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Abstract

Glioblastoma multiforme (GBM) is the most malignant type of brain tumor and has an
extremely poor prognosis. Current treatment protocols lack favorable outcomes, and alternative
treatments with superior efficacy are needed. In this study, we demonstrate that loading paclitaxel
(PTX) in a polymeric, nanoparticulate delivery system is capable of improving its brain
accumulation and therapeutic activity. We independently incorporated two different positively
charged surface modifiers, poly(amidoamine) (PAMAM) and poly(ethylenimine) (PEI), onto
poly(lactic-co-glycolic acid) (PLGA) - polyethylene glycol (PEG), PLGA-PEG, nanoparticles
(NPs) using a modified nanoprecipitation technique that assures the formation of nanosized
particles, while exposing the positively charged polymer on the surface. The prepared NPs
underwent comprehensive analyses of their size, charge, in vitro permeability against a BBB cell
line, and in vivo biodistribution. Our results demonstrated the successful fabrication of positively
charged NPs using PAMAM or PEI. Importantly, significant improvement in brain accumulation
(in vivo) was associated with NPs containing PAMAM compared to unmodified NPs or NPs
containing PEI. Finally, the efficacy of PAMAM-modified NPs loaded with PTX was evaluated
with orthotopic human GBM xenografts in a mouse model, and the data demonstrated improved
survival and equivalent safety compared to soluble PTX. Our data substantiate the importance of
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surface chemistry on the magnitude of NP accumulation in the brain and pave the way for further
in vivo evaluation of chemotherapeutic drugs against GBM that have previously been overlooked
because of their limited ability to cross the BBB.
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Introduction

Glioblastoma multiforme (GBM) is considered the most aggressive and is the most common
primary malignant brain tumor in adults. Most GBM (~90%) originate de novo from

normal glial cells with no evidence of low-grade glioma and are clinically classified as
primary GBM, while secondary GBM develop from low-grade gliomas 1 2. Both types

of GBM share similar morphological features and lead to similar clinical symptoms 3.
Worldwide, in 2017 GBM caused more than 100,000 deaths per year 4, with a higher
incidence rate in men than women °. Treating GBM has been and continues to be

an enormous challenge. The standard treatment for GBM involves surgery followed by
radiotherapy and/or chemotherapy. There are several reasons why standard GBM treatments
are not particularly efficacious in the clinic including: (1) approximately 50% of patients
have tumors that are non-responsive to temozolomide (TMZ), the primary gold standard,
mostly due to over-expression of O6-methylguanine-DNA methyltransferase which limits
the cytotoxic effects of TMZ 6; (2) TMZ only moderately penetrates the brain 7. TMZ is
also rapidly hydrolyzed under physiological conditions &; (3) invasive GBM cells can reduce
the chances of complete surgical removal of GBM tissue making recurrence highly probable
9: and (4) the function of the blood brain barrier (BBB) results in most chemotherapeutic
agents and targeted agents being ineffective 10: 11, For these reasons, researchers have
investigated novel therapeutic agents and procedures to enhance the quality and duration of
life of GBM patients 9 12-15,

Paclitaxel (PTX), a potent antineoplastic agent, has been commonly used over the past

two decades for the treatment of lung, ovarian and breast cancers 6. PTX is a microtubule-
stabilizing drug that targets the well-characterized taxoid binding site of the -tubulin
subunit resulting in mitotic arrest and cell death 17. PTX, unlike TMZ, is not a standard of
care agent but has been, and is still, used in clinical trials for GBM 18. 19, One drawback of
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PTX is that its therapeutic efficacy is limited due to a low capacity to cross the BBB 20: 21,
This may be remedied to some degree by loading PTX into nanoparticles (NPs) that are
capable of crossing the BBB, thereby improving the therapeutic efficacy. Thus, we sought
to develop a novel drug delivery nanocarrier to deliver PTX across the BBB and effectively
treat GBM.

NPs have been widely used to overcome the current barriers associated with drug delivery
to the brain with great success, where controlling the size and the surface charge were found
to be the two most important parameters that facilitate crossing the BBB. NPs of less than
200 nm in size and that possess a net positive charge have shown great potential in crossing
the BBB 22-25, Poly(amidoamine) (PAMAM) and poly(ethylenimine) (PEI) are positively
charged polymers that have been widely used in the literature to facilitate crossing the BBB
and improve accumulation of therapeutics at brain tissue 23: 25-28_ |n addition, studies have
demonstrated that even though PAMAM is toxic to red blood cells 22-25, and PEI is toxic

to neurons and other cells in the nervous system 29, the cellular toxicity of PAMAM and
PEI can be reduced when PAMAM or PEI are conjugated to polyethylene glycol (PEG)
25,30 Thus, PEG molecules used in our formulations may also help to mitigate the potential
toxicity of PAMAM and PEI.

More modern analyses that focus on covalent tracking of polymer constituents mostly

reach a consensus that not all NPs are able to cross the BBB 31. Multiple factors need to

be considered when developing a nanoparticle formulation for crossing the BBB. Factors
potentially influencing transport of NPs across the BBB, such as particle size, surface
charge, nanoparticle materials, and surface modifiers are being investigated so as to develop
NPs with enhanced capacity to cross the BBB 131,32 However, to date the impact of the
differences in NP chemistries on their abilities to cross the BBB has not been thoroughly
evaluated and has been a subject of controversy.

In this study we investigated how modifying the surface chemistry, while fixing the

size and charge of NPs, affects their ability to cross the BBB. To do so, we used

a modified nanoprecipitation technique to prepare three different batches of NPs with
equivalent hydrodynamic diameters. Our modified technique resulted in NPs with the
positively charged polymer being exposed at the surface, thus evaluating its direct impact on
facilitating the crossing of the BBB could be easily assessed. We used the biodegradable,
biocompatible polymer poly(lactic-co-glycolic acid) (PLGA) - PEG, PLGA-PEG, to prepare
the core of these NPs (PG), and then we modified the surface with either PAMAM (PGM)
or PEI (PGI) to evaluate how differing the surface chemistry of these positively charged
polymers affected the ability of these NPs to cross the BBB. The prepared NPs were first
evaluated in vitro against a BBB cell culture model, and then their biodistribution was
evaluated in a healthy mouse model to estimate the magnitude of their brain accumulation,
and finally in vivo activity and safety against an orthotopic GBM tumor mouse model was
investigated.
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Results and discussion

NPs preparation and characterization

Our first aim was to prepare NPs of equivalent sizes and different surface chemistries

and study their ability to penetrate the BBB using an in vitro cell culture model. To do

so, we initially conjugated PEG to the FDA-approved biocompatible and biodegradable
polymer, PLGA, and the resulting copolymer, PLGA-b-PEG, was characterized using

1H NMR (Supplementary Fig. S1) 33. The prepared PLGA-b-PEG copolymer was used
downstream for NP fabrication. The PEGylation process was performed in an attempt to
modify the biodistribution of drug-loaded NPs, prolong the NPs blood circulation half-life,
and importantly, mitigate the toxic side effects of the positively charged modifiers, PAMAM
and PEI 15 25,34,

NPs were prepared using a slight modification to a previously published nanoprecipitation
method (Fig. 1a) 33, where the positively charged modifier, PAMAM or PEI, was
co-dissolved in acetone with PLGA-b-PEG and added drop-wise to a stirred aqueous
solution containing a low concentration of surfactant. Our modified method allowed for

the formation of double layered NPs with the more hydrophobic polymer, PLGA-b-PEG,
constituting the core of the NPs and the more hydrophilic positively charged modifiers
forming the coat. This orientation is achieved because the nanoprecipitation method utilizes
low energy input during fabrication of the NPs, giving the polymers the opportunity to
orient themselves in a way that minimizes their free energy, thus the hydrophobic and
hydrophilic polymers will orient themselves towards the core and the surface, respectively
35-37_ The presence of the positively charged surface modifier on the surface of the NPs can
measurably affect the ability of NPs to cross the BBB, once the size and the magnitude of
the charge are kept constant.

In this study three different batches of NPs were prepared: PLGA-PEG NPs (PG), PLGA-
PEG + PAMAM (PGM), and PLGA-PEG + PE] (PGI) (Fig. 1b). PG NPs possessed
exposed free carboxylic groups on their surface, while both PGM and PGI NPs possessed
multiple exposed amine groups on their surfaces. Chemistry-wise, PGM NPs prepared with
5t generation PAMAM exhibited an extra amide group (-NCH,CH,CONHCH,CH,NH5)
on their surface as compared to PGI NPs prepared with branched PEI and exhibiting a
secondary amine group (-NCH,CH,CONHCH,CH,NH>) on their surface (Fig. 1c).

In order to assess the ability of NPs to cross a well-established in vitro BBB cell

culture model (monoculture of human brain microvascular endothelial cells, h\CMEC/D3
in Transwells), we loaded our three different NP formulations with the fluorescent probe,
coumarin-6, in order to facilitate tracking of the NPs. All three batches of the coumarin-6-
loaded NPs were of equivalent sizes with hydrodynamic diameters that ranged from 135 to
172 nm. PG NPs exhibited a negative charge of —20.7 mV due to the carboxylic groups of
PLGA, while both PGM NPs and PGI NPs both exhibited positive charges of approximately
+13.2 mV, indicating that the amine-containing functional groups were exposed on the
surface (Fig. 1d). Furthermore, the loading of coumarin-6 (~0.8 — 1.3 pg/mg NPs) and

its encapsulation efficiency (~25 — 38%) are shown for the three NP formulations tested
(supplementary Table S1). SEM images of the three NP formulations demonstrated the
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successful fabrication of spherical particles with smooth surface morphology. Actual NP
sizes measured by SEM were found to be approximately 100 nm, which proved to be
smaller than their hydrodynamic diameters; a discrepancy likely due to the presence of
hydrophilic polymers on the surface of the NPs 38 such as PEG and the surface modifiers
(Fig. 1e). Interestingly, PGM NPs were the only NPs that showed a clear double layered
structure, even though PGI NPs exhibited equivalent positive charges. This could be related
to the rigid structure of PAMAM as compared to the flexible structure of branched PEI, thus
uniform arrangement was achieved on the surface when PAMAM was used, as compared to
irregular distribution of PEI on the surface. Furthermore, the presence of the amide groups in
PAMAM might have interacted more efficiently with PEG chains as compared to PEI amine
groups, and this may have subsequently resulted in a more uniform distribution of PAMAM
on the surface as compared to PEI 39,

In vitro permeability studies of coumarin-6-loaded NPs using a model BBB cell line

(hCMEC/D3)

We next tested the ability of the NP formulations to cross an in vitro cell culture BBB
model as demonstrated in Fig 1f. BBB hCMEC/D3 cells were seeded as a monolayer in a
Transwell insert, and TEER values were measured daily in order to estimate the optimum
time to start the permeability experiment. Full coverage of the membrane of the Transwell
insert by the BBB cells and the formation of tight junctions are reflected by a plateau value
for the measured TEER. 4042, We started our experiment when hCMEC/D3 monolayers
reached a plateau TEER value of ~ 15 Q/cm? (after 10 days, Fig. 1f), where different initial
concentrations of coumarin-6-loaded NPs were added to the donor compartment and the flux
of each concentration was measured over a 6 h period. Finally, the permeability coefficient
(Pe) was calculated for each formulation by dividing the flux by the initial concentration in
the donor compartment. The average P, of coumarin-6-loaded NPs was found to be 3.1 x
1073, 3.6 x 1073, and 3.5 x 1073 cm/minute for PG, PGM, and PGI NPs, respectively (Fig.
1g). Those values demonstrate a very marginal, but non-significant, increased ability of the
positively charged NPs (PGM (p-value = 0.3) & PGI (p-value = 0.4)) over the negatively
charged PG NPs to cross the in vitro model BBB. We expected a more profound difference
because it has been previously demonstrated in the literature that the superior interaction
between the positively charged NPs and the negatively charged cell membrane can improve
their ability to be endocytosed and thus facilitate their permeability as compared to their
negatively charged counterparts 26: 43. 44, |n addition, Jallouli et al. proposed that cationic
porous NPs could traverse an in vitro model BBB via transcytosis and this was shown to
correlate well with in vivo findings 4°. However, the degree of cellular uptake (of NPs) by
both phagocytic and non-phagocytic cells has been shown to depend upon the magnitude of
the positive charge #6: 47, and given that both our PGM & PGI NP formulations loaded with
coumarin-6 exhibited a C-potential of just +13.2 mV, this could explain why the enhanced
uptake of the positively charged NPs (compared to PG NPs) did not achieve statistical
significance.

In vivo biodistribution studies of DIR-loaded NPs in healthy mice

W next tested our NP formulations in vivo by evaluating their ability to cross the BBB and
target the brain tissues in healthy mice. This time we prepared the three NPs formulations
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loaded with the near-infrared fluorescent dye, DiR, to facilitate tracking their in vivo fate
following IV administration. All of the prepared NPs were of equivalent hydrodynamic
diameters (averaging ~161 nm; supplementary Table S1). PG NPs carried a negative charge
of =39 mV and both PGM and PGl exhibited equivalent positive charges of about +37.5 mV
(Fig. 2a). Furthermore, DIR loading was almost equivalent in all of the formulations with
an average DIR loading of 1.57 pug/mg particles (supplementary Table S1). Interestingly,
the magnitude of the charge of the DIR-loaded NPs was much higher than the coumarin-6-
loaded NPs (Fig. 1d), which could be attributed to the adsorption of coumarin-6 on the
surface of the NPs that subsequently masks the charge and results in a reduction in

its magnitude. This occurs with coumarin-6 and not with DIR, because coumarin-6 is a
smaller more hydrophilic molecule as compared to DIR, thus during NP fabrication more
courmain-6 is expected to be released from the NPs and become adsorbed on the surface, as
compared to DIR molecules that are inclined to remain within the more hydrophobic core
48-50 SEM images of the DIR-loaded PGM NPs confirmed the formation of double layered
NPs (Fig. 2b).

The in vitro coumarin-6 and DiR release profiles of PG, PGM and PGI NP formulations
(supplementary Fig. S3) demonstrated ~5% of the dyes being released in the first 5 —

10 hours (burst release) followed by very limited release over the subsequent 672 hours.
Dye-loaded PGM and PGI formulations did not reveal significant differences in release
kinetics. These results suggest that all three NP formulations have the potential to be used
for in vivo biodistribution studies. We next injected healthy mice intravenously through a
retro orbital injection with either saline, 5 mg of blank PGM NPs, 5 mg of DiR-PG NPs
(equivalent to ~8.3 pg DIR), 5 mg of DiR-PGM NPs (equivalent to ~8.2 g DIR) or 6 mg

of DiR-PGI NPs (equivalent to ~8.5 ug DIR). At 1-, 4-, and 8-days post injection, blood
samples were collected from the mice and then, after being sacrificed, they underwent whole
body perfusion (Fig. 2c, top left diagram) in order to clear all the organs of blood, making

it possible to accurately evaluate the ability of NPs to cross the BBB and accumulate in

the tissues of the brain as well as other organs 1. IVIS was then used to determine the
magnitude of NP accumulation in different organs. Over the three time points, whole mice
images showed that mice treated with positively charged NPs (PGM and PGl), retained
higher signals compared mice treated with the negatively charged PG NPs (Supplementary
Fig. S2). This could be explained by the higher interaction between the positive charged NPs
and the negatively charged membranes of endothelial cells 23 25. 45,

The negatively charged PG NPs were only distributed to the liver, kidneys and spleen, while
the positively charged NPs (PGM and PGI) were distributed to almost all of the collected
organs: liver, kidneys, spleen, heart, lungs and pancreas. Interestingly, PGM NPs were the
only NPs that exhibited significant brain accumulation relative to PGI and PG, implying
that the surface chemistry plays a major role in crossing the BBB (Fig. 3b; p-value < 0.05).
Quantitative assessment of the IVIS data showed that over the three time points there was a
superior accumulation of both PGM NPs and PGI NPs in the lungs, liver, kidneys, spleen,
and pancreas, when compared to PG NPs (Fig. 2d). And in all of those cases the superiority
of accumulation seems to be charge specific, with no significant impact of surface chemistry.
For example, at the day 1 time point, both PGM NPs and PGI NPs exhibited ~12.5-fold
increase in their lung accumulation as compared to PG NPs, with almost no significant
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difference in the signal between both positively charged NPs, indicating that NPs surface
charge is the major driving force for lung accumulation, and that the surface chemistry does
not have any apparent impact. Both PGM NPs and PGI NPs were readily entrapped in the
lungs immediately after 1V injection possibly due to: (1) their surface modifiers (PEGylation
and positive charge), and/or (2) lung capillary filtration effects 52. Furthermore, studies
have also shown that positively charged NPs are highly susceptible to being taken up by
macrophages residing in the lung, liver and spleen #6. The same charge specific distribution
was also observed for the pancreas, as both PGM NPs and PGI NPs exhibited an almost
4.6-fold increase in the pancreas compared to PG NPs. Given that our major focus was to
estimate brain accumulation of NPs, we reimaged the brains using different IVIS settings,
where we increased the laser intensity in order to amplify the signal so as to decipher the
differences between the groups. The results showed that PGM NPs exhibited much greater
accumulation in the brain compared to PG NPs and PGI NPs, with PGl NPs accumulating
slightly more than PG NPs (Fig. 3a, upper panel). Quantitatively, at the day 1 time point,
PGM NPs exhibited a 2.4- and 5.2-fold increase in brain accumulation as compared to

PGI NPs and PG NPs, respectively (Fig. 3a, lower panel), suggesting the importance of
surface chemistry in promoting the crossing of the BBB and achieving significant brain
accumulation. Furthermore, and driven by those findings, we reimaged the brains at day

8 using a smaller field of view in order to further improve the resolution and sensitivity

of the IVIS, and obtain an improved quantification of the signal, and the results further
confirmed the superiority of PGM NPs for brain delivery (Fig. 3b). As described earlier,

an in vitro DiR release study demonstrated that there was no significant difference in
release rates of the dye from PGM NPs versus PGl NPs (supplementary Fig. S3). Thus, the
finding from the in vivo biodistribution showing higher fluorescence intensity in the brain
in mice administered DiR-loaded PGM NPs suggests enhanced localization of these PGM
NPs rather than the enhanced fluorescence being due to increased release of DiR from the
formulation post administration. In addition, our previous research, using an in vivo healthy
mouse model, demonstrated that at almost all time points the drug concentration in the brain
from drug-loaded PGM NPs was higher than that due to free drug solution 33.

Both PGM NPs and PGI NPs exhibited equivalent accumulation in all organs except for

the brain where PGM NPs significantly outperformed PGI NPs, despite both formulations
possessing the same size and surface charge. One potential explanation for the enhanced
accumulation of PGM NPs in the brain (over PGI NPs) may stem from our finding that
these two formulations possessed different buffering capacities (Fig 3c). Buffering capacity
affects the fate of endocytosed nanocarriers upon endocytosis 3456, and thus differences

in buffering capacity may affect the overall fate of the NPs such that PGM NPs (which
displayed the higher buffering capacity) had an advantage over PGI NPs in terms of crossing
the BBB versus being degraded by lysosomal components 22 55 57-60 Healthy BBB
endothelial cells are more restricted in terms of the modes of endocytosis used compared to
the endothelia of other tissues 61763, and these restrictions may have resulted in an advantage
of PGM NPs over PGI NPs specifically in brain tissue. Such a possibility nevertheless
remains speculative at this stage and further investigation would be required for validation.

In addition, when NPs are dispersed into biological fluids, proteins can readily adsorb onto
the NPs forming a protein corona (PC). The PC may significantly affect NP uptake efficacy,
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and potentially block their targeting capabilities 64. A study by Sakulkhu et al., demonstrated
that positively charged NPs adsorbed 32 types of proteins, with low molecular weight (<30
kDa) proteins being the more abundant protein type to be absorbed onto NPs in vivo 6%, PC
formation on NPs impacts on a number of NP properties in vivo including blood circulation
half-life, biodistribution, metabolism of the NPs, and toxicity 66 7. Limiting PC formation
around NPs can prolong the blood circulation time, improve the efficacy of NPs for targeted
organs and optimize the rate of biodegradation of NP. PC formation on both PGM NPs and
PGI NPs might impact upon the biodistribution and pharmacokinetics of NPs. Thus, in vivo
experiments assessing PC formation on PG NP, PGM NP, and PGI NP formulations needs to
be further investigated.

In vitro cytotoxicity against human derived glioblastoma U87MG-Red-Fluc cells

PGM NPs were selected as our lead formulation, and our next step was to load this NP
formulation with PTX and evaluate its in vivo efficacy against a human derived GBM mouse
xenograft model. Initially however, we aimed to confirm the superiority of PTX over the
GBM standard of care drug, TMZ, in an in vitro human derived glioblastoma cell culture
model (U87MG-Red-Fluc cell line), by comparing the cytotoxicity of soluble PTX to TMZ,
and two other widely used anticancer drugs, 5-fluorouracil (5-FU), and doxorubicin (DOX).
Drug concentrations ranging from 0.1 pM — 30 mM were incubated with the U87MG-Red-
Fluc cells for 24 hours, and the results indicated that the cell viability was concentration
dependent and dramatically decreased in the presence of the soluble drugs as shown in
Supplementary Fig. S4. The ICsq values for all the treatments are shown in Table 1 and
were lowest for PTX solution. Importantly, the I1Cgq value for PTX was ~12-fold lower than
that of TMZ, indicating that loading PTX in a delivery system that achieves equivalent brain
accumulation to that of TMZ would result in a better response against a lethal brain tumor.

Physicochemical characterization and in vitro release study of PTX-loaded PGM NPs

We next loaded PTX into PGM NPs using our modified nanoprecipitation technique, and
the results showed that PTX-loaded PGM NPs exhibited an average diameter of 185 nm,
with a positive C-potential of 16.6 mV. PTX loading and encapsulation efficiency were 8.8
pg/mg NPs and 24.3%, respectively. Drug release from PLGA NPs is known to be dictated
by several mechanisms including surface erosion, degradation, diffusion, and desorption
68,69 The in vitro PTX release profile from PTX-loaded PGM NPs (Fig. 4a) was biphasic,
consisting of an initial burst release phase within 100 hours followed by a gradual release
phase over 480 hours. The burst release is likely to be primarily due to the rate of drug
desorption of PTX from the surface of the NPs 70 71, The slow release phase may be due
to both drug diffusion and polymer degradation 1. These results suggest PGM NPs are a
promising candidate for providing sustained PTX release in vivo; possessing the potential to
provide sustained drug release at sufficient quantities for antitumor activity once they have
reached the target tissue following IV injection.

In vivo antitumor efficacy against a human derived GBM mouse xenograft tumor model

Finally, we evaluated the efficacy of PTX-loaded PGM NPs in an orthotopic human GBM
tumor xenograft model in mice. Athymic NCI-nu/nu female mice were intracerebrally
injected with red shifted luciferase-expressing human GBM cells, U87MG-Red-Fluc (Fig.
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4b). Seven days following tumor challenge, the mice bearing GBM tumors (as determined
by IVIS) were randomly divided into three treatment groups (Fig. 4c, left panel), where
the mean and the standard deviation of the captured luminescence was almost equivalent in
the three groups (Fig. 4c, right panel), indicating equivalent tumor sizes between the three
groups. Starting on the 8t day following tumor challenge, mice were treated 1V with either
saline (untreated group), 75 pg of soluble PTX, or PTX loaded PGM NPs (equivalent to 75
ug of PTX), every three days, for a total of five doses. Mice weights and survival data were
calculated to evaluate the safety and efficacy of our lead formulation.

None of the provided treatments exhibited toxicity as demonstrated by stable mice weights
over the time course of the experiment (Fig. 4d). The Kaplan-Meier survival plot showed
that the median survival of the mice (Table 2) treated with PTX-loaded PGM NPs (38 days)
was significantly greater than mice receiving PTX solution (32 days, p < 0.05) or untreated
mice (31 days, p < 0.05). Thus, loading PTX into our lead PGM formulation significantly
improved median survival by 18.75% and 21.88% compared to soluble PTX and the
untreated group, respectively (Fig. 4€). In addition, PTX solution did not significantly
improve the survival of mice compared to the untreated group, supporting the reports of the
limited ability of PTX to cross the BBB 20: 21, The PGM NPs played a significant role in
increasing survival time of mice challenged with GBM tumors which may be explained by
the NPs ability to cross the BBB and subsequently increase accumulation of PTX in the
brain compared to when soluble PTX was administered.

In vivo acute toxicity and safety in healthy mice

Since it is known that NP formulations can be toxic, we assayed for toxicity using

serum biomarkers (Fig. 5a) including ALT, AST, ALP, and total bilirubin on day 14 post
PTX administration. IV administration of PTX solution, PTX-PGM NPs and PGM NPs
significantly induced a marked decrease in ALP in comparison to the untreated group,
however, none of the tested biomarkers significantly increased, indicating a lack of toxicity
for all treatments tested. The reason for the significantly lower levels of ALP seen in the
treatment groups versus the control cannot be readily explained and would require further
investigation. Additionally, weight changes (Fig 5b) were not significantly different between
the untreated group and the treatment groups. These findings are further supported by there
being no signs of tissue damage in any of the tested organs (brain, heart, kidney, liver, lung,
spleen) as evaluated by H&E staining (Fig. 5¢). Our results indicated that NP formulations
were safe in vivo and could be used as a drug delivery system for GBM treatment; however,
long term toxicity studies of our PGM NPs need to be carried out to ensure that they do not
have toxic effects on the organs where they accumulate and potentially remain for extended
periods when compared to soluble PTX.

Conclusion

In this study we found that modifying the surface of NPs with PAMAM significantly
improved their capacity to accumulate in the brain as compared to using PEI, in healthy
mice. Furthermore, treating mice with PTX-loaded PGM NPs significantly improved the
survival of mice bearing GBM orthotopic xenografts, compared to soluble PTX or the
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untreated control. Our data substantiate the ability of PGM NPs to cross the BBB and
improve the efficacy of its loaded cargo, placing PGM NPs as a promising delivery system
to treat brain tumors. Thus, PGM NPs may act as a delivery platform to test a myriad of
anticancer therapies against brain tumors that have previously failed because of their limited
ability to cross the BBB. Utilizing our novel delivery system might successfully introduce
new agents to treat GBM, setting the stage for further improvement in the outcomes of
treating this lethal disease.

Materials and methods

Synthesis of PLGA-block (b)-PEG-COOH copolymer

PLGA-b-PEG-COOH copolymer was synthesized using the EDC/NHS chemical reaction
following our previously published protocol 33. Briefly, 250 mg PLGA-COOH (Resomer®
RG 502H, Evonik, Mapleton, IL) was dissolved in 2 mL dichloromethane (DCM, Sigma
Aldrich, St. Louis, MO). Three mg A-hydroxysuccinimide (NHS, Sigma Aldrich) and 4.8
mg 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Sigma Aldrich) were dissolved
in 2.5 mL DCM, and then added to the PLGA-COOH solution. This mixture was stirred

at room temperature, during which time the PLGA-COOH reacted through EDC/NHS
chemistry to form PLGA-NHS (an amine-reactive sulfo-NHS ester). A washing solution
composed of a 20 mL mixture of ethyl ether and methanol (50:50) was added to the
previously prepared solution and centrifuged at 5000 xg for 10 minutes (Eppendorf 5810-R,
Eppendorf®, Westbury, NY) to remove residual EDC/NHS. This washing step was carried
out twice and then PLGA-NHS was dried under rotary evaporator vacuum (Buchi, Flawil,
Switzerland) for 30 minutes. The PLGA-NHS was dissolved in DCM (4 mL) to which 11 uL
N, N-diisopropylethylamine (DIPEA, Sigma Aldrich) was added. To this, 30 mg NH»-PEG-
COOH (3.4 kDa, Creative PEGWorks, Durham, NC) was added and left stirring at room
temperature for 24 hours to form PLGA-b-PEG-COOH. After which time, the washing
solution was added to the PLGA-b-PEG-COOQOH solution which was then centrifuged to
remove any unreacted NH,-PEG-COOQOH. The PLGA-b-PEG-COOH copolymer was then
dried using the rotary evaporator.

Preparation of DiR-loaded NP formulations

PLGA-b-PEG-COOH NPs loaded with DiR (1,1’-dioctadecyltetramethy!l
indotricarbocyanine lodide, PerkinEImer®, St. Hopkinton, MA) were modified and prepared
by using a previously published nanoprecipitation method 33 72, PLGA-b-PEG-COOH
copolymer (50 mg) was dissolved in 5 mL acetone, then 100 pL of a 1 mg/mL solution

of DiR in absolute ethanol was added to the copolymer solution. In contrast, when
incorporating PAMAM or PEI onto the NPs, 125 uL of generation 5 (G5) PAMAM (Sigma
Aldrich) solution (5 % wt/v in methanol) or 3 mg PEI (high molecular weight, water-free,
Sigma Aldrich) dissolved in 2.5 mL acetone was added to the copolymer solution. The final
mixture was vortexed, transferred to a 5 mL syringe fitted with a G26 needle, and added
dropwise into 15 mL of an aqueous solution of 0.1% poly-(vinyl alcohol) (PVA, hydrolyzed
80% (Mw 9,000 — 10,000), Sigma Aldrich) with continuous stirring for 30 minutes. The NP
suspension was collected after the organic solvents were removed by rotary evaporation over
4 hours. The suspension was then transferred to Amicon® Ultra-15 centrifugal filter units
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(Mw cutoff = 100 kDa) (Millipore Sigma, St. Louis, MO) and washed with Nanopure water
by centrifuging at 4000 xg for 20 minutes (Eppendorf 5810-R, Eppendorf®, Westbury, NY).
These DiR-loaded PG NPs were subsequently washed three more times. NPs were freshly
prepared before each experiment.

Determination of DiR loading and encapsulation efficiency

The DiR loading and encapsulation efficiency were determined by fluorescence
spectrophotometry (Spectra M5 Microplate Spectrophotometer (Molecular Devices,
Sunnyvale, CA)). The NPs were dissolved in 1 mL dimethyl sulfoxide (DMSO, Sigma
Aldrich) and vortexed until the solution became clear. This mixture was diluted with an
equal volume of DMSO, and the fluorescence was measured. The DiR concentration in

the samples was calculated by comparing the fluorescence values to a calibration curve
made from known concentrations of DiR. Excitation and emission wavelengths of DiR were
measured at 750 nm and 780 nm, respectively. DiR loading in the NPs and encapsulation
efficiency were calculated using Equations 1 and 2, respectively.

Amount of DiR in NPs (ug)
Total weight of NPs (mg)

Drug loading (pg DiR/mg particles) = Equation 1

Amount of DiR in NPs (pg)
Initial amount of DiR added (pg)

Encapsulation efficiency (%) = x 100 Equation 2

Preparation of coumarin-6-loaded NP formulations

Coumarin-6-loaded NPs were prepared by using a nanoprecipitation method as described
previously. Briefly, 50 mg of PLGA-b-PEG-COOH copolymer was dissolved in 5 mL
acetone, then 500 puL of a 0.25 mg/mL solution of coumarin-6 dissolved in DMSO was
added to the copolymer solution. When incorporating PAMAM or PEI on the NPs, 125 pL
of generation 5 (G5) PAMAM solution (5 % wt/v in methanol) or 3 mg PEI dissolved in

2.5 mL acetone was added in the copolymer solution. This final mixture was vortexed and
transferred to a 5 mL syringe fitted with a G26 needle. The same modified nanoprecipitation
method including the solvent evaporation and washing steps were performed as described
for the preparation of DiR-loaded NP formulations. NPs were freshly prepared before each
experiment.

Determination of coumarin-6 loading and encapsulation efficiency

The coumarin-6 loading and encapsulation efficiency were determined by fluorescence
spectrophotometry. The NPs were dissolved in 1 mL DMSO and vortexed until the

solution became clear. This mixture was diluted with an equal volume of DMSO and the
fluorescence was measured. The coumarin-6 concentration in the samples was calculated by
comparing the fluorescence values to a calibration curve made from known concentrations
of coumarin-6. Excitation and emission wavelengths of coumarin-6 were measured at 470
nm and 510 nm, respectively. Coumarin-6 loading in the NPs and encapsulation efficiency
were calculated using Equations 3 and 4, respectively.
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Drug loading (pg coumarin — 6/mg particles )
_ Amount of coumarin—6 in NPs (pg) Equation 3

Total weight of NPs (mg)

Amount of coumarin-6 in NPs (pg)
Initial amount of coumarin—6 added (ng)  Equation 4

Encapsulation efficiency (%) =
x 100

Preparation of PTX-loaded PGM NPs

PTX-loaded PGM NPs were prepared using a nanoprecipitation method as described
previously 33 72, Briefly, 1 mg PTX (LC Laboratories®, Woburn, MA) was dissolved in

1 mL acetone and vortexed. PLGA-b-PEG-COOH copolymer (50 mg) was dissolved in 4
mL acetone and combined with the PTX solution and vortexed, then 125 pL G5 PAMAM
solution was added to this mixture. After vortexing, the solution was transferred to a 5 mL
syringe fitted with a G26 needle. The same modified nanoprecipitation method including
the solvent evaporation and washing steps were performed as described for the preparation
of DiR-loaded NP formulations. NPs were freshly prepared before being used in each
experiment.

Determination of PTX loading and encapsulation efficiency

The PTX loading and encapsulation efficiency were determined by high-performance liquid
chromatography (HPLC) using an Agilent 1100 Series HPLC station coupled with a UV-
Vis diode array detector (Agilent Technologies, Santa Clara, CA). A reverse phase C-18
column (Waters, Symmetry® 5um, 4.6 x 150 mm) was used in the assay with a mobile
phase consisting of acetonitrile (ACN): Nanopure water (60:40) using a flow rate of 0.8
mL/min. The detection wavelength was 227 nm, and the injection volume was 50 L.
Chromatographic separation of PTX was performed at room temperature. HPLC sample
preparation was performed by taking approximately 1 mg PTX-loaded PGM NPs and
dissolving them in 500 uL. ACN, vortexing until the solution became clear, and then

adding an equivalent volume of Nanopure water. This mixture was then further diluted
using an equal volume of ACN: Nanopure water (50:50), sonicated until the solution
became clear and centrifuged at 14000 xg for 2 minutes to separate residual NPs. The
supernatant was directly injected into the HPLC and the PTX concentration was determined
by comparing the area under the curve of the sample to a calibration curve made with known
concentrations of PTX. The drug loading and encapsulation efficiency were calculated using
Equations 5 and 6, respectively.

Amount of PTX in NPs (ug)
Total weight of NPS (mg)

Drug loading(pg PTX/mg particles) = Equation 5

. . . Amount of PTX in NPs
Encapsulation efficiency (%) = Tnitial amount of PTX (&S)

x 100 Equation 6
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NP physicochemical characterization

The physicochemical properties of the NPs, namely hydrodynamic size and zeta (C)
potential were measured using Dynamic Light Scattering (DLS) and Laser Doppler
Velocimetry (LDV), respectively. NPs were resuspended in Nanopure water and
measurements were performed using a Zetasizer Nano ZS particle analyzer (Malvern
Instrument Ltd., Westborough, MA).

The morphology of the NPs was determined using Scanning Electron Microscopy (SEM)
(Hitachi S- 4800 SEM, Hitachi High-Tech America, Inc., Schaumburg, IL). A suspension of
NPs (0.05 mg/mL in Nanopure water) was added onto a silicon wafer mounted onto a SEM
stub and incubated at room temperature for 24 hours to allow the water to evaporate. Next,
the sample was sputter coated with gold-palladium using an argon beam K550 sputter coater
(Emitech Ltd., Kent, England) before imaging.

In vitro release study of PTX-loaded PGM NPs

The cumulative release of PTX from PGM NPs was studied using Float-A-lyzer® dialysis
(50 KD MWCO, 1-mL capacity, regenerated cellulose membrane, Spectrum Laboratories,
Inc., Piscataway, NJ). Briefly, NPs were suspended in 1 mL of release medium (PBS pH 7.4
+ 0.4% Tween 80), transferred into a Float-A-lyzer® device and placed in a 50 mL Falcon
tube containing 12 mL of release medium. The tubes were left shaking at 300 rpm and 37°C
(Eppendorf, Hauppauge, NY) for 20 days. Samples were taken at predetermined time points
(0, 1, 3, 6, 12, 24, 48, and every 24 hours for up to 480 hours) and the release medium

was replaced with fresh media after each sample was taken to maintain sink conditions. All
release samples were carried out in triplicate. The PTX concentration was measured using
the aforementioned HPLC-UV method and this data was used to construct a release profile
curve by plotting the percent cumulative PTX released versus time.

Transendothelial electrical resistance (TEER)

Transendothelial electrical resistance (TEER) was measured to evaluate model BBB
integrity. The cell-culture inserts were allowed to equilibrate to room temperature and TEER
was measured by using an EVOM2 meter and an EndOhm-6 chamber (World Precision
Instruments, Sarasota, FL). TEER values were calculated by Equations 7 and 8.

R true tissue = R total — R blank Equations 7

TEER(Q . cmz) = R rue tissue(€2) X surface area of the insert (cmz) Equations 8

Where R 1ot represents resistance of the cell cultured Transwell® insert and R pjank
represents resistance of the empty Transwell® insert.

Permeability

The human brain microvascular endothelial cell line (h\CMEC/D3; EMD Millipore,
Temecula, CA) was used in this work. The cell line was cultured in EndoGRO™-MV
complete media kit (EMD Millipore, Temecula, CA) supplemented with 1 ng/mL fibroblast
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growth factor basic (FGF-2), in cell culture flasks that were coated with 1:20 diluted
collagen type I rat tail (3.8 mg/mL stock; EMD Millipore, Temecula, CA). Cells were
maintained at 37°C in a humidified 5% CO, incubator (Sanyo Electric Biomedical Co Ltd.,
Japan). At 80% confluence, the cells were trypsinized and sub-cultured.

The permeability of the established in vitro BBB model was evaluated. When the TEER
values were found to remain constant, in vitro experiments were started. The Transwell®
inserts and basolateral section/lower chamber were washed with 1 x PBS and 300 L and
500 pL of EndoGRO™-MYV complete media was added to the apical side and basolateral
side, respectively. Coumarin-6 NPs (containing 0.08 — 0.2 ug of coumarin-6; equivalent to
0.1 - 0.15 mg of NPs) were added to the apical side. At 1, 3 and 6 hours of culture, 500
uL of medium was collected from the basolateral side and replenished with 500 uL of new
medium each time. At 6 hours, the 300 uL of medium from the apical side was collected
to determine amount of coumarin-6. The concentration of coumarin-6 was determined by
fluorescence spectrophotometry. The permeability coefficient (P¢) was obtained by using
Equation 9.

_dQ 1

PC = 7 X m Equation 9

Where dQ/dt represents linear apparent transcytosis rate from apical to basolateral
chambers; Cq represents solute concentration in the donor chamber (ug/mL); and A
represents the surface area of the tissue available for diffusion (0.33 cm?).

Biodistribution studies

Biodistribution of the DiR-PG, DiR-PGM and DiR-PGI NPs compared to saline and blank
PGM NPs was performed using 8 week-old female BALB/CJ mice with a weight range
between 20 — 23 g. Animals were allowed unrestricted access to food and water. All

animal procedures were conducted in accordance with the institutional animal care and use
committee (IACUC). After general anesthesia with isoflurane, the 48 mice were randomly
divided into three treatment groups and intravenously (1V) injected with saline, 5 mg of
blank NPs, 5mg of DiR-PG NPs (equivalent to ~8.3 ug DiR), 5 mg of DiR-PGM NPs
(equivalent to ~8.2 pg DiR) or 6 mg of DiR-PGI NPs (equivalent to ~8.5 pg DiR) using
retro-orbital injection. Biodistribution was visually observed using an 1VIS-200 instrument
(Xenogen, PerkinElmer, Waltham, MA) to track the accumulation of DiR in the brain.

The relative amount of DiR was calculated and graphically displayed as fluorescence
intensity. The whole body of the anesthetized mice was imaged 1, 4 and 8 days after IV
injection of the NPs. At the end of each time point, four mice from each treatment group
were perfused by using a modified perfusion technique 31 73 74 while they were alive to
reduce interference from NPs in the circulation and then euthanized. NP biodistribution was
determined for the major organs (brain, heart, lung, liver, kidney, spleen, and pancreas) that
were removed from the animals and for blood samples collected prior to perfusion and then
visualizing the DiR fluorescence intensity using the 1VIS-200.
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Buffering capacity of NP formulations

The ability of NPs to resist acidification was evaluated using the acid titration assay as
previously described by Zhang et al. 7. Briefly, 10 mg/mL of NP formulations were
suspended in 150 mM NaCl. The pH was first adjusted to ~9.0 and then titrated with 10 uL
of 0.1 N HCI until a pH of 3.0 was reached. The slope of the line from the graph of pH
versus [HCI] provided an indication of the intrinsic buffering capacity of the delivery NPs.

In vitro cytotoxicity against U87MG-Red-Fluc cells

Human derived glioblastoma U87MG-Red-Fluc cells (Bioware® Brite cell line) were
purchased from PerkinElmer, Inc. (Waltham, MA). Cells were cultured in Eagle’s Minimal
Essential Medium (EMEM Cat. No. 30-2003 (ATCC, Manassas, VA)) supplemented with
10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), and 0.2% (w/v)
puromycin dihydrochloride (Gibco, Invitrogen, Waltham, MA). They were maintained in a
humidified 5% CO» incubator (Sanyo Scientific Autoflow, IR direct heat CO5 incubator,
Wood dale, IL) at 37°C.

U87MG-Red-Fluc cells were dispensed into the wells of a 96-well flat-bottom microtiter
plate at a density of 104 cells/well and allowed to incubate overnight in EMEM (+
supplements: i.e. complete medium). The U87MG-Red-Fluc cells were treated with one

of four anticancer agents: TMZ solution (Sigma Aldrich), 5-fluorouracil (5-FU) solution
(Sigma Aldrich), doxorubicin (DOX) solution (MCE®MedChemExpress, Monmouth, NJ),
and PTX solution (LC Laboratories, Woburn, MA) at varying concentrations (30 mM - 0.1
uUM) for 24 hours. All tests were performed in triplicate. After 24 hours, the media was
removed and 150 pL of the MTS reagent (CellTiter 96R Aqueous One Solution Reagent
(Promega Corporation, Madison, WI)) was added into each well. Media alone and untreated-
U87MG-Red-Fluc cells were used as negative control groups. The absorbance at 490 nm
was measured after 4 hours of incubation with the MTS reagent in a humidified 5% CO»,
at 37°C. The cell viability was expressed as a percentage of the ratio of the absorbance

of the test sample to the absorbance of the control. The potency of the anticancer agents
was determined by comparing the concentrations needed for 50% inhibition/reduction of
growth/viability (1Csp).

In vivo efficacy of PTX-loaded PGM NPs

The antitumor efficacy of the PTX-PGM NPs was tested in 8 week-old female athymic
NCI-nu/nu nude mice with a weight range between 20 — 23 g. All animal procedures

were conducted in accordance with the IACUC. Animals were allowed unrestricted access
to food and water. Intracranial tumor formation was performed following a modification

to a previously reported protocol 78. The nude mice were anesthetized by IP injection

of a ketamine/xylazine mixture (87.5 mg/kg ketamine/12.5 mg/kg xylazine) (Phoenix
Pharmaceuticals, Burlingame, CA). For the tumor challenge, nude mice were intracerebrally
injected with 3 x 10° U87MG-Red-Fluc cells into the right cerebral hemisphere to establish
xenografts using a stereotaxic surgery technique /7. Briefly, a 1-1.5 cm midline sagittal
incision along the superior aspect of the cranium from anterior to posterior was made using
a sterile disposable scalpel. Then a small burr hole was made with a sterile microdrill bit at
predetermined coordinates (2 mm posterior to the bregma, 1 mm laterally, and 2 mm deep to
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the dura). Seven days later, mice bearing GBM tumors were then randomly placed into one
of three treatment groups (n = 10/group): untreated, PTX free drug solution, or PTX-PGM
NPs. The treatments were administered 1V to deliver 75 pg of PTX by retro-orbital injection
once every three days (five doses total).

Animal weights were monitored to ensure the health of the mice and the safety of the
formulation. Tumor growth in mice was determined by measuring luciferase expression
using the 1VI1S-200 instrument post-1P injection of D-luciferin potassium solution (150
mg/kg) (PerkinElmer, Inc., Waltham, MA)) at 3, 7, and 27 days. Luminescence intensity was
measured to represent tumor growth. Additionally, median survival time was evaluated and
compared to the control group.

Euthanasia criteria were as follows: mice were monitored every day for signs of distress
such as piloerection, decreased activity and motility, decreased food intake (malnutrition),
and dehydration. Veterinarians were consulted as to treatment options or whether or not to
euthanize and were performed as appropriate. In addition, body weights were recorded three
times per week for each mouse. Mice that lost more than 20% of their body weights (from
initial weight: Day 0) were euthanized. All animal procedures were conducted in accordance
with the institutional animal care and use committee (IACUC).

Acute toxicity

For these studies, 8 week-old female BALB/CJ mice with a weight range 16 — 19 g were
used and allowed free access to food and water. Animals were housed at the Medical
Laboratories at the University of lowa and kept on a daily 12 hr light/12 hr dark cycle. All
animal experiments were performed in accordance with the University of lowa guidelines
for the care and use of laboratory animals. Mice were randomly divided into four treatment
groups: untreated, PTX solution, PTX-PGM NPs, and PGM NPs. The mice were injected
with saline (untreated), 75 ug of PTX solution, 6 mg of PTX-PGM NPs (equal to 75 g
PTX) or 6 mg of PGM NPs by retro-orbital injection to observe in vivo acute toxicity. Mice
were anesthetized and euthanized at day 14 subsequent to PTX administration. At the end
of the study, organs and blood samples were harvested to evaluate histopathological and
biochemical traits. Changes in weight were also monitored.

Biochemical examination

Blood samples for serum biochemical examination were collected after anesthetization.
The blood samples were centrifuged at 14,000 xg for 10 minutes within 1 hour of having
been collected, and the supernatant was harvested. All the biochemical parameters were
determined on a clinical automatic chemistry analyzer (IDEXX Catalyst One Chemistry
Analyzer, IDEXX BioAnalytics, Columbia, MO), including aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and total bilirubin.

Histopathological examination

Brains, hearts, lungs, livers, spleens, and kidneys were harvested from mice after being
euthanized. Each organ was fixed in 10% Neutral buffered formalin (RPI, Mount Prospect,
IL), and then embedded in paraffin (EM-400, Surgipath, Leica Biosystems, Inc., Buffalo
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Groove, IL). The organs were sliced into 5 um sections using a microtome (HM 355S
Automatic Microtome, Thermo Scientific™, Kalamazoo, MI) and then stained with
hematoxylin and eosin (H&E, Leica) and imaged using an Olympus BX61 microscope
(Olympus, Center Valley, PA). The images were processed using cellSens software
(Olympus).

Statistical analysis

To compare data between two groups, the data was analyzed using the student’s unpaired
two-tailed t-test (GraphPad Prism version 7.00 for Windows, GraphPad Software, La Jolla,
CA). To compare data between more than two groups, one-way analysis of variance
(ANOWVA) test was used followed by Tukey’s post-hoc test. Analysis of survival curves was
performed using the Kaplan-Meier estimator test and the log-rank test (RStudio software,
RStudio, Inc., Boston, MA). All plots were created using GraphPad Prism. A statistically
significant difference was considered for p-values <0.05. Each point represents the mean +
standard deviation (S.D.) of the replicates from one representative experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NP manufacture and properties. Schematics showing the nanoprecipitation method used

for NP preparation (A), the composition of the PG, PGM and PGI NPs (B), and the
structures of PAMAM and PEI (C). The average hydrodynamic diameter and C-potential of
the coumarin-6-loaded NPs (D) and SEM images of the PG, PGM and PGI NPs (E). The
TEER values of the hCMEC/D3 monocultures representing monolayer of human BBB (F)
and the permeability of the coumarin-6-loaded NPs (G)
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Figure 2.

The average hydrodynamic diameter and C-potential of the DiR-loaded NPs (A) and SEM
images of the DIR-loaded PGM NPs (B). Demonstrative illustration showing the perfusion
technique to remove the blood from the organs (C, top left diagram). Fluorescence intensity
of the blood and organs from mice injected with either saline, blank PGM, DiR-PG,
DiR-PGM or DiR-PGI NPs 1, 4 and 8 days after injection (C, left and right panel).
Biodistribution data obtained from the fluorescence intensity of DiR in mouse blood and
organs 1, 4 and 8 days after IV injection of either DiR-PG (blue), DiR-PGM (red) or
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DiR-PGI (green) NPs. IVIS-200 was used to measure the fluorescence intensity in the
indicated organs and blood samples (D), * p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001. Results are reported as mean £ S.D. (n = 4).
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Figure 3.
Comparing NP formulations for their ability to accumulate in the brain and for their

buffering capacity. IVIS-200 visualization of the fluorescence intensity in mouse brains 1, 4,
and 8 days after IV injection of either DiR-PG, DiR-PGM or DiR-PGI NPs and graphical
representation of the fluorescence intensity data versus time (A). Further analysis of the day
8 post IV injection timepoint only, showing fluorescence intensity images in the brains of
mice injected with the indicated DiR-loaded NPs and graphical representation (B), * p <
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Results are reported as mean + S.D.
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(n = 4). Acid titration experiment with 0.1 N HCI demonstrate the buffering capacity of NP
formulations: PG NPs, PGM NPs and PGI NPs (C).
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Figure 4.
In vitro release profile of PTX from PGM NPs over 480 hours reported as mean * S.D.

(n =3) (A). Demonstrative illustration showing the orthotopic xenograft of human GBM
tumor in a murine model where the human GBM cells are intracerebrally injected into the
right cerebral hemisphere to establish xenografts, using stereotactic surgery technique (B).
The luminescence intensity measurements (1V1S-200) in GBM tumor challenged mice 3
days after tumor challenge (C, left panel) and graphical representation of the luminescence
intensity data versus groups (C, right panel). The treatments occurred 7 days after tumor
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challenge, and the luminescence intensity was measured 7 days after treatments. Recorded
body weights of GBM tumor challenged mice receiving the indicated treatment. Results

are reported as mean = S.D. (n = 10/group) (D). Survival curve of GBM tumor challenged
mice receiving the indicated treatment (n = 10/group) (E). The PTX-PGM NP treatment was
significantly different from the untreated mice and mice treated with PTX solution (* p <
0.05). Results are reported as mean + S.D. (n = 10).
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Figure5.

Serum biomarkers including aspartate aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), and total bilirubin in mice receiving indicated
treatments. Blood samples were taken before the mice were euthanized at day 14 subsequent
to PTX administration (A). Weights of mice treated with indicated treatments (B). H&E
staining of organs (brain, heart, lung, liver, kidney, and spleen) collected from mice given
indicated treatments; scale bar = 200 um (C). Statistical analysis was performed using
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one-way analysis of variance test. Data are expressed as mean + SE (n = 3); ** p < 0.01, ***
p < 0.001 and ns = not significant.
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The ICsq values for TMZ, 5-FU, DOX or PTX when incubated with U87MG-Red-Fluc cells for 24 hours.
Results are reported as mean + S.D.

T™MZ

PTX

5-FU

DOX

ICgp values (mM)

0.53+0.16

0.042 +£0.192

1.69+0.12

0.050 £ 0.229
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Table 2.

Statistical analysis of antitumor efficacy in GBM tumor challenged mice after receiving the indicated
treatment.

Groups Median survival time (days) P-valuesy P-valuesq)
Untreated 31 N/A 0.50
PTX solution 32 0.50 N/A
PTX-PGM NPs 38 0.02 0.04

N/A: not applicable
¥
compared to untreated group and

D .
compared to PTX solution treatment group.

Results were analyzed using RStudio software (log-rank test).

Bioconjug Chem. Author manuscript; available in PMC 2022 November 18.



	Abstract
	Graphical Abstract
	Introduction
	Results and discussion
	NPs preparation and characterization
	In vitro permeability studies of coumarin-6-loaded NPs using a model BBB cell line (hCMEC/D3)
	In vivo biodistribution studies of DIR-loaded NPs in healthy mice
	In vitro cytotoxicity against human derived glioblastoma U87MG-Red-Fluc cells
	Physicochemical characterization and in vitro release study of PTX-loaded PGM NPs
	In vivo antitumor efficacy against a human derived GBM mouse xenograft tumor model
	In vivo acute toxicity and safety in healthy mice

	Conclusion
	Materials and methods
	Synthesis of PLGA-block (b)-PEG-COOH copolymer
	Preparation of DiR-loaded NP formulations
	Determination of DiR loading and encapsulation efficiency
	Preparation of coumarin-6-loaded NP formulations
	Determination of coumarin-6 loading and encapsulation efficiency
	Preparation of PTX-loaded PGM NPs
	Determination of PTX loading and encapsulation efficiency
	NP physicochemical characterization
	In vitro release study of PTX-loaded PGM NPs
	Transendothelial electrical resistance (TEER)
	Permeability
	Biodistribution studies
	Buffering capacity of NP formulations
	In vitro cytotoxicity against U87MG-Red-Fluc cells
	In vivo efficacy of PTX-loaded PGM NPs
	Acute toxicity
	Biochemical examination
	Histopathological examination
	Statistical analysis

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.

