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Herein, we report for the first time a highly emissive higher-order
assembled structure of BSA-Au NCs in the presence of cucurbit[7]
uril, which enhances the absolute fluorescence quantum yield of BSA-
Au NCs up to 40%. Cucurbit[7]uril neutralizes the surface charge of
BSA-Au NCs, and hence aggregation happens. This aggregation shows
reversible disaggregation in the presence of adamantylamine.

Noble metal nanoclusters (NMNCs) are emerging functional
nanomaterials." The photophysical properties of NMNCs were
found to be influenced by their intrinsic structure, composition,
and core size, and the environment around NCs, including
solvent and protecting ligands.”* The functional properties of
NMNCs can be easily tuned by using different ancillary ligands
such as thiolates,” phosphine,® alkyne,” etc. Although light-
emissive NCs are in high demand due to their optoelectronic
properties, the emergence of luminescence behavior in NCs has
not been fully elucidated. However, some studies reveal the role
of ligand-to-metal charge transfer (LMCT)® and/or ligand-to-
metal-metal charge transfer (LMMCT)® in designing emissive
NCs. The nature of ligands in the cluster plays a pivotal role in
surface functionalization and hence opens the opportunity to
tune the fluorescence quantum yield (QY) of NCs. Current
research focuses on small-molecule-protected NCs for practical
applications,' but the lack of biocompatibility restricts their
use in biology. In this context, protein-protected noble metal
nanoclusters (PPNMNCs) found their widespread use in various
applications such as biomedical imaging," sensing,” and so
forth. Biocompatible luminescent PPNMNCs would be ideal if
they exhibited a high quantum yield. However, because of their
low quantum yield,* their real applications such as cell imaging
are hampered. So, the design of highly fluorescent PPNMNCs
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remains a challenging task for synthetic and materials scien-
tists. To design such complex molecular architectures, synthetic
chemists utilize supramolecular approaches to generate
superstructures of nanomaterials by the assembly of simple
molecules via noncovalent interactions such as hydrogen
bonding interactions, 7-7 interactions, hydrophobic interac-
tions, and van der Waals (vdWs) interactions.'*** Molecular
cages like cucurbit[7]uril (CB7) and cyclodextrins (CDs) possess
a hydrophobic cavity and hence via molecular encapsulation/
host-guest interactions they can form large assembled super-
structures. Recently, attempts have been made through the
supramolecular host-guest complexation of Ag,o,LA;, with CB7
and B-CD to enhance the luminescence properties.'® Supramo-
lecular host-guest interactions can also provide remarkable
improvement in stability and concomitant enhancement in the
properties of the gold NCs of [Au,s(SBB);g] with B-CD."” Metal
ions-induced is another method to enhance the luminescence
of protein-protected gold nanoclusters.'® Aggregation-enhanced
emission (AEE) is an intriguing optical phenomenon in which
the weakly luminescent nanocluster displays remarkably
enhanced emission in its aggregate state.' According to the
literature, the supramolecular assembly can also alter the
optoelectronic properties of colloidal nanoparticle clusters.>® To
the best of our knowledge, there is no report on cage
compounds, such as CB7 and B-CD, for the fluorescence
enhancement of protein-protected NCs through supramolec-
ular host-guest chemistry. So, taking into account supramo-
lecular chemistry, we introduce a noble technique to enhance
the fluorescence by supramolecular host-guest chemistry in
PPNMNCs. Towards this end, we report a host-guest driven
higher-ordered assembled system of BSA-Au NCs in the pres-
ence of CB7. The encapsulation of amino acids inside the cavity
of CB7 drives its emission enhancement, where we observe the
absolute fluorescence quantum yield to reach up to 40.56%. We
also observe that CB7 reduces the surface charge of PPNMNCs,
and hence aggregation happens. Furthermore, in the presence
of adamantylamine (ADA), the turbid system (assembled
system) turns into a clear solution showing the reversibility of
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protein-protected gold nanoclusters which is one of the
fundamental aspects of protein aggregation which is generally
irreversible in nature.** A schematic representation is demon-
strated below for this system (Fig. 1).

To create a higher-order assembled structure, we have
synthesized BSA-Au NCs and CB7.%>** In the solution, BSA forms
an Au'*-BSA intermediate and is finally converted into Au’-BSA
(in Au-BSA NCs) in the presence of NaOH. Here, BSA acts as
a reducing agent as well as a stable capping agent for the gold
nanocluster in an alkaline medium. BSA-Au NCs have been
characterized using standard spectroscopic and microscopic
techniques. The optical photograph of BSA-Au NCs in compar-
ison with BSA suggests their formation (Fig. Sla-dt). A quan-
titative comparison of UV-vis spectra between BSA and BSA-Au
NCs was performed to decipher their optical properties
(Fig. S1et). A distinct absorption peak at 280 nm was observed
for both systems due to the presence of tyrosine and tryptophan
in BSA. In addition to this, only BSA-Au NCs exhibit a shoulder
hump from 350 nm to 450 nm. The absence of any well-defined
absorption peaks in this region of BSA-Au NC confirms the
presence of clusters inside BSA.>* When BSA-Au NCs were
excited at 365 nm, two emission maxima at around 450 nm and
645 nm were observed and assigned to weak protein emission
and nanocluster emission, respectively (Fig. S1ff). The core size
of NCs was measured and found to be below 2 nm by High-
Resolution Transmission Electron Microscopy (HRTEM) anal-
ysis (Fig. S1gt). Additionally, the core size of NCs in terms of the
number of gold atoms was further confirmed by MALDI-TOF
Mass Spectrometry (MS) analysis (Fig. S2). The protein shows
a peak at m/z ~ 66 300 while BSA-Au NCs exhibit a peak at m/z ~
70 969 with a mass difference of ~5 kDa. This mass difference is
attributed to the formation of Au,;@BSA NCs. The molecular
host CB7 has been synthesized, and characterization has been
done by "H-NMR spectroscopy (Fig. S31) and LC-MS (Fig. S47).
With this prior knowledge, the interaction of BSA-Au NCs with
CB7 has been discussed in the next section.

Supramolecular cage CB7 encapsulates amino acids where
they bind to its cavity via hydrophobic and electrostatic inter-
actions.” The confinement of amino acids inside the cavity of
CB?7 restricts its rotational and vibrational motion and hence

BSA-Au NC

Gold Nanocluster
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Fig. 1 Schematic representation of the formation of a higher-order
assembled structure of BSA-Au NCs and its reversibility in the presence
of ADA.
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alters the luminescence behavior of BSA-Au NCs through
aggregation-enhanced emission (AEE).?* When we increased the
concentration of CB7 up to 8 mM (CB7 in 5 mM PB buffer) in
BSA-Au NCs, the appearance of turbidity within the system was
noticed, and also, we observed a gradual increase in fluores-
cence intensity (Fig. 2a and b). The turbid mixture of BSA-Au
NC@CB7 has been characterized using a confocal fluores-
cence image which suggests the formation of higher-order
assemblies (Fig. 2¢). The formation of higher-order assemblies
was further confirmed by AFM images (Fig. S5t). Material
characterization of the turbid system by HRTEM analysis clearly
reveals the formation of a distinct assembled structure at the
nanoscale (Fig. 2d). The formation of turbidity within the
system was also analyzed via a turbidity measurement experi-
ment of BSA-Au NCs in the presence of CB7 at 550 nm (Fig. 2e).
Increasing the ratio of CB7/NCs leads to an increase in the
scattering, and consequently, higher turbidity has been recor-
ded at CB7/NCs ~ 125. This sudden jump of turbidity can be
considered as an inflection point and called a critical assembled
concentration. However, the turbidity gets saturated when the
ratio of CB7/NCs is ~300. To investigate the effect of CB7 on the
size of BSA-Au NCs, DLS measurements were performed. From
the DLS study, we observed a gradual increase of the hydrody-
namic size upon increasing the ratio of CB7 to BSA-Au NCs, and
at the highest ratio, the size reached ~340 nm (Fig. 2f). We also
characterized other non-turbid systems by confocal microscopy,
which suggests the lack of formation of any higher-order
assembly at a lower ratio of CB7 to BSA-Au NCs (Fig. S6-S107).
For fluorescence measurements, the concentration of CB7 var-
ies from nanomolar to millimolar with respect to fixed protein
concentration (Fig. S11t). We observed an ~3-fold increase in
the emission intensity of BSA-Au NCs (Fig. 3a), which further
increased to ~4.5-fold when a time-dependent fluorescence
study was performed after 24 h (Fig S12t). In addition to
emission enhancement, a blue shift of 10 nm was observed at
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Fig. 2 Optical photographs of (a) BSA-Au NC@CB7 under visible light
and (b) BSA-Au NC@CB7 under UV light. (c) A confocal fluorescence
image of BSA-Au NC@CB7. (d) TEM image of BSA-Au NCs upon
addition of CB7. (e) Turbidity measurement of BSA-Au NCs at different
ratios with CB7 at 550 nm. (f) DLS measurement of BSA-Au NCs at
different ratios of CB7 to BSA-Au NCs.
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Fig. 3 (a) A normalized fluorescence emission spectra of BSA-Au NCs
in the presence of CB7 (CB7 in 5 mM PB) (Ex. 365 nm). (b) A plot of the
absolute fluorescence quantum yield of BSA-Au NCs at different ratios
of CB7 and (c) a plot of fluorescence lifetime (z in us) of BSA-Au NCs at
different ratios of CB7 to BSA-Au NCs. (d) A normalized fluorescence
emission spectra of Lys-Au NCs in the presence of CB7 (Ex. 365 nm).
(e) A normalized fluorescence emission spectra of BSA-Au NCs in the
presence of B-CD (Ex. 365 nm). (f) A fluorescence reversibility plot of
BSA-Au NCs upon simultaneous addition of CB7 and ADA.

the highest ratio of CB7 to BSA-Au NCs ~ 112 compared to CB7
to BSA-Au NCs ~ 28. This change in the emission profile in the
presence of CB7 in BSA-Au NCs indicates amino acid encapsu-
lation inside the cavity of CB7 (Fig. S131).*” At the highest
concentration of CB7, we observed the formation of denser
aggregates, which show emission at 645 nm when excited at 365
and 375 nm, respectively. The appearance of this same emission
peak of BSA-Au NC@CB?7 after the excitation at different wave-
lengths clearly suggests that the emergence of emission is not
due to scattering but because of aggregation (Fig. S147).2® Also,
increasing the concentration of CB7 with respect to BSA-Au NCs
leads to an increase in absorbance at 230 nm and 280 nm
(Fig. S15t). This UV-visible study clearly demonstrates the
interaction between the amino acids of the protein shell of the
nanocluster and CB7, which is also supported by fluorescence
studies. The formation of higher-order assemblies is due to the
aggregate formation, which in turn also increases the fluores-
cence intensity due to the AEE phenomenon. The AEE behavior
was well supported by the quantum yield (¢5) and lifetime (7)
measurements (Table 1, ESIT). A dilute solution of the cluster
shows an absolute fluorescence quantum yield (¢g) of 13.45%,
but upon the addition of CB7, it reaches up to 40.56% (Fig. 3b
and S16-520t). With the increase in the ratio of CB7 to the BSA-
Au NG, there is a gradual increase in the lifetime of BSA-Au NCs
(r = 1.35 ps) to the assembled system (t = 1.82 ps) (Fig. 3¢ and
S217). To investigate the role of aggregation in energy transfer
via FRET from Trp to the CB7 conjugated protein nanocluster,
we excited the BSA protein, BSA-Au NCs, and BSA-Au NC@CB7
at 295 nm. Emission spectra show that there is a considerable
reduction of fluorescence intensity at 340 nm from protein to
the protein-protected nanocluster, indicating FRET from Trp to
protein (Fig. S227).>® Further, an increase of the fluorescence
intensity of both the protein and nanocluster was observed
upon increasing the concentration of CB7, suggesting the
absence of FRET from Trp to the cucurbit[7]uril conjugated BSA-
Au NC. This result clearly suggests that FRET does not cause
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higher fluorescence quantum yield in the higher-order assem-
bled structure. We have extended our observation to the lyso-
zyme gold nanocluster to generalize our hypothesis. We
synthesized the Lys-Au NC according to the literature procedure
(Fig. S231).* We got ~1.2 fold emission enhancement at the
ratio of CB7 to Lys-Au NC ~ 132, but quenching happens at the
highest ratio of ~176 (Fig. 3d). To investigate the role of the
cavity dimension, we performed a fluorescence study with
another host of B-CD (B-CD possesses a similar cavity dimen-
sion compared to CB7). However, the addition of B-CD does not
alter its emission behavior, which suggests the absence of any
interaction between the B-CD and BSA-Au NCs (Fig. 3e). This
result proves that the host-guest interaction of CB7 with BSA-Au
NCs is quite likely the electrostatic interaction between the
negatively polarized carbonyl end of CB7 and the amino acids
present in the BSA-Au NC.** We continued pH-dependent
turbidity measurements where we observed a gradual
enhancement of aggregation, and it got saturated in the acidic
medium which suggests that the protonation of amino acids
and electrostatic interactions play the major role in aggregation
(Fig. S247).*> This hypothesis was further validated by zeta
potential measurements, which showed a gradual decrease of
the zeta-potential value from BSA-Au NCs to the cucurbit[7]uril
conjugated BSA-Au NC system (Fig. S25 and Table 2, ESIt), but
the CB7-conjugated BSA-Au NC system still possesses a negative
charge on the surface. On the other hand, in the presence of
CB7, Lys-Au NCs exhibit a positive surface charge (Fig. S25 and
Table 3, ESIT). These studies prove that there is a surface charge
neutralization process is taking place in PPNMNCs in the
presence of CB7, and an increase in the hydrophobicity of the
protein surface is responsible for higher-order assembly
formation and causes aggregation. The higher quantum yield
and lifetime are due to the AEE phenomenon; basically the
electrostatic interaction between the carbonyl groups of CB7
and amino acids of the protein causes aggregation, and hence it
rigidifies the whole assembled system. This rigidification
promotes the radiative path and suppresses the non-radiative
path.”® It is worth mentioning that this phenomenon is fairly
similar to aggregation-induced emission (AIE) where lumines-
cence enhancement can be achieved through the restricted
rotation of parts of luminophores.*

Protein aggregation is a fundamental problem in different
kinds of neurodegenerative diseases such as Alzheimer's
disease, Parkinson's disease, and Huntington's disease.’*
According to the literature, BSA protein exhibits irreversible
aggregation in the presence of different kinds of electrolytes
such as Na,SO, and NaSCN, and nonelectrolytes such as
sucrose, sorbitol, and urea.?* Herein, for our fundamental
understanding in connection with reversible aggregation, we
have chosen ADA as a guest molecule as it has a higher binding
affinity towards CB7.** When we added ADA into the turbid
solution, astonishingly, it turned into a clear solution. The
reversibility has been proved by the simultaneous addition of
CB7 and ADA into the BSA-Au NC solution (Fig. 3f).

In conclusion, utilizing the supramolecular host-guest
chemistry of CB7 in BSA-Au NCs, we design a higher-order
assembled system which exhibits a 40% absolute fluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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quantum yield. Furthermore, in the presence of CB7, BSA-Au
NCs possess a negative charge while Lys-Au NCs exhibit a posi-
tive charge. In addition to that, the assembled structure of BSA-
Au NCs shows reversible aggregation and disaggregation in the
presence of cucurbit[7]uril and adamantylamine respectively,
which is one of the important aspects in the fundamental study
of protein aggregation. We are optimistic that our findings will
fuel the applications of supramolecular cage-mediated protein-
protected gold nanoclusters not only in biology but also as an
optoelectronic material in the future.
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