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Abstract

Peptide-modified cryptophane enables sensitive detection of protein analytes using
hyperpolarized 129Xe NMR spectroscopy. Here we report improved targeting and delivery of
cryptophane to cells expressing a3 integrin receptor, which is overexpressed in many human
cancers. Cryptophane was functionalized with cyclic RGDyK peptide and Alexa Fluor 488 dye,
and cellular internalization was monitored by confocal laser scanning microscopy. Competitive
blocking assays confirmed cryptophane endocytosis through an a,f3 integrin receptor-mediated
pathway. The peptide—cryptophane conjugate was determined to be nontoxic in normal human
lung fibroblasts by MTT assay at the micromolar cryptophane concentrations typically used for
hyperpolarized 129Xe NMR biosensing experiments. Flow cytometry revealed 4-fold higher
cellular internalization in cancer cells overexpressing the integrin receptor compared to normal
cells. Nanomolar inhibitory concentrations (ICsq = 20-30 nM) were measured for cryptophane
biosensors against vitronectin binding to a3 integrin and fibrinogen binding to a3 integrin.
Functionalization of the conjugate with two propionic acid groups improved water solubility for
hyperpolarized 122Xe NMR spectroscopic studies, which revealed a single resonance at 67 ppm
for the 129Xe-cryptophane—cyclic RGDyK biosensor. Introduction of aj,B3 integrin receptor in
detergent solution generated a new “bound” 129Xe biosensor peak that was shifted 4 ppm
downfield from the “free” 129Xe biosensor.

Introduction

Very early-stage detection of cancer in humans by magnetic resonance imaging (MRI) will
require new contrast agents with greater sensitivity and molecular specificity. MRI allows
non-invasive imaging of buried tissue using non-ionizing radiation, and typically involves
the detection of abundant proton signals from water and fat. Lacking are specific molecular
signatures for cancer biomarkers that could be employed for diagnostic purposes. Promising
alternate nuclei include 129Xe, 13C, and 3He, which can be hyperpolarized to generate fairly
long-lived, non-Boltzmann distributions of nuclear spins, with large magnetic resonance
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signals. These hyperpolarized nuclei enable physiological assays,! and provide more
sensitive MRI methods for studying proteins and metabolites than standard gadolinium
chelates or iron oxide nanoparticles.2-4129Xe is particularly attractive as it is inert, has a
more than 200-ppm chemical shift window in aqueous solutions, and can be hyperpolarized
via optical pumping to enhance 129Xe nuclear magnetic resonance (NMR) signals by more
than 10 000-fold.>

Importantly, the responsiveness of 129Xe NMR chemical shifts to the molecular
environment allows the simultaneous detection of multiple species in solution. The ability to
achieve ‘multiplexed’ detection of rare biomarkers would facilitate the early and accurate
diagnosis of cancer and many other diseases.

Xenon exhibits significant affinity for organic cavitands such as cryptophane,8 calixarene’ 8
and cucurbit[6]uril.® Most widely investigated with xenon is cryptophane-A,8 which is
composed of three ethylene linkers joining two cyclotriguaiacylene units and has an internal
cavity volume ~90 A3-10 A tricarboxylate-functionalized cryptophane-A derivative showed
exceptional affinity for xenon in both water (K = 30 000 M~1) and human plasma (K = 22
000 M~1) at 37 °C.11 Importantly, cryptophane-A has been used to generate biosensors that
exploit xenon’s physical properties to monitor biological activity by laser-polarized 129Xe
NMR spectroscopy.12:13 For example, biotin-functionalized cryptophanes produced a 1-4
ppm change in 129Xe NMR chemical shift upon streptavidin binding. 13-15 More recently, a
series of benzenesulfonamide-functionalized cryptophanes produced 3.0-7.5 ppm downfield
shifts upon binding to carbonic anhydrase I or 11.18 Improvements in xenon
hyperpolarization technology” and Hyper-CEST NMR18 remote detection strategies® have
also led to significant gains in detection sensitivity. In a recent example, MS2 viral capsid
modified with 125 cryptophane molecules was detected at concentrations as low as 0.7
picomolar.20

A particular focus of our lab has been the design of xenon biosensors for the early and
accurate diagnosis of cancer.2! Towards this goal, cryptophane biosensors targeting matrix
metalloproteinase, carbonic anhydrase, and integrin cancer biomarkers were previously
synthesized.12.16.22.23 The current study provides strong evidence that cryptophane—peptide
conjugates can be targeted specifically to cells that overexpress the a, 33 integrin receptor.
Integrin aP3 is a heterodimeric cell adhesion protein that has been linked to both tumor
angiogenesis and metastasis.?425 The a, B3 integrin receptor is also known to be highly up-
regulated in a wide range of fast growing tumor cells, compared to minimal expression in
most normal tissues, making it a broad spectrum tumor marker.26-28 peptides containing
arginine—glycine—aspartic acid (RGD) sequences are known to bind the integrin receptor
with high affinity (ICsp = 29 nM against 12%I-echistatin, an RGD-containing snake venom
peptide).2%-32 Probes containing multimeric or monomeric RGD peptides have been used to
image a,P3 integrin receptor expression by fluorescence,33 MRI,28:34 and nuclear imaging
techniques.32:36 In our previous study, cryptophane was targeted to cell surface integrin
receptors by conjugation to a linear (RGD), peptide.23 The cryptophane—(RGD), conjugate
exhibited limited water solubility, likely due to intermolecular electrostatic interactions and
hydrogen bonding between arginine and aspartic acid residues. This necessitated use of 10%
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dimethyl sulfoxide for water solubilization, and limited the range of analytical and cell
characterization studies that could be performed with the cryptophane—(RGD), biosensor.23

Herein we describe the use of a cyclic targeting peptide, c[RGDyK], to deliver cryptophane
specifically to cells expressing a, B3 integrin receptor. While the linear RGD tetra repeat
effectively binds integrin receptors, cyclic RGD peptides are known to target a3 integrin
receptors with approximately 10-fold higher affinity.33 By employing a peptide ligand with
higher binding affinity, the cryptophane biosensor was more effectively delivered to a,f3
integrin-expressing cells. The c[RGDyK]-labeled cryptophane was further modified to
improve water solubility and allow detection of integrin receptor by hyperpolarized 129Xe
NMR spectroscopy.

Results and discussion

Synthesis of cryptophane biosensors

The synthesis of cryptophane biosensor 3 is shown in Scheme 1. Tripropargylated
cryptophane 1 was synthesized as previously reported with yields of 2-4%.11.16 The amine
of the lysine side chain in the c[RGDyK] peptide was converted to azidopeptide 2 in greater
than 95% yield by overnight reaction with triflyl azide in water, CH,Cl, and methanol
(1:1:1).37 The azidopeptide was then reacted with 1 by a copper(l)-catalyzed [3 + 2] azide—
alkyne Huisgen cycloaddition in 80-89% yield38-41 and the product was purified by
reverse-phase HPLC. HPLC purification indicated the presence of two side-products that
correspond to cryptophane conjugated to two or three peptides. These adducts were readily
separated from biosensor 3 during HPLC purification, allowing isolation of the desired
mono-functionalized product.

Biosensor 3 required addition of 150 mM NaCl to be dissolved in aqueous solution,
suggesting aggregation due to an interaction between the charged residues of the c[RGDyK]
peptide. Evidence of aggregation was seen at concentrations of 3 as low as 120 uM by UV-
vis spectroscopy. For 129Xe NMR studies, two azidopropionic acids were reacted in 80%
yield with the remaining propargyl moieties of 3 to generate biosensor 5. Biosensor 5 was
soluble in pure water at concentrations of up to 250 pM, indicating a substantial
improvement in water solubility.

In vitro competitive binding assay

The binding of biosensor 3 was assessed by in vitro competitive binding assays (Scheme 2)
against aypfs, ayPs and a,Ps integrin receptors to investigate cell receptor targeting. The
resulting 1Csq values are shown in Table 1. 1Cgq values for cyclic RAD and RGD peptides
are comparable to previously reported values for these peptides binding integrins assayed by
this method.#2:43 When the inhibition of vitronectin binding to immobilized a,f3 integrin
receptor was examined, the 1Cgq value for biosensor 3 was found to be 32 nM. Compared to
the c[RGDyK] peptide alone, which had an 1Cgq of 8 nM, biosensor 3 bound with
approximately 4-fold lower affinity.

Inhibition of fibrinogen binding to apB3 was also measured for 3 and the 1Cgq value was
found to be 18 nM. This reflects approximately 10-fold weaker binding for this receptor
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compared to the c[RGDyK] peptide (1Csq = 1.6 nM). 1Csgq values for both a3 and ayps
integrin proteins represent tight binding and should allow for receptor targeting during in
vitro experiments.

Binding was also assessed for a5 integrin receptor as it is sometimes co-expressed in
tumors and can contribute to angiogenesis but is not known to bind RGD motifs.43:44
Notably little binding was observed in these binding assays. The c([RGDyK] peptide bound
with an 1Cg of 200 nM, while the biosensor bound with 1Csq of 700 nM, indicating a high
degree of specificity of biosensor 3 for a,f3 integrin receptors.

Viability studies

Cell viability for 3 was measured by MTT assays in NCI-H1975 lung carcinoma cells,
AsPC-1 pancreatic carcinoma and HFL-1 lung fibroblasts after 24 h exposure to increasing
concentrations of 3, as shown in Fig. 1. Viability was reduced by 50% at a cryptophane
concentration between 75 and 100 uM in AsPC-1 and NCI-H1975 cell cultures. The
biosensor showed lowest toxicity in the HFL-1 cell line. A 50% reduction in viability was
not observed in HFL-1 fibroblasts, indicating minimal toxicity in normal human cells at the
concentrations of interest for performing 122Xe NMR biosensing experiments. Increased
cytotoxicity in AsPC-1 and NCI-H1975 cell cultures was likely due to higher expression
levels of aypB3 integrin receptors in cancer cell lines,2%:30 leading to increased cellular uptake
of cryptophane. Maximum toxicity was found to be 61% in AsPC-1 and 57% in NCI-H1975
cells with 100 uM biosensor 3. These toxicity values are in agreement with previously
measured cell-permeable cryptophanes.23 In a previous study we found that when a linear
RGD peptide was attached to cryptophane and tested in cells, maximum toxicity was in the
range of 30-40% in both cancerous and non-cancerous cells after 24 h incubation at 100 pM
concentration.23 Biosensor 3 was similarly toxic in the non-cancerous HFL-1 fibroblasts,
reaching a maximum toxicity of 40% after 24 h incubation at 100 uM concentration.

Cellular uptake

Uptake of Alexa Fluor 488-labeled c[RGDyK]-cryptophane 4 by cells was monitored by
confocal laser scanning microscopy (Fig. 2). Incubation of AsPC-1 (Fig. 2A) and HFL-1
(Fig. 2E) cells with 4 (1 uM) for 1 h gave bright fluorescence throughout the cell interior.
When cells were co-incubated with 4 and a 10-fold excess of c([RADfK] peptide (which is
known to be a weak binder of the a3 integrin receptor), levels of fluorescence remained
throughout the cell interior (Fig. 2B and 2F). From confocal images, cellular fluorescence
was observed to decrease significantly when 4 was co-incubated with a 10-fold excess of
either c[RGDyK] peptide (Fig. 2C and 2G) or anti-a,, antibody (Fig. 2D and 2H), both of
which target a, 3 integrin receptor with high affinity. Both the antibody and peptide control
blocked cryptophane biosensor binding and inhibited receptor-mediated endocytosis from
occurring in these cell lines. These co-incubation studies strongly suggest that the
c[RGDyK]-labeled cryptophane is specifically recognized by a3 integrin receptor and the
ayP3 subunit is necessary for efficient cellular uptake. This also indicates that the water-
soluble cryptophane without a targeting moiety is not delivered to cells as no uptake was
seen when blocking controls were done. This differs from results obtained with a less water-
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soluble dicarboxylic acid cryptophane, which was shown recently to partition from water
into suspensions of Intralipid® vesicles.4®

Cellular internalization of 4 was further confirmed by flow cytometry. As shown in Fig. 3,
significant amounts of cell-associated fluorescence were observed after 1 h incubation in
both AsPC-1 and HFL-1 cell lines. Fluorescence remained at similar intensities when
AsPC-1 and HFL-1 cells were co-incubated with fluorescent biosensor 4 and a 10-fold
excess of c[RADfK] peptide. However, when 4 was co-incubated with 10-fold excess of
either c[RGDyK] peptide or the anti-a,, antibody, both of which bind integrin protein with
high affinity, fluorescence intensities were reduced to background level. Flow cytometry
also confirmed greater internalization of 4 in AsPC-1 cells when compared to HFL-1 cells.
Mean fluorescence intensities after incubation with cryptophane were approximately four
times higher in AsPC-1 cells than in HFL-1. This higher uptake is attributed to increased
expression of the target receptor in cancer cell lines versus normal fibroblasts.2%-30 These
results were expected as HFL-1 cells are known to have minimal a, 3 integrin receptor
expression unless activated by a smooth muscle actin or transforming growth factor j.46-48

In our previous study, a linear tetrameric RGD peptide was used to target cryptophane to
human fibroblasts and cancer cells expressing a,Bs integrin receptor.23 Fluorometric
quantitation of 100 uL volumes of cell lysate showed that 0.08 nmol of dyelabeled
cryptophane was delivered to the cell population over a 24 h incubation period. This led to
an estimate of the intracellular cryptophane concentration in the range of 100-160 uM. In
the present study, 4 showed higher uptake after a shorter 1.5 h incubation, achieving 990 nM
in cell lysates, which corresponds to delivery of about 0.1 nmol of 4 into live cells. In this
case, it was possible to determine the concentration of dye label by UV-vis spectroscopy.
Additionally, after 3 h incubation the concentration in the cell lysate solution increased to
1.5 uM. The average volume of the cell was calculated based on the diameter of AsPC-1
cells in suspension (~40 microns), and the fraction of the 100 pL lysate solution volume
originally occupied by AsPC-1 cells was found to be 0.0075. Using these calculations, the
intracellular concentration of biosensor 4 was estimated to be in the range of 130-200 uM
after 3 h incubation, indicating that a small improvement in cellular delivery was achieved
using c[RGDyK] relative to the previously studied (RGD), peptide.23 This was likely due to
the higher binding affinity of c[RGDyK] relative to (RGD),4 for a3 integrin cell surface
receptors.

Hyperpolarized 129Xe NMR studies

To improve cryptophane solubility, and achieve concentrations useful for 129Xe NMR
studies, the two remaining propargyl groups on biosensor 3 were reacted with
azidopropionic acid by an additional [3 + 2] cycloaddition reaction, yielding 5. The
propionic acid groups conferred substantial gains in solubility, allowing the collection of a
hyperpolarized 129Xe NMR spectrum in PBS buffer. Hyperpolarized 122Xe NMR spectra of
compound 5 were acquired in three different solutions. Fig. 4a shows 5 (100 uM) dissolved
in Tris buffer (1 mM, pH 7.2), which gave a 129Xe NMR chemical shift at 65.8 ppm. The
two enantiomers of 5 produced just one 122Xe NMR resonance with a line width of 80 Hz
(0.57 ppm), which is similar to results we obtained with previous cryptophane biosensors.16
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In Fig. 4b, 5 (50 uM) and a B3 integrin (16 uM) were mixed in Tris buffer (1 mM, pH 7.2)
with 30% glycerol and 0.1% Triton X-100. The a; ;B3 integrin was chosen instead of a3
integrin, due to the relative ease of isolating and lower cost of purchasing milligram
quantities of this protein. Keeping the a;pB3 integrin membrane protein in solution required
addition of glycerol and Triton X-100, and glycerol also mitigated foaming while
introducing xenon gas. “Free” cryptophane gave a 129Xe NMR peak at 67.1 ppm, while
“bound” cryptophane appeared at 71.2 ppm, representing a 4.1 ppm downfield shift. Signal-
to-noise ratio for the single “bound” cryptophane—protein peak was ~3:1. With the racemic
mixture of biosensors, protein binding results inevitably in diastereomers, which in some
cases can produce multiple “bound” 129Xe NMR peaks. We have seen single “bound” peaks
previously in cases where the cryptophane enantiomers are constrained near the protein
target surface, and the xenon by chance senses the environment identically inside both
biosensors.16 The short alkyl spacer for c[RGDyK] peptide in 5 may similarly tether both
cryptophane biosensor racemates at the integrin receptor, effectively creating one xenon
binding site. Alternatively, a second peak corresponding to the other diastereomer may
reside under the “free” peak (~67 ppm).

The NMR binding assay described above was constrained by a number of experimental
factors. The concentrations were selected to achieve a balance between the detection limit of
our current 129Xe NMR data collection method and the well documented aggregation
behavior of this integrin protein. Integrin protein aggregates at concentrations greater than 9
UM in solution without detergent, thus we limited experiments to 16—-20 UM integrin
receptor with detergent.#9:50 Another reason for the “bound” signal being weak is the broad
line width compared to some xenon biosensors bound to other protein targets (avidin, 0.15
ppm; carbonic anhydrase | and 1, 0.19-0.27 ppm16). In other cases, it has been observed
that “bound” peaks for many xenon biosensors are considerably broadened (10-30 Hz to
100-150 Hz,14 and even 1-5 kHz29). Although peak broadening tends to be an obstacle in
identifying peaks in high-resolution NMR spectra, this problem will be mitigated in a
saturation transfer scheme (Hyper-CEST).18 Given that we observe a 4 ppm chemical shift
change upon integrin binding, the “bound” and “free” peaks can be selectively saturated
easily. This change in chemical shift is comparable to our previous carbonic anhydrase
biosensor work (3.0-7.5 ppm)6 and a biosensor optimization study with biotin-avidin (3-4
ppm).14 Considerably smaller 129Xe NMR chemical shifts were observed in two related
protein-binding studies (biotin-avidin, ~1 ppm;13 major histocompatibility complex, ~1
ppm®?).

To make a competition assay (Fig. 4c), c[RGDyK] (100 uM) was added to a fresh solution
(1 mM Tris buffer, pH 7.2; 30% glycerol and 0.1% Triton X-100) containing biosensor 5
(100 uM) and apP3 integrin (20 uM). Here “free” cryptophane gave the same 129%Xe NMR
chemical shift, and no “bound” cryptophane was detected, which indicated that the peptide
blocked 5 from binding to a;pf3 integrin. The disappearance of the smaller “bound” peak
after addition of the competing peptide further confirmed that the spectral change observed
upon addition of a3 is due to protein binding by the cryptophane biosensor.
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Conclusions

This work represents the first in-depth investigation of a xenon NMR biosensor binding to
proteins that are well recognized cancer biomarkers and cell surface receptors. As such, we
were forced to confront challenges of poor solubility and aggregation behavior involving
both the integrin receptor and the biosensor itself. We worked to engineer specific molecular
interactions with the a, B3 integrin cancer biomarker and distinguish cancer cells from
healthy cells based on cell uptake properties. This work was accomplished by conjugating
the a, 3 integrin receptor-targeting peptide c[RGDyK] to a tripropargyl derivative of
cryptophane-A via a [3 + 2] cycloaddition reaction. This biosensor (3) was found to bind
ayPz and aypPs3 integrin receptor proteins with the expected nanomolar affinity (1Csq = 20—
30 nM), thus ensuring the possibility of cell receptor targeting. The in vitro integrin
competitive binding assay confirmed that the cryptophane had little effect on integrin
receptor binding. Cryptophane was found to be only moderately toxic to normal lung
fibroblasts at relevant biosensing concentrations although 50% viability was reached in the
cancer cell lines studied at concentrations of 75-100 uM.

Biosensor 4, labeled with Alexa Fluor 488, was useful for fluorescence microscopy and flow
cytometry experiments. These studies confirmed that cryptophane was specifically targeted
and delivered into cells by an a,f3 integrin receptor-mediated pathway. Quantification of
cellular delivery indicated that internalization occurs at concentrations suitable for hyper-
polarized 129Xe NMR studies. Most importantly, internalization was notably higher in
AsPC-1 cancer cells compared to fibroblasts from the human lung, suggesting potential for
targeted delivery of cryptophanes in future in vivo studies.

To perform successful 129Xe magnetic resonance experiments two propionic acid groups
were added to 3, generating biosensor 5 with greatly increased cryptophane solubility in
aqueous media. Upon binding to the aj,B3 integrin receptor, the hyper-polarized 129Xe
NMR chemical shift showed a change of about 4 ppm downfield. This chemical shift change
is comparable to results we obtained previously with xenon biosensors targeting human
carbonic anhydrase | and 11,1622 and represents one of the largest protein-mediated 129Xe
NMR chemical shift changes observed to date. Having demonstrated the compatibility of
xenon biosensors with cells and the ability to target specific protein receptors and achieve
large hyperpolarized 129Xe NMR chemical shift changes, these studies pave the way for
cellular spectroscopy and imaging experiments.

Experimental

Synthesis of peptide—cryptophane conjugate 3 and fluorescently labeled conjugate 4

A [3 + 2] cycloaddition reaction between azide-functionalized c[RGDyK] peptide and
tripropargyl cryptophane 1 was performed to generate the mono-functionalized peptide—
cryptophane conjugate 3 (Scheme 1) following a previously reported protocol.12 The
tripropargylated derivative of cryptophane-A 1 was synthesized as previously described.11:16
Tripropargyl cryptophane 1 (37.3 mg, 0.0390 mmol) was dissolved in DMSO. An aqueous
solution of copper(I1) sulfate (0.6 mg, 0.004 mmol, 0.1 equiv.) was added to the solution,
followed by the addition of azidopeptide 2 (25.0 mg, 0.0390 mmol, 1.0 equiv.), 2,6-lutidine
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(0.8 mg, 0.007 mmol, 0.2 equiv.) and sodium ascorbate (344.0 mg, 1.737 mmol, 45 equiv.).
The suspension was degassed with N, and stirred at r.t. overnight. The reaction mixture was
passaged through a 0.22 micron filter. Confirmation of the reaction was obtained by
analytical HPLC using a gradient: time 0, A/B = 85/15; 0-45 min, linear increase to A/B =
40/60; time 45-47 min, linear change to A/B = 20/80. Biosensor 3 was purified by semi-
preparative HPLC as shown in the supporting information (Figure S2).t The extinction
coefficient for 3 at 280 nm was determined: ygo = 13 400 M~1 cm~1. MALDI MS
(Cg7HgsN11090) [M + H+]: calcd, 1614.74; found, 1616.60.

Biosensor 3 was reacted with Alexa Fluor 488 azide by a [3 + 2] azide—alkyne cycloaddition
to give fluorescently labeled biosensor 4, following the manufacturer protocol. Analytical
HPLC was performed using a gradient: time 0, A/B = 85/15; 0-45 min, linear increase to
A/B = 40/60; time 45-47 min, linear change to A/B = 20/80. Semi-preparative HPLC was
performed as shown in the supporting information (Figure S3).t Dye conjugation was
determined to occur in 85% yield, based on the absorbances measured at 494 nm (&494 = 71
000 M1 cm‘l) and 280 nm (&pgg = 21 300 m-1 cm‘l). MALDI MS (C114H119N17030S5)
[M + H*]: caled, 2269.78; found, 2263.06.

Synthesis of c[RGDyK]-cryptophane biosensor 5 with improved water solubility

The c[RGDyK]-conjugated cryptophane 3 was reacted with azidopropionic acid to generate
a more water-soluble biosensor 5 for 129Xe NMR studies. Azidopropionic acid was
generated according to previously reported protocols.12:16:52 3 (10.0 mg, 0.00600 mmol)
was dissolved in DMSO. To this solution the azidopropionic acid (2.8 mg, 0.024 mmol, 4.0
equiv.) was added followed by the addition of 2,6-lutidine (0.1 mg, 0.001 mmol, 0.2 equiv.),
an aqueous solution of copper(Il) sulfate (0.003 mmol, 0.5 equiv.), and sodium ascorbate
(53.5 mg, 0.270 mmol, 45 equiv.). Reaction progress was monitored by analytical HPLC
using a gradient: time 0, A/B = 85/15; 0-45 min, linear increase to A/B = 40/60; time 45-47
min, linear change to A/B = 20/80; 47-57 min, A/B = 20/80. Biosensor 5 was purified by
semi-preparative HPLC as shown in Figure S4 in the supporting information.t The
extinction coefficient for 5 at 280 nm was determined: g9 = 13 700 M~ cm™1. MALDI
MS (Cg3H104N17024) [M + H*]: calcd, 1843.92; found, 1845.90.

Cell viability assays

Cells were plated at 10 000 cells per well in 96 well plates and grown overnight at 37 °C.
Biosensor 3 was then added from a stock solution in DPBS to wells in triplicate at final
concentrations of 2, 10, 25, 50, 75 and 100 uM and incubated for 24 h. The medium was
removed and the cells were washed three times with DPBS before being treated with 20 pL
of 5.0 mg mL~1 MTT solution for 2 h. The medium was removed once more and the
resulting crystals were dissolved in DMSO. Absorbance at 540 nm was recorded in each
well using the plate reader. Absorbance from wells not containing cells was subtracted as
background, and the reduction in cell growth was calculated as a percentage of the
absorbance in the absence of any treatment. Data show the mean of at least three
independent experiments = SD.
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Cell uptake studies by confocal microscopy

Cells were plated at 20 000 cells per well and grown to confluence in LabTek 8-well
microscope slides with glass coverslip bottoms. For uptake studies, cells were incubated
with 1 uM solutions of Alexa Fluor 488-labeled c[RGDyK] cryptophane 4 for 1 h. For
blocking studies, cells were co-incubated for 1 h with a 10 uM solution of c[RGDyK]
(blocking) or c[RADfK] (negative control) peptide containing D-phenylalanine in addition
to 1 uM 4. In the antibody blocking studies, cells were co-incubated with 0.15 mg mL™1
blocking anti-a,, antibody and 1 uM 4. To visualize the results, the medium was removed
and the cells were washed three times with DPBS before adding DMEM containing no
phenol red. Cells were visualized using an Olympus F\VV1000 confocal laser scanning
microscope with 488 nm argon-ion laser excitation and Cy3 emission filter under 40x
magnification (Olympus UApo/340 40x, 1.15 W).

Flow cytometry

T-25 cell culture flasks were inoculated with 1.5 million viable cells in RPMI-1640 medium
(5 mL) and incubated at 37 °C overnight. Then, the medium was removed and 2 mL of fresh
RPMI-1640 was added. 4 (1 uM final concentration) was then added to the flask and
incubated for 1 h. For blocking studies cells were co-incubated with 0.15 mg mL™! anti-a,,
antibody, 10 uM c[RGDyK] (blocking), or 10 uM c[RADfK] (negative control) for 1 h. The
cells were then washed with PBS three times and trypsinized. After centrifugation, the cell
pellet was resuspended in a solution of 10% FBS in Dulbecco’s PBS, and these cells were
analyzed by flow cytometry.

Cellular uptake monitored by UV-vis spectroscopy

AsPC-1 cells were plated in 96 well plates at 10 000 cells per well and incubated overnight
at 37 °C. 4 was added to each well at a concentration of 10 uM and placed back in the
incubator. After 1.5 h incubation, the cells were removed and rinsed three times with DPBS
solution. Triton X-100 solution (0.25%, 100 uL) was then added to lyse the cells and after
20 min the UV-vis absorbance at 494 nm was measured.

Isolation of a B3 integrin receptor from human blood platelets

Human blood platelet suspensions were obtained from Joel S. Bennett (UPenn School of
Medicine). The aypB3 integrin protein was isolated from platelets using a modified
procedure.>3 Platelets were lysed by rapid nitrogen decompression in a cell bomb, with
nitrogen supplied at 1200-1500 psi for 5 min, followed by opening of the release valve.
Platelets were collected in 50 mL Falcon tubes and kept on ice. The platelet lysate was then
centrifuged at 7000 g for 15 min at 4 °C. The supernatant was decanted and centrifuged at
30,000 g for 1 h at 4 °C. The resulting pellet was resuspended in 0.2% Triton X-100 in Tris
buffer (200 mM Tris, 1 mM MgCl,, 1 mM CaCls, pH 7.2). The resuspended pellet was
added to SP Sepharose that had been prewashed with buffer (30 mL) and mixed for 1 h at 4
°C. The unbound fraction was removed and loaded onto prewashed concanavalin A-
sepharose 4B resin (Sigma) and mixed for 2 h at 4 °C. The unbound fraction was removed.
The bound fraction was eluted with buffer plus 100 mM methyl-a-D-mannopyranoside.
Fractions containing protein were pooled and concentrated using Millipore centrifugal filter
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units (MWCO, 30 000 Da). Protein purity was analyzed by SDS-PAGE, which showed the
presence of two bands with molecular weights of 100 and 120 kDa. These bands
corresponded to the oy, and B3 subunits, respectively.>3 Isolation yielded 2.5 mg of protein
from 300 mL of platelet lysates.

In vitro competitive binding assay

c[RGDyK]-conjugated cryptophane 3 was tested for its ability to inhibit fibrinogen binding
to purified human aypB3 integrin receptor, the attachment of vitronectin to purified a,f3
integrin receptor, and the attachment of fibronectin to a5 integrin receptor. Integrin protein
was added to 96-well polystyrene microtiter plates at 0.1 pg well=1. After overnight
incubation at 4 °C, the plates were washed and then blocked with milk solution at r.t. for 2 h.
The blocking buffer was removed, and 3 was added to wells at concentrations from 0.001
nM to 10 uM. Biotinylated fibrinogen, fibronectin or vitronectin solution (0.1 pg well™1)
was then added to each well as a standard competitor. The plates were incubated at r.t. for 3
h, washed, and the bound biotinylated substrate was detected using NeutrAvidin-HRP
conjugate at 0.01 ug well™! and TMB substrate system. Absorbance at 450 nm was read by a
UV-vis plate reader. The concentration of inhibitor producing 50% inhibition (ICsg) of
fibrinogen or vitronectin binding to integrin protein was calculated using BioDataFit (Chang
Biosciences, Castro Valley, CA) with the four parameter Hill Slope model to eqn (1):

a+(b—a)/(1+10@~)) ()

where X is the concentration of inhibitor, a is the minimum horseradish peroxidase activity,
b is the maximum horseradish peroxidase activity, c is the ICsq concentration and d is the
Hill coefficient. The c[RGDyK] and c[RADfK] peptides were also tested for inhibition and
the data fit using the same methods.

Hyperpolarized 129Xe NMR spectroscopy

Hyperpolarized 129Xe was generated using a home-built 129Xe hyperpolarizer, which is
based on the formerly commercially available Nycomed-Amersham (now GE) 1G1.Xe.2000
system. A gas mixture of 89% N, 10% He, and 1% natural abundance Xe (Spectra Gases)
was flowed through the hyperpolarizer. 129Xe was hyperpolarized to 10-15% after
cryogenically separated, accumulated, thawed, and collected in CAV NMR tubes (New Era).
After Xe collection, NMR tubes were shaken vigorously to mix cryptophane solutions with
Xe.

All 129%e NMR measurements were carried out on a 500 MHz Bruker BioDRX NMR
spectrometer. RF pulse frequency for 129Xe was 138.12 MHz. Samples were observed using
either a 5 mm PABBO NMR probe or a similar 10 mm probe.

129% e NMR spectra were acquired using the exchange signal averaging (ESA) method.5
Selective pulses (90° flip angle, EBurpl shaped) were generated at the Xe@cryptophane
resonance frequencies. Each pulse lasted 5 ms, which gave a designated excitation region ~1
kHz (~7.2 ppm). All spectra were signal averaged by 40 scans. A delay of 0.15 s was given
between scans to allow polarized Xe to exchange in and depolarized Xe to exchange out of
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the cryptophane cavity. The natural line widths of Xe@cryptophane peaks are around 80 Hz
(FWHM, Lorentzian fitted). The spectra shown above are exponentially broadened by 100
Hz, to give larger signal/noise ratio. Sample temperature was controlled by VT unit on NMR
spectrometer to 27 £ 1 °C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Viability of AsPC-1 (blue), HFL-1 (red) and NCI-H1975 (yellow) cells after treatment with

increasing concentrations of c[RGDyK]-labeled cryptophane 3. % Viability was measured
by MTT assay after 24 h incubation with increasing concentrations of 3 as compared with
untreated cells.
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Fig. 2.

Uptake of 1 uM Alexa Fluor 488-labeled c[RGDyK]-cryptophane 4 targeting AsPC-1 cells
(A-D) and HFL-1 cells (E-H). Micrographs show 4 uptaken by cells after 1 h incubation (A,
E). Targeting of 4 was relatively unaffected by co-incubation with 10 pM c[RADfK] (B, F).
However, uptake of 4 was blocked by co-treatment with 10 uM c[RGDyK] peptide (C, G)
and 0.15 mg mL~1 anti-a,, antibody (D, H).
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Fig. 3.

Flgw cytometry data for (A) AsPC-1 and (B) HFL-1 cells after incubation with 1 uM 4.
Mean fluorescence intensities at 488 nm after treatment with cryptophane were 2100 for
AsPC-1 cells (green, in A) and 580 for HFL-1 cells (green, in B). Mean fluorescence
intensities for all conditions are listed in Table S1 of the supporting information.t
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Fig. 4.
Hyperpolarized 129Xe NMR spectra of biosensor 5 alone, binding a;;,B3 integrin, and

blocked by c[RGDyK], all studies in Tris buffer (1 mM, pH 7.2) (a) 5 gave 129Xe NMR
chemical shift at 65.8 ppm. (b) 5 and aypP3 integrin in Tris buffer with 30% glycerol and
0.1% Triton X-100. “Free” biosensor gave 122Xe NMR chemical shift at 67.1 ppm, which
was shifted 1.3 ppm downfield from “free” biosensor in (a) due to addition of glycerol.
“Bound” biosensor appeared at 71.2 ppm, representing a 4.1 ppm downfield shift. (c)
c[RGDyK] added to solution of 5 and a B3 integrin gave “free” biosensor at the

same 129Xe NMR chemical shift, but no “bound” biosensor was detected.
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Scheme 1.
Synthesis of c[RGDyK]-labeled cryptophane biosensors.
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In vitro integrin competitive binding assay. One of three integrin proteins (aB3, aypBs,
ayfPs) was coated on a 96 well plate with overnight incubation. Biotinylated natural ligands
(red circles) and c[RGDyK]-labeled cryptophane 3 (competitive binder, blue circles) were
added to the integrin and incubated for 3 h. Unbound compounds were removed with gentle
washing and NeutrAvidin—-HRP was added to each well. Bound NeutrAvidin-HRP was then
quantified using tetramethyl benzidine horseradish peroxidase substrate.
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Table 1

ICsq values for biosensor 3 and peptide controls

1Cgo (NM)
aB3 appBs aBs

Biosensor 3  31.6+2.1 18.1+2.4 700
c[RADfK] >5000 >1000 >10 000
c[RGDyK] 82+20 16+06 200
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