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Abstract: The application of nanomedicines for glioblastoma (GBM) therapy is

hampered by the blood-brain barrier (BBB) and the dense glioblastoma tissue. To
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achieve efficient BBB crossing and deep GBM penetration, we demonstrated a strategy
of active transcellular transport of a mitochondrion-disturbing nanomedicine, GBEPPT,
in the GBM tissue through mitocytosis. GBEPPT was computer-aided designed and
prepared by self-assembling a conjugate of an amphiphilic block polymer and a drug

podophyllotoxin (PPT). When GBEPPT was delivered to the tumor site, overexpressed

y-glutamyl transpeptidase (GGT) on the brain-blood endothelial cell or the GBM cell

triggered enzymatic hydrolysis of y-glutamylamide on GBEPPT to reverse its charge.
Positively-charged GBEPPT rapidly entered into the cell and targeted the mitochondria.
These GBEPPT disturbed the homeostasis of mitochondria, inducing mitocytosis-
mediated extracellular transport of GBEPPT to the neighboring cells via mitosomes.
This intracellular-to-intercellular delivery cycle allowed GBEPPT to penetrate deeply
into the GBM parenchyma, and exert sustainable action of PPT released from GBEPPT
on the tumor cells along its penetration path at the tumor site, thus improving the anti-
GBM effect. The process of mitocytosis mediated by the mitochondrion-disturbing
nanomedicine may offer great potential in enhancing drug penetration through

malignant tissues, especially poorly permeable solid tumors.

1. Introduction

Treatment of glioblastoma (GBM) meets the challenge of crossing the blood-brain
barrier (BBB).I!) Although intact and impaired BBBs coexist at the GBM site, a
restrictive physiological and functional barrier prevents sufficient exposure of an anti-
GBM drug to parenchymal brain tissues to exert its therapeutic effect.’l Only a few
drugs are capable of passive diffusion though the BBB, such as lipophilic drugs, but
they usually exhibit poor penetration into brain tumor tissues, necessitating high drug
dosages that may result in dose-limiting systemic toxicity.! Active transport strategies
based on novel biomaterials have been developed to address the shortcomings of
passive drug transports across the BBB. A recent finding suggests that an active BBB-
crossing mechanism via caveolin-1-dependent transcytosis enhances the penetration of

drugs through the BBB to a brain tumor tissue,* revealing that the active transcellular
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transport behavior may be an essential aspect to consider when constructing a drug
delivery system (DDS) across the BBB.

Another obstacle in GBM treatment is drug transportation to an extravascular distant
region at the GBM site.[’! Anchoring targeted small molecules, peptides or proteins to
the surface of a DDS increases the aggregation of the DDS in GBM, but deep
penetration of the DDS remains a challenge.l® Previously, we designed a tumor
microenvironment-responsive peptide polymeric DDS for deep tumor penetration via
membrane flow.[”! The released agents were efficiently embedded in the bilayer of
endoplasmic reticulum (ER) membranes and the lipid raft of tumor cell membranes to
disturb their homeostasis, which successfully enabled intracellular transport,
intercellular delivery and deep penetration of the drug through cellular membrane flow
in solid tumor tissues. Accordingly, the intracellular organelles could be targeted to
induce transcellular transfer of nanoformulations for a high degree of drug penetration
within GBM.

Herein, prompted by the overexpression of gamma-glutamyl transpeptidase (GGT)
on both the BBB neovasculature and GBM cells,!® we designed and synthesized a
GGT-responsive amphiphilic block polymer-drug conjugate, pGBEMA22-b-pSSPPTy
(GBEPPT), as a self-assembled nanomedicine, and its performances of BBB crossing
and GBM penetration were evaluated. GBEPPT was derived from podophyllotoxin
(PPT), an anti-tumor drug for inhibiting microtubule polymerization, and N°-(1-((2-
methacrylamidoethyl)amino)-1-oxobutan-2-yl)glutamine (GBEMA), a monomer
containing a glutathione analogue for GGT cleavage. The chemical structure of
GBEPPT was optimized through dissipative particle dynamics (DPD) simulations. It is
found that GBEPPT could rapidly aggregate in the mitochondria and disturb
mitochondrial homeostasis to mediate mitocytosis, a mitochondrial quality-control
process. In an in-situ inoculated GBM mouse model, mitocytosis could promote active
delivery of GBEPPT in a GBM microenvironment to realize penetration across the
BBB and through the GBM tissue. The nanomedicine exhibits potent tumor cell

inhibition at a low dose and a significant anti-GBM effect in vivo, and simultaneously
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attenuates the lethal systematic toxicity of PPT. These findings suggest mitocytosis
could play a pivitol role in the enhanced permeation through both the BBB and the
GBM issue after treatment with the mitochondria-disturbing nanomedicine, providing

a new avenue for active transcellular transport of drugs into brain tumors (Scheme 1).

2. Results and Discussion

2.1. Design, Synthesis, and Characterizations

Inefficient drug delivery into the GBM tissue has been one of the major culprits to
treatment failure, recurrence, and poor survival of GBM patients.'”] A better
understanding of the membranal molecular characteristics of the brain tumor tissue may
propel the development of novel drug delivery strategies. Western blot (WB) analysis
of GBM cells, primary astrocytes, brain tumor tissues and the contralateral normal brain
tissue reveals that there is an upregulated expression level of GGT in the brain tumor
tissue (Figure S1, Supporting Information). Previous studies have confirmed that the
BBB in the GBM site exhibits a high expression level of GGT.’&1% Therefore, a drug
delivery system could be designed to target GGT for efficient penetration in GBM. As
shown in Figure 1a, the designed amphiphilic polymer contains a hydrophilic unit,
which includes a GGT-responsive charge-reversal segment (y-glutamine) that is
conjugated to a positively-charged provider (aminobutyric acid), and a hydrophobic
domain, which is composed of a GSH-responsive linker and an anti-tumor drug, PPT.
In addition to the chemical structure of an amphiphilic polymer, the structural
morphology of an assembled nanomedicine is essential for its stability, biodistribution
and penetration in vivo.l''l Dissipative particle dynamic (DPD) simulation has been
widely employed to examine morphological changes of amphiphilic polymers during
the self-assembly process.['2] Therefore, the self-assembly process of the amphiphilic
polymer-drug conjugate at a pre-determined hydrophilic-hydrophobic ratio was
simulated via DPD and the simulation results guide the synthesis of the amphiphilic
conjugate (Figure 1b, Figure S2-S7, and Table S1, Supporting Information). The
amphiphilic polymer-drug conjugates at eight different ratios of hydrophilic to

hydrophobic units were initially selected to assemble to form small aggregated clusters
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and the clusters gradually fuse with each other to evolve into larger assemblies. After
180,000 simulation steps, seven out of these eight conjugates are found to transform
into independent assemblies, while one conjugate at the same number of hydrophilic
and hydrophobic units (x = 15, y = 15) finally reaches an independent assembly after
320,000 simulation steps (Figure S3 and S4, Supporting Information). Although the
assembled morphologies of these conjugates remain unaltered as the simulation steps
increase, they vary quite dramatically at different hydrophilic-hydrophobic ratios in the
amphiphilic conjugates (Figure 1b and Figure S5, Supporting Information). Notably,
the morphological shape of the final assembly changes from a cylinder to a nanosphere,
and then from a nanosphere to a cylinder as the ratio of hydrophilic-hydrophobic units
increases. A cylindrical morphology with a large size may be ineffective for drug
delivery into the glioma, while the nanosphere assembly with an appropriate size could
be more favorable.!'3] The total potential energy of these assemblies decreases during
the assembly process and remains at a constant and low level after self-assembly,
indicating that each system is able to enter into a dynamically balanced assembling state
(Figure S6, Supporting Information). The hydrophobic drug PPT is wrapped with the
hydrophilic unit in each assembly according to the radial distribution function (RDF)
curves (Figure S7, Supporting Information). Based on the morphologies of the
assembly and the shifts in the total energy during the assembly process, a ratio of
hydrophilic to hydrophobic units is selected to be ~1-4 (x/y = 1-4) for synthesizing the
amphiphilic conjugate.

Guided by DPD simulation results, the targeted amphiphilic block polymer-drug
conjugate, pGBEMA:-b-pSSPPTy (GBEPPT), was synthesized according the routes
in Figure S8, Supporting Information, and the conjugate could self-assemble into a
stable nanomedicine in an aqueous solution with a critical micelle concentration (CMC)
of 2.29 pg mL! (Figure 1d). Detailed synthesis procedures and characterizations are
shown in Figure S9-S27, Supporting Information. The ratio of hydrophilic to
hydrophobic units in GBEPPT is determined to be 2.4 by gel permeation

chromatography (GPC, Figure 1c), which falls within the ratio range recommended
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from the simulation results and is aligned with the integral ratio of the characteristic
peaks for the hydrophilic and hydrophobic units in the NMR spectrum (Figure S27,
Supporting Information). A control polymer, pGEMA2o-b-pSSPPTs (GEPPT) without
L-o-aminobutyric acid in the hydrophilic segment, was also synthesized and
characterized (Figure S28 to S36, Supporting Information). GBEPPT has a
hydrodynamic size of 52.76 nm and a polydispersity index (PDI) of 0.116 via dynamic
light scattering (Figure le), and this size falls within the size range of 20-70 nm of
typical nanocarriers for crossing the BBB.I'4l The size and PDI of GBEPPT in PBS
have negligible changes over a period of 96 h, suggesting that this nanoparticle is able
to maintain a stable self-assembled structure for a long duration (Figure 1f). Due to its
structural resemblance to GBEPPT, GEPPT also has a very stable nanostructure which
is confirmed from the CMC and DLS assays, as shown in Figure S37-S39, Supporting
Information.

DPD simulations were further conducted to investigate the GGT-responsive process
of GBEPPT. As shown in Figure 1g and Figure S40-S42, Supporting Information, a
stable nanosphere-assembly structure could be formed after 2,000,000 steps of
simulation. Upon the addition of an enzyme, y-glutamine is continuously shed from the
surface of GBEPPT with an increase in the simulation step. However, this bond-
breaking process does not result in an evident change in the assembly morphology of
GBEPPT, and the morphology is maintained even after 4,000,000 simulation steps.
Meanwhile, the total potential energy of the nanosphere is almost a constant throughout
the y-glutamine shedding process (Figure S43, Supporting Information). The
interaction between each constitutional block and PPT (E-P, A-P, D-P and P-P) remains
almost identical in the RDF curves, however, the interaction between y-glutamine and
PPT (G-P) decreases dramatically (Figure S44, Supporting Information). The exposed
amino group generated from the cleavage of y-glutamine has a similar hydrophilic level
as y-glutamine, thus maintaining a similar hydrophilic to hydrophobic balance as the
original GBEPPT, therefore, the resulting nanostructure stays spherical. The TEM

images confirm a nanosphere structure of GBEPPT after enzymatic treatment,
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supporting the simulation results (Figure 1h and 1i). The DLS data reveals that the
particle size increases marginally after enzyme treatment (Figure S45, Supporting
Information). Similar findings are obtained for the control polymer, GEPPT, after
enzymatic treatment (Figure S46 and S47, Supporting Information). As the
enzymolysis of y-glutamylamide produces an amino group for protonation, the surface
charges of GBEPPT and GEPPT were monitored throughout the enzyme hydrolysis.
After incubation with 10 U mL! of GGT in PBS (pH 7.4), the surface charge of
GBEPPT reverses from -6.84 to 4.58 mV, while the surface charge of GEPPT remains
negative despite a rise in the surface charge (Figure 1j). The charge-reversal
characteristic of GBETPPT triggered by GGT could be favorable for cellular
endocytosis in the tumor tissue.

RP-HPLC was used to examine the glutathione (GSH)-responsive drug release
process from the nanomedicine after incubation with or without GSH (Figure S48,
Supporting Information). The amount of PPT released in the absence of GSH is
negligible, while after GSH treatment, a typical peak of PPT is seen in the HPLC
chromatogram, supporting responsive drug release from the nanomedicine and
confirming the same structure of the released PPT as that of free PPT. The PPT content
in GBEPPT and GEPPT is determined to be 16.9% and 18.1%, respectively, by RP-
HPLC. Drug release profiles from GBEPPT were then conducted at a GSH
concentration gradient (Figure 1k). At a physiological GSH concentration (0.01 mM),
co-incubation of GBEPPT and GSH for 24 h results in the release of 17.7% of PPT
from GBEPPT, indicating that GBEPPT could remain stable in the blood circulation
system or normal tissues and release a considerably small amount of PPT, thus reducing
its side effects. The PPT release efficiency is enhanced when the GSH concentration
increases in the extracellular matrix of the tumor tissue (0.1 mM). At a GSH
concentration inside tumor cells (10 mM),!!3] the release rate of PPT is determined to
be 82.2% after 24 h, suggesting that GBEPPT can selectively release the drug in
cancerous cells to exert its therapeutic effect. Because the GSH-responsive linker for

PPT in GEPPT is the same as that in GBEPPT, at a GSH concentration of 10 mM, a
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similar amount of PPT (79.7%) is released from GEPPT after 24 h, as shown in Figure
S49, Supporting Information. The degradability of GBEPPT was examined using GPC.
After 48 h of incubation with GGT and dithiothreitol, GBEPPT is degraded to yield
pBE-b-pSH, a hydrophilic product (Figure S50, Supporting Information) with a low
molecular weight of 5.2 kDa, which is far below the threshold for renal excretion of
polymers. The blood of the mice was collected for chemical index analysis on day 7
post i.v. injection of GBEPPT. All biochemical indicators for the serum are within the
normal ranges. There is no significant difference in these indicators between the
GBEPPT group and the control group, implying that GBEPPT is hemo-compatible

(Figure S51, Supporting Information).
2.2. Internalization and organelle localization

To track the internalization behaviors of both nanomedicines, Cy5-labelled GBEPPT
and GEPPT were synthesized with a Cy5 content of 0.7% and 0.8%, respectively. Flow-
cytometric analysis reveals that internalization of GBEPPT by U87-MG cells is time-
dependent (Figure S52, Supporting Information). In comparison to GEPPT, a
comparatively higher degree of internalization is found for GBEPPT into U87-MG cells
(Figure S53, Supporting Information), suggesting that the GGT-responsive charge-
reversal property of GBEPPT could augment the rate of its endocytosis into GBM cells.
To distinguish the endocytic pathway for GBEPPT, several endocytosis inhibitors were
used to pre-treat GBM cells. The experimental procedure is shown in Figure S54,
Supporting Information. A low temperature of 4 °C instead of 37 °C markedly reduces
cellular uptake of GBEPPT, indicating that GBEPPT enters the cells via energy-
dependent endocytosis. Genistein is often used as an inhibitor for caveolae-mediated
endocytosis and dynasore inhibits the dynamin-dependent endocytic pathway, while
chlorpromazine and cytochalasin D inhibit clathrin-mediated endocytosis and
micropinocytosis, respectively.!'8] Treatment with genistein and dynasore significantly
reduces the uptake of GBEPPT and the inhibition ratio is 70% and 50%, respectively.
However, treatment with chlorpromazine slightly inhibits the endocytosis of GBEPPT

(10%) and cytochalasin D has no endocytic inhibitory effect. In summary, the
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predominant endocytic pathway for GBEPPT into GBM cells is energy-dependent
caveolae-mediated endocytosis, and this process is highly supported by dynamin.

Subcellular localization of GBEPPT in GBM cells was unveiled through confocal
laser scanning microscopy (CLSM). After uptake by GBM cells, a highly pronounced
level of co-localization is found between GBEPPT and mitochondria with a Pearson's
R of 0.85 (Figure 2a-c), while the level of co-localization with other organelles is
insignificant, such as lysosomes with a Pearson's R of 0.31 (Figure 2d-f), the
endoplasmic reticulum (ER) with a Pearson's R of 0.26 (Figure 2g-i), and the Golgi
apparatus with a Pearson's R of 0.17 (Figure 2j-1). In contrast, a less substantial level of
co-localization between GEPPT and mitochondria is observed in the CLSM images of
the cells after uptake of GEPPT, a control without the property of GGT-responsive
surface charge reversal (Figure S55, Supporting Information). The Manders'
Colocalization Coefficients for GBEPPT (Mx) and major organelles (My) also indicate
a high level of co-localization between GBEPPT and mitochondria (Figure S56,
Supporting Information). Furthermore, GBEPPT could be rapidly internalized into
GBM cells and it co-localizes with the mitochondrial network within 20 min (see Video
1, Supporting Information). Semi-quantitative results from this dynamic process are
depicted in Figure 2m, confirming a rapid increase in the Pearson's R for co-localization
of GBEPPT and mitochondria within a short time frame. These results imply that
GBEPPT can highly and swiftly aggregate in mitochondria, and this feature may be
credited to the charge-reversal property of the delivery system.

To assess the impact of GBEPPT on the mitochondrial membrane potential (MMP)
of mitochondria, flow cytometric analysis was conducted after JC-1 staining was
applied to the mitochondria of GBM cells. Typically, JC-1 on normal mitochondria
membranes displays red fluorescence as J-aggregates, while it displays green
fluorescence as J-monomers after its interaction with damaged mitochondrial
membranes.['”) The ratio of red/green fluorescence intensity is often used to
quantitatively estimate the MMP. As shown in Figure 2n, the ratio of red/green

fluorescence intensity, or the ratio of normal/damaged mitochondrial membranes,
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increases in the early stage (0-1 h) and then gradually decreases (2-24 h) when the cells
are incubated with GBEPPT. Simultaneously, after treatment with GBEPPT, there is a
mild increase in the level of mitochondrial superoxide within the GBM cells (Figure
S57, Supporting Information), and the pattern of temporal changes in cellular ATP
production is similar to that of the MMP changes (Figure S58, Supporting Information).
A modest level of mitochondrial disturbance could be induced by GBEPPT when it
enters into the tumor cells and interacts with the mitochondria, activating the
mitochondrial quality-control mechanism."®! During the quality-control process, the
disturbed mitochondria as mitosomes are secreted out of the cell to help prevent
accumulation of malfunctioning mitochondria in the cell to prolong its survival. It is
noted that the internalized GBEPPT may continuously interact with the mitochondrial
network in the cells to promote mitochondrial secretion. Long-term GBEPPT-organelle
co-localization observations reveal that the overlapping level of the fluorescence signal
of GBEPPT with the mitochondrial signal displays a downward trend (Figure 20), while
the co-localization level of GBEPPT with other major organelles remains unaltered
(Figure S59, Supporting Information). After incubation for 3 h, the Pearson's R of for
the co-localization of GBEPPT and mitochondria decrease to 0.75, confirming that a
cetain amount of GBEPPT may be transported out of the cell through mitosomes via

the mitochondrial quality control process.
2.3. Mitocytosis and Intercellular Transport

Mitochondria can be secreted out of a cell via mitosomes during the process of
mitocytosis. Particularly, when this organelle is mildly disturbed, mitochondrial
effusion to the outside of the cell is promoted to maintain the mitochondrial homeostasis,
and this mechanism is different from mitophagy, another process for regulating the
mitochondrial homeostasis. When mitochondria encounter mild disturbance,
mitocytosis and mitophagy can occur simultaneously, but mitocytosis is predominant.
However, when mitochondria are subjected to severe damage, the occurrence of
mitocytosis becomes rare.l'®!°1 The mitophagy level in the GBM cells treated with

GBEPPT is significantly lower than that in the GBM cells treated with CCCP (Carbonyl
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cyanide 3-chlorophenylhydrazone) (Figure S60, Supporting Information). There is no
significant increase in the level of mitophagy with an increase in the dosage of GBEPPT.
To examine whether GBEPPT accumulating in the mitochondrial network after cellular
uptake could trigger mitochondrial exocytosis via the mitocytosis process, CLSM was
used to undertake dynamic observations of GBM cells under a fixed field of view. After
the GBM cells were pretreated with GBEPPT for 1 h and then the culture medium was
replaced by a fresh one without GBEPPT, the observations were conducted for 50 min
(Figure 3a). The green fluorescence-stained mitochondria overlap with GBEPPT with
red fluorescence in the surrounding area outside of the cells (white arrow), and the level
of extracellular co-localization of mitochondria and GBEPPT is augmented
significantly with a prolonged incubation time. However, very few mitochondria are
secreted out of the untreated cells into the extracellular area (Figure 3b and 3c). Videos
for capturing the dynamics of the CLSM fluorescence signal in the field of view can be
found in the Supporting Information (Video 2-8, Supporting Information). The
Pearson’s R for co-localization of GBEPPT and mitochondria inside GBM cells
displays a steady decrease as the co-incubation duration rises (Figure 3d). These
observations suggest that the mitochondria containing relatively highly aggregated
GBEPPT may initially evacuate to the extracellular space via the mitocytosis process.
Transmission electron microscopy (TEM) images reveal that after co-incubation of
GBM cells with GBEPPT, the mitochondria at the bottom of the GBM cells are
dysfunctional (Figure 3e and Figure S61, Supporting Information) because these
disturbed mitochondria appear quite different from normal mitochondria, including
swelling, disruption of cristae and the formation of electron-dense aggregates. The
disturbed mitochondria are also observed to accumulate in mitosomes. Different types
of mitosomes are observed in terms of the mitosome volume, the number of
mitochondria in mitosomes, and the number of mitosomes on the same retraction fiber.
One mitosome could contain one or more disturbed mitochondria, and multiple
mitosomes may share a single retraction fiber. Overall, these results suggest that mild

disturbance of mitochondria by GBEPPT could activate the mitochondrial quality
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control mechanism, resulting in translocation of some of disturbed mitochondria
outside of the cell via mitocytosis, and GBEPPT associated with these expelled
mitochondria is also transported out of the cell.

After the nanomedicine exocytoses into the extracellular space, they may be re-

.20 Tn order

endocytosed by other cells to achieve intercellular transport or transcytosi
to investigate the relationship between mitocytosis and transcytosis of GBEPPT,
inhibition experiments were conducted and the experimental procedure is depicted in
Figure S62, Supporting Information. Nocodazole can inhibit mitochondrial motion and
the formation of the peripheral mitochondrial network, which are two key activities in
the mitocytosis process.?!l Amiloride inhibits the secretion of exosomes, including
mitosomes.[??] The results reveal that intercellular transport is considerably impeded at
4 °C, and the amount of GBEPPT internalized into the GBM cells decreases by 90%
compared to the control group (Figure S62, Supporting Information). Nocodazole
exhibits an evident inhibitory effect on intercellular transport of GBEPPT. The re-
internalizated GBEPPT amount by GBM cells decreases by 50%, while amiloride
demonstrates a certain degree of inhibition on intercellular transport (23%).

Consequently, the mitocytosis process is an energy-dependent process that is closely

associated with transcytosis.
2.4. BBB and GBM Penetration

The blood-brain barrier (BBB) is an impediment to be overcome by drugs to achieve
effective anti-GBM treatment in vivo. We utilized bend.3 endothelial cells to construct
an in vitro BBB model to examine the penetration of GBEPPT across the BBB (Figure
4a). The results support that GBEPPT could penetrate the BBB model and the amount
of GBEPPT across the BBB increases with an increase in the incubation time (Figure
4b). After 4 h of incubation, the amount of GBEPPT penetrating through the BBB is
equivalent to that in the control group without a BBB model (Figure 4c). Throughout
the co-incubation period, GEPPT displays a lower level of penetration across the BBB
than GBEPPT, which might be attributed to the fact the GGT-activated mitochondrial

disturbance by GBEPPT could strengthen mitocytosis to enhance its BBB penetration.
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Deep penetration of a nanomedicine in a solid tumor after crossing the BBB plays an
equally critical role in inhibiting GBM.%231 We employed 3D multicellular tumor
spheroids (MTSs) of GBM to mimic the penetration of GBEPPT into solid GBM
tumors. The CLSM images in Figure 4d and Figure S63, Supporting Information,
display that GBEPPT is well distributed in the interior region of the MTSs with a
diameter of around 500 um. GEPPT, in contrast, is seen in the periphery of the MTSs
rather than in their center. A line scan analysis of the fluorescence intensity from the
left to right periphery of MTSs reveals that GBEPPT-treated MTSs exhibit a much
stronger fluorescence intensity inside the spheroids than those treated with GEPPT
(Figure 4e). Previous studies have confirmed that a tumor tissue is often located within
200 um from neovascularization.*®! As a result, GBEPPT has the potential to penetrate
deeply into a solid tumor. After MTSs were exposed to nocodazole, we observe a
noticeable decrease in the penetration depth of GBEPPT towards the center of MTSs,
while there are no significant changes before and after nocodazole treatment in the
GEPPT group (Figure S64, Supporting Information). These findings suggest that
outstanding penetration of GBEPPT could be ascribed to mitocytosis.

Next, we examined the penetration ability of GBEPPT through the BBB in vivo. A
single injection of luciferase-expressed US7MG (U87MG-Luc) cells into the mice
caudate putamen (striatum) to build a tumor-bearing mouse model. The brain tissue and
major organs harvested from the mice receiving different treatments were examined by
ex vivo imaging (Figure 4f and 4g and Figure S65, Supporting Information). The mice
treated with GBEPPT display distinctively stronger CyS5 fluorescence signal in the brain
tissue than those treated with GEPPT or small-molecule CyS5. The relative ratio of the
fluorescence intensity of CyS5 in Cy5-labelled GBEPPT over that of luciferin-expressed
tumor cells in the brain tumor tissue is approximately 2.5 times higher than that in the
mice treated with GEPPT (Figure 4g). These results demonstrate that GBEPPT could
cross the BBB in the mice model and accumulate in the GBM tumor region at a high
concentration. The images of major organs suggest that both GBEPPT and GEPPT

could accumulate in the liver, spleen, and kidney. A considerable level of accumulation

13



WILEY-VCH
of GBEPPT in the kidney may be credited to a high expression level of GGT in the
renal region.?#!

We fixed and stained the sections of the GBM tissue and observed the permeation of
GBEPPT and GEPPT from blood vessels to the GBM tissue. As shown in Figure 4h,
the amount of GBEPPT (red) in the tumor tissue is much higher than that of GEPPT.
The vast majority of GBEPPT diffuses from the blood vessels (green) into the tumor
region and is evenly distributed inside the tumor tissue, whereas GEPPT is prone to co-
localizing with blood vessels. Semi-quantitative analysis of the fluorescence signal
from Cy5-labeled GBEPPT or GEPPT (red) in the GBM (Figure 4i) and the co-
localization level of Cy5-labeled GBEPPT or GEPPT with blood vessels (green)
(Figure 4j) confirms that injection of GBEPPT into a mouse bearing the GBM tumor
leads to more evident tumor accumulation and permeation in the GBM compared to
GEPPT, owing to its GGT-activated charge-switchable characteristics that facilitate its
endocytosis into tumor cells, mitochondrial disturbance, and mitochondrial mitocytosis

to enhance its transcytosis.
2.5. GBM tumor therapy

US87-MG cells were used to evaluate the cytotoxicity of GBEPPT and GEPPT. CCK-8
assays reveal that the treatment with either GBEPPT (IC50 = 233.5 nM) or GEPPT
(IC50 =250.5 nM) results in a slight reduction in cytotoxicity compared to that by free
PPT (IC50 = 16.4 nM), which might be attributed to a slow drug release rate from the
nanomedicines. However, even at a low dose, they have a considerable inhibitory effect
on GBM cells (Figure S66, Supporting Information).

The fluorescence signal intensity of U87-luc cells was assessed. It is noted that the
fluorescence intensity emitted from the cells is positively correlated the number of cells
after addition of D-luciferin (Figure S67, Supporting Information), thus the
fluorescence signal could be used for monitoring tumor cell growth in vivo, which lays
a foundation for semi-quantitative tracking the progression of orthotopic GBM in vivo.
Moreover, in vivo pharmacokinetic analysis was performed through the fluorescence

signal of Cy5 labelled on GBEPPT. The blood Cy5 concentration in the free Cy5 group
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(Figure S68 and Table S2, Supporting Information) drops rapidly, with an estimated
elimination blood half-life of 132.4 min. Although the Cy5 content in the GBEPPT
group declines considerably as well, the decreasing rate is much slower than that in the
free Cy5 group. Meanwhile, its blood half-life is estimated to be 730.7 min. This
prolonged circulation time may be attributed to a high molecular weight of GBEPPT, a
negatively charged surface, and a nanoscale structure.

An in-situ GBM model was utilized to assess the therapeutic effect of the
nanomedicine. The GBM was implanted in a non-functional area of the mouse brain
(caudate-putamen). Figure S69, Supporting Information, depicts the treatment method:
intravenous injections of a solution of GBEPPT, GEPPT, PPT, or PBS into a mouse
through tail vein were commenced after 12 days of in-situ GBM implantation, and three
injections were conducted with a gap of 4 days. The GBM volume and the mouse body
weight were examined on regular intervals after the first intravenous injection. On day
29, the mice were euthanized and the collected major organs and tumors were
pathologically examined.

7T MRI scans were conducted to observe the growth of intracranial GBM in each
group every 7 days. As shown in Figure Sa, the maximal cross-sectional area of the
GBM tumor in the MRI images expands after therapy in all groups, while the degree of
volumetric expansion varies dramatically. The fastest growth of in-situ GBM is seen in
the PBS-treated mice during the treatment period. Inhibition of GBM growth is
observed in the early phase in both groups administrated with PPT and GEPPT, whereas
pronounced suppression of GBM growth is found in the GBEPPT-treated group during
the entire treatment period. Importantly, except for the animals treated with GBEPPT,
the brain tissue of the mice in other groups displays a considerable midline shift due to
tumor compression after 28 days.

In vivo fluorescent imaging during the treatment period was also performed for
quantitative determination of in-situ GBM growth. We monitored the fluorescence
intensity of the implanted GBM-luc cells and implemented semi-quantitative analysis

of the tumor volume after injection of the luciferin substrate into the mice via tail vein
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at 20 min before detection (Figure 5b-d). Except for the GBEPPT-treated group, the
other groups do not display noticeable inhibition of GBM during the drug
administration phase (day 1 to day 13), and GBM in these groups begins to grow when
the drug administration is discontinued. The most rapid growth of GBM is seen in the
groups treated with PBS and GEPPT, indicating that i.v. administrated GEPPT does not
exert an anti-tumor effect on in-situ GBM. In contrast, the mice administrated with
GBEPPT exhibit significant inhibition of in-situ GBM throughout the entire monitoring
period including after termination of drug administration, indicating that GBEPPT
could successfully cross the BBB, transport into the GBM tumor, and retain in the
tumor site for a long time to exert a long-lasting anti-GBM effect. It is noticed that
during the period after termination of the treatment, the growth of GBM in the PPT-
treated group is slower than that in the groups treated with PBS and GEPPT. This may
be owing to the formulation of the PPT injectable solution, which contains a mixture of
ethanol and castor oil. This formulation may increase the solubility of PPT in the
formulation to facilitate its penetration through the BBB to the tumor site, resulting in
GBM suppression.!?*! However, its inhibitory effect lasts for a short time. Importantly,
no significant changes in the body weight are noticed in all these groups during the
treatment period (Figure 5Se).

To further assess the therapeutic effect in each group, slices of tumor tissues and
major organs were subjected to hematoxylin and eosin (H&E), terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) and Ki67
staining. No significant abnormalities are found in the major organs (heart, liver, spleen,
lung, kidney, and normal brain) after H&E staining (Figure S70 and S71, Supporting
Information) with the exception of those in the PPT-treated group. Expanded nuclei, a
lower hepatocytic density, and dilated hepatic blood sinusoids are observed in the liver
slices after PPT treatment, suggesting that PPT administrated via tail vein injection has
serious side effects, while conjugation of PPT to a nanocarrier to form a nanomedicine
could significantly lessen its adverse effects. The cell density of the tumor tissues in the

GBEPPT-treated group is lower than that in other groups after they were stained with
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H&E (Figure S71, Supporting Information). Additionally, the tumor growth index,
Ki67, is much lower, whereas the cell apoptosis index, TUNEL, is significantly greater
in the GBEPPT-treated group compared to those in other groups (Figure 5f-i). Hence,
it can be concluded that GBEPPT could precisely deliver PPT to the brain tumor and
elicit a discernible inhibitory effect on the proliferation of GBM.

In the survival experiment, we treated the mice with in-situ GBM using the same
administration method in Figure S69, Supporting Information. Significant side effects
of PPT result in the death of half of the mice (5 mice) in the next day after the third i.v.
drug administration. The other half of the mice that manage to survive may be impacted
by acute toxicity of PPT, and its therapeutic action on the GBM leads to the suppression
of GBM growth.[] The final statistical results reveal that the mice exposed to PBS,
PPT and GEPPT exhibit a median survival of 33, 38 and 39 days, respectively.
Encouragingly, treatment with GBEPPT significantly prolongs the survival time to 46
days compared to other formulations (Figure 5j). These results strongly support the
superior performance of GBEPPT in inhibiting tumor growth and prolonging the

survival of the GBM-bearing mice.
2.6 Anti-tumor mechanism

A thorough investigation was conducted to gain a deeper understanding of the anti-
tumor mechanism of the mitochondria-disturbing GBEPPT. It has been shown that PPT
is a highly effective anti-tumor drug to impair microtubule depolymerization
properties.[2%>271 After co-incubation with GBEPPT for 6 h, the GBM cells display
multilevel cellular shrinkage (Figure S72, Supporting Information), and some of the
shrunken cells have already undergone cell death (Figure S73 and S74, Supporting
Information). Structured illumination microscopy (SIM) images reveal that the
microtubules of GBM cells crumple and their structural integrity is disrupted after
treatment with GBEPPT, which is similar to that after treatment with free PPT,
implying that GBEPPT could effectively release PPT to exert a distinctive microtubule-
disrupting effect on GBM cells in a high GSH concentration microenvironment (Figure

6a and Figure S75 and S76, Supporting Information). The mitotic process of GBM cells
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is disturbed after the disruption of the microtubule structural integrity. Flow cytometry
analysis reveals that the cell cycle of the majority of GBM cells is arrested at the G2/M
phase after the treatment with GBEPPT or PPT, while the number of cells in the G1
and S phases is significantly reduced compared to the control (Figure 6b). Despite its
high targetability towards the mitochondria, GBEPPT displays a similar inhibitory
effect against tumor cells as PPT, which does not possess the mitochondrial targeting
ability. The impact of GBEPPT-induced mitochondrial disturbance does not
prominently contribute to the inhibition of tumor cell growth.

Transcriptome sequencing was conducted on GBM cells to investigate the role of
GBEPPT in the process of cell death. The Heatmap analysis shows significant changes
in the gene transcription levels of U87 cells after their co-incubation with PPT and
GBEPPT, compared to the control group (Figure 6¢). However, the groups treated with
PPT and GBEPPT share similar alterations at the gene transcription level. In the
volcano plot, significant changes are found for certain apoptosis-related genes (Figure
6d). Additionally, the GO enrichment analysis reveals a significant enrichment of genes
with an altered expression level for the apoptotic pathway (Figure 6¢e). In the GSEA
analysis, both groups treated with PPT and GBEPPT exhibit the most pronounced
enrichment in the apoptotic process (GO:0006915), and the enrichment scores for both
groups have a very similar trend (Figure 6f). Consequently, after cell cycle arrest and
disruption of microtubule-associated cellular structures, GBM cells are prone to death
via the apoptosis-related pathways. Flow cytometry analysis was used to evaluate the
level of apoptosis in GBM cells after treatment with GBEPPT and PPT (Figure 6g).
The proportion of early apoptotic GBM cells increases significantly in comparison to
the control. Subsequently, western blotting (WB) analysis of key apoptosis-related
proteins confirms that both GBEPPT and PPT markedly induce apoptosis in GBM cells,
resulting in the activation of the apoptotic executor protein caspase-3, as well as its
downstream PARP protein (Figure 6h).

It is noted that the transcriptome sequencing does not capture any significant changes

in the mitochondria-associated apoptotic pathway. The treatment of GBM cells with
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GBEPPT may result in mild stress on the mitochondria, initiating the damage-repair
processes. The expression level of KIF5B, an outward-motor protein required for
mitochondrial mitocytosis, '8! is significantly elevated in the cells treated with GBEPPT,
whereas its expression level in the PPT-treated group is not significantly different from
that of the control group (Figure S77, Supporting Information).

We finally selected IDH-WT (isocitrate dehydrogenase wild type) GBM samples
from a patient to build a de novo GBM model to assess the therapeutic effectiveness of
GBEPPT against GBM. GBM in the frontoparietal lobe of the patient is confirmed from
the enhanced MRI image (Figure 61, Figure S78, Supporting Information). Fluorescent
immunohistochemical staining of the GBM indicates high expression of GFAP, which
highly overlaps with Ki67 (Figure S79, Supporting Information). After treatment with
PPT or GBEPPT, patient-derived GBM cells exhibit evident microtubule disruption
(Figure 6j) and distinct apoptosis (Figure S80 and S81, Supporting Information). These
results suggest that GBEPPT could impose a potent therapeutic effect on clinical GBM,
which is similar to that observed in the GBM model.

As the chemotherapeutic drug in the clinical standard of care (SOC) for GBM,
temozolomide (TMZ) is currently facing challenge due to the insufficient effectiveness.
Here, we constructed the GBEPPT nanomedicine to improve the therapeutic effect of a
chemotherapeutic drug, PPT other than TMZ, for GBM treatment, although this
chemotherapeutic agent has intrinsic issues, such as systemic toxicity, inability to
penetrate the blood-brain barrier (BBB), and poor tumor tissue penetration. The
construction of the PPT nanomedicine helps overcome these intrinsic issues and
improve the therapeutic effect of the drug PPT, resulting in great survival benefits for
the GBM mice. The advantages of GBEPPT in comparison with TMZ used in the GBM
standard of care include: 1) Different treatment mechanisms between GBEPPT and
TMZ. GBEPPT could be served as a supplementary or alternative therapeutic agent; 2)
GBEPPT remarkably reduced the systemic toxicity of the antitumor drug PPT, and its
effective therapeutic dose is significantly lower than that of TMZ; and 3) This

nanomedicine platform has potential to accommodate different therapeutic or imaging
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agents or their combinations. Compared to TMZ an anti-GBM drug, GBEPPT can
produce synergistic effects after its combination with standard treatments such as
surgery and radiotherapy. For example, through contrast-agent labelling, GBEPPT may
provide a precise guidance for radiotherapy and exert an anti-tumor efficacy to the cells

in surgical resection margins.
3. Conclusion

In summary, with the aid of DPD simulations, we have successfully developed an
amphiphilic block polymer-drug conjugate, GBEPPT, to self-assemble into a
nanomedicine with enhanced tumor accumulation and deep penetration through the
BBB and the GBM tissue due to its GGT-activated charge reversal and mitochondrial
disturbance-induced mitocytosis. Overexpressed GGT on the BBB neovasculature and
tumor cell membranes facilitates charge reversal of GBEPPT from negative to positive,
promoting its diffusion through the BBB and rapid internalization into GBM cells to
target mitochondria. GBEPPT deposited in the mitochondria induces disturbance of the
mitochondrial homeostasis, triggering the quality control process to transfer the
disturbed mitochondria with GBEPPT to the extracellular region via mitocytosis. The
exocytotic GBEPPT could be endocytosed by neighbor cells to accomplish
intracellular-to-intercellular delivery of GBEPPT, augmenting its accumulation and
promoting its deep penetration in the GBM tumor. Meanwhile, during the delivery
process, GBEPPT is activated by GSH at a high concentration in the tumor
microenvironment to release PPT to induce cell apoptosis, which remarkably enhances
the anti-tumor effects on the GBM. Therefore, the subcellular targeting nanomedicine
could be effectively delivered into weakly permeable malignancies through
mitochondrial disturbance and active mitocytosis, offering great potential in combating

brain tumors.
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Scheme 1. Mitocytosis to enhance intercellular transfer of GBEPPT for GBM treatment.
a) Enzyme-activated structural transformation of GBEPPT, and schematic illustration
of self-assembly and charge reversal processes. b) Treatment of in situ GBM with
enhanced accumulation and penetration. ¢) The mitocytosis process mediates active
transcellular transport of GBEPPT for deep penetration. GBEPPT with a positive
charge specifically targets mitochondria to disturb the mitochondrial homeostasis and
mediate mitocytosis. During the mitocytosis process, mitosomes that contain the
disturbed mitochondria and the nanomedicine are expelled out of the cell. Subsequently,
the nanomedicine from the mitosomes could be reinternalized by neighboring GBM
cells. In this process, the mitochondria act as a relay station to continuously mediate the

transcytosis of the nanomedicine.
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Figure 1. DPD simulations and physicochemical characterizations of GBEPPT. a)
Structure of pPGBEMA-b-pSSPPT (GBEPPT). GBEPPT is composed of a hydrophilic
unit containing a GGT-responsive charge-reversal segment (y-glutamine) that is
conjugated to a positive-charge provider (aminobutyric acid), and a hydrophobic
domain containing a GSH-responsive linker to connect an anti-tumor drug (PPT) with
the hydrophobic unit. b) Molecular morphologies of GBEPPT after self-assembly via
DPD simulations. Side views of GBEPPT in H>O at different hydrophilic-hydrophobic
ratios. X and y are hydrophilic and hydrophobic units, respectively. ¢) Gel permeation
chromatography (GPC) chromatograms of pGBEMA and GBEPPT. d) Critical micelle

concentration (CMC) of GBEPPT. e) Hydrodynamic size and polydispersity index
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(PDI) of GBEPPT via DLS. f) Stability of GBEPPT in PBS. g) Dissociation of y-
glutamoyl from GBEPPT via DPD simulations. Sectional views of GBEPPT in a bond
breaking process at different simulation steps. TEM images of GBEPPT (h) without or
(1) with enzymatic incubation. j) Zeta potentials of GBEPPT and GEPPT in the presence
of 10 U mL! GGT at 37 °C. k) Drug release profiles of GBEPPT in the presence of

GSH at different concentrations.
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Figure 2. Co-localization of GBEPPT with mitochondria in GBM cells. a-c)
Fluorescent images for co-localization of GBEPPT and mitochondria, semi-

quantitative analysis of the fluorescence signal of GBEPPT and mitochondria, and the
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Pearson correlation coefficient (Pearson's R) for co-localization of GBEPPT and
mitochondria. Red for GBEPPT, green for mitochondria, blue for nuclei, and yellow
for overlapping of red and green. d-f) Fluorescent images for co-localization of
GBEPPT and lysosomes, semi-quantitative analysis of the fluorescence signal of
GBEPPT and lysosomes, and the Pearson correlation coefficient for co-localization of
GBEPPT and lysosomes. Red for GBEPPT, green for lysosomes, blue for nuclei,
yellow for overlapping of red and green. g-i) Fluorescent images for co-localization of
GBEPPT and the endoplasmic reticulum, semi-quantitative analysis of the fluorescence
signal of GBEPPT and the endoplasmic reticulum, and the Pearson correlation
coefficient for co-localization of GBEPPT and the endoplasmic reticulum. Red for
GBEPPT, green for endoplasmic reticulum, blue for nuclei, yellow for overlapping of
red and green. j-1) Fluorescent images for co-localization of GBEPPT and the Golgi
apparatus, semi-quantitative analysis of the fluorescence signal of GBEPPT and the
Golgi apparatus, and the Pearson correlation coefficient for co-localization of GBEPPT
and the Golgi apparatus. Red for GBEPPT, green for Golgi apparatus, blue for nuclei,
yellow for overlapping of red and green. m) Pearson's R for co-localization of GBEPPT
and mitochondria within 0-18 min. n) Semi-quantitative analysis of the JC-1
fluorescence signal in GBEPPT-treated GBM cells. 0) Pearson's R for co-localization

of GBEPPT and mitochondria at 0.5, 1, 3 and 7 h.
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Figure 3. GBEPPT-mediated mitocytosis of GBM cells. a) Dynamic changes in
mitochondrial exocytosis by the GBM cells after co-incubation with GBEPPT for 1 h,
which is highlighted by white arrows. Green for mitochondria, red for GBEPPT, blue
for nuclei, and yellow for overlapping of green and red. Semi-quantitative analysis of
the number of puncta secreted from GBM cells that were stained with both red and
green fluorescence in (b) the GBEPPT-treated group and (c) the control group. d)

Dynamic changes in the Pearson's R for co-localization of mitochondria and GBEPPT
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inside GBM cells after GBEPPT treatment. ¢) TEM images of normal mitochondria
(green arrow) in the control group, and disturbed mitochondria (red arrow) in the
GBEPPT-treated group. Typical mitosomes (blue arrow) contain disturbed
mitochondria (red arrow) and retraction fibers (orange arrow) after treatment of GBM

cell with GBEPPT.
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Figure 4. Penetration of GBEPPT through the BBB and the solid GBM tissue. a)

Schematic drawing of an in vitro BBB model. b) Fluorescence images for the BBB
model after co-incubation with GBEPPT for 0.5, 1 and 4 h. Green for T junctions, red
for GBEPPT, and blue for nuclei. c) Semi-quantitative analysis of the fluorescence
signal in the micropores of the Z-section of the BBB model treated with GBEPPT or
GEPPT, or the transwell without the BBB treated with GBEPPT. d) CLSM images of
large-diameter GBM MTSs after co-incubation with GBEPPT or GEPPT for 6 h and
(e) semi-quantitative analysis of the fluorescence signal intensity along the arrows from
the left to the right periphery of MTSs. f) Mouse brain tissues injected with PBS (Upper

Left) and GBM (Lower Left) in-situ, and fluorescence images of the same mouse brain
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with GBM after intravenous injection of D-Luciferin (Upper Right) and GBEPPT
(Lower Right). g) Semi-quantitative analysis of the level of accumulation of the free
Cy5, GEPPT and GBEPPT in the GBM tissue. h) Fluorescence images of sections
including both brain and GBM tissues. Green for FITC-dextran labelled blood vessels,
red for Cy5-labelled GBEPPT, and blue for DAPI-stained nuclei. Semi-quantitative
analysis of the accumulation level of GBEPPT and GEPPT in the GBM tissue (i) and

in the neovascular within the GBM tissue (j) compared to that at the brain tissue.
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Figure 5. Enhanced therapeutic effects on in-situ GBM tumors by GBEPPT. a) In-situ
GBM tumor growth in the mice treated with PBS, PPT, GEPPT, and GBEPPT
monitored by 7T MRI. b) In-situ GBM tumor growth in the mice treated with PBS, PPT,
GEPPT, and GBEPPT monitored by live fluorescence imaging. c) Semi-quantitative
analysis of in-situ GBM tumor growth in each group. d) Averaged in-situ GBM tumor
growth rates in four groups. e) Body weight changes in the GBM mice. f) Images of
Ki67-stained histological sections of in-situ GBM tumors and (g) semi-quantitative
analysis of the Ki67 signal intensity. h) Images of TUNEL-stained histological sections
of in-situ GBM tumors and (i) semi-quantitative analysis of the TUNEL signal intensity.
j) Survival analysis of the mice with in-situ GBM tumors after treatment with PBS, PPT,

GEPPT, and GBEPPT.
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Figure 6. GBEPPT induces apoptosis via cell cycle arrest and disruption of microtubule

structures. a) The morphology of microtubules in the U-87 cells treated with PPT and

GBEPPT and (b) flow cytometry analysis of their cell cycle arrest. ¢) Heatmap for

differential gene expression levels in GBM cells after different treatments. d) Volcano

plot of gene expression in GBEPPT-treated GBM cells. €) GO enrichment analysis of

gene expression in GBM cells after GBEPPT treatment. f) GSEA analysis of the

apoptosis process (GO:0006915) in the groups treated with PPT and GBEPPT. g) Flow

cytometry analysis of the level of apoptosis in the GBM cells treated with PPT and

GBEPPT and (h) the apoptosis-related protein expression levels in the GBM cells
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measured by Western blotting. 1) Enhanced cross-sectional MRI image of GBM in the
frontal parietal lobe of the patient. Clinical GBM samples were obtained from the
patient. j) Microtubule morphological changes in patient-derived GBM cells after
treatment with PPT and GBEPPT.
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An enzyme-activable mitochondrion-disturbing nanomedicine assembled from an
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crossing and deep GBM penetration. This nanomedicine interferes mitochondrial
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control, facilitating mitosome-mediated active transcellular transport in GBM tissues.
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