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Abstract 

Glioblastoma (GBM) is the most common and aggressive primary malignant brain tumor of adults. Current therapeutic options yield dismal prog- 
noses that ha v e remained essentially unchanged o v er nearly tw o decades. Diffuse gro wth patterns, high intratumoral heterogeneity, and variable 
blood–brain barrier integrity limit treatment efficacy, creating challenges that rational small molecule design has not o v ercome. Antibody –drug 
conjugates ha v e sho wn some promise, leading us to h ypothesiz e that smaller f olded DNA aptamers, de v eloped in viv o via principles of natural 
selection, might e v entually ha v e adv antages f or drug deliv ery. Here, w e document the first in viv o DNA aptamer selection in v olving an orthotopic 
patient-deriv ed x enograft GBM mouse model to identify tumor-homing DNA aptamers. W e demonstrate the pref erential accumulation of these 
aptamers in the tumor relative to other tissues 4 h after intraperitoneal injection. The aptamers can be detected by quantitative polymerase 
chain reaction, fluorescent tumor st aining , and st ain GBM tumor section from untreated mice and the GBM tumor cells in culture. Two of three 
candidates are selective for the target cell line in vitro and do not bind other human tumor cells. In vivo selection of tumor-specific DNA aptamers 
demonstrates a no v el approach for diagnostics or toxin delivery that might allow for the development of individualized therapies. 
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lioblastoma (GBM) is a primary central nervous system ma-
ignant brain tumor that accounts for nearly 50% of pri-
ary metastatic brain tumors in adults [ 1 ]. With a dismal
-year survival rate of < 10%, the prognosis for GBM pa-
ients has remained essentially unchanged for nearly two
ecades since temozolomide therapy was approved in 2005
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[ 2 , 3 ]. Unlike other tumors in which improved understand-
ing of cancer pathobiology has led to highly effective tar-
geted therapies, this translation has been absent in GBM
[ 4 ]. This failure is often attributed to inherent high intratu-
moral heterogeneity and challenges in therapeutic delivery,
such as delivery across the blood–brain barrier (BBB) [ 5–7 ].
Antibody–drug conjugates (ADCs) have shown some promise,
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but their large size limits BBB penetration and therapeutic
efficacy [ 8 ]. 

Aptamers are short, folded single strands of synthetic DNA
or RNA and have been explored as BBB-penetrating agents
[ 9 ]. As single-stranded nucleic acid polymers, aptamers fold
into unique three-dimensional shapes and act as antibody
analogs, binding targets with dissociation constant ( K d ) val-
ues in the nanomolar range [ 10 ]. Unlike other nucleic acid-
based therapies, the functionality of aptamers is derived from
their three-dimensional shape rather than genetic coding. Ap-
tamers are identified through S ystematic E volution of L igands
by Ex ponential enrichment (SELEX). This process is based
on the principles of natural selection, in which an aptamer
library of hundreds of trillions of unique shapes is introduced
to a target of interest and allowed a set time for target-specific
binding. Molecules that successfully reach the target are “re-
warded” with polymerase chain reaction (PCR) amplification
and serve as the library for the next round of selection, while
nonspecific molecules are removed. This cycle is repeated un-
til enrichment in the library is observed. Targets range from
purified molecules, such as proteins, to cells or complex tis-
sues. Various SELEX strategies are commonly used to develop
aptamers for applications, including therapeutics, biomarker
discovery, and diagnostics [ 11–14 ]. Importantly, aptamer de-
velopment ex vivo may identify molecules that do not function
optimally in vivo where complex pharmacokinetic principles,
such as persistence in circulation and correct compartment
delivery, may prevent adequate accumulation within a target
tissue. 

We hypothesized that selection of GBM-homing aptamers
could be accomplished by in vivo SELEX to isolate candi-
dates with the potential to overcome current therapeutic deliv-
ery challenges. The challenges of rationally designing a small
molecule toxin to cross the BBB, enter the brain parenchyma,
and differentiate tumor from nontumor are inherently incor-
porated into the in vivo SELEX. In doing so, candidates are se-
lected for their ability to solve these problems in vivo . Selected
aptamers could create therapeutic leads, while also illuminat-
ing molecular mechanisms of BBB penetration and GBM tar-
geting. In vivo SELEX therefore has the potential to address si-
multaneously the optimization of bioavailability, biodistribu-
tion, stability, and rapid target tissue delivery. In vivo SELEX
has been described in a limited number of reports, but applica-
tions in neuro-oncology have not been attempted [ 15 ]. While
aptamers developed for other indications, such as olaptesed
pegol (NOX-A12), are entering GBM clinical trials and show-
ing promising safety and efficacy, developing novel methods to
effectively select aptamers for neuro-oncology applications is
crucial [ 16–18 ]. 

Here, we report the first in vivo SELEX approach relevant
to neuro-oncology: targeting an orthotopic patient-derived
xenograft (PDX) brain tumor model in mice [ 15 ]. We demon-
strate that an orthotopic PDX mouse model can be used
for in vivo SELEX that successfully identifies multiple GBM
tumor-homing aptamers after eight rounds of selection. Eluci-
dation of the biodistribution of three of the resulting aptamers
demonstrates significant tumor preference. We show that the
selected aptamers are not more stable in blood but have been
selected for tumor homing as detected by both fluorescence
detection and quantitative PCR (qPCR). In vitro characteri-
zation demonstrates that two of the candidate aptamers as-
sociate with the PDX cell line against which they were se-
lected, but do not recognize other human cell lines. Thus, these
studies demonstrate the ability of in vivo SELEX to gener- 
ate libraries of DNA aptamers that rapidly home to GBM tu- 
mors in the brain. This work has implications for both diag- 
nostics and the development of individualized aptamer–drug 
conjugates. 

Materials and methods 

Naïve random DNA library synthesis for in vivo 

SELEX 

DNA oligonucleotides ( Supplementary Table S1 ) were ob- 
tained from Integrated DNA Technologies (IDT). Forward 

and reverse primers used during SELEX were synthesized 

with 5 

′ -fluorescein (5 

′ -FAM) and an internal nine-atom tri- 
ethylene glycol spacer, respectively, the latter acting as a non- 
extendable linker enabling separation of aptamer from com- 
plementary strands during denaturing electrophoretic gel pu- 
rification. The library was constructed with two constant 20- 
nucleotide primer regions flanking 40 random nucleotides. All 
oligonucleotides were reconstituted at 100 μM. Primers were 
diluted to 5 μM. For selection round 1, the naïve DNA li- 
brary was substituted with 5-methyl-deoxycytidine (5mdC) 
outside of the forward primer region by PCR using the follow- 
ing reagent volumes in a master mix: 400 μl of 10 × Taq poly- 
merase buffer, 400 μl of 10 × bovine serum albumin (BSA),
320 μl of 50 mM MgCl 2 , 320 μl of 2.5 mM dNTPs (2.5 mM 5-
methyl-dCTP , dATP , dGTP , and dTTP), 100 μl of 1 μM library 
DNA, 400 μl of 5 μM forward primer, 400 μl of 5 μM reverse 
primer , 1460 μl water , and 50 μl Taq DNA polymerase (Invit- 
rogen, #10342020). Reagents were mixed, aliquoted into 100 

μl volumes in PCR tubes, and subjected to thermal cycling 
for a variable number of cycles using the following protocol: 
95 

◦C, 60 s; 25 × (94 

◦C, 15 s; 50 

◦C, 35 s; and 72 

◦C, 30 s); 4 

◦C.
DNA was amplified for only three cycles before round 1 to in- 
corporate base modifications while minimizing PCR bias and 

maintaining library diversity. 
PCR reactions were pooled (4 ml) and precipitated from 

2.5 volumes of ethanol after addition of glycogen carrier 
and sodium acetate to a final concentration of 0.3 M. Af- 
ter washing with 70% ethanol and air drying, PCR products 
were resuspended in water and deionized formamide (Am- 
bion, #AM9342), heated at 90 

◦C for 5 min, and subjected 

to electrophoresis through a 10% polyacrylamide gel [7.5 M 

urea, 19:1 acrylamide:bisacrylamide (Bio-Rad, #1610144)] at 
200 V for 2 h. As the reverse primer had an additional 20- 
nucleotide non-extendable linker ( Supplementary Table S2 ),
the reverse strand was 20 nucleotides heavier in molecular 
weight, permitting clear separation of the forward and re- 
verse strands ( Supplementary Fig. S1 ). FAM-labeled DNA 

bands (aptamer library strand) were visualized by UV shad- 
owing, excised with a razor blade, diced, and incubated in 

2 × PK buffer [100 mM Tris–Cl (pH 7.5), 200 mM NaCl, 2 

mM ethylenediaminetetraacetic acid, and 1% sodium dodecyl 
sulfate] at 56 

◦C with agitation overnight. Eluted DNA was 
collected and purified by phenol:chloroform (VWR, #97064- 
692) extraction and ethanol precipitated as described earlier.
The concentration of the resulting naïve library was deter- 
mined with a NanoDrop instrument at 260 nm using a library- 
specific estimated extinction coefficient [754 075 l / (mol cm)].
A 1 μM aptamer dosing solution in phosphate-buffered saline 
(PBS) and 1 mM MgCl 2 (250 pmol aptamer / 250 μl) was cre- 
ated from the purified material. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
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DX models 

hort-term explants of PDX were obtained from the Mayo
linic Brain Tumor Patient-Derived Xenograft National Re-

ource. PDXs were established directly from patient biopsy or
urgical samples as flank tumors on athymic nude mice and
aintained as previously described [ 19 ]. These tumors were

hen used to establish short-term explant cultures or intracra-
ial xenografts [ 19 ]. Each PDX model is highly annotated
ith multi-omics characterization and relevant clinical data
s previously described [ 20 ]. 

ice 

emale athymic nude (strain #553) mice were purchased from
harles River Laboratories. All animal experiments were ap-
roved by Mayo Clinic Institutional Animal Care and Use
ommittee, Protocol #A00006585-22. Orthotopic tumor in-
culation and bioluminescence imaging (BLI) were performed
s previously described [ 8 , 19 ]. 

ell culture 

BM PDX lines were maintained as previously described
 20 ]. Short-term explant cultures of GBM6, GBM10, GBM14,
BM39, GBM43, and GBM108 PDX, and U87 glioma

A TCC, #HTB-11), HeLa (A TCC, #CCL-2), A549 (A TCC,
CCL-185), U2OS (ATCC, #HTB-96), and MCF7 (ATCC,
HTB-22) cell lines were grown in Dulbecco’s modified Eagle
edium (DMEM; Fisher Scientific, #MT10013CV), supple-
ented with 10% fetal bovine serum (FBS; Gibco, #220346)

nd 1% penicillin / streptomycin (Life Technologies, #221674)
t 37 

◦C and 5% CO 2 . Identities of PDX and U87 lines were
erified by short tandem repeat analysis. PDX lines were
ested every 6 months for mycoplasma using a MycoAlert my-
oplasma detection kit (Lonza, #LT07-418). 

n vivo SELEX in orthotopic PDX mice 

rior to SELEX, nine mice were injected with explants of
BM39-eGFP-FLUC2 cells in three groups (three mice per

roup) with the following cell counts: 100 000, 10 000, or
000 cells, to distribute tumor development over time. Tumor
evelopment was monitored by BLI (IVIS Spectrum). Once the
umor reached a BLI reading between 5 × 10 

8 and 1 × 10 

9 ,
he mouse was enrolled for a round of in vivo SELEX. 

On the day of selection, one mouse received an intraperi-
oneal (i.p.) injection of 250 pmol aptamer library in 250 μl
BS containing 1 mM MgCl 2 . Four hours post-injection, the
ouse was euthanized with CO 2 and subjected to scrupulous

ranscardial perfusion with 30–60 ml PBS as follows: the euth-
nized mouse was pinned outstretched at a vertical angle and
 21g × 1 

′′ needle was inserted into the left ventricle while the
eart was still beating. The mouse was perfused until the liver
hanged from dark red to pale brown with the effluent gravi-
ationally pooling below the mouse. The brain was extracted,
nd the tumor was dissected with the aid of fluorescent gog-
les. Adjacent brain, and normal heart, lungs, liver, kidneys,
nd spinal cord were also extracted and snap-frozen. Bone
arrow was extracted by flushing the femur with 5 ml PBS,

entrifugation at 1250 rpm for 5 min, removing the super-
atant, and weighing the resulting bone marrow pellet before
reezing. For each selection round, aptamers were extracted
rom the PDX tumor using a modified Qiagen Plasmid Extrac-
ion Kit protocol. The tumor was thawed on ice and homoge-
nized with a plastic pestle in 300 μl Buffer P1. To this, 300 μl
of Buffer P2 was added followed by gentle mixing by inversion
and then incubation at room temperature for 5 min, followed
by addition of 300 μl Buffer P3. The solution was mixed by
gentle inversion until a white precipitate was observed. The
sample was incubated on ice for 10 min and then subjected
to centrifugation at 13.3 krpm for 10 min in a microcen-
trifuge. The supernatant was added to 60 μl of proteinase K
(10 mg / ml) solution and incubated at 55 

◦C overnight. The re-
sulting solution was purified by phenol:chloroform extraction
(800 μl of 25:24:1 phenol:chloroform:isoamyl alcohol) fol-
lowed by precipitation with an equal volume of isopropanol.
The crude DNA pellet was air dried for 10 min and then re-
suspended in 50 μl water. 

A 15 μl sample of this crude solution containing tumor-
isolated aptamer was added to a 3.2 ml PCR reaction mix
composed of 320 μl of 10 × Taq polymerase buffer, 320 μl
of 10 × BSA, 256 μl of 50 mM MgCl 2 , 256 μl of 2.5 mM
dNTPs (2.5 mM 5-methyl-dCTP , dATP , dGTP , and dTTP),
320 μl of 5 μM forward primer, 320 μl of 5 μM reverse primer,
1348 μl water, and 45 μl Taq DNA polymerase (Invitrogen,
#10342020). From this, seven aliquots (20 μl each) were used
for cycle optimization. Samples (20 μl) were removed at cycles
13, 16, 19, 22, 24, 27, and 30, and the optimal number of cy-
cles was determined by the homogeneity and yield of the PCR
product band and consumption of primers analyzed on a de-
naturing 10% polyacrylamide gel. The remaining volume was
PCR amplified at the optimal number of cycles determined for
that round (usually around 30 cycles). PCR reactions were
pooled, precipitated from ethanol after addition of NaOAc
and glycogen as before, and resuspended in 60 μl water. The
resulting sample was prepared for denaturing gel purification
by addition of 4 volumes of deionized formamide, mixing, and
heating at 90 

◦C for 5 min. Samples were loaded onto a pre-
run 10% denaturing polyacrylamide gel (60 μl per lane) and
subjected to electrophoresis at 600 V for 2 h. The forward
FAM-labeled strand was visualized with a UV lamp and ex-
cised with a fresh razor blade. This band was diced and trans-
ferred to microcentrifuge tubes with 450 μl of 2 × PK buffer
and incubated overnight at 56 

◦C with agitation at 1500 rpm.
DNA was then extracted using 1:1 phenol:chloroform, precip-
itated from ethanol as before, and resuspended in 60 μl water.
The absorbance at 260 nm (NanoDrop) was divided by the
molar extinction coefficient to calculate the concentration of
the recovered library. The sample for the next round of se-
lection was prepared by adding 25 μl of 10 × PBS and 2.5 μl
of 250 pmol library, and increasing the volume to 250 μl. This
cycle was repeated for each round of selection. 

Aptamer sequencing 

The naïve oligonucleotide library containing 5-methyl-dC, the
libraries from eight selection rounds, and aptamers extracted
from all tissues in the round 8 mouse were subjected to deep
sequencing. Gel-purified material was used in each case. Li-
braries were amplified for the number of cycles determined
by analytical PCR in each selection round using unmodified
primers. PCR reactions contained 10 μl of 10 × Taq DNA
polymerase buffer, 10 μl of 10 × 1 mg / ml BSA, 8 μl of 50 mM
MgCl 2 , 8 μl of 2.5 mM dNTPs, 10 μl library, 10 μl of 5 μM
forward primer, 10 μl of 5 μM reverse primer, 32.6 μl water,
and 1.4 μl Taq DNA polymerase. PCR product size and qual-
ity were confirmed by electrophoresis through an 8% native
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X-100 for 10 min. Slides were washed three times with PBS 
polyacrylamide gel (29:1 acrylamide:bisacrylamide; Bio-Rad,
#1610146). 

PCR products were purified with the Qiagen MinElute
Purification Kit (Qiagen, #28004). Ten nanograms of eluted
DNA, as quantified by the Qubit HS Duplex DNA Quantifi-
cation Kit (Invitrogen, #Q32851), was used as input for the
NEBNext Ultra II DNA Library Prep Kit (NEB, #E7645S) us-
ing associated NEBNext Multiplex primer index (primer sets
1 and 2; NEB, E7335S and E7500S). After preparing samples
according to the manufacturer’s instructions (recommended
volumes were halved and in the purification of adaptor lig-
ated DNA Qiagen MinElute Purification Kit was used in-
stead of beads), samples were assessed by gel electrophore-
sis through an 8% native polyacrylamide get (29:1 acry-
lamide:bisacrylamide) prior to analysis by high-throughput
paired-end 150-cycle sequencing on a single lane of an Illu-
mina MiSeq instrument (Mayo Clinic Sequencing Core). 

Sequencing files were received as .bam and converted to
.fastq files. Usearch was used to first merge paired-end reads.
The merge files were filtered using the usearch maxee func-
tion, discarding files with errors > 0.5. Reverse strands were
isolated, and the reverse complements created using SeqKit re-
verse complement tool. The two files were combined with the
simple concatenate function in Linux. AptaSUITE was used to
filter any reads that did not contain both forward and reverse
primers within an error of three bases, and rank aptamers by
sequence or cluster abundance [ 21 ]. 

Following deep sequencing analysis, aptamer enrichment
was analyzed by identifying the most prevalent sequences and
sequence clusters and by determining area under the curve of
all sequences identified at round 8. Individual candidate ap-
tamers were then synthesized by IDT with 5-methyl-dC sub-
stitutions and 5 

′ -FAM modifications. 

Cell binding assays 

For all cell association experiments, explants of the parental
G39 line (lacking eGFP) were used. Cells were plated in 12-
well plates (Corning, #3512) overnight or for 72 h. Cells
were ∼80% confluent on the day of the experiment. Cells
were washed with wash buffer (PBS containing 1 mM MgCl 2
and 4.5 g / l glucose) prior to adding 200 nM of heated and
snap-cooled aptamer in selection buffer (1 mM MgCl 2 in
PBS) with 4.5 g / l glucose, 100 μg / ml sheared salmon sperm
(Invitrogen, #15632011V), and BSA (New England Biolabs,
#B9200S). Cells incubated with the indicated concentrations
of aptamers for 1 h at 37 

◦C. Cells were washed with wash
buffer three times prior to fixation with 3.7% formaldehyde
for 15 min. Cells were stained with anti-FAM antibody (In-
vitrogen, #A11090) for 1 h at room temperature followed by
three washes with wash buffer and staining with secondary
antibody conjugated to AF647 (Invitrogen, #A32733) for 1 h
at room temperature. The cells were washed three times prior
to imaging in an Incucyte instrument (SX5, Sartorius). Stain-
ing and confluence were calculated as determined by Incucyte
software. 

For cell binding determination by qPCR, cells were plated
in 24-well plates. The cell binding protocol was followed as
above with three replicates per condition. However, rather
than fixation, cells were recovered by scraping on ice, col-
lected, and the well was washed with wash buffer once
to collect any remaining cells. The cells were heated at
95 

◦C for 10 min and then subjected to centrifugation at
13 100 × g in a microcentrifuge. The supernatant was used 

for qPCR (QuantaBio PerfeCTa, #95071-012). Protein was 
quantified as determined by Qubit Protein Assay Kit (Invit- 
rogen, #Q33211). 

Analysis of individual aptamer biodistribution 

Mice were stereotactically injected with 100 000 parental 
GBM39 without GFP expression, as described earlier. Mice 
were closely monitored for weight and behavioral changes as 
signs of tumor progression. Animals approaching moribund 

status were enrolled in the study. Aptamer cocktail solutions 
of 200 pmol / 250 μl (50 pmol each aptamer) were created 

in PBS containing 1 mM MgCl 2 , heated for 5 min at 90 

◦C,
and snap-cooled on ice for 10 min. Control vehicle solutions 
lacking aptamers were created at the same time. Mice were in- 
jected i.p. with 250 μl aptamer cocktail (200 pmol) or vehicle.
Four hours post-injection, mice were euthanized, underwent 
scrupulous transcardial perfusion as described earlier, and the 
brain, heart, lungs, spleen, liver, kidneys, bone marrow, and 

sciatic nerve were removed. The bone marrow was collected 

from both femurs by centrifugation at ≥10 000 × g . All tissues 
were snap-frozen on dry ice and stored at −80 

o C. 
Brain dissection involved warming the brain to −20 

o C 

and placement in a dissection block at this temperature.
Fresh razor blades were placed as indicated in Fig. 2 A 

and Supplementary Fig. S5 D. Two 1-mm sections were ob- 
tained and stained with toluidine blue (0.33 mg / ml) for 30 

s. Excess toluidine blue was removed from the tissue and the 
brain was dissected away from the tumor using differential 
toluidine blue staining of tumor tissue as a guide. After sec- 
tioning was complete, the remaining posterior tumor was dis- 
sected from the right hemisphere. The cerebellum was isolated.
All tissues were placed in tared tubes and immediately frozen 

on dry ice. Similarly, all organs were transferred to tared tubes.
For biodistribution experiments, an optimized ap- 

tamer extraction method maximized yield as indicated 

in Supplementary Fig. S4 . This protocol is recommended for 
future in vivo SELEX experiments. Samples < 200 mg were 
homogenized in 300 μl Qiagen Plasmid Extraction Kit Buffer 
P1 with a plastic pestle and placed on ice. Lysis buffer (300 

μl: 50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 1 mM EGTA (ethylene glycol- 
bis( β-aminoethyl ether)- N,N,N’,N’ -tetraacetic acid), and 1 

mM NaF) was then added and the sample was vortexed to 

mix. Samples were incubated on ice for at least 1 h prior 
to sonication at power 8 (Sonic Dismembrator 60, Fisher 
Scientific) for 10 s three times with 30 s of cooling on ice 
between treatments. Samples were heated to 95 

◦C for 10 min 

and subjected to centrifugation at 13,100 × g for 5 min. The 
supernatant was removed and analyzed by qPCR as described 

earlier. 

Immunofluorescence detection of injected aptamer 

Nude mice bearing GBM39 tumors were injected with 250 

pmol aptamer E or X, and were euthanized 4 h post-injection,
thoroughly perfused as described, and brains removed and 

frozen in optimal cutting temperature (OCT) solution (Tissue- 
Tek, #4583). Five-micrometer tissue sections were applied to 

slides, dried for 10 min, and washed once with PBS. Slides 
were fixed with fresh 4% paraformaldehyde (PFA) for 15 min 

and washed once prior to permeabilization with 0.1% Triton 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
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nd a Pap Pen was used to trace specimen perimeters. Slides
ere mounted by adding 1–3 drops of 4’, 6-diamidino-2-
henylindole (DAPI) mounting media (Invitrogen, #P36980)
o the section, adding a coverslip, and sealing with nail polish.

umor detection by aptamers ex vivo 

or aptamer staining of GBM tumor in situ , 5- μm sections
f paraffin-embedded brain from untreated mice carrying
BM39 PDX tumors were used. The tissue was preblocked
ith 10% goat serum and 2% BSA in PBS for 1 h at room tem-
erature prior to addition of anti-FITC antibody (Invitrogen,
A11090) 1:500 dilution in 2% goat serum with 2% BSA in
BS overnight in a humidified box. Sections were washed with
BS four times. Anti-rabbit antibody conjugated to AF647 (In-
itrogen, #A32733) was added at a dilution of 1:500 in 2%
erum with 2% BSA in PBS for 1 h at room temperature in the
ark. Sections were washed four times with PBS and the slides
ere mounted and stained with DAPI as described earlier. Un-

ess specified, all steps were performed at room temperature. 

ptamer stability in serum 

eated and snap-cooled aptamer at 1 μM concentration was
dded to FBS at a final concentration of 1 pmol / 100 μl. Sam-
les were incubated at 37 

◦C for up to 6 h with agitation. Sam-
les were collected at 0, 0.5, 1, 2, 4, and 6 h and diluted 1:1
ith lysis buffer. Samples were then heated at 95 

◦C for 10 min
rior to centrifugation at 13,100 × g for 5 min. Supernatants
ere analyzed by qPCR analysis as described earlier. 

oxicity analysis 

 CellTiter-Glo assay (Promega, #G7571) was used to deter-
ine aptamer toxicity. Aptamers were mixed with complete
edia and added to GBM39 cells. Six days post-treatment,

he CellTiter-Glo assay was performed according to the man-
facturer’s protocol. 

esults 

n vivo selection of DNA aptamers localizing to 

rthotopic patient-derived GBM tumors 

n vivo selection was performed using athymic nude mice
earing orthotopic PDX brain tumors as outlined in Fig. 1 A.
BM39 was harvested from a 51-year-old male with a con-
rmed left frontal glioblastoma, IDH-wildtype tumor and im-
lanted directly into mice as previously described [ 19 ] . Mice
ere implanted with explants of the tagged PDX line GBM39-

GFP / fLuc2 and tumor growth was monitored by BLI until
eadings between 5 × 10 

8 and 1 × 10 

9 log total flux were
bserved. On the day of selection, one mouse received an
.p. injection of 250 pmol aptamer library ( ∼10 

14 aptamers
ith 40 random positions flanked by known 20-nucleotide

equences enabling PCR). Aptamers carried 5 

′ -FAM tracers
nd all deoxycytosine residues were replaced by 5-methyl-
eoxyctytosine with the intent to minimize any innate im-
une recognition of unmethylated 5 

′ -CpG dinucleotides in
he DNA strands. Four hours were allowed for aptamer cir-
ulation with the goal that properly folded aptamers would
each the brain parenchyma, cross the BBB, and accumulate
n the GBM tumor by any available mechanisms. The mouse
as then euthanized and thoroughly perfused with saline to

emove aptamers present in blood vessels. The tumor was iso-
lated by monitoring GFP signal, and recovered aptamers were
amplified by PCR incorporating 5mdC outside of the forward
primer region (designed without CpG dinucleotides). Selec-
tion progress was monitored by qPCR recovery from the tissue
( Supplementary Fig. S2 A and B). Recovered DNA was sub-
jected to deep sequencing following eight rounds of selection.
Sequences were sorted into clusters, which were defined as se-
quences within two nucleotides from the cluster seed sequence
[ 21 ]. Cluster variants likely result from low levels of Taq DNA
polymerase mutagenesis. Interestingly, the top enriched clus-
ters represented < 0.015% of the recovered pool (Fig. 1 B), sig-
nificantly lower than we typically observe for eight rounds
of less stringent cell- or protein-targeted selections. We chose
three candidates for further testing. Aptamers E, B, and A are
the cluster seeds for clusters (i), (ii), and (v), respectively. Ap-
tamer A was chosen as the most enriched individual sequence
in round 8 ( Supplementary Fig. S2 C), aptamer E was chosen
as the cluster seed of the most enriched cluster (ii) in round 8
(Fig. 1 B), and aptamer B was chosen as the second most abun-
dant sequence and cluster judged by area under the curve over
eight selection rounds (Fig. 1 B). The negative control sequence
(X) was randomly selected from sequences present in the naïve
library but not present in the round 8 library. 

Aptamers extracted from the surrounding brain, posterior
left hemisphere, heart, kidney, liver, lung, and spinal cord in
the mouse at round 8 were also subjected to deep sequenc-
ing to enable biodistribution measurements (Fig. 1 C and D).
The clusters represented by all three selected candidate ap-
tamers demonstrated strong tumor preference relative to other
tissues. While this was a favorable initial indication of GBM
homing, many of these organs demonstrated only tens of can-
didate sequence reads per sample. Thus, studying larger doses
of the candidates was important. 

The secondary structures of the candidates and negative
control were predicted using Mfold software under fold-
ing buffer conditions (Na + and Mg 2+ concentrations of 153
and 1 mM at 24 

◦C, respectively; Fig. 1 E) [ 22 , 23 ]. Interest-
ingly, the lowest-energy predicted secondary structures for the
three selected candidates shared similar organization of 5 

′

and 3 

′ fixed sequences, whereas the negative control did not
( Supplementary Fig. S2 D and E). 

Accumulation of aptamers in tumor and tissues 

Given the relatively low candidate recovery in the round 8
selection pool, we next verified that aptamer tumor localiza-
tion was detectable by methods other than deep sequencing,
and that trace aptamer contamination from the laboratory
environment was not significantly contributing to the signal
(a perpetual consideration for aptamer analysis by qPCR).
To test this, we synthesized pure stocks of aptamers A, B,
E, and X. Ten mice were injected with 200 pmol of an ap-
tamer cocktail (50 pmol each of A, B, E, and X) or vehi-
cle ( Supplementary Fig. S3 A). Mice were randomly assigned
with blinding to receive either aptamer cocktail or vehicle.
Mice were euthanized 4 h post-injection, and organs were
again thoroughly perfused prior to harvest. Aptamers were
extracted and quantified by qPCR using sequence-specific
primers ( Supplementary Table S2 and Supplementary Fig. S3 B
and C). In attempts to limit PCR sequence bias, primers were
designed such that the PCR efficiency of any candidate was
never greater than that of the negative control sequence, X
( Supplementary Fig. S3 B and C). Recovered aptamer signal

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
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A B

C

D

E

Figure 1. In vivo SELEX selecting PDX GBM-specific DNA aptamers in mice. ( A ) Schematic diagram of in vivo SELEX protocol applied to an orthotopic 
GBM39-eGFP-FLUC2 PDX model. Green “F” in aptamer depiction represents fluorescein. ( B ) Deep sequencing results identifying the 10 most enriched 
80-mer DNA aptamer sequence clusters o v er eight rounds of selection. ( C ) Biodistribution of the indicated aptamer sequence clusters among the 
indicated tissues was determined from deep sequencing data after 4 h for three dominant aptamer sequence clusters observed at round 8. 
“P ost. Brain ”: posterior brain. (D) Aptamer sequences selected f or study. Gra y shading indicates sequences arising from the random region of the DNA 

library. F: fluorescein; red: 5-methyl-dC. Negative control (X) was selected at random from sequences present in the naïve library but not found in round 
8. ( E ) Secondary str uct ures of selected aptamer candidates and negative control as predicted by Mfold software for 153 mM Na + and 1 mM Mg 2+ at 
24 ◦C. Estimated �G values for folding stabilities are in kJ / mol. Highlighted cytosines: 5-methyl-dC. 
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as much higher than background vehicle signal in all organ
xtracts, indicating minimal laboratory background contami-
ation ( Supplementary Fig. S5 A–C). Further, background ve-
icle signal did not increase over the 10 sequentially aptamer-
osed mice, demonstrating avoidance of animal-to-animal
ross-contamination. 

iodistribution of aptamer candidates 

e quantified the biodistribution of aptamer candidates rel-
tive to a negative control aptamer X using qPCR with
ptamer-specific primers and appropriate standard curves.
o understand biodistribution in the brain, frozen specimens
ere dissected as shown in Fig. 2 A. The posterior left hemi-

phere and cerebellum were similarly dissected. The 1-mm tu-
or section was shown to be representative of the entire tu-
or ( Supplementary Fig. S5 D and E). All three aptamer can-
idates accumulated in the GBM tumor significantly above
he background levels detected in vehicle-injected mice, and
bove the levels of the negative control aptamer present in the
umor (Fig. 2 B). By qPCR, aptamers A, B, and E accumulated
o an average of 11.4 ± 5.1 million aptamers / mg tumor tis-
ue, compared to 2.1 ± 0.9 million aptamers / mg for negative
ontrol X (Fig. 2 B). Aptamer accumulation in adjacent lateral,
ontumor tissue was low and comparable for aptamer A and
egative control X (Fig. 2 C). While aptamers B and E were
etected at higher levels in this nontumor brain tissue, their
evels were still > 10-fold lower per mg of tissue than levels
ccumulated in the tumor. Samples from normal brain in the
ontralateral left hemisphere, distant from the tumor, showed
ll aptamer levels to be comparable to negative control X. Re-
ults from analysis of the cerebellum were similar (Fig. 2 C).
aken together, these data demonstrate that the three in vivo -
elected candidate aptamers demonstrate significant GBM tu-
or homing in brain. 
For all three candidates, significantly higher aptamer lev-

ls were detected in the tumor as compared to the adjacent
rain, bone marrow, cerebellum, heart, kidney, liver, lung, pos-
erior left-brain hemisphere, and sciatic nerve, again demon-
trating tumor homing (Fig. 2 D and Supplementary Fig. S5 C).

hen the data were analyzed by aptamer biodistribution
cross the four individual mice that received aptamer cock-
ail, tumor-homing preference remained evident, a feature not
bserved for negative control aptamer X (Fig. 2 E). Impor-
antly, similar results were obtained for these animals repre-
enting two different experiments done at two separate times
 Supplementary Fig. S3 C). 

ptamer enrichment is not a result of enhanced 

erum stability 

 potential selective pressure on in vivo SELEX DNA libraries
n circulation for several hours is serum stability, favoring
uclease-resistant sequences and conformations. To elucidate
hether serum stability was included as selection criteria, ap-

amers were incubated at 37 

◦C in 100% FBS. Aliquots were
emoved and qPCR, which only detects fully intact molecules,
as used to detect degradation . The half-lives in 100% FBS

or aptamers A, B, E, and X were calculated to be 1.0, 1.2, 0.5,
nd 1.3 h, respectively (Fig. 3 A). Surprisingly, aptamer E was
he only aptamer whose stability was notably different from
he naïve library, in this case lower. Thus, DNA candidates se-
ected for GBM homing after eight rounds of in vivo SELEX
ad not developed nuclease resistance. 
Despite the relatively short, calculated half-lives of ap-
tamers in 100% FBS, additional confirmation of the presence
of aptamers in the orthotopic brain tumor was sought. Flu-
orescence microscopy was used to detect GBM-specific ap-
tamers in the tumor 4 h post-injection by exploiting the 5 

′ -
FAM present on all molecules. Mice received 250 pmol of ei-
ther aptamer E or X. After 4 h, mice were euthanized and
thoroughly perfused as usual. Brains from these mice were
frozen and serial sections prepared for slide mounting, DAPI
staining, and imaging with confocal microscopy to detect 5 

′ -
FAM-labeled aptamer signal (Fig. 3 B). Strikingly, for mice in-
jected with aptamer E, fluorescent signal was strongly evi-
dent, penetrating the parenchyma of the brain tumor. In con-
trast, minimal aptamer signal was detected in the normal
brain hemisphere. The brain of the mouse injected with nega-
tive control aptamer X showed minimal fluorescence in the
brain parenchyma or the tumor (Fig. 3 B). These data con-
firm that in vivo- selected aptamers exit circulation and pen-
etrate tumor tissue, despite their relatively rapid decay in
serum. 

Selectivity of aptamers for tumor relative to brain 

Although the aptamers were homing to the tumor, the cell
specificity of candidate aptamers was unknown. Given the
complexity of PDX models and the propensity of PDX cul-
tured cells to evolve in culture, aptamer–GBM39 tumor
cell association was first tested histologically in the brains
of aptamer-untreated parental GBM39 (lacking eGFP) PDX
mice. Brains were fixed, paraffin embedded, and serially sec-
tioned. Using an immunofluorescence protocol to detect ap-
tamers with labeled anti-FAM antibodies, brain sections were
treated with 200 nM aptamer, DAPI, and were imaged using
confocal microscopy. Tumor-specific signal was observed for
aptamer E, but not aptamer X (Fig. 4 ). Not only does this re-
sult confirm the specificity of aptamer E, but it also suggests
the possible application of aptamers for histopathology or di-
agnostic uses. 

Selectivity of candidate aptamers in cell culture 

Biodistribution experiments suggest that in vivo -selected
aptamers bind one or more GBM tumor-specific targets.
Whether aptamers were staining PDX target cells or binding
nontumor cells or other ligands in the tumor microenviron-
ment was unknown. To elucidate this, explants of parental
GBM39 cells (lacking eGFP) were cultured in vitro and ex-
posed to 200 nM aptamer in wash buffer with sheared salmon
sperm DNA competitor for 1 h followed by washing and
imaging. Aptamers A and E demonstrated significant binding
to GBM39 cells in culture (Fig. 5 A and B), but no binding
above negative control levels was observed for aptamer B ei-
ther by microscopy or by qPCR. This result suggests that ap-
tamers A and E recognize GBM39 cell features in the PDX
tumor, while aptamer B may have been selected for recogni-
tion of some other feature in the tumor microenvironment. 

Interestingly, aptamers A and E synthesized without 5-
methyl-dC substitution lost the ability to bind GBM39 cells in
culture. This result suggests that cytosine methylation plays a
role in stabilizing aptamer tertiary folding and / or target bind-
ing ( Supplementary Fig. S6 ). 

In vitro culture of many GBM PDX lines, including
GBM39, is complicated by variations in cell behavior. GBM39
is propagated by growth as flank tumors passaged between

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf005#supplementary-data
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Figure 2. In vivo biodistribution of aptamers A, B, and E relative to negative control X. Mice were injected i.p. with either placebo PBS solution lacking 
aptamers or 200 pmol of a mixture of aptamers A, B, E, and X (50 pmol each). Mice were euthanized after 4 h, subjected to thorough perfusion with 
PBS, aptamers extracted from the indicated tissues, and quantified by qPCR. ( A ) Tissue specimens from orthotopic xenograft GBM tumor versus 
adjacent brain regions were identified by toluidine blue staining and collected in 1-mm slices. ( B ) Aptamer yields from the GBM39 GBM brain tumor of 
four mice demonstrating the range of yields and absence of aptamer contamination during handling. ( C ) Aptamer detection in nontumor locations of the 
brain in mice that received vehicle or aptamer mixtures. Biodistribution of aptamers in mice injected with aptamer mixture indicated by animal ( D ) or by 
aptamer ( E ). All qPCR samples were analyzed in technical triplicates. * P < .05; ** P < .01, and *** P < .001 by two-sided t -test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mice. A small fraction of such cells is seeded for adherent cell
culture studies but can be passaged only once, complicating
the generation of replicate data. Interestingly, the cell staining
shown in Fig. 5 A was observed repeatedly for GBM39 ex-
plants between 24 and 72 h post-seeding. However, binding
to cells in culture was lost a few passages later. Reassuringly,
when later GBM39 passages were orthotopically implanted
in mice, aptamer in vivo tumor-homing preference was con-
sistent. This suggests that levels of expression of ligands for
aptamers A and E may be variable in vitro and more promi-
nent in the context of the orthotopic tumor microenvironment
in the brain. 

The inherent toxicity of in vivo -selected aptamers for
GBM39 cells was tested (Fig. 5 C). None of the three in vivo -
selected candidates nor the negative control was detectably
toxic to the GBM39 in culture. This suggests that aptamers A,
B, and E demonstrate a safety profile compatible with eventual

GBM theranostic use. 
Specificity of candidate aptamers for other human 

cells in culture 

Aptamers were selected in vivo using xenografts, suggesting 
the possibility that they retain selectivity for nonspecific hu- 
man or tumor-specific antigens. We tested cell binding of ap- 
tamer candidates to multiple GBM cell lines as well as non- 
GBM cells (Fig. 6 ). Results for each independent experiment 
were normalized to results for negative control aptamer X to 

account for any cell culture variability. Aptamers A, B, and E 

only detectably bound to GBM39 and no other GBM human 

cell lines (U87) or PDX models (GBM14 or GBM43) tested in 

culture. The aptamers also demonstrated minimal binding to 

other non-GBM human cell lines (MCF7, A549, HeLa, U2OS,
and SVG-A; Fig. 6 ). Taken together, these results suggest that 
in vivo -selected anti-GBM aptamers bind to GBM39-specific 
tumor antigens that are not upregulated on other human can- 
cer cells and are not simply distinguishing human from mouse 

cells. 
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A

B

Figure 3. Aptamer serum stabilities and in vivo distribution of aptamer E relative to negative control X. ( A ) Aptamer serum stability in 100% FBS at 37 ◦C 

determined by qPCR. Fits show first-order decay curves and deduced half-lives. ( B ) Fluorescent aptamer detection in GBM orthotopic xenograft mouse 
brain after i.p. injection of 250 pmol aptamer E or X, euthanasia after 4 h, and thorough perfusion with PBS. Whole brains were dissected and frozen in 
OCT. Five-micrometer sections of frozen brain were stained with DAPI and then imaged and tiled using confocal fluorescence microscopy. Aptamers 
were detected by their 5 ′ -FAM labels. Scale bar is 1 mm. 
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iscussion 

ore than two decades of failed GBM clinical trials and unim-
roved prognoses are irrefutable evidence that human engi-
eered drug design has yet to yield an improved therapeutic
trategy for GBM. Here, we describe the first example apply-
ng the principles of natural selection via in vivo SELEX with
n orthotopic PDX brain tumor mouse model to identify DNA
ptamers capable of homing to a human GBM (GBM39). Just
ight selection rounds were required to identify aptamers from
 vast random library of ∼100 trillion unique sequences for
he ability to localize to the brain tumor within 4 h of i.p. injec-
ion. This capability was confirmed by multiple independent
ethods. These findings suggest that in vivo SELEX is a viable

trategy for developing GBM diagnostics and homing agents
hat might eventually be formulated as drug conjugates. 

In the planning of our approach, DNA molecules were se-
ected instead of modified RNA molecules due to the differ-
nces in plasma stability, the cost of manufacturing, and the
ase of aptamer SELEX preparation in the context of timed
n vivo tumor development [ 24 ]. As a result, we considered
hat DNA aptamers have the potential to be detected by two
danger” response systems of the mammalian innate immune
ystem. Though unlikely to affect results over the short 4-h
indow of our experiments, toll-like receptor 9 (TLR9) can
 

detect unmethylated 5 

′ -CpG motifs in DNA as a pathogen-
associated molecular pattern (PAMP) [ 25 ]. Wishing to avoid
effects of potential complicating TLR9-based innate immune
responses to DNA aptamer libraries sensed as PAMPs, all li-
braries and individual aptamers were prepared such that any
5 

′ -CpG dinucleotides contained 5-methyl-dC. In addition, we
note that the cGAS–STING pathway is known to trigger in-
nate immune responses to cytoplasmic DNA sensed as evi-
dence of pathogenic activity or cellular damage [ 26 ]. However,
interferon production by the cGAS–STING system is thought
to be most sensitive to relatively long double-stranded DNA
fragments (unlike the aptamers present in our libraries) [ 26 ].
Future studies will address whether DNA aptamer libraries
of the form used here have any potential to trigger the cGAS–
STING pathway of innate immunity over longer time periods.

The current proof-of-concept experiments were deliber-
ately performed using a PDX characterized by a relatively
permeable BBB to enhance the likelihood of identifying anti-
GBM aptamers capable of tumor penetration [ 8 ]. In the
healthy intact BBB, the extensive presence of tight junctions
and adherens junctions on endothelial cells restricts most
macromolecules from utilizing paracellular transport [ 27 ].
Thus, the transcytosis of macromolecules relies on transcel-
lular pathways such as carrier-mediated or receptor-mediated
transcytosis [ 27 ]. Some therapies have been designed to
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Figure 4. Aptamer staining of mouse brain bearing GBM39 PDX tumor. Serial sections of fresh-frozen untreated mouse brain embedded in OCT were 
stained with the indicated candidate aptamers or negative control and imaged by confocal microscopy. Composite images show tumor stained with 
aptamer E versus X. Insets show higher magnification of the tumor–normal brain interface. Scale bars are 1 mm and 200 μm, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

exploit endogenous receptor-mediated transcytosis proteins,
such as transferrin, to permit macromolecules or nanoparti-
cles to penetrate the BBB [ 28 , 29 ]. This is compounded by
the establishment of an orthotopic xenograft, which requires
disruption of the BBB by stereotactic injection, leaving the
integrity of the BBB in xenograft models questionable [ 30 ].
However, in previous studies testing ADCs in patient-derived
orthotopic xenograft models, the leakiness established by the
PDX explants directly correlated with (i) the accumulation
and (ii) the efficacy of the ADC. Additionally, surgical re-
section remains an important determinant of GBM patients’
overall survival [ 31 , 32 ]. We hypothesize that stereotactic in-
jection of the PDX explant cells in mice and surgical resec-
tion of the GBM tumor in humans disrupt the BBB similarly
making this a useful model for developing tumor-homing ap-
tamers. Thus, how aptamers A, B, and E cross the BBB is un-
known, but in vivo SELEX has previously been used to se-
lect aptamers against the normal mouse brain parenchyma,
thus establishing that some aptamers can penetrate the BBB
[ 9 ]. The GBM PDX model used in our studies has a relatively
permeable BBB to ADCs that likely facilitated aptamer can-
didate identification in eight selection rounds [ 8 ]. However,
the selected aptamers accumulate on average ∼5-fold higher
in the GBM compared to the negative control aptamer, indi-
cating that BBB permeability and associated diffusion alone
does not explain the tumor-homing characteristics observed
for the selected aptamers. Future studies will test various al-
ternative PDX models characterized by a predictable range of
BBB permeabilities. 

Our studies reproducibly confirm the in vivo tumor-homing
capability of three candidate DNA aptamers compared to a
negative control aptamer. Levels of aptamer accumulated in
the tumor were ∼10–100-fold higher than those in adjacent
normal brain tissue. Strikingly, the candidate aptamers were
also selective for the PDX tumor relative to other organs,
demonstrating tumor-homing preference. We note that the 
biodistribution across nontumor organs differed somewhat 
between the complex DNA aptamer library studied in the 
round 8 selection mouse and when the four candidate DNA 

aptamers were combined for biodistribution experiments. A 

contributing factor was undoubtedly the optimized aptamer 
extraction method introduced for more reliable and repro- 
ducible biodistribution measurements. This optimized method 

is recommended for future in vivo SELEX experiments. 
After measuring in vivo biodistribution, we sought to un- 

derstand whether in vivo selection results in aptamers with 

increased serum stabilities. This was not the case. Randomly 
chosen (unselected) aptamer E had a somewhat shorter half- 
life relative to the naïve DNA library in 100% FBS, as detected 

by qPCR. However, even traces of aptamer E were detectable 
by microscopy in the tumor 4 h post-injection, indicating that 
DNA aptamers exit circulation and penetrate into the tumor 
despite their relative instability in serum. 

Our in vivo SELEX protocol identifies DNA aptamers that 
associate with GBM orthotopic PDX brain tumors. These tu- 
mors are known to constitute a heterogeneous mixture of hu- 
man GBM cells in the context of mouse stromal cells, immune 
cells, and vasculature, creating the potential for aptamer se- 
lection to occur against nonspecific human antigens or even 

tumor microenvironment-associated mouse antigens. There- 
fore, aptamers were tested in vitro for binding to the cultured 

target GBM39 PDX line. Indeed, aptamers A and E bound to 

these target cells but not other human tumor cells in culture.
Aptamer B failed to strongly bind the target GBM line or other 
human tumor cells, suggesting an alternative tumor-associated 

target. None of the three candidate DNA aptamers were toxic 
to GBM39 cells in vitro suggesting that these candidates may 
have promise for therapeutic delivery or diagnostic purposes.

Interestingly, the most promising aptamers selected, A and 

E, were quite specific to the target line, G39, with aptamer 
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A

B C

Figure 5. Quantitation of in vitro binding of in vivo -selected aptamers to cultured GBM39 GBM cells. Aptamers (200 nM) were incubated with cultured 
cells for 1 h, washed, and cell association determined by ( A ) live cell imaging and ( B ) qPCR, as described in the “Materials and methods” section. ( C ) 
CellTiter-Glo assay demonstrating lack of aptamer candidate toxicity on GBM39 cells. ** P < .01 by two-sided t -test. 
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 unable to recognize other GBM lines tested in cell culture.
owever, we acknowledge that this is by no means a compre-
ensive GBM panel and is limited to the cell lines and PDX ex-
lants tested in cell culture. The orthotopic environment also
mpacts the antigens on the cell surface and it is unknown
hether the aptamers selected would bind and recognize U87,
14, or G43 in the in vivo setting. Uniquely, aptamer identi-
cation by SELEX “probes” the upregulated tumor antigens
n the in vivo setting. It must be acknowledged that this may
ot be reflected accurately of cells in culture. Second, it is pos-
ible that the specificity of the aptamers identified in this in
ivo SELEX speaks to the heterogeneity of the GBM cell pop-
ulation and illustrates the necessity to develop GBM targeting
moieties against multiple—if not a library of—GBM tumor
antigens. Thus, future work should build upon this finding by
selecting aptamers across multiple models or using a toggle-
SELEX approach. 

This work provides the first demonstration of in vivo se-
lection in the context of an orthotopic PDX GBM model.
This approach can, in principle, be applied to other tumors
where conventional therapies are ineffective and novel agents
are needed. Applications involving toxin conjugates might be
addressed by either selections using pre-conjugated random
libraries or post-conjugation strategies after selection. We
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A

B C

Figure 6. In vitro characterization of anti-GBM aptamer association with various cell lines. ( A ) Aptamers were incubated with cells for 1 h, washed, and 
cell association determined by imaging. ( B ) Quantitation as near-infrared (NIR) integrated intensity per confluence relative to negative control aptamer X 
for the indicated cultured GBM cell lines. ( C ) Quantitation for the indicated non-GBM cell lines. Two-sided t- tests were completed comparing the relative 
binding of an aptamer in G39 to the same aptamer in a different cell line. * P < .05; ** P < .01, *** P < .001, and **** P < .0001. 



In vivo selection of anti-glioblastoma DNA aptamers 13 

c  

v  

t

A

A  

C  

D  

b  

o  

P  

C  

a

S

S

C

N

F

T  

L  

t  

w  

M  

R  

a  

M  

g  

a

D

A  

a

R

 

 

onclude that in vivo SELEX can be used as a method for de-
eloping unmodified DNA aptamers as a platform for novel
heranostics. 
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