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ABSTRACT 
Here we report a novel bioactive electrospun mat based on poly(L-lactide-co-caprolactone) (PLLC) and 
collagen for wound dressing and sustained drug delivery of gentamicin. PLLC/collagen electrospun mat 
loaded with 10% gentamicin showed bioactivity for 15 days against Gram-positive and Gram-negative 
bacteria. The in vitro cell culture of 3T3 fibroblasts confirmed that these electrospun mat provide an 
increased specific interface area and hydrophilicity to enhance cell attachment, proliferation, and 
migration. The modified PLLC/collagen mat provided an excellent enhancement in properties of 
antibacterial wound dressings with a minimum in vitro toxicity and high potency for promoting wound 
healing stages.   
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1. Introduction 

Wound dressing and tissue engineering materials embedded 
with therapeutic drugs is an interdisciplinary field and have 
an important role in biomedical and pharmaceutical research. 
Bacterial infection beneath the wound dressing was the major 
challenge faced during the treatment of wounds which results 
in scar formation, disfiguring, or even threaten to life [1]. 
Repeated replacement of wound dressing and antibiotics cause 
damage to newly formed epithelial tissues and delays wound 
healing [2]. Conventional wound dressing materials cannot 
meet the requirements for rapid wound healing, because of 
the disadvantages such as adherence to wound, burst release 
of antibiotics, insufficient water, and air permeation. There-
fore, fabrication of a wound dressing material which over-
comes the above disadvantages and performs sustained drug 
releasing kinetics attracts biomedical researcher’s interest. 

Biological [3], biochemical [4–6], and polymeric [7–9] 
bandages gained much attention to rectify these problems. 

Electrospun polymer nanofibrous mats are an emerging 
area in biomedical field, which can be widely applicable in 
wound dressing [10,11], tissue engineering [12], and con-
trolled drug delivery [13,14]. Electrospun fibers are regarded 
as a very promising bioactive novel wound healing platform 
because of its very fine nanometer diameter, high surface-to- 
volume ratio, porosity, hemostatic properties, flexibility, 
absorbability, and semipermeability. These properties improve 
the respiration of cells, provide better conformation to the 
wound surface, and it also helps drug particles to diffuse out 
of the matrix efficiently [15–17]. Electrospun mats resemble 
the functions of extracellular matrix (ECM) and it enhances 
restoration, proliferation, and migration of epithelial cells 
toward the wound sites. During these years, polymers used 
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for controlled and specific drug delivery to wounds include 
poly(lactide-co-glycolide) (PLGA) [18], poly(vinyl pyrroli-
done) [19], poly(vinyl alcohol) [20], poly(hydroxyalkylmetha-
crylates) [21], polyurethane [22], poly(lactic acid) (PLA) 
[23], poly(caprolactone) (PCL) [24–26], chitosan [27], and 
alginate [28]. The main advantage of electrospun wound 
healing system is that it offers site-specific drug delivery and 
can avoid drug accumulation in internal organs which cause 
serious health issues. The electrospun biodegradable polymeric 
mats also act as a barrier layer for bacterial penetration and 
provides a better platform for water, fluid, and air permeation. 
New human epithelial layer can attach and organize well 
around the nanofibers consequently the highly biodegradable 
electrospun nanofibers degrade off, and the risk of repeated 
application of wound dressing can be avoided. 

In the present study, poly(L-lactide-co-ε-caprolactone) 
(PLLC) and collagen are the polymers selected to fabricate 
electrospun wound dressing material. PLLC is a biocompatible 
copolymer of PCL and PLA. PLLC is a biocompatible polymer 
approved by FDA and shows unique elastic properties and 
biocompatibility [29]. In PLLC, PCL acts as soft matrix and 
PLA as hard domains [30]. Electrospun PLLC has been used 
for various tissue engineering applications such as nerve tissue 
engineering [31], bone tissue engineering [32], vascular grafts 
[33], tendon tissue engineering [34], and urinary bladder 
regeneration [35]. The PLLC matrix-based systems are not 
yet studied in the area of wound dressings and as a controlled 
dermal drug delivery platform. On the other hand, collagen is 
a biopolymer having a most important structural element in 
native ECMs. Collagen has a triple helical structure with a high 
glycine content, which improves the attachment and prolifer-
ation of cells throughout the matrix, and mimics the function 
of the native cells [36]. Therefore, collagen-based materials 
are currently most favored in biomaterial fabrication [37]. 
Incorporation of collagen in PLLC will enhance bioactive sites 
in electrospun mats and cause an increased migration and 
proliferation of new cells at wound sites. 

An antibacterial model drug gentamicin was incorporated 
with the PLLC/collagen electrospun matrix. Gentamicin is 
widely used antibiotic with low cost, good stability and act 
against several infection caused by Gram-positive and Gram- 
negative bacteria. Gentamicin irreversibly hinders the 30S 
ribosomal subunit of bacteria and causes misreading of bac-
terial t-RNA molecule. In the presence of gentamicin, the 
microorganisms are incapable to synthesize essential growth 
proteins and thus prevent spreading of the infection [38]. 
Intramuscular injection and oral ingestion of gentamicin was 
not efficient for preventing wound infections because the 
drug cannot readily reach infectious sites at avascular tissues. 
Moreover, high dosages and frequent systemic administration 
of gentamicin may induce severe side effects such as nephro-
toxicity and ototoxicity [39]. Fabrication of an electrospun 
drug delivery matrix with sustained drug delivery kinetics 
was an ideal strategy for preventing trance dermal wound 
infections. Gentamicin-loaded PLLC/collagen nanofiber mats 
are expected to display sustained release characteristics as 
functional dressings for wound healing applications. Both 
hydrophilic and hydrophobic parts present in electrospun 
fibers impart a high efficiency in drug loading. 

The objective of the work is to fabricate PLLC/collagen- 
layered mats using electrospun technique for wound dressing 
applications. A detailed characterization in terms of 
morphology, water-uptake ability, water vapor permeability, 
mechanical properties, and biocompatibility was performed 
in both pure PLLC/collagen and drug-incorporated 
electrospun mats. The sustained drug delivery properties and 
antibacterial effect of the PLLC/collagen electrospun mats 
were evaluated with HPLC and agar disc diffusion methods. 
In vitro cell culture studies of 3T3 fibroblasts also performed 
for analyzing the cell proliferation behavior of the scaffolds. 

2. Experimental 

2.1. Materials 

ε-Caprolactone was purchased from Sigma-Aldrich USA and 
L-Lactide (98 þ%) was obtained from Alfa Aesar. Tin (II) 
2-ethylhexanoate (95%) was purchased from Sigma-Aldrich, 
Japan and completely dried by distillation over calcium 
hydride (CaH2). 1,1,1,3,3,3-hexafluro-2-propanol (99%) 
(HFIP) (Sigma-Aldrich, China), Collagen from bovine achilles 
tendon (Sigma-Aldrich, USA), gentamicin sulfate (Sigma- 
Aldrich, China) were purchased. Methanol and chloroform 
were purchased from Merck India Ltd. Albumin bovine 
(BSA) was purchased from SRL India. Micro BCA protein 
assay kit and Mueller-Hinton agar were purchased from 
Thermo Scientific (USA) and Himedia (India), respectively. 
3T3-L1 mouse fibroblast was obtained from National Centre 
for Cell Sciences Pune (India).  Cell culture media, supple-
ments, and the other chemicals were obtained from Sigma- 
Aldrich (USA). Phosphate-buffered saline (PBS) was prepared 
according to the literature [40]. 

2.2. Synthesis of poly(L-lactide-co-ε-caprolactone) 
copolymer 

The PLLC copolymer was synthesized according to the litera-
ture [41,42]. An equal amount of L-lactide and ε-caprolactone 
(0.367 mol) was taken in a two-neck 250-mL round-bottom 
flask. The catalyst stannous octoate is diluted with dried 
toluene at a concentration of 1 � 10� 4 mol. Toluene was 
distilled off and copolymerization was performed at 150°C in 
silicone oil bath for 24 h with stirring. After completion of 
copolymerization, PLLC was dissolved in chloroform followed 
by precipitation into an excess amount of methanol, and dried 
under vacuum at room temperature for 2 days. 

2.3. Preparation of PLLC/collagen nanofibers mats 

A series of PLLC/collagen solutions with different concentra-
tions were prepared by dissolving them in HFIP with a 
solution concentration of 15%. The collagen concentrations 
were varied from 10, 20, and 30 wt%. Spinning was performed 
at a predetermined condition of 15% solution concentration, 
18 kV applied potential, 1 mL h� 1 feed rate, 12-cm needle tip 
to collector distance with a 500 rpm rotating mandrel collec-
tor. The desired solutions were loaded into a 10-mL syringe, 
the opening end of which was connected to a 21 gauge 
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stainless steel needle that was used as the nozzle. High-voltage 
power supply and syringe pump (Holmark) were used to gen-
erate a high-DC potential as well as to control the feed rate of 
the polymer solution. PLLC/collagen/gentamicin electrospun 
mats are prepared by inclusion of 10 wt% drug into 80:20 
PLLC/collagen blend solution. In layered PLLCþCþG electro-
spun mat, the middle layer was loaded with 90:10 PLLC/ 
gentamicin and the outer two layers with 80:20 PLLC/collagen. 
The formulations of samples with sample codes have been 
given in Table 1. All experiments are performed at room tem-
perature and atmospheric humidity conditions within a fixed 
collection time of about 7 h and the thickness of the sample 
obtained was noted. After the process, the electrospun fibers 
were dried in a vacuum oven at 40°C for about 48 h to remove 
the residual solvent. 

2.4. Chemical analysis 

The copolymer and electrospun scaffolds were tested with 
Fourier transformation infrared spectroscopy (FTIR) by KBr 
pellet as well as ATR mode on an infrared spectrometer 
(Nicolet 5700) in 4,000–400 cm� 1 gel-permeation chromato-
graphy (GPC) measurements of the synthesized copolymer 
(PLLC) were performed using a 0.05% polymer solution in 
Waters HPLC system, 600 series pump with tetrahydrofuran 
as the mobile phase with a flow rate 1 mL min� 1, and poly-
styrene standards of molecular weight (100000/34300/3250). 

2.5. Scanning electron microscope 

The morphological characterization of electrospun fibers were 
performed by scanning electron microscope (SEM, Hitachi 
6600), at an accelerating voltage of 10 kV. The fiber diameters 
from SEM images were analyzed using the Image J software 
and the average fiber diameter was calculated from at least 
50 fibers. 

2.6. Mechanical testing 

The mechanical properties of electrospun scaffolds of dimen-
sion 0.5 � 5 cm were investigated using a universal testing 
machine (Schimadzu Autograph, AG-Xplus series) with an 
applied load of 10 N. For each sample, 5 specimens are tested. 

2.7. Water contact angle, water permeability, and 
sorption 

Electrospun mat cut in 1 � 3-cm dimension rectangles and 
1-µL water drop was placed. The images of the water drop 

on the sample surface were captured by a goniometer digital 
camera and processed by software program (DIGIDROP). 
Each sample was measured at 15 different locations and the 
readings were averaged. Water vapor permeability (WVP) stu-
dies of electrospun PLLC/collagen mats were performed by a 
modified ASTM standard test [43]. WVP experiments are 
performed in a desiccator with constant relative humidity. 
The circular dimension mats were fixed on the neck of 
3 � 5 cm permeation bottles. The weight differences of the 
bottles with water and electrospun mat were evaluated at 
different time intervals. 

The WVP of a membrane was calculated by the equation: 

WVP ¼
� DW

A� Dt
ð1Þ

where ΔW is the change in weight of water, A is the exposure 
area of the electrospun mat, and Δt is the exposure time. 

The electrospun mats of dimension 0.5 � 5 cm was initially 
weighed and immersed in 10 mL of PBS solution at 37°C for 
different time intervals. Water adsorption (WA) of the electro-
spun mats were calculated using the following equation. 

WA ¼
Wa=M

Wi
� 100 ð2Þ

where Wa is weight of electrospun mat after immersing in PBS, 
M is molecular weight of water, and Wi is the initial weight of 
electrospun mat. 

2.8. Blood clotting assay 

The whole blood clotting assay was performed based on the 
literature [44]. Blood was mixed well with anticoagulant agent 
acid citrate dextrose at a ratio of 9:1. Triplicate samples were 
used for this study and pure PLLC electrospun mat was 
assigned as a negative control. Blood with 1% anticoagulant 
was added to 1 cm2 of PLLC/collagen nanofibers mats placed 
in 25-mL plastic Petri dishes. Immediately 10 µL of 0.2 M 
CaCl2 solutions was added to each Petri dish to initiate the 
blood clotting and incubated for 10 min at 37°C. A quantity 
of 15 mL of distilled water added dropwise without disturbing 
the clot. Subsequently, 10 mL of solution was taken from the 
dishes and was centrifuged with 1,000 rpm for 1 min. The 
supernatant was collected for each sample and incubated at 
37°C for 1 h. The optical density of the supernatant was mea-
sured at 530 nm using UV–Vis spectrophotometer. 

2.9. Protein adsorption studies 

The different electrospun mats with a dimension 1 � 1 cm 
(triplicates) were immersed in 10 mL of PBS for 24 h at room 
temperature for equilibration. After that the mats were dipped 
in a solution containing 4.5 mg mL� 1 of BSA for 12 h at 
37°C and subsequently rinsed thrice with PBS solution. The 
membranes were subjected to 1-h sonication in 0.5 mL of 
1 wt% sodium dodecyl sulfate solution for complete desorp-
tion of BSA. The absorbance of different samples and standard 
solutions was measured with UV–Vis spectroscopy (Perkin 
Elmer-Lambda 35) at 562 nm. 

Table 1. Formulations of samples with sample codes. 
Sample code Sample description  

PLLC PLLC 
PLLCþG PLLC þ 10% gentamicin 
PLLCþC PLLC þ 20% collagen 
PLLCþCþG PLLC þ 20% collagen þ 10% gentamicin 
PLLCþCþG Layered PLLC þ 20% collagen: outer layers 

PLLC þ 10% gentamicin: inner layers 

PLLC, poly(L-lactide-co-caprolactone).   
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2.10. In vitro degradation studies of scaffold 

Different electrospun mats were cut into rectangular pieces 
with dimension of 50 � 5 mm for biodegradability tests within 
a scheduled time (28 days). The electrospun mats were dipped 
in 10 mL of phosphate buffered solution (PBS, pH ¼ 7.4) and 
incubated at 37°C for different time periods such as 2, 7, 14, 
21, and 28 days. After each incubation period, the samples 
were withdrawn from the bottle and dried well using vacuum 
oven. The dried samples were subjected for SEM analysis and 
mechanical testing to observe the morphological as well as 
mechanical changes occurred during the period of the 
degradation process. 

2.11. Antibacterial studies and in vitro drug release 
studies of electrospun scaffolds 

The relative antimicrobial activities of gentamicin- 
incorporated electrospun mats were determined using the disc 
diffusion method in Mueller–Hinton agar. Samples were cut 
into 1-cm diameter discs and placed in 5-mL glass bottles 
(one sample per bottle, total number ¼ 3) containing 1 mL 
of phosphate buffer solution (0.15 mol, pH 7.4) each. Six 
microliters of solution were pipetted out after each 24 h of 
incubation at 37°C and placed on 6-mm discs. The discs were 
placed on Mueller–Hinton agar plates seeded with a layer of 
Gram-positive bacteria Staphylococcus aureus and Gram- 
negative bacteria Escherichia coli. The zones of inhibition were 
measured with a Vernier after 16–18 h of incubation at 35°C. 
The bioactivities of the incubated gentamicin on S. aureus and 
E. coli were determined by: 

Bioactivity %ð Þ ¼
Diameter of sample inhibition zone

Diameter of maximum inhibition zone
ð3Þ

In vitro release behavior of residual gentamicin from the 
PLLC/collagen electrospun mats were evaluated by antibacter-
ial assay. All the electrospun mats were cut into 1 � 1-cm2 

pieces and placed over previously wetted agar plates with 
1 mL of sterilized water, to evaluate the time course of the drug 
release. The electrospun mat was removed from the wet agar 
surface and immersed into 1 mL of distilled water and shaken 
continuously for 2 days to leach out the whole amount of 
gentamicin. The gentamicin percent in the leach out solution 
was quantitatively analyzed by HPLC (Shimadzu-Prominance) 
as per the literature [45]. From the initial and residual 
amount of gentamicin measurements, the release percentage 
of gentamicin was calculated. Drug release quantification 
was performed five times for each electrospun mat and the 
average was taken. Gentamicin release profiles on wet agar 
plates from the nanofibrous mats were also evaluated using 
the inhibition of E. coli after different time intervals of treat-
ment. At different time intervals, electrospun mats were 
removed from the wet agar plates and placed upon a new agar 
plate containing E. coli for further evaluation of inhibitory 
effect from the residual gentamicin. Finally, the agar plates 
were incubated at 37°C for 16 h and the inhibition zones were 
measured by Image J software. For each sample, the above 
experiment was performed in triplicate. 

2.12. Cell proliferation assay 

The 3T3-L1 mouse fibroblast cells were cultured in Dulbecco’s 
modified Eagle’s medium containing 10% fetal bovine serum, 
1.2% pen strep, and 0.2% amphotericin B in an atmosphere of 
5% CO2 at 37°C. Cell proliferation was measured by the MTT 
assay. Sterile electrospun mat of PLLC/collagen of around 
600-µm thickness was cut into small squares (1 � 1 cm) and 
soaked with cell culture medium. 2 � 105 cells mL� 1 were seeded 
on the scaffold. Minimum of triplicate of test samples will be 
seeded. Cell-seeded scaffolds were incubated at 37°C in humidi-
fied atmosphere with 5% CO2 for 4 h to make cells diffuse into 
and adhere to the scaffold and later on 250 µL of culture media 
is added into each well. A quantity of 30 µL of 5 mg mL� 1 tetra-
zolium dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) was added to each well after 1st, 3rd, and 
5th day of incubation and were incubated at 37°C in humidified 
atmosphere with 5% CO2 for 2 h and the absorbance was read 
at 590 nm with a reference filter of 620 nm using Synergy 
HTMulti-Mode Microplate Reader (BioTek). 

2.13. Statistical analysis 

All the experiments were conducted in triplicate. The results 
are presented as the mean and S.D. analysis of variance and 
a student’s t-test were performed to determine the significant 
differences among the groups. Statistical analysis was perfor-
med with the SPSS 22 Software Program (SPSS Inc., USA). 
Differences were considered significant for p < 0.05. 

3. Results and discussion 

3.1. Characterization of PLLC 

Poly(L-lactide-co-caprolactone) random copolymer was 
synthesized by ring-opening polymerization of L-lactide 
and ε-caprolactone in the presence of stannous octoate 
[Sn(Oct)2] in bulk at 150°C. The yield of PLLC copolymer 
was around 55%. The number average molecular weight 
(Mn) and polydispersity (Mw/Mn) of the PLLC copolymer 
determined by GPC were 65000 and 3.7, respectively. 

Figure 1. FTIR spectra of LA, PCL, and PLLC copolymer.  
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Figure 1 shows FTIR peaks of L-Lactide, ε-caprolactone, and 
PLLC copolymer. The PLLC copolymer exhibits two carbonyl 
stretching peaks at 1,734 and 1,757 cm� 1 because of the C¼O 
group present in PCL and PLA, respectively. A peak splitting 
was observed in the above range is due to the presence of an 
equal amount of both the monomers. The peaks around 
1,300–1,000 cm� 1 is due to the presence of the ester group, 
and peak at 1,195 cm� 1 indicates the ester group of long chain 
alkynes. These peaks confirm that the final product obtained is 
PLLC random copolymer. Bands at 2,997 cm� 1 of PLA, 2,946 
and 2,862 cm� 1 of both PLA and PCL are present due to 
stretching of alkyl groups in copolymers of PLLC. The absence 
of band at 2,997 cm� 1 in PCL is in agreement with the state-
ment that CH stretching at 2,990 cm� 1 was characteristic of 
PLA component present in PLLC copolymers. 

3.2. Morphology of electrospun PLLC/collagen fibers 

Morphology of PLLC and PLLC/collagen blend nanofibrous 
mat at different concentrations have been illustrated in 
Figure 2. All the images show randomly oriented fibers with 
a cylindrical smooth fibrous morphology in nanometer range 
of diameters without any bead formation. The pristine PLLC 
electrospun fibers exhibit an average fiber diameter range of 
382 � 93 nm. The electrospun mats with 10 and 20 wt% 
collagen showed average fiber diameters of 178 � 60 and 
141 � 35 nm, respectively. The average fiber diameter of 
PLLC/collagen nanofibrous mat decreased with the increase 
in collagen concentration. In electrospinning, the fiber forma-
tion has been occurred by stretching of solution jet due to the 
repulsive forces in between the charged solution. Collagen is 
an amphiprotic macromolecule, which consists of large side- 
chain amino acids and hydrophilic blocks as well as charged 
amino acids. The higher collagen concentration induces an 
increase in charged ion density in electrospun solution, which 
induces excess elongation force on tailorcon results to yield a 

smaller fiber. From an optimum concentration 80:20 PLLC/ 
collagen, further addition of collagen in 70:30 ratio causes a 
slight increase in fiber diameter to 293 � 64 nm. This 
phenomenon is due to incomplete miscibility between PLLC 
and collagen, thus for 70:30 PLLC/collagen concentration the 
fiber diameter slightly increases. The nanofibrous mat with 
minimum fiber diameter was considered as an ideal material 
for tissue engineering applications. The nanofibrous mats with 
minimum fiber diameter will offer large surface area to volume 
ratio for tissue regeneration, migration, and proliferation as a 
scaffold, moreover exhibited excellent drug release behaviors. 
Thus, electrospun nanofibrous mat with 20 wt% of collagen 
(PLLCþC) having minimum fiber diameter is used for further 
analysis. 

Figure 2e–f shows the morphology of drug-incorporated 
electrospun mats. Two strategies were adopted for fabrication 
of drug-incorporated PLLC/collagen nanofibers mats. The for-
mer includes simple blending of 10% of gentamicin with 
PLLC/collagen (80:20) matrix (PLLCþCþG). Gentamicin is 
a type of aminoglycoside. As a result, loading of gentamicin 
in PLLC/collagen matrix leads to an increase in fiber diameters 
to 276 � 50 nm. The second method involves the formation of 
layered electrospun nanofibrous mats having a sandwich-like 
structure, in which the middle layer was incorporated with 
drug and PLLC. The two outer layers were prepared by spin-
ning of PLLC/collagen (PLLCþCþG Layered). Figure 2f 
clearly helps to distinguish beween the existing drug-incorpor-
ated inner layer and thin PLLC/collagen nanofibrous outer 
layer. A schematic of drug-incorparated layered electrospun 
mats has been given in Figure 3. 

3.3. Mechanical properties of electrospun  
nanofibrous mats 

An ideal wound dressing material should have sufficient 
mechanical strength for proper handling and should be in 

Figure 2. SEM images of electrospun PLLC/collagen with a concentration of (a) PLLC, (b) PLLC/collagen (90:10), (c) PLLC/collagen (80:20), (d) PLLC/collagen (70:30), 
(e) 10 wt% gentamicin loaded PLLC/collagen, and (f) 10 wt% gentamicin loaded layered PLLC/collagen nanofibers.  
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proper sterilized condition before applying on the wound 
surface. The tensile properties and percentage of elongation 
of electrospun PLLC/collagen nanofibers mats were character-
ized and are summarized in Table 2. The PLLC electrospun 
mats showed a very soft and flexible characteristic with 
high elongation at break of 944% and tensile strength of 
8.13 � 0.41 MPa. Inclusion of 20% collagen in PLLC induce 
an increased elongation at break to 1,633% and tensile strength 
12.01 � 0.98 MPa, due to long-chain entangled triple-helical 
structure of collagen and high compatibility between PLLC 
and collagen. The tensile strength at break exhibited a notice-
able behavior in the case of gentamicin-loaded PLLC/collagen 
nanofibers. By the addition of 10% gentamicin in PLLC 
(PLLCþG), the tensile strength increased by 9.7% but in the 
case of PLLC/collagen drug incorporation (PLLCþCþG) 
induces a drastic increase of 57.6% in tensile strength. It would 
be due to the high uniform miscibility of gentamicin with the 
PLLC/collagen and it is also acting as reinforceable filler con-
tent in the matrix. But the drug content will increase the 
brittleness of the electrospun mats, and elongation at break 
has been reduced to 227% for PLLCþG and 464% for 
PLLCþCþG. PLLCþCþG-layered electrospun mats exhibit 
an increase in tensile strength of 19.8 � 0.638 MPa. In any 
case, such an enhanced strength and elongation of 
PLLCþCþG electrospun mats would be very beneficial for 
use in skin tissue engineering scaffolds and as a wound 
dressing material. 

3.4. Water contact angle 

Excessive production of wound extrudates is a common prob-
lem faced in the early stages of wound healing. The ideal 
wound dressing should have the ability to absorb extrudates 
and infectious components, which makes the wound chronic 

by microbial infection. Water contact angle measurements 
illustrate fluid interaction behavior of electrospun nanofibrous 
mats. Figure 4a demonstrates contact angle variation of differ-
ent PLLC/collagen fiber mats. The pristine PLLC electrospun 
mats showed a slight hydrophobic nature with a contact angle 
of around 121.5 � 1.3°. Inclusion of 20 wt% natural macromo-
lecular protein collagen in PLLC improves the hydrophilicity 
of scaffold to 86.62 � 1.23°. The lower contact angle indicates 
higher hydrophilicity. The optimal contact angle values for 
protein adsorption and cell adhesion are of 40–85° [46]. 
Furthermore, the hydrophilicity decreases markedly to 
112.71 � 0.83° with the addition of gentamicin also. This 
decrease is mainly due to the noncovalent hydrogen-bonding 
interaction generated between the terminal hydroxyl and 
amino groups on the collagen chains and gentamicin. For 
PLLCþCþG- and PLLCþCþG-layered scaffolds, the contact 
angles observed were 85.14 � 3.21° and 85.86 � 0.59°, respect-
ively. As per the above results, PLLCþCþG-layered samples 
showed better hydrophilicity and can be considered as a good 
candidate for wound dressing. 

3.5. Water vapor permeation and sorption studies 

Wound dressing materials should provide sufficient per-
meability toward water vapor to attain rapid wound healing 
as well as to prevent secondary infections. If the wound dress-
ing material does not have sufficient water vapor permeation 
capacity, the wound become dehydrated and in some cases 
excess wound-extrudate formation becomes a major cause of 
infections. Figure 4b illustrates the WVP of different PLLC/ 
collagen scaffold. The decrease in WVP in PLLC electrospun 
mats (1,562 � 12 g m� 2 per day) is due to comparatively high 
hydrophobicity and its poor absorption of water vapor, result-
ing low transfer across the mat. Fiber diameters of electrospun 
mats also have a role in water vapor permeation capacity. 
Smaller-diameter electrospun mats resulted in an increase in 
pore density and subsequently show better wicking and vapor 
transmission rate. WVP of normal skin is about 204 g m� 2 

per day and that for injured skin is in a range from 
279 g m� 2 per day, for a first degree burn it will be around 
5,138 g m� 2 per day for granulating wound. To prevent the 
risk of wound dehydration the recommended WVP should 
be in the range of 2,000–2,500 g m� 2 per day [47]. By 

Figure 3. Schematic reprecentation of drug incorparated layered membrane.  

Table 2. Tensile strength, elongation at break of PLLC/collagen scaffolds. 
Sample Tensile strength (MPa) Elongation at break (%)  
PLLC  8.13 � 0.41  944 � 50 
PLLCþG  8.92 � 0.53  227 � 48 
PLLCþC  12.01 � 0.98  1633 � 74 
PLLCþCþG  18.92 � 1.4  464 � 63 
PLLCþCþG Layered  19.86 � 0.63  560 � 47 

PLLC, poly(L-lactide-co-caprolactone).   
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incorporation of hydrophilic components collagen and genta-
micin, the WVP increased to 1,858 � 85 g m� 2 per day. The 
increase in WVP in PLLCþCþG electrospun mat is also due 
to the decrease in fiber diameter. PLLCþCþG layered electro-
spun mat also showed a higher WVP of 2,014 � 22 g m� 2 per 
day. The above results elaborate a positive indication for the 
PLLCþCþG electrospun mat being used in wound dressing. 

Accumulation of wound extrudates in wound site is a major 
problem faced in the early stages of wound healing, which is a 
serious cause of infection in the wound site. Quick sorption of 
extrudates from wound surface will lead to quick healing of 
the necrotic tissues and facilitates the re-epithelialization. 
Figure 4c reveals water sorption percentage of different 
PLLC/collagen electrospun mats at different time intervals. 
However, it can be seen from the figure that the pure PLLC 
electrospun mat shows the lowest water uptake during a 
24 h test period because of its comparably high hydrophobic 
nature. Meanwhile, PLLCþC, PLLCþG, PLLCþCþG 
electrospun mat exhibit higher water sorption percentage, 
which implies that the mat becomes hydrophilic with the 
incorporation of the collagen and gentamicin. The inclusion 
of gentamicin and collagen in PLLC causes an increase in 
swelling behavior and water sorption capacity due to the mini-
mum fiber diameter, high pore density and hydrophilicity of 
the foreign components included. In the case of collagen- 
incorporated electrospun mat, the slight weight loss occurs 
from day 4, because of the degradation of hydrophilic 

long-chain collagen strand. Water sorption percentage of 
PLLCþCþG-layered electrospun mat is maximum due to 
the hydrophilicity of the outer PLLC and collagen layer. Such 
desirable properties will be beneficial for the wound healing. 

3.6. In vitro degradation studies 

Biodegradability is an important parameter for the selection of 
materials in the field of tissue engineering and wound dress-
ing. Thus, an in vitro degradation study in PBS at 37°C was 
conducted and evaluated with morphological analysis and 
mechanical testing. Figure 5a–e shows the SEM micrographs 
of different scaffolds during the degradation process after 
28 days. The rate of degradation is affected by several para-
meters such as molecular weight, hydrophilicity, the degree 
of crystallinity, and level of porosity. All the five scaffolds 
are partially degraded within 28 days, but the fiber mor-
phology can be clearly observed. First-step polymer electro-
spun mat degradation starts from swelling of individual 
fibers. Figure 5f illustrates the fiber swelling in different days 
of degradation. All the scaffolds are swollen on the 14th day 
and collagen-incorporated PLLC scaffold shows increased 
fiber swelling behavior compared to others. The presence of 
hydrophilic collagen allows a fast influx of water molecules 
and build-up of osmotic pressure within the matrix. The pure 
PLLC and PLLCþG scaffold showed only 25% fiber diameter 
elevation due to swelling. However, the collagen inclusion in 

Figure 4. (a) Water contact angles of PLLC/collagen electrospun membranes, (b) water vapor permeability of PLLC/collagen electrospun membranes at different time 
intervals, and (c) water adsorption capability of PLLC/collagen electrospun membranes with different time intervals (* indicates a statistical difference [p < 0.05] 
between the pair).  
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polymer matrix (PLLCþC) considerably increased the swelling 
up to 61% due to the acceleration in hydrophility. Even though 
the addition of drug gentamicin does not show much effect on 
fiber swelling, the role played by them in electrospun mat due 
to its high-water solubility nature is significantly important. In 
the case of collagen-incorporated scaffolds, the fiber diameter 
decreased from 21st day, which means the second stage of 
degradation was started from 21st day onward. On 28th day, 
the nanofiber strands visibly started breaking. 

Evaluation of degradation in PLLC/collagen electrospun 
mats are also done by mechanical studies. Figure 5g reveals 
the tensile strengths of electrospun nanofibers with different 
days of degradation. The tensile strength results reveal a dras-
tic change in strength from the second day onward. The high 
pore density and surface areas-to-volume ratio of electrospun 
mat accelerated the degradation rates. Neat PLLC shows a 
decrease in tensile strength about 58% after 28 days, ascribed 
to hydrolytic degradation of aliphatic ester linkages that begin 
with a water-uptake phase followed by random hydrolytic 
cleavage of the ester bonds. From the tensile strength results, 
it is confirmed that collagen incorporation accelerated the 
PLLC fiber degradation. PLLC and PLLCþG nanofiber mats 

showed 58% as well as 82% decrease in tensile strength within 
28 days. But collagen-incorporated PLLCþC-, PLLCþCþG-, 
and PLLCþCþG-layered samples show tensile strengths of 
85%, 97%, and 87%, respectively. So PLLCþCþG- and 
PLLCþCþG-layered samples undergo major degradation 
within 28 days. For chronic wound, the complete reconstruc-
tion of the epithelial layer will take 2–3 weeks, so it can be used 
as a good candidate for biodegradable drug-loaded wound 
dressing material. 

3.7. Protein adsorption and whole blood clotting assay 

The nonspecific protein adsorption is a major concern in the 
performance of tissue engineering scaffolds in the biomedical 
field. The amount of BSA adsorbed per unit surface area on 
the electrospun PLLC/collagen electrospun mat at 37°C is given 
in Figure 6a. The pristine PLLC electrospun mat was taken as 
negative control and a blank reagent solution without any sam-
ple is taken as positive control. PLLC electrospun mat exhibited 
BSA 1.70 � 0.20 kg m� 2 adsorption. Adsorbed BSA per unit 
surface area of the various PLLC/collagen electrospun scaffolds 
were decreased from 1.54 � 0.33 to 0.491 � 0.02 kg m� 2. 

Figure 5. SEM images of (a) PLLC, (b) PLLCþG, (c) PLLCþC, (d) PLLCþCþG, and (e) PLLCþCþG layered fibers after 28 days of PBS degradation. (f) Average fiber 
diameter of scaffolds with different days of degradation. (g) Mechanical studies of scaffolds after different days of degradation.  

652 C. R. RESHMI ET AL. 



The protein adsorption is due to the hydrophobic interaction 
between the substrate and the protein. Membranes with low 
hydrophilic character can absorb larger amount of protein. This 
decrease in BSA adsorption is due to the effect of hydrophilic 
components such as collagen and gentamicin on the electro-
spun mat surface which makes it less interactive with the 
protein. To attain biocompatibility and to accelerate cell 
proliferation, the electrospun mat should adsorb minimum 
quantity of protein on its surface. The PLLCþCþG and 
PLLCþCþG layered samples exhibited 66% and 71% of the 
decrease in BSA adsorption compared to the pure PLLC 
scaffold. 

For trance dermal wound dressing system hemostatic 
potential is a significant property to prevent excess bleeding 
and facilitates hemostasis in early stages of wound healing. 
The hemostatic potential was evaluated by conducting whole 
blood clotting assay. The absorbance values of the resultant 
hemoglobin solution after blood clot were measured at 
540 nm and exhibited in Figure 6b. The pristine PLLC is taken 
as negative control [44]. Inclusion of collagen and gentamicin 
play a vital role in blood clotting ability of electrospun mats. 
Only a slight increase in blood clotting ability was occurred 
by addition of the antibacterial drug gentamicin [48]. But 
the inclusion of 10% collagen highly facilitates the clotting 
ability. This is due to the negatively charged phospholipids 
such as phosphatidylserine present in collagen interact with 
the platelets surface and form the catalytic surface for the 
assembly of active coagulation complexes and thrombin gener-
ation [49]. As a result PLLCþCþG- and PLLCþCþG-layered 
electrospun mats exhibited high blood clotting ability and 
minimizes the excess bleeding at the early stages of wound 
healing and made them good candidates for wound dressings. 

3.8. Antibacterial and drug release studies 

The antibacterial activity of the gentamicin-incorporated 
PLLC/collagen electrospun mat was tested toward Gram- 
negative E. coli and Gram-positive S. aureus (Figure 7). The 
pure PLLC and PLLCþC electrospun mats were evaluated 
for antibacterial properties, as expected no significant effect 
was detected. This indicated that these electrospun mats were 

not capable of any antibacterial effects. Incorporation of gen-
tamicin in PLLC and PLLCþC electrospun mats exhibited 
excellent antibacterial behavior against both the E. coli and 
S. aureus, showing clear zones around the discs. However 
Napavichayanun et al. was observed the drug and protein 
incorporation sequence will affect the antibacterial activity 
[50]. But in the case of PLLCþCþG electrospun mat, the drug 
and collagen incorporation sequence was independent of anti-
bacterial property. The release characteristics of gentamicin, 
from the nanofibrous mats were studied using antibacterial 
disk diffusion method. Figure 8a and 8b illustrates the bioac-
tivity of PLLCþG-, PLLCþCþG-, and PLLCþCþG-layered 
fibers against E. coli and S. aureus at different days. The activi-
ties of the antibiotics remained high after the electrospinning 
process also [40]. From Figure 8a and 8b, it is confirmed that 

Figure 6. (a) Protein adsorption in different electrospun scaffolds and (b) blood clotting assay of different electrospun scaffolds. (* indicates a statistical difference 
[p < 0.05] between the pair).  

Figure 7. Bactericidal activity of PLLC and PLLCþC against (a) Gram-negative 
(E. coli), (c) Gram-positive (S. aureus) as well as bacterial activity of PLLCþG, 
PLLCþCþG, and PLLCþCþG layered against (b) Gram-negative (E. coli) and (d) 
Gram-positive (S. aureus).  
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PLLC/collagen nanofibrous mat could maintain the long-term 
antibacterial effects of gentamicin due to the slow release rate 
and sustained release profile. In the case of PLLCþG and 
PLLCþCþG electrospun mat, the bioactivity percentage is 
high for first few days compared to PLLCþCþG layered elec-
trospun mat, this is due to the initial burst release of 
gentamicin. PLLCþCþG layered electrospun mat had drug 
incorporated layer at the center which is covered by two 
PLLC/collagen layers at both sides, as a result it exhibited 
bioactivity for 15 days. PLLCþG and PLLCþCþG fibers exhi-
bit a decrease in bioactivity from 10th day while PLLCþCþG 
layered fibers shows a constant bioactivity rates. 

The bioactivity of gentamicin in the liquid medium does 
not resemble the actual wound environment. It will be desir-
able if we can achieve the drug release environment similar 
to the wound surface and study approximately close drug 
release behavior in that environment. Commonly wounds 
are wet solid environments with a large amount of extrudates. 
To duplicate the same condition in the laboratory, the 
gentamicin release studies were performed by placing the 
electrospun mat on a prewetted agar plates. In the case of 
PLLCþG nanofibrous mats, the drug release onto the wet sur-
face was generally fast this was due to the swelling of PLLC 

nanofibers and high water solubility of gentamicin. In the case 
of PLLCþCþG and PLLCþCþG layered nanofibers mats, 
considerably different release patterns were observed. The 
release profiles were illustrated in Figure 9a. In the case of 
the PLLCþG electrospun mats the major quantity of gentami-
cin was released within the first hour. So there is no drastic 
difference in drug release for following time intervals. 
PLLCþCþG electrospun mats recovered 5% of the gentamicin 
after 5 h of application, while those with PLLCþCþG-layered 
electrospun mat retained 5% drug even after 8 h. But almost 
complete drug release has occurred within 48 h for all the 
three PLLCþG, PLLCþCþG, and PLLCþCþG layered 
nanofibrous mats. 

The antibacterial activity of residual gentamicin after the 
release in the wet solid surface at different time intervals was 
also evaluated by analyzing the inhibition zones onto the fresh 
bacterial culture. Figure 9b depicts the area of inhibition of 
E. coli due to residual gentamicin release from PLLC/collagen 
nanofibers mats. All PLLCþG-, PLLCþCþG-, and PLLCþ
CþG-layered electrospun mats, the amount of residual genta-
micin present is sufficient to exhibit bacterial inhibition zones 
till 5th hour. After 5th hour, no inhibition zone was observed 
due to residual gentamicin around PLLCþG electrospun mat 

Figure 8. (a) Bioactivity (E. coli) of released gentamicin from nanofibers membranes and (b) bioactivity (Staphylococcus) of released gentamicin from nanofiber 
membranes.  

654 C. R. RESHMI ET AL. 



due to the complete release of gentamicin. Gentamicin has a 
particular limiting inhibitory concentration below that the 
drug release is therefore not detectable in the most distant 
areas around the nanofibrous mats. PLLCþCþG electrospun 
mats show inhibitory effect on residual gentamicin for 9 h. 
Long-chain entangled collagen can trap the gentamicin mole-
cules and cause a slow release of gentamicin in PLLCþCþG 
electrospun mat. However, prolonged drug release was found 
for PLLCþCþG layered electrospun mats till 24 h. The drug- 
incorporated layer in PLLCþCþG-layered electrospun mat 
was placed as a sandwich-like structure in between two 
PLLC/collagen electrospun layers. The gentamicin molecule 
must travel a longer distance from the fiber surface to the free 
volume. 

3.9. Cell growth on electrospun fibrous scaffolds 

An ideal wound dressing should be biocompatible, and it 
should not release any toxic products or produce adverse 
reactions [51]. Cell viability, morphology, adhesion, and 
interaction of 3T3 mouse fibroblasts with PLLC/collagen elec-
trospun mats were analyzed by MTT assay and SEM micro-
graphs at 1st, 3rd, and 5th days. The high absorbance value 
illustrates the viability of 3T3 fibroblast cells. The cell culture 
plate was used as a control, and the results are summarized in 
Figure 10. Since the inclusion of collagen and gentamicin did 
not compromise the biocompatibility of the PLLC nanofibers 
all the PLLC/collagen electrospun mats exhibited an excellent 
growth pattern for 3T3 fibroblasts. The cell viability was 
gradually increasing from the first day to the sixth day for 
all the electrospun mats. While comparing the different 
PLLC/collagen samples, dramatic increase in cell proliferation 
happens for PLLCþCþG- and PLLCþCþG-layered 
electrospun mats due to its high hydrophilicity and lower fiber 
diameters. PLLC mat showed comparatively lower cell pro-
liferation patterns compared to other samples, but higher than 
that of control, which may be due to the shrinkage and 
hydrophobic surface of the electrospun mat. In the case of 
electrospun nanofibers mats the cell migration and 

Figure 9. (a) Release profile of gentamicin to agar from PLLC/collagen nanofibers 
membranes (HPLC), expressed as percentage of residual gentamicin remaining in 
nanofibers discs and (b) inhibition zones from the residual gentamicin in electro-
spun membranes after various intervals of gentamicin release in solid agar plates.  

Figure 10. MTT assay of scaffolds using 3T3 fibroblasts at different days (* indicates a statistical difference [p < 0.05] between the pair).  
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proliferation was highly influenced by the pore size, porosity, 
hydrophilicity, and shrinking behavior. As indicated in 
Figure 10, the number of viable cells in all nanofibers mats 
increased drastically during the culture to 5 days. The obtained 
results clearly suggest that PLLCþCþG- and PLLCþCþG- 
layered electrospun mats provided highly favorable environ-
ments for cell attachment and proliferation and can be 
suggested as a good candidate to be used for wound dressing. 

The morphology of adhered 3T3 fibroblast cells at different 
days were analyzed by SEM micrographs in Figure 11. It could 
be found that 3T3 cells appeared to adhere well and exhibited 
a normal elongated morphology on the electrospun fiber 
surface, which was due to the large surface area and the 

availability of interconnecting pores. On 5th day, the cells 
were overcrowded on the surface of PLLC/collagen, and they 
were spread with a characteristic spindle-like elongated mor-
phology, which was a clear indication of biocompatibility 
[52]. The surface wettability and hydrophilicity of electrospun 
mats have a very strong influence on cell attachment, prolifer-
ation, migration, and viability. Pure PLLC nanofibrous 
matrices do not provide an excellent environment due to its 
low hydrophilicity and larger fiber diameter. The hydrophili-
city of pure PLLC electrospun mat is increased after collagen 
and gentamicin incorporation. Increased hydrophilicity of 
PLLCþCþG- and PLLCþCþG-layered electrospun mat 
showed better cell attachment and more spread morphology. 

Figure 11. SEM images of 3T3 fibtoblast on PLLC/collagen fibers at different days. First, second, and third day of proliferation of (a–c) PLLC, (d–f) PLLCþG, (g–i) 
PLLCþC, (j–l) PLLCþCþG, and (m–o) PLLCþCþG layered membranes.  
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4. Conclusion 

This study reports the fabrication of PLLC/collagen electro-
spun mats as a potential wound dressing and controlled drug 
delivery membrane. The inclusion of 10% antibacterial drug 
gentamicin in PLLC/collagen matrix also affects the physico-
chemical behavior and membrane properties. All the electro-
spun mats exhibit sufficient flexibility and strength enough 
to be handled during wound coverage and removal also able 
to protect from external physical damage. Incorporation of 
collagen and gentamicin promotes the hydrophilicity, water 
adsorption and vapor permeation of electrospun mats. 
PLLCþCþG- and PLLCþCþG-layered electrospun mats 
exhibit enhanced in vitro degradation, blood clotting proper-
ties, and reduced protein adsorption. The PLLCþG-, 
PLLCþCþG-, and PLLCþCþG-layered fibers showed promi-
nent inhibition zones against both Gram-positive bacteria 
E. coli and Gram-negative bacteria S. aureus. Compared with 
other samples PLLCþCþG-layered fibers have a sustained 
drug release profile and antibacterial effect both in solid and 
liquid media. The in vitro 3T3 fibroblast culture studies 
exhibited an excellent improvement on cell adhesion and pro-
liferation for PLLCþCþG- and PLLCþCþG-layered fibers 
due to its high hydrophilicity and surface area-to-volume 
ratio. PLLCþCþG-layered electrospun mats are promising 
dressing systems having unique properties such as excellent 
biocompatibility, proven antibacterial and antioxidant effect, 
and sustained release profile of the drug. Thereby, they proved 
their ability to be used for preventing infections and promot-
ing skin regeneration on wound sites. Based on these findings, 
PLLCþCþG-layered nanofibrous mat can be proposed as an 
excellent biomaterial for skin wound treatment in the future. 
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