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While it has become common practice for dendrimers to deliver imaging and therapeutic agents, there are few
reported examples of cellular internalization of dendrimers. Moreover, targeting of dendrimers to the mitochondria
in cells has not yet been reported. Previously, we have delivered small molecule imaging agents into glioma and
breast cancer cells by targeting the translocator protein (TSPO; formerly known as the peripheral benzodiazepine
receptor or PBR) with a family of high-affinity conjugable ligands. The 18 kDa multimeric TSPO is expressed
in steroid-producing cells, primarily on the outer mitochondrial membrane. This protein is a prime candidate for
molecular targeting because tumors and other disease-related cells contain high densities of TSPO. Here, we
present the synthesis, characterization, and cellular internalization into C6 rat glioma cells of a TSPO targeted
dendrimer imaging agent.

INTRODUCTION

Developments of clinically relevant molecular probes to
image diseases or biological processes are essential for the
advancement of personalized medicine. A variety of biomarkers
specific to cancer and other diseases have been identified and
used for therapeutic and/or imaging agent specific site delivery
(1) (2, 3). For example, targeting proteins has been accomplished
using antibodies (4), proteins (5), small molecules (6-8),
nanoparticles (9-11), and dendrimers (1, 12, 13). Attachment
of multiple different species to a single dendrimer has produced
a single molecule which targets, images, and/or delivers a
therapeutic dose to the site of disease (14, 15). The advantages
of using dendrimers include (a) multiple moieties or multiple
copies of the targeting agent on a single particle, (b) biocom-
patibility, (c) size solubility, and (d) tunability. However, the
challenges of using dendermers include (a) the difficulty in
characterization of functionalized molecule, (b) nonuniform
distribution of the adduct(s), (c) complexity in determining the
optimum size, and (d) ensuring that the targeting moiety retains
activity after attachment to the dendrimer. It is clear that
macromolecules will play an important role in personalized
medicine; however, the current synthetic scaffolds are particu-
larly ineffective in targeting intracellular receptors.

The translocator protein (TSPO, previously known as the
peripheral-type benzodiazepine receptor or PBR) spans the
mitochondrial membrane and has become an attractive receptor
for therapeutics and targeted imaging (16). TSPO is associated
with a number of biological processes including cell prolifera-
tion, apoptosis, steroidogenesis, and immunomodulation; yet,
its exact physiological role is still not fully defined (16-18).
Overexpression of TSPO has been shown in numerous types
of cancer including brain, breast, colorectal, prostate, and ovarian
cancers, as well as astrocytomas, hepatocellular, and endometrial
carcinomas (17). Two well-characterized cell lines with high
TSPO expression are C6 Rat Glioma cells (19) and MDA-MB-

231 human breast cancer cells (20). Several small, high binding,
selective molecules have been developed for TSPO and made
into positron emission tomography (PET), magnetic resonance
(MR), and optical imaging agents (621-24). While attractive,
prior to this report macromolecules targeting TSPO have not
been reported, possibly due to difficulty in internalizing synthetic
molecules.

Dendrimers have been studied as potential delivery systems
to target, image, and/or deliver a therapeutic specifically to
diseased tissue because of their globular shape, multiple surface
attachment sites, biocompatibility, tunable size, monodispersity,
and low production cost (25). The multiple surface end groups
available on a dendrimer allow for attachment of several
moieties and or copies of each drug, ligand, or imaging agent.
Furthermore, dendrimers can be adapted for advancements in
coupling technology allowing them to be used with emerging
targets, therapeutics, and imaging strategies. Multiple attachment
points can provide increased therapeutic efficacy, reduced drug
side effects, and increased signal-to-noise for improved imaging
detection limits. Methods of targeting include attaching several
copies of a binding molecule (small molecules, peptides,
proteins, or antibodies) to the surface of the dendrimer to
capitalize on polyvalency or the enhanced permeability and
retention (EPR) effect where tumor accumulation occurs due
to the particle size and the increased vasculature of the
tumor (26, 27). Imaging with dendrimers is possible through
the attachment of small molecule fluorophores (for optical),
metal chelates (for fluorescence, MRI, PET and SPECT), or
with a switch activated by a physiological process for enhanced
tissue characterization (28, 29). Dendrimers can serve as
effective prodrug scaffolds with the drug molecules being
attached through a linkage which activates the drug in vivo once
they reach the delivery site. Cleavage from the scaffold can
occur through a change in pH, enzyme reaction, or slow
degradation of the macromolecule (29). While internalization
of large nanoparticles through the cellular membrane has been
shown, targeting of specific organelles has scarcely been
reported (30, 31). In this paper, we present the synthesis,
characterization, cellular internalization, and mitochondria label-
ing of a dendrimer nanoparticle. Here, we demonstrate that a
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functionalized fourth generation (G(4)-PAMAM) dendrimer
particle, which targets an internal cellular receptor and binds
that target by passing through the cellular membrane under
normal physiological conditions and without the external
perturbation of the cellular membrane, can be prepared,
characterized, and imaged.

EXPERIMENTAL PROCEDURES

Materials. G(4)-PAMAM dendrimer in a 10% w/w solution
of methanol was purchased from Fischer Scientific and pipetted
into a preweighed vial immediately before use. The methanol
was evaporated under a stream of Ar(g), and the resulting viscous
oil was dissolved in water, frozen, and lyophilized to give a
fluffy white powder. The mass of the dendrimer was determined
by reweighing the vial and calculating the mass difference. 1-(2-
Chlorophenyl)isoquinoline-3-carboxylic acid (ClPhIQ Acid) was
synthesized in our laboratory as previously reported (6, 32).
All 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) and DOTA derivatives were purchased form Macro-
cyclics and used as received. All other chemicals were purchased
from Fischer Scientific and used as is unless otherwise indicated.

MALDI-TOF MS were obtained on a PerSeptive Biosystems
Voyager-DE STR mass spectrometer. Freshly recrystallized
trans-indole acrylic acid (IAA) was used as the matrix in a 10
mg/mL solution of DMSO. The plate was spotted with 1 µL of
a 10:1 solution of matrix to analyte. NMR spectra were obtained
on a 400 MHz Bruker AV-400 instrument with a 5 mm
Z-gradient broadband inverse probe. NMR spectra were obtained
in d6-dimethyl sulfoxide. UV-vis spectra were obtained on a
Shimadzu 1700 UV-vis spectrophotometer. Fluorescence spec-
tra were obtained using a ISS PCI spectrofluorometer at room
temperature.

ClPhIQ-G(4)-PAMAM (1). First, ClPhIQ Acid (152.9 mg,
540 µmol) and benzotriazol-1-yloxytris(dimethylamino)-phos-
phonium hexafluorophosphate (BOPCl, 288.1 mg, 651 µmol)
were dissolved in 2 mL of DMSO each. Triethyl amine (Et3N,
100 µL) was added to the ClPhIQ Acid solution. The BOPCl
solution was added to the ClPhIQ Acid solution. The mixture
was stirred for 5-10 min (sometimes a change from clear to
bright orange would occur) and was then added to a stirred
solution of G(4)-PAMAM dendrimer (252.2 mg, 18 nmol) in
DMSO (5 mL). The reaction was stirred at room temperature
overnight. Unreacted ClPhIQ Acid was removed by diluting
the solution 4-fold with water and placing the solution in an
Amicon centrifugation molecular weight filter (molecular weight
cutoff ) 5 kDa) and concentrating the solution to approximately
500 µL via centrifuging at 3000 rpm (1419 × g) for 1 h. The
solution was diluted and reconcentrated three times with water
to wash any unreacted materials away. Finally, the solution was
lyophilized to give 441.2 mg (100% yield) of a slightly yellow
powder. The same procedure was followed for synthesizing the
(ClPhIQ)12-PAMAM using fewer equivalents of ClPhIQ Acid
and BOPCl. ClPhIQ30-G(4)-PAMAM: MALDI-TOF MS 19 500
amu 1H NMR (300 MHz, CDCl3) 8.8 (1H, s), 8.6 (1H, s),
8.2-8.5 (5H, m), 7.5-8.0 (9H, multi), 2.9 (3H, bs), and 3.1-3.5
(28H, m) ppm.

ClPhIQ-G(4)-PAMAM-Lissamine (2). G(4)-PAMAM (9
mg, 400 nmol) with or without ClPhIQ Acid was dissolved in
2 mL of dimethylformamide (DMF). Next, 23 µL of a 17.3
mM solution of Lissamine sulfonyl chloride was added to the
stirred dendrimer solution. The reaction was stirred overnight
followed by purification in Amicon centrifugation filters as
described above and lyophilized to give 5.6 mg (61% yield) of
a pink fluffy solid. The presence of the fluorophor was confirmed
with UV-vis (max absorbance at 551 nm) and fluorescence
(ex 551 nm, em 586 nm) spectroscopies. Specific conditions
and yields provided above were for ClPhIQ23-G(4)-PAMAM,

but UV-vis and fluorescence spectra were identical for
ClPhIQ12-PAMAM and PAMAM-Liss.

Cell Internalization Experiments. with G(4)-PAMAM-
Lissamine derivatives: Either 20 000 C6 rat glioma or 40 000
MDA-MB-231 breast cancer cells were plated into collagen
coated glass-bottomed microscopy (MatTeck) dishes and al-
lowed to grow for two days in cell media. After two days, the
cells had normal morphology and were attached, and ap-
proximately 20% confluent. G(4)-PAMAM-Lissamine com-
pounds (with or without other moieties) were diluted to 1 µM
(in ClPhIQ) with media from a 10 mg/mL (12 µM in ClPhIQ)
stock solution in DMSO. The media over the cells was replaced
with the media containing the fluorophor (either ClPhIQ-
PAMAM-Liss or PAMAM-Liss) diluted as noted above and
incubated for 6-12 h. The media was then poured off, and the
cells were carefully rinsed 3-4 times with Dulbecco’s Phosphate
Buffered Saline (DPBS). The cells were imaged live. Both white
light and fluorescence pictures were obtained.

For fixed cells, the rinsed cells were incubated at room
temperature for 30 min with a 4% para-formaldehyde solution.
The cells were carefully washed 4 times with DPBS and stored
under DPBS at 4 °C until imaged (not longer than 1 week,
typically overnight). Immediately before imaging, the fixed cells
were incubated with a 25 nM solution of mitotracker green
(MTG) for 10 min. Excess MTG was removed by four washings
with DPBS and the cells were imaged. Cellular images were
obtained using a A Nikon Eclipse TE2000-U fluorescence
microscope (Lewisville, TX) equipped with a Nikon FITC-Texas
Red filter sets employed for the in vitro imaging. The Texas
Red filter (ex, 560-580 nm; polychromatic mirror, 585-665
nm; barrier filter, 600-650 nm) set was used to image
Lissamine, and the FITC filter was used to image MTG (ex,
450-505 nm; polychromatic mirror, 510-555 nm; barrier filter,
515-545 nm). Fluorescence integration times ranged 100-5000
ms, but were typically 100-500 ms. All controls were integrated
for at least 5000 ms. Sample homogeneity was maintained by
keeping the samples under DPBS the entire time of imaging.
For live cells, images were taken within 20 min after replacing
media with DPBS and were discontinued if the cellular
morphology changed in any way from the media containing
morphology.

RESULTS AND DISCUSSION

The TSPO targeted dendrimer was synthesized using 1-(2-
chlorophenyl)isoquinoline-3-carboxylic acid (ClPhIQ Acid), a
precursor of the conjugable TSPO binding molecule previously
reported (6). ClPhIQ Acid (Scheme 1) was activated with
benzotriazol-1-yloxytris(dimethylamino)-phosphonium hexaflu-
orophosphate (BOPCl), in pyridine and dimethyl sulfoxide
(DMSO), and added to a solution of G(4)-PAMAM dendrimer
in DMSO. An average of 12 and 23 ClPhIQ Acids were attached
by reacting G(4)-PAMAM dendrimer with 15 and 30 mol equiv
of the activated TSPO ligand, respectively, to obtain two
ClPhIQ-PAMAM compounds, 1a and 1b (Scheme 1). Excess
ClPhIQ Acid and coupling agent were removed by diafiltration
with a molecular weight cutoff (MWCO) of 5 kDa. Both

Scheme 1. Synthesis of ClPhIQ-PAMAM
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ClPhIQ-PAMAM molecules were characterized with nuclear
magnetic resonance (NMR) and matrix assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-MS).

The average number of TSPO ligands per dendrimer was
estimated using NMR integrations. It was shown from proton
NMR spectra of the PAMAM and ClPhIQ pieces individually
that the aromatic proton signals are exclusively from the ClPhIQ
Acids attached (7.0-7.9 ppm) to the particle, while the interior
PAMAM methylenes are the only signal observed from 2 to 4
ppm and the amides are found from 8.4 to 9 ppm (Figure 1).
By calculation, there are approximately 930 methylene protons
in a G(4)-PAMAM dendrimer and 9 protons (all aromatic) per
ClPhIQ Acid molecule. To determine the average number of
ClPhIQ Acids per dendrimer, the integral from 7.0 to 8.2 was
calibrated to 9 and the resulting integral from 2 to 4 ppm was
divided into 930. As shown in Figure 1, we find 23 ClPhIQ
Acids attached to the dendrimer when the dendrimer was reacted
with 30 equiv of ClPhIQ Acid. NMR spectra indicate that 12
ClPhIQ acids are attached when 15 equiv of ligand are reacted
with the dendrimer (data not shown). Interestingly, the amount
of ClPhIQ that binds to the dendrimer nearly doubles (from 12
to 23) when doubling the amount of ClPhIQ in the reaction
(from 15 to 30).

MALDI-TOF MS was also utilized to confirm the average
number of ClPhIQ Acids attached to the dendrimer (Figure 2).
First, a MALDI-TOF MS was acquired of the G(4)-PAMAM
with the average molecular weight (MW) found to be 13 244
Da, significantly lower than the 14 215 Da of a G(4)-PAMAM
without any of the widely reported structural defects (33). These
defects include incomplete reactions, making one arm of the
dendrimer consistently a generation behind, and side reactions
that stop the expansion of that branch of dendrimer altogether.
The ClPhIQ-PAMAM (1a) has an average MW of 16 513, and
thus, by calculation has 12 ClPhIQ Acid molecules per
PAMAM. This result is consistent with the NMR data, as was
the number of ClPhIQ Acids per PAMAM for ClPhIQ-PAMAM
(1b) with 23 ClPhIQ ligands attached. Additionally, it was
calculated that ClPhIQ-PAMAM, 1b, had approximately 24
ClPhIQ Acids per PAMAM, consistent with NMR data.

Following characterization of the ClPhIQ-PAMAM molecules
with NMR and MALDI-TOF-MS, the dendrimer was further
functionalized by reacting it with Lissamine rhodamine B

sulfonyl chloride (Lissamine) in dimethyl formamide (DMF)
overnight to give 1 or 2 Lissamine dyes per dendrimer (Scheme
2). The DMF was removed in vacuo and excess dye was
removed by diafiltration (MWCO ) 5000) in water. UV-vis
and fluorescence were employed to characterize the optical
imaging agent. Attaching the dye to the dendrimer produced a
compound with an absorbance maximum at 571 nm (versus 563
nm for free dye) and a slightly red-shifted emission at 586 nm
(versus 583 nm for free dye). A control compound (PAMAM-
Liss), the agent absent of the targeting moiety, was synthesized
similarly to the targeting agent by reacting G(4)-PAMAM
dendrimer with Lissamine (Scheme 2). The PAMAM-Liss
conjugate was also purified by diafiltration in which the first
low molecular weight fraction was slightly pink (from dye) and
subsequent washing resulted in lighter color until no color was
present. A minimum of three colorless washings in the low
molecular weight fraction were completed to provide pure
ClPhIQ-PAMAM-Liss with no unreacted Lissamine dye. A
molecular weight difference for the PAMAM and PAMAM-
Liss of 500-600 amu was observed in the MALDI-TOF MS
spectrum, consistent with an average of 1 dye per dendrimer.
The small spectral shift in absorbance and emission was similar
to the targeted moiety.

Finally, the solubility extraction coefficients between octanol
and water were determined for both the PAMAM compounds
by using the shake method. Briefly, the shake method for finding
log P is determined by mixing an aqueous solution of the
PAMAM-dye with a solution PAMAM-dye in octanol and
allowing the two solvents to equilibrate. The absorbances of
each layer (octanol and water) were then recorded and used to
determine the concentration of dye in each layer. The log P for
ClPhIQ-PAMAM-Liss is estimated to be 2.9, while that for
PAMAM-Liss (no ClPhIQ) is 1.0. These log P values indicate
that the ClPhIQ-PAMAM-Liss is more lipophilic than the
PAMAM-Liss and therefore is more likely to interact favorably
with the cellular membrane.

To evaluate the biological activity of the imaging agent, C6
rat glioma cells, shown to express a high concentration of
TSPO (34, 35), were incubated with the dendrimer compounds
2b and 3 for 12 h in collagen coated MatTek dishes and
visualized by fluorescence microscopy. Live cell imaging was
preformed immediately after rinsing the cells with PBS or saline
to remove media and unbound or uninternalized imaging agent.
A Nikon Eclipse TE2000-U fluorescence microscope (Lewis-
ville, TX) equipped with Texas Red and FITC filter sets was
employed for the in vitro imaging. As shown in Figure 3, the
ClPhIQ-PAMAM-Liss labels the cell, while the control (PAM-
AM-Liss) does not produce fluorescence. As another control,
cells were incubated with Lissamine rhodamine B sulfonyl
chloride and again no fluorescence was observed (data not
shown). The imaging experiments were performed in triplicate
with observations being consistent with respect to absorbance
and fluorescence intensity and the absence of fluorescence in
the controls. We hypothesize that the dendrimer with the TSPO
binding ligand (ClPhIQ-PAMAM-Liss, 2b) produced bright,
localized cellular fluorescence due to its ability to pass through
the cellular membrane and bind to the target protein TSPO
(Figure 3). Since ClPhIQ Acid conjugated dye is known to bind
TSPO, glioma cells overexpress TSPO, and it is an organellular
protein, we believe that the dendrimer labels the mitochondria
by binding to TSPO. In the labeling experiment where the
dendrimer without the targeting ligand (compound 3) was used,
no fluorescence was found in the cell (either intracellularly or
at the membrane) at exposure times as long as 5 s. Taken
together, these results indicate that the ClPhIQ moiety is
necessary for cellular uptake of the dendrimer at labeling
concentrations of 1 µM and equilibration times of 6-12 h.

Figure 1. NMR of 23 ClPhIQ Acids attached to G(4)-PAMAM
(ClPhIQ23-PAMAM).
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To further confirm that the agent was intracellular, a series
of z-stacked images (pseudoconfocal) were obtained allowing
different regions of the cells to be viewed (Figure 4). These
z-stacked images were accomplished by changing the lens
position incrementally, moving the focal planes of the micro-
scope through cells, and collecting the images by viewing
fluorescence. In the center focal planes, there is a dark hole,
consistent with the nucleus as shown in the fluorescence-DIC
overlay (Figure 4). This observation suggests that the agent
undergoes internalization, passive or active, and does not just
label the membrane due to the lipophilic nature of the ClPhIQ
moiety. Since only a small amount of out-of-focus light is
observed in the membrane slices of the z stack (data not shown),
labeling of the membrane appears to be negligible. Furthermore,
fluorescence signal is observed through the cell to the entire
nuclear membrane, but not in the nucleus, indicating uptake of
the dendrimer by the cells but not the nucleus. Previously
reported small molecule agents have not labeled the nucleus,
although low concentrations of TSPO are present there (24).
The reported macromolecular agent behaved as expected and
targeted the mitochondria and was not taken up into the nucleus
as indicated in Figure 4.

To further explore whether ClPhIQ-PAMAM-Liss was tar-
geting the mitochondria, a co-incubation experiment was
preformed. This was accomplished by first incubating C6 rat
glioma cells with ClPhIQ-PAMAM-Liss as described above for

the live cellular imaging, followed by fixation using paraform-
aldehyde, and then treating the cells with Mitotracker Green
(MTG) according to the manufacturer’s guidelines. The cells
were then imaged using a Texas Red filter set to detect the
Lissamine (red) fluorescence and a FITC filter set to detect the
MTG (green) fluorescence. Figure 5 shows C6 rat glioma cells
incubated with either ClPhIQ-PAMAM-Liss or the control,
PAMAM-Liss. The DIC images in Figure 5A and G are present
to indicate the location of the cells relative to fluorescence signal
of ClPhIQ-PAMAM-Liss (Figure 5A) and PAMAM-Liss dosed
cells (Figure 5G). Fluorescence from the imaging agent is
displayed in red (Figure 5B) and fluorescence from the MTG
as green (Figure 5C). As demonstrated above with live cell
imaging, the ClPhIQ-PAMAM-Liss agent labels the fixed cells
principally perinuclearly (Figure 5B). MTG was used in low
concentration (25 nM) to ensure that it primarily labeled
mitochondria in the cell. The MTG labels the mitochondria of
cells, as shown by numerous investigators (36, 37), particularly
when used in low concentrations as those employed here
(25nM). More careful investigation of the fluorescence signals
allow insight into where the species are within the cell. Figure
5 panels D and E display co-registration of ClPhIQ-PAMAM-
Liss and MTG with yellow indicating areas of overlap while
red and green indicate areas where ClPhIQ-PAMAM-Liss (red)
and MTG (green) are not coincident. It is encouraging to see
that most of the red and green converge to yellow, indicating

Figure 2. Characterization and determination of the average number of ClPhIQ per dendrimer by MALDI-TOF MS. Left: MALDI-TOF spectrum
of G(4)-PAMAM. Middle: MALDI-TOF spectrum of ClPhIQ(12)-PAMAM. Right: MALDI-TOF spectrum of ClPhIQ(23)-PAMAM.

Scheme 2. Attachment of Lissamine Dye to PAMAM
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that the majority of ClPhIQ-PAMAM-Liss is in the same
location of the cell as the MTG. This good colocalization is
further evidence that ClPhIQ-PAMAM-Liss is labeling the
mitochondria and not other parts of the cell. As demonstrated
in Figure 5 panels FsI and in the live cell imaging (Figures 3
and 4), fluorescence from the dendrimer is only detected if
ClPhIQ Acid is incorporated into the dendrimer. In other words,
images from cells inoculated with the control agent (PAMAM-
Liss) exhibit no fluorescence (Figure 5I). MTG fluorescence
was not affected (Figure 5C,F,H) by the presence or absence
of dendrimer agent, and the cellular membrane was not
perturbed by nonphysiological chemical or physical processes
prior to or during the incubation with ClPhIQ-PAMAM-Liss.
Of course, excess imaging agent was removed prior to fixation
in all experiments. Taken together, the fluorescence images in
Figure 5 indicate that the ClPhIQ-PAMAM-Liss is targeting
the mitochondria and that the ClPhIQ ligand is necessary for
this mitochondrial labeling to occur. The z-stacked images and
coincubation experimental results indicate that the imaging agent
is internalized into the cell through normal cellular functions.

Although no quantitative binding studies were completed, the
agent binds with high enough affinity to remain in the cell after
fixation, washing, and treatment with MTG. Studies beyond the
scope of this report are necessary to determine the exact
mechanism of cellular transport and binding; however, insight
is shown into some initial experiments performed using shorter
incubation times with the fluorescent agents (ClPhIQ-PAMAM-
Liss and PAMAM-Liss). In these trials, no fluorescence was
observed for either compound (with and without ClPhIQ ligand)
after incubation for as long as 3 h (data not shown). It was
only after a minimum of 6 h of incubation that fluorescence

was found in the dosed cells. One possible explanation for this
observation is that the dendrimeric compound is slowly taken
up into the cell and the ClPhIQ is absolutely necessary for
uptake. Another possibility is that the molecule freely enters
and exits the cell and eventually binds the target (TSPO), that
dye is completely removed (both inter- and intracellular) when
the cells are rinsed immediately after incubating.

Imaging with IEC-6 cells was completed as an initial estimate
as to whether the ClPhIQ-PAMAM-Liss would be taken up and
bind mitochondria in cells that express low levels of TSPO.
Since TSPO is necessary for cellular function, there are no cell
lines that do not express TSPO. No fluorescence was seen when
imaging the IEC-6 cells with ClPhIQ-PAMAM-Liss at dosing
concentrations as high as 1 µM in dye (data not shown). The
indication is that the ClPhIQ-PAMAM-Liss imaging agent is
TSPO protein specific. Again, the mechanism of cellular uptake
into the cell needs further investigation in order to pinpoint the
exact mechanism of cellular uptake.

Further evidence of the utility of ClPhIQ-PAMAM-Liss was
demonstrated by labeling MDA-MB-231 human breast cancer
cells, an aggressive human cancer cell line. Like the C6 rat
glioma cells, the MDA-MB-231 human breast cancer cells have
been shown to overexpress TSPO (20). The cells were incubated
with ClPhIQ-PAMAM-Liss following the same procedures as
with the C6 rat glioma cells, fixed, and treated with MTG for
coregistration investigations. The individual red and green
fluorescence of ClPhIQ-PAMAM-Liss and MTG, respectively,
in fixed MDA-MB-231 cells is demonstrated in panels A and
C of Figure 6, while panels E and F show the lack of red
fluorescence in the PAMAM-Liss treated cells. Association
between the red and green (shown in yellow) is evident in the
overlays of panels B and D indicating colocalization of the
ClPhIQ-PAMAM-Liss and MTG. These additional results
represent further evidence that ClPhIQ-PAMAM-Liss is able
to label TSPO rich mitochondria in cancer cells.

The observations made in the cellular imaging experiments
show that the ClPhIQ labeled dendrimers enter the cell and bind

Figure 4. Selected montage of red fluorescence images of ClPhIQ-
PAMAM-Liss dosed cells from the z series. Panel A: slice 10, Panel
B: slice 15. Panel C: slice 20, Panel D: slice 21. Panel E slice 22.
Panel F: slice 23. Panel G: slice 24. Panel H: slice 325. Panel I: slice
30. Panel J: slice 35. Panel K: DIC Fluorescence overlay.

Figure 3. Live cell images of C6 rat glioma cells. Panel A: Red
fluorescence of ClPhIQ-PAMAM-Liss dosed cells. Panel B: DIC image
of ClPhIQ-PAMAM-Liss dosed cells. Panel C: DIC image of PAMAM-
Liss dosed cells. Panel D: Red fluorescence image of PAMAM-Liss
dosed cells.
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the mitochondria, but do not appear in the nucleus or cellular
membrane. The dendrimers without the ClPhIQ do not label
the cell in any significant way. Although the molecules are small
enough to enter through the cellular and nuclear membranes,
as shown previously the literature suggests that it is not as trivial
as size (38). First, dendrimers are structurally different than
biological molecules such as proteins and antibodies. Biological
molecules are typically well-defined, folded structures, while
dendrimers are floppier, not well-defined structures. Second, the
end functional groups dictate the interactions with the mem-

branes, which may block or enhance the uptake of the
compound, depending on the chemical interactions. In amine-
terminated dendrimers, the amines can be protonated and do
not pass through the lipophilic cellular membrane. Our observa-
tions in the cellular imaging experiments, along with the log P
data, indicated that the lipophilicity of the ClPhIQ ligand allows
for the dendrimeric molecule to pass into the cell.

In conclusion, a TSPO targeted imaging agent was synthe-
sized using a G(4)-PAMAM backbone, ClPhIQ Acid, and
Lissamine (ClPhIQ-PAMAM-Liss). The imaging agent was

Figure 5. Fluorescence images of fixed C6 rat glioma cells. Panel A: DIC of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells. Panel B: Red
fluorescence of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells. Panel C: Green fluorescence of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells.
Panel D: Red and Green fluorescence overlay of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells. Panel E: DIC, Red, and Green fluorescence
overlay of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells. Panel F: DIC, Red and, Green Fluorescence overlay of PAMAM-Liss and MTG dosed
cells. Panel G: DIC of PAMAM-Liss and MTG dosed cells. Panel H: Green fluorescence of PAMAM-Liss and MTG dosed cells. Panel I: Red
fluorescence of PAMAM-Liss and MTG dosed cells.

Figure 6. Microscope images of MDA-MB-231 cells. Panel A: Red fluorescence of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells. Panel B: Red
and Green Fluorescence overlay of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells. Panel C: Green fluorescence of ClPhIQ(23)-PAMAM-Liss
and MTG dosed cells. Panel D: Red and Green Fluorescence and DIC overlay of ClPhIQ(23)-PAMAM-Liss and MTG dosed cells. Panel E: Red
fluorescence of PAMAM-Liss dosed cells. Panel F: DIC image of PAMAM-Liss dosed cells.
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characterized with MALDI-TOF-MS and NMR and imaged in
C6 rat glioma and MDA-MB-231 human breast cancer cells.
To our knowledge, this is the first example of a TSPO-targeted
dendrimer and among the few dendrimeric compounds that are
internalized into the cell under normal physiological conditions.
Co-localization of the ClPhIQ-PAMAM-Liss and MTG indicates
that the compound binds to the mitochondria. The ability for
synthetic dendrimers to be internalized into the cell and target
a specific protein is a step closer to understanding biological
events at the molecular level and ultimately enabling personal-
ized medicine; however, further investigation is required to
determine the exact mechanism by which this agent enters the
cell.
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