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ABSTRACT

Food contamination is a serious concern because logh level of chemicals in food
causes severe health issues. Safeguarding thec grdot the risk of adulterated foods
has become a challenging mission. Chloropropamnel®fimportance to food safety and
food security because they are common chemical éomtaminants and believed to be
carcinogenic to humans. In chemical sensing, cplamanols are challenging analytes
owing to the lacking diversity of functional grougsd difficulty in targeting the
hydroxyl group in aqueous environments. Moreovegduse of their small molecular
size, the compositions of chloropropanols remainallehging for achieving
chromatographic determination. Herein, to simulatenan smell and taste sensations,
serum albumins, which are protein-based recepteese introduced as low-selective
receptors for differential sensing. Utilizing serwatbumins, a fluorophore (PRODAN),
and an additive (ascorbic acid), a differentialdshsoptical biosensor array was
developed to detect and differentiate chloroprofgmnBy integrating the sensor array
with linear discriminant analysis (LDA), four chbpropanols were effectively
differentiated based on their isomerism propeidieds the number of the hydroxyl groups,
even at ultra-low concentration (5 nM). This cortcation is far below the maximum
tolerable level of 0.18 uM for chloropropanols. Tensing array was then employed for
chloropropanols differentiation and quantification the complex mixtures (e.qg.,
synthetic soy and dark soy sauces). Leave-onefmgswalidation (LOOCV) analysis
demonstrated 100% accurate classification for afitst These results signify our
differential sensing array as a practical and péwetool to speedily identify,

differentiate, and even quantify chloropropanol$oiod matrices.
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1. Introduction

Owing to the recent growth trends in the inciderafefood-contaminating
outbreaks and demand for advanced food securigyetls increasing attention is being
paid to improving strategies for food carcinogetedeon. Additionally, in the global
context of food safety and quality assurance, thal#VHealth Organization (WHO)
efforts require a simplistic approach to identifgydadiscriminate food contaminants.
Therefore, cost-effective and rapid detection afdf@arcinogens is crucial in protecting

the public from the danger of contaminated foods [1

Chloropropanols are a group of organic chemicalsttuents which most
probably environmental contaminants; however, taey still most frequently found in
heat-processed foods (e.g., soy sauces, savorkssraatd seasoning cubes), either in a
bound or free form [2]. Among the chloropropanalsrid in foods, 3-chloropropane-1,2-
diol (3-MCPD) is the more worthy of attention oretktrength of its abundance and
toxicity. Additionally, 1,3-dichloropropan-2-ol @3;DCP) is also of interest. The above
two chloropropanols are process-based food contartsrwith high carcinogenicity and
genotoxicity [3]. Animal-based toxicity tests havexealed that excessive consumption of
3-MCPD and 1,3-DCP for a sustained period can pietign result in kidney,

reproductive organ, and liver cancers [3,4]. Thailable toxicity data evidenced that
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both 3-MCPD and 1,3-DCP are cancer-inducing agémsefore, they are categorized as
possible human carcinogens (Group 2B) and indeyedahfornia Proposition 65 (Prop.

65) [3]. Currently, there are a plethora of tecleis) used for 3-MCPD and 1,3-DCP
determination, predominantly chromatography [2,5-7klectrochemistry [8],

potentiometric chemosensing [9], and molecular intprg [10,11]. However, most of

these approaches involve sophisticated instrumentats well as labor-intensive and
time-consuming derivatization procedures. Consetlyiahis indispensable to develop a
convenient, reliable, and high-throughput advarexealytical method to simultaneously
detect and quantify 3-MCPD and 1,3-DCP. This metbbduld be able to meet the
requirements of diverse practical applications ardl in the establishment of hazard

analysis and critical control points (HACCP) in fbed manufacturing.

Over the past few years, the applications of diffiéial sensing have drawn
tremendous interest, specifically in molecular gggtion [12-15]. In comparison with
highly specific receptors based on their powerftihdly to an analyte required by the
classical “lock-and-key” approach, differential sty depends on the fingerprint pattern.
This pattern is basically generated by the intéwactf the analyte with differential
receptors having multiple binding affinities anceithresulting characteristic response
patterns [16,17]. The attractiveness of differdragensing originates principally from the
simulation of human taste and smell sensationsrbgreay of non-selective receptors,
yielding distinctive responses for different comphaixtures or analytes as an approach
for identifying flavor and aroma responses [15,IIf}ese biological sensations utilize
protein scaffolds for targeting a range of chemicampounds [18]. Low-selective

proteins, SAs with multitudinous binding sites asfdapproximately 66.5 kDa, are well
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known to bind a diverse range of exogenous and gammus molecules, namely toxins,
pharmaceutical drugs, fluorescent probes, vitanioenones, bile acids, long-chain fatty
acids, and terpenes [16,19,20]. Besides, SAs frifi@ridg species are believed to have
remarkable dissimilarities in their amino acid semges. This is exemplified by
illustrating the 24% difference in the sequence blogies of bovine and human serum
albumins [20]. SAs are also regularly used as fawniing biomolecules to protect
(bio)sensors from non-specific interactions witlbrbolecules that interfere [21,22]. On
those grounds, we theorized that SA could be enepl@s a cross-reactive receptor for
differential sensing routines. As a proof-of-concip differential sensing, we aimed for
chemical substances that SAs have never been edportbind, namely chloropropanols
(Fig. 1). However, it is extremely challenging &wget the alcohol functional group(s) of
chloropropanols in aqueous environments using syicthmolecular receptors; as a
consequence, there is a scarcity of informatiorctdoropropanol molecular recognition

and sensing [9].

Figurel

Although the determination of chloropropanols bynwentional analytical
techniques is of significant for food safety, sanpteparation is frequently tedious and
rather lengthy. In short, classical chloropropardggection techniques include first step
derivatization of small-molecule chloropropanollidwed by identification and
guantification using analytical instruments (egas chromatographynass spectrometry).
In specific, differential sensing technique hashhyel practicability in some real-world
applications ranging from medical to environmengaich as the differentiation between

healthy and metastatic tissues and the identifinatif harmful heavy metal ions in water
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[14,17]. Taking advantage of the capability of théferential sensing technique to
identify, quantify, and differentiate various artaly, a powerful sensor array capable of
accurately identifying and quantifying the chloropanols (food contaminants) in
complex sample matrices before chromatographic yaisaland any marketing
authorization is highly demanded in food processidystrial applications. In light of
this, the development of a differential-based @tsensing platform for the simultaneous
detection, differentiation, and quantification ¢fl@opropanols is firstly reported in this
study. Our sensing array is composed of only t&#&e: bovine, human, and rabbit serum
albumins (BSA, HSA, and RSA, respectively). It @mmbined with a fluorescent probe
(PRODAN) and an additional dopant molecule (asworacid, AA), which bind
differentially to SA bioreceptors, and thus formithg sensing ensemble to help enhance
analyte differentiation. The target analytes (obfwopanols) are introduced, and the
indicator (PRODAN) is displaced from the sensingsemble. Thus, different
fluorescence modulations are observed while alsogbdependent on the types of SAs.
Hence, the principal objective is to determine ket chloropropanols can be
distinguished by their subtle chemical structurgatens, in particular, the number and
structural arrangement of the hydroxyl groups (—OH)addition, previous works have
indicated that it is practical to identify, differéate, and even quantify an analyte of
interest (e.g., glycerides, cancer cells, and igiasts) singly or in complex mixtures
[13,14,23]. Therefore, the second key objectivetho$ study is to further extend the
capability of differential sensing arrays. Thisulimately with the aim of revealing that
this method can be employed in differentiating obfwopanols in complex mixtures (e.g.,

synthetic soy sauce samples) as well as obtaingtgiledd information about the tested
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mixtures. In this context, our present study does have intentionality to replace the
existing chromatographic methods. In contrast,eindnstrates the feasibility of using
differential sensor array as a versatile technithed serves as a practical analytical
screening tool to ensure the quality control ofd@amples. In the whole, this proposed
sensing technique could meet the requirementsvefclust, ease of operation, and rapid

determination.

2. Experimental section

2.1. Chemicals and materials

Sodium dihydrogen phosphate, N&@, (> 98.0%), and sodium hydrogen
phosphate, N®IPOy (> 99.0%), were obtained from Sigma-Aldrich (St. L uMO,
USA). Sodium azide for synthesis, NaN> 99.0%), was purchased from Merck
(Hohenbrunn, Germany)N,N-Dimethyl-6-propionyl-2-naphthylamine, PRODAN> (
98.0%, high-performance liquid chromatography (HPlgtade, Sigma-Aldrich Czech
Republic), was used without further purificationchese no major impurities were
detected on excitation at 280 nm. Essentially fattigl- and globulin-free bovine serum
albumin (BSA) and human serum albumin (HSA) as vasllessentially globulin-free
rabbit serum albumin (RSA) were obtained commdicidfom Sigma Chemicals
Company (St. Louis, MO, USA). 3-MCPD (98.0%), 3aropropan-1-ol (98.0%), and
ascorbic acid X 99.0%, ACS reagent grade) were procured from Sighdach
Company (St. Louis, MO, USA). Moreover, 1,3-DCP.(®8) and 2,3-dichloropropan-1-

ol (> 97.0%) were obtained from Merck (Selangor, MalaysMethanol ¥ 99.8%,



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

HPLC grade) was supplied from Friendemann Schnw#shington, USA). Deionized
water (18.2 M2-cm at 257]) was obtained from a Millipore Milli-Q Plus Water
Purification System (Bedford, MA, USA). Synthetioyssauce and dark soy sauce were
purchased locally from a grocery store at Selastaie, Peninsular Malaysia. All of the

above-mentioned chemicals were used without fugthefication.

2.2.  Preparation of stock solutions

Phosphate buffer solution (10 mM, pH 7.0) was pregaising a 1:2 molar ratios
of NaH,PO,;:NaHPO, in double-distilled water. Then, 0.02% (w/v) sadiazide was
introduced to the prepared phosphate buffer solud® an antimicrobial agent to kill or
inhibit the growth of microorganisms or molds. Tival phosphate buffer solution was
filtered prior to the experimental use. The PRODAfdck solution was prepared in
methanol. By the dry method, an aliquot volumeh® methanolic PRODAN solution
was transferred to a 15-mL screw-capped vial, atdequently dried under a stream of
nitrogen gas to create a thin film of PRODAN. Netkte desired amount of 10 mM
phosphate buffer (pH 7.0) was added to the samle faldlowed by covering it with
aluminum foil to minimize light exposure. Finallywas stored in the freezer (-4 until
the day of experiment. The final concentration ls¢ PRODAN stock solution was
determined spectrophotometrically on a Shimadzu 2800 UV-Visible

spectrophotometer, following the Beéambert law:

A=egx Cx| (1)



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

whereA is an absorbance,is the molar extinction coefficient of PRODANM 40 = 1.80

x 10" M cm™), C is the concentration of PRODAN (M), ahik the optical path length
in cm. In this study, the PRODAN stock solutiontwit concentration of 1.11 x Tov
(~1 uM) was prepared using the dry method. The B$BA, and RSA stock solutions
were prepared by dissolving their respective lybpdul crystalline powders in 10 mM
phosphate buffer (pH 7.0) and their concentrativese estimated spectrophotometrically

at 280 nm using a Shimadzu UV-2600 UV-Visible spmutotometer.

2.3. Fluorescence titration of PRODAN with SAs

Fluorescence assays were conducted by addingediff@A stock solutions (90
MM BSA, 90 uM HSA, or 100 uM RSA) into the 10 mMagsiphate buffer (pH 7.0)
containing ~1 UM PRODAN solution, and thus investiigg the binding ratios of the
PRODAN to the SAs. Subsequently, each-BRODAN mixture was incubated in the
dark (25[1) for 30 min prior to the fluorescence analysise Tlanorescence measurements
were conducted on a Varian Cary Eclipse fluoresespectrophotometer using Hellfna
fluorescence cuvettes with dimensions of 10 x 10path length. Fluorescence emission
spectra were then measured at25n a wavelength range of 385-685 nm with the
excitation wavelength set as 365 nm«(= 365 nm,Aem = 385-685 nm). Both the

excitation and emission bandwidths were set as®/per step.

2.4. Determination of binding parameters betwees &#d PRODAN



199 To determine the binding constat, of PRODAN for each serum albumin, a
200 binding curve was plotted and fitted to a 1:1 bmgdiratio. Thereafter, the binding
201 constant of PRODAN with each SA was estimated ftbemabove binding curve using
202 the Benesi—Hildebrand equation for a 1:1 complekmfition, as expressed in the

203  equation below.

I = If +IprODAN-sAsK1[SAs] -
4 1+k, [SAs]

204

205 where I is the fluorescence intensity of PRODAN withoue tAs andl is the

206 fluorescence intensity when all PRODAN moleculesrf@omplexes with the SAs. For
207 the evaluation of the number of binding site$ ¢f each SA-PRODAN complex, the
208 resulting data were fitted to the Hill equatiorrétevely using the Levenberg—Marquardt
209 non-linear least squares algorithm with OriginP@d.& software (Originlab Corporation,

210  Northampton, MA, USA).
211
212 2.5.  Chloropropanols interaction with SAs—-PRODANMSRag ensembles

213 To reveal the binding interactions of the chlorggamools with the sensing
214 ensembles, cuvette assays were performed. This Ivato titrating various

215  chloropropanols (100 uM 3-MCPD, 100 pM 1,3-DCP, 10@ 2,3-DCP, or 100 pM 3-
216  CPin phosphate buffer) into a 10 mM phosphatedodbntaining ~1 pM PRODAN and
217  SAs solutions (20 uM BSA, 24.75 uM HSA, or 50 uM ASSubsequently, dark
218 incubation was performed at room temperature (250 min) for each mixture before

219  proceeding with fluorescence spectroscopy. Simyilanlivette assays were studied on a

10
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Varian Cary Eclipse fluorescence spectrophotometizrg Hellm& fluorescence cuvette
with a 10 x 10 mm optical path length. The stugiadameters were set &g = 365 nm,
Aem = 385-685 nm, and 5/20 nm slit widths. Furtherma@ntrol experiments were
conducted in a cuvette with the intention to inigede how strong the fluorescence
signals of each sensing ensemble are in the absétive SAs. These were performed by
adding various chloropropanols into a 10 mM phosplaffer (pH 7.0) containing ~1
1M PRODAN solution. The cuvette assays were thad slex = 365 nm\em = 385—
685 nm, and 5/20 nm slit widths. For comparatiwelgton intrinsic fluorescence of the
SAs, various PRODAN concentrations were addedtimoSAs (20 uM BSA, 24.75 uM
HSA, or 50 uM RSA) in a 10 mM phosphate buffer. Thegette assays were then read at

Aex = 280 NMAem = 315-575 nm, and 5/20 nm slit widths.

2.6.  UV-Vis absorption spectral measurements

The absorption spectra of the SAs-PRODAN sensingerables with
chloropropanols (e.g., 3-MCPD) were recorded onhan&dzu UV-2600 UV-Visible
spectrophotometer at room temperature (25 °C).iAgfd cm quartz cuvettes were used,

and the spectra were measured in a wavelength cir&§©-510 nm.

2.7. Development of 96-well plate sensing array

The differential sensing ensembles were then shitiea 96-well plate assay from
a cuvette assay when all the four chloropropanolestigated have led to a distinctive

fluorescence variation for each chloropropanol.sTémabled to effortlessly acquire the

11
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multiple data repetitions demanded for pattern gagmn. The prior probabilities of the
chloropropanols were estimated in reference to nthenber of replicates for each
chloropropanol, of which there were at a minimunewfht replicates. A cross-reactive
differential sensing array was constructed by ngxithe solutions of the four
chloropropanols with a SA and the PRODAN solutiofthree combinations:
BSA-PRODAN, HSA-PRODAN, and RSA-PRODAN) in Costar-@crotiter plates
that were black polystyrene, non-treated, and rewsttbmed plates (#3972). The plates
were then analyzed using a BioTek Synergy H1 HybMtidtimode Microplate Reader.
To explore the potential of the sensing ensembldistinguishing chloropropanols, the
cuvette assays previously conducted with the all fthloropropanols were compared.
Well plate assays were then prepared using a taiklme of 300 pL with final
concentrations of 20 pM BSA, 24.75 uM HSA, or 50 |R8A; ~1 puM PRODAN; and
90 nM chloropropanols (3-MCPD, 1,3-DCP, 2,3-DCP,3eCP) in 10 mM phosphate
buffer (pH 7.0). In this study, the studied concation (90 nM) of four chloropropanols
were well below the maximum allowable limit of O.A& for chloropropanols that set by
the European Union (EU). Each plate contained cokiof one fluorescent probe and the
fluorophore with the SAs without the chloropropanas the controls. Eight experimental
replicates were conducted for each SA/PRODAN/clgmypanol combination and
control. The 96-well plates were studiedigt= 365 £ 10 nm anden= 522 + 10 nm,
using a top optics with a Xenon flash. For the dingliscriminant analysis (LDA),
multivariate data (3 SAs x 1 probe x 4 chloropraparx 8 replicates) were statistically
analyzed without any pretreatment using the chentraenprogram, XLSTAT version

2014 (Addinsoft Inc, NY, USA). LDA is a pattern ognition method that optimizes the

12
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correlation between-class and within-class variaecabling the differentiation of the
response signals and distribution of the new aeslyb their relevant clusters [24].
Furthermore, LDA is a supervised technique, immgyithat this program initially

recounts the analyte class for each data pointti@naccount, a validation approach
known as leave-one-out cross-validation (LOOCMyeésgjuently reported with each LDA
plot with the aim of verifying the predictabilitynd accuracy of the model [24]. In the
present study, LOOCV was applied, mainly due tonalssample size in the dataset.
Therefore, in each iteration, one sample was heidfor testing and the remaining

samples were used for training.

2.8. Enhancement of sensing array differentiatiaih wopant molecule

To facilitate the LDA differentiation on the F2 axia wide range of doping
agents known to interact with the SAs were screeriedvas speculated that an
incorporated additional additive would interactiwihe SAs such that the interaction of
the SAs to the chloropropanols would be distindyivenpacted, thereby further altering
the PRODAN binding and modulating the fluorescesigmals. As has been previously
reported in the literature, ascorbic acid (AA), lwén association constant of 2.0-3.5 x
10" M~ for SAs, had little modulation effect on the fluscence signals. Yet, it was
discovered to best further differentiate the aresyof interest when compared to other
dopant molecules (e.g., stearic acid and bile af2®]. Thus, AA was opted for
differentiation purposes as a potential additivée Taddition of AA to the sensing
ensemble was conducted by a well plate assay mepahave final concentrations of 20

pM BSA with 300 uM AA, 24.75 uM HSA with 371.25 pMA, or 50 uM RSA with

13
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750 uM AA; ~1 uM PRODAN; and 90 nM chloropropanoislO mM phosphate buffer
(pH 7.0). Each plate contained columns of the fthipbore (PRODAN) alone, the
additive (AA), and the SAs—PRODAN complexes withali chloropropanols as the
controls. Eight  experimental replicates were penkd for each

SA/PRODAN/chloropropanol/AA combination and the tofs. The 96-well plates were
read athex = 365 = 10 nm anéen= 522 + 10 nm, using a top optics with a Xenonlflas
The resulting data (3 SAs x 1 probe x 4 chloropnofgx 1 additive x 8 replicates) were
examined without any pretreatment by the LDA ustigSTAT version 2014 software

(Addinsoft Inc, NY, USA).

2.9. Evaluation of quantitative measurement capaafitdifferential sensor array

To test the ability of the differential sensor arrdor semi-quantitative
measurements, various concentrations of the chiopapols were taken into account.
The concentrations of the SAs, PRODAN, and AA wezpt constant as before, while
the concentration ranges of all four chloropropanekre from 5 nM to 10 uM. The
preparation of the sample solutions was similath® aforementioned procedures in
section 2.8. The 96-well plates were studietl.at 365 + 10 nm anéle= 522 = 10 nm,
using a top optics with a Xenon flash. All the obéal data were processed without
further pretreatment by the LDA algorithms with XL&T version 2014 software

(Addinsoft Inc, NY, USA).

2.10. Differentiation and quantitation of chlorogr@nols in unknown complex mixtures

14



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

The sensing arrays were then assessed to evidemethex chloropropanols in
complex mixtures could be discerned. Soy saucescansisted of many essential
chemical compositions, including Maillard reactimmoducts, water-soluble peptides, and
free amino acids. Apart from that, chloropropan@s., 3-MCPD, 1,3-DCP, and 2,3-
DCP) are common heat-produced contaminants polilgngjanerated in non-fermented
synthetic soy sauces made from acid-hydrolyzed tabge protein (acid-HVP).The
aroma-active and volatile compounds as well as ¢heropropanols have been
previously determined in soy sauces by the ubigsi@nalytical methods (e.g., GC-MS)
[2]. However, the existing methods are not ablesitmultaneously detect all four
chloropropanols due to some limitations of the expental methods. To this end, to
differentiate various chloropropanols in a compheatrix, food samples (non-fermented
or so-called synthetic soy sauce and dark soy 3jaugere used to prepare
chloropropanol-doped samples. By this means, thentides of the prevalent
chloropropanols in complex mixtures could be resealvhile still facilitating the
differentiation of the chloropropanols present amplex mixtures. In fact, these two soy
sauces can be initially differentiated by humanedhkyes based on the viscosity that
resulted from different manufacturing ingredientsd aprocedures. Different stock
solutions were formed for this sensing assay: (BuM PRODAN with the SAs (20 uM
BSA, 24.75 pM HSA, or 50 uM RSA) in 10 mM phosphdteffer; (B) 90 nM
chloropropanols (3-MCPD, 1,3-DCP, 2,3-DCP, and 3-@P10 mM phosphate buffer;
(C) 90 nM chloropropanols (3-MCPD, 1,3-DCP, 2,3-D@Rd 3-CP) with synthetic soy
sauce (soy sauce was diluted by 600-fold in 10 ntMsphate buffer to prevent the

fluorescence signal overloading); (D) 90 nM chloaganols (3-MCPD, 1,3-DCP, 2,3-
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DCP, and 3-CP) with synthetic dark soy sauce (dagksauce was diluted by 600-fold in
10 mM phosphate buffer to prevent the fluorescesigmal overloading); (E) AA
solutions in 10 mM phosphate buffer (300 uM, 37128, and 750 uM AA with BSA,
HSA, and RSA well plates, respectively). Subsedyeatwell plate assay with the final
volume of ~300 pL was formulated by pipetting: ~31800f A, ~75 pL of either B, C, or
D, and ~75 pL of E. Each plate contained columntheffluorescent probe, the additive,
the chloropropanols, the soy sauce samples, as aselh column of SAs-PRODAN
complexes without the chloropropanols as the ctmitro Each
SA/PRODAN/chloropropanol/AA/sauce sample combinatiand the controls were
replicated eight times. Similarly, the 96-well gatwere studied aty = 365 + 10 nm and
Xem= 522 £ 10 nm, using a top optics with a XenonltflaBhe obtained fluorescence data
(3 SAs x 1 probe x 4 chloropropanols x 1 additiv8 sauce mixtures x 8 replicates)
were statistically analyzed by the LDA techniqueté In this study, sauce mixtures are
referring to the combination of synthetic soy saand synthetic dark soy sauce without
actually mixing these two synthetic soy sauce semdtach synthetic soy sauce sample
was added to the well. After performing microplagsay, the obtained data from both the

synthetic soy sauce samples were combined andzauhilysing LDA.

To study the unknown mixture, particularly soy sasamples, the partial least
squares regression (PLSR) model was employedrfarlgineous quantitative analysis of
the chloropropanols. The PLSR method was develdpedvestigate the relationship
between the fluorescence spectra and the condensaif relevant chloropropanols. The
acquired data from the chloropropanol mixtures \Witbwn concentrations, ranging from

0.005-10 uM, were applied as a training dataset to dastalbhe PLSR model. All the
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data were processed using the XLSTAT version 2Qifiwvare (Addinsoft Inc, NY,

USA).

2.11. Sensing array reproducibility

To ensure the reproducibility of the sensing arrélye experiment was
systematically replicated in its totality. Brieflye aimed to investigate whether we
would acquire virtually the same response each aimendependent reiteration of the
entire experiment was accomplished. This includexl repetition of the differentiation
study of chloropropanols in pure buffer solutiors well as in complex mixtures,
beginning with the freshly prepared stock solutiafiseach sensing component. The

experiments were repeated according to the abovéioned experimental procedures.

3. Results and discussion

3.1.  Fluorescence assays of PRODAN to SAs

In this study, fluorescence spectroscopy was peddrto investigate the non-
specific interactions between biological macromoles (e.g., SAs) and small molecules
possessing similar molecular structures (e.g., ropl@panols). Fig. 2a illustrates the
changes in the fluorescence intensity upon bindingRODAN to the SAs (e.g., BSA).
As evidenced in Fig. 2a, upon excitation at 365 RRODAN exhibits a remarkable
intrinsic fluorescence with a maximum emission wamgth at 522 nm. However, there

is a significant decrease in the fluorescence sitgrat 522 nm on the formation of the
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BSA-PRODAN complex, when increasing concentratioh8SA are added to a fixed
concentration of PRODAN. Interestingly, a hypsochioshift (blue shift) in emission is
clearly noticeable on the addition of BSA to PRODARNGD. 2a). Moreover, an additional
band appears at 465 nm, corresponding to the Joealtited state of BSA-bound
PRODAN. The emergence of the locally excited staweals that PRODAN encounters a
low-polarity environment in BSA. The contributiof the twisted intramolecular charge
transfer band reduces with increasing BSA conctotrs, whereas that of the locally
excited band increases, implying that numerous PR®Molecules bind to BSA [25].
Specifically, the formation of the new peak at 486 is most probably a result of the
binding of PRODAN into a hydrophobic pocket on BSkais destabilizes the charged
excited state of PRODAN, resulting in a larger HOM@MO (HOMO: highest
occupied molecular orbital, LUMO: lowest occupiedletular orbital) gap and leading
to a higher energy with a lower emission wavelendtarthermore, the emission
spectrum of the BSAPRODAN complex is deconvoluted using a combinatbhog-
normal functions to demonstrate the simultaneoustence of the locally excited and
twisted intramolecular charge transfer speciesh Wit fluorescence emission spectrum
of PRODAN in phosphate buffer as reference (Fig. &b addition, the fluorescence
characteristics as observed at 465 nm could alsdfbeted from the radiationless energy
transfer between the bound PRODAN and the tryptopiesidue (Trp-134) of BSA
[26,27]. It is also noteworthy to mention that tegistence of an isoactinic point at
around 495 nm, revealing the occurrence of a siaglglibrium between two emitting
species (free and bound PRODAN) in the excitedestdbte: The deconvolution of the

spectrum was performed with the OriginPro 2016 veafé (Originlab Corporation,
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Northampton, MA, USA), which provided the bestfGit separating the contributions of

the bound and free PRODAN species.
Figure?2

The binding constant of PRODAN with BSA was caltetato be (2.17 + 0.36) x
10> M after fitting the resulting data with a 1:1 bingirmodel using non-linear
regression analysis following the Benesi—Hildebragluation (Fig. 2c). Fig. 2c is
obtained from the resulting data displayed in FR2g. and is used to explore the
concentration of PRODAN at which approximately 98&turation occurs. The affinity
constant at the studied conditions is in the omdek®> M™, demonstrating high-affinity
interactions between PRODAN and BSA. However, ia turrent study, the binding
constant estimated for the BSRRODAN complex is smaller than that previously
reported in the literature (e.g., 1.00 + 0.01 R M0*, 5.0 + 0.3 x 10M ™) [19, 25]. This
difference may arise from the variations in theeskpental parameters (e.g., temperature,
ionic strength, or pH of phosphate buffer) and afsdhe fatty acid content of BSA,
because fatty acids and PRODAN are known to bindgub-domain IlIA of BSA.
Moreover, in this study, the estimated number afiliig sites is 1.13 + 0.13. This result
discloses that PRODAN only occupies one equivalending site in BSA with high
affinity, indicating complex formation between B&khd PRODAN in a 1:1 molecular

ratio.

Interestingly, a similar phenomenon for the BSA-ERM interaction is also
observed in the binding study of PRODAN to HSA &lA (Fig. S1 and Fig. S2 of the

Supplementary Information, Sl). Based on the ldicktometry isotherm, association
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constants of (8.63 + 0.60) x 1M~ and (7.28 + 0.34) x fM™ are obtained for binding
of PRODAN to HSA and RSA, respectively. These asgion constants revealed that
PRODAN had the highest affinity to interact with 8SThe affinity constants for the
interactions of the various SAs and PRODAN are taeanged in the following order:
RSA < HSA < BSA. In addition, the number of bindisites in the HSAPRODAN and
RSA-PRODAN complexes are calculated to be 1.2%8 @nd 1.21 + 0.43, respectively
(Table S1). From these findings, it is noteworthgttthe number of binding sites were
found to be independent of the affinity constamtss implied that PRODAN only bound
to one but at different binding sites in each SAcduse their respective association

constants were different.

3.2.  Fluorescence binding titration of chloropromdé into SAs-PRODAN

differential sensing ensemble

By virtue of a fluorescence technique, the intecast of the four chloropropanols
(3-MCPD, 1,3-DCP, 2,3-DCP, and 3-CP) are carefalignitored. The titration of the
chloropropanol solutions into the SABRODAN differential sensing ensemble caused
the fluorescence intensities at 465 . for the bound PRODAN) to be increased then
decreased for BSA, whereas to be increased for 84 RSA. Meanwhile, the
fluorescence intensities at 522 nkg.{y for the free PRODAN) increased for all the SAs
(Note: Fig. 3exhibits the fluorescence modulation on the additd 3-MCPD into the
SAs-PRODAN sensing ensemble; Fig. S3, Fig. S4,RgdS5 present the fluorescence
modulation on the addition of 1,3-DCP, 2,3-DCP, é&h@P into the SAs-PRODAN

sensing ensemble, respectively). Hence, we hypiathésat the fluorescence modulation
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after the chloropropanol addition could be a reslfltindicator (bound PRODAN)
displacement from the hydrophobic binding pockédtthe SAs, which may be expected

to further limit the rotor motions.

Figure3

In addition, one trend noticed for the BSA-PRODANMplex is that the
fluorescence intensity increases upon adding therapropanol (Fig. 3a, Fig. S3a, Fig.
S4a, and Fig. Sba). This phenomenon can be explaasea result of homotropic
allosteric interactions between the chloropropaaold BSA in which the binding of the
chloropropanols within the primary binding siteeaff the binding characteristics of the
other binding sites on BSA. Subsequently, the #soence intensity decreases upon
addition of 0.150.25 pM chloropropanols, demonstrating that therdgropanols are
competitively bound to the binding pockets of BSAg( 3a, Fig. S3a, Fig. S4a, and Fig.
S5a). Contrastingly, the fluorescence intensityeéases even on the addition of high
chloropropanol concentrations to the HFF/RODAN and RSA-PRODAN complexes,
respectively (Fig. 3bc, Fig. S3b-c, FigS4b-c, and Fig. S5b—c). This phenomenon
could result from the alteration in the local mengironment of the tryptophan residue
(Trp-214) within the binding sites of HSA and RSponm the chloropropanol binding.
This can be further explained that the chloroprofgmnbeing bound to a more
hydrophobic region on HSA and RSA, thus changing polarity of the protein
environment and enhancing the fluorescence interisitorief, when high concentrations
of chloropropanols are introduced into the sensystem, the chloropropanols, as the
competitive analytes, displaced the PRODAN indic&tom the binding site of SAs and

thus modulating the fluorescence signals. Howetee, fluorescence modulation is
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strongly dependent on the type of SAs. Moreoveg, fthorescence modulation of the
BSA-PRODAN complex behaved differently from thosetlee HSA-PRODAN and
RSA-PRODAN complexes on the addition of variousoohpropanols. This could be
reasonably explained by the differences in the ramdf tryptophan residues in these
SAs. HSA and RSA have only one tryptophan residdmech is Trp-214. This tryptophan
residue is well-exposed to the hydrophobic regibthe SAs (less polarity region). In
contrast, BSA has two tryptophan residues (Trp-28d Trp-213). Trp-134 is well-
exposed to the hydrophilic region, whereas Trp-BL8 the same region as Trp-214.
Upon binding of the chloropropanols to BSA, theocbpropanols either became bound
to the Trp-213 or Trp-134 residue in the bindingg 9f BSA. Thus, the difference in
fluorescence modulation might be observed. Bagictie intrinsic fluorescence of this
SA was almost solely contributed by the tryptophesidue. On the interactions of the
SAs-PRODAN sensing ensembles with the chloroprdgsatize orientations or positions
of the tryptophan residues were significantly chehgmodifying their exposure to the
sensing medium. This changed the fluorescence guomayields of the SAs. Therefore,
the HSA and RSA sensing ensembles exhibited distsndluorescence modulations to
the BSA sensing ensemble on the binding of theropltopanols. In fact, supramolecular
interactions between chloropropanols and adsorl#edc&ffolds can potentially serve as

the "electronic nose or tongue” for screening foodtaminants (e.g., chloropropanols).

Furthermore, a few other prominent trends are rkatdy observed in the
fluorescence patterns upon interactions between ¢héoropropanols and the
SAs-PRODAN differential sensing ensembles. Firdtioarr chloropropanols depict the

fluorescence variations at 522 ni.{x for the free PRODAN) in the order of RSA <

22



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

HSA < BSA, where no visible peak was observed ati# for RSA. Second, 3-MCPD
exhibits the minimum fluorescence modulation (theakest change in the fluorescence
intensity) (Fig. 3a—-c). By contrast, 1,3-DCP an@®-RCP, which are regioisomers,
present similar yet measurably different fluoreseesignals (Fig. S3 and Fig. S4).
Finally, 3-CP, the smallest chloropropanol molecskedied, displays the highest
fluorescence variation (Fig. S5). Although theraasdirect evidence, a high fluorescence
variation is most probably associated with a hiffimi#y of the chloropropanols to the

SAsS.

For control experiment, no significant fluorescenoedulation is observed at the
emission wavelength of 522 nm when the chloroprofzaare added to the unbound
PRODAN in the absence of any SAs (Fig. 3d and B@). This suggests that the
PRODAN molecules are in the free form and do ntgract with the chloropropanols.
These results provide a conclusive proof for théesroof the SAs as a host in

supramolecular binding for this differential semssystem.

Further insights into the SA microenvironment inmehent in the binding of
PRODAN and chloropropanols could be gained by studthe SA intrinsic fluorescence
upon excitation at 280 nm (Fig. S7). The interattd the SAs with other molecules may
lead to a decrease in the fluorescence intensigy, fuorescence quenching), which may
proceed via the Forster resonance energy tranBRRET) from a donor biomolecules
(SAs) to an acceptor molecule (e.g., PRODAN or dgmpanols). As evidenced in Fig.
S7, the emergence of an emission maxima at aroddadf in the fluorescence spectra
of all SAs can be corresponded to the existendeyptophan residue in the subdomain

IIA of all SAs. Titration of PRODAN to all SAs gersged remarkable quenching in the
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tryptophan fluorescence intensity. Such decreasigeifluorescence intensities of all SAs
with increasing PRODAN concentrations was suggesb¥ the interaction between
PRODAN and the SAs. The observed fluorescence duregaen the SAs fluorescence
can be caused by different molecular interactiémsjnstance, energy transfer, ground-
state complex formation, and molecules rearrange{28h Moreover, the tryptophan of

all SAs experiences a slight hypsochromic shifemmission wavelength (BSA: from 343
to 340 nm; HSA: from 344 to 341 nm; and RSA: frod830 341 nm). This indicated the
changes in the surroundings of the chromophoricuggoto a less polar (more
hydrophobic) environment where PRODAN probe is libto the SAs. Importantly,

there is no visible absorption of free PRODAN néb& emission maxima at around 344
nm of all SAs, suggesting that the emission maxin@ifRRODAN {nax = 484 nm) can

only happen via FRET from tryptophan to PRODAN. tRarmore, there was a
concomitant increase in the fluorescence emissibn4@& nm, which was the

characteristic wavelength of the bound PRODAN (8@). This occurrence could be the
result of radiationless energy transfer from thgtwphan residue on the SAs to the
bound PRODAN [27]. On top of that, an isoactiniarpas noticed at around 412 nm,
indicating the presence of two species (bound eeel PRODAN) in a single equilibrium

and that the quantum yields are constant overittiadidn.

3.3.  UV-Vis absorption spectral studies

Fig. 4 illustrates the UV-Vis absorption spectratittd SAs—PRODAN sensing
ensembles with chloropropanols (e.g., 3-MCPD). Adidated in Fig. 4, a strong

absorption bands near the far-UV region (210-260) cimaracterize the absorbance due
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to peptide bond and are called as the peak duedbtransition. Besides, another sets of
absorption bands are obviously noticed at aroun@ 28, indicating the absorbance
owing to the aromatic amino acids (e.g., tryptophwrosine, and phenylalanine) and are
known aszn—=n* transition. Upon increasing the concentrationcbforopropanols, the
absorbance intensities of SAs near 280 nm incraadeconcurrently experience a slight
bathochromic shift in the absorption spectra (B8&m 277 to 280 nm; HSA: from 277

to 281 nm; and RSA: from 278 to 282 nm) to a longarelength, demonstrating the
interaction between the SABRODAN sensing ensembles and chloropropanols and
forming a new complex between them. Consequerttigsd interactions result in the
unfolding and loosening of the protein backbone ezdlice the hydrophobicity of the

microenvironment of SAs.

Figure4

3.4.  Well plate assessment for differential senaimgy

An LDA score plot of the fluorescence emission dgémerated from the well
plate array is illustrated in Fig. 5a. The resultacore plot demonstrates two principal
canonical factors of 98.56 and 1.37%, exhibitingetbent differentiation near the F1 axis.
This thus discloses that a single discriminant fiomcis adequate to depict the major
differences between the studied analytes that psssieilar molecular structures. This
LDA model correctly classifies the four chloropropés based on their array responses
with 100% accuracy, as determined by the LOOCV orbifirig. 5ab and Table S2). In
addition, the LDA mapping can convert the uniquagérprints of the four
chloropropanols into four discernible groups atttédal to each chloropropanol (Fig. 5a).

The four chloropropanols are assembled along the&#d based on their respective
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fluorescence modulation as observed on the diftedesensing array, with 3-CP to the
far left and 3-MCPD to the far right. We speculdateat 1,3-DCP and 2,3-DCP

(regioisomers) are less responsive toward therdifteal sensing array owing to their
large molecular sizes as well as steric hindrarfeectewhen compared to the other
chloropropanols. These reduce their driving forées binding differentially to the

PRODAN binding sites in the SAs. Additionally, tebort distances between the eight
dots acquired from eight parallel measurementsaich ecluster confirm the excellent

repeatability characteristic of the differentiahsing array.

Apart from the score plot, a loading plot can bedpced to determine the
contributions of the receptors in the differenfiahsing array to each axis, thus indicating
the differential nature and cross-reactivity of gensing array. The loading plot in Fig.
5b exhibits all the SAs-PRODAN vectors targetingdod the same direction along the
F1 axis. The principal contribution of each SAaward the affinity differences of all the
chloropropanols. As can be seen in Fig. 5b, allSAs—-PRODAN vectors having a large
magnitude (loading closed to 1) depicts a strongjtpe influence on the discriminant
function along the F1 axis. This suggests thatttedl SASPRODAN receptor arrays
contribute the most to the differentiation of tlweuif chloropropanols along the F1 axis.
Specifically, the four chloropropanols are diffeiated based on their isomerism
properties. In addition, the exploration of the LIvading plot further reveals that the F2
axis describes a dimension mainly correlated witie tBSA-PRODAN and
RSA-PRODAN variables. In short, these two recepéorays contributed the most to the
F2 axis differentiation. Owing to the cross-reaetivature of the sensing array, each

classification axis was determined by more thanvareble. The LDA loading plot also

26



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

illustrated that the BSA-PRODAN and HSA-PRODAN tast which pointed to one
single direction on both the F1 and F2 axes, hastang positive correlation owing to
their comparable vectors. In this case, the laclkcroks-reactivity between these two
complexes (BSA-PRODAN and HSA-PRODAN) is identiflegthe truth that the score
vectors are practically identical where the sameropropanol cluster distribution along
the principal axis is independent of the vectorntdg within the LDA score plot.
Furthermore, the corresponding loading plot depldiiie to no cross-reactivity for the
receptor arrays because they were not widely biged in all the quadrants of the plot.
From the factor-loading plot (Fig. 5b), we concldd#hat the BSA-PRODAN and
RSA-PRODAN complexes contributed significantly tee tdifferentiation of the four

chloropropanols along the F1 and F2 axes.
Figure5
3.5. Improvement in F2 axis differentiation with AA

As an initial step in differentiating all the foghloropropanols using the same
sensing array, the results as shown in Fig. Sacansidered satisfactory. However, we
attempted to enhance the differentiation in theaki® of the LDA score plot in order to
acquire a secondary discriminatory axis with rekl§i more weightage, enabling
excellence differentiation for comparatively mommplex samples, for instance, analyte
mixtures. Therefore, AA was chosen as an additiveet incorporated in the differential
sensing array in favor of increasing the differatidn power along the F2 axis while
concurrently improving the cross-reactivity of tddferential sensor array. Previous
work has revealed that AA has two binding sitesB8A with aK, value of 16 M~* [29].

According to Fig. 5c, upon adding of AA to the dldpropanols, PRODAN, and SA
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solutions, the fluorescence responses are moduthifedentially to a larger extent for
each chloropropanol than without AA. This resuttsan increase in the F2 axis variance
of the LDA plot from 1.37 to 20.71% with the maingace of superior differentiation
(LOOCV analysis afforded 100% correct classificafioThis LDA plot exhibits a
significant level of differentiation on the F2 axtbus resulting in further discrimination
of 3-MCPD from the other three chloropropanols.sTtan possibly be explained by the
addition of AA leads to excellent binding of 3-MCRID the hydrophobic binding sites of
the SAs. This then further explains that the unigualing of AA to the C-terminal
catalytic domains of the SAs via a surface adsonpthechanism, leading to the coating
of the protein surface. The latter induces a canétional change in the SAs, particularly
in their secondary structures [30]. To this endks most likely to facilitate the binding of
3-MCPD to the hydrophobic pockets of the SAs. Meezptwo influential trends are
clearly noticed in the same LDA plot (Fig. 5c). gtjr the F1 axis successfully
differentiates some of the chloropropanols basedthmir isomerism characteristic.
Specifically, the positional isomers, 1,3-DCP (adH-functional group attached to the
second carbon atom) and 2,3-DCP (an —OH functigralp attached to the first carbon
atom), are clearly separated on the left and mgies of the plot, respectively. Second,
the F2 axis discriminates the four chloroproparimisthe numbers of hydroxyl groups
(-OH), with 3-MCPD having two hydroxyl groups profed above the-axis, whereas
1,3-DCP, 2,3-DCP, and 3-CP consisting of only oypdréixyl group projected below the
x-axis (Fig. 1 and Fig. 5c¢). This LDA plot demonstsathat the differential sensing array
is competent to discriminate subtle differences mgnall four chloropropanols with the

maximum differentiation of the analytes occurringtieeen the chloropropanols with
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isomerism properties. Thus, the enhancement ifr2haxis differentiation is favorable to
possibly further aid the differential sensing ariaydistinguishing composite samples.
For this differential sensing array, the optimumrkiog concentration range for the
chloropropanols is found to be 0.005-10 uM, alttoagjuantifiable fluorescence signal
can still be noticed even at concentration rangdevb 5 nM. Most importantly, these
studied concentration ranges covered the maximutaernational tolerable limits

established by the European Union (EU) for the rdgoopanols (0.1&M). On the other

hand, high chloropropanol concentrations (>10 pMymesult in the poor differentiation
due to the repetitions of a single chloropropanalyrbe indistinguishable from other
chloropropanol clusters. However, this can be awae by performing uniform dilution

or intensity normalization/standardization to avoohcentration-caused differentiation in

the LDA plot.

The loading plot in Fig. 5d illustrates all the SRRODAN-AA vectors aiming
toward the same direction along the F2 axis. Asdeswied in Fig. 5d, the
BSA-PRODAN-AA vector having a small magnitude (loepclosed to 0) illustrates a
weak influence on the discriminant function alorfge tF1 axis. In addition, the
examination of the loading plot extracted from tH2A demonstrates that the F1 axis
(LD1) reports a dimension predominantly coordinatgith the RSA-PRODAN-AA and
HSA-PRODAN-AA complexes. The vectors of these tvasiables point in different
directions, revealing a strong negative correlatigmadings closed to -1 and 1,
respectively). Moreover, the loading plot revediattthese two receptor arrays have
contributed significantly along the F1 axis diffetiation, enabling the differentiation of

the chloropropanols based on their isomerism ptaserin addition, the F2 axis (LD2)
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reveals a dimension primarily corresponding totladl variables (RSA-PRODAN-AA,
BSA-PRODAN-AA, and HSA-PRODAN-AA). Briefly, all ttee variables contributed
the most to the F2 axis differentiation, allowindgpet differentiation of four
chloropropanols according to the numbers of hydrogyoups. Besides, the
corresponding loading plot can be used to demdestin@ cross-reactivity of these input
variables (BSAPRODAN-AA, HSA-PRODAN-AA, and RSA-PRODAN-AA). As
can be seen in Fig. 5d, the loading plot indicateat the RSAPRODAN-AA and
BSA-PRODAN-AA factors are pointed to one single di@tton both the F1 and F2
axes. This then reveals that these two input viEsal{RSA-PRODAN-AA and
BSA-PRODAN-AA) have the same correlation direct{positively correlated to each
other) contributed to each classification axis.sTtemonstrates the low cross-reactivity
of the receptors in the differential sensing endemib addition, the factor loading plot
depicted in Fig. 5d reveals significance capabiifythe SAs—-PRODAN-AA receptors
accounting for the improved discriminatory abilitl/the differential sensing array, where
all the variables contribute remarkably to both #rees. These results support our
presumption that the addition of AA to the sensargay can further improve the
differentiation of the chloropropanols as well ashance the discriminant ability of the

differential sensing array.

3.6. Semi-quantitative determination of chloropropks

The semi-quantitative analysis of chloropropanads performed at varied
concentrations ranging from 5 nM to 10 uM. The I3y data are analyzed by LDA and

the two-dimensional (2D) LDA plots are illustratedFig. 6. As can be seen in Fig. 6, the
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four chloropropanols with diverse concentrations dagger different fluorescence
responses and therefore each LDA score plot héretift tendencies depending on the
concentrations. As a matter of fact, the occurresfahis phenomenon is mainly due to
the supramolecular interactions (e.g., hydrogendim@nand hydrophobic interactions)
between the SA-PRODAN sensing ensembles and vacidosopropanols at different
concentrations, thus generating different fluoresee response patterns for each
concentration. Subsequently, the multidimensiolharéscence data obtained at different
concentrations are evaluated using LDA technigueons€quently, the four
chloropropanols at each concentration (0.005, @AR, 0.50, 5, and 10 uM), equivalent
to that at concentration of 0.09 uM (Fig. 5c), teespecific fluorescence fingerprints that
can be grouped into different clusters and thusessgfully demonstrating concentration-
dependent discrimination (Fig. 6). The classifisataccuracy of each chloropropanol at
each concentration is 100%. These findings signifily reveal that the developed
differential sensor array has an excellent capatatyqualitatively and quantitatively
detect as well as differentiate the chloropropameisr a wide range of concentrations.
Importantly, these results also indicate high peability of our differential sensor array
for real-world applications, particularly in foodgeessing industrial application, as it

allows the detection of food contaminants at cotredions as low as 5 nM.

Figure6

3.7. Differentiation and quantification of chloragranols in unknown soy sauce

samples

Next, as a real-world application, we desired tulfout if the horizon of the

differential sensing ensemble could be extendetistinguish these four chloropropanols
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in complex mixtures (e.g., soy sauce samples) aftecessfully differentiating all the
four chloropropanols. In this study, factory-proddcsynthetic soy sauce and synthetic
dark soy sauce were primarily selected as thesestwmthetic soy sauce samples were
commonly used worldwide in cooking and food prepara Then, these two synthetic
soy sauce samples were directly used as analytdgeinvell plate assay composing of
SAs, PRODAN, and AA combinations. As now discussed; differential sensing
ensemble identifies and differentiates the founopropanols in the sauce samples by
LDA technique. Fig. S8 illustrates the unique didfetiation of the synthetic soy sauce
samples in their mixture categories, with the sgtithdark soy sauce and synthetic soy
sauce mixtures located on the left side and righ¢ sf the F1 axis, respectively. One
interesting point about this plot is that the ddustwithout spiked chloropropanols (just
the synthetic soy sauce sample itself) and the¢ersisvith 2,3-DCP are situated closest to
each other within each soy sauce mixture. This ine with our earlier hypothesis that
speculate 2,3-DCP showing little responsivenessitduhe differential sensing ensemble,
again owing to its large molecular size and stdnindrance effect, reducing the
hydrophobic driving force for binding differentiglto the SAs. Thus, this LDA plot also
highlights the significant role of the sensing muedi in differentiating the four
chloropropanols in each synthetic soy sauce sariple.LDA score plot is constructed
with the LOOCYV analysis having 100% classificateecuracy (Fig. S8 and Table S3).
However, when an individual LDA score plot was dnafer each synthetic soy sauce
sample, a highly unique differentiation between ¢hkropropanols in the mixtures was
observed, where the LOOCV analysis yielded 100%urate classification (Fig. S9,

Table S4, and Table S5). Therefore, it denoted #ilatfour chloropropanols were
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triumphantly differentiated as shown in the twofeliént synthetic soy sauce samples,

revealing the discriminatory power of our newly dimped differential sensing array.

Although there is no evident trend with the chlooganol arrangement for each
synthetic soy sauce sample, the differential sensamray is highly capable of
differentiating the significant differences amomg tsynthetic soy sauce sample types as
well as the four chloropropanols within each sytitheoy sauce sample. Therefore, when
the synthetic soy sauce sample types are considevedifferential sensing array not
only prominently differentiates the synthetic sause samples by four chloropropanol
composition while it is still being competent tonstderably differentiate by the

chloropropanol identity.

To further assess the feasibility of our differahiensor array, the quantitation of
chloropropanols in unknown synthetic soy sauce $amperformed based on the partial
least squares regression (PLSR) model, investmatiwe fluorescence responses and
linearity of the data. Basically, the PLSR modeldaveloped to predict the unknown
concentrations of the chloropropanols based orfltlieescence data obtained from Fig.
6, ranging from 0.005-10 uM. The predictive capabif the established PLSR model
is evaluated based on the comparison between aatdapredicted concentration, thus
evaluating by the root mean square error (RMSE) thedcoefficient of determination
(also denoted as?R In effect, RMSE is an absolute measure of fithmw close the
actual data are to the model’s predicted valuesid®e, RMSE is a good measure to
predict the accuracy of the model’s response.dfrtiain purpose of the developed model
is prediction, RMSE is the most important criterion fit. As shown in Fig. 7, the root

mean square errors (RMSEs) of the datasets are azatiyely small, ranging from
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0.1120 pM to 0.2213 pM. Lower RMSE values indidhi@ the regression line is close
to the data points, thus revealing a better fithef model. These results demonstrate the
favorable performance of the established PLSR modéhe prediction of the related
chloropropanol concentrations. Moreover, highévdtues (R value > 0.90) for the four
chloropropanols are observed in the performancth@fchloropropanols concentration
prediction with B = 0.9651 for 3-MCPD, R= 0.9556 for 1,3-DCP, = 0.9832 for 2,3-
DCP, and R = 0.9532 for 3-CP. These results also indicateaddit of experimental
and predicted data as a result of low discrepaneiywéden actual and predicted
concentration. In light of these results, it is doded that the PLSR predictive model
utilized in this study indicated a reasonably g@eduracy in estimating four unknown
chloropropanols concentrations in the synthetic smyce mixture. Thus, this predictive
model reveals a tremendous potential in acquitegfliuorescence emission spectra as a
function of the chloropropanols’ concentration, \hexpresses great accuracy of the

model for the prediction of unknown multi-analytncentrations.
Figure?7

To evaluate the matrix interferences and practpglicability of the developed
PLSR model for chloropropanols determination inl fe@d samples, our differential
sensor array integrated with the PLSR predictivel@hts employed to the synthetic soy
sauce and synthetic dark soy sauce. To this end, dbloropropanols with diverse
concentrations are spiked into the synthetic sogesaamples. Table S6 summarizes the
results acquired for real food matrices using th8m predictive model. As can be seen
in Table S6, the spike recovery range is determioede 88.8-118.2%, revealing the

sensor array has exhibited satisfactory resulteeét sample analysis. Additionally, a
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spike-and-recovery experiments have produced agptetule recovery range (80—-120%),
demonstrating the matrix effect of food samplesrm@msemarkable interference effect on
the simultaneous determination of chloropropaniishis matrix effect study, method
validation is mainly focused on a spike-and-recgv&udy with the aim to verify the
accuracy and precision of the PLSR measurementss, the differential sensor array
incorporated with the PLSR model is competent tmusianeously predict each
chloropropanol’s concentration in the real samplatrives with good reliability and

accuracy.

3.8.  Reproducibility of sensing array

The experimental reproducibility of the differemts&nsing array was studied and
the LDA score plots for these iterations are depicin Fig. S10 and Fig. S11. The
relative arrangements of the four chloropropanoisensubstantially identical to those
previously reported in Fig. 5¢ (Fig. S10 and Fig).5The reproduced results, for the
differentiation of four chloropropanols within cofeg mixtures (e.g., synthetic soy sauce
samples), were also essentially similar with 100&ssification accuracy as determined
by LOOCV (Fig. S11). In light of these results, tddferential sensing array was

concluded to be reproducible.

4, Conclusions

To put in a nutshell, this study has demonstratecuse of low-selective or highly

cross-reactive serum albumins as the differenéiegptors for the differentiation of four
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chloropropanols in combination with a PRODAN prodned ascorbic acid. The four
chloropropanol identities in both pure buffer sans and complex synthetic soy sauce
mixtures can be qualitatively detected from thegpoeses in fluorescence spectroscopy.
The addition of dopant molecule (ascorbic acidvuglenced to increase the differences
in the fluorescence response changes of the sethumias in the differential sensing
array, thus increasing the F2 axis differentiatibDA effectively differentiates the four
chloropropanol analytes as well as the relatedngyitt soy sauce samples, even at ultra-
low concentration (5 nM). In addition, quantitati@ealysis is confidently performed not
merely for the single chloropropanol analyte bgbdior the complex mixtures with the
integration of the PLSR model. The serum albumirth Wigh levels of cross-reactivity
significantly enhance the discriminatory ability diie differential sensor array in
distinguishing the four structurally similar chlgropanols. Furthermore, in the
differential sensing system, all the serum albummeceptor arrays contribute
outstandingly to the differentiation of four chlpropanols. The results obtained in this
study support the generality of this differentiahsing technique. In short, differential
sensing is a versatile technique that acts as eaeffowscreening tool before tedious
chromatography methods are needed while revealllext potential in differentiating
and quantifying food contaminants for food safetyplacation. We are presently
expanding the scope of the differential sensingr@pgh to detect, discriminate, and

guantify diverse analyte classes to which serumanalbs have not bound previously.
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Highlights

A differential-based optical biosensor array is developed to detect and
differentiate four chloropropanols.

*  Serum albumins are introduced as |low-selective receptors for differential sensing.

» Differential optical biosensor array distinguishes soy sauce samples based on their
mixture types and chloropropanol compositions.

* Semi-quantitative analysis via LDA shows good cluster separation for all
chloropropanols at various concentrations.

» PLSR modd is applied to predictively quantify the chloropropanols concentration

in unknown soy sauce samples.
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Fig. 1. Chemical structures of four chloropropanol anaed fluorophore.
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Fig. 2. (a) Titration of BSA (0.0-50.0 uM) to PRODAN (~=Mpin 10 mM phosphate

buffer (pH 7.0, 0.02% Nag)l, Aex = 365 NMAem = 385—685 nm, and 5/5 nm slit widths. (b)

The emission spectrum of PRODAN in the presenc®fuM BSA that has been

deconvoluted in the locally excited (blue line) anasted intramolecular charge transfer

(pink line) state. (c) The fitted binding curveween PRODAN and BSA, fittingto a 1:1

binding ratio af.emy = 465 nm from the data shown in Figure 2a, follogvequation 2 and

calculating a Kvalue of (2.17 + 0.36) x 2ov~™.
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Fig. 3. (a) Titration of 3-MCPD (0.00-0.25 pM) to 20 pM B&nd ~1 uM PRODAN in

10 mM phosphate buffer (pH 7.0, 0.02% NaNb) Titration of 3-MCPD (0.00-0.40 pM)

to 24.75 pM HSA and ~1 pM PRODAN in 10 mM phosphlaigfer (pH 7.0, 0.02%

NaN). (c) Titration of 3-MCPD (0.00-0.40 pM) to 50 uRSA and ~1 uM PRODAN in

10 mM phosphate buffer (pH 7.0, 0.02% NaNd) Titration of 3-MCPD (0.00-0.25 pM)

to ~1 uM PRODAN in 10 mM phosphate buffer (pH 70002% NaN). The studied

parameters are set Bs = 365 nm\en = 385-685 nm, and 5/20 nm slit widths. Note: the

above-mentioned concentration ranges of chloroprolsaare selected for the reason that



these concentration ranges adequately worked wethe developed differential sensing
array after studying at various concentrations. allyt these concentration ranges
covered the international maximum permissible Erfior chloropropanols (3-MCPD,
1,3-DCP, and 2,3-DCP: 0.02 mg/kg; 3-CP: no maxinimit is set) that set by the

European Union.
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Fig. 5. (a) Linear discriminant analysis (LDA) score pfot the differentiation of the
four chloropropanols. Data recorded from a 96-wpédite reader with the fluorescence
parameters dfex = 365 + 10 nmen = 522 £ 10 nm, and a top optics with a Xenon flash

The array compositions composed of 20 uM BSA, 244KbHSA, or 50 uM RSA, ~1



pM PRODAN, and 90 nM chloropropanols in 10 mM phese buffer (pH 7.0, 0.02%
NaNs). (b) The loading plot of the fluorescence resgonsattern of the four
chloropropanols using PRODAN and SAs (BSA, HSA, R8Ah the LOOCV analysis
of 100% classification. The vectors on the loadipigt express SAs-PRODAN
contribution to the differential sensing array. KE)A score plot for the differentiation of
the four chloropropanols with AA additions. Datagaiced from a 96-well plate reader
with the fluorescence parametersigf = 365 + 10 nmjem = 522 + 10 nm, and a top
optics with a Xenon flash. The array compositioosstructed of 20 UM BSA with AA
(300 uM), 24.75 uM HSA with AA (371.25 uM), or 50RSA with AA (750 pM), ~1
pM PRODAN, and 90 nM chloropropanols in 10 mM pheae buffer (pH 7.0, 0.02%
NaNs). (d) The loading plot of the fluorescence resgornmattern of the four
chloropropanols using PRODAN, AA, and SAs (BSA, HIRSA) with the LOOCV
analysis of 100% classification. The vectors on theading plot indicate

SAs-PRODAN-AA  contribution to the differential sensing ensemble.
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Fig. 6. The results of semi-quantitative determination @A reveal a good cluster
separation for all four chloropropanols at (a) 8.QM, (b) 0.05 uM, (c) 0.18 puM, (d)
0.50 uM, (e) 5 uM, and (f) 10 uM, respectively. &00.18 uM is indicative of the
international maximum tolerable concentration fbfocopropanols that established by

the EU.
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Fig. 7. The plots of actual concentration versus predicttcentration of (a) 3-MCPD,
(b) 1,3-DCP, (c) 2,3-DCP, and (d) 3-CP in the samugture using the partial least
squares regression (PLSR) model. Inset: The emapget of the plots of actual
concentration versus predicted concentration obroplropanols in the concentration

range of 0.0051 pM.
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