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Abstract

Intracranial injections are currently used to deliver drugs into the brain, as most drugs cannot
cross the blood-brain barrier (BBB) following systemic injections. Moreover, multiple dosing is
difficult with invasive techniques. Therefore, viable systemic techniques are necessary to facilitate
treatment paradigms that require multiple dosing of therapeutics across the BBB. In this study, we
show that mixed-surface fourth-generation poly(amidoamine) (PAMAM) dendrimers containing
predominantly biocompatible hydroxyl groups and a few amine groups are taken up by cultured
primary cortical neurons derived from mouse embryo. We also show that these dendrimers cross
the BBB following their administration to healthy mice in multiple doses via tail-vein injections
and are taken up by neurons and the glial cells as evidenced by appropriate staining methods.
Besides the brain, the dendrimers were found mostly in the kidneys compared to other peripheral
organs, such as liver, lungs, and spleen, implying that they may be readily excreted, thereby
preventing potential toxic accumulation in the body. Our findings provide a proof-of-concept that
appropriate surface modifications of dendrimers provide safe, biocompatible nanomaterial with
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the potential to deliver therapeutic cargo across the BBB into the brain via multiple tail-vein

injections.
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INTRODUCTION

Poly(amidoamine) (PAMAM) dendrimers are three-dimensional nanomolecules that have
various applications in the field of biology and medicine. Extensive reviews on dendrimers
and their structure, properties, and biomedical applications (such as drug and nucleic acid
delivery) have been previously published.18 In brief, PAMAM dendrimers have three major
components: (1) core; (2) branched region that varies with generation (G; such as G1 is ~1
nm in diameter; G2 is ~2 nm in diameter, and so forth); and (3) surface, which typically

has one type of functional group (amine, hydroxyl, or carboxyl). The functional groups
present on the surface of the dendrimer determine the toxicity of this nanomolecule. For
example, many studies have highlighted the toxicity of the 100% amine surface (—-NH)
dendrimers due to their very high positive charge density that causes formation of nanoscale
holes in the cell membrane, leading to cell death, while dendrimers with surface carboxyl

or hydroxyl groups show much better safety profiles.”11 Moreover, an in vivo study using a
higher-generation cationic dendrimers showed an intravascular coagulation-like condition in
mice.12 An in vitro study using platelets showed that PAMAM G7 cationic dendrimers alter
platelet morphology and activate them, leading to disrupted platelet function.t® However,
lower-generation PAMAM dendrimers, such as GO-G3, were found to be safe in vitro 14 and
in biological systems following nasal absorption.15:16
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Although hydroxyls or carboxyls provide a biocompatible surface, amines are necessary

to allow cellular uptake of the dendrimers and for labeling them with fluorescent dyes

(or other imaging agents with commercially available bioconjugation reagents designed for
proteins) or for electrostatic binding and subsequent transport of nucleic acid cargo. The
detailed mechanism of how dendrimers enter cells, especially neurons, is not known. Some
of the general hypotheses for dendrimer uptake by the cells include: (1) clathrin-mediated
endocytosis, (2) caveolae-mediated endocytosis (specifically for G4 dendrimers), and (3)
macropinocytosis.1’

Using traditional PAMAM dendrimer synthesis protocols (with high reagent excess),

we successfully synthesized, de novo, dendrimers with desired amounts of amines and
hydroxyls (e.g., 10% amines and 90% hydroxyls or 30% amines and 70% hydroxyls). These
mixed-surface dendrimers, like traditional dendrimers, are precise as seen on polyacrylamide
gel electrophoresis (PAGE) gels. In addition, they not only offer a more biocompatible
surface but also allow binding of nucleic acids and are readily labeled by fluorescent dyes.18
A representation of a G4 PAMAM dendrimer with 10% amines and the remaining 90%
neutral hydroxyl (—OH) groups, known as G4-90/10 (which we shall abbreviate as D)

is shown in Figure 1. Although the safety of these dendrimers has not been rigorously
assessed, we have observed an eightfold decrease in cell death compared to the pure

amine surface dendrimers, on a variety of cells lines (unpublished data). Toxicity of any
macromolecule with abundant cationic amines, including PAMAM dendrimers with 100%
surface amines, is well-documented in literature;’-11 which is why we replaced 90% of the
amines with nontoxic, biocompatible —OH groups.

Details on the G4-90/10 mixed-surface dendrimer synthesis and characterization, labeling
with fluorescent dyes, and their uptake by mouse-derived primary cortical culture can

be found in our previous publication.1® We have also shown that these dendrimers have
sufficient positive charge density on their surface to be able to cross the blood-brain barrier
(BBB) when injected via the carotid artery in a healthy mouse with an intact BBB.18 The
BBB consists of a monolayer of cells, such as pericytes, astrocytes, and immune cells,
which form a certain barrier between the central nervous system (CNS) and the circulatory
system.19-21 The tight junctions form 1 to 4 nm pore size, which enable only selected
molecules to pass through them.22 The two major membrane proteins associated with the
tight junction are occludins and claudins.23 Breakdown of these proteins leads to a disrupted
and leaky BBB.24 The major functions of the BBB are to provide a tight barrier to avoid
unwanted exchange of molecules, proteins, enzymes, and solutes from entering the CNS.
The BBB also provides an optimal environment for proper signaling functioning of the
neurons.2® Since the BBB is not permeable to large molecules, it is a major barrier to deliver
drugs to the CNS following systemic injections.28 The advantage of injecting a drug-loaded
dendrimer into the carotid artery is that the drugs may reach the brain at high concentrations
without significant uptake by peripheral organs.2” Though the dendrimers were not found in
the kidneys, it was not known whether the dendrimers injected via the carotid were being
eliminated from the biological system, since the mere absence of dendrimers in the kidneys
does not confirm excretion.18 Although current endovascular techniques allow targeted
delivery to the brain by carotid injections, there are disadvantages associated with this

route, such as the need for highly skilled professionals and a possibility of drug loss over
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extended time periods.?8 Considering the potential pitfalls of injecting drugs via the carotid
artery, there is a critical need for an alternate route of delivering dendrimers or dendrimer-
carrying drugs to the brain. In this study, we injected cyanine 5.5 (Cy5.5)-labeled G4-90/10
dendrimers (D-Cy5.5) multiple times with increasing concentrations at four different time
points via the tail-vein of heathy mice with intact BBB to determine if these dendrimers are
able to cross the BBB following venous administration.

RESULTS

Dendrimer Labeling.

The dendrimers were successfully labeled with Cy5.5, which was confirmed using acidic
native PAGE as described previously.18:29

D-Cy5.5 Uptake by Mouse-Derived Primary Cortical Culture.

The D-Cy5.5 was readily taken up by the primary cortical culture (PCC) at the specified
concentration when incubated for 30 min. Colocalization between the Hoechst stain and
Cy5.5 was observed, indicating that the dendrimers were able to cross the cell membrane
and enter the cells (Figure 2).

Uptake of D-Cy5.5 Dendrimers by the Brain Following Administration via Tail-Vein.

D-Cyb5.5 was administered to the mice via tail-vein injections at four different concentrations
and at different time-points as mentioned in the Methods section. The animals were
sacrificed 24 h following the last injection. The D-Cy5.5 dendrimers were able to cross

the BBB, and the biodistribution of the dendrimers in the brain is shown in Figure 3.

At a higher magnification, colocalization between the Hoechst and the D-Cy5.5 was
observed, confirming that the D-Cy5.5 was taken up by the cells of the brain (Figure 4).

Uptake of the D-Cy5.5 by Peripheral Organs.

Peripheral sections showed that the D-Cy5.5 was taken up by the kidneys, liver, lungs, and
spleen (Figure 5). Among the different peripheral organs analyzed, kidney cells and the renal
calyx had the maximum accumulated dendrimers compared to liver, lungs, and spleen.

These results contrast with our previous study, where we injected the same dendrimers,
tagged with fluorescein isothiocyanate (FITC) via the carotid artery, and did not find any
significant dendrimer accumulation in the peripheral organs.

Uptake of D-Cy5.5 by Neurons and Glial Cells.

Colocalization between Hoechst and D-Cy5.5 with neuronal nuclei (NeuN;Figure 6) and
glial fibrillary acidic protein (GFAP; Figure 7) showed that the D-Cy5.5 crossed the BBB
when injected via the tail-vein and were taken up by the neurons and glial cells, respectively.

ACS Chem Neurosci. Author manuscript; available in PMC 2022 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Srinageshwar et al. Page 5

DISCUSSION

PAMAM dendrimers that are commercially available typically contain a pure surface such
as amine, carboxyl, or hydroxyl. The cationic amine surface is the most popular, since it can
easily be modified, provide attachment sites for anionic nucleic acids, fluorescent dyes, and
other imaging agents or drugs.® Attaching a precise amount of a ligand to the surface of a
typical dendrimer such as a G4 or G5, which have 64 and 128 amine groups on their surface,
respectively, is extremely challenging.3°

We prepared mixed-surface dendrimers de novo, similar to the synthesis of traditional pure
surface dendrimers, using high reagent excess as previously described. When subjected

to analysis by separation techniques such as electrophoresis and high-performance liquid
chromatography (HPLC), these mixed-surface dendrimers were found to be as structurally
precise as the traditional dendrimers. The presence of amines alone is not the reason for
toxicity of nanomaterials; otherwise, most proteins would be toxic to cells. Instead, the
number of amines per given surface area better correlates with biocompatibility. A 10%
amine/90% hydroxyl surface G4 dendrimer was found to be less toxic than pure amine
surface dendrimers on cell viability (unpublished data). Safety and product reproducibility
of nanomaterials are two essential criteria for potential use in the clinic.2 In addition,

this dendrimer had sufficient cationic surface characteristics to enter cells, probably by
adsorptive endocytosis. Carotid injection also allowed the dendrimer to cross the BBB and
gain entry to the brain. The present results show that this mixed-surface dendrimer can
also enter the brain via a systemic tail-vein injections, which constitutes a more practical
and clinically relevant route of administration. Once in the brain, the dendrimers enter both
neurons and glial cells. Our previous study showed that these modified-surface dendrimers,
tagged with FITC, were taken up by PCC as well as by the neurons and glial cells, in vivo,
following carotid injections.18

Lesniak and colleagues3! modified the surface of pure hydroxyl surface G4 ethylenediamine
(EDA) core PAMAM dendrimer to produce a material with ~6% amines (four amines per
G4 molecule). This was done by reacting commercial G4 pure hydroxyl surface dendrimer
with 6-(Fmoc-amino) caproic acid, followed by piperidine/dimethylformamide treatment

to generate the free amines. The fluorescent dye Cy5 was then conjugated to the amine-
modified dendrimer, with an average of one dye per dendrimer. The dendrimer was then
injected by tail-vein into neonatal rabbits as a single dose of 800 wg per animal. The
dendrimer used by Lesniak and colleagues was quite similar to the one we used in our study;,
except for a slightly greater number of amines (six amines per dendrimer, as determined

by the trinitrobenzenesulfonic acid (TNBSA) assay for amines) in our Methods section of
synthesis. In addition, we studied mice, instead of neonatal rabbits, and used a total dose

of 390 wg dendrimer per mouse. However, instead of a bolus dose used by Lesniak and
colleagues, our dosing schedule was 40, 50, 100, and 200 yg (all in 100 £ volume), every
other day. Assuming that mice and nenonatal rabbits have comparable weights (~25 to 30 g),
our total dose on a weight basis is approximately half that of the study conducted by Lesniak
and colleagues. Their study showed that the dendrimers were mainly found in the kidneys
(especially in the convoluted tubular cells), similar to our findings. In addition, their study
also found smaller amounts of dendrimers in the liver, lungs, and heart, while we found
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smaller amounts in the liver, lungs, and spleen. The ability to find our dendrimers in the
brain of healthy animals may be due to the dosage regimen. We found the dendrimers in the
brain following single dose (40 tg/animal) injection into the carotid artery.

In another related study, Sadekar and colleagues3? performed a comprehensive study on

the biodistribution of radiolabeled pure hydroxyl surface PAMAM G5-G7 dendrimers in
mice with orthotopically inoculated ovarian tumor, after injection of a single dose of

~1500 £g dendrimers per animal, assuming mouse weight of 30 g. They found the G5
PAMAM dendrimers (which are twice as large as G4 dendrimer) accumulated mainly in

the kidneys, one-tenth to one-fifteenth the amount of accumulation in the liver and spleen.
G6 (fourfold larger than G4) accumulated in equal amounts both in the kidneys and liver,
while G7 (approximately eightfold larger than G4) showed an extended plasma half-life and
accumulated in the heart, lungs, liver, spleen, and kidneys in equal amounts. Interestingly, a
small amount of G7 (but not G5 or G6) was also seen in the brain.32

As mentioned earlier, G4 dendrimers are ~4 nm in diameter, and it has been shown that the
filtration size cutoff for the kidneys is 3.7-6 nm.33 Our findings indicate that most of the
injected mixed-surface dendrimers were detected in the kidneys, compared to other organs,
which is consistent with those of studies conducted by Lesniak and Sadekar groups. This
may be an indication that the dendrimers could be in the process of renal excretion; however,
more confirmation assays are necessary to prove. If this is the case, then the ability of

the kidneys to excrete the dendrimers avoids potential accumulation within the body and
potential long-term toxic effects of the vehicle. This is an important criterion to consider
when using dendrimers as vehicles to carry cargo.

Collectively, our work, together with that of Lesniak and colleagues, suggests that the G4
mixed-surface dendrimer, consisting of a predominantly hydroxyl coating and a few amines,
has the potential of delivering drugs to the brain when dosed appropriately. The low levels of
the nanomolecule detected in other organs compared to the kidneys are promising features
indicating that the distribution of the dendrimers reduces risk of potential accumulation of
the xenobiotic in the body.

METHODS
PAMAM Dendrimer Synthesis.

The surface-modified G4-90/10 dendrimer having a diaminobutane (DAB) core was
synthesized and fluorescently tagged with cyanine 5.5 (Lumiprobe; D-Cy5.5) as described
previously.18 The labeled dendrimers were dialyzed overnight using 0.9% sodium chloride
followed by dialysis in water. The dialyzed Cy5.5-labeled dendrimers were lyophilized for
48 h and stored at —20 °C until further use.

In Vitro Uptake of D-Cy5.5 by the Mouse-Derived Primary Cortical Culture (PCC).

The primary cortical culture from mouse at embryonic stage 18 (E18) (Aug 16, 2018, and
was registered under the Central Michigan University (CMU) Institutional Animal Care and
Use of Committee (IACUC) protocol #18-23) as extracted and cultured for 14 days as
described in our previous publication.!® The cells were incubated with D-Cy5.5 at a final
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concentration of 4 mg/mL for 30 min. The cell nucleus was labeled with Hoechst 33342
(Thermo Fisher Scientific) and fixed using 4% paraformaldehyde (PFA; Sigma-Aldrich).
The cells were grown on coverslips and were imaged using a Zeiss Observer inverted
microscope (Zeiss).

Animals and Groups.—Nine in-house bred C57BL/6J male and female mice aged
between 5 and 15 weeks old were used in this study. All mice were group-housed in clear
polycarbonate containers with sawdust bedding and ad libitum access to food and water. The
room temperature was set at 22 °C and on a 12 h light/dark cycle (lights ON at 12 AM). All
the experimental procedures followed the guidelines of the IACUC of CMU (Aug 16, 2018,
and was registered under the CMU IACUC protocol #18-23). The animals were randomly
divided into two major groups: D-Cy5.5 group (/7= 6) and Hank’s balanced salt solution
(HBSS) group (7= 3).

Dendrimer Dosing and Frequency.—All animals received 100 L of either HBSS or
D-Cy5.5 via tail-vein on days 1, 3, 5, and 7. The animals that received D-Cy5.5 were given
an increasing concentration starting at 40 g on day 1 and at 50, 100, and 200 g on days 3,
5, and 7, respectively.

D-Cy5.5 Administration into the Tail-Vein.—All animals were anesthetized with a
gaseous mixture of isoflurane and oxygen and secured in a mouse restrainer (Braintree
Scientific, Inc.) at the edge of the table. The tail was gently cleaned with chlorhexidine
(Molnlycke Healthcare), dipped in a 15 mL centrifuge tube filled with warm water to
facilitate exposure of the veins, and later wiped with a sterile gauze before injection. A 25 G
needle was inserted at an angle almost parallel to the vein, advanced ~5 mm, and withdrawn
slightly to verify correct placement, via back pressure and blood entering the housing of

the needle. The plunger was depressed slowly pushing the entire 100 /L of HBSS/D-Cy5.5.
After the needle gently was removed, the tail was compressed with alcohol wipes and later
moved to a heated recovery box until ambulatory.

Euthanasia and Tissue Preparation.—Twenty-four hours following the last injection,
the animals were sacrificed by cervical dislocation. Different organs such as brain, liver,
lungs, spleen, and kidneys were extracted and fixed using 4% PFA (Sigma-Aldrich) for 48 h.
Following this procedure, the various organs were transferred to 30% sucrose until they sank
and were then frozen using 2-methylbutane (Sigma-Aldrich). The frozen tissue was stored at
—80 °C until further processing.

All the frozen tissue was sliced in sagittal plane beginning from medial to lateral ends at
30 um using cryostat. The brain tissue was stained using Hoechst 33342 (Thermo Fisher
Scientific) at a concentration of 0.01 mg/mL. To analyze the uptake of the D-Cy5.5 by the
neurons and glial cells, the tissue was stained using anti-rabbit-neuronal nuclei antibody
(NeuN 1/3000; ab177487, Abcam), diluted in phosphate-buffered saline with 0.1% triton
X-100 (Fluka chemicals) and anti-rabbit-glial fibrillary acidic protein antibody (GFAP;
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1/2000; ab7260 Abcam), diluted in phosphate-buffered saline with 0.3% triton X-100 (Fluka
chemicals). The stained tissue sections were mounted on positively charged glass slides,
coverslipped, and viewed using Zeiss Axio Imager M1 microscope (Carl Zeiss AG).

CONCLUSION

This study proves that the mixed-surface dendrimers can cross the BBB following multiple
via tail-vein injections. In addition to the dendrimers reaching the brain, they were also
found in the kidneys of the healthy adult mice, which may be an indication of the
dendrimers getting eliminated from the biological systems and can function as safe cargo
carriers for delivering potential therapeutics, such as drugs, genes, and gene-editing tools.

FUTURE DIRECTIONS

This study has confirmed the uptake of the dendrimers by the neurons and glia in the brain
following tail-vein injections. The percentage of the number of neurons versus the glia
uptake and the fate of the dendrimers/renal elimination from the biological system following
systemic injections are a part of our future directions.
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GFAP Glial fibrillary acidic protein
PAMAM poly(amidoamine)
DAB diaminobutane
HPLC high performance liquid chromatography
HBSS Hank’s balanced salt solution
PCC primary cortical culture
PFA paraformaldehyde
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Figure 1.
Representation of the G4-90/10 dendrimers (D) having 90% hydroxyl groups and 10%

amine groups.
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Hoechst D-Cy5.5 Merge

Figure 2.
Uptake and retention of D-Cy5.5 dendrimers by mouse-derived PCC. Images (D), (E), and

(F) are the enlarged images of (A), (B), and (C), respectively. (A) and (D) show the cell
nuclei labeled with Hoechst 33342 (arrow). (B) and (E) show uptake of D-Cy5.5 dendrimers
by the PCC (arrow). (C) and (F) are merged images of the Hoechst and D-Cy5.5 staining,
showing that D-Cy5.5 has reached the nuclei of the neurons (arrow) in addition to entry into
their dendrites and axonal branches. Scale bar = 100 wm.
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Figure 3.
Overall biodistribution of the D-Cy5.5 in the brain following tail-vein injections

administered at four different concentrations at four different time points. The major
anatomical regions such as the cerebral cortex, striatum, and the cerebellum have taken
up the D-Cy5.5 in addition to other regions of the brain. Scale bar = 1000 xm.
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Uptake of D-Cy5.5 by the cells in the brain. Images (D), (E), and (F) are the enlarged
images of (A), (B), and (C), respectively. (A) and (D) show the cell nuclei labeled with
Hoechst 33342 (arrow). (B) and (E) show uptake of the D-Cy5.5 dendrimers by the PCC
(arrow) and are merged images between the Hoechst and D-Cy5.5 staining, showing that
D-Cy5.5 has reached the nuclei of the neurons (arrow). Scale bar = 20 ym.

Figure 4.
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Figureb.
Uptake of the D-Cy5.5 by the (B) renal calyx, (C) kidneys, (D) liver, (E) lungs, and (F)
spleen following tail-vein injections compared to the (A) control animals. Scale bar = 100

4m.
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A Hoechst

Figure 6.
Uptake of D-Cy5.5 by the neurons in the striatum following tail-vein injections. The picture

in (A) shows the nuclei of the brain cells stained with Hoechst; (B) shows the neurons
stained with NeuN; (C) shows the uptake of D-Cy5.5 by the cells; and (D) shows the merge
between Hoechst, NeuN, and D-Cy5.5, confirming that the D-Cy5.5 has been taken up by
the neurons in the brain. Scale bar = 20 ym.
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Figure7.
Uptake of D-Cy5.5 by glial cells following tail-vein injections. Picture (A) shows the nuclei

of the brain cells stained with Hoechst; (B) shows the glial cells stained with GFAP; (C)
shows the uptake of D-Cy5.5 by the cells; and (D) shows the merge between Hoechst,
GFAP, and D-Cy5.5 confirming that the D-Cy5.5 has been taken by the glial cells in the
brain. Scale bar = 20 ym.
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