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Nanocarrier-mediated therapeutic delivery to brain tissue is impeded by tightly controlled transportation
across the blood—brain barrier (BBB). Herein, we report a well-defined core—shell star-shaped unimolecu-
lar micelle (star-UMM; a single polymer entity) as an efficient BBB-breaching nanoparticle for brain-
specific administration of the fluorescent anticancer drug doxorubicin and in vivo mapping of brain
tissues by the near-infrared biomarker IR780 in mice. The star-UMM was engineered by precisely pro-
gramming the polymer topology having hydrophobic and hydrophilic polycaprolactone blocks and in-
built with lysosomal enzyme-biodegradation stimuli to deliver the payloads at intracellular compartments.
In vivo imaging in mice revealed prolonged circulation of star-UMM in blood for >72 h, and whole-organ
image-quantification substantiated its efficient ability to breach the BBB. Star UMM exhibited excellent
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stability in blood circulation and reduced cardiotoxicity, was non-hemolytic, had substantial uptake in the
cortical neurons of the mouse brain, had lysosomal enzymatic-biodegradation, and exhibited negligible
immunogenicity or necrosis. This newly designed star-UMM could have long-term applications in brain-
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Introduction

Drug delivery across the tightly regulated vasculature of the
blood-brain barrier (BBB) in treating tumors and neurodegen-
erative diseases has been a major bottleneck.'™ The BBB
maintains the homeostatic balance by regulating the transport
of small-molecule nutrients and ions through the vasculature
into the brain; thus, restricting the transportation of larger
size and extraneous species across this biological barrier.*
Nano-prodrug development has clearly identified that carriers
<50 nm in size can penetrate the BBB and enable drug
accumulation in the brain.>”® Polypeptide nanoparticles (NPs),
tumor-derived extracellular vesicles, synthetic protein NPs,
nano-antioxidants, liposomes, dendrimers, worm-like
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micelles, and T cell-mediated polymer NPs are some of the
important examples reported for BBB research.'®?
Intranasal** and gut-to-brain oral drug-delivery models*® have
also been developed to overcome BBB challenges encountered
by intravenous delivery pathways. Near infrared (NIR)-assisted
fluorescent NPs have been utilized for image-guided therapy
for Parkinson’s disease*® and glioblastoma.?” Uncontrollable
glomerular renal filtration of smaller (<15 nm) nanocarriers,
and splenic and hepatic filtration of bigger NPs (>200 nm) in
the body limits the drug concentration of the NP formulation
upon intravenous administration which, in turn, reduces the
bioavailability of NPs for BBB crossing.”®*® Thus, the next
generation of BBB-crossing nanocarriers is mandatorily
designed to be substantially stable to evade disassembly in
body fluidics in vivo, tiny-size sub-nanometer objects (<50 nm)
for penetrating tightly regulated ¢-junctions, high drug-loading
content, reduced cardiotoxicity and, most importantly, bio-
degradable for safe use in BBB research.’®** Among the many
synthetic NPs, branched macromolecular architectures such as
“star block” copolymers exhibit resistance against renal fil-
tration and retain the drug NP formulation in the blood for
prolonged periods.>® Star-block copolymers provide excellent
structural control to build well-defined core-shell NPs.>*™*°
Persistent to their three-dimensional globular core-shell
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geometry, star polymers often exist as unimolecular
micelles*"**> which is highly desirable for in vivo drug adminis-

tration to maintain the drug NP against the concentration gra-
dient in the bloodstream. Herein, for the first time, these
unique features of the star-polymer unimolecular micelles
(star-UMM) were explored for BBB research based on bio-
degradable polymer “nanovectors”, and the proof-of-concept
was demonstrated in vivo for the clinically important anti-
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cancer drug doxorubicin (DOX) and brain tissue-penetrable
NIR biomarker IR-780. This new strategy is shown in Fig. 1.
“Tweaking” the topology of the macromolecular architec-
tures was found to be a crucial factor in designing the star-
UMM. For this purpose, hydrophobic polycaprolactone (PCL)
and carboxylic-substituted hydrophilic PCL segments were
chosen based on our efforts.**> Systematically, several struc-
tures, such as linear di-blocks, star di-blocks, and star random

(a) Blood Brain Barrier Breaching Concept

S Drug Formulation

<

Uniqueness

Excellent Blood Stability

{:j@;= Anticancer Drug (or)

Enzymatic-Biodegradable
NIR Tissue-penetrable Bioprobe

High Drug or Probe Loading
Non-toxic & Non-immunogenic

Breaching Blood Brain Barrier

Blood Stream

Endothelial

Fravy Cells T-junctions

Drugs
in Brain Cells

Brain Tissues

Breaching the Blood Brain Barrie

Delivered By Star UMM Platform Brain Tissue

Cortical Neurons

b) Polymer Nanoarchitecture Strate

Star Block (SB-35)

Star Block (SB-60)

//Identical \\
/ Chemical *,
/Composition*,

Star-Random (SR-60)

Star Block (SB-100)

Chemical Subunits

Enzymatic-biodegradable
OL
%

~$

OH OH

[Hydrophobic Bloc [Hydrophilic Bloc
(Neutral) [(Anionic)

Fig.1 New strategy for breaching the blood—brain barrier. (a) Design and development of biodegradable star block copolymer unimolecular
micelles (UMM) for brain-specific delivery. (b) Different chemical structures of star and linear block copolymer architectures reported in the present

investigation.
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copolymers, were “tailor-made” by ring-opening polymeriz-
ation (ROP) to get the correct polymer geometry with high
encapsulation capabilities. All these structures (including their
linear polymer counterparts) were traced to obtain the “ideal”
star-UMM platform with the ability to breach the BBB.
Furthermore, the periphery of the star-UMM was decorated
with an anionic charge. This is crucial for efficient penetration
into brain tissue,>®*’ long circulation against renal filtration
in the blood stream>® and, most importantly, to elicit appropri-
ate amphiphilicity for loading and delivering cargoes. The
in vivo biodistribution data established the supremacy of the
star-UMM platform for crossing the BBB with reduced side-
effect of cardiotoxicity. Furthermore, microtubule-assisted
protein 2 (MAP2), neuronal nuclei (NeuN) and glial fibrillary
acidic protein (GFAP) immunostaining were employed to mark
the different cell types across brain tissue to ascertain the
neural uptake of star-UMM. Our approach opens up new
research opportunities based on biodegradable star polymer
macromolecules as potential futuristic single molecular-like
star-UMM NPs to breach the BBB and be useful for long-term
brain-specific drug delivery.

Results and discussion

Star-block copolymers were constituted with a PCL core and
7-‘Butyl ester-substituted PCL segments at the periphery (as
shown in Fig. 2a) employing an in-house built melt reactor
(Fig. S1aft) to perform solvent-free ring-opening polymerization
(ROP). Three star-polymers were synthesized in a sequential
ROP process in which initial polymerization of e-caprolactone
(CL) yielded a six-arm PCL macroinitiator (MI) having statisti-
cally 5, 10 and 20 units per arm. These PCL MI were sub-
sequently employed for the ROP of y-‘Butyl ester-substituted
caprolactone monomer*® (+BECL) (Fig. Sibft), (Fig. 2a and
Fig. Sict) to yield three star-di-block polymers having 35/35,
60/60 and 120/120 units. For instance, the 60/60 di-block had
10 PCL and 10 ¢BECL units per arm. The star block copoly-
mers (SB) were referred to as “SB-35”, “SB-60”, and “SB-100”
where the number represents the total content of carboxylic
ester-substituted PCL segments at the periphery. To determine
the structure and degree of polymerization (number of units),
the peak intensities in "H-NMR were analyzed in detail (Fig. S2
and S3aft). For feed [M]/[PCL MI] = 60, the actual incorporation
was determined to be 64 + 3 repeating units, confirming the
statistical distribution of 10 units per arm in the second block
(ESI Fig. S2at). Deprotection of t-butyl ester in these star block
copolymers yielded their carboxylic acid-substituted PCL block
copolymers ('H-NMR) (Fig. S2 and S3at). Size-exclusion
chromatography (SEC) was employed to determine the M,,, M,
and polydispersity index (PDI) and the values are summarized
in the table in Fig. 2b (SEC plots) (Fig. S3bt). Star-block copoly-
mers were produced in very high molecular weights of 40 kDa
to 60 kDa, which are sustainably high enough to fold or self-
assemble into a single polymer entity. The thermal properties
of these new star polymers are described in Fig. S3c.f
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Hydrophilic carboxylic PCL units in the periphery and hydro-
phobic PCL units in the core provided perfect molecular geo-
metry for the star polymers to acquire the required amphiphili-
city. Star block copolymers were self-assembled by a dialysis
method (details in the Experimental section). Dynamic light
scattering (DLS) revealed the hydrodynamic diameter (Dy,) of
the star-block copolymer SB-60 to be Dy, = 25 + 7 nm (Fig. 2c).
In Fig. 2¢, FESEM and AFM images revealed the formation of
spherical NPs with average sizes of 23 + 3 nm and 22 + 5 nm,
respectively. HR-TEM images were in coherence, and the histo-
gram generated (not shown) from ~50 particles gave an
average value of 24 + 4 nm. From these data, the hydrodynamic
radius (Ry,) of the SB-60 NP was estimated to be 12 + 3 nm.
Small-angle X-ray scattering (SAXS) was employed to determine
the radius of gyration (R,) of SB-60 and, based on the Guinier
approximation, the R, was estimated to be 7.1 + 2.3 nm
(Fig. S4at). The ratio of Ry/R, was estimated to be 0.77 with
respect to the existence of unimolecular micellar formu-
lations.>® A pyrene-encapsulation study showed no change in
the ratio of I /I; at different polymer concentrations, and
depicted the unimolecular micelle self-assembly by the star-
block copolymer SB-60 and SB-100 (Fig. S4bt). SB-35 was not
readily dispersible in water and produced a turbid solution,
rendering it unusable. The molecular weights of the polymers
increased with an increase in the number of PCL and car-
boxylic PCL units in SB-35, SB-60 and SB-100. Interestingly, the
increase in molecular weights in star block copolymers varied
substantially in their aqueous self-assembly. For instance, the
shorter-arm star polymer SB-35 self-assembled into aggregated
micelles and produced larger size 150 nm NPs, whereas the
higher star analogues SB-60 and SB-100 exhibited the for-
mation of unimolecular micelles. The formation of unimolecu-
lar micelle seemed to be driven by high molecular weights and
the star-polymer design. This was confirmed by comparing the
self-assembly of the linear diblock copolymer LB-60, which
had an identical mass as that of star SB-60; however, it differed
largely in its aqueous self-assembly into aggregated micelles
rather than unimolecular micelles. The above analysis denoted
the existence of core-shell <30 nm-sized star-UMMs by both
SB-60 and SB-100. The pH-dependent zeta potential and size
analysis confirmed negatively charged stable NPs across a pH
range from 4 to 11 (Fig. S57).

The encapsulation capabilities of star-UMM NPs were
studied for doxorubicin (DOX) and the NIR dye IR780 by the
dialysis method (Experimental section). The DLC for SB-60,
SB-100, SB-35 was found to be 14.2%, 13.1% and <1% for
DOX, respectively (Fig. 3a). This suggested that SB-60 exhibited
the most optimized core-shell structure to attain the highest
DLC for star-UMM. SB-35 did not have sufficient compartmen-
talization for DOX loading. The core-shell geometry probably
attained maximum packing at SB-60; thus, no significant DLC
increase was observed in SB-100. Encapsulation of NIR dye
IR780 in SB-60 showed a very good DLC of 5%, which is excel-
lent for deep-tissue bioimaging analysis. The sizes of nascent
and DOX-loaded star block copolymer formulations are tabu-
lated in Fig. 2b (DLS plots in Fig. S4ct). All the nano-formu-
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Fig. 2 Synthesis and characterization of star polymer nanovector. (a) Synthetic scheme of star block copolymers. The subunits of PCL and car-
boxylic PCL segments were varied by controlling the monomer/initiator ratio in the polymerization reaction feed. (b) Table containing the molecular
weights (*HNMR, SEC) and polydispersity (SEC) of polymers; hydrodynamic diameter (DLS), zeta potential, polydispersity (DLS) of polymers in a self-
assembled state in water (concentration = 0.1 mg mL™) and their doxorubicin-encapsulated counterparts. Zeta potential for SB-35 and its DOX-
loaded sample were measured in distilled water. Zeta-potential measurements for SB-60 and SB-100 and their DOX-loaded sample were measured
in Britton—Robinson buffer (10 mM) at physiological pH 7.4. (c) DLS, FESEM, HR-TEM and AFM images were recorded at a concentration of 0.05 mg

mL~tin water.

lations showed monomodal size distribution with narrow PDI
values. The IR780-loaded star block copolymer SB-60 analogue
had a size in the range of 120 + 10 nm. The zeta potential for
SB60 and SB100 and their DOX-loaded samples were recorded
in Britton-Robinson buffer (10 mM), physiological pH 7.4, and
the values are reported in the table in Fig. 2b. The zeta poten-
tial of SB-35 could not be measured in Britton-Robinson
buffer (10 mM) due to uncontrolled precipitation and, there-
fore, the values were reported in water. The zeta potential of

This journal is © The Royal Society of Chemistry 2024

SB-60 and SB-100 polymers was found to be —21.1 and
—22.8 mV, respectively. As anticipated, SB-100 exhibited a
slightly higher zeta potential due to the increase in the
number of carboxylic acids. Similar trends were observed for
their DOX-loaded samples as well. The zeta potential did not
show a drastic change when increasing the number of car-
boxylic units from 60 in SB-60 to 100 in SB-100. This could be
attributed to the fact that the charges were saturated on the
periphery of the polymer nano-assemblies at 60 carboxylic
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Fig. 3 In vitro cellular studies and live cell imaging. (a) Drug-loading content (DLC) for doxorubicin (red bar) and dye-loading content (DLC) for
IR780 (green bar) in all nanoparticles. (b) Intracellular enzymatic biodegradation (schematic). (c) In vitro DOX-release kinetics (in hours) of SB-60 +
DOX nanoparticle in PBS alone and in the presence of esterase (10 U) and a-Chymotrypsin (8 U) at pH 7.4 incubated at 37 °C (concentration of
SB-60 + DOX nanoparticle = 1 mg mL™Y). (d) CLSM images of a live cell experiment carried out with SB-60 + DOX unimolecular micelle in WT-MEF
cells (DOX concentration = 5 pg mL™, incubation time = 5, 15, 60, 90 and 180 min) and employing LysoTracker™ Red DND-99 to stain lysosomes.
DOX was excited using a 488 nm laser and LysoTracker excitation was done using a 561 nm laser (scale bar = 10 pm). (e) Toxicity of free DOX and
SB-60 + DOX in the WT-MEF cell line at concentrations up to 1 ug mL™! of DOX. (f) Plot of % Hemolysis vs. polymer concentration for the star block

copolymer SB-60. Triton-X served as the positive control.

units. The collapsing of a polymer chain in each-arm is typi-
cally a chain length-dependent process, and it seems 60 car-
boxylic units was the optimum length in the present star-
polymer design. We wished to rationalize the role of topology
of the star-block copolymer architectures towards its ability to
self-assemble into unimolecular micelles in aqueous medium.
Hence, two controlled molecules having linear di-block (LB-60)
and star-random copolymer (SR-60, no segregation of core and
shell) architectures were made. The chemical compositions
and molecular weights of SB-60, LB-60 and SR-60 were identi-
cal, and they differed only by the arrangements of repeating
units (Fig. S6at). SR-60 self-assembled as a NP of size Dy, = 30
+ 5 nm, like that of SB-60 (Fig. S6bf). However, the linear di-
block LB-60 exhibited a Dy, of 170 + 10 nm with respect to the
formation of large-sized aggregated micelles (FESEM and
HR-TEM images in Fig. Séct). The pyrene-encapsulation
experiment for LB-60 showed a breakpoint with respect to a
critical micellar concentration of 1 pg mL™" (Fig. Séct), as typi-
cally reported for aggregated micelles. SR-60 and LB-60 exhibi-
ted DLC = 3% and 2% for DOX encapsulation which was
almost 7-fold lower than that of SB-60 star-UMM (Fig. 3a).
Furthermore, the linear di-block copolymer LB-10 was syn-
thesized with 10-PCL units and 10-carboxyl PCL units to
mimic the 1-arm of the SB-60 star di-block copolymer

21586 | Nanoscale, 2024, 16, 21582-21593

(Fig. S71) and it demonstrated inferior DOX encapsulation
(0.2%). These findings reiterated the importance of polymer
topology for producing UMM with a high degree of drug
loading and, hence, offers an excellent nanocarrier for drug
delivery. All the details of % DLC and drug-loading efficiency
(% DLE) for star and linear NPs are summarized in tabular
form in Fig. S8.f

An aliphatic polyester backbone in star-UMM makes them
fully lysosomal enzymatic-biodegradable, as shown pictorially
(Fig. 3b). In the presence of horse-liver esterase enzyme (10 U),
>95% drug release was observed within 24 h (Fig. 3c).
Enzymatic cleavage by a-Chymotrypsin (8 U) resulted in release
of only 60% of DOX molecules. In the control, percentage
release was substantially lower (~15%), indicating that the
degradation of the UMM occurred only in the presence of lyso-
somal enzymes. The horse-liver esterase enzyme seemed to be
the most suitable for complete degradation of the nano-assem-
blies (Fig. 3b gives a pictorial representation of the intracellu-
lar enzymatic biodegradation). The time-scan CLSM images in
Fig. 3d captured cells incubated with SB-60 + DOX unimolecu-
lar micelle for the 5-180 min time points (live cell).
LysoTracker™ staining helped to visualize the uptake of NPs
by the cells and co-localization of the DOX signal at lysosomal
compartments. The signals from LysoTracker (green) and DOX

This journal is © The Royal Society of Chemistry 2024
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(red) can be seen as yellow in the merged image. This trend
was because the star-nanocarrier was taken up readily by the
cells via endocytosis and internalized at the lysosomal com-
partment for biodegradation. A control experiment with free
DOX (60 and 90 min time points in Fig. S9t) exhibited no colo-
calization with LysoTracker, indicating that DOX, being a
small molecule, was taken up by the cells via diffusion. To
determine the cyto-compatibility of these nanocarriers, the
MTT assay was employed in WT-MEF cell lines. Various con-
centrations of the nascent star block copolymer scaffold SB-60
were incubated with WT-MEF cells for 72 h (Fig. S91). As
evident from the histogram, the polymer scaffold displayed
100% biocompatibility up to 100 pg mL™", and about 70-80%
of cells were viable up to 200-500 pg mL™'. Furthermore, the
cytotoxicity of the DOX-loaded scaffold SB-60 + DOX showed
that the free DOX was more toxic to cells compared with their
delivery from the polymer platform (Fig. 3e). The ICs, values
for free DOX and SB60 + DOX in the WT-MEF cell line was 0.09
+0.014 and 0.11 + 0.02 pg mL ™", respectively. Furthermore, the
compatibility and efficacy were evaluated for SB-60 and SB-60 +
DOX NPs in a neuroblastoma (SH-SY5Y) cell line and data are
shown in Fig. S10.1 The SB-60 NPs exhibited excellent compat-
ibility, with 100% cell viability up to 100 pg mL™". On the
other hand SB-60 + DOX (ICso = 1.39 + 0.11 pug mL ") showed
slightly better killing compared with nascent DOX (ICs, = 1.69
+0.12 ug mL™"), as shown in Fig. $10.} Cellular-uptake studies
of SB-60 + DOX in SH-SY5Y cells revealed enhanced fluo-
rescence signals with an increase in incubation time,
suggesting an effective delivery ability of the star platform in
neuroblastoma, as shown in Fig. S10.f Further hemolysis
assays clearly exhibited polymer biocompatibility with negli-
gible hemolysis values at concentrations as high as 1000 pg
mL ™" (Fig. 3f).

The biodistribution and biochemical analysis of the DOX-
loaded star-UMM was investigated. Ten female mice (8-12
weeks, balb/c strain, ~25 g) were split into two experimental
groups: ‘free DOX’ (group 1) and DOX-loaded star-block copo-
lymer ‘SB-60 + DOX’ (group 2). Each group comprised three
mice that were used for confocal imaging analysis of drug
uptake by organs and for histology. To understand the biocom-
patibility of the polymers alone, an additional group (n = 3)
was constituted as the control group (SB-60; group 3), to
confirm that the nascent polymer itself did not alter the physi-
ology of the animal. Histology images of various organs upon
SB-60 + DOX uptake via H&E staining are shown in Fig. 4a.
The high-magnification images (x40) obtained using a bright
field microscope (Carl Zeiss) showed no signs of necrosis,
blood clotting, or morphological alterations in any of the
tissue samples for mice in the SB-60 + DOX group. However, in
the panel corresponding to the free DOX group, some blood
clotting was observed in heart tissue and, according to the lit-
erature,’® this is a sign of cardiotoxicity augmented by free
DOX (Fig. S11}). Hence, the star block copolymer DOX-loaded
assemblies did not result in any damage to tissues, unlike free
DOX. To study the immune response in mice, plasma samples
collected from all 10 mice (three groups plus one mouse
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injected with 1x PBS as control) at 24 h were employed to
determine the concentration of five cytokines (IL-2, IL-4,
IL-17A, IFN-y and TNF-a) using cytokine standards. The mouse
injected with PBS acted as the negative control, wherein no
immune response was expected because PBS is non-immuno-
genic. Across all groups, cytokine levels were very similar to
that observed using PBS, and values were <5 pg mL " (Fig. 4b),
thereby suggesting that the nano-formulations were not immu-
nogenic. As can be seen from Fig. 4a, for each mouse, the
organs collected 24 h-post-injection were brain, heart, kidneys,
liver, and spleen. The DAPI-stained 50 pm sections were
imaged to measure DOX uptake in brain and heart tissues
across different groups, as shown in Fig. 4c (63x magnifi-
cation) and Fig. S121 (63x magnification). Images from the
kidney, liver, spleen, brain, and heart (10x magnification) are
shown in Fig. S12.1 In Fig. 4c, in the brain images, only the
SB-60 + DOX nano-formulation exhibited a strong red fluo-
rescence signal (DOX) whereas, a substantially low signal was
observed in the free DOX group. This finding was attributed to
the SB-60 + DOX UMM being 18-30 nm, making them ideal
nano-formulations to cross the BBB. These SB-60 + DOX
micelles passively and selectively cross the BBB, accumulate in
brain tissue and, being stable at infinite dilution, would not
result in premature release of the drug. Another positive
aspect for these SB-60 + DOX micelles was their ability to
reduce uptake in heart tissue, as can be seen from Fig. 4c. The
signal of the SB-60 + DOX micelles was extremely weak com-
pared with the strong red signal corresponding to free DOX.
This was one of the highlights of our study because the major
side effect of chemotherapy with DOX is cardiotoxicity. Hence,
reducing uptake of DOX in the heart by means of the nano-for-
mulations would greatly overcome the toxic effects of DOX.
Thus, the current design of SB-60 UMM can overcome the
limitation, and facilitates the use of even higher doses of DOX
for chemotherapy in the long-term. The DOX uptake from con-
focal images was quantified by determining the normalized
mean gray values, and shown in the form of bar plots in
Fig. 4c. These values for the SB-60 + DOX micelle exhibited
enhanced uptake in the brain and drastically reduced uptake
by the heart compared with an opposing trend in the free DOX
group. Renal clearance was higher in case of free DOX com-
pared with that in the other group. SB-60 + DOX exhibited
reduced RES uptake, as can be seen from the low mean gray
values in the liver and spleen tissues. An important obser-
vation was the significantly higher uptake of SB-60 + DOX
UMM in brain tissue compared with free DOX. This was
further closely investigated by measuring DOX biodistribution
across brain regions under different conditions.

Five areas of the brain (cerebellum, amygdala, hippo-
campus, cortex, and olfactory bulb (OB)) were chosen for
further analysis (posterior to anterior; see the labelling on the
sagittal section of the mouse brain in Fig. 5a, adapted from
the Gene Expression Nervous System Atlas).®’ Quantifying the
DOX intensities from the confocal images in Fig. 5b led to
interrogation of whether the nano-formulations were taken up
equally by different parts of the brain. The representative con-
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Fig. 4 In vivo biodistribution of DOX-loaded star nanovector. (a) Mice underwent transcardial perfusion and the specified organs were dissected for

carrying out biodistribution analyses. Hematoxylin and eosin (H&E)-stained tissue samples for SB-60 + DOX imaged at 40x magnification (scale bar
= 20 pm). (b) Concentration of the cytokines IL-2, IL-4, IL-17A, IFN-y and TNF-a in plasma samples of 10 mice. (c) Immunofluorescence images
depicting the uptake of free DOX and SB-60 + DOX for brain and heart tissues imaged at 63x (scale bar = 50 pm). Plot of normalized mean gray
values representing the quantification of uptake of free DOX and SB-60 + DOX in brain, heart, kidney, liver and spleen tissue samples. Each point

represents the mean + SEM (n = 12) (****P < 0.0001, ***P = 0.001).

focal images (Fig. 5b) exhibited that the DOX intensities
visibly decreased upon going from the posterior part (cerebel-
lum) to the most anterior part (OB). This was corroborated by
the quantification of DOX intensities as normalized mean gray
values plotted against the corresponding region of the brain
(Fig. 5b). This trend could be attributed to the variation in BBB
heterogeneity and permeability across different brain regions,
which depends on differential astrocyte and pericyte coverage,
differences in tight-junction proteins such as zonula occludens
(zO)-1 and ZO-2, variation in cellular interactions between
white matter and gray matter in different regions, and changes
in vascular density.®> To validate the ability of star block copo-
lymer UMM to enter neurons upon crossing the BBB, an
in vitro time-dependent experiment was envisaged. Herein,
SB-60 + DOX UMM were incubated with the OB and a mixed

21588 | Nanoscale, 2024, 16, 21582-21593

cortical primary neuronal culture for 1 h and 4 h followed by
immunocytochemistry, and the panels are shown in Fig. 5c.
Staining (DAPI and MAP2 antibody) was employed for imaging
the differentiated mature neurons, represented via the blue
(Aexe = 405 nm) and green channels (dexe = 633 nm), respect-
ively. DOX emission (red channel, A.. = 488 nm) from the
UMMs had substantial co-localization with neuronal markers.
The SB-60 + DOX uptake in OB and cortical neurons was quan-
tified. The plot of uptake (%) vs. time revealed significantly
higher uptake of SB-60 + DOX UMM in cortical neurons as
compared with that in OB neurons across both time points
(Fig. 5¢). The in vitro neuronal culture data were in alignment
with the in vivo brain biodistribution data, wherein UMM
uptake was higher in the cortex as opposed to the OB (Fig. 5b).
To examine the cell specificity of these micelles in brain

This journal is © The Royal Society of Chemistry 2024
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tissue, immunostaining was carried out marking different
brain tissue cell types (i.e., MAP2 for staining mature neurons,
NeuN as the nuclei marker and GFAP for labelling glial cells
and astrocytes). The intent was to investigate the specificity of
DOX-loaded unimolecular micelles across brain tissue (if any),
and the results can be seen in Fig. 5d. The emission of DOX
coming from within mature neurons appeared to co-localize
with markers, as can be seen from the merged images (10x-
first column and 63x-second column) in Fig. 5d. This affirmed
intracellular uptake of the cargo and that uptake was similar
across the brain tissue with no specificity for any cell type.

NIR dye IR780, having excitation in the NIR region, over-
comes the limitation of tissue auto-fluorescence while offering
the advantage of deeper penetration into tissue.®*** Two
groups of mice (n = 3) were used. Mice injected with free IR780
iodide dye (group 1) and SB-60 + IR780 (group 2) were utilized
along with a control mouse (injected with 1x PBS) for in vivo
biodistribution using the In Vivo Imaging System (IVIS) from
PerkinElmer. The IVIS imaging for tracking the biodistribution
was carried out at 24 h, 48 h and 72 h, as can be seen in
Fig. 6a (dorsal view). Using the dorsal view images of mice, an
attempt was made to quantify the IR780 distribution in the
most rostral part of the body with time across the two groups

This journal is © The Royal Society of Chemistry 2024

by selecting a region of interest (ROI). The plot of total radiant
efficiency vs. time in Fig. 6a clearly demonstrated that UMM
SB-60 + IR780 exhibited a superior potential to penetrate the
BBB as opposed to the free dye, and that this distribution did
not change with time up to 72 h. Plasma samples were also
subjected to IVIS imaging to quantify the amount of IR780,
and the representative photographic image of the wells can be
seen in Fig. 6b. The SB60 + IR780 nano-scaffolds demonstrated
their ascendancy in their ability to be in circulation for longer
than the free dye (see plot of total flux vs. time). The whole-
organ representative IVIS image for the major organs captured
at the 72 h time point can be seen in Fig. 6c. As can be seen
from the average radiant efficiency plot, the SB-60 + IR780
unimolecular micelle had higher uptake in all the tissues com-
pared with free IR780 dye. The whole-organ imaging reiterated
the ability of the SB-60 + IR780 star UMM to breach the BBB.

A mechanism illustrating the ability of the nano-scaffold to
penetrate the BBB compared with that of the free drug is out-
lined in Fig. 7a. Transcytosis across the barrier is dictated by
factors such as lipophilicity, size, charge, molecular weight
and, even with the requisite parameters, molecules undergo
efflux out into the blood stream via the P-glycoprotein (Pgp)

65-67

pump. The crucial parameters for NPs intended to pene-
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Fig. 6 Time-dependent IVIS-based biodistribution Analysis. (a) Diagrammatic illustration of IR-780-encapsulated SB-60 nanoparticles and time-
dependent IVIS-mediated biodistribution analysis of free IR-780 and SB-60 + IR780 UMM along with a control mouse injected with 1x PBS (dorsal
view). Plot of total radiant efficiency vs. time quantifying the amount of dye IR780 in the most rostral body region. Each point represents the mean +
SEM (n = 3) (***P = 0.0005, *P = 0.0133, **P = 0.0084). (b) Representative image of plasma samples captured in a 96-well plate via IVIS. Plot of total
flux vs. time depicting the amount of IR780 dye in plasma samples collected at different time points. Each point represents the mean + SEM (n = 3)
(**P = 0.0096, **P = 0.0063, **P = 0.005). (c) IVIS-based whole-organ imaging of brain, heart, kidneys, liver and spleen. Whole-organ image-based
quantification represented as the plot of average radiant efficiency depicting the amount of dye IR780 in various tissues measured 72 h after injec-

tion, for free dye and SB-60 + IR780. Each point represents the mean +
0.0445 for brain, heart, kidney, liver and spleen, respectively).

trate the BBB are size <50 nm, appropriate lipophilicity, and
the surface charge should be near neutral.®*”®” In the current
investigation, a plausible mechanism of BBB breach can be
ascribed to caveolae-mediated transcytosis, which transports
albumin-like macromolecules from the luminal side to brain
parenchyma.®> ®” Crossing of the BBB by the star block copo-
lymer UMM in the present study could be attributed to three
main factors: (i) prolonged circulation in blood making it
more bioavailable; (ii) appropriate lipophilicity favorable for
transcytosis; (iii) the presence of carboxylate groups on the
periphery that circumvent Pgp efflux pumps. These factors,
combined with the size range of the UMM (<30 nm), could
aid in breaching the BBB. Having established the ability of
star UMM to cross the BBB, another crucial investigation was
to determine whether the integrity of the BBB was compro-
mised in this process. The Evans Blue (EB) extravasation
assay®®®® and IR780 breaching ability across the BBB were
employed as tools. EB, being a BBB-impermeable dye, was
chosen to evaluate BBB disruption by detecting its presence
in brain tissue. As can be seen in Fig. 7b and Fig. S13, blue
coloration was not observed in the brain tissues of control-
and SB60-treated groups, suggesting that the integrity of BBB
was maintained upon administration of star-UMM polymer

21590 | Nanoscale, 2024, 16, 21582-21593

SEM (n = 3) (*P = 0.0315, *P = 0.0287, *P = 0.0190, *P = 0.0182 and *P =

(SB60). Furthermore, the amounts of dye leaked into brain
tissue were quantified, and it was found to be similar in the
SB60 group and control group. In another experiment, mice
were initially treated with SB60 nascent NPs for 24 h followed
by administration of free IR780 for 24 h, as can be seen in
Fig. 7c. In the scenario that the BBB integrity was disrupted
by the star UMM, there would be significant uptake of IR780
dye. The IVIS image of brain tissues in Fig. 7c clearly demon-
strates that IR780 was taken up significantly when delivered
via the star-UMM platform. On the other hand, treatment
with nascent SB60 (without IR780) for 24 h followed by treat-
ment with free IR780 did not show significant uptake. These
investigations suggested that the star-UMM displayed the
unique ability to cross the BBB without compromising its
integrity. Taking cognizance of in vivo and in vitro analyses,
star-UMM demonstrated an excellent capability to breach the
most tightly regulated biological barrier: the BBB. These find-
ings call for further experiments employing potential delivery
systems combined with targeted delivery’® and precise behav-
ioral paradigms controlling sensory experiences.”'””> Our
results provide a potential drug-delivery method for brain
tumors, and add significantly to the emerging field of
“cancer neuroscience” research.

This journal is © The Royal Society of Chemistry 2024
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quantified for both groups. (c) Schematic of the assay devised to elucidate the BBB integrity upon treatment with SB-60. Plot depicting the uptake
of IR780 dye to brain tissue in the case of SB60 + IR780, free IR780 and control group where IR780 was injected 24 h after the SB60 injection along

with images captured using IVIS.

Conclusions

Tracing through the plethora of star and linear polymer architec-
tures, the unique star block UMM evinced the crucial factors
necessary for a BBB nanocarrier. The factors were the star macro-
molecular topology, size <50 nm, UMM assembly, as well as the
ability to carry and deliver a high amount of desired payload across
the BBB. The data for in vitro cellular uptake suggested an internal-
ization mechanism of DOX-loaded UMM via endocytosis and their
enzymatic-biodegradation at lysosomal compartments. A myriad of
experiments were carefully designed to explore the potential of the
star UMM in vivo. The pharmacokinetics evaluation established
the high bioavailability of star UMM nanocarriers owing to their
stability against dilution. The biodistribution of the star-UMM was
visualized in realtime by employing IVIS, which reiterated the
potential of the UMM to penetrate the BBB to deliver dyes/drugs.
The star polymer nano-formulations were non-immunogenic and
biocompatible. UMM uptake in brain tissue was influenced by
BBB heterogeneity; in vitro data for primary neuronal cultures also
demonstrated enhanced uptake of the UMM by mixed cortical
neurons. Hence, the current star-polymer design opens up oppor-

This journal is © The Royal Society of Chemistry 2024

tunities for UMMs and demonstrates their ability to penetrate the
BBB in vivo to deliver drugs which could be useful for the treat-
ment of brain-related malignancies.

Notes

The authors declare no competing financial interest.

All animal procedures were carried out at National Facility for
Gene Function in Health and Diseases (Indian Institute of Science
Education and Research (IISER), Pune, India) with compliance of
Institutional Animal Ethics Committee (IAEC) at IISER Pune and
the Committee for the Control and Supervision of Experiments on
Animals (CCSEA), Government of India guidelines. Animal ethics
committee approval number is IISER/IAEC/2018-02/07.

Statistics

All analyses were done using Prism 8.0 (GraphPad). One-way
ANOVA, Tukey’s test, and unpaired ¢-test were performed, and
values are represented as the mean + SEM.
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