Downloaded via UNIV OF CINCINNATI on May 27, 2026 at 17:38:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

(@ Biomaterials

This article is licensed under CC-BY 4.0 € (®

pubs.acs.org/journal/abseba

Codelivery Material System of Polymer Microfiber Structures for
Synergistic Localized Therapy of Glioblastoma

Daewoo Han,* Hasan Slika,* Aanya Shahani, Eliana S. Wolf, Charles G. Eberhart, Henry Brem, Betty Tyler,
and Andrew J. Steckl*

Cite This: https://doi.org/10.1021/acsbiomaterials.5c01482 I:I Read Online

ACCESS | Ll Metrics & More | Article Recommendations | @ supporting Information

ABSTRACT: Glioblastoma is a highly aggressive brain tumor
whose treatment has improved little over the past decade. We
report on the synergistic effect of the FDA-approved anti-GBM
drug (temozolomide) and inhibitors (acriflavine, PT2385) of hyp-
oxia-inducible factors (HIFs) embedded into coaxial fiber mem-
branes (NanoMesh). In vitro cytotoxicity has been evaluated for
various glioma cell lines, and synergistic drug combinations have
been identified. Preliminary animal studies with the three-drug-
loaded NanoMesh indicate a significant improvement of median
survival of >S50 days and long-term (>120 days) survival rate of 40%, indicating the potential of this material platform as a translatable
local GBM therapy.

KEYWORDS: glioblastoma, hypoxia inhibitor, local drug delivery, coaxial electrospinning, nanofiber, synergism, multiple drug therapy

Hypoxic core GBM

lioblastoma (GBM) is the most common and highly multiple synergistic drug candidates to augment treatment effi-

aggressive primary malignant brain tumor, with a high cacy and curb tumor recurrence. Recent studies have shown
recurrence rate over 90%, a very short median survival time of that simultaneously targeting CD133 + glioma stem cells
~1.5 years, and only marginal improvement in therapeutic man- and CD133- differentiated tumor cells with minocycline and
agement over recent years.' > Developing effective strategies to STAT3 inhibitor produces synergistic therapeutic effects and
treat GBM is challenging due to its invasiveness, suppressive significantly limits tumor growth. This clearly presents the ben-
immune microenvironment, evasive stem-cell population, and efit of combination therapies to address tumor heterogeneity
marked cellular heterogeneity. Conventional treatment consists and resistance mechanisms.'”
of surgical resection followed by radiation therapy and systemic Among the types of local delivery methods and drug
chemotherapy® using temozolomide (TMZ). Because GBM carriers' "'*7%! that have been investigated, electrospun fiber
recurrence appears within ~2 cm of the original surgical lesion, membranes provide unique benefits as a local chemotherapy
local drug delivery® is an effective approach to significantly vehicle. Electrospinning produces continuous nanofibers, with
reduce the recurrence rate.%” The FDA-approved biodegradable controlled diameters ranging from nanometers to microme-
wafers infused with carmustine (BCNU) (Gliadel) are ters.”>>* The final product is a highly porous nonwoven nano-
implanted along the inner walls of the resection cavity created fiber membrane. The physical and chemical properties of
after maximal safe tumor resection.*® Local delivery provides nanofibers can be easily manipulated by controlling various
high drug concentrations in the tumor region by avoiding the parameters, such as polymer and additive concentrations,** sol-
challenging transport across the blood-brain barrier (BBB) that vent/precursor selection,”*¢ electric field strength,”’ collector
hinders the crossing of systemically-administered drugs.' types,”® etc. Moreover, the versatility of electrospinning can
Additionally, the BBB prevents reverse drug transport maintain- be significantly expanded by forming core-sheath fibers using
ing high intracranial drug concentration with minimal systemic coaxial electrospinning.”” In addition to the intrinsic advantages
toxicity."' Advances in the understanding of glioma pathogene- of fiber electrospinning, coaxial electrospinning enables

sis and biomedical engineering have shown that the modest but
significant survival benefit gained by Gliadel wafer implantation
can be attributed to: (1) use of a single drug (BCNU) allows
heterogeneous tumor cells to become resistant to therapy;'*~'*
(2) relatively short duration of drug release leads to limited
drug biodistribution into the targeted region of the brain.>'*
Hence, there is a pressing need for developing novel delivery
systems that can provide long-term sustained release of

Received: August 21, 2025
Revised: ~ May 1, 2026
Accepted: May 4, 2026

© XXXX The Authors. Published by https://doi.org/10.1021/acsbiomaterials.5c01482

W ACS PU bl |Cat|o ns American Chemical Society A ACS Biomater. Sci. Eng. XXXX, XXX, XXX=XXX


https://doi.org/10.1021/acsbiomaterials.5c01482
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c01482?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c01482?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c01482?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c01482?goto=supporting-info&ref=pdf
http://pubs.acs.org/journal/abseba?ref=pdf
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://acsopenscience.org/researchers/open-access/
https://doi.org/10.1021/acsbiomaterials.5c01482

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(1) multifunctional properties by combination of two or more
materials into one fiber; (2) encapsulation of multiple func-
tional molecules into specified layers; and (3) control of their
release rate by designing fiber structure, dimensions, and com-
positions. Previously, we demonstrated®® that BCNU embed-
ded in biodegradable core-sheath fibers engineered through
coaxial electrospinning can provide sustained release of the
BCNU drug up to 150 days along with excellent in vivo results
in a rat brain 9L tumor model. Here, we focus on developing
and testing an optimized drug delivery platform to simulta-
neously deliver synergistic combinations of multiple chemother-
apeutic agents directly at the tumor site. For this purpose, we
have developed the NanoMesh concept, which transforms as-
electrospun planar thin membranes into three-dimensional
tablet-like formulations suitable for surgical implantation, pro-
viding ~2 times higher drug loading density per volume and
the sustained release of the drugs embedded into the complex
multilayered core-sheath fiber structure. The short- and long-
term release kinetics from NanoMeshes containing single and
multiple drugs can be manipulated and reliably controlled.
Innovating more effective therapeutic options for GBM
requires a multifaceted approach that not only induces tumoral
cell death but also targets different cellular processes and molec-
ular pathways, underlying its aggressive behavior and treatment
resistance (invasion, stemness, immune suppression, and angio-
genesis). One such pathway is that mediated by hypoxia induc-
ible factors (HIFs) as demonstrated by ample evidence in the
literature.>" The rapid growth of tumors leads to a decreased
amount of oxygen being delivered to cells, producing a low-
oxygen (hypoxic) environment. In turn, this triggers the activa-
tion of HIFs that enable the tumor cells to adapt to the hypoxic

environment. Studies have demonstrated the significance of
tumor hypoxia being associated with aggressive tumor pheno-
types, which are strongly correlated with GBM stem cell pheno-
type, immunosuppressive microenvironment, neo-angiogenesis,
and the invasive capacity of the tumor (Figure la), resulting in
tumor recurrence, resistance to chemo/radiotherapy, and
decreased survival rates.*° Additionally, HIF-1a has been impli-
cated in the development of treatment resistance in GBM cells
against TMZ.*>** HIF-2« has been shown to be involved in
maintaining the stemness of glioblastoma stem cells (GSCs)>*
and in promoting the immune suppressive tumor microenviron-
ment in GBM.* To combat the multiple ways in which GBM
can elude drug effectiveness, a multifaceted therapy including
the inhibition of HIFs is desirable. Also, pro-oxidant therapeutic
strategies have emerged that utilize the elevated reactive oxygen
species (ROS) levels in GBM cells. The combination of doxoru-
bicin (DOX)-induced ROS generation and photodynamic ther-
apy (PDT) can further increase intracellular ROS levels beyond
the tolerable limit, leading to the targeted death of GBM cell
lines such as U87MG and T98G while being less cytotoxic to
normal glial cells.*® More recently, light-responsive hydrogels
incorporating poly(3-hexylthiophene) (P3HT) nanoparticles
were developed to act as both photoinitiators and photosensi-
tizers, producing ROS upon irradiation with visible light, lead-
ing to significantly reduced glioma cell viability through
localized oxidative stress.”” In this context, several drugs inhibit-
ing HIFs have emerged as potential anticancer medications. In
particular, acriflavine, a topical antiseptic drug and a HIF-la
inhibitor, has shown promising preclinical evidence for use in
brain tumor therapy.>**? Additionally, PT238S, a HIF-2a inhib-
itor, prevents the activation of downstream genes related to
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Figure 1. (a) Combined therapeutic effect of temozolomide (TMZ), an alkylating chemotherapeutic agent, and the HIF inhibitor drugs acriflavine
(ACF) and PT2385. (b) NanoMesh fabrication: coaxial electrospinning for producing drug-loaded core-sheath fibers. (c) As-electrospun nanofibrous
membrane. (d) CO, laser milling process for NanoMesh patterning after the fold-and-press densifying procedure. (e) Prepared NanoMesh samples,

2 (W) x 2 (L) x 1 (H) mm.
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cancer cell survival, especially for tumor stem cells.>* TMZ, rou-
tinely used as an orally administered therapeutic in brain tumor
therapy, is a DNA alkylating agent,*” which is also effective
when administered locally.

This study explores the synergistic potential between ACF,
PT2385, and TMZ as a triple combination therapy against differ-
ent glioblastoma cell lines and patient-derived tumor cells with
heterogenous profiles. Additionally, the ability of our electrospun
NanoMesh system to deliver these agents simultaneously in a
controlled and sustained manner has been investigated. Finally,
we have validated the translational potential of this novel thera-
peutic strategy by testing its long-term in vitro cytotoxicity and
in vivo efficacy in reducing orthotopic tumor burden and prolong-
ing survival in mouse models of the disease.

The basic operation of coaxial electrospinning is illustrated in
Figure 1b. Solid nanofiber membranes incorporated with vari-
ous drugs within a core are obtained on the collector
(Figure 1c). Coaxial electrospinning parameters for all
NanoMesh samples are summarized in Table S1. To obtain a
1 mm thick tablet-like 3D device, prepared coaxial fiber mem-
branes are folded multiple times until the unpressurized thick-
ness reaches to ~ 2 mm (either 32 or 24 layers). Next, the
folded membrane is sandwiched between two metal plates and
then manually compressed using a benchtop vise grip. After
densification, the membrane is attached to a metal board of a
precision Universal Laser Cutter. A grid-style cut pattern was
designed using the AutoCAD software. The membrane was
cut into multiple small pieces of 2 mm (width) X 2 mm
(length) X 1 mm (thickness) (Figure 1d) and can be easily
adjusted according to resulting dimensions required. For cut-
ting, the parameters of the laser cutter are adjusted to
15% power and 50% speed. The laser cutting process can be
repeated two to three times on the same membrane if neces-
sary. Prepared NanoMesh samples are shown in Figure le.
This approach, in conjunction with coaxial electrospinning, sig-
nificantly enhances the drug loading efficiency to nearly 100%,
which is critical when costly novel drugs are incorporated.
The Gliadel wafer for human use has a diameter of 14.5 mm
and 1 mm thickness. For rodent intracranial implantation,
smaller square tablets with a 2 to 3 mm width and 1 mm thick-
ness are used as proof of principle.”” The important benefit of
using the laser cutting machine is the flexibility of the shape
and size of the NanoMesh. For eventual human use, the size

of the NanoMesh can be easily adjusted by simply changing
the CAD design and parameters of laser cutting patterns.

Using coaxial electrospinning, we have produced the 3D
implantable NanoMesh discs with multilayered core-sheath
fibers incorporated with synergistic multiple antitumor drugs.
Uniform fiber formation was obtained for no-drug control,
PT2385, ACF, TMZ, and three-drug (ACF, PT238S, and
TMZ) NanoMesh devices. Fiber morphologies before and after
densification are shown in Figure S1. After densification, some
fibers on the membrane surface were physically interfused.
However, most fibers retained their as-formed fiber structure,
within a less porous network. Because the membrane thickness
decreased from 2 to 1 mm with almost the same apparent areas,
the porosity was reduced approximately by half (from ~80% for
the as-spun membrane to ~35—40% in the NanoMesh), and
the drug loading capacity per unit volume was doubled in a
NanoMesh. Since the NanoMesh is gradually hydrated from
outer layers inward due to the hydrophobic fiber surface and
porous fiber network, more consistent and extended-release
kinetics can be obtained.

The release kinetics was measured to verify hydrophobic and
hydrophilic drug release rates, as shown in Figure 2. For single-
drug-loaded NanoMeshes (Figure 2a), the release rate for TMZ
over the first 2 days was ~0.28 mg/day, after which only a min-
imal additional amount was released (~0.3 pg/day). ACF also
showed a fast initial release of 0.18 mg/day on the first day
followed by a slow continuing release of ~1.7 pg/day for
>4 weeks. The fraction of released ACF and TMZ after 24 h
was ~71 and ~73%, respectively. The release kinetics of ACF
and TMZ from the three-drug NanoMesh (Figure 2b) is similar
to that in the single-drug NanoMeshes, whereas the PT2385
release kinetics was markedly different between the single and
three-drug NanoMesh cases. PT2385 as a single drug was
released continuously for 3 weeks, with a very slow release rate
of 2.4 pg/day for 21 days and a total released amount of only
~ 0.057 mg for 60 days. However, for the three-drug
NanoMesh, the release kinetics of PT238S indicates a sustained
release profile >9 weeks with a 22X faster rate (53 pg/day) for
20 days and a ~5X higher total amount released (0.267 mg) in
60 days. A possible explanation could be an entraining effect
due to the release of the other two drugs (ACF and TMZ)
in the three-drug NanoMesh, as the quicker release rates of
ACF and TMZ may affect the release rate of PT2385. Both
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Figure 2. Drug release kinetics: (a) single-drug-incorporated NanoMesh samples and (b) all- ACF/TMZ/PT2385-incorporated NanoMesh samples

(three-drug NanoMesh) (n = 3).
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ACF and TMZ presented a long-term release behavior with rela-
tively high initial release within a day, which can be beneficial for
providing the intense initial treatment followed by moderate treat-
ment in the long-term period. However, ~70% initial release
within a day may cause local toxicity in the brain and needs to
be addressed. This issue is likely due to the fiber core of coaxial
fibers being exposed in places to the outer environment, leading
to significant amounts of hydrophilic drugs being released.

Although the NanoMesh was successful in encapsulating and
releasing all three loaded drugs, a faster release of hydrophilic
ACF and TMZ drugs was observed as compared to hydropho-
bic PT238S. To address this issue, the trilayered coaxial electro-
spinning, which produces fibers with a core, an intermediate
(barrier) layer, and an outer sheath structure,*** can be uti-
lized when extended long-term release of ACF and TMZ is
required. In this approach, the hydrophobic intermediate layer
serves as a diffusion barrier, preventing molecular transport
from the fiber core to the outer sheath and ensuring that the
majority of the drug remains within the core. Drug-polymer sol-
ubility and careful selection of the solvent can be optimized to
generate an effective intermediate barrier layer. Another
approach is to produce coaxial fibers with a noncontinuous core
by employing emulsion electrospinning. In this case, oil-phase
PCL solution in chloroform and the water phase of the hydro-
philic drug and/or PVP in water solution can be utilized. Due to
the discontinuous nature of emulsions, partial exposure of core
to the wet environment will not release the significant core
materials embedded with hydrophilic ACF or TMZ.
Interestingly, for ACF and TMZ, their accumulated release
amounts were saturated at ~94—97% and 81—82%, respec-
tively. Because hydrophilic drugs were mostly released from
hydrophobic fiber matrix, these saturation values can be equiv-
alent to their drug loading efficiency. While ACF has reached
nearly 100% encapsulation, a relatively lower saturating percent
of TMZ is possibly due to the degradation of TMZ by hydroly-
sis in aqueous solution. For the hydrophobic PT238S drug, it
was still continuously released until the end of the experiment.
We can expect that PT238S also has similar drug loading efhi-
ciency because all drugs were loaded in the core solution and
electrospun into fibers.

To ensure a holistic approach to disease management, we
investigated the synergistic potential of a HIF-la inhibitor
(ACF), HIF-2« inhibitor (PT2385), and TMZ in the context
of GBM using multiple murine and human cell lines (GL261,

CT2A, Mayo-39) as shown in Figure 3a. The half-maximal
inhibitory concentrations (IC50) of individual drugs and the
combination index (CI) of combined drugs for 97% inhibition
rate were evaluated. CI < 1 represents a synergistic effect, CI
> 1 is an antagonistic effect, and CI = 1 is an additive effect.
Combinations of two drugs resulted in a mix of antagonistic
and synergistic effects depending on the cell line. However,
the three-drug combination (A + P + T) provided synergistic
effects (CI values < 1) for all brain tumor cell lines.
Especially, very strong synergism was presented against the
MGMT-methylated cell line, one of the patient-derived xeno-
graft (PDX) models. The evaluation of the in vitro synergistic
long-term effects using the three-drug combination incorpo-
rated NanoMeshes is shown in Figure 3b. Results clearly dem-
onstrate that the three-drug NanoMesh samples excelled in
producing strong cytotoxicity (~100%) for up to 28 days. To
validate the biological activity of the HIF inhibitors, GL261 cells
were incubated for 24 h with 10 pM of ACF and 400 pM of
PT2385. Subsequently, a quantitative PCR was performed to
assess the expression of VEGF-A and PGKI, which are known
genes downstream of the HIF pathway for angiogenesis and cell
metabolism, respectively (Figure 1la), and of Proml that
encodes CD133, which is a marker of GBM cell stemness.
The qPCR analysis showed a significant downregulation of all
three genes upon treatment. Compared to the vehicle control,
ACF- and PT2385-treated samples presented a mean fold
change of 0211 =+ 0.023 for VEGF-A, 0.057 + 0.007 for
PGK1, and 0.207 =+ 0.025 for Proml expression, corresponding
to ~79%, 95%, and 79% reduction, respectively.

In vivo efficacy testing of the drug-loaded NanoMesh was
completed against orthotopic GL261 glioma tumors in mice.
The GL261 model is a widely used and verified model that reca-
pitulates the aggressiveness and treatment resistance of GBM
tumors.* The group that received the three-drug-loaded
NanoMesh had significantly increased overall survival (p value =
0.002) (Figure 4a), with 40% of the mice showing long-term
survival (>120 days). Bioluminescence-based IVIS imaging
(Figure 4b) clearly shows the evidence of inhibiting and clear-
ing the tumor in mice with three-drug NanoMesh implanta-
tion, while tumors have grown quickly in the blank
NanoMesh case. Tumor burden was quantified by measuring
the bioluminescence intensity emitted from the GL261-luc gli-
oma cell line as shown in Figure 4c. The graph shows that
both groups started at the same average tumor burden, which

(a)
Cell lines
Drug MGMT-meth
- ylated
GL261 (Mayo-39) CT2A
IC50 concentration (uM)
ACF (A) 1.17 0.50 3.24
PT2385 (P) 331 651 1,021
TMZ (T) 4,154 1,307 1,424
Combination index (Cl) at fraction kille=d of 97%

T+P 2.04 0.71 3.4

T+A 0.80 0.77 4.7

A+P 1.85 0.26 0.11
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Figure 3. In vitro results with GBM cells: (a) cytotoxicity and synergism of ACF, PT238S, and TMZ against different GBM cell lines and (b) long-
term efficacy of three-drug NanoMesh samples against the GL261 glioma cell line (n = 3).
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(b) Bioluminescence in vivo imaging of the tumor burden for mice at different timepoints. (c) Quantification of the average bioluminescence emitted
from mice over the first 15 days after NanoMesh implantation. NanoMesh implantation (treatment day 0) took place 7 days after tumor implantation.

progressed dramatically over the following 2 weeks in the con-
trol (blank NanoMesh) mice until they were all dead at day 14
following treatment (day 21 following tumor implantation).
However, the average tumor burden remained almost constant
in the three-drug NanoMesh group over this period of time. To
assess the safety profile of the NanoMesh implants, the brains of
a mouse from the control (blank) group and two mice from the
three-drug group (one that died on day 30 and one long-term
survivor that was euthanized on day 150) were harvested, fixed
in formalin, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin by the Oncology Tissue Services core
at the Johns Hopkins University. The stained slides
(Figure S2) were assessed by an experienced neuropathologist
(C.G.E.) who noted the absence of large hemorrhages, edema,
necrosis, or inflammation in the brain parenchyma. Mild, patchy
gliosis and microglial activation were noted but were equivalent
in the brain implanted with the blank NanoMesh and those
implanted with the three-drug NanoMesh. Scattered “red neu-
rons” (eosinophilic neurons) morphologically suggestive of ische-
mic neuronal change was observed, including the hippocampus
and cortex away from the lesion. These neurons were equally
present in the blank and three-drug-treated tumor-bearing mice,
suggesting that the changes could be related to the mass effect
from the tumors. Notably, the brain of the mouse that received
the three-drug NanoMesh, achieving tumor clearance and long
term survival (120 days), had a higher abundance of these ische-
mic neurons, perhaps due to long-term exposure to the three-
drug NanoMesh treatment. Nevertheless, despite this finding,

no behavioral deficits were noted in any of the mice that survived
long term. Furthermore, the efficacy of the three-drug
NanoMesh was validated in a different more aggressive glioma
model using CS7BL6 mice implanted orthotopically with
CT2A mouse glioma. The three-drug group clearly showed an
improvement in overall survival (log-rank test p value = 0.031)
as compared to the blank NanoMesh group, while all other
single-drug monotherapy groups failed to show any survival ben-
efit in this highly aggressive model (Figure S3).

In summary, synergistic drug combinations of ACF, TMZ,
and PT2385 have been developed to prevent treatment resis-
tance in GBM and improve treatment outcomes by inhibiting
HIFs related to multiple downstream cascades for GBM pro-
gression. Significant amounts (~44% of NanoMesh weight)
of three drugs were successfully encapsulated into nanofibers
using coaxial electrospinning for controlled release. The syner-
gistic anticancer effect of ACF, TMZ, and PT238S against vari-
ous cell lines such as GL261, Mayo-39, and CT2A has been
demonstrated in vitro. Coaxial fibers embedded with this syner-
gistic combination provided significant long-term in vitro cyto-
toxicity of GL261 glioma cells. Additionally, our previous
work* has demonstrated that coaxial fibers embedded with
ACF have the ability to reduce the expression of target genes
downstream of HIF-1 in GL261 cells. Correspondingly, we
investigated the in vivo efficacy of the three-drug-loaded
NanoMesh in a reliable mouse model of GBM, which presented
encouraging results, with 40% long-term survival. The studies
indicate the potential translatability of the developed multifaceted
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local delivery strategy. Based on the promising results of local
delivery of synergistic anti-GBM drugs, further improvements
on release kinetics especially on hydrophilic drugs (ACF and
TMZ) and more thorough in vivo evaluations will be pursued,
which can significantly enhance the survival and quality of life
for patients with GBM.
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