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Abstract

Mixed self-assembly of ligands 1 and 2, PXDA (3), and Pd(NO3), afforded metal organic
polyhedra (MOP 1 — MOP 3) which bear 24 covalently attached CB[7] and cyclooctyne moieties.
Post assembly modification (PAM) of MOP 3 by covalent strain promoted alkyne azide click
reaction provided MOP 4R bearing covalently attached functionality (PEG, sulfonate, biotin, c-
RGD, fluorescein and cyanine). Orthogonal CB[7] guest mediated non-covalent PAM of MOP 4R
with Ad-FITC afforded MOP 5RGD Ad-FITC and MOP 5biotingo20Ad-FITC. Flow cytometry
analysis of the uptake of MOP 5RCD Ad-FITC toward U87 cells demonstrated improved uptake
relative to control MOP lacking c-RGD ligands. These results suggest a broad applicability of
orthogonally functionalizable (covalent and non-covalent) MOPs in targeted drug delivery and
imaging applications.
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Introduction

Metal organic polyhedra (MOPSs) have emerged as an outstanding scaffold to prepare novel
assemblies for materials and biomedical applications due to their defined size, shape, and
multivalency.[2~3] For example, MOPs feature prominently in supramolecular catalysis,
chemical sensing, transmembrane channels, theranostics, storage, hydrogels, and are
considered for antibody-drug conjugates.[?: 4-141 Functionalization of MOPs is an essential
step toward expanding their structural and functional complexity. Unfortunately, the co-self-
assembly of mixed MOPs from collections of complex ligands is a daunting task that is
often unsuccessful. For this reason, scientists in the metal-organic framework[1%: 161 and,
more recently, the MOP field have employed post-assembly modification (PAM)[17: 18] a5 3
strategy to increase MOP functionality while preserving the potentially labile (e.g. toward
metal catalysts or harsh reaction conditions) supramolecular frameworks.[1: 2. 19. 201 Tg date,
only a handful examples of the PAM of MOPs have been reported.[21-27] For example, Stang
and co-workers[23] first demonstrated the use of the strain promoted alkyne-azide click
(SPAAC)IL7. 23, 28] reaction to functionalize preformed self-assembled metallacycles.
Nitschke and coworkers[?1: 22] demonstrated the tetrazine—based inverse electron-demand
Diels Alder reaction to perform the PAM of iron based cages. Although MOPs based on
inert metal-ligand (Pt-N and Cu—0)[23. 24. 27] and labile but chelating metal-ligand (Fe-bpy
type)[29: 30 interactions have been shown to withstand various PAM reactions, the covalent
PAM of Fujita-type MOPs involving dynamic metal-ligand interactions (e.g. Pd—N) has not
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been so far explored.[31-33] We envisioned that the simultaneous orthogonal covalent
SPAAC and non-covalent host-guest functionalization of MOPs would be a particularly
powerful route to obtain complex MOP architectures. As the host component we decided to
use cucurbit[n]uril (CB[n]) containersl34-37] because of their tight host-guest complexation,
[36] biocompatibility, and their successful incorporation in relevant chemical and biomedical
applications.[38-47]

For example, pioneering work by Stoddart, Zink and Yang demonstrated that the excellent
recognition properties of CB[n] can be integrated with nanoparticles (e.g. mesoporous silica)
for materials and biomedical applications.[8: 491 Joining a small number of reports on the
theranostic applications of MOPs,[50-52] we recently reported that CB[n]-functionalized
Fujita—type cubooctahedral MOPs can be used to deliver a doxorubicin prodrug and nile red
dye to HelLa Cells.[”: 81 We describe herein the dual (covalentand non-covalenf) PAM of a
Fujita-type cubooctahedral MOP (Pdq,L24) using covalent SPAAC and non-covalent CB[7]
host-guest interactions to tailor a MOP for biomedical application by incorporating both
targeting ligands and dyes. We refer to this dual PAM as the “click-and-clack” approach.! To
the best of our knowledge, this is the first example where both covalentand non-covalent
PAM has been simultaneously demonstrated.

Results and Discussion

To implement the click-and-clack approach to perform PAM of the surface of a Fujita-type
Pdy,Lo4 MOP required the availability of cyclooctyne and CB[7]-functionalized
(bis)pyridine derivatives. As the CB[7]—functionalized (bis)pyridine ligand we selected
compound 18 (Chart 1). Cyclooctyne functionalized bispyridine ligand 2 was synthesized
by the carbodiimide-promoted amide formation reaction between 3,5-bis(4-pyridyl)anilinel’]
and cyclooctyne carboxylic acid®3] in 40% yield as described in the Supporting Information

(SI).

With the required (bis)pyridine ligands in hand (1 and 2) we turned our attention their co-
self-assembly with Pd(NO3), to afford CB[7] and cyclooctyne functionalized MOPs.
Experimentally, we found that heating Pd(NO3), with a mixture of 1, 2, and guest 3 in
DMSO at 70 °C for 3 d afforded MOP 1 — MOP 3 (Figure 1). Guest 3 is included during the
self-assembly process to preoccupy the cavity and portals of CB[7] and thereby prevent the
sequestration of Pd2* by CB[7]. The MOPs were characterized by *H NMR and diffusion
ordered spectroscopy (DOSY). A single set of broadened IH NMR resonances were
observed for the pyridyl protons (H, and Hp) of ligands 1 and 2 components of MOP 1 —
MOP 3 reflecting the statistical distribution of ligands throughout the structure and the
slower tumbling motion of large cages on 'H NMR time scale (Figure 1b—e).[4 The 1H
NMR spectra of MOP 1 — MOP 3 exhibits the typical downfield shifting of the pyridyl
protons (Ha: 9.47 ppm; Hy = 8.36 ppm for MOP 1; see SI for MOP 2 and MOP 3) upon
self-assembly relative to free 1 and 2 (Figure 1). Based on the relative integration of the H,
resonance of 1 and 2 versus that for the downfield CB[7] protons of 2 in the 1H NMR

1Click is defined as “a slight, sharp sound” whereas Clack is defined as “to make a quick sharp sound” Webster’s College Dictionary
(Ed.: R. B. Costello), Random House, New York, 1991.
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spectra of MOP1 — MOP3 we find that the stoichiometry of the CB[7] and cyclooctyne
building blocks used in the self-assembly (6:18, 12:12, 18:6) are directly translated into the
stoichiometric ratios observed for MOP 1 — MOP 3, respectively (Figure S10, S12 & S14).
The hydrodynamic diameter of MOP 1 — MOP 3 can be determined by DOSY NMR
(Figure 1f — 1h). The diffusion coefficients of MOP 1 — MOP 3 measured by DOSY in
DMSO at 298 K were D = 3.12 x 10711 m%/s, D = 3.54 x 10711 m?/s & D = 5.01 x 10711
m?2/s, respectively. Using the Stokes—Einstein equation allows us to translate the measured
diffusion coefficients into hydrodynamic diameters (MOP 1: 7.0 nm, MOP 2: 6.2 nm, MOP
3: 4.4 nm) as shown in the SI (Table S1).[53] As the number of CB[7] moieties is reduced
from 18 to 12 to 6, the effective size of the MOP is significantly reduced. We ascribe this
effect mainly to the lower number of massive CB[7] units (MW = 1162, diameter = 16.0 A)
[56] on the surface of MOPs and potentially also to intermolecular hydrophobic interactionl’]
between the outer surface of CB[7] and the CB[7] moieties or aromatic scaffold of other
MOP molecules. To further confirm the size and shape of the MOPs, we performed
transmission electron microscopy (TEM) after deposition of a DMSO solution of the MOPs
on a carbon-coated Cu grid. Both the size (MOP 1, d ~ 6.5-7.0 nm; MOP 2, d ~ 5.5-6.5
nm) and spherical shape of individual MOP assemblies can be seen clearly in the TEM
images (Figure 1i and S33-34), and support the sizes estimated from DOSY NMR (vide
Supra).

After the successful self-assembly of MOPs containing a plurality of CB[7] and cyclooctyne
units as a common intermediate for PAM, we proceeded to investigate their stability under
and ability to participate in a click-and-clack functionalization process. We choose MOP 3
as the model compound for these PAM investigations. First, we allowed MOP 3 to react
with various functionalized azides (R-N3, Chart 1) by the SPAAC reaction. For example,
MOP 3 could be transformed into MOP 4biotin by reaction with 18 equiv. of Biotin-N3 in
DMSO at 50 °C for 24 hours (Figure 1a). The 1H NMR spectrum of MOP 4biotin clearly
shows the downfield shifted H, (9.56 ppm) resonance that is diagnostic for cubooctahedral
PdisLo4 MOPs (Figure S23) which confirms the stability of the cage under the reaction
conditions. Moreover, DOSY NMR shows that MOP 4Piotin diffuses more slowly (D = 3.55
x 10711 m2/s (Figure 2) than the MOP 3 starting material and therefore has a larger
hydrodynamic diameter (d = 6.2 nm) than MOP 3 (d = 4.4 nm) as expected due to the long
tetraethylene glycol biotin units.[57] The SPAAC reaction was also monitored by FT-IR
spectroscopy. Although the cyclooctyne triple bond stretch of MOP 3 was not visible, the
azide stretching frequency of Biotin-N3 (2097 cm~1) could be monitored during the reaction
of MOP 3 with 18 equiv. Biotin-N3 at 50 °C. We observed the complete loss of the 2097 cm
~L stretching frequency (Figure 3 & S38) which indicates smooth conversion to MOP
4Biotin_ Tp test the stability of MOP 4Pi0tin jn aqueous solution we dialyzed the DMSO
solution against D,O for 24 h followed by 1H and DOSY NMR characterization. Once
again, the 1TH NMR clearly shows the diagnostic downfield shifting of the pyridyl H, (9.02
ppm) resonances within cubooctahedral MOP 4biotin jn water (Figure 2) which establishes
the aqueous stability of the MOP. The relative integrals for the PXDA resonance at 6.79
ppm, the CBJ[7] resonances at 5.76-5.44 ppm, and those for the biotin methine protons at
4.57 and 4.38 ppm confirms the expected stoichiometry (1:2:3, 6:18:6) in MOP 4biotin
assembly (Figure $25). D,0 solutions of MOP 4Piotin \were stable over a period of 2 months
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as monitored by 1H NMR. DOSY NMR confirms the size of MOP 4Pi0tin 35 6.1 nm in D,0
(Figure S26) in excellent agreement with the corresponding diameter in DMSO (Table S1).

Next, we sought to demonstrate the scope of the SPAAC covalent PAM of MOP 3 with
azides. First, we selected two fluorescent dyes (Fluorescein-N3, Cyanine5.5-N3) that can be
used for /n vitroor in vivoimaging. Separately, MOP 3 was reacted with 18 equiv. of
Fluorescein-N3 or Cyanine5.5-N3 by SPAAC in DMSO at 50 °C for 24h to deliver MOP
4FIuor and MOP 4%an quantitatively (Figure 1a). The IH NMR data of the products shows
the retention of the downfield shifted pyridine H, protons (9.50 ppm) which are
characteristic of intact MOPs and the presence of resonances arising from the dyes (Figure
S28 and S29). Next, we demonstrated PEGylation since this modification is well known to
improve aqueous solubility and decrease the opsonisation of nanoparticles which increases
blood circulation times and improves the pharmacokinetics and biodistribution.[8]
Accordingly, MOP 3 was reacted with 18 equiv. of PEG35p-azide at 50 °C in DMSO to
afford MOP 4PEG (Figure 1a) quantitatively. The sample was characterized by *H and
DOSY NMR and displayed the characteristic resonances for intact MOP and covalently
attached PEG3sq units (Figure S17 and S18). After dialysis against D,O, the stability of
MOP 4PEG in water was verified by 1H NMR spectroscopy (Figure 2a). The relative
integrals for the PXDA resonance at 6.79 ppm, the CB[7] resonances at 5.77-5.44 ppm, and
those for the PEG protons at 3.54 ppm confirms the expected stoichiometry (1:2:3, 6:18:6).
Subsequently, we sought to conjugate MOP 3 with Sulfonate-N3 in order to modulate the
overall charge of the MOP since it is known that surface charge can dictate the cellular
uptake pathway of nanoparticles.[9] Analogously, MOP 3 underwent SPAAC with 18 equiv.
Sulfonate-N3 to smoothly deliver MOP 4Sulfonate (Figyre 1a). MOP 4Sulfonate 55
characterized by H (Figure 2b) and DOSY NMR (Figure 2f); it has excellent stability in
water as verified by TH NMR over 2 months. Finally, we sought to functionalize MOP 3
with RGD cyclic peptide binding epitopes that would allow receptor mediated uptake by
cells expressing integrin receptors on their surface.[6%1 SPAAC reaction of MOP 3 with c-
RGD-N3 delivered MOP 4RGD (Figure 1a) which was characterized by 1H NMR (Figure
S27). The ability of MOP 3 to undergo smooth PAM by SPAAC with a variety of
functionalized azides should open up new avenues for their use in biomedical applications.

After covalent PAM, we verified the ability of the MOPs toward non-covalent PAM by
CBJ7]*guest complexation. Guest 3 is known to bind to unfunctionalized CB[7] with K =
1.84 x 109 M~L.[61] To displace 3, we selected fluorescent adamantane derivative Ad-FITC
because adamantane ammonium ions are known to bind tightly to CB[7] with K, > 1012 M
-1, Accordingly, treatment of an aqueous solution of MOP 4Pi0tin sample with 6 equiv. of
Ad-FITC (1 per CB[7] unit) gave MOP 5PictineAd-FITC (Figure 1a). The guest exchange
process was monitored by 1H NMR titration (Figure 2c—e & S30) which clearly shows the
gradual disappearance of the resonance for bound 3 at 6.79 ppm upon addition of Ad-FITC
and appearance of sharp resonance at 7.5 ppm corresponding to free 3. Although the
resonances corresponding to adamantane bound to CB[7] were obscured by the broad peak
already present at 0.9—1.7 ppm, the integral for the 0.9-1.7 ppm region increased from MOP
gbiotin (Figyre $25) to MOP 5PiotineAd-FITC (Figure S31) due to the adamantane peaks
underneath those broad peaks. The pyridine protons of MOP 5PiotineAd-FITC are
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broadened into the baseline due to the slower tumbling motion of the larger MOP
5biotine Ad-FI TC assembly. Similarly, addition of Ad-FITC to MOP 4RGP gave MOP
5RGD.Ad-FITC. This study exemplifies the dual click-and-clack PAM of Pdj,Lo4—type
MOPs and also establishes the excellent aqueous and organic stability of the MOPs post
functionalization.

The click-and-clack modified MOPs offered us the opportunity to expand the chemical
functionalities of MOPs for various applications. For example, in MOP 5RGD«Ad-FITC
and MOP 5PiotineAd-FITC, the MOP is equipped with both targeting ligand (RGD or
biotin) and a fluorophore (Ad-FITC) dye that enabled us to study targeted delivery of the
MOP by flow cytometry. Accordingly we tested the targeting ability of MOP 5RGP«A(d-
FITC by incubating with U87 glioblastoma cells — which express c-RGD binding integrin
receptors on their surface — at 4 °C for 30 min in culture media (Figure 4). The cells were
washed three times with PBS and analyzed by flow cytometry. Figure 3 shows plots of
fluorescence intensity versus cell count for untreated U87 cells (red curve) and U87 cells
treated with MOP 5RGDeAd-FITC (0.5 pM, green curve). The U87 cells treated with MOP
5RGD.Ad-FITC showed a significant increase in mean fluorescence intensity (MFI)
compared to background cellular auto-fluorescence of the untreated cells. As an important
negative control, we synthesized FITC-labelled MOP 3+Ad-FITCg (Figure S32) that does
not bear c-RGD targeting ligands by non-covalent functionalization of MOP 3. Figure 4
shows that control MOP 3«Ad-FITCg (blue curve) gave a smaller increase in MFI than
MOP 5RGD.Ad-FITC confirming the role of c-RGD in cell binding. The small increase in
MFI of control MOP (MOP 3«Ad-FITCg) relative to background cellular MFI suggests the
presence of non-specific binding of the cationic MOPs toward the U87 cells. The observed
enhancement in MFI for c-RGD functionalized MOPs sets the stage for their use for targeted
drug delivery and imaging applications.

Conclusions

In summary, we have synthesized Fujita-type Mq5L»4 metal organic polyhedra (MOP 1 -
MOP 3) that feature covalently attached reactive cyclooctyne and complexable CB[7] units
on their external surfaces. The stoichiometric ratio of reactive cyclooctyne and complexable
CB[7] units can be monitored after the self-assembly process by extensive 1H NMR, DOSY
NMR, and TEM characterization. MOP 3 underwent covalent click PAM by SPAAC
reaction with a variety of ligands (Biotin-N3, c-RGD-N3, PEG350-N3, Sulfonate-N3,
Cyanine5.5-N3, FITC-N3) relevant for biomedical application to yield MOP 4R. Non-
covalent clack PAM of MOP 4R was achieved by addition of tighter binding CB[7] ligands
(e.g. Ad-FITC). Flow cytometry results demonstrated that MOP 5RCDeAd-FITC results in
enhanced U87 cellular uptake relative to controls. As a whole, the work demonstrates the
click-and-clack approach to functionalize Fujita-type M1,Lo4 metal organic polyhedra by
orthogonal SPAAC covalentand CB[7]eguest mediated non-covalent PAM. Given the high
importance of MOPs as well as metal organic frameworks and metal nanoparticles in
numerous chemical, materials, and biomedical applications, we expect the click-and-clack
approach will deliver increased control over their chemical constitution and stimuli
responsive functions.
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Experimental Section

General Procedure

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 on commercial spectrometers operating at 400, 500, or 600 MHz for 1H and
100, 125 or 150 MHz for 13C using deuterated water (D,0), deuterated chloroform (CDCl5),
or deuterated dimethyl sulfoxide (DMSO-g) as solvent. Chemical shifts (8) are referenced
relative to the residual resonances for HOD (4.79 ppm), CHCl; (7.26 ppm for 1H, 77.16 ppm
for 13C), and DMSO-d (2.50 ppm for 1H, 39.51 ppm for 13C). Mass spectrometry was
performed using a JEOL AccuTOF electrospray instrument. TEM was performed on a JEOL
JEM 2100. Molecular modeling (MMFF) was performed using Spartan ‘08 on a personal
computer.

Experimental Procedure

Synthesis of compound 2: A solution of 2-(cyclooct-2-yn-1-yloxy)acetic acid (5) (137
mg, 0.75 mmol) and 3,5-di(pyridin-4-yDaniline (6) (146 mg, 0.59 mmol) in CH,Cl, (20.0
mL) was treated with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (430 mg, 2.24
mmol) and DMAP (92 mg, 0.75 mmol). The reaction mixture was stirred at room
temperature for 24 h under N, and then the solvent was removed under vacuum. The crude
product was loaded onto a silica gel column and eluted using 2% MeOH in CHCl3 to give 2
as a colorless oil. The colorless oil was treated with diethyl ether (2.0 mL) and then
sonicated which gave a white solid. The precipitate was collected by centrifugation and
dried under vacuum to give 2 as a white solid (97 mg, 40%). Mp. 120-121 °C. IR (ATR, cm
~1): 2918 (m), 2847 (m), 1689 (s), 1592 (s), 1546 (s), 1495 (W), 1442 (s), 1428 (s), 1407 (s).
1H NMR (600 MHz, DMSO-a): 6= 9.98 (s, 1H), 8.69 (d, /= 6.1 Hz, 4H), 8.17 (d, /= 1.6
Hz, 2H), 7.89 (br s, 1H), 7.78 (d, J= 6.1 Hz, 4H), 4.44 (s, 1 H), 4.16 (d, J= 14.9 Hz, 1H),
4.05 (d, J=14.9 Hz, 1H), 2.27-1.40 (m, 10H) ppm. 13C NMR (125 MHz, DMSO-dg) 6=
169.0, 150.8, 147.2, 140.3, 139.2, 122.1, 121.5, 119.6, 101.7, 92.8, 73.0, 68.7, 42.2, 34.5,
29.7, 26.5, 20.5 ppm. HR-MS: m/z 412.1978 ([M+H]*, calcd. for [CogHo5N30,+H]™,
412.2025).

Synthesis of MOP 1: Compound 1 (3.5 mg, 2.22 pmol) was dissolved in DMSO-gj (400
pL) followed by the addition of 3 (0.583 mg, 2.22 umol). The mixture was stirred at 60 °C
for 2 h, and then treated with 2 (0.304 mg, 0.74 pmol), and Pd(NO3), (0.788 mg, 2.96 pmol)
and the resulting solution was stirred at 70 °C for 3d. The formation of MOP 1 =
[Pd15(123)15(2)6](NO3)gg Was confirmed by IH NMR. MOP 1 was isolated by evaporating
DMSO solution under high vacuum. Mp > 300 °C. IH NMR (600 MHz, DMSO-d) 6= 9.47
(s, 96H), 8.36 (br s, 120H), 7.95 (br s, 66H), 6.59 (s, 72H), 5.69-5.35 (m, 468H), 4.55 (br s,
6H), 4.24-4.13 (m, 252H), 3.99 (s, 72H), 3.15-3.05 (m, 36H), 2.08 (br s), 1.90-1.62 (m),
1.27-1.08 (m) ppm. DOSY NMR (600 MHz, DMSO-dg, 298 K): D = 3.12 x 10711 m?s,
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Synthesis of MOP 2: Compound 1 (4.90 mg, 3.11 umol) was dissolved in DMSO- g (500
uL) followed by the addition of 3 (0.815 mg, 3.11 pmol). The mixture was stirred at 60 °C
for 2 h and then compound 2 (1.28 mg, 3.11 umol), and Pd(NO3), (1.66 mg, 6.22 pmol)
were added and the resulting solution was stirred at 70 °C for 2 d. The quantitative
formation of MOP 2 was observed by 'H NMR and DOSY NMR. Mp > 300 °C. 'H NMR
(600 MHz, DMSO-dg) 6= 9.48 (s, 96H), 8.37 (br s, 126H), 7.94 (br s, 54H), 6.60 (s, 48H),
5.70-5.36 (m, 312H), 4.56 (br s, 12H), 4.24-4.17 (m, 168H), 3.99 (s, 48H), 3.14-3.07 (m,
24H), 1.90-1.49 (m), 1.23-1.16 (m) ppm. DOSY NMR (600 MHz, DMSO-gj, 298 K): D =
3.54 x 10711 m?s,

Synthesis of MOP 3: Compound 1 (4.5 mg, 2.86 pmol) was dissolved in DMSO-gg (500
pL) followed by addition of 3 (0.75 mg, 2.86 pmol). The mixture was stirred at 60 °C for 2 h
and then 2 (3.53 mg, 8.58 umol), and Pd(NO3)» (3.05 mg, 11.4 umol) were added and the
resulting solution was stirred at 70 °C for 24 h. The quantitative formation of MOP 3 was
observed by IH NMR and DOSY NMR. The DMSO solution of MOP 3 was transferred to a
dialysis tube (MWCO 3500) and the solution was dialyzed for 2 d against D,O (every 6 h
D,0 (10 mL) was replaced fresh D,0). MOP 3 was isolated by evaporating the aqueous
solution. Mp > 300 °C. H NMR (600 MHz, DMSO-gg) &= 9.43 (s, 96H), 8.32 (br s,
110H), 7.92 (br s, 66H), 6.59 (s, 24H), 5.69-5.34 (m, 156H), 4.54 (br s, 18H), 4.22—4.16 (m,
84H), 3.98 (s, 24H), 3.14-3.06 (m, 12H), 1.89-1.59 (m), 1.23-1.15 (m) ppm. DOSY NMR
(600 MHz, DMSO-, 298 K) D = 5.01 x 10711 m?/s,

General Procedure for covalent Post Assembly Modification (PAM) of MOP 3
using the Strain Promoted Alkyne Azide Click (SPAAC) Reaction: A solution of
MOP 3 (3.5 mg) in DMSO-gg (400 pL) was treated with 18 equiv. of the desired R-N3 (R =
PEG350, sulfonate, c-RGD, biotin, cyanine 5.5 & fluorescein compounds) dissolved in
DMSO-dg (150 pL). The resulting mixture was heated at 50 °C for 24 h to give MOP 4R,
The solution was characterized by 1H and DOSY NMR. The DMSO solution of MOP 4R
was transferred to a dialysis tube (MWCO 3500) and the solution was dialyzed for 24 h
against D,0O (every 4 h D,0O (10 mL) was replaced by fresh D,0). The aqueous solution of
MOP 4R was characterized by 1H NMR.

Procedure for noncovalent Post Assembly Modification (PAM) of MOP 4biotin
using CB[7] host-guest exchange reactions.—A solution of MOP 4Piotin (20 M in
D,0) sample was titrated with Ad-FITC (500 uM in D,0) dissolved in D,0O. After each
aliquot was added the sample was mixed thoroughly and a 'H NMR spectrum was recorded.
The titration was stopped after addition of 6 equiv. of Ad-FITC to MOP 4biotin sample.

In vitro study: Targeted Uptake Experiments.—5 x 10° cells/200 uL of U87 cells
were plated in a 96-well plate (Corning) and treated with MOP 5RGD«Ad-FITC and MOP
6 at a concentration of 0.5 uM for 30 mins at 4 °C. Cells were washed 3 times with
Phosphate Buffered Saline (PBS; Cellgro) and collected for analysis by flow cytometry.
Each experiment was performed with two technical replicates and was repeated three times
and one representative outcome is shown.
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Figure 1.
a) Co-assembly of ligand 1 and 2 afforded MOP 1 — MOP 3 in DMSO. Dual post—assembly

modification (PAM) of MOP 3 has been demonstrated. Covalent PAM of MOP 3 by
SPAAC with various functional azides (R-N3) gave MOP 4R. Non-covalent PAM of MOP
4R (for R = c-RGD & biotin) with adamantane-FITC (Ad-FITC) gave MOP 5R«Ad-FITC.
1H NMR spectra recorded (DMSO-dg, 600 MHz) for: b) compound 2, ¢) MOP 3, d) MOP
2, and ) MOP 1. DOSY NMR recorded (DMSO-dg, 600 MHz) for: f) MOP 1, g) MOP 2
and h) MOP 3. i) Transmission electron microscopy image of MOP 1.
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Figure 2.

1H NMR spectra recorded (600 MHz, D,0, RT) for: ) MOP 4PEG, b) MOP 4sulfonate ¢y
MOP 4biotin d) a mixture of MOP 4Piotin and 3 equiv. of Ad-FITC, e) a mixture of MOP
4biotin and 6 equiv. of Ad-FITC. DOSY NMR recorded (600 MHz, DMSO, 298 K) for: f)
MOP 43Ul and g) MOP 4biotin,
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Figure 3.
FTIR spectra recorded for (a) MOP 3, (b) mixture of MOP 3 and 18 equiv. of biotin-Ng3, (c)

Mixture of MOP 3 and 18 equiv. of biotin-N3 after heating at 50°C for 24 h.
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Figure 4.
Cellular targeting with MOP 5RGD«Ad-FITC. Cell targeting experiment was performed

using flow cytometry. MOP 5RGPeAd-FITC (0.5 uM) bound to U87 cells is shown in green
trace. MOPs that were unmodified on the exterior by RGD i.e. MOP 6 (0.5 uM) is shown in
blue trace. Background autofluorescence is shown in red trace.
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Chart 1.
Molecular structures of compounds used in this study.
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