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ABSTRACT: Glioblastoma (GBM) is the most complex and lethal
primary brain cancer. Adequate drug diffusion and penetration are
essential for treating GBM, but how the spatial heterogeneity in GBM
impacts drug diffusion and transport is poorly understood. Herein, we
report a new method, photoactivation of plasmonic nanovesicles
(PANO), to measure molecular diffusion in the extracellular space of
GBM. By examining three genetically engineered GBM mouse models
that recapitulate key clinical features including the angiogenic core and
diffuse infiltration, we found that the tumor margin has the lowest
diffusion coefficient (highest tortuosity) compared with the tumor core
and surrounding brain tissue. Analysis of the cellular composition shows
that tortuosity in the GBM is strongly correlated with neuronal loss and
astrocyte activation. Our all-optical measurement reveals the heteroge-
neous GBM microenvironment and highlights the tumor margin as a diffusion barrier for drug transport in the brain, with
implications for therapeutic delivery.
KEYWORDS: plasmonic nanovesicles, diffusion, extracellular space, tumor heterogeneity, glioblastoma

Glioblastoma (GBM) is the most common and aggressive
malignant brain tumor among adults.1 The limited

therapeutic delivery and the resistance to treatment have limited
the progress in the field.2 Beyond the blood−brain barrier
(BBB), the extracellular space (ECS) serves as a major obstacle
for the drug to distribute in the tumor and diffuse to the targeted
cells.3 Although some strategies could overcome or bypass the
BBB, such as focused ultrasound4 or intracranial convection-
enhanced delivery,5 effective drug accumulation in GBM is still
challenging due to inefficient drug extravasation and penetration
in tumors.6,7 A major hallmark of GBM is the temporal and
spatial heterogeneity, especially the cellular composition and
extracellular matrix.8 Despite efforts to dissect the cellular and
extracellular composition in GBM,9,10 it remains poorly
understood how molecules diffuse and transport in the
heterogeneous GBM microenvironment.
So far, studies have shown the effect of extracellular matrix

composition on the ECS diffusion in solid tumors, including
GBM. For example, Sykova et al. measured the diffusion of
tetramethylammonium (TMA+) ions in human gliomas using
real-time iontophoresis and found that the tortuosity increases
with tumor malignancy and extracellular glycoprotein deposi-
tion.11,12 Jain et al. measured the diffusion of macromolecules in
U87 glioblastoma xenograft by fluorescence recovery after
photobleaching (FRAP) and found more hindered diffusion
with high collagen type I content.13 Slowed diffusion and its

correlation with matrix composition were also investigated using
FRAP in several solid tumors, such as colon,14 lung,15 and
melanoma tumors.13,16 Verkman et al. demonstrated the slower
diffusion of macromolecules deep in the tumor than near the
surface in subcutaneously xenografted lung tumors.15 Although
these studies have demonstrated that diffusion could be an
important barrier for drug delivery in tumors and it is well-
known that GBM is particularly heterogeneous, there have been
very limited studies on the spatial heterogeneity of molecular
diffusion in the tumor, despite its role in determining drug
penetration and distribution.
This study focuses on addressing the heterogeneous transport

properties in GBM in three preclinical GBM models that
recapitulate key clinical features. Toward this, we present a novel
technique utilizing the photoactivation of plasmonic nano-
vesicles (PANO) to measure the molecular diffusion in the
GBM extracellular space, which includes all-optical activation
and observation of fluorophore diffusion. We applied the PANO
technique to investigate the heterogeneous GBM brains in three
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Figure 1.Workflow and characterization of the PANO technique in vitro and in vivo. (a) Experimental and analysis workflow of the PANO technique.
Au-nV-Cal was injected into the samples and photostimulated by 720 nm laser pulses. Time-lapse two-photon imaging of released calcein was
synchronized after stimulation and fitted by a 2DGaussian equation. The final linear fitting gives the diffusion parameters. I, r, and t are the fluorescence
intensity, distance to the point source, and time, respectively. A and γ are determined by the fitted images to the fluorescent images with the Nelder−
Mead algorithm. (b) Two-photon fluorescent images (upper panel) and 2D Gaussian fitted images (lower panel) of calcein diffusion in 0.2% agarose
gel. 60-μm-diameter tornado scans (red circle) were performed on Au-nV-Cal for 0.1 s before the diffusion recording. Scale bar: 100 μm. (c) Linear
fitting of γ2 versus t to get the diffusion coefficient. (d) Two-photon fluorescent images (upper panel) and 2D Gaussian fitted images (lower panel) of
calcein diffusion in the mouse cortex in vivo. 60-μm-diameter tornado scans (red circle) were performed on Au-nV-Cal for 0.1 s before the diffusion
recording. Scale bar: 100 μm. (e) Linear fitting of γ2 versus t to get the diffusion coefficient. (f) Comparison of calcein diffusion coefficients in 0.2%
agarose gel and acute brain slice measured by PANO and integrative optical imaging (IOI) methods. IOI: n = 24 recordings in agarose gel and n = 11
slices of cortex from 5 mice. PANO: n = 18 recordings in agarose gel and n = 10 slices of cortex from 3 mice. (g) Calcein diffusion coefficients in vivo
measured by PANO in different mouse models. Untreated: n = 6 independent implants in the cortex from 3 mice. Ischemia: n = 5 independent
implants in the cortex from 5 mice. Hyase: n = 5 independent implants from 3 hyaluronidase-treated mice. (h) Tortuosity (λ) of calcein in the diluted
agarose gel and cortex at different conditions compared with the results from the IOI method. Statistical analysis was performed by two-sample
Student’s t tests. Data are expressed as mean ± S.D.; **p < 0.01; ***p < 0.001; n.s., not significantly different. The illustration of plasmonic
nanovesicles in (a) was adapted with permission from ref 21. Copyright 2022 Wiley-VCH GmbH.
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preclinical genetically engineered glioma mouse models
(GEMM), which carry mutations common in both adult and
pediatric high-grade gliomas.17,18 The orthotopic xenografted
PS5A1 and 73C GBM were characterized with a highly
infiltrative margin and rapidly expanding core, respectively,
which represent a reasonable facsimile of human GBM features.
The third GEMM, de novoGBM, in a natural immune-proficient

microenvironment, more closely mimics the histopathological
features and the progress of human GBM. In these three
GEMMs, we found consistently that the tumor margin works as
a barrier for molecular diffusion to the tumor core. Furthermore,
analyzing the cellular composition reveals a strong correlation
between the diffusion coefficient in GBM and neuronal loss, as
well as astrocyte activation. Our research offers fresh

Figure 2. Spatially resolved diffusion measurement by the PANO technique in three orthotopic GBM models. (a) Schematic of establishing the
orthotopic 73C, PS5A1, and de novo GBM mouse models and the diffusion measurement in the acute brain slices. NSC: neural stem cell. (b)
Fluorescent images of PS5A1 GBM. Scale bar: 1 mm (left) and 50 μm (right). (c) Diffusion coefficient and (d) tortuosity of calcein dye in PS5A1
GBM. (e) Fluorescent images of 73C GBM and the definition of the tumor core and margin. Scale bar: 1 mm (left) and 50 μm (right). (f) Diffusion
coefficient and (g) tortuosity of calcein in the 73C GBM including the core, margin, and contralateral cortex. (h) Progression of de novo GBM. Scale
bar: 1 mm (left) and 20 μm (right). (i) Calcein diffusion coefficient during the progression of de novoGBM. (j) Diffusion coefficient and (k) tortuosity
of calcein in the de novoGBM. Red: tdTomato-labeled glioma cells; blue: Hoechst 33342-labeled cell nuclei. Data are expressed as mean ± S.D; **p <
0.01; ***p < 0.001; n.s., not significantly different.
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perspectives on the heterogeneous microenvironment of GBM
and underscores the tumor margin as a diffusion obstacle for
drug transport within the brain. This has significant implications
for therapeutic delivery.

■ DEVELOPMENT AND VALIDATION OF THE PANO
TECHNIQUE FOR DIFFUSION MEASUREMENT IN
BRAIN ECS

We first designed a workflow and validated the PANO technique
in healthy brain tissue in vitro and in vivo. The workflow involves
introducing the calcein-containing plasmonic nanovesicles into
the samples, followed by short laser pulse excitation (720 nm),
two-photon recording of the diffusion cloud (920 nm
excitation), and image analysis to obtain the free diffusion
coefficient (D), effective diffusion coefficient (D*), and
tortuosity (λ, Figure 1a). Tortuosity is the measure of hindrance
for molecule diffusion in ECS. We encapsulated calcein, a self-
quenching polyanionic dye with minimal cellular uptake,19 in
the plasmonic gold-coated nanovesicles (Au-nV-Cal). The gold
coating absorbs energy from near-infrared laser pulses to trigger
a rapid subsecond release.20,21 Au-nV-Cal were characterized by
UV−vis spectrophotometry, dynamic light scattering, and
transmission electron microscopy (Figure S1). Au-nV-Cal
showed good colloidal stability in artificial cerebrospinal fluid
(ACSF) at 31 °C for 4 h (Figure S2). We then injected Au-nV-
Cal (∼175 nm) into 0.2% agarose gel as a “free” medium (Figure
1b).22,23 Since calcein fluorescence is self-quenched in the
nanovesicles due to the high concentration (75 mM), the
photoreleased calcein (∼70 μM) shows a bright fluorescence
increase and could be considered as the point source for
diffusion measurement (Figure 1b). 2D Gaussian function
fitting (eq 1, the lower panel of Figure 1b) captures the diffusion
cloud changes over time. Further linear fitting (eq 2) gives the
free diffusion coefficient (D = 42.9 ± 2.5 × 10−7 cm2·s−1) for
calcein from this measurement at 31 °C (Figure 1c).
To validate the PANO method in vivo, we then injected Au-

nV-Cal into the mouse somatosensory cortex, which was imaged
within 2−4 h at 200 μm below the surface (cortical layer II)
through an open cranial window. The large size of Au-nV-Cal
leads to limited diffusion in the narrow brain extracellular space
(Figure 1d). Upon 720 nm femtosecond laser stimulation,
representative two-photon image sequences clearly show that
extracellular diffusion of calcein dye is more hindered in the
mouse cortex than in the agarose gel (Figure 1d vs Figure 1b).
Data analysis gives an effective diffusion coefficient for calcein as
D* = 12.8 ± 1.8 × 10−7 cm2·s−1 in the mouse cortex at 31 °C
(Figure 1e). The measured calcein diffusion coefficients in 0.2%
agarose gel and the cortex of brain slices obtained with the
PANO method are benchmarked and consistent with the data
obtained with the well-established integrative optical imaging
(IOI) method (Figure 1f). The tortuosity value (1.8 ± 0.1)
agrees well with the IOI measurement in the cortex of brain
slices (Figure 1h) and previous literature.24 Further testing on
brain ischemia under cardiac arrest shows that D* decreased to
12% of its normoxic value, while the tortuosity (λ) was 2.9-fold
higher (Figure 1g and 1h, Figure S3). On the other hand, the
degradation of hyaluronan, a major extracellular matrix
component, leads to a 2.0-fold increase in the D* and 71%
decrease in tortuosity compared with untreated brains (Figure
1g and 1h). These results agree with the report that cardiac
arrest could cause the swelling of brain cells and the shrinkage of
ECS to decrease extracellular diffusion,25−27 while hyaluronan
degradation increases the effective diffusion coefficient.28,29 The

results confirm the feasibility, accuracy, and versatility of our all-
optical PANO method for diffusion measurement.

■ SPATIALLY HETEROGENEOUS MOLECULAR
DIFFUSION IN THREE GBM MODELS

Next, we examined the heterogeneous diffusion properties of
GBM. GBM is a highly heterogeneous disease characterized by a
solid, often necrotic core and an infiltrative margin.2,8 We first
tested two genetically engineered mouse models (GEMMs) of
glioma by transplanting primary conditional mouse astrocyte
and neural stem cell lines into mouse brains (Figure 2a). The
first model uses the PS5A1 cell line containing common
BrafV600E, INK4ab/Arf−/−, and PTEN−/− mutations in both
adult and pediatric high-grade gliomas with tdTomato
markers.17 PS5A1 GBM is characterized by the gradual decrease
of glioma cell density toward the brain parenchyma due to the
high infiltration (Figure 2b). The gliomamargin is defined as the
region within 500 μm from the tumor core (glioma cell density
>3/500 μm2) in this work.We injected Au-Cal-nV into the acute
brain slices of PS5A1 GBM. Interestingly, we found that the
calcein diffusion in the tumor margin is 72% slower compared
with the cortex, while the diffusion coefficient in the tumor core
is 1.6-fold higher than that in the tumor margin (Figure 2c). The
tortuosity in the tumor margin is the highest compared to those
in the cortex and tumor core (Figure 2d), indicating that the
tumor margin is the main barrier for molecular diffusion.
We then tested 73C GBM that carries mutations including

BrafV600E, P53−/−, and PTEN−/−, seen in both adult and
pediatric high-grade gliomas, and is derived from conditional
multiallele primary astrocytes.17,18 73CGBM is characterized by
a clear boundary between the tumor core and margin (Figure
2e), resulting from a fast-growing angiogenic tumor with limited
infiltration. We found that the diffusion coefficient in the tumor
core is 2.1-fold higher than that in the tumor margin, and the
tortuosity of ECS in the tumor core is around 71% of that in the
tumor margin (Figure 2f,g, Figure S4). This demonstrates that
molecules can easily diffuse into the tumor core but face larger
resistance toward the tumor margin.
We further applied this technique to investigate the ECS of a

de novo GBM model. There has been significant interest in de
novo models of GBM in which the tumor evolves in a natural
immune-competent microenvironment reflecting the crosstalk
of cancer cells with the tumor microenvironment (including
infiltrating immune cells, fibroblasts, and the glymphatic and
blood vasculature) as observed in human cancer.30,31 The de
novo GEMMs can closely mimic the tumor progression and
display genetic heterogeneity as well as the histopathological and
molecular features of their human counterparts.32 For this
model, AAV-GFAP-Cre was injected into transgenic mice to
induce the mutation and malignant proliferation of instinct
astrocytes (Figure 2a). We monitored the morphology changes
of astrocytes and measured the ECS diffusion during the tumor
progression. The astrocytes are labeled by tdTomato in the
injection area. The number and length of the astrocytic
processes decrease during tumor growth (Figure 2h). The
diffusion coefficient of calcein in the tumor core increases after 2
weeks of initiation and remains constant in 3- and 4-week GBM
(Figure 2i). The diffusion coefficient in the tumor margin is 64%
of that in the cortex and 38% of that in the tumor core (Figure
2j), and the tortuosity in the tumor margin is the highest (Figure
2k).
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■ CELLULAR HETEROGENEITY IN GBM AND
CORRELATION ANALYSIS

To better understand the cellular composition in different GBM
regions, we labeled neurons, astrocytes, and microglia in the

brain by immunostaining. Figure 3a shows that neurons are
largely absent in the PS5A1 core. In contrast, a large amount of
microglia appears in the tumor core, and there are abundant
astrocytes and microglia in the PS5A1 margin. Quantitative

Figure 3. Characterization of cellular compositions in the GBMs. (a) Images of immunostained brain cells in the PS5A1 GBM. Scale bar: 1 mm (left
column) and 10 μm (right three columns). (b) Quantitative analysis of the immunostained brain cells in different regions of 3-week PS5A1 GBM (n =
3 mice). The fluorescent area of each stained cell in the field of view (133 μm × 133 μm) was normalized to that of the contralateral cortex. (c) Images
of immunostained brain cells in different regions of 3-week 73C GBM. Nuclei were labeled by Hoechst 33342 (blue). Neurons, astrocytes, and
microglia were labeled by Alexa Fluor 488 (green). Scale bar: 10 μm. (d) Quantitative analysis of the immunostained brain cells in different regions of
3-week 73C GBM (n = 3 mice). The fluorescent area of each stained cell in the field of view (133 μm × 133 μm) was normalized to that of the
contralateral cortex. (e) Images of immunostained brain cells in different regions of 3-week de novo GBM. Scale bar: 10 μm. (f) Quantitative signal
analysis from immunostained brain cells in 3-week de novoGBM. The fluorescent area of each stained cell in the field of view (133 μm × 133 μm) was
normalized to that of the contralateral cortex. In (a,c,e), nuclei were labeled by Hoechst 33342 (blue); neurons, astrocytes, and microglia were labeled
by Alexa Fluor 488 (green); and glioma cells were labeled by tdTomato (red). Statistical tests were performed by two-sample Student’s t tests. Data are
expressed as mean ± S.D.; **p < 0.01; ***p < 0.001; n.s., not significantly different.
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analysis shows that the number of neurons in the tumor margin
is close to that in the contralateral side in PS5A1 GBM (Figure
3b), while the number of functional synapses in the tumor
margin is only 36% of that in the contralateral side (Figure S5).
The number of astrocytes and microglia in the tumor core is
around 4-fold and 110-fold higher than that on the contralateral
side in PS5A1 GBM (Figure 3b). For 73C GBM, we observed
minimal neurons and astrocytes in the tumor core and
significantly increased astrocytes and microglia in the tumor
margin (Figure 3c,d, Figure S5). Similar to PS5A1GBM, there is
a large absence of neurons in the de novoGBM core. In contrast,
the number of astrocytes and microglia in the tumor core is both
over 100-fold higher than the contralateral side (Figure 3e,f,
Figure S6). The enrichment of astrocytes in the tumor core
could also be contributed to by the immunostaining of
malignant proliferative astrocytes. The number of reactive
astrocytes and microglia in the de novo GBM margin is also 12-
fold and 26-fold higher than in the contralateral cortex (Figure
3e,f).
Lastly, we performed a correlation analysis of our data set on

these three GBM tumor models. We summarized all the data,
including diffusion coefficients and cell counting, from the GBM
in Table S1. We calculated the correlation coefficient using the
Spearman rank correlation as a measure of a monotonic
association, which gives a dimensionless measure of the
covariance ranging from −1 to +1.33 Table 1 shows that there

is a strong positive correlation between the tortuosity and the
density of neurons and astrocytes. However, the tortuosity has a
low correlation with the microglia density.
Our study introduces the PANO method to measure

molecular diffusion in the brain using photoactivated nano-
vesicles and 2-photon microscopy. With this tool, we discovered
the diffusion barrier for the first time in the tumor margin
between healthy brain tissue and the tumor core in three
preclinical genetically engineered GBM mouse models. These
GBM recapitulate GBM features and progression, including the
diffusely infiltrative tumor margin and angiogenic core.
Furthermore, the diffusion properties in these GBM are strongly
correlated with neuronal loss and astrocyte activation. Our study
has several implications for the field, as discussed below.
First, the PANO method opens new avenues for diffusion

measurement in the brain ECS. The method enables the optical
scanning of the plasmonic nanovesicles and creates point
sources for diffusion measurement with good temporal and
spatial resolution. Diffusion-weightedMRI can assess the glioma
malignancy and treatment response by generating apparent
diffusion coefficient (ADC) maps in the clinic.34,35 However, it
averages the water diffusion in both the intracellular and
extracellular spaces, which prevents the quantitative analysis of
the ECS properties in GBM.24,36 While fluorescence recovery
after photobleaching (FRAP) is the closest method to create
photobleaching and measure molecular diffusion in tumors,37,38

its implementation for in vivo measurement has been limited
since the fluorophore is constantly diffusing and diluted. On the
contrary, the plasmonic nanovesicles are immobilized upon
injection into the brain due to their large size.22 The PANO

method also offers easier control to introduce fluorescent probes
into the samples by a remote laser pulse trigger. The calcien
diffusion can represent the diffusion property of actual
therapeutic drugs with similar size as calcein (Mw: 622 Da)
based on the Stokes−Einstein equation.24 Macromolecules such
as dextran with different sizes could also be the probes for
diffusion measurement if their release from the plasmonic
nanovesicles is efficient.39 Future investigations can focus on
these directions.
Second, our study reveals the GBM margin as a significant

diffusion barrier. Previous studies have shown correlations
among ECS diffusion, tumor type, and extracellular matrix
compositions, while the spatial heterogeneity of ECS diffusion in
solid tumors, especially in GBM, is largely unknown. Here, our
study in the three GEMMs demonstrates that the diffusion is
slowest in the tumor margin compared with the tumor core and
the surrounding healthy tissue, suggesting the tumor margin as a
diffusion barrier (Figure 4). We further examined the

extracellular matrix and observed overexpression of collagen
IV, Tenascin-C, and fibronectin in the core of 73C GBM, while
the hyaluronan level in GBM is similar compared with that in
other brain regions (Figure S7). The extracellular matrix
deposition does not correlate with an increase in diffusion in
the tumor core. On the other hand, the increase in extracellular
volume fraction can enhance diffusion.40 The fast diffusion in
the tumor core might be due to the increase in ECS volume
associated with neuronal loss (Figure 3), while the slow diffusion
in the GBM margin may be contributed by the decrease in ECS
volume with astrocyte activation. The discovery of the tumor
margin as a diffusion barrier is valuable to better understand the
tumor heterogeneity and devise strategies for effective
therapeutic delivery. For example, the intratumoral injection
of collagenase or hyaluronidase enhanced the diffusion of
dextran (10 kDa) or nanoparticles (16 nm) in solid tumors.16,41

The administration of extracellular matrix enzymes around the
tumor margin could be a promising strategy to improve drug
diffusion in GBM.
Third, we evaluated preclinical animal GBM models that

recapitulate the complexity of human GBM. GBM is highly
heterogeneous with angiogenic core and infiltrative margin.42

To capture these features, we first tested two genetically
engineered GBM cell lines (PS5A1 and 73C) to establish

Table 1. Spearman’s Rank Correlation Analysis between
Tortuosity λ and Cell Density

Neurons Astrocytes Microglia

λ 0.86 0.71 −0.25

Figure 4. Summary of the heterogeneous GBM microenvironment in
the brain. Tumor margin represents a diffusion barrier with high
tortuosity (λ).
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GEMMs. The GEMMs contain the common mutations in
human GBM, e.g., the loss of critical tumor suppressor genes
(PTEN−/− and P53−/− or PTEN−/− and INK4ab/Arf−/−). We
have characterized the heterogeneous vascular properties of the
two GEMMs in the previous work.18 Here, we demonstrate the
spatially cellular heterogenicity in these GEMMs, including the
loss of neurons in the tumor core and the activation of astrocytes
in the tumor margin. Moreover, the de novoGEMM includes the
mutations BrafV600Ef/+, P53f/f, and Ptenf/f seen in both adult and
pediatric high-grade GBM. The de novo GBM could
spontaneously progress in a natural immune-proficient micro-
environment and closely mimic the histopathological and
molecular features of human GBM.43 Taken together, these
GEMMs are more relevant preclinical models to investigate the
transport of the molecules in the tumor.
In summary, we developed an all-optical PANO approach to

measure the molecular diffusion in the brain and demonstrated
spatially heterogeneous ECS diffusion in GBM. We validated
that the PANO technique is robust in acute brain slices and in
vivowith different mousemodels. Using the technique, we found
that the tumor margin acts as a diffusion barrier between healthy
brain tissue and the tumor core in three preclinical genetically
engineered GBM mouse models. We further demonstrated that
the spatially resolved diffusion property is strongly correlated
with neuron loss in the tumor core and astrocyte activation in
the margin. Therefore, the PANO technique is useful in
investigating the transport properties in the heterogeneous
GBMmicroenvironment, and our findings provide novel insight
with implications for improved therapeutic delivery.
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Syková, E. Diffusion parameters of the extracellular space in human
gliomas. Glia 2003, 42 (1), 77−88.
(12) Zámecník, J.; Vargová, L.; Homola, A.; Kodet, R.; Syková, E.
Extracellular matrix glycoproteins and diffusion barriers in human
astrocytic tumours. Neuropathol. Appl. Neurobiol. 2004, 30 (4), 338−
350.
(13) Pluen, A.; Boucher, Y.; Ramanujan, S.; McKee, T. D.; Gohongi,
T.; di Tomaso, E.; Brown, E. B.; Izumi, Y.; Campbell, R. B.; Berk, D. A.;
Jain, R. K. Role of tumor-host interactions in interstitial diffusion of
macromolecules: Cranial vs. subcutaneous tumors. Proc. Natl. Acad. Sci.
U.S.A. 2001, 98 (8), 4628−4633.
(14) Brown, E. B.; Boucher, Y.; Nasser, S.; Jain, R. K. Measurement of
macromolecular diffusion coefficients in human tumors.Microvasc. Res.
2004, 67 (3), 231−236.
(15) Thiagarajah, J. R.; Kim, J. K.; Magzoub, M.; Verkman, A. S.
Slowed diffusion in tumors revealed by microfiberoptic epifluorescence
photobleaching. Nat. Methods 2006, 3 (4), 275−280.
(16) Magzoub, M.; Jin, S.; Verkman, A. S. Enhanced macromolecule
diffusion deep in tumors after enzymatic digestion of extracellular
matrix collagen and its associated proteoglycan decorin. Faseb J. 2008,
22 (1), 276−84.
(17) Gao, X.; Zhang, Z.; Mashimo, T.; Shen, B.; Nyagilo, J.; Wang, H.;
Wang, Y.; Liu, Z.; Mulgaonkar, A.; Hu, X.-L.; et al. Gliomas interact

with non-glioma brain cells via extracellular vesicles. Cell Rep. 2020, 30
(8), 2489−2500.
(18) Cai, Q.; Li, X.; Xiong, H.; Fan, H.; Gao, X.; Vemireddy, V.;
Margolis, R.; Li, J.; Ge, X.; Giannotta, M.; Hoyt, K.; Maher, E.; Bachoo,
R.; Qin, Z. Optical blood-brain-tumor barrier modulation expands
therapeutic options for glioblastoma treatment.Nat. Commun. 2023, 14
(1), 4934.
(19) Tønnesen, J.; Inavalli, V. V. G. K.; Nägerl, U. V. Super-resolution
imaging of the extracellular space in living brain tissue. Cell 2018, 172
(5), 1108−1121.
(20) Xiong, H.; Li, X.; Kang, P.; Perish, J.; Neuhaus, F.; Ploski, J. E.;
Kroener, S.; Ogunyankin, M. O.; Shin, J. E.; Zasadzinski, J. A.; Wang,
H.; Slesinger, P. A.; Zumbuehl, A.; Qin, Z. Near-infrared light triggered-
release in deep brain regions using ultra-photosensitive nanovesicles.
Angew. Chem., Int. Ed. 2020, 59 (22), 8608−8615.
(21) Xiong, H.; Lacin, E.; Ouyang, H.; Naik, A.; Xu, X.; Xie, C.; Youn,
J.; Wilson, B. A.; Kumar, K.; Kern, T.; Aisenberg, E.; Kircher, D.; Li, X.;
Zasadzinski, J. A.; Mateo, C.; Kleinfeld, D.; Hrabetova, S.; Slesinger, P.
A.; Qin, Z. Probing neuropeptide volume transmission in vivo by
simultaneous near-infrared light-triggered release and optical sensing.
Angew. Chem., Int. Ed. 2022, 61 (34), No. e202206122.
(22) Thorne, R. G.; Nicholson, C. In vivo diffusion analysis with
quantum dots and dextrans predicts the width of brain extracellular
space. Proc. Natl. Acad. Sci. U.S.A. 2006, 103 (14), 5567−5572.
(23) Nicholson, C.; Tao, L. Hindered diffusion of high molecular
weight compounds in brain extracellular microenvironment measured
with integrative optical imaging. Biophys. J. 1993, 65 (6), 2277−2290.
(24) Syková, E.; Nicholson, C. Diffusion in Brain Extracellular Space.
Physiol. Rev. 2008, 88 (4), 1277−1340.
(25) Rossi, D. J.; Brady, J. D.; Mohr, C. Astrocyte metabolism and
signaling during brain ischemia. Nat. Neurosci. 2007, 10 (11), 1377−
1386.
(26) Syková, E. Extrasynaptic volume transmission and diffusion
parameters of the extracellular space.Neuroscience 2004, 129 (4), 861−
876.
(27) Kiryk, A.; Pluta, R.; Figiel, I.; Mikosz, M.; Ulamek, M.;
Niewiadomska, G.; Jablonski, M.; Kaczmarek, L. Transient brain
ischemia due to cardiac arrest causes irreversible long-lasting cognitive
injury. Behav. Brain Res. 2011, 219 (1), 1−7.
(28) Godin, A. G.; Varela, J. A.; Gao, Z.; Danné, N.; Dupuis, J. P.;
Lounis, B.; Groc, L.; Cognet, L. Single-nanotube tracking reveals the
nanoscale organization of the extracellular space in the live brain. Nat.
Nanotechnol. 2017, 12 (3), 238−243.
(29) Soria, F. N.; Paviolo, C.; Doudnikoff, E.; Arotcarena, M.-L.; Lee,
A.; Danné, N.; Mandal, A. K.; Gosset, P.; Dehay, B.; Groc, L.; Cognet,
L.; Bezard, E. Synucleinopathy alters nanoscale organization and
diffusion in the brain extracellular space through hyaluronan
remodeling. Nat. Commun. 2020, 11 (1), 3440.
(30) Kersten, K.; de Visser, K. E.; van Miltenburg, M. H.; Jonkers, J.
Genetically engineered mouse models in oncology research and cancer
medicine. EMBO Mol. Med. 2017, 9 (2), 137−153.
(31) Hicks, W. H.; Bird, C. E.; Pernik, M. N.; Haider, A. S.; Dobariya,
A.; Abdullah, K. G.; Aoun, S. G.; Bentley, R. T.; Cohen-Gadol, A. A.;
Bachoo, R. M.; et al. Large animal models of glioma: Current status and
future prospects. Anticancer Res. 2021, 41 (11), 5343−5353.
(32) Wiesner, S. M.; Decker, S. A.; Larson, J. D.; Ericson, K.; Forster,
C.; Gallardo, J. L.; Long, C.; Demorest, Z. L.; Zamora, E. A.; Low, W.
C.; SantaCruz, K.; Largaespada, D. A.; Ohlfest, J. R. De novo induction
of genetically engineered brain tumors in mice using plasmid DNA.
Cancer Res. 2009, 69 (2), 431−439.
(33) Schober, P.; Boer, C.; Schwarte, L. A. Correlation coefficients:
appropriate use and interpretation.Anesth. Analg. 2018, 126 (5), 1763−
1768.
(34) Schmainda, K. M. Diffusion-weighted MRI as a biomarker for
treatment response in glioma. CNS Oncology 2012, 1 (2), 169−180.
(35) Maynard, J.; Okuchi, S.; Wastling, S.; Busaidi, A. A.; Almossawi,
O.; Mbatha, W.; Brandner, S.; Jaunmuktane, Z.; Koc, A. M.; Mancini,
L.; Jäger, R.; Thust, S. World health organization grade II/III glioma

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c04101
Nano Lett. 2024, 24, 1570−1578

1577

https://doi.org/10.3322/caac.21613
https://doi.org/10.3322/caac.21613
https://doi.org/10.1016/j.addr.2021.01.012
https://doi.org/10.1016/j.addr.2021.01.012
https://doi.org/10.1038/s41578-021-00394-w
https://doi.org/10.1038/s41578-021-00394-w
https://doi.org/10.1016/j.jconrel.2022.03.035
https://doi.org/10.1016/j.jconrel.2022.03.035
https://doi.org/10.3171/2016.1.JNS151591
https://doi.org/10.3171/2016.1.JNS151591
https://doi.org/10.1038/s41467-022-34462-8
https://doi.org/10.1038/s41467-022-34462-8
https://doi.org/10.1016/j.jconrel.2020.11.022
https://doi.org/10.1016/j.jconrel.2020.11.022
https://doi.org/10.3389/fonc.2021.703764
https://doi.org/10.3389/fonc.2021.703764
https://doi.org/10.1038/s41578-019-0135-y
https://doi.org/10.1038/s41578-019-0135-y
https://doi.org/10.1038/s41568-021-00397-3
https://doi.org/10.1038/s41568-021-00397-3
https://doi.org/10.1002/glia.10204
https://doi.org/10.1002/glia.10204
https://doi.org/10.1046/j.0305-1846.2003.00541.x
https://doi.org/10.1046/j.0305-1846.2003.00541.x
https://doi.org/10.1073/pnas.081626898
https://doi.org/10.1073/pnas.081626898
https://doi.org/10.1016/j.mvr.2004.02.001
https://doi.org/10.1016/j.mvr.2004.02.001
https://doi.org/10.1038/nmeth863
https://doi.org/10.1038/nmeth863
https://doi.org/10.1096/fj.07-9150com
https://doi.org/10.1096/fj.07-9150com
https://doi.org/10.1096/fj.07-9150com
https://doi.org/10.1016/j.celrep.2020.01.089
https://doi.org/10.1016/j.celrep.2020.01.089
https://doi.org/10.1038/s41467-023-40579-1
https://doi.org/10.1038/s41467-023-40579-1
https://doi.org/10.1016/j.cell.2018.02.007
https://doi.org/10.1016/j.cell.2018.02.007
https://doi.org/10.1002/anie.201915296
https://doi.org/10.1002/anie.201915296
https://doi.org/10.1002/anie.202206122
https://doi.org/10.1002/anie.202206122
https://doi.org/10.1073/pnas.0509425103
https://doi.org/10.1073/pnas.0509425103
https://doi.org/10.1073/pnas.0509425103
https://doi.org/10.1016/S0006-3495(93)81324-9
https://doi.org/10.1016/S0006-3495(93)81324-9
https://doi.org/10.1016/S0006-3495(93)81324-9
https://doi.org/10.1152/physrev.00027.2007
https://doi.org/10.1038/nn2004
https://doi.org/10.1038/nn2004
https://doi.org/10.1016/j.neuroscience.2004.06.077
https://doi.org/10.1016/j.neuroscience.2004.06.077
https://doi.org/10.1016/j.bbr.2010.12.004
https://doi.org/10.1016/j.bbr.2010.12.004
https://doi.org/10.1016/j.bbr.2010.12.004
https://doi.org/10.1038/nnano.2016.248
https://doi.org/10.1038/nnano.2016.248
https://doi.org/10.1038/s41467-020-17328-9
https://doi.org/10.1038/s41467-020-17328-9
https://doi.org/10.1038/s41467-020-17328-9
https://doi.org/10.15252/emmm.201606857
https://doi.org/10.15252/emmm.201606857
https://doi.org/10.21873/anticanres.15347
https://doi.org/10.21873/anticanres.15347
https://doi.org/10.1158/0008-5472.CAN-08-1800
https://doi.org/10.1158/0008-5472.CAN-08-1800
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.2217/cns.12.25
https://doi.org/10.2217/cns.12.25
https://doi.org/10.1148/radiol.2020191832
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molecular status: prediction byMRImorphologic features and apparent
diffusion coefficient. Radiology 2020, 296 (1), 111−121.
(36) Soria, F. N.; Miguelez, C.; Peñagarikano, O.; Tønnesen, J.
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