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Surface-protecting ligands, as a major component of metal nanoclusters (MNCs), can dominate molecular
characteristics, performance behaviors, and biological properties of MNCs, which brings diversity and
flexibility to the nanoclusters and largely promotes their applications in optics, electricity, magnetism,
catalysis, biology, and other fields. We report herein the design of a new kind of water-soluble
luminescent gold nanoclusters (AuNCs) for enzyme-activatable charge transfer (CT) based on the ligand
engineering of AuUNCs with 6-mercaptopurine ribonucleoside (MPR). This elaborately designed cluster,
Aus(MPR),, can form a stable intramolecular CT state after light excitation, and exhibits long-lived color-
tunable phosphorescence. After the cleavage by purine nucleoside phosphorylase (PNP), the CT triplet
state can be easily directed to a low-lying energy level, leading to a bathochromic shift of the emission

band accompanied by weaker and shorter-lived luminescence. Remarkably, these ligand-engineered
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enzyme activity and related drugs. The work of this paper provides a good example for diversifying

DOI: 10.1039/d4sc01509f physicochemical properties and application scenarios of MNCs by rational ligand engineering, which will
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Introduction

As a crucial intermediate excited state in numerous molecules
and nanostructures, charge-transfer (CT) states are involved in
both the generation and conversion of luminescent states,
resulting in a tunable emission band.”® This phenomenon is
especially intriguing as it can be potentially applied in many
areas, including probes,** photovoltaics,*” encrypted informa-
tion storage,® and cellular imaging.® However, despite the
substantial advance made in investigating the CT states of
materials, it remains a great challenge to translate the accu-
mulated theoretical and experimental insights into design
strategies for high-quality nanoluminophores toward different
sets of application scenarios.'®" This probably arises from both
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facilitate future interest and new strategies to precisely engineer solution-based nanocluster materials.

ill-defined structure-function relationships and unusual elec-
tron-hole coupling of the conventional luminescent
nanomaterials.'>*

Over the past two decades, ligand-protected gold nano-
clusters (AuNCs) as unique materials have attracted consider-
able attention from fundamental aspects to potential
applications.™™ In ligand-protected AuNCs, the ligand layer
capped on the surface of the gold core is an important
component because it will dramatically influence both molec-
ular characteristics and performance behaviours of AuNCs.?***
Apart from offering good stabilization for AuNCs in solution,
the ligand shell is also critical to the chemical and physical
properties of ligand-protected AuNCs. For example, it has been
reported that the photoluminescence (PL) of AuNCs can be
readily modulated by the anchoring point,*»* chain length,>***
functional group,”** and flexibility degree of the protecting
ligands.*®* More intriguingly, the design and choice of a ligand
shell can also dominate the biological properties of AuNCs. By
using a certain biocompatible ligand (e.g., amino acid, peptide,
protein, DNA, and biomimetic substrate),*** the native func-
tion (e.g., catalytic activity and recognition ability) of biomole-
cules may be retained after the synthesis of AuNCs,***® which
provides huge opportunities for the fabrication of multifunc-
tional platforms for diverse applications in biomedical fields.

The advent of AuNCs has unlocked the possibility for eluci-
dating CT behaviours in luminescent nanomaterials on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atomic scale. The CT luminescence state of AuNCs is derived
from the molecule-like charge transfer between the semiring
ligands and Au core, which can be readily modulated by twist
degree, electron-donating strength, and chain length of the
protecting ligands.*”** This peculiar property endows AuNCs
with the ability to combine the advantages of both conventional
nanoluminophores (e.g., long-lived luminescence and high
resistance to photobleaching) and organic molecules (e.g,
controllable dual-emission centres).*>*' Hitherto, unique intra-
molecular CT luminescence behaviours of AuNCs have only
been studied in several bitetrahedral kernel structures,*"** and
they still need to be comprehensively understood.

Herein, we described an enzyme-catalysed approach for
activating the intramolecular CT state in ligand-engineered
AuNCs. The well-designed Aus(SR), (SR: thiolate) NCs exhibit
intense long-lived luminescence in aqueous solution. The PL
origin of these AuNCs was fully unravelled using a combination
of different spectroscopic technologies, and an intramolecular
CT-mediated triplet state was identified. Moreover, we found
that after the cleavage by enzyme, the CT triplet state in Aus(SR),
NCs can be easily directed to a low-lying energy level, leading to
a weaker red-shifted PL emission. Finally, we translated these
findings into the development of an efficient probe for enzyme
activity monitoring, cell imaging, and drug screening.

Results and discussion
AuNC synthesis and characterization

The key to our design strategy is the selection of an appropriate
ligand to produce specific surface-engineered AuNCs. We
adopted 6-mercaptopurine ribonucleoside (MPR) as a ligand for
the preparation of enzyme-activatable charge-transfer AuNCs
due to the following reasons (Fig. 1a): (1) the thiol group of MPR
(anchoring point) can strongly interact with the Au atom
through the sulfur-Au bond; (2) the purine ring structure of
MPR (ligand body) possesses unique electronic properties,
which participate in the hybridization of the luminous energy
level and tune the charge-transfer process; and (3) the glycosidic
bond in MPR (functional group) can be recognized and cleaved
by purine nucleoside phosphorylase (PNP). Besides, owing to
the significant mixing of excited states between purine and
ribose moieties, the ribose substituent in MPR can regulate the
electron-accepting ability of the purine ring, thereby apparently
affecting the charge-transfer process.*

The fabrication of AuNCs was carried out in aqueous solu-
tion at room temperature based on a facile one-pot approach by
employing MPR as the reducing-cum-protecting agent (more
details can be found in Experimental). The optical properties of
the as-synthesized AuNCs were evaluated by UV-vis absorption
spectroscopy and fluorescence spectroscopy. The formed
aqueous solution of AuNCs coated with MPR (MPR-AuNCs)
appears faint yellow under room light and glows yellow-
orange under UV irradiation (Fig. 1b inset). The UV-vis
absorption spectrum of the obtained MPR-AuNCs is depicted
in Fig. 1b, which reveals an onset at approximately 500 nm
without any clear characteristic absorption peaks. The visible
absorption feature may arise from a charge transfer state.>*°
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Fig. 1c shows the excitation/emission 2-dimensional contour
plot of MPR-AuNCs. The plot illustrates that the maximum
excitation and emission wavelengths of these AuNCs are located
at 420 nm and 590 nm, respectively. The zeta potential of MPR-
AuNCs was measured to be —24.4 + 1.2 mV (n = 3).

To gain insight into the cluster formula, we analysed the
samples by electrospray ionization mass spectrometry (ESI-MS)
in negative mode. The ESI-MS analysis manifested a relatively
clean spectrum (Fig. 1d). An intense mass peak at m/z = 1549.13
was observed, with the spacing of its isotope pattern being 1,
hence indicating a 1— charge. Therefore, the as-prepared
AuNCs should be assigned as [Aus(MPR), — 2H], and the
accuracy of our assignment was exemplified by the good match
between experimental and simulated isotope patterns (Fig. 1d
inset).

Detailed investigations using X-ray photoelectron spectros-
copy (XPS) and Fourier-transform infrared spectroscopy (FTIR)
validated that AuNCs are successfully engineered with MPR and
the glycosidic bond in MPR is well preserved after cluster
synthesis. The full-survey XPS spectrum (Fig. 1e) revealed the
existence of Au (Au 4f), carbon (C 1s), nitrogen (N 1s), oxygen (O
1s), and sulfur (S 2p). The spectrum of high-resolution Au 4f
(Fig. S17) showed that the Au 4fs, binding energy appears at
84.3 eV, which suggested the presence of both Au(0) and Au().**
An enlarged view of the S 2p binding energy region is displayed
in Fig. S2,7 wherein the dominant peak at 162.3 eV can be
attributable to the sulfur atom of MPR bound to the Au
surface.” Peaks at binding energies associated with O 1s were
fitted as two components corresponding to C-O-C bonding and
C-O-H bonding (Fig. 1f), respectively.”® The FTIR spectrum of
AuNCs exhibited the characteristics of the ligand MPR
(Fig. S31). A band at 2671 cm ' due to the S-H stretching
vibration disappeared in MPR-AuNCs while a strong absorption
band at around 1200 cm ™" originating from the C-O stretching
vibration of the ribose structure was retained, supporting that
MPR is bound to the Au surface by the 6-SH group.*”** In
addition, several stretching C-H bands in the 3000-3200 cm ™"
became inconspicuous after the formation of AuNCs. Mean-
while, the intensities of the bands at 2850 and 2920 cm ™" were
strengthened, which can be attributed to the transformation of
the different tautomers present in the free MPR molecule to the
thiol species in the adsorbed state.”

To unveil the nature of charge transfer in MPR-AuNCs, their
PL properties in different environments were first investigated.
As the solvent polarity increases, the emission peak of MPR-
AuNCs showed a strong bathochromic shift (Fig. 1g). A similar
variation tendency can be seen in their corresponding absorp-
tion spectra (Fig. S4T). The almost identical size distribution of
MPR-AuNCs in the tested solvents can rule out that the solvent-
dependent emission peaks are generated by aggregation-
induced quenching (Fig. 1h). In addition to polarity, the lumi-
nescence of MPR-AuNCs was also found to be highly correlated
with the solvent viscosity. Significant enhancement of the PL
intensity and noticeable hypsochromic shift of the emission
band were detected with increasing concentration of glycerol
(Fig. 1i). The luminescence QY of MPR-AuNCs determined in
80% glycerol is nearly 20 times higher than that in water

Chem. Sci., 2024, 15, 8922-8933 | 8923
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Fig. 1 Optical and structural characterization of MPR-AuUNC:Ss. (a) Illustration of the role of the MPR ligand on the surface of AuNCs. (b) UV-vis
absorption spectrum of MPR-AUNCSs. Inset: photographs of MPR-AuNCs under room light (left) and 302 nm UV light (right). (c) Two-dimensional
fluorescence spectra of MPR-AuUNC:s. (d) ESI-MS spectrum of MPR-AUNCs. The inset shows a comparison between the experimental data (blue
line) and the calculated isotope pattern (orange line) of [Aus(MPR), — 2H] . (e) XPS spectrum of MPR-AuUNC:s. (f) High resolution O(1s) peak of
MPR-AuUNCs. (g) Comparison of the emission bands of MPR-AuNCs in water, dimethyl sulfoxide (DMSO), and dimethylformamide (DMF). (h) DLS
measurements of MPR-AUNCs in water, DMSO, and DMF. (i) The viscosity-dependent PL spectra of MPR-AUNCs. The lines labelled with colors
changing from orange to blue correspond to the PL spectra of MPR-AuNCs in the presence of 0%, 40%, 50%, 55%, 60%, 70%, and 80% glycerol,
respectively. The inset shows photographs of MPR-AuNCs in glycerol solution with different concentrations under a 302 nm UV lamp.

(Fig. S5t). The above findings are reminiscent of the intra-
molecular CT model that has been frequently observed in
organic compounds.*®

Enzyme-activatable charge transfer in MPR-AuNCs

Having identified the charge-transfer feature of these ligand-
engineered AuNCs, PNP was then introduced to testify the
feasibility of our design concept. PNP is a crucial enzyme in the
purine degradation and salvage pathway, which can catalyse the
phosphorolytic cleavage of the glycosidic bond of MPR to
produce 6-mercaptopurine (MP) and ribose-1-phosphate (RP)
(Fig. 2a). As shown in Fig. 2b, when MPR-AuNCs were mixed
with PNP in phosphate buffer (PB) solution, an apparent
decrease in PL intensity was noticed, along with a red-shift in
the emission maximum. We found that by replacing PB solution
with glycine-NaOH bulffer solution (their pH values were both

8924 | Chem. Sci,, 2024, 15, 8922-8933

kept at 8.0), the PNP-caused PL quenching was almost
completely inhibited (Fig. 2c). This phenomenon is plausible
because the PNP-catalysed hydrolysis reaction requires inor-
ganic orthophosphate (Pi) as a second substrate. After adding Pi
to glycine-NaOH buffer solution, PNP is capable of suppressing
the luminescence of MPR-AuNCs again. These results verified
that the quenched PL of MPR-AuNCs by PNP indeed stems from
an enzymatic reaction, which was further evidenced by ESI-MS
and "H NMR measurements. Two newly emerging peaks with
a spacing of 1 at 1325.90 Da and 1347.88 Da were observable in
the positive-mode ESI-MS spectrum of the PNP/MPR-AuNC
mixture (Fig. 2d), which are consistent with [Aus(MP), + K] and
[Aus(MP), + K + Na — H]', respectively. Additionally, a new peak
with a spacing of 1 that represents [2RP — H] ™ was clarified at m/
z 461 Da in the negative-mode ESI-MS spectrum of the PNP/
MPR-AuNC mixture (Fig. S67). As can be seen from the "H NMR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 PNP-activated intramolecular CT states in MPR-AuNCs. (a) Schematic representation of the catalytic hydrolysis of MPR-AuNCs by PNP. (b)
Emission spectra of MPR-AUNCs before and after the addition of 50 U L™ PNP. Inset: the photographs of MPR-AuNCs in the (i) absence and (ii)
presence of 50 U L™t PNP under a 302 nm UV lamp. (c) PNP-induced PL quenching of MPR-AUNCs in different buffers: (i) PB (20 mM); (ii) Gly-
NaOH (50 mM); and (iii) a Gly-NaOH buffer containing 10 mM Pi. The pH values of the tested buffers were kept at 8.0. (d) ESI-MS spectrum of
MPR-AUNCs after the reaction with PNP (50 U L™). Inset shows the experimental (orange line) and simulated (blue line) isotope patterns of
[Aus(MP), + KI*. (€) *H NMR spectra of MPR, MPR-AUNCs, and the PNP/MPR-AUNC mixture in d6-DMSO. (f) Michaelis—Menten plot of the initial
velocities of PNP reaction versus MPR-AUNCs and MPR concentrations. Error bars denote standard deviation over three independent
measurements. (g) Typical data obtained from isothermal titration calorimetry (ITC) measurements of MPR-AUNCs titrated with PNP. Top:
corrected heat rate of the titration. Bottom: integrated normalized heats from each titration step corrected by the heats of dilution (filled
rhombus) together with a fit corresponding to an independent binding model (straight line). (h) Electron density differences (EDDs) between
triplet and singlet states of the most stable (i) MPR-AUNC and (ii) MP-AuNC with an isovalue of 0.01 a.u. Green and purple areas represent
electron density increases and decreases, respectively.

spectra shown in Fig. 2e, a broad peak at ~13.0 ppm that MPR-AuNCs towards PNP should be ascribed to the tighter

belongs to the proton of the N(9)-H group was present in MPR-
AuNCs upon the addition of PNP.**

It is worth mentioning that PNP exhibits high catalytic
activity towards MPR-AuNCs. The Michaelis constant (K,)
values of PNP for the substrates MPR and MPR-AuNCs were 260
and 14 uM (Fig. 2f), respectively. The electrostatic interaction
between PNP and Aus(MPR), NCs can be ruled out first due to
the negative surface charge of both PNP (isoelectric point: 4.2
(ref. 51)) and MPR-AuNCs. Hence, the much stronger affinity of

© 2024 The Author(s). Published by the Royal Society of Chemistry

binding of MPR-AuNCs than MPR to PNP driven by hydro-
phobic interactions (Fig. 2g, S7,7 and Table 1).°> The obtained
K,, value in MPR-AuNCs was also found to be lower than or
comparable to those of other substrates.>*

The distinctive redshifted emission peak and absorption
band (Fig. S81) remind us that a strengthened intramolecular
CT process probably occurs after converting MPR-AuNCs into
MP-AuNCs by the PNP-catalysed reaction.”® Dynamic light
scattering (DLS) measurements manifested that there is no

Chem. Sci., 2024, 15, 8922-8933 | 8925
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Table 1 Determined binding parameters for the PNP/MPR and PNP/MPR-AuUNC interactions

Substrate K (1M) Kq* (uM) AH” (k] mol ™) AS® (k] mol ' K1) AG* (k] mol ™)
MPR 260 5.5 10.2 133.7 —31.2
MPR-AuNCs 14 1.5 24.3 189.8 —34.6

% Measured by isothermal titration calorimetry (7 = 335 K).

formation of aggregates in MP-AuNCs (Fig. S9t). The PL lifetime
decreases from 4.37 s to 0.92 us with a drop of the PLQY from
3.5% to 0.4% (Fig. S101). Based on the PLQY and PL lifetime
data, the nonradiative rates of MPR-AuNCs and MP-AuNCs were
calculated to be 2.2 x 10° s " and 1.1 x 107 s~",* respectively.
The accelerated nonradiative rate of MP-AuNCs is in good
agreement with the characteristics of an enhanced intra-
molecular CT process.*>*” The long luminescence lifetimes on
the microsecond timescale imply that the PL of both MPR-
AuNCs and MP-AuNCs stems from a charge transfer-mediated
triplet (°CT) state, which can be confirmed by the O, quench-
ing experiments (Fig. S11}). Because of their smaller driving
force of Dexter energy transfer,*® the emission of MP-AuNCs was
found to be less sensitive to O,. This result provides a clear
proof for the lower *CT state in MP-AuNCs and supports the
occurrence of an enhanced intramolecular CT process.

The enhanced intramolecular CT process was further ana-
lysed through the density functional theory (DFT) calculations
on the electron distributions of MPR-AuNCs and MP-AuNCs.
The optimized isomeric structures of MPR-AuNCs are shown
in Fig. S12.7 For the global minimum of MPR-AuNC (isomer A),
the electron densities in the HOMO and LUMO were mainly
localized on the Aus; moiety (electron donor) and the purine ring
group (electron acceptor), respectively (Fig. S131). Meanwhile,
the decrease in the electron density of the Aus core and the
increase of electron density of the MPR ligand under the excited
state can also be found in the visualized electron density
difference (EDD) figure of the most stable MPR-AuNC between
triplet and singlet states (Fig. 2h(i)). This demonstrates that
a clear intramolecular CT from the Aus core to the MPR ligand
occurs when the MPR-AuNCs were excited. The increased
redistribution of electrons from the Aus core in the HOMO to
the MP upon excitation (LUMO) manifests that an enhanced
intramolecular CT can be found for MP-AuNCs (Fig. S147). This
result was further verified by the EDD of the most stable MP-
AuNC (Fig. 2h(ii)). By the natural bonding orbital (NBO) calcu-
lations, it is found that the electron transfer from the Au; core to
the MPR ligand is 0.091 e for MPR-AuNC, which is lower than
that (0.696 e) for MP-AuNCs (Table S17). This confirms that the
charge transfer from Aus to the ligand is enhanced by removing
the glucoside group.

Unveiling the role of the enhanced intramolecular CT on the
luminescence behaviours

To follow the dynamics of excited-stated states in MPR-AuNCs
and MP-AuNCs, femtosecond transient absorption (fs-TA)
spectroscopy measurements were conducted with excitation at
350 nm. The 2D fs-TA spectra of MPR-AuNCs exhibit two strong

8926 | Chem. Sci, 2024, 15, 8922-8933

excited-state absorption (ESA) bands at 460 nm and 610 nm
(Fig. 3a). Considering that MPR shows negligible absorbance at
350 nm (Fig. S151) and has quite disparate TA features,* the
electron-pumping process of the ground state (S) of the Aus
core, rather than the MPR ligand, is responsible for the
observed fs-TA signals. With a closer look at the early-stage
evolution of fs-TA spectra of MPR-AuNCs, a growth of a new
ESA band centred at 610 nm following a decay of the ESA peak at
460 nm can be found (Fig. 3b). The ESA band centred at 610 nm
quite resembles the absorbance of the purine ribonucleoside
radical anion,* strongly indicating that the intramolecular CT
process occurs between the Aus core and the MPR ligand.
Hence, the ESA bands at 460 nm and 610 nm can be assigned to
the electronic transitions of the first excited singlet state (S;)
and charge-transfer singlet state (‘CT) in MPR-AuNCs, respec-
tively. The best fitting of the kinetics traces of the ESA peak at
460 nm yielded a rise time constant of 0.11 ps (Fig. S16%), cor-
responding to the internal conversion (IC) from the higher
singlet state (S,) to the S; state due to the molecule-like prop-
erties of AuNCs. The ESA species recorded at 610 nm had a rise
time constant of 0.66 ps, and decayed with time constants of 59
ps and 1370 ps. The rise time constant can be assigned to the
rate of intramolecular CT from the S; state to the 'CT state.
Because the absorbance of the *CT state will appear at a longer
timescale and cannot be observed in the fs-TA spectra of MPR-
AuNCs, the shorter decay time component is the rate of dark
charge recombination (CR) from the 'CT state to the ground
state (So) and the longer decay time constant is the rate of ISC
between the 'CT state and the >CT state. The ISC efficiency in
MPR-AuNC, which depends on competitive rates of ISC and
dark CR,** can therefore be determined as 4.2%.

After treatment with PNP, the TA spectra display a similar
broad ESA feature in the visible region, but all ESA peaks decay
faster (Fig. 3d). Owing to the ultrafast dynamics of the intra-
molecular CT process in luminated MP-AuNCs, the intra-
molecular CT character becomes not so conspicuous as that
recorded in MPR-AuNCs (Fig. 3e). The shape and early-stage
evolution of the short-wavelength ESA band of MP-AuNCs at
460 nm were similar to those of MPR-AuNCs at the long-term
stage (Fig. S171). Meanwhile, the intramolecular CT absorption
band of MPR-AuNCs at 610 nm showed a slight blue shift to
600 nm after incubation with PNP (Fig. S177), corresponding to
the spectral feature of the purine radical anion.®” Therefore, the
observed positive bands centred at 460 nm and 600 nm can be
safely assigned to the absorbances of the S; state and new 'CT
state of MP-AuNCs, respectively. The ESA band species recorded
at 460 nm gave an increased time constant of 0.12 ps (Fig. S187)
which corresponds to the rate of IC from the S, state to the S;

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Femtosecond transient absorption (fs-TA) measurements. (a) 2D fs-TA contour map of MPR-AUNC:s. (b) The fs-TA spectra evolution of
MPR-AuUNC:s at the early stage. (c) The decay profile of MPR-AuNCs at 610 nm. (d) 2D fs-TA contour map of MP-AuNCs. (e) The fs-TA spectra
evolution of MP-AuNC:s at the early stage. (f) The decay profile of MP-AuNCs at 600 nm.

state. The similar IC rate in MPR-AuNCs and MP-AuNCs indi-
cates that the transition of the gold core is too short-lived to
effectively participate in the intramolecular CT reaction event.**
The absorbance of the 'CT state monitored at 600 nm rose with
a time constant of 0.30 ps, and decayed with time constants of
8.2 ps and 476 ps (Fig. 3f). Based on the above established decay
model in MRP-AuNCs, such time components can be attribut-
able to the rates of intramolecular CT from the S; state to the
ICT state, dark CR of the 'CT state, and ISC between the 'CT
state and the *CT state, respectively. The increase in the intra-
molecular CT rate originates from a larger energy gap between
the S, state and the 'CT state,* suggesting a lower-lying energy
level of the 'CT state in MP-AuNCs, as confirmed by ultraviolet
photoelectron spectroscopy (Fig. S19 and Table S2+t). This result
offers direct evidence for the strengthened intramolecular CT in
MP-AuNCs. Of particular note, a 2.9-fold increase of ISC rate was
found in MP-AuNCs, which suggests a smaller energy gap
between the 'CT state and the *CT state (AE:cr_scr) according to

Fermi's golden rule (kisc o ).%* However, despite that,

AElc’r*3CT
the ISC efficiency of MP-AuNCs still decreases to 1.2% due to
a 7.2-fold increase of the dark CR rate of the "CT state.

Apart from ISC efficiency, the dark CR of *CT excitons is also
a factor affecting the phosphorescence QY.* Obviously, a 3.5-fold
decrease of ISC efficiency is still much lower than an 8.75-fold
drop of PLQY in luminated MP-AuNCs, and thus the investigation
on the dark nonradiative decay of the *CT state in photoexcited
MP-AuNCs is necessary. Fundamentally, the activation energy (E,)
of the nonradiative relaxation channel of the *CT state is a ther-
mally accelerated electron-phonon process.®® Temperature-
dependent steady-state PL measurements showed that the

© 2024 The Author(s). Published by the Royal Society of Chemistry

emission peaks of MPR-AuNCs and MP-AuNCs were both blue-
shifted with the decrease of test temperature from 300 K to 80
K (Fig. 4a and b), suggesting that the intramolecular rotation of
the dark CR of the *CT state is effectively suppressed in a rigid
environment. The PL intensities of MPR-AuUNCs and MP-AuNCs
were found to increase by 12 times and 58 times, respectively,
when temperature dropped from 300 K to 80 K, which indicates
that the PL is more favourable in MP-AuNCs than in MPR-AuNCs
at low temperatures. The temperature-dependent data were
extracted and analysed by the Arrhenius expression (Fig. 4c). The
fitted results demonstrated that the activation energies of the
nonradiative decay of the *CT state in photoexcited MPR-AUNCs
and MP-AuNCs were found to be 125 meV and 72 meV, respec-
tively. Similar to the evolution of the PL intensity, an increase of
luminescence lifetime with decreasing temperature was also
observed (Fig. 4d and e). The PL decays were fitted with a bi-
exponential function, and the total decay rates obtained from
the analysed average lifetimes were fitted by a distortional
Arrhenius expression. The E, values for MPR-AUNCs and MP-
AuNCs were determined to be 144 meV and 87 meV (Fig. 4f),
respectively, in correspondence with the results from
temperature-dependent steady-state PL measurements. The
declined activation energy suggests that the nonradiative deex-
citation of the *CT state in MPR-AUNC:s is significantly enhanced
upon the addition of PNP.

Combined with fluorescence measurements, fs-TA spec-
troscopy measurements, and temperature-dependent steady-
state and time-resolved fluorescence measurements, the
underlying mechanism of this enzyme-activatable CT process is
delineated in Fig. 5. When the ground state (S,) electrons of
MPR-AuNCs are pumped, the S,-state excitons in MPR-AuNCs

Chem. Sci., 2024, 15, 8922-8933 | 8927
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Fig. 5 Schematic diagram illustrating the energy-migration pathways
and excited-state dynamics of MPR-AUNCs and MP-AuNCs. Arrows
represent the electron transitions between different states. S, ground
state; S,, high singlet state; S;, lowest singlet state; IC, internal
conversion; CT, charge transfer singlet state; *CT, charge transfer
triplet state; ISC, intersystem crossing; CR, charge recombination;
Amax. Maximum emission wavelength; 1, average photo-
luminescence lifetime; QY, photoluminescence quantum yield. The
conjoined pellets denote the electronic orbit, and the black arrows
represent the spin direction of electrons.

undergo an ultrafast relaxation to the S; state. Subsequently, the
S;-state excitons rapidly transfer to the 'CT state by an intra-
molecular CT process, and then convert to triplet excitons
through the ISC between the 'CT state and the *CT state.

8928 | Chem. Sci., 2024, 15, 8922-8933

Finally, these triplet excitons decay to the S, state and generate
bright phosphorescence emission. After the incubation with
PNP, the ribose group of the surface capped MPR ligand is
cleaved and the driving force of charge transfer between the S,
state and the 'CT state is enlarged, leading to an enhanced
intramolecular CT process. The accelerated dark CR rate of the
'CT state competes with the *CT->CT transition and suppresses
the formation of triplet excitons, which accounts for the
decreased ISC efficiency. Moreover, due to the lower-lying *CT
state, the nonradiative loss of triplet excitons was greatly
promoted. As a result, MP-AuNCs emit a weak longer-
wavelength light with a low luminescence QY.

Analysing and visualizing PNP activity and its inhibitor using
MPR-AuNCs as luminescent probes

PNP is essential for cell function and survival while its
abnormal expression is closely related to the occurrence of
various diseases.®”® In addition, PNP is a vital target for drug
discovery and its inhibitors have been extensively investigated
due to their promising uses as specific immunosuppressive,
antiviral, and anticancer agents.® It is therefore highly desir-
able to design and develop facile methods to determine the
activity of PNP as well as evaluate the efficiency of its inhibitor.
The good spectral (long-wavelength excitation and emission,
high luminescence QY, and prolonged PL lifetime) and
substrate properties (strong binding affinity) of MPR-AuNCs
encouraged us to further develop a label-free detection
approach for such tasks. Under the optimized experimental
conditions (Fig. S207), the sensing performance of this probe

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for the determination of PNP activity was examined. As pre-
sented in Fig. 6a, the PL intensity gradually decreased as the
enzymatic activity of PNP was increased and a good linear
correlation was observed in the range of 5-30 U L *. The limit of
detection (LOD), defined as 3a/slope, was calculated to be 0.6 U
L', demonstrating the high sensitivity of this PNP sensing

View Article Online

Chemical Science

method. The constructed detection system displayed high
selectivity and anti-interference ability to PNP over other
potential interfering substances (Fig. S211). As shown in Fig. 6b,
the inhibition efficiency rises quickly with the increasing
concentration of forodesine, a potent inhibitor of PNP. The
maximum inhibition efficiency is 95.4% with a half-maximal
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Fig. 6 Utilizing MPR-AuUNC:s as a visualization tool for PNP activity monitoring and drug screening. (a) Emission spectra of MPR-AuNCs upon the
addition of different enzyme activities of PNP. From the top line to bottom line: 0, 5, 10, 15, 20, 25, 30, and 40 U L™, The inset shows A/ as
a function of the PNP activity. Al = Io — I, where Iy and | are the PL intensities of MPR-AUNCs at 590 nm in the absence and presence of PNP,
respectively). (b) Dose-dependent inhibition of PNP activity (20 U L™?) by forodesine using MPR-AUNCs as luminescent probes. The inset shows
structure of forodesine. (c) Toxicity of MPR-AuNCs to HOC2 cells. (d) Confocal fluorescence images of HOC2 cells treated with PB, MPR-AuNCs
(30 M), MPR-AUNCs (30 pM) + PNP (0.25 U mL™Y), and MPR-AUNCs (30 pM) + PNP (0.25 U mL™Y) + forodesine (20 uM).
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inhibition (ICs) value of 0.26 pM. Such a high inhibition effi-
ciency is in accordance with previous reports.””*

Our strategy can also be well applicable to visualize PNP
activity and screen the PNP inhibitor in living cells. The cell
counting kit-8 (CCK-8) assay demonstrates the high biocom-
patibility of MPR-AuNCs (Fig. 6¢). The observation of brightly
yellow luminescence from nonfluorescent H9C2 cells shows
that MPR-AuNCs have been translocated into the cells and
provide emission (control group and probe group in Fig. 6d).
Consistent with the expectation of the PL quenching experi-
ment, the labelled cells treated with PNP exhibit significant
supersession of the luminescence signal (probe + PNP group in
Fig. 6d), manifesting that the probe can be used to monitor
cellular PNP activity. Moreover, upon the addition of for-
odesine, the observed quenched luminescence was completely
recovered (probe + PNP + inhibitor group in Fig. 6d), confirming
that the MPR-AuNC-based probe can be utilized as a simple
visualization tool for inhibitor screening in the field of drug
discovery.

Conclusions

In summary, we put forward an efficient strategy to modulate
the CT properties of AuNCs through ligand engineering. The
newly designed Aus(MPR), cluster can form a stable intra-
molecular CT state upon light excitation, which gives rise to an
orange-red luminescence with high PLQY and a long PL life-
time. When incubating with PNP, the intramolecular CT
process of these clusters was found to be enhanced, and the CT-
type excitons were moved to a low-lying energy level, leading to
significant suppression of phosphorescence with a red-shifted
emission peak. This enzyme-activatable CT in MPR-AuNCs
will not only shed fundamental light on the design principles
of ligand-engineered MNCs but also provide a fresh perspective
on deciphering the PL origin of AuNCs, which is one of the
major topics in current nanoscience. The observed enzyme-
activatable CT in MPR-AuNCs was further employed to
construct luminescent probes to analyse and visualize PNP
activity and its inhibitor. Owing to the good spectral and
substrate properties of MPR-AuNCs, this label-free sensing
strategy displayed satisfactory analytical performance. This
approach can not only overcome the UV excitation and
complicated modification processes of previously reported PNP
fluorescence sensing methods,*”> but also will provide guid-
ance for the rational design of next-generation sensing plat-
forms for diverse applications.

Experimental
Chemicals and reagents

MPR was brought from Shanghai Acmec Biochemical Co., Ltd
(Shanghai, China). HAuCl,-3H,0, FeCl,, FeCl;, glucose, urea,
and glucose oxidase were obtained from the Aladdin Reagent
Co., Ltd (Shanghai, China). PNP, alkaline phosphatase, o-
glucosidase, B-glucuronidase, xanthine oxidase, and trypsin
were provided by Sigma-Aldrich (Shanghai, China). Forodesine
was brought from MedChemExpress (Shanghai, China). Bovine

8930 | Chem. Sci, 2024, 15, 8922-8933
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serum albumin, NaOH, ZnCl,, NaH,PO,, and Na,HPO, were
purchased from Shanghai Chemical Reagent Co., Ltd
(Shanghai, China). Rat myocardial H9C2 cells were obtained
from China Centre for Type Culture Collection (Shanghai,
China). Dulbecco's modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), trypsin and penicillin-streptomycin (PS)
were purchased from Gibco (New York, USA). Phosphate buffer
solution (PBS, pH 7.4) was purchased from Hyclone (Utah, USA).
Cell counting kit-8 (CCK-8) was obtained from Beyotime
(Shanghai, China). Other reagents were all of analytical grade
and used freshly without further purification. Ultrapure water
was used to prepare all the solutions.

Synthesis of MPR-AuNCs

Avolume of 20 mL of MPR (10 mM), 2 mL of HAuCl, (50 mM), and
0.8 mL of NaOH (1 M) were added in sequence to 78 mL of water.
The mixed solution was reacted at room temperature for 30 min.
After that, the resulting reaction solution was purified by dialysis
in a dialysis membrane for over 12 h against ultrapure water to
remove all small-molecular impurities. The obtained solution of
MPR-AuNCs was stored in the dark at 4 °C before analysis.

Determination of kinetic constants of the enzymatic reactions

The kinetics of PNP toward MPR was determined using the
following procedures: 50 uL of PNP (2 U mL™") and 200 pL of
xanthine oxidase (2 U mL ") were added in sequence to 1.75 mL
of phosphate buffer (PB, 20 mM, pH 8.0) containing different
concentrations of MPR. The resulting solutions were incubated
at 45 °C for 30 min, and the absorbance at 260 nm was recorded.

The kinetics of PNP toward MPR-AuNCs was determined
using the following procedures: a volume of 50 pL of PNP (2 U
mL ') was added to 1.95 mL of phosphate buffer (PB, 20 mM,
PH 8.0) containing different concentrations of MPR-AuNCs. The
mixtures were incubated at 45 °C for 30 min, and the changes in
luminescence intensity of MPR-AuNCs before and after incu-
bation with PNP were measured.

Isothermal titration calorimetry assay

The MPR-AuNCs, MPR and PNP were dissolved in 0.02 M phos-
phate buffer (pH 8.0). All solutions were filtered by using a 0.22 pm
nuclepore membrane filter and degassed for at least 5 min prior to
titration. The PNP solution (0.0077 mM) was placed in the sample
cell and titrated with MPR-AuNCs (0.3 mM) under continuous
stirring at 125 rpm, 355 K. During the measurement, 14 injections
of 2.5 uL titrant were performed with self-balance after the first
0.5 pL of titrant. MPR was titrated with the same procedures.

Sensing PNP activity

Avolume of 100 pL of the as-prepared MPR-AuNCs (300 uM) and
100 pL of PNP with different enzyme activities were added in
sequence to 1.8 mL of phosphate buffer (PB, 20 mM, pH 8.0).
The mixture was incubated at 45 °C for 60 min. After that, the
emission spectrum was recorded with an excitation wavelength
of 420 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Screening the PNP inhibitor

A volume of 100 pL of the as-prepared MPR-AuNCs (300 uM),
100 uL of forodesine with different concentrations, and 100 uL
of PNP (200 U L") were added in sequence to 1.7 mL of phos-
phate buffer (PB, 20 mM, pH 8.0). The mixture was incubated at
45 °C for 60 min. The emission spectrum was then recorded
with an excitation wavelength of 420 nm.

Cell culture and treatment

H9C2 cells were maintained in 89% DMEM supplemented with
10% FBS and 1% PS and grown in a 5% CO, atmosphere at 37 °©
C. When H9C2 cells covered 80-90% of the bottom of the
culture flask, they were digested, centrifuged and counted in
turn, resulting in a cell density of 1 x 10° cells per mL. Subse-
quently, 1 mL cell suspension was extracted and dropped onto
the glass bottom cell culture dish, followed by incubation for
24 h. After attachment, the supernatant was replaced with PBS.
The cells on dishes with different treatments were divided into
four groups, involving the control group (culturing in PBS for 1
h), AuNC group (incubating with 17 uM MPR-AuNCs for 1 h),
AUNCs + PNP group (culturing with 0.5 U mL ™" PNP for 1 h after
treating with 17 pM MPR-AuNCs for 1 h) and AuNCs + PNP +
drug group (incubating with 17 uM MPR-AuNCs for 1 h, 0.5 U
mL ™" PNP for 1 h and 20 pM drug for 1 h, sequentially). Then,
the morphology and AuNC labelling of H9C2 cells were
observed using a laser scanning confocal microscope.

Cytotoxicity assay

The biocompatibility of MPR-AuNCs was measured through the
CCK-8 assay. H9C2 cells were seeded into 96-well plates with 1.5 x
10" cells per well and cultured overnight. After attachment, the
cells were incubated with 0, 0.0034, 0.034, 0.34, 3.4 and 34 uM
MPR-AuNCs (prepared in complete medium) for 24 h, respectively.
Then, 10 puL. CCK-8 solution was added to each well and incubated
for 3 h at 37 °C. Subsequently, the absorbance of each well was
measured at 450 nm using a microplate spectrophotometer.

Michaelis constants of the PNP-enzymatic reactions

The Michaelis constants (Ky,) of PNP toward MPR and MPR-
AuNCs were fitted by:”

S
Kn + [S]

where v, vpax, and [S] are the initial velocity, the maximum
velocity, and concentration of substrates, respectively.

Efficiency of intersystem crossing

The yield of intersystem crossing (®isc) between the 'CT state
and *CT sate can be measured by:™

kISC

Pigc = ————
15¢ kisc + ker

where kisc and kcr are the rates of intersystem crossing and
dark charge recombination of the 'CT state, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Arrhenius expression

The relation between the activation energy of the nonradiative
relaxation channel (E,) and the observed temperature-
dependent fluorescence intensity (Ir) can be expressed as:”®

I
IT: 0

—_Ea
1 + BeksT
where Iy, k3 8, and T are a constant determined by excitation,
Boltzmann constant, the ratio of radiative and nonradiative
probabilities, and absolute temperature, respectively.
The relation between E, and the observed total decay rate

1
) can be expressed as:”®

obs

(k0b5~, kobs =
—Ea
kobs = ki 1+ ﬁekBT

where 7,5 and k; are the observed fluorescence lifetime and the
intrinsic radiative rate at the excited state, respectively.
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