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Abstract: Coaxial electrospun membranes made of polyeaprolactone (PCL) and polyvinytaloohol
(PVA] were prodoced and Alled with o promising synthetic goldcomplex (AuM1) forantitumaoral
applications. Coaxlal nanofibers characlerized by a PVA shell and PCL = AuM1 éore wire made
to design a multi-step réloase in a physiological anvironment. The coaxial structure can sensitively
limit the burst effect, allowing the release of 904, of the active substance AuM1 in about three
dovs, By comparison, the PCL membrane loaded with AuM] produced via uniaxial electrogpinning
relenses WG of the drog in abouot | h. The correlation of release kinetic data with the morphological
evolution o (he specteoscopic vestigation highhighted how consdal elechrospinming 18 a promismg
processdor designing dmg dellvery systems: lo control the release of active substinces over time.
The propes design of cure—sheet] systems could be of great inberest for, prolonged therapics, such as
anthumoral thérapy

Keywaordsicoaxial electhrospinning: pobymedc nanofibers; mult-step drug delivery; core—shell nanofibers

L Introduction

The research on drug delivery devices mainly focuses on two directions: the devel-
opment of stimuli-responsive devices [1,2] and the design of biocompatible, biomimetic
devices with slow drug release kinetics that can be applied for antibacterial [34], antivi-
ral [3], or antitumoral applications [6-9].

The possibility of designing functional biomaterials that can provide topical treatments
to patients with oncological diseases would be a significant step forwarnd because this route
of administration can sensitively decrease side effects [101] ar patient resistance (o the
therapy [11].

In this scenario, the electrospinning process allows great attention to be paid to
developing topical drug defivery systems, allowing the easy loading of substances and
nanaparticles [1 2] inside the _pﬂlyniefii: matrices [17] to mimic human tissue in controlling
drog delivery.

In these nanotibrous systems, drug release can be sustained for up to about three
days, and this result is mainly achieved by favoring the diffusive mechanism |14, having
stimuli-responsive systems | 151, and, indeed, correctly selecting the matrix=filler system [6].

However, further studies have also deeply analyzed the potentialities of the coaxial
electrospinming process [16]. This process allows tor obtamnmyg bilayver nanofibers, makmg
it possible to tune the drug release kinetics [17,18] praperly,
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The oblained bilayer nanofibers can be made of two polymers with difterent functions.
For example, the shell can increase biocompatibility / wettability [ 1], whereas the core
enhances mechanical performance and durability in the physivlogical environment [20].

The drug release slows when the active substance is loaded in the core, oblaining a
multi-step release progess through a single biomedical device. Coaxial electrospinning
allows for the meshung of the characteristics of hydrophilic {(such as PVA, gelatin, etc)
and hydrophobic (such as PCL, PLA, and se en) biopolymers, combining the desired
properties of the twe different polymers, For example, hydrophilic biopolymers generally
gudrantee a better:adhesion of the medical device to the human tissue [21], whereas
hydrophobic biopolymers are usnally preferable to maintain their structure over Hime
during the application [22],

In recent studies, research articles conducted by Guadagno ¢t al. [6,7] proved that
it is possible to tailor the release kinetic of active agents from dlectrospun nanofibers by
properly varving the chemical intefaction between acttve fillers and hasting matrices,

The current research paper analyses the possibility of modifving the release profile
of an antitumoral electrospun membrane by exploiting the potentialities of the coaxdal
electrospinning process,

Different types of anttumoral agents are now designed [23.24], and several active
agents have been successfully used in electrospun membranes (e.g.. 5-fluorouracil [25];
Paclitaxel [20], Doxorubicin [27]). However: it is undoubledly of great interest (o test rew
promising active molecules, proposing completely. intovative systems. For this purpose,
the organometallic complex AuM1 was selected. This gold-based compiex is stabilized by
an N-heterocyelic carbone ligand asymmetrically substituted on the nitrogen atoms, AuM1
demonsirated significant antiproliferative activity against several cancer cell lines (e,
MCF-7 and MDA-MB-231) [25]. Generally, metal complexes exert their effects by inducing
oxidative stress and causing DNA lesions, which lead to apoptosis and cell death [29).

Nevertheless, a relevant number of parameters must be handled to obtain membranes
properly through coaxial electrospinning. For this reason, it is still necessary o study the
process to understand its potential fully,

In this research work, coaxial electrospun membranes made of PVA (shell) and PCL
loaded with the synthetic agent AuM]1 (core), which is active against melanoma tumoeral
cells, are produced. The bilayer nanofibrous structure allows the tuning of the rolease ki-
netic, the evolution of which was analyzed over time from the morphological and chemical
points of view. '

2. Materials and Methods
2.1 Muaterials

The materials used in the current study are reported in Table 1.

Table 1. Materials used i the corrent study,

Molymeric Materlals [Matrix] Solvents Active Agent {Filler|
POL(CAE N 2468041 4) swith an average Ethanol (EHCH) provided by Carli Erba
miolecular weight of 50 kDa is provided from Beagents (Cornaredo, M, aly) with o purlty
Perstorp (Malmi, Bivedon) s

I"VA [CAS N® SU02-89-5) with an average
muolecular weight of 3070 kDa provided by
Sigma-Aldrich (Saint Lauis, MO, LISA)

AuM was synthesized
Hixaflunro- |supmp-an|.1r (HFP} provided by accarding to (4],
Apollo Scientifie Limlted (Whitédeld Rd
Bredbury, Stockport, Cheshire, UK) witha
purity =-99%.

2.2, AuMT Synthesic and Characterization

AuM1 was synthesized through 4 reaction steps, reported in Figure 1 [ %], The first
two steps led to forming the imidazolium salt S1 in its racemic form (Steps 1 and 2), The
nitrogen atoms were asymmaetrically alkylated with 2-hydroxy-2-phenylethyl and methyl
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group, respectively, The gold complex was obtained by Hrst synthesizing the silver complex
{Step 3), followed by transmetalation (Step 4}, which is a ¢imple method for synthesizing
gold-based metal complexes that avoid using strong bases. All synthesized compounds
were characterized by NMR and mass spectral studies, and the resulls are reported in the
sechion “Supplementary Materials”, The characterizations performed are consistent with
the data reparted in the likerature [30],

L] el

I e H\)\... - Zj\)\

N7
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Figure 1. Schetrodization of AuM1 synibesis steps,

2.3 Conxinl Electrospinning Process

The nanofibrons membranes were obtained uﬁmg-ECTCLl'éEm't:mpitming equipment
purchased from IME Technologies (Spaarpot 147, 5667 KV, Geldrop, The Netherlands), An
injector diameter of U4 mm was used for uniaxial electrospinning, whereas for the coaxial
shell injector, the diameter was 1.2 mm. The climate chamber was set-at 25 °C and 35%
relative humidity. The schematization of the coaxial electrospinning process is reported in
Figure 2. PCL with 1%AuM1 in HFIP was used as a core polymeric solution, whereas TVA
in HFIT was used as the shell polymeric solution.

Coaxial Electrospinning i

, " ae=—""""" Chamber
PVA Shell 7 [Electrodes
PCL Core

L
L

Solution py, mps

AuM1 T . "~ Electrospun
Synthetic Complex Membrane

Figure 2. Coaxial electrospinning scheme.

Uniaxial electrospun membranes of PCL and PVA alone were alse produced
for comparison.

Electrospinnitig is a process that requires the management of different paramieters:
solution parameters (type of solvent, type of polymer, pulymer concentration, dielectric
constant, viscosity, etc.), processing paramelers {flow rale, injector—collector distance, and
applied potential difference), and environmental parameters (temperature and relative
humidity) [31,72]. By appropriately varyving these different parameters, it is possible
to obtain nanofibers with different characteristics, dimensions, ete, [33] In this case,
process parameters have been optimized to reach a steady state condition in which the
electrospinning process was stable for several hours, obtaining a homogeneous membrane
with a thickness of hundreds of microns.
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Generally, by using a higher tlow rate, it is necessary to increase the intensity of the elec-
tric field, reduce the injector—collector distance, or apply higher potential differences [34.35],
Similarly, in the case of coaxial electrospinning, where there are two polymeric solutions (o
electrnspin parallelly, the total flow rate increases, 20 il may be necessary to apply higher
potential differences,

Table 2 reports the process parameters for producing PVA (alone}, PCL (alone), and a
coaxial membrane loaded with 1%6AuM1.

Table 2, Process patameters coaxial syslems,

Flow Injector- Ap Flled
] Material C“nﬁ;ﬂﬂ“n Solveént [ Rate ‘l:]';l:l:::: [E:ETE:I“::I“:-E Loading
iz lem] [kV)
PVA PVA 165 H:%'EUH 0.5 15 16 -
PCL FCL s l-[FlT' 1 225 13 -
WoAUMICon  Gomet PEL ; il I ia o oAU

Given the fact that the cytotoxic activity against melanoma cell lines has been praven
to be extremely high, at between 5 and 10 uM [7], 1%AuMi-loaded membranes were con-
sidered suitable to obtam nanofibrous membranes that could be effective against melanoma
cell lines, considering that the biomedical tests generally require a membrane with a
mass of around 1 mg and a volume of calture of | mL. Moreover, similar percentages of
AuM1 have been adopted in previous growpresearch papers, confirming good antitumoral
activities [6,7].

2.4 Production and Charactevization of the Material
The miethods used in the current study are reported in Table 3

Table 3. Methods used in the current shudy.

Characteristicd of the Instrumentation

Atpmic Foree Microscopy

(AFM)

The materials’ morphology was examined wsing Brikir NanoScope Vomultimaode AFM
(Digital Insthuiments, Santa Barbara, CA, USA) in room conditions. The characteristics of
the nominal spring constant; resonance frequencies; and tip radius were used in previous
resenrch [7]. The software used for image processing is Nanoseope Analysis 1.80 (Bruker
Corporation, Billerica, MA, USA ), which is widely used for these tvpes of analyss [ 16],

SEM analysis (TESCAN-VEGA LMH, Brno, Czech Republic) equpled with anenergy
dispersive Neray spectroscopy [EDX) probe has been performed to evaluate thi
morphology of the coaxial membranes and the elemental distribution, both aver the plane
sarface {soccalled top view) and mito the cross sectivn, In this last case, membrane samples
have been cut in liquid niteogen to have a fragile frictune and presirve the dnternal

Scanning Electron Micmoscopy (SEM).  structure of thies tranofibers.

To ensure that the penetiation factor of the X-ray could track the presence of AuMI
characterietic elements (Au and Cl) in FI3X analysis. the nanofiber morphologies were
studied on non-metalized samples. The samples analyzed in the cross section were
metalized using a sputter coater (QUORUM 130 T, Judges House, Lewes Road, Laughton,
UK} with a thin layer of chrominm (=50 A),
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Table 3. Conl.

.Cl'lil'al:fﬂ:iﬂﬁt_!_l]j! the Instrumentafion

Thermogeavimelric Analysis

{TGA)

The thermal stability of the oblained membranes was evaluated via TGA by using Mettler
Toledn TC-10 thermiobalanoe (MetHer-Toledo, Columbirs, OF, USA ) with an aieflow rage
of 50 mL / minand a heating rate 'of 10 °C /min heating fabe from 30 (o 806 " C,

Pifferential Scanning Calorimetry

{Bs0)

The thermal transitions of the obtained membranes were evaluated using hettler Toledo
DSC 82% (Mettler-Toledo, Columbus, OH, USA)} wiﬂ_'u an ™ Aow eate of 50 mL/ min and
a'heating rate of 107C /min heating rate from (1 to 250 °C.

Fourier Transtorm Infrared

The chemical interactions of the obtaimed materials wergevalpated using = Broker Vertes
70 FTTR=spectrophotometer (Broker Optics Inc., Billerica, MA, USA). All the spectroscapic

o photometry (FT-IR) analyses were performed in absorbance by setting a resolution of $em ! and 16 scans per

provint fn the range SR0-00 e g thin membranes (thicknpss around = 40 prm) b
avaid the saturation of the signals,

Thie release kinetics of the active substance from the memibranes were obtained by
monitoring the presence of the phenyl grogp ab AuM1 i the phosphate butter salution
(B8, pH = 7.3} that wos used tpsimulate the physiological envirenment [37] following

UNV-Vis Spectrophotometry previvus research studies [6,7]. The solutions in which the membranes wene kept wene:

analyzed by wsing the Spectrometer UV-2401 PC (Shimadizy, Kyoto, Japan), The physicil
characturistics of e vessels (exposed area, lightpath) and the calibration curves of Aub
in I"BS are reported in previoos resenrch papers of the research group [6]

3. Results
31, Morphatigical and Elemental Characterization (f Conial Nanifibers

The coaxial electrospun membrane was characterized via SEM coupled with EDX to
amalyze the morphological and elemental compaosition. To gnsure that the penetration factor
of the X-ray could track the presence of AuM] characteristic elements (Auwand Cl) in EDX
analysis, the naniofibers morphologies in top-view have been studied on non-metalized
samples. In Figure 3, the top-view SEM-EDX of the 1%5AuM1-Codx membrane s reported,

It is possible to notice that the only elements detected are carbon (C) and oxygen (0)),
which are characteristics of the PVA shell. If the coaxial structure had not been successfully
produced, Au and Cl should also be present in the nanofibers (including the surface).
The successful inclusion of AuM1 into the core of the coaxial membrane is confirmed by
comparing the SEM-EDX results of 1"sAuM1-Coax with the SEM-EDX analysis performed
on uniaxial membranes of PCL loaded with 1%AuM]1 (reported by the authors in a recent
publication [7]). The results are reported in Figure 4,

In uniaxial electrospinning (no coaxial structure), Avand Cl peaks are detectable via
EDX and are well distributed throughout the sample surface (the traces of Cu are probably
due to the metallic collector used during the electrospinning), For this reason, comparing
the top-views SEM-EDX of uniaxial and coaxial membranes lpaded with AuM]1 clearly
shows that the gold complex must be in the nanofibers’ core.

Lastly, the cross-section SEM-EDX analysis was performed on 1% AuM1-Coax samples
to analyze the section of the nanohbers, The SEM-EDX images are reported in Figure =,

From the ¢ross section (see Figure Sab), it is possible to recognize the nanofibers’ coax-
ial morphplogy, confirming their successiul production during the coaxial electrospimning.
Muoreover, whereas in the top-view image of 1%AuMI1-Coax {see Figure 7), the presence of
Auand C are not detectable, in the cross-section images of Figure 5 (where the core of the
nanofibers is exposed), it 18 possible to determine a urnitorm distribution of Cl and Au in
thie image, confirming that AuM | was suceessfully included in the membrane and isin the
core of the nancfibers,
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Figure 3. (a) SEM-EDX of [%AuM ] -Coax in lop-vigw (the boy fndicates the area in which the
elemintal analysis 05 performed ); (B) élemental mappmg of carbon; (¢) elermirtal mapping of oxygom|
{d) EDYX spectroon of the analyzed region,

a c d
- C alement O elemeant

b € clelemem

Figare 4. (a} SEM-TLX of the unlaxial membrane made ol PCL Inaded with 1% Aub o top-view
wienw (thi boi tndicates the ares in which the elemwntal analysis is performed j; (b) FEOX spectrom of
the anabyesd tegion: () elemenital mapping ol cirbon; (d] elemental mapping of oxygen: (el efemental
mupping of chioring {F) elementa] mapping of gold.
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Coaxial
Structura

€ Clelement d Au element

Figure 5. SEM-EDX of 1% AuM1-Coax in the cross section 3t lower (a) and higher (B) magnitiide;

(e} Wemental mapping of chlorlne; (d) lemental mapping of gold.

3.2 Fourier-Transform bifrared (FT-IR) Spechoscopy

FI-R spectroscopy was performied on the various produced membranes to verily the
presence of the typical groups of PCL and PVA in the 1%AuM1-Coax svslem, together with
the FT-IR spectrum of AuM1. The oblained spedtra are reporled in Figure &

cO0-C
Stretching
- = M pcL |
: 3H Bued e “i' 4
. || PVA T
wn l |
S . ||
- 1% AuM1-Coax 1 !
[ S
AuMl

3800 3300 2800 2300 1800 1300 800
Wavenumber [em ']

Figure b, TTIR spectra of the membranes and Aakil
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In Figure 6, it is possible to detect the typical peaks of the PUL (C-0-C strelching
around 1200 em !, carbony! group around 1735 cm ! [38]) and of the PVA (-OH broad
band around 3300 em ! [39], C-C at 839 emy ! [40]). Both PCL and PVA signals are visible
in the 1% AuMI-Coax spectrum. This confirms thal the coaxial electraspinning of PCL-PVA
membranes was successfully obtained, Regarding AuM1, the characteristic peaks of the
phenyl group (1586 em ™) [41] and the -OH broad band are observed [39]. Figure 7 shows
the spectra of the unlvaded coaxial membrane (Coax), the membrane loaded with the Au
complex (1%AuMI1-Coax), and the Au complex (AuM1, in the inset).

"-\ — AuM1
— N\
—1%AuM1-Coax 0 750 700 650 60

00 750 700 650 600 SS0 500
Wavenumber [em!]

“Figure 7. FTIR spectrt of the unloaded coaxial membrane (Coax). e membrane loaded with the Au

complex (1%AuM1-Coax), and the Au complex (AuMI, in the inget),

This signal at 685 cm ! (slightly shifted with respect to the AuM1 complex) is due
to the inclusion of AuM] active substance i the 'CL core; This is due to the two C-C1
bonds [42] (see Figure 1), The slight shift observed for this signal in the spectrum of the
mentbrane is probably due to intermolecular interactions with polymeric matrices (PCL,
FVA). This signal is absent from the FTIR spectrum of the unloaded coaxial membrane. This
proves, together with other characterizations discussed below, the sticcessiil encapsulation
of AuM1 in the coaxial membrane via FT-IR.

3.3 Thermial Charicterizifion

‘Thermal characterizations of the membrane were performed ta determine the thermal
transitivns and the crystallinity of the obtained membranes (see Fipure #),

The thermogravimetric analyses (see Figure ¥b) show thal the thermal degradation of
the PVA and 1% AuMI1-Coax start at similar temperatures [43]. In particular. Figure 8a com-
pares the thermograms of PCL, PVA, 1%AuM1-Coax, and AuM1 samples. The comparison
shows that the 1%AuM1-Coax sample manifests both the melting endotherms of PCL and
PVA, confirming the presence of crystalline domains of both pelymers in the nanofibers,

Thie 5% luss in weight (Tsswi ) of 1%AuM1-Coax, defined as the temperature at which
the weight decreases by 5% compared to the weight at room temperature, is around 270 C.
Moreover, no relevant thermal transitions or thermal degradations of AuM1 are determined
up to around 150 “C, indicating that the complex is suitable for application in the biomedical
field from a thermal point of view. This proves that these systems are thermally stable,
rimsidering the biomedical applications propoesed in this research work.
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Figure B. {a) D5C of electrispun membranes: (b) TGA of elecirospun membraries,

In particular, Figure 8a compares the thermagrams of PCL, PVA, 1"5AuM1-Coax, and
AuM]1 samples. The comparisen shows that eAuMI-Coax sample manifests both the
melting endotherms of PCL and PVA, confirming the presence of crystalline domaing of
both polymers in the nanofibers

Following previous research [4445], coaxial electrospinning can affect the crystalline
structure of the polymeric chains becavse of the two different polymeric solution flows
and the changes in the evaporation conditions of the solvents with the environment (the
core solvent evaporation being hindered by the presence of the shell). For this reason,
the variations in crystallinity were determined by taking into account the mass fraction
of each polymer. The equations used for the evaluation of the arystallinity are reported
in Equations (1) and (2), where Xpey is the crystallinity of PCL. AHy, ., is the melting
enthalpy of the PCL (evaluated by taking in consideration endothermic event between
20 7C and 80 “C), wpcy is the fraction of PCL, and AH g, .., i the melting enthalpy nf
100% erystalting PCL (1361 J/g) [46]. Similarly, Xpyy is the crystallimity of PVA, A Flinggy
the mefting enthalpy of the PVA (evaluated by taking in consideration the Erlduthenmc
evantt between 150 "C and 230 °C), &pyy is the fraction of PVA, and AHjpge s - is the
melting enthalpy of 100% crystalline PVA (138.0 ] /g} [47],

Ay, e
aper  AH s

XFCI —— L “IT {\1}

a'me il

* 100 {2}
ﬂF'r’_-! L3 ﬁHI|]F5‘5|m|I||I4

Kppy =

In this case, sppq and apep were evaluated by dissolving the coaxial system in water:
for 24 h (ensuring the complete dissolution of PVA). By the gravimetric difference before
and after the dissolution of PVA, it was found that the POL fraction was 0438 in wt,
whereas the PVA fraction was 0562 inowt.

In this way, the crystallinity of PCL and PVA was evaluated by the DSC analysis
accprding to Enayati el al. [48] (see Table 4).

Table 4, Crystallinity of the systems:

Sample Crystallinity [%]
PCL =
VA st
15 AuMI-Coay PCL 621

PVAL 333
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In agreement with previous results [49]; the erystallinity of PVA and PCL slightly
increases in coaxial electrospinning. This is probably due to the changes in the evaporation
rate during the process, However, the melling temperatures of the polymers (60 °C and
197 °C for PCL and PVA, respectively) are substantially unchanged.

A4 Morphalogical Analysis; Atomic Forre Micrescopy (AFM)

The superficial morphology of the coaxial nanotibers was accurately characterized via
AFM investigation, The morphology of the 1% AuM1-Coax 15 sensitively different from the

PCL uniaxial membrine (see Figured),

Height 666.0 nm

=895.2 him

Phase G600 mm

Figure 9, Height (a,b) and phase {cd) AFM images of the 1%AuM1-Coax (on the right sidej-and PCL
(omithe tefeside) systems, respechively:

The surface of 1%AuM1-Coax shows the presence of polymeric bulges, and the fibers
are generally thicker than the PCL uniaxial system, This is probably because the PVA shell
covers the PCL qore. In tact, as is.evident in Figure %o.d, the phase AFM image of the fiber
surface is highly smooth in the case of PCL, contrary to the ceaxial system. Moreover,
1% AuMI-Coax also shows lamellar structures, which are probably characteristics of the
VA erystalline structure.

3.5, Release Kinctics

The presence of a PVA shell (soluble in water) in 1%AuM1-Coax sensitively affects the
release kinetics in physiological solutions because its erosion pccurs during the hours of
release and slows the release of the active substance, However, it is reasonable that during
the firat hours, when the erosion nccurs, there is a simultaneous swelling of the h]..rd.mphtlir:
PVA [31], with the consequent absorption of PBS from the membrane, which causes an
mitial release of the active substance into the core. Then, when the PVA 1s dissolved, the
AuM] diffusion phenomenon from the PCL to the surrounding environment becomes
predominant. For this reason, the release kinetics of 1%AuM1-Coax in physiclogical
conditions are mulli-step, as observed in Figure |0a.
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“Figure 10, Release kinetic fest-oF T9%AUMI-Coax siutem (a) durmg the duration of the test and

(b during the first 500 mm.

Different mathematical models have been proposed in the literature for fitting multi-
step curves, The Gallagher-Corrigan model is very efficient in describing release kinetics,
including the erosion and simultaneous diffusion of the active substance [31,52], Further
more, recent research papers have proposed this model for electrospun membranes |53
made of hvdrophobic/hydrophilic polymers [54]. The model is reported in Equation (3).

ol =Can{fye=1])
A=A+ X]-(l s Clh').} xzﬁ(ﬁ-m) 113}
In this case; X(t) 18 the frachon of achive substance that was released over Gme; A s
the burst, X and X3 are the fraction step contribution, C| and Cq are the first order Kinetic
factors, and fugy 15 e tinwe at which the maximum drug release rate is observed (referred
to the second step) [35].
Toble § reports the fitting parameters of the Gallagher—Corrigan Model. Following the

“literature, the model teports that the erodible shell’s presence sensitively limits the burst.

Moregver, the maximum dritg release rate of the second step is around 48 h (2880 min},
mdicating that this nanofiber design guarantees control of the release kinetics fora mone
extended period.

Table 5, Parameters of the Gallagher-Corrigan Model

Al Xil-l Cy lh—y Xz [-] Calh  teas [h71] R*
0179 0.394 0.238 (1.407 0082 476 0.995

The PVA shell erosion occurs during the release tests in the PBS solution. This
phenomenon was confirmed morphologically (see Figute 11) and spectroscopically (see
Figure 12} over time. As reported in Figore 11, several morphological differences exist
between the membrane at time (0 and after 16 h of release. It is possible to notice that the
membranes, after 16 h of release, have smoother lbers and the bulges disappear on their
surface. This suggests that the PYA shell was eroded; after 16 h, the fiber morphology is
highly similar to the one reported in Figure Ya— (PCL uniaxial system), Moreover, the
lamellar structure (probably characteristic of the PVA shell) was replaced by the smooth
structure of PCL: The erosion of the PYA atter 16 his conbrmed by FTIR specira, observing
a strong recduction in the peculiar peaks of PVA {e.g., “OH band around 3300-3400 cm ).
Al the same Hme, the C-C1 peak due to the presence of AuM1 (see Figure 12b) starts to
decrease since its release in the PBS. In fact, after 16 h, it is possible to observe a shoulder
around 685 cin~', which disappears after 5 days of release, indicating its full release in the
physiological environment.
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Figure 11. Height {al.bLeliand phase (a2 b2,c2) APM images of 1%AuM1-Coax after various fimes
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Figure 12, (a) FTIR of thit coaxial system loaded with AuM at time 0, after 1o by and after 5 days of
relense; (b) FTIR spectra batween 675 and 745 em *

The images reported in Figure 11 ¢learly show that the fibers' diameters are recduced
after the drug release test, as evident by caomparing the images at time 0 (shell-care structure)
and the images acquired after 5 days of the test (shell-eroded structure), indicating that
shell erosion leaves an integer insoluble core, AFM and FTIR analyses prove that the
release kinehic profile 1s a consequence of the coaxial nanofiber mfmbrm'mﬁ'.mnrphningy
and chemical nature, Figure 13 propeses a scheme for interpreting the correlation among
morphology, spectroscopy. and release kinetic data.



Fibwrs 2024, 12, 101 Bl 17

PVA Shell
HO |, AuM1
Active Substance
cl cl
=
A0
I
ALCH '
1% AuM1-Criax ! P AN L -Cony I =1"aAnM I -Coax
5 ' || anerian | s dns
2
= | |
.E |ﬂ II'| i J’.Jﬁ"ﬁ
E gl \l = _I" b I ’h. — '-L.__ I
T G R 3500 2500 1500 I as500 2500 1500 SO0
Wavenumher [mlr‘]| Wavenumber Il;m'l | Wavenumber [cm]
i1 | ||n|| | A sdimt ' Ligm
I i
I A fi-prm ES ym
Fmgtil Liljpm I (RN | I IEmpghe il fempyy
| |
®
w .
wid |
EX w0 | [
B O] i
SE
o E“. g ® Experimental |
i )
‘Eﬁ R i == Gallagher-Corrigam I
- T Model l
U r T .
(1] i [113] Annn Al RODD
Time [min]

Figure 13. Evolution ove time of the morphology (via AFM}) and chimical structure (via FT-1R) of
MeAuMI-Caax during felease kinelie tesls,

Figure 13 summarizes the innovative approach of monttoring the steps detectable in
thie drug release curves by tracking the evolution of morphology. The evolution of the
morphology (s strictly linked to the evalition of the chemical structure of the nanofibers
due to the P'VA dissohition in water. In this way. a comprehensive study of the mechanisms
that ruile the drug release can be performed.

Ina previous study [7], the resparch group obtained membranes of PCL filled with
MeAuMI (analogous to the “core” of 1% AuMI-Coax membrane}. The results obtained for
the coaxial system with the results obtained in the umaxial configuration were compared
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(where AuM] tended (o be released in a few hours because of its aggregation on the
nanofiber surface, cauing the relevant burst effect [7]), The different behavior between the
uniaxial and coaxial loaded samples is visible in Figure 14,

ey ====8"
m_h_’a.--n.--’;ﬂ i
I
; s /
o ] P
g "R ¥
E E 'ﬁn'r ,#
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n & s0 48
@ 4 i
z o
8-
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'“ T T T
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Figore 14, Release kinetic of Avub 1 mwuasial I'CL compared to %A1 -Coax,

The coaxial electrospinning process, with the proper design of the nanafiber archi-
tecture (biodegradable shell and hydrophobie core filled wath the active substance), 15
an effective strategy lor greatly tuning the release kinetic of chemetherapy agents from
electrospun membranes.

4. Conclusions

In the current research paper, coaxial electrospun membranes containing the antitu-
muoral active agent (AuM1) were developed, The synthetic antitumoral agent was chosen
for its activity against melanoma, During electrespinning, membranes made of coaxial
nanofibers with 4 PVA (water saluble) shell and a PCL (hydrophobic) core were produced
The active agent was loaded inside the core section, and its drug release was monitored
in-a physivlogical environment. Interestingly, the design of coaxial nanofibers allows for
sustained release for about 3 days. By comparison, similar PCL- membranes loaded with
AuM1 and obtained via uniaxial electrospinning manifest a burst release of 90% of AuM1
inabout ] h. The nanofibrous membrane’s morphology and chemical structure were moni-
tored over the release time via AFM and FTIR, respectively, revealing the various steps in
which the diug release occurs: This study highlights efficient ways of producing polvimeric
devices for sustained release to apply for the better control of antitumeoral treatments.
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