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Quercetin is a strong antioxidant with low bioavailability due to its high crystallinity. A further drawback is
that Quercetin has potentially toxic effects at high concentrations. To improve this low water solubility,
as well as control the concentration of the flavonoid in the body, Quercetin is incorporated into
a polymeric matrix to form an amorphous solid dispersion (ASD) stable enough to resist the
recrystallization of the drug. For this purpose, miscible poly(e-caprolactone) (PCL) and Quercetin (Q)
blends are prepared, provided that they have complementary interacting groups. For compositions in
which the flavonoid remains in an amorphous state thanks to the interactions with polymer chains,
various PCL/Q drug release platforms are fabricated: micrometric films by solvent casting, nanometric
films by spin coating, and nanofibers by electrospinning. Then, the potential use of bacterial S-layer
proteins as release-preventive membranes is tested on PCL-Quercetin blends, due to their ability to
construct a biomimetic coating including nanometric pores. For all the platforms, the SbpA coating can
maintain a stable release under the toxicity level of Quercetin. Accordingly, a PCL/Q system with an S-
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Introduction

Flavonoids are polyphenolic compounds synthesized by plants,
which present inhibitory activity against organisms that cause
plant diseases." These compounds have recently gained
interest, owing to the potential health benefits arising from
their anti-oxidant activity. In the group of flavonoid-rich natural
foods one could mention onions, tea, strawberries, apples,
grapes, parsley, and many spices, among others. It has been
found that the functional hydroxyl groups found in flavonoids
have the ability to scavenge free radicals, as well as to induce
human protective enzyme systems.> Numerous investigations
have also suggested protective effects of flavonoids against
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various
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many infectious and degenerative illnesses such as cardiovas-
cular diseases, and other age-related disorders.?

In particular, Quercetin (Q) is a well-known flavonoid with
anti-oxidant and anti-inflammatory properties. As a drawback,
it easily oxidizes (to form a quinone) in aqueous aerobic envi-
ronments such as body fluids.* Quercetin is especially crystal-
line, meaning that the energy required to break the
intermolecular interactions within its natural crystalline
network is high enough not to be effectively dissolved by water,
which causes its poor absorption in the gastrointestinal tract.’
Furthermore, the bioavailability of Quercetin through oral
dosage has been reported to be only around 2%.® Another
disadvantage is that, depending on the dose, Quercetin might
shift from anti-oxidant to pro-oxidant effects and hence induce
the generation of free radicals, responsible for mutagenic and
cytotoxic effects.” A good strategy to enhance the bioavailability
and therapeutic efficiency of Quercetin is the formulation of
amorphous solid dispersions (ASDs). In these ASDs, polymer
chains (i.e. polyesters) act as crystallization inhibitor and thus
preserve the drug in its amorphous form. Although less stable
than its crystalline version, the amorphous form of Quercetin
can certainly be stabilized by strong physical interactions (i.e.
hydrogen bonds) with the polymeric matrix. In this regard,
poly(e-caprolactone) (PCL) is one of the most promising

This journal is © The Royal Society of Chemistry 2019
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biodegradable polyesters widely used for long-term biomedical
applications known its slow degradation can last from several
months to years.® Considering the chemical structures of the
two species mentioned (PCL and Quercetin), a miscible
polymer-drug system in the form of ASDs can be envisaged. In
addition, hydrogen bond formation between the hydroxyl
groups of Quercetin and the carbonyl groups of PCL can be
expected, which would overcome the strong auto-association
interactions occurring between the Quercetin molecules in the
crystalline phase.” The combination of the unique properties of
anti-oxidant Quercetin molecules with the versatility of
a biopolymer such as the PCL, can lead to obtaining controlled
release of the flavonoid.

As aforementioned, and despite the beneficial health effects
brought by Quercetin, this flavonoid is potentially cytotoxic at
high doses.' In order to control the amount released from the
PCL matrix the usage of an outermost membrane or any type of
(semi)permeable thin coating would be desirable. The answer to
such a critical issue was found in a natural system: bacterial
surface S-layer proteins." Such a polycrystalline coating of only
a few nanometers thickness is formed by an array of glycopro-
teins following diverse crystalline symmetries (oblique,
squared, hexagonal...). S-Layers are found in the outermost
envelope of prokaryotes, and represent not only the simplest
biological membrane but also a highly efficient protective
membrane with proven anti-fouling activity.’*'* From the
bioengineering point of view, it is highly interesting that iso-
lated S-layer protein sub-units have the ability to self-assemble,
through the so-called recrystallization process, on a broad
number of organic and inorganic supports.**** This is the case
of SbpA from Lysinibacillus sphaericus CCM2177, which presents
a square (p4) lattice symmetry, a system that has quite exten-
sively been characterized in literature so far.'*'® Because of the
large number of nanometric pores found along the S-layer
structure, it can be hypothesized that the release of the drug
from the polymeric matrix can be still conducted although to
a lower rate.

Hence, in this work, the synthesis of PCL/Q blends as
miscible ASDs in both 2D (films) and 3D (mats) polymeric
platforms is presented for the first time. The miscibility and
topography of the resulting specimens was characterized by
different techniques (DSC, ATR-FTIR, AFM, and XRD) and, the
respective drug release kinetics could be evaluated both in the
presence and in the absence of an outermost SbpA S-layer. The
focus was specifically set on the 90/10 and 80/20 PCL/Q
compositions, where the recrystallization of the Quercetin is
successfully inhibited. The initial release of Quercetin from
micrometric (~200 pm) and thin nanometric films (~200 nm)
was studied by means of either UV-Vis spectroscopy or quartz
crystal microbalance with dissipation monitoring (QCM-D),
respectively. Quercetin was also encapsulated in PCL nano-
fibers to study the effect of the 3D structure on the release. The
results confirmed the possibility of constructing different PCL/
Q platforms from which Quercetin can be successfully released,
thus making this system suitable for different applications. In
addition, the self-assembly of SbpA on the PCL/Q blends was
proved by means of QCM-D, which allowed a real time
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characterization of the process, and complementary AFM
topography imaging to analyze the lattice parameters, the size
of the crystal domains as well as the stability of the formed
supramolecular structure. Contact angle measurements were
also performed to assess the SbpA coating on micrometric
films. The presence of the biomimetic membrane is shown to
critically impact the release of the drug, showing an overall
decrease of around the 30%, as well as the resistance of PCL/Q
samples against non-specific adhesion of foulants, based on the
HUVEC cell proliferation studies performed.

The novelty of this work, resides in the use of a biologically-
derived supramolecular structure as a release controller of
a natural anti-oxidant from a biopolymer for a sustained activity
of the Quercetin for therapeutic applications. Furthermore, S-
layer coating has demonstrated antifouling properties. Conse-
quently, this newly developed PCL-Quercetin system with
a SbpA S-layer on top, can be useful for making biodegradable
drug-eluting devices with the extra ability to prevent the adhe-
sion of bacteria to the surface, thus avoiding the undesirable
biofilm formation that implies infections on implants.

Experimental

Materials

Polycaprolactone (PURASORB® PC12 trade name) with an
average molecular weight (M,,) of 1.3 x 10> g mol ' and M,,/M,,
= 1.76 (as determined by GPC) was obtained from Purac Bio-
chem (The Netherlands). Quercetin (purity = 95%), formic acid,
and phosphate buffered saline tablets (PBS) 0.1 M, pH 7.4, were
supplied by Sigma-Aldrich (Spain). Tetrahydrofuran (THF) and
2,2,2-trifluoroethanol (TFE) were purchased from Labbox
(Spain).

Bacterial cell-surface layer protein, SbpA (M,, = 120 kDa) was
isolated and purified from L. sphaericus CCM 2177 following
standard protocols described elsewhere." Protein recrystalliza-
tion buffer was pre-pared with 0.5 mM Trizma base (Sigma-
Aldrich, Germany) and 10 mM CacCl, (98% Sigma-Aldrich, Ger-
many) and adjusted to pH 8.

Blend preparation

Micro- and nano-metric films. Preparation of 200 um thick
films proceeded from casting of PCL/Q solutions in 2 wt%
tetrahydrofuran (THF), kept overnight at room temperature into
40 mm diameter glass Petri dishes. In turn, nanometric films
were obtained by controlled spin coating (Schaefer Tech, Ger-
many) of PCL or PCL/Q solutions (10 mg mL™") onto either
borosilicate glass substrates or QCM-D sensors. The spin coater
operated at 3600 rpm, thus resulting in 200 nm thick films. In
order to establish the correlation between film thickness and
rotating speeds, 2 drops of PCL solution were deposited on
spinning glass substrates under pre-defined speed values: 500,
1000, 2000 or 3600 rpm. Thus, the thickness of these films could
be evaluated by simply removing a stripe of the material
(acetone sweeping) and subsequently quantifying the height of
the step generated by means of Atomic Force Microscopy (AFM).
The correlation between film thickness and spinning speed, as
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well as the spherulitic morphology for thin films of different
dimensions, are shown in the Fig. S1 of the ESLt

Scaffolds. For the production of the porous scaffolds, 90/10
PCL/Q solutions (4.5 vs. 0.5 g, respectively) were prepared
using a mixture of TFE (11 mL) and formic acid (FA, 4 mL),
added to increase the conductivity. The resulting mixture was
subsequently vortexed to ensure proper mixing. Afterwards,
polymer electrospinning was performed at room temperature
(21 £ 2 °C) with controlled humidity (~40%) in a Ne200 Single
Nozzle Electrospinning Machine (Inovenso, MA, USA). The
tunable high-voltage power supply was connected to the tip of
the needle (positive lead) and attached to the collector (negative
lead) with an alligator clip. The needle-to-collector distance was
of 20 cm and the polymer solutions were ejected using a syringe
pump at an adjusted flow rate. Polymer mats were spun directly
onto a plate-shaped collector for 1 hour to achieve rectangular
samples with a thickness of approximately 125 um. Steady
conditions were achieved at a flow rate of 1.0 mL h™" and 19.9
kV of voltage.

S-Layer coating

After isolation, the protein solution was centrifuged at 5000 rpm
for 5 min in order to separate the S-protein monomers from self-
assembly products and was stored at 4 °C. Then, before each
experiment, supernatant solution was diluted using the appro-
priate amount of recrystallization buffer (see description above)
to a final concentration of 0.1 mg mL ™" (ca. 85 um). The S-layer
recrystallization on micrometric films and scaffolds of PCL-
Quercetin blends was achieved through the incubation at 4 °C
of square samples (1 cm?) into the dissolution of SbpA for 2
hours. For nanometric films, the S-protein assembly was fol-
lowed in situ by means of QCM-D experiments described below.

Sample characterization

FE-SEM analysis. Electrospun mats were examined by means
of Field Emission Scanning Electron Microscopy (FE-SEM).
PCL-Quercetin scaffolds were first sputter-coated with a thin
layer of gold (~15 nm) in an Emitech K550X and observed in
a Hitachi SEM (Hitachi S-4800, Tokyo, Japan). The voltage used
was 10.0 kv and the working distance was 7.0-9.0 mm with
a magnification of 1000x, 5000x and 20 000x. In order to
assess the average diameter, over 100 individual fibers were
measured by Image J software using SEM images from at least
five different sections of each sample.

Differential scanning calorimetry (DSC). Thermal analyses
were conducted on a Modulated DSC Q200 (TA Instruments,
DE, USA). All scans were carried out in hermetic aluminium
pans under a nitrogen atmosphere for sample weights between
5 and 10 mg. Prior to these measurements, an isotherm at
a temperature of 110 °C was performed during 30 min to
eliminate residual water content of Quercetin. For the purpose
of studying glass transition temperatures, two consecutive
scans were performed from —80 °C to 340 °C with a scan rate of
20 °C min~', which ensured complete melting of the sample.
The first scan allowed measuring the blend melting tempera-
tures (Ty,), while glass transition temperatures (T,) were
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obtained from the second scan, as midpoint of the specific heat
increment. The results obtained are described in the ESI
(Fig. S21).

Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR). ATR-FTIR spectra of the PCL/Q films were
recorded on a Thermo Nicolet AVATAR 370 Fourier transform
infrared spectrophotometer (Thermo Fisher Scientific, MA,
USA) with a mounted PIKE MIRacle ATR accessory containing
diamond crystal. Spectra were taken with a resolution of 4 cm™*
and were averaged over 32 scans in the 4000-525 cm ' range.
Prior to performing the spectra of the PCL/Q samples with the
ATR-FTIR, they were melted at a temperature of 330 °C for
5 min, and subsequently allowed to cool to room temperature.
The obtained spectra are shown in the Fig. S3 of the ESL.{

X-ray diffraction (XRD). X-ray powder diffraction patterns
were collected by using a Philips X'pert PRO automatic
diffractometer operating at 40 kV and 40 maA, in theta-theta
configuration, secondary monochromator with Cu-Ka radiation
(A =1.5418 A) and a PIXcel solid state detector (active length in
26 3.347°). Data were collected from 5 to 50° 26 (step size 0.026
and time per step = 700 s) at room temperature. A fixed diver-
gence and anti-scattering slit giving a constant volume of
sample illumination was used.

Topographical analysis by means of AFM. For the topo-
graphical analysis of PCL-derivative micrometric films, an AFM
instrument Nanowizard I (JPK Instruments, Germany) was
operated in air, using contact imaging mode at constant loading
forces and rates. Cantilevers were calibrated before each
experiment by means of thermal tune method. Silicon-nitride
probes (DNP-10, Bruker, USA) with a nominal spring constant
of 0.12 N m™" were used in the experiments. All images were
processed by JPK data analysis software.

In order to extract topographical information of S-layer
coated samples, a Nanoscope V multimode AFM (Veeco, Santa
Barbara, USA) was employed. Before use, the fluid cell was
washed overnight with 2% SDS, rinsed thoroughly with ultra-
pure water, and dried with nitrogen. Topography images were
recorded in tapping mode, at 1 Hz in 100 mM NaCl aqueous
solution and at room temperature. The final setpoint was
carefully controlled to avoid coating damaging. Silicon nitride
(SizNy) cantilevers of 0.32 N m~' with sharpened tips (DNPS,
Veeco) and gold-coated reflective back sides were cleaned in
ethanol before use.

Contact angle. Water contact angle was measured using
a DSA-100 drop shape analyzer (Kriiss, Germany), and 2 pL
water droplets. The water droplet images were analyzed using
a circular fitting method to obtain the contact angles on the
different surfaces. Measurements were made at different posi-
tions in each surface for averaged results included in the ESI

(Fig. S47).

In vitro release studies and release kinetics

As stated above, Quercetin is highly reactive upon exposure to
atmospheric or aqueous oxygen, which induces quinone
formation. The oxidative degradation reduces the pharmaco-
logical efficiency of this anti-oxidant and, in addition, makes

This journal is © The Royal Society of Chemistry 2019
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analytical determination more difficult.”® To avoid the oxidation
of the Quercetin, the PBS buffer solution used for release
experiments was degassed throughout the entire assay by
nitrogen recirculation. Such a degassing could not be applied to
QCM-D experiments because of chamber design reasons.
Instead, a thorough pre-rinse with degassed PBS and incuba-
tions in stopped flow conditions ensured system stability over
the observation time, taking into account this is a closed system
and also the small volume involved. Hence, attending to the
type of sample (films, mats) being characterized the following
techniques were employed.

Micrometric films and scaffolds (UV-Vis). UV-Vis absorption
spectra were recorded over wavelengths ranging from 190 to
500 nm using a Lambda 265 UV/Vis spectrophotometer (Perki-
nElmer, Spain). Prior to release experiments, two standard
curves with known concentrations of Quercetin were built. On
one hand, Quercetin dissolved in tetrahydrofuran with a A, at
370 nm was used to measure the initial and the final content of
Quercetin in the samples. On the other hand, a second cali-
bration curve was prepared measuring the absorbance of the
Quercetin in PBS buffer solution at 376 nm. Experiments were
carried out at concentrations lower than 25 ppm because of
both solubility issues at higher concentrations,” and mainte-
nance of toxicity-free levels.*

Then, PCL/Q films obtained by solvent casting, as well as
scaffolds 125 pum thick, were immersed in 50 mL of 0.1 M
nitrogen-treated PBS at 37 °C (pH 7.4). Sample size in both cases
was kept constant (1 cm?) because of comparative purposes. At
fixed time intervals, 1 mL aliquots were extracted and replaced
with fresh degassed PBS at 37 °C. Quercetin concentration in
solution was determined by UV spectroscopy at a wavelength of
376 nm (attributed to the B-ring catechol structure), and by
using the corresponding calibration curve.

Nanometric films (QCM-D). QCM-D experiments were per-
formed in a Q-Sense E4 instrument (Q-Sense, Biolin Scientific
AB) to quantify the Quercetin release from the nanometric PCL/
Q films known its high sensitivity and reliable response to the
amount of mass adsorbed on the sensor surface.* Prior to their
use in the experiments, QSX303 Silicon coated quartz chips (Q-
Sense, Biolin Scientific AB) were sonicated in ethanol for
20 min, dried under N, stream, and treated with UV/ozone for
30 min. Sensors were then spin coated pouring two drops at
3600 rpm of the 10 mg mL™' PCL/Q solution before being
mounted into the QCM-D chamber. Experiments were per-
formed at 37 °C and the volume of nitrogen-treated PBS con-
tained in each chamber was 300 pL. Real time variations of
frequency (Af) and dissipation (AD) parameters were observed
at several overtones (n = 3, 5, 7, ..., 13) throughout the QCM-D
experiment. Complementarily, D vs. f plots (Df plots) were also
depicted. Each point in these Df plots represents a dissipation
and frequency data at a certain time, which provides a more
detailed view on the viscoelastic evolution of films per mass unit
(Am) change. Hence, we used the Sauerbrey equation (Am =
—CAg) for correlating variations in the oscillation frequency of
the quartz crystal with mass deposition/desorption processes.
The analysis of the mass loss during the experiment enables the
study of Quercetin release kinetics from PCL nanometric films

This journal is © The Royal Society of Chemistry 2019
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both with and without the S-layer coating. Then, since the
polymer did not degrade during the experiment,* the mass loss
is only attributable to the release of Quercetin.

Cell proliferation

In order to assess cellular affinity for this type of PCL/Q blends,
both with and without a S-layer coating on top, cell proliferation
experiments were performed. In this regard, Human Umbilical
Vessel Endothelial cells (HUVEC) were grown in T75 flasks
using high glucose Dulbecco's modified eagle medium with
stable glutamine, supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. Cells were cultured at 37 °C
with 5% CO,. Prior to microscopy experiments, cells were
trypsinized using 2 mL TrypLETM Express, centrifuged and
counted. Borosilicate circular cover glasses (diameter: 24 mm,
thickness: 0.08-0.12 mm, Menzel Gldser, VWR, Germany) were
rinsed with EtOH, N, dried and cleaned with oxygen plasma
(GaLa Instrumente GmbH, Austria). Then, slides were coated
with the corresponding film, as explained above. The PCL or
PCL/Q-coated slides were then incubated for 24 h in the pres-
ence of 4 x 10 cells suspended in DMEM. Prior to measure-
ments, the medium was changed to Leibovitz's L-15. Cell
analysis was then performed using a Axio Observer Z1 (Zeiss
GmbH, Jena, Germany) inverse optical microscope, with a 20x
objective. Micrographs were processed with the ZEN Imaging
Software (Zeiss GmbH, Jena, Germany), which allowed statis-
tical estimation of the cell body area under each experimental
condition.

Results and discussion

Crystallization behavior based on the X-ray diffraction
analysis

The XRD patterns of PCL, Quercetin and their blends are
shown in Fig. 1. Quercetin exhibits a characteristic intense
peak at 260 = 13°, as well as several strong peaks at 11°, 14°
and 28°. As it was predicted through DSC results (see Fig. S2
of the ESIt), owing to the strong crystalline nature of the
Quercetin, when there is more than 20 wt% of Quercetin in
the blend, it is able to auto-associate and form crystals. Thus,
small peaks at 11°, 13° and 28° appeared in XRD PCL/Q 60/40
plot. Fortunately, polymer chains of the PCL are able to
maintain the highly crystalline flavonoid in an amorphous
state due to the intermolecular interactions, and this could
be clearly seen in the PCL/CAM 90/10 blend, in which crys-
tallization of Quercetin is completely suppressed. Hence,
completely amorphous Quercetin (as required in amorphous
solid dispersions, ASDs) can only be obtained when the Q
content is below 20 wt%.

In situ monitoring of bacterial S-layer protein self-assembly on
PCL/Q nanometric films

The real-time assembly of SbpA proteins on top of PCL-based
samples could be monitored by means of QCM-D experiments
(Fig. 2). For such a purpose samples composed of either 10% or
20% Quercetin were employed. The drug content of interest was

RSC Adv., 2019, 9, 24154-24163 | 24157
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Fig.1 XRD patterns of: (a) pure PCL; (b) PCL/Q 90/10; (c) PCL/Q 80/
20; (d) PCL/Q 60/40; and (e) pure Q.

decided based on two main factors: drug solubility and the
toxicity of the final mixture, being both optimal enough in the
two compositions chosen. Indeed, these two blend composi-
tions still maintained the classical spherulite-featured appear-
ance of pure PCL films, as determined by AFM imaging (see
Fig. S5 of the ESIY).

Upon injection of 100 pg mL™" SbpA in divalent Ca** con-
taining crystallization buffer, an immediate variation in both
frequency and dissipation factors was observed. These param-
eters correlate, respectively, to the SbpA mass being adsorbed at
the interface and the variation of the film (visco)elasticity.
Hence, only after five minutes of incubation, the achievement of
a plateau in frequency (Af) around —100 Hz indicated the
completion of the SbpA adsorption, which tells about an
extremely fast process as previously observed for substrates of
similar nature to that of PCL.>**?® Simultaneously, AD values
present a constant evolution featured by a first increase, the
subsequent appearance of phase transition peak typically

a
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Fig. 2
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featuring S-layer formation on hydrophobic substrates, and
a drop to lower values.*® Such a transition is very clear when AD
is plotted vs. Af, in a so-called Df graph, as depicted in Fig. 2b.
On it, the decreasing D values derive from re-arrangement of the
protein film towards a crystal-like coating as more mass is
incorporated, which finally rendered a structure like the one
shown in Fig. 2c. This AFM height micrograph shows the
resulting square (p4) lattice of the S-layer, confirmed by the Fast
Fourier Transform analysis in the inset.

From these results it can be observed how the SbpA assembly
proceeds very efficiently on both samples and showing an
overall resemblance, independently from the Quercetin
content. The most relevant variation between them, if going
very deep in details, would come from the way that dissipation
values evolve. A higher content of the drug seems to affect the
re-arrangement of the crystalline film in terms of time to
equilibrium. This is, a larger amount of Quercetin might
influence the motility of the protein subunits either because of
a higher lateral fluidity of the PCL film underneath or because
the shift in wettability it causes. In both cases the final S-layer
structure obtained was identical.

Quantification of the S-layer influence on the Quercetin
release

In vitro release experiments were performed for PCL/Q 90/10
and 80/20 films where the Quercetin is in amorphous form,
ready to be released by diffusion. The first step of such
a release is the penetration of the buffered solution into the
polymeric matrix, thus leading to film swelling. As a result,
the polymeric network becomes looser, and the amorphous
Quercetin dissolved within the polymer diffuses throughout
it to reach the outer solution.?” As aforementioned, and due
to the heterogeneity of the samples prepared (thick vs. thin

b)

AD (1E-6)
L]
1)
a‘/

40 60 80  -100
Af (Hz)

(a) Real time QCM-D monitoring of the SbpA S-layer formation on top of PCL/Q blends. The inset magnifies the first minutes after the

protein injection, as indicated by the grey arrow in it. (b) Resulting Df plot for the first 60 min of process observation. The black arrow points the
moment at which transition occurs. The colorscale reflects the time elapsed after SbpA injection. (c) AFM height micrograph of the S-layer
topography on top of an underlying PCL-derivative film. The inset show the applied fast Fourier transform with a clear square (p4) repetition unit

being observed. A drawing highlights the type of structures assembled.

24158 | RSC Adv., 2019, 9, 24154-24163

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04398e

Open Access Article. Published on 05 August 2019. Downloaded on 1/15/2026 5:02:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

59 © Uncoated

View Article Online

RSC Advances

PCL/Q 80:20 l
O Uncoated i i . . i )
20 = O prA 0 10 =y (C::in) 40 50 60
15 4| pcLia 90:10
i Uncoated
~N SbpA
E 10 . : ¢ D
E 5- mmw‘wwwmm«mt bbb 'H:Wv‘\
0-
T T T T T T T T 1
0 50 100 150 200
Time (min)

Fig. 3 Real time monitoring of the Quercetin release from PCL/Q blends either with or without S-layer coating on top. The inset magnifies the

first 60 minutes of the release as measured for 90/10 samples.

films, 2D vs. 3D), the monitoring of the drug release was
performed by different - though
methodologies.

Nanometric films. The influence of applying a S-layer coating
on the release of Quercetin from thin (200 nm) PCL/Q blends
was quantified by means of QCM-D technique. Environmental
conditions were adapted to ensure an optimal release rate
(degassed PBS and 37 °C) over the entire experiments, per-
formed in parallel for both 90/10 and 80/20 blend compositions,
as shown in Fig. 3.

At first glimpse, uncoated PCL/Q 80/20 systems showed the
largest drug release (expressed by larger positive frequency
variations, around +17 Hz vs. +5 Hz) because of the higher
initial content. However, the presence of the SbpA coating
successfully slowed down the release process, even from the
very initial moments. After the initial release peak, which occurs
in both samples, the Quercetin release proceeds over the time
following an almost linear (zero order) release trend. From the
slope values of such linear fitting, a 3-fold decrease is calculated
for the release in the presence of an S-layer membrane. A similar
behavior was recorded for PCL/Q 90/10 composition, although
the total release is constrained by the spherulitic morphology of
the blend (Fig. S51). In this case, the presence of the S-layer
offered a significant attenuation of the initial Quercetin being
released, as highlighted in the inset from Fig. 3.

In both compositions, the S-layer slows down the initial
burst allowing a zero order release mechanism (constant rate)
that is desirable in order to minimize oscillations in the drug
concentration in blood, which could induce episodes of
toxicity.*®

Micrometric films. In the case of the micrometric films (ca.
200 pm), the S-layer was formed by immersion of a 1 cm” piece
into SbpA protein containing recrystallization buffer. Because of

complementary -

This journal is © The Royal Society of Chemistry 2019

the temperature control exerted, spontaneous drug release over
exposure to SbpA could be effectively neutralized. This was
certified by the absence of the Quercetin featuring peak in the
spectrogram obtained from the protein solution at the end of
the incubation process.

As can be seen in Fig. 4, the release of Quercetin from thick
PCL/Q films with an outer S-layer lasted longer and proceeded
smoother if compared to their uncoated partners. Considering
the release from both 80/20 and 90/10 compositions after the
first 60 min of the experiment, the release could be restrained
a 30 wt% with the help of the S-layer coating. Furthermore, as
occurred in the case of the nanometric platforms, the slope of
the release plot underwent a 3-fold decrease with the S-layer in
a linear fitting or zero order kinetics, useful for sustained drug
delivery systems.

% ee+ PCL/Q 80/20

PCL/Q 80/20+S-layer]
——PCL/Q 90/10

20 PCL/Q 90/10+S-layel

|

Release (%)

=)
1

0 T T— T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480

Time (min)

Fig. 4 Drug release profile of PCL/Q 80/20 and 90/10 samples with
a thickness of 200 pm obtained by solvent casting, immersed into
50 mL of nitrogen treated-PBS (pH 7.4) at 37 °C during 8 hours. The
vertical line located at the first 60 min helps to display the great
decrease found in the release with the presence of the S-layer coating.
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Effect of the 3D structure on the Quercetin release

Having a good control over drug delivery processes in electro-
spun fibers turns also very promising due to their large specific
surface area, which results in a high drug-loading capacity.
Other appealing features for electrospinning in this field
include high encapsulation efficiency, the possibility of simul-
taneous delivery of diverse therapies, ease of operation, as well
as cost-effectiveness.”** From the first study made by Kenawy
et al. in which nanofibers were successfully applied as drug
delivery systems,** different controlled drug release profiles,
such as immediate, smooth, pulsatile, delayed, and biphasic
releases, have been successfully developed.*=*

In this section, the burst release of Quercetin was studied in
two different PCL platforms (a film and a mat made by elec-
trospinning) with similar thickness (~125 pm), and both having
a flavonoid content of wt 10%. It is well known that the struc-
tural properties (surface area to volume ratio and porosity,
along with the thickness) of the release platform, undoubtedly
affect the release behavior of the drug.*® Therefore, tunable
release profiles can be achieved by simply altering the physical
morphology of the PCL-Quercetin systems. During the duration
of this study, PCL did not degrade and, therefore, the measured
drug can merely be attributed to Quercetin diffusion from both
the matrix and the porous structures.

As shown in Fig. 5, different release profiles were obtained
depending on the type of platform, concluding that the release
rate of Quercetin increased with the larger presence of pores in
the nanofibers mat. This is explained by the greater number of
interactions between the eluting medium and the material.
Contrarily, the non-porous 2D film displayed lower water
uptake capacity and, the release only reached a 15.5% in the
first 2 hours with a final percentage of 17.2% at the end of the
study in the absence of S-layer. After SbpA coating these
percentages dropped to 11.71% (2 hours) and 15.6% at the end.
In the case of 3D platforms, after 2 hours of experiment, the
nanofibers mat with the S-layer showed a release of 22%, while
the scaffold without the membrane had already released the
31.1%, which, again, represents a reduction of the 30%.

[——3D PCL/Q 90/10
3D PCL/Q 90/10+S-layel
354 |~ = 2D PCL/Q 90/10
2D PCL/Q 90/10+S-layel

O —T—T——7T—T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480

Time (min)

Fig. 5 Quercetin release profiles of PCL/Q 90/10 samples of different
structures with a thickness of 125 pum, immersed into 50 mL of
nitrogen treated-PBS at 37 °C for 8 h. The vertical black line represents
the first 2 hours of the experiment when the initial burst has already
occurred.
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According to electron microscopy images (Fig. 6), employed
for testing potential superficial variations along the release
process, 2D films lost their superficial crystalline structure
during the time they stayed submerged in PBS buffer solution.
Furthermore, due to the combined effect of drug diffusion
together with the erosion caused by the surrounding medium,
the appearance of micro-sized pores could be observed (see
Fig. 6a). In contrast, electrospun scaffolds maintained its
fibrous structure throughout the entire experiment (Fig. 6b),
although slight overall structural variations resulted from their
immersion.

Cell proliferation experiments

Complementarily to the characterization above, cell prolifera-
tion studies were also performed. Endothelial HUVEC cells were
seeded on top of the aforementioned systems (pure PCL, PCL/Q
90/10 and 80/20 films with a thickness of 200 nm), and the
resulting cell area was measured after 24 hours of incubation
under appropriate conditions (CO, atmosphere, cell growth
medium). Measurement of the cell area is considered an
optimal factor to characterize the cell-substrate affinity, since
the larger it results the better cells can freely spread over the
composition underneath.*® Calculated results from optical
microscopy images, as well as the derived statistical analysis,
are shown in Fig. 7.

According to the observations done, HUVEC cells on pure
PCL are capable of spreading to a certainly quite larger extent
than those on Quercetin-containing systems, which do not
reflect significant differences in terms of drug content. Kham-
pieng et al. recently described the potential influence of the
topography of PCL films on cell attachment.?”

Mean cell area values are collected in Table 1 for a better
visualization of the numerical changes. The box on top of the

o

BEFORE

BEFORE

AFTER

Fig. 6 FE-SEM images of PCL/Q 90/10: (a) film, and (b) nanofibers
scaffold, before and after 8 hours of in vitro Quercetin release (zoom
areas corresponds to a magnification of 20 000x).

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04398e

Open Access Article. Published on 05 August 2019. Downloaded on 1/15/2026 5:02:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

View Article Online

RSC Advances

g &8 8 8 8

Cell Area (um?]

8

80-20

Fig.7 Cell area calculation from the corresponding optical micrographs on the different PCL systems. Statistical analysis was performed for N >
100 and a one-way ANOVA determined the significance (p < 0.01, represented by “**") of the recorded variations.

Table 1 Mean HUVEC body area values after 24 hours of incubation
on the corresponding substrate

Sample Mean cell area (um?) + SE
PCL 323.4 +£11.8

PCL/Q 90/10 277.8 £ 5.8

PCL/Q 80/20 280.9 £+ 6.5

80/20 case shows a magnified view of the background, with the
clear presence of features that do not appear in those cases
where PCL crystallinity is maintained. These results support the
choice of 90/10 and 80/20 PCL/Q compositions, as they remain
below the critical toxicity levels.

Anti-fouling activity of SbpA S-layer coating

The presence of the SbpA S-layer does not only provide the PCL/
Q blends with an effective release-controlling membrane but
also endows these films with anti-fouling properties, known the
good non-fouling activity of such type of coatings."™"
Continuing with the methodology explained in the previous
section, HUVEC cells were seeded on different PCL/Q ratios
which had previously been employed for the recrystallization of
SbpA bacterial proteins. Again, samples were kept for 24 hours
under cell growth promoting conditions and the cell area was
measured as shown in Fig. 8.

The first striking result regarded the number of individual
cells found in direct contact with the surfaces, which is

20
80-20
SbhpA
154
>
o
@ 104
=
o
[T
54
0-
100 200 300 400 500
Cell Area (um?)

Fig. 8 Histogram showing the cell area distribution for PCL/Q 80/20 systems with and without S-layer coating. Pictures on the right show the
case of an individual HUVEC cell on top of the S-layer, and an example of a usual cell aggregate.

This journal is © The Royal Society of Chemistry 2019
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minimum. Instead, HUVEC cells are observed to float over the
substrate because of the lack of cell-substrate interactions. Cells
prefer forming tissue-like aggregates of diverse sizes with other
floating HUVECS, as already reported in literature by Moreno-
Flores et al.*® attending to the cell area measured those cells
on top of SbpA are found to be around 70-90 um?, corre-
sponding to an almost perfect spherical shape. Such values
represent four-fold decrease in the observed HUVECs area than
those on top of SbpA-less films, which speaks about the effec-
tiveness of the applied coating.

Conclusions

The preparation of Amorphous Solid Dispersions (ASDs) based
on PCL and Quercetin mixes appears as a very promising
synthetic drug delivery system for biomedical applications.
However, despite the healthiness of Quercetin - attending to its
proven antioxidant and anti-inflammatory properties-, this
flavonoid possesses a high crystallinity, low bioavailability and
potential toxicity that might compromise its therapeutic use.

In this regard, it was first found that PCL/Q blends are
miscible (monophasic), and that for Quercetin weight compo-
sitions below 20% crystallization is effectively prevented.
Consequently, PCL/Q 80/20 and 90/10 compositions have been
employed for investigations regarding their release perfor-
mance and their activity. This could also be supported by the
topography analysis performed by AFM indicating the mainte-
nance of the featuring spherulite appearance of PCL.

Second, and in order to minimize the potential toxicity of the
Quercetin, a nanometric S-layer coating from SpbA bacterial
proteins has been applied on top of the PCL/Q specimens to
help regulate the drug release. SbpA protein subunits have the
capacity of reassembling by following a square lattice with well-
defined nano-pores, giving thus raise to a permeable membrane
with proven anti-fouling properties. The influence of presence
of the S-layer on the drug release mechanism has been tested for
both 2D films of diverse thickness and 3D platforms (fiber
mats). Hence, a stable linear release was obtained (30%
decrease compared to uncoated samples) in all the cases. The
faster release from such 3D platforms can be explained by the
bigger specific contact area, as the molecules have more space
for drug diffusion.

Complementary cell viability (HUVECs) studies on SbpA-free
PCL/Q films have been employed to show the lack of toxicity of
the films after 24 h of incubation, and the impressive non-
fouling performance of those containing an S-layer on top,
which prevents the blocking of the membrane activity. This
property turns of particular interest for the avoidance of
bacterial colonization or binding of other foulants, which could
compromise the use of these materials for medical purposes.
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