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Abstract

Background. A major hurdle to effectively treating glioblastoma (GBM) patients is the lack of longitudinal informa-
tion about tumor progression, evolution, and treatment response.

Methods. In this study, we report the use of a neural tract-inspired conduit containing aligned polymeric nanofibers
(i.e., an aligned nanofiber device) to enable on-demand access to GBM tumors in 2 rodent models. Depending on the
experiment, a humanized U87MG xenograft and/or F98-GFP+ syngeneic rat tumor model was chosen to test the safety
and functionality of the device in providing continuous sampling access to the tumor and its microenvironment.
Results. The aligned nanofiber device was safe and provided a high quantity of quality genomic materials suitable
for omics analyses and yielded a sufficient number of live cells for in vitro expansion and screening. Transcriptomic
and genomic analyses demonstrated continuity between material extracted from the device and that of the pri-
mary, intracortical tumor (in the in vivo model).

Conclusions. The results establish the potential of this neural tract-inspired, aligned nanofiber device as an
on-demand, safe, and minimally invasive access point, thus enabling rapid, high-throughput, longitudinal assess-
ment of tumor and its microenvironment, ultimately leading to more informed clinical treatment strategies.

Key Points

e The neural tract-inspired aligned nanofiber device safely provides a preferred migration
path for GBM in both animal models and can be easily accessed on-demand for
longitudinal tumor sampling.

e Besides the tumor itself, tumor microenvironment is also present within the aligned
nanofiber device in enough quantity and quality for downstream omics analyses.

e Live, culturable tumor cells can also be obtained to develop personalized treatments.

Finding an effective treatment for glioblastoma (GBM) has
been challenging in part due to the lack of reliable and accu-
rate means to longitudinally monitor the effect of therapies
on tumor progression and evolution in a timely and frequent
manner. The heterogeneity of this disease is mainly respon-
sible for the unusually high rate of resistance and recurrence,
representing the primary etiology of death in nearly all GBM

patients.’ Current standard of care imaging and biopsy mo-
dalities are severely limited in their ability to provide accurate
longitudinal information about GBM, its microenvironment,
and, ultimately, the effectiveness of a given treatment.*®
Magnetic resonance imaging (MRI) offers little insight into
the cancer’s molecular characteristics and progression,®®
while invasive tissue biopsies are performed infrequently and

© The Author(s) 2024. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of

Neuro-Oncology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on
the article page on our site—for further information please contact journals.permissions@oup.com.


https://orcid.org/0000-0002-3082-1235
https://orcid.org/0000-0002-5828-7644
mailto:nassir.m@emory.edu?subject=
mailto:ravi@emory.edu?subject=
https://creativecommons.org/licenses/by-nc/4.0/

Betancur et al.: A neural tract-inspired conduit for facile, on-demand biopsy of glioblastoma

Importance of the Study

Application of this device is poised to have a major
impact on patient quality of life and treatment man-
agement by avoiding the need for frequent, invasive
tissue biopsy while providing on-demand, relevant,
and accurate data about the tumor. As GBM is a char-
acteristically heterogenous disease, this on-demand,

in a limited capacity due to their inherent risk, and there-
fore are only able to provide a narrow, finite snapshot of
the disease.® Emerging technologies such as liquid bi-
opsy, which analyzes circulating tumor cells, have shown
promise for monitoring other cancers but are inherently
limited in surveying brain tumors due to the blocking na-
ture of the blood-brain barrier (BBB),%'® which severely
restricts availability of tumor material in accessible fluids,
blood and cerebral spinal fluid (CSF).2"'2 Furthermore,
there is a lag between the time tumor material can be de-
tected in circulation and the evolving characteristics of the
primary tumor site, resulting in uncertainty about conti-
nuity between the two."3

In order to develop a more effective therapy, it is essen-
tial to enable more frequent and accurate surveillance of
the tumor and its microenvironment throughout the course
of treatment. Longitudinally informed surveillance will also
enable a more effective clinical trial design by matching
GBM patients (who often have less than a year-long sur-
vival window after disease recurrence) with the most per-
sonalized approaches in a timely manner.'*'® Therefore,
providing a safe and reliable method of assessing GBM
progression and treatment response over time would be a
major step forward in managing this challenging disease.

In this article, an alternative approach to enable lon-
gitudinal and accurate monitoring of GBM tumors is de-
scribed which exploits the invasive way that cancer cells
utilize white matter tracts to migrate. We hypothesized
that the neural tract-inspired device (consisting of an
aligned nanofiber film inside a polymeric conduit) would
enable on-demand access to tissue representative of the
intracortical tumor through minimally invasive aspiration
of the device’s reservoir. To test this hypothesis, we (i) de-
signed a biocompatible and clinically relevant device that
guides tumor tissue to the device’s proximal end; (ii) in-
vestigated the acute/subacute safety and functionality of
this device in 3 different animal models; and (iii) evaluated
device’s ability to provide relevant information regarding
the intracortical tumor.

Materials and Methods
Neural Tract-Inspired Conduit Description

The device tested in rats consisted of a conduit with an
aligned nanofiber film placed longitudinally within the
tube (Supplementary Figure 1). The film was composed
of nanofibers that were generally aligned coaxially within

subcutaneously accessible sampling approach can sig-
nificantly improve the effectiveness of clinical trials by
providing longitudinal feedback for better patient strati-
fication and monitoring, leading to more successful out-
comes in treating this challenging disease.

the conduit. Eighty percent of fibers must have had a lon-
gitudinal orientation with an included angle of 20% or
less. The average fiber diameter was 650 + 150 nm and
the film thickness ranged between 100 pm and 200 pm.
These aligned fibers promoted the migration of tumor
cells through the tube by mimicking the white matter tracts
and blood vessels that physically guide the migration of
GBM cells. Three different types of films were tested:
smooth polycaprolactone (PCL), aligned PCL, and aligned
aliphatic polyurethane (PU). This family of siloxane seg-
mented polyurethanes has the mechanical properties of
polyurethanes while exhibiting the biological stability
of silicone rubbers. A total of 6 different iterations of the
aligned nanofiber device and 4 control designs were tested
in different experiments accordingly (see Supplementary
Figure 1, Supplementary Tables 1 and 2). When longitudi-
nally attached (to the diameter of the conduit), the film was
stretched along the middle of the conduit with both parallel
edges glued to the conduit in a longitudinal fashion. The
“rolled in” or lumen design had the film attached to the
conduit at only one end, with the other end not attached,
but rolled inwardly at the center of the conduit.

The different films were assessed within 3 different
conduit materials: PCL (made in house), PU, and silicone
obtained from vendors (Figure 1A). PU conduits were
selected as optimal conduits to be used for the on-demand
biopsy sampling experiments. Each PU conduit had a
length of 7-8 mm, an outer diameter of 2.6 mm, and an
inner diameter of 1.8 mm.The catheters had an open distal
end, with ~5-6 mm of the conduit protruding from the
skull, mimicking the reservoir area, which would sit in the
skull with the covered proximal end under the scalp in a
clinical application.

Quality assurance was performed on devices before
they were used for the rat studies. Devices were tested for
sterility by direct inoculation of antibiotic-free media with
randomly selected, finalized devices. Any capillary effect
was minimized by pre-filling the devices with saline before
implantation.

Chronic Rabbit Safety Study

A chronic implant study in rabbits, along with several
other biocompatibility studies (Supplementary Figure 9,
Supplementary Tables 8 and 9), was conducted by Wuxi
Apptec and delegated test facilities, all ISO 17025 certified
analytical laboratories. All tests were performed in general
compliance with applicable domestic and international
test standards per ISO 10993-11 and ISO 10993-6 Annex
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Figure 1. Aligned nanofiber topography guides cancer cells away from the tumor and toward the proximal end of the device which enables
on-demand and minimally invasive access to tumor tissue, as demonstrated via histology and aspiration analyses. (A) Comparison of conduit and
nanofiber materials in U87MG GBM rat model; all devices, except silicone/rolled aligned films, were attached to the tubing on both sides longi-
tudinally to the cylindrical conduit. The aligned nanofiber film devices had significantly larger amounts of cells and tissue migrating toward the
proximal end of device relative to the smooth film controls. (B) Histological evidence that cancer cells migrated to fill the entire length of implanted
aligned device: immunofluorescent images of a transverse cross-sections of tissue at 4 mm from the proximal end of the devices showing tumor
cells filling the aligned nanofiber devices. (C) lllustration of position of device relative to tumor and skull as well as the biopsy aspirate procedure.
(D) Comparison of total aspirate volumes in the F98-GFP+ rat model between aligned nanofiber device and control empty device. ***P < .0001.
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D as well as following Good Laboratory Practices (21 CFR
Part 58). The article under test was the clinical version of
the aligned nanofiber device, consisting of identical ma-
terials to the devices in other parts in this study. Devices
for this portion of the study were manufactured and ster-
ilized under lot control. A representative fragment of the
test article or comparably sized and shaped High-Density
Polyethylene (HDPE) control was gently placed on the
brain parenchyma surface on the left or right hemisphere
per animal.The dura was repaired and the dermal incisions
were surgically closed. This test was designed to reveal
toxicity or excessive fibrosis relative to the control due to
the materials. Identical test articles were implanted on each
side of midline subcutaneously for a total of 3 implants
per animal. In total, 12 rabbits (6 males and 6 females)
were implanted with the control article and 13 rabbits (7
males and 6 females) were implanted with the test ar-
ticle. Rabbit health was continuously observed including
daily to weekly neurological and clinical assessment, and
after 26 weeks of exposure to the implants, rabbits were
sacrificed, and extensive histopathology was performed
for assessment of local and systemic effects. Slides were
prepared for immunohistochemistry using the following:
H&E stain, Fluoro-jade stain (a marker for degenerating
neurons); Luxol Fast Blue (LFB) stain (a marker for myelin);
as well as anti-GFAP (glial fibrillary acidic protein as an as-
trocyte marker) and anti-lba-1 (microglial and macrophage
marker) (Supplementary Figure 9 and Supplementary
Table 8). In addition to histological examination, whole
blood was collected at termination and plasma was har-
vested from it. Each sample was then analyzed accordingly
for different parameters related to acute and systemic tox-
icity, listed in SupplementaryTable 9.

Cell Culture

F98 glioma cells were transduced with a lentiviral vector to
express Green Fluorescent Protein (GFP) and implanted at
2000 cells/ul in phosphate buffered saline (PBS). US7MG
human GBM cells were expanded and collected for inocu-
lation at a concentration of 100,000 cells/pl.

Tumor Inoculation

All procedures were approved by Duke University
Institutional Animal Care and Use Committees (IACUC)
under protocol #A245-19-11.

RNU nude male rats (125-175g, Charles River
Laboratories) were inoculated with 500,000 U87MG
human glioma cells per rat. Fisher (CDF) male rats (10-11
weeks old, Charles River Laboratories) were inoculated
with 10,000 F98 GFP+ rat glioma cells per animal.

Animals were induced using between 2% and 5%
isoflurane. Subcutaneous Buprenorphine Extended
Release (Bup-ER) injections were given before each sur-
gical procedure. A ~2cm incision was made to reveal
bregma on skull. Bupivacaine was given at the incision
site. A craniotomy at 2 mm lateral and 2 mm posterior
from bregma was performed, followed by needle insertion
2 mm deep into the brain. Intracortical inoculation of the
specified cell type at the desired concentration in 5 pl of

saline at a rate of 1 pl/min was initiated. The craniotomy
was covered with bone wax and the skin was sutured.

A systematic method was developed to prevent tumors
from growing onto the scalp, which involved a combina-
tion of injection timing, wait time to remove the needle,
immediate addition of bone wax to the burr hole, and
cleaning of the injection area after treatment.

MRI Visualization

Seven to 8 days post-inoculation and 11-15 days (for
U87MG) and 9-12 days (for F98) post-device implantation,
animals underwent a MR Imaging study to assess the suc-
cess of tumor inoculation and to evaluate tumor growth
and migration (see Supplementary Figure 2 for timeline).
Animals were imaged using a 7 Tesla (7T) Bruker Biospec
small animal magnetic resonance (MR) scanner (Bruker
Inc., Billerica, MA), utilizing a receive-only 4-coil array com-
bined with a 72 mm volume coil for transmission. Animals
were anesthetized using 5% isoflurane to induce and then
maintained at 2% isoflurane during imaging. To obtain
T2-weighted images, the following parameters were used
for axial 2D RARE images of brain and scaffold: 5.7 s rep-
etition time; 45 ms echo time; in-plane field of view (FOV)
of 2.8 cm x 2.8 cm); slice thickness of 0.5 mm over 40 slices.
Approximately 9 days after device implantation, animals
underwent a second, identical MRI study to confirm effec-
tive and uniform placement of the device. MR images of
the device contents and surroundings were evaluated for
noninvasive indications of tissue interaction with the de-
vice. MR images were rendered, and tumor volumes were
calculated using the 3D Slicer image computing platform
(slicer.org). Subjects with no visible evidence of tumor
from MRI or necropsy analysis were removed from the
study.

Device Implantation

One day after the first MRI, animals were anesthetized
and treated with analgesics, as described above. Animals
were assigned to different device implant groups 7-8 days
post-inoculation. For both studies, animals were placed
into different groups using the tumor sizes observed under
MRI prior to implantation to ensure that the average ini-
tial tumor size of each group was similar. Animals in the
U87MG experiment were implanted with the PU conduit
combined with the PU aligned nanofiber device (n=38),
a smooth film device (control) (n=9), a device with an
aligned nanofiber (n=6), or not implanted at all (n=10).
Animals in the F98-GFP+ experiment were implanted
with an empty device (control) (n=9), a device with an
aligned nanofiber (n=8), or notimplanted at all (n=7) (see
SupplementaryTables 1 and 2).

For all implants, a 2.5-2.9 mm craniotomy was drilled at
the location of tumor inoculation. The dura was ruptured to
implant the device approximately 1.5-2 mm deep into the
brain. An outer tube, with a diameter larger than that of the
craniotomy, sat on the skull surrounding the implanted de-
vice to provide stability to the reservoir area. ATegaderm
membrane was used to cover the proximal end of the de-
vice, and dental cement was used to secure the device to
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the skull. The skin was sutured to enclose the device com-
pletely. The animals recovered under a heat lamp before
being returned to their housing areas.

Biopsy and Sample Acquisition and Preparation

A pilot feasibility test of on-demand, longitudinal ac-
cess for sampling was performed with 3 F98-GFP+ and
3 U87MG inoculated rats which were biopsied several
times after device implantation. Each group had 1 rat
that received the control device and 2 were implanted
with aligned nanofiber devices. Minimally invasive bi-
opsies were performed through the proximal end of the
device, which was accessible through a small incision in
the skin. Biopsies were obtained 2, 4, and 6 days after de-
vice implantation and samples were evaluated for volume
obtained from reservoir and signs of infection. The skin
was sutured after the first 2 biopsies and animals were left
to recover. After the third biopsy, the animals were sacri-
ficed. All samples underwent mechanical dissociation at
least once for cell isolation. Samples made up of dense
tissue-like material required repeated mechanical disso-
ciation. Once cells were isolated and diluted, trypan blue
staining was used to manually count the live cell contentin
each sample (SupplementaryTable 3).To identify tumor cell
ratio to other cells, such as immune cells, each sample was
divided into 4 equal portions and immunostained using 4
different flow cytometry panels.

Animals used for the genomic analysis were biopsied
through the proximal end of the device, perfused, and
euthanized either when they reached humane endpoint
or at the predetermined endpoint (no more than a 4-day
difference), whichever came first. To obtain information
about the tumor and its microenvironment, the syngeneic
F98-GFP+ model animals were biopsied once after being
given Bup-ER analgesic. While under deep isoflurane an-
esthesia, a small incision was made on the skin atop
the device region. A small piece of dental cement atop
of the device was clipped off, and the Tegaderm mem-
brane covering the proximal end of device was removed.
First, fluid was aspirated from the implanted device
using a 26-gauge needle. The amount and physical ap-
pearance of biopsied samples were measured and noted.
Each animal was then placed under deeper general an-
esthesia and euthanized via cardiac perfusion with PBS.
Implanted devices were then carefully dissected, and
tumor tissue was separated from the brain. For animals
marked for transcriptomic analysis, the entire device
and samples from healthy brain tissue were stored for
later analysis in RNALater solution. For animals selected
for histology, the entire brain and the device implanted
within it were dissected, submerged in OCT, and frozen
in liquid nitrogen.

Nucleic Acid/Genomic Analysis

DNA and RNA from the aspirate, tissue recovered from
within the implanted device, tumor tissue biopsy, and
brain tissue biopsy from each animal were extracted
and the quantity and quality of each assessed using
Qubit (Invitrogen) analysis. DNA was extracted using

Thermofischer Pure Link Genomic Extraction Kit (cat.
#K1820). RNA was extracted using Qiagen RNeasy Plus
Mini Kit (cat. #74134).

DNA library preparation was performed using a KAPA
HyperPrep Kit (Roche). For the RNA library preparation, the
KAPA Stranded mRNA-Seq Kit (Roche) was used. Library
quality control and quantification were performed using
the QuBit DNA HS Assay (ThermoFisher) and the HS NGS
Fragment (1-6000 bp) Assay (Agilent). Bulk RNA and DNA
sequencing were performed by Duke University’s Genomic
Core Facility using a standard lllumina sequencing work-
flow using a NovaSeq 6000 SP flow cell at 100 bp PE.
Downstream data analysis including CIBERSORTx and
differential gene expression were performed by the Duke
University’s Genomic Core Facility.

The Whole Genome Sequencing experiment and
data analysis were also performed by Duke University's
Genomic Core Facility (Supplementary Figure 5).

Cell Culture of Biopsied Samples

Aspirate retrieved from the implanted device was added
to tumor growth media, then transported to tissue culture.
Under sterile conditions, the larger tissue pieces obtained
from the aligned device were broken down using mechan-
ical disruption and filtration methods of cell dissociation.
The cells were then transferred into a 25 cm? tissue culture
flask which was incubated at 37°C in a 5% CO, incubator.
After cells had time to attach overnight, cells were imaged,
expanded into larger flasks as needed and, after a week,
cells were manually counted using a hemocytometer.

Histological Analysis and Immunohistochemical
(IHC) Analysis

Frozen brain tissue and devices were cryosectioned hori-
zontally into 30 um-thick sections for different device eval-
uation in the U87MG xenograft study, and coronally into
12 uym-thick sections for the F98-GFP+ biopsy study. Slides
were fixed with ethanol and prepared for histological anal-
ysis as previously described'® using antibodies referenced
in SupplementaryTable 7.Tiled images were obtained using
a Leica semi-confocal microscope fluorescent imaging
system, and quantification procedures were performed for
DAPI, GFP, and Ku80 antibodies using pre-defined thresh-
olds. Images were processed through either Image J or
MetaMorph Microscopy Image Analysis Software.

Statistical Analysis and Other Software

Data are presented as mean + SD. Statistical analysis re-
sults and graphs were obtained using GraphPad Prism
Version 9.3.1. Unpaired t-tests were performed for statis-
tical analysis of data comparing 2 groups. For compari-
sons of 3 or more groups, 1-way ANOVA with Dunnett’s
or Sidak’s multiple comparison test was used. For com-
parison of change in individual tumors, 2-way ANOVA or
Sidak’s multiple comparison test was performed on MRI
tumor volumes. lllustrations of brain and devices were
done using Sketchbook, Inc., Software.



http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae064#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae064#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae064#supplementary-data

Betancur et al.: A neural tract-inspired conduit for facile, on-demand biopsy of glioblastoma

No Implant Control

1 week
post-Inoculation/

1 day
pre-Implantation

12 days

post-
Implantation

Smooth Device Control

Aligned Nanofiber Device

Figure 2. Representative T2-weighted MR images of U87MG model pre- and post- device implantation showing no adverse response to im-
plant while confirming the possibility of noninvasive monitoring of tissue migration inside the device. (@: tumor, &: fluid, %: edge, **: flow voids,
#: gradient). One week post-inoculation: (A) no implant control, (B) smooth film device control, (C) aligned nanofiber device. 12 days post-device
implantation, (D) no implant control, (E) smooth film device control, and (F) aligned nanofiber device. In D, E, and F, tumor is surrounded by dotted
white lines, bright white contentinside device is fluid, and tissue inside device appears in gray tones. In (E), separation between tissue (gray) and
fluid (white) is outlined by a dark edge between the two (%). Smooth film appears as a dark line at the center. In (F), inside the aligned nanofiber
device, gray strips indicative of tissue appears along almost the entire length of device, and there is no well-defined edge separating the fluid in-
side the device from tumor. Flow voids (**) indicating interactions between tissue and fluid inside the aligned nanofiber device are visible.

GLP Quality Management

Implant studies involving F98 cells implemented quality
management measures to ensure data integrity and
comply with Good Laboratory Practice (GLP) to the ex-
tent possible according to 21 CFR Part 58, GLP for non-
clinical laboratory studies guidelines (outlined within
Supplementary Material).

Results

Aligned Topography is a Major Cue for Guiding
Tumor Cells to the Reservoir

In vivo analyses in rodent models show that, regardless
of the conduit material (PU, Silicone, or PCL), or nanofiber
chemistry (PU or PCL), the greatest tissue migration was
observed when aligned nanofibers were presented (Figure
1). This validates previous observations that orientation
of nanofibers, more than their chemical characteristics,
plays a role in guiding tumor migration (demonstrated in
Supplementary Figure 6).'® Thus, the topography of the
aligned nanofibers provides the tumor with sufficient di-
rectional migration cues for cells to advance a significant
distance away from tumor (Figure 1A and B). In fact, the

volume of collected aspirate in the F98-GFP+ model (Figure
1C and D) and MRI evidence from the U87MG model
(Figure 2) confirm the more robust migration of tissue with
the aligned nanofiber device relative to smooth film or
empty device control groups.

Following histological analyses, noninvasive evalu-
ation of aligned nanofiber/tissue interaction was also
performed using T2-weighted MR images (Figure 2 and
Supplementary Figure 3). MRl images of the coronal view
at the transverse end of implanted device were used to
make detailed observations regarding the content inside
devices and draw comparisons between aligned nanofiber
devices, smooth film control devices, (Figure 2) and control
empty devices (Supplementary Figure 3). Differences in
delineation of tissue can be observed between the groups,
with minimal tissue separation observed in the aligned
nanofiber group, and clear tissue separation and fluid ac-
cumulation in the control empty devices outlined by sharp
contrast in both tumor models (see fluid and edge labels
on Supplementary Figure 3C, Figure 2D). While images
of the aligned nanofiber devices indicate strong tissue
presence throughout the length of the device, (Figure
2F, Supplementary Figure 3B), an overall homogenous,
higher intensity appearance inside the control devices in-
dicates stagnated fluid and no tissue migration inside the
conduit (Figure 2E, Supplementary Figure 3C). This was
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later validated by the presence of homogenous, translu-
cent fluid collected during biopsies. Moreover, dark flow
voids, observed only in aligned nanofiber devices, are in-
dicators of dynamic interactions between tissue and liquid,
and are associated with flowing fluids.'”-?° Overall the MRI
data indicate that interactions between the nanofiber and
GBM as well as the extent of tumor tissue migration can
be monitored and confirmed noninvasively (Figure 2F
Supplementary Figure S3B).

Neural Tract-Inspired Aligned Nanofiber
Device Does Not Cause Systemic Toxicity Nor
Detrimentally Affect Survival

Although the aligned nanofiber device, which is com-
prised of a polyurethane (PU) conduit with PU aligned
nanofibers, has a documented history of biocompati-
bility, we independently tested its acute, subacute, and
chronic safety and neuro-biocompatibility in multiple rel-
evant animal models.?’ Where applicable, the following
controls were included: a PU conduit with a smooth PU
film, an empty PU conduit, and no implant as additional
controls. Animals receiving the aligned nanofiber device
and control implants were closely monitored for changes
in key vital signs and general indicators of malaise. Acute
and sub-acute safety of the neural tract-inspired aligned
nanofiber device were confirmed by imaging and moni-
toring physiological factors in both F98-GFP+ and U87MG
rat tumor models. MRIs after implant showed no visible
hemorrhage, edema, scarring, or inflammation in either
tumor models nearly 2 weeks after implantation (Figure 2).
The device remained fixed and tightly sealed at the site of
implantation with no sign of infection observed in any of
the subjects (Figure 2E,F, Supplementary Figure 3B and C).
These same images show that in both GBM models the
tissue in direct contact with the device appeared to heal
properly, with little to no sign of inflammation, which can
be visualized as bright intensity in T2-weighted MRIs.?® By
evaluating the tumor and device implants noninvasively
and invasively, it was observed that none of the tested an-
imals developed ectopic tumors, nor were there any signs
that the tumor grew outside of the skull. Furthermore, none
of the animals biopsied at multiple timepoints showed any
signs of infection.

Moreover, sub-chronic and chronic safety of the aligned
nanofiber device were also evaluated using neuron de-
generation and gliosis markers along with whole blood
analysis in the rabbit parenchyma models (Supplementary
Figure 9). Overall, all measured parameters indicated there
is no overall evidence of local or systemic toxicity due to the
aligned nanofiber device.There were also no significant dif-
ferences in body weight or feed consumption throughout
the study, and hematological results were all within normal
ranges (Supplementary Tables 8 and 9). There were sta-
tistically significant differences in male gamma-glutamy!l
transferase and female albumin levels throughout the
study, but these were within biologically normal ranges.
Histopathological and immunohistochemical observation
both indicated that there were no specific adverse toxico-
logical findings in the tissues examined that could be as-
sociated with systemic toxicity (Supplementary Figure 9).

Therefore, the materials the aligned nanofiber device con-
sist of are nonirritant and safe for chronic implantation.

Aligned Nanofiber Device Does Not Exacerbate
Tumor Growth

Intracortical tumor volumes were compared to evaluate
devices’ effects on tumor growth, and both pre- and post-
implantation tumor volumes were used to calculate tumor
volume and change in intracortical tumor size over time
(Figure 3A-D). Almost 2 weeks after implantation, MR im-
ages showed that devices did not cause an increase in
intracortical tumor size greater than that seen in both con-
trols in both U87MG and F98-GFP+ models. Furthermore,
while animals in both tumor models implanted with the
control device experienced significant changes in tumor
volume when compared to their pre-implantation
tumor volumes, in the U87MG model, post-implantation
tumor volumes for the aligned group were not signifi-
cantly different from their initially measured tumor vol-
umes (Figure 3A).Thus, the aligned nanofiber group in the
U87MG model demonstrated a significantly lower rate of
change in intracortical tumor volume than that observed
in the two control groups (Figure 3B). These significant
differences between the aligned nanofiber group and the
control groups, however, were not present in the F98-GFP+
model. In this syngeneic model, the aligned nanofiber
devices and the control devices both experienced statis-
tical significant in the intracortical tumor growth between
the pre-implantation and post-implantation timepoints
(Figure 3C). There was no difference in rate of change of
intracortical tumor volume between the aligned nanofiber
device and the controls (Figure 3D).

Most animals reached euthanasia end points within
17-21 days post-inoculation in the F98-GFP+ model. In
the U87MG model, most animals survived between 28-
and 35-days post-inoculation, with an exception noted for
3 animals in the aligned nanofiber device group and one
animal in the no implant control group that survived over
100 days post-inoculation (Supplementary Figure 8). All re-
sults indicate that aligned nanofiber device does not pose
a safety issue by exacerbating tumor growth in these ro-
dent models.

Aligned Nanofiber Devices Can Be Used for
Longitudinal, Minimally Invasive Tumor Access
and Sampling

To mimic the application of this device in a clinical out-
patient setting, the proximal end of the device (which sits
well outside of the skull) was accessed and aspirated in a
minimally invasive way 3 times per animal in a pilot test
(Supplementary Table 3), then once in a final study to ob-
tain sufficient samples for several relevant downstream
analyses. The pilot biopsy experiment showed a trend of
larger volumes and larger cell counts obtained from the
aligned nanofiber devices among a series of biopsy sam-
ples in both GBM models. It also demonstrated that 2, 4,
and 6 days were not the optimal time to obtain sufficient
cells for extensive cell content analysis (Supplementary
Table 3). This, along with the previous experiment on the
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Figure 3. Tumor volumes in U87MG xenograft and F98 models. (A) No significant difference in U87MG tumor volumes post-implantation was
observed between different groups. When initial volume is compared to final volume for each group, only the 2 control groups show significant
growth of tumors in the U87MG model. (B) The significantly lower rate of change in tumor growth in aligned-implanted tumors indicates that,
when U87MG cells migrate, intracortical growth is halted to an extent. (C) and (D) All 3 groups experience a significant growth with relatively
similar rate of growth in F98 model. No Implant: No device implanted; Aligned: silicone/PU conduit with PU aligned nanofiber device implanted;
Smooth: silicone/PU conduit with PU smooth film device implanted; Empty: empty silicone/PU conduit device implanted.

less aggressive xenograft model, in which devices were
collected after 8-15 days, helped determine that the op-
timal first time point for a biopsy is between 8 and 12 days
post-implantation, ensuring that sufficient viable cells
would be collected. In addition, it was determined that the
syngeneic GBM model was most appropriate to evaluate
noncancer cells, particularly infiltrating immune cells.

The single biopsy experiment, collected between Day
9 and 12 post-implantation, had a significantly greater
volume of tissue obtained from the aligned nanofiber de-
vice group relative to the control empty device group in
an F98-GFP+ tumor model. This data points to a greater
migration of cancer cells inside the device due to the
aligned topography (Figure 1D). In addition to a larger as-
pirated volume, the aligned nanofiber device aspirates had
greater viscosity than those obtained from empty devices,

indicating a richer presence of solid tissue as opposed to
physiological fluid. MRIs obtained from aligned devices
showed also a convex-shaped proximal end that could be
noninvasive indications of full tissue migration and pres-
sure on the proximal end of the aligned nanofiber devices
(Supplementary Figure 3B).

Tumor Microenvironment is Present Within the
Aligned Nanofiber Device

In addition to facilitating access to migrating tumor tissue,
the aligned nanofiber device can also facilitate direct sam-
pling of the tumor microenvironment, including immune
cells that are typically present within the tumor. Cellular
and genomic analyses confirmed that cells composing the
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Figure 4. CIBERSORTXx and IHC analyses of devices in F98-GFP+ tumor model. (A) and (B) CIBERSORTx analysis of bulk RNA-sequencing data
for samples collected from: aspirated material from inside the aligned nanofiber device, tissue attached to the aligned nanofiber film within the
device conduit, the intracortical tumor in the implant and control groups, and healthy brain tissue in the F98-GFP+ tumor model. (C)—(E). Aligned
nanofiber devices retrieved after aspirate biopsy, sectioned transversely, stained, and imaged showing residual tissue that remained attached to
the nanofiber. Within this adherent tissue, immune cells are present throughout the length of device. (C) (proximal end of device), (D) (midpoint of
device), (E) (primary tumor mass) (scale bar: 50 ym). Blue: DAPI, Red: Immune Cell Marker.
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Cell culture from biopsy of F98-GFP+ tumor model. (A) Percentage of live cells in the culture expanded from biopsy aspirates of aligned

nanofiber and control groups. (B) Absolute number of live cells in culture expanded for 7 days from biopsy aspirates of aligned nanofiber and
control groups. (C) and (D) Representative images of the expanded culture after 1 week showing F98-GFP+ cells in all 3 of aspirates from aligned
nanofiber devices and only a few GFP+ cells in one of the control empty devices.

tumor microenvironment are found throughout aligned
nanofiber device alongside the tumor cells that migrated
into the device (Figures 4 and 5). Quality analysis con-
cluded that the material obtained from the aspirate of the
control empty device and/or from the tissue within the
control empty device did not have sufficient quantity and
quality for omics analyses, therefore they were not pro-
cessed (Supplementary Tables 4 and 5). Accordingly, only
the tumor tissue obtained from the brain was analyzed for
the empty devices as a control. Based on data obtained
from bulk-RNA sequencing, key immune cells were found
in tissue attached to the entire enclosed nanofiber device,
as well as in the tissue/fluid aspirate from the proximal
end of device (Figure 4A and B, Supplementary Figure 4).
Bulk-RNA seq. data was processed using CIBERSORTx to
determine immune-related differential gene expression
within each sample.?? Four different immune cell types
were targeted: B cells, CD4+ and CD8+T cells, and Natural
Killer (NK) cells. Comparison of samples from tumor bulk,
nanofiber device, control empty device, and no device
control groups was conducted. Abundance ratios were

determined by evaluating the expression level of more
granular innate and adaptive immune cell-specific genes
relative to the total leukocyte population.?? No signifi-
cant difference between abundance ratios of these cells
between sampling location was found, except for the
B cells respective to aspirate from the device (Figure 4,
Supplementary Figure 4).

In addition to RNA sequencing, the presence of im-
mune cells within the device was confirmed using
immunohistochemistry (IHC) (Figure 4C-E). Aligned
nanofiber devices were retrieved following biopsy, flash
frozen in OCT, sectioned coronally, and processed for IHC.
Results of this analysis corroborated the transcriptomic
results generated via CIBERSORTx. Residual immune cell
markers were observed both at the distal and proximal
ends of the device after tissue/fluid biopsy was performed
(Figure 4C-E).

Whole genome sequencing was performed for 3 animals;
these results serve as a proof of concept, demonstrating
that genomic analysis is feasible using material from the
aligned nanofiber device (Supplementary Figure 5).
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Live, Culturable Tumor Cells Can Be Obtained
Proximally

Aligned nanofiber devices guided a sufficient number of
tumor cells into the device conduit, making them easily
accessible proximally and outside of skull for aspira-
tion (Figures 1, 4, and 5). The ability to collect and culture
these cells from the device was assessed ex vivo. Figure
5 illustrates that while a limited aspirate volume from the
empty devices did not yield to any meaningful cell culture
expansion, aspirated cells from aligned devices could be
subsequently cultured and expanded. Moreover, most of
the devices in the aligned nanofiber group presented with
resistance to aspiration with a 26-gauge Hamilton syringe
at the rate of approximately 1 ul/20 s. This tangible resist-
ance to aspiration along with the cloudier and more heter-
ogenous appearance of the aspirate obtained from aligned
nanofiber devices indicated a presence of more abundant
cellular content within the aligned nanofiber device group.
These observations correspond with noninvasive obser-
vations made via MRI, which indicated an increased abun-
dance of infiltrated tumor cells and tissue within aligned
devices (Supplementary Figure 3B). In contrast, the more
translucent, easily aspirated, and homogenous liquid
obtained from empty devices correlated well to the bright,
homogenous intensity (indicative of stagnated fluid and
not cellular tissue) seen inside empty devices via MRI
(Supplementary Figure 3C).

The number of GFP+ F98 cells cultured from the aspirate
was assessed after 1 week of expansion. Both percentage
of live cells to total cells and absolute number of live cells
were higher in the aspirate from the aligned nanofiber
group (Figure 5A and B). Cultures were visualized under
fluorescence to assess distribution and density of GFP+
cells. Aligned nanofiber device aspirates demonstrated a
more concentrated cell density and greater observable cell
count when compared to empty device aspirates (Figure
5C and D).

Enough Quantity and Quality of Genomic
Material Is Obtainable

Sampling via the aligned nanofiber device did not cause
any detectable degradation in the DNA sampled from
the aspirate. DNA A260/280 and A260/230 ratios were as-
sessed, with the aligned nanofiber device yielding higher
purity of genomic material on average (Supplementary
Table 4). DNA yield however was not significantly different
between the aligned nanofiber device and control (Figure
6A and B).

However, additional aspirate volume and tissue infil-
tration within the aligned nanofiber device did yield a
greater quantity of RNA than the control empty device.
Unlike the liquid obtained from the empty devices, the
material obtained from aligned nanofiber devices was
sufficient for subsequent transcriptomics (RNA-seq.)
(Figure 6C and D) and whole genome sequencing (WGS)
(Supplementary Figure 5). The RNA from the aligned
nanofiber device was of higher quality, on average than
the empty device as measured by RIN and %DV200
(Supplementary Table 5).

These results indicate that the aligned nanofiber device
produces an advantage for increasing RNA vyield in both
aspirate and device-adherent material sampling. Overall,
the aligned nanofiber device produced high quality DNA
and RNA, and, in certain circumstances, provided a deci-
sive advantage over an empty device.

Discussion

A recent publication by several of the Society for Neuro-
Oncology investigators has highlighted the importance of
serial tissue sampling to correct the drug development par-
adigm for glioblastoma.?This is in addition to several con-
temporary letters and trials suggesting the increased need
for on-demand sampling in GBM.?*%7 In fact, the ability
to continuously and frequently monitor other solid and
heterogeneously evolving tumors (eg, epithelial ovarian
cancer) has provided clinical benefits in the form of more
informed (and effective) treatment plans, and improved
median overall survival.?2° The emerging liquid biopsy
approach, while showing promise for tumor sequencing
and early-stage detection,®%3" is currently limited to use as
a correlative tool alongside traditional biopsy, mostly due
to the scarcity of brain tumor material available in blood
and CSFE%"3This means that the sensitivity required to find
and evaluate the minimal amount of useful material will be
prohibitively high.3? Furthermore, there is a delay between
the tumor material that can be detected in circulation and
the tumor itself resulting in uncertainty about continuity
between the two.'® However, despite these limitations,
there is significant ongoing interest in the field of liquid bi-
opsy for brain tumors,3® again attesting to the importance
of repeated and longitudinal surveillance of GBM.

Given the insufficiency of liquid biopsies, multiple in-
vasive tissue biopsies are required to adequately eval-
uate the cancer’s changing, heterogenous progression
and response to treatment.?® In addition, the feasibility of
using novel and promising protocols such as intratumoral
microdialysis faces major challenges in overcoming the
BBB'’s barrier functions.3* With the efficiency and safety of
microdialysis sample retrieval restricting it to a maximum
of 10 days sampling,® it has become evident that a more
robust, long-term approach is needed to improve on these
techniques.

While devices such as the Ommaya Reservoir system
were key inspiration for our aligned nanofiber device, a
key advantage of the neural tract-inspired conduit is in its
ability to provide direct tissue/cellular samples from the
tumor and not the CSF or blood. To obtain sufficient tumor
tissue and fluid from the conduit, the tumor and its micro-
environment need to actively migrate onto the substrate
(aligned nanofibers in this case) away from the tumor and
towards the proximal end of device (ie, reservoir). Our
previous study has shown that aligned polycaprolactone
(PCL) nanofibers that mimic aligned neural tracts are effec-
tive in guiding tumor cells away from the tumor and even
causing a shrinkage in the size of the tumor.’® However,
PCL exhibits a slow degradation profile and is not desir-
able for a long-term brain implant.’¢ PU nanofiber, with
a long history of documented neuro-compatibility, is the
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Figure 6. Genomic analysis of F98-GFP+ model. (A) and (B) Aspirate DNA yield and adherent material DNA yield for aligned nanofiber device
and control empty device. (C) and (D) Aspirate RNA yield and adherent material RNA yield for aligned nanofiber device and control empty device.

best alternative that would enable potential clinical transla-
tion of this on-demand sampling device.?"37-42

The number of healthy cells extracted from the aligned
nanofiber device’s aspirate was shown to be sufficient
material for later genomic and transcriptomic analysis.
A general continuity between the tumor bulk, aspirated
sample, and adhered tissue inside the device has been es-
tablished both with genomic and immunohistochemistry
analyses (Figure 4 and Supplementary Figure 4). It was
also shown that the device itself (with or without the
nanofiber) does not have a significant effect on the brain
tumors’ immune profile and component cell ratio (Figure
4A-D). While the tumor and tumor immune microenviron-
ment are both present inside aligned nanofiber device,
future in-depth studies are needed to examine the spatial
distribution of cells within the device in comparison to the
primary tumor, as it might be possible that the aligned
nanofiber device induces migration of the more invasive
subtypes within the tumor.

In addition to concerted migration enabled by nanofibers,
it is possible that the aligned nanofiber device partially
facilitates initial proximal movement of cells, although

limited, via some capillary effect. Devices with different
polymer types and alignments could have different effects
on the cells, inducing differential cell accumulation due to
their different physical properties. However, our observa-
tions both in this study and previous studies (both in vitro
and in vivo) indicate a very gradual and consistent migra-
tion within weeks and not hours, suggesting a capillary
effect’s role in inducing cell migration, if any, would be in-
significant overall. The data presented here comparing PCL
and PU aligned nanofiber materials supports the existing
evidence that cell migration on aligned nanofibers is de-
pendent perhaps more on the topography of the substrate
than its composition (Figure 1A, Supplementary Figure
6). Moreover, PCL and PU aligned nanofiber materials did
not differentially impact proliferation rate (Supplementary
Figure 7).

Cell expansion data from aspirated fluid represented
perhaps the most significant application of our aligned
nanofiber devices: to provide culturable cells via minimally
invasive extracortical access. While it was possible to cul-
ture cells obtained from the biopsy samples as a proof
of concept, we understand that culturing human GBM
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obtained from patients is prohibitively challenging.*® And
while neurospheres and organoids of individual human
GBM patients would strengthen the translatability of our
device, the scope of this study is limited to the demonstra-
tion of access to cellular content of GBM. Even without the
option of culturing the biopsied human GBM samples, ac-
cess to tissue and cells from in situ tumor would provide a
plethora of useful information about the state and progres-
sion of the disease. In addition, as technology advances
with the ability to culture cells obtained from patients in
the fields of individualized medicine and immunotherapy,
the aligned nanofiber device will be ideal to provide access
to the tumor cells throughout the different stages of tumor
progression.

The clinical benefit of monitoring specific biomarkers
across multiple time periods has been further demon-
strated in liquid biopsy studies.’%3233 One study utilizing
liquid biopsy to analyze GBM'’s response to anti-VEGF
therapy found that the circulating levels of VEGF fol-
lowing intervention decreased significantly,** establishing
VEGF as an indicator of therapeutic efficacy. Similar in-
formation for additional markers could enable fine-tuning
of treatment course, but it is still limited by the inherent
shortcomings of liquid biopsy, including the lack of rel-
evant information about tumor microenvironment. It is
likely that direct assessment at the tumor site would
allow for superior monitoring and consequently greater
therapeutic benefit. For instance, a continuous biopsy
platform could offer the ability to assess major fluctu-
ations in GBM'’s immune microenvironment, mutational
burden, and major mutations such EGFRvIIl, BRAFV600E,
TERT, and TP53.26:45

We hypothesize that frequent sampling may also
have a role in distinguishing progression from
pseudoprogression, a common MRI pattern that mimics
tumor progression but not necessarily accompanied by
clinical deterioration.*® For example, assessing immune
cell influx and biomarker composition around the tumor
can provide insight into whether perceived cancer growth
is merely a physiological reaction to treatment or true
spread of the malignant tumor. Pseudoprogression often
leads to premature withholding of adjuvant temozolomide
or to overestimation of second-line therapy’s efficacy,
complicating accurate prognosis.*’ As a result, adjuvant
temozolomide is typically continued for at least 3 months
after therapy, regardless of findings on the first post-
radiation evaluation.*

Additionally, due to the limited effectiveness of standard-
of-care treatment options, there is substantial effort to en-
roll patients in clinical trials. However, the logistical burden
associated with matching patients to trials that have the
highest chance of success is significant.*®4° Continuous ac-
cess to GBM would reduce the time needed to screen and
enroll patients in clinical trials and provide temporal feed-
back on trial effectiveness in an outpatient setting when-
ever clinicians deemed suitable.?324

While the safety and functionality of this neural tract-
inspired device for on-demand and facile sampling of
GBM in these in vivo models were established, more
extensive studies are needed to assess the device’s spe-
cific interactions with the BBB and the effects of the de-
vice on the tumor microenvironment. Additionally, due

to the inherent heterogeneity both within and between
tumors, determination of the best placement for this de-
vice (as well as the number of devices implanted) is also
critical and should be informed by clinical imaging and
surgical guidance. The various limitations of the glioblas-
toma models used are also important to consider, with the
limited migration capacity of U87MG cells being particu-
larly relevant to this investigation. By using the F98-GFP+
model in parallel, the effects noticed are unlikely to be an
artifact of one particular model system. Finally, while the
potential for therapeutic benefit and clinical impact of this
device have been established, a thorough clinical feasi-
bility study is needed to ensure the safety and function-
ality of this approach.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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