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ABSTRACT
Multimodality 3D Optical Imaging (OI)/CT has the potential to play a major role in drug development
for glioblastomas (GBM), as it is an accessible preclinical method. To demonstrate the potential of 3D
OI/CT to visualize orthotopic GBM implantation, we labeled GBM cells with Cy7 and imaged their loca-
tion using 3D OI/CT. To confirm the accuracy of the spatial localization and demonstrate the ability to
image locoregionally delivered therapies, we labeled mouse albumin with Cy7 (Cy7ALB) and delivered
it via locoregional infusion 1mm or 3mm into the brain and demonstrated correlation of signal
between the 3D OI/CT and post necropsy brain slices. In addition, we demonstrated the potential of
systemically delivered Cy7ALB contrast to detect blood–brain barrier (BBB) permeability caused by
orthotopic GBMs using 3D OI/CT. We also tested the potential of 3D OI/CT to assess focal BBB perme-
ability induced by high intensity focused ultrasound (HIFU), a methodology being used in clinical trials
to noninvasively permeabilize the BBB for systemic therapeutic delivery to GBM. We demonstrated the
ability of systemic Cy7ALB contrast together with 3D OI/CT to accurately assess real-time HIFU-induced
BBB permeability, which correlated to post necropsy imaging of brains. Furthermore, we demonstrated
that 3D OI/CT can also image the therapeutic distribution of a Cy7-labeled anti-PD-1 antibody, a proto-
type translational antibody therapy. We successfully imaged real-time antibody distribution after HIFU-
induced BBB permeability, which correlated with post necropsy Cy7 signal and translational PET imag-
ing after injection of [89Zr] anti-PD-1 antibody. Thus, we demonstrated the broad potential of using
3D OI/CT as an accessible preclinical tool to develop anti-GBM therapies.
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Introduction

Glioblastoma (GBM) is the most common primary adult brain
tumor with an extremely poor prognosis and median survival
of fewer than 2 years (Wen & Kesari, 2008; Preusser et al.,
2015). One key reason for this high mortality is that the
blood–brain barrier (BBB) significantly restricts the targeted
delivery of therapeutics to brain tumors (Dyrna et al., 2013).
Although the core of the tumor has a leaky BBB that allows
MRI contrast to permeabilize and can therefore successfully
be imaged, areas of tumor cell infiltration that exist outside
this contrast enhancing center are not well permeabilized by
systemically administered therapies and therefore, severely
limit the number of drugs that can be effective against this
deadly tumor. Convection enhanced delivery (CED) and high
intensity focused ultrasound (HIFU) are 2 emerging delivery
modalities that offer the promise of reaching the infiltrating
GBM cells outside the BBB-permeable core. CED is a form of
loco-regional delivery that involves infusing small volumes of
therapeutic under pressure directly into the tumor and

surrounding tissue using strategically placed catheters. CED
has advanced significantly in recent years to include highly
sophisticated catheter placement planning, advanced anti-
backflow catheters, and novel multi-catheter arrays that per-
fuse the entire tumor volume (Debinski & Tatter, 2009, 2010;
Debinski et al., 2017). HIFU is a non-invasive method of per-
meabilizing the BBB using ultrasound waves in conjunction
with systemically administered microbubbles and has shown
promise in preclinical and early-stage clinical trials (Alkins
et al., 2013; Sattiraju, Sai, Xuan, et al., 2017).

However, in order to advance these methods and test the
true efficacy of anti-GBM therapies, it is critical to developing
higher throughput precise methods of evaluating preclinical
tumor growth and location, evaluating BBB permeability, and
evaluating drug distribution. While small animal MRI is the
current gold standard in preclinical GBM imaging, it is not
typically available or cost-effective for larger-scale experi-
ments. This limitation has led many groups to test therapeu-
tics by measuring survival, which is grossly imprecise
because even using stereotactic tumor placement, tumors
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can form at locations even a millimeter apart and impinge
on very different structures that independently have very dif-
ferent mortality rates. Furthermore, implanted tumor cells are
notorious for growing outside the brain tissue, which can
bypass the BBB and therefore no longer represents an ortho-
topic model of the human disease. Additionally, for testing
new drugs that do not naturally cross the BBB, it is critical to
ensure that the BBB is properly permeabilized in the correct
location (HIFU), or the drug is successfully delivered via a
properly placed and functioning catheter (CED).

Near-infrared (NIR) optical imaging is preferable to stand-
ard fluorescent imaging of green or red fluorescent proteins
due to its decreased autofluorescence and background sig-
nals. Furthermore, NIR optical imaging has the advantage of
deeper tissue penetration, enabling signal detection in all
regions of small animals like mice. Optical scanners are typic-
ally equipped with lasers that penetrate tissue and excite
specific NIR dyes with matching excitation wavelengths,
allowing detection of NIR labeled molecules, peptides, and
proteins in a live animal. Recent innovations in NIR imaging
allows 3D Fluorescence Tomography (FLT) by using informa-
tion obtained from an adjacent CT scanner for the recon-
struction of 3D optical images. These 3D optical images,
when fused to detailed anatomic images from CT, have the
potential to localize labeled tumor cells, contrast, or drugs.
Therefore, the objective of this work is to develop 3D OI/CT
as an accessible, cost-effective modality of visualizing preclin-
ical tumor cell placement, tumor growth, locoregional thera-
peutic administration, HIFU-mediated BBB permeability, and
therapeutic distribution (Figure 1).

Material and methods

Cell culture

Firefly luciferase-expressing mouse glioblastoma cells derived
from a retroviral model (Lei et al., 2011) were gifts from Dr.
Peter Canoll (Columbia University) (Karpel-Massler et al.,
2017). Firefly luciferase-expressing human glioblastoma
(GBM) G48a cells (Debinski & Gibo, 2005) were cultured in
DMEM basal media supplemented with 10% of heat-inacti-
vated FBS (Gibco, Ireland), 2mM glutamine, and 1/200 of the
penicillin–streptomycin mix. Murine glioma cells were cul-
tured in DMEM basal media supplemented with 0.5% FBS
(Gibco, Ireland), 1/100 N2 supplement (Gibco, Ireland), 1/100
of anti/anti (Gibco, Ireland), and 10 ng/ml of heat-stable

recombinant human bFGF (Gibco, Ireland) and human
recombinant PDGFA (R&D SystemsTM).

[89Zr] labeling of anti-PD1 antibody

DFO conjugated anti-PD1 antibody was prepared using a
reported procedure with modifications (Vosjan et al., 2010).
Briefly, 5.0mg of anti-PD1 antibody was dissolved in 779 ml
of PBS, and pH was adjusted to 8.9-9.1 with 80 ml of 0.1M
Na2CO3. A five-fold molar excess of DFO-Bz-NCS (126lg in
12.6 ll of DMSO) was added and the resulting solution was
incubated for 30min at 37 �C using a thermomixer at
600 rpm. To remove non-conjugated DFO-Bz-NCS, DFO-PD1
was purified by PD-10 column using PBS. The purified DFO-
PD1 conjugate was stored at �80 �C. For 89Zr labeling
of DFO-anti-PD1 mixture of [89Zr]-oxalate (520 mCi in 38 ml of
1M HEPES, pH 7.4) with 100 ml of PBS and 50ml (90mg) of
DFO-PD1 in 1.5ml Eppendorf tube was incubated at 30 �C
and 600 rpm for 10min. The formation of 89Zr-DFO-anti-PD1
was monitored by radio-TLC using ITLC-SG strips and 50mM
EDTA (pH 5) as the mobile phase.

Mice

CrTac:NCr-Foxn1nu mice (Taconic) referred to in the text as
NCr were maintained on a normal mouse diet. All animal
experiments were conducted according to protocols
approved by the Institutional Animal Care and Use
Committee of Columbia University Medical Center.

Intracranial injections

Mouse serum albumin (ALB, MilliporeSigma, MA) or anti-PD-1
antibodies (BE0273, BioCell, NH) were labeled with Cy7 near-
infrared fluorescent dye according to manufacturer instruc-
tions (Lumiprobe, MD). In some experiments, G48a human
glioblastoma cells were labeled with Qtracker 800 according
to manufacturer instructions (Molecular Probes, CA). Cy7ALB
(5 ml of 2.6mg/ml in PBS) was injected intracranially 2.5mm
deep into the right cerebral hemisphere 2mm posterior from
bregma and 2mm to the right of the sagittal suture. One
and four days after injection mice were imaged using a 3D
optical/CT scanner (MILabs, Netherlands). Parameters were
set for Cy7 fluorescence with 20 sec exposure time and exci-
tation at 710 nm and emission at 775 nm. CT was used for

Figure 1. Uses of optical/CT along the preclinical translational spectrum. 3D OI/ CT imaging allows for precise localization of the intracranial implanted NIR-labeled
GBM cells. After GBM cell implantation, 3D OI/CT imaging enables visualization of the tumor growth and intracranial location of the tumor. 3D OI/CT imaging using
Cy7 labeled albumin validates BBB opening with HIFU or CED drug delivery allowing visualization of drug distribution.
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morphological references. Images were reconstructed and
analyzed using Imalytics ver 2.1 software (MILabs,
Netherlands). For orthotopic GBM tumor induction, firefly
luciferase-expressing human G48a and mouse GBM cells
(1� 105 cells in 2 ml of DPBS) were intracranially injected
2mm deep, 2mm to the right from sagittal suture and 2mm
posterior to the bregma in the right cerebral hemisphere
through a scalp incision into 6-weeks old NCr mice (Taconic,
NY) using a stereotactic instrument (Stoelting, IL) under iso-
flurane anesthesia (Sattiraju, Xiong, et al., 2017). After
implantation, mice were scanned for luciferase activity using
a 3D optical/CT scanner (MILabs, Netherlands) for confirm-
ation of tumor growth. Mice with growing human G48a and
mouse GBMs were imaged again 3weeks after implantation;
animals with similar luciferase signals were selected and
used for BBB integrity studies. Mice with murine GBMs were
imaged approximately 4weeks after tumor cell implantation
to confirm tumor growth. Animals with similar tumor signals
were selected and randomly divided into two groups. For
lipopolysaccharide (LPS) injections 5 ml of 1mg/ml solution of
LPS (MilliporeSigmaTM, MA) in PBS was injected intracranially
2.5mm deep into the right cerebral hemisphere 2mm pos-
terior from bregma and 2mm to the right from the sagittal
suture. Control mice received 5 ml of PBS. The next day LPS-
treated and control mice were injected into tail vein with
Cy7 labeled albumin (75ll of 2.6mg/ml Cy7-albumin per
mouse). 3D OI/CT imaging was performed 24h after Cy7-
albumin injection.

3D In vivo optical imaging (OI)/CT

To detect luciferase activity in mice with growing G48a or
murine GBMs, animals were injected ip with 0.25ml of
30mg/ml solution of luciferin (Research Products
International Corp, IL) in PBS. The bioluminescent image was
acquired under isoflurane anesthesia using MILabs 3D OI/CT
imager (MIlabs, Netherlands), as we previously published
(Nguyen et al., 2011; Sattiraju, Sai, Xuan, et al., 2017). To
detect the intracranial accumulation of Cy7, mice with grow-
ing G48a or murine GBMs were injected iv with 75 ml of
either Cy7 labeled mouse albumin (Cy7ALB) or Cy7 labeled
anti PD-1 antibody (Cy7aPD-1). The 3D fluorescent image
was acquired under isoflurane anesthesia using MILabs 3D
OI/CT scanner 24 h after tracer administrations. Images were
reconstructed using MILabs OI-PP ver 1.8 software. In some
experiments, 0.3ml of omnipaqueTM 350 (GE Healthcare, IL)
was injected intravenously 2–3min prior to CT acquisition.

Focused ultrasound with microbubbles

DEFINITYVR microbubbles were prepared according to manu-
facturer instructions (Lantheus Medical Imaging, Inc., Billerica,
MA). Focused ultrasound was applied through an intact skull
to the right cerebral hemisphere targeting the site of the
previously injected GBM cells. Localization of the ultrasound
beam with the brain was achieved using stereotactic localiza-
tion of skull landmarks with a brain atlas-guided focused
ultrasound system (RK50, FUS Instruments, Toronto, Canada).

For control untreated mice, HIFU was applied to the same
spot GBM cells were routinely injected in the right hemi-
sphere (2mm posterior and 2mm lateral from the bregma)
(Sattiraju, Xiong, et al., 2017). Ultrasound was delivered as a
series of burst exposures (10ms duration, 1 s repetition fre-
quency, ultrasound frequency of 1.5MHz, 0.5-0.7MPa peak
negative focal pressure). Simultaneous with the start of the
HIFU application, DEFINITYVR microbubbles (4.5� 107 micro-
bubbles in 0.5ml of 0.9% NaCl sterile solution) was infused
through the tail vein catheter at a flow rate of 50 ml/min into
a mouse tail vein (Szablowski et al., 2018). Immediately after
HIFU treatment, 75ml of Cy7ALB (2.6mg/ml) or 75 ml of
Cy7aPD-1 antibody (2.2mg/ml) were injected through the
same tail vein catheter. In some mice, 100 mCi of 89Zr labeled
anti-PD-1 antibody ([89Zr]- aPD-1) was injected together with
Cy7-aPD-1 antibody.

PET experiments

Luciferase-expressing orthotopic tumors were imaged after ip
injection of luciferin (30mg/ml, 0.25ml/mouse) as described
in 3D optical session and screened for luciferase activity.
Mice harboring G48a GBMs of a similar size were screened
using micro PET with [18F]-fluciclovine tracer by injecting iv
150 mCi of [18F]-fluciclovine and acquiring PET images 1 h
after injection. PET images were reconstructed using 3D-
OSEM algorithm with 3-iterations in 256� 256 matrix
(Inveon, Siemens, Germany) and analyzed using VivoQuant
ver 4 (Invicro, Boston, MA).

Quantification and statistical analysis

Statistical analysis was performed using Prism 8.0 and SAS
9.4 (SAS Inc., Cary, NC). All data are represented as mean-
± standard error. Statistical p-values were calculated using
two-tailed Student’s t-tests for unpaired samples known to
be normally distributed and Wilcoxon rank-sum tests for
unpaired samples not normally distributed. For paired sam-
ples, the changes between two sides (e.g. injected side vs.
non-injected side) or the pre- and post-test (e.g. day 1 vs.
day 8) are usually normally distributed, so paired t-tests were
used to calculate the p-values. p-Values less than .05 were
considered as statistical significance.

Results

3D OI/CT localizes GBM cell placement in mice brains

To determine if 3D OI/CT can be used to track intracranial
injections of human GBM cells, we labeled G48a cells with
Cy7 and injected them into the right hemisphere under
stereotactic guidance. We imaged fluorescent signal 24 h
(Figure 2(A)) and 8 days (Figure 2(B)) after cell implantation
using 3D OI/CT imaging and compared it to the background
fluorescence in the contralateral hemisphere (Figure 2(C),
right graph). 24 h after GBM cell implantation, a robust Cy7
signal was observed in the injection area of all treated mice
(Figure 2(A)). This Cy7 signal was significantly higher than

1688 A. MOLOTKOV ET AL.



the background fluorescence in the untreated left hemi-
sphere (Figure 2(C)). Eight days after GBM cell implantation
the Cy7 signal diminished to background level (Figure 2(C),
right graph).

3D OI/CT can detect intracranially injected Cy7 labeled
albumin to ensure intracranial delivery and localization
after CED

To demonstrate that 3D OI/CT can be used to validate loco-
regional infusions, we labeled mouse albumin with Cy7 dye
and administered it intracranially using locoregional delivery.
Albumin was selected because we confirmed that it does not
cross the BBB (Di Pardo et al., 2017) and is the approximate
size of macromolecular therapeutics such as antibodies. We
infused mice with Cy7ALB intracranially into the right hemi-
sphere under stereotactic guidance. Mice were infused with
Cy7ALB at 2.5mm depth (n¼ 3) and 1mm depth (n¼ 3) and
imaged with 3D OI/CT. Using 3D OI/CT, we accurately
detected and localized infused Cy7 fluorescence inside the
brain at the injection site (Figure 3(A)), which we confirmed
on post-necropsy brain sections (Figure 3(B) right panels).
This contrasts with standard 2D epi-fluorescent imaging with
the same scanner that demonstrated a deceivingly higher
signal to the more superficially infused Cy7ALB. Importantly,
the signal disappeared from the intracranial component
4 days after injection (Figure 3(C)), allowing this technique to
be used for repeat injections if needed (n¼ 4). Thus, 3D OI/
CT can play a decisive role in confirming proper tumor perfu-
sion of experimental therapeutics after locoregional infusion.

3D OI/CT visualizes BBB disruption following
systemically administered NIR contrast

Given the spatial localization capabilities of 3D OI/CT, we
tested its ability to detect contrast extravasation following
BBB disruption typically seen in GBM. We again used Cy7ALB
as optical contrast, as it does not naturally cross the BBB
(Figure 4(A)). We initially used an LPS BBB permeability
model (Espinosa-Oliva et al., 2013) for proof-of-concept

experiments. LPS induces significant inflammation and has
been shown to permeabilize the BBB after intracranial
administration. We injected LPS intracranially and compared
3D OI/CT images of LPS-infused mice (n¼ 4) against normal
controls (n¼ 4) or mice injected with saline alone (n¼ 4),
which we and others have shown minimally permeabilizes
the BBB in the first few days after needle truama of an injec-
tion (Sattiraju, Sai, & Mintz, 2017). 24 h post LPS injection, we
systemically injected Cy7ALB via the tail vein and performed
3D OI/CT. Images demonstrated the most significant increase
of Cy7 signal along the injection track in the LPS mice
whereas the saline-injected mice demonstrated minimal sig-
nal due to mechanical damage from the needle (Figure 4). In
contrast, control mice without any injection demonstrated
no intracranial optical signal, validating our method to detect
and localize BBB permeability when the BBB is compromised
(Figure 4).

3D OI/CT with Cy7ALB contrast can be used to detect
GBMs in rodent models

MRI with gadolinium contrast is commonly used to detect
GBMs based on their central BBB permeability. In order to
test if Cy7ALB 3D OI/CT can be used as an alternative to
detect contrast enhancement of intracranial GBMs, we grew
orthotopic GBMs by implanting human G48a GBM cells
(Figure 5) or murine GBM cells (Figure S1). Following tumor
growth using bioluminescence imaging (Figure 5(A)), mice
were further imaged to localize their intracranial GBMs using
contrast-enhanced microCT (Figure 5(B)) (n¼ 4) or PET/CT
(Figure S1). We simultaneously injected mice systemically via
the tail vein with Cy7ALB and imaged with 3D OI/CT (n¼ 5).
Similar to the contrast enhancement of the GBM on microCT,
we detected the accumulation of Cy7ALB in the brain follow-
ing iv injection (compare left and right panels in Figure 5(B)).
Intracranial Cy7ALB fluorescent signal was localized in the
same area enhanced by the contrast on microCT, but with a
significantly higher tumor-to-background ratio (Figure 5(B,C)).
In order to verify intracranial Cy7ALB localization through dis-
rupted BBB, we injected mice with Evan’s blue (EB) dye

Figure 2. 3D optical/CT localization of GBM cells labeled with Cy7. GBM cells were stereotactically implanted intracranially after being labeled with Cy7 and imaged
with 3D OI/CT. (A) Coronal and sagittal projections of 3D optical/CT scans of the mouse brains demonstrating successful placement of labeled GBM cells but at dif-
ferent depths, with mouse 2 demonstrating a more inferior placement compared to mouse 1. (B) Same mice as (A) imaged 8 days post cell implantation, demon-
strating near complete resolution of signal. (C, left panel) Cy7-fluorescence intensity in injected side versus un-injected side. (C, right panel) Cy7-fluorescence signal
disappeared by day 8 after injection.
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(Bullard & Bigner, 1984; Goldim et al., 2019) and subse-
quently euthanized and imaged their dissected brains
to visualize the EB and Cy7ALB distribution using light
microscopy and epifluorescence, respectively (Figure 5(D)).

We found that only mice inoculated with GBM cells that
showed luciferase signal in vivo and EB signal in vitro, dem-
onstrated Cy7ALB signal in brain tissue. We found a similar
ability to use 3D OI/CT to detect GBM in an independent

Figure 3. Validation of 3D optical/CT localization of Cy7 labeled mouse albumin (Cy7ALB) directly injected into the brain of a normal mouse. 5 ml of Cy7ALB was
injected into right hemisphere. (A) Cy7 epi fluorescent images of 2 different mice 24 h after intracranial injection of Cy7ALB showing accumulation on 2D (left) and
3D OI/CT (right), confirming intracranial placement of infused Cy7ALB in the top mouse but superficial localization in the bottom mouse. Note that the intensity on
the epi fluorescent images is heavily influenced by how close to the surface the dye is located rather than amount of Cy7ALB present, due to tissue attenuation of
the Cy7 signal. (B) Confirmation of localization of Cy7ALB 3D OI/CT on sections of mouse brain imaged post necropsy. Mice were implanted with Cy7ALB at 2.5mm
depth (top, n¼ 3) and 1mm depth (bottom, n¼ 3) and imaged with 3D OI/CT 24 h after injection (left panels). Immediately after imaging, mice were euthanized
and their brains were sectioned and imaged (right panels) to confirm localization of 3D OI/CT images. (C) Coronal 3D OI/CT images of a representative mouse 24 h
(top) and 96 h (bottom) after injection of Cy7ALB signal, demonstrating intracranial signal 24 h after injection but not at 96 h, indicating the potential to reimage
subsequent infusions. Quantification of the results is shown on the right (n¼ 4).

Figure 4. Detection of BBB permeability with systemically injected Cy7ALB. BBB permeability was accomplished using the previously reported intracranial LPS
model to induce inflammatory changes. 24 h after stereotactic LPS injection, Cy7ALB was injected IV and imaged 24 h post injection with 3D OI/CT. Coronal images
are shown of (A) control with no intracranial injection, (B) control with intracranial injection of saline, and (C) mouse injected intracranially with LPS. Images dem-
onstrate a lack of Cy7ALB in the control brain with an intact BBB, minimal BBB permeability in the saline infused brain and substantial permeability in LPS-infused
mouse brain, indicating potential of OI/CT to detect intravenously injected Cy7ALB when the BBB is compromised.

Figure 5. 3D optical/CT visualization of glioblastoma in a mouse brain using systemically injected Cy7ALB. (A) Bioluminescence (biolum) image of mouse with
implanted G48a-FLuc cells. (B) Coronal (top) and sagittal (bottom) views of microCT with OmnipaqueTM contrast (left panels) and 3D optical/CT (right panels) 24 h
post systemic injection of Cy7ALB. Images demonstrate intracranial Cy7ALB accumulation in the mouse with growing G48a GBM caused by BBB permeability in the
region of the tumor, corresponding to the CT contrast accumulation. (C) Tumor to background ratio obtained using Cy7-albumin 3D optical detection (Cy7ALB) and
CT with contrast (CT). (D) After imaging, mice were injected with Evan’s blue (EB) dye and euthanized 4 h later to confirm BBB penetration. Photograph of EB and
epi fluorescent images of the post mortem brain of a control non tumor bearing mouse (top) along with brain of the GBM-bearing mouse from images A and B
(bottom), confirming BBB permeability and Cy7ALB accumulation, respectively.
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model of murine GBM (Figure S1). These data validate that
3D OI/CT can be used to image GBMs that exhibit contrast
extravasation.

3D OI/CT with Cy7ALB contrast confirms BBB opening
by HIFU

HIFU with microbubbles has shown the potential to disrupt
the BBB for systemic therapeutic delivery. To validate the
relationship between iv injected Cy7ALB accumulation in the
brain and HIFU treatment, we treated mice (n¼ 3 for each
condition) with varying matrix sizes and pressures in combin-
ation with microbubbles. We subsequently injected mice
with a mixture of EB and Cy7ALB via the tail vein, euthanized
the animals, dissected brains, and imaged with epifluores-
cence imaging. We found that HIFU induced Cy7ALB accu-
mulation correlated with the HIFU treatment regiments
(pressure level and matrix size) and matched the distribution
of EB dye (Figure 6(A,B)). HIFU at a higher power level (0.7 vs
0.6MPa) and at larger affected area (3� 3 vs 1� 3 points
matrix) regiment induced considerably greater Cy7 accumu-
lation in the brain compared to the lower power/smaller
matrix regiment (compare top and bottom panels on Figure
6(A)). As expected, no Cy7 fluorescence was observed in the
brains of untreated mice. Thus, systemically administered
Cy7ALB correlated with the amount of HIFU-induced BBB
permeability and could be used as a contrast for our subse-
quent HIFU 3D OI/CT experiments. We injected mice iv with
Cy7ALB and imaged using 3D OI/CT 24 h after HIFU treat-
ment (Figure 6(C)). We found that 3D OI/CT images con-
firmed precise localization of Cy7 fluorescence in the right
hemisphere in the area targeted by the HIFU application
(Figure 6(C)). This demonstrates that 3D OI/CT with Cy7ALB
contrast has the potential as an optical probe to verify HIFU-
induced opening of the BBB prior to systemic thera-
peutic injections.

3D OI/CT confirms GBM targeting of systemically
administered antibody treatment following HIFU-
mediated BBB disruption

While high molecular weight targeted antibodies and pro-
teins are showing promise against many systemic malignan-
cies, they are limited in the fight against GBM due to their
exclusion by the BBB. In GBM, it is hoped that increasing the
concentration of therapeutic antibodies using HIFU to per-
meabilize the BBB can successfully target GBM biomarkers or
activate the endogenous immune system. In order to test
the potential of using 3D OI/CT for confirmation of brain
tumor perfusion with systemically administered antibodies,
we labeled anti-PD-1 (aPD-1) antibodies with Cy7 and 89Zr.
Immediately after HIFU treatment, animals were injected
with a mixture of Cy7-aPD-1 and [89Zr]aPD-1 labeled anti-
bodies. 89Zr is a positron-emitting isotope that can be
detected using PET/CT imaging. In the control animals not
treated with HIFU (n¼ 4), neither 3D OI/CT nor PET/CT
detected significant Cy7 or 89Zr labeled aPD-1 antibody
(upper panels in Figure 7(A,B)). In contrast, HIFU treatment
(n¼ 4) produced a focal opening of the BBB allowing for
aPD-1 antibody entry and accumulation in the brain, which
was detected via 3D OI/CT and microPET imaging (lower
panels on Figure 7(A,B)). Both PET and 3D OI/CT demon-
strated significantly (p< 0.05) higher accumulation of
[89Zr]aPD-1 (Figure 7(D)) and Cy7-aPD1 (Figure 7(E)) in the
brains after HIFU compared to controls. To confirm our
in vivo findings, we dissected the brains of mice and imaged
them ex vivo (Figure 7(C)). We found that the region of accu-
mulation of Cy7-aPD-1 corresponded to the area of HIFU
application (lower panel in Figure 7(C)). As expected, Cy7-
aPD-1 was not detected in the brains of mice not treated
with HIFU (upper panel in Figure 7(C)). Importantly, we
found both in vivo and in vitro, that there are variances in
the effectiveness of HIFU between animals, which can be
quantified using 3D OI/CT and PET. This can prove critical
when assessing efficacies of treatments after using HIFU to
permeabilize the BBB. Both PET and 3D OI/CT techniques

Figure 6. Detection of blood–brain barrier (BBB) permeability after high intensity focused ultrasound (HIFU). (A) Images of dissected brains from mice treated with
HIFU pressure at 0.7 (top) and 0.5 (bottom) MPa. Following HIFU, animals were immediately injected IV with a mixture of Cy7ALB (yellow arrows) and Evan’s blue
(red arrows). Brains were dissected 24 h after treatment. Note the considerably stronger Cy7 fluorescence and Evan’s blue staining in the brains of mice subjected
to HIFU at 0.7 power compared to 0.6. (B) Quantification of Cy7ALB in brains of HIFU treated mice. (C) 3D OI/CT image of Cy7ALB accumulation (yellow arrow) in
the brain of mouse 24 h after HIFU treatment shown in coronal (top) and axial (bottom) projections.
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showed similar results of the aPD-1 antibody accumulation,
which indicates that 3D OI/CT can serve as a preclinical sur-
rogate for PET imaging of drug distribution.

Discussion

The BBB serves as a transport barrier and is crucial for the
brain homeostasis and preventing toxins from entering a
central nervous system (Daneman & Prat, 2015). GBMs typic-
ally disrupts the BBB in a number of ways, such as mechan-
ical breakdown, downregulation of tight junction proteins,
and redistribution of astrocyte potassium channels (Zhang
et al., 1992; Liebner et al., 2000; Wolburg et al., 2003;
Papadopoulos et al., 2004; Warth et al., 2004; Watkins et al.,
2014). In vivo imaging of GBM using contrast-enhnced MRI
relies on this BBB permeability that is induced naturally by
the tumor (Michiwaki et al., 2019). In this work, we validated
3D OI/CT as a means of imaging the BBB permeability of
GBMs using Cy7ALB contrast enhancement to localize GBMs
(Figure 5).

Infiltrating cells are found several centimeters outside
enhancing tumor margin and away from the tumor-induced
BBB breakage (Spiteri et al., 2019). Thus, the intact BBB
around infiltrating tumor cells remains an obstacle that
blocks or limits intracranial delivery of the therapeutics to
the brain, especially for large macromolecules such as IgG
(Zlokovic et al., 1990; Wevers et al., 2018). HIFU in combin-
ation with systemically injected microbubbles applied to
regions of the tumor that do not demonstrate contrast
enhancement is a promising technique for noninvasively
inducing transient BBB opening for intracranial drug delivery
(Park et al., 2012; Yang et al., 2012; Carpentier et al., 2016;
Kobus et al., 2016; Sattiraju, Sun, et al., 2017; Arvanitis et al.,
2018). HIFU application for the facilitated delivery of thera-
peutic macromolecules across the BBB has shown promise in
early-stage clinical trials (Mazerolle et al., 2019). This work

establishes 3D OI/CT in conjunction with Cy7-labeled con-
trast as a methodology of localizing BBB permeability. For
HIFU applications aiming to deliver protein-based therapeu-
tics, the advantage of albumin contrast agents over the trad-
itional low molecular weight radiological contrast agents is
that it may more accurately represent the distribution of pro-
tein macromolecules relevant to possible immunoglobulin-
based treatments, such as immunotherapies (Wan et al.,
2019). In our work, we demonstrate the potential use of 3D
OI/CT in 3 different preclinical models of BBB permeability
(LPS, GBM, and HIFUþmicrobubbles) (Figures 4–7). We also
showed the longevity (over 24 h) of Cy7ALB in brain tissue
following initial intravenous administration, which is more
relevant for the evaluation of immunoglobulin therapeutic
applications compared to small molecules that are typically
cleared in a few hours.

We demonstrated that we can use 3D OI/CT to directly
label a prototype antibody therapy with Cy7 and image its
distribution after HIFU-mediated BBB disruption (Figure 7) as
a monitoring tool to measure the delivery of therapeutic pro-
teins to the tumors through the permeabilized BBB. This is
highly clinically relevant when testing the preclinical efficacy
of potential macromolecular therapeutic strategies such as
immunotherapy. Importantly, 3D OI/CT can act as an access-
ible preclinical surrogate for using radiolabeled entities in
future clinical testing.

CED delivers therapeutics directly to the brain tumor and
surrounding brain under constant pressure. A critical lesson
learned from the initial clinical trials using CED to deliver
novel cytotoxins to GBM is that it is essential to confirm that
the drug-infused via CED successfully covers the tumor and
surrounding area (Sampson et al., 2010). We therefore, vali-
dated 3D OI/CT as a scalable preclinical methodology to con-
firm infusion location and coverage. This becomes a
foundation of drug development because the efficacy signal
will not be indicative of the drug’s potency unless proper
delivery can be confirmed. We demonstrated that we can

Figure 7. Systemic therapeutic delivery through HIFU induced BBB permeability using PET/CT and optical/CT. Mice were treated with HIFU with microbubble infu-
sion and immediately injected IV with Cy7-anti-PD1 and [89Zr]-anti-PD1 antibodies (see methods for details, bottom panels). Control mice were not exposed to
HIFU (top panels). (A) 30min static PET/CT images were obtained 24 h after injection and shown in axial projection. (B) After PET/CT images were aquired, mice
were scanned with 3D optical/CT imaging to detect intracranial Cy7-anti-PD1 antibody accumulation, shown in coronal projection. (C) Immediately after 3D optical/
CT scaning brains were dissected and both PET and epifluorescent optical images were taken. PET (D) and optical (E) uptake were quantitated and analyzed for
statistical significance.
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localize injections in the brain to determine if the infused
drug properly covers the tumor (Figure 3). Furthermore, our
ability to label therapeutics directly with Cy7, as we demon-
strated with antibodies (Figure 7), gives a very precise pic-
ture of the actual drug distribution, which is more direct
than a contrast surrogate such as gadolinium (for MRI).

In conclusion, the use of 3D OI/CT for spatial reference of
locoregionally delivered drugs, cells, and HIFU-mediated BBB
permeability creates the possibility for its use as a preclinical
tool for drug development. Future experiments will involve
using 3D OI/CT as a tool for the inclusion of tumor-bearing
mice in larger therapeutic studies and correlation of 3D OI/
CT signal after CED or HIFU with survival after therapeutic
intervention.

Disclosure statement

RC received financial support from FUS Instruments to support travel for
this study. AM is a consultant of Regeneron Pharmaceuticals serving on
an independent data safety monitoring committee.

Funding

This publication was supported by NIH P01CA207206-04 (Mintz), R01
CA179072 (Mintz) and NCATS UL1TR001873 (Reilly) through the
Translational Therapeutics Accelerator Resource (Mintz).

ORCID

Amanda Beserra http://orcid.org/0000-0001-7594-8654
Rajiv Chopra http://orcid.org/0000-0003-3605-6076

References

Abbott NJ, Patabendige AAK, Dolman DEM, et al. (2010). Structure and
function of the blood-brain barrier. Neurobiol Dis 37:13–25.

Alkins R, Burgess A, Ganguly M, et al. (2013). Focused ultrasound delivers
targeted immune cells to metastatic brain tumors. Cancer Res 73:
1892–9.

Arvanitis CD, Askoxylakis V, Guo Y, et al. (2018). Mechanisms of
enhanced drug delivery in brain metastases with focused ultrasound-
induced blood-tumor barrier disruption. Proc Natl Acad Sci USA 115:
E8717–26.

Bullard DE, Bigner DD. (1984). Blood-brain barrier disruption in immature
Fischer 344 rats. J Neurosurg 60:743–50.

Carpentier A, Canney M, Vignot A, et al. (2016). Clinical trial of blood-
brain barrier disruption by pulsed ultrasound. Sci Transl Med 8:
343re2.

Daneman R, Prat A. (2015). The blood-brain barrier. Cold Spring Harb
Perspect Biol 7:a020412.

Debinski W, Gibo DM. (2005). Fos-related antigen 1 modulates malignant
features of glioma cells. Mol Cancer Res 3:237–49.

Debinski W, Tatter SB. (2009). Convection-enhanced delivery for the
treatment of brain tumors. Expert Rev Neurother 9:1519–27.

Debinski W, Tatter SB. (2010). Convection-enhanced delivery to achieve
widespread distribution of viral vectors: predicting clinical implemen-
tation. Curr Opin Mol Ther 12:647–53.

Debinski W, Priebe W, Tatter SB. (2017). Maximizing local access to thera-
peutic deliveries in glioblastoma. Part I: targeted cytotoxic therapy. In:
De Vleeschouwer S, ed. Glioblastoma. Brisbane (Australia): Codon
Publications.

Di Pardo A, Castaldo S, Capocci L, et al. (2017). Assessment of blood-
brain barrier permeability by intravenous infusion of FITC-labeled

albumin in a mouse model of neurodegenerative disease. J Vis
Exp. 129:56389.

Dyrna F, Hanske S, Krueger M, et al. (2013). The blood-brain barrier.
J Neuroimmune Pharmacol 8:763–73.

Espinosa-Oliva AM, de Pablos RM, and Herrera AJ. (2013). Intracranial
injection of LPS in rat as animal model of neuroinflammation. In:
Joseph B, Venero JL, ed. Microglia: methods and protocols. Totowa
(NJ): Humana Press; p. 295–305.

Goldim MPS, Giustina AD, Petronilho F. (2019). Using Evans Blue dye to
determine blood-brain barrier integrity in rodents. Curr Protoc
Immunol 126:e83.

Karpel-Massler G, Ishida CT, Bianchetti E, et al. (2017). Induction of syn-
thetic lethality in IDH1-mutated gliomas through inhibition of Bcl-xL.
Nat Commun 8:1067.

Kobus T, Zervantonakis IK, Zhang Y, et al. (2016). Growth inhibition in a
brain metastasis model by antibody delivery using focused ultrasound-
mediated blood-brain barrier disruption. J Control Release 238:281–8.

Lei L, Sonabend AM, Guarnieri P, et al. (2011). Glioblastoma models
reveal the connection between adult glial progenitors and the pro-
neural phenotype. PLoS One 6:e20041.

Liebner S, Fischmann A, Rascher G, et al. (2000). Claudin-1 and claudin-5
expression and tight junction morphology are altered in blood vessels
of human glioblastoma multiforme. Acta Neuropathol 100:323–31.

Mazerolle EL, Seasons GM, Warwaruk-Rogers R, et al. (2019). Focused
ultrasound resolves persistent radiosurgery related change in a
patient with tremor. Radiol Case Rep 14:1233–6.

Michiwaki Y, Hata N, Mizoguchi M, et al. (2019). Relevance of calcification
and contrast enhancement pattern for molecular diagnosis and sur-
vival prediction of gliomas based on the 2016 World Health
Organization classification. Clin Neurol Neurosurg 187:105556.

Nguyen V, Conyers JM, Zhu D, et al. (2011). IL-13Ra2-targeted therapy
escapees: biologic and therapeutic implications. Transl Oncol 4:
390–400.

Papadopoulos MC, Saadoun S, Binder DK, et al. (2004). Molecular mecha-
nisms of brain tumor edema. Neuroscience 129:1011–20.

Park E-J, Zhang Y-Z, Vykhodtseva N, et al. (2012). Ultrasound-mediated
blood-brain/blood-tumor barrier disruption improves outcomes with
trastuzumab in a breast cancer brain metastasis model. J Control
Release 163:277–84.

Preusser M, Lim M, Hafler DA, et al. (2015). Prospects of immune check-
point modulators in the treatment of glioblastoma. Nat Rev Neurol
11:504–14.

Sampson JH, Archer G, Pedain C, et al. (2010). Poor drug distribution as
a possible explanation for the results of the PRECISE trial. JNS 113:
301–9.

Sattiraju A, Sun Y, Solingapuram Sai KK, Li KC. (2017). Maximizing local
access to therapeutic deliveries in glioblastoma. Part IV: image-
guided, remote-controlled opening of the blood-brain barrier for sys-
temic brain tumor therapy. In: De Vleeschouwer S, ed. Glioblastoma.
Brisbane (Australia): Codon Publications.

Sattiraju A, Sai KKS, Mintz A. (2017). Glioblastoma stem cells and their
microenvironment. Adv Exp Med Biol 1041:119–40.

Sattiraju A, Sai KKS, Xuan A, et al. (2017). IL13RA2 targeted alpha particle
therapy against glioblastomas. Oncotarget 8:42997–3007.

Sattiraju A, Xiong X, Pandya DN, et al. (2017). Alpha particle enhanced
blood brain/tumor barrier permeabilization in glioblastomas using integ-
rin alpha-v beta-3-targeted liposomes. Mol Cancer Ther 16:2191–200.

Spiteri I, Caravagna G, Cresswell GD, et al. (2019). Evolutionary dynamics
of residual disease in human glioblastoma. Ann Oncol 30:456–63.

Szablowski JO, Lee-Gosselin A, Lue B, et al. (2018). Acoustically targeted
chemogenetics for the non-invasive control of neural circuits. Nat
Biomed Eng 2:475–84.

Vosjan MJWD, Perk LR, Visser GWM, et al. (2010). Conjugation and radio-
labeling of monoclonal antibodies with zirconium-89 for PET imaging
using the bifunctional chelate p-isothiocyanatobenzyl-desferriox-
amine. Nat Protoc 5:739–43.

Wan Q, Zou C, Hu D, et al. (2019). Imaging-guided focused ultrasound-
induced thermal and sonodynamic effects of nanosonosensitizers for
synergistic enhancement of glioblastoma therapy. Biomater Sci 7:
3007–15.

DRUG DELIVERY 1693



Warth A, Kroger S, Wolburg H. (2004). Redistribution of aquaporin-4 in
human glioblastoma correlates with loss of agrin immunoreactivity
from brain capillary basal laminae. Acta Neuropathol 107:311–18.

Watkins S, Robel S, Kimbrough IF, et al. (2014). Disruption of astrocyte-
vascular coupling and the blood-brain barrier by invading glioma
cells. Nat Commun 5:4196.

Wen PY, Kesari S. (2008). Malignant gliomas in adults. N Engl J Med 359:
492–507.

Wevers NR, Kasi DG, Gray T, et al. (2018). A perfused human blood-brain
barrier on-a-chip for high-throughput assessment of barrier function
and antibody transport. Fluids Barriers CNS 15:23.

Wolburg H, Wolburg-Buchholz K, Kraus J, et al. (2003). Localization of
claudin-3 in tight junctions of the blood-brain barrier is selectively

lost during experimental autoimmune encephalomyelitis and human
glioblastoma multiforme. Acta Neuropathol 105:586–92.

Yang F-Y, Wong T-T, Teng M-C, et al. (2012). Focused ultrasound and
interleukin-4 receptor-targeted liposomal doxorubicin for enhanced
targeted drug delivery and antitumor effect in glioblastoma multi-
forme. J Control Release 160:652–8.

Zhang RD, Price JE, Fujimaki T, et al. (1992). Differential permeability of
the blood-brain barrier in experimental brain metastases produced by
human neoplasms implanted into nude mice. Am J Pathol 141:
1115–24.

Zlokovic BV, Skundric DS, Segal MB, et al. (1990). A saturable mechanism
for transport of immunoglobulin G across the blood-brain barrier of
the guinea pig. Exp Neurol 107:263–70.

1694 A. MOLOTKOV ET AL.


	Abstract
	Introduction
	Material and methods
	Cell culture
	[89Zr] labeling of anti-PD1 antibody
	Mice
	Intracranial injections
	3D In vivo optical imaging (OI)/CT
	Focused ultrasound with microbubbles
	PET experiments
	Quantification and statistical analysis

	Results
	3D OI/CT localizes GBM cell placement in mice brains
	3D OI/CT can detect intracranially injected Cy7 labeled albumin to ensure intracranial delivery and localization after CED
	3D OI/CT visualizes BBB disruption following systemically administered NIR contrast
	3D OI/CT with Cy7ALB contrast can be used to detect GBMs in rodent models
	3D OI/CT with Cy7ALB contrast confirms BBB opening by HIFU
	3D OI/CT confirms GBM targeting of systemically administered antibody treatment following HIFU-mediated BBB disruption

	Discussion
	Disclosure statement
	Funding
	Orcid
	References


