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Abstract

Here, in this study, we strategically utilized loerergy mediated epitaxial deposition of°Au
atoms reduced by gallic acid over preformed goldonads (GNRs) seeds. It can be suggested
that GNRs seed/Al ratio influences the directional attachment of’ Aioms to the GNRSs.
Alteration in the thickness of the GNRs upon depmsiof Au’in presence micromolar levels of
antioxidant reduces the aspect ratio of the narsor@hange in the aspect ratio altogether
induces a blue-shift in the longitudinal surfacasphon resonance (LSPR) of the GNRs from the
NIR region of the spectrum to the shorter wavelen@@EM imaging, DLS and zeta potential
analyses confirms the morphological and surfacegehalterations after interaction with
antioxidant. Based on the relation between blu&-shihe LSPR band and the concentration of
gallic acid, the sensing platform achieves a lirdetectable range of 1.25-35 uM with detection
limit as low as 90 nM and the limit of quantificai as 300 nM. The method has high selectivity
against tested interferents and was found to beodegible. The potential application of the
developed sensor was validated by quantifying @altid in commercially available apple juice.
High recovery (99.46-100.4 %) was obtained, sugggdhat the established assay which is
reliable and facile can be successfully used fdlicgacid detection real food samples. The
developed method of tuning the aspect ratio of naaterial can be further extended for

detection other anti-oxidant molecules.

Keywords: Gallic acid; Gold nanorods; Seed-mediated gro8tirface plasmon resonance;
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1. Introduction

Over the past few decadeasgtal nanoparticles (NPs) such as gold and silver NPg hav
gained immense recognition in nanosensing, thetmsewnd diagnostic applications.[1, 2] In
this regard, ease of synthesis, versatile surfacetibnalization and long term stability of gold
nanomaterials increases their potential as efficaatection probes.[3] Their tunable optical
property due to surface plasmon resonance (SPR)esn#thtem ideal for sensing several
environmental as well as biological analytes.[4}&al recent reports have shown gold NPs
based disease diagnosis wherein different prirgiglech as SERS, modified SPR, altered
dynamic light scattering, and colorimetry has begiized.[5] Further enzyme detection
depending on the size of gold NPs have also beportesl. In another important study,
Dondapati et al. have demonstrated the use ofnbmtdified gold nanostars for sensing
streptavidin.[6] Sensing applications using otHepes of gold nanomaterials include the use of
gold nanowires and nanocubes for detection of badte human kidney infection and catechol,

respectively.[7, 8]

The plasmon resonance of (GNRS) is highly depeanaieiits size and shape.[9] The two
plasmonic peaks representing the width and len§iBNRs are denoted as TSPR and LSPR,
where TSPR is generally ~ 500 nm, and the LSPRbeatuned anywhere within the visible to
the near-IR region of the spectra (600 — 1100 nrh)s flexible LSPR of GNRs make them
suitable for several photothermal, biomedical imggand sensing applications [10]. Apart from
these, the properties of the LSPR can be utilized plasmon-accelerated electrochemical
reactions, electrocatalysis, detection and imagafigtelomerase activity, cellular alkaline
phosphatase activity and circulating cancer c&ll$Gs) [11-15].The LSPR is reported to be
highly sensitive to the change in the refractivéex of the medium. The spectral shift thus can
be utilized for sensing minor changes in the sdalvgt6] Morphological modifications in terms
of changing the aspect ratio (AR) or shape of g@ldorods (GNRS) in the presence of foreign
analytes has also been reported to effective imdmd significant red and blue shift in the
LSPR.[17] Such variations can be monitored forceffit sensing of molecules and improving
the limit of detection (LOD). Further, Parab etleve also employed GNRs as a SERS substrate
wherein they have achieved highly sensitive anelcsiee detection of DNA.[18] In other words,
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several analytical protocols based on tuning of R$Bn be developed to sensitive, selective and

precise detection of chemical and biological molesu

Several NPs-based gallic acid detection methode ladready been reported [19, 20].
SiO, nanoparticles on modified carbon paste electré@g)s/electro-reduced graphene oxide
composite and polyepinephrin/ glassy carbon eldettave been employed previously for gallic
acid detection [21-23]. Though the developed methedhance the sensitivity but intricate

fabrication of such electrode- based sensing plagaemains a challenging concern.

The current study, aimed at fabricating a senséine facile sensing platform that has a
wide detection range, minimal instrumentation astvell as requires less detection time. The
sensing strategy is based on the hypothesis tagirésence of phenolic compound such as gallic
acid would facilitate the reduction of Auto A’. The reduced Au atoms would coat the native
surface of GNRs via heterogeneous nucleation cersmgl the thermodynamically favourable
condition. It can be suggested that in a typicaldsmediated process, the seed ¥Aratio
influences the deposition of reduced Au in a cdlgdsdirection, generating shorter rods and
few spheres. As a consequence of the formatiorefAu layer, the thickness of the GNRs
increases, therefore, reducing its aspect ratiog®e 1). To the best of our knowledge, this is
the first-ever work that utilizes the strategy dteang the aspect ratio of GNRs by tuning its
breadth in the presence of an anti-oxidant. Therdeed strategy overcomes several limitations
associated with previously developed methods thatime-consuming, employs fabrication of
complex composites and also requires high-endumgnts along with trained personnel. Not
only the technique developed is reliable, simphel geproducible for detection of gallic acid but
also opens scope for quantification of other \atati-oxidants. Based on the proposed principle,
the rod-shaped GNRs can be efficiently utilizedense gallic acid in the range of 1.25-35 uM
with a low detection limit of 90 nM. The develope@dnosensing platform provides good
selectivity as well as high recovery rates (99.8-4%) when used for quantifying gallic acid in

real food samples.
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Step 1: Seed Solution
CTAB

HAuCl,.3H,0
Ice-cold NaBH,

25 °C. 3-h incubation O~ _OH

Inoculation of seed HO OH
solution to growth OH
solution

Gallic acid

—] Ascorbic _2'”'1 . Au*
acid incubation
Step 2: Growth [

Solution

CTAB
HAuCl,.3H,0 \ Au" atoms
AgNO, \ — ‘ ‘
\ Epitaxial growth on the
lateral sides ‘

CTAB-capped GNRs Thicker GNRs

Preparation of GNRs Sensing of Gallic acid

Scheme 1Schematic presentation showing preparation of &Bifitl strategic detection of gallic
acid based on the deposition of’xn the GNRs seeds.

2. Materials and Methods
2.1. Chemicals

Sodium borohydride (NaBh, Cetyltrimethylammonium bromide (CTAB), gallic idcwere
purchased from Sigma-Aldrich (India). Hydrogendehloroaurate hydrate (HAuWZH,O) and
salts for the interference study, were purchaseoh fSRL Pvt. Limited (India). Ascorbic acid
and silver nitrate (AgNg) were obtained from MERCK (India) and SD Fine Cieais (India),
respectively. Antioxidant molecules such as cinmaatid, alpha tocopherol and quercetin were
procured from Qualigens Fine Chemicals Pvt. Limigedl Sigma-Aldrich (India) respectively.
Glucose, NgPO, L-arginine and L-cysteine were purchased from Himédthdia). For all the
experiments, ultrapure deionized water (18.2.bn) from Cascada Bio Water filtration unit
(Pall Corporation, Ann Arbor, Michigan, USA) waseds All the glasswares used for the

experiment were washed thoroughly in aqua reglived by rinsing with deionized water.

2.2. Synthesis of gold nanorods

Modified El-Sayed method was used for the synthefsied-shaped GNRs. Two separate

solutions, namely seed solution and growth solgtiomere prepared. The seed solution was



119
120
121
122
123
124
125
126
127

128

129
130
131
132
133
134

135

136
137
138
139

140

141
142
143
144
145
146
147

prepared as follows. Briefly, ice-cold NaBKD.3 mL, 0.01M) was added to solution mixture
containing HAuCJ (0.5 mM) and CTAB (0.2 M) in a volume ratio of 1The entire reaction
mixture was incubated at room temperature for Bdn.the growth solution, a 200 mL solution
containing HAuCJ (0.5 mM) and CTAB (0.1 M) was made and to this 16 @h AQNOs (4 mM)
was added. Following this 0.5 M of,80, (1 mL) and 0.0788 M ascorbic acid (1.4 mL) were
further added and mixed gently. For the final stbp, pre-prepared seed solution (0.24 mL) was
added to the above growth solution mixture and déftoom temperature for a period of 12 h.
The brownish coloured solution was centrifuged 962 (2 times) for 30 min to remove the

unbound CTAB and stored at room temperature (28[24)

2.3. Evaluating gallic acid concentration using gal nanorods

Galllic acid was used as the reducing agent foredaction of HAuCJ. Stock gallic acid
was made freshly in deionized water before thet sfathe experiment. Stock gallic acid was
serial diluted and 160 pL of gallic acid with appriate concentration was added to a solution
mixture containing 320 uL GNRs, 160 pL HAu@nd 160 pL phosphate buffer (pH- 7.4). The
mixture was incubated for 30 min following which k¥pectral, dynamic light scattering and

zeta-potential and TEM analysis.
2.4. Selectivity of gallic acid detection

For assessing, the selectivity of the GNR-basedatien probe, 0.3 mM of interferents
such as NaCl, KCI, ZnSO4, Cug@-eC}, Glucose, NgPO, ascorbic acid, L-arginine and L-
cysteine were added instead of gallic acid. Thadsted assay, as mentioned above in section

2.3, was followed systematically.

2.5. Estimation of gallic acid in apple juice

Commercially available apple juice was pre-treategfore utilizing its gallic acid
detection. Briefly, the procured juice was cengéd at 10000 rpm for 5 min. The supernatant
obtained was filtered and diluted with deionizedevdo obtain an appropriate concentration for
assay. Briefly, 160 pL of pre-treated apple juieenple with was added to a solution mixture
containing 320 uL GNRs, 160 pL HAuCAnd 160 pL phosphate buffer. The solution mixture
was allowed to stand at room temperature for 30, foilowing which UV-spectroscopic

measurements were taken.
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2.6. Instrumentation

For characterizing CTAB-capped GNRs high-resolutidransmission electron
microscopy (HR-TEM) (JEOL JEM 2100, Japan) was u3dée operating voltage was 200 kV.
As synthesized GNRs were sonicated for 10 min lefoating on carbon-coated copper grids.
Analysis of the working concentration of GNRs wasé using ICP-OES (Perkin Elmer Optima
5300DV, USA), the wavelength for the measuremerg 2@7.595. For spectral analysis, UV-
Visible spectrophotometer (Evolution 220, Thermae8tfic) was used in the wavelength range
of 200-900 nm. The MHD and surface charge of thé&B-Capped GNRs before and after the
interaction was measured using 90 Plus Particldyxea(Brookhaven Instruments Corporation,
USA).

3. Results and discussion
3.1. Characterization of gold nanorods

Fig. 1 shows the rod-shaped morphology of as-sgithd CTAB GNRs. The NRs were
monodisperse, with an average aspect ratio of 2888 length and breadth of the GNRs were
calculated to be 63.01 £ 1.87 and 21.76 £ 0.78 mspectively (Particle count -200). Fig. 2
shows the SAED pattern of CTAB-capped GNRs, thaiobtl d-spacing values 0.094, 0.239,
0.148 nm, corresponds to (420), (111) and (2203isgaof fcc Au.[25] The concentration of the
as synthesized GNRs was 152.6 uM as estimated PAOES. Fig. S1 shows the UV- spectral
analysis of as-synthesized CTAB- GNRs. The GNRsthadabsorption peaks representing the
LSPR at 802 nm and TSPR at 515 nm. The mean hydamdyg diameter of the NRs was
observed to be 80.3 + 1.3 nm and the surface clodrg42.3 = 0.75 mV.
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Accelerating voltage: 200kv Indicated magnification: 25kx

Fig. 1. TEM image of as synthesized CTAB-capped GNRs

Fig. 2. SAED pattern of as synthesized CTAB-capped GNRs
3.2. Optimization of reaction parameters

Alteration in the thickness and overall morpholajyhe GNRs in the presence of gallic

acid was investigated under optimized conditionspdrts suggest that GNRs have limited
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stability beyond pH-7, leading to particle aggrémgatand disappearance of the LSPR. Even
gallic acid loses its inherent stability at high.pHence considering stability of both seed and
reducing agent as important criteria for seed-nedigrowth a neutral pH of 7.4 was chosen for
the experiments [26, 27]. Primary parameters sighha optimum concentration of growth
precursor and time were investigated systematicalsiefly, different concentrations of
HAuUCl4.3H,0 in the range 0.5-4 pM was interacted with the GNRthe presence and absence
of gallic acid. Fig. 3 (A) shows that, in the absef reducing agentmax of the GNRs almost
remained constant. However, in the presence oicgatid, the maximum blue-shift (~781 nm)
was observed for 2.5 uM concentration of the*’AlAddition of higher concentration of
precursor did not induce any significant changethe LSPR. It can be suggested that the
introduction of higher concentrations of growth qesor (beyond 2.5 uM) causes saturation of
AUu** in the medium, thus promoting the formation of Brmepheres via homogeneous
nucleation.[28] The response generated over a @@fidime was studied, and it was observed
that for control samples (without gallic acid), thenax remained constant at ~ 807 nm.
However, in the presence of gallic acid, the LSR&e{shifted to ~779 nm for an incubation
period of 30 min (Fig. 3(B)). No significant changethe Amax was observed after 30 min.

Hence for further studies the response time fogtikc acid nanosensor was taken as 30 min.
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780
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concentration of Gold chloride (uM) Time (mins)

Fig. 3. Analyses of change in LSPR of GNRs after interactiith and without gallic acid (A) in
presence of different concentration of HAuCl4.,8HB) at different time point

3.3. Development of bilayered GNR using gallic acid
The LSPR of GNRs is sensitive to the changes inaggect ratio. Herein, under the

optimized condition, the aspect ratio of the astisgsized GNRs was modified in a controlled

fashion. Upon introduction of Hydrogen tetrachlanede hydrate and gallic acid as growth
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precursor and reductant, respectively, thé &onverts to Al [29] Employing GNRs as seeds,
the reduced atoms undergoes seed-mediated growdhgth thermodynamically favourable
heterogeneous nucleation and not homogeneous tioolg20] It can be said that, in the
presence of an excess amount of GNRs seed, tharerémased competition between available
seed particles and the &ions. As a consequence of the shortage 6f #ms per seed particle,
the elongation of GNRs at the tip is retarded.[@bhsidering the NRs AR (length to breadth
ratio), seed-mediated epitaxial deposition of Auas seen to increase the thickness of GNRs,
altogether reducing its aspect ratio (Scheme 2arReters such as shape, size and composition
of the metal NPs determine the LSPR propertiesaobarystals.[32, 33] NRs with higher AR is
said to have absorption spectra near the NIR regidrereas the ones with smaller AR have
LSPR towards the shorter wavelength.[34] Fig. 4 éA)l (B) demonstrates the GNRs with an
average AR of 2.38 and 2.01 after interaction wWtuCl, in the presence of 15 and 30 uM of
gallic acid, respectively. The LSPR blue shiftediri 805 nm to 714 nm. An increase in the
intensity of the LSPR of the interacted NRs alstidates that microlevel concentration of gallic
acid can efficiently promote seed-mediated Aaposition on the GNRs (Fig. 5). Similar reports
have been shown previously wherein, in the presefcanti-oxidants deposition of Agon
GNRs induced blue shift in the LSPR along with meréase in absorption intensity. The mean
hydrodynamic diameter (MHD) of the 30 gallic acid interacted NRs were seen to incréase
86.3+ 2.6. As that for zeta-potential, depositidmewly formed Ad slightly reduced surface-
charge of the native GNRs from +42.12 to +37.82 ma&ble 2 summarizes the changes in the

GNRs before and after interaction with HAW@hd gallic acid.




222 Fig. 4 TEM image of CTAB-capped GNRs after interactionhMd{AuCl4. 3HO (2.5uM) in
223 presence of (A) 15M (B) 30 uM of gallic acid
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234  3.4. Sensitivity and precision analysis of the bileered GNRs probe
235 The concept of tuning the AR of the GNRs in thespree of anti-oxidant can be

236 carefully controlled under optimized conditions fquantitative detection of gallic acid. Fig. 6

237 shows the normalized extinction spectra whereinthie presence of a growth precursor, a
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constant hypsochromic shift in the LSPR band of @MdRs can be seen with increasing
concentrations of gallic acid (1.25, 2.5, 5, 10, 26, 25, 30, 35 puM). It can be noted that the
dark brownish colour of the as synthesized CTABpeab GNRs changed to light brown
following addition of 35uM of gallic acid. The GNRs solution mixture appehtght pinkish
and yellowish upon addition of 15 and 1,29 of gallic acid respectively (Fig. S2). However,
concentrations beyond 30 pM did not induce anyiBagmt shift of the LSPR (Fig. S3). The
standard calibration curve for gallic acid concatn vs change in the LSPR peald) was
plotted, and a good linear correlation?R0.9922) was obtained (Fig. 7). For the gallicdaci
concentration range of 1.25-35 uM, the linear regjom equation was established to be y =
2.6279x + 1.9159. The LOD and LOQ were calculdigdneasuring the spectral scan of the
blank GNRs (n=5). The mean and standard deviat&®) ©f theamax of the LSPR was found
to be 805 + 0.08. The experimentally calculatedDL@sing the equation (3*SD)/Slope of the
linear regression line was 90 nM. The LOQ was dated using the equation (10*SD)/Slope of
the linear regression line and was found to ber@8@0 All the experiments were performed in
triplicates (n=3). The response for different cartcation of gallic acid was calculated using one
—way ANOVA and was found to be statistically sigrant (p<0.05). A comparable sensitivity of
the developed GNRs based gallic acid sensing phatiath the previously reported state-of-the-
art techniques has been summarized in table 2art lwe suggested that the GNRs-based
nanosensor has high sensitivity along with a nedfyfi wide linear range of detection. The
working principle of the fabricated method is simpihd also reduces the time and cost for high-

end instrumentations required in other assays.

The reproducibility of the developed method wasleated by analyzing run-to-run, day-
to-day and batch-to-batch for different concentwradiof gallic acid (Table S1). Relative standard
deviation (% RSD) observed, i.e. 1.14, 1.18 an®,2r@spectively. Relatively low % RSD
ascertains the reproducibility of the developed ssen system. The overall analytical

performance of the nanosensor has been listedlia 3a

12
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100

920 ¥ =2.6378x + 1.9239
& R*=0.9932 I

70
60
3 50
40
30
20
10

0
0 5 10 15 20 25 30 35 40
Concentration of gallic acid (uM)

Fig. 7.Standard calibration curve for gallic acid concatin vs change in the LSPR pealk)
3.5. Studying the selectivity of the bilayered GNRprobe

The performance of the bilayered GNRs was assdsstdte presence of other
analytes that are commonly present in fruit jui¢gég. 8 represents th&\ fluctuations observed
when 100- fold excess (0.3 mM) of other interfesamére introduced in the system. The spectral
shift of the LSPR was highest for gallic acid, wdees for other interferents it was observed to be
within 5%. However, for glucose and ascorbic atie, AA fluctuation was seen to be slightly
higher as compared to the other interferents (wittd %). In the presence of other commonly

reported antioxidants present in natural foodshsas cinnamic acid and quercetin, the

13



277
278
279
280
281
282

283

284

285

286

287

288

289
290
291
292
293
294

fluctuation was slightly higher. The generated oese was similar to that observed for ascorbic
acid. However, for Alpha tocopherol th& fluctuation was within 5%. Considering the redgcin
nature of other antioxidants, it can be suggedtatl the developed assay can also be used for
detecting similar analytes [35, 36]. Similar resuwitere reported previously wherein, presence of
growth precursor and potential anti-oxidant in #8ssay system were seen to induce a blue shift
of the LSPR. [37]

90

70
60
50
40
30
20
10

Ak

Interferents

Fig. 8. Selectivity of the nanosensor in presence of iaterits

3.6. Detection of gallic acid in apple juice

Application of the GNRs based nanosensor was tédstagetermining the gallic acid in
commercially available apple juice. Standard additmethod was followed wherein, standard
gallic acid of 5, 10 and 20 uM was spiked into peated juice sample. From the values
depicted in table 4, it can be concluded that upddition of different concentrations of gallic
acid, the response obtained correlated well wighstlandard curve. The recovery % was seen to
be 99.46, 100.46 and 103.4, respectively. The % R&B within the acceptable range. The

14
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observations suggest that developed nanosensitiprplais reliable and can be practically

applied for gallic acid detection in real samples.

4. Conclusion

In the current study, an analytical method basethermodynamically favourable seed-
mediated heterogeneous nucleation is applied teesgallic acid. The redox reaction between
the growth precursor and the gallic acid leads e¢podition of the reduced Au atoms on
preformed GNRs seeds. An overall morphological geaim the GNRs after attachment of Au
atoms modifies its aspect ratio and optical propertThe deposition causes blue-shift of the
LSPR band. Several characterization TEM, DLS artd petential analyses indicates that the
epitaxial growth induces a change in the aspeab &td surface charge of the NRs. Under
optimized conditions, the developed assay can bd tssdetect gallic acid in the linear range of
1.25- 35 pM. The LOD and LOQ were found to be 90 aMl 300 nM respectively. The
nanosensor was highly reproducible and had exdeflelectivity. The method showed good
recovery (99.4-103 %) for commercially availablepl@pjuice. The nanosensing platform is
reliable, facile, cost-effective and less laboeidive. It can be suggested, that the developed
strategy under optimized conditions can be appladsensing other essential anti-oxidants.
Apart from this, the nanomaterial with aspect rdtinable property can be possibly used for

several biomedical applications.
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414 Table 1. NRs size and surface charge measurementfn TEM, DLS and zeta-potential
415 anlyses

TEM Mean
hydrodynamic Zeta potential
Samples Length | Breadth AR % diameter (MHD) mv)
(nm) (nm) spheres
(nm)
GNRs 63.01 | 21.76| 289| 201 80.3+1.3 +42.12
GNRs + HAUCL +15uM | o) 16 | 2566 | 238| 3.02 82.1+ 1.8 +41.33
Gallic acid
GNRs + HAUCL+ 30 UM | o o5 | 2989 | 201| 3.68 86.3+ 2.6 +37.82
Gallic acid
416
417
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418 Table 2.Comparison of developed nanosensor with existintpoas for gallic acid detection
S.
No Detection mode Real sample Linear range LOD Ref.
1 Capillary electrophoresis Rhodiola 24 1200 pg/mL | 2.4 pg/mL [19]
root extract ' i
2 Differential pulse polarograpghy Fruit juice 1.66uM 300 nM [20]
. . | Teaand | 8.0x10"-1.0x
3 | SiO2 NPs based electrochemical Sen"otr)range juice 10 mol L~ 250 nM [21]
4 | FeOdelectro-reduced graphene oxide |\ 1.0x10°M—- |[15x%x10’ 22]
composite based electrochemical sensor 1.0x10*M M
5 Polyepinephrin/glass carbon electrode Black tea -20.0uM 667:3'\;; 10 [23]
6 Thickness tunable GNRs Apple juice 1.25 R0 90 nM vf/)ourL
419
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420

421  Table 3 Analytical performance of GNRs for gallic @id detection
Analyte Linear reg_ression R2 LOD RSD
equation (nM)
Run-to-Run | Day-to-Day | Batch-to-Batch
Gallic
acid y =2.6279x + 1.9159 0.99 90 1.14 1.18 2.32
422
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424

Table 4. Estimation of gallic acid in apple juice

Sample Cor::gg;r(jatlon of gallllczglcj:lndd(uM) % Recovery % RSD (n=3)
Apole iLice 5 4.97 99.46 1.50
ppie ) 10 10.04 100.46 4.36
20 20.68 103.4 0.62
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Resear ch Highlights
» Sensitive and selective detection of gallic caid

* Tuning the aspect ratio of Gold Nanorods in presence of gallic acid
* Blue-shift of the LSPR in presence of anti-oxidant

» Low detection limt and good recovery in rea food sample
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