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Abstract—Dopamine being a neurotransmitter and chemical messenger plays a vivacious role in a number of
significant medical conditions like Parkinson’s disease, Attention Deficit Hyperactivity Disorder, Schizo-
phrenia, and drug addiction. As turn-on sensors have a superior level of selectivity than fluorescence quench-
ing based sensors, we developed a fluorescence retrieval strategy for dopamine sensing. Here, highly fluores-
cent amino phenyl boronic acid (APBA)—conjugated gold nanocluster (Au—BSA—APBA probe) has been
synthesised from bovine serum albumin—protected gold nanocluster (Au—BSA NCs). Boronic acid forms
boronate ester with disaccharides such as lactose due to its affinity to polyols. Hence fluorescence of
Au—BSA—APBA probe is quenched when it binds with lactose molecules through boronate ester formation.
The fluorescence of Au—BSA—APBA—Ilactose system can be retrieved (turn-on) with dopamine by the com-
petitive displacement of lactose from the probe surface which suggests the higher affinity of boronic acid to
the catechol group of dopamine. Furthermore, real samples spiked with dopamine including human serum
and urine were analysed using this turn-on sensor and showed excellent recovery percentage. The developed
fluorescent sensor offered high selectivity for dopamine over other catecholamines and aminoacids with

detection limit as low as 0.7 uM.
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The desire to analyse biological systems with envi-
ronmentally friendly and biocompatible sensors have
driven biosensor research attention towards gold
nanoclusters (AuNCs) which emerge as an auspicious
substitute for toxic quantum dots and organic dyes.
The extremely small gold nanoparticles (£2 nm) with
size comparable to the Fermi wavelength of electron in
the conduction band of gold (ca. 0.7 nm) exhibit sep-
arate electronic energy levels and are generally termed
gold nanoclusters [1—5]. These artificial atomic clus-
ters, by virtue of their intermittent energy levels show
molecule-like properties such as photoluminescence,
chirality, magnetism and localised charge, are consid-
ered to be the missing link between atomic gold and
gold nanoparticles [3, 4, 6]. The size-dependent fluo-
rescence of molecule-like AuNCs originates from
LUMO-HOMO electronic transition from the
valence band (filled 5d'°) to the conduction band
(6sp") [7] and falls on visible to Near Infrared (NIR)
region of electromagnetic spectrum [6].

In spite of these intriguing features, synthesis of
AuNC:s is a challenging process owing to limited con-
trol over size distribution as well as ultra-small size
regime. The nucleation through the reduction of a

! The article is published in the original.

gold salt (HAuCl,) with a weak reducing agent such as
glutathione [8], phenyl ethyl thiolate [3], dodecan-
ethiol [9], DNA [10, 11], phosphonium salt [9], den-
drimer [12], aminoacids [7, 13, 14], proteins [4,
15—17] in the presence of a capping agent is the prin-
ciple behind the ‘bottom-up synthesis’ of AuNCs [9].
As said, AuNCs by virtue of their blessed properties
like biocompatibility, photo-stability, tunable fluores-
cence spanning from visible to NIR region, good
quantum yield and large Stokes shift are considered
‘appropriate candidates’ for bioprobe synthesis. These
AuNC:s built bioprobes are employed in sensing [7, 8,
11, 13, 15, 18—27], immunoassays [10, 28] and imag-
ing [9, 16, 29—31], as photocatalysts [32], contrast
agents [33] and biomarkers [34—36]. To meet the chal-
lenges in preparing biocompatible AuNCs with con-
stant size distribution, a protein (BSA)-directed green
synthesis of homogeneous near IR fluorescent
Au—BSA NCs at pH~12 has been proposed in 2009
[4] which finds application in sensing of target species
like Cu?* [24, 25], trypsin [37], Hg?* [22], biological
thiols [19] and quercetin [38]. These literature reports
driven us to the conclusion that NIR fluorescence
emission of Au—BSA NCs is efficient enough to act as
a transducer component in our proposed biosensor.
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Table 1. Analytical performances of other reported methods for dopamine sensing

Sensor system Mechanism Response Selectivity Limit. Reference
mode of detection
Chromatography
HPLC—-MS — Mass spectrum | [nterference from CA?; no 6.5 ng/mL [48]
intereference to AA® and UA®
Electroanalytical method
Carbon electrode | Oxidation Voltammetry | Interference from AA; no 90 nM [45]
intereference to CA and UA
Screen printed Oxidation Voltammetry | Interference from AA and 0.12uM [46]
graphene electrode UA; no intereference to CA
Gold electrode Oxidation Voltammetry | No interference from UA; no 20 nM [47]
interference to AA and CA
Fluorescent method
CdSe nanocrystals | Photoelectron transfer | Turn-off [49]
Gold nanocluster | Boronate ester formation| Turn-on No interference from AA, UA| 0.7uM | Present work
and CA

4CA, other catecholamines; bAA, ascorbic acid; “UA, uric acid.

A relevant area of biosensor where researchers con-
tribute their time and money is that of saccharide
sensing. The saccharide sensing in lower concentra-
tion range has great application in determination of
food quality and clinical diagnostics. For instance,
detection of lactose in milk is significant as its concen-
tration determines the properties of milk. One of the
methods to detect lactose in milk involves enzymatic
hydrolysis of lactose which is a time-consuming com-
plex process. Alternatively, the estimation of lactose in
milk using standard HPLC with corona charged aero-
sol detection has been reported. These techniques are
not so environmentally friendly as they use several
hazardous reagents.

In this problematic scenario of unfriendly reagents
and time-consuming procedures for saccharide recog-
nition, boronic acids emerged as a green alternative
owing to its ultimate degradation to non-toxic boric
acids [39]. This movement in sensor research can be
evidenced from tremendous scientific reports pub-
lished in recent years regarding the fabrication of
boronic acid—functionalised inorganic nanoparticles
for sensing and quantification of saccharides [40—42].
For instance, a-multifunctional Fe;O,@Au nanofi-
bres have been prepared for glycoprotein imprinting
[42]. But no reports regarding saccharide sensing
using boronic acid conjugated AuNCs has been found
to the best of our knowledge. In this context, we felt
that the interaction of boronic acid with 1,2-cis-diol is
an intriguing recognition platform not only for sac-
charides but also for catechol amines like dopamine.

Dopamine is a catechol amine which functions as a
neurotransmitter. It has a vital role in brain function-
ing. Brain disorders like schizophrenia, Parkinson’s
disease, attention deficit hyperactivity disorder, and
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drug addiction involves altered level of dopamine
activity [43, 44]. Outside the nervous system, dopa-
mine works as a chemical messenger. Further, this
prospective biomolecule is extensively used as a poten-
tial drug in the form of injection for the treatment of
severe hypotension or cardiac arrest. Therefore, sens-
ing of this catechol amine has a wide range of applica-
tion in therapeutics and medical diagnosis. A major
part of research concerning dopamine determination
is concentrated on development of myriad electro-
chemical sensors working on the catalytic oxidation of
dopamine [45—47] (Table 1). Unfortunately, these
electrochemical sensors are unable to completely solve
the problem of interferences from coexisting ascorbic
acid and uric acid. Likewise, the chromatographic
techniques for dopamine determination [48] cannot
be an appealing substitute for electroanalytical meth-
ods as these techniques required complicated time-
consuming expensive procedures, specific operating
skills and specialised equipment. Although fluores-
cent sensors are associated with high grade of selectiv-
ity, sensitivity and simplicity, they were not so
exploited in dopamine detection. However, spectro-
scopic methods for dopamine detection like sensors
containing CdSe nanocrystals with decent detection
limits has been reported in this scenario in which anal-
ysis is based on the quenching of fluorescence [49].
But then again the use of toxic chemicals like Cd or Se
is not a desirable approach for biosensor while consid-
ering environmental safety and human health. More-
over, fluorescent turn-on sensor is preferable over
analogous turn-off sensors since it is comparatively
easy to detect evolving bright signal in dark back
ground rather than diminishing of already existing
bright signal [50]. Consequently, turn-on sensing has
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Fig. 1. (a) UV-visible absorption spectra of alkaline solution of BSA protein (/); gold nanoclusters prepared using BSA directed
synthesis (2); solution of aminophenyl boronic acid alone (3); boronic acid conjugated gold nanoclusters (4). (b) Fluorescence
spectra of gold nanoclusters (Au—BSA NCs) (/); boronic acid conjugated gold nanoclusters (Au—BSA—APBA probe) (2). Exci-
tation wavelength: 480 nm. (c) The photographs of Au—BSA NCs under UV irradiation (/) and under visible light (2).

driven much research interest in recent years [50, 51].
Thus, sensing strategy based on retrieval of fluores-
cence has a greater level of selectivity and feasible
detection of signal than quenching based sensing and
will be a boon to the determination of dopamine. In
this context, it has become interesting to design an
‘environmentally friendly’ and simple fluorimetric
turn-on assay for dopamine.

In this work we are presenting a fluorescent probe
(Au—BSA—APBA) in which the fluorescence can be
switched off by lactose (turn-off) followed by the
selective retrieval of fluorescence with dopamine
(turn-on).
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EXPERIMENTAL

Reagents and materials. Gold chloride was pur-
chased from Oxford Laboratory (Mumbai, India).
Bovine serum albumin (BSA, fraction V) was
from Merck Specialities Private Ltd. (Mumbai,
India). 3-Aminobenzene boronic acid monohydrate
and dopamine hydrochloride were obtained from Alfa
Aesar (Heysham, England). Lactose monohydrate,
Sodium Hydroxide pellets, Adrenaline, and Nor-
adrenaline were bought from Central Drug House
(New Delhi, India). 1-Ethyl-3-(3-dimethyl amino-
propyl)carbodiimide (EDC), N-hyroxysuccinimide
(NHS), L-histidine, L-arginine and L-lysine mono-
hydrchloride were purchased from Sisco Research
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Laboratories Pvt. Ltd. (Mumbai, India). D-Glucose
(anhydrous), L-ascorbic acid and uric acid were
obtained from Spectrum Reagents and Chemicals Pvt.
Ltd. (Cochin, India). All glass wares were thoroughly
cleaned with aqua regia (HCI : HNO; = 3 : 1), rinsed
with distilled water and then dried in an air oven prior
to use. All reagents were of analytical-reagent grade
and used without purification or treatment.

Apparatus. Absorbance spectra were recorded
using Jasco V-550 UV-Vis spectrophotometer. The
samples were analysed in a quartz cuvette with a path
length of 1 cm. Fluorescence spectra were recorded
using a Jasco FP-750 fluorescence spectrophotome-
ter. The size distribution of particles was analysed
using DLS equipment Delsa Nano S Particle
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Fig. 2. (a) DLS plot of gold nanoclusters (Au—BSA NCs); the size was recorded as 4.3 nm. (b) The DLS plot of lactose tailored
boronic acid conjugated gold nanoclusters (Au—BSA—APBA—lactose conjugate); the size was recorded as 54.7 nm. (¢c) TEM
image of Au—BSA NCs.

Analyser of Beckman Coulter Company. Transmis-
sion electron microscopy (TEM) measurements were
taken with a JEOL 200 CH TEM. Fourier transform
infrared (FT-IR) spectra were recorded using the
Brucker alpha T-series FT-IR spectrophotometer.
The Time Correlated Single Photon Counting
(TCSPC) measurements were carried out using IBH
picoseconds single photon counting machine. The
sample is excited with a pulsed diode laser at a wave-
length of 480 nm (Nano-LED) with a repletion of
100 kHz. The pH of various samples were analysed
using Cyberscan Eutech pH meter (Ruosull Technol-
ogy Co., China).

Synthesis of red fluorescent gold nanoclusters
(Au—BSA NCs). The preparation was performed
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Fig. 3. (a) Fluorescence lifetime decay curves of Au—BSA NCs, prompt (/) and decay (2) curves. (b) Fluorescence lifetime decay
curve of boronic acid conjugated gold nanoclusters and lactose quenched boronic acid conjugated gold nanoclusters: prompt (/)
and decay (2) curves of boronic acid conjugated gold nanoclusters; decay curve of lactose quenched boronic acid conjugated gold

nanocluster (3).

according to the previously reported method with
slight modifications [4]. Typically, 15.00 mL of 10 mM
HAuCl, solution was added to 15.00 mL of 50 mg/mL
BSA solution under vigorous stirring at physiological
temperature, 37°C. Two minutes later 1.50 mL of
1.0 M NaOH solution was introduced (pH ~ 12) and
the mixture was stirred vigorously at 37°C for 12 h. The
colour of the solution changed from light yellow to
light brown and then to characteristic dark brown of
AuNC:s. The as-prepared solution was then dialysed in
double distilled water for 48 h to get refined product.
Finally the obtained AuNCs solution was stored at 4°C
for further use.
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Synthesis of Au—BSA—APBA probe. (3-Amino-
phenyl)boronic acid (APBA) was immobilised on to
Au—BSA NCs by using coupling agents (EDC and
NHS). Typically 5.00 mL of Au—BSA NCs solution
was diluted to 10.00 mL with distilled water. Then
57.5 mg EDC was added to 10.00 mL of this Au—NCs
solution and stirred in dark for 10 min after which
34.5 mg of NHS was poured into the mixture under
the same experimental condition. After 2 h reaction at
room temperature with stirring in dark, 75.0 mg APBA
was added in to the activated Au—BSA NCs solution
and the new system was incubated for 12 h. The as-
prepared Au—BSA—APBA probe was separated from
impurities using ultracentrifugation (75000 rpm,
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Fig. 4. FT-IR spectra of Au—BSA NCs (a) and Au—BSA—APBA probe (b).
30 min) to get purified product. Then the with excitation at 480 nm showed emission maximum
Au—BSA—APBA probe solution is diluted to at 622 nm as evident from Fig. 1b.

40.00 mL and used for further characterization.

Synthesis of Au—BSA—APBA—lactose conjugate.
Typically, 200 uL of 0.01 M lactose solution was added
to 3.00 mL Au—BSA—APBA probe solution and incu-
bated for 30 min at room temperature for further char-
acterization.

RESULTS AND DISCUSSION

Synthesis and characterisation of AuNCs and
Au—BSA—APBA probe. The gold nanoclusters were
synthesised through a protein directed green process
where bovine serum albumin acted both as reducing
and capping agent. In contrast to the oxidation of neu-
tral gold in highly acidic aqua-regia, Au(I1l) ion of the
added gold chloride get reduced to Au(I) at high basic
pH of 12. The final reduction of Au(I) to Au(0) is car-
ried out by aromatic tyrosine residue present in BSA.
The disulphide bonds which hide inside the secondary
structure of protein at low pH became available for
strong Au—S bonds at pH 12 and provide appreciable
capping ability for protein. The steric effects due to
largeness of protein also have a role in stabilization of
AuNCs by BSA [4].

The formation of Au—BSA NCs was first found by
the colour change from yellow to dark brown in visible
light (Fig. 1a). The fluorescence spectrum of AuNCs

JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 72

The size distribution of AuNCs prepared was deter-
mined using dynamic light scattering (DLS) and
recorded as 4.3 nm, as shown in Fig. 2a. This is the
hydrodynamic diameter, and the actual size of cluster
will meet the sub-nanometer size of fluorescent gold
nanocluster. Thus DLS data can be considered as a
proof for successful synthesis of ultrasmall AuNCs.

To evaluate the fluorescent emission from gold
nanocluster, we measured fluorescence life-time of
Au—BSA NCs prepared in our lab using TCSPC. Fig-
ure 3 presents the fluorescence decay curves from
Au—BSA NCs which got fit in bi-exponential model
to obtain one long and one short lifetime components.
The decay process was dominated by slow component
in microsecond time scale i.e., 1.81 us (80%). The
other fast component is 560.3 ns (20%). The average
lifetime of gold nanocluster was calculated to be
1.72 us. The systematic examination of lifetime of var-
ious thiol or protein-protected gold nanoclusters
showed either single exponential or biexponential
decay curves [52, 53]. Moreover, the values for life-
time component also varies. This disparity in reports
implies the probable dependence of fluorescence life-
time decay on the nature of ligand as well as the exper-
imental conditions of synthesis (for example, pH).
Fortuitously, the photo-carrier (excited electron) in
Au,s nanoclusters mostly follows bi-exponential decay
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[52, 54]. This bi-exponential fit is correlated to the
spectral overlap between dominated thermally acti-
vated delayed fluorescence in microsecond time scale
and prompt fluorescence in nanosecond time scale in
red fluorescence of BSA-protected Au,s nanoclusters
[54]. Thus, bi-exponential fit of our gold nanoclusters
further prove the existence of Au,s entity in our bio-
sensor [54].

451

The as-prepared gold nanoclusters contain
groups of gold atoms in nanometer dimension
trapped inside the folding of BSA protein [4]. There
were several free carboxylic and amino groups on
the surface of Au—BSA NCs. The presence of the
free carboxylic groups on surface of NCs provides
an opportunity to bind it with 3-aminophenylbo-
ronic acid through EDC coupling chemistry
(Scheme 1):

Au—BSA NC

APBA

@ 0,

H,N"
_OH

B\
OH

Au—BSA—APBA probe

=0 ‘
O NN
/\N/C
H
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Scheme 1. Formation of boronic acid conjugated gold nanoclusters (Au—BSA—APBA probe) through carbodiimide (EDC)

coupling chemistry.

FT-IR spectral studies were carried out to account
for the surface functionalization of AuNCs with APBA
(Fig. 4). While comparing the FT-IR spectra of
Au—BSA NCs and Au—BSA—APBA probe, the
Gaussian peak corresponding to O—H stretching of
AuNCs was slightly shifted to 3315 cm™! denoting the
merging of O—H and N—H stretching vibration into a
single peak upon APBA conjugation. The strong B—O
stretching band appeared as a shoulder peak at
1356 cm~! in Au—BSA—APBA probe to confirm the
surface functionalization of AuNCs with boronic acid.

The surface modification of AuNCs on probe fab-
rication can be further inferred from the blue shift
observed in the fluorescence spectrum of
Au—BSA—APBA probe (Fig. 1b). On the formation of
Au—BSA—APBA probe, fluorescence enhanced by
73% as compared to AuNCs from which it was synthe-
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sised. This rise in fluorescence intensity of
Au—BSA—APBA probe can be substantiated by the
fact that APBA immobilisation introduces an elec-
tron-rich nitrogen atom on the cluster surface. The
fluorescence of newly formed probe gets improved
with the increased direct donation of delocalised elec-
trons of the ligand to the metal core of AuNCs via sur-
face interaction [53].

Fluorescence quenching of Au—BSA—APBA probe
by saccharides. Boronic acid functionalised probe can
react with 1,2- or 1,3-cis-diols in polyols like saccha-
rides. As shown in Scheme 2, a reversible equilibrium
exists between boronic acid and boronate ester on the
interaction of boronic acids and cis-diol of saccha-
rides. The ester formation is favourable in solutions of
high pH in which the boronate ion exist in high con-
centration. It is reported [39] that the formation of
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tetra-coordinated hydroxyboronate complexes of 1,2-
diols at high pH is accompanied by a significant
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release of angle strain resulting from the rehybridisa-
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Scheme 2. Equilibrium formation of boronate esters from diols at high pH (12) and physiological pH (7.4).

We investigated the fluorescence response of
Au—BSA—APBA probe by different saccharides like
glucose, lactose and galactose under optimal condi-
tions (pH 12, room temperature, 30 min incubation).
Interestingly we found that lactose exhibit highest sen-
sitivity towards Au—BSA—APBA probe than glucose
and galactose (Fig. 5). The specific response of lactose
towards the turn-off sensor can be attributed to the
effective boronate ester formation of lactose with
boronic acid part of more than one sensor entity at a

time using two sets of cis-diol groups in lactose mole-
cule. In contrast, other mono-saccharides tested here
possess single set of 1,2-cis-diols in their structure
although they can form boronate ester. The structures
of these saccharides are shown as Scheme 3. As shown
in Fig. 5c, the fluorescence intensity of
Au—BSA—APBA probe decreased gradually with a
slight blue shift as the concentration of lactose
increased. The limit of detection of this probe towards
lactose was observed as 0.02 uM.

Glucose

Galactose

Scheme 3. Structures of lactose, glucose and galactose.

JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 72

No. 4 2017



453

LACTOSE TAILORED BORONIC ACID CONJUGATED FLUORESCENT GOLD

“uoneuIWN([I 1Y3I|
AN Japun 35019.[ JO UONIPpE 2y} (7) J9)je pue (7 ) 210J2q e3nfuod vgdV—vSg—ny ay1 Jo sydersojoyd (9) <z HA Je SOpLIBYOIE.S IO JIA0 35010.[ 10 2qold v V—VSgd—v
Y3 Jo AnAno9ras (p) ((AM 0€ ‘ST ‘0T ‘ST ‘O1 ‘L ‘S ‘T ‘0 :doy woy) 7] H 18 950108[ JO SUONEBIIUIOUOD SNOLIBA Jo uonippe uodn 9qoid ygdv—vSg—ny 9yl Jo asuodsar
Q0UddsaION[F Y1 (9) <(JAM 09 ‘0€ ‘0T ‘01 °S ‘T ‘0 :dorwoy) 71 Jo Hd & 1e 950108[ES JO SUOIBIIUIOUOD SNOLIBA JO UonIppe uodn 9qoid g V—VSd—nY 911 Jo asuodsar oousosaton|y
Ayl (qQ) (AN 09 ‘0€ ‘0T 01 S ‘T ‘0 :dorwoy) 7] Hd e 1B 9509N[S JO SUONBIIUIIUOD SNOLIBA JO uonippe uodn 9qold ygdvV—vSg—nV 33 Jo asuodsar douadsaion[j ay] () *¢ “S1g

wu ‘qISUS[oABA

950108 - ssoeen — asoon[n 00L 0€9 09¢
T T == 0 ' ' _
4co- 101 =
S0°0 =
o
g
oro g
S 102 8
_ e
i =~ 5
S1o OU m
n doe
{0z o9 s
=
(P) 1820 wrl (@
wu “qBuopATA wu ‘YISUI[IARA
0¥9 029 009 08¢ 09¢ - Om_o oA_G Om_m ST
T T T T T

wn ¢

1
=
Ul

W09

n

\\
|
=)
v
n° & ‘A1ISUQIUT 90USISAION] |
—>
|
el
o~
© ‘AJISUQIUT 90UQDSAION]]

=

3
(e

|
v
o~

() () -qtl

2017

No. 4

JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 72



454 ANJALI DEVI et al.

(b)

1559
1248

3279

1064

on
—
o
o

1553

3600 3200 2800 2400 2000 1600 1200 800
Wave number, cm™!

Fig. 6. The FT-IR spectrum of Au—BSA—APBA—lactose conjugate (a) and Au—BSA—APBA—lactose—dopamine system (b).

Moreover, the formation of
Au—BSA—APBA—lactose conjugate was further
verified by IR spectral studies (Fig. 6). The peaks

1.50 - assigned to C—O stretching of esters (1266 and
1351 1170 cm™!) confirmed the conjugate formation with
120l lactose. A1§o, t.he optical property in eglch stage of
sensor design is analysed using UV-Vis spectros-

g MOT copy (Fig. 7).
‘§ (())'3(5) The Stern—Volmer plot was constructed to
g T determine the relationship between the quenching
< 0.60 effect (1,/I) on Au—BSA—APBA probe with the dif-
0.451- ferent concentration of quencher molecules. The
0.30 fitted linear data could be expressed as: (/,/]) =
0.151 1.00799 + 0.01587[lactose]; R?> = 0.986. The
ol Stern—Volmer quenching constant was obtained as
N 11 E S S S S S 0.01587 uM~! The linear nature of Stern—Volmer
150 250 350 450 550 650 750 850 plot indicates either pure static or pure dynamic

type of quenching [55]. The DLS data shows a size
increase (54.7 nm) upon Au—BSA—APBA—lactose
conjugate formation (Fig. 2b) and support the pos-
sibility of aggregation induced static quenching

Wavelength, nm

Fig. 7. The UV-visible absorption spectra of gold nano-
clusters prepared using BSA-directed synthesis, Au—BSA

NCs ([/); boronic acid conjugated gold nanoclusters, where a fluorophore forms a non-fluorescent com-
Au_'BS/?EAP?(? probel(Z)t; lac/txoSe éaéffegggfnllc ?Cld plex in its ground state [55]. In presence of lactose,
conjugated gold nanocluster, Au— — —lactose . . K

conjugate (3); dopamine added lactose tailored boronic boronate ester is formed ‘petweeg boronic acid part
acid conjugated gold nanoclusters (4). of probe and saccharide in solution. Consequently
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Fig. 8. (a) The fluorescence response of the Au—BSA—APBA—lactose conjugate upon addition of various concentrations of
dopamine at pH 12 (from bottom: 0, 2, 5, 7, 10, 15, 20, 30, 40 uM); the concentration of lactose is 10 mM. (b) The photographs
of Au—BSA—APBA—lactose conjugate (/) and Au—BSA—APBA—lactose—dopamine system (2) under UV irradiation.

one sugar moiety interacts with more than one Au—
BSA—-APBA probe resulting in the aggregation lead-

ing to quenching of fluorescent probe. The whole
mechanism is represented in Scheme 4.

Au—BSA—-APBA

Au—BSA—APBA—

Au—BSA—APBA—

probe Lactose conjugat Lactose—
dopamine
system
Lactose ——
Dopamine —

Scheme 4. Schematic illustration of mechanism for detection of dopamine with lactose tailored boronic acid conjugated

gold nanocluster.

“Turn-on” sensing of  dopamine with
Au—BSA—APBA—lactose conjugate. With the addi-
tion of series of concentration of dopamine, the fluo-
rescence of system enhanced with a small blue shift as
shown in Fig. 8a. This can be attributed to the dis-
placement of lactose by dopamine, thereby rupturing
the aggregates and recovering the fluorescence. The
fluorescence intensity increased linearly with the con-
centration of dopamine. The blue shift in the fluores-
cence is an indicator of surface modification of
AuNCs on ester formation. A dose-response graph
was constructed to examine the relationship between
the degree of fluorescence enhancement of the turn-
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on sensor and the concentration of the analyte, that is
the dependence of fluorescence enhancement (AF) on
the concentration of dopamine. The fitted linear data
could be expressed as AF = 0.43718[dopamine] —
0.69148, R?2 = 0.97004. The limit of detection for
dopamine was 0.7 uM.

Dopamine, with its limited number of OH-groups,
could interact with only one Au—BSA—APBA probe
to form a stable complex. Hence dopamine prevents
the aggregation and retained the fluorescence of the
system as described in Scheme 4. Moreover dopamine
offers an internal coordination between the nitrogen

2017



456

Table 2. Determination of dopamine in blood serum and
urine by the proposed method

Sample Added, uM | Found, uM | Recovery, %
Serum 1 20 20.4+0.14 | 101.2+0.7
Serum 2 30 30.5 0.1 101.7 £ 0.2
Urine 1 20 20.5+0.1 102.3+0.4
Urine 2 30 30.7 £ 0.1 102.3+0.4

lone pair and boron’s vacant orbital during the tetra-
hedral complex formation. This coordination makes
the backward reaction less favourable and eventually
stabilises the B atom [39]. The rapid response of our
sensor proves the extra stability of boronate ester with
dopamine as compared to lactose—boronic acid com-
plex.

In order to confirm the idea about mechanism of
turn-on sensing, we characterised the
Au—BSA—APBA—lactose—dopamine system using
FT-IR (Fig. 8). The =C—O stretching of ester at
1248 cm™! confirmed the boronate ester formation
with dopamine. As an indicator of change of function-
alization on ligand, a new band appeared at 1064 cm™!
that can be assigned to C—N stretching of amides.

Selectivity. Initially we investigated the fluores-
cence response of Au—BSA—APBA—lactose conju-
gate in the presence of other catechol amines
(Scheme 5) such as adrenaline and noradrenaline. To
our delight, the proposed nano-sensor was specific for
dopamine with respect to the other catechol amines as
shown in Fig. 9a. This selectivity can be ascertained to
the extra-stability of dopamine—boronic acid complex
by the internal coordination between the nitrogen lone
pair and boron’s vacant p orbital [39]. This internal
conjugation is not so effective in other analogues
where bulky substituent such as —OH and —CH; pro-
vide steric barriers.

S
HO NH

2

Dopamine
HO / HO H,N
NH
HO HO
OH OH
Adrenaline Noradrenaline

Scheme 5. The structures of catecholamines.
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Furthermore, we studied the influence of other
possible coexisting interfering substances over dopa-
mine detection. The fluorescence response of the
Au—BSA—APBA—lactose conjugate with five other
bioanalytes including ascorbic acid, uric acid, argi-
nine, histidine and lysine were shown in Fig. 9b.
Among the possible interfering biological species,
ascorbic acid presented notable response of the sensor.
This interfering effect can be attributed to the probable
1,2-cis-diol-boronic acid interaction between hydrox-
ide groups of ascorbic acid and boronic acid part of the
turn-on sensor. However it was interesting to note that
the sensitivity of dopamine remain immune to the
combined influence of five interfering analytes present
as a mixture along with dopamine. This selectivity
could also support the extra-stability of dopamine
complex with boronic acid conjugate.

Application. The specificity and sensitivity of
Au—BSA—APBA—lactose conjugate to dopamine
proposed that our method might be directly applied
for detecting dopamine in real samples. To evaluate
whether the turn-on green sensor is applicable to nat-
ural system, determination of dopamine in spiked
human blood serum and urine samples were con-
ducted. The real samples were diluted to 10 times with
distilled water before measurement. No other pre-
treatment was performed. Thus the proposed system
gave rise to excellent recoveries in spiked real samples.
The analytical results were shown in Fig. 10 and listed
in Table 2. The low relative standard deviations
(RSDs) prove the accuracy and reliability of the pro-
posed method. Since less than 1 min was required to
run a single assay, this approach appears to be suitable
for the rapid and simple analysis.

CONCLUSIONS

In summary, we have demonstrated lactose tailored
boronic acid conjugated gold nanoclusters as an excel-
lent platform for fluorescence turn-on sensing of
dopamine in aqueous solution with high sensitivity
and selectivity. In the preliminary stage of investiga-
tion, we found that the fluorescence of
Au—BSA—APBA probe can be switched off effectively
by lactose through aggregation-induced quenching.
Thus the initial probe can be used for detection of lac-
tose. The resulting Au—BSA—APBA—lactose conju-
gate was further employed for turn-on sensing of
dopamine. This turn-on sensor is selective for dopa-
mine over other catechol amines as well as other bio-
analytes including coexisting biomolecules. The real
sample analysis of dopamine in blood serum and urine
samples was performed and found good. Therefore
newly synthesised Au—BSA—APBA probe can be used
as a green dual mode turn-off — turn-on nano-sensor.
This simple method without a tedious and time-con-
suming procedure would expect to have fruitful appli-
cation in detection of dopamine in future medical
diagnosis and therapeutics.

No. 4 2017
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Fig. 9. Signal of A u—BSA—APBA—lactose conjugate in the presence of other catecholamines (a) and interfering bioanalytes (b).
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Fig. 10. Fluorescence response of the Au—BSA—APBA—lactose conjugate of different real samples and distilled water samples
spiked with dopamine at pH 12.
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