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Abstract

Glioblastoma is among the most aggressive forms of cancers, with a median survival of just 15-20
months for patients despite maximum clinical intervention. Majority of conventional anti-cancer
therapies fail due to associated off-site toxicities which can be addressed by developing target-
specific drug delivery systems. Advances in nanotechnology have provided targeted systems to
overcome drug delivery barriers associated with brain and other types of cancers. Dendrimers have
emerged as promising vehicles for targeted drug and gene delivery. Dendrimer-mediated targeting
strategies can be further enhanced through the addition of targeting ligands to enable receptor-
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specific interactions. Here, we explore the sugar moieties as ligands conjugated to hydroxyl-
terminated polyamidoamine dendrimers to leverage altered metabolism in cancer and immune
targeting. Using a highly facile click chemistry approach, we modified the surface of dendrimers
with glucose, mannose, or galactose moieties in a well-defined manner, to target upregulated
sugar transporters in the context of glioblastoma. We show that glucose modification significantly
enhanced targeting of tumor-associated macrophages (TAMSs) and microglia by increasing brain
penetration and cellular internalization, while galactose modification shifts targeting away from
TAMs towards galectins on glioblastoma tumor cells. Mannose modification did not alter TAMs
and microglia targeting of these dendrimers, but did alter their kinetics of accumulation within
the GBM tumor. The whole body biodistribution was largely similar between the systems. These
results demonstrate that dendrimers are versatile delivery vehicles that can be modified to tailor
their targeting for the treatment of glioblastoma and other cancers.
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Introduction

Glioblastoma is the most common and aggressive form of primary brain cancer, with a
median survival time of 16-20 months and 5 year survival rates of less than 5%.[1, 2]

It accounts for 70% of brain cancer cases, with more than 14,000 new cases diagnosed

in the United States each year.[3] In addition to these poor prognoses, glioblastoma also
exerts significant impacts on the quality of life and cognitive functions of patients.[4, 5]
Current standard of care consists maximum safe surgical resection followed by intensive
chemotherapy and radiotherapy,[6] but this intervention strategy has failed to significantly
improve patient outcomes. Therefore, innovative strategies to enhance drug delivery to
glioblastoma are necessary to achieve robust improvements to patient outcomes.
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In order for systemic therapies for glioblastoma to be effective, they must penetrate the
blood brain tumor barrier. In addition, they must then access and accumulate within the cells
of interest to achieve relevant therapeutic doses.[7] Tumor-associated macrophages (TAMSs)
have emerged as promising cellular targets to enable effective tumor therapy due to their
roles in regulating the tumor immune response.[8, 9] Tumors secrete immune polarizing
signals that recruit host macrophage and resident microglia and repolarize them into TAMs,
which suppress tumor-killing immune activation and promote tumor growth, invasion, and
drug resistance.[10-12] Therefore, by targeting these TAMs with immunotherapies, we

can reprogram the tumor immune response away from the tumor-supporting state and
towards the anti-tumor phenotype. Based on strong preclinical results, TAMs-targeted
immunotherapies are undergoing clinical trials as single therapies or in combination with
traditional treatments in many types of cancers, including glioblastoma (NCT02829723,
NCT02452424, NCT01349049, NCT01217229). However, their translation has been limited
by low response rates, drug resistance, and off-target immune activation leading to systemic
toxicities.[13, 14] Nanotechnology-mediated immunotherapies that specifically target TAMs
can provide significant innovation for improved therapeutic efficacy and limited systemic
toxicities.

Peptide and small molecule targeting ligands can be attached to nanoparticles to improve
tumor and cell-specific targeting.[1, 15] Similar strategies have been employed to target
TAMs as well by leveraging overexpression of receptors consistent with the largely anti-
inflammatory, pro-tumor phenotype.[16, 17] Sugar moieties have recently been revealed
as promising targeting ligands to bring therapies to cancer cells and TAMs, which take
advantage of the increased metabolism in the tumor.[18-22] These strategies target altered
metabolism and receptor expression in cancer cells and TAMs to achieve drug delivery.

In addition, sugars are highly water soluble and nontoxic, facilitating formulation and
translation.

Dendrimer-based nanomedicines have shown great potential in targeting neuroinflammation
and brain tumors.[23-32] Dendrimers are multivalent yet monodisperse and precise
macromolecules which represent a promising nanoplatform for designing targeted drug
delivery systems. We have previously shown that polyamidoamine (PAMAM) generation

4 hydroxyl-terminated dendrimers are able to cross the impaired blood-brain barrier upon
systemic administration and selectively target activated microglia/macrophages in a variety
of neurodegenerative diseases.[33-39] We have also shown in the context of cerebral palsy
that mannose-modified dendrimers can alter the internalization pathway of dendrimers in
activated glia.[34]

In the context of brain tumors, we have shown that hydroxyl PAMAM dendrimers
provide dual advantages, to overcome blood-brain and solid tumor barriers from systemic
administration and to specifically target TAMs and activated microglia.[24] Cancer

cells demonstrate a switch away from oxidative phosphorylation and towards anaerobic
glycolysis, termed the Warburg effect, where energy production is less efficient but
significantly more rapid.[40, 41] Therefore, we envisioned that the surface modification
with sugar molecules would enable dendrimers to broaden their TAMs targeting to
directly target cancer cells as well. In this study, we explore the impacts of dendrimer
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surface modification with sugars (glucose, mannose, or galactose) on tumor targeting

in an orthotopic, immunocompetent model of glioblastoma. We demonstrate that surface
decoration of these dendrimers with sugar moieties can significantly alter their interactions
in vivo, with implications for designing tailored targeting systems in glioblastoma treatment.

Materials and Methods

Chemistry experiments:

Materials—Pharma grade generation 4 hydroxyl PAMAM dendrimer with
ethylenediamine-core (64 hydroxyl terminal-groups, D-OH) was purchased from Dendritech
in the form of methanolic solution. Methanol was removed under vacuo prior to use.
Azido-PEG-4-amine was purchased from Broadpharm. 5-Hexynoic acid, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), 4(dimethylamine)pyridine (DMAP), copper
sulfate pentahydrate, sodium ascorbate was purchased from Sigma Aldrich US. Cy5 NHS
ester was purchased from GE healthcare. All the solvents were purchased from Sigma and
were used as received. Deuterated solvents for NMR were purchased from Sigma. The
experiments were conducted in standard oven-dried glassware. The click reactions with
sugar-azides were performed in the microwave reactor using microwave safe vials.

Synthetic protocols—p-D-Glucose-PEG4-azide, B-D-Galactose-PEG4-azide, and a.-D-
Mannose-PEG4-azide were synthesized using previously published protocol[34, 42] and
were characterized using 1H NMR spectroscopy (Supplementary Figure S1).

Synthesis of compound 3 (D-Hexyne): In an over-dried flask, compound 2 (5g,
0.35mmoles) was dissolved in anhydrous N, N dimethylformamide (DMF, 20mL). The
solution was stirred and 5-hexynoic acid (980mg. 8.75mmoles) was added followed by
the addition of DMAP (512mg, 4.2mmoles) and EDC (1.67g, 8.75mmoles). The stirring
was continued at room temperature for 24 hours. The reaction was then diluted with DMF
(100mL) and transferred to the dialysis membrane (1000Da cut off). The dialysis was first
performed against DMF, followed by water until all the DMF was exchanged by the water.
The water solution was then lyophilized to obtain the product as white solid (80% yield).

1H NMR (500 MHz, DMSO) 6 8.09 — 7.74 (m, D-internal amide H), 4.71 (bs, D-OH), 4.02
(t, J=5.5 Hz, ester —CH,), 3.44-3.24 (m, dendrimer-CH ), 3.10 — 3.03 (m, dendrimer-CH»
and linker H), 2.81-2.57 (m, dendrimer-CH and linker H), 2.48-2.34 (m, dendrimer-CH ),
2.27-2.12 (m, dendrimer-CH ), 1.71 (t, linker —CH ). (Supplementary Figure S2A)

Synthesis of compound 5 (NH,-D-hexyne): In an over-dried flask, compound 3 (5g.
0.316mmoles) was dissolved in anhydrous A, A dimethylformamide (DMF, 10mL). The
solution was stirred and azido-PEG-4-amine (323mg, 1.26mmoles) was added dissolved in
DMF (1mL). To the stirring reaction mixture, catalytic amount of CUSQ,4.5H,0 (40mg,
0.158mmoles) dissolved in water (1mL) was added followed by the addition of the catalytic
amount of sodium ascorbate (31mg, 0.158mmoles) dissolved in water (1mL). The reaction
mixture was stirred at 40°C overnight. The reaction was then brought to room temperature
and diluted with water (100mL). A solution of ethylenediaminetetracetic acid (EDTA,
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1mL) was added and dialysis was performed against water. The water solution was then
lyophilized to obtain the product as white solid (82% yield).

IH NMR (500 MHz, DMSO) & 8.15-7.68 (m, D-internal amide H & PEG traizole H),

4.47 (t, triazole —-CHy), 4.01 (t, ester —-CHj>), 3.80 (t, triazole —CH,), 3.57-3.22 (m, PEG

H, dendrimer-CHy), 3.19 — 3.00 (m, dendrimer-CHy), 2.82 — 2.57 (m, dendrimer-CH »and
linker H), 2.43-2.32 (m, dendrimer-CH,), 2.30-2.03 (m, dendrimer-CHy), 1.83 (m, linker H),
1.69 (t, linker H). (Supplementary Figure S2B)

1H NMR (500 MHz, MeOD) & 7.76 (s, PEG traizole H), 4.46 (t, triazole —CH,), 4.05 (t,
ester —-CHy), 3.79 (t, triazole —CHy), 3.63 — 2.97 (m, PEG H, dendrimer-CH>), 2.84-2.58 (m,
dendrimer-CH and linker H), 2.41 — 2.05 (m, dendrimer-CH»and linker H), 1.87 (m, linker
H), 1.70 (t, linker H) (Supplementary Figure S2C).

Synthesis of compound 6 (D-Sugar): To a stirring solution of compound 5 (1g,
0.06mmoles) in DMF (4mL) in a microwave-safe reaction vial, a solution of sugar azide
(367.9mg, 0.96mmoles) in DMF (1mL) was added. This was followed by the addition

of catalytic amount of CuSO4.5H,0 (15mg, 0.06mmoles) dissolved in water (1mL) and
sodium ascorbate (12mg, 0.06mmoles) dissolved in water (LmL). The reaction was stirred in
a microwave reactor (Biotage) at 50°C for 8 hours. The reaction was then brought to room
temperature and diluted with water (100mL). A solution of ethylenediaminetetracetic acid
(EDTA, 1mL) was added and dialysis was performed against water. The water solution was
then lyophilized to obtain the product as white solid (80-90% yield).

D-Glucose, 6a:

IH NMR (500 MHz, DM SO): 6 8.39 — 7.49 (m, dendrimer internal amide H + Triazole
H), 4.50 — 4.42 (m, triazole-CH,), 4.15 (d, /= 6.3 Hz, anomeric H glucose), 4.05 — 3.98
(m, linker CH, + glucose), 3.90 — 3.75 (m, glucose H), 3.69 — 2.85 (m, dendrimer +PEG +
glucose H), 2.80 — 2.56 (m, dendrimer H), 2.40 — 2.15 (m, dendrimer H), 1.84 (s, hexynoic
linker CHy). (Supplementary Figure S3A)

IH NMR (500 MHz, D,0): & 7.96 — 7.84 (m, triazole glucose + PEG H), 4.63 — 4.55 (m,
triazole-CH>), 4.48 (d, J= 7.1 Hz, glucose anomeric H), 4.08 —4.02 (m, glucose H), 4.05 -
3.88 (m, linker CH5 + glucose), 3.86 — 3.23 (m, dendrimer +PEG + glucose H), 3.08 — 2.29
(m, dendrimer H), 2.02 — 1.89 (m, hexynoic linker CH>). (Supplementary Figure S3B)

D-Galactose, 6b:

IH NMR (500 MHz, DMSO): 6 8.18 — 7.58 (m, dendrimer internal amide H + triazole

H), 4.46 (s, triazole-CHy), 4.13 — 4.02 (m, galactose CH5), 4.03 — 3.98 (m, dendrimer CH2
+ galactose H), 3.85 — 3.77 (galactose H), 3.65 — 3.35 (m, dendrimer + PEG H), 3.34
—3.17 (dendrimer H), 3.14 -3.05 (dendrimer H), 2.91 — 2.88 (m, dendrimer H), 2.75 —
2.58 (m, dendrimer H), 2.44 — 2.05 (m, dendrimer H), 1.83 (s, hexynoic acid linker CH5).
(Supplementary Figure S4A)

IH NMR (500 MHz, D,0): & 7.93 (br s, PEG-4 triazole, 3H), 7.86 (br s, galactose triazole,
13H), 4.60 — 4.55 (m, CH»-triazole, 30H), 4.42 (d, J= 7.4 Hz, galactose anomeric H), 4.16
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—4.12 (m, galactose H), 4.07 — 4.04 (m, galactose H), 3.96 — 3.88 (m, dendrimer-galactose
H), 3.85 — 3.48 (m, dendrimer-galactose H), 3.47 — 3.43 (m, galactose H), 3.35 — 3.26

(m, dendrimer H), 3.02 — 2.99 (m, dendrimer H), 2.97 — 2.58 (m, dendrimerH), 2.44 (s,
dendrimerH), 1.99 — 1.90 (m, CH2-hexynoic acid linker). (Supplementary Figure S4B)

D-Mannose, 6c¢:

IH NMR (500 MHz, DMSO): 6 8.15 — 7.75 (m, dendrimer internal amide H + triazole H),
4.64 — 4.61 (m, mannose anomeric H), 4.49 — 4.44 (m, triazole-CH,), 4.04 — 3.93 (m, linker
CHy), 3.7 — 3.3 (m, dendrimer + glucose + PEG H), 3.71 — 3.19 (m, dendrimer H), 3.18 —
3.00 (m, dendrimer H), 2.66 — 2.56 (m, dendrimer H), 2.45- 2.04 (m, dendrimer H), 1.87 —
1.79 (m, hexynoic linker CHy). (Supplementary Figure S5A)

IH NMR (500 MHz, D,0): & 7.93 br (s, PEG triazole H), 7.86 (br s, mannose triazole

H), 4.61 — 4.55 (m, triazole-CHy), 4.40 (d, /= 7.4 Hz, mannose anomeric H), 4.18 — 4.02
(m, mannose H), 3.97 — 3.88 (m, linker CH, + mannose H), 3.85 — 3.41 (m, dendrimer +
mannose +PEG H), 3.37 — 3.27 (m, dendrimer H), 3.30 — 2.30 (m, dendrimer H), 2.50 — 2.35
(m, dendrimer H), 1.98 — 1.90 (m, hexynoic linker CH>). (Supplementary Figure S5B)

Synthesis of compound 7 (Cy5-D-Sugar): In an over-dried flask, compound 6 (50mg.
0.0023mmoles) was dissolved in anhydrous A, A/ dimethylformamide (DMF, 4mL). The
solution was stirred and the pH was brought to 7.4 using DIPEA. This was followed by

the addition of Cy5-NHS ester (5mg, 0.007mmoles). The reaction was stirred at room
temperature for 12 hours, protected from light. The reaction was then diluted with DMF
(50mL) and transferred to the dialysis membrane (1000Da cut off). The dialysis was first
performed against DMF, followed by water dialysis until all the DMF is exchanged by the
water. The water solution was then lyophilized to obtain the product as blue solid which was
further purified on G-25 sephadex column (65-75% yield).

NMR (Cy5-D-Glucose, 7a): *H NMR (500 MHz, DMSO) & 8.42 — 8.33 (m, Cy5 H), 8.20
—7.68 (m, dendrimer internal amide H + triazole H), 7.68 — 7.61 (m, Cy5 H), 7.35 - 7.30
(m, Cy5 H), 6.35 —6.27 (m, Cy5 H), 5.03 — 4.87 (m, glucose H), 4.80 — 4.65 (m, dendrimer
OH), 4.49 (m, triazole-CHy>), 4.20 — 3.92 (m, glucose +dendrimer linker CHy), 3.90 — 3.74
(m, glucose H), 3.69 — 2.89 (m, dendrimer + glucose +PEG H), 2.80 — 2.60 (m, dendrimer
H), 2.46 — 2.10 (m, dendrimer H), 1.89 — 1.79 (m, dendrimer H), 1.71 - 1.14 (m, Cy5 H

and linker H). (Supplementary Figure S6A; HPLC: Purity >99%, Retention time: 12.83 min.
(Supplementary Figure S7A).

IH NMR (Cy5-D-Galactose, 7b): 1H NMR (500 MHz, DMSO) 6 8.36 (t, /~12.7 Hz,
Cy5 H), 8.12 — 7.72 (m, dendrimer internal amide H + triazole H), 7.66 — 7.58 (m, Cy5

H), 7.36 — 7.26 (m, Cy5 H), 6.62 —6.53 (m, Cy5 H), 4.87-4.40 (m, galactose H), 4.36 (m,
triazole-CH5), 4.19 — 3.71 (m, glucose +dendrimer linker CH5), 3.66 — 2.96 (m, dendrimer
+ galactose +PEG H), 2.78 — 2.55 (m, dendrimer H), 2.44 — 2.05 (m, dendrimer H), 1.89 —
1.74 (m, dendrimer H), 1.73 — 1.12 (m, Cy5 H and linker H). (Supplementary Figure S6B);
HPLC: Purity >99%, Retention time: 13.02 min. (Supplementary Figure S7B).
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1H NMR (Cy5-D-Mannose, 7¢): 'H NMR (500 MHz, DMSO) & 8.37 (t, J= 12.1 Hz, Cy5
H), 8.15 - 7.75 (m, dendrimer internal amide H + triazole H), 7.67 — 7.61 (m, Cy5 H), 7.33
-7.27 (m, CY5 H), 6.33 - 6.26 (m, CY5 H), 4.85 — 4.55 (m, mannose H + OH + dendrimer
OH), 4.50 — 4.38 (m, triazole-CH), 4.17 — 3.93 (m, m, linker CH, + mannose H), 3.75 (m,
mannose H), 3.71 — 3.23 (m, dendrimer + mannose +PEG H), 3.16 — 3.03 (m, dendrimer H),
2.65 — 2.55 (m, dendrimer H), 2.47 — 2.07 (m, dendrimer H), 1.84 (m, m, hexynoic linker
CH5), 1.72 - 1.10 (m, Cy5 H and linker H). (Supplementary Figure S6C); HPLC: Purity
>99%, Retention time: 12.97 min. (Supplementary Figure S7C).

Instrumentation for characterization of intermediates and dendrimer
conjugates—The structures of intermediates and dendrimer conjugates were analyzed
using proton nuclear magnetic resonance (*H NMR) spectroscopy. NMR spectra were
recorded on a Bruker spectrometer (500 MHz) at ambient temperatures. The NMR data

is presented as chemical shift values (6 ppm) and multiplicity. The chemical shifts of

the residual protic solvent such as CDClz 1H, 8 7.27 ppm), D,O H, & 4.79 ppm); and
DMSO-a6 1H, §2.50 ppm) were used for chemical shifts calibration. The purity of the final
dendrimer conjugates was evaluated using high pressure liquid chromatography (HPLC).
HPLC was run on a Waters Corporation system equipped with 2998 photodiode array
detector and a 2475 multi A fluorescence detector. The instrument had an in-Line degasser,
and a 1525 binary pump. The chromatogram were analyzed using Waters Empower 2
Software. The dendrimer samples were run through a C18 Waters column (C18 symmetry
300, 5pum, 4.6x250mm) maintaining the flowrate at 1.0 mL/min. A gradient flow method
was used using 0.1% TFA and 5% acetonitrile in water (A) and 0.1% TFA in acetonitrile
(B). The method started from a gradient 90:10 (A:B), stayed at 90:10 (A:B) for 3 minutes,
gradually increasing to 50:50 (A:B) at 16 minutes, stayed at 50:50 (A:B) at 25 minutes,
and finally returned to 90:10 (A:B) at 35 minutes. The chromatogram were monitored

at wavelengths 210 (dendrimer absorption) and 650 nm (Cy5 absorption). The particle
size distribution and zeta potential distribution of dendrimer conjugates were measured via
Dynamic light scattering on a Malvern Zetasizer Nano ZS instrument using previously our
previously published protocols.[34]

Biology experiments:

Materials—Bovine serum albumin (BSA), 4-[[[[4-(1,1-
Dimethylethyl)phenyl]sulfonylJamino]methyl]-N-3-pyridinylbenzamide (STF-31), and a-
lactose were obtained from Sigma Aldrich (St. Louis, MO, USA). Dulbecco’s modified
eagle medium (DMEM), Roswell Park Memorial Institute (RPMI) media, L-glutamine, fetal
bovine serum (FBS), penicillin-streptomycin (P/S) antibiotic, 0.25% trypsin-EDTA, normal
goat serum (NGS), goat anti-rabbit Alexafluor 488, and (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) MTT reagent were purchased from Invitrogen (Carlsbad, CA,
USA). Tris-buffered saline (TBS) and phosphate buffered saline (PBS) were purchased from
Corning (Corning, NY, USA). lonized calcium binding adaptor molecule (Ibal) primary
antibody was purchased from Wako Pure Chemical Corporation (Tokyo, Japan). NucBlue
cell stain (DAPI) was purchased from Cell Signaling (Danvers, MA, USA). Methanol was
purchased from ThermoFisher (Waltham, MA, USA). Recombinant murine interleukin 4
(1L4) was obtained from Peprotech Inc. (Rocky Hill, NJ, USA).
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Tumor Inoculations—GL261 murine microglia were obtained from the DTP/DCTD/NCI
Tumor Repository (National Cancer Institute, Frederick, MA, USA). Cells were cultured

in RPMI supplemented with 10% FBS, 1% P/S, and 1% L-glutamine and maintained at
37°C and 5% CO, atmosphere. All animals were housed at Johns Hopkins University animal
facilities and given free access to food and water. Experiments performed were approved

by the Johns Hopkins Institutional Animal Care and Use Committee. Male and female
C57BL/6 mice were obtained from Jackson Laboratory Company (Bar Harbor, ME, USA).
Mice 6-8 weeks old were inoculated with glioblastoma tumors via intracranial injection of
GL261 cells. Mice were anesthetized with a ketamine/xylazine cocktail for surgeries. An
incision was created in the center of the scalp. A burr hole was drilled at 1 mm posterior

to the bregma and 2 mm lateral to the midline for injection into the striatum in the right
hemisphere. A 2 pL injection of 100,000 GL261 cells were injected to a depth of 2.5

mm over 10 min with a stereotactic frame and automated syringe pump (Stoelting Co.,
Wood Dale, IL, USA). The syringe was withdrawn, and the incision sutured (Ethicon Inc.,
Somerville, NJ, USA).

Immunohistochemistry and confocal microscopy—On day 14 post-inoculation,
glioblastoma bearing mice were intravenously injected with unmodified hydroxyl-
terminated dendrimers, dendrimer-glucose, dendrimer-mannose, or dendrimer-galactose
conjugates at 55 mg/kg on the whole conjugate basis. At this time point, tumors exhibit

an average mass of 34.0 £ 6 mg. 24 hours after injection, brains, livers, and kidneys were
collected and fixed overnight in 4% formalin solution (n=2 per construct). Organs were then
passed through a sucrose gradient (10%, 20%, then 30% sucrose in PBS overnight each) to
remove formalin. Brains were sectioned axially into 30 pm slices with a Leica CM 1905
cryostat (Wetzlar, Germany). Brains were stained for DAPI to visualize nuclei and Ibal
(1:200) to visualize tumor-associated macrophages. Kidneys were stained for GFAP (1:500)
to visualize tubules. Livers were stained for serum albumin (1:1000, Abcam) to visualize
hepatocytes or SE-1 (1:200, Novus Biologicals) to visualize sinusoidal endothelial cells.
Images were acquired on a Zeiss LSM710 confocal microscope (Hertfordshire, UK). Image
capture settings and processing adjustments were kept constant across all compared images
with different dendrimer types.

Dendrimer tissue extraction and quantification—At specified time points (1, 4, 24
hours) after administration, animals were euthanized and perfused with saline to remove
residual blood in organs. Organs and plasma were collected and snap frozen in liquid
nitrogen (n=5 per construct). To assess tumor targeting, tumors and healthy brain tissue
from the contralateral hemisphere were dissected out. Tissues were dissected (100 mg

for livers and kidneys, 50 mg for hearts and lungs, 20 mg for spleens) for dendrimer
extraction. Tumors were homogenized and quantified whole and presented as pg/g tissue
to normalize for tumor size. Tissue samples were homogenized in methanol at 100 pL

per 100 mg with stainless steel homogenization beads (Next Advance, Troy, NY, USA),
followed by sonication for 15 minutes. Samples were spun down at 12,000 rpm and
supernatants collected for analysis. Plasma samples were diluted 5x in PBS and filtered
through a 0.2 um filter. For quantification, dendrimer solutions were read on a Shimadzu
RF-3501 spectrofluorophotometer (Kyoto, Japan). Control samples of brain tumors without
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dendrimer administration were used to correct for tissue background fluorescence. The
wavelengths used for the Cy5 labeled conjugates were excitation 645 nm and emission 662
nm. Calibration curves for each dendrimer of known concentrations were created to convert
measured intensities to tissue concentrations. Tumor specificity was calculated as the ratio of
dendrimer content within the tumor divided by content in the contralateral hemisphere. To
explore dendrimer-glucose blood brain barrier penetration, healthy mice were intravenously
injected with dendrimer, collected 24 hours later, and processed as described above.

In vitro dendrimer uptake experiments—BV2 murine microglia and GL261 murine
glioblastoma cells were maintained in incubators at 37°C and 5% CO, atmosphere. BV2
cells were grown in DMEM supplemented with 10% FBS and 1% P/S. GL261 cells were
grown in RPMI supplemented with 10% FBS, 1% P/S, and 1% L-glutamine. Treatments
were performed in half serum media (5% FBS). Cell viabilities for each dendrimer
conjugate were measured using MTT assay as per manufacturer’s procedure.

To explore dendrimer-glucose cell interactions, BV2 microglia were treated with 50
pg/mL unmodified or glucose conjugated dendrimers. For blocking experiments, cells
were exposed to STF-31 at 10 uM for 24 hours to block GLUT-1 transporters, followed

by incubation with dendrimers for 6 hours. For cellular internalization, BV2 cells were
incubated with unmodified and glucose dendrimers for 24 hours in the absence or presence
of IL4. Cells were then collected in methanol, dendrimer extracted, and quantified on the
spectrofluorophotometer as described above for tissues. For dendrimer uptake in GL261
cells, tumor cells were incubated with 10 pg/mL of each dendrimer for 24 hours. Cells
were then washed, collected, and homogenized as described. To explore dendrimer-galactose
cell interactions, GL261 glioblastoma cells were incubated with unmodified or galactose
dendrimers for 24 hours in the presence or absence of a-lactose at 100 uM to block
galectins. Membrane and cytosolic fractions were separated using the Mem-PER Plus
protein extraction kit (ThermoFisher) and measured using the spectrofluorophotometer.

Statistical analyses—Statistical analyses and graphs were created using GraphPad Prism
v8.0 software (San Diego, CA, USA). All error bars presented in figures show mean +
standard errors. Statistical significances between dendrimer types in biodistribution were
calculated using two-way ANOVAs. Differences between groups in /in vitro experiments
were performed using Student’s t-tests.

Results and Discussion

Synthesis of dendrimer-sugar conjugates

Glycosylation of nanoparticles have attracted significant interest in the development of
targeted drug delivery systems due to their specific ligand-receptor recognition. Since sugars
are natural targeting ligands and are integral part of several biological processes in human
body, their incorporation into nanoparticles provide stealth without compromising their
cellular uptake, biocompatibility, non-immunogenicity and enhance their blood circulation
time and enzymatic stability in the serum.[43, 44] Moreover, sugar units are synthetically
appealing for functionalization of nanocarriers and can be easily modified specifically at

the anomeric position for the attachment of linkers.[43] To assess how surface decoration

J Control Release. Author manuscript; available in PMC 2022 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al.

Page 10

with sugars impacts dendrimer /n vivo transport and targeting properties in glioblastoma
model, we synthesized generation 4 hydroxyl-terminated PAMAM dendrimers conjugated
to B-D-glucose, B-D-galactose, or a-D-mannose via click chemistry approach (Figure

1A). In recent years, click chemistry has been a powerful tool to create libraries of

small molecules, synthesis of complex macromolecules and for the surface conjugation

of polymers and dendrimers. [45, 46] Sugars were modified with a short PEG linker to
reduce steric hindrance to receptor interactions. This sugar linker was then attached to the
dendrimer surface via copper catalyzed azide-alkyne click (CuUAAC) reaction to produce
sugar dendrimer conjugates. The synthesis began with the construction of clickable glucose,
galactose & mannose-azides (1a,b,c) using our previously published protocols (Figure 1B).
On the other hand, the alkyne-terminating clickable dendrimer was synthesized by partial
modification of 14-16 OH groups on the surface of dendrimer (D-OH, 2). These hydroxyl
groups were esterified with 5-hexynoic acid using EDC/DMAP coupling chemistry to afford
D-hexyne (3). 3-4 arms of alkyne groups on D-hexyne were clicked with azido-PEG-4amine
(4) to generate a trifunctional dendrimer (NH,-D-hexyne, 5) with ~12 alkyne and ~3-4
amine functional groups. The alkyne terminal groups were meant to participate in CUAAC
reaction with azide terminating sugars while amine surface groups will be utilized for the
attachment of near infra-red dye cyanine 5 (Cy5) for imaging purpose. The dendrimer

(5) was reacted with sugar-azides (1) (B-D-Glucose-PEG4-azide, B-D-Galactose-PEG4-
azide, and a-D-Mannose-PEG4-azide) using CUAAC reaction in the presence of catalytic
amounts of copper sulphate pentahydrate and sodium ascorbate to yield corresponding
dendrimer-sugar conjugates (D-Sugar, 6). The dendrimer-sugar conjugates were purified
in the presence of ethylenediaminetetraacetic acid (EDTA) using tangential flow filtration
to remove excess of reagents and the traces of copper. Use of click chemistry enabled a
precise control of sugar payload on the dendrimer. We utilized only12-14 hydroxyl groups
on the dendrimer surface for the attachment of sugar moieties to maintain the inherent
brain tumor targeting properties of hydroxyl PAMAM dendrimers (nearly neutral surface
charge; ~5nm) while exploring the effect of various sugars as targeting ligands. We have
previously shown that the surface modification up to 20 wt% does not alter the properties
of dendrimers to target neuroinflammation and brain tumor.[27, 38, 47] The amine groups
in each of the D-Sugar conjugates were reacted with Cy5-mono-NHS ester at pH7.5-8 to
obtain fluorescently labeled Cy5-D-Sugars [Cy5-D-Glucose (7a); Cy5-D-Galactose (7b);
and Cy5-D-Mannose (7¢)].

Characterization and chemical validation of dendrimer sugar conjugates

Throughout the synthesis of fluorescently labeled D-Sugar conjugates, we analyzed the
structures at every step via *H NMR spectroscopy (Figure 2). The synthesis of D-Hexyne (3)
is confirmed by the appearance of ester methylene proton at § 4.0 ppm and a methylene
proton from hexyne linker at 6§ 1.7 ppm (Figure 2A). The number of hexyne linkers
conjugated in the surface of the dendrimer were calculated by comparing the integration

of dendrimer internal amide protons to ester methylene protons, which revealed —14-16
linkers were attached. HPLC showed a shift in retention time from D-OH at 9.5 min to
D-Hexyne at 13.4 min. The success of the partial click with amine terminating PEG linker
was analyzed by the appearance of triazole methylene protons (Figure 2B) and the triazole
proton at 6 7.76 ppm when NMR was taken in methanol to exchange dendrimer amide
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protons (Supplementary Figure S2C). The presence of a few amine groups resulted in a
shift in retention time on HPLC at 9.6 min. The NMR spectra of resulting D-Sugars after
click reaction with sugar-azides clearly showed the presence of proton signals from glucose,
galactose and mannose along with other dendrimer signals (Figures 2C-E). To confirm the
success of click reaction, the NMRs were also taken in D,O. The deuterium exchange
resulted in the disappearance of internal amide protons revealing two distinct peaks
corresponding to the triazole protons from two different click reactions (Supplementary
Figure S3B, S4B and S5B). The resulting dendrimer-sugar conjugates were highly pure
(>99% purity) as analyzed by the HPLC (Figure 3A). Remarkably tight loading of ~12
molecules of sugars in each conjugate was evident from *H NMR and HPLC showing click
reaction as a stupendous tool for the ligation on the surface of macromolecules. Upon Cy5
labeling, appearance of Cy5 protons in aromatic, allyl and aliphatic regions were evident
from the NMR spectra and confirmed the attachment of 1-2 molecules of Cy5 in all three
conjugates (Figures 2F-H and Supplementary Figure S6). The HPLC purity at 650nm (Cy5
absorbance) showed highly pure dendrimers with purity greater than 99% (Supplementary
Figure S7). The tumor targeting potential of hydroxyl PAMAM dendrimers is due to

their small size and nearly neutral zeta potential. We further measured the hydrodynamic
diameter and zeta potential of D-sugars to evaluate the effect of sugar conjugation. The
size distribution by number and zeta potential distribution are presented in Figure 3B and
3C. The sugar conjugation resulted in a slight increase in the size from D-OH (~4nm)

to =5 nm for D-Sugars. The sizes of D-GLU, D-GAL, and D-MAN were 4.79nm, PDI:
0.48; 4.53nm, PDI: 0.49; and 4.97nm, PDI: 0.52 respectively. The zeta potential was nearly
neutral for all three dendrimer-sugar conjugates in the range from 7-10 mV.

Localization of sugar dendrimer conjugates in vivo in orthotopic brain tumors

To assess impacts of sugar dendrimer conjugation on /in vivo trafficking, glioblastoma brain
tumor bearing mice were injected intravenously with fluorescently labeled (unmodified

Cy5 dendrimer (D-OH), Cy5-D-glucose- (D-GLU), Cy5-D-mannose- (D-MAN), or Cy5-
D- galactose (D-GAL) dendrimers. Dendrimers were administered 14 days after tumor
inoculation, and brains were collected for imaging 24 hours post-injection. Brains were then
stained with DAPI to visualize cell nuclei and lectin (Lycopersicon Esculentum lectin) to
label TAMs and microglia.

Consistent with our previous studies, D-OH is able to overcome brain and solid tumor
barriers to selectively localize within TAMs and activated microglia (Figure 4). D-OH
exhibited perinuclear signal pattern within these cells. D-GLU and D-MAN exhibited the
same TAMs and microglia targeted signal, indicating that the dendrimer transport properties
are preserved, upon sugar modification. Mannose receptors (CD206) are highly upregulated
on anti-inflammatory, pro-tumor macrophages and have been leveraged in TAMs targeting
platforms.[18, 48] Therefore, the TAMs targeting of D-MAN was expected. However,
D-GLU also exhibited the same TAMs and microglia targeting, which was a surprising
result. Glucose has been explored to bring therapies directly to cancer cells by leveraging the
altered metabolism exhibited by cancer cells.[49, 50] However, D-GLU exhibited the same
TAMs and microglia targeting as D-OH, indicating that glucose moieties are insufficient

to overcome dendrimer affinity for TAMs and microglia. In addition, macrophages have
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also been shown to exhibit upregulated glucose transporters in the context of inflammation.
[51] D-GAL exhibited highly distinct signal pattern separate from D-OH and other sugar
modified dendrimers (Figure 4). While some signal was observed in TAMs and microglia,
D-GAL primarily exhibited highly punctated signal pattern in the tumor microenvironment.
We theorize that this signal pattern arises from D-GAL interactions with galectins on the
surface of cancer cells. Galectins are highly overexpressed in many cancers, including
glioblastoma, and have been shown to regulate cell interactions with the extracellular matrix
to mediate cancer cell invasion and metastasis. [52, 53]

Sugars may also interact with receptors on other cell types in peripheral organs. To explore
off-target interactions after systemic administration, unmodified and sugar dendrimers were
injected intravenously into brain tumor bearing mice. 24 hours after injection, kidneys and
livers were collected and stained for confocal imaging. Kidneys were stained with DAPI

to label nuclei and GFAP to label proximal tubules (Supplementary Figure S8). Livers

were stained with DAPI to label nuclei and serum albumin to label hepatocytes or SE1

to label sinusoidal endothelial cells (Supplementary Figure S9A, B). D-OH exhibited high
localization within renal proximal tubules, consistent with nanoparticle clearance via kidney
fenestrations in this size range.[54] D-GLU, D-MAN, and D-GAL exhibited similar signal
localization within the tubules, indicating that the primary clearance route of dendrimers

is not altered with sugar surface decoration. In the kidneys, D-OH exhibits minimal signal
lining the portal veins, indicating negligible liver accumulation. In contrast, D-GAL exhibits
broad signal throughout the liver targeted to hepatocytes (Supplementary Figure S9A).

This is consistent with established reports that hepatocytes exhibited high expression of
asialoglycoprotein receptors, which bind with galactose.[55] This hepatocyte targeting has
implications for targeting liver diseases and has been used for targeted delivery in liver
diseases and hepatic cancers.[56, 57] D-GLU and D-MAN exhibited signal localized to
within sinusoidal endothelia (Supplementary Figure S9B).[58] This indicates that in addition
to renal clearance, D-GLU and D-MAN may also be experiencing clearance from the body
via liver filtration. This is consistent with previous reports where mannose receptor mediates
uptake by sinusoidal endothelial cells for clearance.[59] Surprisingly, despite receptors for
these sugars being implicated in Kupffer cell internalization,[60] no uptake in Kupffer cells
was observed with these sugar dendrimers, indicating that the risk of off-target immune
modulation with these sugar dendrimers in the liver is minimal.

Quantification of tumor accumulation by sugar dendrimer conjugates

To quantify tumor accumulation, brain tumor bearing mice were intravenously injected with
unmodified or sugar-modified dendrimers on day 14 after tumor inoculation. Brains and
organs were then collected at specified time points, extracted for dendrimers, and quantified
with fluorescence quantification.

D-GLU exhibited ~8-fold higher tumor accumulation compared to unmodified dendrimer
(Figure 5A, p < 0.001 D-OH vs. D-GLU). At 24 hours after injection after equivalent
dose of dendrimers administered, D-GLU exhibited 15.0+4.7 ug/g tissue compared to
unmodified D-OH which exhibited 1.9 £0.3 pg/g tissue in the tumor. D-GLU exhibited
similar tumor accumulation compared to generation 6 unmodified dendrimers, which
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experience size-dependent longer circulation time due to decreased renal clearance rate.
[24] D-MAN and D-GAL altered the kinetics of dendrimer tumor targeting, shifting the
peak from 4 hours earlier to 1 hour post-injection (p = 0.072 D-OH vs. D-MAN, p =
0.0013 D-OH vs. D-GAL). D-MAN and D-GAL exhibited ~2- and ~2.5-fold greater tumor
accumulation at 1 hour compared to D-OH, but cleared faster from the tumor and exhibited
~50% lower levels within the tumor after 24 hours compared to D-OH. These trends are
similar to /n vitro dendrimer internalization into GL261 tumor cells (Supplementary Figure
S10), with D-GLU exhibiting ~10-fold greater internalization than the other dendrimers.
Notably, all sugar-modified dendrimers significantly improved dendrimer specificity for
the brain tumor compared to healthy brain tissue of the contralateral hemisphere (Figure
5B, p =0.0007 D-OH vs. D-GLU, p =0.0012 D-OH vs. D-MAN, p = 0.001 D-OH

vs. D-GAL). D-OH exhibited a tumor/contralateral hemisphere ratio of 3.4+1.0 24 hours
after administration, while D-GLU exhibited 18.8+5.4, D-MAN exhibited 4.0+0.4, and
D-GAL exhibited 7.1+1.7. Compared to quantification of liposomal nanoparticle tumor
targeting in an orthotopic brain tumor model, D-GLU demonstrated ~100-fold greater tumor
accumulation, while D-MAN and D-GAL exhibited ~8-fold greater tumor accumulation.
[61] D-GAL and D-MAN performed similarly to gold [62, 63] and PEGylated iron
oxide[64] nanoparticles, while D-GLU exhibited ~10-fold greater tumor accumulation.
Specificity for the tumor of these sugar-modified dendrimers also compared favorably

to other nanoparticles.[64, 65] In addition, these D-GLU and D-MAN exhibited highly
specific localization within TAMs and activated microglia while D-GAL targeted the
tumor extracellular space, whereas quantitative nanoparticle accumulation studies do not
explore cell-type localization.[7] Therefore, these dendrimers can be applied for targeted,
highly specific tumor targeting. Even though many nanoparticles are known to show

a high accumulation into the tumor by the enhanced permeability and retention effect,

this does not translate to intracellular accumulation.[7] In addition, the higher TAM
intracellular accumulation of glucose-modified dendrimer could enable localized TAM
immune programming from systemic administration.

Maodification of dendrimers with sugars moderately alters systemic biodistribution

To evaluate impacts on off-target accumulation, we also compared organ accumulation of
sugar-modified dendrimers to D-OH (Figure 6). All dendrimers are rapidly cleared from
circulation, with less than 1% of the injected dose per mL plasma remaining in circulation
24 hours after injection (Figure 6A). D-GLU exhibited similar kidney levels to D-OH,
while D-MAN and D-GAL were cleared significantly more rapidly from kidneys than
D-OH (Figure 6B, p < 0.0001 D-OH vs. D-MAN, p = 0.0004 D-OH vs. D-GAL). Sugar
dendrimers did exhibit significantly increased accumulation within the livers compared to
D-OH, with D-OH exhibiting 0.29 + 0.04 ug/g tissue, D-GLU exhibiting 7.8+3.0 ug/g
tissue, D-MAN exhibiting 1.7+0.30 pg/g tissue, and D-GAL exhibiting 10.5+2.0 ug/g
tissue. Consistent with these findings, glucose transporters with high uptake rates have
been found in the liver. [66] Significantly increased liver accumulation was also expected
with D-GAL, which targets galactose receptors on hepatocytes for implications in delivery
to liver diseases.[67] Notably, despite increased liver accumulation, these sugar-modified
dendrimers still exhibit lower liver content compared to free chemotherapies and other
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nanoparticles with systemic administration. [68, 69] Sugar dendrimers also exhibited altered
kinetics in the spleen, with D-MAN accumulating more slowly and D-GAL exhibiting
significantly lower spleen accumulation (Figure 6D, p = 0.0143 D-OH vs. D-MAN, p <
0.0001 D-OH vs. D-GAL). Notably, D-GLU exhibited significantly greater accumulation in
lungs (Figure 5E, p = 0.0002 D-OH vs. D-GLU) and hearts (Figure 6F, p = 0.003 D-OH vs.
D-GLU). This is consistent with findings where lungs and hearts uptake glucose due to high
energy demands.[70, 71]

Glucose-conjugated dendrimer increases cellular internalization and BBB penetration

We have previously shown that dendrimer surface decoration with mannose moieties alters
the dendrimer internalization pathway from fluid-phase endocytosis to mannose receptor-
mediated uptake but did not alter the overall magnitude of dendrimer internalization
compared to unmodified dendrimers.[34] To confirm that D-GLU similarly interacted with
the expected receptor and to explore how the significantly increased tumor accumulation
arises, we investigated D-GLU uptake in BV2 murine microglia. To check cytotoxic effects,
sugar dendrimers were first assessed for cell viability in microglia /in vitro after 24 hours of
exposure. Sugar dendrimers did not exhibit any cytotoxicity apart from slight toxicity with
D-GAL at high dose, consistent with previous findings where galactose may induce toxicity
in brain tissue at high concentrations (Supplementary Figure S11).[72]

STF31, an inhibitor of GLUT1, was used to block interactions with glucose. In the presence
of STF31, D-GLU exhibited a significant decrease of ~20% in cellular internalization
while D-OH exhibited a slight nonsignificant decrease of ~5% (Figure 7A, p = 0.0083
D-GLU - STF31 vs. D-GLU +STF31, p = 0.13 D-OH -STF31 vs. D-OH +STF31). This
~20% in internalization may be due to other glucose transporters, which can compensate
for STF31 inhibition of GLUTL1 to mitigate inhibition of cellular internalization of D-GLU.
[73] These results indicate that conjugation of glucose to the dendrimer surface alters

the internalization pathway towards glucose transporters. This interaction with glucose
transporters significantly increased internalization of dendrimers in both resting and IL4
activated TAMs-like microglia (Figure 7B, p = 0.0003 -1L4 D-GLU vs. D-OH, p =

0.0004 +IL4 D-GLU vs. D-OH). D-OH exhibited a ~2-fold increase in internalization
between resting and TAMs (p = 0.016 —IL4 D-OH vs. +IL4 D-OH) while D-GLU

did not, indicating that D-GLU targets glucose transporters for enhanced internalization

in a phenotype-independent manner. This is consistent with previous reports where

GLUT1 expression is impacted by pro-inflammatory phenotype but remains unchanged
with anti-inflammatory (pro-tumor) activation,[74] while 1L4 stimulation induces increased
endocytosis.[75] We have also previously demonstrated that D-OH internalization is
enhanced in pro-inflammatory activated microglia.[76] We then looked at D-GLU brain
accumulation in healthy mice to see if glucose modification impacted dendrimer BBB
penetration. In healthy mice, D-GLU exhibited significantly increased brain penetration
compared to D-OH consistent with levels observed in the contralateral hemisphere in brain
tumor bearing mice (Figure 7C, p = 0.0012 D-GLU healthy vs. D-GLU CH, p =0.143
D-GLU healthy vs. D-OH healthy). We hypothesized this increased penetration could be
due to the interactions with glucose receptors on endothelial cells of the blood brain barrier,
which transport nutrients into the brain for normal brain functions but warrants further
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investigation.[77] Taken together, these results suggest that the significantly increased tumor
accumulation exhibited by D-GLU is due to interactions with glucose receptors leading to
significantly increased cellular internalization within TAMs.

Galactose-conjugated dendrimers interact with galectins for tumor cell surface targeting

D-GAL exhibited significantly altered signal pattern within the glioblastoma tumor
compared to unmodified and other sugar modified dendrimers. Galectins are highly
upregulated on cancer cell membranes and mediated interactions with the tumor
extracellular matrix.[78] To determine if D-GAL was enabling interactions with galectins,
GL261 murine glioblastoma cells were exposed to D-GAL or D-OH in the presence

or absence of a-lactose, an broad inhibitor of galectins. [79] Membrane and cytosolic
fractions of these treated GL261 cells were then separated. D-GAL exhibited significantly
greater association with cell membranes than D-OH, and this interaction was inhibited

in the presence of a-lactose (Figure 7D, p = 0.027 D-GAL -a-lactose vs. D-OH -a.-
lactose, p = 0.0095 D-GAL —a-lactose vs. D-GAL +a-lactose). D-OH exhibited no
change in membrane association in the presence or absence of a-lactose. This confirms
that conjugation of galactose moieties to the dendrimer surface enables interactions with
galectins on glioblastoma cell membranes. Interestingly, D-GAL exhibited no change in
the cytosolic fraction compared to D-OH and in the presence or absence of a-lactose,
consistent with previous reports of galectins as mediators of extracellular matrix interactions
rather than as internalization pathways (Figure 7E). These results indicate that D-GAL
shifts dendrimer targeting away from TAMs and towards glioblastoma cell membranes

by interacting with galectins, with implications for intratumor drug delivery, apart from
immunotherapies.

Conclusion

Developments in nanotechnology are providing critically needed tumor-specific,
intracellular targeted drug delivery strategies to improve patient outcomes in glioblastoma
and other cancers. In this study, we explored three dendrimers precisely modified with
glucose, mannose, or galactose sugar moieties as targeting ligands using click chemistry.
We demonstrated that by conjugating mannose, glucose, or galactose to the dendrimer, we
can significantly increase their tumor specificity with systemic administration and alter the
kinetics of their tumor accumulation. In addition, these sugar moieties conferred receptor-
specific interactions. D-GLU exhibited interactions with glucose transporters on TAMs,
resulting in significantly increased TAMs specific tumor accumulation. D-GAL exhibited
interactions with galactins on the surface of cancer cells, enabling targeting of the tumor
microenvironment. Taken together, these results indicate that the dendrimer is an effective,
highly versatile drug delivery platform that can be modified with targeting ligands to tailor
their receptor interactions that take advantage of the unique tissue biophysics of hydroxyl
dendrimers. Future work will focus on how these altered interactions can be leveraged to
enhance the delivery of anti-cancer therapies for the treatment of glioblastoma.
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. Systemic targeting of TAMs can provide promising immunotherapeutic
options for GBM

. Hydroxyl PAMAM dendrimers target TAMSs from systemic administration

. Glycosylation of PAMAM-OH significantly improves TAMs targeting and
specificity

. These dendrimers are promising platform for enhanced anti-cancer drug
delivery
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A. Structures of clickable sugars with azide-terminating PEG linkers
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Figure 1.

A. Structural representation of clickable sugars. The structures of glucose-azide,
galactose-azide and mannose-azide with PEG linkers (B-D-Glucose-PEG4-azide (1a),
B-D-Galactose-PEG4-azide (1b), and a-D-Mannose-PEG4-azide (1c)) are presented; B.
Synthetic protocol for dendrimer-sugar conjugates. The synthesis of fluorescently
labeled Cy5-D-Glucose, Cy5-D-Mannose, and Cy5-D-Galactose is presented using
CuAAC click chemistry approach.
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Figure 2A-H. IHNMR comparison of intermediates, D-Sugars and flu
dendrimer conjugates.
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orescently labeled

The spectra show the appearance of characteristic signal corresponding to sugar protons and
Cys5 protons along with the parent dendrimer protons. The integration comparison of sugar
and Cy5 protons to internal amide protons from dendrimer was utilized to calculate the

number of conjugated ligands.
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Figure 3. Physio-chemical characterization of dendrimer conjugates.
A. HPLC comparison of parent hydroxyl dendrimer (D-OH, RT: 9.5 min), alkyne-

terminating dendrimer (D-Hexyne, RT: 13.4 min), trifunctional dendrimer (NH,-D-Hexyne,
RT: 9.6 min), and sugar modified dendrimers (D-Glucose, RT: 11.3 min; D- Galactose,

RT: 11.4 min; and D- Mannose, RT: 11.7 min). All the intermediates and sugar conjugates
have >99% purity. B. Hydrodynamic diameter measurements of D-Sugars via dynamic light
scattering. The dendrimer conjugates show a slight increase in size from D-OH (~4 nm).

C. Representation of zeta potential distribution measurements of D-Sugars showing nearly
neutral zeta potential.
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Figure 4. Sugar-conjugated dendrimer localization with tumor-associated macrophages and
microglia in glioblastoma.

Glioblastoma brain tumor-bearing mice were injected with various dendrimers on day 14
after inoculation. Brains were collected 24 hours after administration, fixed, and stained with
lectin to label tumor-associated macrophages/microglia (TAMs, green) and DAPI to label
nuclei (blue) for confocal microscopy to visualize dendrimer (red) localization. Unmodified
dendrimer (D-OH) localizes to TAMs within the tumor upon systemic administration.
Glucose- (D-GLU) and mannose-conjugated dendrimers (D-MAN) maintain the TAMs
localization of D-OH. Galactose-conjugated dendrimer (D-GAL) exhibits some TAMs
localization, with additional signal observed in the extracellular space.
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Figure 5. Sugar conjugation alters tumor accumulation kinetics of dendrimers and increases

tumor specificity.

Glioblastoma brain tumor-bearing mice were injected intravenously with various dendrimers
on day 14 after tumor inoculation. Brains were collected 24 hours after injection,
homogenized, and dendrimer content was measured via fluorescence spectrometry. A) Brain
tumor-bearing mice injected with glucose- (D-GLU), mannose (D-MAN), and galactose-
conjugated dendrimers (D-GAL) exhibit significantly greater tumor accumulation than
unmodified dendrimers (D-OH). *** p< 0.001. B) Sugar-conjugated dendrimers exhibit
significantly greater specificity for the tumor compared to the contralateral hemisphere than

unmodified dendrimers. ** p < 0.01, *** p < 0.001.
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Figure 6. Systemic biodistribution of sugar-conjugated dendrimers compared to unmodified

dendrimers.

Glioblastoma bearing mice were injected with unmodified (D-OH), glucose- (D-GLU),
mannose- (D-MAN), and galactose-conjugated (D-GAL) dendrimers on day 14 after tumor
inoculation. All dendrimers rapidly clear from the body, with less than 1% of the initial
injected dose remaining per mL of plasma after 24 hours. Conjugation with sugars alters
systemic biodistribution. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 7. Dendrimer-glucose and -galactose conjugates alter cellular interactions.
A) Blocking GLUT-1 receptors on BV2 murine microglia by STF-31 reduces dendrimer-

glucose (D-GLU) cellular internalization but does not impact uptake of unmodified
dendrimers (D-OH), validating the GLUT-1 uptake mechanism of D-GLU. ** p < 0.01D,
n.s. p > 0.1. B) Dendrimer internalization in IL4 and resting microglia is significantly
greater with D-GLU than D-OH, indicating improved cellular internalization. * p < 0.05,
*** n < 0.001. C) D-GLU exhibits similar brain uptake in healthy brain tissue and in

the contralateral hemisphere of tumor-bearing brains and significantly greater than D-OH,
indicating increased blood brain barrier penetration. ** p < 0.01, n.s. p > 0.1. D) Dendrimer-
galactose conjugates (D-GAL) exhibits significantly greater membrane association in
GL261 murine glioma cells than D-OH. Blocking of galectins with a-lactose knocks
membrane levels of D-GAL down to similar levels as D-OH, validating D-GAL interactions
with galectin surface receptors. * p < 0.05, ** p < 0.01. E) Cellular uptake of dendrimers

of D-GAL is not altered with a-lactose treatment, indicating that D-GAL interactions with
galectin receptors does not impact cellular internalization. n.s. p > 0.1.
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