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Wound healing following skin tumour surgery still remains a ma,or challenge. To address this issue, 
polysaccharide-loaded nanofibrous mats have been engineered as skin patches on the wound site to improve 
wound healing while simultaneously eliminating residual cancer cells which may cause cancer relapse. The 
marine derived polysaccharides kappa-carrageenan (KCG) and fucoidan (PUC) were blended with polydioxanone 
(PDX) nanofibers due to their inherent anti-cancer activity conferred by the sulphate groups as well as their 
immunomodulatory properties which can reduce inflammation resulting in accelerated wound healing. KCG and 
FUC were released sustainably from the blend nanofibcrs l'ia the Korsmeyer-Peppas kinetics. M'IT assays, live/ 
dead staining and SEM Images demonstrated the toxicity of KCG and FUC towards skin cancer MP 4 l cells. In 
addition, MP 4l cells showed reduced metastatic potential when grown on KCG or FUC containing mats. Both 
KCG and FUC were non• cytotoxic to healthy L 929 fibroblast cells. In vivo studies on healthy Wistar rats 
confirmed the non-toxicity of the nanofibrous patches as well as their improved and scarless wound healing 
potential. In vivo studies on tumour xenograft model further showed a reduction of 7_15 % in tumour volume in 
only 4 days following application of the transdermal patch. 

 
 

 
1. Introduction 

 
Melanoma is known for its aggressiveness, metastatic nature and 

treatment resistance. Treatment usually depends on the tumour loca 
tion, degree of progression and tumour size. Surgical resection remains 
the most commonly used and preferred treatment option. However, it is 
very difficult to remove the cancerous tissue completely and local 
tumour recurrence arising from residual cancer cells remains a major 
challenge. Chemotherapy, photothennal therapy and immunotherapy 
are often considered as adjuvant post-surgery treatment to decrease the 
risk of recurrence [ l]. Poor healing of the surgical wound due to altered 
microenvironment caused by the tumour is a second challenge [2]. In 
addition, the wound is prone to bacterial infection which further delays 
the wound healing process and skin regeneration 13]. 

The healing/closure of these incisional wounds is heavily impaired 
due to a chronic inflammatory micro-environment after surgical tumour 
removal I4]. Manica et al. [ 4) showed that pro-inflammatory cytokines 

were elevated due to high extracellular ATP levels after tumour removaL 
In addition, cancer patients are usually given radiotherapy post-tumour 
removal which results in unintended injury to overlying skin and further 
contributes to poor wound healing (5). Recent studies have shown that 
there is a high degree of overlap between cell signaling in wound healing 
and cancer such that most anti-cancer treatments interfere with the 
wound healing process. For instance, inflammation, which is crucial in 
wound healing, is actually an important driver of cancer. Thus, the use 
of tissue engineering scaffolds as platfonns to prevent the proliferation 
of residual cancer cells through controlled therapy release while 
simultaneously promoting wound healing in cancer patients is an 
interesting avenue to pursue [61- 

A number of studies have reported on the use of nanoscaffolds as 
drug delivery systems following the removal of solid tumours. Since 
melanoma grows superficially on skin, the scaffolds can be applied via 
the transdennal route on the tumour site post-tumour removal. Trans 
dennal drug delivery systems offer improved drug bioavailability, 
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improved drug solubility, better stability, and prolonged half-life [7). 
Among the various melanoma drug delivery systems investigated, 

 
 

2. Materials and methods 

Biornattrials Advances 161 (2024) 213870 

electrospun mats have been widely studied due to specific properties 
such as cost effectiveness, high specific surface area, high porosity, 
diverse composition, controllable and adjustable microstructures and 
ease of functionaliz.ation [ 11). However, only few studies have 
Investigated the use of scaffolds as both drug delivery vehicles and 
scaffold for skin repair [9,10). 

Sulphated polysaccharides such as kappa carrageenan (KCG) and 
fucoidan (FlJC) obtained from red and brown seaweeds, respectively 
display excellent biological features including anti-oxidant, anti-in 
flammatory anti-coagulant, and irnmunomodulatory activities relevant 
for wound healing applications [11]. In addition, growing literature 
suggest that KCG and FUC also possess anti-cancer properties [12,131. 
The sulphate content as well as the position of sulphate group on sugar 
backbone influence the anti-cancer activity of the polysaccharides 
Cl•,JS]. Anti-cancer activity of KCG and FUC have been reported in 
several cell lines such as HeLa, HepG2, colorectal carcinoma, breast 
cancer, bladder cancer cells, liver cancer cells (16--21]. The anti-tumour 
activity ofKCG was related to the destabilization of the interaction of the 
GAG portion of the proteoglycans with ECM proteins, thereby elimi 
nating the adhesion of cancer cells to matrices, which is necessary for 
metastasis (22). FUC induces apoptosls by both extrinsic (death re 
ceptors) and Intrinsic (mitochondrial) pathways. Interestingly, FUC does 
not result in apoptosis of healthy cells suggesting its safer use compared 
to conventional chemotherapy drugs [23]. 

To the best of our knowledge, there has been no reported study on 
the cytotoxic effect of sulphated polysaccharides KCG and FUC on 
human uveal melanoma cells and on their use in electrospun scaffolds to 
simultaneously prevent tumour recurrence and promote wound healing. 
We herewith report on the anti-cancer and anti-metastatic effect of KCG 
and FUC on human uveal melanoma cells and thelr non-cytotoxic effect 
and cytotoxic effects on healthy fibroblast and uveal melanoma cells 
respectively. In vitro studies were conducted under two different con 
ditions; in particular, (I) using the electrospun mats as drug delivery 
vehicles only and (2) using the electrospun mats as cell support and as 
drug delivery vehicles (Scheme 1). In vivo studies on the scaffolds have 
also been conducted to confirm non-toxicity, accelerated wound healing 
and anti-cancer effects of the nanofibrous patches. 

PDX (Resomer X 2065, inherent viscosity 2.0, MW = 1.01 x 105 g/ 
mol) was purchased from Evonik, Germany. 1,1,1,3,3,3-hexafluoroiso 
propanol (HFIP) purchased from Apollo Scientific (UK) was used as 
received. Kappa-carrageenan (KCG) with viscosity 0.3 % In H2O and 
chloroform (CHCl:J) were usl!d as received from Sigma-Aldrich. FUC 
(Mw • 80,000 g/mol) was purchasl!d from Lyphar Company, China. 

 
2.1. ElectroSpinning 

 
PDX/KCG and PDX/FUC were blended in the following ratios: 100/ 

0, 90/10, 80/20, 70/30 w/w%. All polymer blend emulsions were stir 
red for 24 h before electrospinning. The solutions were prepared as 
described before [24]. Electrospinning was carried out using an elec 
trospinning machine purchased from lnovenso Company (Turkey) 
(bottom-up NE300 Laboratory scale electrospinner). The electrospun 
fibers were collected as non-woven fiber mats on a static grounded 
aluminium target. After electrospinning, the scaffolds were removed 
from the collecting target and storl!d in a desiccation chamber until 
further analysis. 

 
2.2. Fabrication of polymer films 

 
PDX/KCG and PDX/FUC 80/20 films weres fabricated by preparing a 

75 mg/ml solution. For PDX/KCG, a mixture of HFIP/CHCl3 was used in 
ratio 8/2 v/v.The KCG was dissolved first in CHC13followed by addition 
in a solution of PDX in HFIP. The mixture was stirred at 300 rpm for 5 h 
before casting in a silicone mould. PDX/FUC on the other hand was 
prepared by dissolving both polymers in HFIP. The mixture was stirred 
at 300 rpm for 5 h before casting In a silicone mould. The polymer films 
were allowed to dry for 48 h at room temperature until further use. 

 
3. Experimental details 

3.1. Choroctemation of electrospun mats 
 

SEM images were acquired using a Tescan Vega 3 I.MU microscope 
(CBBR, Mauritius) with accelerating voltage of 30 kV'. Samples were 
prepared for SEM as described before [25). A Universal lnstron Tester 
3344 (Instron, USA) was used to measure the tensile properties of the 
electrospun mats at 25 •c. The electrospun mats cut in rectangular 
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Scheme 1. Tumour resection area depicting residual cancer cells and healthy cells (1} in contact and (2) not In direct contact with the nanoscaffolds 
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shapes (4 x I cm2) were clamped with gauge length set at 1 cm and 
strained at a rate of 10 mm/min using a load cell of 100 N. 

3.2. Polysacchanae release from e/ectrosplUI mats 
 

In-vitro drug release studies were carried out using electrospun POX/ 
polysaccharide mats in weight varying ratios of KCG and FUC. Electro 
spun nanofibers of weighed amount was placed in 3 ml PBS (pH 7.4), at a 
temperature of 37 •c in an incubator. At regular intervals, I ml of 
aliquot was removed and replaced with the same quantity of the buffer. 
The amount of released polysaccharide was determined by UV visible 
spectrophotometer at 280 and 204 nm for KCG and FUC respectively 
using standard calibration curves. 

Different mathematical models were used to determine the poly 
saccharide release mechanism. The release profiles were tried to fit to 
zero order, first order, Higuchi and Korsmeyer-Peppas kinetic models 
(Eqs. (1 )-( 4}) [26,27]. 

 
uveal melanoma MP41 cells were cultured in RPMI-1640 supplemented 
with 20 % Fetal Bovine Serum (FBS), 2 mM L•glutamlne, sodium pyru 
vate and 1 % penicillin/streptomycin at 37 •cand 5 % CO2. Prior to cell 
seeding on electrospun mats, they were all disinfected by immersion in 
70 % ethanol followed by 3 consecutive phosphate buffer solution (PBS} 
washings. Cells were imaged using Evos® FL Imaging microscope. 

 
3.5. Dehydration of electrosplUI scaffolds for SEM analysis 

 
Cell-seeded scaffolds were fixed for SEM analysis by immersion In 3 

% (v/v) glutaraldehyde solution for 30 min followed by dehydration 
with 30 %, 50 %, 70 %, 90 % and 100 % ethanol solutions and washings 
with a 1/1. v/v mixture of 100 % ethanol/hexamethyldlsilazane (HMDS) 
and finally pure HMDS. 

 
3.6. MIT Assay (% cell survival) 

Zero order model : M, = kt +M, 
 

First order model : Mo = Mt' 

 
Hi.,uchi mtx!cl • M, ktu 

" "M,. 

(1) 

 
(2) 

 
(3) 

 
The MTI assay was conducted after different time intervals (1, 3 and 

7 days) as reponed earlier (29) and absorbance values were measured at 
a wavelength of 570 nm using a Thermo Scientific Varioskan LUX 
Multimode Microplate Reader. The% cell survival was calculated using 
Eq. (5). 

 
 

 
 

Skell survival 
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Korsmeyer - Peppas mtx!cl : 
M,

 
M., 
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(4) 

3. 7. ELISA IL 6 and TNF-a assays 
 

Mouse RAW 264.7 macrophages were seeded on scaffolds in a 96 
where M, is the amount of polysaccharide released at time t, Mo is the 
initial amount of polysaccharide in the blend mat, l is the fraction of 
released polysaccharide, k is the rate constant and n is the diffusion 
exponent which gives indication of the drug release mechanism. 

 
3.3. H2O2 radical scavenging activity 

 
The scavenging activity for hydrogen peroxide was measured ac 

cording to the modified method of Ruch et al. (28). Different concen 
trations ofKCG and FUC aqueous solutions (0.3 ml) were added to 0.9 
ml of PBS and 1.8 ml of H202 solution (40 mM) In phosphate buffer {50 
mM, pH 7.4), and the reaction mixture was Incubated at 25 •c for 10 
min. The unreacted H202 was determined by measuring the absorbance 
of their action mixture at 230 nm with respect to the blank solution. 1 
mg/ml ascorbic acid was used as the positive control. 

The percentage of hydrogen peroxide inhibition was calculated as 
follows: 

'¼.[lhOzl inhibition= ((Ao-A1)/Ao)JOO 

where Ao was the absorbance of the control, and A1 was the absorbance 
of the sample. 

 
3.4. Culture of MP 41 human uveal melanoma cells, L 929 mouse 
fibroblasts, murine RAW 264.7 macrophage cells 

 
L 929 mouse fibroblasts (ECACC cenified) were bought from Sigma 

Aldrich and RAW 264.7 macrophages were purchased from ATCC. The 
uveal melanoma cell line, MP41 was kindly supplied by Prof Melanie 
Ziman. 

L 929 fibroblasts, and RAW 264.7 macrophages cells were cultured at 
standard conditions (37 •c, 5 % CO2) as reponed earlier (29). Human 

well-plate at a cell density of 2.0 x I 04 cells/well. After 24 h culture, an 
ELISA kit (Invitrogen and Sigma-Aldrich) was used to measure the level 
of IL-6 and TNF-a respectively in the cell culture supernatant according 
to the manufacturer's instructions. 

 
3.8. Live and dead staining 

 
Triplicates of each blend mat were disinfected (30 min ethanol fol 

lowed by three 10 min PBS washes) and transferred to 96-well plates and 
seeded with 20 000 cells/well. Cell viability was assessed after 24 h via 
live dead assay whereby cells were stained with FDA (5 mg/ml, Fluo 
rescein diacetate; Sigma-Aldrich) and PI (2 mg/ml, Propidium Iodide; 
Carl Roth), respectively. Fluorescence microscopy images of live (green) 
and dead (red) cells were then acquired with an EVOS® FL Imaging 
microscope fluorescence microscope. 

 
3.9. Cell staining and fluorescence microscopy analysis 

 
Cells were stained using DAPI (for the nucleus) and Phalloidin-Alexa 

488 (for actin). Briefly, the cell seeded scaffolds were washed with PBS, 
fixed with paraformaldehyde (4 % in PBS, 30 min; VWR), permeabilized 
with Triton X-100 (0.2 % in PBS, 10 min; VWR), and washed with PBS (3 
times) at room temperature. Samples were incubated in a solution of 
Alexa Fluor™488 Phalloidin for 30 min (300 U/ml in I % BSA; Invi 
trogen, Llfe Technologies) as well as DAPI staining solution (Sigma 
Aldrich) for 15 min. Samples were mounted with Ibidi mounting me 
dium (Germany) on cover glass slides and attached to microscope slides. 
Images were then acquired with an EVOS® FL Imaging microscope 
fluorescence microscope. 
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3. IO. Analysis of RAW 264.7 cell morphology 
 

Fluorescence images of cells were acquired and using Cell Profiler 
(Broad Institute, 2021), the cell area, nucleus area, cytoskeleton to nu 
cleus area and actin edge intensity of each cell were quantified. 

 
3.11. Wound scratch assay 

 
The L 929 fibroblast and uveal melanoma MP 41 cells were cultured 

at a density of 4 x 104 cells/well in 48-well cell culture plate (Coming 
Inc., NY, USA) and incubated at 37 •c with 5 % CO2 for 24 h. After the 
cells have reached confluency, the cell monolayer was scraped with a 
200 µl pipette tip to create a fixed-width linear gap between the cells. 
After washing with PBS to remove non-adherent cells, different con 
centrations of KCG and FUC were added to the wells. After 24 h, optical 
Images of the migrated cells were taken using EVOS® FL Imaging mi 
croscope. The % coverage of cells ln the wounded area was quantified 
uslng CellProfiler's wound healing pipeline. 

 
3.12. In Vivo Srudies 

 
3.12.1. In vivo biocompatibility 

In vivo biocompatibility studies were carried out as previously 
described under approval by the Ethical Committee of Reunion Island, 
APAFIS#l6368_ 2018052311219125_v3 [29). Briefly electrospun fiber 
mats were subcutaneously implanted Into 9-week-old, male and female 
Wlstar rats (Janvier Labs, Saint Berthevin, France). Electrospun scaffolds 
(1.0 x 0.5 cm2) were soaked in 70 % ethanol overnight. Ethanol was 
allowed to evaporate on the next day in a sterile cell culture hood and 
the dry scaffolds were rinsed three times with PBS for 5 min each and 
finally few drops of normal saline was added to the scaffolds prior to 
implantation. 

The rats were anesthetized using isoflurane (lsoflo 100 "-, Zoetis,) 
throughout the surgery. The dorsal region of the rats was shaved, and 
disinfected with 70 % ethanol followed by betadine solution. The 
disinfection procedure was repeated 3 times. Buprenorphine (0.05 mg/ 
kg) was then injected subcutaneously. Four slits (each 1 cm long) at 
equal distances (2 cm) from the spine were cut through the skin using a 
sterile scalpel blade so that subcutaneous pockets were created. Three 
layers of each scaffolds (average overall thickness 1 µm) were then 
inserted into the pockets using a pair of micro-dissecting forceps. The 
skin was sutured with intradermal suture (PGLA 4/0 suture) to close the 
pockets. The area was disinfected with betadine solution and the rats 
were allowed to recover from anesthesia. Males and females were 
housed in separate cages. Post-op verification was made every day to 
check for evidence of wound complications, such as redness, infection, 
seroma, abscess, hematoma, or skin dehiscence. After 2 weeks, the 
scaffolds were removed and fixed for SEM analysis. Furthermore, tissue 
sections were removed from all the rats and stained using Masson·s 
Trichrome. The scaffolds are labelled as follows: upper layer, middle 
layer and lower layer. Afterwards, the rats were euthanized with an 
intraperitoneal injection ofpentobarbital (100 mg/kg). 

 
3.12.2. In vivo wound healing studies 

In vivo wound healing studies on Wistar rats were carried out as 
described in details in our previous publication under approval by the 
Ethical Committee of Reunion Island, APAFIS#2019070515468996_Vl 
[29). 

 
3.12.3. In vivo anti-cancer srudies 

Female athymic MFI-nu/nu nude mice (4-6 weeks old; 18-22 g) 
were acquired with approval from the University of the Witwatersrand's 
Animal Research Screening Committee, ethical clearance number 2020/ 
11/01/B. The mice were housed in cages at a temperature of 25•c with 
continuous aeration, fed ad libirum and monitored. 
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To Induce tumour formation, the mice were anesthetized with iso 
flurane and then injected on their right flank with 100 µI suspension 
containing 1 x 106 A 549 lung adenocarcinoma cells in sterile 
phosphate-buffered saline (PB.5). The control mouse was injected with 
100 µl of sterile PBS. They were transferred to their respective cages for 
recovery and maintained for 28 days until the tumour reached around 
15 mm diameter. The nanofibrous mats were then placed over the tu 
mours for 4 days. The mats were attached onto the surface of the solid 
tumour and held in place using tegaderm. 

After 4 days, the mice were euthanized using chlorofonn. Tumour 
diameters were measured using a digital calliper, and the tumour vol 
ume was calculated using Eq. (6) before and after treatment with the 
nanoflbrous patch. The tumours as well as the main organs (liver, 
spleen, and lung), were surgically excised, temporarily stored at •80 •c 
and subsequently sent for further histological (H & E) analysis. 

V = w2•1/2... 6 

where w: width and I: length. 
 

3.13. Statistical analysis 
 

The data are presented as arithmetic mean± standard error of mean. 
Statistical analyses were done with the one-way or two-way analysis of 
variance CANOVA) test (OriginPro 8.5, Origin lab Corporation, USA). A 
value of p < 0.05 was considered statistically significant. 

 
4. Results and discussion 

 
KCG and FUC were first assessed to detennine their cytotoxicity and 

effects on mouse fibroblasts (L 929) and macrophages (RAW 264.7) cell 
lines which are involved in the proliferative and inflammatory phases of 
wound healing respectively. MP 41 was used as a model melanoma cell 
line to investigate the influence of the sulphated polysaccharides KCG 
and FlJC on cancer cells. 

 
4.1. Cytotoxicity of KCG and FUC on different cell lines: MP 41, L 929 
and RAW 264.7 

 
Different concentrations of the polysaccharides in cell culture media 

were tested on both cancer and healthy cell lines to determine the 
minimum concentration required to induce cytotoxicity. The concen 
tration of KCG was varied from O to I mg/ml while that of FUC ranged 
between O and 100 µg/ml. The % cell survival of the human uveal 
melanoma MP 41 cells, murine fibroblasts L 929 and murine macro 
phages RAW 264.7 were quantified at different time intervals namely 
after1 and 3 days (Flg. 1). Increasing the concentrations of KCG and FlJC 
led to decreased cell survival after 3 days. 1n addition, 100 µg/ml FUC 
was more cytotoxic to MP 41 cells compared to 1 mg/ml KCG. KCG and 
rue displayed much lower cytotoxicity to murine fibroblasts L 929 
compared to MP 41.100 µg/ml FUC led to approximately 75.0 :I: 10.3 % 
L929 cell viability compared to 56.5 ± 7.2 % MP 41 survival after 3 
days. In contrast, the polysaccharides showed high cytotoxicity against 
murine macrophage RAW 264.7 cells. More specifically, KCG and FUC 
concentrations ranging between 0.0625 and I mg/ml and 6.25-100 µg/ 
ml respectively resulted In about 70 ,. RAW 264.7 cell viability 
following 3 days culture. In general, the polysaccharides reduced cell 
viability in the following order: MP 41 < RAW 264.7 < L 929. 

 
4.2. Cell migration in cancer and wound healing 

 
While being cytotoxic to cancer cells, it is important that the poly 

saccharides do not cause significant healthy cell death in the tumour 
resection area as this would delay wound closure. One of the most 
important processes in wound healing is fibroblast migration. Following 
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Fig. 1. % cell survival of MP41, L929 and Raw 264.7 cells following addition of KCG and FUC of varying concentrations. All measured values of KCG and FUC were 
compared with those of the lowest polysaccharide concentration: *p < 0.05; **p < 0.0001 and (ns) not significant wherever not indicated. 
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an injury, a blood dot is fonned and fibroblasts start migrating into the 
wounded area, biochemically degrading the fibrin clot and replacing the 
blood clot with collagen. Poor fibroblast migration leads to delayed or 
poor healing (30]. We therefore assessed the effect of KCG and FUC on 
healthy murine fibroblast 1929 cell migration. 

The wound scratch assay was used to detennine the influence of KCG 
and FUC on cell migration using L 929 and MP 41. The scratch area is 
herewith referred to the 'wound' and the'%wound closure' refers to the 
% area covered by cells in the wound. From Fig. 2, it can be noted that 

both polysaccharides prevented MP 41 cell migration in a dose depen 
dent manner. 1 mg/ml KCG inhibited MP 41 cell migration by six fold 
while the highest concentration of FUC Le. 100 µg/m1 almost inhibited 
cell migration by half compared to when the cells did not receive any 
treatment. However, FUC did not significantly inhibit fibroblast cell 
migration after 24 h which suggested that it would not drastically 
impede wound healing. On the other hand, 1 mg/ml KCG slightly 
decreased the % fibroblast cell migration and may result in delayed 
wound healing. 

MP41 L929 
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4.3. lnftammarory response of KCG and FUC on murine macrophages 
 

The influence of the pure polysaccharides at different concentrations 
on the attachment, spreading, and phenotype of murine RAW 264.7 
macrophages was investigated. The maximum concentration of KCG and 
FUC used were 1 mg/ml and 100 µg/ml respectively. The macrophages 
adopted a similar morphology to those cultured on TCPS when treated 
with varying concentrations of KCG. However, at high concentration, 
more floating and dead cells were noted. On days 2 and 3, the cells 
maintained the same round morphology but the number of unattached 
and dead cells increased as can be noted from the optical images in 
Fig. SlA. On the other hand, macrophage cells treated with FUC adopted 
spindle shape morphology (Fig. S1B). At high FUC concentration, a high 
proportion of spindle shaped cells were noted with very few round cells. 
As the concentration of FllC decreased, more round cells could be 
observed (Figs. 3 and S1B). With increasing time (day 3), more floating 
dead cells were observed at high FUC concentrations. Jnterestingly, the 
cytoskeleton area of RAW 264.7 cells increased with increasing FUC 
concentration i.e. more cell spreading was observed (Fig. 4B). Th.is was 
in line with the ratio of cytoskeleton to nucleus area (Fig. 4D). In 
contrast, no drastic change was noted for cell area and cytoskeleton to 
nucleus ratio following treatment of RAW 264.7 cells with KCG (Fig. 4A 
and C). According to Rostam et al. [3l) M2 macrophages display much 
larger cell area compared to MO or Ml phenotypes and adopt more 
elongated structures [32). This suggests that FUC treatment promotes a 
phenotype change towards M2 i.e. the pro-healing and anti 
inflammatory phenotype. Studies have shown that the pro 
inflammatory cytokine IL-6 was responsible for promoting polariza 
tion of macrophages towards the M2 phenotype via NF-rll and JAK/ 
STAT3 pathways. Interleukin (IL)-6 plays an important role in the 
inflammation phase and is responsible for the timely resolution of 
wound healing (33). ELISA assay was used to quantify the level of the 
pro-inflammatory cytokine IL-6 (Table 1). The highest concentration of 
KCG led to insignificant production of IL-6 in macrophages and almost 
no change in IL-6 production was noted with decreasing KCG concen 
tration. On the other hand, IL-6 production was concentration 
dependent for FUC with the 100 µg/ml FUC leading to 366 pg/ml, 
confirming that FUC indeed influenced macrophage polarization to M2 
in contrast to KCG. 

In summary, optical microscope images indicated that high con 
centrations of both KCG and FUC reduced cell attachment and lead to 

 

Dayl Day3 

 

Fig. 3. Optical images of RAW 264.7 macrophages at different concentrations 
of FUC at days 1 and 3. 

cell death. More importantly, ELISA assays showed that treatment of 
RAW 264.7 with FlJC resulted in a change in phenotype towards M2. 

 
4.4. H202 radical scavenging assay of KCG and FUC 

 
Elimination of free radicals is important for the efficacy of a cancer 

prevention agent [3◄J. The most common mechanism via which this 
occurs is through the donation of hydrogen to free radicals to convert 
them to non-reactive species (35]. Donation of hydrogen removes the 
odd electron which is responsible for radical activity. In this study, the% 
inhibition of free radicals by KCG and FUC was investigated using the 
u2o2 radical scavenging assay (Fig. 4E and F). For the concentration 
range of polysaccharides investigated, the% inhibition was found to be 
independent on the concentration. However, FUC displayed slightly 
higher 96 inhibition {approx. 75 % vs 70 % for KCG). Hifney et al. found 
that the sulphate groups in FUC are more likely to act as reductones 
(terminators of free radical chain reactions by donating a hydrogen 
atom) rather than radical scavengers to contribute to the antioxidant 
activity of fucoidan (36). Qi et al. proposed two possible mechanisms for 
the antioxidant activity of sulphated polysaccharides: one is via the in 
hibition of hydroxyl radicals formed and the second is via scavenging the 
hydroxyl radicals formed (Fig. 4G) (37). 

 
4.5. Fabrication of PDX/KCG and PDX/FUC nano.fibrous mats and 
release of polysaccharides from PDX-based mats 

 
In the current study, nanofibrous polymeric scaffolds were used for 2 

main purposes: (1) as scaffold for cells to attach and proliferate pro 
moting wound healing and (2) as drug delivery vehicle allowing the 
release of polysacharrides to prevent tumour recurrence. We herewith 
chose PDX as the major component of the scaffold as the latter has been 
shown to provide flexibility with comparable mechanical properties to 
elastin and collagen making it convenient for skin TE (38]. In addition, 
the latter degrades rather rapidly under physiological conditions 
allowing the release of active compounds when used as drug delivery 
vehicle. PDXJKCG and PDX/FUC mats containing 0-30 wt% KCG or FUC 
were fabricated using the electrospinning method as reported previously 
(24J.The polysaccharides could not be loaded in higher wt% as addition 
of the latter to the PDX/HFIP solution drastically reduced the viscosity 
of the solution which negatively impacted on the electrospinnability. 
Indeed, blend solutions containing >30 wt% polysaccharides could not 
be electrospun and resulted in electrospraying. Since the preliminary 
objective of this study was to compare the behaviors of PDXJKCG and 
PDX/FUC, the range 0-30 wt% of polysaccharide was chosen. Fiber 
diameters of PDX/KCG and PDX/FllC mats ranged from 0.5 to 1.15 µm 
and 0.24-0.39 µm respectively depending on the polysaccharide con 
tent. All electrospun mats were superh.ydrophilic and the static contact 
angles of the mats could not be measured as the water droplet was 
instantly absorbed upon contact. 

Skin tissue engineering scaffolds need to have comparable mechan 
ical properties to the native skin for successful tis5Ue repair. The Young's 
modulus of skin differ·depending on the location. For instance, using 
indentation method, the Young's modulus of skin from the back and 
forehead were found to be 83 and 35 MPa respectively [39,40). Fig. 5 
shows the variation of mechanical properties of electrospun PDXJKCG 
and PDX/FllC mats with increasing content of the polysaccharide. The 
Young's modulus of both PDX/KCG and PDX/FllC decreased with 
increasing biopolymer content with the 90/10 composition displaying 
almost no change compared to pure POX. In fact, the Young's modulus 
varied in the range of 35-75 MPa. This observation indicated that the 
PDX/KCG and PDX/FUC blends were appropriate for skin repair in the 
back and forehead area. Melanomas can most often develop in areas that 
have had exposure to the sun, such as the back, legs, arms and face. 

In contrast to Young's modulus, the maximum load, maximum stress 
and strain at maximum load values of the blend nanofibers were higher 
than that of pure PDX. These observations indicate reinforcement of the 
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Fig. 4. Cell area {A and B) and cytoskeleton to nucleus ratio {C and D) following addition of KCG and FUC and CE and F) % inhibition of KCG and FUC following 
radical scavenging assay and (G) possible mechanism for radical scavenging activity of KCG and FUC. All measured values of KCG and PUC were compared with 
TCPS: •p < 0.05; "p < 0.0001 and (ns) not significant wherever not indicated. 

 

 
Table 1 
11,-6 levels measured following addition of different KCG and FUC concentra 
tions to RAW264.7 macrophages. 

Concentration of polysacchande IL-6 concentration/ (pg/ml) 

KCG 

This observation suggests that in PDX/FUC mats, almost all FUC was 
located on the fiber surface. The rate of FUC release depended on the 
blend ratio with the 90/10 composition leading to the fastest release. For 
both KCG and FUC containing mats, the 80/20 and 70/30 compositions 
followed almost similar trends. 

The release curves of KCG and FUC were fitted with zero order, first 
1 mg/ml 
0.Smg/ml 
0.25mg/ml 
0.125 mg/ml 

 
FUC 
IOOpg/ml 
50 g/ml 
25µg/ml 
12.5 pg/ml 

294+17 
4.1 .. 1.8 
3.9 ± 1.5 
5.5 ± 0.9 

 

 
366.3 ± 56.5 
360. 58.2 
177.9 + 13.0 
111.0,.20.1 

order, Higuchi and Korsmeyer-Peppas mathematical models (Table 2). 
According to the zero order model, release of the active agent occurs at a 
constant rate independent of the concentration of the active agent. ln the 
first order release model, release depends on the concentration of the 
active agent. The Korsmeyer-Peppasmodel considers non-fickian release 
mechanisms and is particularly applicable when more than one type of 
drug release phenomenon is involved. The value of the exponent, n 
obtained from the Korsmeyer-Peppas model can be used to derive the 
release mechanism whereby n $ 0.45 indicates Fickian diffusion, 0.45 < 
n < 0.89 suggest non-fickian diffusion. Based on the values of n, we can 

nanofibrous blend matrices via incorporation of KCG and FUC. This may 
be attributed to two main reasons. First, it could be due to physical Van 
Der Waals interactions between PDX and the sulphated polysaccharides 
forming an interconnected network resisting the tensile deformation 
process. Secondly, the overall higher degree of crystallization of the 
electrospun blend fibers could be responsible for the improved me 
chanical properties [24]. Indeed, Lim et al. [4 I] showed that fibrillary 
structured nanofibers with high degree of crystallinity provided high 
resistance to axial tensile forces. 

 
4.6. Polysaccharide release kinetics 

 
In vitro release studies of PDX/KCG and PDX/FUC mats were carried 

out in PBS at 37 •c over a period of 4 days. The amount of poly 
saccharide released (KCG or FUC) was measured via UV-Vis spectros 
copy at different time intervals. Fig. 6 shows the release curves for 
different compositions of PDX/polysaccharide mats. PDX/KCG 90/10 
mat released 100 % of the polysaccharide within the study period while 
the 80/20 and 70/30 compositions released only about 40 % of their 
total polysaccharide content. This may be due to the fact that the KCG 
was located within the PDX blend mats. On the other hand, PDX/FUC 
mats released almost all the FUC contained within the mats in 4 days. 

conclude that most of the blend mats displayed a quasi-fickian release 
mechanism (Korsmeyer-Peppas model) suggesting release via mainly a 
diffusion mechanism. On the other hand, the regression coefficient for 
PDX/FUC 80/20 was higher when fitted with zero order equation with 
erosion mechanism. The release of the 80/20 mat was compared with 
corresponding PDX/KCG and PDXJFUC films (Fig. 6). The PDX/KCG 
film lost its integrity and broke down into smaller pieces after 2 h in 
cubation in PBS compared to PDX/FUC which maintained its shape over 
the 96 h. Therefore, PDX/KCG film is not a good candidate for further 
investigation. Release of FUC from PDX/FUC film occurred rapidly and 
reached 100 % after only I h incubation in PBS at 37 •c. 

ln addition, the in vitro degradation of the polysaccharide containing 
blend nanofibers have been assessed for a period of 5 weeks in PBS at 
37 •c. SEM images of PDX/FUC 70/30 scaffolds following in vitro 
degradation showed some signs of fiber degradation through fiber 
melting in contrast to PDX/KCG where one or two areas of fiber breaking 
were noted (Fig. S3). 

 
4. 7. Inflammatory response of PDX/KCG and PDX/FUC mats 

 
The in vitro inflammatory responses of the electrospun 

polysaccharide-containing mats was assessed by seeding murine RAW 
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Table 2 
Identity or scaffolds for ill vivo wound healing studies 

Sc•ffold label Identity 
Negative conlrol 

(Fig. 7K). In general, addition of KCG to PDX resulted in a decrease in the 
amount of TNF-<1 while incorporation of FUC led to an increase in the 
amount of TNF-<1. 

JI 
Ill 
IV 
V 
VJ 
VII 
VIII 

Positive control 
POX 
PDXll<CG 70/30 
PDX/F\JC 50/50 
PDX/FUC 50/50 + CUR 
PDX/F\JC 70/30 + CUR 
PDX/F\JC 70/30 + CUR + MH 

4.8. In vitro studies on PDX/KCG and PDX!FUC nano.fibrous :scaffolds 

In vitro cell culture studies were carried out using human uveal 
melanoma MP 41 and murine fibroblasts L 929 under two different 
conditions {1} using the electrospun mats as drug delivery vehicles and 
(2) using the electrospun mats as for tissue regeneration and as drug 
delivery vehicles. The rationale for this ls that the electrospun blend 

264.7 macrophage cells. SEM images showed that the cells adopted a 
nanened shape with no ruffles with increasing KCG and FUC contents 
(Fig. 7A-B). Ruffles present on the cell surface Indicated the process of 
macroplnosorne fonnation. Indeed, close analysis of the SEM images 
shows the presence of rnacropinosomes (for fluid intake) with average 
diameter of 0.61 11m on several cells at low KCG and FUC contents (0 and 
10 wt%). At higher polysaccharide content, no macropinosome was 
noted probably due to cytotoxic property of the former. The first step 
Involves the formation of actin veils through erected tent pole structures 
[42]. The tent poles then meet resulting in drcularization of the ruffles. 
Finally, the veil collapses in synchrony with crossing over and twisting 
of tent poles leads to macropinosome formation. AJI 3 steps could be 
observed on the surface of cells cultured on PDX/KCG and PDX/FUC 
(100/0 and 90/10). All scaffolds showed signs of macrophage mediated 
degradation as noted by fiber thinning and uneven fiber surfaces. 

From SEM images, the extent of F-actin rich membrane protrusions 
were calculated by determining the average ruffling scores (minimum 
0 and maximum 3) of at least 20 cells. It could be noted that the ruffling 
index decreased with increasing polysaccharlde content possibly due to 
cytotoxicity caused by the latter ( lg. 7H). 

In order to better visualize the cytoskeleton of macrophages, the 
latter were stained for their nuclei and f-actin filaments using DAPI and 
fluorescently labelled phalloldin, respectively. An increase in macro 
phage cell area and actin edge intensity show a change to the anti 
inflammatory and pro-healing M2 phenotype [31]. The cell area and 
actln edge intensity was quantified using CellProfiler when cultured on 
different scaffolds showed an Increasing trend with increasing poly 
saccharlde content irrespective of whether It was KCG or FUC (Fig. 71 
and J). 

In addition, the amount of the pro-inflammatory cytokine TNF•o: 
released in the cell culture supematants was quantified using ELISA 

 
\ 

scaffolds are intended for topical and local application following skin 
tumour removal at the site of the wound. 

• On electrospun mats acting as both drug releasing systems and cell 
supports 

 
To assess this particular aspect, either MP 41 or L 929 cells were 

seeded on the electrospun mats and the % cell survival was quantified 
after 7 days using the live and dead staining method (fig. 8A and B). To 
have more in,depth detail on cell morphology, both MP 41 and L 929 
cells on the scaffolds were fixed as detailed in the experimental section 
and viewed under the scanning electron microscope (SBM). 

Llve and dead staining results showed that all the electrospun mats 
inhibited MP 41 proliferation(%cell survival <11 % for all blend mats) 
in contrast to pure PDX. MP 41 cell number after 7 days was much lower 
than the initial cell seeded number (i. 20,000) implying KCG and FUC 
released from the mats were toxic to the cells. The% cell survival did not 
show a direct correlation with KCG or FUC blopolymer content indi 
cating that cell death was dependent on the amount of polysaccharide 
being released by the blend fibers. 

On the other hand, L 929 proliferated well on all PDX blend mats and 
the% cell survival of L 929 was slightly higher on electrospun PDX/KCG 
mats compared to pure PDX and PDX/FUC while the % cell survival for 
PDX/FUC ranged between 60 and 100 % depending on the blend ratio 
and amount of FUC. 

SBM images revealed that the MP 41 cells adopted rounded shapes 
on all PDX/biopolymer blend mats In contrast to TCPS where they were 
elongated in shape. Multicellular spheroids with grape-like morphol 
ogies could be noted on ali the electrospun blend mats (fig. 8E). This 
indicated that the blend scaffold surfaces do not favour cell material 
interactions and instead promoted cell-cell cross-talks as may be noted 
from the SEM images (Fig. 7E}.The size of these 'multicellular grape-like 
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Fig. 7. SEM images of RAW264.7 cells cultured on (A) PDX, (B) PDX/KCG 90/10, (C) PDX/KCG 70/30, (D) PDX/FUC 90/10, (E) PDX/FUC 70/30 (F) fibers showing 
macrophage mediated degradation, (G) Fluorescence microscopy image showmg nucleus in blue and cytoskeleron ln green, (H) Summary of ruffling indices, (I) 
Summary of cell area on different scaffolds, (J) Summary of actin edge intensity and (K) concentration of TNF- 11 produced by cells after 24 h. All measured values 
corresponding to PDX/KCG and PDX/FUC were compared with PDX: •p < 0.05; .. ,p  0.0001 and {ns) not significant wherever not indicated. 
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Fig. 8. % survival of (A) MP ◄l cells and (B) L 929 cells seeded on PDX/KCG and PDX/FUC scaffolds following 7 days,% survival of (C) MP 41 cells and (D) L 929 
cells not in direct contact with PDX/KCG and PDX/FUC scaffolds following 7 days (E) SEM images showing morphology of MP 41 and L 929 cells on electrospun mats 
after 7 days. All-measured values were compared with TCPS: •p < 0.05; ... p < 0.0001 and (ns) not significant wherever not indicated. 

 

spheroids' were larger on POX/KCG {average area 4001 ± 1229 µm2) 

and POX/FUC{average area 40,333 ± 10,242 µm2) compared to those 
on POX {average area  1791 ± 1013 µm2) implying that the electro 
spun blend mats favoured the clustering of MP 41 cells. In addition, 
membrane ruffling was observed on the dorsal surfaces of cells cultured 
on POX in contrast to POX/KCG and POX/FUC. Cell membrane ruffling 
is a dynamic and rapid movement consisting of the extension and 
withdrawal of cell membrane protrusions. Membrane ruffling has been 
shown to relate to the invasive and metastatic potential of tumour cells 
by promoting cell migration through the formation of new focal adhe 
sions [43]. This suggested that the invasive potential of MP 41 cells is 
reduced when cultured on electrospun blend PDX/KCG and PDX/FUC 
mats, in line with previous results which showed that both KCG and FUC 
reduced the migration of MP 41 cells {Flg. 2). L 929 cells, on the other 
hand, adopted similar morphologies on POX as well as on blend mats 
and on TCPS Le. elongated morphologies with well spread shapes 
(Fig. 8E}. The cells showed a tendency to align in one direction. 
Magnified images shown interaction of the L 929 cells with the nano 
fibers for all blend mats and POX. 

Overall, live/dead staining results indicated that even if residual 
cancer cells could be present in the wound area in contact with the 
scaffold, they would not multiply and proliferate. Instead, the bio 
polymers released from the electrospun mats lead to cancer cell death. 
Morphological analysis via SEM showed reduced metastatic potential of 
MP 41 cells on blend mats. The insignificant cytotoxlcity of the blend 
mats to L 929 fibroblast cells suggest that the electrospun mats would 
not impede wound closure. 

 
• Using electrospun mats as floating drug eluting cell supports 

 
The influence of the biopolymer-releasing blend fibers on cells far 

away from the scaffold was investigated by using the set-up depicted in 
Scheme I whereby 2 stainless steel rings were used to hold the mats on 
top on the cell monolayer ensuring that the cells were not in direct 
contact with the scaffold. Briefly, the cells were seeded directly in TCPS 
well plates and after allowing 3-4 h for cell attachment, a first stainless 
steel ring was placed over the cell monolayer followed by the scaffold 
which was sandwiched between another stainless steel ring. Results 
summarized in Fig. SC showed that POX/FUC scaffolds were more 
cytotoxic to MP 41 cells compared to similar weight ratio PDX/KCG 

mats. This was in line with previous results which confirmed the higher 
toxicity of FUC to MP 41 cells in contrast to KCG (fig. I). 

We also assessed the effect of KCG and FUC released from the blend 
mats on murine fibroblasts L 929 cells not in direct contact with the 
scaffold (Fig. 80). From Fig. 8D, it could be observed that POX/KCG was 
not cytotoxic to L 929 cells although POX/FUC promoted cell prolifer 
ation more than POX/KCG. This interesting observation supported the 
use of POX/FUC over POX/KCG mats as drug delivery vehicle targeting 
residual cancer cells and also as cell support for healthy cells promoting 
wound healing. 

 
4.9. In vivo immune response studies using albino Wistar rats 

 
4.9.1. In vivo biocompalibility 

To investigate the foreign body response elicited by the electrospun 
blend mats, the latter were implanted in the dorsal region of adult albino 
Wlstar rats for a period of 2 weeks. Electrospun POX scaffolds was used 
as the control. All scaffolds were first disinfected using 70 % ethanol 
followed by three PBS washes before being implanted into the dorsal 
subcutaneous pockets. Three layers of electrospun mats were placed in 
each pocket and the pocket was then closed using an intradermal PLGA 
4/0 suture. The rats were followed over the whole period of study for 
any signs of inflammation such as redness, swelling, etc. at the implan 
tation site. The weight of the rats were also noted over regular time 
intervals to ensure their healthy status. None of the rats displayed any 
behavioural change or visible signs of Inflammation and physical 
impairment. After 2 weeks, the scaffolds were removed layer by layer in 
some of the rats for SEM imaging and labelled as exterior layer (E), 
middle layer (M) and interior layer (0 while In the remaining rats, tissue 
sections with the scaffolds were retrieved for histology analysis. Cells of 
various morphologies could be noted on the surfaces of the exterior and 
interior layers of all scaffolds (fig. 9A}. For the POX mat, a thick tissue 
layer covered the surface of the interior layer. Comparing the middle 
layer of POX, POX/KCG 80/20 and POX/FUC 80/20 scaffolds, it can be 
noted that PDX/KCG 80/20 mat led to the highest number of infiltrated 
cells compared POX/FUC 80/20 where abnost no cells could penetrate. 
This can be rationalized by the fiber diameter of the electrospun mats. 
Indeed, fiber diameters of POX and POX/KCG mats were much larger 
than PDX/FUC (1 µm vs 0.21 µm) suggesting larger pore sizes in PDX and 
PDX/KCG which allowed cells to infiltrate within the mats. 
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Fig. 9, (A) SEM images of retrieved scaffolds after 2 weeks ill vivo implantation, (B) Masson·s trichrome images of tissue sections, (C) Magnified Masson's trichrome 
images depicting the composition of fibrous capsule and (D) quantitative analysis of fibrous capsule thickness. Fibrous capsule thickness of PDX/KCG and PDX/FUC 
were compared with PDX: •p < 0.05; ••p < 0.0001 and (ns) not significant wherever not indicated. 

 

Fibrous capsule formation was noted around all electrospun scaffolds 
(Fig. 9B). There were significantly more cells in the fibrous capsule 
surrounding PDX/KCG 80/20 compared to those around POX and POX/ 
FUC 80/20 which consisted mostly of collagen fibers (Fig. 9C). Quan 
titative analysis of Masson's trichrome images showed that the addition 
of polysaccharides KCG and FUC reduced fibrosis around the scaffolds 
suggesting improved host-scaffold integration (Fig. 9D). Compared to 
KCG, the incorporation of FUC led to thinner fibrous capsule formation 
suggesting that the latter causes reduced immune response in the rats. 

Masson·s trichrome images of removed tissue and scaffold samples 
after 2 weeks indicate varying extent of degradation (Fig. 9B). In 
particular, the POX and PDX/KCG 80/20 scaffold showed major signs of 
degradation with thinning of the scaffold layers due to larger pore di 
ameters compared to PDX/FUC 80/20. The three scaffold layers could 
no longer be differentiated as they broke down Into several smaller 
pieces. On the other hand, all 3 layers of PDX/FUC 80/20 mats could be 
easily identified and showed almost no sign of degradation. Overall, we 
conclude on the faster in vivo degradation of PDX and PDX/KCG 80/20 
in contrast to PDX/FUC 80/20 as a result of larger fiber diameters and 
therefore larger pore sizes allowing for physiological fluid penetration. 

 
4.9.2. In vivo wound healing 

Following in vitro and in vivo biocompatibilitystudies, 10 electrospun 
scaffold mats were chosen for further invivo wound healing studies using 
Wistar rats as models. In vitro studies showed that PDX/FUC had better 
wound healing potential than PDX/KCG, supporting the cytocompatible 
properties of FUC. The latter did not impede fibroblast migration and 
promoted macrophage polarization to M2 phenotype. Based on these 
results, a blend containing higher amount of FUC was fabricated i.e. 
PDX/FUC 50/50 to maximize the benefits of FUC. Some of the chosen 
scaffolds were also loaded with small natural molecules such as curcu 
min{CUR), and manuka honey (MK) (T;1ble 3). Curcumin possesses anti 
inflammatory and anti-oxidant properties and studies have shown that it 

 
Table 3 
Identity of scaffolds for ill vivo wound healing studies. 

Scaffold label lden1ity 

Negative ronttol 
II Posllive control 
Ill PDX 
IV POX/KCG 70/30 
V PDX/FUC 50/50 
VI PDX/FUC 50/50 + CUR 
VII PDJUFUC 70/30 + CUR 
VIII PDJUFUC 70/30 + CUR MH 

enhances granulation tissue formation as well as collagen deposition 
during the remodeling process [44). Several studies have concluded on 
the benefits of manuka honey in wound heahng. Its hydrogen peroxide 
content helps to eliminate bacteria in the wounds and stimulates 
vascular endothelial growth factor {VEGF) production. In addition, its 
low pH {3.5--4) decreases protease activity, increases oxygen release 
from haemoglobin, and stimulates macrophages and fibroblasts in the 
inflammatory and proliferative phases respectively [45). 

The commercial scaffold Seeskin (collagen sheet) and gauze was 
used as positive and negative controls respectively. The protocol for 
carrying out the wound healing studies was similar as reported previ 
ously whereby 6 mm diameter wounds were created on the dorsal region 
of rats [29]. Silicon donut shaped wound splints were sutured around 
the wounds to prevent dosing of the wounds via contraction. All elec 
trospun mats were first hydrated in normal saline before being placed on 
the wounds. From Fig. l0A, we note that both the positive and negative 
control wounds closed completely after 21 days. However, the negative 
control started contracting significantly as from day 7 losing its circular 
shape and adopting an elongated shape. Similarly, the positive control 
also displayed contraction and became star-shaped at day 10. All 
remaining scaffolds groups healed completely except for scaffolds VI and 
VII and led to scarless wound healing apart from scaffold VI. The graphs 
of% wound closure vs time {Fig. 1OB) show that both the positive and 
negative control follow a similar trend with rapid wound closure 
whereby 70 % of the wound was closed within 9 days. In contrast, most 
of the electrospun mats healed at a slower rate whereby <40 % of the 
wound was healed by day 9. 

Tissues were harvested from the healed wound sites for the various 
scaffold groups and stained with Masson's trichrome and picrosirius red 
stains. Granulation tissue scoring and global healing indices (Gl-ll) were 
determined from the histological Images [29]. Among all scaffolds, mat 
V displayed the highest global healing index and smallest granulation 
tissue area indicative of good overall healing. Comparing the data cor 
responding to scaffolds IV and V in Fig. l OD we can conclude that FUC 
improves the wound healing compared to KCG as noted by the lower GT 
area and higher GHI. Incorporation of both CUR and MH within the 
scaffolds reduced the granulation tissue area and improved the GHI. 

The last stage of wound healing involves the ECM remodeling pro 
cess whereby the formation of granulation tissue stops and the ECM 
components undergo several changes. For instance, collagen III is 
replaced by collagen I. The angiogenic processes are also reduced with a 
slowing of the overall metabolic activity at the wound site [4b]. Mas 
son's trichrome images showed that the distance between collagen fi. 
brils in the granulation tissue varied depending on the scaffold used. In 
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Fig. 10. (A) Images of wounds over 21 days, (B) and {C) % wound closure with time, {D) summary of histological analysis. 
 

particular, the negative control and the PDX group resulted in compa 
rable values while the positive control and the scaffold group had almost 
similar values (Fig. S2). 

 
4.10. Preliminary in vivo anticanur effect as nanoscaffold patch 

 
Athymic female nude mice models were used to test the efficacy of 

the prepared nanofibrous scaffolds in vivo. Subcutaneous tumours were 
induced and allowed to develop for 4 weeks in nude mice. The tumour 
sites were then covered with the nanofibrous mats PDX and PDX/FUC or 
left untreated. After 4 days treatment, the mice were sacrificed and the 
tumour volume were measured. It is important to note that since the 
FUC concentration in the nanofibrous mat is high and the release ki 
netics from the in vilTo study showed a rapid release pattern with an 
initial burst, we hypothesized that 96 h treatment would show some 
treatment efficacy on the solid tumour. 

Interestingly, treatment with PDX/FUC nanofibrous mat displayed 
tumour reduction of 7.14 % within 96 h of treatment compared to the 
control with 11.31 % increase in tumour volume within the same time 
interval. Moreover, treatment with POX mat exhibited twnour regres 
sion of - 2 % lesser tumour growth compared to the negative control 
(untreated mouse). 

H&E staining was performed on the excised tumour tissues and on 
the main organs (liver, spleen, lung) to investigate the antitumor effi 
cacy of nanofibers and its possible toxicity (Fig. 11 ). In the tumour 
sections, 45 % 30 % and 50 % central coagulative/liquefactive necrosis 
were noted in the PDX, PDX/FUC nanofibrous mat treated and untreated 
mice respectively. Small groups of necrotic calcified cells were found in 
the PDX/FUC treated mice, evidencing the effectiveness of FUC-release 
and the antitumor activity of FUC from the nanofiber scaffolds. Areas of 
moderately increased stromal fibroblastic tissue were visible adjacent to 
the necrosis in both mice treated with PDX and the one left untreated 
(control) in contrast to the PDX/FUC treated one which showed only 
mlld focal fibroplasia. 

consisting of increased spindle cells in the stromal tissues adjacent to 
the necrosis. No decrease in the number of actively dividing cells were 
noted in the tumour tissues of the PDX/FUC treated mice. No signs of 
peripheral lymphocytic inflammation was noted in the PDX/FUC treated 
mouse compared to mild-moderate Inflammation in the negative control 
mice. 

Assessment of the liver showed that the PDX/FUC treated mouse had 
normal hepatocytes while the negative controls displayed mild cyto 
plasmic vacuolisation of centrilobular hepatocytes and the presence of 
fibrin material or fibrillar serum-like material within the lumens oflarge 
blood vessels. 

Therefore, it isarguably compelling that the FUC-loaded nanofibrous 
mat showed some anti-cancer potential and can be optimised for robust 
anti-tumour efficacy if tested for a longer period. Also, it will be inter 
esting to assess and ascertain its wound healing activity along its anti 
cancer activity as a superlative modality for cancer treatment and 
tumour regeneration prevention. It has been reported that M2 polarized 
macrophages can cause immunosuppression through the secretion of 
anti-inflammatory factors, through angiogenic and lymphangiogenic 
regulation, hypoxia induction which can promote tumour proliferation 
and metastasis (47]. However, despite being anti-inflammatory, such 
outcomes were not observed with FUC loaded scaffolds. 

 
5. Conclusions 

 
In the current study, KCG and FUC loaded nanofibers were fabricated 

for the sustained release of the polysaccharides KCG and FUC in the 
tumour vicinity. Most of the blend mats displayed a quasi-fickian release 
mechanism which fitted to the Korsmeyer-Peppas model, suggesting 
release mainly via a diffusion mechanism. Addition of KCG and FUC to 
POX reinforced the nanofibrous matrices due to physical Van Der Waals 
interactions between PDX and the sulphated polysaccharides and due to 
improved crystallization in the blend fibers. In vilTo studies showed the 
formation of multicellular spheroids with grape-like morphologies 
following seeding of MP41 cancer cells on all the electrospun blend 
mats, Indicating that the blend scaffold surfaces promoted cell-cell 
crosstalk instead of cell-material interactions. Lower degree of MP41 
cell membrane ruffling suggested reduced invasive potential of the cells 
when cultured on electrospun blend PDX/KCG and PDX/FUC mats in 
line with previous results which showed that both KCG and FUC reduced 
the migration of MP 41 cells. Toxicity of KCG and FUC released from the 
mats could be confirmed from the lower number of MP41 cells on the 
blend mats 7 days after initial seeding. M'IT assay and SEM images 
confirmed that the blend mats were non-cytotoxic to L929 fibroblasts. 
Overall, these results indicate that upon application to the tumour 
resection site, the PDX/KCG and PDX/FUC mats will be able to kill any 
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Fig. 11. (A}Photo showing application of nanofibrous patch over tumour and (B) Histology images showing tumour, liver, spleen and lung tissue sections following 
either treatment with nanofibrous patch or when left untreated. 

 

residual cancer cells while simultaneously not impairing wound closure, 
but rather accelerating the healing process. Following in vivo implan 
tation in rats, none of the scaffolds caused significant inflammatory re 
action and all of them led to fibrous capsule formation with PDX/FUC 
forming the thinnest capsule. Wound healing studies showed that FUC 
improved the wound healing more compared to KCG as noted by the 
lower GT area and higher GHI. Results from the conducted in vivo pre 
study indicated anti-cancer potential of the fabricated PUC-loaded 
nanofibrous mat. However, this interesting observation still needs to 
be further validated. Further in vivo study is required to assess the dual 
anticancer and wound healing potential of the nanofibrous patches. The 
fabricated nanoflbrous patches are an addl tion to our innovative work in 
cancer nanomedkine, and aims at circumventing the limitations of 
conventional chemotherapy in melanoma management. 
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