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Abstract
An assay method based on fluorometric and colorimehange was developed for selective
sensing of important thiol containing amino acidClsteine (L-Cys) by using gold
nanoparticles (Au NPs) and Rhodamine B (RhB) ineags environment. This fluorometric
assay is basically relies on the competitive bigdiatween RhB and Au NPs via electrostatic
interaction as well as strong thiol(-SH)-Au NPs thoig via chemisorption. Citrate stabilized
Au NPs (diameter ~27 nm) was synthesized by sadtmetal method and characterized by
UV-Vis absorption spectroscopy and Transmissiocteda@ microscopic (TEM) techniques.
The change in non-radiative energy transfer betviie® and Au NPs are responsible for the
observed drastic fluorescence quenching of RhB RIRET process. The recovery of
fluorescence from the assay solution of RhB/Au Bfr addition of L-Cys was found linear
over the concentration range 0.01 uM to 1000 pMhvekperimental limit of detection
(LOD) of 0.01 uM. The selective interaction of L« with the mixed solution of RhB/Au
NPs was reflected by the color change from winéltash-black of the final solution. The
proposed fluorometric assay method accompanied thighobserved colorimetric change
could successfully differentiate other interfergrgino acids including thiol (-SH) containing
compounds namely L-Methionine, L-Homocysteine amabaidant glutathione with the high
degree of accuracy. Also the LOD is comparablénéoconcentration of L-Cys present in the
blood plasma. The proposed sensing mechanism ascalsfirmed with pure human urine
sample to detect the response of L-Cys in the uriterefore, this fluorometric assay
technique for detection of L-Cys has great potémtitn the diagnostic impact for biomedical

interest.
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1. Introduction

The thiol containing amino acid L-Cys generally fiduin human plasma is well
known as the building block of proteins and is iwed in verity of important biological
processes [1]. Normally a small amount of L-Cyprissent in human body in the form of N-
acetyl-L-cysteine (NAC) commonly known as L-Cys asdaturally derived from the amino
acids serine and methionine [2]. It is widely usegbharmaceutical industry as medicine to
treat different type of physiological complicatiof&6]. The body prepares the important
antioxidant from NAC by converting it firstly inth-Cys and then into glutathione [7].
Antioxidants such as or ascorbic acid (vitaminfight against the free radicals in our body
and reduce oxidative stress before damage of taerabdlecules. For healthy adults about 4.1
mg/kg/day of L-Cys is required as recommend bytJeA&kO/WHO/UNO expert consultation
[8]. Although L-Cys has a number of health benefite elevated amounts of such amino
acid may cause neurotoxicity [9], promotes urinstigne formation [10gtc. and it can also
be regarded as the biological marker for varioseases [11-13]. Therefore, it is of utmost
importance to detect the concentration of L-Cys ayhighly sensitive, selective and
convenient method with high degree of accuracyrdento prevent its adverse effects in our
health.

Various analytical methods such as immunoassagiredemistry, chromatography
etc. are recently being explored for the detection €fys and are performed in conjugation
with liquid chromatography, fluorimetry, colorimgfrdifferential pulse voltammetry and
spectrofluorimetryetc. [14-19]. But immunoassay and chromatography regugxpensive
biological reagents and complicated instrumentatioAlso the electrochemical methods
show relatively low selectivity to L-Cys. Some madis utilize the fluorometric detection
after direct labeling of suitable fluorescent probigh target bio-analyst. However direct

labeling sometimes causes structural alternatiomebiological species resulting erroneous



information. Also these detection methods direatiylizing the absolute fluorescence
intensity sometimes may include unwanted noise tduenvironmental perturbation in the
measurement. In recent times the colorimetric noghare attracted great attention but are
still limited because of their lack of effectivesest very low concentration. Therefore, it is of
crucial importance to design the appropriate sgngiatform for the detection of L-Cys both
selectively and quantitatively with high degreeaoturacy in the physiological range. In this
direction, the method based on the fluorometriayssay offer great advantages for the
detection of L-Cys as they enable a direct andl lgge detection in an aqueous environment
even at very low concentration. Also the ratio-neetluorescence recovery from the fully
guenched state of any suitable fluorescent probpré@sence of the analyst biomolecule
ensures the elimination of any external perturloaitnwolved in the measurements.

Metal nanoparticles are attracted considerablentate for their excellent ability to
modulate the spectroscopic properties of variousr@sting cationic organic dyes in the
aqueous environment [20, 21]. The ground and exaitate electronic properties of such dye
molecules adsorbed onto the surface of gold oesianoparticles show significant physical
and physicochemical behavior which sometimes en#id& use in many biomolecular
recognition processes [22]. The reduction of exicgtate fluorescence life time down to
several hundreds of picoseconds has been attribotedergy or electron transfer processes
[23, 24] from excited dye molecules to these narapes. The resonant coupling between
the oscillatory electric dipole of plasmonic elects and the dipole of excited dye molecules
may be a possible reason for ultra-fast energystearj25]. These interesting photophysical
processes of small organic dyes assembled on tondkel nanoparticle’s surfaces are
sometimes very sensitive to the specific guest-lgesimetry in a particular environment,
which allows their possible application in the diedf biosensors [26]. On the other hand,

these nanoparticles may aggregate in solution wimteracting with many biological



molecules namely protein, enzyme, amino aetds[27] resulting substantial effect on the
surface plasmonic band under optical irradiation.

In this present report we address a highly semsand selective method for detection
of L-Cys via fluorescence turn-off and turn-on maaism based on the interaction of RhB
and Au NPs in agueous media. The cationic dye R#Bngs to xanthene family of organic
dyes and has high fluorescence quantum yield (Qo7djater with good photo-stability [28,
29]. The fluorescence emission of RhB was turneftam its initial quenched state and was
recovered (approximately 68 fold) after addition_e€ys to RhB/Au NPs mixed solution at a
concentration range between 0.01 uM to 1000 pM.tMterestingly this fluorometric
method was accompanied with a significant and eabte color changes of the final solution
and is therefore a direct visual evidence for $eleadetermination of L-Cys over all other

associated amino acids in the aqueous medium.

2. Experimental
2.1. Materials

The amino acid of our interest i.e. L-CysskGNO,, M.W: 121.15 gmat) along with
all other essential and non-essential amino acided uin this present work, RhB
(CagH31CIN,Os, M.W: 479.02 gmoat), chlorauric acid (HAuG| 3H,0, M.W: 339.79 gmat),
glutathione (M.W: 307.32 gmd), ascorbic acid (§HgOs, M.W: 176.12 gmat), uric acid
(CsH4N4Os, M.W:168.11 gmat) were purchased from Sigma Aldrich chemical conypan
USA and used without further purification. The pyiof RhB was checked via spectroscopic
method prior to use in the experiment. Trisodiutmaté (NaCgHsO7, M.W: 258.06 gmat),
sodium chloride (NaCl, M.W: 58.44 gmt)| potassium chloride (KCI, M.W: 74.5513 gnpl
were purchased from Merck Chemical Company, GermAtyhe glasswares were cleaned

with freshly prepared aquaregia solution (3:1 migtaf hydrochloric acid (HCI) and nitric



acid HNQ) followed by subsequent rinsing with triple distd deionized Milli-Q water
(resistivity 18.2 M2 cm, pH~7, collected from Synergy integrated with an Bi&dvantage
set-up, Millipore SAS, France) and then were aatedl for 24 hours before use. Aqueous

solutions of the chemicals were also prepared thighsame triple distilled Milli-Q water.

2.2. Synthesis of Au NPs

Au NPs were synthesized by citrate reduction metdescribed elsewhere [30]. In
a typical procedure, 50 ml aqueous solution of HBUBH,O (concentration of 0.25 M) was
heated to boiling and 1.2 ml of p&Hs0; (1%) was added into the solution under vigorous
stirring for preparing gold nanocolloidal solutioNithin a time of 70 s, the boiling solution
turned faintly to blue color and after 120 s theebtolor changed to deep red. The solution
was then set aside to cool down at room temperaiure final concentration of the gold

nanocolloidal solution became 0.1 mM at sH.

2.3. Characterizations techniques

The UV-Vis absorption spectra of the samples wecended in the wavelength range
of 200 - 800 nm by a double beam UV-Vis absorptapectrophotometer (UV-1800,
Shimadzu, Japan) after proper baseline correctorthie solvent background. Steady state
fluorescence spectra of the samples were recordégeirange of wavelength 545-700 nm by
using a Horiba Spectrofluorometer (Fluoromax-4Cyibto Scientific Incorporated, USA).
An excitation light source of wavelength 530 nm eged through a slit having width of 2
nm was used for all the steady state fluorescemuesseon measurements. Both the
absorption and emission spectra were collected fthen sample solution in quartz cell
(Kozima, Japan) of 1.0 cm path length at room teatpee (28C). The hydrodynamic

nanoparticle size distribution and the effectiveate Zeta potential) of the as-synthesized



Au NPs were obtained by a Zetasizer (Zetasizer NeBioMalvern Instruments Ltd, UK) via
dynamic light scattering method (DLS) at an ambmatdition. High resolution TEM study
of the Au NPs was carried out on a TransmissiorctEla Microscope (TEM) operated at
200 kV (JEM-2010 TEM, JEOL Ltd., Japan). For TEMidst, the sample solutions were
incubated for 15 minutes and then a small drop sypasad onto the carbon coated copper
microgrid (PELCO® 300 Mesh Grids, Ted Pella Inc.A)&nd subsequently dried at room
temperature. Time resolved fluorescence emissioasarements were acquired by using
time-correlated single photon counting (TCSPC) meétliFluorolog, Horiba Jobin Yvon,
USA) to obtain the excited state fluorescenceififetof the samples. In this method, the
sample solutions were excited at 510 nm by usimcaseconds pulsed diode laser. The
fluorescence decay data were collected over 208ngta which were calibrated on a non-
linear time scale with increasing time according ao arithmetic progression with a
Hamamatsu photomultiplier tube (R928P). The rawagletata as obtained were analyzed

using IBH DASG6 software.

2.4. Method of fluorometric assay experiments

A 2 mL of 0.1 mM Au NPs solution was incubated @m temperature (2&) for
five minutes with the 2 mL of 0.AM RhB (probe molecules) solution so that the assayd
be formed. Freshly prepared L-Cys solution of défé concentration (1 mM - 0.QUM) was
added (20QuL) separately with the assay and kept for threeute and subsequently the
fluorescence spectra were recorded. For the codbrienstudy, freshly prepared different
amino acids, glutathione, uric acid, ascorbic amidl different neurotransmitters “(Kand
Na’) stock solutions of concentration 0.1 mM were abldéh the assay and the color change
was observed instantly. For confirmation of selatti of the assay, mixture of freshly

prepared mixed individual solutions of L-Cys andfetent amino acids, glutathione, uric



acid, ascorbic acid and neurotransmitters (in bilime ratio, concentration of 0.1 mM each)
were added to the RhB/Au NPs solution and fluomseemission was measured after three

minutes for each mixed solutions.

3. Results and discussion
3.1. Characterization of synthesized Au NPs

Fig.1A shows the UV-Vis absorption spectrum of theeate-stabilized Au NPs in
agueous colloidal solution and shows distinct gitsmm band with its maximum at around
528 nm along with two weak humps at 251 nm andr886 The former is due to the strong
characteristic surface plasmon resonance (SPRghel other two are due to the intra-band
electronic transitions of gold and can be relateth whe traces of such bands as similarly
reported for silver nanoparticles by some reseasc[8l,32]. The well resolved and sharp
SPR maximum band is basically due to both longitadand transverse SPR equivalently,
which reveals a sign of the formation of spherigalNPs. The molar extinction coefficient
of Au NPs (with maximum SPR observed at 528 nm) ealsulated as 540xio/*cm’
[33].

The DLS study (Fig.S1) revels that the average dgginamic size of Au NPs was
about 53.78 nm. To have further knowledge abouthtiraogeneity of NPs distributions the
surface zeta potential)(was measured (Fig.S2) and was found to be -30/lamroom
temperature and solution pH ~7. These results sidigat Au NPs could overcome the van
der Waal's attraction through the strong electitasteepulsion between the negatively-
charged citrate coronas around the NPs surfacgueaus medium and therefore Au NPs
remained effectively stabilized prior to their usehe experiment [34].

However, to have a more precise and clear undetlisiguof the size and morphology

of Au NPs, TEM study was performed. Fig.1B showat #hu NPs were mono-dispersed with



nearly spherical in shape and the average padialmeter was ~27.5 nm as calculated from
the size distribution curve (Fig.1C). The selecheela electron diffraction (SAED) (Fig.1D)
reveals the good crystalline nature of Au NPs. Tihgs as seen in SAED pattern were
indexed and corresponds to the electron diffrastionginated from (311), (222), (406ic.
planes of FCC gold crystal. The interplaner spaasgalculated (Fig.1D) was about 0.11 nm
corresponding to the lattice plane (222). The Higbholution-TEM micrograph was also
shown in the inset of Fig.1D. The energy dispersiveay spectrum (EDS) curve (Fig.S3)
shows the nucleation of Au NPs without any impastand the presence of large number of

Au NPs in its colloidal solution used for the expent.

3.2. UV-Vis absorption spectroscopic study

The cationic dye RhB is a well-known laser dye frthra xanthene family of organic
dyes and its molecular structure is shown as tketiof Fig.2A. The UV-Vis absorption
spectrum of pure RhB solution (concentration of\6) jas shown in Fig.2A (curve 3) exhibits
a strong absorption band at around 554 nm whichttitbuted to the characteristicn*
transition of dye monomer units and a very weakdb@rserved at around 520 nm is assigned
to the dimeric states of RhB molecules due to th#& mansition [29]. In aqueous solution at
low concentration (i.e. 6 uM) RhB dimmers are imiggrium with the monomers and their
mean numbers should remain constant at a particolacentration [29]. However, in our
work, the concentration of RhB solution was abaut @M for the detection of L-Cys. So it
was presumed that most of the RhB molecules migist @s monomer units in the studied
aqueous solution because of their very low conaéntr. RhB/Au NPs mixed solution (1:1
volume ratio) (Fig.2A, curve 2) showed that the meharacteristic absorption band position
(554 nm) of RhB was almost unaltered but with daseel intensity along with an increase in

absorbance of dimeric band (520 nm) compared tb dh@ure RhB. This change in the



absorption spectrum of RhB in presence of Au NPs passibly due to their adsorption on to
the nanopatrticles surface. More precisely this egagfion effects were manifested as the
close packing of RhB dye molecules around the Ag Biltface and this eventually induced
enhanced dye-dye intermolecular interaction. Soatleoas [20-22] also reported this type of
aggregations of other xanthene family dyes on theN#®s surface via strong electrostatic
interaction. In fact, addition of Au NPs to the aqus solution of RhB certainly changed the
microenvironment around the electronic states ef dige molecules and this might have
altered their electric transition dipole-momenteTihteraction of molecular dipoles of RhB
with the plasmonic field produced by Au NPs evellyuaffected the excitation energies of
the individual dye molecules resulting decreasahisorbance of dye monomeric band at 554
nm.

The closer association of dye molecules on the ®Rs Surface additionally induced
the aggregations of NPs in the mixed sample whiak ®also observed from TEM analysis
(Fig.2B). It is clearly observed that differentesiaf dye/Au composite systems were formed
in the mixed ensembles which have been correlaidd the observed UV-Vis results. The
DLS measurement shows that the hydrodynamic diaméthe NPs increases after addition
of RhB and the negative charges on the surfacérate stabilized Au NPs were reduced as

evidenced from Fig.S4 and Fig.S5 respectively.

3.3. Sensing of L-Cys based on fluorometric assay

In this work we systematically design a highly sews sensing platform for the
guantitative as well as selective recognition o€ys using fluorometric assay of RhB/Au
NPs in the agueous medium. The sensing of L-Cysflumometric assay mechanism is
schematically shown in Fig.3. The fluorescence simis spectra of RhB/Au NPs mixed

aqueous solution (1:1 volume ratio) in absencevEw@) and presence (curve b) of L-Cys
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(concentration of 10QuM) was shown in Fig.4A. It is observed that RhB/A&s mixed
aqueous solution had negligibly small value of emis intensity because of efficient
fluorescence resonance energy transfer (FRET) éxeited dye molecules to the Au surface
as well as also the decrease in radiative ratetaonsf individual RhB molecules adsorbed
on NPs surface. The energy transfer from donor RhBcceptor Au NPs is mainly due to
FRET process which is clearly perceived from thigdaoverlap between the emission of RhB
and absorbance of Au NPs as shown in Fig.4B. Howenest interestingly after addition of
L-Cys solution to the RhB/Au NPs mixed solution theorescence emission at around 574
nm was found to emerge with much increased intgmin its quenched state as shown in
Fig.4A (curve b). This observation clearly suggesist the emission of RhB molecules
which were adsorbed onto the Au NPs surface befddition of L-Cys was recovered to a
great extent and was possibly due to a strongaatien between L-Cys and Au NPs through
the thiol moiety (-SH) [35]. Due to this strong iaffy of thiol to Au NPs, the L-Cys
molecules were strongly bound to NPs resultingeseape of RhB molecules away from NPs
surface. Because the attachment of RhB moleculds At NPs were due to electrostatic
interaction whereas L-Cys tend to attach with AusN# Au-S bond via chemisorptions
which is relatively much stronger. As a result, ghectrostatic charge distribution around the
NPs surface was disrupted causing the release Bf iRblecules from Au NPs surface
resulting the decrease of fluorescence quenchiagnanradiative energy transfer. Thus
addition of L-Cys eventually restored the fluoresme band intensity of RhB at around 574
nm. However, the control experiment (Fig.S6) (flaorescence emission of RhB/L-Cys
mixed aqueous solution without Au NPs) revealsgligible effect of L-Cys on the emission
profile of RhB molecules in the studied aqueous iomadas the unaltered emission band
position and no such significant rise and fall ofigsion intensity with increase or decrease

of L-Cys concentration. But the slight decreasenmission intensity of RhB after addition of
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L-Cys solution of different concentrations mightlyme due to the dilution of the RhB
concentration in the mixed solution and not duany interaction in their ground or excited
electronic states.

The aggregation of Au NPs was further evidencednfr@V-Vis absorption
spectroscopy as shown in Fig.4C. It was observatlah additional SPR band appeared at
around 670 nm after addition of L-Cys [35] and m#i#y of the main SPR band at around 528
nm was sufficiently reduced compared to that irea#dsRhB/Au NPs mixed aqueous solution
(Fig.2A, Curve 2). So the emergence of the new $BRd of RhB/Au NPs mixture in
presence of L-Cys corresponded possible aggregatiohu NPs and have already been
reported by A. Mocanu et. al. [36].

In order to support the above results as obtaimech fluorometric assay method,
TEM study (Fig.4D) was also performed for the Rh&/NPs/L-Cys mixed solution at the
same ambient condition. We already observed tletile molecules were adsorbed on the
Au NPs surface resulting some aggregation of Au NRd the distribution became
inhomogeneous (Fig.2B). However, from Fig.4D itlearly observed that after addition of
L-Cys in RhB/Au NPs mixed aqueous solution, thetriigtion of NPs became more
homogeneous but the average size of the particleased to about 40 nm. This increased
size distribution of Au NPs was basically due tonscaggregation of individual NPs in the
relatively higher viscous medium after additionle€Cys. However, the crystallinity of Au
NPs after addition of L-Cys possibly was not alder@s distinct diffraction rings was
observed from SAED images (Inset of Fig.4D). DL&dgtas shown in Fig.S7 further reveals
the increase in the hydrodynamic particle sizerithstion (~67.84 nm) of Au NPs in
presence of RhB and L-Cys compared to pure Au NB8.78 nm). Also the Zeta potential
(ZP) ) as measured for RhB/Au NPs/L-Cys mixed solutiomsviound to be -13.0 mV

(Fig.S8) which is much lower than that of pure AB9N(-30.1 mV) as well as RhB/Au NPs
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mixture (-20 mV). The reduced ZP of Au NPs in RhB/NPs/L-Cys mixture eventually
favored further aggregation of NPs. More precisbé/addition of L-Cys to the RhB/Au NPs
mixed aqueous solution might have displaced theathetly charged citrate around NPs
surfaces resulting the decrease in negative ZP wfMNRs. This in turn also favored the

aggregation of Au NPs in agueous medium [35].

Sensgitivity of the proposed method

In the present work, we have also studied the da#ime detection of L-Cys via
fluorometric assay of RhB/Au NPs assembly in thenesaagueous environment. Fig.5
demonstrates the fluorescence spectra of RhB/AumiRsd aqueous solution in presence of
various L-Cys concentrations viz. 0.01 uM, 0.1 M) uM, 10 uM, 100 uM and 1000 pM.
From Fig.5, we immediately see that the fluoreseesimission band of RhB at 574 nm was
recovered and their intensity increased systenyicaith increase in L-Cys concentration.
Also the increase in fluorescence recovery efficyewith the concentration of L-Cys was
almost linear (Inset of Fig.5). The systematic vy of fluorescence from RhB/Au NPs
mixed solution in presence of L-Cys was highly #éres with the change in the
concentration of L-Cys. Therefore, this fluorometassay in aqueous medium may be a
suitable and efficient sensing platform for quaatiite detection of amino acid L-Cys. The
increased number of L-Cys molecules with increaséheir concentration in RhB/Au NPs
mixed solution definitely segregates more numbedy& molecules from the surface of Au
NPs and this has been manifested as the systelrsdar increase in the fluorescence
emission intensity. In fact, the initial quenché&abfescence emission of RhB due to Au NPs
via FRET process was gradually decreased as theeotration of L-Cys was increased. A
very good linear relationship between the fluoraseerecovery efficiency (at 574 nm) and

the concentration of L-Cys can be used to calibifaeproposed method of L-Cys detection
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in the concentration range of 0.01 pM-0.1 mM asawied from the inset of Fig.5. The
calibration equation (eqgn.1) for this approach lsanvritten as

Log[(F — Fy)/Fy] = Log [C] + constant e e (1)
where C is the concentration of L-Cys which waseadthto RhB/Au NPs mixed solution
during the fluorometric assay experiments.

The linear fitted plot as shown in inset of Figissalmost passed through the initial
point of the calibration curve and hence the ligfidetection (LOD) may be approximately
considered as 0.01 uM. The sensibility or the LAGhe proposed L-Cys detection method
can be comparable with the results reported idithature as cited in Table 1. Furthermore,
the present technique utilizes the ratiometric idsoence response of the fluorescent probe
(RhB). Hence the effect of any impurity or exterpaturbation on the fluorescence was
automatically discarded during the calibration bé tproposed assay. Also the range of
detection in the present method is comparable éoctincentration of L-Cys present in the
blood plasma [37] (near about micromolar), whichgrsts that our detection technique will

have great potential with the diagnostic impactfimmedical interest.

Selectivity of the proposed method
In the practical purposes a good biosensor shal&ttvely responds to a particular

biological analyte which is to be sensed at a giuee otherwise the sensing process will be
failed to give the desired output. To evaluatedelectivity of the proposed method towards
L-Cys, the interference of various other twenty @macids such as L-Aspartate (L-Asp), L-
Histidine (L-His), L-Methionine (L-Met), L-SerineL{Ser), L-Tryptofan (L-Try), L-Alanine
(L-Ala), L-Arginine (L-Arg), L-Glycine (L-Gly), L-lsolevcine (L-1so), L-Proline (L-Pro), L-
Threonine (L-Thr), L-Valine (L-Val), L-Asparaginé.{Aspa), L-Glutamic Acid (L-Glu), L-

Glutamine (L-Glut), L-Phenylalanine (L-Phe), L-Lene (L-Leu), L-Tyrosine (L-Tyr) and L-
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Lysine (L-Lys), L-Homocysteine (L-HomoCys) and awxidant glutathione (GSH) were
tested via the same fluorometric assay method ue@es medium. Apart from these amino
acids, the interactions of other relevant biosamglech as uric acid and ascorbic acid and

some neurotransmitters {kand N&) are also examined with the proposed assay method.

Colorimetric response of the assay

The most interesting observation was that justratiition of equal amounts of
various amino acids including L-Cys separatelyht® RhB/Au NPs mixed aqueous solution
the color of the final solution became nearly bididack (as shown in Fig.6) only in case of
L-Cys and could be clearly visualized with the rihleye. The concentrations of aqueous
solutions of all the amino acids, other biosampled neurotransmitters were same (0.1 mM)
for these colorimetric observations. This was thiéial visual evidence that L-Cys could
selectively bind to Au NPs thereby changing theocalf the final solution. It is already
evident from Fig.4C (Curve b) that the additionlLe€ys to RhB/Au NPs mixed aqueous
solution causes the emergence of the new absorpaod of Au NPs at around 670 nm
which implies a very fast and strong interactioteen L-Cys and Au NPs in presence of
probe RhB in the ground electronic states resultimg change of color of RhB/Au NPs
mixed solution from wine to bluish-black.

Fig.7 shows the change in fluorescence recovermgi@fty as a function of various
amino acids including L-Cys as well as glutathioneic acid, ascorbic acid and some
neurotransmitters like Na K" etc. and the corresponding emission spectra are shawn i
Fig.S9. From this plot it is clearly observed thia¢ fluorescence recovery efficiency of
RhB/Au NPs system in presence of L-Cys was sigaifily maximum compared to the rest
of the amino acids although the concentration bfhe& amino acids remained same. The all

other amino acids showed almost negligible effettlee quenched state of RhB adsorbed
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onto Au NPs surface resulting no noticeable changBuorescence intensity of the dye
molecules. Additionally, there was no significamthancement of fluorescence recovery
efficiency while using the other amino acids of cemntration of at least 100 times higher than
that of pure L-Cys (Figure not shown). However,yonther three essential amino acids
namely L-Histidine, L-Methionine and L-Homocysteisieowed slightly greater fluorescence
recovery efficiency but still very less comparedthe L-Cys. The slight difference of the
fluorescence recovery efficiency in presence of itidine and L-Methionine as shown in
Fig.7 might be due to the electrostatic interactbr-NH; with the negatively charged Au
NPs and very minimal interaction through the lesseasible intrabond S-atom resulting a
slight decrease in overall fluorescence quenchiad=RET between excited RhB molecules
and Au NPs during photo excitation [38]. It is alsevant to mention here that it was
unlikely for Au NPs to self-assemble with these tarmino acids via covalent combination
through S-Au bonds in the same aqueous environasnbmpared to L-Cys [39]. However,
for L-Cys, the thiol moiety (-SH) is the head gro@md more exposed to aqueous
environment causing greater extent of interactiath viu NPs. Although L-Homocysteine is
a homologue of the amino acid L-Cys but differinghmadditional methylene bridge, it still
shows almost 1/3 less fluorescence recovery efffigieceompared to L-Cys while considering
same molar concentrations for both the amino addsing the assay experiments.
Additionally, the concentration of L-Homocysteinged was 0.1 mM which is much higher
compared to its presence in real blood plasma.t $® excepted that in real biosample it
would leave negligible effect in the detection e€Clys by the proposed method.

In this work it is therefore highly important taudy the relative fluorescence recovery
efficiency of RhB/ Au NPs system when exposed tG\ls in presence of other interfering
essential and non-essential amino acids. This ¢ause of the fact that the physiological

plasma medium contains other amino acids as weligalvith L-Cys. So, the fluorescence
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recovery efficiency study of RhB/Au NPs mixed aquecsolution was carried out in
presence of L-Cys mixed with other amino acids (M) and is shown in Fig.8. The
corresponding emission spectra are also shown giSED (supplementary information).
Interestingly it has been observed that the flumeese recovery efficiency from RhB/Au
NPs mixed solution in presence of L-Cys mixed wi#ltious other amino acids was nearly
equal or close to that obtained with pure L-Cysyorfllhese results suggest that in the
presence of L-Cys, approximately 20-fold enhancemei the fluorescence recovery
efficiency was obtained when compared to that esence of other amino acids without L-
Cys in the mixture. From this study it can alsocbacluded that the presence of more freely
assessable -S atoms in L-Cys compared to thatsm @Ball other amino acids, L-Cys binds
to Au NPs surface via S-Au bonding competitivelyl &electively in faster way resulting the
displacement of RhB molecules from Au NPs surfaCensequently, the fluorescence
guenching due to FRET between RhB and Au NPs waiscesl. This is why fluorescence
intensity became much higher when L-Cys was preadht other amino acids in aqueous
medium. Therefore, the proposed technique may beffament sensing platform for highly

selective determination of amino acid L-Cys in agugemedium.

Real bio-sample analysis by using the fluorometric assay

The proposed fluorescence based sensing mechaarsdetiection of L-Cys is also tested

with real biosample in the present work. The L-@ysy present in both human blood plasma
and urine. In our experiments we have used normiaé¢ sample which was provided by our

laboratory volunteer research student (male) havil renal complications. These

experiments were performed with extra precautioravoid any type of contamination or

direct human contact with the urine sample. Itlisaady known that [40] the excess amount

of free L-Cys in urine causes the disease Cysanwhich leads to the formation of L-Cys
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stones in the renal system. The same assay canaviés maintained while doing the real
sample analysis. The fluorescence recovery effobgsnwere measured from the RhB/Au
NPs system in presence of pure human urine, L-@gsogher amino acid mixed urine and
are shown in Fig. 9. The corresponding fluoresceamgssion spectra are shown in Fig.S11.
From Fig.9 it is observed that, the assay experimah just pure urine sample shows nearly
35% fluorescence recovery whereas addition of L-Qys mM, 200 pL) to the urine shows
enhancements of fluorescence recovery efficiencyoug2%. The normal level of L-Cys in
human urine is about 0.13 mmol/day [41] and anyesg@mount of L-Cys in the urine is
therefore manifested as several health issuesefdrer the initial fluorescence recovery with
pure urine sample is basically due to usual presafid.-Cys in the urine. However, the
increase of fluorescence recovery efficiency aféeldition L-Cys in the urine is a
confirmation of selective detection of L-Cys beapsesence of all other amino acid did not
show any significant rise in fluorescence recow&ficiency as observed from Fig. 9. Thus
the present mechanism may be a suitable methodhédetermination of L-Cys in the

human urine sample in order to diagnose the disggsenuria.

3.4. Time resolved fluorescence emission spectropgcstudy

The time resolved fluorescence emission spectrgséepa useful and powerful
method to know the excited state life time of flyjonore and the nature of quenching
whether it is dynamic or static. In this study, tme resolved fluorescence emission of RhB
aqueous solumintion (0.1 uM) was measured by udimge correlated single photon
counting (TCSPC) method in absence and presenge dfPs and L-Cys respectively using
an excitation laser source of wavelength of 510 amd the corresponding fluorescence

emission was monitored at 574 nm. The fluorescelecay plots as obtained were fitted by
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two exponential functions according to eqn.2 aresmown in Fig.10. The average lifetimes

of the samples were calculated according to ed3Band are summarized in Table 2.

I(t) = e ¥ + e L (2)
. = i 04T 3)
av Zi aiTi en mme o wEmow s owam

wherea;, o, are the normalized pre-exponential factor of thdeawdes with lifetimer; and

T, respectivelyz,, is the average fluorescence life time. The aveflageescence life time of
pure RhB was calculated as 1.384 ns [29] but it deageased to 1.225 ns after the addition
of Au NPs (0.1 mM). This decrease in fluorescerifetiine might be related to the reduced
excited state energy of RhB molecules due to thdsorption onto Au NPs surface in
solution as well as the non-radiative energy tangbm RhB to Au NPs and some extent of
dye aggregation. The relationship between the sitgf fluorescence emission and the life
time of fluorophore may be given as in eqn.4 [36]

_ 1 _ 1
Tobs = Kobs Bl Kr + Knr + Ket

- (4)

That is the observed lifetimgpsis the inverse of the observed decay rates, radiakecay
rate K, non-radiative decay rate,Kand the rate of energy transfeg.KFor a particular
organic dye in specific environment, both the rageaand non-radiative decay rates are
normally considered as constant. From the steadg steasurement, it was already observed
that the decrease in radiative rate of RhB upooratien on to Au NPs was only 20% to the
overall fluorescence quenching. Thus the rate efgntransfer K is the major contributor

to the decreased fluorescence lifetime of the @pbore in presence of the Au NPs which
played the dominant role in fluorescence quenchiHgwever, the most interesting
observation was that when L-Cys solution was adddgtle RhB/Au NPs mixed solution the
average fluorescence lifetime of RhB molecules agesin enhanced significantly to 1.342 ns

which is almost close to that of pure dye moleculsre precisely the reversal of the
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fluorescence lifetime of RhB after addition of L<Cig basically attributed to the availability
of free RhB molecules in the surrounding aqueousdiume of Au NPs/L-Cys conjugated
systems. Therefore, this result also supports linerdscence recovery of RhB molecules
from their quenched state in the surface of Au WRen exposed to L-Cys solution. The very
small difference in the average lifetime in thiseas compared to that of pure RhB may be
due to the different microenvironment of the sumding medium of dye molecules after
addition of L-Cys because the dielectric properaeéthe medium might have changed [42].

This may slightly affect the decay path of the &ea¢tiRhB molecules.

4. Conclusion

We have successfully developed a sensing platfanmsélective and quantitative
detection of important bio-thiol namely L-Cys viadrometric assay of RhB and Au NPs in
aqueous medium as well as in real biosample (humagr). The LOD for L-Cys was found
to be 0.01 uM in our experimental range of con@ian. The initial fluorescence quenching
of RhB in presence of Au NPs without L-Cys in théture was possibly dominated by
FRET mechanism which depends upon the relativarmtist between dye and nanoparticles.
As the decrease in the radiative rate of RhB/Au blbtaplex systems contributed only 20 %
of the overall fluorescence quenching, which alsggest that the excited state energy
transfer was dominant factor for the drastic flssence quenching. The selective
fluorescence response of RhB/Au NPs complex made@dsemblies in presence of L-Cys in
the mixture was also accompanied with a color cedngm wine to bluish-black which was
not observed for all other amino acids includinigentthiol containing compounds, namely L-
Methionine, L-Homocysteine, glutathione in the saaggieous environment. Additionally,
the other relevant biosamples such as uric acahrbg acid, neurotransmitters have shown

negligible interference over the selective deteaiamn of L-Cys. However, the assay with
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real biosample shows about 35 % fluorescence regamaxurred from the mixture. This is
basically due to usual presence of L-Cys in nommiale. In aqueous solution the thiol moiety
in L-Cys formed strong bonding with the citrate edpAu NPs and might have displaced
RhB molecules from the surface of Au resulting dmggregation of individual NPs as
confirmed by UV-Vis absorption spectroscopy. The MIEstudy confirmed that our
synthesized Au NPs was nearly spherical with avedigmeter of 27.5 nm. DLS and Zeta
potential studies revealed the homogeneity of Aws MRtribution in aqueous solution and
did not aggregate prior to their use in the expents. Fluorescence lifetime of RhB
adsorbed onto Au NPs surface was reduced compatedttof pure RhB in aqueous solution
as confirmed by TCSPC study. Addition of L-Cys Ire tmixture restored the fluorescence
lifetime of pure RhB resulting the decrease of feszence quenching via FRET. Therefore,
the present study may be proposed as an efficeagirsg platform for selective and highly

sensitive detection of L-Cys via fluorometric assagchanism using Au NPs and RhB.
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Figure captions

Fig.1 (A) UV-Vis absorption spectrum of Au NPs in aqueouslloidal solution
(concentration of 0.1 mM). (B) TEM micrograph ofamthesized mono-dispersed Au NPs
desiccated at room temperature, (C) Lognormahgtif the particle size distribution, (D)
SAED pattern with the Miller-indices of Au NPs. &tsof (D) shows the HR TEM
micrograph with crystal spacing.

Fig.2 (A) UV-Vis absorption spectra of (1) agueous calfdi dispersion of Au NPs (0.1
mM), (2) mixed aqueous solution of RhB (6 uM) and #anocolloidal solution (0.1 mM),
(3) aqueous solution of pure RhB (6 uM). Inset shalme molecular structure of RhB dye.
(B) TEM micrograph of RhB mixed Au NPs showing tiggregation of Au NPs. Inset shows
the corresponding SAED pattern which suggeststh®atrystallinity of the Au NPs was not
lost due to the adsorption RhB molecules onto thaiface.

Fig.3 Mechanism of detection of L-Cys using fluorometsgsay.

Fig.4 (A) Fluorescence emission spectrum from the ass&h8/Au NPs in absence (curve
a) and presence (curve b) of L-Cys, (B) Overlapfatyveen normalized emission spectrum
of RhB (curve 2) and absorption spectrum of Au N&ave 1), (C) UV-Vis absorption
spectra of RhB/Au NPs mixed solution (0.1 mM & OMpn 1:1 volume ratio) in absence
(curve a) and presence (curve b) of L-Cys. Insetvshthe UV-Vis absorption spectrum of
RhB (0.1 pM) in presence of L-Cys (0.1 mM), (D) TEMcrograph of RhB/Au NPs/L-Cys
mixed sample. Inset shows the corresponding SAE2nma

Fig.5 Fluorescence recovery from assay of RhB/Au NPsresgnce of L-Cys of various
concentration viz. 0.01 puM (2), 0.1 uM (3), 1.0 M, 10 uM (5), 100 uM (6) and 1000 uM
(7). The spectrum (1) represents florescence eomssi RhB/Au NPs mixed solution. Inset

shows the plot of Log[fluorescence recovery effici versus Log [L-Cys concentration].

27



Fig.6 Digital photographs of RhB/Au NPs mixed solutioefdre (Control) and after adding
of all twenty amino acids, glutathione, uric aagdcorbic acid and neurotransmitters. Images
reveal a direct visual evidence for the color cleaffgom wine to bluish black) only for L-
Cys solution in the mixed ensemble.

Fig.7 Relative fluorescence recovery efficiency of theagsof RhB/Au NPs at 574 nm upon
addition of L-Cys and other amino acids, glutatleioruric acid, ascorbic acid and
neurotransmitters.

Fig.8 The plot of relative fluorescence recovery effiogr(at 574 nm) from the assay of
RhB/ Au NPs when exposed to the aqueous solutiodn-@fs (0.1 mM) mixed with other
amino acids (0.1 mM), glutathione (0.1 mM), urieda®.1 mM), ascorbic acid (0.1 mM) and
neurotransmitter (0.1 mM). Figure also represeiits telative fluorescence recovery
efficiency of the assay when added separately othler amino acids (0.1 mM), glutathione
(0.1 mM), uric acid (0.1 mM), ascorbic acid (0.1 médhd neurotransmitters (0.1 mM)

Fig.9 Real biosample analysis by using the fluoromedssay with pure human urine and
amino acids.

Fig.10 Fluorescence decay plots of pure RhB aqueousiaoland of RhB/Au NPs mixed

solution in absence and presence of L-Cys.
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Fig.1(A) UV-Vis absorption spectrum of Au NPs in agueco#oidal solution (concentration
of 0.1 mM). (B) TEM micrograph of as-synthesizednodalispersed Au NPs desiccated at
room temperature, (C) Lognormal fitting of the paet size distribution, (D) SAED pattern
with the Miller-indices of Au NPs. Inset of (D) she the HR TEM micrograph with crystal

spacing.
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Fig.2 (A) UV-Vis absorption spectra of (1) aqueous cal#di dispersion of Au NPs (0.1
mM), (2) mixed aqueous solution of RhB (6 pM) and #anocolloidal solution (0.1 mM),

(3) aqueous solution of pure RhB (6 uM). Inset shdle molecular structure of RhB dye.
(B) TEM micrograph of RhB mixed Au NPs showing #iggregation of Au NPs. Inset shows
the corresponding SAED pattern which suggeststttgatrystallinity of the Au NPs was not

lost due to the adsorption RhB molecules onto thaiface.
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Fig.4 (A) Fluorescence emission spectrum from the ass&®h8/Au NPs in absence (curve
a) and presence (curve b) of L-Cys, (B) Overlapfiatyveen normalized emission spectrum
of RhB (curve 2) and absorption spectrum of Au N&wve 1), (C) UV-Vis absorption
spectra of RhB/Au NPs mixed solution (0.1 mM & @M in 1:1 volume ratio) in absence
(curve a) and presence (curve b) of L-Cys. Insetvshthe UV-Vis absorption spectrum of
RhB (0.1 pM) in presence of L-Cys (0.1 mM). (D) TEMcrograph of RhB/Au NPs/L-Cys

mixed sample. Inset shows the corresponding SAE2nma
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Fig.5 Fluorescence recovery from assay of RhB/Au NPsresgence of L-Cys of various
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Fig.6 Digital photographs of RhB/Au NPs mixed solutioefdre (Control) and after adding
of all twenty amino acids, glutathione, uric aadcorbic acid and neurotransmitters. Images
reveal a direct visual evidence for the color cleaffgom wine to bluish black) only for L-

Cys solution in the mixed ensemble.
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Fig.7 Relative fluorescence recovery efficiency of theagsof RhB/Au NPs at 574 nm upon
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Fig.8 The plot of relative fluorescence recovery effiogr(at 574 nm) from the assay of

RhB/ Au NPs when exposed to the aqueous solutiodn-@fs (0.1 mM) mixed with other

urieca(®.1 mM), ascorbic acid (0.1 mM) and

glutathione (0.1 mM),

amino acids (0.1 mM),

neurotransmitter (0.1 mM). Figure also represeiits telative fluorescence recovery

efficiency of the assay when added separately otiter amino acids (0.1 mM), glutathione

(0.1 mM), uric acid (0.1 mM), ascorbic acid (0.1 mahd neurotransmitters (0.1 mM).
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Fig.9 Real biosample analysis by using the fluoromedssay with pure human urine and

amino acids.
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Fig.10 Fluorescence decay plots of pure RhB agqueousisoland RhB/Au NPs mixed

solution in absence and presence of L-Cys.
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Table 1

Comparison with other reported methods for detaabioL-Cys.

Probe Detection Range LOD (uM) References
principle (in pM)
TCEP & CMQT* HPLC-UV 20 - 300 0.5 [14]
Fluorescein—modified  Fluorescence 0.8-4.1 0.1 [15]

gold nanopatrticles

Ficin Colorimetry 0.05-14 0.02 [16]

Poly(p-coumaric Differential pulse 7.5 - 1000 1.1 [17]

acid)/MWNT/GCE** voltammetry

CU** -caclein Fluorimetry 0.3-12 0.04 [18]
TI(HT)*** Spectrofluorimetry 0.1 -5.5 0.1 [19]
Rhodamine B Coated  Fluorometric 0.01-100 0.01 This work
Au NPs assay

*TCEP - tris(2-carboxyethyl)phosphine hydrochlofi@MQT - 2-Chloro-1-thylquinolinium
tetrafluoroborate, *MWNT/GCE - multi-walled carbaranotubes modified glassy carbon

electrode, ***TI(lIl) - Thallium(lII).

38



Table 2

Fluorescence life time parameters as obtained thenfitted data of pure RhB and RhB/Au
NPs mixed solution in absence and presence of L-Cggesponding fluorescence emission

was monitored at 574 nm.

Sample name Number of 2,, 1, a, T a, Ta X
Exponential (nm) (ns) (ns) (ns)
RhB 2 510 0.066 0.375 1.522 0.156 1.384 1.276
RhB/Au NPs 2 510 0.0371.311 1.517 0.129 1.225 1.156
RhB/Au NPs/L-Cys 2 510 0.0480.788 1.577 0.132 1.342 1.279

.= Excitation wavelength
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Highlights

Gold nanoparticles can sufficiently quench the fluorescence of Rhodamine B dye
L-Cysteine was detected selectively from fluorescence of dye/nanoparticle mixture
Sel ective fluorescence response was accompanied with an observable colour change
The calibration curve for the assay of L-Cysteine was almost linear

Selective response of L-Cysteinein real human urine sample via fluorometric assay



