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Effective treatment of glioblastoma remains a daunting challenge. One of the major hurdles in the development
of therapeutics is their inability to cross the blood-brain tumor barrier (BBTB). Local delivery is an alternative ap-
proach that can still suffer from toxicity in the absence of target selectivity. Here, we show that nanotubes formed
from self-assembly of ssDNA-amphiphiles are stable in serum and nucleases. After bilateral brain injections, nano-
tubes show preferential retention by tumors compared to normal brain and are taken up by glioblastoma cells
through scavenger receptor binding and macropinocytosis. After intravenous injection, they cross the BBTB and
internalize in glioblastoma cells. In a minimal residual disease model, local delivery of doxorubicin showed signs
of toxicity in the spleen and liver. In contrast, delivery of doxorubicin by the nanotubes resulted in no systemic
toxicity and enhanced mouse survival. Our results demonstrate that ssDNA nanotubes are a promising drug

delivery vehicle to glioblastoma.

INTRODUCTION

Glioblastoma (GBM) is the most malignant and aggressive type
of primary brain tumor. Despite multimodal treatment through
tumor resection, radiation, and chemotherapy, long-term survival
remains low with a high rate of recurrence, a median survival of 15
to 18 months, and less than 5% of patients estimated to be alive
5 years after diagnosis (I, 2). Therefore, novel therapies for the
treatment of GBM are desperately needed. One of the major hurdles
in the development of therapeutics is the inability of agents to cross
the blood-brain barrier (BBB). Although the BBB is disrupted
during tumor progression in high-grade gliomas [known as the
blood-brain tumor barrier (BBTB)], its permeability is heteroge-
neous in GBM, leading to inconsistent responses to systemically
delivered therapeutics (3, 4).

Delivery of anticancer therapies to GBM using nanoparticles has
shown promise (5-8); however, nanoparticle accumulation in GBM
tumors after systemic administration remains very low, limiting
their clinical applicability (9, 10). Thus, other strategies have been
investigated to enhance the delivery to GBM using methods that do
not rely on the circulatory system and circumvent the BBB/BBTB,
such as BBB disruption, intranasal delivery, direct injections of
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therapeutics, convection-enhanced delivery, and use of implantable
controlled-release polymer systems (11, 12). Local delivery to the
brain limits the potential for neurotoxicity as delivered doses do not
need to be as high as those needed for systemic delivery. However,
intratumoral delivery of drugs such as doxorubicin (DOX) can still
result in systemic toxicity (13). Therefore, even with local intratu-
moral delivery of chemotherapeutics, there is a critical need to de-
sign targeting strategies that localize therapeutics to specific cell
types (14, 15).

DNA nanotechnology is a growing field that allows for the de-
sign of nanoparticles where DNA is the building block. DNA origa-
mi (16) and DNA tile assembly (17) are two methods that allow for
the assembly of specific nanoparticle structures composed solely of
DNA molecules, and both techniques have been used to create DNA
nanotubes (NT) that can be delivered to cells in vitro and in vivo
(18-22). It was shown, for example, that NT made from tile assem-
bly are internalized by immune cells, human cervical cancer cells,
and nasopharyngeal epidermal carcinoma cells when functional-
ized with either CpG sequences or folic acid (18-20). However,
their clinical applicability has been limited because of processing
complexities and poor in vivo stability (23). DNA origami and
DNA tile assembly require precise ions, solvent, and thermal condi-
tions to allow for DNA annealing and assembly, and often, computer-
aided design is required to determine the DNA sequences needed to
achieve certain structures. DNA NT made of DNA tiles also de-
grade in the presence of serum and endonucleases (18, 19).

We previously reported on an alternative approach to forming
DNA NT through the spontaneous self-assembly of single-stranded
DNA (ssDNA)-amphiphiles (24, 25). The amphiphiles consist of
three building blocks: an ssDNA hydrophilic headgroup, a dialkyl
hydrophobic tail, and an alkyl spacer between the headgroup and
tail. The ssDNA-amphiphiles self-assemble in aqueous solution into
ellipsoidal micelles and bilayer nanotapes that can progress into hol-
low NT (24). We have previously demonstrated that the architecture
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of the ssDNA-amphiphiles can be used to manage the dimensions
of the NT, where the NT diameter can be controlled by the hydro-
phobic tail length, and the presence of intermolecular G-quadruplexes
in the ssDNA headgroup dictates the NT length (25). As the dialkyl
tail length increases from (Cy¢); to (Cyo)2, the diameter of the NT
increases from approximately 30 to 55 nm (25). Coarse-grained
molecular dynamics simulations revealed an increase in area per
molecule within the bilayer as tail length increases, resulting in wider
nanotapes that could transition into NT with larger diameters. ssDNA-
amphiphiles with guanine (G)-rich sequences that form G-quadruplexes
can assemble into ellipsoidal micelles and short NT with submi-
crometer lengths (25). Sequences with a total of 10, 25, and 40 nu-
cleotides (nt) were examined (25). Ellipsoidal micelles are the
first assembled nanostructures from the ssDNA-amphiphiles (24).
Therefore, the micelles have to release the amphiphiles that can at-
tach to the nanotapes and allow for the nanotape growth. However,
micelles with G-rich sequences, where ssDNA headgroups can form
intermolecular stacked G-tetrad planes, are more stable (26). Thus,
we hypothesized that the amphiphiles may be less prone to leaving
the micelles and assembling in the nanotapes, which may explain the
formation of shorter NT (25). The short NT are stable in different
electrolytes (KCI, NaCl, CaCl,, and MgCl,) or buffers [acetate buffer
(pH 5.0) and carbonate-bicarbonate buffer (pH 9.0)] after overnight
exposure (25). In this study, we synthesized ssDNA-amphiphiles that
can form short NT, consisting of a 10-nt G-rich ssDNA headgroup
that is attached to a (Cj¢); tail through a C,, spacer. An ssDNA with
10-nt is used as it is the smallest G-rich sequence that was tested and
shown to form short NT (25).

We evaluated the internalization of the NT in GL261 cells and
normal astrocytes and investigated their uptake mechanism via
trafficking and colocalization experiments. For the in vivo studies,
we examined their stability in serum and nucleases via gel electro-
phoresis and transmission electron microscopy (TEM). Fluores-
cence and confocal microscopy were used to evaluate the presence
of NT in tumoral and normal brain hemispheres after bilateral
brain injections. Their biodistribution after tail vein injection was
evaluated via micropositron emission tomography/computed to-
mography (WPET/CT) and ex vivo measurements of radioactivity.
The ability of the NT to cross the BBTB was further investigated via
confocal microscopy and flow cytometry. Last, in a minimal residu-
al disease mouse model of orthotopic GBM, we delivered via Alzet
micro-osmotic pumps DOX and DOX intercalated in the NT, and
we measured survival by Kaplan-Meier plots and systemic toxicity
via histopathological analysis. The findings of this work suggest that
the ssDNA NT are a promising approach to targeting GBM and can
be used for the delivery of therapeutics, such as DOX, with minimal
to no systemic toxicity.

RESULTS AND DISCUSSION

Synthesis and characterization of ssDNA-amphiphile NTs
Synthesis steps for all ssDNA-amphiphiles are shown in fig. S1. Suc-
cessful synthesis was verified using liquid chromatography-mass
spectrometry (LC-MS) (table S1). Figure 1A shows the chemical
structure of the 10-nt ssDNA-amphiphile, with and without a fluo-
rophore and chelating agent. The secondary structure of the free
ssDNA and ssDNA-amphiphiles was investigated by circular di-
chroism (CD). Parallel stranded G-quadruplex structures have a
CD spectrum exhibiting strong positive peaks around 260 to 265 nm
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and 210 nm and a smaller negative peak around 245 nm (27, 28).
They are stabilized by small cations that fit within the G-quartet
structure but can also be formed in pure water (24, 29). The CD
spectra of the free 10-nt ssDNA and ssDNA-amphiphiles in Milli-Q
water and phosphate-buffered saline (PBS) have maxima at 206 and
265 nm and a minimum at 243 nm (Fig. 1B), which is characteristic
of a parallel G-quadruplex structure. Conjugation of the 10-nt ssDNA
to a hydrophobic tail and self-assembly did not alter its secondary
structure. The 10-nt ssDNA-amphiphiles form weakly ellipsoidal
micelles and hollow NT in water (Fig. 1C), as demonstrated before
via cryogenic TEM (cryo-TEM) and small angle x-ray scattering
(24, 25). In this study, we separated the NT from the micelles using
size exclusion chromatography. The NT were 238 + 122 nm long, with
a diameter of 35 + 4 nm and a bilayer wall thickness of 8 £ 2 nm
(n = 100), as evaluated by cryo-TEM images (Fig. 1D). The white
arrows in Fig. 1D point to short NT that are viewed end-on, demon-
strating the hollow nature of the ssDNA-amphiphile NT, as previ-
ously shown (24, 25).

Preferential GL261 uptake of ssDNA NTs via scavenger
receptors and macropinocytosis

We studied the interaction between the 10-nt ssDNA-amphiphile NT
with GL261 mouse GBM cells and C8-D1A healthy mouse astrocytes.
NT labeled with the fluorophore hexachlorofluorescein (HEX), con-
taining 20 mole percent (mol %) HEX-labeled ssDNA-amphiphiles,
were incubated with the cells for 24 hours at 37°C, and confocal mi-
croscopy was used to qualitatively determine the extent of cell internal-
ization [Fig. 2A and movies S1 and S2 with three-dimensional (3D)
reconstructions of 2D confocal image stacks]. After incubation for
24 hours, the NT showed strong internalization into the GL261 cells,
but only showed minimal surface binding and no internalization into
the C8-D1A cells. Internalization for the NT in GL261 cells after
3-hour incubation at 37°C was also verified (fig. S2).

The intracellular fate of the NT was further determined by incu-
bating GL261 cells with the NT for 24 hours and staining for early
endosomes (shown in blue) and acidic organelles, such as late endo-
somes and lysosomes (shown in green). Results showed that after
24 hours, the NT (shown in red) were colocalized with early endo-
somes and acidic organelles, as indicated by the magenta and yellow
color observed in the images, respectively (Fig. 2, B and C, and
movie S3 with 3D reconstructions of 2D confocal image stacks). In
addition, the NT (red dots) were also located in the cytosol, not as-
sociated with early endosomes or acidic organelles, suggesting that
the NT may also be localized in nonacidic or moderately acidic ves-
icles. Calculation of the Manders coefficient (Fig. 2D) verified these
observations. The Manders coefficient is a fraction between 0 and 1
that quantifies the overlap of two signals in an image (30). The closer
the coefficient is to 1, the stronger the colocalization between the
two signals. Here, the Manders coefficients were calculated with
respect to the nanoparticle signal, showing what percentage of the
nanoparticle signal overlapped with either the early endosomes,
or the acidic organelles, or the vesicles that were not labeled.

To reveal the internalization mechanism of the NT, an endocy-
tosis inhibition experiment was performed where the uptake of the
ssDNA NT was evaluated in GL261 cells in the presence of different
endocytosis inhibitors that did not induce any toxicity to the cells
(Fig. 2E and fig. S3). The inhibitors used can be classified into six
major groups based on their effects in cells: cytoskeleton [cytocha-
lasin D (CytD) disrupts actin microfilaments, latrunculin B (LatB)
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Fig. 1. Ten nucleotide ssDNA-amphiphiles form parallel G-quadruplexes and self-assemble into hollow nanotubes. (A) Chemical structures of the 10-nt ssDNA-
amphiphiles. (B) CD spectra in Milli-Q water and PBS of the free 10-nt ssDNA and the ssDNA-amphiphiles. (C) Schematic representation of the nanotubes and the ssDNA-
amphiphiles in the nanotubes, not drawn to scale. ssDNA is shown in blue, and the hydrophobic tails are shown in gray. The light orange represents G-quartet planes.
(D) Cryo-TEM image of ssDNA nanotubes. The white arrows point to nanotubes that are viewed end-on, demonstrating their hollow nature.

inhibits actin polymerization, and nocodazole disrupts microtubule
assembly], caveolae/lipid rafts [filipin, nystatin, and methyl-B-
cyclodextrin (MBCD) inhibit caveolae and lipid raft internalization
through depletion of cholesterol from the cell membrane by forming
inclusion complexes with cholesterol], clathrin [chlorpromazine
(CPZ) prevents the assembly and disassembly of clathrin lattices on
cell surfaces, and dynasore is an inhibitor of dynamin that partici-
pates in clathrin-mediated endocytosis], G protein—coupled receptors
(GPCR) [pertussis toxin (PTX) is an inhibitor of Go; protein, and
cholera toxin (CTX) is an inhibitor of Gays proteins], macropino-
cytosis [5-(N,N-dimethyl)-amiloride hydrochloride (DMA) inhibits
Na*/H* exchanger activity], and scavenger receptors (fucoidan is a
polysaccharide that binds to various types of scavenger receptors)
(31, 32). The cellular uptake of the NT was inhibited on average by
44% in the presence of DMA and 57% in the presence of fucoidan.
In addition, treatment with LatB decreased the internalization of
the ssDNA NT by 20%, consistent with the finding that macropino-
cytosis is involved in the internalization of the NT, because macro-
pinocytosis depends on actin polymerization. In contrast, neither
caveolae/lipid rafts, nor clathrin, nor GPCR-associated pathway
inhibitors decreased NT internalization. Scavenger receptors are known
to bind a wide variety of negatively charged macromolecules and to
induce their internalization using different endocytic pathways (33).

Harris et al., Sci. Adv. 7, eabl5872 (2021) 1 December 2021

Class A scavenger receptors have been shown to uptake spherical
polyvalent oligonucleotide-functionalized gold nanoparticles via a lipid
raft-dependent, caveolae-mediated pathway, where, after 24 hours,
the nanoparticles showed moderate colocalization with early endo-
somes, strong colocalization with late endosomes, and no appreciable
colocalization with lysosomes (34-36). Class A scavenger receptors
have also been implicated in the uptake of nanocomplexes composed
of the cell-penetrating peptide PepFect14 and splice-correcting oli-
gonucleotides through macropinocytosis and caveolin-dependent
endocytosis, where, after 4 hours, complexes resided mainly in neutral
or slightly acidic vesicles (37). Numerous studies have demonstrated
elevated expression of scavenger receptors in different cancers, in-
cluding glioma (38), thus potentially explaining the enhanced internal-
ization in GL261 cells compared to C8-D1A cells. Macropinocytosis
forms large macropinosomes (0.2 to 5 pm) that can internalize our NT,
is highly up-regulated in cancer cells compared to normal cells, and has
been shown to function as a unique mechanism for transporting extra-
cellular proteins as a form of extracellular energy into cancer cells such
as GBM (39). Our results show that the ssDNA NT do not internalize
into C8-D1A normal astrocytes and further suggest that they bind to
scavenger receptors on GL261 cells and internalize through macropi-
nocytosis, thus providing a strategy to target the macropinocytosis
pathway and provide a therapeutic approach to treat GBM.
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Fig. 2. Preferential uptake of nanotubes by GL261 GBM cells via the macropinocytosis pathway and scavenger receptors. (A) Confocal microscopy of HEX-labeled
nanotubes (green) after incubation with GL261 GBM cells and C8-D1A normal astrocytes for 24 hours at 37°C. Nuclei are shown in gray and cell membranes in red. Scale bars,
20 um. (B) Maximum-intensity projection of a confocal microscopy image of HEX-labeled nanotubes (red) after incubation with GL261 cells for 24 hours at 37°C. Nuclei are
shown in gray, early endosomes are shown in blue, and acidic organelles are shown in green. Colocalization of nanotubes with early endosomes is shown in magenta and
with acidic organelles in yellow. Scale bar, 20 um. (C) Zoom-in images of the square areas shown in (B). Magenta, yellow, and red arrows point to select areas of nanotube
colocalization with early endosomes, acidic organelles, and other vesicles that were not labeled, respectively. Scale bars, 5 um. (D) Manders coefficient values quantify
the different levels of colocalization between nanotubes and early endosomes, acidic organelles, and vesicles not labeled (n=15). (E) GL261 association of nanotubes
in the presence of different endocytosis inhibitors. Data are shown as means + SD (n = 3). Statistical significance with that of the control (incubation with nanotubes in the
absence of inhibitors) was determined using a two-sided unpaired t test; *P < 0.05, **P < 0.01, and ***P < 0.005. There was no significant statistical difference for all other

treatments (P> 0.05).

NT stability and in vivo tumor targeting

A common limitation of ssDNA-based nanoparticles is their stabil-
ity when delivered in vivo (23). The main degradation pathways are
through desorption of ssDNA by serum proteins and degradation
by nucleases, where direct cleavage of ssDNA at an internal site
by endonucleases or removal of nucleotides at the terminus by exo-
nucleases is a possibility (40). The stability of the NT in different
serum and nuclease concentrations was investigated using gel
electrophoresis and TEM. The NT were exposed to PBS, 10 and
50% (v/v) fetal bovine serum (FBS) in PBS (Fig. 3A). After incuba-
tion at 37°C for 24 hours, it was found that there was no change
in the electrophoretic mobility of the NT when incubated with
10% FBS, suggesting no change to the NT structure. At 50% FBS
concentration, there was band smear at a higher molecular weight.
The decrease in the electrophoretic mobility of the NT suggests a
possible adsorption of serum proteins onto the surface of the NT.
However, no degradation products were observed after incubation
with any serum solutions as indicated by the lack of distinct bands
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with higher mobility than the control sample. The NT were also
tested for their stability after exposure to varying concentrations of
endonuclease deoxyribonuclease I (DNase I) and exonuclease III.
(Fig. 3A). After incubation with nuclease concentrations between 0
and 5 U/ml for 24 hours at 37°C, it was found that there was no
degradation of the ssDNA NT when exposed to either DNase I or
exonuclease III. The NT were also stable after exposure to T5 exo-
nuclease at 5 U/ml for 24 hours at 37°C (Fig. 3A). The presence of
NT was also verified via TEM after their exposure to 50% FBS,
DNase I (5 U/ml), exonuclease III (5 U/ml), and T5 exonuclease
(5 U/ml) (fig. S4). The stability of the ssDNA NT in different condi-
tions is therefore promising for their in vivo use. The average con-
centration of circulating DNase I in healthy human patients is
0.356 + 0.410 U/ml, while the circulating concentration of DNase I
in human patients with GBM is 0.045 + 0.007 U/ml (41, 42). Therefore,
even at much higher than physiologically relevant concentrations of
DNase, the ssDNA-amphiphile NT show no degradation. No deg-
radation was observed for the exonuclease I1I, as the 3" terminus of
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Fig. 3. Nanotube stability and preferential uptake by the tumor. (A) Stability of nanotubes in different concentrations of serum, DNase I, exonuclease lIl, and T5 exo-
nuclease. (B) Schematic of bilateral intracranial injections of nanotubes to a mouse with GL261 tumor only on the right hemisphere of the brain. NIR fluorescence images
of mouse brains excised at different time points: mouse 1 at 45 min, mouse 2 at 70 min, and mouse 3 at 105 min. Control mouse had a GL261 tumor but did not receive
intracranial nanotube injections. The radiant efficiency of NIR fluorescently labeled nanotubes is shown with a heat map. (C) Mice bearing orthotopic tumors of GL261
cells expressing GFP (GL261-GFP) were intracranially injected with HEX-labeled nanotubes. Mice were euthanized 3 hours after nanotube injection, and tumor tissues
were removed and processed. Maximum-intensity projection of a confocal microscopy image shows colocalization of GL261 cells (green) with the nanotubes (red).

Scale bars, 20 um.

the amphiphiles is conjugated to the dialkyl tail, preventing exo-
nuclease I1I from binding to the amphiphile. It has been shown that
5" exonucleases from serum do not play a major role in DNA break-
down even when the 5’ terminus is exposed (40), and our results
verified that the NT were stable in the presence of T5 exonuclease.
The high local concentration of the ssDNA headgroups in the
self-assembled NT likely prevents interaction with nucleases, thus
preventing degradation by internal or external cleavage, in agree-
ment with previous work that showed steric hindrance through
dense ssDNA packing in a micelle corona limits accessibility of
nucleases (43, 44). The stability of our ssDNA-amphiphile NT is in
sharp contrast to other DNA nanostructures formed through tiles
that were stable for up to 8 hours in cell medium without serum at
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37°C, but complete degradation was observed after 2-hour incuba-
tion at 37°C in pure serum (18, 19). In DNase I (0.5 U/ml) at 37°C,
no degradation of these tubes formed from DNA tiles was observed
for 2 hours, while at higher DNase I concentrations, the tubes sur-
vived for up to 15 min (18).

After observing strong cell internalization of the NT after incu-
bation with GL261 cells in vitro and verifying their stability, the re-
tention of NT in a more clinically applicable system was tested by
direct intracranial injection of NT into an orthotopic GBM mouse
model. GL261 tumors were grown in the right hemisphere of mouse
brains, and IRDye 800CW-labeled NT were intracranially injected
into both hemispheres (Fig. 3B). The mice were euthanized at dif-
ferent time points, and their brains were excised and imaged for
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near-infrared (NIR) fluorescence. A GL261 tumor-bearing mouse
did not receive any NT injections as a control. The average ratio
of radiant efficiency between the tumor-bearing hemisphere and
healthy hemisphere, after both hemispheres received NT injections,
was 2.25 = 0.07 (n = 3), while the ratio for the control mouse was
1.02. Observed differences in NIR fluorescence between healthy
and tumor-bearing hemispheres were a result of differential reten-
tion of the NT by the two regions despite both sides receiving an
equivalent volume of IRDye 800CW-labeled NT. Additional imag-
ing of brain slices showed that this observation was consistent
throughout different brain sections (fig. S5), indicating that only
the tumor-bearing hemisphere retained the ssDNA-amphiphile
NT. To examine the type of cells that were targeted by the ssDNA
NT in the tumor, fluorescently labeled NT were injected intracra-
nially into mice bearing GL261 tumors, where the GL261 cells
were either unlabeled or expressed green fluorescent protein
(GL261-GFP). Results showed that 3 hours after NT injection, the
NT were internalized by GL261 cells (Fig. 3C) and tumor-associated
macrophages (TAMs) (fig. S6).
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Biodistribution of systemically delivered NT in orthotopic
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NT labeled with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) were used to chelate ®*Cu for the biodistribution ex-
periments. DOTA labeling has been shown to result in minimal
changes to the size and surface charge of nanoparticles (45, 46).
TEM verified the presence of DOTA-labeled NT (fig. S7). The
DOTA-labeled amphiphiles were present in approximately 1850x
molar excess of **Cu, ensuring that all available copper was chelated
by the NT (44). Mice bearing orthotopic GL261 tumors on the right
hemisphere were injected with NT through their lateral tail vein
(Fig. 4A) and imaged with uPET/CT at 1, 3, and 24 hours after
injection (Fig. 4B). Figure 4B shows that the liver is the organ with
the highest radioactivity at every time point, and some activity is
also shown on the head of the mice. To accurately evaluate biodis-
tribution of the N'T, mice were euthanized at either 3 or 24 hours.
Excised organs were weighed and measured for radioactivity to
evaluate NT biodistribution at each time point. The activity of each
organ was adjusted for the half-life decay of **Cu and expressed as
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Fig. 4. Nanotube biodistribution and BBTB crossing. (A) Schematic of intravenous injection of nanotubes to a mouse with GL261 tumor on the right hemisphere of the
brain. (B) Full body volumetric 3D reconstruction of uPET/CT mice imaged at 1, 3, and 24 hours after intravenous injection of %*Cu-radiolabeled nanotubes. The uPET in-
tensity scale bar for all images has units of microcuries per milliliter, and the intensity of the uPET signal was not adjusted for the half-life of **Cu. (C) Ex vivo biodistribution
of ®*Cu-labeled nanotubes at 3 or 24 hours after intravenous injection to mice bearing GL261 orthotopic tumors. Radioactivity and weights of different organs were
measured, and data were adjusted for the 12.7 hours half-life of **Cu and plotted as means + SEM (n = 3 to 4). Statistical significance was determined using a two-sided
unpaired t test; *P < 0.05. There was no significant statistical difference for pairs without brackets (P > 0.05). (D and E) Mice bearing orthotopic tumors of GL261 cells ex-
pressing GFP (GL261-GFP) were injected intravenously with HEX-labeled nanotubes. Mice were euthanized 6 hours after nanotube injection, and tumor tissues were re-
moved and processed for confocal microscopy (D) and flow cytometry (E). (D) Maximum-intensity projection of a confocal microscopy image showing colocalization of
GL261-GFP cells (green) with the HEX-labeled nanotubes (red). Scale bars, 20 um. (E) Flow cytometry plots from GL261-GFP tumors from mice that were intravenously
injected with PBS or HEX-labeled nanotubes (NT IV).
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percentage of injected dose per gram of tissue (%ID/g), shown in
Fig. 4C. All organs measured showed a decrease in radioactivity be-
tween 3 and 24 hours (Fig. 4C), and the organ with the highest accu-
mulation at both time points was the liver, consistent with the blood
clearance profiles of many types of nanoparticles (47). Brain accu-
mulation at 3 hours was 1.08 + 0.16 %ID/g and at 24 hours was
0.40 £ 0.07 %ID/g. This brain accumulation is higher than literature
reports of other negatively charged nanoparticles, such as liposomes
and spherical micelles, where tumor accumulation after 24 hours
varied from 0.04 to 0.14 %ID/g in orthotopic GBM animal mod-
els (48, 49).

To evaluate whether the NT were on the tumor-bearing hemi-
sphere after systemic administration, maximume-intensity projections
of the heads of each mouse from the pPET/CT images at 1-, 3-, and
24-hour time points were examined (fig. S8A). These images are tail
view projections, viewing the head of the mouse looking from the
tail, through the head, and out through the nose of the mouse. uPET
profile intensity plots relative to the left edge of the mouse cranium
suggest that there may be preferential NT accumulation in the tumor-
bearing right hemisphere (fig. S8B). To further elucidate whether
the NT could cross the BBTB, the colocalization of GL261 cells and
HEX-labeled NT was evaluated after intravenous injection of the
NT into mice bearing orthotopic tumors of GL261 cells expressing
GFP (GL261-GFP). Tumor tissues were removed 6 hours after NT
injection and evaluated via confocal microscopy and flow cytome-
try. Confocal images (Fig. 4D) demonstrated that the NT were in-
ternalized by the GL261-GFP cells. In addition, NT associated with
the GL261-GFP cells had a mean fluorescence intensity increase
of 2.6-fold compared to control mice that did not receive NT
injections, as evaluated via flow cytometry (Fig. 4E). Together, these
data suggest that the NT can cross the BBTB after intravenous injec-
tion and associate with the GBM cells.

Treatment of GBM with NT intercalating DOX
We examined the ability of the NT to deliver a therapeutic load,
such as DOX. DOX has been shown to intercalate into the double-
stranded region of ssDNA stem-loop or G-quadruplex structures,
thus forming physical complexes with the ssDNA sequences through
noncovalent intercalations (50, 51). The retention of DOX by the
NT was investigated by dialyzing a sample of the NT that intercalated
DOX against PBS at 37°C for 6 weeks. There is an initial burst re-
lease in the first day, where 37 + 1% of DOX has been released, fol-
lowed by a slower sustained release, with 56 + 4% of DOX released
after 1 week, and 72 + 2% after 6 weeks (fig. S9). The effect of NT,
DOX, and DOX intercalated in the NT (NT-DOX) on the viability
of the GL261 cells was also assessed (fig. S10). The empty ssDNA
NT were shown to have no effect on cell viability. However, there
was a significant improvement in GBM cell killing activity through
delivery of NT-DOX (31 + 6%) compared to free DOX (47 £ 6%).
On the basis of the in vitro results, we wanted to further evaluate
the NT as a delivery vehicle for DOX in a minimal residual disease
model of orthotopic GBM. On the day of the surgery, 3 x 10*
GL261-Luc cells (GL261 cells expressing luciferase) were injected to
the right side of the brain to simulate remaining residual tumor cells
after tumor resection. Immediately following intracranial injection
of the cells, the micro-osmotic Alzet pump was implanted subcuta-
neously, and the cannula, connected to the pump through a cathe-
ter, was lowered into the brain though the same burr hole used to
inject the cells (Fig. 5A). The pump delivered different treatments
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over the course of 14 days at a rate of 0.25 ul/hour. The Alzet pumps
were loaded with either PBS, 70 uM DOX (0.2 mg DOX/kg mouse),
NT at 95 uM total ssDNA-amphiphiles, or NT-DOX at the same
concentrations of DOX and amphiphiles. Mice were imaged weekly
for 4 weeks (Fig. 5B). After 28 days from the day of surgery, analysis
of the bioluminescence signal from the brain showed that the mice
that received PBS had a significant increase in the size of the tumor
compared to mice that received DOX or NT-DOX (Fig. 5C). Mice
treated with DOX or NT-DOX demonstrated an 80 and 84% de-
crease in tumor signal, respectively, compared to the PBS control
group. There was no significant statistical difference in the tumor
signal between the mice that received DOX and NT-DOX. We also
measured the changes in body weight for all groups (Fig. 5D) and
found that mice treated with PBS lost on average 1% body weight
after 28 days, whereas mice treated with DOX gained 6% body weight,
and mice treated with NT-DOX gained on average 12% body weight
during the same time. The effective inhibition of tumor growth by
the DOX and NT-DOX treatments correlated with an increase in
animal survival (Fig. 5E). The median survival time of mice was
28 days for the PBS group. The median survival time of mice that
were treated with N'T was 25 days. In contrast, mice that received
free DOX for 14 days had a significant increase in their median sur-
vival (34.5 days, 3 of 10 mice survived for >80 days). For the group
that received NT-DOX for 14 days, the survival curve is horizontal
at 50% survival. The median survival time was 33 days, and 5 of the
10 mice survived for >80 days. While survival differences between
the NT-DOX and DOX groups were not statistically significant due
to the size of the groups, the increase in survival for the NT-DOX
group is notable. The NT-DOX treatment, where half of the mice
survived for >80 days, also shows an advantage compared to other
local treatments. For example, intracranial delivery of DOX loaded
in mesoporous silica nanoparticles 3 days after GBM cell implanta-
tion resulted in a median survival of 36.5 days with no survivors
after 40 days (52). Similarly, intracranial delivery of DOX through a
biodegradable polymer wafer that was implanted 5 days after GBM
cell implantation resulted in a median survival of 34 or 45 days, de-
pending on DOX loading, with no survivors after 45 days (53).

The advantage of the NT-DOX group compared to DOX was
shown after histological examination of different organs. Histological
analysis of the brain, liver, spleen, lungs, kidneys, and heart tissues
of mice was performed at the end of the experiment. From the mice
that were examined and were long-term survivors at the end of the
experiment on day 82, no tumors were observed in their brains (fig.
S11A). For the rest of the mice, tumors showed several histological
features characteristic of high-grade gliomas, including infiltrative
growth and brain invasion, focal necrosis (ranging from <5 to 10%),
multinucleation, marked cell anaplasia with high nuclear-to-cytoplasmic
ratio, and frequent abnormal mitoses (Fig. 5F and fig. S11B). There
were few and inconsistent differences between the morphology of
the tumors in the different groups. Compared to the PBS control,
lung, kidney, and heart tissues of mice treated with DOX, NT, or
NT-DOX showed no significant findings (Fig. 5F). However, the
spleen of mice treated with DOX showed diffuse, moderate to
marked depletion of the spleen white pulp associated with zonal
lymphocytic apoptosis and necrosis. Moderate, diffuse excessive
accumulation of iron deposits (hemosiderosis) was observed in the
red pulp (Fig. 5F). In addition, their liver exhibited multifocal areas
of hepatocyte degeneration and necrosis occasionally associated with
neutrophilic and lymphohistiocytic infiltrate, multifocal individual
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Fig. 5. Local brain delivery of DOX and nanotubes intercalating DOX. (A) Preparation and treatment schedule of mice. The right side of the brain was injected with
3 x 10% GL261-Luc cells on day 0. Immediately after that, a micro-osmotic Alzet pump was implanted subcutaneously, and the cannula, connected to the pump through
a catheter, was lowered into the same burr hole used to inject the cells. The pumps were loaded with either PBS, 70 uM DOX (0.2 mg DOX/kg mouse), nanotubes (NT) at
95 uM ssDNA-amphiphiles, or NT-DOX at the same concentrations of DOX and amphiphiles and delivered their content in about 14 days at a pumping rate of 0.25 pl/hour.
(B) Representative bioluminescence images of mice at different time points. Scale bars are shown on the side. (C) Quantification of tumor bioluminescence values in the
different treatment groups over time. (D) Body weight of mice in different groups during treatment. In (C) and (D), data are shown as means + SEM (n=9 to 10). For the
NT group, data are not reported on day 28 as only three mice were alive. Statistical significance on day 28 was determined using a two-sided unpaired t test; tP > 0.05 and
*P < 0.05. (E) Survival curves corresponding to the different treatment groups (n=9 to 10). Statistical significance was determined using a two-sided log-rank test;
*P < 0.05. There was no significant statistical difference for pairs without brackets (P> 0.05). (F) Representative images of hematoxylin and eosin staining of tumors and

other organs from mice that received different treatments. Images were taken with 20x objective lens. Scale bars, 100 um.

hepatocyte necrosis/apoptosis, and diffuse glycogen depletion (Fig. 5F).
DOX has been shown to trigger splenic marginal depletion of the
spleen white pulp (54, 55) and liver focal necrosis (56, 57). In con-
trast, there were no significant findings in spleen and liver tissues of
mice treated with NT or NT-DOX, thus demonstrating no micro-
scopic toxicity to mice. Therefore, selective delivery of DOX with
ssDNA NT is effective in limiting systemic toxicity associated with
DOX, a property that can be advantageous in cases where repeated
DOX administration is necessary.

Moving forward, further studies are needed to evaluate treatment
of GBM and systemic toxicity after administration of NT-DOX and
DOX via tail vein injection. When DOX, either free or encapsulated
in nanoparticles, is administered via tail vein injection to mice and
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rats with orthotopic GBM tumors, typical DOX doses vary from
1.5 mg/kg every 3 to 4 days to 5 mg/kg once weekly (58-60). Con-
sidering that nanoparticle accumulation 24 hours after injection
varies from 0.04 to 0.14 %ID/g brain in orthotopic GBM animal
models (48, 49), a weekly 5 mg DOX/kg mouse injection will result
in a maximum accumulation of 140 ng DOX/g brain 24 hours after
injection. In sharp contrast, a weekly DOX injection of 5 mg DOX/kg
mouse via our NT-DOX, with an accumulation of 0.40 + 0.07 %ID/g
brain 24 hours after injection, will result on average in 400 ng DOX/g
brain, with potentially limited systemic toxicity from DOX.

We have previously demonstrated that amphiphiles with G-rich
ssDNA sequences can form short NT, whereas in the absence of gua-
nines, the NT are micrometers in length (25). In addition, changes in
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the length of the hydrophobic tail result in changes in the diameter of the
NT (25). Therefore, future studies can examine the effect of NT length
and diameter in the delivery of different drugs to GBM and other can-
cers. Moreover, investigations on the state of NT upon cellular internal-
ization (intact versus fragmented) could shed light on the mechanism of
their cellular uptake. Future explorations could also include coassembly
of the ssDNA-amphiphiles with aptamer-amphiphiles or formation
of the NT only from aptamer-amphiphiles that will allow for the
targeting of specific receptors. In addition, the presence of the bilayer
with a hydrophobic core allows for the encapsulation of hydrophobic
compounds, and therefore, the NT can be used for the delivery of
drug combinations that will either have a synergistic effect or chemo-
sensitize cancer cells to different treatments.

Collectively, our work demonstrates the promising therapeutic
advantages of ssDNA NT intercalated with DOX as an anticancer
agent, as it increased the number of long-term survivors and mini-
mized toxicity to healthy organs. NT bind to scavenger receptors
and are internalized by GBM cells through macropinocytosis. Both
mechanisms are highly active in GBM cells compared to normal
cells. Benefits of this technology include stability in nucleases and
serum, ability to cross the BBTB and accumulate in the brain, pref-
erential retention by tumors compared to normal brain, and ability
to load and deliver chemotherapy drugs such as DOX. NT formed
through the self-assembly of ssDNA-amphiphiles may have poten-
tial for translation as a drug delivery vehicle to GBM tumors.

MATERIALS AND METHODS

Materials

All materials were purchased from Sigma-Aldrich and used without
further purification or modification unless otherwise stated. Buffers
include high-performance liquid chromatography (HPLC) buffer A
(100 mM hexafluoroisopropanol and 15 mM triethylamine in Milli-Q
water), HPLC buffer B (100 mM hexafluoroisopropanol and 15 mM
triethylamine in methanol), TEAA buffer (50% molar basis tri-
ethylamine, 50% molar basis glacial acetic acid, pH 7.0), Cu-TBTA
[10 mM copper(II)-tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
in 55% dimethyl sulfoxide (DMSO), 45% Milli-Q water], 1x PBS
[137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM di-
sodium phosphate, 1.8 mM monopotassium phosphate in Milli-Q
water (pH 7.4)], and 1x TAE [40 mM tris(hydroxymethyl)amino-
methane, 20 mM acetic acid, 1 mM ethylenediaminetetraacetic acid].

Synthesis of ssDNA-amphiphiles

ssDNA sequences were purchased from Integrated DNA Technologies
(IDT) (Coralville, IA) with a 3’-amino modifier and an optional 5' HEX
[538/555 nm excitation (ex)/emission (em)] or hexynyl (alkyne)
group. A 10-nt sequence (5'-CTCTTGGGGG-AmMo-3’) was used
in this study. ssDNA was precipitated in Milli-Q water using 100 mM
cetyl trimethylammonium bromide (CTAB) and centrifuged for 15 min
at 16,100g, followed by removal of the liquid and drying of the pre-
cipitate under an air stream to remove any excess water. The dried
precipitated ssDNA was then resuspended in 90%/10% (v/v) mix-
ture of dimethylformamide (DMF) and DMSO at 500 pM. The C¢
dialkyl tail with the C;, hydrocarbon spacer was synthesized as de-
scribed elsewhere (28), added in 10 times molar excess, and reacted
for 16 hours at 65°C. The solution was concentrated by drying in a
vacuum oven until approximately 50 pl in volume. The reaction
product with the ssDNA-amphiphile and unreacted ssDNA was
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precipitated by a lithium perchlorate precipitation, where 1 ml of
lithium perchlorate in acetone (2.5% w/v) was added and the solu-
tion was mixed until homogeneous, followed by the addition of
100 pl of Milli-Q water and placed in a —20°C freezer for 15 min.
The precipitate was centrifuged for 15 min at 16,100¢ and rehydrated
with 1 ml of Milli-Q water and filtered through a 0.45-um polyether sul-
fone filter (GE Healthcare, Chicago, IL). The filtered ssDNA-amphiphiles
were separated from unreacted ssDNA using HPLC with HPLC
buffer A and HPLC buffer B over 30 min. ssDNA-amphiphiles were
then dried under an air stream to approximately 150 pl, precipitated
with 1 ml of lithium perchlorate in acetone to remove HPLC buffer
components, and rehydrated at 500 uM in Milli-Q water for storage
at —20°C. DOTA-labeled ssDNA-amphiphiles were synthesized as pre-
viously described (44). The molecular weight of ssDNA-amphiphiles
was verified by LC-MS as described previously (44). For the synthesis
of IRDye 800CW-labeled amphiphiles, ssDNA-amphiphiles with a
5’-alkyne modification were mixed in 50% Milli-Q water and 50%
DMSO to a final concentration of 100 uM. TEAA buffer was added to a
concentration of 200 mM, Cu-TBTA buffer was added to a concen-
tration of 1 mM, ascorbic acid was added to a concentration of 2 mM,
and IRDye 800CW Azide (778/794 nm ex/em) (Licor, Lincoln, NE)
was added in five times molar excess of the ssDNA-amphiphiles. The
solution was mixed and left overnight in the dark at room temperature,
followed by a lithium perchlorate in acetone precipitation to remove
excess buffer components. The dye-labeled ssDNA-amphiphiles were
rehydrated at 500 uM in Milli-Q water for storage at —20°C.

Circular dichroism

ssDNA-amphiphile solutions or pure ssDNA were diluted to 35 uM
in Milli-Q water or PBS and transferred to a 0.1-cm path length
cuvette. CD spectra from 320 to 200 nm were collected using an
AVIV 420 CD Spectrometer (Center for Molecular Biophysics,
Johns Hopkins University) using a 1-nm step size with an averaging
time of 5 s and a settling time of 0.333 s. The background spectrum
from the Milli-Q water or PBS was subtracted, and the raw ellipticity
values were converted to molar ellipticity. Data were smoothed
using the Savitzky-Golay filter function (sgolayfilt) on MATLAB
using an order of 3 and a frame length of 11.

NT preparation

ssDNA NT containing different amphiphiles (unlabeled mixed with
fluorescently labeled or DOTA labeled) were created by combining the
desired amphiphiles at the correct ratio in Milli-Q water. One volume
equivalent of DMSO was added to the mixtures so the final DMSO con-
centration was 50% (v/v). The mixtures were then stirred for 4 hours,
during which Milli-Q water was slowly added to the mixtures until
the final DMSO concentration at 4 hours was 10% (v/v). Mixtures
were dialyzed overnight using a Tube-O-DIALYZER Medi 1K mo-
lecular weight cut off (MWCO) dialysis membrane (G-Biosciences,
St. Louis, MO) to remove excess DMSO and dried under an air stream
to 500 uM to prepare for nanoparticle separation. NT were separated
from micelles using size exclusion chromatography on an Akta fast
protein liquid chromatography (Amersham Biosciences, Piscataway,
NJ). A C10/20 Column (GE Healthcare, Chicago, IL) loaded with
Sepharose CL-4B chromatography matrix was used to separate the
nanoparticles. ssDNA-amphiphile mixtures (500 pM) were loaded
at 500 pl per run onto the column and separated using Milli-Q water
as a buffer. Fractions were collected on the basis of UV absorbance
of the eluent and dried under an air stream to 500 pM.
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Cryo-TEM and room temperature TEM
Lacey formvar/carbon 200 mesh copper grids were purchased from
Ted Pella Inc. (Redding, CA) and glow discharged for 1 min to make
the grids more hydrophilic. ssDNA-amphiphiles (500 uM; 4.5 ul) in
Milli-Q water were deposited onto the grid and vitrified in liquid
ethane using a Vitrobot (Vitrobot parameters: blot time, 5 s; wait time,
3 s; relax time, 3 s; offset, 0; humidity, 95%; 25°C). The grids were
transferred to and kept under liquid nitrogen until imaged on a Tecnai
G2 Spirit TWIN 20-120 kV/LaBs TEM operated at an accelerating
voltage of 120 kV using an Eagle 2k charge-coupled device (CCD)
camera at the University of Minnesota Characterization Facility.
For the room temperature TEM experiments, 5 pl of ssDNA-
amphiphiles was used at a concentration of 50 uM for the DOTA-
labeled amphiphiles, 47 uM for the nuclease stability, and 27 pM for
the serum stability experiment. Pure carbon 300 mesh copper grids
(Ted Pella Inc.) were glow discharged in a GloQube glow discharge
system (Quorum). Samples were then deposited on the grid. After
5 min, the excess sample was wicked off with filter paper. The grids
were then imaged in a FEI Talos 200SC FEG TEM with a CETA
scintillated 4k CMOS camera at the Integrated Imaging Center at
the Johns Hopkins University.

Cell culture

GL261 mouse GBM cells [originally from the National Institutes of
Health (NIH)] or C8-D1A normal mouse astrocytes (American
Type Culture Collection, Manassas, VA) were cultured at 37°C and
5% CO; using Dulbecco’s modified Eagle medium (DMEM) (Thermo
Fisher Scientific, Rockford, IL) supplemented with 10% (v/v) FBS
(Thermo Fisher Scientific, Rockford, IL) and penicillin (100 U/ml)
and streptomycin (0.1 mg/ml). Cells were passaged when they reached
80% confluence by treatment with TrypLE Express Cell dissociation
agent (Thermo Fisher Scientific, Rockford, IL).

NT cell internalization and organelle colocalization via
confocal microscopy

ssDNA-amphiphile NT containing 20 mol % HEX-labeled ssDNA-
amphiphiles were prepared at 250 uM in PBS. Two hundred thousand
GL261 or C8-D1A cells were deposited onto glass coverslips within
wells of a 24-well plate and allowed to adhere and proliferate for
24 hours. The next day, medium was replaced with 500 pl of fresh
medium, and nanoparticles were added to a final concentration of
12.5 uM. After 24 hours, the medium containing N'T was removed, and
the cells were washed once with PBS. The cells were then stained simul-
taneously for their nuclei and membranes using Hoechst 33342 (Thermo
Fisher Scientific, Rockford, IL) at 0.92 ug/ml and Wheat Germ Ag-
glutinin Alexa Fluor 647 (Thermo Fisher Scientific, Rockford, IL) at
5.0 ug/ml, respectively, for 7 min at 37°C. The cells were then washed
once with PBS and fixed using 4% paraformaldehyde (PFA) in PBS for
10 min at room temperature and then washed twice with PBS to re-
move any remaining PFA. Cells were mounted onto glass slides using
ProLong Diamond Antifade Mountant (Thermo Fisher Scientific,
Rockford, IL) and imaged with an Olympus FluoView FV1000 BX2
Upright Confocal Microscope (University Imaging Centers, University
of Minnesota). Image analysis was performed using Image] software.
Organelle colocalization was performed in the same manner, but the
medium replenishment after 24 hours used 1 ml instead of 500 ul.
Early endosomes were stained by adding 10 pl of CellLight Early
Endosomes-GFP Bacman 2.0 (Thermo Fisher Scientific, Rockford, IL)
for a final concentration of 10 viral particles per well. The CellLight
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solution was added at the same time as the HEX-labeled ssDNA-
amphiphiles, which had a final concentration of 12.5 uM. Two hours
before the completion of the 24-hour incubation, LysoTracker
Deep Red (Thermo Fisher Scientific, Rockford, IL) was added to the
wells at a final concentration of 200 nM. At the end of the 24-hour
incubation, the medium containing nanoparticles was removed, and
the cells were washed once with PBS. The nuclei were then stained
using Hoechst 33342 at 0.92 pug/ml for 10 min at 37°C, washed once
with PBS, fixed with 4% PFA in PBS for 10 min at room tempera-
ture, washed twice with PBS, and mounted onto glass slides using
ProLong Diamond Antifade Mountant. The cells were then imaged
with an Olympus FluoView FV1000 BX2 Upright Confocal Micro-
scope, with image analysis performed in Image] software. Manders
coefficients were calculated by drawing a region of interest (ROI)
around each cell excluding the nuclei and using Image]’s Coloc2
plugin. The coefficients reported here are the percent of nanoparticle
signal that overlapped with either early endosomes or acidic organelles.
Percent nanoparticle signal in vesicles that were not labeled for each
cell was calculated by using Image]’s Measure tool to sum the total
pixel intensity of nanoparticle signal that did not co-occur with either
endosomes or acidic organelles, and dividing by the total nanoparticle
signal pixel intensity. Corresponding normal curves were graphed
for each histogram using the mean and standard deviation of the
dataset of interest and scaling the area under the curve to equal the
area under the histogram.

Inhibition of endocytosis

Two hundred thousand GL261 cells were plated per well in 12-well
plates and incubated at 37°C and 5% CO, overnight. The following
day, medium was replaced with fresh medium, and inhibitor stock
solutions were diluted and delivered to the cells at targeted concentra-
tions: CytD (1.25 pug/ml), 10 uM LatB, nocodazole (15 pg/ml), filipin
(5 ug/ml), nystatin (2.5 pg/ml), MBCD (1.32 mg/ml), CPZ (2.5 ug/ml),
dynasore (12.5 ug/ml), PTX (0.2 nug/ml), CTX (2 ng/ml), DMA (30 pug/
ml), and fucoidan (500 pg/ml). Cells with no inhibitor were used as
positive controls. Plates were gently shaken by hand to ensure even
distribution of inhibitors and placed in the incubator for 30 min.
After that, 5 nmol of NT containing 20 mol % HEX-labeled ssDNA-
amphiphiles was added to each well, and plates were gently shaken by
hand and placed in the incubator for 3 hours. Cells were washed twice
with 1 ml of PBS, trypsin-EDTA at 37°C was added to each well, and
the contents of each well were individually mixed via up and down
pipetting and transferred to 1.5-ml centrifuge tubes. Cells were washed
twice with PBS, reconstituted in 500 pl of PBS, and transferred to flow
cytometry tubes. Five microliters of propidium iodide (PI) (10 pug/ml)
solution was added to each tube and vortexed. The cells were run
on a BD FACSCanto flow cytometer (Integrated Imaging Center,
Johns Hopkins University) and were examined for PI, and HEX fluo-
rescence via excitation at 488 nm with a 585/42 filter. Cells were gated
by PI staining to select for live cells and by scattering (forward scatter
channel A and side scatter channel A) to select for single cells. To
evaluate cytotoxicity of inhibitors, 10,000 GL261 cells were plated in
96-well plates and incubated overnight in a 37°C 5% CO, incubator.
The next day, medium was replaced with fresh formulated medium,
and inhibitor stock solutions were diluted and delivered to the cells
at concentrations mentioned above. Plates were gently shaken by
hand and placed in the incubator for 3 hours. Cell viability was
measured using CellTiter-Glo 2.0 assay (Promega, Madison, WI)
following the manufacturer’s protocol. Luminescence was recorded
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using a Synergy H1 microplate reader (Biotek, Winooski, VT), and
cell viability was normalized to untreated cells.

NT serum and nuclease stability evaluated via

gel electrophoresis

NT containing 20 mol % HEX-labeled ssDNA-amphiphiles prepared
in Milli-Q water were used for each of these experiments, except for
the T5 exonuclease and 50% FBS gels for which unlabeled ssDNA-
amphiphiles were used. For the serum stability experiment, NT were
mixed into three separate conditions all at a 12.5 uM final ssDNA-
amphiphile concentration. The three solutions used were 1x PBS,
10% (v/v) FBS-90% (v/v) 1x PBS to mimic in vitro conditions, and
50% (v/v) FBS-50% (v/v) 1x PBS to mimic in vivo conditions. For
the nuclease stability experiment, NT were mixed with DNase I,
exonuclease III (Thermo Fisher Scientific, Rockford, IL), or T5 Exo-
nuclease (New England Biolabs, Ipswich, MA). Nuclease concentra-
tions were tested between 0 and 5 U/ml in 1x reaction buffer provided
by each kit. NT were at a 12.5 uM ssDNA-amphiphile final concen-
tration. All NT-serum and NT-nuclease solutions were incubated at
37°C for 24 hours combined with 6X Orange DNA Loading Dye
(Thermo Scientific, Rockford, IL), were run on 2% agarose gels
(2% agarose in 1x TAE buffer) at 120 V for 35 min, and imaged using
a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA). For those
experiments using unlabeled NT, the DNA was stained using Diamond
Nucleic Acid Dye (Promega, Madison, WT) for 30 min before imaging.

Animals

C57BL/6] mice were purchased from the Jackson Laboratories (Bar
Harbor, ME). Studies were approved either by the Institutional Animal
Care and Use Committee of the University of Minnesota or the Johns
Hopkins University Animal Care and Use Committee in accordance
with the NIH’s Guide for the Care and Use of Laboratory Animals.

Bilateral intracranial injections of NT to orthotopic GL261
tumor-bearing mice and whole-brain imaging

Four mice were placed into deep anesthesia using an intraperitoneal
injection of ketamine (100 mg/kg; Vedco, St. Joseph, MO) and xylazine
(10 mg/kg; Akorn Animal Health, Lake Forest, IL). Buprenorphine
(0.03 mg/ml, intramuscularly) was administered, the mouse head
was sterilized, and a 1-cm incision was made along the scalp. Thirty
thousand GL261 cells in sterile PBS were implanted into the right-side
striatum of the mice using a murine stereotaxic system (Stoelting
Co., Wood Dale, IL). NT containing 20 mol % IRDye 800CW -
labeled ssDNA-amphiphiles were prepared in PBS. Three of the
mice were anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg), and 2 ul of the NT solution (2 nmol of ssDNA-amphiphiles)
was injected bilaterally into both the left (normal side) and right
(tumor side) striatum, 14 days after tumor cell implantation. At
45 to 105 min after NT injections, mice were decapitated, and brains
were taken and fixed in 4% PFA overnight. Mouse brains were im-
aged using an In Vivo Imaging System (IVIS) (University Imaging
Centers, University of Minnesota) with 780/820 nm ex/em settings.
Following direct imaging, the mouse brains were dehydrated in
30% sucrose in PBS and embedded with Tissue-Tek optimal cutting
temperature (O.C.T.) cryo-compound (Sacura, Torrance, CA). The
brains were then frozen at —80°C, and 10-um sections were cut
using a Leica cryostat (Wetzlar, Germany), mounted onto charged
Superfrost Plus glass slides (Thermo Fisher Scientific, Rockford, IL),
and stored at —20°C until imaging. Mounted slices were imaged
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using a Nikon Eclipse TE2000-U inverted wide-field fluorescence
microscope (University Imaging Centers, University of Minnesota).
Image analysis was performed using Image] software.

Evaluation of NT association with tumors after

intracranial or intravenous injections to orthotopic GL261
tumor-bearing mice

To establish the xenograft, GFP-labeled GL261 cells were dissociated
into single-cell suspensions and stereotactically injected into the
brains of 12-week-old mice (50,000 cells per injection). Three weeks
after cell injection, 20 mol % HEX-labeled N'T were administered to
the mice via intracranial or intravenous injection. For the intracra-
nial route, 1 nmol of ssDNA-amphiphiles was dissolved in 2 pl of
PBS, or 2 ul of PBS was injected for each mouse. For the intravenous
route, 30 nmol of ssDNA-amphiphiles was dissolved in 200 pl of
PBS, or 200 ul of PBS was injected for each mouse. The mice were
euthanized 3 hours after intracranial injection, or 6 hours after in-
travenous injection of NT, and tumor tissues were removed. For
confocal microscopy, resected tumor tissues were immediately snap
frozen and later cryosectioned axially into 30-um slices using a
Leica CM 1905 cryostat. Mounted slices were imaged on a Zeiss
LSM700 confocal microscope (Integrated Imaging Center at the
Johns Hopkins University). Settings were optimized to avoid back-
ground fluorescence using untreated brain slices. Zen software was
used to process the obtained images.

Tumors evaluated via flow cytometry were rinsed with PBS,
transferred to a petri dish, and mechanically disaggregated to slurry
consistency with fine scissors. DMEM-F12 medium (1 to 2 ml;
Thermo Fisher Scientific, Rockford, IL) was added to tumor slurry,
followed by repeatedly pipetting up and down with a 1-ml pipette
tip to break down visible aggregates. Dissociated tumor samples
were then pipetted up and down with a 200-pl pipette tip, trans-
ferred to a 15-ml tube, and centrifuged at 300g for 5 min. Cell pellets
were resuspended in 2 ml of DMEM-F12 medium and filtered
through a cell strainer (70 pm). Cells were diluted with PBS and
fixed with 4% PFA. Fixed samples in PBS were subsequently run
on a BD FACSCanto flow cytometer (Integrated Imaging Center,
Johns Hopkins University).

For evaluation of NT association with TAMs, 8-week-old mice
were intracranially inoculated with 100,000 GL261 cells. On day 14
after tumor inoculation, 20 mol % HEX-labeled NT (1 nmol of
ssDNA-amphiphiles dissolved in 2 pl of PBS) were administered intra-
tumorally to a depth of 2 mm into the original burr hole for tumor
inoculation. Brains were collected 3 hours after NT injection and
immediately placed in 10% formalin solution overnight, followed
by a daily sucrose gradient (10, 20, and then 30% sucrose in PBS) to
wash out the formalin. Fixed brains were then flash frozen on dry
ice and cryosectioned axially into 30-um slices using a Leica CM
1905 cryostat. Brains were stained with 4’,6-diamidino-2-phenylindole
(DAPI) to visualize cell nuclei and Ibal primary antibody at 1:200
(Wako Pure Chemical Corporation, Tokyo, Japan) to visualize
macrophages. Briefly, brain slices were blocked with tris-buffered
saline (Corning, Corning, NY) supplemented with 0.1% Triton X-100,
1% bovine serum albumin, and 5% normal goat serum (Thermo
Fisher Scientific, Waltham, MA) for 4 hours, followed by incubation
with unconjugated primary antibodies overnight at 4°C. Then, slices
were washed and incubated with goat anti-rabbit 488 secondary
antibody (Invitrogen, Carlsbad, CA) for 2 hours at room tempera-
ture. Last, slices were incubated with DAPI nuclear stain for 15 min,
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mounted in fluorescence mounting medium (Agilent Technologies,
Santa Clara, CA), and sealed and imaged using a Zeiss LSM710 con-
focal microscope. Settings were optimized to avoid background
fluorescence using untreated brain slices. Zen software was used to
process the obtained images.

RPET/CT imaging of orthotopic GL261 tumor-bearing mice
Tumors were prepared in the same manner as for the bilateral intra-
cranial injections of NT. Fourteen days after GL261 implantation,
NT containing 5 mol % DOTA-labeled ssDNA-amphiphiles were
mixed with #*CuCl, (Department of Medical Physics, University of
Wisconsin, WI). The dried **CuCl, salt was dissolved in 100 mM
sodium acetate in Milli-Q water (pH 6) at 2 uCi/ul. The NT at 250 pM
were diluted to 150 uM in 2x PBS and then mixed with the **Cu
solution (1:1 v/v), giving final concentrations of 75 pM ssDNA-
amphiphile and 1 uCi/ul **Cu in 1x PBS. The mixture was incubated
at 37°C for 1 hour to allow for chelation of the radioisotope by the
DOTA moieties and to preheat the solution before injection.

Mice were placed under a heat lamp before injections to dilate
the veins in their tails. The tails were wiped with ethanol swabs to
clean them before injection, and 200 ul of the **Cu-labeled NT solu-
tion was injected into the lateral tail veins of the mice. The final
solution injected contained approximately 0.8 pmol of **Cu and
1.5 nmol of DOTA-labeled ssDNA-amphiphiles, approximately
1850 times molar excess of DOTA to **Cu, which has been shown to
entirely chelate all available copper (44). The radioactivity and time of
measurement for each individual syringe were measured immedi-
ately before and after tail vein injections. Fifteen minutes before
each imaging time point (1, 3, and 24 hours after injection), mice
were anesthetized using 3% isofluorane in oxygen at 0.8 liter/min
flow. uPET and CT scans were taken on a Siemens Inveon uPET/CT
scanner (University Imaging Centers, University of Minnesota).
After the 1-hour imaging time point, mice were placed under a heat
lamp until they regained consciousness. After either the 3-hour or
the 24-hour time point, mice were euthanized for ex vivo organ ra-
dioactivity measurements; if mice were not euthanized after the
3-hour time point, then they were placed under a heat lamp until
they regained consciousness.

Images from the uPET/CT scans were saved as DICOM files and
cropped to separate each individual mouse. This was done using a
custom interactive tool written for MevisLab (www.mevislab.de).
Care was taken to maintain the coordinate system and the calibrated
radiological values contained in the original DICOM files. From
these separated images, volumetric 3D renderings of each mouse
were created for the whole mouse body. Image] was used to create
the maximum-intensity projections of the head of each mouse and
to plot the uPET intensity profiles as a function of distance across
the head of the mouse, starting from the left hemisphere.

Ex vivo biodistribution analysis

At 3 or 24 hours after injections, mice were euthanized to collect
organs for the biodistribution measurements. Organs were excised and
weighed to determine their mass. The radioactivity of each organ
[kilo counts per minute (kcpm)] was recorded using a scintillator
and converted to microcuries using a calibration curve. The radia-
tion values for each organ were then adjusted for the decay half-life
of ®*Cu (12.7 hours). The total injected dose was calculated by mea-
suring the decay-adjusted radiation in the syringe before the injection
and subtracting the decay-adjusted radiation in the syringe after
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injection. In addition, the decay-adjusted radiation in each mouse’s tail
at the time of euthanasia was subtracted because of the possibility of
missing the vein during injection, thereby limiting the amount of
%4Cu systemically delivered. Organ radioactivity was scaled to the
normalized injected dose and then scaled by the mass of the organ. Data
were plotted as percent injected dose per gram of tissue (%ID/g).

Preparation of NT-DOX and DOX release

DOX-hydrogen chloride dissolved in water at 1 mg/ml was com-
bined on an equimolar basis with ssDNA-amphiphiles in water at
500 uM. DMSO was added to the solution until the final DMSO
concentration was 50% (v/v). The solution was stirred for 2 hours.
Over four additional hours, water was slowly added until the final
concentration was 90% water and 10% DMSO (v/v) at the end of the
4-hour period. The mixture was dialyzed overnight in a Tube-O-
DIALYZER Medi 1K MWCO dialysis membrane (G-Biosciences,
St. Louis, MO) to remove the DMSO. NT intercalating DOX were sep-
arated from micelles intercalating DOX as described above under
NT preparation. DNA concentration was calculated through the
absorbance of light at 260 nm. However, DOX also absorbs light at
this wavelength. Therefore, the absorbance of mixtures of ssDNA
and DOX was measured at both 260 and 488 nm, the maximum
absorbance wavelengths for DNA and DOX, respectively. The ex-
tinction coefficient of the ssDNA at 260 nm was provided by IDT as
89,300 cm ™' M" and assumed to remain the same after the attach-
ment of the hydrophobic tail. The extinction coefficient of the
ssDNA at 488 nm was calculated by measuring the absorbance of a
known amount of ssDNA at both 260 and 488 nm, providing an
extinction coefficient at 488 nm of 135 cm™ M. Several known
concentrations of DOX were prepared by weighing out solid DOX
and suspending in known volumes of Milli-Q water. The absor-
bance for each DOX sample was measured at both 260 and 488 nm,
allowing for the calculation of the extinction coefficients for DOX
as 14,715 and 10,200 cm™ M, respectively. With all four extinc-
tion coefficients and the absorbance measurements at both 260 and
488 nm, the concentration of ssDNA-amphiphiles and DOX was
calculated by solving the two coupled linear equations. It was as-
sumed that the absorbance of the NT and DOX was additive with
no interacting terms.

NT-DOX mixtures (200 pl) with DOX (75 ug/ml) and 76 pM
ssDNA-amphiphiles on average in PBS were placed in a D-Tube
Dialyzer Midi, MWCO 3.5 kDa. The dialysis tube was placed in a
beaker with 100 ml of PBS at 37°C. At several time points during the
dialysis, small samples were taken out, and the absorbance at 260
and 488 nm was measured to determine the DOX concentration.

Cell viability

The effect of DOX, NT, and NT-DOX on cell viability was assessed
using the CellTiter-Glo 2.0 assay. Ten thousand GL261 cells were
deposited into black 96-well tissue culture treated plates with 100 ul
of medium and allowed to adhere for 24 hours at 37°C. The next
day, medium was removed, 95 ul of fresh medium was added, and
5 ul of each test sample dissolved in Milli-Q water was added: water
(control), NT at 5 to 6.4 uM ssDNA-amphiphiles, free DOX at 5 pg/
ml, or NT-DOX at the same DOX and amphiphile concentrations.
The samples were incubated with cells for 12 hours at 37°C, followed
by a single wash with PBS. Fresh medium (100 pl) was added, and
cells were incubated at 37°C for an additional 36 hours. Cells were
allowed to equilibrate to room temperature, while the CellTiter-Glo
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2.0 solution was placed in a room temperature water bath. The
CellTiter-Glo 2.0 solution (100 ul) was added to each well of cells
simultaneously, and the entire plate was placed on an orbital shaker
for 2 min and then allowed to rest for 10 min. The luminescence
signal of each well was measured, and the luminescence of each
group was normalized to the luminescence of the untreated cells.

Intracranial delivery of NT intercalating DOX
and bioluminescence imaging of mice
GL261-Luc cells (originally from NIH) were transfected to express
luciferase by the Ohlfest Lab at the University of Minnesota. Glioma
medium consisted of DMEM high glucose and 1-glutamine (Genesee
Scientific, 25-500), supplemented with 10% FBS, 1% penicillin-
streptomycin (HyClone, SV30010), and 1% MEM NEAA (Gibco,
1140-050). Medium was changed every other day, and cells were
passaged when reaching 80% confluence using TrypLE. Before trans-
plantation, cells were washed three times with PBS followed by tryp-
sinization for 5 min at 37°C followed by inactivation of the trypsin
and centrifugation. The resulting pellet was resuspended in cold Hanks’
balanced salt solution (HBSS; Life Technologies) for counting using
a hemocytometer. The cells were centrifuged a second time and re-
suspended at a concentration of roughly 1 x 10* cells per microliter
of cold HBSS. The final cell solution was counted, and viability was
assessed using Trypan Blue exclusion. The final cell count was cal-
culated as the total number of viable cells per microliter.
Eight-week-old mice were used for this study. Animals were first
anesthetized with isoflurane oxygen mixture, and then, the head of
the animal was shaved and treated with betadine. Following mount-
ing in a stereotaxic frame, a single midline incision was made along
the scalp and skin retracted to expose bregma. A 10-ul Hamilton
syringe was loaded with the cell solution. A small burr hole was
drilled in the skull above the injection site in the right hemisphere
(from bregma: anterior, 1.0 mm; and lateral, 1.5 mm). The needle
was slowly inserted into the brain (3.1 mm ventral to the pia mater
in mice), and 1 x 10* viable GL261 cells were injected at a speed of
0.5 ul/min. Following injection, the needle remained in place for
1 min. The injection needle was raised 0.1 mm and again 0.2 mm
from the initial injection site, and the injection was repeated with
1 x 10* cells injected at each site for a total of 3 x 10* viable cells
across three sites. At the conclusion of the last injection, the needle
remained in place for 3 min before being slowly withdrawn. Imme-
diately following intracranial injection of GL261-Luc cells, hemo-
stats were then inserted into the incision site and used to create a
subcutaneous pouch immediately posterior to the scapula of the
mouse by which the micro-osmotic pump (Alzet 1002) was inserted
with the catheter tubing connected to the cannula (Alzet brain infu-
sion kit 3) extending through the incision site. The cannula was
slowly lowered into the brain though the same burr hole using a
cannula holder (Alzet cannula holder 1) to sit 3 mm below the skull.
Cannulas were fixed to the skull of mice using Loctite 454, and then,
the cannula guide was removed using bone shears. The incision was
then closed using 4-0 absorbable sutures, and mice were transferred
to a heated recovery cage until fully sternal, at which point, mice
were singly housed and returned to colony rooms. The pumps were
loaded with either PBS, 70 uM DOX (0.2 mg DOX/kg mouse), NT
at 95 uM ssDNA-amphiphiles, or NT-DOX at the same concentra-
tions of DOX and amphiphiles. Mice were monitored twice daily
for signs of advanced tumor progression. Mice were imaged weekly
for 4 weeks after tumor implantation. The substrate p-luciferin
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(Thermo Fisher Scientific) was administered via intraperitoneal in-
jection at 150 ug/g body weight in 200 pl of PBS. The mice were then
placed onto the warmed stage inside the imaging chamber with
continuous exposure to 1 to 1.5% isoflurane in oxygen at 1 liter/min.
Bioluminescence images were acquired using the IVIS 1000 system
(Xenogen) equipped with a highly sensitive cooled CCD camera, 10
to 15 min after p-luciferin administration. Images were analyzed by
using the Living Image software (Xenogen). ROIs were defined in
the brain, which were held constant across all images. The photon
counts within each ROI were quantified. For visualization purposes,
the bioluminescence image and the corresponding white light sur-
face image were fused into a transparent pseudocolor overlay. When
a mouse reached a moribund state, the animal was deeply anesthe-
tized via ketamine overdose (100 mg/kg, intraperitoneally) and per-
fused with ice-cold PBS followed by 4% PFA. The brain, heart, lung,
kidneys, and spleen were removed from the animals and stored in
PFA overnight at 4°C and then transferred to 70% ethanol.

Histopathological analysis

Following perfusion and fixation with 10% neutral buffered formalin,
tissues were processed into paraffin blocks using standard histology
techniques, sectioned at a thickness of 4 um, stained with hematoxylin
and eosin, and evaluated using light microscopy by two American
College of Veterinary Pathologists (ACVP) board-certified pathol-
ogists (A.-F.T. and M.G.O.). All work was done at the Masonic
Cancer Center Comparative Pathology Shared Resource laboratory
at the University of Minnesota.

Statistical analysis

Statistical differences were determined using unpaired two-tailed
Student’s ¢ tests or one-way analysis of variance (ANOVA) with
Tukey’s post hoc test. Survival Kaplan-Meier curves were con-
structed and compared using a two-sided log-rank test. Statistical
analyses were performed using Excel (Microsoft) and the Real Sta-
tistics Excel Resource Pack.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5872

View/request a protocol for this paper from Bio-protocol.
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