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Abstract

Self-assembly of ligand 1 and Pd(NO3), delivers Fujita-type metal organic polyhedron (MOP) 3
which bears 24 covalently attached methyl viologen units on its external surface as evidenced

by 1H NMR, DOSY NMR, electrospray mass spectrometry, TEM, and AFM measurements. MOP
3 undergoes non-covalent complexation with cucurbit[n]urils to yield MOPs 4 — 6 with diameter ~
5-6 nm. MOP 5 can be fully loaded with doxorubicin prodrug 2 via hetero ternary complex
formation to yield 7. The MOPs exhibit excellent stability toward neutral to slightly acidic pH in
10 mM sodium phosphate buffer mitigating the concern of disassembly during circulation. The
results of MTS assays show that MOP 7 is 10-fold more cytotoxic toward HelLa cells than
equimolar quantities of doxorubicin prodrug 2. The enhanced cytotoxicity can be traced to a
combination of enhanced cellular uptake of 7 and DOX release as demonstrated by flow cytometry
and confocal fluorescence microscopy. The confluence of properties imparted by the polycationic
MOP architecture and plug-and-play CB[n] complexation provides a potent new platform for drug
delivery application.
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Introduction

A major thrust in chemistry, biology, and medicine in the past two decades has been the
development of new drug delivery systems that improve drug efficacy and decrease side
effects by controlling their pharmacokinetic and biodistribution profiles.12 Accordingly,
various drug delivery systems such as protein-drug conjugates, polymer—drug conjugates,
polymersomes, nanomicelles, dendrimers, polymeric nanoparticles, and noble metal
nanoparticles have been explored for cancer therapy and imaging.3#:> Some of these drug
delivery systems take advantage of the enhanced permeability and retention (EPR) effect
whereas others incorporate targeting ligands.2:6 Despite these advances, the clinical
application of some first-line chemotherapy drugs like doxorubicin is limited by significant
cardiotoxicity and rapid clearance.”-® One strategy to reduce toxicity toward normal cells is
the development of prodrugs whose cytotoxicity is activated only in a tumor
microenvironment (e.g. cathepsin B expression, acidic cytosol).32 Unfortunately, some
doxorubicin prodrugs undergo sluggish cellular internalization which hampers their
efficacy.10 In this paper, we seek to combine the desirable structural properties of a
nanoscale metal-organic polyhedron scaffold with those of a doxorubicin prodrug (2) self-
assembled v7a host-guest assistance with cucurbit[8]uril.

In recent years, supramolecular chemists have used self-assembly processes to prepare
functional self-assembled architectures of nanoscale dimensions driven by metal-ligand
coordination interactions.1112.13 The integration of metal-ligand coordination assemblies
with biological systems, particularly for drug delivery and diagnosis, is substantially less
developed.12:14-16 previously, Stang, Chi, Therrien and others have reported the anticancer
activity of supramolecular coordination complexes.}” The use of supramolecular
coordination cages as anticancer drug delivery vehicles was first reported by Therrien.15:18
Recently, Lippard reported a well-defined supramolecular system (a Pt(I1) metallacycle) as a
drug delivery vehicle to deliver a Pt(I1) prodrug to cancer cells.} It is known that particle
size influences the clearance rate of nanoparticles from the bloodstream, therefore compared
to smaller sized coordination complexes studied previously (< 1.5 nm), we believe the larger
sized supramolecular structures (* 5-6 nm) studied here should display slower renal
clearance and longer circulation which would be useful for theranostic applications and
enhanced tumor uptake by the EPR effect.>8 Previously, the Fujita group has developed
powerful strategies to synthesize large roughly spherical assemblies including
cubooctahedral nanocages (Pdq,L 24 composition) by mixing Pd?* and an angular
bispyridine ligand (L).19-20 An attractive aspect of this system is the capability of exohedral
or endohedral cage functionalization via ligand (L) functionalization.1® We envisioned that
these large spherical assemblies, when appropriately functionalized, would prove

complementary to and thereby enrich the toolbox of nanoparticle based drug delivery
vehicles.>8:21.22,23

Specifically, we sought to marry the geometrical features of metal organic polyhedra (MOP)
with the outstanding recognition properties of the cucurbit[n]Juril family which have
unfolded rapidly over the past decade.242°26 For example, CB[n] compounds exhibit
ultratight binding affinity and high selectivity toward cationic guests in water and do so in a
stimuli responsive (e.g. pH, chemical, photochemical, electrochemical) manner.27:28
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Furthermore, the elegant work of Kim, Scherman, and others show that larger CB[n] hosts
(especially CB[8]) display the ability to form homo and hetero ternary (e.qg.
hosteguesteguest) complexes whereby a cationic first guest (e.g. methyl viologen (MV),
Chart 1) promotes the binding of a neutral second guest.26:27:29.30 These CB[8] controlled
systems have been used to advantage in the preparation of supramolecular polymeric
systems for biological and materials applications, chemical sensing ensembles, molecular
machines, non-covalent promotors of biological dimerization, and supramolecular
catalysis.2”:31:32 Given their excellent biocompatibility, other recent efforts have sought to
use CB[n]-type receptors to enhance drug solubility, for imaging applications, and as a drug
reversal agent.31:33 Pioneering work in this area was performed by Yang, Zink, and Stoddart
based on mesoporous silica nanoparticles that are gated by hosteguest recognition
processes.23:34 In this paper, we decorate the external surface of Fujita-type Pd;oL 4 metal
organic polyhedra (MOP) with MV ligands, explore their non-covalent functionalization
with CB[n], and demonstrate their ability to deliver doxorubicin to cancer cells.

Results and Discussion

Synthesis of Ligand (1) and Complexation with CB[n]

The synthesis of MOPs studded with MV units required the synthesis of ligand 1 (Scheme
1). First, methyl bipyridinium iodide was reacted with ethyl-4-bromobutyrate to afford
compound 8 which was hydrolyzed using aqueous HBr to give 9. Suzuki coupling between
3,5-dibromoaniline and pyridine-4-boronic acid gave 10. Carbodiimide promoted amide
bond formation between 9 and 10 gave 1 in 78% yield. The spectroscopic characterization of
all new compounds is given in the Supporting Information.

To determine whether CB[n] complexation with 1 might interfere with MOP formation or
stability, we first studied the complexation with CB[7] and CBI[8]. Diagnostic upfield
shifting for Hr and Hg of ligand 1 when bound to CB[7] or CB[8] (SI, Figure S35 and S36)
indicate that the methyl viologen subunit of 1 is the dominant binding site for CB[7] and
CB[8].25:35.36 CB[8]+1 also maintains its ability to form the ternary charge—transfer complex
CBJ[8]*1-HN as evidenced by UV/Vis spectroscopy and complexation induced changes in
chemical shift (S, Figure S36 and S$46).3

Synthesis and Characterization of MOP 3

Next, we synthesized metal organic polyhedron 3 = [Pd121,4](NO3)72, by heating a mixture
of 1 and Pd(NO3),*2H,0 (0.5 equiv.) at 60 °C in DMSO- ¢ for 24 h (Figure 1a). MOP 3
was characterized by *H NMR, diffusion-ordered spectroscopy (DOSY) and cold-spray
ionization mass spectroscopy (CSI-MS). For example, the 1H NMR spectra (Figure 1b,c)
shows the typical downfield shifting of pyridine protons (H, and Hy) upon formation of 3
(Hg: 8.69 t0 9.42 ppm; Hy,: 7.72 to 8.23 ppm).19 The broadening of the bis(pyridine)
resonances (H, — Hg) reflect their slower tumbling motion with respect to the methyl
viologen units of 3. DOSY NMR (Figure 1d,e) was used to measure the diffusion
coefficients for 3 (D = 3.55 x 10711 m?/s) and 1 (D = 3.20 x 10710 m?%/s). The slower
diffusion of 3 reflects its larger diameter which can be calculated using the Stokes-Einstein
equation as 6.2 nm which agrees with the MMFF optimized structure of 3 (SI, Figure S61 &
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Table S1). CSI-MS provided further structural evidence of 3 following anion exchange from
nitrate (NO3™) to triflate (OTf™) via observation of a series of prominent ions [M-x(OTf)
+)yDMSO]**(x =15-40) which can be traced to the parent ion of 3 = [Pd12154](OTf)75 (S,
Figure S23) with molecular weight of 17443.56 amu. MOP 3 is highly cationic (72+) due to
its twelve Pd2* ions and 24 pendant methyl viologen units which promote aqueous
solubility. Accordingly, a DMSO-gg solution of 3 was dialyzed against D,O (MWCO =
3500) for 24 h to afford an aqueous solution of 3. MOP 3 can be isolated in solid form by
removal of DMSO under high vacuum or by addition of EtOAc to the DMSO solution.

The H and DOSY spectra (SI, Figure S25 & S27) recorded for MOP 3 in D,0 are
analogous to those measured in DMSO which establishes both the size (6.2 nm) and stability
of 3 in water.

Capping of MOP 3 with CBJ[n]

After having firmly established the structure of 3 we turned to an investigation of its
supramolecular chemistry with CB[n] (n = 7, 8). Treatment of MOP 3 with CBJ[7] (24
equiv.) in D,0 resulted in significant 1TH NMR upfield shifts for H¢ and Hg (8.45&8.3310
6.99 ppm) of the pendant methyl viologen units which reflects their inclusion in the
anisotropic shielding region of CB[7] (Figure 2a,b).3 Figure 1a shows a molecular model of
MOP 4 = [Pd12(1*CB7)24](NO3)72. The DOSY NMR for 4 (Figure 2e) clearly shows a
single band at D = 9.55 x 10~ m?/s; in contrast free CB[7] diffuses much faster (D = 5.0 x
10719 m%/s, SI Figure S30) which indicates that the CB[7] molecules are bound to the MV
units studding the nanosphere. The UV/Vis titration of 3 (2.0 uM) with CB7 (0 — 30 pM)
shows a decrease in absorbance at 274 nm which is diagnostic for CB7sMV complexation
(SI, Figure S45). The plot of absorbance versus CB[7] concentration could be fitted to a 1:1
binding model (K, = (1.6 + 0.7) x 108 M~1) assuming all 24 binding events are independent.
The plot shows a plateau at a MOP 3:CB[7] stoichiometry of 1:24 which allowed us to
calculate that >90% of CBJ[7] is bound to MOP 3 under these conditions. Remarkably, a
comparison of the DOSY spectra of 3 and 4 (Figure 2d,e) indicates that the complexation of
24 MV units by CB[7] does not increase the hydrodynamic diameter of MOP 4 (5.2 nm)
even though molecular weight increases by 27911 amu! In contrast, the diameter of MOP 4
(d = 5.2 nm) decreases by ~ 1.0 nm compared to MOP 3 (d = 6.2 nm) as evidenced by
DOSY NMR (SI, Table S1). We attribute this smaller diameter to hydrophobic interactions
between the outer surface of CB7 and the aromatic scaffold of the MOP.

Despite numerous attempts we were unable to grow single crystals of sphere 4. However, we
were successful in visualizing MOP 4 by transmission electron microscopy (TEM) which
revealed both the size (4-5 nm diameter) and spherical shape of individual MOPs upon
deposition of aqueous solution of 4 on carbon coated Cu grids (SI, Figure S55).
Furthermore, we obtained atomic force microscopy (AFM) images of 4 deposited on a
freshly cleaved mica surface which showed particles with a height of 5-6 nm above the
surface, consistent with the anticipated diameter (SI, Figure S59). The non-covalent CB[7]
caps on the MV studded surface of 4 can be reversed in a stimuli responsive fashion26:27 by
the addition of adamantane ammonium (ADA) to regenerate 3 along with the ultratight
CB[7]*ADA complex (Figure 2c).
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In a similar manner, we capped the MV studs of 3 with CB[8] to afford MOP 5 =
[Pd12(1-CB8),4](NO3)7, (Figure 3a). As expected, the Hy and Hg protons exhibit an upfield
shift (A8 ~ 0.7 ppm) upon complexation with CB[8] (Figure 3b,c) whereas H;j which is
located near the deshielding ureidyl C=0 portals moves slightly downfield. DOSY NMR
establishes that the MOP and CB[8] units in 5 diffuse at the same rate (D = 8.91 x 10711
m?2/s) which is much slower than free CB[8] (D= 3.16 x 10710 m?/s, S| Figure S34)
indicating that the CB[8] molecules are non-covalently attached to nanosphere 3. We
visualized 5 by both TEM and AFM microscopy. TEM images (Figure 4a) show the
spherical shape of the particles with an average diameter of 5.2 nm (SI, Figure S56). The
particle height observed by AFM images of 5 (* 5.5 nm, Figure 4b) is consistent with the
MMFF minimized diameter of 5 (SI, Figure S63).

Hetero ternary complexation with MOP 5

Given the ability of CB8*MV to form hetero ternary complexes with various second guest
molecules,26:27.29.35 we envisioned that 5 would be useful for the complexation of payloads
on its CB[8] studded surface. As proof-of-principle we choose the well known second guest
2,6-dihydroxynaphthalene (HN). Accordingly, we monitored the addition of HN (24 equiv.)
to an aqueous solution of 5 by both 1H NMR and UV/Vis spectroscopy (Figure 3d and 4c)
which yields MOP 6 = [Pd12(1*CB8°HN)»4](NO3)7, (Figure 3a). As expected based on
literature precedent, protons H¢ and Hg of methyl viologen unit and the HN protons undergo
further upfield shifting (to 6.94 and 6.74 ppm) upon hetero ternary complex formation of
MOP 6.3° The formation of 6 is based on charge transfer interactions and accordingly,
UV/Vis titration of 5 (20 uM) with HN (0 — 500 uM) displays a long wavelength absorbance
at 570 nm that is diagnostic for the hetero-ternary complexation (Figure 4c).

Design, Synthesis, and pH-Responsive Behavior of Prodrug 2

The ability of MOP 5 to form hetero—ternary complexes suggested its use as a scaffold for
the delivery of anticancer drugs. We expected that both the size and high charge of 5 would
influence the cellular uptake and trafficking /n vitro and perhaps exhibit the EPR effect when
used /n vivo and show enhanced biodistribution and pharmacokinetics.14:37 For this purpose
we initially explored the complexation of the potent anticancer drug Doxorubicin (DOX)
with 5 but did not observe ternary complex formation by 1H NMR spectroscopy (Figure
S38). As an alternative to a direct complexation strategy, we designed doxorubicin prodrug 2
which features a 2-alkoxynaphthalene substituent covalently connected to DOX. Such 2-
alkoxynaphthalenes are known to form strong ternary complexes (K; = 10° M~1) with
CB[8]*MV.2% Accordingly, we synthesized 2 in four steps as shown in Scheme 1. First, 2-
hydroxynaphthalene was reacted with ethyl-5-bromovalerate to give 11 which was
hydrolyzed by LiOH to give 12. Next, carboxylic acid 12 was transformed into acyl
hydrazine 13. Lastly, 13 and DOX were treated to give acyl hydrazone doxorubicin prodrug
2.

To minimize side effects and exhibit maximum therapeutic efficacy, it is imperative that 2
releases DOX after internalization by cancer cells. The design of 2 capitalized on the more
acidic environment of cancer cells and the acid labile nature of the hydrazone bond of 2. The
UV/Vis spectrum of 2 is quite similar to free DOX but the fluorescence emission of 2 is
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reduced 2.6-fold relative to DOX (SI, Figures S47 and S48).38 To test the pH
responsiveness, 2 (20 pM) was incubated in 10 mM sodium phosphate buffer at pH 7.4 and
10 mM sodium acetate buffer at pH 6.5, 5.5 & 4.0 and the fluorescence emission spectra was
measured for 5 h (SI, Figures S51 — S54). Figure 4d shows a plot of fluorescence emission
intensity at 597 nm as a function of incubation time and pH. At pH 7.4 no release of DOX
was observed after 5 h whereas 55% and 80% of DOX were released at pH 6.5 and 5.5,
respectively. At pH 4.0, >90% of DOX was released from 2 within 3 h establishing the pH
responsiveness of 2 at endo- and lysosomal pH of cancer cells. In this manner, 2 is expected
to deter release of DOX during circulation and promote its release only after cellular uptake
which should enhance its efficacy.

Loading MOP 5 with Prodrug 2

Next, we decided to load MOP 5 with DOX as cargo in the form of prodrug 2 (inherent D,O
solubility (830 pM). Accordingly, 5 was treated with 24 equiv. of 2 in D,0 to give MOP 7 =
[Pd12(1°CB8#2),4](NO3)72. TH NMR shows that the naphthalene protons of 2 undergo
upfield shift (Figure 3e) to 6.72 ppm (similar to that observed for [CB8M V2], Sl Figure
S39) which reflects the binding of 2 to 5 based on CB8*MVeHN type hetero ternary
complexation as shown in Figure 3a. The presence of a strong UV/Vis absorbance for 2 at
500 nm complicates monitoring of the appearance of the charge transfer band for 7.
However, quenching of fluorescence emission (Amax = 370 nm) of the naphthalene unit of 2
within assembly 7 confirms the formation hetero-ternary complex (Sl, Figure S50).3°
Importantly, DOSY NMR (SI, Figure S41) shows that MOP 7 diffuses at same rate (D =
6.31 x 10711 m2/s) observed for 5. Moreover, we visualized MOP 7 by TEM which revealed
both the size and spherical shape of MOPs upon deposition on carbon coated Cu grids. The
particle size was measured to be 5.4 nm (SI, Figure S57).

As a control experiment we tested the ability of uncapped MOP 3 to bind DOX and its
prodrug 2 within the cuboctahedral cavity. DOSY NMR (SI, Figure S43 & S44) of
equimolar mixture of MOP 3 and DOX or MOP 3 and 2 establish that both DOX (D = 3.55

x 10710 m2/s)) and 2 (D = 3.16 x 10710 m2/s) diffuse at much faster rate compared to MOP 3
(D = 6.3 x 10711 m?/s). Accordingly, we conclude that neither DOX nor prodrug 2 undergo
complexation inside the large cubooctahedral cavity of MOP 3. The combined inference of
all these experiments supports the depicted structure of 7 promoted by heteroternary
complex formation and further validates the potential of 5 as a new drug delivery vehicle.

Stability and Surface Charge of MOPs

The use of the MOPs in therapeutic or diagnostic applications require high stability under
mildly acidic conditions. Accordingly, we verified the stability of MOP 5 from neutral to
slightly acidic pH by TEM and AFM image. Figure 5¢ shows a TEM image of MOP 5 at pH
5.5 which shows particles of 5.6 nm diameter which is similar to that observed at neutral pH
(vide supra). Similarly, an AFM image (Figure 5d) of MOP 5 at pH 5.5 shows particles of
5.8 nm height. We also established the stability of MOP 7 in 10 mM sodium phosphate
buffer at pH 7.4 by 1H and DOSY NMR (D = 5.62 x 10~ m?/s, Figure 5a). During /n vivo
studies MOPs will encounter acidic pH environment only after reaching the tumor site. The
excellent stability of MOPs at neutral to slightly acidic pH and in biologically meaningful
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sodium phosphate buffer (10 mM, pH 7.4) strongly suggests MOPs disintegration during
systemic circulation will not occur.

In addition to nanoparticle size, the surface chemistry of nanoparticles plays important role
in influencing cellular uptake,3? the composition of protein “corona” developing around NPs
in vive™ and their suborgan distributions.?2 Decreased size and reduced zeta potential (C)
increases the circulation time by reducing the interaction with host cells.*? MOP 3 is found
to be highly cationic (C = +43 mV). However, upon complexation of the MV studs of MOP
3 by CBJ[7] or CB[8] (e.g. 4 and 5), the C potential decreases significantly. The surface
potential (C) of MOP 4 and MOP5 was measured to be +20.2 mV and +18.6 mV (Figure
5b). We attribute this decrease in ¢ potential to the shielding of the surface charge by
electronegative ureidyl C=0 portals of CB[n]. The zeta potential of drug loaded MOP 7 was
determined to be 25.0 mV, which is slightly larger than MOP 5 presumably due to the
presence of cationic prodrug 2. The excellent stability, nanoscale size, and reduced zeta
potential of the CB[n] capped MOPs makes them an attractive new candidate for drug
delivery applications.

In vitro Cytotoxicity

A comparative investigation of free 2 versus 2 formulated as part of nanosphere 7 allowed us
to assess the influence of the nanosphere on cellular uptake and cytotoxicity. First we
incubated 2 or 7 with human cervical cancer cells (HeLa) for 1 h up to 12 h. Cellular uptake
was then measured using flow cytometry (Figure 6a). The mean fluorescence intensity
(MF1) of HeLa cells treated with 2 (1 uM) increases from 3.0 to 9.3-fold dependent on
incubation time compared to untreated cells. Under the same conditions, the MFI of cells
treated with 7 ([2] = 1 uM) increases from 5.6 to 16.7-fold compared to untreated cells.
Subsequently, the cellular location of drug was evaluated by confocal fluorescence
microscopy (Figure 6b). HeLa cells were incubated with 2 or 7 for 1 h. Confocal
fluorescence microscopy images demonstrated red fluorescence of DOX in the nucleus as
confirmed by colocalization with the blue fluorescence from the nuclear stain Hoechst
33342. We used the Hoechst 33342 nuclear fluorescence intensity as a reference to quantify
nuclear DOX. The ratio of red to blue fluorescence intensity was measured for 15 nuclei per
image and mean = SEM was calculated as 0.529 + 0.03 and 1.113 £ 0.100 for 2 and 7,
respectively (***p < 0.001, Sl, Figure S66). This two-fold higher drug concentration in the
nuclei for 7 compared to free 2 is in agreement with the two-fold better uptake of 7 than free
2 measured by flow cytometry.

Finally, we evaluated the cytotoxicity of 2 and 7 (Figure 6¢). We incubated HelL a cells with
7 and separately with 2 for 72 h. MTS assays were performed to measure cell viability.
Nanosphere 7 displays significantly higher potency (ICsq = 48 = 8 nM) against HeLa cells
compared to free prodrug 2 (IC5q = 500 £ 110 nM). In fact, the cytotoxicity of 7 is
comparable to free DOX (ICsq = 34 + 11 nM, Sl figure S65) but should display in vivo
characteristics due to longer circulation time and better tumor uptake via the EPR effect.
Importantly, delivery vehicle alone (MOP 5) shows no toxicity against HeLa cells at these
concentrations (SI, Figure S64). We conclude that 10-fold higher cytotoxicity of 7 toward
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HelLa cells is due to a combination of better cellular uptake of 7 and pH triggered DOX
release from prodrug 2 inside HeLa cancer cells.

Conclusion

In summary, we have reported the design, synthesis and evaluation of metal-organic
polyhedron 3 as a (pro)drug delivery vehicle. MOP 3 is studded with 24 methyl viologen
units which enables it to undergo well defined 1:1 host-guest interactions with CB[7] and
CBJ8]. Advantageously, MOP 5 can be loaded with up to 24 molecules of doxorubicin
prodrug 2 by CBJ[8] promoted hetero ternary charge transfer complex formation. The release
of free DOX from 7 occurs by cleavage of the acid sensitive acylhydrazone linkage. MOP 7
is taken up better by HeLa cells than free 2 which results in a 10-fold decrease in the 1Csg
value to 48 nM. Importantly, the cytotoxicity of MOP 7 (ICsq = 48 nM) is comparable to
free DOX (ICgp = 34 nM), which shows that the nanoscale architecture of 7 imparts
improved properties (e.g. uptake) but does not diminish the inherent activity of the drug.
Looking forward, we expect that the larger nanoscale architecture of MOP 7 (~ 5-6 nm) and
related constructs should benefit from longer circulation times /7 vivo and potentially reduce
side effects due to preferential accumulation in tumors due to the EPR effect. Due to large
size and excellent stability in phosphate buffer & slightly acidic to neutral pH, we believe
that the merger between functionalized metal organic polyhedral (MOP) and the recognition
properties of CB[n] molecular containers enables a wide range of applications by virtue of
the plug-and-play nature of the CB[8] induced hetero ternary complexation. For example,
plugging with a multiplicity of prodrugs, fluorophores, PET imaging agents, and targeting
ligands is readily envisaged and will enable (multiply) targeted drug delivery, fluorescence
or PET imaging for diagnostic and theranostic applications with great potential to improve
human health.5>8

Experimental Section

General

Starting materials were purchased from commercial suppliers and were used without further
purification. Melting points were measured on a Meltemp apparatus in open capillary tubes
and are uncorrected. IR spectra were measured on a Thermo Nicolet NEXUS 670 FT/IR
spectrometer by attenuated total reflectance (ATR) and are reported in cm~1. NMR spectra
were measured at 400, 500 or 600 MHz for H and 100 and 125 MHz for 13C using
deuterated water (D,0), deuterated chloroform (CDCls3), or deuterated dimethyl sulfoxide
(DMSO-gg) as solvent. Chemical shifts (8) are referenced relative to the residual resonances
for HOD (4.79 ppm), CHCI3 (7.26 ppm for 1H, 77.16 ppm for 13C), DMSO-a (2.50 ppm
for 1H, 39.51 ppm for 13C). Mass spectrometry was performed using a JEOL AccuTOF
electrospray Instrument for routine sample. CSI-MS was performed using Bruker 12T Apex
IV FT-ICR-MS at the University of Maryland Baltimore County. Transmission electron
microscopy (TEM) was performed on a JEOL JEM 2100. A Digital instruments nanoscope
Il multimode atomic force microscopy was used for surface characterization. Molecular
Modelling (MMFF) was performed using Spartan 08 on a personal computer.
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Compound [1+2NOg3]

Compound 9 (350 mg, 0.638 mmol) and 10 (157 mg, 0.638 mmol) were dissolved in DMF
(15 mL) completely. Then, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (365 mg, 1.91
mmol) and N,N-dimethylaminopyridine (77.6 mg, 0.635 mmol) were added to the solution
sequentially and stirred at RT for 48 h under N,. DMF was removed completely under
reduced pressure and then diethylether (15 mL) was added to the crude solid and sonicated
for 10 min. The mixture was centrifuged to collect the solid material. The crude solid was
then washed with chloroform (3 x 15 mL) by sonication and solid was collected by
centrifugation. Then solid was washed with hot water (3 x 15 mL) using sonication and solid
material was collected by centrifugation to afford compound [1+2PF¢] as a brown solid. The
solid was then dried under high vaccum. Then solid material was dissolved completely in
acetonitrile (5 mL). Then a concentrated solution of (/~Bu);NO3 (1.0 g in 1 mL of
acetonitrile) was added to the solution leading to precipitation. The solid was collected by
centrifugation and further washed with acetonitrile (3 x 5 mL) by sonication. Finally the
solid was collected by centrifugation and dried under high vaccum to afford compound
[1+2NO3] as a grey white solid (90 mg, 30%). M.p. 250-251°C, IR (ATR, cm™1) 2920m,
2850w, 1690s, 1593s, 1546s, 1443m, 1429m, 1407s, 1284w, 1221w, 1141w, 1114s, 1070w,
1029w, 994m, 960w, 885m, 814s. 1H NMR (600 MHz, DMSO-dg): 6§ =10.35 (s, 1H), 9.42
(d, J=6.6 Hz, 2H), 9.23 (d, J= 6.6 Hz, 2H), 8.79 (d, /= 6.6 Hz, 2H), 8.69 (d, /= 6.6 Hz,
4H), 8.67 (d, J= 6.6 Hz, 2H), 7.99 (d, /= 1.2 Hz, 2H), 7.85 (s, 1H), 7.72 (d, /= 6.6 Hz, 4H),
4.80 (t, J= 6.9 Hz, 2H), 4.41 (s, 3H), 2.58 (t, J= 6.9 Hz, 2H), 2.38 (m, J= 7.2 Hz, 2H). 13C
NMR (150 MHz, DMSO-dg): 6 =173.4, 160.5, 150.2, 148.7, 148.2, 146.6, 146.5, 145.9,
139.6, 126.5, 126.0, 121.6, 117.8, 113.2, 60.3, 48.0, 30.2, 26.0. MS (ESI, positive) m/z 242
(100%, [M—2NO3]?H).

Compound 2—Compound 13 (27.0 mg, 103 umol) and doxorubicin hydrochloride (20.0
mg, 34.5 umol) were dissolved in dry MeOH (8 mL) under N». Then trifluoroacetic acid (40
pL) was added to catalyze the reaction which was protected from light with aluminium foil
and stirred for 12 h. Then, the solution was concentrated to a volume of ~1 mL of volume by
rotary evaporation. Dry EtOAc (2 mL) was added to the solution and sonicated for 5 min. A
dark red precipitate was observed. The precipitate was collected by centrifugation. The solid
was dried under high vaccum to give 2 as a dark red solid (22 mg, 78%). M.p. 119-120 °C,
IR (ATR, cm™1) 3190w, 3020w, 2840w, 2638w, 1690s, 1629m, 1600s, 1581m, 1467s, 1389s,
1259s, 1216s, 1180s, 1169s, 1117m, 1029s, 1018s, 985s, 913w, 840s, 814s, 763w, 743s. 1H
NMR (600 MHz, DMSO-g) 6= 10.37 (s, 1H), 7.90-7.84 (m, 2H), 7.76 (brs, 3H), 7.72—
7.67 (m, 3H), 7.55 (d, /=8.4 Hz, 1H), 7.34 (t, /= 7.5 Hz, 1H), 7.23 (t, /= 7.5 Hz, 1H), 7.08
(d, J=2.4 Hz, 1H), 6.97 (dd, J = 9.0 Hz, J= 2.4 Hz, 1H), 5.76 (brs, 1H), 5.44 (brs, 1H), 5.41
(s, 1H),5.31 (d, /= 3.0 Hz, 1H), 4.94 (t, /= 6.6 Hz, 1H), 4.43 (m, 2H), 4.06-3.99 (m, 2H),
3.90 (s, 3H), 3.88 (t, /= 6.0 Hz, 2H), 3.54 (s, 1H), 3.28 (d, /= 17.4 Hz, 1H), 2.76 (d, J=
17.4 Hz, 1H), 2.46-2.43 (m, 2H), 2.38-2.32 (m, 3H), 2.17 (dd, /= 13.5 Hz, J= 6.3 hz, 1H),
1.88 (td, J=12.6 Hz, /= 3.6 Hz, 1H), 1.71 (dd, J= 12.3 Hz, J= 3.0 Hz, 1H), 1.59-1.54 (m,
4H), 4.18-4.16 (m, 4H). 13C NMR (150 MHz, DMSO-a) 6 = 187.0, 186.9, 171.9, 161.3,
157.0, 156.5, 154.9, 136.7, 135.7, 135.2, 134.8, 134.6, 129.7, 128.9, 127.9, 127.1, 126.8,
123.9,120.4,120.2, 119.5, 119.2, 111.2, 111.1, 107.1, 99.7, 75.2, 70.2, 67.6, 66.6, 66.6,
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64.2,57.1, 47.0, 36.8, 33.5, 32.5, 28.7, 22.4, 19.0, 17.2. HR-MS: m/z784.3074 ([M]*, calcd.
for [C42H46N3012]+, 784.3081).

3 = [Pd12124](NO3)72—1 (5.50 mg, 8.99 pmol) was taken in a 2-drum vial and
Pd(NO3)2*2H50 (1.20 mg, 4.49 umol) dissolved in DMSO-dg (250 L) was added.
Additional 250 pL of DMSO-dg was added to the mixture. The reaction mixture was stirred
at 60°C for 24 h to afford the [Pdq214](NO3)7, quantitatively as dark brown solution.
[Pd12124](NO3)7» was characterized by 1H NMR, 13CNMR, CSI-MS, DOSY. Then solution
of [Pd1214](NO3)7, was transferred to a dialysis tube (MWCO 3500) and dialyzed the
solution for 24 h against D,O (every 3 h D,O was replaced fresh D,0O). MP 207-208 °C, IR
(ATR, cm™1) 2962w, 1757s, 1730s, 1640w, 1615w, 1510w, 1391m, 1336m, 1245m, 1222w,
1213w, 1183m, 1025m, 1006m, 831m, 760w. 1H NMR (600 MHz, DMSO-dg) &= 10.38 (s,
24H), 9.42 (brs, 96H), 9.38 (s, 48H), 9.28 (d, J= 6.6 Hz, 96H), 8.79 (s, 48H), 8.75 (d, J=
6.6 Hz, 48H), 8.23 (brs, 168H), 4.75 (brs, 48H), 4.43 (s, 72H), 2.78 (s, 48H), 2.27 (s,

48H). 13C NMR (150 MHz, DMSO-dg) 6= 173.4, 160.7, 151.0, 149.2, 148.7, 148.2, 146.7,
145.9, 136.4, 126.5, 126.1, 124.4, 118.3, 114.9, 60.3, 48.0, 30.2, 26.7 ppm. [Pd12154]
(NO3)72 was treated with excess NaOTf (100 equiv.) in water to afford [Pd12124](OTf)7, and
subjected to mass instrument. CSI-Ms (m/z): 1483.5 [Pd12154](OTf)s7 + 10DMSO]5*,
1396.5 [Pd12154](OTf)sg + 13DMSO]L6*, 1311.6 [Pd12154](OTH)s5 + 14DMSO]L*, 1224.6
[Pd12154](OTH)s4 + 13DMSO]18*, 1139.6 [Pd12154](OTf)s3 + 10DMSO]L9*, 1052.6
[Pd12124](OTH)s5, + ADMSO]20F, 1025.6 [Pd12124](OTH)s1 + 12DMSO]2, 967.6 [Pd12154]
(OTf)50 + 11DMSO]?2*, 938.6 [Pd12154](OTf)4g + 17DMS0]%3*, 880.7 [Pd12124](OTHag
+ 13DMSO0]24*, 852.7 [Pd12154](OTF)a7 + 17DMSQ]?>*, 795.7 [Pd12124](OTH) 46

+ 11DMS0]?6*, 708.8 [Pd12194](OTf) 44 + 4DMS0]?8*, 681.7 [Pd12194](OTH) 42

+ 15DMS013%*, 633.5 [Pd12194] (OTf)4g + 17DMS0]32*, 580.0 [Pd12124](OTF)3g

+ 14DMSO0]34*, 538.8 [Pd12194] (OTf) 46 + 14DMS0]36+, 509.8 [Pd12124](OTF)34

+ 17DMSO0]38*, 450.9 [Pd1,154](OTf)3, + 4DMSO]40*.

Cell Culture—HeLa cells were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco Corp) with 10% feral calf serum (FCS, ATLANTA biologicals) and 1% penicillin/
streptomycin (Pen/Strep, Gibco Corp) at 37°C and 5% CO,.

Uptake of 2 and 7 = [Pd12(1°CB82)24](NO3)7o—The efficiency of drug delivery of 5=
[Pd12(1+CB8)24](NO3)7, was evaluated by flow cytometry. HeLa cells were plated at 2x10°
cells/well in 24 wells plate overnight (TPP, Switzerland). Cells were then incubated for 1, 3,
6 or 12h with 1 uM of 2 or 7. Untreated cells were used as control. Cells were detached and
washed three times with Dulbecco’s Phosphate Buffer Saline (DPBS, Gibco Corp). Red
fluorescence was analyzed using a 585/42 emission filter of a Canto Il flow cytometer (BD
bioscience). Results were expressed as the fold of the Mean Fluorescence Intensity (MFI)
obtained versus those of untreated cells (equation 1).

Fold MFTI untreated = MFIgmple/MFLintreated (1)
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Cytotoxicity of 2 and 7 = [Pd12(1*CB8¢2),4](NO3)7o—The cytotoxicity of 2 and 7
were evaluated using CellTiter 96 aqueous nonradioactive Cell proliferation Assay (Promega
Corporation). First, 5 x 103 HeLa cells/well were plated overnight in a 96 well plate
(Corning). Then cells were incubated for 72h with a concentration range of 2 or 7 from
0.0001 uM to 50 uM. Cells were washed 3 times with DPBS and then MTS solution was
added for 1h. Absorbance at 490 nm was measured. Percentage of viable cells was
calculated using an untreated group as control using equation 2:

Cell viability (%)= (ABSsample/ABSuntreated) X 100 @)

Statistical analysis—Data and error bars for uptake and cytotoxicity studies represent the
mean + SEM of at least 4 independent experiments. Statistical analyses for comparison
between 2 and 7 were carried out using Student’s #test. Results with p < 0.05 were
considered significantly different. Curve fitting of the cytotoxicity data was performed using
Graph Pad Prism 6.0. Best nonlinear regression curve-fittings were chosen by evaluating R?,
sum of square and the standard deviation of residuals.

Confocal Fluorescence Microscopy—2 x 10* HeLa Cells/well were seeded overnight
on 24 wells plate containing glass coverslips. Then cells were incubated for 1h with 5 uM of
2 or 7 and 25 pg/mL of transferring alexa 488 (Molecular Probe, Life Technologies). Cells
were washed 3 times in DPBS and fixed for 15 min with 4% paraformaldehyde. Cells nuclei
were stained with Hoechst 33342 for 15 min. Coverslips were mounted on glass slides and
observed using a Leica SP5X confocal microscope. Images were acquired using the same
parameters for all samples. Quantification of red fluorescence intensity and blue
fluorescence intensity were performed using Fiji, scientific image processing application
based on ImageJ. Ratio of red fluorescence intensity and blue fluorescence intensity was
performed for 15 nuclei per image.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a) Self-assembly of metal organic polyhedron 3 in DMSO and non-covalent capping with
CBJ[7] to yield MOP 4 in D,0O. The depicted structures were rendered based on the MMFF
minimized structures. 'H NMR spectra recorded (600 MHz, DMSO-a, RT) for b) 1 and c)
3. 2D 1H DOSY NMR spectra recorded (600 MHz, DMSO-a, RT) for: d) 3and e) 1.
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Figure2.
1H NMR spectra recorded (600 MHz, D20, RT) for: a) 3, b) 4 and c) 4 with 24 equiv. of

ADA. 2D 1H DOSY NMR spectra recorded (600 MHz, D20, RT) for d) 3, and e) 4.
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Figure 3.
a) Sequential self-assembly of the methyl viologen units of MOP 3 as first guest with CB[8]

to yield MOP 5 followed by hetero ternary complex formation with HN or 2 to yield MOP 6
and MOP 7. H NMR recorded (600 MHz, D,0, RT) for: b) 3, ¢) 5, d) 6, and e) 7.
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a) TEM image of 5 and the statistical distribution of particle size of 5. b) AFM image of 5
and its height profile. ¢) UV-Vis titration of 5 (20 pM) with HN (0 — 500 pM) in water. d)
Plot of change in fluorescence intensity at Amax = 597 nm versustime after incubating 2 in

buffer at pH 7.4, 6.5, 5.5, and 4.0.
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Figureb.
(a) DOSY NMR of MOP 7 in sodium phosphate buffer (10 mM) at pH 7.4. (b) Zeta

potential of MOP 3, MOP 4, MOP 5 & MOP 7. (c) TEM image of MOP 5 at pH 5.5. (c)
AFM image of MOP 5 at pH 5.5 and its height profile (1 & 2).
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Figure 6.

a) Plot of normalized mean fluorescence intensity (MFI) versus incubation time derived
from flow cytometry experiments (N = 4) for HeLa cells treated with 2 (1 uM, o) or 7 ([2] =
1uM, B) for 1, 3, 6 or 12 h. b) Confocal fluorescence microscopy of HeLa cells treated with
2 (5 uM) or 7 ([2] = 5 uM) at 40x magnification. Scale bar = 30 um. c) Results of MTS
assay for HeLa cells treated with 2 (0) or 7 (H). Curve fitting of cytotoxicity data for 2 (—e
=) and 7 (se) yielded £Csq values of 500 + 110 nM and 48 + 8 nM, respectively (N = 15).
*p < 0.05, **p < 0.01, ***p < 0.001.
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Scheme 1.

Synthesis of 1 and 2. Conditions: (a) ethyl-4-bromobutyrate, CH3CN, 70 °C, 4 d, 40%; (b) 2
M HBr, H,0, 2 d, NH4PFg, 80%; (c) Pd(PPh3)4, K3PO4, HoO/1,4-dioxane (1:1), 80 °C, 4 d,
72%; (d) 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, DMAP, DMF, 2 d, (1~
Bu)4NNO3, CH3CN, 30%; e) Ethyl-5-bromovalerate, K,CO3, CH3CN, 70 °C, 24 h, 82%; f)
LiOH, THF/H,0 (1:1), 70 °C, 24 h, 1 M HCI, 90%; g) 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide, 1-hydroxybenzotriazole, CH3CN, 3 h, NoH,4 in CH3CN 0—10 °C, 3 h, 65%; h)
Doxorubicin hydrochloride, trifluoroacetic acid, MeOH, 12 h, room temperature, 78%.
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Chart 1.
Chemical structures of compounds used in this study.
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