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Atomically precise nanoclusters (NCs) have recently emerged as ideal building
blocks for constructing self-assembled multifunctional superstructures. The
existing structures are based on various non-covalent interactions of the ligands
on the NC surface, resulting in inter-NC interactions. Despite recent demon-
strations on light-induced reversible self-assembly, long-range reversible self-
assembly based on dynamic covalent chemistry on the NC surface has yet to be
investigated. Here, it is shown that Au,5 NCs containing thiolated umbelliferone
(7-hydroxycoumarin) ligands allow [24+2] photocycloaddition reaction-induced
self-assembly into colloidal-level toroids. The toroids upon further irradiation
undergo inter-toroidal reaction resulting in macroscopic supertoroidal honey-
comb frameworks. Systematic investigation using electron microscopy, atomic
force microscopy (AFM), and electron tomography (ET) suggest that the NCs
initially form spherical aggregates. The spherical structures further undergo
fusion resulting in toroid formation. Finally, the toroids fuse into macroscopic
honeycomb frameworks. As a proof-of-concept, a cross-photocycloaddition
reaction between coumarin-tethered NCs and an anticancer drug (5-fluoro-
uracil) is demonstrated as a model photo-controlled drug release system. The
model system allows systematic loading and unloading of the drug during the
assembly and disassembly under two different wavelengths. The results suggest
that the dynamic covalent chemistry on the NC surface offers a facile route for
hierarchical multifunctional frameworks and photocontrolled drug release.

materials.l! Their unique size and shape-
dependent properties and functional sur-
face ligands allow self-assembly under
a variety of environmental settings and
stimuli. Different non-covalent nanoscale
surface forces and hydrophobic effects
have been used to control inter-NP inter-
actions leading to thermodynamically
stable equilibrium structures.'* Recent
demonstrations have also suggested that
plasmonic NPs with light-responsive
ligands allow out-of-equilibrium  sys-
tems and dynamic self-assembly.?l These
supramolecular organizations may open
up new possibilities for a variety of appli-
cations, including optoelectronic device
manufacturing, antibiotic detection, chiral
plasmonics, catalysis, and bioimaging.’
However, achieving monodispersity with
plasmonic NPs is a challenging task.
Moreover, large NPs have strong aggrega-
tion tendencies and uncontrolled surface
ligand density. Therefore, well-defined
long-range order with reproducible prop-
erties is a challenge. Recent reports have
also suggested that polydisperse NPs and
strictly monodisperse NPs display dif-
ferent self-assembly behavior.™ In this

1. Introduction

The self-assembly of noble metal nanoparticles (NPs) has
emerged as an important route for advanced multifunctional

context, precision NCs holding well-defined structures, strictly
monodisperse nature, thermodynamic stability, and thermal
and photostability are ideal building blocks for controlled struc-
ture formation across-length scales.’! Surface engineering
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of NCs with functional ligands allows self-assembly by uti-
lizing attractive nanoscale driving factors.l®) These directional
forces have the potential to arrange NCs into supramolec-
ular superstructures including 2D crystals,”! colloidal cap-
sids,”l frameworks,®l and macroscopic elastic membranes.”’)
Such structures have potential applications in gas sensing or
storage,l% green catalysis,W light-emitting devices,'?l and ther-
anostics.®] NC self-assembly has also been demonstrated using
light-responsive surface ligands. For example, photo-responsive
reversible self-assembly in Au,s NCs tethered with azobenzene
or spiropyran molecules is well known in this area. Though
the [2+2] cycloaddition reaction of chromophores (e.g., cou-
marin moieties) connected to the surface of gold NPs has been
demonstrated,™ analog reactions on the NC surface have yet
to be achieved. Long-range self-assembly of NCs based on such
photocycloaddition reaction is still in its infancy due to the dif-
ficulties in synthesizing thiolated chromophore-tethered mono-
disperse NCs. NCs covalently linked to chromophores capable
of undergoing [2+2] photocycloaddition will provide photosen-
sitive reaction sites for light-induced dimerization and subse-
quent assembly.

In this work, we show the synthesis and light-mediated
assembly of coumarin thiol-stapled Au,s NCs, [Au,s(Co-
CMT)g]". Ilumination of NCs dispersed in tetrahydrofuran
(THF) at 365 nm resulted in uniform toroidal superstructures
facilitated by inter-NC coupling via cycloaddition reaction.
Using extensive spectroscopic studies and microscopic imaging
we show that initially formed transient spherical structures
undergo fusion and transformations into toroids. Sustained
irradiation of light results in inter-toroidal coupling facilitated
Dby the cycloaddition at the supercolloidal-level resulting in mac-
roscopic honeycomb structures. Beyond hierarchical structure
formation, we also demonstrate intermolecular photocycload-
dition reaction between coumarin-tethered NCs and 5-fluoro-
uracil (5-FU, an anticancer drug) towards a model photocon-
trolled drug delivery system. The drug-loaded superstructures
fragmented into individual NCs and drug molecules when
exposed to 254 nm light, demonstrating their photoreversibility.
These NCs with improved photostability and photosensitive
functional ligands are anticipated to offer new routes for com-
bined theranostics and advanced drug delivery.

2. Results and Discussion

2.1. Synthesis and Characterization of [Au,5(Co-CMT),5]” NCs

We first discuss the synthesis and characterization of Au,s NCs
capped with various ligands. Initially, we investigated the thermo-
dynamic feasibility of Au,s NC formation by altering the spacer
length of the chromophore. Only chromophores with suitable
molecular spacing meet the solubility threshold, resulting in NC
formation. To test this, we connected 7-hydroxycoumarin (umbel-
liferone) moieties with short-chain (C;) and long-chain (Co)
thiols (Figure 1a). The detailed protocols for the synthesis and
characterization of coumarin-alkyl monothiols (C;-CMT and Cy-
CMT) are provided in the experimental section (Figures S1-S15,
Supporting Information). The synthesis of C;-CMT- and
Coy-CMT-tethered Au,; NCs were carried out using a modified
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Brust-Schiffrin single-phase approach.'¥l Spectroscopic results

suggest that Au,s NCs are produced exclusively with Cy spacers
(Figure 1b). The detailed procedure for the synthesis and purifi-
cation of [Au,5(Co-CMT)y5]” NCs is provided in the experimental
section. The energy-minimized structure of [Au,5(Co-CMT)yq]”
NC using density functional theory (DFT) is provided in
Figure 1b. The evolution of NCs is verified by comparing the
UV-vis absorption spectra of Co-CMT and [Auys(Co-CMT)g]”
NCs dispersed in THF with well-established [Au,s(PET)g]” NC
(Figure 1c). Au,s NCs show a characteristic absorption band ca.
680 nm due to the HOMO-LUMO electronic transitions. Two
additional peaks ca. 440 and 395 nm represent the HOMO-
sp and d-sp transitions, respectively. The prominent peak ca.
320 nm in the absorption spectra is due to the 7-7* transition in
coumarin moiety. Inset in Figure 1c shows an expanded region
of UV-vis absorption spectra illustrating the unique features
of Au,s NCs. The core size, purity, and molecular composition
of NCs were characterized using matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectrom-
etry (Figure 1d). The computed mass of [Auy5(Co-CMT)5]” NCs
matches well with the molecular ion peak ca. 10674 Da, con-
firming the precision in the molecular composition (inset in
Figure 1d). The two additional peaks ca. 8612 and 8044 Da in
the full spectrum refer to the loss of Au,,(Co-CMT), (n=4and 5)
fragments during ionization.l”? The presence of coumarin moi-
eties on the NC surface was verified by comparing the proton
nuclear magnetic resonance (‘H NMR) spectra of [Au,s(Co-
CMT)g]” NCs with that of Co-CMT in chloroform-d (CDCI;)
and THF-dg (Figure S16, Supporting Information). While the 'H
resonance peaks of pure ligands appeared sharp, in the case of
NCs, they turned broad presumably due to the large size and
overlapping of signals from chemically and magnetically non-
equivalent ligands on the NC surface.l”! Significant changes
were observed in 'H NMR signal of the methylene group linked
to the thiol (-CH,SH) moiety. In the case of pure ligand, the
'H NMR signal of -CH,SH appeared at 2.51 ppm. However, in
NCs we observed a downfield shift to 3.28 ppm (CDCl;) owing
to deshielding from the metal core. The change in the multi-
plicity of the methylene group close to sulfur from quartet to
broad triplet represents the development of an Au—S bond by
deprotonating the -SH group. The absence of -SH stretching
band ca. 2543 cm™ in Fourier transform infrared (FT-IR) spectra
of [Auys(Co-CMT)g]” NCs also support covalently linked thiols
(Figure S17, Supporting Information). The X-ray photoelec-
tron spectroscopy (XPS) analysis from [Auys(Co-CMT)g]” NCs
revealed the binding energies (BE) of Au 4f;, and Au 4f;), at
83.92 and 8762 eV (Figure le). The results agree well with the
BE values of [Au,5(PET)g]” NCs (84.39 and 88.01 eV, Figure 1f).
The variation in the electron density of bound ligands may cause
a small change in the BE values of these NCs. The BE values of
S 2p (Figure 1g,h), C 1s, and O 1s levels (Figure S18, Supporting
Information) of [Au,5(Co-CMT)g]” and [Au,s(PET)g]” NCs are
also provided. Transmission electron microscopy (TEM) images
of [Au,5(Co-CMT) 5]~ NCs show a narrow size distribution (1.3 =
0.2 nm; Figure 2c). The histogram from the TEM micrograph
(inset in Figure 2c) is consistent with the reported values for
such NCs.'®l A slight broadening in the size distribution of NCs
presumably arises due to their instability under high-energy
electron beams.
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Figure 1. Synthesis and characterization of NCs. a) Scheme for the synthesis of C;-CMT (M3) or C3-CMT (M6); i) 1,9-dibromononane or 1,3-dibromo-
propane, K,COs, Kl, acetone, reflux, 4 h; i) KSCOCHj;, acetone, RT, overnight; iii) 1.25 m HCl/CH3;OH, reflux, 2 h. The chemical reaction yields of M1-M6
are given. b) Schematic shows the synthesis of [Au,5(Co-CMT)1g]” NCs and their energy-minimized structure. ¢) UV-vis absorption spectra of i) Co-CMT,
i) [Au,s(PET)5] ", and iii) [Au,s(Co-CMT)15]” NCs. An enlarged view of UV-vis absorption spectra is shown in the inset. The MALDI-TOF mass spectrum
recorded from [Au,5(Co-CMT)15]” NCs is shown in (d) An enlarged view of the molecular ion peak is given in the inset. The XPS spectra recorded from
€,8) [Auys(Co-CMT)s5]~ and f,h) [Au,s(PET)15]” NCs show the presence of (e and f) Au 4f levels and (g and h) S 2p levels.

2.2. Photocycloaddition and Toroid Formation NC was further purified using preparative thin-layer chroma-

tography (PTLC). We carried out the photodimerization of
The light-induced [242] cycloaddition is an established reaction  [Au,5(Cy-CMT)g]” NCs by irradiating a solution of NCs in THF
in photochemistry for producing dimers. For instance, the cou- (= 0.01 mm) under 365 nm light. Figure 2a represents the tem-
marin can undergo cyclodimerization at the 3,4-double bond  poral UV-vis absorption spectra recorded from NC solution
of the pyrone ring under 365 nm illumination. This will result  illuminated continuously for up to 8 h at room temperature
in the formation of cyclobutane adducts by linking two strong (25 °C). To reduce temperature fluctuations and solvent loss
sigma bonds between the chromophores (Figure 2b). We first  throughout the photodimerization process, we kept the NC
studied the photodimerization ability of ligand (Co-CMT) using  solution within a closed container in an ice bath under dark
time-dependent absorption spectra recorded after 365 nm illu-  conditions. The optical absorption spectra collected from the
mination. The temporal UV-vis absorption spectra measured = NC solution followed the same pattern as Co-CMT. This indi-
from Cy-CMT dispersed in THF and illuminated under 365 nm  cates that the photocycloaddition reaction between the surface
light are shown in Figure S19, Supporting Information. When  ligands bound to adjacent NCs was successful. Even though
exposed to light, Co-CMT absorption spectra show a progres- NCs produced dimers via photochemical reaction, they were
sive drop in optical density (OD) around 320 nm. This suggests  able to preserve their unique optical absorption features (Inset
the photodimerization of the coumarin molecules.'”) Before  a; in Figure 2). The intrinsic optical features of NCs (680 nm)
performing the photodimerization process, [Au,5(Co-CMT)g]”  sustained after extended exposure indicate their better
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Figure 2. Photodimerization and self-assembly of NCs. a) Temporal UV-vis absorption spectra of [Auys(Co-CMT)15]” NCs recorded under 365 nm
illumination. Insets a; and a, show an enlarged view of the HOMO-LUMO band as well as changes in OD as a function of illumination time.
b) A schematic showing the photodimerization and self-assembly of [Au,s5(Co-CMT)15]” NCs. ¢,d) TEM micrographs of [Auys(Co-CMT)15]” NCs c) before,
and d) after 365 nm lighting. e,f) Zoomed-in and focused HRTEM micrographs of e) a single toroid, and f) the edge of a toroid. g,h) STEM images of

g) a magnified view of a single toroid, and h) large area toroidal self-assembly.

photostability. A plot of OD (ca. 320 nm) versus irradiation time
is shown in inset a, in Figure 2. We further investigated the
photodimerization of NCs using TEM and scanning transmis-
sion electron microscopy (STEM) imaging. Remarkably, long-
term illumination of [Au,5(Co-CMT)yg]” NCs resulted in the
formation of the uniform toroidal assembly via photodimeriza-
tion (Figure 2d). The high-magnification TEM images of a single
toroid with well-organized individual NCs on the toroidal rim
confirm the self-assembly (Figure 2e,f). The above observations
suggest that the [24+2] cycloaddition of bound ligands on the
nearby NCs promotes inter-NC bonding and the development
of colloidal-level toroids as shown schematically in Figure 2b.
The cycloaddition chemistry between nearby coumarin mole-
cules tethered on the NC surface is evident from the 'H NMR
spectrum of the toroidal solution in THF-dg (Figure S20, Sup-
porting Information). A partial disappearance of the photo-
active double bond protons of coumarin (peak a at 7.69 ppm and
peak b at 6.11 ppm) and the appearance of cyclobutane protons
(peak a, at 3.82 ppm and by at 4.33 ppm)*9 further confirmed
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the formation of toroids via photodimerization. The presence
of both types of protons in the NMR spectrum shows that only
a few coumarin molecules underwent the [2+2] cycloaddition
reaction. The better colloidal stability of toroids is presumably
due to such controlled photo-crosslinking reactions between
NCs. One could assemble NCs at larger concentrations using
a high-power light source. However, NCs were decomposed
when illuminated under a high-power light source (Figure S21,
Supporting Information). Figure 2h shows a large area STEM
image of the toroidal assembly, whereas Figure 2g provides a
higher magnification view of a single toroid showing individual
NCs. The energy-dispersive X-ray analysis (EDS) supports the
presence of Au, S, O, and C in assembled NCs. The elemental
mapping (gold and sulfur) and corresponding spectrum from
the toroid are shown in Figure S22, Supporting Information. To
ensure toroidal formation in solution, dynamic light scattering
(DLS) measurements were performed (Figure S23, Supporting
Information). During the illumination of NC solution under
365 nm, the average particle size was increased to =60 nm
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Figure 3. Morphology of toroids. a) Larger area FESEM image of self-assembled toroids and b) zoomed-in and focused image of a single toroid.
c,d) AFM images c) topography, d) amplitude and corresponding (d;) height profile of a single toroid captured after 8 h of illumination. e) Elemental
spectrum collected from the toroid. f,g) 3D reconstructed tomograms of a toroid shown in different orientations.

(2 h), then to =100 nm (4 h), and finally to =130 nm (6 h). The
gradual increment in the particle size showed the formation of
toroids (the thickness of the toroidal rim increased). To under-
stand the stability of toroids in dark, we recorded and exam-
ined the absorption spectra of the assembled solution stored in
dark (Figure S24, Supporting Information). The toroids showed
unaltered optical absorption features indicating their excel-
lent stability in the dark. TEM images (Figure S25, Supporting
Information) from the assembled superstructures stored in the
refrigerator (more than a year) also showed uniform toroids,
demonstrating the long-term stability of the toroidal assembly.
The morphology of the self-assembled toroids was further
investigated using field emission scanning electron microscopy
(FESEM) and AFM imaging (Figure 3). Larger area FESEM
images of the photodimerized NCs showed assembled toroids
distributed all over the substrate (Figure 3a). Figure 3b shows
the FESEM image of a single toroid with an outer diameter of
=3 um. The elemental composition analysis of assembled toroids
using EDS revealed the presence of carbon, oxygen, gold, and
sulfur (Figure 3e). Corresponding elemental maps of gold and
sulfur are shown in Figure S26, Supporting Information. AFM
topography image (tapping mode) of an individual toroid with an
average outer diameter of =4 um and a rim diameter of =1.6 um
is shown in Figure 3c. From the 3D view (amplitude) of the
assembled toroid (Figure 3d) and corresponding height profile
(Figure 3d,), the average thickness of the toroid is found to be
~140 nm. A wide area AFM micrograph of toroidal assembly is
provided in Figure S27, Supporting Information. Since the mor-
phology of assembled NCs in AFM, FESEM, and TEM is similar,
one can easily exclude the electron beam-assisted assembly of
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NCs. To gain further insights into 3D structural details, trans-
mission ET reconstruction was performed for toroidal structures.
Figure S28, Supporting Information, displays TEM micrographs
of the toroidal assembly at different tilt angles (-53, 0, and +53
degrees). The 3D reconstruction and cross-sectional views show
a toroidal rim with uniform thickness and diameter (Video S1,
Supporting Information, and Figure 3f,g). The toroidal structures
are comprised of multilayered and densely packed NCs. The ET
reconstruction data are consistent with the AFM data.

2.3. Mechanism for the Toroidal Formation

Due to the unique structure and applications of toroids, several
approaches including direct assembly,?” morphological tran-
sition,?!! and hierarchical system reconstruction??l have been
used to construct them from organic molecules, polymers, and
other building blocks.?3] However, toroidal superstructures
using NC self-assembly have not been reported in the literature.
To better understand the mechanism of toroidal formation,
FESEM and AFM imaging of NCs under 365 nm illumination
were performed every 1.5 h interval. Figure 4a—d shows the
FESEM images from the NC solution (=0.01 mm in THF) after
1.5, 3, 4.5, and 6 h of illumination at 365 nm. Surprisingly, the
FESEM micrograph (Figure 4a) shows that NCs were initially
assembled into spherical structures (100-500 nm size). After
another 1.5 h of irradiation, these spherical superstructures
tend to combine (Figure 4b). Over the course of 4.5 h, spheres
were transformed into premature toroids (Figure 4c). After 6 h
of illumination, well-defined micron-sized toroids were formed
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Figure 4. The mechanism for the toroidal formation. a—d) Temporal FESEM images of [Auys5(Co-CMT)15]” NC solution after 365 nm irradiation for
a) 90, b) 180, c) 270, and d) 360 min. Figure (a;—d;) depicts the corresponding AFM images. The inset of (a) shows the TEM micrograph of a single
assembled sphere. Scheme (e) depicts the various stages of toroidal formation.

(Figure 4d). Scheme 4e shows different stages of toroidal forma-
tion and corresponding AFM images are given in Figure 4a;—d;.
The initial stage of the assembly facilitates the reorganization
of spheres into more energy-minimized toroids (morphological
transition).?’!l The heterogeneity in the size of the resulting
toroids could be explained by the uncontrolled assembly of
polydisperse spheres. The formation of spheres at the begin-
ning of the irradiation confirms that the above-described toroid
development is not driven by simple evaporation.

2.4. Macroscopic Supertoroidal Honeycomb Frameworks

The consequence of long-term irradiation on toroidal structural
rearrangement was systematically investigated. For this, the NC
solution prepared in THF was exposed to UV light (365 nm) for
32 h. Interestingly, the prolonged irradiation of NCs resulted in
macroscopic honeycomb superstructures via inter-toroidal cou-
pling (Figure 5a). High-resolution TEM imaging of the frame-
works reveals that they are composed of assembled NCs, as
shown in Figure 5b,c. Notably, the characteristic optical absorp-
tion features and size of the NCs were preserved even after the
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formation of porous frameworks. The morphology of such fused
toroidal superstructures was further confirmed by recording
and analyzing the FESEM images. Figure 5d shows a large area
FESEM image of porous frameworks formed during the sus-
tained illumination of NCs at 365 nm. The morphology and
thickness of fused toroids were further examined using AFM.
Figure Sef shows the AFM (topography) and corresponding
height profile of the honeycomb framework, respectively. Under
prolonged lighting, the average thickness of the assembled
superstructures increased from =140 nm (Figure 3d,) to =1 um.
This indicates that photocycloaddition is occurring in the XY and
Z planes during inter-toroidal coupling. A schematic of such a
coupling reaction is shown in Figure 5g.

2.5. Phototriggered Drug Conjugation and Release

Finally, the ability of [Au,5(Co-CMT)yg]” NCs to host and
transport drug molecules has been investigated by exploiting
their photosensitive double bonds. As a model system, we used
a well-known anticancer drug 5-fluorouracil (5-FU), which has
a photoactive double bond. To demonstrate the efficiency of
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Figure 5. The effect of continuous lighting on the structural rearrangement of toroids. a) Large area TEM image of assembled NCs after 32 h of
illumination. b,c) Zoom-in and focused TEM images of b) a single fused toroidal ring and c) its edge. d) Larger area FESEM image of honeycomb
superstructures. €) AFM topography image and f) height profile of the porous framework. Scheme (g) depicts the inter-toroidal coupling.

the proposed light-triggered drug delivery system, [Auys(Co-
CMT)5]” NC solution in THF (= 0.01 mm) was mixed with
20 equivalents of 5-FU (100 uL N, N’-dimethylformamide;
DMF). The mixture was then continuously stirred at 24 °C for
8 h while being exposed to continuous 365 nm radiation. The
UV-vis absorption spectra of the solution showed a system-
atic decrease in OD around 320 nm (Figure S29, Supporting
Information), which was consistent with the data shown in
Figure 2a. The drug-loaded NC conjugate (NC-FU) was puri-
fied by precipitating the reaction mixture with excess meth-
anol and multiple (three times) washing with methanol. TEM
and STEM imaging of the purified NC-FU conjugate showed
the formation of spherical NC assemblies (Figure 6b-e).
Notably, similar assembled spheres were the first set of inter-
mediates formed in the case of pure [Au,s5(Co-CMT)ig]” NCs
immediately after 1.5 h illumination (Figure 4a). Aside from
the classic cycloaddition reaction between coumarin moieties
tethered on adjacent NCs, cross-photocycloaddition between
bound coumarins and 5-FU is also possible. As a result, there
will be a limited number of photoactive coumarin moie-
ties on the NC surface, which will eventually slow down NC
assembly in the presence of excess 5-FU (8 h). In addition, the
bound 5-FU on the NC surface hinders the rearrangement of
spheres into toroids, hence the extended irradiation resulted
in no toroidal structures. A schematic representation for the
formation of spherical assembly from NC-FU conjugate is
shown in Figure 6a. The presence of gold, sulfur, fluorine, and
nitrogen under STEM and FESEM EDS shows 5-FU in the
assembly (Figure 6f and Figure S30, Supporting Information).
Since two types of photoreactions occurred on the surface of
NCs at the same time, the 'H NMR spectrum was complex to
investigate the drug loading in detail (Figure S31, Supporting
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Information). However, the presence of three additional sig-
nals at 5.53 (g), 4.71 (b,), and 4.63 ppm (a,) in addition to the
cyclobutane protons from coumarin dimers (Figure S20, Sup-
porting Information) at 3.82 (a;) and 4.33 ppm (b;) suggests
the covalent loading of drug molecules via cyclobutane linkage.
The efficiency of the cross-photocycloaddition reaction is found
to be relatively lower compared to NC alone assembly, which is
in good agreement with TEM data (Figure 6b-e). The limited
drug loading could be probably due to the competition between
homo- and cross-photocycloaddition reactions between cou-
marin and 5-FU. The average thickness of the NC-FU spherical
assembly measured from the AFM height profile (Figure S32,
Supporting Information) shows = 90 nm, which is less than
the average thickness of the toroid (=140 nm) shown in
Figure 3d;. This suggests that the cross-photocycloaddition
reaction limits not only toroidal formation but also assembled
growth along the Z axis. The ET reconstruction of the NC-FU
assembly (Figure 6g—i and Video S2, Supporting Information)
revealed that the superstructure is disc-like or a deformed
sphere. The cross-sectional images show that the assembled
structures comprise thickly packed NCs. The data shown above
are in accord with the TEM, STEM, and AFM micrographs
shown in Figure 6d,e and Figure S32, Supporting Informa-
tion, respectively. The presence of nitrogen and fluorine in the
NC-FU assembly was further confirmed in the XPS analysis
(Figure S33, Supporting Information). Importantly, when a
solution of NC-FU assembly was exposed to 254 nm light, a
gradual change in the optical absorption features was observed
(Figure S34a, Supporting Information). This indicates the
light-induced release of drug molecules from the NC-FU
conjugate by cleaving the cyclobutane adduct. Such photoun-
caging could eventually disassemble the NCs into individual
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Figure 6. [Auys(Co-CMT)q5]” NCs as drug carriers. a) The schematic shows FU loading on [Au,5(Cy-CMT)sg]~ NCs via cross-photocycloaddition reaction.
Large area b) TEM and c) STEM images captured from the self-assembled NC-FU spheres. Zoom-in and focused TEM and STEM images of a single
sphere are shown in (d,e). f) Elemental mapping shows the presence of gold, sulfur, fluorine, and nitrogen. g—i) 3D reconstruction electron tomogram
of NC-FU assembly in different orientations and its cross-sectional view showing disc-like structure with densely packed NCs.

entities within 75 min of illumination (Figure S34b, Sup-
porting Information). The unloading of 5-FU (under 254 nm
light) from the assembled superstructures was further inves-
tigated using reverse-phase high-performance liquid chroma-
tography (RP-HPLC). For this, a solution of purified NC-FU
conjugate fabricated in THF (under 365 nm) was further illu-
minated under 254 nm light (75 min). Subsequently, THF was
evaporated and the remaining solid was washed with HPLC
mobile phase (phosphate buffer (pH 7)-methanol mixture; 97:3
in volume). During this process, disassembled NCs were pre-
cipitated, and the unloaded drug molecules were collected in

Small 2023, 19, 2207119

2207119 (8 of 12)

the diluent. HPLC data acquired from this diluent is in good
agreement with that of the control experiment (Figure S35,
Supporting Information). This clearly suggests that the 5-FU
is unloaded from NC-FU conjugate in its intrinsic form. The
possible physisorption of 5-FU on the NC surface was ruled
out by recording and analyzing UV-vis absorption spectra
from a mixture of NC and 5-FU stored in dark (Figure S36A,
Supporting Information). The optical absorption features
of coumarin (320 nm) and NCs (440 and 680 nm) were not
changed during the incubation. The clean absorption features
of NCs after precipitation and washing suggested the least
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possible physisorption (Figure S36B, Supporting Information).
The overall data suggests the presence of bound 5-FU on the
surface of NCs during the assembly and the successful release
of the drugs during the course of disassembly. Although UV
light is not ideal for biological experiments, the data presented
above suggest that with appropriate modifications, [Au,s5(Co-
CMT)5]” NCs could be used as a noninvasive smart drug car-
rier in the future.

3. Conclusion

The reversible assembly of nanoparticles using a variety of
stimuli is a continuously evolving area of research. Recently,
light has been used as a stimulus to trigger the assembly of
ligand-protected plasmonic nanoparticles and atomically pre-
cise nanoclusters. Beyond classical non-covalent interaction-
driven assemblies, triggering higher-order structure formation
using dynamic covalent chemistry offer possibilities to generate
unprecedented nanostructures. Here, we have investigated
the reversible [2+2] photocycloaddition reaction-assisted self-
assembly of thiolated-coumarin protected atomically precise
Auys NCs. More importantly, the photocycloaddition reactions
also allowed dynamic covalent chemistry at colloidal length
scales. Photoactivation of NCs dispersed in THF resulted in
the formation of uniform toroids. Multiple spectroscopic and
microscopic techniques have been used to investigate the
assembly and morphology of toroids. HR-TEM, ET reconstruc-
tion, AFM, and FESEM measurements disclosed the existence
of densely packed NCs in toroids. The mechanism of toroidal
formation and the role of long-term lighting on the structural
reorganization of toroids have been studied in detail. The evo-
lution of toroids has been monitored using FESEM and AFM
measurements. The detailed examination revealed the for-
mation of assembled spheres in the beginning stage of the
photocycloaddition reaction. Successive lighting produced
toroids by fusing the spherical intermediates. The sustained
illumination of NCs finally resulted in well-organized honey-
comb frameworks due to the inter-toroidal coupling. Finally, a
“model-smart drug delivery system” based on the cross-photo-
cycloaddition reaction between coumarin-tethered NC and
5-FU has been developed. The fabricated NC-based molecular
carriers showed systematic loading and unloading of drugs
while NCs participated in the light-induced assembly and disas-
sembly. These “NC-based photosensitive drug delivery systems”
with suitable modifications can be extended to explore noninva-
sive drug delivery, bioimaging, and therapeutics in the future.
The assembled superstructures will be also an ideal probe for
optical and electrochemical sensors.

4. Experimental Section

Reagents and Materials: In this work, analytical grade chemicals
and solvents were purchased and used without further purification.
Gold(I1l) chloride trihydrate (HAuCl,.3H,0), tetraoctylammonium
bromide (TOAB), 2-phenylethanethiol (PET), sodium borohydride
(NaBH,), potassium thioacetate (KSCOCHs), trans-2-3-(4-tert-
butylphenyl)-2-methyl-2-propenylidenemalononitrile  (DCTB), acetone,
methanol, hydrochloric acid (HCl), tetrahydrofuran (THF), N, N’-
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dimethyl formamide (DMF), dichloromethane (DCM), and toluene were
purchased from Sigma-Aldrich. 7-hydroxycoumarin, 1,3-dibromopropane,
and 1,9-dibromononane were purchased from Tokyo Chemicals Industry
(TCl). 5-Fluorouracil was purchased from Alfa Aesar. Potassium
carbonate (K,CO3), potassium iodide (KI), anhydrous sodium sulfate
(Na,SO,), Chloroform-d (CDCl;), and tetrahydrofuran-d (THF-dg) were
purchased from Sisco Research Laboratories (SRL).

Instrumentation and Characterization: The nuclear magnetic resonance
(NMR) spectroscopy ('H and ®C) analysis was performed using Bruker
AVANCE Il HD 400 MHz spectrometers. VARIAN Cary 500 Scan
spectrometer was used to measure the absorbance spectra (UV-vis) of
ligands, NCs, and superstructures. The Bruker Tensor 27 spectrometer
was used for FT-IR spectra (attenuated total reflection). The Orbitrap Elite
Hybrid lon Trap-Orbitrap (Thermo Fisher Scientific) mass spectrometer
was used for measuring high-resolution mass spectrometry (HR-MS).
The mass spectrum of NC was recorded using Bruker Microflex matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry. The ionization of molecules was achieved using Nd:YAG
laser (A = 266 nm). A standard solution of the matrix was prepared by
dissolving 10 mg DCTB in 500 pL DCM. NC solution was prepared at
a ratio of 1 mg in 100 uL DCM. Different compositions of matrix and
NC solution were tried to optimize the well-resolved spectrum. High-
resolution transmission electron microscopy (HR-TEM) and STEM
images with energy dispersive X-ray spectroscopy (EDS) and elemental
maps were recorded from FEI Talos F200S (200 kV) transmission electron
microscope. Jeol F200 S/TEM electron microscope operated at 200 keV
was used for collecting data for 3D electron tomographic reconstruction.
For tomographic reconstruction, 2D projections were collected between
* 69° with increment angles of 2°. The acquired raw 2D projections were
first subjected to a series of preprocessing using the IMOD software
package.” Coarse alignment was used to create the aligned file. A
custom-made maximum entropy method (MEM) program was used
for 3D reconstruction.*’l Chimera was used to produce colored images.
Agilent Technologies 5500 series AFM/SPM microscope with Pico View
1.14.1. software and WSxM 5.0 was used to measure AFM images. Carl-
Zeiss SUPRA 55VP field emission scanning electron microscope was used
for FESEM images with EDS and elemental mapping. Thermo Scientific
ESCALAB 250Xi instrument was used to measure X-ray photoelectron
spectra. The photodimerization of chromophore and NC were performed
using a Spectroline E-Series UV lamp (102 Ix for 365 nm and 70 Ix for
254 nm). The SHIMADZU LC-20AD model system linked to the LC
solution software was used for HPLC analysis. A reverse-phase column,
CLC-ODS-C18 (250 x 4.6 mm, 5 um) has been used as the stationary
phase. The detection was completed by isocratic elution of the mobile
phase at the detection wavelength of 267 nm (at ambient temperature
with an injection volume and flow rate of 20 pL and 1.0 mL min™"). DLS
measurements were performed in Zetasizer Nano S90 (Malvern). The
DFT has been used to procure the energy-minimized structure of NC.[26-28]

Synthesis of Molecule 1 (MT): M1 was synthesized using a reported
protocol. A mixture of 7-hydroxycoumarin (1.3 g 8 mmol),
1,9-dibromononane (16.3 mL, 80 mmol), K,COs (1.33 g, 9.6 mmol), and a
catalytic amount of KI was heated in acetone (100 mL) at 80 °C for 4 h. The
temperature of the reaction mixture was reduced to RT, the solid was filtered
out, and the solvent was evaporated off. The crude filtrate was column
chromatographed over silica gel, using hexane as eluent to remove the
excess 1,9-dibromononane, followed by 10% ethyl acetate/hexane to afford
M1 (solid; melting point: 45 °C; 2.85 g; 96% yield). '"H NMR (400 MHz,
CDCly); §=7.63 (d, ) = 9.5 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 6.86 — 6.7 (m,
2H), 6.24 (d, ] = 9.4 Hz, TH), 4.00 (t, = 6.5 Hz, 2H), 3.41 (t, ] = 6.8 Hz, 2H),
1.90 - 1.76 (m, 4H), and 1.51 — 1.31 (m, 10H); *C NMR (100 MHz, CDCly);
0=162.50, 161.42, 156.01, 143.60, 128.82, 113.09, 113.00, 112.47, 101.40, 68.70,
3416, 32.88, 29.42, 29.30, 29.04, 28.77, 28.22, and 26.01; FT-IR (Vina) =
2930, 2852, 1728, 1612, 1290, 1233, 1127, 839, 740, and 627 cm™". HR-MS
(CigH2303Br), m/z + 1= 367.08 and 369.09. 'H and C NMR, FT-IR, and
HR-MS spectra of M1 are shown in Figures S1-S3, Supporting Information.

Synthesis of Molecule 2 (M2): M2 was synthesized by adopting
a reported protocol with required modifications.”” A solution of
M1 (2.83 g, 7.7 mmol) and KSCOCH; (1.06 g, 9.24 mmol) in acetone
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(120 mL) was stirred overnight at RT. After the reaction, the mixture was
filtered and concentrated. The crude was extracted with ethyl acetate
(3 x 20 mL) and the organic layer was evaporated under a vacuum. The
crude mixture was purified by a silica column using 15% ethyl acetate/
hexane to yield M2 (solid; melting point: 68 °C; 2.5 g; 89% yield). 'H
NMR (400 MHz, CDCl3); §=7.62 (d, ] = 9.4 Hz, TH), 7.35 (d, J = 8.6 Hz,
H), 6.85 — 6.76 (m, 2H), 6.22 (d, J = 9.5 Hz, TH), 3.9 (t, ] = 6.5 Hz,
2H), 2.85 (t, ] = 7.3 Hz, 2H), 2.31 (s, 3H), 1.79 (p, J = 6.7 Hz, 2H), and
1.6 — 1.27 (m, 12H); ®C NMR (100 MHz, CDCly); & = 195.09, 161.38,
160.30, 154.88, 142.47, 127.68, 111.97, 111.86, 111.33, 100.27, 67.59, 29.64,
28.45, 28.31, 28.20, 28.09, 27.98, 27.91, 27.73, and 24.88; FT-IR (Vi) =
2924, 2852, 1730-1690, 1618, 1285, 1237, 1131, 829, and 714 cm™. HR-MS
(Ca0H2604S), m/z + 1 = 363.16. 'H and 3C NMR, FT-IR, and HR-MS
spectra of M2 are shown in Figures S4-S6, Supporting Information.

Synthesis of Molecule 3 (M3): M3 was synthesized following the
reported protocol with required modifications.?’l M2 (1.3 g, 3.6 mmol)
was hydrolyzed in 1.25 m HCl/methanol mixture (50 mL) for 2 h at 65 °C.
The reaction mixture was evaporated to remove the solvent, extracted with
ethyl acetate (2 x 50 mL), dried over anhydrous Na,SO,, and concentrated.
The mixture was purified by a silica column using 10% ethyl acetate/
hexane to afford M3 (solid; melting point: 41 °C; 0.83 g; 72% yield). 'H
NMR (400 MHz, CDCl3); §=7.62 (d, ] = 9.5 Hz, 1H), 7.36 (s, TH), 6.86 —
6.76 (m, 2H), 6.23 (d, J = 9.5 Hz, TH), 3.9 (t, J = 6.5 Hz, 2H), 2.51 (q,
J=74Hz, 2H),1.79 (p, J = 6.7 Hz, 2H), 1.60 (p, J = 7.2 Hz, 2H), and 1.51
~1.25 (m, 11H); 3C NMR (100 MHz, CDCly); & = 162.50, 161.43, 156.00,
143.60, 128.81, 113.09, 112.98, 112.45, 101.38, 68.71, 34.09, 29.48, 29.34,
29.07, 29.04, 28.41, 26.02, and 24.74; FT-IR (V. = 2929, 2853, 2543, 1730,
1615, 1289, 1234, 1129, 842, and 722 cm™". HR-MS (CigH,405S), m/z + 1=
321.15. 'H and BC NMR, FT-IR, and HR-MS spectra of M3 are shown in
Figures S7-S9, Supporting Information. This molecule was called Co-CMT.

Synthesis of Molecule 4 (M4): M4 was synthesized by following
a known protocol with required changes.d A mixture of
7-hydroxycoumarin (1.3 g, 8 mmol), 1,3-dibromopropane (8.18 mL,
80 mmol), K,CO; (1.32 g, 9.62 mmol), and a catalytic amount of KI was
heated in acetone (100 mL) at 80 °C for 4 h. The reaction mixture was
cooled, filtered, and evaporated to pump out the solvent. The crude
filtrate was column chromatographed over silica gel, using hexane
as eluent to remove the excess 1,3-dibromopropane, followed by 10%
ethyl acetate/hexane to afford M4 (solid; melting point: 96 °C; 2.1 g;
93% yield). 'H NMR (400 MHz, CDCly); 8 = 7.63 (d, J = 9.5 Hz, TH),
7.37 (d, ] = 8.4 Hz, TH), 6.87 — 6.80 (m, 2H), 6.25 (d, J = 9.5 Hz, TH),
477 (t, J = 5.8 Hz, 2H), 3.61 (t, J = 6.4 Hz, 2H), and 2.35 (p, J = 6.1 Hz,
2H); ®C NMR (100 MHz, CDCly); & = 161.96, 161.27, 155.94, 143.50,
128.95, 113.37, 112.86, 112.84, 101.65, 65.97, 32.06, and 29.69. FT-IR
(Vmax) = 2923, 2850, 1712, 1616, 1284, 1227, 1130, 833, 740, and 633 cm™".
'H and 3C NMR and FT-IR spectra of M4 are shown in Figures S10 and
ST, Supporting Information.

Synthesis of Molecule 5 (M5): M5 was synthesized using a reported
procedure with necessary modifications.?’l A solution of M4 (2 g,
7 mmol) and KSCOCH; (0.97 g, 8.5 mmol) in acetone (110 mL) was
stirred overnight at RT. After the reaction, the mixture was filtered and
concentrated. The crude filtrate was purified by a silica column using
15% ethyl acetate/hexane to yield M5 (solid; melting point: 62 °C; 1.7 g;
87% yield). '"H NMR (400 MHz, CDCl3); 6=7.63 (d, ] = 9.5 Hz, TH), 7.36
(d, J = 8.6 Hz, TH), 6.90 — 6.74 (m, 2H), 6.24 (d, J = 9.4 Hz, TH), 4.05
(t, ] = 6.1 Hz, 2H), 3.05 (t, J = 7.1 Hz, 2H), 2.34 (s, 3H), and 2.09 (p,
J =6.6 Hz, 2H); *C NMR (100 MHz, CDCly); &= 195.77, 162.08, 161.34,
155.94, 143.54, 128.90, 113.24, 113.01, 112.72, 101.48, 66.85, 30.77, 29.12,
and 25.79. FT-IR (Vma) = 2923, 2857, 1700-1683, 1611, 1289, 1232, 1124,
817, and 720 cm™. 'H and *C NMR and FT-IR spectra of M5 are shown
in Figures S12 and S13, Supporting Information.

Synthesis of Molecule 6 (MG): M6 was synthesized using a reported
protocol with required modifications.?l’ M5 (1 g, 3.6 mmol) was
hydrolyzed in 1.25 m HCl/methanol mixture (50 mL) for 2 h at 65 °C. The
reaction mixture was rotary evaporated to remove solvent and extracted
with ethyl acetate (2 x 50 mL), dried using anhydrous Na,SO,, and
concentrated. The crude mixture was purified by a silica column using
10% ethyl acetate/hexane to yield M6 (solid; melting point: 72 °C; 0.61 g;
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72% yield). 'TH NMR (400 MHz, CDCls); §=7.63 (d, J = 9.5 Hz, 1H), 7.36
(d, J = 8.4 Hz, TH), 6.87 — 6.78 (m, 2H), 6.24 (d, J = 9.4 Hz, TH), 414 (t,
J =59 Hz, 2H), 2.74 (q, / = 7.4 Hz, 2H), 2.11 (p, ] = 6.4 Hz, 2H), and 1.40
(t,J = 8.1 Hz, TH); 3C NMR (100 MHz, CDCl;); 5= 162.14, 161.34, 155.96,
143.54, 128.91, 113.25, 112.95, 112.72, 101.54, 66.31, 33.06, and 21.19. FT-IR
(Vimax) = 2928, 2865, 2574, 1724, 1610, 1288, 1232, 1124, 843, and 740 cm™.
'H and C NMR and FT-IR spectra of M6 are shown in Figures S14 and
S15, Supporting Information. This molecule was called C3-CMT.

Synthesis of [Auys(PET) g~ NCs: [Au,s(PET)1s]” NCs were synthesized
using a reported procedure.l14

Synthesis of [Au,5(Co-CMT)1g]~ NCs: The synthesis of [Au,s(Co-CMT) 1]~
NCs was performed using the reported method in the literature.'®'l |n
a typical synthesis, TOAB (33 mg in 1.75 mL THF) was injected into a
HAuCl,.3H,0 (20 mg in 2 mL THF) and stirred at 25 °C until the color of
the mixed solution changed to dark red. Subsequently, 81 mg of Co-CMT
was directly added and the resulting solution was stirred for another
1 h. The reduction of Au-thiolate was performed by injecting 1.25 mL
of freshly made ice-cold aqueous NaBH, (19 mg) solution. In order to
complete the formation of Au,s NCs, the above mixture was stirred at
RT for an extra 4-5 h. The organic and aqueous layers were separated
using a separatory funnel. The addition of 1 mL of toluene helped to
separate the immiscible layers clearly. The separated organic portion was
washed many times with DI water and subsequently pumped out using
a rotary evaporator. The unreacted thiols and other unwanted products
were separated by precipitating the NCs using methanol (10 mL). The
supernatant solution containing the free thiol was discarded. This
washing step was continued two to three times. Finally, the dried
[Auys(Co-CMT)15]” NCs were stored in a refrigerator and have been used
for further characterization.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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