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anial patient-derived glioblastoma
(GBM) with a NIR-I fluorescent immunoconjugate
for facilitating its image-guided resection†
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Glioblastoma multiforme (GBM) is the most aggressive form of primary brain tumor type and is associated

with a high mortality rate borne out of such affording a survival rate of only 15 months. GBM aggressiveness

is associated with the overexpression of epidermal growth factor receptor (EGFR) and its mutants. Targeting

GBM with therapeutics is challenging because the blood-brain barrier (BBB) permits primarily select small-

molecule entities across its semipermeable blockade. However, recent preclinical data suggest that large

biomolecules, such as the anti-EGFR antibody therapeutic, cetuximab, could be capable of bypassing the

BBB despite the relative enormity of its size. As such, we set forth to establish the feasibility of utilizing

an EGFR-targeting near-infrared-I (NIR-I) fluorescent construct in the form of an immunoconjugate

(cetuxmimab-IRDye800) to achieve visual differentiation between diseased brain tissue arising from

a low-passage patient-derived GBM cell line (GBM39) and healthy brain tissue via utilizing orthotopic

intracranial murine GBM39 tumor models for in vivo and ex vivo evaluation such that by doing so would

establish proof of concept for ultimately facilitating its in vivo fluorescence-guided resection and ex vivo

surgical back-table pathological confirmation in the clinic. As anticipated, we were not capable of

distinguishing between malignant tumor tissue and healthy tissue in resected intact and slices of whole

brain ex vivo under white-light illumination (WLI) due to both the diseased tissue and healthy tissue

appearing virtually identical to the unaided eye. However, we readily observed over an average 6-fold

enhancement in the fluorescence emission in the resected intact whole brain ex vivo when performing

NIR-I fluorescence imaging (FLI) on the cohort of GBM39 tumor models that were administered the

immunoconjugate compared to controls. In all, we laid the initial groundwork for establishing that NIR-I

fluorescent immunoconjugates (theranostics) such as cetuximab–IRDye800 can bypass the BBB to

visually afford GBM39 tumor tissue differentiation for its image-guided surgical removal.
1. Introduction

GBM is a primary malignant tumor of the central nervous
system (CNS) that is the most common type of brain tumor as
well as the most aggressive form of primary brain tumor type.1–3

GBM is associated with high morbidity, poor prognosis, high
mortality, and thereby extremely low survival rates because such
cancer type is highly invasive and neurologically destructive,
especially as gliomas which include GBM can arise from a broad
range of brain cell types.4 Accordingly, the median survival rate
is only an average mere 15 months despite pre-/postoperative
treatment (i.e., chemo-/radiotherapy) in conjunction with the
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f Chemistry 2020
standard form of intraoperative treatment (i.e., tumor tissue
resection under white-light illumination, WLI).3,5 Malignant
gliomas rapidly inltrate healthy brain tissue with diseased
tissue of very low cell concentration extending many centime-
ters beyond the amorphic localized hardened tumor mass,
which signicantly confounds the efficacy of any form of
treatment especially surgery because the operating surgeon also
relies on palpation (if feasible) to help distinguish between
diseased and healthy tissue upon identifying such general areas
from image-delayed pre- and intraoperative imaging modalities
(i.e., images not acquired in real time). Moreover, GBM exhibits
considerable intra- and intertumoral heterogeneity that also
biologically adapts to become progressively chemo-/
radioresistant or quiescent.6 Targeting brain diseases, such as
GBM, with small-molecular or biological therapeutics is chal-
lenging because of the presence of the nicky semi-permeable
blood-brain barrier (BBB). The BBB demonstrates extremely
low solute permeability, which helps to maintain brain
homeostasis. Accordingly, pre- and postoperative treatment
RSC Adv., 2020, 10, 42413–42422 | 42413
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options are limited and revolve around the use of small-
molecule alkylating agents due to their physicochemical prop-
erties, such as orally-delivered temozolomide, because of
extremely inefficient drug delivery of other molecule types
across the BBB that are primarily due to (i) it predominantly
affording only small molecules of low molecular weight
(#�400–500 g mol�1) with other distinctive molecular proper-
ties (e.g., Lipinski's “rule of ve”) to traverse such and (ii) the
presence of active efflux pumps at the luminal side of the BBB
that export foreign molecules out of the brain to maintain brain
homeostasis.6–8 In the case of brain tumors, the BBB faces some
abnormalities where, besides the morphological changes to the
barrier, its permeability increases because of compromised,
disrupted junctions in the layer of endothelial, ependymal, and
tanycytic cells that comprise it.8 However, though pathological
processes can increase BBB permeability, the extent of junction
disruption typically remains insufficient for the passage of
larger entities such as unchaperoned proteins. The ability of
molecules of greater size to cross the BBB would facilitate larger
therapeutics, such as anticancer antibodies, to reach their
targets and exert their curative action.9 Accordingly, immuno-
therapy is one of the fastest developing approaches in clinical
oncology with successful treatment towards many different
cancers that are not within the brain. As such, the BBB and the
unique immune environment of the CNS need special consid-
eration when pursuing immunotherapeutic approaches for
malignant gliomas such as GBM.

With respect to immunotherapeutic approaches, the
epidermal growth factor receptor (EGFR) signaling pathways
have been extensively investigated because such are considered
to be associated with the extent of aggressiveness of GBM and
its resistance to standard chemo-/radiotherapy.10,11 This
receptor and its active mutants (e.g., EGFRvIII) are co-
overexpressed in �60% of patients with GBM.11–13 As such, the
role of EGFR-targeting therapies for treating GBM have been
suggested based on the results from non-intracranial preclinical
models of other cancer types (e.g., xenogra ank tumor
models) expressing EGFR. Towards this end, cetuximab has
been used because it is an efficacious anti-EGFR monoclonal
antibody (i.e., inhibitor) that targets and binds to the extracel-
lular domain of the EGFR and its mutants.14 More specically,
cetuximab is a recombinant, chimeric IgG1 antibody of �1152
kDa in molecular weight that inhibits the binding of EGF upon
it doing so, and thereby such interaction ultimately inhibits
tumor growth and induces apoptosis. It is believed that cetux-
imab is metabolized by the reticuloendothelial system with very
little hepatic or renal metabolism, which is in contrast to most
small-molecule drugs.15 The limited number of studies on the
metabolism of cetuximab have demonstrated a limited extent of
small amino acid sequences translocating from cetuximab onto
other smaller proteins whose molecular weight thereaer were
�11 kDa with their degradation to lower-molecular-weight
metabolites of <5 kDa, and thereby presumably affording
cetuximab to largely remain intact upon having obtained
protein of a molecular weight > 1000 kDa.16 Such low metabolic
activity and long systemic circulation half-life afford cetuximab
and other antibodies the ability to exert their therapeutic effect
42414 | RSC Adv., 2020, 10, 42413–42422
at the tumor site, which could tentatively include those in the
brain. Presumably, further studies towards investigating the
metabolism of cetuximab itself or its uorescent construct,
cetuximab–IRDye800, have not occurred because such deter-
mination for gaining FDA approval are not required, which can
be in contrast to many small-molecule drugs, because the FDA
views antibody metabolites to be merely comprised of very low-
molecular-weight, innocuous proteins that undergo rapid
clearance. Due to its low metabolic breakdown, cetuximab has
shown high activity towards various tumor models expressing
EGFR and its mutants.14 In non-intracranial preclinical GBM
tumor models, cetuximab also exerts an antitumor and radio-
sensitizing effect on GBM. Most importantly, in intracranial
preclinical GBM models, systemic administration of cetuximab
(alone) has shown via imaging to be an effective treatment
towards GBM, thereby indirectly suggesting that therapeutic
antibodies could be capable of bypassing the BBB presumably
due to extensive BBB junction disruption. Therefore, cetuximab
therapy is a plausible strategy for targeting and treating GBM
tumors that overexpress EGFR and/or EGFRvIII, again
presuming that cetuximab can bypass the BBB.

The clinical treatments for GBM include chemotherapy,
radiotherapy, and tumor resection.17 Unfortunately, no
nonsurgical treatments so far in the standard of care for GBM
have been superior to its resection. Current treatment includes
maximal surgical resection followed by adjuvant treatment with
chemotherapy, starting with a low dose followed by a full dose
of temozolomide for six months, also combined with radio-
therapy. Tumor resection can improve the overall survival rate
of patients afflicted with GBM, as the approach is to resect all
cancer tissue/cells such that the patient would be cured of the
cancer.18–22 Notably, the extent of resected malignant GBM
tissue/cells entirely governs the outcome, and thereby the long-
term survival rates. Thus, the capability of the operating
surgeon to achieve complete resection of GBM tumor tissue is
fundamentally vital to prevent recurrence from residual
diseased tissue/cells.20 Cancer surgery, especially brain cancer
surgery, accordingly entails the operating surgeon to have the
capability of visually distinguishing between very subtle shades
of white to pink or between very subtle shades of red to deep-red
tissue at the macroscopic level under standard WLI in order to
differentiate between diseased tissue and healthy tissue,
wherein marginal differences between their colors exist (if even
any at all). Thus, visually discriminating between the two tissue
states is extraordinarily difficult because such appear virtually
identical. In addition, the inltrative nature of GBM further
confounds the realization of its complete resection due to
diseased tissue innervating healthy tissue. Moreover, the extent
of resection must also be balanced with minimal impairment to
brain function.20 Accordingly, enhancing the capability of the
surgeon to visually distinguish between the two tissue states
and accurately dene the tumor margin is of paramount
importance for obtaining complete resection whilst not
damaging eloquent brain tissue. Current standard of care for
preoperative tumor tissue delineation entails the use of non-
optical imaging modalities such as computed tomography,
magnetic resonance imaging, and positron emission
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 In vivo bioluminescence imaging. Representative relative
averaged total flux (photons per s) of intracranial GBM tumor tissue
from cohorts of orthotopic murine GBM39 tumor models pre- and
post-administration of either saline (200 mL), IRDye800 (200 mL, 27.44
mM, 6.40 mg, 5.49 nanomoles of unconjugated IRDye800), or the
cetuximab–IRDye800 immunoconjugate (200 mL, 2 mgmL�1, 400 mg,
5.49 nanomoles of conjugated IRDye800) via visualizing the luciferase
activity upon injecting such models intraperitoneally with a prepared
(15 mg mL�1 in PBS) D-luciferin (firefly) potassium salt solution (150 mL)
and imaging 10 minutes later with an exposure time of 0.3 s. The
bioluminescence emission was collected from 430–650 nm.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 3

/2
5/

20
26

 2
:2

5:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
tomography.23,24 Such modalities when separately used or
congured for intraoperative use so as to enable non-optical
image-guided surgery (via later co-registering prior images with
the surgical eld) have not improved tissue differentiation and
especially surgical margin positivity rates.25 As of recent, optical
imaging modalities such as FLI, have afforded the recent advent
of uorescence-guided surgery (FGS), which is utilized in
conjunction with a non-/targeting uorescent construct. FGS
enhances the capability of the operating surgeon to visually
discriminate between anatomical structures as well as between
diseased and healthy tissue during surgery by color-coding the
surgical eld with overlaid contrasting pseudo colors that result
from the extent of uorescence emission intensities measured in
real time that the accompanying uorescent construct provides
when displaying specic binding or preferential accumulation at
the diseased site(s).26,27 Currently, there are only a very small
number of uorescent constructs available for intraoperative use
that are FDA approved or undergoing clinical translation, such as
uorescein, indocyanine green, 5-aminolevulinic acid, and
IRDye800, wherein all of such provide peak uorescence emission
in either the visible (ca. 405–700 nm) or NIR-I (ca. 700–900 nm)
spectral region.28 Importantly, better tissue differentiation is
progressively afforded using uorescent constructs that display
longer wavelengths of uorescence emission, which would be
those emitting in the NIR-I spectral region when compared to
those emitting in the visible spectral region.29

Taken together, herein, we determine the feasibility of
utilizing an EGFR-targeting uorescent construct in the form of
an immunoconjugate (cetuximab–IRDye800), which exhibits
peak uorescence emission in the NIR-I spectral region (�795
nm), to achieve visual differentiation between diseased tissue (i)
arising from a low-passage patient-derived GBM cell line
(GBM39) and (ii) healthy tissue, via utilizing intracranial
orthotopic murine GBM39 tumor models in in vivo and ex vivo
settings such that by doing so such would establish proof of
concept for ultimately facilitating its uorescence-guided
resection and its back-table pathological conrmation in the
clinic (the molecular structure, physical, and photophysical
properties of IRDye800 are provided in Table S1†). By achieving
such, postoperative outcomes and long-term survival rates
would have the potential to dramatically increase. Here, we
prepared intracranial orthotopic murine tumor models of a low-
passage patient-derived GBM39 cell line and administered the
immunoconjugate to such GBM39 tumor models with excep-
tion of appropriate negative controls, wherein we administered
either only saline or the unconjugated (free) IRDye800 uo-
rophore. We imaged daily the orthotopic intracranial murine
GBM39 tumor models pre- and post-administration of the
immunoconjugate using NIR-I FLI such that we could observe any
uorescence emission from targeted GBM tissue. On doing so, we
determined the (i) in vivo bioluminescence imaging (BLI) total ux,
(ii) in vivo NIR-I uorescence emission, (iii) ex vivo intact whole
brain NIR-I uorescence emission, (iv) ex vivo intact whole brain
BLI total ux, (v) NIR-I uorescence emission from ex vivo slices of
intact whole brain, and (vi) ex vivo biodistribution of the immu-
noconjugate via utilizing NIR-I FLI. In all, we established the
feasibility of the cetuximab–IRDye800 immunoconjugate to bypass
This journal is © The Royal Society of Chemistry 2020
the BBB such that it can afford differentiation of GBM39 tumor
tissue from healthy tissue by providing high tumor-to-background
ratios (TBRs) via utilizing NIR-I FLI.
2. Results & discussion

In the information that follows, we acquired, analyzed, and
reported on the relative BLI and/or relative localized NIR-I
uorescence emission intensities of an anticancer antibody–
uorophore conjugate (i.e., immunoconjugate) when applied to
an orthotopic murine GBM39 tumor model by having measured
(i) such within the brain in vivo, (ii) such within both the intact
whole brain and whole brain slices ex vivo, and (iii) its bio-
distribution ex vivo in order to evaluate the feasibility of the
cetuximab–IRDye800 immunoconjugate to bypass the BBB and
afford identication of patient-derived GBM39 tumor tissue via
recognizing any upregulated EGFR and/or EGFRvIII expression
from such diseased tissue that its capability in doing so would
facilitate in the visualization of the diseased tissue for its
subsequent uorescence-guided resection.
2.1 In vivo bioluminescence imaging

We performed BLI imaging to evaluate the growth of the
intracranially-implanted GBM39 cells routinely throughout the
(i) 5–6 weeks of their proliferation post-implantation and (ii)
pre- and post-administration of either saline (negative control),
the unconjugated (free), or the cetuximab–IRDye800 immuno-
conjugate (Fig. 1). The molar ratio of free IRDye800 to the
conjugated form of IRDye800 (i.e., cetuximab–IRDye800) was
1 : 1. We stratied the orthotopic murine GBM39 tumor models
into the following three separate cohorts based on the total ux
RSC Adv., 2020, 10, 42413–42422 | 42415
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that we obtained from each such model via using BLI: high-,
mid-, and low-total ux cohorts.

We intentionally assigned the cohort of orthotopic murine
GBM39 tumor models that demonstrated the lowest relative
averaged BLI total ux to be administered the immunoconju-
gate so as to ensure that we would not suffer from the fallacy of
utilizing the cohort of orthotopic murine GBM39 tumor models
that demonstrated the highest in vivo relative averaged BLI total
ux to demonstrate proof of concept, whereby if such were to
occur the results could be subject to multiple interpretations
and not be necessarily conclusive. A case in point is if we had
done otherwise and had also obtained the highest uorescence
emission intensities from such when measuring the uores-
cence emission intensities from the brain ex vivo; any such
positive results could be indicative of the fact that the higher
measured uorescence emission intensities were simply due to
the cohort of orthotopic murine GBM39 tumor models having
the greatest proliferation of GBM39 tumor tissue, which affords
the potential for a higher expression of EGFR and EGFRvIII to
which the cetuximab–IRDye800 could target. On the other
hand, such a result could also simply be interpreted as being
that the BBB is now more disrupted due to the extensive
proliferation of GBM39 tumor tissue in which the results simply
reect. In short, we intentionally wanted to add negative
experimental bias to our study by doing as per above such that if
we obtained positive results, the potential for the former
interpretation would be minimized. Accordingly, we intention-
ally opted to utilize the cohort of orthotopic murine GBM39
tumor models that demonstrated the lowest averaged relative
BLI total ux to address the capability of whether the immu-
noconjugate can circumvent the BBB. As shown in Fig. 1, the
averaged relative BLI total ux for the three cohorts of ortho-
topic murine GBM39 tumor models essentially progressively
Fig. 2 Representative images using NIR-I fluorescence imaging in attem
cohorts of orthotopic murine GBM39 tumor models. The representativ
administration of either saline, IRDye800 (200 mL, 27.44 mM, 6.40 mg, 5.49
immunoconjugate (200 mL, 2 mg mL�1, 400 mg, 5.49 nanomoles of conju
diode. Fluorescence emission in the NIR-I spectral region was collected a
control murinemodels were excited at 785 nm and the resultant fluoresce
ms and the resolution was set at 170 mm.

42416 | RSC Adv., 2020, 10, 42413–42422
increased in succession from day 0 to day 7 post-administration
of the select agent that a cohort was assigned. The high-total
ux cohort that was administered saline had approximately
100-10-fold greater proliferation fo GBM39 tumor tissue over
day 0 to day 7, respectively, when compared that of the low-total
ux cohort that was administered the immunoconjugate.

2.2 In vivo tumor NIR-I uorescence imaging analysis

Next, we imaged the three cohorts of orthotopic murine GBM39
tumor models via using NIR-I FLI in attempt to visualize
intracranial GBM39 tumor tissue in vivo pre- and post-
administration of either saline, IRDye800 (free), and the cetux-
imab–IRDye800 immunoconjugate (Fig. 2). We did not visualize
any NIR-I uorescence emission from intracranial tumor tissue
of the cohorts of orthotopic murine GBM39 tumor models that
separately received either saline or IRDye800 in its unconju-
gated form.We anticipated such results. However, we believe we
could visualize NIR-I uorescence emission from intracranial
tumor tissue from the cohort of orthotopic murine GBM39
tumor models that separately received the cetuximab–IRDye800
immunoconjugate. We believe we visualized such during days
0–4 post-administration due to the localized NIR-I uorescence
emission at/near the sight of inoculation, wherein the NIR-I
uorescence emission intensity progressively decreased each
day. On day 7 post-administration, we did not observe any NIR-I
uorescence emission from the cohort of orthotopic murine
GBM tumor models that were administered the cetuximab–
IRDye800 immunoconjugate.

2.3 Ex vivo intact whole brain NIR-I uorescence imaging
analysis

Next, we resected the whole brain while maintaining it intact
from the three separate cohorts of orthotopic murine GBM39
pt to visualize intracranial GBM39 tumor tissue in vivo from the three
e images of such models from the three cohorts are pre- and post-
nanomoles of unconjugated IRDye800), or the cetuximab–IRDye800
gated IRDye800). The excitation source was a 785 nm solid-state laser
t 820� 10 nm using a bandpass filter. Thus, for NIR-I FLI, all tumor and
nce emissionwas collected from 810–830 nm. The scan timewas 500

This journal is © The Royal Society of Chemistry 2020
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tumor models and visualized them under standard WLI
(Fig. 3D–F). A visual inspection revealed no differences could be
discerned between the diseased tissue and the healthy tissue
under standard WLI. However, a visual inspection revealed
a drastic distinction between the diseased tissue and the
healthy tissue for each cohort of orthotopic murine GBM39
tumor model using NIR-I FLI. Here, the resected intact whole
brains from the cohorts that were administered saline and free
IRDye800 displayed marginal uorescence emission intensity
(Fig. 3G and H), despite comprising the cohorts that demonstrated
the highest total ux via utilizing BLI, respectively (Fig. 3A and B).
Resected intact whole brain from the cohort that was administered
the cetuximab–IRDye800 immunoconjugate displayed pronounced
relative average NIR-I uorescence emission intensity (Fig. 3I),
despite comprising the cohort that displayed the lowest total ux
via utilizing BLI (Fig. 3C). The uorescence emission intensities of
the brain from all three cohorts were quantied. The quantied
average uorescence emission intensities from the high-, mid, and
low-total ux cohorts were compared and subsequently normalized
to the uorescence emission intensity from the high-total ux,
Fig. 3 Representative images of the resected (on day 7) intact whole brai
models via utilizing standard white-light illumination and NIR-I fluoresce
brain-to-background ratio when comparing their NIR-I fluorescence em
high-, mid-, and low-total flux cohort, respectively, and the assigned ag
cetuximab–IRDye800 immunoconjugate, respectively. Panels (D–F) re
sponding high-, mid-, and low-total flux cohort, respectively, wherein
cetuximab–IRDye800 immunoconjugate, respectively. Panels (G–I) rep
responding high-, mid-, and low-total flux cohort, wherein each cohor
IRDye800 immunoconjugate, respectively. The bar graph comprising pa
the resected intact whole brain from the cohort of orthotopicmurine GBM
was visualized upon injecting such models intraperitoneally with a prepa
mL) and imaging 10minutes later with an exposure time of 0.3 s. The BLI e
NIR-I spectral region was collected at 820 � 10 nm using a bandpass filt
resected brain were excited at 785 nm and the resultant fluorescence em
the resolution was set at 170 mm.

This journal is © The Royal Society of Chemistry 2020
wherein such was administered saline (Fig. 3J). The relative
normalized averaged uorescence emission intensity between to
the high- and mid-total ux cohorts were essentially comparable.
However, the relative normalized average uorescence emission
intensity between the low-total ux cohort and the high-total ux
was 6.2-fold higher, wherein each were administered the cetux-
imab–IRDye800 immunoconjugate and saline, respectively.
2.4 BLI of intact whole brain via topical application of
luciferin–ATP

To compare the results that we obtained via utilizing NIR-I FLI
ex vivo, we liberally applied luciferin–ATP to the intact whole
brain ex vivo from each cohort of orthotopic murine GBM39
tumor models (Fig. 4). On doing so, we conrmed the results we
obtained when having performed BLI in vivo, wherein the high-,
mid-, and low-total ux cohorts of orthotopic murine GBM39
tumor models that were administered saline, free IRDye800,
and the cetuximab–IRDye800 immunoconjugate, were in line
with all earlier results (Fig. 4A–C). As such, the relative values of the
ns from the three separate cohorts of orthotopic murine GBM39 tumor
nce imaging as well as their corresponding normalized relative average
ission intensity (panel J). Panels (A–C) represent the in vivo BLI of the
ent administered to a cohort that includes saline, free IRDye800, and
present the resected intact whole brain under WLI from the corre-
each cohort was separately administered saline, IRDye800 (free), or
resent the resected intact whole brain under NIR-I FLI from the cor-
t was separately administered saline, IRDye800 (free), or cetuximab–
nel (J) is normalized to the average fluorescence emission intensity of
39 tumormodels that were administered saline. BLI (luciferase activity)

red (15 mg mL�1 in PBS) D-luciferin (firefly) potassium salt solution (150
mission was collected from 430–650 nm. Fluorescence emission in the
er. Thus, for NIR-I FLI, all tumor and control murine models as well as
ission was collected from 810–830 nm. The scan time was 500ms and
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Fig. 4 Bioluminescence of resected intact whole brain. Topical
luciferin–ATP was liberally applied, 6 minutes elapsed, and the total
flux was obtained upon imaging: (A)–(C) are representative bio-
luminenscence images of the resected intact whole brain of the
cohort of otrhotopic murine GBM39 tumor models that received
saline. IRDye800, or cetuximab-IRDye800 model. respectively. The
total flux was normalized to the cohort of orthotopic murine GBM39
tumor models that were administered cetuximab–IRDye800 immuno-
conjugate, as such exhibited the lowest average total flux. BLI (luciferase
activity) was visualized upon injecting such models intraperitoneally with
a prepared (15 mg mL�1 in PBS) D-luciferin (firefly) potassium salt solution
(150 mL) and imaging 10 minutes later with an exposure time of 0.3 s. The
BLI emission was collected from 430–650 nm.

Fig. 5 Representative images of slices of resected whole brain that
were separately visualized using standard WLI and FLI for the high-,
mid-, and low-total flux cohorts of orthotopic murine GBM39 tumor

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 3

/2
5/

20
26

 2
:2

5:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
BLI total ux were in sync with those obtained when performing
BLI in vivo. Accordingly, the cohort that saline was administered
expressed over an 8-fold GBM39 tumor tissue when compared to
the tumor model that was administered the immunoconjugate.
models, which correspond to image set A and B, image set C and D,
and image set E and F, respectively. The excitation source was
a 785 nm solid-state laser diode. Fluorescence emission in the NIR-I
spectral region was collected at 820 � 10 nm using a bandpass filter.
Thus, for NIR-I FLI, all tumor and control murine models as well as
resected brain were excited at 785 nm and the resultant fluorescence
emission was collected from 810–830 nm. The scan time was 500 ms
and the resolution was set at 170 mm.
2.5 Ex vivo whole-brain slices uorescence imaging analysis

As anticipated and in accordance with the quantitative analysis
of the resected intact whole brain NIR-I uorescence images, we
observed that the slices of the intact whole brain from the high-,
mid-, and low-total ux cohorts of orthotopic murine GBM39
tumor models were consistent with previous results (Fig. 5). As
such, we observed that the slices of intact whole brains from the
high- and mid-total ux cohorts of orthotopic murine GBM39
tumor models displayed comparable NIR-I uorescence emis-
sion intensity at marginal levels (Fig. 5A–D). However, we
observed that the slices of the intact whole brain from the low-
total ux cohort of orthotopic murine GBM39 tumor models
displayed a pronounced NIR-I uorescence emission intensity
(Fig. 5E and F). Upon further inspection, it appeared that such
NIR-I uorescence emission was being unevenly elicited
throughout the brain, which aligns well with the propensity of
GBM39 to inltrate and proliferate nonuniformly via inner-
vating throughout the brain. Also, it appeared that the uores-
cence emission was near the site of inoculation, which would be
consistent with our implantation procedure.
2.6 Ex vivo biodistribution NIR-I uorescence imaging
analysis

The mid-total ux cohort of orthotopic murine GBM39 tumor
models that were administered unconjugated IRDye800
42418 | RSC Adv., 2020, 10, 42413–42422
appeared to demonstrate a 1.27-, 2.26-, 2.56-, 1.11-, and 1.77-
fold increase in the brain, kidney, spleen, liver, and skin,
respectively relative to those of the high-total ux cohort of
orthotopic murine GBM39 tumor models which were adminis-
tered saline (Fig. 6). We anticipated these results simply
because molecular uorophores can engage in low-level
nonspecic binding throughout the body, which appeared to
have marginally done so. Interestingly, the cohort that was
administered IRDye800 appeared to be primarily cleared by the
renal system. Small molecules that are less than the kidney
glomuleri pore size diameter of �5.5–8 nm, such as IRDye800,
can readily pass through such pores and be ltered out by the
renal system. The low-total ux cohort of orthotopic murine
GBM39 tumor models which were administered cetuximab–
IRDye800 appeared to demonstrate a 6.21-, 28.67-, 7.16-, 44.86-,
and 62.83-fold increase in the brain, kidney, spleen, liver, and
skin, respectively. As anticipated, these results align with the
fact that hepatic clearance is the primary route for removal of
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Normalized relative averaged NIR-I fluorescence intensity of
biodistribution of the immunoconjugate ex vivo. All organs from all
three cohorts were normalized to the respective organs of the high-
total flux cohort of orthotopic murine GBM tumor models which were
administered saline. The excitation source was a 785 nm solid-state
laser diode. Fluorescence emission in the NIR-I spectral region was
collected at 820� 10 nm using a bandpass filter. Thus, for NIR-I FLI, all
tumor and control murine models as well as resected brain were
excited at 785 nm and the resultant fluorescence emission was
collected from 810–830 nm. The scan time was 500 ms and the
resolution was set at 170 mm.
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biomolecules, such as immunoconjugates, due to their size,
which is considerably larger than the kidney glomuleri pore
diameter size of �5.5–8 nm. Endosomal post-processing of the
immunoconjugate upon EGFR and/or EGFRvIII receptor
binding, uptake, and turnover can account for the modest renal
clearance, which is not unexpected. As the skin is fraught with
EGFR and EGFRvIII receptors, the nding that the skin had the
highest relative level of immunoconjugate was also anticipated.

3. Conclusion

GBM is a primary malignant tumor of the CNS that is the most
common type of brain tumor as well as the most aggressive
form of primary brain tumor types. As such, the current median
survival rate for those afflicted with GBM is�15 months despite
treatment. As it remains extraordinarily difficult to visually
discriminate between anatomical structures as well as between
diseased and healthy tissue under WLI, FGS has been imple-
mented to enhance the capability of the operating surgeon to
visually discriminate between such. Here, we established the
feasibility of utilizing an EGFR-targeting uorescent construct
in the form of an immunoconjugate (cetuxmimab-IRDye800) to
obtain visualization between diseased tissue (i) arising from
a low-passage patient-derived GBM39 cell line and (ii) healthy
tissue, via utilizing intracranial orthotopic murine GBM39
tumor models, in in vivo and ex vivo settings. We examined the
in vivo BLI and NIR-I uorescence emission of GBM39 prolif-
eration in such models compared to controls, both of which
progressed as would be anticipated. We next determined the
This journal is © The Royal Society of Chemistry 2020
NIR-I uorescence emission of GBM39 tissue growth using
resected intact and sliced whole brain ex vivo, wherein we ob-
tained an average 6.2-fold enhancement in the cohort of GBM39
tumor models that were administered the immunoconjugate
similarly relative to its controls. Ex vivo biodistribution studies
revealed the immunoconjugate is primarily cleared by the liver,
wherein any endosomal postprocessing affords entities that can
be cleared by the kidney. In all, we established proof-of-concept
of utilizing an immunoconjugate coupled with FLI to visualize
tumor tissue in intracranial orthotopic murine patient-derived
GBM39 tumor models. We look forward to correlating the ex
vivo results with histological staining of the tumor tissue at the
microscopic level in future studies.
4. Experimental
4.1 Cell culture

A patient-derived GBM cell line (GBM39) was used for our
studies. We acknowledge the GBM39 cell line as a gi from Dr.
Sanjiv Sam Gambhir who obtained them from Dr. Paul Mischel
(Ludwig Institute for Cancer Research, University of California
at San Diego). The GBM39 cells had been transfected with
a lentiviral vector that expresses rey luciferase such that
having done enables BLI. The GBM39 cells were grown in
a dened, serum-free media of a 1 : 1 mixture of Neurobasal-A
Medium (1�)/DMEM/F12 (1�) that also contained HEPES
buffer solution (10 mM), MEM sodium pyruvate solution (1
mM), MEM non-essential amino acids solution (10 mM, 1�),
GlutaMAX-I supplement (1�) and antibiotic–antimycotic (1�).
All solutions are from Invitrogen/Life Technologies Inc. The full
working media also contained h-EGF (20 ng mL�1), h-FGF-
basic-154 (20 ng mL�1), h-PDGF-AA (10 ng mL�1), h-PDGF-BB
(10 ng mL�1) and heparin solution, 0.2% (2 mg mL�1) as
growth factors (all from Shenandoah, Inc.) and B-27 (Invitrogen/
Life Technologies) as supplements. All cells were propagated at
37 �C in a humidied atmosphere containing 5% CO2. The
GBM39 cells were cultured as oating cellular spheres. Cells
were sub-cultured when they reached 80–90% conuency. The
cell layer was rinsed with PBS (Gibco #10010049) and 5 mL of
0.25% (w/v) Trypsin + 0.5 mM EDTA (GIBCO #25200056) solu-
tion was added to the attached cells until cell layer was
dispersed (usually within 5 minutes). The reaction was termi-
nated with 5 mL complete growth medium and cells were
collected by gently pipetting. Cells were either used accordingly
or were split 1 : 5 by adding about 5 � 106 cells per 75 cm2

ask
in 15 mL of growth medium for further propagation.
4.2 Live subject ethical statement

All maintenance, handling, monitoring, and experimental
procedures were performed in accordance to a protocol that was
approved by The Administrative Panel on Laboratory Animal
Care (APLAC) of Stanford University, wherein such approved
protocol and committee comply with all federal and state
regulations governing the humane care and use of laboratory
animals.
RSC Adv., 2020, 10, 42413–42422 | 42419
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4.3 In vivo tumor models

All animals were anesthetized with inhaled 2–3% isourane for
surgical and imaging procedures, recovered, and fed ad liditum
via having free access to food (containing alfalfa) and water. Eye
lubricant and a heating pad were used during anesthetization.
For intracranial xenogra GBM39 tumor models, GBM39 cells
that were transfected with GFP and luciferase were injected (0.5
� 106 cells; 150 mL of serum-free media) stereotactically into the
striatum of anesthetized female Nu/nu mice (aged 17–18 weeks;
Charles River Laboratories) using the following coordinates:
2 mm posterior to the bregma, 2 mm lateral to the midline, and
3–4 mm deep with respect to the surface of the skull. The
tumors were allowed to grow for 5–6 weeks prior to the models
being used. Tumor growth was monitored via rey luciferase
BLI. Animals were scored for tumor formation by quantifying
the peak radiance from BLI assays. Once tumor masses were
detected via utilizing BLI assays, the mice were stratied into
three cohorts based on total ux prior to administration of
a particular agent as follows: high-, mid-, and low-total ux
cohorts. We assigned the administration of saline (200 mL, 0.9%
NaCl, USP, sterile grade) was assigned to the high-total ux
cohort. We assigned the administration of IRDye800CW (LI-
COR®, Lincoln, NE) to the mid-total ux cohort (200 mL, 27.44
mM in PBS, 6.40 mg, 5.49 nanomoles in unconjugated form). We
assigned the administration of the conjugated form of cetux-
imab–IRDye800 (immunoconjugate) to the low-total ux cohort
(200 mL, 2 mg mL�1, 400 mg, 5.49 nanomoles of conjugated
IRDye800). The ratio of the unconjugated (free) IRDye800 form
to the immunoconjugate form was 1 : 1.
4.4 Bioluminescence imaging

BLI was performed for �4 weeks post-inoculation on an IVIS
Spectrum (Caliper Life Science). Luciferase activity was visual-
ized by injecting mice intraperitoneally with a prepared (15 mg
mL�1 in PBS) D-luciferin (rey) potassium salt (Biosynth
International, Inc.) solution (150 mL). The bioluminescence was
monitored aer 10 min. Aer placing the mice under nose-cone
anesthesia immediately prior to imaging using an exposure
time of 0.3 s. The emitted total ux (photons per second) was
measured by imaging the mice until peak radiance was ach-
ieved, wherein the bioluminescence emission was collected
from 430–650 nm. Peak radiance was quantied with Living
Image 4.0 soware (PerkinElmer; Waltham, MA). BLI was
repeated daily immediately prior to and aer upon adminis-
tration of either saline, IRDye800, or cetuximab–IRDye800.
4.5 Cetuximab-IRDye800

The cetuximab–IRDye800 was produced under cGMP condi-
tions at the University of Alabama (UAB) Vector Production
Facility before shipment to Stanford University Hospital Phar-
macy, which is nearly identical to that found in the literature.30

In brief, cetuximab (ImClone LLC, Eli Lilly and Company) was
provided as a 2 mg mL�1 solution, concentrated, and the pH
was adjusted by buffer exchange to a 10 mg mL�1 solution in
50 mmol L�1 potassium phosphate, pH 8.5. IRDye® 800CW
42420 | RSC Adv., 2020, 10, 42413–42422
NHS ester (LI-COR® Biosciences, Lincoln, NE) was mixed with
cetuximab for 2 hours at 20 �C in the dark to enable its conju-
gation to such, which provided an average molar ratio of 1 : 2.3
cetuximab : IRDye800. Aer column ltration to remove
unconjugated dye and exchanging buffer to phosphate-buffered
saline, pH: 7, the nal protein concentration adjusted to 2 mg
mL�1, the product was sterilized by ltration and placed into
single-use vials. Aer conjugation, the agent was shipped to
Stanford University Hospital Pharmacy. During shipping of the
immunoconjugate, the temperature was stable at 4 �C. The
immunoconjugate was stored at 4 �C until used upon its receipt.
The same lot was used for the cohort of animals in the treat-
ment group.

4.6 NIR-I uorescence imaging

All brighteld and NIR-I uorescence images pre- and post-
injection of saline, IRDye800, or the immunoconjugate were
captured using a Pearl® Trilogy Small Animal Imaging System
(LI-COR® Biosciences, Lincoln, NE), wherein a thermoelectri-
cally cooled Si-based charged coupled device (CCD) camera was
pre-installed by the manufacturer. The excitation source was
a 785 nm solid-state laser diode. Fluorescence emission in the
NIR-I spectral region was collected at 820 � 10 nm using
a bandpass lter. Thus, for all NIR-I FLI, all tumor and control
murine models as well as resected brain were excited at 785 nm
and the resultant uorescence emission was collected from
810–830 nm. The scan time was 500 ms and the resolution was
set at 170 mm.

4.7 Statistical analysis

Unless otherwise noted, data were expressed as the mean �
standard deviation of the mean and analyzed using one-way
analysis of variance, followed by Tukey post hoc tests or
unpaired t-test with Welch's correction from GraphPad Prism 6
(GraphPad Soware, La Jolla, CA).
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