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Abstract: In the clinical management of solid tumors, the possibility to successfully couple the
regeneration of injured tissues with the elimination of residual tumor cells left after surgery could
open doors to new therapeutic strategies. In this work, we present a composite hydrogel–electrospun
nanofiber scaffold, showing a modular architecture for the delivery of two pharmaceutics with
distinct release profiles, that is potentially suitable for local therapy and post-surgical treatment
of solid soft tumors. The composite was obtained by coupling gelatin hydrogels to poly(ethylene
oxide)/poly(butylene terephthalate) block copolymer nanofibers. Results of the scaffolds’ charac-
terization, together with the analysis of gelatin and drug release kinetics, displayed the possibility
to modulate the device architecture to control the release kinetics of the drugs, also providing evi-
dence of their activity. In vitro analyses were also performed using a human epithelioid sarcoma
cell line. Furthermore, publicly available expression datasets were interrogated. Confocal imaging
showcased the nontoxicity of these devices in vitro. ELISA assays confirmed a modulation of IL-10
inflammation-related cytokine supporting the role of this device in tissue repair. In silico analysis
confirmed the role of IL-10 in solid tumors including 262 patients affected by sarcoma as a negative
prognostic marker for overall survival. In conclusion, the developed modular composite device may
provide a key-enabling technology for the treatment of soft tissue sarcoma.

Keywords: composite scaffold; electrospinning; hydrogel; PEOT/PBT; gelatin; dual-drug delivery
systems; sarcoma; regenerative medicine; chemotherapy

1. Introduction

Local drug delivery systems are promising tools in modern medicine because they
can assure the release of drugs with the kinetics required by specific applications and a
reduction in undesired side effects that are typical of systemic therapies.

In order to be employable as drug carriers for local therapies and tissue regeneration,
polymeric scaffolds need to meet specific requirements. In particular, they should be
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able to incorporate drugs to favor release with predictable kinetics [1,2], to guarantee the
retainment of the therapeutics at the site of interest [1], to be biocompatible [3], and to
mimic the morphological, chemical, and mechanical properties of the tissues in which they
are implanted [4–6].

Over the years, a wide variety of polymeric scaffolds has been investigated as im-
plantable single drug delivery systems. Some of the adopted approaches exploited drug
diffusion through polymeric materials [7]; other strategies focused on the realization
of drug-eluting scaffolds, obtained by using properly selected biodegradable polymers,
showing a degradation rate able to ensure a sustained release of the drug for a specific
period [8,9]; finally, the development of scaffolds able to release the drug when triggered
by an external stimulus was also investigated [10]. Among these systems, BCNU wafers
(carmustine wafers, Gliadel) have been demonstrated to represent an effective way for the
delivery of chemotherapy directly to intracerebral high-grade tumors, with no systemic
toxicity [11]. Clinical trials have documented the suitability of Gliadel in a selected group
of patients with malignant gliomas. Furthermore, the possibility to improve BCNU activity
by administrating it together with agents able to overcome BCNU resistance or with other
therapeutics [12] paves the way to the use of Gliadel for the treatment of other intracranial
neoplasms and metastatic disease [11].

In the last ten years, great efforts have also been devoted to the design of polymeric
scaffolds for the release of multiple active compounds from the same device with distinct
kinetics [13–15] and some of them have also been tested in vivo [16–18].

Among the still poorly investigated biomedical applications, postsurgical treatment of
solid tumors, including soft tissue sarcoma, is one of the medical areas that could benefit
from the employment of implantable drug delivery devices.

Soft tissue sarcomas are a rare group of solid lesions of mesenchymal origin with
uncertain etiology and difficult classification [19]; they account for around 1% of all solid
neoplasms [20] and include more than 70 different histological subtypes. They can arise
from several districts of the body and their clinical behavior could vary from indolent to
very aggressive. They often occur as a soft, painless mass, which becomes painful when
pressed on nerves or muscles; thus, their diagnosis is often achieved when they are a large
lesion in size [21]. For the above reasons, although surgery represents the mainstay of
treatment for localized disease, local or distant postsurgery relapse could be observed
depending on several factors including tumor grade, histology, and resection margins free
or not from the disease [22]. In this regard, margins status represents a prognostic factor
for the overall survival of patients affected by soft tissue sarcoma and the achievement of a
radical resection represents a critical point in the management of these diseases. Moreover,
due to the huge masses intraoperatively harvested, surgery can produce extended injury in
the normal tissue, which needs to be restored. Considering these urgent clinical needs, a
primary directive of regenerative medicine is to develop drug-delivery platforms that can
achieve the radicalization of solid lesion surgery and promote tissue regeneration.

For the development of implantable scaffolds, the correlation between structure and
properties of the employed polymers plays an extremely important role. The system
poly(ethylene oxide)/poly(butylene terephthalate) (PEOT/PBT), availing the tuning of
its chemical composition, is ideal for the design of implantable scaffolds with desired
properties. PEOT/PBT is a class of multiblock thermoplastic copolymers, composed of
soft PEOT and hard PBT units. PEOT derives from PEO repetitive units connected to
terephthalic units through ester bonds. By acting on copolymer molecular weight, soft to
hard segments ratio, and molecular weight of PEO starting unit, the synthesis of polymers
showing tunable physical and chemical properties can be achieved [23]. Regarding thermo-
mechanical properties, all PEOT/PBT copolymers are semicrystalline at room temperature
and show a higher melting temperature and heat of fusion with the increase in PBT content.
Furthermore, the elastic modulus significantly decreases with an increase in the content
of soft segments. The increase in PEO content also enhances the hydrophilicity of the
resulting copolymer and, in tune with this, hydrolytic degradation is faster for copolymers
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obtained from higher PEO unit molecular weight as a consequence of higher water uptake.
Moreover, hydrolysis occurs preferentially in the amorphous phase; therefore, the decrease
in PBT segment contents renders the resulting copolymer more hydrolyzable [23]. Although
PEOT/PBT copolymers have been widely employed since 1994 [24–34] for applications in
the field of tissue regeneration, their potential for the design of drug-releasing scaffolds
is still poorly investigated. Indeed, the few studies reported in this context mainly focus
on the development of PEOT/PBT scaffolds for the single release of dies [35] and small
molecules, such as proteins [36], highlighting, in this case, a release kinetic dependent on
the PEO content [36].

Electrospinning represents a widely investigated technique for the development of
drug-containing scaffolds for biomedical applications, such as wound dressing, tissue
remolding, and the prevention of anaerobic bacteria colonization [37,38]. However, the
integration of various antitumor drugs showing different hydrophobic/hydrophilic prop-
erties into one electrospun platform, enabling a dual-drug release, is still challenging [37].
In this respect, strategies based on the fabrication of hybrid composite scaffolds, obtained
from the combination of electrospun fibers with hydrogels, are raising great interest in
the biomedical field [4,39–45]; moreover, recently, composite nanofiber–hydrogel scaffolds
have also been tested for the delivery of proteins and nucleic acid therapeutics in the in vivo
treatment of spinal cord injuries [46].

In this work, we propose the development of a modular composite hydrogel–
electrospun scaffold for the delivery of two pharmaceutics with distinct release profiles over
time. Nanofibrous mats obtained from PEOT/PBT copolymers have been coupled with
gelatin hydrogels to obtain biocompatible hybrid scaffolds with a modulable architecture
properly designed to enable the dual drug release. As model drugs, Diclofenac (DK) and
Chlorotetracyline hydrochloride (CTC) were used. DK, in the form of potassium salt, was
loaded into the electrospun non-woven fabric as an anti-inflammatory drug, while CTC,
an antibiotic belonging to the family of tetracyclines, was incorporated within the gelatin
hydrogel as a model drug for the anticancer agent Epirubicin. Two hydrogel/fiber hybrid
composite scaffolds containing DK and CTC, i.e., mono-layer and double-layer composites
(Figure 1) were proposed, differing in terms of gelatin crosslinking degree and number of
gelatin layers wrapping the fibrous mat. The complete characterization of the composite
systems and the effect of their architecture on the modulation of dual drug release are
presented and discussed.
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2. Results and Discussion

In this work, we developed a modulable platform for dual drug delivery in local
therapy. Potentially suitable for several medical applications, the proposed model scaffold
could represent an alternative to chemotherapy for the post-surgical treatment of solid soft
tumors, such as sarcoma, which could overcome the undesired consequences typical of the
common systemic therapies.

To meet the drug delivery requirements of this application, the scaffold should enable
a quick release of an anti-cancer drug to induce the elimination of residual cancerous cells
in the surgical site and the sustained delivery of an anti-inflammatory drug to reduce
inflammation, also promoting tissue regeneration in the implantation site. In light of these
aspects, the model hybrid scaffolds were designed by introducing the anti-inflammatory
drug DK inside the nanofibers, while CTC, a model molecule of Epirubicin, was loaded in
hydrogel layers. Two distinct release kinetics of these drugs were tuned by acting on the
scaffold’s layered structure and on the crosslinking extent of gelatin hydrogel. In particular,
the DK release was investigated as a function of both the PEOT/PBT composition and the
modulation of the composite’s architecture, while CTC release was controlled by acting on
the crosslinking extent of the hydrogel.

2.1. Characterization of PEOT/PBT Electrospun Mats

Two copolymers of PEOT/PBT that differ in composition, namely PEOT70PBT30 and
PEOT30PBT70, were employed for the fabrication of nanofibrous mats for the release of
DK. To assess the effect of DK on fiber properties, both plain and DK-loaded mats were
prepared. The morphological analysis of plain and DK-loaded electrospun mats revealed
the presence of regular, bead-free, defect-less fibers in a random arrangement, as shown in
Figure 2A–D. Plain mats show fibers diameters in the submicrometric range, 760 (±150)
nm for 3070 and 870 (±260) nm for 7030 (Figure S1A,C). In the presence of DK, thinner
fibers (Figure S1B,D) were obtained regardless of the employed copolymer with a mean
diameter of 500 (±80) nm for 3070DK and 500 (±90) nm for 7030DK: this result can be
ascribed to an increase in the polymeric solution’s conductivity as a consequence of the
addition of the drug in salt form [47].

The thermogravimetric analysis (Figure S2 and Table S1) highlighted the lack of
differences between the two copolymers, both showing a single weight loss around 390 ◦C.
The presence of DK in the mats anticipates the onset of degradation at about 270 ◦C,
consistent with the degradation path of the pure drug.

As documented by previous studies, the two copolymers are characterized by signifi-
cantly different thermal transitions, due to their different chemical composition [23]. DSC
first heating scans, reported in Figure S3 and Table S2, are all affected by the presence of
absorbed water, with a different extent depending on hydrophilic PEOT content and on the
presence of DK in line with TGA data.

The second calorimetric heating scan (Figure 2E,F), performed after quenching, clearly
reported the presence of a single glass transition temperature (Tg) well below room tem-
perature (Table S3) ascribable to PEOT soft segments for all the considered mats [23].
Concerning 3070 and 3070DK electrospun mats (Figure 2E), only a melting endothermal
peak around 210 ◦C was detected, highlighting the capability of PBT to crystallize during
quenching [23]. Conversely, no crystallization and/or melting transitions ascribable to
PEOT segments were detected, probably due to their low content. For 7030 and 7030DK
mats (Figure 2F), Tg was followed by cold crystallization and melting occurring at −25 ◦C
and 10 ◦C, respectively, both assigned to PEOT [23]. Additionally, a second melting was
detected at 150 ◦C, demonstrating the capability of the PBT units to generate a small amount
of crystalline phase (∆Hm= 8 J g−1) even when present in low amounts (30%). Finally, the
addition of DK in the fibers has the main effect of slightly suppressing the crystallization of
PBT blocks in both copolymers, testified by the lower values of the corresponding ∆Hm.
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Figure 2. Characterization of the PEOT/PBT electrospun fibers. SEM images of the following: (A)
3070, (B) 3070DK, (C) 7030 and (D) 7030DK fibers; scale bar = 10µm. (E) DSC curves (second heating
scans) of 3070 (black) and 3070DK (blue) mats. (F) DSC curves (second heating scans) of 7030 (black)
and 7030DK (blue) mats. (G) Water contact angle measurements over time for 3070 (black square),
3070DK (green circle) and 7030 (red triangle) mats. (H) DK cumulative release profile over time for
3070DK (green circle) and 7030DK (blue diamond) electrospun fabrics.

The water contact angle measurements (Figure 2G) highlighted a remarkable different
behavior of the two plain mats: the 7030 fibers, richer in hydrophilic PEOT units, absorbed
the water drop in less than 1 s, whereas the more hydrophobic 3070 fibers needed 1 min to
be wet. The addition of DK accelerated water drop absorption, which occurred practically
instantaneously in 7030DK (not reported) and within a few seconds for 3070DK. The high
wettability of both DK-containing mats supported the absence of significant differences in
terms of drug release kinetic between the two mats, as documented in Figure 2H.

A fundamental requirement for the obtainment of interpenetrated hybrid hydrogel-
nanofiber composites is the preservation of the fibrous morphology when the mat is placed
in contact with the hydrogel aqueous solution; therefore, the typology of the mat to be
employed for the preparation of composites was selected based on its water stability.

The morphological analysis of 3070DK and 7030DK performed after overnight immer-
sion in distilled water highlighted that 3070DK mats well retained fibrous morphology,
while 7030DKs were subjected to swelling with a partial loss of mat porosity, as shown in
Figure S4. Therefore, only 3070DK mat and 3070 mat as controls were employed for the
preparation of the composites.
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2.2. Hydrogel/Nanofibers Hybrid Composites

The high hydrophilicity conferred by DK to 3070 mats enabled their good impregnation
with the gelatin-based hydrogel, as confirmed by SEM cross-sectional analysis carried out
on 3070DKMonoGelCTC and 3070DKDoubleGelCTC hybrid composites (Figure 3), whose
fabrication procedure is shown in Figure 1 and described in Materials and Methods. Indeed,
as observable in Figure 3B,D, the hydrogel completely fills the pores of the 3070DK mat
without affecting its fibrous texture. Furthermore, as shown in Figure 3C, in double-
layer composites, the hydrogel phase appeared as a single continuous layer, making the
separation between the two distinct gelatin-based hydrogels barely detectable (Figure 3D).
Taken together, the results of SEM analysis demonstrated a good interconnection between
the different layers of the scaffolds.
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Figure 3. Scanning electron microscopy micrographs of mono-layer (A,B) and double-layer (C,D)
composites. Scale bar: 100 µm (A,C), 5 µm (B,D).

All tested composites (3070MonoGel, 3070DKMonoGelCTC, 3070DoubleGel,
3070DKDoubleGelCTC) neither broke nor delaminated after immersion in PBS at 37 ◦C
for 1 week. Scaffold stability was evaluated by gelatin release as a function of storage time
in PBS and, as reported in Figure 4, mono-layer drug-loaded composites showed a faster
gelatin release with respect to both plain and 3070DKDoubleGelCTC devices. Moreover,
statistical analysis confirmed a significantly higher gelatin release from 3070DKMono-
GelCTC with respect to 3070DKDoubleGelCTC (**** p < 0.001 at 24, 72, and 168 h). This
result might be ascribed to the interference of CTC in the gelatin crosslinking. Indeed,
by lowering the pH of the solution [48], CTC hindered the crosslinking process, thus en-
hancing gelatin solubility. In tune with this hypothesis, the presence in the double-layer
composite of an additional hydrogel layer not containing CTC increased the stability of
the tested samples and, therefore, slowed down the gelatin release with respect to the
mono-layer. Accordingly, the amount of gelatin released from 3070DKDoubleGelCTC is
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higher with respect to that released from the plain double-layer composite (**** p < 0.0001
at 24, 72, and 168 h) in which the extent of crosslinking is not affected by drug addition.
The composite 3070DoubleGel turned out to be the most stable over time, also compared
with 3070MonoGel (*** p < 0.001 at 24 h and **** p < 0.0001 at 72 and 168 h), thanks to the
presence of an additional gelatin layer.
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2.3. Drugs Release

To investigate the drugs’ release profiles as a function of the device’s composition,
we first separately studied DK and CTC drug profiles from mono-layer and double-layer
composites. The release of DK from electrospun fibers was also reported as a comparison.

As shown in Figure 5A, DK was released from fibers with an evident high initial
burst; indeed, around the 80% w/w of the drug was released during the first 2 h of incu-
bation and residual DK was completely released within 4 h. Interestingly, a significantly
different behavior was observed for mono-layer and double-layer composite scaffolds for
which DK releases around 55% and 20%, respectively, were achieved after 2 h of incuba-
tion. Furthermore, after the first 24 h, only 85% w/w and 65% w/w of DK were delivered
from the mono-layer and double-layer devices, respectively. These percentages became
approximately 90% w/w and 78% w/w after three days of incubation for the two systems,
respectively.

In light of these results, the presence of the hydrogel layer obtained from Gel1 solution
significantly contributed to slowing down DK’s release rate in double-layer composite,
acting as an effective diffusion barrier. This achievement suggested the possibility to tune
the thickness of the hydrogel layer to reach the desired release kinetic for the drug contained
in the electrospun fibers.

As observable by comparing Figure 5B,C, CTC release from the two devices showed
the same dramatically fast initial burst release of the drug within the first hour. In addition,
regardless of the genipin concentration used for gelatin crosslinking, almost all the drugs
are released from the device in 4 h. A slight low initial burst release is observed in the
double layer probably due to the diffusion of the drug inside the Gel1 layer.
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The profiles of DK and CTC when contextually released from 3070DKMonoGelCTC
and 3070DKDoubleGelCTC are reported in Figure 5B,C, respectively. For mono-layer
composites, statistical analysis highlighted a slightly slower release of DK with respect to
CTC, with significant differences at 1 h (* p < 0.05), 2 h (** p < 0.01), 4 h (** p < 0.01), and 7 h
(* p < 0.05); conversely, no statistically significant differences were observed at 24 h.

Concerning the double-layer platform, it turned out to simultaneously ensure a fast
release of the CTC loaded in the outer hydrogel layers and a sustained release of the
DK contained in the electrospun nanofibers. Indeed, for the time points from 1 h to 7 h,
significant differences between the release kinetics of the two drugs were obtained with
**** p < 0.0001; the significant difference was maintained also at 24 h with a ** p-Value< 0.01.

2.4. In Vitro Viability Assays

In vitro viability assays were carried out on the following double-layer devices: com-
posite scaffolds not containing drugs (3070DoubleGel) as the control, composite scaf-
folds containing only DK (3070DKDoubleGel), composite scaffolds containing only CTC
(3070DoubleGelCTC), and composite scaffolds containing both DK and CTC (3070DKDou-
bleGelCTC). To evaluate the impact of all considered materials on tumor cell viability, an
indirect co-culture was carried out. The results showed that no significant differences
between empty-loaded and drug-loaded scaffolds were observed in tumor cells viabil-
ity (Figure 6A). The spindle shape morphology of VA-ES-BJ human epithelioid sarcoma
cell line was maintained when the cells were exposed to DK and CTC in monoregimen
(Figure 6D). A non-significant difference in cell viability was observed between single
loaded scaffolds and 3070DKDoubleGelCTC, which achieved a slight decrease compared to
the control group; this result was sustained by the appearance of round cells in the culture
(Figure 6D). In this regard, a possible explanation could be related to the combination
of these drugs and their metabolites, which could affect the viability and morphology of
VA-ES-BJ sarcoma cells. Since the tested drugs (DK, CTC, and DK + CTC) do not exert
cytotoxic effects, the observed results supported their molecular mechanism. On the other
hand, although these drugs do not impair cell survival, a slight decrease in cell viability
was achieved compared to the control condition, providing, as explained above, indirect ev-
idence of the ability of the device in drug delivery. Furthermore, the not-observed decrease
in cell viability with the control device suggests the biosafety of PEOT/PBT nanofibers and
gelatin hydrogel.
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Figure 6. (A) Viability assay of VA-ES-BJ human epithelioid sarcoma cell line in a transwell cul-
ture system (indirect co-culture) with 3070DoubleGel, 3070DKDoubleGel, 3070DoubleGelCTC, and
3070DKDoubleGelCTC. (B) Representative immunofluorescence confocal images of VA-ES-BJ human
epithelioid sarcoma cell line cultured in an empty patch at days 1 and 7. Actin filaments were stained
with phalloidin (green) and nuclei were counterstained with dapi (blue). Magnification at 20×, scale
bar = 200 µm. (C) Fold change in cell proliferation (cell number) day 7 versus day 1 (* p < 0.05). (D)
Morphological characterization of VA-ES-BJ human epithelioid sarcoma cell line after exposure to
patches in the indirect co-culture. Architectural features of VA-ES-BJ with typical epithelial-appearing
(ovoid or polygonal) cells mixed with fusiform cells with many intracytoplasmic vacuoles were
maintained with 3070DoubleGel, 3070DKDoubleGel, and 3070DoubleGelCTC while morphological
changes such as rounding up were observed with a combination treatment (3070DKDoubleGelCTC).
Magnification 20×, scale bar = 200 µm.

2.5. Non-Toxicity Profile

To further strengthen the biocompatibility of the devices tested in in vitro survival
assays and to corroborate the obtained results, a confocal analysis at two-time points was
performed. The results clearly showed that the devices were able to sustain the viability
of cells (Figure 6B), as observed by the significant fold increase between 24 h and 7 days
post-cell seeding (Figure 6C). In this regard, the cell number was triplicated in six days of
culture. Furthermore, no morphological changes were detected in nuclei and actin filaments
of the cell culture, corroborating the non-toxicity profile of the device. A study limitation
is represented by the missing experiments on health cells, which should be carried out in
future analysis.
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2.6. Regenerative Medicine Approach

The ability of the scaffolds in reducing tumor cell inflammation was investigated
by using an ELISA assay. In this regard, IL-10, a well-known pro-inflammatory and anti-
inflammatory pleiotropic cytokine, is one of the involved targets of anti-inflammatory drugs
for DK. The expected result in decreasing the presence of IL-10 was confirmed by a trend of
significant modulation of IL-10 detected in the supernatant of indirect co-culture compared
to the other conditions (Figure 7A). Moreover, the observed results were comparable to
that of the positive control of the tested free DK at a concentration of 3 mg mL−1, which
represents human plasm peak concentration [49]. Furthermore, a higher decrease in IL-10
detection was observed in the positive control at a concentration of 100 mg mL−1, which
represents the estimated cumulative release. These latter data provide support for the
fidelity of the analysis and underline the ability of the device to perform an effect similar to
that due to the free drug at the same human plasma peak concentration. Taken together,
these results provide evidence of the potential role in regenerative medicine of this device.
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Figure 7. (A) IL-10 protein detection by using an ELISA assay in the supernatant of VA-ES-BJ human
epithelioid sarcoma cell line in a transwell culture system (indirect co-culture) with3070DoubleGel,
3070DKDoubleGel, 3070DoubleGelCTC, 3070DKDoubleGelCTC, and positive control DK at both the
concentration of 3mg mL−1 (human plasma peak) and 100 mg mL−1 (expected cumulative release
from the device). (B) In silico analysis of IL-10 mRNA expression among tumors (red bar) and normal
tissues (blue bar, reported when available), *: p-value < 0.05; **: p-value <0.01; ***: p-value <0.001. (C)
IL-10 mRNA expression among 262 patients affected by sarcoma (red bar) and normal tissues (grey
bar). (D) Kaplan–Meier curve of overall survival analysis based on the expression status of IL-10 in
multiple cancer types.
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2.7. IL-10 Is Associated with Poor Prognosis in Solid Tumors

To confirm the robustness of the obtained data, publicly available expression datasets
on IL-10 were investigated. Firstly, the expression of this marker was analyzed among
several solid tumors. The results confirmed a higher expression of this marker among
tumors compared to normal tissue (Figure 7B). The investigation of IL-10 expression in 262
patients affected by sarcoma confirmed the higher expression of IL-10 compared to normal
tissue (Figure 7C). Finally, the expression of this marker was correlated to the patient’s
clinical outcome. In this regard, the results showed IL-10 as a negative prognostic factor
for overall survival (Figure 7D), confirming its role in solid tumors. These results further
corroborate the role of IL-10 in solid tumors, including sarcoma, and support the rationale
of targeting this marker as a valuable therapeutic option in a clinical setting.

3. Conclusions

The efficacy of composite scaffolds made of PEOT/PBT nanofibers and gelatin hydro-
gel for the simultaneous release of two drugs with two distinct kinetics was confirmed.
We proved that the dual loading of drugs in this modular composite device is feasible and
could provide therapeutic advantages. In vitro analysis showed the ability of drug release
exerted by the device, providing the rationale for using chemotherapeutics. Moreover, the
non-toxicity profile of the scaffolds was confirmed by a viability assay and morphological
and confocal imaging analyses. Furthermore, we demonstrated the ability of the device
in modulating the secretion of inflammation-associated cytokine IL-10. Finally, in silico
analysis confirmed the role of IL-10 as a negative prognostic marker for solid tumors in
overall survival. This smart device could represent a new groundbreaking strategy for the
treatment of soft tissue sarcoma.

4. Materials and Methods
4.1. Materials

Two distinct poly(ethylene oxide)terephthalate/poly(butylene terephthalate)
(PEOT/PBT) block copolymers, 1000PEOT30PBT70 and 1000PEOT70PBT30, were pur-
chased from PolyVation (Groningen, The Netherlands). The copolymers are labeled as
aPEOTbPBTc, in which a is the PEO molecular weight, b is the weight percentage of PEO-
therephtalate (PEOT), and c is the weight percentage of PBT. Type A Gelatin 300 Bloom
(Sigma Aldrich, Milan, Italy) from porcine skin was used. Genipin (min. 98%) was supplied
by Wako Chemicals Europe GmbH (Neuss, Deutschland). Diclofenac Potassium (DK) was
provided by Farmalabor (Assago, Milan, ITALY). Chlorotetracycline Hydrochloride (CTC),
1,1,1,3,3,3-Hexafluoro-2-propanol (HFP ≥ 99%), bicinchonininc acid solution, and copper
(II) sulfate pentahydrate were purchased from Sigma-Aldrich (Milan, ITALY) and used
without further purification.

4.2. Fabrication of Electrospun Mats

PEOT/PBT copolymer (either 1000PEOT30PBT70 or 1000PEOT70PBT30) was dis-
solved in HFP at a concentration of 20% w/v and stirred at room temperature. DK, at a
concentration of 5% w/w with respect to the weight of PEOT/PBT copolymer, was pre-
viously solubilized in an aliquot of HFP and added dropwise to the polymer solution.
The resulting solution was kept under stirring for 1 h before the electrospinning. The
electrospinning process was carried out by using a homemade electrospinning apparatus
composed of a high voltage power supply (Spellman, SL 50 P 10/CE/230), a syringe pump
(KD Scientific 200 series), a glass syringe containing the polymer solution, a stainless-steel
blunt-ended needle (inner diameter = 0.5 mm) connected to the power supply, and a
grounded cylindrical aluminum collector (rotation angular speed = 60 rpm). The polymer
solution was dispensed through a PTFE tube to the needle, which was placed at a distance
of 20 cm from the collector. The process was performed at 25 ◦C and a relative humidity of
50% with a solution flow rate of 1.2 mL h−1 and an applied voltage of 19 kV DC. Mats with
a thickness of around 60 µm were obtained and stored overnight in a desiccator to remove
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residual solvents. The resulting electrospun mats obtained from 1000PEOT70PBT30 and
1000PEOT30PBT70 were labeled 7030DK and 3070DK, respectively. Electrospun mats not
containing DK were also produced for comparison and labeled 7030 and 3070, respectively.

4.3. Fabrication of the Hydrogels

The following gelatin-based solutions were considered for the preparation of the hydro-
gels: “gelatin solutions”, containing gelatin and genipin as crosslinking agent; “gelatin-CTC
solutions”, containing gelatin, genipin and CTC. “Gelatin solutions” were obtained accord-
ing to the following steps: (i) gelatin (10% w/v) was dissolved in distilled water at 45 ◦C
under stirring; (ii) genipin (either 1% or 0.5% w/w with respect to gelatin) was dissolved in
phosphate-buffer solution (PBS, 0.1 M, pH 7.4) at 42 ◦C under stirring for 30 min; (iii) the
two solutions were mixed with a volumetric ratio H2O:PBS = 9:1 and kept under stirring at
45 ◦C for 3–5 min. “Gelatin-CTC solutions” were produced by the following: (i) adding
previously grinded CTC powder (2% w/w with respect to gelatin) to the gelatin solution
under stirring at 45 ◦C for 3 min and keeping the mixture protected from light [50,51]; (ii)
adding to the obtained solution the genipin solution prepared as previously described;
(iii) keeping the mixture under stirring at 45 ◦C for 3–5 min. “Gelatin-CTC solutions”
containing genipin at a concentration of either 1% or 0.5% w/w were labeled Gel1CTC and
Gel0.5CTC, respectively. Similarly, “gelatin solutions” were labeled Gel1 and Gel0.5.

4.4. Preparation of Hydrogel/Fibers Hybrid Composite Scaffolds

For the preparation of hydrogel/fibers hybrid composite scaffolds, 3070DK and 3070
electrospun mats were employed. Two types of scaffolds, defined mono-layer and double-
layer composites were obtained following the procedure depicted in Figure 1. For the
preparation of monolayer composites, 4 mL of Gel1CTC was poured in a Petri dish (in-
ner diameter = 5 cm) and kept at room temperature for 10 min; then the electrospun
sample, rectangular-shaped (0.5 × 4 cm2), was placed onto the gelatin layer and covered
with additional 4 mL of Gel1CTC (Figure 1A). The scaffolds were labeled 3070DKMono-
GelCTC. Double-layer composites, labeled 3070DKDoubleGelCTC, were produced as
follows (Figure 1B): (i) 2 mL of Gel0.5CTC was poured in a Petri dish and allowed to gel; (ii)
4 mL of Gel1 solution was laid down over this layer; (iii) after gelification, the electrospun
mat was placed onto the hydrogel; (iv) the mat was covered by a double layer made of 4 mL
of Gel1 and 2 mL of Gel0.5CTC following procedure (ii) and (i). The resulting mono-layer
and double-layer composites were kept at 4 ◦C for 24 h, and the scaffolds were obtained
from the solvent casting method after solvent evaporation for 24 h at RT under a laminar
flow hood. Scaffolds not containing drugs were produced for comparison and labeled
3070MonoGel and 3070DoubleGel, respectively. Square-shaped samples (1 × 1 cm2) for the
evaluation of gelatin and drug release were also prepared.

4.5. Characterization Techniques

Thermogravimetric analysis (TGA) of the electrospun mats was carried out using a
TA Instrument TGA Q500 analyzer from RT to 900 ◦C, with a high-resolution dynamic
mode at 50 ◦C min−1 and a resolution index of 5 in N2 atmosphere. Differential Scanning
Calorimetry (DSC) measurements of the electrospun mats were carried out using a TA
Instruments Q100 DSC apparatus in N2 atmosphere from −90 ◦C to 250 ◦C with a heating
scan rate of 20 ◦C min−1; Tg was taken at half-height of the glass transition heat capacity
step in the second heating scan. Water contact angle (WCA) measurements were performed
using the Theta Lite instrument (Biolin Scientific, Alessandria, Italy) equipped with One
Attension software. Distilled water was used for the measurements. Ten measurements
were performed for each sample, and the water drop profiles were collected in a time range
0–120 s. The morphology of the electrospun fibers and hydrogel/fibers hybrid composite
scaffolds was investigated by using a Philips 515 Scanning Electron Microscope (SEM);
samples were sputter-coated with gold before examination and the distribution of fiber
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diameters was determined with measurements of about 300 fibers by employing image
analysis software (EDAX Genesis).

4.6. Determination of the Gelatin Release

For the gelatin release evaluation, square-shaped (1 × 1 cm2) mono-layer and double-
layer composite samples were immersed in 10 mL of PBS at 37 ◦C. After each time point
(from 1 h to 7 days), PBS was removed and replaced with a fresh solution. Gelatin concentra-
tion in the release buffer was determined by a colorimetric method using the bicinchoninic
acid protein assay, following the previously reported procedure [52,53]. Each analysis was
carried out in triplicate. The cumulative gelatin release (%) was calculated with respect to
the starting weight of each sample.

4.7. Drug Release

Square-shaped (1 × 1 cm2) mono-layer and double-layer composites were immersed
in 10 mL of PBS at 37 ◦C. For each time point (from 1 h to 7 days), PBS was withdrawn
and replaced with a fresh solution. The quantification of DK and CTC in the solution was
carried out using a HPLC-UV/Vis apparatus (equipped with Jasco PU2089 Plus pump
and Jasco MD-2010 Plus detector). An autosampler (SIL-20A, Shimadzu, Japan) was used
to inject samples (20 µL) onto a C18 column (15 cm × 4.6 mm × 5 µm, Phenomenex).
The flow rate was 1 mL min−1 and the detection wavelength was set for DK and CTC at
220 nm and 260 nm, respectively. For DK quantification, a mobile phase of acetonitrile:
ammonium phosphate buffer (20 mM, pH 2.5) = 70:30 (v/v) was used. The running time and
drug retention time were set at 10 min and 4.2 min, respectively. CTC quantification was
performed by using a mobile phase of acetonitrile:ammonium phosphate buffer (20 mM,
pH 2.5) = 80:20 (v/v). In this case, the running time and retention time were set at 15 min
and 6.4 min, respectively. Both methods required the preparation of calibration curves by
using standard solutions ranging from 0.1 to 20 µg mL−1 in PBS (DK: y = 29486x + 4785.5,
R2 = 1; CTC: y = 19140x + 1982.4, R2 = 0.999).

4.8. Cell Seeding and Culture

The experiments were performed on a VA-ES-BJ human epithelioid sarcoma cell line
obtained from the America Type Culture Collection (Rockville, MD, USA). The cells were
cultured as a monolayer in 75 cm2 flasks at 37 ◦C in a 5% CO2 atmosphere in DMEM
medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and 1%
glutamine (PAA, Piscataway, NJ, USA) referred to as complete DMEM.

4.9. Cell Viability Assay

For proliferation profiling, 5 × 105 VA-ES-BJ were plated in 6-well plates. The cells
were allowed to adhere and, after 24 h, 24 mm diameter transwell inserts with 0.4 µm
pores (Corning Ltd., Flintshire, UK) containing hydrogel/fibers hybrid composite scaffolds
(3070DoubleGel, 3070DKDoubleGel, 3070DoubleGelCTC, 3070DKDoubleGelCTC) were
placed over VA-ES-BJ cultures and the indirect co-culture was started as already shown [54].
Cells were cultured in 4 mL complete DMEM for 72 h. Transwell inserts with 0.4 µm
pores allowed the release of drugs from hydrogel/fibers hybrid composite scaffolds. After
exposing tumor cells to the tested conditions, cell viability percentage was assessed by using
an MTT reduction assay (Sigma Aldrich), as previously reported [55–57]. Experiments
were performed in triplicate.

4.10. Confocal Analysis

Confocal analysis was performed on hydrogel/fibers hybrid composite scaffolds.
Briefly 1 × 105 cells were seeded 3070DoubleGel, as previously described [58]. The cells
were washed 3 times with 1% PBS, fixed with 4% PFA for 20 min at room temperature,
and stained with DAPI (1:1000, Life Technologies, Carlsbad, CA, USA) and Phalloidin
(1:40 Alexa Fluor 488 phalloidin, Life Technologies, Carlsbad, CA, USA). The scaffolds
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were analyzed after 24 h and 7 days. Images were acquired with an A1 laser confocal
microscope (Nikon Corporation, Tokyo, Japan) and analyzed with NIS Elements software
(Nikon Corporation, Tokyo, Japan) [59].

4.11. ELISA Analysis

The human IL-10 ELISA Kit was used following the manufacturer’s instructions
(Sigma Aldrich, Saint Louis, MO, USA). Briefly, cell culture supernatant from the indirect
co-culture experiments was harvested, and the levels of IL-10 expression were assayed by
using an enzyme-linked immunosorbent assay [60]. All samples were tested in duplicate
for the marker.

4.12. In Silico Analysis

Gene expression profiling interactive analysis 2 (http://gepia2.cancer-pku.cn/#general,
accessed on 18 May 2021) and Tumor IMmune Estimation Resource (TIMER, https://
cistrome.shinyapps.io/timer/ accessed on 18 May 2021) were used for the differential
expression analysis of IL-10 in tumor and normal tissue from various cancers as previously
reported [61].

4.13. Statistical Analysis

Statistical analysis was performed with Graph Pad Prism 9 (GraphPad Software Inc.,
San Diego, CA 92108). A two-way analysis of variance (two-way ANOVA), followed by
Bonferroni’s multiple comparison test, was employed to verify the differences between
the devices in terms of gelatin and drugs release at the experimentally investigated time
points. Differences were considered statistically significant for p-values < 0.05. For biolog-
ical analysis, each experiment was performed in three independent replicates. Data are
presented as mean ± standard deviation (SD), or mean ± standard error (SE), as reported.
A two-tailed Student’s t-test was used to assess differences between groups, and the results
are accepted as significant at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23063239/s1.
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Fiber diameter distributions 

 
Figure S1. Fiber diameter distributions of 3070 (A), 3070DK (B), 7030 (C) and 7030DK (D). 

 
 
 

Thermogravimetric analysis 
 
The results of thermogravimetric analysis are reported in Figure S2 and Table S1. The two 

copolymers thermally degrade with a similar path, showing: (i) a small weight loss at temperature 

below 200°C, ascribable to absorbed water, (ii) the main weight loss in the range 360-500°C, followed 

by (iii) a weak loss at higher temperatures. With the addition of DK in the fibers the amount of 

absorbed water increases. Moreover, a new weight loss appears before the main one in the range 250-

360°C, following the path of DK thermal degradation (black curve). 

 
Figure S2. Thermogravimetric analysis of (A) 3070 sample series and (B) 7030 sample series: plain 

fibers (blue), DK loaded fibers (red) and pure DK (black).  
 
 
 
 



Table S1. Thermogravimetric data of 3070, 3070DK, 7030 and 7030DK electrospun mats. 
 

Sample Tmax [°C]  
RT-250°C 

Δm [%] 
RT-250°C 

Tmax [°C]  
250°C-360°C 

Δm [%] 
250°C-360°C 

Tmax [°C]  
360°C-500°C 

Δm [%] 
360°C-500°C 

Tmax [°C] 
500°C-900°C 

Δm [%] 
500°C-900°C 

mres 
[%] 

3070 119 0.2 - - 397 93.3 651 1.9 4.3 

3070DK 115 1.4 331 4.5 395 86.6 635 2.5 4.2 

7030 125 0.5 - - 399 90.9 571 4.6 4.0 

7030DK 153 1.2 304 3.9 399 87.6 656 2.0 5.2 

 
 
 

From the first DSC heating scan (Figure S3 and Table S2), the broad endothermal signals in the range 

0°C-70°C and 20°C-120°C for the 3070 and 7030 samples, respectively, highlighted the presence of 

absorbed water both in the pellets and in the electrospun mats. Moreover, the intensity of the signals 

turned out to increase in presence of DK, documenting the absorption of higher contents of water in 

the DK-loaded mats with respect to the plain ones.   

 

 
 

Figure S3. DSC first heating scan of (A) 3070 sample series and (B) 7030 sample series: plain 
fibers (black), DK loaded fibers (blue).  

 
Table S2. DSC first heating scan. Glass transition temperature (Tg), specific heat capacity (ΔCp), 
crystallization temperature (Tc), crystallization enthalpy (ΔHc), melting temperature (Tm), melting 

enthalpy (ΔHm) of 3070, 3070DK, 7030, 7030DK electrospun mats. 
 

Sample Tg  
[°C] 

ΔCp  
[J/g∙°C] 

Tc  
[°C] 

ΔHc  
[J/g] 

Tm, 1  
[°C] 

ΔHm,1  
[J/g] 

Tm, 2 
[°C] 

ΔHm, 2 
[J/g] 

3070 -46 0.25 - - - - 207 45 

3070DK n.d.a) n.d.a) - - - - 207 39 

7030  -51 0.54 -23 4 0 3 156 9 

7030DK -48 0.52 n.d.a) n.d.a) n.d.a) n.d.a) 156 8 

a) Not detectable, due to the presence of water 
 

 



Table S3. DSC second heating scan. Glass transition temperature (Tg), specific heat capacity (ΔCp), 
crystallization temperature (Tc), crystallization enthalpy (ΔHc), melting temperature (Tm), melting 

enthalpy (ΔHm) of 3070, 3070DK, 7030, 7030DK electrospun mats. 
Sample Tg  

[°C] 
ΔCp  

[J/g∙°C] 
Tc  

[°C] 
ΔHc  
[J/g] 

Tm, 1  
[°C] 

ΔHm,1   
[J/g] 

Tm, 2  
[°C] 

ΔHm, 2  
[J/g] 

3070 -44 0.23     208 39 

3070DK -37 0.14     205 29 

7030  -48 0,39 -23 1 10 18 156 8 

7030DK -43 0,37 -16 1 14 18 153 5 

 
 
 

 
Figure S4. Scanning electron microscopy images of 3070DK (A) and 7030DK (D) after overnight 

immersion in distilled water. Scale bar: 2 µm 
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