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Abstract
N-chloro-N-fluorobenzenesulfonylamide (CFBSA), was a novel chlorinating reagent, which
exhibits potential antibacterial activities. In this study, CFBSA was confirmed as a wide-broad
antimicrobial and bactericidal drug against different gram-negative bacteria, gram-positive
bacteria and fungi, while it was found to have low cytotoxicity for eukaryotic cells. In addition,
microorganism morphology assay and oxidative stress test was used to determine the antimicrobial
mechanisms of CFBSA. According to the results, CFBSA probably had a target on cell membrane
and killed microorganism by disrupting its cell membrane. Then, CFBSA was first combined with
poly(L-lactide-co-caprolactone) (PLCL)/SF via electrospinning and applied in wound dressings.
The characterization of different PLCL/SF of CFBSA-loaded nanofibrous mats was investigated by
SEM, water contact angle, Fourier transform infrared spectroscopy, cell compatibility and
antimicrobial test. CFBSA-loaded PLCL/SF nanofibrous mats showed excellent antimicrobial
activities. In order to balance of the biocompatibility and antibacterial efficiency, SP-2.5 was
selected as the ideal loading concentration for further application of CFBSA-loaded PLCL/SF. In
conclusion, the electrospun CFBSA-loaded PLCL/SF nanofibrous mat with its broad-spectrum
antimicrobial and bactericidal activity and good biocompatibility showed enormous potential for
wound dressing.

1. Introduction

After the discovery of penicillin in the 1928, many
antibiotics and antimicrobial agents were successfully
invented by scientists and soon became widely used
[1]. However, with the abuse of broad-spectrum anti-
biotics, the drug resistance of bacteria arose [2]. The
resistance can be related to the intrinsic characterist-
ics of the strains or induced by drugs through muta-
tion or gene transfer [3].Microorganism is constantly
evolution and mutation with resistance, so research-
ers need to constantly develop high efficiency, low

toxicity antimicrobial agent in order to deal with
increasingly serious bacterial and fungal infections.

Sulfonyl-containing compounds occupy a sub-
stantial proportion in the therapeutic drugs. Because
the introduction of sulfonyl group can increase the
metabolic stability of drugs to prolong the dura-
tion of action [4]. In addition, the incorporation of
fluorine-containing substituents is likewise valuable
in the development of antibacterial and other drugs
[5]. Therefore, we attempted to design a molecule
that contains both one sulfonyl group and one flu-
orine atom. N-Fluorobenzenesulfonimide (NFSI) is
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widely used as a fluorinating reagent and the cleav-
age of N–F bond happen in the process of fluorina-
tion reaction. It includes one N–F bond and two sulf-
onyl groups. The structure of NFSI is similar with
our design, but one sulfonyl group is not utilized.
Therefore, we designed to replace one benzene ring
with a chlorine atom owing to the disinfection of the
chlorinated compounds and synthesized CFBSA.

CFBSA shows a strong reactivity of the N–Cl
bond, rather than the ability of fluorination. CFBSA
is a novel chlorinating reagent, which has special
characteristics such as simple structure, high react-
ivity, easy availability, and stable storage. Besides,
aminochlorination products can be afforded by react-
ing alkenes with CFBSA [6]. Bromination process
can be achieved through a one-pot strategy using
CFBSA/KBr system [7].

During the study of CFBSA, we realized that the
fluorine atomwas not utilized. Therefore, we changed
the structure of the molecule to get the compoundN-
fluorobenzenesulfonamide (NFH), replacing the flu-
orine atom of CFBSA with hydrogen atom.We found
that NFH has been synthesized by Shanghai Science
Bio-pharmaceutical Co. Ltd, so we bought it from the
company, comparing the biological activity of NFH
with CFBSA. The different antimicrobial drugs have
different antibacterial mechanisms [8]. Therefore, in
the present study we also further explored the antimi-
crobial mechanism of the drug.

As is known to all, skin acting as the pro-
tective organ with maximum area in human body
often suffers infectious caused by trauma, burns
and pathological changes (diabetes, venous ulcer,
bedsore). Invasive bacterial and fungal infections
are serious complication of traumatic wounds, the
post-traumatic infections may lead to higher rates
of mortality and worse clinical outcomes [9]. In
addition, wound infections will introduce inflam-
mation, interfer with re-epithelialization and post-
pon wound healing [10]. However, the conventional
wound dressings are not able to address the problem
in clinical care.

In past years, many kinds of crude materials
such as linen, honey, animal fats, and vegetables
fibers have been applied for wound dressing [11,
12]. Continuous developments have led to extens-
ive use of new bandages with improved perform-
ance. Today’s wound dressing materials are usually
based on synthetic polymers. However, concerned
about the unsatisfactory bioactivity of synthetic poly-
mers, researchers come to recombine synthetic poly-
mers with some natural materials (e.g. chitosan,
silk, collagen, alginate, hyaluronic acid). As a poly-
mer, poly(L-lactide-co-caprolactone) (PLCL) exhib-
ited good biodegradability, biocompatibility and
mechanical properties [13]. It can keep stable with
bioactive molecules and be use for drug delivery

applications [14]. It was reported that P(LLA-CL)
combined with silk fibron (SF) material was able
to promote cell growth and the scaffold had good
elasticity [15, 16]. With the good performance above,
P(LLA-CL)/SF could be applied in wound dressing.
However, SF based materials can provide nitrogen
source for infectious bacteria, which limits its applic-
ation on dressing material in some ways [17].

In order to cure bacterial infection on skin
wounds and stop biofilm formation on dressing
material, some antibacterial agent or materials have
been added [18–20]. Except for some traditional anti-
biotics, many kinds of antibacterial materials (e.g.
silver ions, quaternary ammonium compounds or
nanoparticles, or antimicrobial polymers) have been
applied in wound dressing [21–23]. In particular,
silver-containing materials showed good antimicro-
bial effect [22, 24, 25]. However, these alternative
materials have either considerable adverse effect such
as cytotoxicity, drug resistance or high cost [24–26].
Therefore, we were anticipant to prepare a nanofiber
loaded with the new antibacterial compound as a
high-performance wound dressing.

In this study, the antibacterial and antifungal
activities and cytotoxicity ofCFBSAwere studied. The
antimicrobial mechanisms of this compound were
further lucubrated. As a novel broad-spectrum anti-
biotic, CFBSA was firstly combined with PLCL/SF via
blended electrospinning and applied in wound dress-
ing. In addition, the antibacterial activities and bio-
activity of CFBSA loaded PLCL/SF nanofibrous mat
were tested.

2. Materials

2.1. Materials and reagents
N-chloro-N-fluorobenzenesulfonylamide (CFBSA)
can be prepared from the inexpensive Chloramine
B by reacting with Selectfluor in 95% yield [8] and
can be easily afforded in gram scale. The reaction
was allowed to stir in water at room temperature
overnight. The mixture was extracted with dichloro-
methane and the organic layer was dried with sodium
sulfate. Solvent was removed under reduced pressure
and the crude product (yellow liquid) was further
purified through flash column chromatography.

Silk fibroin was extracted in our laboratory. The
first step was degumming, Bombyx mori cocoons
(Jiaxing Silk Co., Ltd) were boiled in the boiling
mix solution of 0.2% (w/v) sodium carbonate and
0.3% (w/v) sodium oleate for 1 h. Then, degummed
cocoons were washed with deionized water and
dried. SF solution was obtained by dissolving the
degummed cocoons in 9.3 M LiBr (Kanto Chemical)
solution at 60 ◦C for 4 h [14]. The SF solution was
then dialyzed against deionized water using cellulose
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acetate membrane (MWCO: 12–14 kDa) for 3 d and
freeze-dried finally.

Copolymer P(LLA-CL) (LA: CL = 50:50,
Mw = 300 kDa) was purchased from DaiGang
Biomaterial Co., Ltd (Jinan China). 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) was purchased from
Alfa Aesar Co. (Ward Hill, MA, USA).

2.2. Cell culture reagents andmicroorganism
culture reagents
Cell culture reagents, such as Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum,
and trypsin were purchased from Life Technologies
(Waltham, MA, USA). Microorganism culture
reagents, such as LB broth, YPD broth andMHbroth,
were purchased from Sangon Biotech (Shanghai) Co.,
Ltd.

2.3. Cell and strains
L929 cells were obtained from the Shanghai Institute
of Biochemistry and Cell Biology (SIBCB, CAS,
China). All the strains we used were separately
purchased from ATCC (American Type Culture
Collection, USA) and CMCC (National Center for
Medical Culture Collection, China).

3. Method

3.1. Antimicrobial susceptibility test
K-B paper disk diffusion in accordance with the
NCCLS Standards was performed for drug sus-
ceptibility before the minimal inhibitory concen-
tration assay. Escherichia coli (E.coli), S. aureus
(S.a), P.aeruginosa (P.a), Bacillus subtilis(B.s),
Stenotrophomonas maltophilia (S.m) and three
strains of C.albicans (C.albicans ATCC10231,
CMCC(F)98 001, CMCC(F)Cla) were used for test-
ing. Sulfadiazine (SD) which is a well-known broad-
spectrum antibacterial agent used in the treatment of
wound infections [27]. Fluconazole (FCZ) which is
a broad-spectrum antifungal drug used in clinical
[28]. Therefore, the two antibiotics SD and fluc-
onazole were used as control drugs in the tests of
antibacterial and antifungal activities, respectively.
The strains were isolated and cultured to mid-log
phase, respectively. Then, fresh bacterial/fungal sus-
pensions were transferred to sterile saline and were
diluted to 105 CFU ml−1. The 200 µl diluent was
coating on LB/YPD agar plate, with a coated rod.
Next, filter paper disk with different concentration
(31.25, 62.5, 125, 250 mg ml−1) of CFBSA (dissolve
in dichloromethane) were posted on the plain agar
plate and the blank filter paper disk was set as negative
control (0 mg ml−1, pure dichloromethane solvent).
All the Petri dishes were incubated at 37 ◦C/28 ◦C for
24 h. At last, agar plates were taken out and photo-
graphed and measured the diameter of the inhibition
zone, and the results were calculated as follows:

Inhibition rate (%)

=
Inhibition diameter− Paper disk diameter

Paper disk diameter
× 100%.

3.2. Minimum incubator concentration test (MICs)
The MIC is defined as the lowest concentration
that inhibits over 90% of bacteria growth [29]. To
make sure MIC of compound CFBSA against dif-
ferent kinds of microbes, micro-broth dilution was
used. Besides, the SD/fluconazole was tested as pos-
itive control drug against bacterial/fungi. As the syn-
ergism assays with K-B paper disk diffusion, strains
above were used for testing. Purified strains above
were used for testing.E.coli, P.aeruginosa, Bacillus sub-
tilis, S. maltophilia and S. aureus were cultured on LB
broth plates at 37 ◦C for 16 h, while the fungi were
cultured on PDA broth at 28 ◦C for 12 h with shak-
ing at 180 rpm until reaching mid-log phase. Next,
10 µl of fresh bacterial/fungal suspension was trans-
ferred to 10 ml of fresh MH broth/RPMI 1640 and
diluted to 105 CFUml−1, then added 100 µl into each
well at 96 well and incubated at 37 ◦C/28 ◦C for 24 h.
Sterilized (filter sterilization) pure CFBSA was added
in the second well in each row, while the first row was
set as blank control with fresh MH broth/RPMI 1640
and the last row was set as negative control. Doubling
dilution was used to dilute CFBSA in 96 well, keep-
ing concentrations of CFBSA ranging from 390.625–
25 000 µg ml−1, and the mixtures were incubated at
37 ◦C/28 ◦C with no shaking for 24 h and 48 h. At
last, measure the OD value at 600 nm, respectively.
The experimentswere performed in triplicate, and the
results were calculated as follows:

Inhibition rate (%)

=
OD valuecontrol −OD valueexperiment

OD valuecontrol
× 100%.

Subsequently, MIC was determined as the lowest
concentration of tested drug that inhibits over 90% of
bacteria growth.

After MIC test, 100 ml of each suspension was
transferred onto LB agar plates or YPD agar plates
and incubated at 37 ◦C/28 ◦C for 24 h. Colony enu-
meration was implemented after 24 h. The MBC was
obtained as the lowest concentration of compound at
which no colonies grew on solid medium.

3.3. MTT assay for cytotoxicity
In purpose of examining the cytotoxicity against
L929 (normal mouse fibroblast) cells of the
new compound, 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) assay was
adopted [29]. The cell treatment and infection steps
in this assay were similar to those in the MIC assay.
After inoculating the inoculated L929 cells in 96 well
for 1 d, CFBSA was added to the second well in each
row. Doubling dilution was used to dilute CFBSA in
96 well, keeping concentrations of CFBSA ranging
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from 390.625–25 000 µgml−1, and the mixtures were
incubated at 37 ◦C with no shaking for 24 h. After
that, the old medium was discarded, cleaned with
PBS twice, and the serum-free DMEMmedium 90 µl
was added. 10 µl MTT solution (5 mg ml−1) was
added in the dark (MTT was easily decomposed by
light). Then, incubated in 37 ◦C for 4 h, and care-
fully absorbed the culture medium, 100 µl dimethyl
sulfoxide (DMSO) were added to each well. After
incubating at 37 ◦C with shaking at 100 rpm for
30 min, the murrey crystal was dissolved and the OD
values at 490 nmweremeasured by using amicroplate
reader (Multiskan MK3, Thermo, USA).

IC50 (the half maximal inhibitory concentration)
was usually used as a measure of drug toxicity. The
inhibitory rate of L929 cells was calculated as follows:

Inhibition rate (%)

=
OD valuecontrol −OD valueexperiment

OD valuecontrol
× 100%.

Then IC50 value was calculated by IBM SPSS
Statistics. Student’s t-test was performed for statistical
analysis.

3.4. Microorganismmorphology assay
E.coli, S.aureus andC.albicansATCC10231were selec-
ted as representative strains in this and subsequent
experiments. Untreated bacterial/fungal samples and
treated samples with half MIC concentration were
obtained in a similar way to those in the live/dead bac-
terial assay. After 4–6 h of fixation with 2.5% glut-
araldehyde, the microbes were washed three times
with PBS and dehydrated with a graded ethanol series
(20%–100%) for 10 min each time, then dried natur-
ally. The samples were coated with gold and imaged
with SEM at an operating voltage of 5 kV. Then, the
length of bacterial/fungal before and after treatment
was measured using Image J software (n= 20).

3.5. Measuring of oxidative stress
The levels of malondialdehyde (MDA) and super-
oxide dismutase (SOD) commonly showed the level
of cell oxidative stress [30, 31]. The gram-positive,
gram-negative and fungal organismsMDA levels after
CFBSA treated for 3 h were determined after centrifu-
gation and in accordance with the method described
by Jain [32]. TheMDA content wasmeasured accord-
ing to the trichloroacetic acid method and calcu-
lated using the Hodges′ equations [33]. Differently,
lywallzyme was used for decomposing C.albicans cell
wall in the two experiments. The activity of SOD was
determined using a SOD assay kit (A001-1, Nanjing
JianCheng Bioengineering Institute, China) accord-
ing to the provided instructions and procedures.

3.6. Fabrication of the CFBSA loaded PLCL/SF
nanofiber membrane
Firstly, P(LLA-CL) and silk fibroin respectively dis-
solved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
at the concentration of the 10% (w/v) and 2.5% (w/v).
Then, the solution was sealed and stirred at room
temperature for 6 h until it is transparent. Later,
add 1%, 2.5%, 5%, 10% (v/v) CFBSA (light yellow
liquid) into the electron-spinning solution individu-
ally. Finally stirred and ultrasounded until all the sys-
tem was thoroughly incorporated.

In brief, electrospinning solution above was
placed in 10 mL plastic syringes loaded in syringe
pumps (789 100 C, Cole-Parmer Instruments, USA)
and operated at the rate of 0.9 ml h−1. The elec-
trospinning solution in a syringe equipped with a
21 G steel needle was electrospun, using a voltage of
12 kV high-voltage power supply (BGG6-358, BMEI
Co. Ltd, China). Aluminum foil (10 × 10 cm2) was
used as a collector, and the distance between needle
and collector was 10–13 cm. The process of elec-
trospinning was under room temperature, and the
ambient humidity is not more than 50%. The solvent
which remained in nanofibrous mat was removed by
vacuum drying overnight. Then the nanofibrous mat
was cross-linked with glutaraldehyde vapor for 1 h
and placed in fuming cupboard overnight to remove
the residual aldehydet. The treated nanofibrous mat
was stored in the refrigerator at 4 ◦C, keeping away
from moisture.

3.7. Surface characterizations of CFBSA loaded
PLCL/SF nanofiber
The surface morphology of the CFBSA loaded
PLCL/SF nanofibrous mat was observed using scan-
ning electronic microscopy (SEM). Mean fiber dia-
meter and the distribution of fiber diameter was
determined by counting 100 fibers from obtained
images using Image-J software. To prove the hydro-
philic and hydrophobic properties of the material,
the water contact angles of nanofibrous mats were
measured three times for each sample using contact
angle tester (OCA40, Dataphysics, Germany).

3.8. Fourier transform infrared spectroscopy
In order to determine whether the compound CFBSA
was successfully loaded into the nanofibers, the drug-
loaded nanofiber membrane constituents and chem-
ical structure were analyzed by Fourier transform
infrared spectroscopy (FTIR). The FTIR spectra of
pure CFBSA, SP-1, SP-2.5, SP-5, SP-10, and Pure SP
were tested using the potassium bromide compres-
sion method. Six sets of samples were tested using
attenuated total reflection (ATR) Fourier transform
infrared spectroscopy (Nicolet 6700, USA). The resol-
ution of the instrument was 16 cm−1, the number of
scans was 128, and the scanning range was 400 cm−1–
4000 cm−1.

4



Biomed. Mater. 19 (2024) 055010 S Sun et al

3.9. Antimicrobial assessment of CFBSA loaded
nanofibrous mat
To evaluate antimicrobial effect of different drug-
loading rate nanofibrous mat, the diameter of inhib-
ition zone against pathogenic strains was measured.
Three typical strains E. coli, S. aureus and C.albicans
ATCC10231 were chosen. Samples were made into
circles with diameter at 13 mm and uniform thick-
ness, using a hole puncher. Next, these samples were
sterilized by ethylene oxide. The strains were isolated
and cultured to mid-log phase, respectively. Then,
fresh bacterial/fungal suspension was transferred to
sterile saline and were diluted to 105 CFU ml−1. The
200 µl diluent was coating on LB/YPD agar plate.
Next, drug loaded groups were posted on the plain
agar plate and the pure PLCL/SF mat was set as neg-
ative control. All the Petri dishes were incubated at
37 ◦C/28 ◦C for 24 h. At last, agar plates were taken
out and photographed and measured the diameter of
the inhibition zone. And the inhibition rate was cal-
culated as follows:

Inhibition rate (%)

=
Inhibition diameter−Mat diameter

Mat diameter
× 100%.

3.10. L929 cells proliferation on CFBSA loaded
nanofibrous mat
In order to analyze the cytocompatibility of CFBSA
loaded nanofibrous mat and choose the better drug-
loading rate, L929 cells were cultured on them. L929
cells were cultured in DMEM with 10 wt% fetal
bovine serum and 1 wt% antibiotic–antimycotic (100
units ml−1 penicillin and 100 units ml−1 streptomy-
cin). The temperature and CO2 concentration of the
cell incubator was set to 37 ◦C and 5%. The DMEM
medium was refreshed every two days. Samples were
treated into circles and sterilized as before. L929 cells
were seeded on the nanofibrous mat in 24-well plates
at a density of 1 × 104 cells per well. A cell count-
ing Kit-8 (CCK-8) assay was conducted after cultur-
ing for 1d, 3d and 5d. In brief, the cells on the scaf-
folds were incubated with 360 ml RPMI-1640 and
40 ml CCK-8 for 2 h in an incubator. After that,
100 ml of the solution was transferred into a 96-well
plate and the absorbance was measured by a micro-
plate reader (Multiskan MK3, Thermo, USA) under
450 nm absorption wavelength.

3.11. Statistics
All experiments were performed in triplicate, and
data are presented as the means ± SD. One-way
ANOVA with Bonferroni test was performed to
determine the statistical significance between controls
and indicated groups.

4. Results and discussion

4.1. The antibacterial activity of CFBSA
As shown in figure 1, after agar plate culture for
24 h, the inhibition rates of E. coli, Stenotrophomonas
maltophilia (S.m), S. aureus (S.a), Pseudomonas
aeruginosa (P.a) and Bacillus subtilis (B.s) were
513.0 ± 15.3%, 358.1 ± 26.6%, 173.6 ± 9.6%,
298.6± 13.1% and 471.2± 47.1%. The results indic-
ated that CFBSA has a broad-spectrum antimicro-
bial activity. Moreover, there was no obvious decrease
between these inhibition rate of E.coil, S.m, S.a and
B.s after 24 h and 48 h. This demonstrated that the
broad-spectrum bactericidal activity of CFBSA was
persistent. In addition, Statistical results showed that
for E.coil, S.a, P.a, and B.s, the inhibition rates of NFH
and SD at the same concentrations were significantly
lower than those of CFBSA (P < 0.05). This sug-
gests that by comparing the antibacterial activity of
other compounds, CFBSA has a more sensitive anti-
microbial effect against E.coli, S.a, P.a and B.s strains.
Moreover, it is worth noting that CFBSA exhibited a
strong antibacterial effect against P.a, but this strain
was not susceptible to SD.

MIC is referred to the lowest concentration which
limits most microbial growth, while the MBC is
defined as the lowest concentration that can com-
pletely kill the bacteria. The value of MIC and MBC
are obbligato evaluating indicator of antimicrobial
activity of CFBSA. The MIC values of CFBSA against
five bacteria are listed on table 1. The MIC of CFBSA
was 3125 µg ml−1 for E.coli, 195.3 µg ml−1 for
S.m, 781.3 µg ml−1 for S.a, 781.3 µg ml−1 for P.a
and 6250 µg ml−1 for B.s. The MBC of CFBSA
was 3125 µg ml−1 for E.coli, 390.6 µg ml−1 for
S.m, 195.3 µg ml−1 for S.a, 781.3 µg ml−1 for P.a
and 6250 µg ml−1 for B.s. The MIC of NFH was
3125 µg ml−1 for E.coli and B.s, 195.3 µg ml−1 for
S.m, 781.3 µg ml−1 for S.a, and 1562.6 µg ml−1

for P.a. The MBC of NFH was 3125 µg ml−1 for
E.coli, 390.6 µg ml−1 for S.m, 1562.5 µg ml−1 for S.a,
1562.5 µg ml−1 for P.a and 3125 µg ml−1 for B.s. The
MIC of positive control drug SD was 800 µg ml−1

for E.coli and P.a, 400 µg ml−1 for S.m, 200 µg ml−1

for S.a and 50 µg ml−1 for B.s. Whereas, SD did not
exhibit any bactericidal activity, and there were still
innumerable bacterial colonies on agar plate in test of
MBC.

Above all, we can make a conclude that CFBSA
owes an equal antibacterial efficiency with SD against
some strains and predominate activities on some
drug-resistance strains (P.a and S.a). Although some
MIC values of SD were smaller than CFBSA, SD are
unable to kill bacteria and CFBSA has an excellent
and wide-broad bactericidal property. Comparing
with NFH, CFBSA has a better antibacterial and
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Figure 1. The images of K-B paper disk diffusion of three tested compound against five strains of (a) E.coli, (b) S.m, (c) S.a, (d) P.a
and (e) B.s (Concentrations of CFBSA, NFH and SD on filter paper of 0, 31.25, 62.5, 125, 250 mg ml−1 according to clockwise
direction in dish, the filter paper sheet with concentration 0 in the upper right corner), (f) statistical results of the inhibition rate
of each group after treatment at a concentration of 250 mg ml−1.

Table 1. The antimicrobial and bactericidal activity of three tested compound against gram-negative, gram-positive bacteria.

MIC/MBC (µg ml−1)

Strains CFBSA NFH SD

Gram-negative
E.coli 3125/3125 3125/3125 800/U
S.m 195.3/390.6 195.3/390.6 400/U

Gram-positive
S.a 195.3/195.3 781.25/1562.5 200/U
P.a 781.3/781.3 1562.5/1562.5 800/U
B.s 6250/6250 3125/3125 50/U

MIC: minimum inhibitory concentration, MBC: minimum bactericidal concentration, SD: sulfadiazine,

U: unable to kill bacteria.

bactericidal activity, suggesting the -Cl of CFBSA con-
tributing to its antimicrobial activity. In short, CFBSA
proved as an effective and wide-broad antimicrobial
drug with bactericidal activity.

4.2. The antifungal activity of CFBSA
As it is shown in figure 2, after agar plate cul-
turing for 24 h, the inhibition rate of the drug
concentration of 250 mg ml−1 CFBSA against
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Figure 2. The images of K-B paper disk diffusion of CFBSA against three strains fungi of Canidia albicans (a) ATCC10231, (b)
CMCC(F)98 001 and (c) CMCC(F)Cla (Concentrations of CFBSA, NFH on filter paper of 0, 31.25, 62.5, 125, 250 mg ml−1, and
FCZ of filter paper of 0, 0.25, 0.5, 1, 2 mg ml−1 according to clockwise direction in dish, the filter paper sheet with concentration
0 in the upper right corner), (d) statistical results of the inhibition rate of each group after treatment at the highest concentration
of 250 and 2 mg ml−1.

Canidia albicans ATCC10231, CMCC(F)98 001 and
CMCC(F)Cla were 269.2 ± 23.2%, 247.5 ± 20.8 and
290.3 ± 15.6%. After culturing for 48 h, although
its inhibition rate was reduced compared to 24 h
(249.5 ± 17.1%, 185.0 ± 10.4% and 106.7 ± 12.7%,
respectively), the antifungal effect could still bemain-
tained. This demonstrated that CFBSA might owe
broad-spectrum bactericidal activity. From figure 2,
it can be observed that the inhibition circle dia-
meters of NFH (250 mg ml−1) for Canidia albic-
ans CMCC(F)98 001 and CMCC(F)Cla, the inhib-
ition rate of NFH of 24 h were 134.2 ± 1.9% and
148.8 ± 2.2%. After 48 h the inhibition rate of NFH
were 89.6 ± 6.1% and 109.4 ± 5.1%. However,
NFH had no evident inhibition area against Canidia
albicans ATCC1023. By comparing the antibacterial
activity of two compounds, CFBSA was found to
have better antibacterial activity and broader anti-
bacterial spectrum (particularity E.coli and P. aeru-
ginosa) than SD. Besides, CFBSA also owed excellent
sterilization effect, which makes it a wider applica-
tion. Antifungal activity of fluconazole against three
bacterial strains was shown in figure 2, 24 h after drug
concentration of 250 mg ml−1 of inhibition rate of
fluconazole against Canidia albicans ATCC10231 was

40.4± 4.5%, but after 48 h it is not obvious. It shows
that Canidia albicans ATCC10231 was susceptible to
fluconazole, Canidia albicans CMCC(F)98 001 and
CMCC(F)Cla were not susceptible to fluconazole.

The value of MIC and MBC are obbligato
evaluating indicator of antimicrobial activity of
CFBSA. The MIC values of CFBSA against five
bacteria and three fungi are listed on table 2. The
MIC of CFBSA for Canidia albicans ATCC10231
and CMCC(F)98 001 was 781.3 µg ml−1, and
3125 µg ml−1 for Canidia albicans CMCC(F)Cla.
And the MBC of CFBSA for ATCC10231 and
CMCC(F)98 001 was 1562.6 µgml−1 and forCanidia
albicans CMCC(F)Cla was 3125 µg ml−1. And the
MBC of NFH for Canidia albicans ATCC10231 was
12 500 µg ml−1 CMCC(F)98 001 was 6250 µg ml−1

and for Canidia albicans CMCC(F)Cla was
25 000 µg ml−1. The MIC of NFH for Canidia
albicans ATCC10231 and CMCC(F)98 001 was
6.25 µg ml−1, and 3125 µg ml−1 for Canidia
albicans CMCC(F)Cla. As positive control, the
MIC of fluconazole (FCZ) for Canidia albicans
ATCC10231 and CMCC(F)98 001 was 6.25 µg ml−1

and 0.05 µg ml−1 for Canidia albicans CMCC(F)Cla.
Whereas, fluconazole did not exhibit any fungicidal
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Table 2. The antimicrobial and bactericidal activity of three tested compound against fungi.

MIC/MBC (µg mL−1)

Strains CFBSA NFH FCZ

Fungi
ATCC10231 781.3/1562.6 6250/12 500 0.625/U
CMCC(F)98 001 781.3/1562.6 6250/6250 0.625/U
CMCC(F)Cla 3125/3125 3125/25 000 0.05/U

MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; FCZ, fluconazole;

U, unable to kill bacteria.

Figure 3. The cell viability of different concentration of CFBSA and NFH in L929 cells. Tissue culture plate was set as control
(n= 3).

activity, and there were still innumerable fungal
colonies on agar plate in test of MBC.

Although some MIC values of control drugs
were smaller than CFBSA, fluconazole are unable to
kill fungi, while CFBSA has an excellent and bet-
ter wide-broad fungicidal property. Comparing with
NFH, CFBSA has a better antifungal and fungicidal
activity, suggesting the -Cl of CFBSA contributing
to its antimicrobial activity. As a result, cooperat-
ing with results of antibacterial test, CFBSA proved
as an effective and wide-broad antimicrobial drug
with bactericidal/fungicidal activity, and it is not
easy for it to induce the production of drug-resistant
bacteria.

4.3. The cytotoxicity
Cytotoxicity is one of the most important evalu-
ation criterions about active drug candidates. Figure 3
showed the cytotoxicity in vitro of compound CFBSA
against L929 cells. The MTT results demonstrated
CFBSA and NFH had rather low cytotoxicity to L929
cells, and IC50 value was 514.3 ± 33.6 µg ml−1 and
398.4 ± 24.0 µg ml−1 respectively, indicating the
satisfactory cytotoxicity of CFBSA [34]. In conclu-
sion, CFBSA proved to have good antimicrobial activ-
ity and low cytotoxicity, manifesting the designed
structure of CFBSA contributed to favorable prop-
erties. These results may indicate Introduction of
fluorine atom seems improve antimicrobial activity

and decrease cytotoxicity. CFBSA was expected to
be a novel antimicrobial agent and have further
application.

4.4. The microorganismmorphology
Typical SEM images of the bacterial/fungal untreated
and treated with the half MIC concentration of
CFBSA are shown in figure 4. The untreated cells of
kept normal physiological morphology and unaltered
structure. However, the diameter of all microor-
ganisms was significantly reduced after treatment
(P < 0.5). Obviously, the E.coli treated with was
1562.5 µg ml−1 CFBSA for 24 h has changed on sur-
face morphology and length (figure 4(a′)). It sugges-
ted that cell membrane of E.coli might be disrupted.
As for S.aureus, some membrane-sunken cells were
noticed from the image of the hanging-drop high
concentration treated with 97.65 µg ml−1 CFBSA
(figure 4(b′)). It indicated that CFBSA influenced
cell membrane of S.aureus. Similarly, the sunken
cell membrane arisen on C.albicans ATCC1231
(figure 4(c′)) after treating with 390.625 µg ml−1

CFBSA. It also meant that the compound had an
effect on cell membrane of C.albicans. Above all,
CFBSA probably had a target on cell membrane
and killed microorganism by disrupting its cell
membrane. However, the hypothesis needs to be con-
firmed in the expression level or other levels.
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Figure 4. The SEM images of three stains in method of hanging-drop. (a, a′) E.coli untreated and treated with 1562.5 µg ml−1

CFBSA; (b, b′) S.aureus untreated and treated with 97.65 µg ml−1 CFBSA; (c, c′) C.albicans ATCC1231 untreated and treated
with 390.625 µg ml−1 CFBSA (The red circles and bars marked deformed or membrane-sunken bacteria, and the length of the
bacteria was measured and labeled in the figure).

4.5. Influence on the oxidative stress
Hence CFBSA is a compound with strong oxid-
izing properties, influences on the oxidative stress
of microorganism caused by CFBSA were determ-
ined. MDA is one of the most important products
of membrane lipid peroxidation [31]. SOD is an
important antioxidant enzyme which is the first pos-
ition of defense against oxidation [32]. The expos-
ure to CFBSA damaged the antioxidative system
and added the oxidative stress on the bacteria, as
revealed by the dose-dependent rising of intracellu-
lar MDA, and SOD contents (figure 5). Interestingly,
with concentration of CFBSA increasing, the MDA

content of treated C.albicans ATCC1231 showed a
decreased tendency. As reported, the main com-
position of fungi cell membrane is ergosterol [35],
so the MDA content of treated C.albicans will not
increase. Besides, excess free radicals from CFBSA
might oxidize MDA, resulting in MDA content
decreasing finally. These findings in according with
results of microorganism morphology may reveal
the antimicrobial mechanism of CFBSA. It may
take oxidative effect on membrane, interrupt the
membrane, and kill the bacteria finally. The mech-
anism needs further confirming in the expression
level.
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Figure 5. Intracellular SOD (U per 109 cells), and MDA (nMol per 109 cells) contents of E.coli (a), (d), S.a (b), (d) and C. albicans
ATCC10231(c), (e) cells induced by CFBSA. PS: ∗, ∗∗ and ∗∗∗ differ significantly (p< 0.05, p< 0.01 and p< 0.001) (Error bars
represent standard deviations (n= 3)).

4.6. Surface characterizations of CFBSA loaded
PLCL/SF nanofiber
CFBSA loaded PLCL/SF nanofibrous mat was
obtained without any bead formation via blend elec-
trospinning. CFBSA proved to be easily dissolved in
aprotic solvent (such as HFIP or dichloromethane)
and preserve stable [6]. That was the reason why the
HFIP was chosen as the only solvent in the blend
PLCL/SF electrospinning process. Later, PLCL/SF
nanofibrous mats which were loaded with 1%, 2.5%,
5% and 10%(v/v) CFBSA were obtained, and were
named SP-1, SP-2.5, SP-5 and SP-10 respectively.
Besides, pure PLCL/SF nanofibrous mat was set as
positive control in the subsequent experiment and
named PSP.

SEM images of PSP, SP-1, SP-2.5, SP-5 and SP-10
were shown in figure 6. It can be directly observed that
the surfaces of these blend fibers were smooth, con-
tinuous, and bead-less, with no drug crystals form-
ing. As is shown in figures 6(a)–(e), the mean dia-
meter of CFBSA loaded PLCL/SF nanofiber was smal-
ler than the nanofiber with no drug loading. This
indicated that when CFBSA was capsuled in PLCL/SF
nanofiber. What is more, with the increase of drug
loading concentration, the fiber diameter decreases
from 812 ± 245 nm to 526 ± 120 nm (figures 6(b)–
(c)). This may be because the increase of the ratio
of CFBSA which is a polar molecule in the spin-
ning solution raises the charges on the fibers, which
increases the electrostatic repulsion force on the fibers
during spinning and consequently decreases the dia-
meter of the fibers [8].

The wetting environment can promote the heal-
ing of wounds, and that is the reason why lots of
hydrophilic materials were used in the dressings on

the market. As is shown in figures 6(a)–(e), the
water contact angle measurement data reflected sur-
face hydrophilicity of these five different nanofibrous
mats. There was a clear difference between PSP
and SP-1 by contrasting the contact angle values in
figure 5(f). It suggested that when the ratio of CFBSA
was low, the CFBSA can reduce hydrophobicity of
PLCL/SF. Additionally, the value of SP-2.5 and SP-
5 had significant difference with PSP, indicating that
CFBSA probably changed the intrinsic hydrophobi-
city of PLCL/SF (figure 6(f)). What is interesting, the
contact angle of SP-10was 127± 5◦, whichwasminor
than PSP (134± 4◦) but bigger than SP-5(59± 8◦). It
manifested that when the ratio of CFBSA in the spin-
ning solution was enough high, the CFBSA loaded
nanofibrous mat exhibited hydrophobic.

It may be that fluorinated compounds (CFBSA)
owes low surface energy, which reduces the surface
free energy of PLCL/SF nanofibrous mat and makes
the material hydrophobic again. Above all, the ratio
of CFBSA can directly affect the contact angle of the
nanofibrousmat and determine its hydrophobicity or
hydrophilicity.

4.7. FTIR spectrum analysis
Infrared spectroscopy is an effective tool for invest-
igating molecular interactions and protein conform-
ation transitions and differing functional groups of
compounds. Conformation of silk fibroin the trans-
ition can be reflected by the position and intens-
ity of the phthalocyanine peaks, and the conforma-
tion of silk fibroin should be random coils, indicating
its β-folded conformation. According to the literat-
ure, the characteristic absorption peaks of SF are in
1650–1660 cm−1 (phthalamine I), 1535–1545 cm−1
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Figure 6. SEM images, nanofiber diameter distribution histograms and water contact angles of different nanofibrous mats, (a)
pure PLCL/SF nanofibrous mat (PSP); (b)–(e) PLCL/SF nanofibrous mat loaded with 1%(v/v)CFBSA(SP-1)), 2.5%(v/v)
CFBSA(SP-2.5), 5%(v/v) CFBSA(SP-5), and 10%(v/v) CFBSA(SP-10); (f) values of contact angle of PSP, SP-1, SP-2.5, SP-5 and
SP-10 (n= 3, mean=± SD, ∗p< 0.05).

Figure 7. The FTIR spectra of compound CFBSA, and five different PLCL/SF nanofibrous mats (SP-1, SP-2.5, SP-5, SP-10 and
pure SP).

(phthalamine II), 1235–1240 cm−1 and 669 cm−1

(acid amine V), suggesting the conformation of silk
fibroin is mainly random coil. And the characteristic
absorption peak of silk fibroin is 1625–1640 cm−1,
1515–1525 cm−1, 1265 cm−1 and 696 cm−1showed
that the conformation of silk fibroin was mainly. It
can be observed in figure 7 that there are four char-
acteristic absorption peaks between 550 cm−1 and
750 cm−1 in spectra compound CFBSA and other
CFBSA-loaded PLCL/SF mats, while these peaks do
not appear on spectra of pure PLCL/SFmat (Pure SP).

Besides, with the increasing ratio of CFBSA (from
SP-1 to SP-10), these four characteristic absorption
peaks become more sharper, which shows the com-
pound CFBSA was loaded on PLCL/SF successfully
and effectively.

4.8. Antimicrobial assessment of CFBSA loaded
nanofibrous mat
The antimicrobial effect of the CFBSA-loaded
PLCL/SF nanofibrousmats was assessed by seeding E.
coli (gram-negative), S. aureus (gram-positive) or C.
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Figure 8. The images of CFBSA-loaded PLCL/SF nanofibrous mats against E. coli, S. aureus and C. albicans ATCC10231 in vitro.
And pure PLCL/SF was set as the negative control.

albicans (fungi) on these membranes. Photographs
of the bacterial and fungal colonies after culturing
for 24 h and 48 h at 37 ◦C are shown in figure 8.
As same as previously reported, pure PLCL/SF was
found to have no inhibition zone in results of antimi-
crobial test [12]. On the contrary, this silk fibroin (SF)
based material contributed to bacterium attachment
and growth, which was attributed to some charac-
teristic of silk fibroin as mentioned above. However,
with the increasing ratio of CFBSA, a sharp anti-
microbial activity of CFBSA-loaded PLCL/SF mem-
branes could be observed in figure 8. As is shown in
figure 9(a), inhibition rate of SP-2.5 against E.coli
was 56.6 ± 0.9%, and its inhibition rate against
S.aureus and C. albicans were 85.8 ± 5.0% and
138.7 ± 1.7% (figures 9(a) and (b)). Inhibition rates
of SP-5 against E.coli, S.aureus and C.albicans were

168.0± 4.0%, 207.0± 7.3% and 156± 3.0% respect-
ively (figures 9(a)–(c)), which showed excellent anti-
microbial activity of SP-2.5. As for SP-10, its inhibi-
tion rate against E.coli, S.aureus and C. albicans could
reach 216.1 ± 5.2%, 239.0 ± 4.9% and 159 ± 5.7%
separately, indicating SP-10 antimicrobial activity.
Additionally, there were no evident differences the
results between 24 h and 48 h (P > 0.05), suggest-
ing the wide-broad bactericidal of CFBSA-loaded
mats. However, SP-1 seemed to have inhibition area
against S. aureus, simply, while its inhibition rate
of 24 h was 19.3 ± 5.6%. This may indicate that
the ratio of CFBSA loaded on mats and antimicro-
bial activity were dose effect dependency relation-
ship, and the effective dose of CFBSA in PLCL/SF
fibrousmat againstmost pathogenic bacteriawas over
2.5%(v/v).
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Figure 9. Calculated antibacterial activity of electrospun CFBSA-loaded PLCL/SF nanofibrous mats against (a) E. coli, (b) S.
aureus and (c) C. albicans ATCC10231.

Figure 10. The CCK-8 results of L929 Cells proliferation on CFBSA loaded nanofibrous mats and pure PLCL/SF nanofibrous
mats (n= 3, mean=±SD, ∗p< 0.05).

In conclusion, CFBSA-loaded PLCL/SF fibrous
mat showed predominant antimicrobial and bac-
tericidal activity of against gram-positive, gram-
negative bacteria and fungi. It should be attributed
to the CFBSA drug released from the nanofiber mat.
Especially SP-2.5, SP-5 and SP-10 exhibited evid-
ent inhibition areas against three different types of
strains, indicating CFBSA improved antimicrobial
activity of PLCL/SF fibrous mat and its potential
application for antibiotic wound dressing.

Antimicrobial activity related to membrane per-
meability has been extensively studied in the literature
[35–37]. As a gram-positive bacterium, the cell mem-
brane of S. aureus is not thick enough to defend oxid-
ation from CFBSA, and that may be the reason why
CFBSA and CFBSA-loaded PLCL/SF have better anti-
bacterial activity for S. aureus than against E. coli
(gram-negative bacteria) in this test. The different
antimicrobial efficiencies among three strains could
also prove some hypothesis about antibacterial mech-
anisms of CFBSA in previous study.

4.9. L929 cells proliferation on CFBSA loaded
nanofibrous mat
Biocompatibility is a vital factor in biomedical applic-
ations, so it is essential to examine the biocompat-
ibility of the CFBSA loaded nanofibrous materials.
Cell proliferation in vitro was measured by using
a CCK-8 assay of L929 cells on different CFBSA-
loaded electrospun PLCL/SF fibrous mats, and the
pure nanofibrousmatwas evaluated togetherwith tis-
sue culture plate (TCP) as control. As is showed in
figure 10, the L929 cells of each group proliferated
sequentially from 1 d to 5 d after culturing in 24 well
plate. It declared that CFBSA-loaded PLCL/SF fibrous
mats had good biocompatibility, which was consisted
with the results of cytotoxicity in vitro of compound
CFBSA. Notably, the L929 cells proliferation behavior
on pure PLCL/SF group did not differ from that on
the TCP group (P < 0.05), this phenomenon proved
the results in report above in the introduction [15].
However, after loaded with different concentration of
CFBSA, there was significant differences among the
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SP-5, SP-10 and TCP at days 1 and 5 (P < 0.05). At
day 3, although SP-5, SP-10 were not significantly dif-
ferent from the TCP group, they were significantly
different from the other three groups (P < 0.05). It
was suggested that when the ratio of CFBSA in the
electrospinning solution was over 5%, the developed
nanofibrous mat showed a negative effect on prolif-
eration of L929 cells. Thus, when the ratio of CFBSA
in the spinning solution was no more than 2.5%, the
fabricated CFBSA-loaded PLCL/SF nanofibrous mats
had no cytotoxicity or negative influences on the pro-
liferation of L929 cells and was always biocompatible.
In addition, the results antimicrobial assessment in
vitro also demonstrated that SP-2.5 possessed antimi-
crobial performance and prevented bacterial biofilm
formation effectively. Therefore, the ratio of CFBSA
in SP-2.5 may be regarded as a worthwhile reference
to the further application of CFBSA-loaded PLCL/SF.

5. Conclusion

In summary, compound CFBSA was firstly proved as
a wide-broad antimicrobial and bactericidal drug
against different gram-negative bacteria, gram-
positive bacteria, and fungi, while it was iden-
tified to have low cytotoxicity and its IC50 was
514.3 ± 33.6 µg ml−1. It seems that introduction
of fluorine atom has improved antimicrobial activity
and decrease cytotoxicity, suggesting the reasonable
design of CFBSA. Identifying by morphology obser-
vation and measurement of the oxidative stress on
cells, CFBSA proved to have effect on membrane of
bacteria and fungi. This could be the reasonwhy it has
broad-spectrum antimicrobial activity. Due to strong
bactericidal effect of CFBSA, it is not easy to induce
the production of drug-resistant bacteria. CFBSA
may be regarded as a wide-broad bactericidal drug,
and it is expected to be applied in wound dressing.

Different concentrations of CFBSA were loading
on PLCL/SF nanofibrous mats via electrospinning
successfully, which performed potential application
in wound dressing. The CFBSA-loaded PLCL/SF nan-
ofibrous mats exhibited variant diameter distribu-
tion histograms and water contact angles depended
on the ratio of CFBSA. Notably, all the CFBSA-
loaded PLCL/SF fibrous mats exerted favorable anti-
microbial activity and SP-2.5, SP-5, SP-10 owed sig-
nificant antibacterial effects against S. aureus, E.
coli and C. albicans. And the biocompatibility of
CFBSA-loaded PLCL/SF mats was confirmed that
when the ratio of CFBSA in the spinning solution
was no more than 2.5% (v/v), the fabricated CFBSA-
loaded PLCL/SF nanofibrous mat had no cytotox-
icity for L929 cells. Concerned about biocompatib-
ility and antibacterial efficiency, SP-2.5 was chosen
as the ideal CFBSA-loaded concentration for the fur-
ther application of CFBSA-loaded PLCL/SF. In addi-
tion, the results antimicrobial assessment in vitro also
demonstrated that SP-2.5 possessed antimicrobial

performance and prevented bacterial biofilm form-
ation effectively. Therefore, the ratio of CFBSA in
SP-2.5 may be regarded as a worthwhile reference to
the further application of CFBSA-loaded PLCL/SF.
In short, due to its low toxicity and excellent broad-
spectrum antimicrobial properties, CFBSA will cer-
tainly have a great future in antibacterial industry.
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