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Abstract

4-iodophenylboronic acid (IPBA) ligated luminescent gold cluster was synthesized by mixing an aqueous solution of
IBPA and polyvinylpyrrolidone stabilized gold cluster (Au:PVP) in water at room temperature through chemisorption of
iodine on gold nano surface. Transmission Electron microscopy (TEM) and matrix assisted laser desorption ionization
(MALDI) analysis revealed that the size of these Au-clusters (1.4+0.2 nm) remain unchanged without any noticeable
aggregation during synthesis. Owing to the formation of excimer between aryl moieties grafted over Au surface, the cluster
exhibit strong emission peak at 335 nm. This luminescent gold cluster is used for sensing different saccharides in water at
physiological pH through quenching of excimer emission peak. This strong excimer emission is significantly quenched in
presence of saccharides through interaction with boronic acid moieties. The selectivity for different saccharides follows the
order: fructose > galactose > maltose > glucose ~ ribose > sorbitol with hight affinity for fructose (Kgy = 1.54 x 10* M)

with Limit of Detection (LOD) of 100 uM.

Keywords 4-lodophenylboronic acid - Gold cluster - Excimer

Introduction

The development of new fluorescent chemosensor is of para-
mount interest in analytical chemistry from both its fundamen-
tal mechanistic viewpoint and possibility of its real-world ap-
plication. Selective detection and quantification of saccharide
molecules has wide applicability due to their innumerable
biological role as nature’s conveyors of energy for cell surviv-
al [1]. The composition of several packaged food products
includes specific saccharide molecules and hence monitoring
food quality also demands easy to use saccharide sensors [2].
Continuous monitoring of blood sugar level is very important
for diabetic patients and thus further signifies its necessity [3].
The different strategies validated for saccharide sensing in-
cludes enzyme-based method [4], electrochemical technique
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[5], optical rotation [6], near infrared spectroscopy [7], color-
imetric detection [8] and luminescence-based detection [9].
Every technique has its own merits and demerits in terms of
sample processing, time of analysis, cost and accuracy.
Enzyme-based method is more commonly used in pathologi-
cal laboratories for blood and urine glucose measurement pur-
poses due to its accuracy and reliability, however it should be
noted that this technique is comparatively costly, not feasible
for onsite testing and inconvenient for continuous glucose
monitoring purposes. Fluorescence based method for saccha-
ride sensing is gaining popularity because of its many advan-
tages including fast response, ultra-low detection limit, rela-
tively cheap, onsite testing feasibility and ease of continuous
monitoring [9]. Aryl boronic acids are preferred choices as
fluorescent chemosensor for detection of saccharides due to
ease of chemical adduct formation between boronic acid and
cis-diol moiety of saccharides [9-15]. The initial pioneering
works of Czarnik [14] and Shinaki [15] has popularised the
applications of aryl boronic acid derivatives as fluorescent
chemosensors for several vicinal diols including saccharides
as these compounds bind with boronic acids through revers-
ible ester formation. In last four decades several aryl boronic
acid derivatives containing benzene, naphthalene,
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phenanthrene, anthracene, pyrene, fluorene, porphyrin, as
well as various heterocyclic aromatic groups have been used
[9—15]. Tedious synthetic procedure, use of mixed solvent due
to lack of water solubility and selectivity are some of the
drawbacks which needs attention in this field. The application
of carbon dot [16], semiconductor quantum dot [17] and pro-
tein stabilized gold nanoclusters [18] based fluorescent sen-
sors has also been recently reported for sensing saccharides.

Luminescent gold clusters are an important class of “‘func-
tional nanomaterials” due to their many potential applications
including detection of trace level analytes and in the emerging
areas of bio-imaging [19-21]. The synthetic simplicity, air
stability and more importantly their biocompatibility (nontox-
ic nature) makes them so promising for both in vivo and
in vitro imaging and sensing applications. Luminescent gold
clusters with thiol [22, 23], alkyne [24, 25], carbene, [26]
protein [18, 27] and dendrimer [28] based ligands have been
reported with very distinct origin of fluorescence for each
category. Detection of heavy metals [20], explosives [29],
bio-molecules [30], drugs and psychotropic substances [31],
pesticides [32] and food pathogens [33] have been demon-
strated by using various fluorescent gold clusters and nano-
particles. Although some advances have been made, but lumi-
nescent gold clusters with tuneable emission wavelength,
large scale synthesis possibility, easy surface modification
for desired solubility and selective analyte binding specificity
are still lacking in this field. Recently aryl iodide ligated
mixed ligand stabilized gold cluster was reported by few of
us, where strong excimer-based fluorescence was observed
[34]. These clusters are fundamentally very interesting be-
cause poorly fluorescent aryl iodides with strong heavy atom
effect becomes highly emissive through excimer formation
when grafted over gold nano surface. We believe that in real
application front these clusters will be superior as compared to
other ligand protected gold clusters due to following special-
ities of this cluster: (i) tuneable emission wavelength based on
aryl iodide ancillary ligands, (ii) feasibility of large scale syn-
thesis by simple mixing strategy under ambient conditions,
(iii) ease of tuning surface functional groups for selective
sensing of a particular analyte. Combining the well-known
binding interaction between boronic acid moiety and saccha-
rides and our newly explored synthesis of aryl iodide stabi-
lized luminescent gold cluster we thought to develop a
chemosensor in the form of 4-iodophenylboronic acid stabi-
lized gold cluster for saccharide sensing (Scheme 1).

Thus, in the present work, we report synthesis of 4-
iodophenylboronicacid and polyvinylpyrrolidone mixed li-
gand stabilized fluorescent gold cluster and its application
for sensing of saccharides in water at neutral pH condi-
tions. The cluster showed strong fluorescence property
due to excimer emission of aryl groups grafted on gold
and upon addition of saccharide a chemical interaction
with boronic acid causes extensive quenching of this
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excimer emission. The cluster showed linear response to
a range of monosaccharides in the concentration range of
4-12 mM with very low detection limit up to 100 pM.

Experimental
Materials and Instruments

All the reagents and solvents were procured from commercial
sources and used without further purification unless otherwise
mentioned (Sigma-Aldrich Chemical Co. and S D Fine
Chemicals). Optical (UV-Vis) spectra were recorded in a
JASCO V-670 spectrophotometer at 298 K. Solution phase
fluorescence spectra were obtained by using a JASCO FP-
6500 spectrophotometer at 298 K. Transmission electron mi-
croscopic (TEM) images were recorded by using a Philips JEM
2000FX electron microscope operated at 200 kV. An aqueous
dispersion of Au-cluster was drop-casted onto hydrophilic
carbon-coated copper grids followed by drying at ambient con-
ditions before their loading in electron microscope. Dynamic
light scattering (DLS) experiments for measuring hydrodynam-
ic diameter of Au-clusters were performed by using a Malvern
DLS instrument (Zetasizer Nano ZSP model). MALDI mass
spectra of gold clusters were recorded by using a time-of-flight
(TOF) mass spectrometer (Bruker, Autoflex Speed) operated
with a solidstate laser (355 nm, 3 Hz, <100 mJ). Au:PVP or
IPBA-Au:PVP samples (1 mg) were dispersed in water (50 pL)
in a glass vial and #rans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB, 1 mg) was dissolved in
50 uL methanol in another vial. Then these two solutions were
mixed and drop casted on a stainless stell MALDI plate follow-
ed by their drying under open air. Then the MALDI plate was
inserted inside mass spectrometer for measurement. Time re-
solved fluorescence lifetime measurements of the gold clusters
with and without addition of saccharide were performed by
using a picosecond time-correlated single photon counting
(TCSPC) instrument (Edinburgh Instruments Ltd., Lifespec 11
model), where a 300 nm excitation source was used and data
collected at 335 nm emission wavelength. The IBH DAS 6.0
software was used to analyze the lifetime decays by the iterative
reconvolution method.

Synthesis of au:PVP Cluster

An aqueous solution of HAuCl, (1 mM, 30 mL) was mixed
with PVP (K30, 0.6 mmol in monomer unit) and the mixture
was stirred for 15 min at 273 K. Then Au:PVP (1.4 nm) nano-
particle was obtained by mixing the fresh aqueous solutions of
HAuCl,/PVP with NaBH, (0.1 M, 3 mL) at 273 K under
vigorous stirring for 30 min. Then this dispersed aqueous
Au:PVP nanoparticle was purified by ultrafiltration with
membrane filter (10 kDa Mol. Wt. cut of limit) for a prolonged
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Scheme 1 Synthetic route of 4-
iodophenylboronicacid ligated
Au-nanocluster (IPBA-Au:PVP)
and schematic representation of
sensing mechanism involves in
supramolecular adduct with
saccharides

time at 280 K. Finally, the analytically pure powdered
Au:PVP (1.4 nm) nanoparticle was obtained by lyophilizing
the deionized dispersion of as-synthesized Au:PVP nanopar-
ticle obtained through ultrafiltration using a fridge dryer [35].

Synthesis of IPBA-au:PVP Cluster

The 4-iodophenylboronicacid (IPBA) attached Au:PVP
nanocluster (IPBA-Au:PVP) was synthesized by simply
mixing IPBA ligand and Au:PVP cluster in water at 298 K
for 6 h (Scheme 1). In brief, first a 10 mL stock solution of
IPBA (1 mM in Methanol) and a 10 mL stock solution of
Au:PVP cluster (1 mM in water) cluster were prepared.
Then 1 mL of IPBA stock solution and 0.5 mL of Au:PVP
stock solution was mixed in a vial and additional 9 mL water
was added under stirring at 298 K for 6 h to get the final IPBA-
Au:PVP cluster. The solution was also lyophilized in a fridge
dryer to get it in fine powders form which could be preserved
for use in future. The duplicate solutions with identical con-
centrations of only IPBA and only Au:PVP were also pre-
pared for comparison of their spectral profiles.

Saccharide Sensing by Fluorescence Titration

To evaluate the sensing performance of IPBA-Au:PVP
nanocluster, fluorescence titration experiments were per-
formed against a series of saccharides (fructose, ribose, glu-
cose, galactose, sorbitol and maltose) in water at neutral pH
(7.5) at 298 K. All the emission spectroscopic measurements
were performed by using excitation wavelength (A.,) of
290 nm and the corresponding emission wavelength at
335 nm was monitored. For each measurement, 2 mL aqueous
solution of as prepared IPBA-Au:PVP cluster was taken in
cuvette and titrated against incremental addition of aqueous
saccharide solution (20 uL each time from a concentrated
stock solution with concentration of 100 mM). The pH of
measured solutions was monitored by using a digital pH meter
(Metrohm model no. 780). The variation of emission profile
of aqueous IPBA-Au:PVP cluster with varying pH values
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were measured in the range of 2—12 by adjusting pH with
HCI or NaOH additions.

Results and Discussion

Synthesis and Characterization of Fluorescent au
Cluster

The fluorescent gold nanocluster (IPBA-Au:PVP) under pres-
ent study was prepared via a straight forward synthetic method
as reported by few of us by mechanical mixing of 4-
iodophenylboronic acid ancillary ligand with Au:PVP
nanocluster in water, incubated for 6 h at 298 K (Scheme
1)[34]. Initially we have carried out transmission electron mi-
croscope (TEM) and MALDI mass analysis of both precursor
Au:PVP cluster and IPBA-Au:PVP cluster as shown in Fig. 1.
The particle size distribution of precursor Au:PVP cluster and
IPBA-Au:PVP nanocluster is very identical as both show 1.4
+ (0.2 nm size in their respective TEM image analysis (Fig.
la,b). Mass spectrometric analysis of gold clusters gives more
accurate measurement by giving number of gold atoms in the
clusters [36]. We measured the mass spectral profiles of both
gold clusters by using DCTB as matrix in a MALDI TOF
setup (Fig. 1c,d). The highest intensity peak at 8 kDa in
Au:PVP cluster suggest ~40 gold atom based cluster
(~Auy) is the major constituent in it. However, the mass
spectra of [IPBA-Au:PVP showed two maxima points at §
and 11 kDa values, which implies along with ~Auy, cluster,
~Auss cluster is also present it. The result indicates little in-
crease of gold cluster size during its solution phase synthesis
although it is difficult to notice through TEM measurement.
The average hydrodynamic diameter (Dy) for both Au:PVP
and IPBA-Au:PVP clusters dispersed in water were also mea-
sured by dynamic light scattering (DLS) technique to get an
idea about their solution phase behaviour and stabilities. We
observed that their hydrodynamic diameter is also very iden-
tical (~11 nm) indicating well dispersed individual Au-
clusters in water (Fig. 2a,b). To gain more insight into the long
term solution (aqueous) phase stability and aggregation
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Fig. 1 TEM images with particle
size histograms (a and b) and
MALDI mass spectra (¢ and d) of
Au:PVP precursor cluster and
IPBA-Au:PVP cluster
respectively. The inset in (c)
shows that each individual peak
in the mass spectra corresponds to
a particular gold cluster with a
single gold atomic mass (197 Da)
difference between two peaks

behaviour of IPBA-Au:PVP cluster, a time dependent size
(hydrodynamic diameter, D;) measurement was performed
up to 48 h. The result revealed identical particle size distribu-
tion during the said period indicating stability of IPBA-
Au:PVP in aqueous phase for long term. (Figure S1).

Photophysical Properties of IPBA-au:PVP Nanocluster

The solution phase optical (UV-Vis) and fluorescence spectral
profiles of IPBA, Au:PVP and IPBA-Au:PVP clusters were
recorded in water at 298 K (Fig. 3a,b). The Au:PVP cluster
exhibits a characteristics exponential absorption profile in the
UV region (400 — 200 nm) which is originated from 5d —
6sp electronic transition [37]. However, the pristine [IPBA
ligand show a characteristic absorption peak at 240 nm and
in IPBA ligated Au:PVP cluster the absorption peak is slightly
enhanced indicating adsorption of the ligand on gold surface
through some electronic interaction. The emission spectra of
IPBA shows only a weak peak at 307 nm due to the presence
of heavy atom (iodine) and as we have reported previously,
Au:PVP cluster have no detectable fluorescence [34].
However, the synthesized IPBA-Au:PVP cluster showed a
strong emission peak centred at 335 nm (Ap.x = 290 nm)

L

7.5 (kDa)

Intensity (a.u.)

12
Mass number (kDa)

4 8

was observed (Fig. 3b). 3d emission profile of the cluster
(Fig. S2) was also recorded to confirm the exact excitation
and emission wavelengths. This highly enhanced emission
peak at 335 nm is originated due excimer formation of aryl
groups grafted on gold surface. Here the rate of excimer for-
mation is much faster as compared to intersystem crossing
process of aryl iodide ligand although a heavy atom (Iodine)
is present in it [34].

Fluorescence Sensing of Saccharides

To find the efficacy of IPBA-Au:PVP cluster for saccharide
sensing, steady-state fluorescence titrations were conducted
against a range of saccharide molecules (fructose, ribose, glu-
cose, galactose, sorbitol and maltose) with IPBA-Au:PVP
nanocluster in water at physiological pH (7.5) at 298 K. We
could anticipate that saccharide molecules will interact with
boronic acid group and a fluorescence response will be ob-
served (Scheme 1). Initially we conducted the fluorescence
titration of glucose with the gold cluster by gradual addition
of increasing amount of glucose (typically, 20 puL of 100 mM
solution in water at a time) to the gold nanocluster solution
(2mL of 100 uM in water) in a cuvette. The fluorescence peak
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Fig. 2 Hydrodynamic diameter (Dy,) of Au:PVP cluster (a); IPBA-Au:PVP nanocluster (b); IPBA-Au:PVP nanocluster after titration with fructose (c)
and IPBA-Au:PVP nanocluster after titration with galactose respectively, in water at 298 K at neutral pH
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Fig. 3 Comparative UV-Vis a b — |[PBA
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at 335 nm gradually decreases with sequential addition glu-
cose (Fig. 4b) and the result clearly demonstrate the sensing
ability of our gold cluster for saccharides. Interestingly, we
could also observe that the intensity of 240 nm peak in the
UV-Vis absorption profile of IPBA-Au:PVP cluster increases
along with the enhancement of an absorption band at 300 nm
(Fig. 4a). This observation probably arises due to electronic
exchange between iodophenylboronicacid and glucose
through formation of boronic ester. Next, we have studied
the fluorescence titration with another five saccharide mole-
cules (fructose, ribose, galactose, sorbitol and maltose) under
identical experimental conditions to find out the comparative
sensing performance of the gold cluster. As can be seen
(Fig. 5a-e) the excimer-based emission of IPBA-Au:PVP
nanocluster significantly quenched upon addition of all these
different saccharide molecules. To evaluate the sensing effi-
ciency, we plotted normalized emission intensity (/y//) against
concentrations of added saccharide molecules by following
the Stern-Volmer equation (Fig. 5f) [38].

Io/T=Ksv[A] +1 (1)

where, I and I are the fluorescence intensities in the absence
and presence of saccharide, [A] is the molar concentration of
the saccharide, and Kgy is the quenching constant (in Mfl).
The detection limit for all the tested analytes were also calcu-
lated by considering 3 times of signal to noise ratio during
their respective titrations. Although very low concentrations
of saccharides could be detected, but the (Iy/I) against concen-
trations does fit linearly throughout the whole concentrations
range tested by us (0—12 mM), possibly due to complex inter-
action pattern of boronic acid functionalized gold cluster and
saccharides (Fig. 5f). Hence we further plotted the relative
emission intensity (Iy/I) against concentration of saccharides
in the upper concentration range of 4-12 mM, (Fig. S8) with
good linear correlation and the corresponding Stern-Volmer
Constant (Kgy) and R? values are summarized in Table 1. As
we could find the Kgy values follows the order: fructose >
galactose > maltose > glucose ~ ribose > sorbitol with highest
Ky obtained for fructose (1.5 x 10* M ") along with very low
detection limit of 100 uM. The extent of fluorescence

Wavelength (nm)

quenching of the IPBA-Au:PVP cluster caused by adding
12 mM of different saccharides (Iy/I) are also calculated and
shown in Fig. 6. The difference of quenching efficiencies of
these saccharides may originate due to differences in their
binding strengths with the boronic acid moiety due to different
dihedral angles of diols of these sugars. We have also per-
formed fluorescence quenching efficiencies (Io/I) caused by
common inorganic salts, e.g., NaCl, KBr, Fe(NO;);, NH4Cl
and Na,SQy,, as some of these are present in blood and urine
(Fig. 6 and Fig. S3). All these salts have very minimal effect
on fluorescence quenching with (Iy/I) value within the limit of
1.2 only whereas for the six saccharide molecules these values
are much higher: fructose (19.5), galactose (16.5), maltose
(9.8), glucose (7), ribose (6.99), sorbitol (4). With these find-
ings we could propose that our synthesized gold cluster could
be used as fluorescent chemosensor for detection and quanti-
fication of saccharides from different aqueous media provided
it does not contain any fluorescent contaminant with similar
emission characteristics. Fluorescence lifetime decay studies
of IPBA-Au:PVP nanocluster with and without fructose
(5 mM) addition were carried out to further understand the
sensing mechanism (Fig. S4 and Table S1). A 300 nm excita-
tion wavelength was used and emission decay profile at
335 nm was monitored. The lifetime decay curve of IPBA-
Au:PVP cluster was resolved through bi-exponential fitting
with average lifetime value of 7.66 ns. Upon addition of

Table 1  Stern-Volmer constants, limit of detection and correlation
coefficient of different saccharides obtained from their fluorescence
titration with gold cluster in the concentration range of 4-12 mM of
saccharides

Saccharide  Kgy R? LOD Linear Range
Fructose 1.50<10* M 0.99 100 uM ~ 4-12 mM
Galactose 42x10° M 09632 180 uM  4-12 mM
Maltose 3.7x10° M ! 09809 200 UM 4-12 mM
Glucose 2.6x10° M 09798 350 UM 4-12 mM
Ribose 1.5x10° M 09787 300 UM 4-12 mM
Sorbitol 8.1x10° M ! 09678 600 uM  4-12 mM
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Fig.4 Titration of IPBA-Au:PVP
nanocluster with incremental
addition of glucose (0.9 mM to
12 mM) in water at pH 7.5 at
298 K and the corresponding
change in UV-Vis spectra (a) and
fluorescence spectra (b); inset
pictures show visual change of
the aqueous gold cluster solution
before and after addition of

Absorbance

12 mM glucose under normal day

light (a) and under 254 nm UV 200

fructose (5 mM) the steady state fluorescence spectra although
showed almost 80% quenching (Fig. 5b), but we find no ap-
preciable change in its fluorescence lifetime values
(t=7.55 ns). Thus, we hypothesized that that the quenching
process is definitely a static quenching process through the
formation of stable non-fluorescent ground state adduct of
saccharide and IPBA-Au:PVP clusters as shown in scheme 1.

pH Effect and Dynamic Light Scattering (DLS)
Experiments

The effect of pH on emission behaviour and saccharide sens-
ing performance were also evaluated by doing the measure-
ments in the pH range of 2—12 in water at 298 K. In the acidic
medium the emission wavelength (335 nm) of IPBA-Au:PVP
does not shift but its intensity decreases slightly (4%) on

[
400
light Wavelength (nm)

300 350 400 450
Wavelength (nm)

600 800

decreasing the pH from 7.5 to 2 (Fig. S5). However, under
basic medium the emission peak is broadened and redshifted
gradually from 335 nm to 370 nm as well as its intensity also
decreases substantially (65%) on increasing the pH from 7.5
to 12 (Fig. S5). Hydrodynamic diameters (Dy) of IPBA-
Au:PVP cluster were measured before and after addition of
different saccharides (12 mM) after completion of the fluores-
cence titration and those are shown in Fig. 2 and in Fig. S6. As
can be seen the D, value of the IPBA-Au:PVP nanocluster
substantially increases from 11 nm to more than 250 nm after
forming adduct with different saccharide molecules. The
TEM image analysis of IPBA-Au:PVP gold cluster (Fig. S7)
after titration with glucose (12 mM) showed mean size of
1.4 nm, which is very identical with its size distribution before
the fluorescence titration (Fig. 1b). Hence, we propose that the
increase of hydrodynamic diameter (Dh) of the gold cluster
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Fig.5 Fluorescence spectroscopic titration of IPBA-Au:PVP nanocluster
with incremental addition (0.9 mM to 12 mM) of a maltose, b fructose, ¢
ribose, d galactose and e sorbitol, respectively, in water at 298 K under
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Fig. 6 The representative ‘bar diagram’ showing the fluorescence
quenching efficiency (Iy/I) of different saccharides and inorganic salts
obtained from fluorescence titration with IPBA-Au:PVP nanocluster in
water at 298 K after addition of 12 mM of each analytes. The error bars
are within 3% limit

after its derivatization with saccharide is due to lose aggregate
formation between individual gold clusters through hydrogen
bond formation between outer saccharide molecules (Scheme
S1).

Conclusions

In summary, we have synthesized a new luminescent Au-
nanocluster (viz. IPBA-Au:PVP) through grafting 4-
iodophenylboronic acid on the surface of preformed gold clus-
ter by a simple solution phase incubation strategy with high
efficiency as compared to common organic chemosensors
(Table S2). This IPBA-Au:PVP cluster exhibits strong fluo-
rescence property originated from excimer emission, although
the corresponding free ligand (IPBA) is non luminescent due
to the presence of iodine (heavy atom effect). Aqueous phase
detection of various saccharide molecules was performed at
neutral pH (7.5) with micromolar detection limit through
quenching of excimer emission of this Au-nanocluster. The
selectivity for different saccharides follows the order fructose
> galactose > maltose > glucose ~ ribose > sorbitol with hight
affinity for fructose (Kgy = 1.54 x 10* M™") with Limit of
Detection (LOD) of 100 uM. The work presents first state of
the art demonstration of a luminescent ultrasmall gold cluster
as fluorescent chemosensor for different saccharides in water.
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