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Biofilm formation is a process of bacterial attachment whereby they fasten irreversibly to a biomaterial surface and lead to 
unwanted phenotypic changes. The chief concern is its formation and to prevent the harmful changes that follow the 
accumulation of bacteria on implants, so the scientific community has made efforts. In this study, we attempted to fabricate a 
novel tissue engineering candidate to prevent the biofilm formation desired by ideal biomaterials. We prepared the 
micro/nanofibers of polyurethane (PU) incorporated with hydrophilic β-cyclodextrin (CD) by electrospinning technique. 
Further on, these as-spun fibers were in fused with an antibacterial agent. As an antibacterial agent, silver nanoparticles  
(Ag NPs) were adsorbed on scaffolds. Among the varied methods of its adsorption, adsorption by sonication and hydrothermal 
process were chosen. Characterization studies performed were scanning electron microscopy (SEM) and water contact angle 
analysis. The uniform morphology of nanofibers was seen in SEM micrographs which mimics the extracellular matrix. The 
hydrophilicity test showed the increased hydrophilicity of scaffolds with a decrease in contact angle in CD and Ag NPs 
incorporated fibre scaffolds. The Ag release assay showed slow release in the case of the fibers where Ag was adsorbed by 
hydrothermal treatment compared to adsorption by sonication. The antibacterial tests show inhibition of bacteria to different 
degrees by the fibers. The highest zones were seen in the case of samples with Ag NPs adsorption by sonication. The in vitro 
MTT assay presented that these scaffolds were non-toxic to the cells and could be employed in biological applications. 
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Introduction 
Bacteria bind irreversibly to each other while 

attaching on a surface and encapsulate themselves in a 
matrix secreted by them composed of polysaccharide 
material, ultimately forming a biofilm1. The biofilm 
formation can occur on any biological surface, such as 
a wound, prosthetic joint, or teeth2. In tissue 
engineering, biofilm formation is a chief concern 
because it is challenging to remove them from tissue 
implants, devices and scaffolds3. To prevent the 
harmful changes and infectious diseases that follow the 
accumulation of bacteria on implants, countless efforts 
have been made by researchers over the years4-5. So, 
we aimed to fabricate a novel tissue material that can 
prevent biofilm formation and can be used in tissue 
engineering applications. Currently, electrospinning is 
the widely used technique for the fabrication of 
nanofibers that are used as a potential candidate to 
replace the traditional dressing material6. With the help 
of electrospinning, these fibers are created from a 

polymer solution under the influence of an electric 
field7. An electrically charged jet of polymer solution 
gets deposited on a charged collector in the form of 
fibers with diameters ranging from nano to 
micrometers8. In this study, we have prepared a 
micro/nanofiber scaffold of polyurethane (PU) by 
electrospinning technique. PU is a widely used 
polymer for fiber fabrication in tissue engineering due 
to its good mechanical properties, biodegradability, and 
biocompatibility9. The electrospun nanofibers of PU 
with a large surface area cause the effectual delivery 
and exchange of fluids and gases into a living surface10. 
However, due to its hydrophobic nature it is mandatory 
to modify it with certain compounds that improve the 
wettability of its surface, for which we have blended  
β-cyclodextrin (CD) in the PU nanofibers. CDs are 
non-toxic, hydrophilic and cyclic oligosaccharides with 
a unique cone-shaped molecular structure, forming 
inclusion complexes with other compounds11. This way 
the drugs, antibacterial agents, and other growth factors 
are encapsulated within its cage-like structure, allowing 
their controlled release12. The particle and drug loading 
of fibers for controlled release and better dissolution 
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profiles has been studied extensively by different 
researchers13-14. To impart the antibacterial property to 
the fibers, we intended to incorporate the fibers with 
silver (Ag) nanoparticles (NPs). There is extensive 
literature supporting the antimicrobial activity of Ag 
NPs8,15–17, so as an antibacterial agent, Ag NPs was 
adsorbed on scaffolds. There are varied methods of its 
adsorption on fibers such as, ultraviolet irradiation, 
embedding Ag NPs into polymer nanofiber by 
electrospinning, simultaneous reduction of AgNO3 and 
adsorption of Ag NPs on fiber surface18–21. However, 
these methods do not disperse the NPs well and show 
the presence of only a few NPs at a particular point on 
the fibers. In addition to these methods, there are other 
methods of Ag NPs adsorption such as, adsorption by 
sonication and hydrothermal processes. These methods 
are efficient in proper dispersal of Ag NPs on the 
fibers. The advantage of sonication is the achievement 
of a very homogeneous coating with a narrow particle 
size distribution22-23. Similarly, the hydrothermal 
approach of Ag NPs adsorption has been linked to the 
proper binding and dispersion of NPs with fiber 
surfaces upon high temperature and pressure24–27. So, in 
this study, these two approaches to analyze the 
efficiency of the fabricated scaffolds in biofilm 
stoppage have been used. The present study presents a 
novel way of inhibition of biofilm formation using 
modified PU micro/nanofibers whose properties have 
been tuned by incorporating different biocompatible 
substances. 
 

Materials and Methods 
 

Materials 
Polyurethane (PU) (Mw 110,000, EG-80A, 

Tecoflex™) was acquired from Lubrizol Corporation 
(USA). Tetrahydrofuran (THF) and N.N-dimethyl 
formamide (DMF) were purchased from Sisco 
Research Laboratories (India). Silver nitrate (AgNO3) 
and fetal bovine serum (FBS) were purchased from 
Sigma Aldrich (USA). Sodium borohydride (NaBH4) 
was purchased from SD fine chemicals Ltd. (India). 
β-cyclodextrin was purchased from CDH (India). 
Luria Bertani (LB) broth and agar media  
were purchased from G-Biosciences (USA). 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) reagent, dimethyl sulfoxide (DMSO), 
trypsin-EDTA and antibiotics 5,000U penicillin/ 
streptomycin were purchased from HighMedia 
Laboratories (India). Dulbecco`s modified eagle`s 
medium (DMEM) was obtained from Lonza 
(Switzerland). The model bacteria used in the study 

were Staphylococcus aureus (ATCC 2913) and 
Escherichia coli (DH5α) and were kindly provided by 
IIIM, Srinagar. The mouse fibroblasts 3T3 L1 were 
obtained from Cell Lines Service (Germany). 
 

Preparation of CD-incorporated PU micro/nanofibers 
The solution for fabrication of fibers was prepared 

by dissolving 12 g of PU in THF under constant 
stirring using hot plate stirrer at 80 RPM. Following 
this, 5 wt% CD (with respect to the weight of the 
polymer) was dissolved in DMF. This solution was 
added to the polymer solution (initially prepared using 
THF) to give a final 9:1 THF and DMF ratio. After 
the preparation of the polymeric solution, the 
electrospinning was carried out in a 10 mL syringe. 
The distance between the tip of syringe needle and the 
collector was set at 15 cm, and the voltage and 
temperature were set at 13 kV and 30ºC, respectively. 
After refilling the syringe 3-4 times during the 
process, a thick mat of micro/nanofibers was obtained 
on the aluminum foil that was wrapped on the 
collector before electrospinning. The mat was dried 
overnight in a hot-air drier for 12 h.  
 

Adsorption of silver nanoparticleson the scaffolds 
For the preparation of Ag NPs, the precursor used 

was AgNO3. Exactly 10 wt% of AgNO3 was weighed 
with respect to the pre-weighed 5 cm × 5 cm as-spun 
micro/nanofiber mats. To this, 20 mL of distilled 
water was added and two solutions of AgNO3 were 
prepared in separate falcon tubes. Then, the 0.5M 
NaBH4 solution was prepared to reduce the Ag+ ions 
in AgNO3 which was added in equal volumes to the 
two solutions of AgNO3. The reduction was carried 
out for 12 h under constant agitation in a shaking 
incubator. After the transition of colour of AgNO3 

solutions from colourless to black, the reduction was 
confirmed. Two 5cm×5cm micro/nanofiber mats were 
immersed in the two AgNO3 solutions and were 
subjected to two different methods of adsorption. For 
sonication, the tube containing the mat immersed in 
reduced AgNO3 solution was exposed to sonic 
vibrations for 1 h at a temperature of 30ºC in an 
ultrasonic homogenizer. For this, the sonicator was 
first filled to half of its capacity with distilled water 
and the temperature was maintained at 30ºC. 
Following this, the tube was set in proper alignment 
so that the part containing the fiber mat that was 
immersed in AgNO3 solution was in contact with the 
water for the penetration of ultrasonic vibrations. 
Finally, the fiber mats were transferred to a glass petri 
plate and left to dry in a hot-air drier overnight.  
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For the adsorption of Ag NPs by hydrothermal 
treatment, the tube contents, after pre-wetting, were 
transferred to the Teflon cup of a hydrothermal 
reactor. Following this, the reactor was closed and 
tightly sealed and placed in an oil bath for 1 h at 80ºC. 
After the completion of reaction, the reactor was 
taken out of the oil bath and placed in an ice bath to 
bring the temperature down. Finally, the reactor was 
opened, and the fiber mat was transferred to a petri 
plate and left to dry for 12 h. At the end of the 
adsorption processes, three types of scaffolds were 
obtained, i.e., pristine CD incorporated PU scaffold 
without any doped Ag NPs (PU/CD), the PU/CD 
scaffold with adsorbed Ag NPs by sonication 
(AgSON) and the PU/CD scaffold with adsorbed Ag 
NPs by hydrothermal treatment (AgHYD). 
 

Characterization 
Field emission scanning electron microscopy  

(FE-SEM) coupled with energy-dispersive X-Ray 
spectroscopy (EDS) was used to analyze the 
morphology of the fabricated fibers. For the sample 
preparation, the fiber mats were first completely dried 
and were then sputter coated with gold ions for 5 min. 
After the samples were loaded in the FE-SEM unit, the 
electron beam was passed through the electron gun and 
the micrographs were taken at different magnifications. 
The diameter distribution of nanofibers and the size of 
NPs were calculated from these images. Also, the EDS 
analysis gave the elemental distribution of fiber mats 
and confirmed Ag NPs. To check the effect of CD on 
the hydrophobicity of PU, the contact angle analysis 
was carried out. For this, a drop of water was placed on 
each fiber scaffold, and the droplet images were 
captured in all cases simultaneously using the contact 
angle meter. These images were then analyzed in 
ImageJ software, having the contact angle extension to 
measure the angles in triplicates. The measurements 
were then plotted in the form of a line graph. 
 

Silver release assay 
Both the AgSON and AgHYD scaffolds were cut 

into 2 cm × 2 cm strips and immersed in 20 mL 
distilled water in falcon tubes. The tubes were 
incubated for different time points at 37°C under 
constant agitation in a shaking incubator for 5 days. 
On the completion of incubation times, the required 
amount of solution from the tubes was taken and 
analyzed in a UV-Vis spectrophotometer and the 
volume of tubes was made the same again by adding 
an equal amount of distilled water. For the absorbance 
measurements, first, the spectrum for AgNO3 solution 

reduced with NaBH4 was obtained in the range of  
200-800 nm using a UV-Vis spectrophotometer using 
distilled water as blank. Then the wavelength of the 
highest absorbance was obtained, i.e., 420 nm. The 
absorbance for sample solutions was taken at this 
wavelength on completion of incubation periods, i.e., 
1, 2, 3, 4 and 5 days and the measurements were 
plotted. 
 

Antibacterial assay 
The scaffolds were tested for antibacterial activity 

against two model microbes, Staphylococcus aureus 
and Escherichia coli, by disk diffusion assay and 
growth curve analysis. For the disk diffusion assay, 
the bacterial strains were cultured in LB broth under 
constant shaking and an optimum temperature of 37ºC 
for bacterial growth till the absorbance of the culture 
solution reached 0.4-0.5. For the preparation of solid 
growth media, the LB agar solution was prepared and 
autoclaved. The agar plates were prepared by pouring 
the sterile hot agar solution on bacterial culture plates 
and were left to solidify by cooling. For the sample 
preparation, all the fiber scaffolds were punched into 
circular disks under sterile conditions using a biopsy 
puncher with outer and inner diameters of 8 and 7 mm 
respectively. These disks were incubated in 70% 
ethanol for 1 h followed by washing with saline 
solution to remove ethanol from scaffolds and were 
left to dry in a hot-air drier. The agar plates' surface 
was inoculated with a plastic spreader with 10 µL of 
above prepared bacterial cell suspension. The 
sterilized disks of all samples, i.e., PU/CD (negative 
control), ampicillin immersed filter paper disks 
(positive control), AgSON, AgHYD, and Ag NPs 
solution immersed filter paper disks (for comparison), 
were carefully placed on the agar plates using the 
sterilized forceps. Finally, the plates were incubated at 
37°C for 12 h and the diameters of the circular hollow 
zones on the bacterial lawns were measured using 
ImageJ software in triplicates. 
 

For growth curve analysis, the liquid bacterial 
cultures of S. aureus and E. coli were grown until the 
OD of 0.4 was reached. Then a volume of 100 µL of 
this culture was added to 10 mL of fresh broth in 
different tubes. Following this, small strips (1 cm × 1 
cm) of all scaffolds were immersed in these tubes for 
12 h and were incubated at 37°C under constant 
shaking. The OD values were measured after every  
2 h of incubation for 12 h using a UV-Visible 
spectrophotometer at a wavelength of 600 nm. As a 
positive control, the tube containing broth inoculated 
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with 100 µL of bacterial culture was used and as 
negative control, the broth without any inoculum was 
used. This also gave an idea of contamination in the 
culture conditions. In addition to this for comparison 
purposes, 1cm × 1cm strips of filter paper were taken 
and immersed in ampicillin solution for 10 min 
followed by drying and immersing in another tube of 
bacterial culture inoculated broth. After the 
procurement of OD measurements line graphs were 
plotted and the bacterial growth curves were obtained 
for all samples and the growth patterns were analyzed. 
 
Cell toxicity analysis 

To check the viability of cells on the fiber 
scaffolds, mouse 3T3 L1 cells were cultured for 
different incubation periods on the scaffolds. First, the 
fiber scaffolds were punched to form circular disks 
using a biopsy puncher (outer diameter = 6 mm and 
inner diameter = 5 mm) under aseptic conditions. 
These disks were then placed in the wells of 96-well 
plates. These were ethanol sterilized for 1 h followed 
by washing with PBS. Following this, the wells were 
filled with 100 µL of complete media containing 10% 
FBS, 1% Penicillin-Streptomycin antibiotic and 
DMEM. Then, cells were seeded on the fibers at a 
density of about 2×105 cells/well for 1, 2, and 3 days 
of incubation at 37ºC and under a constant supply of 
5% CO2. The exhausted media was replenished every 
day of the culture. On the completion of incubation 

time, the media was removed from all the wells, 
followed by the addition of 100 µL DMEM and 50 µL 
MTT reagent (0.5 mg/mL). The plates were incubated 
for 2hand the yellow-coloured MTT reagent was 
reduced to purple-coloured formazan crystals by 
mitochondrial oxidases. After 2 h, these crystals were 
solubilized with 50 µL of DMSO and incubated at 
37ºC for 30 min. The absorbance of the final solution 
was read at 560 nm using a microplate reader and 
converted to cell viability % using the following 
formula.  
 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ሺ%ሻ

ൌ
𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 െ 𝐵𝑙𝑎𝑛𝑘 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 െ 𝐵𝑙𝑎𝑛𝑘 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

ൈ 100 

 

Results and Discussion 
 

Characterization 
The morphology of the fabricated as-spun 

microfibers was analyzed using SEM and the 
micrographs obtained at different magnifications are 
shown in Fig. 1. It can be seen from these results that 
the fibers were of uniform morphology and no beads 
were seen concluding the successful electrospinning 
of fibers. As desired, no NPs were seen in the case of 
PU/CD fibers (Fig. 1a-d). However, these NPs were 
clearly seen in the AgSON (Fig. 1b-e) and AgHYD 
fibers (Fig. 1c-f). The Ag NPs adsorbed by sonication 
showed an equal distribution on the fibers and the 
average size of NPs was found to be 199.9±68.7 nm. 

 
 

Fig. 1 — The SEM micrographs at two different magnifications of the electrospun, a-d) Pristine PU/CD scaffolds; b-e) PU/CD fibers with 
adsorbed Ag NPs by sonication; and c-f) PU/CD fibers with adsorbed Ag NPs by hydrothermal treatment. 



INDIAN J NAT PROD RESOUR, MARCH 2023 
 
 

116

In contrast, Ag NPs adsorbed by hydrothermal 
treatment showed uneven distribution with clumping 
at most places and the average size of NPs was found 
to be 47.7±43.9 µm, much larger than the former 
ones. The reason for this could be the clumping of Ag 
NPs together under the influence of high temperatures 
leading to the larger size of NPs or the growth of NPs 
after nucleation sites are set in the reactor. The 
diameter distribution of fibers is given in Fig. 2. The 
average diameters of PU/CD, AgSON, and AgHYD 
fibers were 3.9±1.8, 4.0±1.7, and 8.0±2.2 µm 
respectively. It can be concluded that the 
hydrothermal treatment has caused a significant 
increase in the average diameter of fibers. The EDS 
analysis also confirmed the successful incorporation 
of Ag NPs in the fibers as shown in Fig. 3. The Ag 
peak can be seen in both AgSON and AgHYD 
scaffolds and is absent in pristine PU/CD scaffolds. 
The element overlay of the scaffolds also shows the 
presence of Ag NPs in AgSON with even distribution 
and AgHYD scaffolds with an uneven distribution 
and total absence in pristine PU/CD fibers. The results  

declare that the ultrasonic vibrations were more 
efficient in evenly dispersing Ag NPs on the fibers 
than the high temperature in a hydrothermal reactor. 
The hydrophilicity analysis of the scaffolds was 
carried out to determine whether the surface of the 
modified nanofibers is hydrophilic on the incorporation 

of CD. This test also interprets the interference of 
scaffolds with cell attachment and proliferation. The 
contact angle measurements are given in Fig. 4. All 
the samples had a contact angle of less than 90º, 
which shows the hydrophilicity imparted by CD in all 
scaffolds. Furthermore, the difference between the 
contact angles of PU/CD and AgSON scaffolds was 
82.7±0.05 and 82.05±0.05º, respectively. The lowest 

 
 
Fig. 3 — The EDS analysis and corresponding element overlay of, a) electrospun PU/CD fibers and its composites with adsorbed Ag NPs by; b) 
sonication (Ag SON); and c) hydrothermal treatment (Ag HYD). 

 

 
Fig. 2 — The diameter distribution of electrospun PU/CD
micro/nanofibers and its composites with adsorbed Ag NPs by
sonication (Ag SON) and hydrothermal treatment (Ag HYD). 
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contact angle was seen in the case of AgHYD scaffolds 
measuring 68.5±0.2º, which can be attributed to the 
fact that high temperature changed the morphology of 
fibers significantly in such a way that the fibers lost the 
crystallinity and became more hydrophilic.  
 
Silver release assay 

The results of release behaviour of Ag NPs from 
the fibers in AgSON and AgHYD scaffolds from UV 
spectrophotometry are shown in Fig. 5. The graph 
indicates that on the first day, there was a full release 
of Ag NPs from the AgSON samples compared to the 

AgHYD scaffold. Furthermore, there was a gradual 
decrease in the release of Ag NPs upon additional 
incubation, and the release was almost zero on the 
fifth day in both cases depicting the complete release 
of Ag NPs from the fibers in 5 days. The high release 
in the case of AgSON can be attributed to the fact that 
the NPs were present in high concentration in these 
fibers due to the excellent adsorption compared to the 
electrospun AgHYD. 
 
Antibacterial assay 

To test the antibacterial property of the scaffolds, 
the disk diffusion assay was carried out. The results in 
Fig. 6a-b show that the negative control, PU/CD 
scaffolds did not have any antibacterial activity against 
any bacterial strain whereas the Ag NPs adsorbed 
scaffolds had significant antibacterial activity. Also, 
significant antibacterial activities were seen with the 
positive control, ampicillin and Ag NPs. Fig. 6c shows 
the average diameter distribution of the zones of 
inhibition in the case of all scaffolds against E. coli and 
S. aureus. In the case of E. coli, the zone of inhibition 
shown by AgSON was 22±1 mm and by AgHYD was 
19.33±0.5 mm concluding AgSON to be a more potent 
antibacterial scaffold against it. Also, the zone of 
inhibition shown by positive control, ampicillin in this 
case was 26.33±0.5 mm and zone showed by Ag NPs 
was very close to ampicillin equal to 25±1 mm. 
Similarly, in the case of S. aureus, the zone of 
inhibition shown by AgSON was 24.33±0.5 mm and 
by AgHYD was 21±1 mm. These results indicate that 
Gram-positive bacteria are more susceptible to the 
antibacterial agents than Gram-negative bacteria. Also, 
the results depict AgSON as the better antibacterial 
scaffold than AgHYD against S. aureus also. This can 
be attributed to the fact that the size of Ag NPs in the 
case of AgSON scaffolds is much reduced than 
AgHYD scaffolds, which penetrate inside the bacterial 
cells. The zones shown by both ampicillin and Ag NPs 
in this case were exactly equal (26.33±0.5 mm). This 
concludes that the Ag NPs were somehow hindered 
from entering the Gram-negative bacteria and hence 
showed the less antibacterial effect against them as 
compared to Gram-positive bacteria. However, the 
difference between the antibacterial efficiency of 
ampicillin and Ag NPs is not significant and it can be 
concluded that Ag NPs are as efficient antibacterial 
agents against bacteria as the commercial antibiotic 
ampicillin. Also, from the results, it can be concluded 
that among the two mats, AgSON is a better choice of 
fiber scaffold for its use against biofilm formation. 

 
 
Fig. 4 — The contact angle analysis of the electrospun PU/CD
micro/nanofibers and its composites with adsorbed Ag NPs by
sonication (Ag SON) and hydrothermal treatment (Ag HYD). 
 

 
 
Fig. 5 — The Ag NPs release from the electrospun PU/CD
micro/nanofibers with adsorbed Ag NPs by sonication (Ag SON) and
hydrothermal treatment (Ag HYD). 
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Furthermore, the OD measurements of the scaffolds 
immersed in bacterial cultures of E. coli and S. aureus 
were taken after every 2 h for an incubation time of  
12 h at 600 nm wavelength. The results of the same 
were plotted in the form of a growth curve and are 
given in Fig. 7. For E. coli (Fig. 7a), the growth curves 
for positive control and pristine PU/CD scaffolds firstly 
showed a continuous increase for 6 h and then showed 
a sharp decrease after further incubation. On the other 
hand, the Ag NPs adsorbed scaffolds and the ampicillin 
control also followed the same trend of growth 6 h but 
the absorbance was significantly lower than the PU/CD 
scaffold and positive control. Further, incubation of 
these composites followed a decrease in OD until the 
end of culture time, i.e., 12 h. In case of S. aureus  
(Fig. 7b), the same pattern of growth curve was seen 

for all the scaffolds. The OD first increased constantly 
until 6 h and then gradually decreased until the end of 
time of incubation in all cases. The OD in case of Ag 
NPs adsorbed scaffolds and ampicillin control was 
visibly lower than the PU/CD scaffold and positive 
control in this case also. The results confirm the 
successful inhibition of bacteria with the modified PU 
scaffolds and AgSON curves showed more 
antibacterial inhibition than AgHYD in both strains 
(Fig. 7). These results validate our results obtained 
from disk diffusion assay. 
 
Cytotoxicity assay 

To check whether the scaffolds are non-toxic to the 
cells, the cell viability assay was carried out. Cell 
viability was calculated from the MTT assay upon  

 
 

Fig. 6 — The disc diffusion assay against, a) Escherichia coli; b) Staphylococcus aureus of the electrospun PU/CD micro/nanofibers and its
composites with adsorbed Ag NPs by sonication (Ag SON) and hydrothermal treatment (Ag HYD) along with the positive control ampicillin and 
Ag NPs for comparison; and c) The diameter distribution of the zones of inhibition. 
 

 
 

Fig. 7 — Bacterial growth curves obtained after incubation of samples in bacterial cultures of a) Escherichia coli; and b) Staphylococcus aureus. 
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3 days of cell culture. The results shown in Fig. 8 
indicate the viability % of cells on all the scaffolds. On 
day 1 of the cell culture, the viability % of PU/CD fiber 
was 350.61±177.7%, AgSON fiber was 
803.23±87.85%, and AgHYD fiber was 873.7±75.4%. 
On day 2 of the culture, the viability was further 
increased in all the cases with the viability % of 
368.93±102.6, 968.13±42.35 and 847.25±102.77% in 
the case of PU/CD, AgSON, and AgHYD fibers, 
respectively. On the last day of culture, i.e., day 3, the 
cell viability kept on increasing in the case of PU/CD 
fibers with 460.67±133.5% viability. However, the 
viability got decreased in the cases of AgSON and 
AgHYD, with viabilities as 719.98±226.4 and 
674.64±118.26% respectively. These results show that 
the viability of all scaffolds is above 200% on all days of 
culture, which means that all scaffolds are non-toxic to 
cells. Furthermore, on day 3, the decline in cell viability 
on AgSON and AgHYD scaffolds as compared to other 
days of culture may be due to the accumulation of Ag 
NPs in the culture media, which might be toxic due to 
direct penetration. In conclusion, the highest viability of 
cells was seen on day 2 of the culture in the AgSON 
scaffolds, making them the best choice as a tissue 
engineering scaffold. 
 
Discussion 

The uniform and bead-free morphology of the 
nanofibers obtained is a successful confirmation of the 
optimization of electrospinning parameters. The β-CD 
incorporated PU nanofibers have been electrospun by 

other researchers and have obtained the same 
morphology and diameter distribution of nanofibers28-29. 
The contact angle analysis revealed the incorporation of 
β-CD in the PU nanofibers imparted hydrophilicity to 
the nanofibers and the lower water contact angle has 
been seen in other studies also where the researchers 
have incorporated β-CD in PU30-31. The reason for this 
can be attributed to the presence of hydrophilic 
components in the β-CD. The hydrophilic surface will 
be efficient for delivery of antimicrobial Ag NPs in 
tissue engineering applications. Furthermore, it will 
provide proper attachment surfaces for the cells to 
proliferate. Moreover, to check the antibacterial activity 
of the scaffolds with adsorbed Ag NPs two antibacterial 
tests were carried out, viz, disk diffusion assay and 
turbidity test using the bacterial strains E. coli and S. 
aureus. Both the Ag NPs adsorbed scaffolds (AgSON 
and AgHYD) showed significant antibacterial activity 
against both the bacteria. The antibacterial test results of 
this study is in total agreement with other studies of Ag 
NPs adsorbed nanofibers given the small size of NPs32–

34. The biocompatibility assay on the 3T3 L1 cells also 
showed the increase in cell viability upon increase in the 
days of culture in all β-CD incorporated scaffolds. The 
biocompatibility of β-CD incorporated PU nanofibers 
due to its hydrophilicity has been seen in other studies 
also and is in total agreement with our results31,35. Given 
all these properties, the fabricated scaffolds are suitable 
for tissue engineering applications. 
 
Conclusion  

Two unique strategies for Ag NPs adsorption on the 
fibers were developed and a comparison between the 
two was made. The fiber scaffolds showed improved 
hydrophilicity, antibacterial activity, and cell viability. 
These scaffolds released Ag NPs in a controlled manner, 
just enough for the bacteria to die without causing 
damage to host cells until day 2 of the culture. These 
fibers are suitable for biofilm inhibition in tissue 
engineering applications. In the future, more potent 
drugs can be incorporated into our scaffolds to inhibit 
biofilm formation more efficiently using the 
aforementioned strategies. 
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Fig. 8 — The cell viability analysis against 3T3 L1 cells of the
electrospun PU/CD micro/nanofibers and its composites with
adsorbed Ag NPs by sonication (Ag SON) and hydrothermal
treatment (Ag HYD). 
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