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Abstract
In the field of biomedical engineering, nanofiber scaffolds have excellent biomaterial properties, making them highly suit-
able for superior wound dressing applications. This work presents the fabrication of a novel bimetal blend comprising 
palladium and platinum nanoparticles integrated with silk fibroin and collagen composite nanofibers through the electro-
spinning method. The fabricated composite nanofibrous scaffolds were investigated to analyze their chemical composi-
tion, surface morphology, thermal stability, porosity, hemocompatibility, mechanical strength, swelling, and degradation 
properties. The average diameter length of the SF/CL/Pd–Pt composite nanofiber scaffolds is 141.62 ± 33.03 nm, with Pd 
and Pt nanoparticle diameters measured at 8.64 and 7.36 nm, respectively. In vitro assessments of SF/CL and SF/CL/Pd–Pt 
composite nanofiber scaffolds demonstrated outstanding antibacterial efficacy against both gram-positive (S. aureus) and 
gram-negative (E. coli) bacteria. The antioxidant activity of SF/CL/Pd–Pt composite nanofibers exhibited a free radical 
scavenging percentage of 94.34%. Additionally, cell proliferation studies conducted on the fibroblast (NIH3T3) cell line, 
along with in vivo investigations on male Sprague–Dawley rats, underscored the remarkable wound-healing ability of the 
SF/CL/Pd–Pt composite nanofiber scaffolds. Furthermore, histopathological examination of wounded tissue samples using 
H&E and Masson trichrome staining revealed faster reepithelialization, granulation, angiogenesis, and reduced inflamma-
tory response. These findings demonstrate that SF/CL/Pd–Pt composite nanofibrous scaffolds are excellent wound dressing 
materials for all biomedical applications.
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Introduction

Wound healing is an essential physiological process, 
crucial for repairing damaged tissues and restoring the 
integrity of the skin post-injury or surgery. The struc-
tural disparity between gram-positive bacteria, typi-
fied by Staphylococcus aureus (S. aureus), with a thick 
peptidoglycan layer in their cell wall, and gram-negative 
bacteria like Escherichia coli (E. coli), characterized by a 
thinner peptidoglycan layer surrounded by an outer mem-
brane, holds pivotal significance across scientific disci-
plines, particularly microbiology, and medicine [1]. The 
innovative strategy for enhancing this intricate process 
involves leveraging nanofiber matrices, proven to be effec-
tive in wound dressing applications. This holistic explora-
tion of wound healing emphasizes the multifaceted role of 
nanofiber technology in both expediting tissue regenera-
tion and providing a robust defense against bacterial chal-
lenges [2]. This dual functionality significantly contributes 
to the overall success of the wound-healing process. Its 
significance lies in its ability to prevent infection, foster 
tissue regeneration, and restore normal functioning to the 
affected area. The utilization of nanofiber matrices plays 
a pivotal role in wound healing, proving instrumental in 
minimizing complications and alleviating pain [3]. In the 
realm of wound dressing applications, nanofiber scaffolds 
take center stage due to their exceptional efficacy in pro-
moting rapid granulation and tissue regeneration [4]. The 

porous structure and expansive surface area of nanofiber 
scaffolds closely mimic the extracellular matrix (ECM), 
creating an ideal environment that facilitates cell interac-
tions and expedites the healing process [5]. Furthermore, 
electrospun nanofibrous scaffolds serve as effective deliv-
ery systems for therapeutic agents, concurrently combat-
ing bacterial infections at the wound site. Beyond wound 
dressing, nanofiber matrices find extensive applications 
in tissue engineering, catering to various tissues such as 
keratinocytes, fibroblasts, endothelial, and blood vessel 
cells [6, 7]. They also serve as easily absorbed drugs, 
enhancing biological reactions [8]. Notably, nanofibers, 
characterized by a high surface area-to-volume ratio, 
undergo faster degradation than microfibers, primarily 
through hydrolytic processes. The wound healing process 
unfolds in four distinct phases: hemostasis, inflammation, 
proliferation, and remodeling. Hemostasis marks the initial 
stage, preventing bleeding or removing blood clots while 
restoring vascular integrity [9, 10]. The inflammatory 
phase primary objective is to eliminate bacteria and foster 
new tissue formation [11]. The proliferative phase wit-
nesses the growth of granulation tissue and angiogenesis 
as inflammatory cells recede. Lastly, the remodeling phase 
sees the formation of new dermal and epidermal tissue 
in the wound recovery area. This comprehensive under-
standing underscores the intricate and dynamic nature of 
the wound-healing process, wherein nanofiber matrices 
contribute significantly to each stage.
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The biopolymer materials are silk fibroin, gelatin, colla-
gen, and chitosan, utilized in various biomedical fields such 
as wound dressing, skin tissue engineering, drug delivery, 
and studies about antibacterial, antimicrobial, and anticancer 
properties [12, 13]. Notably, silk fibroin (SF) and collagen 
(CL) stand out as protein-based biopolymers renowned for 
their exceptional fiber-forming characteristics and height-
ened interaction with biological processes [14]. The com-
posite scaffolds crafted from silk fibroin and collagen consist 
of various amino acids, including glycine, sericin, alanine, 
proline, and hydroxyproline [15]. These amino acids effi-
ciently serve as reducing and stabilizing agents for metal 
nanoparticles. Silk fibroin is derived from the bombyxmori 
silkworm cocoon, featuring an inner layer of silk fibroin and 
an outer layer of sericin [16]. Collagen (CL) is obtained by 
denaturing animal tissues like skin, muscle, and bone [17]. 
Collagen is available in various forms such as powder, parti-
cles, solution, pastes, and gels, sourced from diverse animals 
including chicken, bovine, fish, and others [18]. Collagen, 
particularly, proves highly beneficial for biological activities 
in wound healing studies. Typically, silk fibroin and collagen 
composite nanofiber scaffolds exhibit a β-sheet triple helical 
structure formation [19]. Furthermore, the composite matrix 
of silk fibroin and collagen showcases outstanding biological 
activities, including biodegradability and biocompatibility 
without cytotoxicity. It offers enhanced therapeutic attrib-
utes, facilitating easy cell adhesion on substrates, exhibiting 
low antigenicity, optimal oxygen permeability, and possess-
ing unique mechanical strength [20].

Platinum group metals exhibit high efficacy in various 
biomedical applications, including wound healing, tissue 
engineering, and drug delivery. These metal nanoparticles 
possess unique properties that render them suitable for bio-
medical purposes, given their biocompatibility, antibacterial 
characteristics, and ability to induce tissue regeneration [21]. 
Our focus utilizing biodegradable polymers, specifically silk 
fibroin and collagen, for synthesizing palladium and plati-
num metal nanoparticles. Silk fibroin and collagen, being 
protein based biopolymers obtained in amino acids, serve 
as effective reducing and stabilizing agents in the synthesis 
of palladium and platinum metal nanoparticles. Palladium 
(Pd) and platinum (Pt) nanoparticles play a crucial role in 
wound treatment, stimulating tissue regeneration and con-
tributing significantly to disease detection [22]. Their pri-
mary function involves facile interaction with antibodies, 
DNA, and RNA molecules, targeting specifically. In this 
context, it is imperative to develop environmentally friendly 
methods for synthesizing Pt–Pd NPs without the use of haz-
ardous chemicals and enhance their biomedical properties. 
These nanoparticles exhibit potent antimicrobial properties, 
effectively eliminating or hindering the growth of a broad 
spectrum of bacteria, fungi, and other microorganisms [23]. 
Furthermore, palladium and platinum nanoparticles have 

excellent anti-inflammatory attributes, aiding in reducing 
inflammation at the wound site. Additionally, these nano-
particles readily stimulate the processes of cell proliferation 
and migration. They also contribute to the formation of new 
blood vessels, supplying oxygen and nutrients to the heal-
ing tissue [24]. Consequently, these nanoparticles hold great 
promise in the biomedical field, particularly in the realm of 
wound healing.

In this research work, meticulously designed a bimetal-
lic combination of palladium and platinum nanoparticles, 
integrated with silk fibroin and collagen composite nanofib-
ers using the electrospinning method. To comprehensively 
assess the fabricated composite nanofibers, we employed 
various physicochemical characterization techniques, includ-
ing fourier transform infrared spectroscopy, field emission 
scanning electron microscopy with energy dispersive spec-
troscopy, high-resolution transmittance electron microscopy, 
atomic force microscopy, X-ray photoelectron spectroscopy, 
thermogravimetric analysis, mechanical strength, swelling 
ratio, biodegradation properties, porosity, hemocompatibil-
ity, and antioxidant activity. Furthermore, in vitro studies 
evaluated the antibacterial activity of composite nanofiber 
materials. The results demonstrated outstanding perfor-
mance against both gram-positive strains (S. aureus) and 
gram-negative bacteria (E. coli). The robust antibacterial 
capability of SF/CL/Pd–Pt composite nanofibrous scaffolds 
positions them as excellent candidates for wound healing 
applications in biomedical settings, where combating bacte-
rial infections is crucial for successful tissue regeneration. 
Simultaneously, we examined the cell proliferation activ-
ity using the fibroblast (NIH3T3) cell line. Subsequently, 
in vivo studies were conducted to assess the wound heal-
ing activity in Sprague Dawley rat animals. The assessed 
capabilities of SF/CL/Pd–Pt composite nanofibers are high 
efficiency in absorbing exudates from wound surfaces, pro-
moting cell adhesion, and facilitating tissue regeneration. 
The findings of our research underscore the significant 
enhancements in wound healing activity achieved within a 
short period through the fabrication of SF/CL/Pd–Pt com-
posite nanofibers. This comprehensive exploration contrib-
utes valuable insights into the multifaceted capabilities of 
these composite nanofiber scaffolds as advanced materials 
for biomedical applications.

Experimental Section

Materials

Bombyxmori silkworm cocoons were procured from the 
Sericulture Department in Pudukkottai, Tamilnadu. Colla-
gen (marine fish Type-I), sodium carbonate, lithium bro-
mide, formic acid, palladium chloride, and chloroplatinic 
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acid hexahydrate were acquired from SRL Pvt. Ltd. All 
the chemicals have a high analytical grade purity of ≥ 96%. 
The phosphate-buffered saline, DPPH, ethanol, and MTT 
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 
bromide) were of high analytical grade with a purity 
of ≥ 97.96% and were obtained from Sigma-Aldrich, India. 
The dialysis membrane referred to as 12  kDa MWCO 
(Molecular weight cut off), with a thickness of 15 μm, was 
purchased from Fisher Scientific Pvt. Ltd., India. All the 
aqueous solutions are prepared using deionized water.

Preparation of Silk Fibroin Solution 
from Bombyxmori Silkworm Cocoon

The bombyxmori silk cocoon was divided into small pieces 
and boiled for 30 min, and 0.5 M sodium carbonate was 
added to a string for 3 h. Following that, the silk fibroin 
thread formed after being thoroughly rinsed in deionized 
water to dispose of the glue-like sericin. The degummed silk 
fibroin was dried in a hot air oven for 2 h before being treated 
with 9.3 M lithium bromide and heated at 80 °C. As a result, 
the silk fibroin solution was obtained in a light yellow color. 
The silk fibroin solution used the dialysis membrane. The 
dialysis process is followed for 3 days, and every 6 hours, 
one’s changes in water. After dialysis, the silk fibroin solu-
tion was centrifuged at 6000 rpm for 10 min to remove some 
impurities, and the silk fibroin solution was kept at 4 °C and 
used further process.

Preparation of SF/CL/Pd–Pt Composite Solution

Silk fibroin with collagen was dissolved in a 1:1 ratio of 
10 mL acetic acid and water. The 1% polyvinyl alcohol was 
added to the SF/CL composite solution and stirred continu-
ously for 3 h while the solution was heated at 60 °C. The 
polyvinyl alcohol purpose increases the viscosity of the SF/
CL composite solutions. The next step was to gradually add 
10 mL of (0.1 M)  PdCl2 solution to the SF/CL composite 
solution. After stirring 3 h, the SF/CL/Pd composite solu-
tion obtained color changed to a light brown. Additionally, 
10 mL of (0.1 M)  H2PtCl6·6H2O solution was gradually 
added to the SF/CL/Pd composite solution over 2 h while 
heating at 80 °C with a continuous stirrer. In the end, the 
SF/CL/Pd–Pt composite solution took on a dark reddish-
brown color.

Fabrication of SF/CL/Pd–Pt Composite Nanofiber

The fabrication of SF/CL/Pd–Pt composite nanofiber using 
the electrospinning method. The prepared SF/CL, SF/CL/
Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite solutions with-
out precipitation or air bubbles before using the electrospin-
ning instrument. The composite solution was injected into 

a 10 mL syringe with a 0.7 mm stainless steel needle and a 
flow rate of 0.7 mL/hour. The syringe pump was positioned 
10 cm away from the drum collector. Throughout the elec-
trospinning process, the drum collector rotated at a speed of 
1200 rpm, while a high voltage of 18 kV was applied. The 
aluminum foil thickness of 0.05 mm was placed over the 
drum collector surface after nanofiber formation, encapsu-
lating the nanofibers between the foil layers. The resulting 
SF/CL, SF/CL/Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite 
nanofibers were stored at room temperature for the following 
characterization. Figure 1 depicts the SF/CL/Pd–Pt compos-
ite nanofibers preparation process.

Swelling Study

Phosphate buffer saline (PBS) was used to test composite 
nanofiber swelling behavior at different times. Initially, the 
composite nanofiber was uniformly cut into rectangular 
shapes sized at 1 × 1 cm and submerged in phosphate buffer 
saline solution. Then, the nanofibers were weighed until 
saturation of swelling was reached. The calculated swelling 
percentage is shown in the equation below.

where  Nw represents the weight of the wet or swollen 
nanofiber, and  Nd represents the weight of the dry nanofiber.

Degradation Analysis

The degradation analysis of composite nanofiber was con-
ducted in Phosphate buffer saline with a pH level of 7.4 
and maintained at 37 °C. In brief, composite nanofibers of 
known dry weights (Wi) were incubated in PBS for the dura-
tion of the study on different days. The PBS was refreshed 
daily. Triplicates of each sample group were tested for sta-
tistical purposes. The degradation rate was determined using 
below the calculation.

where  Wi is the initial weight of the nanofiber and  Wf is the 
final weight of the nanofiber.

Porosity Measurement

The liquid displacement method was used to detect the 
porosity. The nanofibrous scaffolds measured at 1 × 1 cm, 
were fully immersed in absolute ethanol until reached satura-
tion. The weight of the nanofibrous grafts was recorded both 
before and after immersion in ethanol. To ensure accuracy, 

(1)Swelling ratio% =

(

Nw − Nd

Nd

)

× 100,

(2)Degradationate rate =

(

Wi −Wf

Wi

)

× 100,
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all samples were measured in triplicate. The porosity was 
calculated using the following equation.

 where  W1 is the weight of the dry nanofiber,  W2 is the 
weight of the nanofiber saturated with ethanol,  W3 is the 
weight of the nanofiber after removing from ethanol.

Hemocompatibility Test

Examined the hemocompatibility test using blood samples 
taken from Sprague Dawley rat animals because it is an 
essential measurement to evaluate the safety of biological 
materials. The obtained blood sample underwent centrifu-
gation at 1500 rpm for 3 min, resulting in the separation 
of a pellet while discarding the plasma. The pellet was 
washed with a standard saline solution through centrifuga-
tion at 1500 rpm for 5 min. After removing the supernatant, 
the Sprague Dawley red blood cells (RBCs) were diluted 
using a normal saline solution. The SF/CL/Pd–Pt com-
posite nanofiber was cut into equal 1 × 1 cm sizes, added 
to the RBC, and incubated at 37 °C for 30 min. Subse-
quently, the RBCs underwent centrifugation at 1500 rpm 
for 3 min at intervals of 1, 2, 3, and 4 h. The absorption of 
oxyhemoglobin at 540 nm was measured using a UV–Vis 

(3)Porosity % =

(

W3 −W1

W3 −W2

)

× 100,

spectrometer. The hemolysis % was calculated below the 
formula

Optical  densityTest = absorbance measurement of test 
solution containing nanofiber.

Optical  densityNegative = absorbance of negative control,
Optical  densityPositive = absorbance of positive control.

Antioxidant Evaluation by DPPH Radical Assay

Initially, DPPH was dissolved in 95% methanol solution and 
using a phosphate buffer solution with a pH of 6.6 medium 
and ascorbic acid 10 mg/100 mL. Next, 0.5 mL of fresh 
DPPH methanol solution was added to the test samples at 
various concentrations. The absorbance of the DPPH metha-
nol solution was then measured at 517 nm. The discoloration 
of the test samples indicated their scavenging potential.

A0 = absorbance of control,
A1 = absorbance of test sample (nanofiber).

(4)Haemolysis(%) =

[

ODtest

ODpos

−
ODneg

ODneg

]

× 100

(5)DPPH scavenging activity (%) =
A0 − A1

A0

× 100

Fig. 1  Schematic representation diagram of the preparation of SF/CL/Pd–Pt composite nanofibers
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In Vitro Assessment of Antibacterial Activity

The disc diffusion method was analyzed to assess the 
antibacterial activity of the composite nanofibers. As 
references, two bacterial strains were utilized: the gram-
positive S. aureus (ATCC33591) and the gram-negative E. 
coli (ATCC10536) were used in the antibacterial assays. 
The bacterial strains were evenly spread on nutrient agar 
plates using a glass L-rod, and 100 mL of growing cul-
ture was applied under aseptic conditions. Each plate was 
coated with a 30 mm square and then incubated at 37 °C 
for 24 h. The zone of inhibition was measured and reported 
in millimeters (mm) following the incubation period. The 
concentration at which the growth of the relevant microor-
ganisms was halted was identified as the minimum inhibi-
tory concentration (MIC). The tests were conducted in 
triplicate.

Cell Proliferation of Fibroblast NIH3T3 Cell Line

Cell proliferation of the fabricated composite nanofibers 
was evaluated by using the MTT assay. The composite 
nanofibers underwent treatment with 100% ethanol and 
UV exposure, followed by washing with deionized water 
and sterilization for 30 min. After the removal of ethanol, 
the composite nanofiber matrix was rinsed with PBS and 
subsequently exposed to a DMEM medium enriched with 
10% FBS for 12 h. Fibroblast cells (NIH3T3) were cul-
tured in a medium containing 10% FBS under conditions 
of 37 °C, 5%  CO2, and 95% humidity. Subsequently, these 
cells were seeded into 96-well plates, each containing a 
population of 1 ×  104 cells. Following the treatment, each 
well received 5 mg/mL of MTT suspension and was incu-
bated at 37 °C in a humid environment for 4 h.

Methodology of Wound Healing

Animal Acquisition

Two to 3 month old, 180–220 g Sprague Dawley rats were 
purchased from Mass Biotech in Chengalpattu and trans-
mitted to the pharmacology department animal house. K. 
K. College of Pharmacy, Chennai, conducted the animal 
experimentation study. The rats were housed in light to 
medium-dark conditions with humidity and temperature 
control, fed a standard pellet diet, and had free access to 
clean water. The guidelines of the Institutional Animal 
Ethics Committee (IAEC-KKCP/2021/01/) have been 

(6)

Cell viability % =
(

Absorbance of Treated Cells

Absorbance of Control cells

)

× 100

approved by the Committee for the Purpose of Control 
and Supervision on Experimental Animals (CPCSEA).

In Vivo Wound Healing Assay

The wound healing activity of composite nanofiber scaf-
folds was evaluated using Sprague–Dawley rat animals. 
The dorsal area of the rat was shaved using an electronic 
trimmer, and after the wound was marked, isoflurane anaes-
thesia was given to the rats. The Sprague–Dawley rat was 
anesthetized with an intraperitoneal injection of xylazine 
before a wound was created on its dorsal surface. A round 
shaped wound size of 1.5 × 1.5 cm in length and width was 
created on the rat's dorsal side using a surgical blade and 
pointer scissors. Each group consisted of four rats, and 
injured tissue was embedded in paraffin after being fixed in 
10% buffered formaldehyde. Afterward, a dressing made of 
composite nanofiber scaffolds was applied to the rat's dorsal 
surface area and covered with medical gauze. The composite 
nanofiber scaffolds were used as the dressing material for 
the positive control, while medical gauze was used as the 
negative control. The wound dressings were changed every 
other day for the 1st week. They were replaced once every 
3 weeks for the following 3 weeks. On the fourth, eighth, 
and 21st days of this period, rats were killed using a lethal 
dose of thiopental urethane, and on the first, fourth, eighth, 
and 21st days, photographs of the rat's healed wound were 
taken with a camera. On the eighth and 21st days, anaesthe-
sia was administered to one chosen rat to evaluate the effects 
of the  4th day treatment and examine the damaged skin 
tissue. The remaining rats were given the same treatments 
for the remaining days. The size of the traced wound area 
was measured using macroscopical analysis. The percentage 
of wound healing was calculated using the formula below.

Staining Analysis

On the specified days, tissue samples from the excisional 
wounds were gathered for histopathological examination. 
After being immersed in 10% formalin for 3 days, the 
tissue sample was treated with formalin-fixed paraffin-
embedded tissue blocks of 5 mm thickness and exam-
ined using hematoxylin and eosin with Masson trichrome 
staining. Depending on the various days wound healing 
was changed. Day 0 represents no healing, Day 4th repre-
sents minimal healing (less than 50%), Day 8th represents 

(7)

Wound healing%

=
Initial wound size − Specific daywound size

Initial wound size
× 100
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moderate healing (equal to or greater than 50%), and Day 
21st represents complete healing.

Skin Irritation Test

Skin sensitization was used to evaluate skin irritation, 
defined as "reversible damage to the skin." The development 
of erythema and edoema around wounds on rats covered in 
nanofiber mat using the Draize test.

Statistical Analysis

The statistical analysis was conducted using a two-way 
analysis of variance (ANOVA) followed by post hoc Tukey 
multiple comparison tests, utilizing GraphPad Prism soft-
ware. Statistical significance levels were determined as sin-
gle asterisks represent P < 0.05, double asterisks represent 
P < 0.01, and quadruple asterisks represent P < 0.000.

Results and Discussion

Functional Group Analysis

Fourier transform infrared (FTIR) spectroscopy was used to 
analyze the functional groups and bonding vibration of the 
composite materials. The FTIR spectrum of Fig. 2a depicts 
the silk fibroin and collagen (SF/CL) composite nanofiber 
matrix as strong absorption intermolecular and intramo-
lecular hydrogen bonds presented in the hydroxy group 
(O–H) at 3309  cm−1 for stretching vibration, the polypep-
tide (–CONH–)n compound of absorption peaks for amide 
I, amide II, and amide III amino acids in the silk fibroin 
and collagen composite matrix [25]. The amide I peak 
for the carbonyl group was observed in (C=O) stretching 
vibration at 1651  cm−1, the amide II peak was observed in 
(N–H) bending vibration at 1557  cm−1, the amide III peak 
was observed in (C-N) stretching vibration at 1252  cm−1, 
and the last alkane group was observed in (C–H) stretching 
vibration at 831  cm−1 respectively [26]. The FTIR spectrum 
of Fig. 2b, c depicts the silk fibroin blended collagen with 
palladium (SF/CL/Pd) and platinum (SF/CL/Pt) nanoparticle 
hybrid the composite nanofibre matrix was quickly bonding 
interaction of carbonyl compound with amide group because 
this nanofiber matrix was more number of amino acids pre-
sented, it hence quickly reacts with a metal nanoparticle 
interacted to CO-Pd, NH-Pd, and CN-Pd stretching vibra-
tion of peak observed at 1645  cm−1, 1509  cm−1,1263  cm−1, 
and CO-Pt, NH-Pt, CN-Pt nanoparticle peaks obtained at 
1659  cm−1,1526  cm−1,1258  cm−1 respectively [27]. The 
FTIR spectrum of Fig. 2d depicts the silk fibroin and col-
lagen incorporated with the palladium and platinum (SF/CL/
Pd–Pt) metal nanoparticle hybrid in the composite nanofi-
bre scaffolds as stretching vibrations of the metal–metal 
bond that interacted with carbonyl compounds and amino 
groups such as C=O, N–H, and C–N (Pd–Pt) presented at 
1682  cm−1, 1507  cm−1, and 1287  cm−1, respectively.

Surface Morphology and Elemental Composition 
Analysis

Field emission scanning electron microscopy (FESEM) 
images were used to measure the average diameter size 
and distinguish the surface morphologies of the compos-
ite nanofiber. The image probe tool was more beneficial for 
measuring the average diameter. The silk fibroin and col-
lagen composite nanofiber (SF/CL) matrix SEM images 
were well-aligned without beadles and had smooth surface 
morphology [28], as shown in Fig. 3a, b. The SEM images 
of Fig. 3c, d show the silk fibroin and collagen blended 
with palladium nanoparticle composite nanofiber (SF/CL/
Pd), were beads formation of cord shape morphology. The 

Fig. 2  FTIR spectra of a SF/CL, b SF/CL/Pd, c SF/CL/Pt, and d SF/
CL/Pd–Pt composite nanofibers
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SEM images of Fig. 3e, f show the silk fibroin and colla-
gen with platinum nanoparticle composite nanofiber (SF/
CL/Pt) with a smooth surface layer and flattened network 
that formed ripen shape morphology [29]. The SEM images 
of silk fibroin and collagen combined with the palladium 
and platinum nanoparticle hybrid composite nanofiber (SF/
CL/Pd–Pt) scaffolds with rope-shaped morphology are 
depicted in Fig. 3g, h. Besides, all the SEM images were 
measured with different magnifications, such as 2 µm, 1 µm, 
and 500 nm. The diameter decreases since palladium and 
platinum metal nanoparticles are strongly clustered in the 
silk fibroin and collagen composite nanofiber matrix. The 
nanofiber size distribution histogram images of (Supp. Fig-
ure 1) (a) SF/CL composite nanofiber average diameter is 
218.12 ± 209.43 nm, (b) SF/CL/Pd composite nanofiber 
average diameter is 210.76 ± 191.32 nm, (c) SF/CL/Pt com-
posite nanofiber average diameter is 196.93 ± 168.09 nm, 
and (d) The of the SF/CL/Pd–Pt composite nanofiber aver-
age diameter is 178.79 ± 147.08 nm. A smaller diameter 
size main advantage is higher surface charge density, which 
can promote cell adhesion and proliferation. The smaller 
diameter nanofibers are more flexible and can more closely 
mimic the natural structure of many tissues, improving their 
biocompatibility and effectiveness as tissue scaffolds [30, 
31]. To identify the elemental analysis of the SF/CL/Pd–Pt 
composite, nanofiber was utilized in energy dispersive X-ray 
(EDX) spectroscopy. The EDX color mapping images of 
(Supp. Figure 2) represent the elemental composition of the 
SF/CL/Pd–Pt composite nanofiber results showed that car-
bon is red, nitrogen is blue, oxygen is yellow, palladium is 
violet, and platinum is green. The results of the EDX spec-
trum indicate that the palladium and platinum nanoparticles 

are firmly attached to the silk fibroin matrix and collagen 
composite nanofiber.

Transmittance Electron Microscopy

The composite nanofiber inner layer structure, metal nan-
oparticle size, and surface morphology were examined 
using high-resolution transmittance electron microscopy 
(HR-TEM). The TEM images were measured at different 
magnifications (100 nm, 50 nm, and 20 nm). TEM images 
of silk fibroin and collagen (SF/CL) composite nanofibers 
with single rod morphology [32, 33] are shown in Fig. 4a–c. 
The TEM images of silk fibroin and collagen with palla-
dium nanoparticles (SF/CL/Pd) composite nanofiber scaf-
folds were multi-stick linked to the rod shape morphology 
and visibly detected the palladium metal nanoparticle size 
at 8.64 nm are shown in Fig. 4d–f. The TEM images of 
silk fibroin and collagen that anchor the platinum nano-
particles (SF/CL/Pt) composite nanofiber scaffolds were 
networks with a rod shaped morphology and detected the 
platinum metal nanoparticle size at 7.36 nm, as depicted 
in Fig. 4g–i. The TEM images of silk fibroin and collagen 
anchored in the palladium and platinum nanoparticles (SF/
CL/Pd–Pt) composite nanofiber scaffolds were stuck with 
rod shaped morphology and measured the average diameter 
size at 141.62 ± 33.03 nm, as depicted in Fig. 4j–l. The TEM 
images were most helpful in detecting the nanofiber mor-
phology and distinguished metal nanoparticle size.

Fig. 3  FE-SEM images of a, b SF/CL, c, d SF/CL/Pd, e, f SF/CL/Pt, and g, h SF/CL/Pd–Pt composite nanofibers
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Nanofiber Thickness and Roughness Analysis

Atomic force microscopy (AFM) is the most advanced tech-
nique for determining the structure of two-dimensional and 
three-dimensional surface morphology. The AFM image was 
beneficial for detecting the thickness and smoothness of the 
composite nanofiber scaffolds. The SF/CL, SF/CL/Pd, SF/
CL/Pt, and SF/CL/Pd–Pt composite nanofiber matrix for the 
two-dimensional smoothness structure of rope shape mor-
phology is demonstrated by the AFM pictures of Fig. 5a–d. 
The topographical image scan rate was approximately 
measured at 25 µm × 25 µm. The palladium and platinum 
metal nanoparticles that strongly interact with silk fibroin 
and collagen composite nanofiber scaffolds are visible in 
the AFM image, as indicated by the light whitish-brown 
color. The three-dimensional surface morphology of the 
SF/CL, SF/CL/Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite 
nanofiber matrix was measured at 1.71 m, 1.79 m, 1.94 m, 

and 1.98 m, respectively, according to the AFM images in 
Fig. 5a–i to d–i. Furthermore, the three-dimensional struc-
ture of composite nanofiber surface roughness area (Ra) was 
determined to be 128.76 nm, 224.56 nm, 294.02 nm, and 
312.97 nm, respectively. The roughness area increases the 
reason of palladium and platinum metal nanoparticles are 
strongly clustered in the silk fibroin and collagen composite 
nanofibrous matrix. The composite nanofiber surface rough-
ness area gradually increases the significance for biomedical 
fields because they have more porosity behavior, making 
it easier to encourage cell attachment and proliferation to 
improve the healing adhesion to tissue regeneration [34–36].

Binding Energy Analysis

X-ray photoelectron spectroscopy (XPS) was used to analyze 
the surface studies of metal oxidation states, binding energy, 
electronic configuration, and elemental identification of the 

Fig. 4  HR-TEM images of a–c SF/CL, d–f SF/CL/Pd, g–i SF/CL/Pt, and j–l SF/CL/Pd–Pt composite nanofiber measured with different magnifi-
cation (100 nm, 50 nm, and 20 nm)
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Fig. 5  AFM 2D images of a, b, c, & d) SF/CL, SF/CL/Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite nanofiber, and 3D images of (a–i, b–i, c–i & 
d–i) SF/CL, SF/CL/Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite nanofiber

Fig. 6  XPS survey spectrum of a SF/CL/Pd–Pt composite nanofiber and corresponding high-resolution XPS survey spectrum of b C 1s, c N 1s, 
d O 1s, e Pd 3d, and f Pt 4f



2807Journal of Polymers and the Environment (2024) 32:2797–2817 

composite nanofiber scaffolds. The overall XPS survey 
spectrum was depicted in Fig. 6a analysis in SF/CL/Pd–Pt 
composite nanofiber scaffolds peak intensity indicated that 
C1s, N1s, O1s, Pd3d, and Pt4f elements were observed the 
binding energies (eV) were carbon at 285.13 eV, nitrogen at 
399.92 eV, oxygen at 532.11 eV, palladium at 366.28 eV, and 
platinum at 75.05 eV respectively. The full-width half-max-
imum differentiation of atomic percentages of all elements 
was predictable in carbon at 67.69%, nitrogen at 13.39%, 
oxygen at 15.34%, palladium at 2.03%, and platinum at 
1.55%. The high-resolution XPS spectrum was C1s split into 
four distinct peaks for C–C, C–N, C=O, and C–O group 
of carbon atom overlaps with  sp2 and  sp3 hybridization; 
these peaks are observed with different binding energies for 
284.87 eV, 285.42 eV, 286.63 eV, and 285.23 eV [37] are 
depicted in Fig. 6b. The high-resolution XPS spectrum was 
N1s predictable for the nitrogen group of amino acids that 
have appeared in five different peaks, as well as Glycine, 
Serine, Alanine, Proline, and Hydroxyproline. The binding 
energy of Glycine at 399.92 eV, Serine at 400.12 eV, Alanine 
at 400.02 eV, Proline at 399.42 eV, and Hydroxyproline at 
399.33 eV [38] are depicted in Fig. 6c. The high-resolution 
XPS spectra revealed O1s splitting into two peaks, indicated 
in carbonyl groups such as O–C and O=C, observed in the 
silk fibroin and collagen composite matrix. The binding 
energy of the oxygen atom connected with the carbon atom 
is 531.94 eV [39], and 532.78 eV is depicted in Fig. 6d. The 
high-resolution XPS spectrum of Pd3d splitting two different 
intensity peaks revealed that the binding energies of  Pd3d3/2 
and  Pd3d5/2 were 338.81 eV and 334.80 eV [40], as shown in 
Fig. 6e. The chemical oxidation state of Pd nanoparticles is 
 Pd0 and  Pd2+, corresponding with  Pd3d3/2 and  Pd3d5/2. The 
high-resolution XPS spectrum of Pt4f split into two peaks, 
 Pt4f5/2 and  Pt4f7/2, with binding energies at 75.13 eV and 
71.45 eV [41], are depicted in Fig. 6f. The chemical oxida-
tion states of Pt nanoparticles are represented by  Pt0 and 
 Pt4+. The XPS spectra revealed the integration of palladium 
and platinum nanoparticles into the silk fibroin matrix and 
collagen composite nanofiber matrix.

Thermal Stability Analysis

The thermal stability and decomposition behaviour of com-
posite nanofibrous scaffolds were examined using thermo-
gravimetric analysis (TGA). The composite nanofibrous 
was loaded in platinum crucible plates and heated from 
20–800 °C for nitrogen gas, passing inert atmospheric con-
ditions at a flow rate of 10 °C/minute. The TGA graph of 
(Supp. Figure 3) (a) shows the thermal degradation of silk 
fibroin and collagen (SF/CL) composite nanofiber matrix 
was weight loss in different temperatures, the first decom-
position temperature 225 °C for the elimination of water 
molecules [42] and removal of some impurity compound. 

The second, third, and fourth decomposition temperatures 
are 330 to 525 °C for degrading amino acid and peptide bond 
cleavages [43, 44]. The TGA graph of (Supp. Figure 3) (b 
to d) shows the thermal degradation of silk fibroin and col-
lagen loaded with palladium and platinum metal nanoparti-
cles composite nanofiber scaffolds where weight losses were 
observed at different temperatures (SF/CL/Pd for 260 °C, 
375 °C, 457 °C, and 549 °C), (SF/CL/Pt for 265 °C, 387 °C, 
485 °C, and 567 °C), and (SF/CL/Pd–Pt for 269 °C, 390 °C, 
491°and 578 °C), respectively. The weight loss tempera-
ture was slightly different, but the thermal curve was nearly 
identical in the degradation of silk fibroin and collagen com-
posite nanofibers. Moreover, above the TGA results was the 
decomposition temperature curve represented by palladium 
and platinum metal nanoparticles, which are highly incor-
porated in the silk fibroin and collagen composite matrix. 
Consequently, the TGA result-wise SF/CL/Pd–Pt compos-
ite nanofiber matrix has higher thermal stability than other 
nanofibrous scaffolds. Additionally, Dynamic Light Scatter-
ing (DLS), and mechanical strength of composite nanofiber 
discussed the Support Figs. 4 and 5.

Swelling and Degradation Analysis

The swelling properties are the most crucial function for 
controlling cell adhesion, infiltration, and nutrition transfer 
formation. Figure 7a illustrates the swelling percentage of 
SF/CL, SF/CL/Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite 
nanofibers measurement on different days. The SF provides 
structural integrity and biocompatibility, while CL offers 
antimicrobial properties and promotes cell adhesion and pro-
liferation. Due to the Pd and Pt metal nanoparticles being 
firmly incorporated into the SF/CL composite nanofiber 
due to a highly absorbed hydrophilic group of composite 
nanofiber scaffolds, the swelling was steady for about 2 
days. It started to decrease in the remaining days. Figure 7b 
depicts the degradation percentages of the SF/CL, SF/CL/
Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite nanofibers, 
which exhibit a high degradation rate at each time point. The 
SF/CL and SF/CL/Pd–Pt composite nanofiber degradation 
occurs on various days. The produced SF/CL/Pd–Pt com-
posite nanofiber functions as a diffusion barrier to hydrogen 
bonds that form between the silk fibroin and collagen matrix, 
slowing the degradation rate by forming a crosslinking struc-
ture. Besides, the swelling and degradation results for SF/
CL and SF/CL/Pd–Pt composite nanofibers are excellent, 
making them well-suited for biomedical applications.

Porosity and Hemocompatibility Analysis

The porosity of nanofiber plays a crucial role in wound 
healing applications because it facilitates the diffusion 
of oxygen and nutrients and provides a surface for cell 
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adhesion. The liquid displacement method was used to 
evaluate the nanofiber scaffolds. Figure 8a indicated the 
consistent porosity percentages across all nanofiber grafts: 
66% for SF/CL, 72% for SF/CL/Pd, 76% for SF/CL/Pt, and 
80% for SF/CL/Pd–Pt, even after encapsulating Pd and Pt 
nanoparticles highly porous nature of the grafts proves 
advantageous in absorbing exudates from the wound sur-
faces, making them potentially valuable in developing bio-
active implants for pharmaceutical applications in wound 

healing [45]. The hemolysis assay measures the extent of 
red blood cell lysis in Sprague Dawley rats at different 
times. The hemocompatibility study demonstrates that 
the red blood cell lysis percentage remains below 5%. In 
particular, the hemocompatibility analysis of the SF/CL/
Pd–Pt nanofiber, depicted in Fig. 8b reveals minimal eryth-
rocyte lysis compared to the SF/CL composite nanofiber. 
Incorporating Pd and Pt nanoparticles into the polymer 
reduces bioaccumulation. It minimizes contact with the 

Fig. 7  a Swelling and b Degradation of SF/CL, SF/CL/Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite nanofiber

Fig. 8  a  Porosity of SF/CL, SF/CL/Pd, SF/CL/Pt, and SF/CL/Pd–Pt composite nanofiber. b  Hemocompatibility of SF/CL and SF/CL/Pd–Pt 
composite nanofiber
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blood, resulting in erythrocyte lysis percentages of 1.1, 
2.0, 2.2%, and 3.5% for the SF/CL composite nanofiber. 
The SF/CL/Pd–Pt composite nanofiber exhibits erythro-
cyte lysis percentages of 1.5, 2.3, 2.9, and 4.2%. Therefore, 
the SF/CL/Pd–Pt nanofiber demonstrates the highest level 
of hemocompatibility compared to the SF/CL matrix.

Antioxidant Activity of Nanofiber

The antioxidant activity of two different composite matrices, 
SF/CL and SF/CL/Pd–Pt composite nanofibers were evalu-
ated using the DPPH radical assay method. In the biomedi-
cal field, antioxidants are crucial in protecting mutated cells 
from damage caused by harmful free radicals, which pose 
risks to human health. The free radical scavenging activity 
of SF/CL and SF/CL/Pd–Pt composite nanofibers was com-
pared to vitamin C to assess their effectiveness in combating 
free radicals. The antioxidant activity of Supp. Fig. 6 depicts 
the composite nanofiber treated with different concentra-
tions such as 10, 20, 50, 75, and 100 μg/mL. The SF/CL 
composite nanofiber matrix displayed free radical scaveng-
ing percentages of 29.36%, 41.35%, 54.84%, 76.19%, and 
89.99%. For the SF/CL/Pd composite nanofiber matrix, 
the percentages were 30.05%, 43.06%, 57.36%, 77.23%, 
and 90.32%. Similarly, the SF/CL/Pt composite nanofiber 
matrix exhibited percentages of 31.45%, 44.45%, 60.21%, 
778.63%, and 91.09%. As for the SF/CL/Pd–Pt composite 
nanofibers, their free radical scavenging percentages were 
33.69%, 49.56%, 66.02%, 80.23%, and 94.34%. In compari-
son, the control with vitamin C demonstrated percentages 
of 20.23%, 31.45%, 49.03%, 61.12%, and 82.33%. The anti-
oxidant activity of SF/CL/Pd–Pt composite nanofibers dem-
onstrated a more substantial effect on the SF/CL composite 
nanofiber matrix compared with control vitamin C. The 
palladium and platinum nanoparticles have received much 
attention in recent years because they have inherent redox 
characteristics that enable them to participate in reversible 
redox processes and prevention of oxidative stress-induced 
damage. In contrast, Pd and Pt nanoparticles can help reduce 
oxidative stress, which has been linked to various diseases 
such as cancer, neurological disorders, and cardiovascular 
disease, by engaging in these redox processes. Moreover, Pd 
and Pt nanoparticles have also been shown to affect redox 
signaling pathways; this set off a chain reaction that pro-
motes the activation of natural antioxidant enzymes, includ-
ing the superoxide dismutase (SOD) reaction [46]. Further-
more, their nanoscale size facilitates cellular absorption and 
dispersion, allowing them to reach specific cellular interac-
tions in the wound sites. According to this research, Pd and 
Pt nanoparticles may directly scavenge free radicals due to 
their direct scavenging ability and redox properties, making 
them promising candidates for targeted antioxidant therapy.

In vitro Antibacterial and Cell Proliferation 
of Fibroblast NIH3T3 Cell Line

The antibacterial activity images of Fig. 9a depict the SF/
CL and SF/CL/Pd–Pt composite nanofibers tested against 
two types of bacteria, S. aureus and E.coli. Compared to 
the untreated (control), SF/CL and SF/CL/Pd–Pt composite 
nanofiber matrix. Notably, the Pd–Pt nanoparticle-infused 
matrix displayed a more significant antibacterial effect 
compared to the SF/CL composite matrix. Furthermore, 
it is essential to note that gram-positive (S. aureus) and 
gram-negative (E. coli) bacteria have distinct structural dif-
ferences, likely contributing to the observed variations in 
efficacy. Gram-positive bacteria possess a thicker and more 
robust peptidoglycan coating in their cell wall than gram-
negative bacteria, whose cell walls are thinner. This struc-
tural contrast renders gram-negative bacteria more resilient 
against antibacterial treatments. The zone of inhibition val-
ues for SF/CL composite nanofiber scaffolds against gram-
positive (S. aureus) and gram-negative (E.coli) bacteria were 
evaluated in Fig. 9b. According to the findings, the zone of 
inhibition of the SF/CL composite nanofiber scaffold against 
gram-positive bacteria measured 14 mm, while the zone of 
inhibition for gram-negative bacteria was determined to be 
15 mm. Additionally, SF/CL/Pd–Pt composite nanofiber 
scaffolds were tested for their zone of inhibition values 
against the same bacterial strains. The zone of inhibition was 
15 mm for S.aureus and 17 mm for E.coli. Based on these 
results, the SF/CL/Pd–Pt composite nanofiber scaffolds' 
antibacterial activity was higher than the SF/CL compos-
ite nanofiber matrix. Furthermore, Pd and Pt nanoparticles 
enhanced the antimicrobial properties of the nanofiber scaf-
fold, leading to more extensive zones of inhibition against 
both S. aureus and E. coli bacteria. The larger the zone of 
inhibition, the more influential the nanofiber scaffold is in 
inhibiting bacterial growth. The results indicated the SF/CL/
Pd–Pt composite nanofibers are more effective in inhibiting 
the growth of S. aureus and E. coli growth compared to the 
control and SF/CL matrix, which is also a highly effective 
potential material for biomedical applications. Figure 9c and 
d, the evaluation of the cell proliferation study using the 
fibroblast NIH3T3 cell line. The fluorescence microscopic 
pictures of fibroblast cells treated with various concentra-
tions of the composite nanofiber scaffold. These images cap-
tured under the fluorescence light microscope used fibroblast 
NIH3T3 cells clearly regarding the composite nanofiber 
scaffold cell morphology and cell proliferation at different 
concentrations, including 25 µg/mL, 50 µg/mL, and 100 µg/
mL. Observing these images can assess the proliferation and 
viability of the fibroblast cells in response to the SF/CL and 
SF/CL/Pd–Pt composite nanofiber scaffold. Based on these 
findings, the appropriate concentration of the composite 
nanofiber scaffold for boosting fibroblast cell growth and 
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proliferation can be reached. The small size of Pd and Pt 
nanoparticles is because they possess a larger surface area 
and carry a positive charge  (Pd+ and  Pt+), which facilitates 
interaction with negatively charged bacterial membranes. 
Moreover, the palladium and platinum nanoparticles in silk 
fibroin and collagen composite nanofiber scaffolds stimulate 
a cellular response, foster cell development, and enhance 
biocidal activity. This increased surface area enhances their 
ability to diffuse through the bacterial wall quickly [47]. 
In the Supp. Fig. 7 represented the antibacterial activity 
mechanism of SF/CL/Pd–Pt composite nanofiber interacts 
with bacterial cell walls, reactive oxygen species, mitochon-
dria damage, and enzyme distribution. In the Supp. Fig. 8 
NIH3T3 fibroblast cell seeding images of control, SF/CL, 
and SF/CL/Pd–Pt composite nanofiber treated with various 
concentrations such as 25 µg/mL, 50 µg/mL, and 100 µg/
mL. Besides, this composite nanofiber material can easily 
interact with bacterial cells, disrupt the bacterial membrane, 
and significantly enhance biological activity.

In Vivo Wound Healing Activity of Sprague Dawley 
Rat Animal

The wound healing performance of a composite nanofiber 
was evaluated in Sprague Dawley rat animals. The wound 
healing photographed images in Fig. 10 display the follow-
ing groups: (a) Control, (b) SF/CL, and (c) SF/CL/Pd–Pt 
composite nanofibers treated on different days, such as 0th, 
4th, 8th, and 21st days. The medical gauze was the negative 
control, while SF/CL and SF/CL/Pd–Pt composite nanofiber 
scaffolds were the positive control for wound dressing mate-
rials. The (a) control group exhibited a wound healing per-
centage of 3.10% on the 4th day, 16.00% on the 8th day, and 
56.08% on the 21st day, respectively. The wound healing 
percentage of group (b) silk fibroin and collagen (SF/CL) 
composite nanofiber matrix was found to be 6.25% on the 
4th day, 2.05% on the 8th day, and 78.80% on the 21st day. 
The wound healing percentage of group (c) silk fibroin/col-
lagen composite nanofiber combined with palladium and 
platinum nanoparticles (SF/CL/Pd–Pt) was found to be 0% 
on the 0th day, 15.93% on the 4th day, 41.97% on the 8th 
day, and 99.63% on the 21st day. After being treated with SF/
CL and SF/CL/Pd–Pt composite nanofiber scaffolds, the size 
of the Sprague–Dawley rat animal wound closure gradually 

Fig. 9  a,  b  Antibacterial activity images and zone of inhibition of 
SF/CL and SF/CL/Pd–Pt composite nanofiber using S.aureus and 
E.coli staining. c  Cell proliferation fluorescence microscope images 
of NIH3T3 fibroblast cell line treated with control, SF/CL, and SF/

CL/Pd–Pt composite nanofiber. d  Cell viability bar representation 
diagram of SF/CL and SF/CL/Pd–Pt composite nanofiber in different 
concentrations (25 µg/mL, 50 µg/mL, and 100 µg/mL)
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Fig. 10  Wound healing images of group a Control (without treatment), group b SF/CL, and group c SF/CL/Pd–Pt composite nanofibers treated 
for 0 day, 4th day, 8th day, and 21st days

Fig. 11  (i) Wound reduction size and (ii) Wound healing ratio for 
wound excision in control, SF/CL, and SF/CL/Pd–Pt composite 
nanofiber for the 4th day, 8th day, and 21st day. The Statistical signifi-

cance levels were determined as single asterisks represent P < 0.05, 
double asterisks represent P < 0.01, and quadruple asterisks represent 
P < 0.000
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shrank. Additionally, SF/CL and SF/CL/Pd–Pt composite 
nanofibers effectively penetrated the dermal layer, promot-
ing collagen fiber formed at the wound site. The bar diagram 
representation in Fig. 11 shows the (i) wound reduction size 
and (ii) wound healing ratio for control, SF/CL, and SF/CL/
Pd–Pt composite nanofiber scaffolds. The wound closure 
size of the Sprague–Dawley rat gradually decreased after 
treatment with SF/CL and SF/CL/Pd–Pt composite nanofiber 
scaffolds. As a wound dressing material, silk fibroin with 
collagen composite nanofibers aids in rat skin regeneration 
and accelerates wound healing [48]. The Pd and Pt metal 
nanoparticles can also be powerful anti-angiogenic agents 
since they are significant therapeutic agents for wound heal-
ing [49, 50]. Besides, the final composite of SF/CL/Pd–Pt 
composite nanofiber mats demonstrated a more favorable 
healing response with superior epithelialization and wound 
healing efficiency compared to SF/CL matrix. Also, in vivo 
study results showed that SF/CL/Pd–Pt composite nanofib-
ers could be used as effective and excellent wound dressing 
materials, promoting healing by reducing inflammation, 
removing necrotic cells, and regenerating epithelial cells in 
wound excision [51].

Hematoxylin and Eosin with Masson Trichrome 
Staining Analysis

To examine the hematoxylin and eosin staining analysis of 
the control, SF/CL and SF/CL/Pd–Pt composite nanofiber 
mats were treated on the 0th, 4th, 8th, and 21st days using 
Sprague dawley rat animal tissue, as shown in Fig. 12. On 
the 0 day, the epidermal layer was not obtainable, and there 
were only a few inflammatory cells formed in all groups, 
including the control, SF/CL, and SF/CL/Pd–Pt compos-
ite nanofiber groups. On the 4th day, we observed epider-
mal regeneration and the formation of granulation tissue, 
along with necrotic debris (indicated by black arrow), dense 
granulation tissue formation (red arrow), inflammatory cells 
(yellow arrow), fibroblasts (green arrow), and minimal colla-
gen deposition (blue arrow) [52]. On the 8th day, epidermal 
granulation was obtained, and collagen formed as indicated 
the (yellow arrow), SF/CL and SF/CL/Pd–Pt composite 
nanofiber groups effectively absorbed exudates and sig-
nificantly increased capillary growth in dermal and epider-
mal tissue formation [53]. Finally, the 21st day observed 
increased re-epithelialization, more collagen fiber formation 
(indicated by the blue arrow), intact stratum corneum and 

Fig. 12  Histopathological examination of H&E staining images for 
group a  Control, group b  SF/CL, and group c  SF/CL/Pd–Pt com-
posite nanofibers. Indicated in the images are necrotic debris (black 
arrow), dense granulation tissue (red arrow), inflammatory cells 

(yellow arrow), fibroblasts (green arrow), collagen fiber formation 
(blue arrow), and hair follicles (orange arrow). (Scale bar represents 
280 µm) (Color figure online)
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stratum basalis, and the development of the dermis region 
and hair follicles (indicated by yellow and orange arrows, 
respectively) [54].

Masson trichrome staining is a valuable histological tech-
nique used to assess collagen deposition and formation in 
tissue samples. In the context of wound healing studies, it 
provides crucial insights into the remodeling phase, colla-
gen formation, and deposition play pivotal roles in tissue 
repair and scar development. Figure 13 shows that Masson 
trichrome staining was used to detect the tissue regenera-
tion of evaluate three groups: (a) control, (b) SF/CL, and (c) 
SF/CL/Pd–Pt composite nanofiber scaffolds. In (a) control 
group serves as a base material for normal wound healing 
processes without treatment. The staining allows visualiza-
tion of the natural progression of collagen deposition over 
time for comparison with the treated groups. In (b) SF/CL 
nanofiber scaffolds wounds treated with enable the evalu-
ation of the tissue regeneration on collagen formation and 
deposition, which is indicative of improved wound healing. 

In (c) SF/CL/Pd–Pt composite nanofiber scaffolds allow for 
the assessment of more synergistic effects by promoting 
increased collagen synthesis compared to both the control 
and SF/CL groups. The synergistic effects of composite 
nanofiber scaffold have the highest accelerated angiogen-
esis, leading to improved tissue perfusion and oxygenation. 
This enhanced vascularization can further support collagen 
synthesis and deposition, ultimately facilitating faster wound 
closure and improved tissue regeneration. Then, Pd–Pt nano-
particles could lead to reduced inflammation and minimized 
scar formation, promoting more favorable wound healing 
behavior [55, 56]. In all three groups, Masson trichrome 
staining can provide insights into various aspects of wound 
healing, including collagen deposition within the wound 
bed can indicate the efficiency of tissue repair processes. 
Then, the collagen formation distribution of collagen fibers 
can reveal the quality of tissue remodeling and scar forma-
tion. Overall, Masson trichrome staining provides a robust 
method for evaluating the tissue regeneration of nanofiber 

Fig. 13  Histopathological examination of Masson trichrome images of a Control, b SF/CL, and c SF/CL/Pd–Pt composite nanofibers. (Scale bar 
represents 800 µm)
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scaffolds, offering insights into collagen deposition and for-
mation. Through comparative analysis among control and 
treated groups, the efficiency of SF/CL/Pd–Pt composite 
nanofiber scaffold material has advanced therapeutic strate-
gies for wound dressing applications.

Figure 14 bar representation diagram of wound excision 
on different days to evaluate reepithelialization, granula-
tion tissue formation, angiogenesis, and inflammation in 
three groups: (a) control, (b) SF/CL, and (c) SF/CL/Pd–Pt 
composite nanofiber scaffolds assess their wound healing 
activity, specifically focusing on reepithelialization, granu-
lation, angiogenesis, and inflammation. Reepithelialization 
involves the migration and proliferation of new epithelial 
cells to cover the wound site and form a new layer of skin 
[57]. Granulation refers to the formation of new connec-
tive tissue and blood vessels, which indicates the ability to 
support and enhance granulation, facilitating the growth of 
healthy tissue and promoting the healing process [58]. The 
angiogenesis is the generation of new blood vessels from 

pre-existing ones, which is crucial for providing oxygen 
and nutrients to the wound site. Inflammation is the ini-
tial response of the body to an injury or wound involving 
immune cells, blood vessels, and chemical mediators [59]. 
The assessment of these SF/CL/Pd–Pt composite nanofiber 
scaffolds was potential wound healing material was faster 
reepithelialization, granulation, angiogenesis, and reduced 
inflammation response.

Conclusion

Successfully designed and fabrication of the SF/CL/Pd–Pt 
composite nanofiber prepared through the electrospinning 
method. The nanofiber scaffolds have extraordinary results 
in terms of antibacterial, and antioxidant activity, improved 
hemocompatibility, enhanced cell proliferation, and acceler-
ated wound healing capabilities. The notable antibacterial 
activity of the nanofiber mat can be attributed to various 

Fig. 14  Tissue regeneration parameters of evaluating the reepithelialization, granulation tissue formation, angiogenesis, and inflammation for 
control, SF/CL, and SF/CL/Pd–Pt composite nanofiber measured in different days: a Day 0, b Day 4, c Day 8, and d Day 21
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factors. Silk fibroin and collagen, as constituents, inherently 
possess antimicrobial properties, inhibiting the growth of 
diverse bacteria and preventing the colonization of patho-
gens on wound surfaces. Furthermore, the incorporation of 
palladium and platinum nanoparticles into the composite 
plays a crucial role in augmenting antibacterial and antioxi-
dant activities. Extensive research supports the efficacy of 
these metal nanoparticles in combating a variety of patho-
gens, potentially causing bacterial cell death and disrupting 
bacterial cell membranes. The composite nanofiber scaffolds 
have outstanding wound healing properties are multifaceted. 
Acting as a scaffold, the nanofibers provide an ideal envi-
ronment for cellular adhesion, migration, and proliferation, 
facilitating the regeneration of new tissue and promoting the 
angiogenesis and reepithelization process. This involves the 
growth of new blood vessels and the renewal of the skin epi-
dermis. The nanoparticles further stimulate the production 
of growth factors such as vascular endothelial growth factor 
(VEGF), essential for angiogenesis and tissue regeneration. 
This synergistic combination of SF/CL/Pd–Pt composite 
nanofiber scaffolds position them as excellent biomaterials 
suitable for a wide range of biomedical applications.
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