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Peptide-Mediated Cellular Uptake of Cryptophane

Garry K. Seward, Qian Wei, and Ivan J. Dmochowski*

Department of Chemistry, University of Pennsylvania, 231 South 34th Street, Philadelphia, Pennsylvania 19104-6323. Received
June 1, 2008; Revised Manuscript Received August 24, 2008

Cryptophane-A has generated considerable interest based on its high affinity for xenon and potential for creating
biosensors for 129Xe nuclear magnetic resonance (NMR) spectroscopy. Here, we report the cellular delivery of
three peptide-functionalized cryptophane biosensors. Cryptophanes were delivered using two cationic cell penetrating
peptides into several human cancer and normal cell lines. An RGD peptide targeting Rv�3 integrin receptor was
shown to increase specificity of cryptophane cell uptake. Labeling the peptides with Cy3 made it possible to
monitor cellular delivery using confocal laser scanning microscopy. The peptido-cryptophanes were determined
to be relatively nontoxic by MTT assay at the micromolar cryptophane concentrations that are required for 129Xe
NMR biosensing experiments.

INTRODUCTION

Magnetic resonance imaging (MRI) identifies molecules at
high spatial resolution within deep tissue and can facilitate the
diagnosis of many diseases. However, MRI suffers from low
sensitivity and high background signals due to intrinsic 1H
signals from water and fat. In MRI procedures involving human
subjects, signals are typically enhanced using gadolinium- or
iron-oxide-based agents at approximately 0.1 mmol/kg. How-
ever, it has been challenging using these contrast agents to
identify biomolecular targets, such as proteins, which are
typically present in cells at low concentrations (1, 2). Moreover,
U.S. and European agencies recently issued advisories regarding
the risks posed by gadolinium agents in patients with impaired
renal function. These findings motivate studies of non-proton-
based, hyperpolarized MRI agents such as 129Xe, 13C, and 3He,
which enable physiological assays, and provide potentially more
sensitive methods for studying proteins and metabolites (3-5).
129Xe is particularly attractive due to its large chemical shift
window and laser polarization of nuclear spins, which enhances
129Xe NMR signals by more than 10 000-fold. Importantly, the
environmental sensitivity of the xenon chemical shift allows
the simultaneous detection of multiple species in solution. 129Xe
NMR biosensing has been elegantly demonstrated using a
cryptophane organic host molecule that binds xenon and can
be targeted to specific analytes in solution (6).

Cryptophanes are versatile host molecules whose size can
be tuned to bind xenon and a variety of organic solvents and
cationic species (7). In cryptophane-A, two cyclotriveratrylenes
are joined by three ethylene linkers to form a 1-nm-diameter
pseudospherical cage with internal volume of ∼95 Å3. Hill et
al. showed that a tricarboxylate-modified cryptophane-A binds
xenon with comparable affinity in buffer (KA ) 30 000 M-1)
and human plasma (KA ) 22 000 M-1) at 310 K (8). This
avidity for xenon has motivated the design of cryptophane-A
biosensors for detecting protein binding (9) or enzyme-related
activity (10) by laser-polarized 129Xe nuclear magnetic reso-
nance (NMR) spectroscopy. Biotin-functionalized cryptophanes
produced a 1-4 ppm change in 129Xe NMR chemical shift upon

streptavidin binding (11-14). Similarly, peptide-decorated
cryptophane-A reported cleavage by matrix metalloproteinase-7
(MMP-7), which is secreted from many human tumors (10).
Importantly, the cryptophane did little to affect MMP-7 activity,
with peptide cleavage producing a 0.5 ppm change in 129Xe
NMR chemical shift. These results motivate the development
of cryptophane biosensors for in vivo 129Xe NMR studies.
However, very few water-soluble cryptophanes (15) have been
synthesized, and little is known about their biological activity.
We are not aware of any cell or animal studies involving
cryptophanes that have been reported up to this time. In the
current study, we investigated the uptake of peptide-modified
cryptophane-A in human cancer, fibroblasts, and red blood cells.

Cryptophane-A has poor (low micromolar) water solubility
and a molecular weight of 895 g/mol, which limits spontaneous
intracellular diffusion, as can occur with smaller drug-like
compounds. Thus, in order to test cryptophane cellular compat-
ibility, one possible delivery method involves the use of
polycationic peptides that help to solubilize the cryptophane and
are rich in the basic amino acids arginine and lysine. These
peptides, known generally as cell penetrating peptides (CPPs),
can transport through cell membranes covalently attached cargo
such as therapeutics, nucleic acids, and imaging agents (16-19).
In one example, porphyrins useful for photodynamic therapy
were delivered to cellular compartments by conjugating a
segment of the human immunodeficiency transcriptional activa-
tor (HIV-1 TAT) or short peptides containing 6-9 consecutive
arginines (20). Buckminsterfullerene, which is similar to cryp-
tophane-A in molecular weight and chemical formula, was
delivered to HEK-293 cells by attaching oligomers of lysine
(21). These studies highlight the utility of CPPs for improving
cellular uptake and bioavailability of large organic molecules.

Another cell delivery method involves the specific targeting
of cell surface receptors, such as integrins (22-24), somatostatin
(25-27), or folate (28). Integrin receptors are overexpressed
in a variety of cancer cells and linked to tumor metastasis and
invasion (29, 30). It is found that the Rv�3 integrin receptor in
particular is substantially up-regulated in fast-growing tumor
cells, compared to minimum expression in most normal
tissues (31, 32). A cyclic tripeptide RGD sequence is known to
target the Rv�3 integrin receptor (ABIR) (33-36). More recently,
it was demonstrated that linear multimeric (RGD)n sequences
also target the ABIR and promote the uptake of near-infrared-
emitting cypate in A549 nonsmall cell carcinoma cells (37).
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This strategy of selectively delivering biologically active
molecules is particularly useful for imaging tumors, which
overexpress a large number of cell surface receptors.

In the present study, we report the synthesis of cryptophane-A
conjugated to HIV-1 TAT (residues 48-60), a nonamer of
D-arginine, or the (RGD)4 dodecamer. Cell penetrating peptides
were chosen to examine initially whether cryptophanes could
be delivered to cells and to measure the effects of nonspecific
delivery on cell viability. The (RGD)4 peptide was chosen for
its ability to target cells overexpressing ABIR (37). Cysteine
incorporation within these peptides provided a route for
subsequent labeling with Cy3. Cell uptake and cytotoxicity were
measured for AsPC-1 and CAPAN-2 pancreatic cancer cells,
HFL-1 human lung fibroblasts, and human red blood cells.

EXPERIMENTAL PROCEDURES

Reagents. Organic reagents and solvents were used as
purchased from the following commercial sources: Sigma-
Aldrich: dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
methanol, triisopropylsilane (TIS), 2,6-lutidine, piperidine, 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT); Fisher: sodium chloride, copper(II) sulfate, trifluoro-
acetic acid (TFA), diethyl ether (Et2O), glutathione; Alfa Aesar:
cesium carbonate, L-glutathione; Novabiochem: 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU), N-methylmorpholine (0.4 M), O-(2-azidoethyl)-O′-
(N-diglycolyl-2-aminoethyl)heptaethyleneglycol ((PEG)7 linker),
Rink amide resin, Fmoc-protected amino acids including Fmoc-
L-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-
Gln(Trt)-OH, Fmoc-Cys(tButhio)-OH, Fmoc-L-Pro-OH); GE
Healthcare: Cy3 monoreactive dye pack, Sephadex G-25 size
exclusion column; Calbiochem: tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCl), cyclo-Arg-Gly-Asp-D-Phe-Val (cy-
clo-RGDfV); Invitrogen: RPMI medium 1640, Dulbecco’s
phosphate buffered saline (DPBS), anti-CD51 mouse antibody;
Pierce: Ellman’s reagent. For biological assays, all solutions
were prepared using deionized water purified by Mar Cor
Premium grade Mixed Bed Service Deionization. The standard
buffer is defined herein as 50 mM Tris, 5 mM CaCl2, 300 mM
NaCl, pH 7.2.

General Methods. All air- and moisture-sensitive reactions
were performed under dinitrogen with glassware oven-dried and
then flamed under partial vacuum. Peptides were generated using
a Protein Technologies PS3 Peptide Synthesizer. HPLC analysis
was performed on an Agilent 1100 system equipped with a
quaternary pump and diode array detector using a Zorbax Rx-
C8 semipreparative (9.4 × 250 mm, 5 µm) or analytical column
(4.6 × 150 mm, 5 µm). The gradient eluent was composed of
two solvents: 0.1% aqueous TFA (solvent A) and a 0.1%
solution of TFA in CH3CN (solvent B). Mass identification of
all peptide-containing compounds was performed by the Wistar
Institute Proteomics Facility using an Applied Biosystems
Voyager 6030 MALDI-TOF mass spectrometer. UV-visible
spectra for peptides and peptide-cryptophane-A conjugates were
measured using an Agilent 89090A spectrophotometer. Fluo-
rescence spectra were collected for Cy3-labeled peptides dis-
solved in standard buffer (λex ) 552 nm) using a Varian Cary
Eclipse fluorescence spectrophotometer in small volume, 1-cm
path length quartz cuvettes at rt (1 nm steps, 5 nm excitation
and emission slits). The 96 well fluorescence measurements were
made using a Labsystems Fluoroskan II microplate reader.

Peptide Synthesis and Purification. Peptides 1-3 (Scheme
1) were prepared by solid-phase synthesis using standard Fmoc
amino acid protection chemistry on Rink Amide resin (0.1 mmol
scale). Couplings of Fmoc-protected amino acids to the resin
were carried out with HBTU and N-methylmorpholine to
generate the activated ester. The resin was swelled in DMF (10

min) prior to synthesis. Amino acids were then added sequen-
tially until 3-azidoproponic acid was attached at the N-terminus
as the final step. All residues were coupled onto resin by the
following procedure: removal of Fmoc group (20% piperidine
solution in DMF, 2 × 5 min), wash (DMF, 6 × 30 s), activation
(amino acid/HBTU/N-methylmorpholine, 1 × 30 s) coupling
(amino acid/HBTU/N-methylmorpholine, 1 × 20 min), rinse
(DMF, 3 × 30 s). Cleavage from the resin was accomplished
with a mixture of TFA, TIS, and water (90/5/5) at rt for 3 h.
The cleavage cocktail removed side chain protecting groups
from all amino acids except for cysteine, which was protected
by t-butylthiol. Semipreparative HPLC purification of all Cys-
protected peptides was accomplished with a gradient: time 0,
A/B ) 100/0; 0-25 min, linear increase to A/B ) 75/25; 25-27
min, linear change to A/B ) 20/80; 27-37 min, A/B ) 20/80.
Selective cysteine deprotection was later performed by treating
with TCEP (1 equiv) for 30 min, and running the reaction
mixture through a NAP-10 gel filtration to remove TCEP.

The peptide sequences prepared were as follows: N3-
CH2CH2-CONH-Crrrrrrrrr (D-Arg9,1),N3-CH2CH2-CONH-
CGRKKRRQRRRPPQ (TAT, 2), and N3-CH2CH2O(PEG)7-
CONH-CRGDRGDRGDRGD (RGD4, 3). MALDI MS calcu-
lated for D-Arg9 peptide, C60H119N40O12S1 (M + H+) 1623.97;
found 1624.09. MALDI MS calculated for TAT peptide,
C76H139N39O18S1 (M + H+) 1918.09; found 1919.15. MALDI
MS calculated for RGD4 peptide C73H128N29O33S1 (M + H+)
1970.90; found 1971.07. Pure peptides 1-3 were studied as-is,
or subsequently conjugated with Cy3.

Synthesis of Peptide-Cryptophane Conjugates, I-III. [3
+ 2] Cycloaddition reactions between azide-terminated peptides
(still attached to solid support) and monopropargylated cryp-
tophane-A 4 were performed to generate the peptide-crypto-
phane-A conjugates (Scheme 1) following established protocols

Scheme 1. Synthesis of Peptides 1-3 and Peptide-Cryptophane
Conjugates I-IIIa

a Azidopeptide on solid support was reacted with monopropargyl-
cryptophane-A via a Cu(I)-mediated [3 + 2] cycloaddition reaction.
(PEG)7 ) -(CH2)2-O-(CH2CH2O)7-CH2CH2NHCOCH2OCH2.
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(10). Briefly, an aqueous solution of copper (II) sulfate (0.006
mmol, 0.5 equiv) was added to the resin containing azidopeptide
(20 mg, maximum 0.0124 mmol azidopeptide, 1 equiv) followed
by 2,6-lutidine (2.78 mL, 0.024 mmol, 2 equiv), sodium
ascorbate (0.018 mmol, 1.5 equiv), and 4 (21 mg, 0.024, 2
equiv). Monopropargylated cryptophane-A was synthesized as
previously described (10). The suspension was degassed with
N2 and stirred at rt for 16 h. The resin was then transferred to
a fritted reaction vessel and washed sequentially with CH2Cl2,
MeOH, water, and 1:1 MeOH/CH2Cl2 before drying under
vacuum.

Cleavage from the resin was accomplished with a mixture
of TFA, TIS, and water (90/5/5) at rt for 3 h. The Cys-protected
peptide-cryptophane conjugates were precipitated and washed
with anhydrous Et2O before drying under vacuum. Analytical
HPLC was performed using a gradient: time 0, A/B ) 75/25;
0-25 min, linear increase to A/B ) 50/50; time 25-27 min,
linear change to A/B ) 20/80; 27-37 min, A/B ) 20/80. HPLC
traces and retention times are provided in the Supporting
Information. The cysteine was subsequently deprotected with
TCEP in order to generate conjugates I-III (Scheme 1).
MALDI MS calculated for C116H173N40O24S1 (D-Arg9-cryp-
tophane, I) (M + H+) 2542.33; found 2542.08. MALDI MS
calculated for C132H193N39O30S1 (TAT-cryptophane, II) (M +
H+) 2836.45; found 2836.96. MALDI MS calculated for
C129H182N29O45S1 ((RGD)4-cryptophane, III) (M + H+) 2889.26;
found 2889.07. An extinction coefficient for I-III, 9300 M-1

cm-1 at 280 nm in water, was determined from solutions
containing a weighed sample, as described previously (10).

Cysteine Labeling with Cy3. The pure Cys-protected pep-
tides and Cys-protected peptide-cryptophane-A conjugates were
dissolved in Tris buffer (50 mM, pH 7.2) at a concentration of
60 µM. Cysteine labeling with the Cy3-maleimide construct was
performed according to the manufacturer’s protocol. As de-
scribed previously, cysteine was deprotected with TCEP, which
was then removed by NAP-10 column. Cy3 dye was added
dropwise and reacted for 3 h. The reaction was quenched by
addition of glutathione (1 equiv). The reaction mixture was run
through a NAP-10 gel filtration column before analytical HPLC
purification.

For Cy3-labeled I-III, HPLC elution was achieved with the
following gradient: time 0, A/B ) 75/25; 0-25 min, linear
increase to A/B ) 50/50; 25-27 min, linear change to A/B )
20/80; 27-37 min, A/B ) 20/80. MALDI MS calculated for
C153H215N44O33S3 (Cy3-I) (M + H+) 3304.57; found 3304.82.
MALDI MS calculated for C170H235N43O39S3 (Cy3-II) (M +
H+) 3586.69; found 3587.84. MALDI MS calculated for
C167H224N33O54S3 (Cy3-III) (M + H+) 3639.50; found 3640.07.
Extinction coefficients used to determine solution concentrations
of Cy3-labeled I-III were ε280 ) 12 300 M-1 cm-1 and ε552

) 150 000 M-1 cm-1 in water.
For Cy3-labeled 1-3, HPLC elution was achieved with the

following gradient: time 0, A/B ) 100/0; 0-25 min, linear
increase to A/B ) 75/25; 25-27 min, linear change to A/B )
20/80; 27-37 min, A/B ) 20/80. HPLC traces and retention
times are provided in the Supporting Information. MALDI MS
calculated for C97H161N44O21S3 (Cy3-1) (M + H+ - H2O)
2356.30; found 2357.68. MALDI MS calculated for
C113H181N43O27S3 (Cy3-2) (M + H+ - 2H2O) 2632.29; found
2632.12. MALDI MS calculated for C110H170N33O42S3 (Cy3-3)
(M + H+ - N2) 2697.12; found 2696.37. The concentration of
Cy3-labeled peptides 1-3 in solution was determined using ε552

) 150 000 M-1 cm-1, and accounting for the fraction labeled.
Cy3 labeling efficiency was determined using Ellman’s reagent
according to manufacturer’s protocol.

Cell Culture. HFL-1 human diploid lung fibroblasts and
AsPC-1 and CAPAN-2 human pancreatic carcinoma cell lines

were obtained from the Cell Culture Core of the Center for
Molecular Studies in Liver and Digestive Diseases (University
of Pennsylvania Medical School, Philadelphia, PA). NCI-H1975
cells were from Dr. Intae Lee and red blood cells were from
Dr. Don Siegel (University of Pennsylvania Medical School,
Philadelphia, PA). All cells were grown in 25 cm2 tissue culture
flasks in RPMI-1640 with 25 mM HEPES supplemented with
2 mM L-glutamine, 15% fetal calf serum, 100 units of penicillin,
and 100 units of streptomycin. Cells were subcultured weekly,
or more frequently, as needed.

Cytotoxicity Assays. In 96 well plates, 25 000 cells were
plated per well and allowed to grow overnight. Nonfluorescently
labeled peptide-cryptophane conjugates I-III were added from
a stock solution in DPBS to wells in triplicate at final
concentrations of 2, 10, 25, 50, 80, and 100 µM and incubated
for 24 h in the dark. The medium was removed and the cells
were washed thrice with DPBS before being treated with 20
µL of MTT for 3 h. The medium was removed once more and
the resulting crystals were solubilized in DMSO. Absorbance
at 540 nm was recorded in each well using the plate reader.
Absorbance readings were subtracted from the value of wells
containing untreated cells, and the reduction in cell growth was
calculated as a percentage of control absorbance in the absence
of any treatment. Data show the mean of at least three
independent experiments ( SD.

Cell Uptake Studies. Cells were grown to confluence on
LabTek 8-well microscope slides with glass coverslip bottoms.
For uptake studies, cells were incubated with 2 µM solutions
of Cy3-labeled I, II, or III for 15 min. For blocking studies,
cells were pretreated for 45 min with an 100 µM solution of a
cyclic RGDfV peptide containing D-phenylalanine that was
previously identified to bind tightly to the integrin Rv�3

receptor (37, 38). In the antibody blocking studies, cells were
pretreated for 30 min with 10 µM blocking anti-R antibody.
For visualizing the results of both the uptake and blocking
studies, the medium was removed and the cells were washed
three times with DPBS. Cells were visualized using an Olympus
FV1000 confocal laser scanning microscope with 543 nm
(HeNe) laser excitation and Cy3 emission filter under 40×
magnification (Olympus UApo/340 40×, 1.15 W).

Time-Dependent Cellular Uptake. Cells were plated at
10 000 cells per well in a CoStar 96-well plate and allowed to
grow overnight. Cy3-labeled I, II, or III was added to the wells
at a concentration of 10 µM and incubated for 0, 1, 2, 4, 8, and
24 h at 37 °C. At the end of the incubation time, the loading
medium was removed, and the cells were washed thrice with
DPBS. The cells were solubilized by the addition of 100 µL of
0.25% Triton X-100 in DPBS. To determine conjugate con-
centration, samples were excited at 544 nm and fluorescence at
590 nm was recorded using a plate reader. The cell numbers
were then quantified using the CyQuant reagent (Molecular
Probes) according to manufacturer protocol.

RESULTS AND DISCUSSION

Synthesis and Characterization of Peptide-Cryptophane
Conjugates. Monopropargylated cryptophane-A 4 was synthe-
sized in 12 nonlinear steps and 3% overall yield (10). The yields
of purified peptides (1-3) were 80-85% for all peptide coupling
and cleavage steps, based on the maximum possible yield from
starting resin. Azidopeptides, while still attached to the solid
support, were reacted with 4 by a copper (I)-catalyzed [3 + 2]
cycloaddition in 80-89% yield (39-41). Peptide-cryptophane
conjugates (with Cys still protected) were cleaved from the resin,
and purified by reverse-phase HPLC (Supporting Information
Figures S1-S3). The cysteine was deprotected before use with
TCEP to yield I-III. The deprotected cysteines showed no
evidence of disulfide formation leading to cryptophane dimer-
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ization on the time scale of hours when purified by HPLC. The
free thiols, however, may interact with endogenous sulfhydryls
when introduced into cells.

The (RGD)4 linear peptide was chosen to target ABIR,
because it was readily synthesized and attached to cryptophane
using established protocols (10). Furthermore, polypeptides of
similar length were found to confer excellent cryptophane water
solubility. In constrast, the cryptophane-(RGD)4 conjugate
presented solubility problems, most likely due to charge
interactions between the repeating sequence of arginine and
glutamic acid residues. A prior version of conjugate III was
synthesized without the PEG7 linker separating the cryptophane
from the RGD tetramer. This prototype exhibited poor water
solubility, which prevented its usefulness for in Vitro cell studies.
Addition of the PEG7 linker increased water solubility, allowing
concentrations up to 120 µM when DMSO (10% final concen-
tration) was added to the buffer solutions.

The cysteine sulfhydryl group on the peptides and peptide-
cryptophane conjugates was deprotected and reacted with
maleimide-functionalized Cy3 to generate Cy3-labeled 1-3 and
I-III. Mixtures of fluorescently labeled and unlabeled conju-
gates were obtained after reverse-phase HPLC purification
(Supporting Information Figures S4-S6). For the cryptophane-
peptide conjugates I-III, Cy3 labeling efficiencies of 50-69%
were determined from the ratio of dye absorbance at 552 nm to
the cryptophane absorbance at 280 nm. Cy3 labeling efficiencies
were initially lower than expected. To improve yields, the
reducing agent TCEP was removed from the solution by gel
filtration chromatography before the addition of the Cy3
monoreactive dye pack. Removal of TCEP improved Cy3
conjugation yields by about 10%.

Ellman’s reagent was used to determine the Cy3 labeling
efficiencies for 1-3, and confirmed the previous measurements
determined for Cy3-labeled I-III. The 5,5′-dithiobis(2-ni-
trobenzoic acid) reacted with any free (previously unreacted)
sulfhydryl groups to yield 2-nitro-5-thiobenzoic acid, which was
quantified by measuring absorbance at 412 nm (ε412 ) 14 150
M-1 cm-1) (42). This assay found slightly higher Cy3 labeling
efficiencies for 1-3 (60-72%) than for I-III (47-70%), which
was in good agreement with the previously described ratiometric
(A552/A280) UV-vis measurements for Cy3-labeled I-III.

Cell Toxcity Assays. The cytotoxicity of the cryptophane
conjugates was evaluated in AsPC-1, CAPAN-2, and HFL-1
cell lines by exposing cells to increasing concentrations of I,
II, or III as shown in Figure 1. The (RGD)4-cryptophane
conjugate III showed 25-30% proliferation inhibition of the
various cell lines at the highest concentration studied (100 µΜ).
Slightly higher amounts of cytotoxicity were also found for the
D-Arg9- and TAT-cryptophane conjugates, I and II, in both the
AsPC-1 and CAPAN-2 cell lines. In general, the three conju-
gates appeared to be more toxic to HFL-1 fibroblast cells than
either AsPC-1 or CAPAN-2 cancer cells. The toxicity profile
is comparable to that of the similarly sized fullerene C60

molecule, which decreased viability of HEK cells by 10-50%
over a similar range of concentrations (43). For compound III,
50% inhibition of proliferation was not reached in any of the
cell lines at the concentrations tested. Compounds I and II
showed 50% inhibition at 60 and 75 µM in HFL-1 fibroblasts.
I also showed IC50 of 75 µM in AsPC-1 cells and more than
100 µM in CAPAN-2. II had IC50 values of 100 µM in AsPC-1
cells, while 50% inhibition was not reached in CAPAN-2 cells
at 100 µM. Increased toxicity for compounds I and II as
compared to III is thought to be a result of cryptophane delivery
to the cell nucleus by TAT or D-Arg9 nuclear localization
peptides. For compound III, 10% DMSO was required to work
at the higher concentrations. Cell viability assays for this
compound were performed using 10% DMSO at all sample

concentrations, and these viability data were normalized to cells
treated with 10% DMSO without cryptophane. In absolute terms,
10% DMSO alone reduced cell counts by 2000-3500, corre-
sponding to a 8-14% decrease compared to untreated cells.

Cell Uptake Studies. The time-dependent uptake of Cy3-
labeled peptide-cryptophane conjugates I-III and peptides
1-3 at 10 µM was investigated in CAPAN-2 cells (Figure 2).
All conjugates showed similar uptake kinetics with a rapid
accumulation of compounds within the first hour. Maximum
uptake was achieved by 4 h, and a plateau was observed for
the remaining 20 h. In order to quantify cell uptake for each
time point, 10 000 cells containing each fluorescent compound
were placed in 100 µL lysis buffer. The concentrations of

Figure 1. Cytotoxicity assay for conjugates I (A), II (B), and III (C)
in AsPC-1 (blue), CAPAN-2 (maroon), and HFL-1 (off-white) cells.
%Viability was determined via MTT assay after 24 h incubation with
increasing concentrations of each conjugate, as compared to untreated
cells.

Figure 2. Uptake of peptides (solid lines) was measured for 1 (blue
squares), 2 (red triangles), and 3 (green circles) and peptide-cryptophane
conjugates (dashed lines) for I (blue inverted triangles), II (red
diamonds), and III (green pentagons) by CAPAN-2 cells over 24 h.
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fluorescent peptides and conjugates were quantified by fluo-
rometry after generating a fluorescence standard curve for Cy3
in the same lysis buffer, and correcting for the Cy3-labeling
efficiency of each compound. Fluorescent peptides 1-3 were
measured in the cell lysate solution at concentrations of 1.0-1.4
µM, whereas fluorescent cryptophane conjugates I-III were
determined to be 500-800 nΜ. Within the error of the
measurements, we cannot draw distinctions regarding the uptake
efficiency of the three peptide motifs.

A procedure was developed to estimate the intracellular
concentration of each compound from the lysate data. When
detached from the surface, the CAPAN-2 cells were spherical
and measured with a microscope to be ∼35 µm in diameter.
The average cell volume was calculated, and the fraction of
the 100 µL cell lysate originally occupied by the cells was
determined to be 0.0050. Thus, the measured cell lysate
concentrations of 500-800 nM gave an approximate range of
intracellular concentrations of 100-160 µM for I-III after the
24-h incubation period. This corresponds to 10-16-fold enrich-
ment of I-III inside the cell (originally present in the media at
10 µM). Support for this finding comes from ratiometric
measurements (Supporting Information Figures S7-S9) showing
a range of fluorescence intensities that is 4-20 times greater
inside the CAPAN-2 cells than the surrounding cell media.
Importantly, these intracellular concentrations are within the
limits of detection for laser-polarized 129Xe NMR experiments
(43).

Confocal laser scanning microscopy (CLSM) confirmed
cellular delivery of cryptophane with the D-Arg9- and
TAT-cryptophane conjugates, I and II (Figure 3). After 1-h
exposure to Cy3-labeled I and II, fluorescence was seen evenly
distributed throughout most AsPC-1, CAPAN-2, and HFL-1
cells. Cy3-labeled I and II translocated into the cell nucleus,
as was expected for conjugates of these peptides (45-47). After
1-h incubation at 4 °C with Cy3-labeled I and II, no fluorescence
was observed (Figure 3D,H) by CLSM, which confirmed that
uptake occurred via an energy-dependent endocytic pathway.

Cell uptake of Cy3-labeled III was also confirmed by CLSM.
After 30-min incubation and rigorous cell washing, fluorescence
was observed in NCI-H1975, CAPAN-2, and AsPC-1 cells
(Figure 4A-C). Translocation of Cy3-labeled III was not
observed in red blood cells, as expected, as these cells do not
express Rv�3 integrin receptor (Figure 4D). In contrast to Cy3-
labeled I and II, Cy3-labeled III was not observed to cross the
nuclear membrane. In general, nuclear internalization of imaging
agents is undesirable because of potential mutagenic effects on
healthy cells. To determine whether uptake of III was mediated
by ABIR, cells were preincubated with 100 µM cyclic RGDfV
peptide, which is known to bind Rv�3 integrin receptor with
high affinity (48). Figure 4D shows that the cyclic RGDfV
peptide inhibited uptake of (RGD)4-cryptophane as indicated
by reduction in fluorescence. Internalization was also inhibited
by coincubation with 10 µM anti-Rv mouse antibody (Figure
4F). Cyclic RGDfV and anti-Rv mouse antibody blocking groups

also inhibited uptake in HFL-1 and CAPAN-2 cells (data not
shown). These blocking data suggest that the (RGD)4-labeled
conjugate was specifically recognized by the Rv�3 integrin
receptor and the Rv subunit is critical for cellular uptake of III.

Attempts at performing hyperpolarized 129Xe NMR spec-
troscopy were made with compound III in isolated cells in
culture. However, these experiments were unsuccessful due to
the limited solubility of III and inability to achieve sufficient
cell density within the detection volume. The requirement for
incorporating DMSO in the buffers used to solubilize III further
complicated the NMR data collection, as 129Xe NMR chemical
shift is very sensitive to solvent composition. The requirement
for DMSO also made it difficult to achieve the high density of
viable cells required for these NMR experiments.

Conjugates I-III have molecular weights of 2500–3500 Da
and their transport and clearance properties in vivo are not yet
known. Fullerenes, which are similar in size and chemical
composition, have been found to localize to a variety of tissues
in rats with large accumulations in the liver, spleen, and kidneys,
suggesting that these compounds are cleared rapidly (49, 50).
PEG coatings may be used to improve bioavailability if the
biodistribution of cryptophane is found to be similar to that of
fullerene (51).

CONCLUSION

Cryptophane-A was conjugated to (D-Arg)9, TAT, and
(RGD)4 peptides using a modified [3 + 2] cycloaddition
reaction. This reaction provides a facile route for synthesizing
chemically stable peptide-cryptophane conjugates (40, 52). All
compounds were examined for cell toxicity, and fluorescently
labeled with Cy3 to facilitate cellular imaging studies by CLSM.

Conjugates I and II were delivered nonspecifically to all cell
types tested and showed little cytotoxicity in concentration
ranges that are relevant for solution-based hyperpolarized 129Xe
NMR experiments. Conjugate III, which contained an (RGD)4

Rv�3 integrin receptor binding motif, was selectively delivered
to cells expressing this receptor and excluded from human red
blood cells. III was similarly nontoxic as I and II. Importantly
for laser-polarized 129Xe NMR studies, cryptophane concentra-
tions in excess of 100 µM were achieved in CAPAN-2 cells
using the three peptides.

An important goal of these studies is to identify cell delivery
motifs that can be attached to cryptophane and effectively
discriminate between cancer and normal cells. The results of
this initial study are very promising, and motivate the search
for peptides and small molecules that promote the cellular
delivery of even higher concentrations of cryptophanes, with
reduced toxicity, in order to facilitate in vivo NMR studies. As
examples, the transportan and penetratin CPP sequences were
shown previously to deliver higher concentrations of attached
cargo than TAT and (D-Arg)9 peptides (53, 54). Additional cell

Figure 3. Cellular uptake of 2 µM Cy3-labeled I (top row) and II
(bottom row) in AsPC-1 (A,E), CAPAN-2 (B,F), and HFL-1 cells (C,G)
after 1 h incubation at 37 °C. Uptake of I and II was inhibited after
1 h incubation at 4 °C (D,H).

Figure 4. Uptake of 2 µM Cy3-labeled III targeting Rv�3 integrin in
NCI-H1975 (A), HFL-1 (B), and CAPAN-2 (C) cells after 30 min
incubation at 37 °C. Red blood cells (D) did not uptake this compound.
Targeting in NCI-H1975 was successfully blocked with 100 µM cyclic
RGDfV peptide (E) and 10 µM anti-Rv antibody (F).
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targeting motifs will be explored for use with other cancer
biomarkers. Finally, protocols must be developed to perform
129Xe MRI experiments using xenon biosensors in tissue
samples, where higher cellular density (and associated cryp-
tophane per unit volume) will improve 129Xe MR signals. This
work demonstrates that, due to their limited cytotoxicity and
ready delivery to cells expressing specific cell surface receptors,
cryptophanes offer considerable promise for in vivo xenon
biosensing experiments.
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