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ABSTRACT

Glioblastoma (GB) is a malignant brain tumor with low survival rates and a high recurrence ratio due to limited
therapeutic arsenal. The repurposed drug disulfiram (DSF), approved for alcoholism treatment, shows promising
anticancer and antimicrobial activity, but its poor biopharmaceutical profile hinders its clinical use. This work
aimed to develop DSF-loaded silk fibroin (SF) electrospun fibers for controlled release in the postsurgical
resection cavity. Incorporating hydroxypropyl-B-cyclodextrin (HPBCD), which formed inclusion complexes with
DSF, enhanced drug release rate and antimicrobial activity (>3 1logCFUs reduction) against Staphylococcus aureus
and Pseudomonas aeruginosa. Addition of CuCly enabled in situ formation of Cu(DDC)2 complexes, further
boosting antimicrobial and in vitro antitumoral effects of the nanofibers (< 500 nm) while maintaining adequate
mechanical properties. Selective toxicity of DSF and DSF-loaded fibers against glioblastoma cells, while sparing
against astrocytes, highlights the potential of the nanofibers for targeted brain cancer therapy. Increased potency
of DSF at low concentrations when combined with SF fibers, HPBCD and copper was remarkable. Thus, DSF
delivery and bioavailability can be significantly optimized through electrospun nanofibers, which may also allow
for more precise dosing. Combination with radiotherapy was also explored to assess the translational potential of
DSF as part of a combination therapy regimen for glioblastoma. In vivo studies in a rat model simulating GB
surgery confirmed the safety of selected formulations in healthy brain tissue. However, findings suggest that DSF-
loaded fibers alone may be insufficient for complete tumor eradication, indicating the need for combination with
existing therapies to target residual tumor cells effectively.

1. Introduction

between 45 and 75 years of age. The current standard treatment for GB
consists of surgical resection to reduce the tumor mass followed by ra-

Glioblastoma (GB) is a highly aggressive and lethal brain tumor
characterized by a poor prognosis owing to its location, fast progression,
and noteworthy invasive nature throughout the Central Nervous System
[1]. Globally, approximately 49% of all primary brain tumors are GBs
and its incidence tends to increase with age, mainly affecting adults

diation and chemotherapy with temozolomide [2]. Different chemo-
therapeutic agents (i.e., lomustine, carmustine, nimustine and, and
regorafenib), immunotherapy (i.e., bevaciuzumab), and anti-mitotic
therapies that generates Tumor Treating Fields (TTFields) (i.e.
Optune™, previously known as the NovoTTF-100 A System™) are
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explored as new treatment options. Despite the numerous investigations
on GB diagnosis and treatment, the overall 5-year survival remains at
9.8% due to multiple factors, including cellular heterogeneity, protec-
tion by the blood-brain barrier, dissemination capacity through neigh-
boring tumor structures, and intrinsic resistance of the mesenchymal
glioblastoma stem cells, also known as tumor-initiating cells [3]. Addi-
tionally, therapeutic alternatives usually come with high associated
costs, present a poor treatment compliance, and have risks of neurologic
deficits and severe side effects like suppression of bone marrow, hepa-
totoxicity, nephrotoxicity, necrosis, neurotoxicity, hematologic toxicity,
and skin toxicity [4]. The intracranial local implant Gliadel® (carmus-
tine wafer) approved by FDA for recurrent GB has demonstrated an
improvement in median of overall survival and progression-free survival
of 2 months, supposing a quality-adjusted life years (QALY) of only
0.107 (5.6 weeks) [5] while it has remarkable limitations associated to
the difficulty in handling, interferences with imaging (MRI), lack of
wound healing, high probably of meningitis and oedema apparition, and
short time therapy (6-8 weeks) leading a progressive clinical use
reduction [6].

Considering the high attrition rates, substantial costs, and slow
progress of the discovery and development of new therapeutic strate-
gies, drug repurposing has emerged as an attractive alternative. Basi-
cally, drug repurposing (also referred as drug repositioning, reprofiling
or re-tasking) is an approach for identifying new uses for already
approved or investigational drugs that are outside the scope of the
original clinical indication [7]. Disulfiram is a good illustration of a drug
repositioning opportunity that might offer an effective treatment for GB
therapy [8,9].

Disulfiram (DSF) was approved by the Food and Drug Administration
(FDA) in 1951 to treat chronic alcohol dependency (Antabuse®) by
acting as an inhibitor on aldehyde dehydrogenase isoform-1A3
(ALDH1A3) [9]. Several preclinical and clinical studies have suggested
that DSF could have potent anticancer properties against several types of
cancer, including GB. Although the mechanisms behind the cytotoxic
effect of DSF on cancer cells remain not completely elucidated, the re-
sults obtained so far revealed an important versatile anticancer activity.
As a divalent metal ion chelator, DFS can strongly chelate Cu(II) highly
expressed in cancer cells to form a copper-DSF complex (Cu(Il) bis
(diethyldithiocarbamate); Cu(DDC);) that downregulates several
copper-dependent signaling pathways responsible for DNA reparation
and promotes reactive oxygen species (ROS) toxicity, resulting in a
reduction of cancer cell viability by apoptosis induction [10-12]. This
mechanism allows a targeted antitumoral activity, since cancer cells
exhibit higher levels of intracellular Cu (2-3-fold) compared with
healthy cells (e.g., the content in Cu of normal brain is 5.37 pg/g whilst
malignant glioma tissue has 22.69 pg/g) [13]. Additionally, DSF may act
as a proteasome inhibitor [14]. More specifically, DSF alone or in
combination with Cu(Il) targets nuclear protein localization protein 4
(NPL4), thus leading to their aggregation. Consequently, the p97-
dependent protein turnover pathway is inactivated, followed by the
induction of the unfolded protein response (UPR) causing an accumu-
lation of misfolded proteins, endoplasmic reticulum stress and apoptosis
[15-17]. Cu(DCC), inhibits permanently the activity of P-gp efflux
pump and its expression levels [18,19]. In parallel, DSF may be useful
against drug-resistant cancer cells since it has demonstrated an inhibi-
tory activity over the activation of the nuclear factor-kB (NF-xB) [20].
Also, DSF has cytotoxic activity over cancer stem cells that over-
expresses several markers and transcription factors including aldehyde
dehydrogenases (ALDHs), Sox2, Nanog and Oct3/4, which are targeted
and inhibited by DSF [16]. DSF might also suppress cancer progression
by inhibiting the proteolytic matrix metalloproteinases-2 [21], which
regulates the migration and invasion features of cancer cells. Concom-
itant administration of DSF and temozolomide can cause synergistic
effects, decreasing cell proliferation and self-renewal and successfully
overcoming drug resistance [16]. Overall, DSF can be considered a
multifunctional chemotherapeutic agent with a pronounced capacity to
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regulate cancer cell growth, differentiation, spontaneous metastasis, and
drug resistance, all of which are vital to the development and progres-
sion of cancer.

Apart from this important anticancer activity, DSF also presents anti-
inflammatory and antibacterial properties. More specifically, DSF has
revealed a strong activity against Gram-positive bacteria Staphylococcus
aureus (MIC ranging from 0.37 to 64 pg/mL) and a slight activity against
the Gram-negative bacteria Pseudomonas aeruginosa (MIC around 512
pg/mL) [22]. These properties may be particularly useful to prevent and
control infections after surgical tumor resections in patients with GB
[23]. Collectively, the antitumor, antibacterial, and anti-inflammatory
activities of DSF, make this drug one of the strongest ones to be repo-
sitioned to clinical GB treatment. However, DSF is a biopharmaceutical
classification system (BCS) class II drug (i.e., low solubility and high
permeability) and its clinical applications in GB treatment are limited by
its lipophilicity (logP 4.16), poor water solubility (0.2 mg/mL), physi-
ological instability, and short plasma half-life (ca. 7 h) [24,25]. Conse-
quently, systemic administration demands high doses of free DSF (ca.
500-1000 mg once daily) or in combination with temozolomide (ca.
500 mg once daily) [17] to guarantee the desired therapeutic effect, but
this causes marked hepatotoxicity, neurotoxicity, and low patient
compliance, which urges the development of local delivery devices [26].
Moreover, the extremely low solubility of Cu(DDC); (0.1-0.2 pg/mL, 50-
fold more hydrophobic respect to DSF) and readily formation of aggre-
gates makes practically impossible its systemic administration [18,27].

The development of post-operative electrospun mats as locally
implantable treatment for GB is particularly appealing compared to
conventional chemotherapy. The insertion of electrospun mats inside
the tumor resection cavity would be negligibly invasive since surgery is
part of the standard of care of patients with GB. Electrospun fiber mats
are highly versatile regarding drug (including DSF) entrapment effi-
ciency and physical properties, provide high surface-to-volume ratio and
porosity to promote drug release, and can be easily adapted to any space
[28,29]. Thereby, tumor-implanted electrospun mats avoid the blood-
brain barrier crossing, increase cancer-targeted drug bioavailability,
reduce systemic exposition, can mimic the native GB extracellular ma-
trix, and allow the concomitant administration of drugs with synergistic
activities [29-31].

Considering all these aspects, this work was aimed to obtain an
electrospun scaffold that can provide antitumoral and antimicrobial
effects for recurrent GB patients, using the repurposed drug DSF and its
complex with copper, Cu(DCC)s,. Silk fibroin (SF) was selected as main
structural polymer of the fibers, HPBCD as encapsulating agent, and
CuCl, as an adjuvant molecule. SF transition from a-helix to B-sheet
conformation communicates robust mechanical strength and toughness
to a variety of scaffolds [32]. Notably, SF is a promising candidate for
clinical use after GB resection surgery, since it displays intrinsic bio-
activities such as anti-inflammatory, hemostatic, neuroprotective,
restorative neurological, and regenerative nerve process activities
[33-35]. By forming inclusion complexes, HPBCD imparts stability and
notably increases DSF apparent solubility [36]. HPBCD also displays
neuroprotective and anticancer effects by forming complexes with fatty
acids and cholesterol, mitigates the inflammatory effect response of
immune cells, and reduces the production of interleukins (IL-10) and
cytokines (TNF-a) [37]. Indeed, HPBCD has been approved as an orphan
drug for the treatment of focal segment glomerulosis and the Niemann
pick disease type C [38]. Combination of CDs and electrospinnable
polymers may result in important synergies such as enhanced tensile
strength, facilitated wetting of the mats, favored erosion or dissolution
of the fibers, and most importantly a high encapsulation efficiency
[39-41].

Some ongoing GB clinical trials involve the administration of DSF
and Cu(ll) in separate and by different vias [19,42] and result in the non-
targeted exposition of the patient to high blood levels of both compo-
nents (with toxic effects) for short periods of time (short half-life). As a
relevant innovative approach, the developed electrospun fibers could
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function as local depots of both DSF and Cu(Il) facilitating in situ for-
mation of DSF-copper complex where it is needed. The DSF-loaded
electrospun mats were produced by electrospinning and characterized
using a wide range of analytical techniques including FTIR and SEM,
contact angle measurements, and mechanical tests. After the structural
characterization, hemocompatibility, and antimicrobial performance
against relevant bacteria were investigated. Selective antitumoral ac-
tivity against GB was assessed using glioblastoma cell lines from murine
(GL261) and human (U-87MG) origin, human glioblastoma astrocytoma
cells (U-251MG) and also non-tumor fibroblasts (NIH-3T3) and non-
tumor primary astrocytes. The use of Cu(Il) in combination with DSF
could be an attractive approach to increase the anticancer activity and
reduce the amount of drug, leveraging the chelator activity of DSF for
several organometallics, namely zinc, iron, and copper. CuCl, was
chosen as a source of Cu(II) since both elements (Cu and Cl) are naturally
present in human body [43]. Likewise, Cu is involved in different normal
homeostasis brain and neuronal process, including DNA regulation,
cofactor of myriad enzymatic reactions, redox regulation, mitochondrial
respiration, antioxidant defense, neural firing, cellular metabolism, and
synaptic plasticity [44,45]. Thus, the lack of this ion promotes the
apparition of severe neurodegenerative disease (i.e., amyotrophic lateral
sclerosis, Alzheimer, Huntington, and Parkinson’s disease). Moreover,
brain has considerable tolerance at great amounts of copper (up to 125
ng/g dry weight) owing to the presence of astrocytes that recollect and
store the copper to protect and supply the nervous system [46,47].
Furthermore, Cu(II) could be an useful organometallic for scaffold due to
the antimicrobial properties, decreasing the occurrence of infection and
promoting vessel formation through the secretion of VEGF, angiogenin
(hAmg), and fibroblast grow factor 1 (FGF1), IL-1, and IL-8 [48,49]. The
addition of Cu(Il) in the electrospun fibers may allow increasing its
intratumor concentration to easily generate high levels of Cu(DDC),,
improving the effectiveness of the therapy and reducing inter-cancer
and inter-patient differences, offering an alternative to intravenously
injected DSF-loaded targeted nanoparticles [50]. A prospective,
exploratory study aimed at understanding the impact and behavior of
DSF fibers in the brain, both in naive animals and in tumor-bearing
models, was carried out.

2. Materials and methods
2.1. Materials

Fresh silk fibroin (SF) solution 7% (w/v) was supplied by IMIDA
(Murcia, Spain). It was stored at —80 °C for 4 h and then freeze-dried for
48 h (LyoQuest, Telstar; Barcelona, Spain). 1,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP) was purchased from Acros (Waltham, MA, USA).
Hydroxypropyl-p-cyclodextrin (HPBCD) was obtained from Roquette
(Lestrem, France). Disulfiram (tetraethylthiuram disulfide), sodium
diethyldithiocarbamate (DDC), Triton X-100, sodium dodecyl sulfate
95%, Dulbecco’s Modified Eagle’s Medium - high glucose (D6429),
Dulbecco’s Phosphate Buffered Saline (D8537), Trypsin-EDTA solution
(T3929), Antibiotic Antimycotic Solution (A5955), Fetal Bovine Serum
(CVFSVF00-01), copper(Il) chloride dihydrate (C3279), resazurin so-
dium salt (R7017), Giemsa stain (GS500), and dimethyl sulfoxide
(DMSO, 41639) were purchased from Sigma-Aldrich (Steinheim, Ger-
many). L-glutamine were provided by BioWhittaker (Verviers, Belgium).
Dimethylformamide (DMF) and copper chloride (II) anhydride were
provided by Thermo Fisher Scientific (Waltham, MA, USA). Phosphate-
buffered saline (PBS) pH 7.4, 6.5, and 5.5 media were prepared as
indicated in the European Pharmacopoeia 6th edition. For pH 7.4, 8 g/L
NacCl, 2.38 g/L NayHPO,4 and 0.19 g/L KH,PO4 were mixed in ultrapure
water. Acetonitrile and ethanol were provided by VWR Chemicals
(Leuven, Belgium). Ultrapure water (resistivity>18.2 MQ cm; Milli-Q®,
Millipore Ibérica, Madrid, Spain) was obtained by reverse osmosis.

Cu(DDC), was synthesized as previously reported [51] by mixing
CuCl; (0.04 g in 500 mL water) and DDC (0.134 g in 500 mL water)
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under gentle agitation overnight. The obtained solid brown precipitate
was filtered, washed with ultrapure water and recrystallized with pure
ethanol (> 99%) to eliminate impurities and unreacted products. The
final product was dried under vacuum and subsequently analyzed by
FTIR (Fig. S1) to confirm Cu(DDC); complex formation.

2.2. Preparation of polymeric solution and electrospinning

Freeze-dried SF 12.5% (w/v) was dissolved in HFIP at 40 °C under
gentle agitation for 48 h and the solution was transferred to a syringe for
the electrospinning. Disulfiram 0.5% and 5.0% (w/v) was added to some
solutions and kept under stirring overnight before the electrospinning.

SF 12.5% (w/v) HPBCD 10% (w/v) fibers were prepared in two steps.
Firstly, 1 g of freeze-dried SF was dissolved in 4 mL of HFIP at 40 °C
under gentle agitation for 12 h. In parallel, 0.8 g of HPBCD was dissolved
in 4 mL of HFIP at room temperature under strong agitation overnight.
Then, both solutions were mixed under gentle agitation overnight.
Finally, to prepare SF 12.5% (w/v) HPBCD 10% (w/v) disulfiram
0.5-5.0% (w/v) fibers disulfiram was added to the HPBCD solution to
prepare the inclusion complex.

SF 6% (w/v) CuCl, 0.045% (w/v) fibers were prepared in two steps.
Firstly, 0.5 g of freeze-dried SF was dissolved in 3.6 mL of HFIP at 40 °C
under gentle agitation for 5 h. Meanwhile, 0.004 g of CuCl, was dis-
solved in 0.4 mL of DMF by strong agitation using a vortex for 1 min,
after that, the same volume of HFIP was added. Then, both solutions
were mixed under strong agitation at 40 °C drop by drop. To prepare the
fibers with DSF at 0.5% and 5%, 0.05 g and 0.5 g were added to the
previously homogeneous solution and mixed under gentle agitation
overnight.

SF 5% (w/v) HPBCD 0.51-2.6% (w/v) CuCly 0.045% (w/v) fibers
were prepared in three steps. Firstly, 0.4 g of freeze-dried SF was dis-
solved in 2.6 mL of HFIP at 40 °C under gentle agitation for 5 h. Sec-
ondly, 0.004 g of CuCl, was dissolved in 0.4 mL of DMF by strong
agitation using a vortex for 1 min, after that, the same volume of HFIP
was added. Then, both solutions were mixed under strong agitation at
40 °C drop by drop. Thirdly, HPBCD (0.51 g or 2.6 g) was dissolved in 1
mL of HFIP at room temperature for 2 h. DSF (0.05 g or 0.5 g) was added
to the HPBCD solution at room temperature and kept under gentle
agitation during 8 h. Finaly, this solution was incorporated to the
aforementioned SF-CuCl, solution and kept under gentle agitation
overnight.

A climate-controlled Yflow® Professional Electrospinning Machine
(Yflow® S.D., Mélaga, Spain) was used for fibers preparation. A series of
experiments were carried out varying the electrospinning parameters to
optimize the process. The applied voltages ranged between 10 and 15
kV, the collection distance was set at 15-25 cm, and the feeding rate was
1.0-2.0 mL/h. Composition and electrospinning condition for each fiber
are summarized in Table 1 and Table S1, respectively.

Table 1
Composition of the electrospun fibers expressed per gram of solid material.
Fiber type (w/v) SF HPBCD DSF Cu
(mg) (mg) (mg) (mg)
SF (12.5%) 1000
SF (12.5%) DSF (0.5%) 962 38
SF (12.5%) DSF (5%) 714 286
SF (12.5%) HPBCD (10%) 556 444
SF (12.5%) HPBCD (2.6%) DSF
(0.5%) 801 167 32
SF (12.5%) HPBCD (10%) DSF (5%) 455 364 182
SF (6%) CuCl, (0.045%) 993 7
SF (6%) DSF (0.1%) CuCl, (0.045%) 976 16 3.4
SF (6%) DSF (0.5%) CuCl, (0.045%) 917 76 3.2
SF (5%) HPBCD (0.51%) DSF (0.1%)
CuCl, (0.045%) 884 90 18 3.7
0, 0, 0,
SF (5%) HPBCD (2.6%) DSF (0.5%) 614 319 61 26

CuCl; (0.045%)
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2.3. Fibers characterization

Electrospun mats were coated by sputtering gold under argon
(Sputter Coater (Au) - QUORUM Q150T-S) and observed using a ZEISS
FESEM ULTRA Plus (Carl Zeiss, Oberkochen, Germany). The average
diameter was determined using the ImageJ image analysis software
(Fig. S2).

Mechanical properties were analyzed, in triplicate, using a TA.XT
plus Texture Analyzer (Stable Micro Systems, Surrey, UK) equipped with
a 30 Kgf (~294 N) load cell under a crosshead speed of 10 mm/min. The
fibers were cut as square pieces of 2.0 cm x 2.0 cm. The Young’s
modulus was determined as the slope of the linear (elastic) region of the
stress-strain curve. Tensile strength and elongation at break (%) were
also calculated.

The hydrophobicity of the fibers was determined from the contact
angle of water, formamide and 1-bromonafthalene using an OCA 15 Plus
equipment (Dataphysics Instruments, Germany), plugged with a video-
camera for image acquisition and later data analysis. Pieces of the fibers
(1 cm x 6 cm) were glued to a glass slide with double-sided tape, and 6
to 10 measurements were made at room temperature (23 + 2 °C)
following a previously described protocol [41].

2.4. In vitro release study

SF mats containing disulfiram (1cm? square, average weight 0.035 g)
were immersed in 2-10 mL of PBS (pH 7.4, 6.5, and 5.5) and incubated
at 100 rpm and 37 °C in a continuous shaker. At predetermined time
points, 200 pL of solution was removed, filtered (Scharlau® Syringe
Filter, 0.22 pm 13 mm HPPTFE), and replaced with 200 pL of fresh PBS.
The release profile was determined using HPLC (AS-4140 autosampler,
PU-4180 pump, LC-Netll/ADC interface box, CO-4060 column oven,
MD-4010 photodiode array detector, JASCO, Tokyo, Japan) fitted with a
C18 column (Waters Symmetry C18, 5 pm, 4.6 x 250 mm) and operated
with ChromNAYV software v.2. The mobile phase was acetonitrile:water
70:30 (v/v) over 9 min. The sample injection volume was 10 pL and the
eluent was pumped at flow rate of 1 mL/min for 9 min. DSF was detected
at 3.43 min at a wavelength of 217 nm (Fig. S3) and Cu(DCC), was
detected at 6.74 min at a wavelength of 432 nm (Fig. S4). The detection
limit (LOD) and the quantification limit (LOQ) were determined to be
0.622 ppm and 1.882 ppm for DSF, and 0.088 ppm and 0.266 ppm for Cu
(DCQC),, respectively (Figs. S5 and S6). The experiments were con-
ducted in triplicate.

2.5. Blood compatibility

A 2.5% (v/v) blood solution stock was prepared by diluting 5 mL of
total blood provided by Galician Transfusion Center (ADOS) previously
anticoagulated with EDTA in 200 mL of PBS (pH 7.4). SF mats (1 cm?
square pieces) were immersed in 5 mL of 2.5% (v/v) blood solution stock
and incubated at 37 °C for 2 h under shaking. After that, the falcon tubes
were centrifuged at 2400 g for 10 min. Then, 150 pL of supernatant was
taken and placed in a 96 well plate. The hemolytic activity was calcu-
lated as a function of the released hemoglobin which was measured by
recording absorbance of the supernatant (Abssample) using a UV-visible
microplate reader (Fluostar Optima, BMG Labtech, Germany) at 510 nm.
Triton X-100 4% (v/v) solution was used as the positive control (PC)
(100% lysis) and PBS (7.4) was added to blood stock solution and used
as the negative control (NC). The hemolysis percentage was calculated
using Eq. (1):

(Abssample — AbSNc)

(AbSpC — AbSNc) x 100 (1)

%Hemolysis =
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2.6. Antimicrobial activity

2.6.1. Bacterial strains and growth media

The antibacterial activity of the different SF electrospun mats were
evaluated against Staphylococcus aureus (ATCC 25923) and Pseudomonas
aeruginosa (CECT 110). All microbial strains were preserved at —80 °C in
cryovial and 30% glycerol and subcultured in trypticase soy agar (TSA)
for S. aureus and Luria-Bertani’s lysogenic agar (LB) for P. aeruginosa at
37 °C during 12 h before testing.

2.6.2. Antimicrobial test

The method was based on the American Society for Testing and
Materials (ASTM E-2149) standard. Briefly, the bacteria inoculum was
prepared by aseptically transferring isolated colonies to 40 mL of tryp-
ticase soy agar (TSA) nutrient broth for S. aureus and 40 mL of Luria-
Bertani’s lysogenic broth (LB) for P. aeruginosa, and then incubated for
12 h at 37 °C. After that, the inoculum was diluted at ODgg nm, of 0.04 +
0.02 (corresponding to a concentration of ~1 x 108 cells/mL; [41]).
Electrospun mat pieces (1 em?; ~ 0.35 mg) were sterilized under UV
light for 15 min per side, placed in a sterile 24 well-plate with 2 mL
microorganism suspension and incubated for 24 h at 37 °C under slightly
stirring (100 rpm). After that contact time, 100 pL of microorganism
suspension of each sample was taken and added to 900 pL of PBS in an
Eppendorf. Then, seven dilution factors 1:9 (v/v) were performed. For
each dilution factor, 10 pL were spread on nutrient agar plates and
incubated at 37 °C for 24 h. Then, the viable colonies were counted, and
results were expressed in log CFU/mL using Eq. (2) [52]:

CFU N @
mL ~ SV x Dilution

Where N is the number of CFU and SV is the volume of the sample in
mL. The logarithmic reduction values were calculated according to Eq.

(3) [52]:

logreduction = l0gCFU /MLconro — 10gCFU /MLampe 3)

where the controls were SF 12.5% and SF 12.5% HPBCD 10% (without
DSF) fibers, and the designation “sample” refers to fibers containing
disulfiram.

Four replicate experiments were performed for each sample, testing
two replicates in different weeks, and the growth reduction was evalu-
ated according to the Japanese Industrial Standard, as no antimicrobial
activity (<0.5 log reduction), slight antimicrobial activity (0.5 to 1 log
reduction), significant antimicrobial activity (1 to 3 log reduction) and
strong antimicrobial activity (>3 log reduction) [53].

2.7. Invitro test

2.7.1. Cells and culture conditions

Non-tumor murine fibroblasts NIH-3T3 (CRL-1658™) and human
glioblastoma cell line U-87MG (HTB-14 ™) were acquired from ATCC
(Rockville, Maryland, USA). The murine glioblastoma cell line GL261
(RRID: CVCL_Y003) was kindly provided by Corinne Griguer and G.
Yancey Gillespie of the University of Alabama at Birmingham, AL, USA.
Human glioblastoma astrocytoma cell line U-251MG was a gift from C.
Griguer and originally obtained from Dr. D.D. Bigner (Duke University,
Durham, NC, USA). Cell lines were cultivated in Dulbecco’s Modified
Eagle’s Medium - high glucose, supplemented with 10% fetal bovine
serum and 1% antibiotic antimycotic solution. Cultures were maintained
at 37 °C in a 5% CO; environment. Purified newborn mice primary as-
trocytes were obtained by the mechanical dissociation method from
cultures of cerebral cortex as originally described [54]. The cells were
grown at 37 °C/5% CO, in DMEM with glucose and r-glutamine con-
taining 10% fetal bovine serum and 1% antibiotic antimycotic solution.
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2.7.2. Cytotoxicity assessment of DSF

The assessment of DSF cytotoxic potential, in association with 1 pM
of Cu®*, was conducted using the resazurin colorimetric assay based on
the reduction of the oxidized blue dye by living cells into a pink, fluo-
rescent resorufin product. For experimentation, 2.5 x 10* (24 h) and 1.5
x 10 cells (48 h) were seeded into 24-well plates and incubated at 37 °C
in a 5% CO; atmosphere. DSF was initially dissolved in DMSO and
subsequently diluted in complete medium. Concentrations ranging from
0.03 to 1 pM were tested. Control wells, consisting of negative (un-
treated), solvent (DMSO - 0.0297%), copper (1 pM), and positive (DMSO
- 25%) controls, were included. Following a 24 or 48-h incubation
period with DSF at 37 °C in a 5% CO3 environment, the culture medium
was aspirated to remove treatments before exposure to resazurin (44
pM). Microplates were then incubated at 37 °C in a 5% CO3 environment
for 2 h. Fluorescence intensity was measured using a multi-plate reader
(CLARIOstar® Plus) with excitation at 544 nm (545-20) and emission at
590 nm (600-40). Non-linear regression analysis was performed using
GraphPad Prism to determine the sample concentration that inhibits
50% of cell viability (ICsg, half maximal inhibitory concentration).

2.7.3. Clonogenic assay

The antiproliferative potential of DSF in combination with 1 pM of
Cu?* was assessed using the clonogenic efficiency assay [55]. The
exposure time and treatment concentrations were determined based on
prior cytotoxicity assays. U-87MG, U-251MG, and GL261 cell suspen-
sions were seeded into 6-well plates at a density of 300 cells per well.
After allowing the cells to adhere during a 2-h incubation at 36.5 °C in
5% COg, the cell lines were treated with varying concentrations of DSF
(0.025-0.30 pM) in association with 1 uM of Cu®". Following 24 h of
treatment, the culture medium was removed, and the cells were washed
with PBS to eliminate any remaining treatment. The cells were then
incubated to allow for at least six cell division cycles. After this incu-
bation period, the colonies were washed with PBS, fixed with PFA 4%,
and stained with Giemsa stain for 20 min. Finally, the colonies were
counted, and the survival fraction was calculated according to the for-
mula provided by Franken et al. [55].

2.7.4. Cytotoxicity assessment of DSF combined with beam radiation

The evaluation of cytotoxic potential of DSF-fibers in combination
with irradiation was also performed using the resazurin colorimetric
assay. For this experimentation, the test was conducted on the mouse
primary astrocytes, and on cell lines NIH-3T3 and GL261, seeded at a
density of 1 x 10* cells/mL in 24-well plates. After 24 h of incubation at
37 °C in a 5% CO, atmosphere the cells were exposed to different con-
centrations of DSF (dissolved in DMSO and diluted in complete medium)
ranging from 0.03 pM to 0.12 pM. Control wells, consisting of negative
(untreated), solvent (DMSO - 0.0297%), copper (1 pM), and positive
(DMSO - 25%) controls, were included. Following a 24-h incubation
period with DSF at 37 °C in a 5% CO3 environment, the culture medium
was aspirated to remove treatments and replaced by fresh medium
before an exposition to irradiation at 16GY (CP-160 cabinet X-ray sys-
tem Faxitron, Edimex, Le Plessis Grammoire, Angers, France). After 48-h
incubation, the cells were exposed to resazurin (44 pM), and microplates
were incubated at 37 °C in a 5% CO5 environment for 2 h. Fluorescence
intensity was measured using a multi-plate reader (CLARIOstar® Plus)
with excitation at 544 nm (545-20) and emission at 590 nm (600-40).
Non-linear regression analysis was performed using GraphPad Prism to
determine the sample concentration that inhibits 50% of cell viability
(ICsp, half maximal inhibitory concentration).

2.7.5. Cytotoxicity assessment of DSF nanofibers

Cells were seeded at a density of 5 x 10* cells/mL in 24-well plates
and incubated for 24 h at 37 °C in a 5% CO» atmosphere. Subsequently,
the cells were exposed to electrospun fiber pieces (4.91 mm?, ~ 0.20 mg)
immerged in 1 mL of complete medium and further incubated at 37 °C
for 24 h. Control wells encompassed negative controls (untreated), SF
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12.5%, SF 6% CuCly 0.045%, SF 6% HPBCD 2.6% CuCl,y 0.045% solu-
tions, and positive (DMSO - 25%) controls. Test wells contained SF
12.5% DSF 5% fibers, SF 12.5% DSF 0.5% fibers, SF 12.5% HPRCD 2.6%
DSF 0.5% fibers, SF 6% DSF 0.5% CuClz 0.045% fibers, SF 6% DSF 0.1%
CuCl; 0.045% fibers, SF 5% HPRCD 2.6% DSF 0.5% CuCl, 0.045% fibers,
and SF 5% HPRCD 0.51% DSF 0.1% CuCl, 0.045% fibers. Following a
24-h incubation at 37 °C, the culture medium was aspirated to remove
treatments before exposure to resazurin (44 pM). Microplates were then
incubated at 37 °C in a 5% CO, environment for 2 h. Fluorescence in-
tensity was measured using a multi-plate reader (CLARIOstar® Plus)
with excitation at 544 nm (545-20) and emission at 590 nm (600-40).
Non-linear regression analysis was performed using GraphPad Prism to
determine the effect of fibers on cell viability.

2.8. Evaluation of the toxicity of fibers in vivo

2.8.1. Animals

15 Fisher female rats aged 9-11 weeks were obtained from Janvier
Labs (Le Genest-Saint-Isle, France). The protocol was approved by the
Ethical Committee for Animal Experimentation of Pays de la Loire re-
gion, France (authorization number APAFIS #
43915-2020032620074335). A minimum acclimatization period of one
week was conducted before beginning the experiments. Rats were pro-
vided with ad libitum access to tap water and food. In this work, each rat
represents an independent experimental unit.

2.8.2. Implantation of fibers

Two types of fibers were chosen to evaluate the toxicity in a complete
normal brain: SF 12.5% HPBRCD 2.6% DSF 0.5% fibers, and SF 5%
HPRCD 2.6% DSF 0.5% CuCl; 0.045% fibers. These fibers were first cut
using a biopsy punch of 3 mm in diameter and sterilized under UV light
for 15 min per side. Fisher rats were divided into three groups: a control
group with 5 rats which undergo the surgery without receiving the fiber,
a first treated group of 4 rats that received the fiber without cupper (one
rat did not survive during the procedure) and a second treated group of 5
rats that received the fiber with cupper. Rats were anesthetized intra-
peritoneally with ketamine (0.8 mL/kg) and xylazine (0.62 mL/kg) and
positioned in a Kopf stereotaxic instrument. A 10 mm incision was made
along the midline to expose the surface of the skull. Subsequently, rats’
skulls were pierced with a burr (Microtorque II) following these co-
ordinates from the bregma (=0 mm): lateral: —2.9 mm, anteroposterior:
+1 mm. A hole approximately 3 mm in diameter was created to allow a
biopsy punch to access the cortex. The brain tissue was carefully cut and
removed using vacuum suction, forming a cavity about 2 mm deep. One
piece of fiber was gently placed into the cavity, the skull was then closed
using bone wax and the wound was sutured. The rats were kept under
observation for a week before euthanasia.

Surgical stereotaxis with dedicated stereotaxic frames was carried
out as previously reported on an validated model, ensuring low vari-
ability in residual disease after resection [32]. Similar methods have
been reported by other authors in mice [56,57] and rats [58]. All
technical procedures, including anesthesia and surgery, were performed
and supervised by trained specialists. The creation of a moderate-
volume cavity (approximately 9.5 pL) had no impact on the animal’s
comfort, behavior and quality of life.

2.8.3. Histology and anatomocytopathology

After euthanasia, the brains were collected and subsequently fixed in
4% formaldehyde for around 10 days, followed by paraffin embedding.
Afterward, 5 pm thick sections were obtained using an HM340E Microm
Microtech microtome (France) and stained with hematoxylin and eosin
(HE) for analysis. Several histopathological parameters were considered
to assess the impact of fiber implantation on the brain such as multi-
nucleated giant cells, acute inflammatory cells, necrosis, chronic in-
flammatory cells, neoangiogenesis, hemorrhage, hemosiderin
deposition, and mineralization. Histopathological analyses were carried
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out at the Department of Cellular and Tissue Pathology of the University
Hospital Center of Angers (CHU-Angers, France). The slides were scan-
ned using an Aperio system.

2.9. In vivo evaluation of the effect of DSF fibers on residual GB cells
growth

To evaluate the specific effects of DSF fibers on tumor development
from residual glioblastoma cells present within resection cavity margins,
a brain resection cavity was created (P: +1.3 mm; L: —3.0 mm (right
from the bregma); D: ~ —2.5 mm from the cortex surface) in 10 Fisher
female rats aged 9-11 weeks obtained from Janvier Labs. The protocol
was approved by the Ethical Committee for Animal Experimentation of
Pays de la Loire region, France (authorization number APAFIS #
43915-2,020,032,620,074,335). DSF fibers (3-mm diameter) were
carefully implanted in the hollow of this cavity. The animal groups were
as follows: 3 animals for cavity control, 3 for DSF fibers, and 4 for DSF +
Cu®" fibers. Then, 1 x 10% RG2 cells (ATCC, [D74] CRL-2433 ™) were
injected at 1 mm posterior from the edge of the resection (stereotactic
coordinates: P: +1.3, L: —4, D: —1.5 mm from the surface of the brain).
Excess blood was removed with sterile gauze, the cavities were closed
with non-absorbable bone wax and the wound was sutured. This method
allowed for the precise implantation of a determined amount of tumor
cells in resection margins adjacent to an accessible cortex resection
cavity [32].

2.10. Statistical analysis

Statistical analysis was performed using SPSS v.26.0 (IBM Co.,
Armonk, NY, USA). All results were expressed as mean =+ standard de-
viation. Statistical analyses of the antimicrobial and antioxidant results
(one-way ANOVA) were conducted, followed by the post hoc Tukey HSD
multiple comparison test. Previously statistical analysis normality of all
variables was evaluated using Kolmogorov-Smirnov test for groups (n >
50) and Shapiro-Wilk test for groups (n < 50). A confidence interval was
used at least 95%, to define statistical significance (* p < 0.05, ** p <
0.005, *** p < 0.001 and **** p < 0.0001).

3. Results and discussion
3.1. Fibers preparation and morphological and mechanical analysis

Preliminary studies were carried out to evaluate the effect of SF
concentration (10% to 20% (w/v) range) on the spinnability and
morphology of electrospun fibers. All SF solutions tested were electro-
spun under the same experimental conditions, but only SF 12.5% solu-
tion maintained an adequate Taylor cone for hours showing good
properties for spinnability. SF fibers displayed continuous, smooth, ho-
mogeneous fibers without noticeable beads (Fig. 1A). Size distributions
of fiber diameters are collected in Fig. S2.

Once SF concentration was fixed, the effect of HPBCD concentration
was investigated. For the aim of this work, DSF concentration was
chosen to be 0.5 or 5.0% (w/v). To encapsulate a large amount of drug
(5.0% (w/Vv)), 20% (w/v) of HPBCD may be required if a 1:1 complex is
considered [36,59]. Unfortunately, the properties of SF solution were
notably altered. The Taylor cone was unstable even many different pa-
rameters were attempted to be adjusted, and many drops were collected
in the aluminum foil. Thus, HPBCD concentration had to be reduced to
10% (w/v) to obtain homogeneous electrospun fibers of SF 12.5% (w/v)
HPBCD 10% (w/v) using the same parameters as for 12.5% (w/v) SF
fibers (Fig. 1B).

Incorporation of disulfiram did not alter the electrospinnability, and
electrospun fibers were obtained for SF 12.5% (w/v) DSF 0.5-5.0% (w/
v) fibers, although the fiber diameter distribution was wider in the case
of disulfiram 0.5% (Fig. 1C, Fig. S2C) compared to 5.0% (Fig. 1D). The
drug was successfully encapsulated, and no disulfiram crystals were
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found lengthwise the fibers in the SEM images either.

As expected, the inclusion complex between HPBCD (10% w/v) and
disulfiram (5% w/v) did not change the electrospun parameters
(Table 1). Overall, all fiber compositions provided continuous, smooth,
homogeneous fibers without noticeable beads (Fig. 1 E-F). SF 12.5% (w/
v) fibers had a diameter of 1.51 + 0.42 pm whereas SF 12.5% (w/v)
HPBCD 10% (w/v) electrospun fiber diameter was 1.79 + 0.37 pm
(Fig. 1N). Therefore, no statistically significant differences were
observed. The addition of disulfiram at 5% (w/v) to SF 12.5% (w/v)
caused a minor decrease in the diameter of the fibers, 1.11 + 0.22 pm.
Differently, the addition of disulfiram to HPBCD solutions did not
decrease the size of the fibers, reaching 1.57 + 0.3 pm.

To reinforce the antitumor effect, CuCl, was added to the solutions to
be electrospun. The incorporation of CuCly at 0.045% (w/v) in the SF
6.0% (w/v) solution was challenging due to its insolubility in solvents
commonly used for dissolving and stabilizing silk fibroin in p-sheet
conformation (i.e., formic acid and HFIP). DMF was selected as the most
suitable solvent owing to its capacity to readily dissolve CuCl; at 0.45%
(w/v) without inducing precipitation of SF at 4.0% (w/v) in HFIP at ratio
of 10% (v/v). Indeed, homogeneous, continuous, smooth, and without
beads fibers was obtained from this polymeric solution (Fig. 1G). The
concentration of SF had to be decreased from 12.5% (w/v) to 6.0% (w/v)
to avoid precipitation in the presence of CuCl, at 0.045% (w/v). This
phenomenon was due to the interaction of Cu(Il) ions with SF amino
acid residues of histidine and tryptophan through coordination with
both N and O atoms. Some authors reported that Cu(II) can chelate SF
chains forming cross-linking networks. Moreover, metal ions change the
conformation from helical conformation to p-sheet in several proteins
including SF [60].

The reduction in SF concentration decreased the diameter of the fi-
bers (reaching nano scale) and improved the morphology changing form
ribbon structure to cylinder structure. Thus, SF 6% (w/v) CuCly 0.045%
(w/v) fibers were homogeneous, continuous, smooth and without un-
desired beads (Fig. 1H). The incorporation of HPBCD at 2.6% (w/v) and
DSF at different concentrations 0.1-0.5% (w/v) did not cause further
changes (Fig. 1L,J,K). Nevertheless, SF 6% (w/v) HPBCD at 2.6% (w/v)
CuCl, 0.045% (w/v) showed a slightly increase in the size fiber 0.63 +
0.21 pm, if compared with SF 6% (w/v) CuCly 0.045% (w/v) displaying
a 0.41 £ 0.16 pm. As expected, SF 6% (w/v) DSF 0.1% (w/v) CuCl,
0.045% produced thinner fibers (0.25 + 0.08 pm) than SF 6% (w/v) DSF
0.5% (w/v) CuCly 0.045% (0.44 + 0.20 pm). Smaller fibers were ob-
tained with a further decrease in SF concentration to 5% (w/v) and
incorporating HPBCD 0.51% (w/v) DSF 0.1% (w/v) CuCl, 0.045% (w/v)
or HPBCD at 2.6% (w/v) DSF 0.5% (w/v) CuCly 0.045% (w/v). Both
fibers displayed diameters of 0.17 + 0.10 pm and 0.19 £+ 0.10 pm
respectively, maintaining the same characteristics and morphology as
the other SF mats (Fig. 1L,M).

3.2. Mechanical, spectroscopical and hydrophobic properties of the fibers

SF 12.5% fibers showed high Young’s modulus and tensile strength
(Table 2) due to its high content in SF in p-sheet conformation [61].
Addition of CuCly notably reinforced the mechanical properties of the
fibers despite the decrease in SF concentration. Differently, incorpora-
tion of HPBCD and DSF caused a weakening in the mechanical properties
due to their intercalation between SF beta chains, suggesting an inter-
molecular disruption. Nevertheless, even the weaker mats had me-
chanical properties similarly to those of pure PCL electrospun mats [41]
and ensured correct application in the resection cavity.

The presence of SF, HPBCD and disulfiram in the fibers was checked
by comparing the FTIR spectra (Fig. S7). The characteristic peaks of SF
appeared at 1242 cm ™! (C—N stretching vibration of amide II1),1526
cm ™! (N—H bending vibration and C—N stretching vibration of amide
1), and 1631 em™ ! (C—O stretching vibration of amide 1) assigned with
numbers 3,5 and 6 in Fig. S7). These three bands indicated that SF was in
f-sheet conformation (silk II) [29]. Typical bands of HPBCD at 1027 cm ™
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Fig. 1. SEM micrographs of fibers made from solutions in HFIP of (A) SF 12.5% (w/v); (B) SF 12.5% (w/v) HPBCD 10% (w/v); (C) SF 12.5% (w/v) DSF 0.5% (w/v);
(D) SF 12.5% (w/v) DSF 5% (w/v); (E) SF 12.5% (w/v) HPBCD 2.6% (w/v) DSF 0.5% (w/v); (F) SF 12.5% (w/v) HPBCD 10% (w/v) DSF 5% (w/v); (G) SF 4% (w/v)
CuCl, 0.45% (w/v); (H) SF 6% (w/v) CuCl, 0.045% (w/v); (I) SF 6% (w/v) HPBCD 2.6% (w/v) CuCl, 0.045% (w/v); (J) SF 6% (w/v) DSF 0.1% (w/v) CuCl, 0.045%
(w/v); (K) SF 6% (w/v) DSF 0.5% (w/v) CuCl, 0.045% (w/v); (L) SF 5% (w/v) HPBCD 0.51% (w/v) DSF 0.1% (w/v) CuCl, 0.045% (w/v); and (M) SF 5% (w/v)
HPBCD 2.6% (w/v) DSF 0.5% (w/v) CuCl, 0.045% (w/v); and (N) mean size and standard deviations (n = 200) of fibers diameters.
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Table 2
Mechanical properties of SF fibers and CuCl, - SF fibers prepared with different
contents in HPBCD, and DSF.

Fiber type Young’s Tensile Elongation at
modulus strength break (%)
(MPa) (MPa)
SF (12.5%) 7632 133.9 2.88
SF (12.5%) HPBCD (10%) 1079 26.20 1.55
SF (12.5%) DSF (0.5%) 2763 91.36 2.93
SF (12.5%) DSF (5%) 723 37.03 25.64
SF (12.5%) HPBCD (2.6%)
DSF (0.5%) 301 18.72 6.53
SF (12.5%) HPBCD (10%)
12 . 2.72
DSF (5%) 3 8.83 7
SF (6%) CuCl; (0.045%) 2807 101.14 5.87
SF (6%) HPBCD (2.6%)
1 R .
CuCl; (0.045%) 37 944 6.04
SF (6%) DSF (0.1%) CuCl,
(0.045%) 3695 78.18 3.98
SF (6%) DSF (0.5%) CuCly
25. .91
(0.045%) 83 566 99
SF (5%) HPBCD (0.51%)
DSF (0.1%) CuCl, 4505 178.81 4.72
(0.045%)
SF (5%) HPBCD (2.6%)
DSF (0.5%) CuCl, 69 12.33 5.19
(0.045%)

lcc-0 bending) and 1152 cm™ lcc-0 bending/stretching) (assigned
with numbers 1 and 2 in Fig. S7) were evident in all fibers containing
HPPCD. The fibers that incorporated DSF showed a characteristic peak at
1496 cm™ 1, assigned to C—H symmetrical deformation vibrations [22].
No other relevant bands were detected.

Surface polarity of the fibers was calculated from the measurements
of contact angle of water, formamide and 1-bromonafthalene. Apolar,
polar and hydrophobic components of the surface tension are summa-
rized in Table S2. The two first components were evaluated using the
Lifshitz-van de Waals component ¥ and the Lewis acid-base compo-
nent y45. All fibers displayed a nonpolar component (y*W) close to 40
mJ/m? in good agreement with the fact of that the main structural
component is a biopolymer [62]. The polar surface tension component
(*B) was calculated from the electron donor component (y~) and the
electron acceptor component (y') as reported previously [41]. The fi-
bers with high contents in DSF showed high values of y* due to the
presence of electron-accepting ternary amide groups, whilst the fibers
with high amounts of HPBCD displayed high values of y~ owing to the
presence of electron-donor OH groups.

SF fibers with or without CuCly, showed AG™T < 0 mJ/m?, indi-
cating that the prepared fibers had a hydrophobic surface owing to
hydrophobic character of SF f-sheet, and the addition of the Cu(Il) did
not change the surface polarity. Differently, AG™T > 0 mJ/m? values
were recorded for fibers incorporating HPBCD. Such an increase in hy-
drophilicity may promote cell migration while hindering bacterial
adhesion [63]. Thereby, these hydrophilic electrospun mats could
stimulate and promote tissue whilst avoiding nosocomial infections.

3.3. Disulfiram release profile

Release profiles of DSF from SF and SF-HPBCD fibers without CuCl,
and with CuCl;, are shown in Figs. 2 and 3, respectively. The tests were
carried out in PBS of three different pH (7.4, 6.5, and 5.5) trying to
mimic all the possible scenarios that the fibers could be exposed to,
depending on the GB tumor resection location: “leading edge zone” that
presents a normal pH 7.4, “cellular tumor zone” with a pH range values
of 6.2 to 7, and “pseudo-palisading cell zone” of pH below 5.5 [64].

SF solely fibers showed slow release, with percentages of DSF
released in the 1-5% range. The low amount of DSF released could be
due to the fact that fibroin in beta conformation (verified in Section 3.2
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FTIR) is hydrophobic and disulfiram is also a hydrophobic drug [25].
Changes in pH had minor impact on the amount of DSF released from SF
solely fibers. A decrease in pH has been reported to trigger silk I to silk II
transition [65], but this effect was not relevant in our case since the fi-
bers were already prepared using silk II (beta-sheet, hydrophobic)
conformation [66].

Differently, SF-HPBCD fibers presented a relevant burst release in all
PBS media. The release started as soon as the fibers entered in contact
with water, reaching 25-51% released in the first two hours, due to the
solubilizing capability of HPBCD. The effect of the pH was again unno-
ticeable. These fibers suffered partial dissolution in PBS, being more
evident for SF 12.5% HPBCD 10% DSF 5% than for SF 12.5% HPBCD
2.6% DSF 0.5% due to the highest content in HPBCD.

In the case of the fibers containing Cu(II), DSF chelation of Cu(II) can
occur spontaneously in aqueous medium and is favored by a decrease in
the pH, which facilitates the rupture of the S—S bond and the formation
of diethyldithiocarbamate (DDC) [67]. The concentration of both the
DSF released from the fibers and the Cu(DDC), spontaneously formed
during the release was monitored (Fig. 3). For all formulations, Cu
(DDC), was detected since the first time point. Cu(II)-containing fibers
had nanometric size (<500 nm), with a large surface-area in contact
with the release medium. It should be noted that all fibers were prepared
using the same concentration of CuCly 0.045% (w/v), but the final
contents in Cu(II) of the solid mats were slightly different depending on
the other components ratio (as indicated in Table 1) and ranged between
2.6 and 3.7 mg/g. Relevantly, the fibers combining Cu(II) with the
lowest content in DSF (0.1% w/v) released the drug as a complex with
Cu(Il), namely as Cu(DDC)2, which is the most active species against
tumor cells and bacteria cells (Fig. 3A and C). These fibers were pre-
pared with equimolar contents in Cu(Il) and DSF, and the results
confirmed the rapid decomposition of DSF in two molecules of DDC that
chelate one Cu(Il) ion, forming Cu(DDC)s.

In the case of formulations prepared with 5 times more DSF (0.5% w/
v), both DSF and Cu(DDC), were detected in the medium (Fig. 3B and
D). As observed for fibers without CuCly (Fig. 2), incorporation of
HPBCD significantly accelerated the release of intact DSF; the percent-
age released achieved 17% for SF 5% (w/v) HPBCD 2.6% (w/v) DSF
0.5% (w/v) CuCl; 0.045 (w/v) while it was approx. 5% released for SF
6% (w/v) DSF 0.5% (w/v) CuCly 0.045 (w/v) fibers after 24 h in the
medium.

Overall, a wide range of DSF/Cu(DDC), amounts released were ob-
tained in the first hours of the study, also showing the capability of the
fibers to retain encapsulated DSF under the tested in vitro conditions.
These mats displayed high stability and reproducibility since they
released similar amounts of DSF and its chelate disregarding the changes
in pH. Hence, these fibers may be potentially useful for supplying
therapeutic amounts of DSF/Cu(DDC), for GB treatment disregarding
the state of this disease.

3.4. Hemolysis

A first screening of biocompatibility was carried out testing the
compatibility with human blood (Fig. $8). The fibers did not cause
hemolysis. Even the SF 12.5% (w/v) HPBCD 10% (w/v) DSF 5% (w/v)
fibers that released the highest concentrations of disulfiram had values
well below the 5% hemolysis, set as the safe threshold.

3.5. Antimicrobial activity

The antimicrobial activity of the fibers was tested against S. aureus
and P. aeruginosa (Fig. 4). SF 12.5% (w/v) HPBCD 10% (w/v) DSF 5%
(w/v) fibers displayed the most intense antimicrobial activity against
S. aureus reaching a reduction of up to 4.84 Log;o (CFU/mL), which can
be clearly attributed to the role of HPBCD as solubilizing agent and
promoter of DSF release. SF 12.5% (w/v) DSF 5% (w/v) fibers (without
HPBCD) showed a slight antimicrobial effect with a reduction of only
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Fig. 2. Release profile of disulfiram from silk fibroin fibers prepared with and without HPBCD in PBS at different pHs under 100 rpm and at 37 °C. (A) SF 12.5% (w/
v) DSF 0.5% (w/v), (B) SF 12.5% (w/v) DSF 5% (w/v), (C) SF 12.5% (w/v) HPBCD 2.6% (w/v) DSF 0.5% (w/v), and (D) SF 12.5% (w/v) HPBCD 10% (w/v) DSF 5%
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*hkk

Log redution UFCs/mL

Fig. 4. Antimicrobial activity of SF fibers prepared with different concentrations of HPBCD, disulfiram, and CuCl, against S. aureus, in terms of reduction of cul-
turable cells (log (CFU/mL) reduction) after 24 h of incubation at 37 °C under gentle agitation. Mean =+ standard deviation, n = 4. Asterisk (*) was used to compare
the antimicrobial activity of the fibers against the SF 12.5% (control fiber) and the number sign (#) was used to compare the antimicrobial activity of SF fibers

without copper and with copper loaded with same content in DSF and HPBCD. * p < 0.05, ** p < 0.005, *** p < 0.001 and *

0.80 L0g10 (CFU/IHL).

Interestingly, the fibers loaded with DSF 0.5% (w/v) displayed a
similar antimicrobial activity if compared with SF 12.5% (w/v) DSF 5%
(w/v) fibers (no statistically significant differences). The presence of
CuCl; slightly increased the antimicrobial activity: SF 6% (w/v) DSF
0.5% (w/v) CuCl; 0.045% (w/v) caused a reduction of 0.59 Log( (CFU/
mL) and SF 5% (w/v) HPBCD 2.6% (w/v) DSF 0.5% (w/v) CuCl, 0.045%
(w/v) caused a reduction of 0.62 Log;o (CFU/mL).

SF fibers loaded with lower amounts of DSF (0.1% w/v) did not show
activity against S. aureus (< 0.5 log microbial growth reduction): SF 6%
(w/v) DSF 0.1% (w/v) CuCly 0.045% (w/v) with 0.39 Log;o (CFU/mL),
whilst SF 5% (w/v) HPBCD 0.51% (w/v) DSF 0.1% (w/v) CuCl; 0.045%
(w/v) had 0.52 Log;o (CFU/mL). Clearly both HPBCD (promoting DSF

*p < 0.0001.

release) and Cu(Il) (forming a chelate with DSF) enhanced the activity of
the fibers against S. aureus [22,68].

In the case of P. aeruginosa, SF 12.5% (w/v) HPBCD 10% (w/v) DSF
5% (w/v) fibers were again the most active ones, reaching a reduction of
up to 5.96 Log;o (CFU/mL), compared to SF 12.5% (w/v) DSF 5% (w/v),
which were still active and ranked the second ones, but caused a
reduction of 0.75 Log1o (CFU/mL) (Fig. 5). The other fibers did not cause
antimicrobial effects, except for SF 5% (w/v) HPBCD 2.6% (w/v) DSF
0.5% (w/v) CuCly 0.045% (w/v) with 0.47 Logyo (CFU/mL). This last
fiber showed the best antimicrobial activity of Cu(Il)-containing fibers,
displaying statistical differences (*p < 0.05) with similar fibers prepared
in the absence of CuCls.

Results obtained in the antimicrobial tests agreed with the release
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Fig. 5. Antimicrobial activity of SF fibers prepared with different concentrations of HPBCD, disulfiram, and CuCl, against P. aeruginosa, in terms of reduction of
culturable cells (log (CFU/mL) reduction) after 24 h of incubation at 37 °C under gentle agitation. Mean =+ standard deviation, n = 4. Asterisk (*) was used to
compare the antimicrobial activity of the fibers against the SF 12.5% (control fiber) and number sign (#) was used to compare the antimicrobial activity of SF fibers
without copper and with copper loaded with same content in DSF and HPBCD. * p < 0.05, ** p < 0.005, *** p < 0.001 and **** p < 0.0001.
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tests since the best results were found for SF 12.5% (w/v) HPBCD 10%
(w/v) DSF 5% (w/v) that released the highest amounts of disulfiram.
Overall, DSF was revealed as a potential drug in infections or as a pro-
phylactic agent with good antimicrobial properties.

3.6. Anticancer activity on glioblastoma cells

As a first step, the effect of DSF on survival of glioblastoma cells was
evaluated through a dose-response study on different murine and human
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glioblastoma cell lines (Fig. 6). The antitumoral activity of DSF in the
presence of 1 pM of copper in the medium strongly reduced the viability
(resazurine assay) of glioblastoma cell lines at 24 and 48-h treatment
(Fig. 6A). The concentration needed to inhibit 50% of cell viability (ICsg)
for GL261 was 0.12 uM after 24 and 48 h of treatment, meanwhile for
the human glioblastoma cell lines (U-87MG and U-251MG) ICsy was
0.20 pM and 0.30 pM at 24 h and decreased to 0.12 pM and 0.15 pM at
48 h respectively.

Alongside these findings, the antiproliferative potential of DSF
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Fig. 6. Effect of disulfiram combined with cooper as an anticancer agent on glioblastoma cells. (A) Percentage of cell viability after exposition to different dose of
disulfiram (0.03-1 pM) with 1 uM cooper in the medium, on GL261 (murine glioblastoma cell line), U-87MG and U-251MG (human glioblastoma cell line) after 24 or
48-h of treatment. (B) Percentage of colonies survival after 24 h of treatment of disulfiram (concentrations based on ICsg) in combination with 1 pM of copper, on
GL261, U-87MG and U-251MG. Mean + standard deviation, triplicate * p < 0.05, ** p < 0.005, *** p < 0.001 and **** p < 0.0001.
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combined with copper was measured by studying the capacity of glio-
blastoma cells to form cell clones after treatment (done only after two
hours of recovery after seeding of the cells) by using the Giemsa stain
technique [58]. As evidenced on Fig. 6B, this capacity was strongly
decreased at concentrations greater than ICsy for GL261 cells, while it
was completely abolished in the human glioblastoma cell lines (U-87MG
and U-251MG) at 0.10 pM and 0.15 pM, respectively. These results
suggest a global effect of DSF beyond a particular subtype of cells within
these heterogeneous cell lines. Results obtained were consistent with
previous reports on the cytotoxic effect of DSF on glioblastoma cell lines
U-87MG, U-251MG, and U-373MG [69], which evidenced that non-toxic
copper is necessary to obtain this cytotoxic effect on cancer cells. In fact,
DSF forms a complex with Cu(Il) ions that inhibits the proteasome ac-
tivity and NF- B signaling, which causes the death of cancer cells
[11,70,71]. These results show a potential use of DSF alone or in com-
bination with other therapeutics for the development of a new therapy.

To gain further insight into the potential toxic effect of DSF beyond
the anticancer properties in the central nervous system, and for future
preclinical investigations, studies were also conducted on murine cells of
the CNS that divide slowly in neutral conditions, astrocytes (to compare
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with GL261). As shown in Fig. 7A, the treatment had no effect on this
type of cell. Differently, on murine fibroblast (NIH-3T3 cell line)
(Fig. 7A), which were still in cell cycle phase, DSF showed cytotoxic
effects. This reveals a potential toxicity of DSF with copper on dividing
cells. Regarding these results, potential toxic effects of the systemic
administration of a high dose of DSF in the alcoholism treatment can be
predicted. In our case, the locoregional and controlled administration of
the treatment directly in the brain is an undeniable advantage.

To investigate more thoroughly potential synergies between the
conventional treatment of glioblastoma which include beam radiation
and the use of DSF, a study of association of treatment with a 16GY dose
of radiation was conducted. Relevantly, DSF preserved its activity dur-
ing irradiation, with a potentiation of the effects at 0.06 pM on GL261,
while maintaining his harmlessness on astrocytes on which beam radi-
ations had no effects (Fig. 7B). There is a slight toxicity of irradiation on
murine fibroblasts (NIH-3T3) but no synergic effect with DSF on this cell
line (Fig. 7B). These results demonstrate that for a development of a
combined therapeutic strategy (DSF + radiotherapy), it is possible to
optimize the intensity and frequency of irradiation to have the best ef-
fect of the combination (synergy and lack of toxicity).
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Fig. 7. Disulfiram toxicity on cycling cells (NIH-3T3), central nervous system non cycling cells (astrocytes) and combination of treatment with beam radiation. (A)
Percentage of cell viability after exposition to different dose of disulfiram (0.03-0.12 pM) with 1 uM cooper in the medium, on NIH-3T3 and mouse primary as-
trocytes after 24 h of treatment. (B) Percentage of cell viability after exposition to disulfiram (0.03-0.12 pM) with cooper in combination with irradiation (16GY) on
GL261, NIH-3T3 and mouse primary astrocytes. Mean + standard deviation, triplicate * p < 0.05, ** p < 0.005, *** p < 0.001 and **** p < 0.0001.
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Considering all these results, the possibility of administrating in safe
and controlled manner DSF in the CNS was then investigated using the
developed SF fibers (Fig. 8).

SF solely fibers (12.5%) did not cause any effect on cells. When DSF
at 5% was added to the SF fibers, there was also a lack of effect on GL261
cells, which could be explained by the small amount of DSF released
after 24 h of treatment (as recorded in the release tests, Fig. 2). Lowering
DSF proportion in the fiber remarkably promoted the cytotoxic effect,
either in the absence or in the presence of HPBCD (Fig. 8), as the fibers
were more hydrophilic, and the release was facilitated. DSF is highly
hydrophobic and an increase in DSF dose makes the system less prone to
release the drug. In the absence of DSF, the presence of CuCl, in the
fibers did not trigger any cytotoxic effect on cancer cells. Differently, SF
fibers prepared combining DSF, Cu(Il) and HPBCD showed a strong
antitumoral effect, with almost 100% of cell death after 24 h of
treatment.

Thus, SF 5% (w/v) HPBCD 2.6% (w/v) DSF 0.5% (w/v) CuCl; 0.045%
(w/v) and SF 5% (w/v) HPBCD 0.51% (w/v) DSF 0.1% (w/v) and CuCly
0.045% (w/v) fibers seems to be the best option to have a complete
cytotoxic effect on glioblastoma cells.

3.7. In vivo medium-term biocompatibility of SF-fibers: Locoregional
histological analysis

A thorough in vivo anatomocytopathological study was conducted
on naive rats to investigate the locoregional cellular responses following
the implantation of SF-fibers in healthy brain parenchyma. Two types of
fibers, namely SF 12.5% (w/v) HPBCD 2.6% (w/v) DSF 0.5% (w/v) and
SF 5% (w/v) HPBCD 2.6% (w/v) DSF 0.5% (w/v) CuCly 0.045% (w/v),
were directly implanted into a resection cavity in the cortex. The latter
fibers were chosen considering together the antimicrobial and the
antitumoral activities, while the former ones without Cu(II) were chosen
as a reference to detect potential toxicity problems ascribed to the metal
ions and the formation of the Cu(DCC), chelate. Both types of fibers
were verified to significantly reduce the proteasome activity in glio-
blastoma cells (Fig. $9) and thus may act as proteasome inhibitors able

Journal of Controlled Release 381 (2025) 113615

to alter the cell cycle and cause apoptosis of GB cells [14]. The surgery
mimicked GB resection and implantation of a device that, if most tumor
was removed, would be in contact with the healthy brain [32].

One week after the implantation, brains were collected and stained
with HE to investigate cellular and tissular responses that can occur
following SF-fiber implantation in the cortex in comparison to the cavity
control situation. As described in many brain surgical procedures, the
results presented in Fig. 9A and B indicated a mild but well identified
inflammatory response in the control group. It was characterized by the
presence of chronic inflammatory cells that include macrophages,
lymphocytes and the occurrence of neoangiogenesis supporting tissue
healing. Interestingly, no differences in terms of tissue response to sur-
gery were noticed while comparing SF-fibers containing disulfiram at
0.5% and HPBCD to the cavity control. The recruitment of inflammatory
cells was very similar with mild colonization of the tissue and no
apparent signs of toxicity (Fig. 9B). In contrast, when using fibers con-
taining disulfiram with HPBCD and CuCly, a higher global response was
observed with more macrophages, lymphocytes recruited in several
animal while being less homogeneous as in the other animal groups.
Among the five rats included in this group, two exhibited an enhanced
response, with a spread of inflammation and a notable presence of
apoptotic bodies (Fig. 9B). All other tested parameters remained the
same as for the control cavity (Fig. 9A).

This study on implantability and behavior of the brain parenchyma
with respect to implanted SF-fibers does not prejudge the best possible
candidate in terms of effectiveness but reflects a possible better accep-
tance of SF-fibers without Cu(Il). It should also be noted that the very
nature of fibers containing Cu(II) makes them mechanically more
complex to handle.

3.8. In vivo evaluation of the effect of DSF fibers on residual GB cells
growth

As a final step, a prospective, exploratory study was carried out to
investigate the impact of DSF fibers in the brain of tumor-bearing ani-

mals to generate new hypotheses for potential clinical applications. Due
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Fig. 8. Effect on cell viability of SF fibers prepared with different concentrations of HPBCD, disulfiram, and CuCl; after 24 h of treatment on GL261

deviation, n = 3 * p < 0.05, ** p < 0.005, *** p < 0.001 and **** p < 0.0001.
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Fig. 9. In vivo assessment of the impact of disulfiram fibers implantation in rat’s brains. (A) Characterization of the in vivo cellular response to implanted fibers in
the rat brain cortex. Scores are as follows: (—) = nil, (—/+4) = rare, (+) = mild, (++) = moderate, and (+++) = marked. (B) Histological (H&E) staining (nuclei:
blue/purple; cytoplasm: pink) images revealed the inflammatory response across the different study conditions one-week post-surgery. Symbols are as follows:
Lymphocytes (—), Macrophages (»), PMN cells (=), neoangiogenesis (-»), Hemosiderin (*), Apoptotic bodies (=). Interrupted-line bordered images are magnifi-
cations of the smaller squares indicated in their respective left images. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
<
<

to the study’s exploratory nature, it was challenging to predict outcomes
or determine the optimal clinical use, whether during tumor resection or
for recurrence treatment. Given that carmustine is not routinely used,
and limitations exist with current treatments like the Stupp protocol and
temozolomide resistance, we did not combine DSF fibers with radio-
therapy, carmustine or temozolomide. Instead, we focused on DSF
monotherapy, adhering to the 3Rs principles for animal research.

To evaluate the specific effects of DSF fibers on tumor development
from residual glioblastoma cells present within resection cavity margins,
a brain resection cavity model with a pericavitary cell implantation was
developed [32]. The MRI analyses revealed that the various treatments
had no notable effects on tumor development from the cavity margins
(Fig. 10). The animals were euthanized at day 20 and the tumor volumes
were calculated. It should be noted, however, that two out of four ani-
mals treated with DSF + Cu?* fibers (SF 5% HPPCD 2.6% DSF 0.5%
CuCl, 0.045%) presented increased tumor volumes. This last result
suggests that for subsequent efficacy analyses on larger cohorts in as-
sociation with radiotherapy or combined chemotherapy, copper should
probably not be added to the DSF fibers, contrary to what may have been
useful in vitro. It should be noted that cancer cells already exhibit higher
levels of intracellular Cu (2-3-fold) compared with healthy cells [13].
Also, the neurotoxicity of higher copper concentrations has been docu-
mented [72] while the effects of co-treatment in association with
different strategies (addition, chelation) have given multiple and/or
contradictory results [73,74].

Finally, hematoxylin-eosin histological analysis on brain section at
day 20 (not shown) revealed that all tumors, regardless of the condition,
were well-defined, densely cellular, and slightly fasciculated. They
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Fig. 10. In vivo evaluation of the effect of DSF fibers on residual GB cells
growth. (A) Graph representing tumor volumes calculated from MRI images on
animals subjected to pericavitary cell implantation models including the control
cavity (CTL), the cavity implanted with DSF fibers (SF 12.5% HPBCD 2.6% DSF
0.5%) and the cavity implanted with DSF + cu?" fibers (SF 5% HPBCD 2.6%
DSF 0.5% CuCl, 0.045%). (B) MRI images (coronal sections) on representative
animals. Bars = 2 mm.
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consisted of medium-sized cells, with a few giant cells sometimes
exhibiting multiple nuclei, as well as minimal necrotic foci and
numerous mitoses. Some acidophilic necrotic foci were also observed.
Exceptionally, leptomeningeal invasion was noted in one control ani-
mal, and ventricular dissemination spaces were observed in one case
among the animals treated with DSF + Cu?" fibers. Therefore, no sig-
nificant difference was observed in tissue characteristics after treatment,
regardless of the condition, within this small sample. These results taken
as a whole demonstrate both the feasibility of such an application of DSF
fibers and the interest of being able to evaluate them in different ther-
apeutic contexts notably in combination with radiation treatments
(including external beam but also flash or vectorized alpha and beta
radiotherapy) to treat residual disease within the cavity margins with
the aim of limiting or preventing recurrences. Mechanisms involving
ROS production and the impact of DSF on the protasome in this context
would also be of interest.

4. Conclusions

Electrospun fibers prepared using freeze-dried SF as main component
revealed to be highly versatile to encapsulate considerable amounts of
DSF and HPBCD. Incorporating small proportions of Cu(Il) in the fibers
allowed reducing the dose of DSF. However, the production of electro-
spun fibers of SF with Cu(Il) was quite challenging due to the lack of
solubility of the inorganic salt in HFIP and the strong interaction be-
tween both components, which caused the precipitation of SF. This
problem was overcome tuning SF and Cu(Il) concentration and using
DMF as cosolvent and resulted in the obtaining of nanometric fibers of
adequate mechanical properties.

Both HPBCD and CuCl; were shown to play very relevant roles in the
control of DSF release and the in-situ formation of the DSF-copper
chelate, which ultimately determined the performance of the fibers as
antimicrobial and antitumor implantable devices. Relevantly, the
release rate of DSF and in situ formation of Cu(DDC), were not altered
by pH changes in the range typical of healthy and tumoral brain tissues.
The fibers allowed obtaining a good synchronization of the supply of the
two therapeutic agents together from the same formulation, overcoming
the need of administering DSF and Cu(II) in separate. The increased
potency of DSF at lower concentrations when combined with SF fibers
prepared with HPBCD and copper is particularly noteworthy. These
findings suggest that DSF delivery and bioavailability can be signifi-
cantly optimized through these combinations, which may also allow for
more precise dosing. The interaction with copper, given DSF known role
in copper chelation and the generation of reactive oxygen species, might
also provide a mechanistic explanation for this enhanced activity. As a
limitation of the developed formulations, it should be mentioned that SF
5% HPBCD 2.6% DSF 0.5% CuCl, 0.045% fibers are weaker than the
others, which makes their handling more difficult. On the other hand,
they are the ones that best imitate the biological softness of the brain.
Thus, the balance in mechanical properties requires further studies.

Of outmost importance from a regulatory perspective, the fibers were
blood-compatible and did not trigger any toxic effect when loaded with
DSF or CuCly in separate. Moreover, selectivity against tumor cells
compared to normal astrocytes is particularly relevant. This specificity is
significant in the context of brain cancer treatment, where preserving
healthy tissue is paramount. The observed toxicity on fibroblasts, in
contrast, suggests that DSF may have a broader range of cellular targets,
linked to differential metabolic pathways or variations in copper
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metabolism between cell types. Exploring this mechanism further could
provide valuable insights. Additionally, the fibers are biodegradable and
when its therapeutic purpose is complete (i.e., the release of DSF), all
components could be reused by a variety of cells; for example, SF amino
acids could be utilized for myriads of process (e.g. energy obtention),
HPPBCD can capture toxic substances forming inclusion complexes to be
cleared from the body, and Cu(Il) could be stored by astrocytes and
reused to maintain a correct homeostasis or participate in neuronal
synapses.

The small prospective study assessing the feasibility of GB treatment
indicates that DSF-loaded electrospun fibers alone may be insufficient,
suggesting the need for combination with existing therapies. The study
also revealed potential in vivo disadvantages of copper addition while
confirming the system’s safety and localized antitumor effects, which
warrant further investigation.
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