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ABSTRACT

35 The rational design of wholly synthetic receptors that bind active substrates with ultrahigh
37 affinities is a challenging goal, especially in water. Here, we report the synthesis of a tricyclic
octacationic cyclophane, which exhibits complementary stereoelectronic binding towards a widely
42 used fluorescent dye, perylene diimide, with picomolar affinity in water. The ultrahigh binding
44 affinity is sustained by a large and rigid hydrophobic binding surface, which provides a highly
favorable enthalpy and a slightly positive entropy of complexation. The receptor-substrate
49 complex shows significant improvement in optical properties, including red-shifted absorption and
51 emission, turn-on fluorescence, and efficient energy transfer. An unusual single-excitation, dual-
33 emission, imaging study of living cells was performed by taking advantage of a large pseudo-

Stokes shift, produced by the efficient energy transfer.
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INTRODUCTION

High-affinity receptor-substrate recognition exists ubiquitously in biology where the
concentrations of foreign substrates are maintained below a certain threshold by antibodies.*
Billions of years of evolution have enabled nature to create these biological receptors with binding
cavities that have high stereoelectronic complementarity towards their substrates down to the
atomic level.? One of the grand challenges in supramolecular chemistry is to develop synthetic
receptors with ultrahigh affinities, especially in water.>®> The majority of synthetic receptors
described in the literature show® micromolar affinity or weaker binding. To date, examples of
water compatible high-affinity receptors are rare and mainly limited to cucurbit[n]urils,”® with a
sparse distribution of them in pillararenes!® and tetralactam macrocycles'. Exploring new
synthetic receptor-substrate pairs with ultrahigh affinities in water will not only stand the chance
of exposing fundamental insights into the origin of high-affinity interactions, but also deliver
orthogonality towards the existing high-affinity receptor-substrate pairs with emergent properties*2
that meet the high demand in the fields of noncovalent click chemistry,'® sensors,'* advanced
materials,*>*8 nanotechnology,*® and biomedicine®.

Towards this goal, Houk® has emphasized the importance of constructing large buried surface areas
between receptors and substrates to achieve high-affinity binding. This principle is executed well
by nature but proves challenging when it comes to the design of synthetic receptors capable of
binding substrates in water.'?13?! Although extra binding surfaces are expected to deliver gains in
binding enthalpy, restriction of conformational flexibility upon binding leads to losses of binding
entropy, resulting in little or no gains in affinity — a concept known as enthalpy-entropy

compensation.??2* Larger hydrophobic binding surfaces also cause poor water solubility, which
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further hinders the structural design of synthetic receptors to achieve high-affinity binding in
water,2>2

Recently, we have developed?~?° a series of extended cationic cyclophanes characterized by large
and rigid binding surfaces. These positively charged cyclophanes exhibit remarkable affinities
towards polycyclic aromatic substrates with little conformational changes in organic solvents. The
solubilities of these cyclophanes are highly dependent on their counterions. Generally speaking,
the PFe~ salts are soluble in MeCN whereas the CI~ or CFsCO;™ salts are soluble in water. The
ability to manipulate large and rigid binding surfaces, without jeopardizing their solubilities,
makes these cyclophanes ideal candidates for the design and synthesis of high affinity receptors in
water,30-34

We began our investigation by using perylene diimide (PDI)-based dyes as the representative
substrates, considering their superior photophysical properties and wide range of applications in
materials science®® and biotechnology*®. Encapsulations of PDI dyes have been explored"28 using
cucurbit[8]uril and also a tetracationic cyclophane, known?® as ExBox**; significant improvements
in photophysical properties of PDI dyes were observed in water. The affinity constants involving
both these receptors remain around 10° Mt or lower in water. A closer inspection of these receptor-
substrate pairs reveals that neither synthetic receptor is able to encapsulate completely the PDI
molecule since the relatively large size of PDI imposes a particular challenge in identifying
suitable receptors.

Herein, we report a new synthetic receptor that is tailored to provide a complementary
stereoelectronic binding cavity for the PDI in water. We have chosen to name this tricyclic
octacationic cyclophane receptor, XCage®*, in view of its X-shaped structure. XCage®* features a

roof-pillar-floor structure, where the roof and floor are each composed of a biphenyl unit, offering
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a large and flat binding surface. Four p-xylylene units serve as pillars with the ideal lengths (7.0
A) to support aromatic [z --qt] stacking interactions (2 % 3.5 A) with an included PDI molecule.
The eight cationic pyridinium units provide both sufficient water solubility and complementary
electronic binding sites for the four divergent carbonyl groups in the PDI molecule. The resulting

PDI c XCage*8CF3CO2 complex, which exhibits picomolar binding affinity in water, is

enthalpically driven along with a small favorable entropic component. Moreover, the strong
binding is accompanied by a significant improvement in optical properties, including turn-on
fluorescence, red-shifted absorption and emission, in addition to efficient energy transfer, which
remains effective under cell-imaging conditions. The energy transfer results in a large pseudo-
Stokes shift that is utilized in achieving a dual color imaging study of living cells using a single

light excitation.

RESULTS AND DISCUSSION

Synthesis of XCage*8CF3CO>

XCage*8CF3CO, was prepared (Figure 1a) in three steps from commercially available starting
materials. The key building block TB*4PFs can be easily accessed by Suzuki coupling, followed
by alkylation of pyridine units in 91% overall yield without the need of column chromatography.
XCage*8CF3CO2 was obtained by a template-assisted synthesis with the help of TBAI as a
catalyst.>® Pyrene was used as a template and was subsequently removed* by continuous liquid-
liquid extraction. The crude product was isolated by precipitation with TBACI and further purified
by reverse-phase column chromatography. After anion exchange using TFA, XCage®* was
obtained as its CFsCO, salt in 26% isolated yield. XCage*8CF3CO: is highly soluble in water and

MeOH, and slightly soluble in MeCN. It emits a blue fluorescence (10% quantum yield) in the
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range of 350-550 nm in water.** The results of cyclic voltammetry experiments (Figure S26)

reveal*? a nonreversible redox process in Me2SO.

X-Ray Crystallographic Analysis

Numerous attempts*® to grow the single crystals of XCage®" with various counterions did not meet
with success. Fortunately, a single crystal of Perylene — XCage*8CFsCO. was obtained by slow
vapor diffusion of iPr2O into a MeOH solution of Perylene — XCage*8CF3CO>. The solid-state
structure of XCage*8CF3CO; (Figure 1b) reveals that it has a box-like cavity with dimensions of
12.5 x11.1 x7.0 A. The cavity volume (Figure S34) is estimated to be around 384 A3, which is
comparable** with the cavity volume of cucurbit[8]uril. The roof and floor are parallel and
supported by four p-xylylene pillars with an ideal distance (7.0 A) for aromatic [z --t] stacking
interactions. The large binding surface (Figure S33) of XCage?* covers 92% of the van der Waals
surface of Perylene, which is sandwiched symmetrically between the roof and the floor. Moreover,
the p-xylylene pillars provide further [CH --qt] interactions with Perylene as revealed*>*® by an
independent gradient model (IGM) analysis (Figure S35).

A model compound PDI1 (Figure 2) was synthesized in order to obtain the single-crystal
superstructure of its 1:1 complex with XCage®*. Like other PDI dyes, PDI1 is poorly soluble in
most solvents. In the presence of XCage*8CFzCO., however, PDI1 can be dissolved readily in

solvents such as H.O, MeOH, MeCN, DMF and Me,SO. A single crystal of PDI1 c
XCage+7PFs*OH was obtained by slow diffusion of Et,O into a solution of PDI1 c XCage*8PFs

in MeCN. The solid-state superstructure (Figure 3d) reveals that each carbonyl group in PDI1 is

sandwiched between two pyridinium units with an average [C=0 --N*] distance of 4.4 A, which

5
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is the same [C=0 --N*] distance as that observed*’ in the diamantane c cucurbit[7]uril complex.
There are in total eight [C=0 --N*] ion-dipole interactions within the complex, PDI1 c XCage®*.

The core of PDI1 is sandwiched between the two biphenyl units as a result of aromatic [r --1]
stacking interactions and separated by a distance about 3.7 A from the roof and the floor. A surface-
area overlay analysis shows that 80% of the van der Waals surface of the PDI1 core overlaps with
XCage®*. A similar analysis performed on a single crystal of a catenane shows*® that only 40% of
the PDI core overlaps with the ExBox** component.*® Thus, XCage®* provides twice the binding
surface area compared to that of the ExBox*" component in the catenane. IGM analysis reveals
that PDI is enveloped by favorable van der Waals interactions with the biphenyl-containing roof
and floor, as well as from the pyridinium and p-xylylene units. Moreover, the carbonyl groups on
PDI1 are involved in polar [C=0 --HC] interactions with p-xylylene protons on XCage®*.
Interestingly, the planar surface of PDI1 was found to be slightly twisted (12°) in the bay region
as a result of its aromatic [r--qt] stacking interactions with the biphenyl-containing binding
surfaces, which also exhibits a slightly twisted plane with a dihedral angle of 19°. Such induced-
fit binding is a well-established phenomenon® in receptor-substrate binding pairs in biological

systems.

NMR Spectroscopy and Mass Spectrometry in Solution

In order to investigate the molecular recognition between XCage*8CF;CO; and PDI in water, a
water-soluble PDI2 (Figure 2) flanked with two mPEG2000 chains was synthesized.** A 1:1 mixture
of PDI2 and XCage*8CF3CO2 in D20 produced PDI2 c XCage*8CF3CO: instantly in quantitative
yield. Diagnostic changes in chemical shift, indicating complex formation, were revealed by

comparison (Figure 4a) of the 'H NMR spectra of PDI2, PDI2 c XCage*8CFsCO. and
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XCage*8CF30:. Large upfield shifts of the signal for protons A (Ad = -0.41 ppm) and protons B
(AS§ = -0.61 ppm) on XCage*8CF3CO>, together with a significant upfield shift of the signal for
protons 2 (A6 = -1.98 ppm) on PDI2, indicate the presence of aromatic [r--qt] stacking
interactions between PDI2 and the biphenyl units. Meanwhile, large downfield shifts of the signal
for protons D (A8 = +0.29 ppm) and protons F (A§ = +0.37 ppm) are a good indication of polar
interactions between the imide carbonyl groups on PDI2 and XCage*8CF3CO; protons from both
the pyridinium and xylylene moieties. A NOESY spectrum (Figure 4b) confirmed®? the threaded
structure with through-space corrections between protons 2 on PDI2 and protons B, C and D on
XCage*8CF3CO». ESI-MS (Figure S25) confirmed the formation of PDI2 c XCage*8CF;CO: in
water by revealing several peaks clustered around m/z 2000, 1500, 1200 and 1000, corresponding
to different charged states of PDI12 c XCage*8CFsCO: along with the loss of between three and
six CF3CO;2 counterions. An analogous *H NMR spectroscopic experiment, designed to follow

the formation of PDI2 c XCage*8CF3CO- in MeCN, is described in the Supporting Information.

Photophysical Properties

Encapsulation of PDI2 by XCage+*8CFsCO> induces several distinctive changes in photophysical
properties. In the UV-Vis spectra in MeCN, PDI2 shows three sharp absorption peaks at 456, 484,
and 520 nm, corresponding to the non-aggregated state of PDI2. This compound emits a bright
yellow fluorescence with a 66% fluorescence quantum yield. In the presence of XCage*8CF3COy,
both the absorption and emission maxima of PDI2 are red shifted (23-25 nm), whereas the
fluorescence quantum yield remains unchanged. On the other hand, PDI2 is highly aggregated in
water, as indicated (Figure 5a) by the broad absorption peaks® and a low fluorescence quantum

yield (4%).>* Upon the addition of one molar equivalent of XCage*8CFsCO,, the color of the PDI12

v
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solution changes instantly from dark red to bright orange; three distinctive absorption peaks at 472,
504, and 542 nm, the characteristic signature of monomeric PDI in solution, were observed.
Meanwhile, the fluorescence quantum yield of PDI2 c XCage*8CFsCO> in water increases up to
63%, which is close to the brightness of the complex in MeCN. Furthermore, the excitation and
emission maxima of PDI2 c XCage*8CF3CO; are red shifted (9—15 nm), and its fluorescence
lifetime increases from 4.7 to 7.3 ns when compared with PDI12. Notably, the fluorescence of PDI12
c XCage*8CF3CO; remains bright, even at high concentrations (>1 mM) in water, i.e., the
condensed charges on PDI2 c XCage*8CFsCO; prevent it from aggregating.

There is an efficient energy transfer from XCage*8CF3CO> to PDI2 in both MeCN and H:O. In
the excitation spectrum of PDI2 € XCage+*8CF3CO>, we observed a strong excitation peak around
300 nm, where XCage*8CF3sCO; absorbs light. Remarkably, in MeCN, the fluorescence intensity
of PDI2 c XCage*8CF3COy, as a result of energy transfer, is 150% higher than that of the complex
under direct excitation at 542 nm, suggesting a superior antenna effect. In water, the energy transfer
process (Figure 5d) produces 86% of its original fluorescence intensity. By comparing the
fluorescent emission of XCage*8CF;CO; and PDI2 c XCage*8CF;CO; at 350-525 nm, the

energy transfer efficiencies are determined to be quantitative in MeCN and 90% in water.

Binding Kinetics and Thermodynamics

The changes in optical properties induced on PDI2 ¢ XCage*8CF3CO, complex formation enable
a facile tracking of the recognition process. The kinetics of threading PDI2 into XCage*8CF3;CO>
in water was tracked by turn-on fluorescence as a function of time. The kinetic profile was fitted
to a second order kinetic model and revealed kon = (4.8 £1.1) x10° M !s%, The half-life at 0.1 pM

was calculated to be 21 s. Such rapid complex formation of PDI12 c XCage*8CF3CO: in water is
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remarkable when one considers the threading process that involves the chain end of mPEG2o00
polymer finding a “correct” cavity entrance and then exiting at the right opening of the tricyclic
cage. This observation agrees with the reported literature®>’ that threading a PEG polymer
through a macrocycle is rapid in water.

The binding constants (Table 1) were determined by fluorescence titration and isothermal titration
calorimetry (ITC). Displacement titration experiments monitored by fluorescence® were
performed in order to determine the high binding affinity between PDI2 and XCage*8CF3;COx. In
MeCN, binding of XCage*8CF:CO, was tested first of all using Perylene as a substrate. Its
binding constant was found to be in the order of 10 M, which is similar in magnitude to that of
ExCage®**6PFs and about 86 times higher than that of ExBox**4PFg.232° Next, we performed a
competitive experiment, starting with a solution of XCage*8CFzCO- and 50 molar equivalents of
Perylene. PDI2 was titrated into the MeCN solution to displace Perylene from the cavity. The
displacement titration was monitored by turn-on fluorescence and yielded a binding constant in
the vicinity of 10° M1, The binding affinity between XCages8CFsCO; and PDI2 in MeCN is too
high to be evaluated by ITC, and only the binding enthalpy could be extracted from the isotherm.
The Gibbs free energy was estimated from fluorescent titrations which also provide a TAS value.

The formation of PDI2 c XCage*8CF3CO> in MeCN is mainly driven by favorable enthalpy with

a small contribution from positive entropy. Compared with the binding of Perylene towards
XCage*8CF3CO2, PDI2 shows a similar positive AS and also enjoys a more negative AH, which
originates from the additional [C=0 --N*] ion-dipole interactions.

In order to evaluate the affinity between XCage*8CF3CO, and PDI2 in water, we selected
Caffeine as a competitor, considering its good solubility and structural similarity to PDI. The

binding constants determined from both the fluorescence titration and ITC yielded similar results
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that are in the order of 10° M™%, The binding constant between PDI2 and XCage*8CFsCO; in water
was subsequently measured in the presence of 1000 molar equivalents of Caffeine. As evaluated
by the fluorescence titration, the binding constant between PDI2 and XCage*8CFsCO, was

determined to be 7.7 x10° M, i.e., K4 = 13 pM. The formation of PDI2 c XCage*8CFsCO- in

water is enthalpically driven with a small favorable entropic component. The binding enthalpy
observed in water is 4 kcal mol™ higher when compared with that in MeCN, suggesting that the

release of high energy water molecules provides® an extra contribution to the stability of PDI2

XCage*8CF3CO- in addition to the large area [n-n] stacking and ion-dipole interactions. The small
favorable entropy benefits®® from the release of water into the bulk and the structural rigidity of
both XCage*8CFsCO, and PDI2.

In order to illustrate the effect of the extended receptor surface on the affinity enhancement, we
investigated the binding thermodynamics of ExBoxe4Cl — a structure analogue of
XCage*8CF3CO,— towards PDI2 in water. ExBox*4Cl| shows (Figure S48) a binding affinity of
2.0 x 10° M and a binding enthalpy of —7.4 kcal mol™. Compared with ExBoxe4Cl,
X Cage*8CF3COz enhances the binding affinity by a factor of 38,000 and provides twice amount
of binding enthalpy. This observation is in line with the results of surface area overlap analysis,
which reveals that XCage®* provides twice the binding surface area towards the PDI binding core
compared to that of ExBox**. The extended binding surface results in significant gains in binding
enthalpy (AAH = —6.7 kcal mol?), while the loss of binding entropy (TAAS = —0.5 kcal mol?) is
trivial, leading to an obvious deviation® from the enthalpy-entropy compensation plots for
cyclodextrin-guest complexation (Figure S53) and significantly enhanced affinity. These results
prove that cationic cyclophanes with large and rigid binding surface are promising candidates to

achieve high binding affinities in water.
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Fluorescence Imaging Studies

The potential application of these emergent properties was illustrated by fluorescence imaging and
flow cytometry studies with MCF-7 cells, i.e., a human breast adenocarcinoma cell line. PDI2 c
XCage*8CF3CO: is non-toxic to MCF-7 cells and shows >95% cell viability at all concentrations
tested (2.5-50 M) (Figure S54). Live-cell confocal microscopic images of MCF-7 cells were
collected after incubation with 10 piM PDI2 or PDI2 < XCage*8CFsCO; for 6 h. Brightfield-
merged images show (Figure 6a) no fluorescence after treatment with PDI2 and a strong
fluorescence signal after PDI2 ¢ XCage*8CF3CO> treatment. The punctate signal of PDI2 c
XCage*8CF3CO- co-localizes with the lysotracker signal (Figure S58), indicating the lysosomal
localization of PDI2 c XCage*8CF3CO:- inside the cells. The concentration-dependent uptake,
observed by confocal microscopic analysis and flow cytometry studies, shows (Figure 6b and
Figure S57) that the PDI2 c XCage*8CF3CO- could be detected inside MCF-7 cells at incubation
concentrations as low as 0.1 M. These results confirmed the superior fluorescence properties and
high stability of PDI2 c XCage*8CFsCO, complex, even at low concentrations under cell-
imaging conditions.

PDI2 c XCage*8CF:CO> produces (Figure 5d) a similar fluorescence intensity as a result of
efficient energy transfer when compared with the fluorescence by a direct excitation at 540 nm.
Meanwhile, such an energy transfer process endows®! the complex with a large pseudo-Stokes
shift (239 nm). The bright fluorescence and large pseudo-Stokes shift are highly desirable for dual
color imaging investigations®® where a single light excitation can be used to excite two
fluorophores that emit simultaneously in different wavelength regions. For this purpose, we first
of all tested the effectiveness of cell imaging using energy transfer. MCF-7 cells were incubated

with 20 pM PDI2 c XCage*8CFsCO, for 6 h and the live-cell fluorescence imaging was
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performed by widefield microscopy. When PDI2 c XCage*8CF3CO. treated cells were excited
using a DAPI excitation filter (ex: 381-399 nm), a bright fluorescence signal was detected (Figure
6¢) with a TRITC emission filter (em: 571-617 nm). As a control, 20 UM PDI2 treated cells did
not show any fluorescence signal. Next, we tested the dual-color imaging, following incubation of
MCEF-7 cells with PDI2 c XCage*8CFsCO> and Hoechst 33342 stain (Hoechst), a widely used
nucleus stain with excitation and emission peaks at 350 and 461 nm, respectively. The micrograph
(Figure 6d) was obtained with a single DAPI excitation filter (ex: 381-399 nm) and two emission
filters: DAPI (em: 411-459 nm) for Hoechst, and TRITC (em: 571-617 nm) for PDI2 c
XCage*8CF3CO>. The Hoechst stain was localized in the nucleus and visualized as a blue color.
Meanwhile, PDI2 ¢ XCage*8CF3CO> was visualized as the red punctate signals. These results
demonstrate that the large pseudo-Stokes shift produced by efficient energy transfer can be utilized
to achieve two-color channels imaging by a single light excitation, a procedure which has been
explored previously with mutated fluorescent proteins®? and synthetic dyes® that have large Stokes
shifts. This property is highly desirable for the simultaneous study of two biological processes with
advanced microscopic techniques, such as dual-color, single-laser fluorescence, cross-correlation

spectroscopy® and multicolor stimulated emission depletion microscopy®-6¢.

CONCLUSIONS

An octacationic tricyclic cyclophane XCage*8CF3CO, has been designed and synthesized.
XCage?* shows high complementary stereoelectronic binding towards PDI in water with
picomolar affinity. The ultrahigh affinity of the complex is sustained by a blend of the hydrophobic
effect as well as aromatic [x --qt] stacking and ion-dipole interactions. This investigation proves

that cationic cyclophanes with large and rigid surfaces are promising receptors for achieving high

2
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binding affinities in water. Meanwhile, the strong-affinity binding pair reported here offers an
orthogonality to existed high-affinity binding pairs that can be used in noncovalent click
chemistry.'3

The encapsulated PDI dye results in improved optical properties, increased solubility and efficient
energy transfer. The potential application of these emergent properties was demonstrated by a
single-excitation dual-emission imaging of living cells with PDI2 < XCage*8CFs:CO, and
Hoechst stain. While this research illustrates the bioimaging application of PDI2 c
XCage*8CF3CO, it is worth emphasizing that there is a multitude of applications of PDI in
various other scientific fields as well. The high affinity and exceptional optical properties of PDI12
c XCage*8CF3CO> provide a new starting point for the manipulation of PDI dyes with an eye to
a wide range of applications in the fields of single-molecule electronics,®”-% photonic device,”

materials science,® and molecular biology.*

EXPERIMENTAL SECTION

Synthesis of XCage*8CF3CO>

A solution composed of TPBP (120 mg, 0.26 mmol), pyrene (315 mg, 1.60 mmol) and
tetrabutylammonium iodide (20 mg, 0.05 mmol) in CHCIs (20 mL) was added to a solution of
TBe4PFs (450 mg, 0.26 mmol) in MeCN (250 mL). The reaction mixture was heated at 85 °C for
3 days. After cooling to room temperature, tetrabutylammonium chloride (500 mg, 1.8 mmol) and
CHCIs (300 mL) were added to the reaction mixture, the yellow precipitate was isolated by
filtration and then dispersed in MeOH (100 mL). Celite (5g) and TFA (2 mL) were added, and the

solvent was removed by vacuum. The remaining solid was loaded onto Combiflash flash
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chromatography system and purified by reverse Cig columns using 0-25% MeCN/H20 with 0.1%
TFA as additive. Fractions containing the product were combined and MeCN was removed by
vacuum. The remaining aqueous solution was extracted by continuous liquid-liquid extraction for
48 h until the yellow solution became colorless. Water was removed and the residue was further
purified by reverse C1g chromatography using 0—15% MeCN/H20 with 0.1% TFA as additive to
obtain XCage+8CF3CO; as a white solid (150 mg, 26% yield). *H NMR (500 MHz, CD3OD) §
9.15-9.09 (m, 16H), 8.81 (t, J = 2.0 Hz, 8H), 8.66 —8.61 (m, 16H), 8.56 (q, J = 1.4 Hz, 4H), 7.75
(d, J = 2.5 Hz, 16H), 6.00 — 5.83 (m, 16H). 3C NMR (125 MHz, CD30D) 5 159.9, 159.6, 154.5,
144.1, 138.9, 136.4, 135.3, 130.2, 128.6, 127.5, 125.5, 117.1, 114.8, 63.4. HRMS-ESI (m/z) for
XCage*8CF3CO2: Calcd for CiosH7eF18NsO12*": m/z = 1009.7659 [M-2CFsCO2]**; found

1009.7688 [M—2CF3CO,]**.
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Captions for Figures

Figure 1. (a) Synthesis of XCage*8CF3:CO,. (b) Solid-state superstructures of Perylene c

oNOYTULT D WN =

XCage®* obtained from single-crystal X-ray crystallography. Counterions and solvents are omitted

for the sake of clarity

Figure 2. Substrates molecules evaluated in the present study. Perylene and caffeine are used as
20 competitive substrates for displacement studies. PDI2 has been modified with polydispersed PEG

22 chains to enhance its solubility in water

29 Figure 3. (a) Plan and (b) side-on views of the solid-state superstructure of PDI1 c XCage®*
32 obtained from single-crystal X-ray crystallography. (c) Surface-area overlap analysis of PDI1 c

34 XCage?*. Half of XCage®* is deleted for the sake of clarity. Green: roof or floor; yellow: pillar
units; Red: total area of the PDI core; Dark red: overlapping area. (d) [N --O=C] ion-dipole

39 interaction distances in PDI1 c XCage®*. (e) Electrostatic potential map of the PDI core

48 Figure 4. (a) *H NMR (500 MHz, D20, 25 °C) spectra of PDI2 (top), PDI2 c XCage*8CFsCO,
51 (middle), and XCage*8CF3CO2 (bottom). (b) *H-'H NOESY (500 MHz, D20, 25 °C) of PDI2 c

XCage*8CF3CO:s.. Protons labels are shown in Figure 1 and Figure 2. All samples were measured

56 at 1.5 mM concentration
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Figure 5. (a) Absorption and (b) emission (ex: 440 nm) spectra of PDI2 (blue) and PDI2 c

XCage*8CF3CO- (red) in water: inserts show aqueous solutions of PDI2 (left) and PDI2 c

XCage*8CF3CO:> (right) under day light and UV light (ex: 365 nm). (c) Emission spectra (ex: 290

nm) of PDI2 (blue) and PDI2 c XCage*8CF3CO: (red) in water. (d) Excitation spectra (em: 600

nm) of PDI2 (blue) and PDI2 c XCage*8CF3CO> (red) in water

Figure 6. (a) Brightfield-merged micrograph of MCF-7 cells treated with PDI2 and PDI2 c
XCage®*. Images were obtained using a 514 nm confocal laser with an emission window in the
range of 530-580 nm. Scale bar: 20 m. (b) Concentration dependent uptake of PDI2 c XCage®*
by MCF-7 cells analyzed by flow cytometry (ex: 552 nm) in the PE-Cy5 channel (em: 656684
nm); MFI represents mean fluorescence intensity. (c) Fluorescence micrograph of MCF-7 cells
with PDI2 and PDI2 c XCage®*. Images were obtained using a DAPI excitation filter (ex: 381
399 nm) and a TRITC emission filter (em: 571-617 nm). (d) Dual-color micrograph of MCF-7
cells with Hoechst and PDI2 ¢ XCage®*. Images were obtained using a single DAPI excitation
filter (ex: 381-399 nm) and two emission filters: DAPI emission filter (em: 411-459 nm) and

TRITC emission filter (em: 571-617 nm). Scale bar: 25 pm
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Table 1. Binding Constants and Thermodynamic Data at 25 °C?

15 Ka/ M AG AH TAS
17 Entry Solvent Guest
18 Fluorescence ITC kcal mol™

21 1 MeCN Perylene 5.0 x10° 3.6x10° -89° 6.9 2.0
24 2 MeCN PDI2 3.5 x10° NDP -13.0¢ -10.2 2.8
27 3 H.O  Caffeine 1.2 x10° 15x10° -71° -86  -15

29 4 H,0 PDI2 7.7 x10% NDP 1489 -141 07

33 2 The standard error is presented in Supporting Information. ® Not determined. ¢ Directly
determined by ITC. 9 Estimated from fluorescence titrations
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