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Abstract

Glioblastoma is characterized by diffuse infiltration into surrounding healthy brain tissues, which
makes it challenging to treat. Complete surgical resection is often impossible, and systemically
delivered drugs cannot achieve adequate tumor exposure to prevent local recurrence. Convection-
enhanced delivery (CED) offers a method for administering therapeutics directly into brain

tumor tissue, but its impact has been limited by rapid clearance and off-target cellular uptake.
Nanoparticle (NP) encapsulation presents a promising strategy for extending the retention time

of locally delivered therapies while specifically targeting glioblastoma cells. However, the brain’s
extracellular structure poses challenges for NP distribution due to its narrow, tortuous pores and a
harsh ionic environment. In this study, we investigated the impact of NP surface chemistry using
layer-by-layer (LbL) assembly to design drug carriers for broad spatial distribution in brain tissue
and specific glioblastoma cell targeting. We found that poly-L-glutamate and hyaluronate were
effective surface chemistries for targeting glioblastoma cells /n vitro. Co-adsorbing either polymer
with a small fraction of PEGylated polyelectrolytes improved colloidal stability without sacrificing
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cancer cell selectivity. Following CED in vivo, gadolinium-functionalized LbL NPs enabled MRI
visualization and exhibited a distribution volume up to three times larger than liposomes and
doubled the retention half-time up to 13.5 days. Flow cytometric analysis of CED-treated murine
orthotopic brain tumors indicated greater cancer cell uptake and reduced healthy cell uptake for
LbL NPs compared to non-functionalized liposomes. The distinct cellular outcomes for different
co-layered LbL NPs provide opportunities to tailor this modular delivery system for various
therapeutic applications.
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Glioblastoma, the most common primary malignant brain tumor, has seen limited treatment
advancements over the past two decades.}:2 The extensive infiltration of glioblastoma cells
into surrounding, healthy brain tissue precludes complete surgical resection,3 while the
blood-brain barrier (BBB) prevents systemic therapies from reaching adequate levels in the
brain.* Consequently, current treatment strategies only modestly extend median survival by
3-5 months.®> Convection-enhanced delivery (CED) is an alternate strategy that bypasses the
BBB by employing an applied pressure gradient to infuse therapies directly into the brain
parenchyma.b Clinical trials have demonstrated its safety and feasibility, achieving effective
local drug concentrations with minimal systemic toxicity.”~2 However, locally administered
free drugs are cleared rapidly from the brain and can be toxic to nearby off-target cells,
highlighting the need for alternate drug carriers.10-12

Nanoparticles (NPs) present a promising approach to improving the retention and cellular
targeting of locally administered therapies via control over vehicle size and surface
chemistry.13.14 To effectively treat invasive tumors such as glioblastoma, NPs must penetrate
the narrow pores of the brain extracellular space (ECS), estimated to be below 100 nm in
tumor tissue,® although recent findings suggest up to a quarter of pores may exceed this
size.16 The brain’s ECS nonetheless poses unique challenges to the widespread distribution
of NPs. The extracellular fluid has a high ionic strength with millimolar levels of Ca?*,
which can promote NP aggregation, limiting the distribution of NPs that can meet these
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size restrictions in other biological fluids.1” Additionally, the dense anionic network of
extracellular matrix can lead to nonspecific binding with NPs, further reducing their
mobility.1® Given these challenges, most translational NPs have focused on antifouling
surfaces, such as polyethylene glycol (PEG), which provide colloidal stability and reduce
non-specific interactions with the anionic extracellular matrix. While such coatings enable
widespread distribution in the brain,? they simultaneously limit NP recognition by cancer
cells, preventing the targeted internalization of their payload.29-21

Several strategies have been explored to enhance the cellular targeting of NPs delivered by
CED. Traditional covalent conjugation of antibodies or cationic peptides may compromise
size and colloidal stability, often leading to a limited surface presentation of ligands.?2:23
Another strategy employed for local delivery is bioadhesive polymers; for example,
aldehyde groups on poly(lactic acid) NPs have been shown to increase internalization

by all cell types /n vivo without compromising brain penetration.22 However, due to the
diffuse invasion of glioblastoma into healthy tissues, locally infused NPs will encounter

a mixed population of tumor and healthy cells, and cancer-cell specificity may improve
the therapeutic index of anti-cancer agents.2* There remains a need to investigate other
NP surface chemistries that can address the competing considerations of extracellular
distribution and glioblastoma-specific cellular targeting.

The layer-by-layer (LbL) assembly method provides a modular approach for modifying the
surface chemistry of charged colloidal substrates.?®> Through the sequential adsorption of
polyelectrolytes of opposite charge onto the NP surface, LbL modification can be applied to
a variety of well-characterized NP cores, including poly(lactic-co-glycolic) acid,2® quantum
dots,2’ and liposomes;28 among these, liposomes are currently undergoing clinical trials for
CED.2° The LbL approach enables rapid exploration of a broad range of outer surfaces
composed of natural or synthetic polyelectrolytes.3%:31 Importantly, the high weight loading
of polyelectrolytes can increase multivalent interactions between the outermost layer and
receptors on the surface of cancer cells, for example, between sodium hyaluronate and
CD44, leading to increased uptake.32 While LbL holds promise for designing NP surfaces
for CED, ensuring colloidal stability while retaining cellular specificity in the harsh ionic
environment of the brain remains a critical obstacle to overcome.

In this study, we examine the impact of NP surface chemistry using LbL assembly toward
designing drug carriers with broad spatial distribution in the brain and selective targeting

of glioblastoma cells. We investigated two distinct outer layers, poly-L-glutamate and
hyaluronate, which we demonstrate to have high uptake by glioblastoma cells. To maintain
colloidal stability under physiological conditions, we developed a co-layering strategy using
a minimal amount of PEGylated polyanion block copolymer and systematically adjusted
the outer layer composition to balance stability with cellular targeting. Using a variety of
patient-derived glioblastoma models with different media compositions and growth formats,
we show that co-layered LbL NPs maintain high glioblastoma association, selectivity, and
spheroid penetration /n vitro. To test whether co-layered LbL NPs can penetrate brain
tissue, we functionalized NPs with gadolinium for MRI visualization and performed CED
in healthy and tumor-bearing mice. LbL NPs demonstrated up to a threefold increase

in the volume of distribution compared to non-functionalized liposomes, with a doubled
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retention half-time of approximately 13 days. To assess tumor cell targeting and specificity,
we performed flow cytometry on dissociated mouse brains and examined NP association
with 8 common cell types using flow cytometry. Co-layered LbL NPs displayed increased
specificity for tumor cell uptake, with distinct cell type distributions for different outer
layers. This approach provides insights into the cellular fate of surface-functionalized NPs
in the brain, defining a set of criteria for the development of targeted local therapies for
glioblastoma.

Results and Discussion

Synthesis and characterization of co-layered LbL NPs

Using ~90 nm fluorescently tagged anionic liposomes as cores, we prepared LbL NPs by
adsorbing an initial polycation layer of poly(L-arginine hydrochloride) (PLR, 38 kDa),
followed by a polyanion outer layer. We first prepared a library of 22 LbL NPs by
employing a range of both naturally occurring and synthetic outer layer polyanions,
encompassing carboxylated and sulfated surface chemistries (Figure S1A). We used flow
cytometry to assess NP-cell associations using patient-derived GBM22 glioblastoma and
identified the outer layer polyanions poly(L-glutamic acid sodium salt) (PLE, 15 kDa)

and sodium hyaluronate (HA, 20 kDa) as having the highest overall glioblastoma cell
association (Figure S1B). PLE, a synthetic polypeptide, has been shown to increase

the targeting of LbL NPs to ovarian cancer cells by a combination of specific and non-
specific binding mechanisms, though the precise mechanism remains unclear.39 HA, a
polysaccharide present in the brain extracellular space, is a ligand of the CD44 receptor,
which is overexpressed in glioblastoma.33 Given their strong association with GBM22 cells,
we hypothesized that the outer layer polyanions PLE and HA could enhance glioblastoma
targeting after local delivery, with their differing structures and origins possibly suggesting
distinct mechanisms and applications.

We next investigated the colloidal stability of LbL NPs in artificial cerebrospinal fluid
(aCSF) to mimic the conditions of the brain parenchyma. When incubated in DI water, both
PLE and HA LbL NPs had a Z-average diameter of approximately 110 nm, a polydispersity
index below 0.2, and a negative zeta potential that exceeds —30 mV. However, when
incubated in aCSF at 37 °C overnight, both NPs aggregated, reaching Z-average diameters
above 500 nm (Figure 1A). This observation underscores a challenge posed by the brain
environment, where high ionic strength and limited protein content contribute to LbL NP
instability by shielding electrostatic charges and promoting particle bridging.34 As expected,
LbL NPs with an outer layer of PLE-b-PEG5k maintained colloidal stability in aCSF after
overnight incubation at 37 °C. Surface PEGylation is known to enhance colloidal stability
via steric repulsions at the expense of limiting interactions with all cell types.20-30

To retain the cellular targeting properties of PLE and HA while also ensuring colloidal
stability in aCSF, we developed a co-layering strategy incorporating block copolymer PLE-
PEG (Figure 1B) in conjunction with the polyanion layer. Keeping the total polyanion:core
ratio fixed at 1 weight equivalent, we varied the ratio of either PLE with PLE-PEG in

the layering buffer. As the ratio of PLE-PEG to PLE increased, the zeta potential of the
purified NPs increased from —45 mV to —30 mV, attributable to the neutral polymer blocks
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(Figure 1C, raw DLS profiles shown in Figure S2). We show that a minimum of 40%

(w/w) PLE-PEG in the outer layer is needed to maintain colloidal stability in aCSF, as
defined by a <10% increase in the z-average diameter after overnight incubation at 37 °C.
Owing to the high charge density and low persistence length of PLE, we hypothesized that
PLE-PEG could stably adsorb onto LbL NPSs when co-layered with other, less densely
charged polyanions. By co-layering PLE-PEG and HA, we found that 40% (w/w) PLE-PEG
in the outer layer is needed to maintain colloidal stability in aCSF (Figure 1D). We further
validated our co-layering approach using fluorescently-tagged PLE-Cy3, HA-Cy3, and PLE-
PEG-Cy7. Both PLE and PLE-PEG were retained on the purified NPs in approximately the
same weight ratio as was added to the layering buffer solution (Figure S3A, B). In contrast,
HA was present in higher amounts on the particles relative to its buffer ratio, likely due to
the lower charge density, requiring a larger amount of polymer to match the net charges

on the polycation layer (Figure S3C). Self-associative properties of hyaluronan that involve
other secondary interactions may also play a role in the higher mass ratio of HA adsorbed
versus that in the buffer.3> Results from both outer layer types indicate that colloidal stability
can be achieved while PLE or HA comprise the majority of the outer layer by weight.

We next sought to investigate how the incorporation of surface PLE-PEG impacted cancer
cell associations. Using flow cytometry, we studied the associations between GBM22 cells
and fluorescently tagged liposomes and LbL NPs with varying degrees of PLE-PEG co-
layering, following a 24-hour incubation period. As expected, NP-associated fluorescence
decreased for both PLE and HA formulations as the proportion of PLE-PEG in the outer
layer increased (Figure 1E). A one-way ANOVA indicated significant differences in NP-
associated fluorescence among the PLE and HA formulations groups (raw data shown

in Figure S4). In both cases, adding PLE-PEG beyond 40% (w/w) continued to reduce

NP association, suggesting a diminishing benefit when incorporating more PLE-PEG than
necessary for colloidal stability in aCSF. Together, these results show that co-layered LbL
NPs featuring either PLE or HA surface chemistries can be stable in aCSF and demonstrate
tunable degrees of cellular uptake that exceed that of core liposomes.

Co-layered LbL NPs maintain preferential interactions with glioblastoma cells.

To more comprehensively characterize the effects of co-layering PEGylated polymers on
NP-glioblastoma cell selectivity, we prepared a library of PLE and HA-based LbL NPs
using PLE-PEG fractions of 0%, 40%, and 100% (w/w). For comparison, we also tested
the interactions of liposome cores and PEG-liposomes containing 0.6% (mol/mol) 18:0
PE-PEG5k to match the approximate PEG density and molecular weight of PLE-PEG
LbL NPs. (Figure 2A). All NPs had similar Z-average diameters below 130 nm and PDlIs
below 0.2, with all except PLE and HA exhibiting colloidal stability in aCSF (Figure
S5). We evaluated the NP-cell associations using flow cytometry after 4 or 24-hour
incubations with a panel of 4 patient-derived glioblastoma cell lines (GBM22, E57, E21,
and BT145) and 4 noncancerous neural cells (primary human astrocytes, endothelial cells,
pericytes, and immortalized HCM3 microglia). To enable visualization and comparison
of the relative uptake of each NP by different cell lines, the NP-associated fluorescence
for each formulation was Z-scored (Figure 2B, with raw data in Figure S6). Hierarchical
clustering revealed that all LbL formulations preferentially associated with glioblastoma
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cells over noncancerous cells, with the effect amplified after 24 hours. This pattern was
not observed with liposome cores or PEG-liposomes, which demonstrated comparable
interactions with astrocytes and endothelial cells to those with cancer cells, even after 24
hours.

To further investigate glioblastoma specificity over noncancerous neural cells, we plotted
the overall NP-cell associations using the aggregated data from individually tested cancer
cell lines versus noncancerous cell lines. PLE and HA LbL NPs with 0% PLE-PEG
demonstrated the highest specificity toward cancer cells at 24 hours, with 4.3 and 3.1-fold
specificity, respectively (Figure 2B, bottom plots). This is in line with previous studies on
LbL NPs that have highlighted the importance of carboxylate density and ligand-binding
capacity for cancer cell selectivity.3? Incorporating anti-fouling PEG chains can shield these
interactions, reducing cancer specificity. As expected, co-layered PLE and co-layered HA
NPs, hereafter referred to as co-PLE and co-HA, had intermediate specificities (3.0-fold and
2.6-fold, respectively), while 100% PLE-PEG NPs exhibited the lowest specificity among
LbL formulations (2.4-fold).

To investigate whether PLE chains in co-layered LbL NPs remain accessible for interaction
with cell surface receptors, we performed a two-step blocking experiment. First, we pre-
treated E57 glioma cells with high molecular weight PLE (120 kDa) to saturate any PLE-
specific cell membrane receptors. We subsequently incubated the cells with NPs for 2 hours
and quantified the NP-associated fluorescence with flow cytometry. PLE blocking had no
observed effect on the association of liposomes; however, we noted a 50% reduction in PLE
NP association (p = 0.001), a 28% reduction in co-PLE NP association (p = 0.15), and a
21% reduction in PLE-PEG NP association (p = 0.38) (Figure 2C). This trend indicates a
diminishing capacity for PLE chains to interact with cell membranes with increasing PEG
densities, with co-PLE NPs trending towards interacting to a greater extent than PLE-PEG
NPs. We conducted a similar experiment for HA NPs by blocking with exogenous high
molecular weight HA (100 kDa), known to bind CD44 among other membrane receptors on
glioma cells.36 HA blocking significantly reduced the cellular associations of both HA and
co-HA formulations by 47% (p = 0.004) and 25% (p = 0.036), respectively, while liposomes
and PLE-PEG NPs remained unaffected (Figure 2D). These findings suggest that PLE-PEG
co-layering provides a strategy for incorporating distinct surface chemistries with cancer-
cell-specific affinity while preserving their specific cell-membrane binding interactions.

Having demonstrated a high degree of association and specificity with glioblastoma cells,
we next visualized the cellular uptake of NPs by GBM22 cells using confocal microscopy.
Consistent with flow cytometry results, we observed minimal NP fluorescence in cells
treated with unfunctionalized or PEGylated liposomes compared to all LbL formulations
(Figure 2E, additional replicates in Figure S7). Staining cell membranes with wheat germ
agglutinin revealed that outer layer composition affects cellular internalization. LbL NPs
with an outer layer of PLE showed a high degree of membrane association after 24 hours

of incubation, consistent with previous studies with ovarian cancer cells.3%:37 In contrast, co-
PLE NPs were mainly present in the cytoplasm. Intracellular delivery is necessary for many
classes of anti-cancer therapies; thus, a modest reduction in overall association caused by
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co-layering with PLE-PEG may be offset by increased internalization. PLE-PEG co-layering
did not significantly alter the high internalization efficiency of HA NPs.

Co-layered LbL NPS penetrate glioblastoma spheroids.

We next hypothesized that co-layered LbL NPs would improve the penetration and uptake
of LbL NPs into dense, 3-dimensional cellular structures due to their high colloidal stability
and cellular targeting. We developed a flow cytometry-based assay to assess both penetration
and cellular uptake into ~250 pm diameter BT 145 glioblastoma spheroids, quantifying

the fraction of NP-positive cells and the NP-associated fluorescence after 4 hours of
incubation (Figure 3A). PEGylation reduced uptake and penetration for liposomes. For both
PLE and HA NPs, co-layering with 40% PLE-PEG reduced NP-associated fluorescence,
consistent with the results of 2-dimensional assays, yet the fraction of NP-positive (NP+)
cells increased (Figure 3B). NPs with an outer layer of 100% PLE-PEG exhibited reduced
penetration and overall uptake compared to co-layered NPs. These data suggest that PLE-
PEG co-layering can improve the uniformity of NP distribution within dense 3D structures
while preserving some of the cellular targeting properties.

To validate these findings and visualize the extent and uniformity of NP penetration, we
conducted confocal microscopy on cryosectioned spheroids incubated with NPs for 24
hours. PLE NPs exhibited a bright outer ring of NP fluorescence with minimal signal in

the spheroid core, indicating that only the outermost layer of cells took up NPs (Figure

3C). This observation is consistent with the smaller fraction of NP+ cells detected with

the flow cytometry assay. By plotting the radially integrated fluorescence intensity versus
distance, we found that co-PLE NPs have a more uniform distribution with a higher NP
signal in the spheroid core compared to PLE (Figure 3D). This finding may be due to the
high cell membrane-affinity interactions of PLE NPs, which are partially shielded when
co-layered with PLE-PEG. HA NPs exhibited higher penetration into the spheroid core than
PLE NPs, potentially aided by more efficient cellular internalization, which was maintained
when co-layering with PLE-PEG (Figure 3E, F). Based on these findings, we investigated
co-layered NPs with 40% (w/w) PLE-PEG as colloidally stable, cell-targeting NPs for CED
in vivo.

Gadolinium-functionalization for MRI imaging

To provide a live imaging modality for /n vivo studies, we incorporated a gadolinium-
chelated lipid, 18:0 PE-DTPA(Gd), into the liposome bilayer for MRI contrast (Figure
4A Schematic).38:3% CED is often performed with co-infusion of a separate gadolinium-
based MRI contrast agent to visualize the volume of distribution non-invasively over time;
however, NPs may distribute significantly differently from small molecular chelates.?® Thus,
stable incorporation of a Gd into the liposome core was critical in our studies to evaluate
the distribution of the drug carrier itself.12 We prepared Gd-functionalized liposomes by
replacing 5 mol% 18:0 PE with 18:0 PE-DTPA(Gd), resulting in a Gd concentration

of 0.075 mM in a 1 mg/mL liposome solution as determined by inductively coupled
plasma mass spectroscopy. T1-weighted (T1W) MRI of Gd-functionalized liposomes, co-
PLE, and co-HA NPs at various concentrations /7 vitro showed concentration-dependent
T1 hyperintensity (Figure 4A). We further characterized the T1 relaxivity of different
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formulations by calculating the slope of the linear T1 relaxation time versus the NP
concentration (Figure S8A). There were no significant differences in relaxivity, indicating
that the presence of highly hydrated polyelectrolyte layers does not restrict the availability
of water molecules interacting with Gd presented on the outer and inner surface of the
liposome bilayer. Thus, modification of the liposome core with Gd allows for direct
comparison between LbL and unlayered formulations. Importantly, Gd-functionalized
liposomes and LbL NPs had a similar size and zeta potential as NPs without Gd, and we
confirmed the GBM22 glioblastoma cellular uptake was unaffected by the presence of Gd
(Figure S8B, C).

LbL NPs improve the volume of distribution (Vp) and retention in healthy mice.

We performed CED (CED) in healthy, Ncr nude mice using gadolinium-modified
fluorescent liposomes, co-HA, and co-PLE NPs. 24 hours after infusion, all NP formulations
showed clear T1 MRI contrast in the injection site (Figure 4B, top row). Coronal-

matched cryo-fluorescence images of the same brains show close agreement between the
distribution of fluorescent and gadolinium-labeled lipid components (Figure 4B, bottom
row). Colocalization of T1 contrast with BDP650/665 fluorescence, which is conjugated to a
different lipid, confirms that MRI tracks the NPs, not free gadolinium. Segmentation of the
3D region of T1 hyperintensity revealed that LbL NPs have higher volumes of distribution
than liposomes (Figure 4C). The volume of distribution to volume of infusion ratio (Vp/V))
is 1.5 for PLE-co NPs, 1.0 for HA-co NPs, and 0.46 for liposomes. Vp/V| ratios of 1-2 have
been reported in rodents for several other nanocarrier formulations for CED with similar
sizes and are an indicator of particularly promising CED systems.20:40-42

We subsequently assessed the retention of NPs in the brains of healthy mice. As controls,
we injected free Gadavist (MW: 604.7 Da) and Galbumin (gadolinium-labeled albumin,
MW: ~74 kDa) at doses with equivalent gadolinium content, representing unencapsulated
low and high molecular weight drugs, respectively. Free Gadavist was presumably cleared
from the brain within hours, as only minimal MRI signal could be observed 4 hours after
infusion (Figure S9). Galbumin showed the largest Vp/V, of 2.2 at 4 hours, but significantly
decreased by 24 hours, with a VVp/V, of only 0.4. In contrast, all NP formulations showed
T1 contrast for at least 14 days, with T1 contrast remaining detectable at 21 days for co-LbL
groups (Figure 4D). Pilot experiments showed no significant differences in NP distribution
between 4-hour and 24-hour time points for all nanoparticle formulations (Figure S9). Due
to limited MRI access and prolonged intracranial surgeries, 4-hour imaging was specifically
prioritized for groups with rapid clearance. A retention half-time for each formulation was
calculated from an exponential fit of the time-dependent Vp/V| and was 11.5 hours for
Galbumin, 6.5 days for liposomes, 12.1 days for co-HA NPs, and 13.5 days for co-PLE

NPs (Figure 4E). These data are particularly relevant because NPs that remain localized

to the injection site for several weeks could provide sustained exposure to encapsulated
therapeutics and decrease the frequency of CED infusions. Several active liposomal drug
loading strategies have been developed that provide a potential therapeutic rationale for
prolonged retention. For example, liposomal irinotecan and doxorubicin have demonstrated
release profiles spanning several days.#344 Notably, the sustained presence of gadolinium-
chelated lipids observed throughout the study duration suggests that conjugation of the
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therapeutic to the liposome core may be a promising approach and has been previously
applied to LbL systems.37

No behavioral signs of neurological toxicity were observed in any mice throughout the
3-week retention study, and there were no significant differences in weight between any NP
groups or a dextrose control (Figure S10A). Brain tissues were processed for histological
analysis three days or three weeks after infusion to further evaluate the short-term and
long-term toxicity of different formulations. Three days after infusion, all groups showed
evidence of trauma along the needle tract, and several samples showed microhemorrhages,
which we attribute to the moderate likelihood of damaging major blood vessels during

the CED surgeries in rodents (Figure S10B).2045 Three weeks after infusion, most needle
trauma has resolved, but we observed some degree of focal necrosis in all NP groups,
suggesting concentration-dependent toxicity (Figure 4F). However, the degree of necrosis
in co-LbL groups appears to be less severe than the unmodified liposome core, a result
that aligns with /n vitro toxicity with astrocytes (Figure S10C). In line with our data,
liposomal-based systems have been previously shown to be non-toxic in CED applications
and have advanced to human clinical trials.2%46 The additional polymeric materials used
for LbL functionalization have been characterized in a range of therapeutic applications
and delivery routes.2”:47 Elucidating the clearance mechanism and metabolism of LbL NPs
within the brain will be central to future therapeutic applications.

LbL NPs improve Vp and tumor targeting in mice with intracranial tumors.

CED is often performed in unresectable, invasive tumors or at the margins of a resection
cavity where both tumor cells and healthy cells are intermingled.*® To replicate these
conditions, we inoculated mice with intracranial tumors using the highly invasive patient-
derived BT145-luc glioblastoma cell line.#® Approximately 100 days after inoculation, dense
tumors formed with extensive invasion throughout the striatum, and substantial populations
of healthy astrocytes, neurons, and microglia were present in the tumor bulk and periphery
(Figure S11). Mice were randomized into three treatment groups (liposome, co-HA, and
co-PLE) based on the tumor volume assessed by IVIS bioluminescence and T2-weighted
(T2W) MRI (Figure S12). 24 hours after CED, performed in the same coordinates as tumor
implantation, all NP types showed T1W MRI contrast in approximately the same region

as the tumor hyperintensity from T2W scans acquired before infusion (Figure 5A, top

two rows). Coronal-matched fluorescent images of the same brains show close agreement
between the T2W tumor signal and T1 NP contrast, with human GBM nuclei shown in
green and NPs shown in the “red hot” LUT (Figure 5A bottom row). Concordant with data
in healthy mice, the PLE- and HA-co NPs had higher volumes of NP distribution than
non-functionalized liposomes (Vp/V, of 1.4 for PLE-co NPs, 1.3 for HA-co NPs, and 0.7
for liposomes, Figure 5B). Volumes of distribution show higher variability in tumor-bearing
mice, likely due to differences in tissue architecture and cell density.

We next assessed the cellular associations of NPs in vivo. 24 hours after CED, brains
were removed and processed for live-cell flow cytometry using the Miltenyi Adult Brain
Dissociation Kit (Figure 5C). By setting a NP fluorescence gate for all live cells based on
the untreated hemisphere, we observed a similar percentage of NP+ cells across the three
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NP groups. Specifically, 8.4% of live cells were NP-positive with liposomes, 11.1% for
co-HA, and 11.3% for co-PLE. This was initially surprising, as /n vitro studies showed

that both LbL formulations had significantly higher associations with all cell types. We
further examined NP association with specific cell types by staining with surface markers for
lymphocytes, myeloid cells, microglia, endothelial cells, astrocytes, oligodendrocytes, and
pericytes in addition to human tumor cells (Figure S13 A,B). When examining tumor cells,
we found that 8.4% were associated with liposomes, while 15.3% were associated with co-
HA NPs and 18.0% with co-PLE NPs (Figure 5D). We noted through immunofluorescence
examination a significant invasion of cancer cells throughout the corpus callosum, the largest
white matter tract in rodents. We hypothesize that partial tumor cell coverage (as inferred by
percent NP-positive tumor cells) is due to the extensive invasion of tumor cells throughout
the parenchyma, particularly along the corpus callosum. NP injection sites were explicitly
planned to avoid the corpus callosum, as it can act as a path of least resistance to divert a
large fraction of NPs and influence the calculation of Vp/V, 4

We further examined the cellular composition of the dissociated hemispheres (Figure

5E). The population of unstained cells likely includes neurons, which do not have a

reliable exclusive surface marker, and a small fraction of other unstained cells. In all

NP treatment groups, tumor cells made up approximately 20% of cells in the treated
hemisphere. Microglia comprised the largest portion of recovered live cells overall, followed
by astrocytes, oligodendrocytes, and unstained cells in roughly equal proportions. While
brain dissociation procedures are complex and cannot easily be compared between separate
studies, this cellular composition aligns with other studies using similar methodology and
gating strategies.?9>1 We then assessed the cellular composition of NP-positive cells by
applying the same cell-type gating strategy to the NP+ fraction. (Figure 5F). The cellular
composition of liposome-positive cells was similar to the overall cellular distribution in the
treated hemisphere but with an increased fraction of myeloid cells, suggesting phagocytic
uptake. Only 14% of liposome-positive cells were identified as tumor cells by human
HLA-ABC staining. In contrast, co-HA and co-PLE NP+ cells exhibited significantly higher
tumor cell enrichment compared to liposomes, comprising 25% and 42% of NP+ cells,
respectively. Additionally, co-PLE NPs showed a significant decrease in the fraction of NP+
cells identified as astrocytes, oligodendrocytes, and unstained cells. Co-HA NPs showed a
similarly decreased uptake by these cells, although to a lesser extent than PLE. The notable
enrichment of tumor cells in the NP+ populations of co-LbL NPs and their reduced uptake
by healthy glial cells indicate a potential for greater therapeutic impact and fewer off-target
effects in therapeutic applications.

These findings suggest that while /n vitro flow cytometry did not accurately predict the
differential NP association across cell types, they were predictive of tumor cell affinity

and specificity. We hypothesize that liposomes showed significant association with all cell
types due to non-specific interactions between lipids and cell membranes, whereas LbL NPs
exhibited tumor specificity through multivalent interactions with surface polymers. Although
co-HA NPs showed higher tumor specificity than liposomes, the majority of the NP+
population were immune cells, possibly through interactions with the CD44, RHAMM, or
scavenger receptors that are also highly expressed in these cells.52 To focus more deeply on
interactions of co-LbL NPs with myeloid cells and microglia, we visualized the NP uptake
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using confocal microscopy. We used anti-1bal to identify both myeloid cells and microglia,
and anti-human vimentin to identify human tumor cells, as these three cell types are
responsible for the majority of NP uptake. Punctate co-HA NP fluorescence can be observed
in Iba-1+ cells, suggesting phagocytosis as the primary mode of internalization (Figure 5G).
In contrast, co-PLE NPs show a more uniform distribution without large NP aggregates
(Figure 5H). This finding aligns with the flow cytometry experiments, where co-HA NPs
exhibited higher NP-associated fluorescence in myeloid cells and microglia than co-PLE
NPs, whereas co-PLE exhibited higher NP fluorescence in tumor cells than co-HA NPs

and liposomes (Figure S13C). These results suggest that co-PLE NPs may be an effective
delivery strategy for therapies that require tumor selectivity and broad distribution, whereas
co-HA NPs may have therapeutic potential for more selectively targeting immune cells
within the tumor environment. Notably, our data show that modulating surface chemistry
using co-layered LbL NPs leads to distinct cellular fates after CED.

Conclusion

Methods

Taken together, our data demonstrate a method of applying LbL assembly to improve

the distribution, retention, and cellular targeting of NPs for convection-enhanced delivery.
By tuning the weight ratio of PEGylated and non-PEGylated outer layer polyanions, we
investigated the therapeutic potential of two distinct LbL NPs featuring PLE and HA

outer layers. We systematically determined the minimum incorporation of PEG to maintain
colloidal stability in brain interstitial fluid while demonstrating high cellular uptake and
cancer specificity /n vitro. By incorporating an MRI contrast agent into the liposome

core, we showed that LbL modification improves the distribution of NPs in healthy and
glioblastoma tumor-bearing mice following CED. Gadolinium incorporation also enabled
non-invasive monitoring of the distribution of NPs over time, showing prolonged retention
with LbL systems compared to non-functionalized liposomes and low and high-molecular-
weight chelates. While all NP exhibited a similar degree of overall cellular association, co-
LbL NPs showed enhanced cancer cell uptake and specificity. Furthermore, we demonstrate
that co-LbL assembly is a modular system where the outer layer identity and composition
can be tuned to control the cellular fate /n vivo. Future studies will focus on optimizing

the NP concentration, dose, and injection parameters in the setting of therapeutic NPs. This
approach offers insights into balancing the competing design criteria for locally delivered
NPs targeting glioblastoma and may inform the development of tailored, targeted therapies.

Materials and Reagents

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (sodium salt) (DSPG), cholesterol, 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-diethylenetriaminepentaacetic acid (gadolinium salt) (PE-Gd), and 1-stearoyl-2-
[(E)-4-(4-((4-butylphenyl)diazenyl)phenyl)butanoyl]-sn-glycero-3-phosphocholine (Azo-
PC) were purchased from Avanti. BDP 650/665 with DBCO or NHS ester handles were
purchased from Lumiprobe. Poly(L-arginine hydrochloride) (38 kDa), poly(L-glutamic
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acid sodium salt) (15 kDa), and methoxy-poly(ethylene glycol)-block-poly(L-glutamic acid
sodium salt) (PLE 15 kDa-b-PEG 5 kDa) were purchase from Alamanda Polymers. Sodium
hyaluronate (20 kDa) was purchased from LifeCore Biomedical. Tangential flow filtration
filters (D02-E100-05-N and C02-E100-05-N) were purchased from Repligen. For E21

and E57 glioma stem cell culture, DMEM/HAMS-F12, Accutase and 10% glucose were
purchased from Millipore Sigma. 2-mercaptoethanol, MEM non-essential amino acids
(100x), 7.5% sterile BSA solution, and B27 and N2 supplements were purchased from
Thermo Fisher. Mouse EGF and human FGF were purchased from Peprotech. Cultrex
Laminin was purchased from R&D systems. For BT145 cell culture, NeuroCult NS-A
Human Proliferation Kit and 0.2% Heparin solution were purchased from STEMCELL.
Human EGF and human FGF-2 were purchased from Miltenyi Biotec. Ultra-low attachment
culture flasks and plates were purchased from Corning. For GBM22 culture, DMEM (#10-
013-CV) was purchased from Corning. Primary human astrocytes (CAT #1800), brain
vascular pericytes (CAT #1200), and brain microvascular endothelial cells (CAT #1000),
and all media components were purchased from ScienCell. For HMC3 culture, Eagle’s
Minimum Essential Media (30-2003) was purchased from ATCC. Aggrewell plates and

37 um reversible strainers were purchased from STEMCELL. Pierce methanol-free 16%
formaldehyde was purchased from Thermo Fisher. Gadolinium and Terbium ICP standards
were purchased from Inorganic Ventures. Gadolinium-labeled albumin was purchased from
BioPAL. Gadavist (Gadobutrol 1 mmol/mL) was purchased from McKesson.

E57 and E21 glioma stem cells were provided by the Pollard and Carragher Labs at the
University of Edinburgh.53 Cells were cultured in DMEM/HAMS-F12 supplemented with
N2, B27, 10% glucose, 1% pen/strep, MEM non-essential amino acids, EGF (10 ng/mL) and
FGF (10 ng/mL). Culture vessels were coated with Cultrex Laminin (R&D Systems) for 3
hours at 10 pg/mL before use. Laminin was added to cell culture media at a concentration
of 2 ug/mL. Media was replaced twice weekly and passaged every 5-7 days at a ratio
between 1:4 and 1:6 using Accutase (Sigma). BT145-luc neurospheres were provided by the
Center for Patient Derived Models at the Dana Farber Cancer Institute. Neurospheres were
cultured using the NeuroCult NS-A Human Proliferation Kit (STEMCELL), supplemented
with hEGF (20 ng/mL), hFGF-2 (20 ng/mL), heparin (2 pg/mL). Cells were grown in
ultra-low attachment flasks, and media was replaced twice per week. Neurospheres were
dissociated using Accutase and mechanical trituration and split at a ratio of 1:6-1:8 every 7—
9 days. GBM22 cells were provided by the Mayo Clinic Patient-Derived Xenograft National
Resource and cultured in DMEM (Corning #10-013-CV) supplemented with 10% fetal
bovine serum and 1% pen strep.>* Media was replaced twice a week and passaged every
5-7 days at a ratio between 1:6 and 1:8 using 0.25% Trypsin-EDTA. HCM3 microglia were
purchased from ATCC and cultured according to manufacturer instructions. Primary human
astrocytes (CAT #1800), brain vascular pericytes (CAT #1200), and brain microvascular
endothelial cells (CAT #1000) were all purchased from ScienCell and cultured according

to manufacturer instructions. All experiments with primary cells were used within the
number of population doublings guaranteed by the supplier. All cells were tested monthly
for mycoplasma; the results were always negative.
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NP Synthesis

To prepare fluorescently tagged lipids, 18:0 azidoethyl PC was mixed with 1.1 molar
equivalents BDP 650/665 DBCO at 5 mg/mL lipid in chloroform. The solution was stirred
overnight at room temperature, and the completion of the reaction was confirmed using
thin-layer chromatography using a silica stationary phase and a mobile phase of 65:35:8
mixture of chloroform, methanol, and deionized water (MilliQ). The reaction was allowed to
proceed until only a single fluorescence band was visible under a UV light.

Liposomes were prepared using a thin film hydration method. DSPC and cholesterol stocks
were prepared in chloroform, and DSPG and DSPE were dissolved in a 1:1 mixture of
chloroform and methanol. Cholesterol and lipids were combined in a round-bottom flask at
a mole ratio of 31 Chol: 30.8 DSPC: 31 DSPG: 7 DSPE: 0.2 PC-BDP 650/665. To prepare
gadolinium liposomes, cholesterol and lipids were combined at a mole ratio of 31 Chol: 30.8
DSPC: 31 DSPG: 5 PE-DTPA(Gd): 2 DSPE: 0.2 PC-BDP 650/665. The lipid solution was
dried at room temperature using a BUCHI RotoVap system until completely dry (<50 mbar)
and placed in a desiccator under vacuum overnight. The lipid film was rehydrated in a 25
mM HEPES 20 mM NaCl solution at a lipid concentration of 1 mg/mL and sonicated three
times (1 minute on, 1 minute off) at 65 °C. Liposomes were extruded through nucleopore
membranes until a Z-average diameter of 80-90 nm was obtained as measured by dynamic
light scattering (Malvern Zetasizer Pro). Typically, this required passing through membranes
twice with pore sizes of 200 nm, 100 nm, and 50 nm in consecutive stages. Traces of
unconjugated dye were removed by tangential flow filtration (TFF).

To prepare LbL NPs, an equal volume of polyelectrolyte and NP solutions were mixed
under brief sonication (3 seconds) and vortex mixed (3 seconds). Polyelectrolyte solutions
were prepared in a buffer of 50 mM HEPES and 40 mM NacCl, except for HA which

was prepared in 10 mM HEPES. NP solutions were prepared in deionized water (MilliQ)

at 0.5 mg/mL lipids. The weight equivalent of polyelectrolyte to liposome core was 0.6x

for poly-L-arginine (PLR) and 1.0 for poly-L-glutamine (PLE), hyaluronic acid (HA), and
PEG-b-poly-L-glutamine (PLE-PEG). The same procedure was used for co-layering with
PLE-PEG, except the polyelectrolyte solution contained a mixture of two polyelectrolytes
(PLE and PLE-PEG, or HA and PLE-PEG), with a total weight equivalent of polyelectrolyte
to liposome core of 1.0. After the adsorption of each layer, the excess polymer was removed
using tangential flow filtration and concentrated between 0.5 mg/mL and 1 mg/mL.

Tangential Flow Filtration

NPs were purified using a Spectrum Labs KrosFlo 11 filtration system using Masterflex
Teflon tubing. Hollow fiber filters D02-E100-05-N ( batch volume >10 mL) and C02-E100-
05-N (batch volume < 10 mL) with 100 kDa molecular weight cutoffs were used to purify
excess polyelectrolytes from NP samples. Prior to purification, columns were washed with
free polyelectrolyte solutions at 0.2 mg/mL for 5-10 minutes to saturate any nonspecific
binding to the filters. For small batches, samples were concentrated to 2-3 mL by circulating
NP solutions through the column without any permeate solution to make up for the lost
volume exiting through the waste line. For purification, MilliQ water was connected to the
permeate and samples were circulated for 5-10 buffer exchanges at a flow rate of 7 mL/min.
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For large batches, samples were concentrated to 5 mL and purified at a flow rate of 40
mL/min. Columns were backflushed to recover any sample remaining in the column and
tubing.

NP Characterization and Colloidal Stability

The hydrodynamic diameter, polydispersity, and zeta potential of the NPs were measured
using dynamic light scattering (DLS) using a Malvern Zetasized Advanced Pro (A= 633
nm). 25 pL NPs in DI water were mixed with 25 uL. 50 mM HEPES 40 mM NaCl

buffer, and subsequently diluted with 750 pL DI water and transferred to either polystyrene
cuvettes, or DTS1070 folded capillary cuvettes for DLS analysis.

Artificial cerebrospinal fluid (aCSF) was prepared by dissolving the following
concentrations of reagents into deionized water: 119 mM NacCl, 2.5 mM KCI, 1.3 mM
MgCly, 2 mM CaCly, 1 mM NaH,POy, 26.2 mM NaHCO3 and 10 mM D-Glucose, all
purchased from Millipore Sigma.1” For colloidal stability studies, NPs were diluted to 0.01
mg/mL into either DI water or artificial cerebrospinal fluid (aCSF) supplemented with
0.02% sodium azide to prevent bacterial contamination. Solutions were incubated at 37

°C overnight, and the hydrodynamic diameter (z-average) and polydispersity index was
measured with DLS.

NP uptake assay by Glioblastoma and Noncancerous cells

Glioblastoma and non-cancerous cells were seeded on 96-well plates at a density of 15,000
cells per well in 100 pL of the appropriate culture media and allowed to adhere overnight.
Fluorescent normalized NP stocks were prepared in water at 0.1 mg/mL, and 5 pL was
transferred to each well. Following an incubation period of 4 or 24 hours, cells were
washed three times with PBS and detached with 25 uL of trypsin-EDTA or Accutase. 200
UL FACS buffer (PBS with 1% bovine serum albumin and 1 mM EDTA) with 1 ug/mL
propidium iodide (Thermo Fisher) was used to quench the dissociation, and cells were
pipetted vigorously to achieve a single-cell suspension. Cells were transferred to a new
96-well plate without any laminin or PLL coating, and samples were analyzed using a BD
LSR 1l Flow Cytometer with a high-throughput sampler. Propidium-iodide staining was
detected on the PE-Texas Red channel (ex. 488 em. 610/20), and BDP 650/665 tagged NPs
were detected on the ACP channel (ex. 640 em. 670/30). Data were analyzed using FlowJo
(version 10), and gates for single cells, live cells, and NP-positive cells were applied using
untreated samples.

NP competition Binding Assay

We performed a cell receptor-blocking experiment using exogenous PLE or HA to evaluate
the specific binding affinity of NPs to E57 cells. E57 cells were seeded on laminin-coated
96-well plates at a density of 15,000 cells per well in 100 uL of serum-free culture media
and allowed to adhere overnight. Media was removed the next day and replaced with 90

pL of normal cell culture media, or media containing 100 pg/mL PLE (120 kDa) or HA
(100 kDa) and incubated for 30 minutes at 37 °C. Fluorescent normalized NP stocks were
prepared in water at 0.1 mg/mL, and 5 pL was transferred to each well. Following an
incubation period of 2 hours, cells were washed three times with PBS, detached using 25 L
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Accutase, and resuspended in FACS buffer containing 1 pg/mL propidium iodide (Thermo
Fisher). NP-associated fluorescence was analyzed using a BD LSR Il Flow Cytometer, and
the MFI values were normalized to the no-blocking conditions for each NP type.

Confocal Microscopy of Fixed NP-treated Cells

LabTek #1.5 borosilicate 8-well chamber slides were coated with 300 uL of rat tail collagen
(Millipore Sigma) at a concentration of 50 pg/mL in 0.02N acetic acid for 5 minutes at room
temperature. Chamber slides were washed once with PBS and air-dried for 5 minutes. 8,000
GBM22 cells were seeded per well in 300 L media and allowed to adhere overnight before
treatment with 5 pg/mL fluorescent NPs for 24 hours. Cells were carefully washed with
HBSS on ice and incubated with 4 ug/mL wheat germ agglutinin-Alexa fluor 555 (Thermo
Fisher) in ice-cold HBSS for 2 minutes. Cells were washed once with ice-cold PBS without
incubation to remove excess wheat germ agglutinin and subsequently washed with PBS
twice for 5 minutes before fixation with 4% paraformaldehyde (Pierce) for 15 minutes at
room temperature. The cells were washed three more times with PBS and incubated with 4
UM Hoechst 33432 (Thermo Fisher) for 5 minutes at room temperature. Cells were imaged
using an Olympus FVV1200 confocal microscope with a 100x oil immersion objective.
Images were pseudocoloured using FIJI.

NP Uptake and Penetration Assay by Glioblastoma Spheroids

To analyze spheroid penetration by flow cytometry, 5000 BT145-luc cells per well were
seeded in 96-well spheroid microplates (Corning) and centrifuged at 200 x g for 3 minutes.
The spheroids were monitored for 3 days until a single spheroid was present in each well,
with a diameter of approximately 300 um. 5 pg/mL NPs were added to each well and
spheres were incubated for 4 or 24 hours. The spheroids were washed with PBS and treated
with 50 UL of Accutase at room temperature for 5 minutes, followed by vigorous mixing
with a pipette to obtain a single-cell suspension. The suspension was centrifuged at 300 x g
for 3 minutes and resuspended in FACS buffer (PBS containing 1% BSA and 1 mM EDTA)
along with 1 pg/mL propidium iodide for flow cytometric analysis. The data were analyzed
using FlowJo version 10.

To analyze spheroid penetration by confocal microscopy, BT145-luc spheroids were
prepared by adding 1.5 * 10° cells per well in AggreWell 800 24-well plates (STEMCELL)
following manufacturer instructions and incubated for 48 hours. Spheroids were dislodged
with a pipette and filtered through a 70 um reversible strainer (STEMCELL). Approximately
100 spheroids per well were plated in 24-well plates in 1 mL media and incubated with 5
ug/mL fluorescent NPs for 24 hours. Following incubation, spheroids were filtered through
a 70 um reversible strainer and washed with 2-3 mL PBS. The spheroids were transferred to
15 mL tubes and allowed to settle and washed with PBS twice. Spheroids were suspended

in a 30% (w/w) sucrose solution and incubated at 4 °C overnight with gentle agitation.

The spheroids were washed twice with PBS, resuspended in 200 uL of Tissue-TEK optimal
cutting temperature compound, transferred to a 15 x 15 mm tissue mold, and allowed to
settle before being frozen on dry ice. 10 um sections were cut using a cryostat. Before
confocal microscopy, slides were dried at room temperature for 30 minutes, resuspended

in PBS containing 10 uM Hoechst 33432 and coverslipped using prolonged gold antifade
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reagent (Thermo Fisher). Spheroid sections were imaged using a Leica SP8 confocal
microscope with a 25x water immersion objective. The sections containing the midline of
the spheroid were used for analysis and were identified by comparing the diameters of the
spheroid sections on each slide. Data were analyzed using FIJI using the Radial Plot Profile
plugin. Data from three spheroids per treatment were averaged, and radial distances were
normalized to account for slight differences in spheroid diameter.

Gadolinium-NP characterization

The gadolinium content of liposomes containing 5 mol % PE-DTPA(Gd) was measured
using inductively coupled plasma mass spectroscopy (Agilent 7900). NPs were diluted to
0.1 mg/mL in 2% nitric acid containing 10 ppb terbium as an internal standard. A 10-point
standard curve was prepared by serial dilution of a 10 ppm solution of gadolinium ICP
standard (Inorganic ventures).

Animal Studies

All animal experiments were approved by the Massachusetts Institute of Technology
Committee on Animal Care (CAC, protocol number 2207000386) and were conducted
under the oversight of the Division of Comparative Medicine (DCM). NCR/Nude mice were
purchased from Taconic and housed in cages with a maximum of five animals per cage,
under controlled temperature (25 °C), 12-hour light-dark cycles, and provided with free
access to food and water. Both male and female mice were used for all experiments, and the
mice were 7-10 weeks at the time of the experiment. Group sizes were determined using
MANOVA for repeated measures (alpha = 0.05, power = 0.95) based on effect sizes and
standard deviations from pilot experiments.

CED in Healthy Mice

Mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg)
administered intraperitoneally. Mice were transferred to a 37 °C heating pad, and ophthalmic
ointment was applied using a sterile Q-tip. Anesthesia was confirmed using a toe pinch, and
Buprenorphine SR (1 mg/mL) was administered subcutaneously. The skull was swabbed
with alternating Betadine and 70% ethanol three times, and a midline skin incision
approximately 1 cm in length was made using a sterile scalpel. The periosteum was swabbed
with a sterile Q-tip to expose the bregma, and a lidocaine 2.5%/prilocaine 2.5% cream was
applied to the ears before placement on a stereotaxic frame (Stoelting). A small burr hole
located 1.8 mm right and 0.8 mm anterior to the bregma was drilled using a 1 mm steel

drill bit. Approximately 6 L NP or control solution was drawn into a 10 uL Hamilton
syringe fitted with a custom-made 34 G stainless steel needle protruding 1 mm from a 27

G blunt-tipped needle. The Stereodrive software was used to align the needle with the burr
hole and lower it to a depth of 3.5 mm from the skull surface. The needle was left for 2
minutes to equilibrate in the brain prior to infusion of either a 5% dextrose control, Gadavist,
Galbumin, or NPs at a normalized gadolinium concentration of 0.0375 mM. The carrier fluid
for all samples was 5% dextrose in sterile water. A motorized injection robot (Stoelting) was
used to infuse at a ramped injection protocol: 1 yL at 0.2 uL/min, 2 pL at 0.5 uL/min, and 2
uL at 0.8 uL/min. After an additional 2 minutes of equilibration, the needle was raised at a
rate of 1. mm/min. The incision was closed using 5-0 monocry! sutures (Ethicon) and sealed
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with tissue glue. Animals were placed in a heated cage for post-op recovery and monitored
daily for the first 4 days, then twice weekly until the experimental endpoint was reached.

Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) was performed /n vivoon a 7T MRI operated

by Bruker AV4 NeoBioSpec70-20USR console, equipped with a 114mm 660mT/m
actively shielded gradient and a QSN075/040 RF coil (Bruker BioSpin, Rheinstetten,
Germany). Mice were anesthetized by inhalation of 2.5% isofluorane and maintained

on 2-2.5% isofluorane throughout data collection. Body temperature and respiration rate
were monitored by SAIl monitoring and gating system (Small Animal Instruments Inc.,
Stony Brook). Anatomical brain images were collected and reconstructed within Bruker
Paravision PV360 v2.0. T2 Weighted images were obtained using the TurboRARE protocol
with TR/TE=3000/25 ms, number of averages=4, and RARE factor of 8. T1 weighted
images were acquired with T1_FLASH at TR/TE=360/4.5 ms and a flip angle of 70°.

Both axial and coronal datasets were obtained with the geometric parameters of 256x256
matrix, field of view (FOV)=20x20mm?, interleaved number of slices=20, no gap and slice
thickness=0.5mm. Images were converted to DICOM format and exported to 3D slicer for
analysis. The 3D volume of nanoparticle distribution (Vp) was calculated from the axial
datasets by applying a 20% intensity threshold to the average T1-weighted signal of the
untreated hemisphere.

For relaxation measurements, T1-mapping of NP samples at 0.5, 1, 2, and 3 mg/mL lipids
was executed using a RARE sequence (T1map_RARE) with one Echo image, Rare Factor
of 2, Echo Spacing of 8.5ms, and 6 T1 experiments with TRs of 5500ms, 3000ms, 1500ms,
800ms, 400ms and 200ms respectively. T1 relaxation time was calculated within Paravision
using the fitting model below:

Y:A+Cx(1—exp(;—{))

where A is the absolute bias, and C is signal intensity.

Orthotopic Tumor Inoculation

BT145-Luc spheroids grown in culture for 2-3 weeks were dissociated into single cells
using Accutase and suspended in sterile PBS. 100,000 cells in 3 pL were administered
intracranially over 3 minutes using the same procedure and coordinate as CED. Bone wax
was used to fill the burr hole to prevent tumor cells from leaking into the extracranial

space. Tumor growth was monitored weekly over 100-120 days by measuring cranial
bioluminescence using VIS (Perkin Elmer). Animal weight was recorded each week. At
select time points, the tumor volumes of mice with the highest luminescence were estimated
using T2 MRI.

CED in Tumor-Bearing Mice

CED was performed on tumor-bearing mice once bioluminescence growth reached the log
phase (corresponding to an average radiance of approximately 10,000 [p/s/cm?/sr]), and
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tumors were visible on T2 MRI. Mice were stratified into treatment groups based on the
exact bioluminescence signal recorded from IVIS. To account for potential experimental
variability across different days, each day of CED treatments included a mixture of different
treatment groups. CED was performed using the same protocol for healthy mice by re-
opening the burr hole used for tumor inoculation. T1 anatomical MRI images were obtained
24 hours after CED, and the mice were sacrificed for either histology or flow cytometry.

Frozen Histology and Immunofluorescence

For immunofluorescence studies, brains were removed and fixed in 10% formalin overnight
at room temperature. The olfactory bulb and cerebellum were removed, and the remaining
brain tissue was fixed in fresh 10% formalin for an additional hour. Tissues were
cryoprotected in 15% (w/w) sucrose in PBS overnight, followed by 30% (w/w) sucrose

in PBS for an additional 24 hours. Brains were embedded in optimal cutting temperature
compound (TissueTek), placed in a 15 mm x 15 mm tissue mold, and frozen on dry ice.
Frozen tissue was stored at =80 °C prior to sectioning. Serial sections with a thickness of
10 um were cut using a cryostat (Leica), sequentially adding one section to a slide, with 10
slides total. This process was repeated 6 times, resulting in 10 slides, each with six brain
sections spaced 100 pum apart. A total of three or four sets of 10 slides were collected for
each brain, to cover the entire region of NP distribution.

For visualization of NP distribution and cell nuclei alone, slides with frozen sections were
dried at room temperature for 30 minutes in the dark and rehydrated in PBS for 10 minutes.
Slides were stained with Hoechst 33432 (10 uM, Thermo Fisher) in PBS for 10 minutes.
Sections were washed three times for 5 minutes each in PBS and mounted with ProLong
Gold Antifade Mounting Medium. For immunofluorescence, slides were dried at room
temperature for 30 minutes, rehydrated in PBS for 10 minutes, and permeabilized with
0.2% triton-X in PBS (Millipore Sigma) for 15 minutes. Slides were washed three times
for 5 minutes each in PBS and blocked using 10% normal goat serum (Cell Signalling
Technologies) and 0.1% (w/w) Tween-20 (Millipore Sigma) in PBS. Primary antibodies
were diluted in PBS with 1% (w/w) bovine serum albumin and 0.1% (w/w) Tween 20

at the following dilutions: vimentin-AF488 (Abcam ab195877) 1:300, ALDH1L1 (Abcam
ab307696) 1:500, NeuN (Abcam ab177487) 1:500, Ibal (Abcam ab178846) 1:500. Slides
were incubated with the primary antibodies overnight at 4 °C, then washed three times
with PBS for 5 minutes each. The anti-rabbit AF488-plus secondary antibody (Invitrogen
A32731) was diluted 1:1000 in PBS with 1% BSA and added to the slides for a 1-hour
incubation at room temperature. Slides were washed three times with PBS for 5 minutes
each and stained with DAPI (5 pg/mL, Thermo Fisher) in PBS for 10 minutes. Sections
were washed three times for 5 minutes each in PBS and mounted with ProLong Gold
Antifade Mounting Medium. Slides were imaged using confocal microscopy (Leica SP8)
and pseudocoloured using FIJI.

Toxicity Study

Brains from healthy mice from each treatment group were processed for histology to
evaluate short-term (3 days) and long-term (3 weeks) toxicity. Brains were removed and
fixed in 10% formalin overnight at room temperature, and a coronal cut was made using a
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razor blade to expose two surfaces at the injection site. The tissue was fixed in fresh 10%

formalin for an additional hour and placed cut-side up in a tissue cassette. The tissue was

embedded in paraffin, and then 5 pairs of two 4 pm sections were taken at intervals of 50

um. As a result, the total depth of the examined or viewed tissue was 500 um. Slides were
stained with H&E, and a certified pathologist blindly evaluated the tissue sections.

Flow Cytometry of CED-Treated Mouse Brains

24 hours after NP CED, mice were euthanized, and brains were collected and placed in cold
D-PBS on ice. The olfactory bulb and cerebellum were removed, and a sagittal cut was made
to divide the brain into two hemispheres; the right hemisphere received the NP injection,
while the left hemisphere was used as control tissue with no NP injection. A single-cell
suspension from each hemisphere was obtained using the Miltenyi Adult Brain Dissociation
Kit, following manufacturer instructions. Briefly, tissue was cut into 6-8 smaller pieces and
placed in a gentleMACS C-tube with the kit-supplied enzymes. Mechanical dissociation was
carried out on a GenlteMACS octo dissociator, with the tissue placed in a 37 °C orbital
shaker for the incubation steps. Dissociated tissue was filtered through a 70 pm strainer,
centrifuged, and resuspended in debris removal solution with an overlay of D-PBS. Contrary
to manufacturer instructions, 50% centrifuge acceleration and no break were applied to
achieve optimal separation of three layers: supernatant, debris, and cell suspension. The

cell suspension was collected, centrifuged again, and resuspended in red blood cell lysis
solution. A small aliquot of the resuspended cells was mixed with an equal volume of 0.4%
Trypan blue solution, and live cells were counted. Cells were resuspended at a concentration
of 106 cells in 90 UL in FACS staining buffer (PBS with 0.5% BSA and 2 mM EDTA)
containing a 1:100 dilution of Zombie Aqua Viability Dye (Thermo Fisher). Cells were
incubated for 10 minutes in the dark at 4 °C, and 10 uL of mouse FcR blocking reagent
(Miltenyi Biotec) was added to each tube. Tubes were mixed by pipetting and cells were
incubated for additional 10 minutes at 4 °C. Primary antibodies were then added at a

1:50 dilution and incubated for 10 minutes at 4 °C: CD45-BUV395 (BD 565967), CD11b-
BV480 (Miltenyi 130-113-810), HLA-ABC-VioBright515 (Miltenyi 130-126-902), O4-PE
(Miltenyi 130-117-711), ACSA-2-PE-Vi0615 (Miltenyi 130-116-249), CD31-PE-Vio770
(Miltenyi 130-111-542), CD140b-APC-Vio770 (Miltenyi 130-118-469). Cells were washed
by adding 1.5 mL FACS buffer and centrifuged at 300 x g for 10 minutes. Cells were
resuspended in 0.5 mL FACS buffer and transferred to flow cytometry tubes.

Flow cytometry was performed using FACSymphony A3 Cell Analyzer (BD) equipt with
FACSDiva software, with post-collection data analysis performed in FlowJo version 10.
During data collection, single cells were selected using FSC and SSC gates, and laser
intensities were set using single-stain controls derived from the same cell population

for each fluorophore used. Fluorescence compensation was performed using the auto-
compensation tool within FACSDiva software each time the experiment was run. After
gating single cells, dead cells were excluded based on Zombie Aqua Viability Dye
fluorescence, and individual cell populations were gated using fluorescence associated with
each surface marker (refer to Figure S13 for a detailed gating strategy). Gates were set
using fluorescence-minus-one controls each time the experiment was run. A stopping gate
of 30,000 cells was applied to the single, live cell population, and the percentage of each
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cell type relative to this population was used to derive the overall cellular distribution. To

derive the cellular distribution of NP+ cells, an NP-fluorescence gate was first set using a
left-hemisphere sample that did not receive a NP injection, and the same cell-type gating

strategy was applied to the NP+ fraction. The left-hemisphere sample was also used to set
gates for the percentage of each cell type that was NP-positive.

Statistical Analysis

All statistical analysis was performed using GraphPad Prism 9. Information on statistical
tests is provided in the associated figure caption. Unless otherwise noted, single comparisons
among normally distributed data were made using a two-sided Student’s T-test, and multiple
comparisons were made using ANOVA with Tukey’s post hoc correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Co-layered LbL NPsbalance colloidal stability with cellular associations.
A) Size, polydispersity, and zeta potential of LbL NPs with outer layers of poly-L-glutamate

(PLE), sodium hyaluronate (HA), and poly-L-glutamate-b-PEG (PLE-PEG) measured using
dynamic light scattering. All NPs display similar size and zeta potential when measured

in DI water, but only PLE-PEG NP maintain their size in artificial cerebrospinal fluid
(aCSF) after overnight incubation at 37 °C. B) Schematic showing the approach to balancing
colloidal stability with cellular uptake by combining outer layer polyanions with PLE-PEG.
C, D) NP characterization using dynamic light scattering of PLE (C) and HA (D) NPs
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with different % (w/w) of PLE-PEG present during NP layering. The presence of 40%
(w/w) PLE-PEG in the layering buffer is sufficient to form NPs that maintain colloidal
stability in aCSF. E) Flow cytometry histograms showing the decreasing association of
fluorescently-tagged NPs with GBM22 glioblastoma cells with increasing weight fractions
of PLE-PEG in the outer layer. Histograms are pooled results from 3 technical replicates
with * p<0.05 by one-way ANOVA. Error bars in panels A, C, and D represent the standard
deviation from the arithmetic mean of three technical replicates.
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Figure 2: Co-layered LbL NPsmaintain selective interactionswith glioblastoma cells, leading to

nternalization.

A) Schematic of NPs used in NP-cell association studies. B) Column-normalized heat

map of median fluorescence intensity values from flow cytometry after 4 and 24 hours

of incubation. Hierarchical clustering reveals LbL NPs have specificity for glioblastoma
cell lines over healthy cells /in vitro. The lower box plot shows the overall NP-associated
fluorescence for each formulation pooled over all cancerous and all healthy cell lines. *
p<0.05 by Mann-Whitney U Test for non-parametric data with a false discovery rate of 0.05.
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C, D) Relative flow cytometry association of NPs with and without exogenous PLE (C) or
HA (D) to block interactions with cell membrane receptors. * p<0.05, ** p<0.01 by one-way
ANOVA with Tukey post-hoc multiple comparisons. E) GBM22 cells were incubated with
NPs for 24 hours and then fixed and analyzed by confocal microscopy. Relative to the
liposome core, all LbL NPs showed substantially higher NP signal. PLE NPs were present
mainly on the outer cell membrane, while HA and both co-layered formulations were
internalized into the cytoplasm.
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Figure 3: Co-layered LbL NPs penetrate 3D glioblastoma spheroids.
A) Schematic of flow cytometry assay used to measure the extent of NP uptake and

penetration in spheroids. Nanoparticles are represented by green shading. B) After
incubation with NPs, spheroids were dissociated into single cells and analyzed for percent
NP-positive cells and their overall NP-associated fluorescence. Co-layered LbL NPs
increase the fraction of NP+ cells compared to PLE and HA LbL NPs while increasing
the NP-associated fluorescence compared to PLE-PEG NPs. C) BT145 spheroids were
incubated with NPs for 24 hours, fixed, and cryosectioned into 10 pum sections for confocal
microscopy. Representative cross-section shows that co-layered PLE NPs have more
uniform penetration throughout spheroids than PLE NPs. D) Quantification of the radial
average intensity as a function of distance from the spheroid center. E, F) Representative
cross sections of spheroids incubated with either HA or HA/PLE-PEG NPs reveal no
significant change in penetration. Shaded areas in panels D and E represent the standard
deviation from the arithmetic mean of three technical replicates.
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Figure 4: Co-layered LbL functionalization of Gd-functionalized liposomes increases distribution
and retention following CED in healthy mice.

A) Top: Schematic showing the incorporation of 5 mol% 18:0 PE-DTPA(Gd) into the
liposomal bilayer. Bottom: In-vitro MRI images of agarose phantoms with different
concentrations of NPs, showing concentration-dependent T1 contrast. B) Top: T1-weighted
coronal MRI images of healthy mice 24 hours after infusion with NPs. Bottom: Fluorescent
micrographs of cryosectioned brains at approximately the same coronal plane as MRI
images. C) Quantification of the segmented 3-D volume of NP T1 MRI contrast, expressed
as a ratio of the volume of distribution (Vp) by the volume of infusion (V). Statistical
analysis of n = 5 biological replicates was performed using one-way ANOVA with Welch’s
correction. D) T1-weighted coronal MRI scans of healthy mice showing the gradual loss of
Gd-labelled albumin or NPs over 21 days. E) Quantification of the volume of distribution
expressed as a ratio of Vp/V, over 21 days. An exponential fit of Vp/V| as a function

of time for each group indicates that both LbL formulations have a longer lifetime than
liposomes. A two-way mixed-effects model indicated a significant effect of time (p<0.001)
and formulation on the volume of NP distribution (p<0.001). F) Haematoxylin and eosin
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(H&E) staining of brains 21 days after administration of i) 5% dextrose, ii) liposomes, iii)
co-PLE NPs, and iv) co-HA NPs. All NP groups showed trauma and focal necrosis at the
needle tip, with infiltration of macrophages around the site of injection. Error bars in panels
B, D, and E represent the standard deviation from the arithmetic mean of n = 6 biological
replicates.
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Figure5: Co-layered LbL functionalization increases the volume of distribution and
glioblastoma tar geting following CED in tumor-bearing mice.

A) Top row: T2 weighted coronal MRI images of mice 24 hours before CED. Regions

of T2 hyperintensity outlined in red circles represent the tumor bulk. Middle row:
T1-weighted coronal MRI images of mice 24 hours after CED of NPs. Bottom row:
Fluorescent micrographs of cryosectioned brains at approximately the same coronal plane
as MRI images. B) Quantification of the segmented 3-D volume of NP T1 MRI contrast,
expressed as a ratio of Vp/V). Error bars show the mean and standard deviation of n =

9 biological replicates. Statistical analysis was performed using one-way ANOVA with
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Welch’s correction. C) Schematic showing the preparation of mouse brain tissue for flow
cytometric analysis of NP content. D) Representative flow cytometry histograms showing
the NP-associated fluorescence in tumor cells. Percentages represent the portion of all tumor
cells that were detected as NP-positive from pooled biological replicates. N = 6 for liposome
and co-PLE NPs, n =5 for co-HA NPs. E) Cellular composition of dissociated mouse brains
from the different NP-treatment groups. F) Cellular composition of the fraction of cells

that were first gated as NP+. Both LbL formulations show significant enrichment of the
tumor cell population compared to the liposome group and overall population of live cells.
Error bars show the mean and SEM for 6 biological replicates for liposomes and co-PLE
and 5 replicates for co-HA. For each cell type, bars with a unique symbol are statistically
significant from other NP groups (*p <0.05, two-way ANOVA with Tukey post hoc test). G,
H) Immunofluorescence of cryosectioned brain slices, showing myeloid cells and microglia
in white (ibal), human tumor cells in green (hVimentin), nuclei in blue (DAPI), and NPs in
red for co-HA (G) and co-PLE NPs (H).
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