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ABSTRACT: We report a versatile approach in which two
highly efficient chemical reactions, multicomponent A3
coupling and alkyne—azide click chemistry, are combined to
construct dendrimer-based tools for applications in biology.
Using a convergent approach, dendrons with desired
architecture and an alkyne at the focal point are first assembled
and then stitched together via multicomponent A coupling
reaction. The desired functional groups, including a stealth
agent, imaging dye, and drug molecules, could be -easily
covalently linked to the surfaces of these hyperbranched
macromolecules using alkyne—azide click chemistry. These A*-
click dendrimers are noncytotoxic at concentrations as high as
1 uM and in fact reduce the toxicity of the drug. The dye-
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coated dendrimers specifically target and localize in lipid droplets. This unison methodology represents an attractive chemical
strategy in exploiting the untapped potential of A* coupling and facilitating the development of nanodevices for imaging and drug

delivery.

endrimers are hyperbranched macromolecules with a

wide range of demonstrated applications in materials,
catalysis, and biology." Since their inception in the 1980s, the
construction of these unique architectures has seen remarkable
development.” A large variety of methodologies have been
employed for their synthesis, and the inclusion of highly
efficient click reactions, specifically copper(I)-catalyzed alkyne—
azide (CuAAC) coupling,® is seen as a major breakthrough in
dendrimer synthesis in the past decade.* This technique has
been used in both convergent and divergent synthesis to grow
the dendrimer generations, link dendrons together, and
decorate their peripheries with a variety of functional groups.’®
The major advantages click reactions afford include high yields,
byproduct free chemical transformations, and tolerance to a
variety of solvents and functional groups. With the increasing
potential for the use of dendrimers in a variety of applications,
it will be advantageous to develop novel, efficient, and greener
synthetic reactions comparable to click chemistry to build these
macromolecular architectures. In this regard, highly efficient
multicomponent reactions® that could combine three or more
reaction partners in one pot and yield complex products from
simple starting materials offer an exciting platform. A coupling,
first reported by Li’s group, is one such example of a chemical
reaction which is atom-economic and environmentally
friendly.” A® coupling is a three-component catalytic coupling

reaction of an alkyne, aldehyde, and amine to yield a propargyl
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amine. This three-component one-pot reaction combines the
selectivity of reductive alkylation and the advantage of
alkylation in a single step, under mild conditions. A wide
variety of transition metal catalysts can be used to achieve A®
coupling, including silver, gold, ruthenium/copper, copper,
cobalt, iron, indium, and iridium.®

We envision that A* coupling has all the desired features to
be used as a synthetic tool for dendrimer build up, in
combination with click chemistry. To the best of our
knowledge, A® coupling has never been employed before for
dendrimer synthesis. We report here a highly facile synthetic
methodology to construct dendrimers via a combination of A
coupling and CuAAC click reaction. The synthesis was
achieved using convergent methodology in which the dendrons
were constructed using click chemistry and were then stitched
to the core via A* coupling reaction. The surface of A’-click
dendrimers can be decorated with a variety of biologically active
functional groups. Dendrimer-conjugated NSAIDs showed
improved solubility and bioavailability.'™® We selected
acetaminophen as a functional group with anti-inflammatory
properties. The rationale for selecting acetaminophen was that
it is an anti-inflammatory drug, which requires an appropriate
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Scheme 1. Synthesis of G1 Dendrimer 4 with Free Acetylenes and Dendrimers S, 6, and 8 with Surface Decorated with PEG,

BODIPY, and Acetaminophen, Respectively
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means of delivery to avoid or at least reduce its adverse side
effects (e.g, gastrointestinal and renal). Inflammation is
associated with an enhanced expression and release of pro-
inflammatory cytokines and changes in morphology and
function of cellular organelles. The formation of lipid droplets,
dynamic organelles strongly responding to pro-inflammatory
stimuli in macrophages and microglia, has been reported by
various groups.*’

To demonstrate the intracellular targeting capabilities of A’-
click dendrimers to lipid droplets, the imaging dye BODIPY
493/503 was covalently bound to provide a stable lipid droplet
probe. BODIPY 493/503 is a well-characterized neutral lipid
label. Chemical modifications of A’-click dendrimers with anti-
inflammatory drugs and fluorescent labels could provide new
ways of targeting lipid droplets to investigate their role in
pathologies associated with inflammation.

We adopted a convergent approach to synthesize dendrimers
using a combination of click and A® coupling chemistry. The
dendrons were first synthesized using CuAAC click reaction
and then joined together using a three-component A® coupling
reaction to yield the piperazine-based core. The construction of
a Gl dendrimer was initiated from benzyl alcohol 1 with
triisopropylsilyl-protected acetylenes (Scheme 1). This mole-
cule was synthesized by an adaptation of our previously
published procedure.'® The hydroxyl group on 1 was utilized to
perform Steglich esterification'" reaction with pentynoic acid to
give compound 2 which has an acetylene focal point (one of
the components of A® coupling reaction) and two protected
alkynes to further participate in click reaction. A* coupling was
performed by combining the alkyne on 2, formaldehyde, and
piperazine in one pot, using a catalytic amount of copper
iodide. The reaction proceeded smoothly to afford Gl
dendrimer 3 with four protected alkynes in a good yield.
Triisopropylsilyl (TIPS) groups on 3 were subsequently
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removed using tert-butyl ammonium fluoride (TBAF) to yield
dendrimer 4 with free acetylenes at the periphery. The TIPS
deprotection was a straightforward reaction, and the product
was purified by washing with diethyl ether several times without
any column purification. The synthesis was monitored by 'H
NMR, which clearly indicated the disappearance of TIPS
protons at 1.12 ppm and the appearance of acetylene protons at
3.11 ppm. It is worth mentioning here that the conditions for
TIPS deprotection play a significant role in the overall yield of
the product. The use of excess amounts of TBAF, increasing
reaction temperature, or reaction time leads to cleavage of the
ester linkages in the dendrimer backbone, with the appearance
of multiple spots on a thin-layer chromatogram (TLC). The
free acetylene groups on the surface of dendrimer 4 were
reacted with PEG,sazide'” using click conditions to obtain
surface PEGylated dendrimer S. The disappearance of alkyne
protons and the appearance of PEG protons in 'H NMR
spectra were used to monitor the progress of the reaction. In
order to attach the imaging agent BODIPY dye on the
periphery of dendrimer 4, BODIPY—azide'* was clicked on 4,
to afford dendrimer 6 decorated with four BODIPY molecules.
Dendrimer 4 was further utilized to append active pharma-
ceutical agents on its surface. For this purpose, an azide group
was generated on acetaminophen by carrying out an
esterification reaction using the phenolic—OH on the drug
molecule and carboxylic acid of 6-azidohexanoic acid to afford
compound 7. Dendrimer 4 was reacted with compound 7 to
give the dendrimer—drug conjugate 8. The complete
disappearance of the signal for acetylene protons and the
emergence of peaks for acetaminophen protons in the '"H NMR
spectrum clearly indicated the formation of the product.

In order to evaluate the efficacy of this synthetic method-
ology, second and third generation A’-click dendrimers were
also synthesized. The G2 dendron 11 was first constructed
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Scheme 2. Schematic Representation for the Synthesis of Second Generation A3-Click Dendrimer 14 and Its Surface

Functionalization with Acetaminophen Molecules
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from building blocks 9 and 10 using click chemistry (Scheme
2). The compounds 9 and 10 were synthesized by the
adaptation of our previously reported procedure' and used in
click reaction to yield dendron 11 with the benzyl alcohol focal
point and four protected acetylenes in about 58% yield. The
benzyl alcohol group in 11 was modified to have an acetylene
group to participate as one of the components of A* coupling
reaction. It was achieved by an esterification reaction of
dendron 11 with pentynoic acid to yield 12. A®> coupling was
then carried out using this dendron 12, piperazine, and
formaldehyde in the presence of catalytic amounts of copper
iodide. It led to the synthesis of the G2 dendrimer 13 with eight
protected alkyne terminal groups. The product was purified by
preparative thin-layer chromatography (TLC). The acetylenes
were subsequently deprotected using TBAF at —60 °C to afford
dendrimer 14 with eight free alkynes at the periphery. The
latter reaction time should not be allowed to go beyond 2 h to
avoid the cleavage of ester bonds in the dendrimer backbone.
The purification was very simple, and the product was obtained
by carrying out multiple washings with diethyl ether without
any column purification. Once again, the disappearance of TIPS
protons and the appearance of alkyne protons in the "H NMR
spectrum confirmed the product formation. The terminal
alkyne groups in 14 were utilized to attach acetaminophen
molecules through click reaction with acetaminophen-azide 7 to
obtain dendrimer—drug conjugate 15 containing eight drug
molecules at its surface.

The synthetic elaboration to the G3 dendrimer was achieved
by clicking the G2 dendron onto the A’-coupled G1 core
(Scheme 3).

For this purpose, the benzyl alcohol moiety in dendron 11
was converted to benzyl bromide (16), which was further

Scheme 3. Synthesis of Third Generation A*-Click
Dendrimer 18 with Sixteen Protected Acetylenes at the
Surface
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modified to an azide functional group (17). The dendron 17
was reacted with the G1 dendrimer via CuAAC reaction to
yield G3 dendrimer 8 with sixteen protected acetylene groups
on the surface. The latter can then be used to covalently link
biologically active entities at its surface by deprotecting the
acetylenes, followed by click reaction as presented earlier in
Schemes 1 and 2.
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Biological experiments with A’-click dendrimers were
performed with the following aims: (1) to determine if the
constructs are cytotoxic to macrophages within nanomolar and
micromolar concentrations, and (2) to see if the fluorescent
BODIPY 495/503 labeled dendrimers can detect lipid droplets
in macrophages. To determine dendrimer safety in a biological
system, we tested Gl _4 Acet (4), G2 8 Acet (14),
G1_4 PEG (5), and acetaminophen analogues (8, 15) in
J774A.1 murine macrophage cells. A concentration-dependent
decrease in cell viability was established for the compounds
within 1-500 M concentrations. Following 24 h exposure to
these compounds, mitochondrial metabolic activity was
measured by absorbance from formazan crystals dissolved in
DMSO (Supporting Information, Figure 40). The results show
no marked mitochondrial impairments in cells exposed to A*-
click dendrimers up to 1 yM in concentration. In parallel
experiments, a cell number determination was performed using
high throughput imaging (Operetta) and cell counting from
fluorescent micrographs in order to reveal possible loss of
macrophages exposed to high dendrimer concentrations. Data
for the treatments with dendrimers ranging from 1 nM to 500
UM for 24 h are shown in Figure 1.
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Figure 1. Viability of J774A.1 macrophages treated with (A)
G1 4 Acet (4), G2_8 Acet (14), G1_4 PEG (5), (B) Acetamino-
phen, G1_4 Acetaminophen (8), and G2 8 Acetaminophen (15)
represented by * p < 0.05, **p < 0.01, and ***p < 0.001 as calculated
using a t test.

In agreement with the results for mitochondrial activity, the
compounds did not elicit a decrease in total cell number in
concentrations up to 1 M. In contrast, acetaminophen in its
free form (i.e, not bound to a dendrimer carrier) began to
show significant toxicity at this concentration. Further, the
dendrimers seemed to dampen the toxicity associated with free
acetaminophen, as seen by the reduced loss of cells as
compared to the drug alone. At very high concentrations
(200—500 M) all compounds reduced cell survival presum-
ably because macrophages are loaded beyond their abilities to
effectively eliminate the compounds.

Follow up experiments were sought to demonstrate the
versatility of A’-click dendrimers by exploiting them for
imaging and targeting of intracellular organelles. Lipid droplets
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are dynamic organelles that change in composition in
conditions of stress and inflammation.>****'3 Lipid droplets
were induced in macrophages by the addition of the
unsaturated fatty acid, oleic acid (S0 M, 6 h). After LD
induction, G1_4 BP (6) was incubated in cells for S, 10, or 30
min. At treatment end-time points, cells were washed, fixed,
and labeled with the lipid-droplet specific dye LipidTOX. The
imaging studies demonstrate that G1_4 BP is highly
permeable to cells and quickly localizes to lipid droplets; they
were detectable after S min (green) and colocalized in part with
red LipidTOX. Cells were treated with LipidTOX or G1_4_BP
independently and imaged in all channels to eliminate artifacts
due to bleed through (Supporting Information, Figure 41).
Imaging of cells without OA treatment further demonstrates
that in the absence of lipid droplets G1_4_ BP does not localize
to other organelles but rather remains diffuse within the cells
(Supporting Information Figure 42). Interestingly, as seen in
Figure 2 after 30 min, the tagged dendrimers may be

LipidTOX ™ G1_4_BP Merge

5 min

10 min

30 min

o

Figure 2. Murine macrophages treated with G1_4_BP (6) (green) for
S, 10, or 30 min quickly take up the dendrimer, which localizes with a
population of lipid droplets labeled with LipidTOX (red). Nuclei are
labeled with Hoechst 33342 (10 M, 10 min). Scale bar represents 10
pum.

preferentially localizing to a subset of lipid droplets as indicated
by the incomplete colocalization with LipidTOX. This is in
contrast to free BODIPY493/503 which shows almost perfect
superimposition when compared to LipidTOX (Supporting
Information Figure 43).

Fluorescent BODIPY dyes such as 493/503 partition to the
lipid body core and are used for labeling lipid droplets within
size ranges detectable by optical microscopes. Our data clearly
show several populations of these organelles distinguishable by
their sizes and location. Future studies should explore lipid
composition and proteins associated with the surface of the
lipid droplets preferentially targeted by G1_4 BP. Thus, a
G1_4_BP probe could be a useful marker to discern specific
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LD populations detectable upon macrophage stimulation with
pro-survival (e.g,, trophic factors, oleic acid) and noxious
stimuli.

In conclusion, this study exemplifies the unexplored potential
of the multicomponent A® coupling reaction in expanding the
scope of dendrimer synthesis. Upon combining with click
chemistry, it provides a simple and efficient strategy in
constructing functionalized dendrimers as versatile tools for
imaging and drug delivery. The A®-click dendrimers are safe in
concentrations up to 1 yM and do not cause any marked
deleterious effect to macrophages. These functionalized
dendrimers accumulate in lipid droplets, and the versatility of
this methodology provides an advantageous platform in
developing dendrimer-based nanocarriers and probes for
these organelles.
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