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ABSTRACT: Supramolecular assembly loading drug as biomedical T
materials is a research hotspot. Herein, we reported a supramolecular g
il

electrospun assembly constructed via the hydrophobic and hydrogefi®'s paong-erm

bonding interaction. The obtained results showed that the assembly | — [ . S
by supramolecular electrospinning not only increased the interac e E. coli Dead E.coli |
of multiple antibacterial active species including antibiotics, cati B Dead S, aureus
polymers, and silver to form axible membrane with good - ' g
mechanical strength but also indicated the deatseof rapid'._ %o * o O _[BESHE A& AF < SAUC

doxycycline and polyethyleneimine release as well as a sustained Ag

release. Interestingly, the assembly showed not only good degradability but also a high bac&cysiatar&scherichia coli

(E. co)iup to 99.9%. More importantly, the in vivo wound healing assay indicated that the assembly could promote the healing
uninfectedE. colinfected, and even methicillin-resisttaphylococcus auifiested wounds. The current research provides a
novel approach to construct a supramolecular assembly by electrospinning mechanically induced strong noncovalent interac

INTRODUCTION their cell membranes and leading to the death of ba#teria.
Due to the widespread use of antibiotics, the number ¢f€Ti€S of quaternizedchitin derivatives were recently
antibiotic-resistant pathogens has increasedcaigly, reported with excellent anigmobial activities against

posing a great threat to human héafthit will take a long ~ Escherichia cdiitaphylococcus aur@amdida albicanand
time and high cost to develop new antibiotics for clini¢al useRhizopus oryzaehich can be used as dressings for clinical skin
Therefore, researchers in relatelds are trying to explore regeneratioff. PEI comprised of primary, secondary, and
new waés to solve the problems caused by antibioti@rtiary amino groups can be protonated in an acidic
resistance® Supramolecular chemistry, one of the mostenvironment and is positively charged. Moreover, PEI can
popular chemical suds, is a highly interdisciplinary researchform hydrogen bonds and coordination bonds with other
disciplinéand can be used in varioetls'® '°Because non-  substances containingNH,, OH, F, C O or a
covalent interaction has the characteristicexdfility and  coordinated central atom. We constructed a supramolecular
adjustment® a supramolecular system can incorporate @anoparticle by sulfatesyclodextrin (SCD) and PEI via
variety of functional active agents according tredt electrostatic interactions for loading and sustaining the release
requirements. Therefore, supramolecular antibacterial mateef ATP?® Li et al. reported soy protein isolate (SPI)/PEI-Cu
rials have great advantages and broad application prasd SPI/PEI-ZnIms and demonstrated that they have high
pects® ?° Antibiotics, cationic polymers, metals, etc., aracterial resistance agastolandStaphylococcus auggus
usually used as antibacterial matétiafs. aureys?

Jin et al. reported seveXatliazeniumdiolate-functionalized  Silver aects bacterial membranes, enzymes, and nucleic acid
-cyclodextrin (-CD) derivatives which had great bactericidalactivities through coordination, owning good bactericidal and
activity againspseudomonas aerugineareleasing nitric  antipacterial ects’®** We constructed a supramolecular
oxide and co-delivering a hydrop.hoblcﬁ‘rlvgachelart et al. _hydrogel from biocompatible building blocks chitosab,
demonstrated that the nanoparticles made from cross-linkgg Ag, exhibiting high wound healing ability and excellent

poly- -cyclodextrin (pCD) could be used asegtive drug  yniipacterial @ct’’ Shi et al. reported an Ag-self-pumpin
carriers and had inherent antibacterial propertisaez P g pumping

investigated the structure and thermodynamic parameters™oi
free Dox and the Dox/CD complex, and found that Dox/ ~ Received: August 4, 2021
CD had more eective antibacterial activity.These
researches indicated that the combination-©D and
antibiotics can increase their antibacterat.e
It is well known that some cationic polymers interact with
negatively charged bacterial cells, destroying the integrity of
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Scheme 1. Schematic Diagram of the PVA/Dox@D-PEI/PCL/Ag Nano brous Membrane Prepared by Electrospinning
Technology and Its Bactericidal and Bacteriostatic Properties as Wound Dressing; Red Fibers Represent PVEDox@
PEI, Green Fibers Represent PCL/Ag
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dressing doped with Ag nanopatrticles, accelerating the wound EXPERIMENTAL SECTION
healing procggé.Lv et al. reported the synthesis of silicon  \aterials. PVA175a: 50 was purchased from Heowns Biochem
nanowires (SiNWs) with in situ-grown silver nanoparticles and c. poxycycline hyclate was purchased from Heowns Biochem
demonstrated the highlyeetive and long-term antibacterial || C. -CD was purchased from Kmart (Tianjin) Chemical
activity of this novel nanostructiite. Technology Co., Ltd. PElI (Mw = 10 kDa) was purchased from
However, all kinds of active antibacterial agents have théieowns Biochem LLC. PCL (Mw = 80 kDa) was purchased from
advantages and disadvantZgBse combination of dérent Dalian Meilun Biotechnology Co., Ltd. Silver nitrate (Agiv@s
antibacterial agents is used to balance these characteristics N D?:qee(:hf;ﬁ(?r rﬁg;ri‘gga'(é:\?g‘;'”Wg'scgﬁp;;f:slgdecft:gﬂoggoﬁggrgtd-
play a synergisiic et of complementing each other. In Téchnology (Tianjin) Co., Ltd. Hexmroisopropanol (HFIP) was

addition, research on sustained antibacterial materials t%?chased from Heowns Biochem Technologies LLC. All chemicals

reduce the repeated use of antibiotics is of great it and solvents were used without further gation.

Moreover, porous narlwous membrane prepared by electro- preparation of -CD-PEI.6-O-(p-Toluenesulfonyl)-CD (6-
spinning has the advantages of adjustable porosity, goO@s- -CD) (3.867 gJ° was dissolved in DMF (40 mL); after
ductility, good air permeability, and light weight. As a woungomplete dissolution, a DMF (10 mL) solution of PEI (0.387 g) and
dressing, it not only has a physical shieldiect but also  triethylamine (0.364 g) was added. Then, the system was stirred at 70
inhibits bacterial infection, promotes cell proliferation, angC for 24 h under an argon atmosphere and then cooled to room

accelerates wound healing. Herein, we proposed a n%ﬁg}perature. The precipitate was washed with DMF for three times,

supramolecular electrospun assembly bifunctional antibacteri ﬂ?éa:ygaeg":gré dc?gﬁ’c)? rz%l_dlg)e 2 t%tgm of-zilésg g Dox was

membrane, which was composed of a persistent antibactegigled with 0.3637 ¢-CD-PEI and stirred for 3 h. The reaction
polycaprolactone/Ag (PCL/Ag) substrate membrane and gystem was dialyzed for 2 h, and then the dialysate was taken out for
hydrolysable fast bactericidal polyvinyl alcohol (PVA)/Dox@V vis spectroscopy. The U¥is absorption spectra were tested on
-CD-PEI membrane. The preparation process is shown & Shimadzu UV-3600 spectrophotometer equipped with a PTC-
Scheme .10ne of the advantages of this system is that th@48W! temperature controller. According to the standard curve of
supramolecular electrospun assembly antibacterial membggé' the weight of the loaded drug was calculated to be 284.1 mg.
t

. . . weight of the-CD-PEI nanocarrier was 363.7 mg. Therefore,
could release antibacterial active substance Dox and FDLE (DLE (Wt %) = (weight of loaded drugiweight of

rap@dly anq rel_ease Ag slowly fqr a Iong time,. which provid%(fnocarrier)( 100%) was calculated to be 78.11%.

rapid sterilization and long-lasting antibacteeat.ewhen Preparation of Electrospun Nano brous Membranes.A total

used as wound dressing, it can kill bacteria at the woumd 2.5 mL of 8 wiv % PVA solution containing 0.05 g DaXi@®
quickly, and release silver slowly to inhibit the growth dPEI was transferred to a 5 mL syringe with a 20 gauge (20 G) needle
bacteria, avoiding the pain caused by frequent dressitig and the spinningw rate was 0.13 mm/min. A total of 4.5 mL of
replacement and promoting wound healing. In additiontl w/v % PCL solution containing 0.0495 g AgN&s transferred

another advantage of this work is the synergistit & a to another 5 mL syringe with a 23 G needle tip, and the spiawing

variety of antibacterial active substances, so as to avoid Sﬂtg was 0.3 mm/min. Two kinds of spinning solution were

. . - o ectrospun at the same time; a high voltage of 30 kV was applied;
bacterial resistance caused by high antibiotics usage and h the distance between the collector coated with aluminum foil and

potential cytotoxic harm caused by high silver contenfne needie tip was 20 cm. The collector was rotated at 40 rpm. A dry
Therefore, it has great potential to be used in wound dressipgA/Dox@ -CD-PEI/PCL/Ag nancbrous membrane was collected
applications. directly from the aluminum foil-covered collector and stored at room
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temperature. According to the proportion of each substance addedwithout the electrospun naboous membranes and then visually

is calculated that the PVA/Dox@D-PEI/PCL/Ag nandbrous observed the turbidity of the culture medium. The lower the turbidity,
membrane contained 2.824% Dox and 4.051% Ag. For the PVHie fewer bacteria and the better the antibactesat ef the

Dox@ -CD-PEI/PCL nandorous membrane, 2.5 mL of 8 w/v % electrospun nanbrous membrane. Furthermore, an optical density
PVA solution containing 0.05 g Dox@D-PEl and 4.5 mLof 11w/  at 600 nm (Olgy,y Of E. colibacterial suspensions treated and

v % PCL solution were electrospun at the same time. For the PVAhtreated with electrospun namous membranes at 8 and 24 h was
PCL/Ag nanobrous membrane, 2.5 mL of 8 w/v % PVA solution detected. Then, the bacteriostatic rate was obtained according to the
and 4.5 mL of 11 w/v % PCL solution containing 0.0495 g AgNOoptical density.

were electrospun at the same time. For the PVA/PCLbmans To evaluate the permeability of cell membranes, we treated the

membrane, 2.5 mL of 8 w/v % PVA solution and 4.5 mL of 11 w/v %uspensions &f colwith electrospun nanorous membranes at 37

PCL solution were electrospun at the same time. °C for 4 h and stained them with propidium iodide (PI). The
Characterization of Electrospun Nano brous Membranes. uorescent dye Pl is a nuclear staining reagent that shows red

H NMR spectra were recorded on a Bruker Avance Il 400 MHz uorescence after intercalation with DNA. Pl cannot pass through
nuclear magnetic resonance spectrometer. The surface microstructiyfeg cell membranes, but it can pass through damaged cell
of the nanobrous membranes was acquired by using a scanniﬁ@emb(anes- ]

electron microscopy (SEM) (MERLIN Compact, Germany) with an In Vivo Wound Healing Assay.Male Spragudawley (SD) _
acceleration voltage of 5 kV. All membranes were vacuum-dried dAts weighing about 250 g were used to evaluate the wound healing
then coated with a thin layer of gold to increase their conductivitg ect of PVA/Dox@ CD-PEI/PCL/Ag. Rats were randomly divided
Transmission electron microscopy (TEM) experiments weréhto three groups: uninfected graigcherichia cDH5 (E. coj
performed using a Philips Tecnai G2 F20 microscope operatini§fected group, and MRSA-infected group. There were six rats in each
After the powder sample dissolved, the solution was dropped onto #&@up, three of which were using PVA/Dox@-PEI/PCL/Ag as

copper grid to prepare the sample, while the electrospurs dressing, and the other three were using gauze as dressing. After the
sample was deposited directly on the copper grid about 3 s for TERP rats were anesthetized, their backs were shaved, and then the areas
Observation’ so that thierous electrospun membrane is thin enoughwere d|3|n.fected- with 75% ethanol. Two full-thickness round. skin
to allow electron beams to penetrate. Dynamic light scattering (DL®jounds with a diameter of 1.5 cm were made on the dorsal side of
measurements were recorded on a laser light scattering spectrom@@&h rat, one for observation of wound recovery and the other for
(BI-200SM) equipped with a digital correlator (Turbo Corr.). A Pathological analysis. Subsequently, L5@f E. colior MRSA
Fourier transform infrared spectrometer (FTIR) (Bruker-TENSORSUspension (101C° CFU/mL) was used to cause infected wounds,

Il, Germany) was used to obtain the infrared spectra of sampl@gd for the wounds of the uninfected groupL5@F sterile normal
between 4000 and 400 d&mThe stressstrain curves of the Saline was used. Uninfected wounds refer to wounds withoiat arti
nano brous membranes were measured using a universal tensile teltt§ction, and the wounds are not necessarily completely sterile, which
(Instron-336, USA) with a load cell capacity of 10 N. The braus may be infected by bacteria in the natural environment. Two days
membranes were sectioned into rectangular stripsLafi, which later, the infected group was infected, and the wounds were covered
were thenxed on the grips of the tester and allowed to elongate at affith gauze or PVA/Dox@CD-PEI/PCL/Ag nancbrous antibacte-
extension speed of 100 mm/min until they snapped. The surfad@l membrane. Pictures of the wound location were taken to measure
chemical composition of the nammus membranes was studied via the size of the wound every43days. On the seventh day after
X-ray photoelectron spectroscopy (XPS) performed on an instrumeffpund infection, six wound tissues for pathological analysis were
(Kratos Analytical Ltd.-Axis Ultra DLD) equipping with a collected from each of the three groups: the uninfectedigroap,
monochromatized Al KX-ray source. Data were analyzed with infected group, and MRSA infected group; three were from the gauze-
CASAXPS software. Water contact angle was measured by usin reated rats, and the other three were from the PVA/DGO@

optical contact angle (CA) meter (DSA100, Germany). In detail, th EI/F_’CL/Ag nanobrous antibacterial membrane-_treated rats. All
nano brous membranes were cut into rectangular blockslofrif specimens werged in 4% paraformaldehyde solution f@rdays,

and dried in a vacuum oven overnight. A water dropléd) (8as and then the specimens were embedded inrp@eprepare tissue
dropped on the surface of the membranes, and then an opti&ﬁCt'O”S with a thickness of43 m. Tissue sections were stained
microscope was used to observe the state of water droplet and recHffil H&E and imaged under an optical microscope. The animal
the images. experiments were approved by the Animal Care and Use Committee

Dox and Ag Release of Electrospun Nanobrous Mem- at Nankai University. . . .
brane. A 40 mL phosphate ber saline (PBS) (pH = 7) was added Ethical Statement. The animal experiments were performed in

to the beaker, and a dialysis bag (MWCO = 68@ID) containing ~ compliance with the guidelines of the Animal Care and Use
20 mg PVA/Dox@CD-PEI/PCL/Ag nandorous membrane was Committee at Nankai University and the experiment guidelines of
put into the beaker which was maintained 8€3d 150 rpm. At the College of Life Science at Nankai University. The committee
0.5, 1,2, 4, 8,17, 24, and 48 h, 1 mL solution outside the dialysis RRProved all of the experiments.

was collected to detect the release of Dox and Ag byisUV

spectroscopy and ICP-OES, respectively. RESULTS AND DISCUSSION

Bacteriostatic E ect of Electrospun Nano brous Mem- — .
branes. E. coliat the logarithmic phase was suspended to the Characterization of Dox@-CD-PEI.This study pro-

concentration of 10CFU mL % Then, 200 L of the E. coli posed the fabrication of bifunctional antibacterial membrane
suspension was spread on Luria-Bertani (LB) solid medium, everfRVA/Dox@ -CD-PEI/PCL/Ag for wound dressing applica-
The PVA/PCL, PVA/PCL/Ag, PVA/Dox@CD-PEI/PCL, and  tions. First, -CD-PEIl was obtained by the synthetic route
PVA/Dox@ -CD-PEI/PCL/Ag electrospun namwous membranes  shown inFigure Sland the spea operation process was
cut into a circular disk shape.{= 10 mm) were gently placed on presented in the methods p&itjure Szhows théH NMR

the LB aga.r |na clockwise order and incubated &€.3The Spectra Of _CD_PE| |n [20 The Calculated degree Of the
antibacterial activity of the electrospun r@as membranes was ¢ pstitution of -CD on the PEI chain was 8% by integrating

evaluated by measuring the diameters of its Z§)) & 8, 20, and - . : B
30 h and calculating the corresponding normalized ZOI according Ege peaks of the characteristic chemical shilisr(espond

the obtained inhibition zone data (normalized ZOh=2d / ing to PEI and -CD. Dox is a broad-spectr_um antibiptic,
X 160%;3;2 oition 2 ( 2 b5 o) which has been reported to be encapsulated in the cavity of

In order to further verify the antibacterial activity of the electrospuﬁ:D-26 At the same t_ime, the hydroxyl group of Dox can form
nano brous membranes, the LB liquid medium turbidity assay wddydrogen bonds with the hydroxyl group-@D and the
carried out. We culturéd colin LB liquid media for 24 h with and amino group of PEI. Based on the reasons above, we used
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Figure 1.Characterization of theCD-PEI and Dox@CD-PEI. (a) SEM, (c) TEM, and (e) DLS efCD-PEI; (b) SEM, (d) TEM, and (f)
DLS of Dox@-CD-PEI.

CD-PEI to load Dox. According to the standard curve of Dothere was not only a combined Nitructure but also a NH
and the UV absorption curve of Dox@D-PEI dialysate structure in the compound. The stretching vibration peaks of
shown inFigure S3the drug loading eiency was calculated CH, were at 2931 and 2807 dmthe in-plane bending
to be 78.11%. vibration peaks of GHvere at 1454 cniy the NH bending

The shape and size e€D-PEI and Dox@CD-PEI were  vibration peaks of secondary amine were at 159@achthe
investigated by scanning electron microscopy (SEM), tranS- N stretching vibration peaks of primary amine and
mission electron microscopy (TEM), and dynamic lightsecondary amine were at 134®4 cm'>® For -CD-PEI,
scattering (DLS)-igure &,b presents the SEM images-of in addition to the characteristic peaks of PEI, the IR bands
CD-PEI and Dox@CD-PEl. It can be seen thaCD-PEI around 1567, 1152, 1028, and 937'cmere due to the
was a nanoparticle about 200 nm and DeERBPEI was a  glucopyranose ring stretching vibration band, the coupled
dendritic structure composed of nanoparticles about 300 nm(C C/C O) stretching vibration, antisymmetric glycosidic
TEM images irFigure t,d shows that-CD-PEI was an a(C O C) vibrations, and the R-1,4-bond skeleton vibration
irregular hollow vesicle about 200 nm, while D@&X@PEI of -CD3’ For Dox@-CD-PEI, in addition to the character-
was a spherical vesicle about 300 nm in size. The DLS ofistic peaks of PEI andCD, the peak at 1667 chwas
CD-PEI and Dox@CD-PEI given inFigure &,f further assigned to CO, the peak at 706 cfwas assigned to C
proved that the average particle size@D-PEI was about C, the peaks at 1614 ¢m1580 cmt, and 1455 cm were
200 nm, while the average particle size of D&EPEI was  assigned to the vibration of the benzene ring skeleton, and the
approximately 300 nm. peak at 575 crhwere assigned to the deformation vibration of

Figure S4hows the Fourier transform infrared spectrometrghe benzene ring skeleton. The above results prove that Dox
(FTIR) spectra of PEI, -CD-PEI, and Dox@CD-PElI. was loaded on-CD-PEI.
Compared with the normal primary amine peak, the broad Characterization of Electrospun Nano brous Mem-
peak at 3276 crhhad no obvious double peak shape andbranes. Figure SSpresents the SEM images of the four
moved to the direction of the low wavenumber, indicating thatano brous membranes prepared by electrospiriiinge
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Figure 2.Characterization of the naboous membranes. @ TEM, (e) FTIR spectra, and (f) stressrain curves of PVA/PCL, PVA/PCL/
Ag, PVA/Dox@-CD-PEI/PCL, and PVA/Dox@CD-PEI/PCL/Ag.

S5ashows the SEM image of PVA/PCL. It can be clearly seezf. The PVA/PCL membrane showed a Ysumgpdulus of
that there were two types dfers with dierent sizes. Fibers 16.29 MPa, a yield strength of 8.365 MPa, and an elongation at
with the larger diameter were P®Ers, while the others with break of 59.08%. The PVA/PCL/Ag membrane showed a
the smaller diameter were PVBers. The other three Younds modulus of 32.52 MPa, a yield strength of 11.73 MPa,
membranes shown iRigure S5bd also had similar and an elongation at break of 41.76%. The PVA/DGX@
morphologies. PEI/PCL membrane showed a Ydsingodulus of 28.17

In order to obtain more morphology information, TEM wasMPa, a yield strength of 8.302 MPa, and an elongation at break
used to corroborate and supplement the SEM, as shown afi 28.63%. The PVA/Dox@D-PEI/PCL/Ag membrane
Figure 2 d. Consistent with the SEM results, two kinds ofshowed a Youtsgmodulus of 33.64 MPa, a yield strength of
nano bers with dierent diameters also appeared in TEM13.87 MPa, and an elongation at break of 48.82%. These
images. Froriigure B,d, we can see that many small blackmembranes could undergo a sagmt deformation rather
nanoparticles were scattered in the PCL barmy which  than sudden fracture during stretching. Their mechanical
were Ag. Comparing PVA and PVA/Dox@D-PEI bers, it properties are similar with or even better than some other
can be seen that PVA was a uniform and smoothbeano electrospun membranes repottéd.Such mechanical per-
while when Dox@CD-PEl was added to PVAbers formance is conducive to their further application into the
containing a large number of beads were obtgigad: 2 wound dressingeld.
shows the FT-IR spectra of the four naraus membranes. X-ray photoelectron spectroscopy (XPS) measurements
The stretching vibration peaks oHOwere at 2943 and 2866 were carried out to investigate the surface chemical
cm %, the bending vibration of G were in the 14711365 compositions of the electrospun nanous membranes
cm ! region; the peak at 1723 émwas assigned to QO; (Figure 3 The XPS spectrum of the PVA/PCL membrane
and the peaks in the 129465 cm® region were the showed peaks assignable to C (283 eV) and O (530 eV);
characteristic peaks of @ C. These above results indicated PVA/PCL/Ag showed peaks assignable to C (283 eV), Ag 3d
that PCL nanders were successfully constrittede peak (366 eV), and O (530 eV); PVA/Dox@D-PEI/PCL
at 3330 cm' was assigned to ® of PVA. The infrared showed peaks assignable to C (283 eV), N (392 eV), and O
spectra of the four membranes were very similar because (680 eV); and PVA/Dox@CD-PEI/PCL/Ag showed peaks
signals of the characteristic peaks of PCL were very strosgsignable to C (283 eV), Ag 3d (366 eV), N (392 eV), and O
thus, the signals of some other functional groups can be eagi$0 eV). As shown Figure 8,f, the binding energy of Ag 3d
masked and are diult to be detected. The stresigain peaks of 365.7 and 371.7 were attributed to HgaBd Ag
curves of PVA/PCL, PVA/PCL/Ag, PVA/Dox@D-PEI/ 3d;, with an orbit separation of 6 eV. A pdtikg procedure
PCL, and PVA/Dox@CD-PEI/PCL/Ag are shown kigure was used to individuate the two spitit pairs. Ag 3@
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Figure 3.XPS spectra of (a) PVA/PCL, (b) PVA/PCL/Ag, (c) PVA/Dox@-PEI/PCL, and (d) PVA/Dox@CD-PEI/PCL/Ag. XPS Ag 3d
spectra of (e) PVA/PCL/Ag and (f) PVA/Dox@D-PEI/PCL/Ag.

(365.65 eV) and Ag 3d (371.68 eV) were attributed to the of Ag was measured by an inductively coupled plasma optical
metallic Ag signal. In addition, Ag;3(B66.17 eV) and Ag  emission spectrometer (ICP-OES). The rates of Dox release
3dy, (372.09 eV) were assigned to the positively charged AgFigure SFigure 4,c) and Ag releagdéiqure ,d) from the

XPS results showed that most of the Ag in the PVA/PCL/Aghano brous membrane were sigantly dierent. Dox was

and PVA/Dox@-CD-PEI/PCL/Ag nandorous membranes released from the namwous membrane as a burst release
exist in the form of Agand only a small part of Ag exist in the (899) in the rst 0.5 h and had a cumulative release reaching
form of Ag. Adding Agto the spinning solution can produce gpproximately 97% in 1 h and approximately 99% in 2 days.
AgNP in situ, which is consistent with the previous réfdrts. However, the release of Ag from the rzos membrane

The wettability of water droplets on electrospun beoies as very slow, the release rate was about 0.59%r#t €h%
membranes was observed by an optical microscope. The

SIS : ; and the cumulative release reached only approximatel
optlcal images are showrFigure SBPCI.‘ was hydrophobic 2.01% in 1 h and 6.27% in 2 days. The fasteryDoEF:elease wz)a/s
with a contact angle of F20approximately. PVA was dye to the fact that Dox was encapsulated in water-soluble
hydrophilic; water could be instantly absorbed when contact .
with PVA. For the electrospun membranes of PVA/PCL A nanobers. Howeyer, A9 Was'encapsulated In non-water-
PVA/PCL/Ag, PVA/Dox@CD-PEI/PCL, and PVA/Dox@ Soluble and hydrophobic PCL, so its release rate was very_slow.

_CD-PEI/PCL/Ag, water drégts could be completely In summary, the burst release of Dox can kl|! bacteria quickly
absorbed in 1 min. The hydrophilic electrospun hemgs ~~ @nd the prolonged release of Ag can achieve a long-term
membranes with a net-like structure are conducive to use R@Ctericidal and antibacteriale@, which is completely
wound dressing because they could absorb the exudate fré@fsistent with our original intention in this article. It makes
the wound surface and prevent the exudate from spreading &§¢se to integrate the burst release and sustained release into
seeping back to the normal skin around the wound. one systeit.Figure S@evealed the in vitro degradation of the

The release pries of Dox and Ag from the PVA/Dox@ PVA/Dox@ -CD-PEI/PCL/Ag nandorous membrane in
CD-PEI/PCL/Ag nandbrous membrane were tested in PBSPBS solutions at pH 7.0 for 18 days. Ner-like structure
solution at dierent times. The release of Dox was measuredas observed, suggesting that it possessed good biodegrad-
by ultravioletvisible (UV vis) spectroscopy, and the releaseability™®
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Figure 4.Release prtes of (a, ¢) Dox and (b, d) Ag from PVA/Dox@D-PEI/PCL/Ag nandorous membrane in PBS at°87

Figure 5.Antibacterial activity of nafwous membranes. (a) Images showing the inhibition zone of tHeaammembranes agatastoli

after 8, 20, and 30 h cultivation on agar; (1) PVA/PCL; (2) PVA/PCL/Ag; (3) PVA/DGRPEI/PCL; (4) PVA/Dox@-CD-PEI/PCL/Ag.
(b) Diameter of the inhibition zone and (c) statistics of the normalized ZOI.

Bacteriostatic E ect of Electrospun Nano brous

area of sterile zone of nabmus membranes, which with a diameter zone of inhibition of 16.37 mm at 8 h, 17.09

G

corresponds to the antibacterial ability of raoos
Membranes. The in vitro antibacterial activity of the four membranes. As a result, the PVA/PCL rianas membrane
nano brous membranes were evaluated by the size of thmad no ZOIl at dierent times. The PVA/PCL/Ag natoous
inhibition zone (ZOI) shown iRigure 5Z0OI describes the

membrane showed a great antibacterial impact &gaint
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Figure 6.Antibacterial activity of nafwous membranes. (a) Optical density at 600 nmy(Pof E. colitreated and untreated with
nano brous membranes after 8 and 24 h cultivation, (b) bacteriostatic rate calculated corresponding to optical density based on bacteria count
(c) LB liquid medium turbidity assays.

mm at 20 h, and 17.35 mm at 30 h. Similarly, the PVA/Dox@®9.92%, respectively. In order to visually observe the

-CD-PEI/PCL nandorous membrane could estively antibacterial activity of nahboous membranes, we also
inhibit the growth oE. colivith a diameter zone of inhibition carried out the Luria-Bertani (LB) liquid medium turbidity
of 16.35 mm at 8 h, 17.01 mm at 20 h and 17.19 mm at 30 lssay. We cultur&d colin LB liquid medium alone for 24 h,
AdditionallyE. coliwas strongly inhibited by the PVA/Dox@ and the mixture became turbid. The higher the turbidity, the

-CD-PEI/PCL/Ag nandbrous membrane and the ZOl more bacteria, indicating that bacteria proliferate rapidly in the
reached 19.07 mm at 8 h, 19.52 mm at 20 h, and 19.90 mmedium. However, whdh coliwas cultured in LB liquid
at 30 h. The normalized ZOI is showiigure 6. It can be medium with PVA/PCL/Ag, PVA/Dox@CD-PEI/PCL, and
seen that the normalized ZOI of the PVA/Dox@-PEI/ PVA/Dox@ -CD-PEI/PCL/Ag nandirous membranes for
PCL/Ag nanobrous membrane was the largest, which wa24 h, the mediums remained transparent, indicating tiat few
263.7, 281.2, and 296.2% at 8, 20, and 30 h, respectively. Théproliferated, reecting that these narmwous membranes
normalized ZOI is larger than that of some other reportetiad very excellent antibacteriaice
antibacterial materiafs*** The above results showed that To further understand the antibacterial mechanism, the
the PVA/Dox@-CD-PEI/PCL/Ag nandorous membrane permeability oE. colicell membranes in the presence of
had the best antibacteriaket. nanobrous membranes was evaluated. We incubated the

In addition to ZOl, there was a zone with sggmitly less  suspensions Bf colivith nanobrous membranes at 37 for
bacteria outside the ZOIl of PVA/Dox@D-PEI/PCL and 4 h and stained them with PI. Fluorescence images exhibited in
PVA/Dox@ -CD-PEI/PCL/Ag nandbrous membranes. For Figure SShow that the uorescence d&. colitreated with
PVA/Dox@ -CD-PEI/PCL, the diameter of this less bacteriaPVA/PCL/Ag, PVA/Dox@-CD-PEI/PCL, and PVA/Dox@
zone was 27.58 mm at 8 h, 28.42 mm at 20 h, and 29.29 mm a€D-PEI/PCL/Ag nandorous membranes increased, indi-
30 h. For PVA/Dox@CD-PEI/PCL/Ag, the diameter of this cating that the permeability Bf colicell membranes was
less bacteria zone was 29.95 mm at 8 h, 30.14 mm at 20 h ancreased. When treated with PVA/PCL, umrescence was
31.29 mm at 30 h. observed ifE. coliwhich proved thd. colicell membranes

E. colivas incubated with four naboous membranes for 8 were not damaged. Therefore, the possible antimicrobial
and 24 h, and then the @ values were measured. By mechanism of the narmous membranes is that the
comparing with the sindte coliit was found that PVA/PCL/  antibacterial active substance in the haoos membranes
Ag, PVA/Dox@-CD-PEI/PCL, and PVA/Dox@CD-PEI/ can induce disruption to bacterial membrane and cause
PCL/Ag nanobrous membranes could inhibit the growth of intracellular components to leak, leading to the death of the
bacteria very well, and even PVA/PCL had certain antibactericteria.
ability (Figure §. When incubated with. colifor 8 h, the In Vivo Wound Healing Assay.The gauze that is widely
bacteriostatic rates of PVA/PCL, PVA/PCL/Ag, PVA/Dox@used clinically has no antibacterial properties. Therefore,

-CD-PEI/PCL, and PVA/Dox@CD-PEI/PCL/Ag nano- through in vivo experiments, thea of PVA/Dox@-CD-

brous membranes were 33.18, 98.24, 97.19, and 98.82&])/PCL/Ag nanobrous membrane as a dressing on wound
respectively. Furthermore, when incubatedEwdtbifor 24 h, healing was further studied, including uninfected wounds,
the bacteriostatic rates of PVA/PCL, PVA/PCL/Ag, PVA/ wounds infected by Gram-negative ba&ecaiand wounds
Dox@ -CD-PEI/PCL, and PVA/Dox@CD-PEI/PCL/Ag infected by Gram-positive bacteria MRSA. Representative
nano brous membranes were 75.32, 99.82, 99.76, amhotos of the wound healing process are shdviguire &
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Figure 7 Promotion of wound healing by PVA/Dox@D-PEI/PCL/Ag in vivo. Representative images of the (a) uninfectedcgkinfected,

and (c) MRSA-infected wounds following surgery (0 days), and after 3, 7, 10, 14, and 17 days of treatment. In each group, the top row dey
wounds treated with gauze, and the bottom row depicts wounds treated with PVED&EPCL/Ag dressing. Statistics of the healing

rates of (d) uninfected, (&. colinfected, and (f) MRSA-infected wounds ircfa

c. In each group, sigoant di erences were observed betweenmembrane sigrdantly promoted the healing of wounds
wounds treated with the PVA/Dox{@D-PEI/PCL/Ag infected b¥. coland MRSA, proving its excellent antibacterial
nanobrous membrane and gauze. Not only uninfecte@ ect on infected wounds. The wound healing ratescofi
wounds but even wounds infected Bbycoliand MRSA  infected wounds in the gauze treatment group at 3, 7, 10, 14,
showed signtantly accelerated wound closure after treatmerdand 17 days were 11.2, 25.7, 41.8, 74.4, and 92.0%,
with the PVA/Dox@-CD-PEI/PCL/Ag nandorous mem-  respectively, while those of the nanous membrane
brane. The measured wound area and wound healing rateatment group were as high as 23.2, 45.6, 78.0, 90.7, and
during the entire treatment period are queditin Figures 97.6%. The wound healing rates of MRSA infected wounds in
S10 S12 and Figure @ f. In Figures S10512 Gauzel, the gauze treatment group at 3, 7, 10, 14, and 17 days were 3.6,
Gauze2, and Gauze3 refer to three parallel test groups usl®g4, 44.1, 81.9, and 90.2%, respectively, while those of the
gauze as wound dressing, and Membranel, Membrane2, aado brous membrane treatment group were as high as 16.2,
Membrane3 refer to three parallel test groups using the PVA&6.2, 68.0, 87.8, and 97.1%.

Dox@ -CD-PEI/PCL/Ag nandorous membrane as wound  Hematoxylin and eosin (H&E) is used for the histomorpho-
dressing. The wound treated with the nanoos membrane logical examination of wound healiRgyre 8and Figure
showed signtantly faster recovery than that treated withS13.

gauze, and the wound healing rates ierafit days were Compared with uninfected wounds, mor@nimmatory cells
higher than that in the gauze treatment group. The woundere found in wounds infected viithcoland MRSA. More
healing rates of the gauze treatment group on 3, 7, 10, 14, andammatory cells were observed in wounds infected by
17 days were 6.3, 13.6, 26.5, 42.8, and 81.5%, respectivdRRSA than in wounds infected By coli indicating that

while those of the narfwrous membrane treatment group MRSA infections may be more harmful andudi to cure.

were as high as 10.4, 40.4, 70.0, 78.9, and 92.8%. Mdédeer treatment with the PVA/Dox@D-PEI/PCL/Ag
importantly, the PVA/Dox@CD-PEI/PCL/Ag nandrous nano brous membrane, the number ofammatory cells
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