 2923 cm−1, 1712 cm−1, 1635 cm−1, 
1365 cm−1, and 1005 cm−1. The intensity of the peaks is lower in PL-CS- 
SA(H) compared to PL-CS-SA(L). The results reveal that chemical 
composition of PL, CA, CS, and SA did not undergo substantial change 
when they were mixed together, so they were able to keep their own 
properties. It indicates good compatibility of SA in PL-CS composite 
fiber. 

The survey XPS of SA and the nanofiber are shown in supplemental 
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S4. The main elements of PL, CS, CA, and SA are C, N, O, and H. As the 
amount of CS is very small, a sharp N peak is not clearly visible in the 
XPS spectra. The C1s peak for SA powder is observed at 286.08 eV. The 
C1s peaks for PL-CS, PL-CS-SA(L), and PL-CS-SA(H) composite fibers are 
observed at 287.08 eV, 287.08 eV, and 286.08 eV. The high-resolution 
C1s spectra of SA and depth profiling of the composite nanofibers are 
shown in Fig. 4 and supplemental S5. Three XPS spectra were obtained 
at the depth of 0 nm(surface), 30 nm, and 60 nm of the nanofiber 
sample. The SA powder shows 5 distinct peaks at 284.08, 
285.68,286.48, 287.28, and 288.18 eV, which can be attributed to C-C/ 
C-H, C-OH, C-O-C, C–O, O-C=O, respectively. The CS-PL control fiber 

shows 3 distinct peaks at 284.18, 285.78, and 287.18 eV in 30 nm and 
60 nm depth which can be attributed to the C-C/C-H, C-OH, and C–O 
bond, respectively. The PL-CS-SA(L) sample shows 4 distinct peaks 
attributed to the C-C/C-H, C-OH, C–O, and -COOH bonds. The 
decreased area under the C–C peak and the increased area under the O- 
C=O peak in the depth of 60 nm compared to the depth of 30 nm 
indicate a higher concentration of SA in this region. For PL-CS-SA(H) 
fiber, the greater area under the peaks at 289.08 eV(-COOH) and 
288.78 eV(O-C=O) compared to the area under the peak at 287.58 eV 
indicates the high concentrations of SA in the fiber. 

The thermal stability and effect of SA in the crosslinked composite 

Fig. 2. SEM micrographs of the developed fibrous materials: PL-CS control (a), PL-CS-SA(L) (b), PL-CS-SA(H) (c), and fiber diameter distribution of PL-CS control (d), 
PL-CS-SA(L) (e), PL-CS-SA(H) (f). 
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nanofiber membranes were analyzed using a thermogravimetric tech
nique. The TGA and DTG thermograms of the samples are shown in 
Fig. 5. The SA underwent several degrading stages, beginning with the 

loss of water content. In the TGA curve, the first step shows a loss of 8.4 
%. The second and third steps are the large-scale degradation of the SA's 
molecular framework. The onset temperature of degradation for SA is 

Fig. 3. Fourier transform infrared (FTIR) spectra of PL powder, CS powder and SA powder (a), PL-CS control fiber, PL-CS-SA(L) composite fiber, and PL-CS-SA(H) (b) 
composite fiber. 

Fig. 4. The high resolution C1s spectra of SA (a), PL-CS control (b), PL-CS-SA(L) (c) and PL-CS-SA(H) (d) fibers at 30 nm depth.  
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200 ◦C followed by a mass loss of 17 %, between 200◦-250 ◦C. This 
weight loss can be related to the desorption of the hydroxyl group. The 
third step of degradation between 250 and 700 ◦C is due to the degra
dation of the main molecular skeleton. 

From room temperature to 200 ◦C, pullulan loses around 8 % of its 
weight, which may have been caused by moisture evaporation (origi
nating from the hydrogen bonds in the exopolysaccharide structure). 
The onset temperature of decomposition of pullulan is 300 ◦C. A major 
weight loss appears between 300 and 330 ◦C, indicating the degradation 
of pullulan's chain structure [66]. From the DTG curve, the maximum 
rate of weight loss is observed at 317 ◦C. 

The control PL-CS composite nanofiber membrane shows degrada
tion over two stages. The first stage is due to loss of water. The second 
stage was the thermal decomposition of the polymers, starting at 210 ◦C. 
At this point, the material starts to decompose as a result of the partial 
breakdown of the molecular structure and the dissolution of intermo
lecular connections [67]. With the increase of SA content, the nanofiber 
membranes exhibit a higher onset degradation temperature. It indicates 
that crosslinking between the PL-CS and SA increased the thermal sta
bility of the nanofiber. The increase in SA content also affects the overall 
decomposition of the nanofiber samples. For the PL-CS control, PL-CS- 
SA(L), and PL-CS-SA(H), respectively, residual masses of 14.94 %, 
18.07 %, and 20.45 % represent a greater SA concentration in the 
sample. 

Fig. 6 presents the XRD graphs of SA powder, PL-CS control fiber, PL- 
CS-SA(L) composite fiber, and PL-CS-SA(H) composite fiber. The XRD 
graph of SA shows two-step peaks at 2θ = 20.8◦ and 2θ = 23◦, indicating 
that SA consists of semicrystalline (ordered) regions that are dispersed in 
amorphous (disordered) regions. For PL-CS control sample, the XRD 
pattern shows no distinct peak indicating the amorphous characteristic 
nature of this sample. The diffraction peaks of SA disappear in the graph 
for PL-CS-SA(L), and PL-CS-SA(H), indicating SA stays in a highly 
dispersed state in PL-CS nanofiber. 

The controlled release of SA from the fiber membranes was investi
gated, and the release profiles at 37 ◦C and pH 7.4 are depicted in Fig. 7. 
The cumulative release profile of SA can be divided into two parts: the 
initial burst release and the slow sustained release. 33.6 % and 38.6 % of 
SA were released in the first hour for PL-CS-SA(L) and PL-CS-SA(H), 
respectively. The release profile is consistent with the XPS depth 
profiling result, which shows high concentration of SA in the 30 nm 
depth from the fiber surface in PL-CS-SA(H) sample. The polymer choice 
as well as the diffusion and degradation of the polymer have a significant 

Fig. 5. TGA (a) and DTG (c) analysis of PL, CS, and SA powder samples. TGA (b) and DTG (d) analysis of PL-CS control, PL-CS-SA(L) and PL-CS-SA(H) compos
ite fiber. 

Fig. 6. XRD pattern of SA powder, PL-CS control fiber, PL-CS-SA(L) composite 
fiber and PL-CS-SA(H) composite fiber. 
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impact on the release mechanism of the loaded drug. As both PL and SA 
are hydrophilic compounds, a burst release is observed during the first 
hour. SA content could be available at the external surface of these fibers 
as well as some fraction of PL may not be efficiently crossed-linked with 
CA. Such a release would be favorable due to the immediate availability 
of SA at the site of action in order to produce the desired therapeutic 
effect. 

Due to crosslinking of the polymer, it becomes stable in the aqueous 
medium. As a result, a sustained release pattern is observed. A total drug 
release of 63.07 % and 65.3 % is observed during the first 96 h. Drug 
release ideally should be gradual but constant throughout the dosing 
intervals in order to maintain an adequate therapeutic window of SA for 
extended time periods. It can be seen from the curve that fittings of all 
points with zero order ideal curve from t = 0 to t = 96 h were highly 
scattered and deviated from ideal points (R2 = 0.6974 for PL-CS-SA(H) 
and R2 = 0.6994 for PL-CS-SA(L)) (Supplementary Fig. S8). However 
scattering mostly stems from the first 12 h, between 12 and 96 h, the 
drug release profile is less scattered (R2 = 0.9063 for PL-CS-SA(H) and 
R2 = 0.938 for PL-CS-SA(L)). 

To examine the effect of SA on mammalian cell growth, 3 T3 cells 
were grown in the presence of control PL-CS fibers, as well as SA- 
containing (SA(L) and SA(H)) fibers (Fig. 8). Strikingly, an MTT assay 
demonstrated that SA(L) incorporation actually confers improved cell 
growth, as compared with fibers composed of PL-CS alone. SA(H) fibers 
do not show a similar increase in cell presence. These results indicate 
that SA(L) provides an improved environment for cellular growth 
compared with fibers composed of PL-CS alone, possibly due to buff
ering the biochemical environment surrounding the fiber matrix. 

To evaluate the anticancer properties of SA loaded nanofiber, MTT 
assay was performed on human colon cancer cells HCT116. The cyto
toxic activity of the control fiber (PL-CS) and SA loaded fibers (PL-CS-SA 
(L) and PL-CS-SA(H)) and bare SA powder is shown in Fig. 9. No inhi
bition of cell growth is recorded for PL-CS control nanofibers. Nanofiber 
membranes loaded with SA (PL-CS-SA(L) and PL-SA-SA(H)) show strong 
cytotoxicity against HCT116 colon cancer cells. The average cell 

inhibition rate for PL-CS-SA(L) and PL-CS-SA(H) is 83.4 % and 90.3 %, 
respectively. The results reveal that SA retains its effectiveness after the 
encapsulation into fiber matrix and is not affected by the forcespinning 
process. 

The nanofiber samples show higher cytotoxicity against HCT116 
colon cancer cells compared to bare SA powder. It can be inferred that 
the polymeric nanofibers acted as a preservative agent for SA, improving 
its physio-chemical stability and protecting it from premature break
down. As a result, SA loaded nanofibers show an enhanced activity 

Fig. 7. Drug release profile of PL-CS-SA(L) and PL-CS-SA(H) composite fiber.  

Fig. 8. MTT assay of cell viability in the presence of PL-CS control, PL-CS-SA(L) 
and PL-CS-SA(H) composite fiber. 
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compared to SA powder. Due to the biodegradability of PL, surgical 
removal is not necessary once drug release has been completed. 

To examine whether the reduction in cell number upon SA treatment 
was due to cell death, we performed flow cytometric analysis. Cells were 
grown on control PLCS fibers or with PLCS SA(H) for two days and were 
then stained with Annexin V-FITC (to examine membrane depolariza
tion) and propidium iodide (PI, to examine membrane permeability), 
followed by flow cytometric analyses. We found that SA(H) samples had 
over seven-fold more apoptotic cells compared to control fibers. Only 10 
% of HCT116 cells stained positive for PI demonstrating that 90 % of the 
cells were alive with the PLCS nanofiber (Fig. 10). In contrast, 47 % of 
the cells were positive for PI, indicative of dead cells in the presence of 
PLCS SA(H). 

4. Conclusion 

The successful development of nanofiber membranes composed of 
Danshen extract containing Salvianolic acid B was achieved using the FS 
technology. Citric acid was used to crosslink the nanofibrous membranes 
in order to increased water stability. Increasing concentrations of SA 
decrease fiber diameter and resulted in long, continuous and homoge
neous fibers. Increasing concentration of SA also increased the thermal 
stability of the nanofibrous membranes. The high surface area makes 
these systems potential candidate for drug loading in high concentra
tion. Cell-based results indicate that nanofibers containing SA promote 
cell growth and are not detrimental to the fibroblast cells. The anti
cancer study revealed that SA loaded nanofiber showed better inhibition 
to the cell proliferation of HCT116 colon cancer cells. After tumor 
removal, nanofibers loaded with chemotherapeutic drugs like SA can be 
placed on the removed tumor site to prevent colon cancer microdeposits 
from developing. Microdeposits of cancer always remain after surgery 
and those areas become difficult to penetrate. Once the nanofibers are 
placed on the tumor site, the membrane will slowly degrade and release 
the SA. These results suggest that SA-containing nanofibers may provide 
an innovative strategy for the targeted delivery of anticancer agents in 
tumor sites. 

Future prospective 

To expand the use of fibrous membranes in clinical settings, an an
imal model has been developed as part of the pre-clinical requirements 

to evaluate their in-vivo efficacy, this in collaboration with UTRGV 
school of medicine. 
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