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ABSTRACT 21 

Food contamination is a serious concern because of a high level of chemicals in food 22 

causes severe health issues. Safeguarding the public from the risk of adulterated foods 23 

has become a challenging mission. Chloropropanols are of importance to food safety and 24 

food security because they are common chemical food contaminants and believed to be 25 

carcinogenic to humans. In chemical sensing, chloropropanols are challenging analytes 26 

owing to the lacking diversity of functional groups and difficulty in targeting the 27 

hydroxyl group in aqueous environments. Moreover, because of their small molecular 28 

size, the compositions of chloropropanols remain challenging for achieving 29 

chromatographic determination. Herein, to simulate human smell and taste sensations, 30 

serum albumins, which are protein-based receptors, were introduced as low-selective 31 

receptors for differential sensing. Utilizing serum albumins, a fluorophore (PRODAN), 32 

and an additive (ascorbic acid), a differential-based optical biosensor array was 33 

developed to detect and differentiate chloropropanols. By integrating the sensor array 34 

with linear discriminant analysis (LDA), four chloropropanols were effectively 35 

differentiated based on their isomerism properties and the number of the hydroxyl groups, 36 

even at ultra-low concentration (5 nM). This concentration is far below the maximum 37 

tolerable level of 0.18 µM for chloropropanols. The sensing array was then employed for 38 

chloropropanols differentiation and quantification in the complex mixtures (e.g., 39 

synthetic soy and dark soy sauces). Leave-one-out cross-validation (LOOCV) analysis 40 

demonstrated 100% accurate classification for all tests. These results signify our 41 

differential sensing array as a practical and powerful tool to speedily identify, 42 

differentiate, and even quantify chloropropanols in food matrices. 43 
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1. Introduction 48 

Owing to the recent growth trends in the incidence of food-contaminating 49 

outbreaks and demand for advanced food security, there is increasing attention is being 50 

paid to improving strategies for food carcinogen detection. Additionally, in the global 51 

context of food safety and quality assurance, the World Health Organization (WHO) 52 

efforts require a simplistic approach to identify and discriminate food contaminants. 53 

Therefore, cost-effective and rapid detection of food carcinogens is crucial in protecting 54 

the public from the danger of contaminated foods [1]. 55 

Chloropropanols are a group of organic chemical constituents which most 56 

probably environmental contaminants; however, they are still most frequently found in 57 

heat-processed foods (e.g., soy sauces, savory snacks, and seasoning cubes), either in a 58 

bound or free form [2]. Among the chloropropanols found in foods, 3-chloropropane-1,2-59 

diol (3-MCPD) is the more worthy of attention on the strength of its abundance and 60 

toxicity. Additionally, 1,3-dichloropropan-2-ol (1,3-DCP) is also of interest. The above 61 

two chloropropanols are process-based food contaminants with high carcinogenicity and 62 

genotoxicity [3]. Animal-based toxicity tests have revealed that excessive consumption of 63 

3-MCPD and 1,3-DCP for a sustained period can potentially result in kidney, 64 

reproductive organ, and liver cancers [3,4]. The available toxicity data evidenced that 65 
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both 3-MCPD and 1,3-DCP are cancer-inducing agents; therefore, they are categorized as 66 

possible human carcinogens (Group 2B) and indexed by California Proposition 65 (Prop. 67 

65) [3]. Currently, there are a plethora of techniques used for 3-MCPD and 1,3-DCP 68 

determination, predominantly chromatography [2,5-7], electrochemistry [8], 69 

potentiometric chemosensing [9], and molecular imprinting [10,11]. However, most of 70 

these approaches involve sophisticated instrumentation as well as labor-intensive and 71 

time-consuming derivatization procedures. Consequently, it is indispensable to develop a 72 

convenient, reliable, and high-throughput advanced analytical method to simultaneously 73 

detect and quantify 3-MCPD and 1,3-DCP. This method should be able to meet the 74 

requirements of diverse practical applications and aid in the establishment of hazard 75 

analysis and critical control points (HACCP) in the food manufacturing. 76 

Over the past few years, the applications of differential sensing have drawn 77 

tremendous interest, specifically in molecular recognition [12-15]. In comparison with 78 

highly specific receptors based on their powerful affinity to an analyte required by the 79 

classical “lock-and-key” approach, differential sensing depends on the fingerprint pattern. 80 

This pattern is basically generated by the interaction of the analyte with differential 81 

receptors having multiple binding affinities and their resulting characteristic response 82 

patterns [16,17]. The attractiveness of differential sensing originates principally from the 83 

simulation of human taste and smell sensations by an array of non-selective receptors, 84 

yielding distinctive responses for different complex mixtures or analytes as an approach 85 

for identifying flavor and aroma responses [15,17]. These biological sensations utilize 86 

protein scaffolds for targeting a range of chemical compounds [18]. Low-selective 87 

proteins, SAs with multitudinous binding sites and of approximately 66.5 kDa, are well 88 
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known to bind a diverse range of exogenous and endogenous molecules, namely toxins, 89 

pharmaceutical drugs, fluorescent probes, vitamins, hormones, bile acids, long-chain fatty 90 

acids, and terpenes [16,19,20]. Besides, SAs from differing species are believed to have 91 

remarkable dissimilarities in their amino acid sequences. This is exemplified by 92 

illustrating the 24% difference in the sequence homologies of bovine and human serum 93 

albumins [20]. SAs are also regularly used as anti-fouling biomolecules to protect 94 

(bio)sensors from non-specific interactions with biomolecules that interfere [21,22]. On 95 

those grounds, we theorized that SA could be employed as a cross-reactive receptor for 96 

differential sensing routines. As a proof-of-concept for differential sensing, we aimed for 97 

chemical substances that SAs have never been reported to bind, namely chloropropanols 98 

(Fig. 1). However, it is extremely challenging to target the alcohol functional group(s) of 99 

chloropropanols in aqueous environments using synthetic molecular receptors; as a 100 

consequence, there is a scarcity of information on chloropropanol molecular recognition 101 

and sensing [9]. 102 

Figure 1 103 

Although the determination of chloropropanols by conventional analytical 104 

techniques is of significant for food safety, sample preparation is frequently tedious and 105 

rather lengthy. In short, classical chloropropanols detection techniques include first step 106 

derivatization of small-molecule chloropropanols, followed by identification and 107 

quantification using analytical instruments (e.g., gas chromatography–mass spectrometry). 108 

In specific, differential sensing technique has high level practicability in some real-world 109 

applications ranging from medical to environmental, such as the differentiation between 110 

healthy and metastatic tissues and the identification of harmful heavy metal ions in water 111 
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[14,17]. Taking advantage of the capability of the differential sensing technique to 112 

identify, quantify, and differentiate various analytes, a powerful sensor array capable of 113 

accurately identifying and quantifying the chloropropanols (food contaminants) in 114 

complex sample matrices before chromatographic analysis and any marketing 115 

authorization is highly demanded in food processing industrial applications. In light of 116 

this, the development of a differential-based optical sensing platform for the simultaneous 117 

detection, differentiation, and quantification of chloropropanols is firstly reported in this 118 

study. Our sensing array is composed of only three SAs: bovine, human, and rabbit serum 119 

albumins (BSA, HSA, and RSA, respectively). It is combined with a fluorescent probe 120 

(PRODAN) and an additional dopant molecule (ascorbic acid, AA), which bind 121 

differentially to SA bioreceptors, and thus forming the sensing ensemble to help enhance 122 

analyte differentiation. The target analytes (chloropropanols) are introduced, and the 123 

indicator (PRODAN) is displaced from the sensing ensemble. Thus, different 124 

fluorescence modulations are observed while also being dependent on the types of SAs. 125 

Hence, the principal objective is to determine whether chloropropanols can be 126 

distinguished by their subtle chemical structure variations, in particular, the number and 127 

structural arrangement of the hydroxyl groups (−OH). In addition, previous works have 128 

indicated that it is practical to identify, differentiate, and even quantify an analyte of 129 

interest (e.g., glycerides, cancer cells, and plasticizers) singly or in complex mixtures 130 

[13,14,23]. Therefore, the second key objective of this study is to further extend the 131 

capability of differential sensing arrays. This is ultimately with the aim of revealing that 132 

this method can be employed in differentiating chloropropanols in complex mixtures (e.g., 133 

synthetic soy sauce samples) as well as obtaining detailed information about the tested 134 
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mixtures. In this context, our present study does not have intentionality to replace the 135 

existing chromatographic methods. In contrast, it demonstrates the feasibility of using 136 

differential sensor array as a versatile technique that serves as a practical analytical 137 

screening tool to ensure the quality control of food samples. In the whole, this proposed 138 

sensing technique could meet the requirements of low-cost, ease of operation, and rapid 139 

determination. 140 

 141 

2. Experimental section 142 

2.1. Chemicals and materials 143 

Sodium dihydrogen phosphate, NaH2PO4 (≥ 98.0%), and sodium hydrogen 144 

phosphate, Na2HPO4 (≥ 99.0%), were obtained from Sigma-Aldrich (St. Louis, MO, 145 

USA). Sodium azide for synthesis, NaN3 (≥ 99.0%), was purchased from Merck 146 

(Hohenbrunn, Germany). N,N-Dimethyl-6-propionyl-2-naphthylamine, PRODAN (≥ 147 

98.0%, high-performance liquid chromatography (HPLC) grade, Sigma-Aldrich Czech 148 

Republic), was used without further purification because no major impurities were 149 

detected on excitation at 280 nm. Essentially fatty acid- and globulin-free bovine serum 150 

albumin (BSA) and human serum albumin (HSA) as well as essentially globulin-free 151 

rabbit serum albumin (RSA) were obtained commercially from Sigma Chemicals 152 

Company (St. Louis, MO, USA). 3-MCPD (98.0%), 3-chloropropan-1-ol (98.0%), and 153 

ascorbic acid (≥ 99.0%, ACS reagent grade) were procured from Sigma-Aldrich 154 

Company (St. Louis, MO, USA). Moreover, 1,3-DCP (98.0%) and 2,3-dichloropropan-1-155 

ol (≥ 97.0%) were obtained from Merck (Selangor, Malaysia). Methanol (≥ 99.8%, 156 
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HPLC grade) was supplied from Friendemann Schmidt (Washington, USA). Deionized 157 

water (18.2 MΩ-cm at 25 ℃) was obtained from a Millipore Milli-Q Plus Water 158 

Purification System (Bedford, MA, USA). Synthetic soy sauce and dark soy sauce were 159 

purchased locally from a grocery store at Selangor state, Peninsular Malaysia. All of the 160 

above-mentioned chemicals were used without further purification. 161 

 162 

2.2. Preparation of stock solutions 163 

Phosphate buffer solution (10 mM, pH 7.0) was prepared using a 1:2 molar ratios 164 

of NaH2PO4:Na2HPO4 in double-distilled water. Then, 0.02% (w/v) sodium azide was 165 

introduced to the prepared phosphate buffer solution as an antimicrobial agent to kill or 166 

inhibit the growth of microorganisms or molds. The final phosphate buffer solution was 167 

filtered prior to the experimental use. The PRODAN stock solution was prepared in 168 

methanol. By the dry method, an aliquot volume of the methanolic PRODAN solution 169 

was transferred to a 15-mL screw-capped vial, and subsequently dried under a stream of 170 

nitrogen gas to create a thin film of PRODAN. Next, the desired amount of 10 mM 171 

phosphate buffer (pH 7.0) was added to the same vial, followed by covering it with 172 

aluminum foil to minimize light exposure. Finally, it was stored in the freezer (-4 ℃) until 173 

the day of experiment. The final concentration of the PRODAN stock solution was 174 

determined spectrophotometrically on a Shimadzu UV-2600 UV-Visible 175 

spectrophotometer, following the Beer−Lambert law: 176 

A = ε × C × l                              (1) 177 
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where A is an absorbance, ε is the molar extinction coefficient of PRODAN (Є360 = 1.80 178 

× 104 M−1 cm−1), C is the concentration of PRODAN (M), and l is the optical path length 179 

in cm. In this study, the PRODAN stock solution with a concentration of 1.11 × 10−6 M 180 

(~1 µM) was prepared using the dry method. The BSA, HSA, and RSA stock solutions 181 

were prepared by dissolving their respective lyophilized crystalline powders in 10 mM 182 

phosphate buffer (pH 7.0) and their concentrations were estimated spectrophotometrically 183 

at 280 nm using a Shimadzu UV-2600 UV-Visible spectrophotometer. 184 

 185 

2.3. Fluorescence titration of PRODAN with SAs 186 

Fluorescence assays were conducted by adding different SA stock solutions (90 187 

µM BSA, 90 µM HSA, or 100 µM RSA) into the 10 mM phosphate buffer (pH 7.0) 188 

containing ~1 µM PRODAN solution, and thus investigating the binding ratios of the 189 

PRODAN to the SAs. Subsequently, each SA−PRODAN mixture was incubated in the 190 

dark (25 ℃) for 30 min prior to the fluorescence analysis. The fluorescence measurements 191 

were conducted on a Varian Cary Eclipse fluorescence spectrophotometer using Hellma® 192 

fluorescence cuvettes with dimensions of 10 × 10 mm path length. Fluorescence emission 193 

spectra were then measured at 25 ℃ in a wavelength range of 385–685 nm with the 194 

excitation wavelength set as 365 nm (λex = 365 nm, λem = 385–685 nm). Both the 195 

excitation and emission bandwidths were set as 5/5 nm per step. 196 

 197 

2.4. Determination of binding parameters between SAs and PRODAN 198 
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To determine the binding constant (Ka) of PRODAN for each serum albumin, a 199 

binding curve was plotted and fitted to a 1:1 binding ratio. Thereafter, the binding 200 

constant of PRODAN with each SA was estimated from the above binding curve using 201 

the Benesi−Hildebrand equation for a 1:1 complex formation, as expressed in the 202 

equation below. 203 

�� =  
��

���	
��
���
���[���]

����[���]
                           (2) 204 

where If
0 is the fluorescence intensity of PRODAN without the SAs and I is the 205 

fluorescence intensity when all PRODAN molecules form complexes with the SAs. For 206 

the evaluation of the number of binding sites (n) of each SA−PRODAN complex, the 207 

resulting data were fitted to the Hill equation iteratively using the Levenberg−Marquardt 208 

non-linear least squares algorithm with OriginPro 2016 software (Originlab Corporation, 209 

Northampton, MA, USA). 210 

 211 

2.5. Chloropropanols interaction with SAs−PRODAN sensing ensembles 212 

To reveal the binding interactions of the chloropropanols with the sensing 213 

ensembles, cuvette assays were performed. This involved titrating various 214 

chloropropanols (100 µM 3-MCPD, 100 µM 1,3-DCP, 100 µM 2,3-DCP, or 100 µM 3-215 

CP in phosphate buffer) into a 10 mM phosphate buffer containing ~1 µM PRODAN and 216 

SAs solutions (20 µM BSA, 24.75 µM HSA, or 50 µM RSA). Subsequently, dark 217 

incubation was performed at room temperature (25 ℃, 30 min) for each mixture before 218 

proceeding with fluorescence spectroscopy. Similarly, cuvette assays were studied on a 219 
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Varian Cary Eclipse fluorescence spectrophotometer using Hellma® fluorescence cuvette 220 

with a 10 × 10 mm optical path length. The studied parameters were set as λex = 365 nm, 221 

λem = 385–685 nm, and 5/20 nm slit widths. Furthermore, control experiments were 222 

conducted in a cuvette with the intention to investigate how strong the fluorescence 223 

signals of each sensing ensemble are in the absence of the SAs. These were performed by 224 

adding various chloropropanols into a 10 mM phosphate buffer (pH 7.0) containing ~1 225 

µM PRODAN solution. The cuvette assays were then read at λex = 365 nm, λem = 385–226 

685 nm, and 5/20 nm slit widths. For comparative study on intrinsic fluorescence of the 227 

SAs, various PRODAN concentrations were added into the SAs (20 µM BSA, 24.75 µM 228 

HSA, or 50 µM RSA) in a 10 mM phosphate buffer. The cuvette assays were then read at 229 

λex = 280 nm, λem = 315–575 nm, and 5/20 nm slit widths. 230 

 231 

2.6. UV-Vis absorption spectral measurements 232 

The absorption spectra of the SAs−PRODAN sensing ensembles with 233 

chloropropanols (e.g., 3-MCPD) were recorded on a Shimadzu UV-2600 UV-Visible 234 

spectrophotometer at room temperature (25 °C). A pair of 1 cm quartz cuvettes were used, 235 

and the spectra were measured in a wavelength range of 210–510 nm. 236 

 237 

2.7. Development of 96-well plate sensing array 238 

The differential sensing ensembles were then shifted to a 96-well plate assay from 239 

a cuvette assay when all the four chloropropanols investigated have led to a distinctive 240 

fluorescence variation for each chloropropanol. This enabled to effortlessly acquire the 241 
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multiple data repetitions demanded for pattern recognition. The prior probabilities of the 242 

chloropropanols were estimated in reference to the number of replicates for each 243 

chloropropanol, of which there were at a minimum of eight replicates. A cross-reactive 244 

differential sensing array was constructed by mixing the solutions of the four 245 

chloropropanols with a SA and the PRODAN solutions (three combinations: 246 

BSA−PRODAN, HSA−PRODAN, and RSA−PRODAN) in Costar 96-microtiter plates 247 

that were black polystyrene, non-treated, and round-bottomed plates (#3972). The plates 248 

were then analyzed using a BioTek Synergy H1 Hybrid Multimode Microplate Reader. 249 

To explore the potential of the sensing ensemble in distinguishing chloropropanols, the 250 

cuvette assays previously conducted with the all four chloropropanols were compared. 251 

Well plate assays were then prepared using a total volume of 300 µL with final 252 

concentrations of 20 µM BSA, 24.75 µM HSA, or 50 µM RSA; ~1 µM PRODAN; and 253 

90 nM chloropropanols (3-MCPD, 1,3-DCP, 2,3-DCP, or 3-CP) in 10 mM phosphate 254 

buffer (pH 7.0). In this study, the studied concentration (90 nM) of four chloropropanols 255 

were well below the maximum allowable limit of 0.18 µM for chloropropanols that set by 256 

the European Union (EU). Each plate contained columns of one fluorescent probe and the 257 

fluorophore with the SAs without the chloropropanols as the controls. Eight experimental 258 

replicates were conducted for each SA/PRODAN/chloropropanol combination and 259 

control. The 96-well plates were studied at λex = 365 ± 10 nm and λem = 522 ± 10 nm, 260 

using a top optics with a Xenon flash. For the linear discriminant analysis (LDA), 261 

multivariate data (3 SAs × 1 probe × 4 chloropropanols × 8 replicates) were statistically 262 

analyzed without any pretreatment using the chemometric program, XLSTAT version 263 

2014 (Addinsoft Inc, NY, USA). LDA is a pattern recognition method that optimizes the 264 
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correlation between-class and within-class variance, enabling the differentiation of the 265 

response signals and distribution of the new analytes to their relevant clusters [24]. 266 

Furthermore, LDA is a supervised technique, implying that this program initially 267 

recounts the analyte class for each data point. On this account, a validation approach 268 

known as leave-one-out cross-validation (LOOCV) is frequently reported with each LDA 269 

plot with the aim of verifying the predictability and accuracy of the model [24]. In the 270 

present study, LOOCV was applied, mainly due to a small sample size in the dataset. 271 

Therefore, in each iteration, one sample was held out for testing and the remaining 272 

samples were used for training. 273 

 274 

2.8. Enhancement of sensing array differentiation with dopant molecule 275 

To facilitate the LDA differentiation on the F2 axis, a wide range of doping 276 

agents known to interact with the SAs were screened. It was speculated that an 277 

incorporated additional additive would interact with the SAs such that the interaction of 278 

the SAs to the chloropropanols would be distinctively impacted, thereby further altering 279 

the PRODAN binding and modulating the fluorescence signals. As has been previously 280 

reported in the literature, ascorbic acid (AA), with an association constant of 2.0−3.5 × 281 

104 M−1 for SAs, had little modulation effect on the fluorescence signals. Yet, it was 282 

discovered to best further differentiate the analytes of interest when compared to other 283 

dopant molecules (e.g., stearic acid and bile acid) [23]. Thus, AA was opted for 284 

differentiation purposes as a potential additive. The addition of AA to the sensing 285 

ensemble was conducted by a well plate assay prepared to have final concentrations of 20 286 

µM BSA with 300 µM AA, 24.75 µM HSA with 371.25 µM AA, or 50 µM RSA with 287 
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750 µM AA; ~1 µM PRODAN; and 90 nM chloropropanols in 10 mM phosphate buffer 288 

(pH 7.0). Each plate contained columns of the fluorophore (PRODAN) alone, the 289 

additive (AA), and the SAs−PRODAN complexes without the chloropropanols as the 290 

controls. Eight experimental replicates were performed for each 291 

SA/PRODAN/chloropropanol/AA combination and the controls. The 96-well plates were 292 

read at λex = 365 ± 10 nm and λem = 522 ± 10 nm, using a top optics with a Xenon flash. 293 

The resulting data (3 SAs × 1 probe × 4 chloropropanols × 1 additive × 8 replicates) were 294 

examined without any pretreatment by the LDA using XLSTAT version 2014 software 295 

(Addinsoft Inc, NY, USA).  296 

 297 

2.9. Evaluation of quantitative measurement capacity of differential sensor array 298 

To test the ability of the differential sensor array for semi-quantitative 299 

measurements, various concentrations of the chloropropanols were taken into account. 300 

The concentrations of the SAs, PRODAN, and AA were kept constant as before, while 301 

the concentration ranges of all four chloropropanols were from 5 nM to 10 µM. The 302 

preparation of the sample solutions was similar to the aforementioned procedures in 303 

section 2.8. The 96-well plates were studied at λex = 365 ± 10 nm and λem = 522 ± 10 nm, 304 

using a top optics with a Xenon flash. All the obtained data were processed without 305 

further pretreatment by the LDA algorithms with XLSTAT version 2014 software 306 

(Addinsoft Inc, NY, USA). 307 

 308 

2.10. Differentiation and quantitation of chloropropanols in unknown complex mixtures 309 
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The sensing arrays were then assessed to evidence whether chloropropanols in 310 

complex mixtures could be discerned. Soy sauces are consisted of many essential 311 

chemical compositions, including Maillard reaction products, water-soluble peptides, and 312 

free amino acids. Apart from that, chloropropanols (e.g., 3-MCPD, 1,3-DCP, and 2,3-313 

DCP) are common heat-produced contaminants potentially generated in non-fermented 314 

synthetic soy sauces made from acid-hydrolyzed vegetable protein (acid-HVP). The 315 

aroma-active and volatile compounds as well as the chloropropanols have been 316 

previously determined in soy sauces by the ubiquitous analytical methods (e.g., GC-MS) 317 

[2]. However, the existing methods are not able to simultaneously detect all four 318 

chloropropanols due to some limitations of the experimental methods. To this end, to 319 

differentiate various chloropropanols in a complex matrix, food samples (non-fermented 320 

or so-called synthetic soy sauce and dark soy sauce) were used to prepare 321 

chloropropanol-doped samples. By this means, the identities of the prevalent 322 

chloropropanols in complex mixtures could be revealed while still facilitating the 323 

differentiation of the chloropropanols present in complex mixtures. In fact, these two soy 324 

sauces can be initially differentiated by human naked eyes based on the viscosity that 325 

resulted from different manufacturing ingredients and procedures. Different stock 326 

solutions were formed for this sensing assay: (A) ~1 µM PRODAN with the SAs (20 µM 327 

BSA, 24.75 µM HSA, or 50 µM RSA) in 10 mM phosphate buffer; (B) 90 nM 328 

chloropropanols (3-MCPD, 1,3-DCP, 2,3-DCP, and 3-CP) in 10 mM phosphate buffer; 329 

(C) 90 nM chloropropanols (3-MCPD, 1,3-DCP, 2,3-DCP, and 3-CP) with synthetic soy 330 

sauce (soy sauce was diluted by 600-fold in 10 mM phosphate buffer to prevent the 331 

fluorescence signal overloading); (D) 90 nM chloropropanols (3-MCPD, 1,3-DCP, 2,3-332 
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DCP, and 3-CP) with synthetic dark soy sauce (dark soy sauce was diluted by 600-fold in 333 

10 mM phosphate buffer to prevent the fluorescence signal overloading); (E) AA 334 

solutions in 10 mM phosphate buffer (300 µM, 371.25 µM, and 750 µM AA with BSA, 335 

HSA, and RSA well plates, respectively). Subsequently, a well plate assay with the final 336 

volume of ~300 µL was formulated by pipetting: ~150 µL of A, ~75 µL of either B, C, or 337 

D, and ~75 µL of E. Each plate contained columns of the fluorescent probe, the additive, 338 

the chloropropanols, the soy sauce samples, as well as a column of SAs−PRODAN 339 

complexes without the chloropropanols as the controls. Each 340 

SA/PRODAN/chloropropanol/AA/sauce sample combination and the controls were 341 

replicated eight times. Similarly, the 96-well plates were studied at λex = 365 ± 10 nm and 342 

λem = 522 ± 10 nm, using a top optics with a Xenon flash. The obtained fluorescence data 343 

(3 SAs × 1 probe × 4 chloropropanols × 1 additive × 2 sauce mixtures × 8 replicates) 344 

were statistically analyzed by the LDA technique. Note: In this study, sauce mixtures are 345 

referring to the combination of synthetic soy sauce and synthetic dark soy sauce without 346 

actually mixing these two synthetic soy sauce samples. Each synthetic soy sauce sample 347 

was added to the well. After performing microplate assay, the obtained data from both the 348 

synthetic soy sauce samples were combined and analyzed using LDA. 349 

To study the unknown mixture, particularly soy sauce samples, the partial least 350 

squares regression (PLSR) model was employed for simultaneous quantitative analysis of 351 

the chloropropanols. The PLSR method was developed to investigate the relationship 352 

between the fluorescence spectra and the concentrations of relevant chloropropanols. The 353 

acquired data from the chloropropanol mixtures with known concentrations, ranging from 354 

0.005−10 µM, were applied as a training dataset to establish the PLSR model. All the 355 
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data were processed using the XLSTAT version 2014 software (Addinsoft Inc, NY, 356 

USA). 357 

 358 

2.11. Sensing array reproducibility 359 

To ensure the reproducibility of the sensing array, the experiment was 360 

systematically replicated in its totality. Briefly, we aimed to investigate whether we 361 

would acquire virtually the same response each time an independent reiteration of the 362 

entire experiment was accomplished. This included the repetition of the differentiation 363 

study of chloropropanols in pure buffer solutions as well as in complex mixtures, 364 

beginning with the freshly prepared stock solutions of each sensing component. The 365 

experiments were repeated according to the above-mentioned experimental procedures. 366 

 367 

3. Results and discussion 368 

3.1. Fluorescence assays of PRODAN to SAs 369 

In this study, fluorescence spectroscopy was performed to investigate the non-370 

specific interactions between biological macromolecules (e.g., SAs) and small molecules 371 

possessing similar molecular structures (e.g., chloropropanols). Fig. 2a illustrates the 372 

changes in the fluorescence intensity upon binding of PRODAN to the SAs (e.g., BSA). 373 

As evidenced in Fig. 2a, upon excitation at 365 nm, PRODAN exhibits a remarkable 374 

intrinsic fluorescence with a maximum emission wavelength at 522 nm. However, there 375 

is a significant decrease in the fluorescence intensity at 522 nm on the formation of the 376 
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BSA−PRODAN complex, when increasing concentrations of BSA are added to a fixed 377 

concentration of PRODAN. Interestingly, a hypsochromic shift (blue shift) in emission is 378 

clearly noticeable on the addition of BSA to PRODAN (Fig. 2a). Moreover, an additional 379 

band appears at 465 nm, corresponding to the locally excited state of BSA-bound 380 

PRODAN. The emergence of the locally excited state reveals that PRODAN encounters a 381 

low-polarity environment in BSA. The contribution of the twisted intramolecular charge 382 

transfer band reduces with increasing BSA concentrations, whereas that of the locally 383 

excited band increases, implying that numerous PRODAN molecules bind to BSA [25]. 384 

Specifically, the formation of the new peak at 465 nm is most probably a result of the 385 

binding of PRODAN into a hydrophobic pocket on BSA. This destabilizes the charged 386 

excited state of PRODAN, resulting in a larger HOMO−LUMO (HOMO: highest 387 

occupied molecular orbital, LUMO: lowest occupied molecular orbital) gap and leading 388 

to a higher energy with a lower emission wavelength. Furthermore, the emission 389 

spectrum of the BSA−PRODAN complex is deconvoluted using a combination of log-390 

normal functions to demonstrate the simultaneous existence of the locally excited and 391 

twisted intramolecular charge transfer species, with the fluorescence emission spectrum 392 

of PRODAN in phosphate buffer as reference (Fig. 2b). In addition, the fluorescence 393 

characteristics as observed at 465 nm could also be affected from the radiationless energy 394 

transfer between the bound PRODAN and the tryptophan residue (Trp-134) of BSA 395 

[26,27]. It is also noteworthy to mention that the existence of an isoactinic point at 396 

around 495 nm, revealing the occurrence of a single equilibrium between two emitting 397 

species (free and bound PRODAN) in the excited state. Note: The deconvolution of the 398 

spectrum was performed with the OriginPro 2016 software (Originlab Corporation, 399 
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Northampton, MA, USA), which provided the best fit for separating the contributions of 400 

the bound and free PRODAN species. 401 

Figure 2 402 

The binding constant of PRODAN with BSA was calculated to be (2.17 ± 0.36) × 403 

105 M−1 after fitting the resulting data with a 1:1 binding model using non-linear 404 

regression analysis following the Benesi−Hildebrand equation (Fig. 2c). Fig. 2c is 405 

obtained from the resulting data displayed in Fig. 2a and is used to explore the 406 

concentration of PRODAN at which approximately 90% saturation occurs. The affinity 407 

constant at the studied conditions is in the order of 105 M−1, demonstrating high-affinity 408 

interactions between PRODAN and BSA. However, in the current study, the binding 409 

constant estimated for the BSA−PRODAN complex is smaller than that previously 410 

reported in the literature (e.g., 1.00 ± 0.01 × 106 M−1, 5.0 ± 0.3 × 105 M−1) [19, 25]. This 411 

difference may arise from the variations in the experimental parameters (e.g., temperature, 412 

ionic strength, or pH of phosphate buffer) and also in the fatty acid content of BSA, 413 

because fatty acids and PRODAN are known to bind to sub-domain IIIA of BSA. 414 

Moreover, in this study, the estimated number of binding sites is 1.13 ± 0.13. This result 415 

discloses that PRODAN only occupies one equivalent binding site in BSA with high 416 

affinity, indicating complex formation between BSA and PRODAN in a 1:1 molecular 417 

ratio.  418 

Interestingly, a similar phenomenon for the BSA−PRODAN interaction is also 419 

observed in the binding study of PRODAN to HSA and RSA (Fig. S1 and Fig. S2 of the 420 

Supplementary Information, SI). Based on the 1:1 stoichiometry isotherm, association 421 
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constants of (8.63 ± 0.60) × 104 M−1 and (7.28 ± 0.34) × 104 M−1 are obtained for binding 422 

of PRODAN to HSA and RSA, respectively. These association constants revealed that 423 

PRODAN had the highest affinity to interact with BSA. The affinity constants for the 424 

interactions of the various SAs and PRODAN are then arranged in the following order: 425 

RSA < HSA < BSA. In addition, the number of binding sites in the HSA−PRODAN and 426 

RSA−PRODAN complexes are calculated to be 1.25 ± 0.08 and 1.21 ± 0.43, respectively 427 

(Table S1). From these findings, it is noteworthy that the number of binding sites were 428 

found to be independent of the affinity constants. This implied that PRODAN only bound 429 

to one but at different binding sites in each SA, because their respective association 430 

constants were different. 431 

 432 

3.2. Fluorescence binding titration of chloropropanols into SAs−PRODAN 433 

differential sensing ensemble 434 

By virtue of a fluorescence technique, the interactions of the four chloropropanols 435 

(3-MCPD, 1,3-DCP, 2,3-DCP, and 3-CP) are carefully monitored. The titration of the 436 

chloropropanol solutions into the SAs−PRODAN differential sensing ensemble caused 437 

the fluorescence intensities at 465 nm (λmax for the bound PRODAN) to be increased then 438 

decreased for BSA, whereas to be increased for HSA and RSA. Meanwhile, the 439 

fluorescence intensities at 522 nm (λmax for the free PRODAN) increased for all the SAs 440 

(Note: Fig. 3 exhibits the fluorescence modulation on the addition of 3-MCPD into the 441 

SAs-PRODAN sensing ensemble; Fig. S3, Fig. S4, and Fig. S5 present the fluorescence 442 

modulation on the addition of 1,3-DCP, 2,3-DCP, and 3-CP into the SAs-PRODAN 443 

sensing ensemble, respectively). Hence, we hypothesize that the fluorescence modulation 444 
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after the chloropropanol addition could be a result of indicator (bound PRODAN) 445 

displacement from the hydrophobic binding pockets of the SAs, which may be expected 446 

to further limit the rotor motions. 447 

Figure 3 448 

In addition, one trend noticed for the BSA−PRODAN complex is that the 449 

fluorescence intensity increases upon adding the chloropropanol (Fig. 3a, Fig. S3a, Fig. 450 

S4a, and Fig. S5a). This phenomenon can be explained as a result of homotropic 451 

allosteric interactions between the chloropropanols and BSA in which the binding of the 452 

chloropropanols within the primary binding site affect the binding characteristics of the 453 

other binding sites on BSA. Subsequently, the fluorescence intensity decreases upon 454 

addition of 0.15−0.25 µM chloropropanols, demonstrating that the chloropropanols are 455 

competitively bound to the binding pockets of BSA (Fig. 3a, Fig. S3a, Fig. S4a, and Fig. 456 

S5a). Contrastingly, the fluorescence intensity increases even on the addition of high 457 

chloropropanol concentrations to the HSA−PRODAN and RSA−PRODAN complexes, 458 

respectively (Fig. 3b−c, Fig. S3b−c, Fig. S4b−c, and Fig. S5b−c). This phenomenon 459 

could result from the alteration in the local microenvironment of the tryptophan residue 460 

(Trp-214) within the binding sites of HSA and RSA upon the chloropropanol binding. 461 

This can be further explained that the chloropropanols being bound to a more 462 

hydrophobic region on HSA and RSA, thus changing the polarity of the protein 463 

environment and enhancing the fluorescence intensity. In brief, when high concentrations 464 

of chloropropanols are introduced into the sensing system, the chloropropanols, as the 465 

competitive analytes, displaced the PRODAN indicator from the binding site of SAs and 466 

thus modulating the fluorescence signals. However, the fluorescence modulation is 467 
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strongly dependent on the type of SAs. Moreover, the fluorescence modulation of the 468 

BSA−PRODAN complex behaved differently from those of the HSA−PRODAN and 469 

RSA−PRODAN complexes on the addition of various chloropropanols. This could be 470 

reasonably explained by the differences in the number of tryptophan residues in these 471 

SAs. HSA and RSA have only one tryptophan residue, which is Trp-214. This tryptophan 472 

residue is well-exposed to the hydrophobic region of the SAs (less polarity region). In 473 

contrast, BSA has two tryptophan residues (Trp-134 and Trp-213). Trp-134 is well-474 

exposed to the hydrophilic region, whereas Trp-213 is in the same region as Trp-214. 475 

Upon binding of the chloropropanols to BSA, the chloropropanols either became bound 476 

to the Trp-213 or Trp-134 residue in the binding site of BSA. Thus, the difference in 477 

fluorescence modulation might be observed. Basically, the intrinsic fluorescence of this 478 

SA was almost solely contributed by the tryptophan residue. On the interactions of the 479 

SAs−PRODAN sensing ensembles with the chloropropanols, the orientations or positions 480 

of the tryptophan residues were significantly changed, modifying their exposure to the 481 

sensing medium. This changed the fluorescence quantum yields of the SAs. Therefore, 482 

the HSA and RSA sensing ensembles exhibited distinctive fluorescence modulations to 483 

the BSA sensing ensemble on the binding of the chloropropanols. In fact, supramolecular 484 

interactions between chloropropanols and adsorbed SA scaffolds can potentially serve as 485 

the "electronic nose or tongue" for screening food contaminants (e.g., chloropropanols). 486 

Furthermore, a few other prominent trends are remarkably observed in the 487 

fluorescence patterns upon interactions between the chloropropanols and the 488 

SAs−PRODAN differential sensing ensembles. First, all four chloropropanols depict the 489 

fluorescence variations at 522 nm (λmax for the free PRODAN) in the order of RSA < 490 
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HSA < BSA, where no visible peak was observed at 522 nm for RSA. Second, 3-MCPD 491 

exhibits the minimum fluorescence modulation (the smallest change in the fluorescence 492 

intensity) (Fig. 3a−c). By contrast, 1,3-DCP and 2,3-DCP, which are regioisomers, 493 

present similar yet measurably different fluorescence signals (Fig. S3 and Fig. S4). 494 

Finally, 3-CP, the smallest chloropropanol molecule studied, displays the highest 495 

fluorescence variation (Fig. S5). Although there is no direct evidence, a high fluorescence 496 

variation is most probably associated with a high affinity of the chloropropanols to the 497 

SAs. 498 

For control experiment, no significant fluorescence modulation is observed at the 499 

emission wavelength of 522 nm when the chloropropanols are added to the unbound 500 

PRODAN in the absence of any SAs (Fig. 3d and Fig. S6). This suggests that the 501 

PRODAN molecules are in the free form and do not interact with the chloropropanols. 502 

These results provide a conclusive proof for the roles of the SAs as a host in 503 

supramolecular binding for this differential sensing system. 504 

Further insights into the SA microenvironment involvement in the binding of 505 

PRODAN and chloropropanols could be gained by studying the SA intrinsic fluorescence 506 

upon excitation at 280 nm (Fig. S7). The interaction of the SAs with other molecules may 507 

lead to a decrease in the fluorescence intensity (e.g., fluorescence quenching), which may 508 

proceed via the Förster resonance energy transfer (FRET) from a donor biomolecules 509 

(SAs) to an acceptor molecule (e.g., PRODAN or chloropropanols). As evidenced in Fig. 510 

S7, the emergence of an emission maxima at around 344 nm in the fluorescence spectra 511 

of all SAs can be corresponded to the existence of tryptophan residue in the subdomain 512 

IIA of all SAs. Titration of PRODAN to all SAs generated remarkable quenching in the 513 
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tryptophan fluorescence intensity. Such decrease in the fluorescence intensities of all SAs 514 

with increasing PRODAN concentrations was suggestive of the interaction between 515 

PRODAN and the SAs. The observed fluorescence quenching in the SAs fluorescence 516 

can be caused by different molecular interactions, for instance, energy transfer, ground-517 

state complex formation, and molecules rearrangement [28]. Moreover, the tryptophan of 518 

all SAs experiences a slight hypsochromic shift in emission wavelength (BSA: from 343 519 

to 340 nm; HSA: from 344 to 341 nm; and RSA: from 343 to 341 nm). This indicated the 520 

changes in the surroundings of the chromophoric groups to a less polar (more 521 

hydrophobic) environment where PRODAN probe is bound to the SAs. Importantly, 522 

there is no visible absorption of free PRODAN near the emission maxima at around 344 523 

nm of all SAs, suggesting that the emission maximum of PRODAN (λmax = 484 nm) can 524 

only happen via FRET from tryptophan to PRODAN. Furthermore, there was a 525 

concomitant increase in the fluorescence emission at 484 nm, which was the 526 

characteristic wavelength of the bound PRODAN (Fig. S7). This occurrence could be the 527 

result of radiationless energy transfer from the tryptophan residue on the SAs to the 528 

bound PRODAN [27]. On top of that, an isoactinic point is noticed at around 412 nm, 529 

indicating the presence of two species (bound and free PRODAN) in a single equilibrium 530 

and that the quantum yields are constant over the titration. 531 

 532 

3.3. UV-Vis absorption spectral studies 533 

Fig. 4 illustrates the UV-Vis absorption spectra of the SAs−PRODAN sensing 534 

ensembles with chloropropanols (e.g., 3-MCPD). As indicated in Fig. 4, a strong 535 

absorption bands near the far-UV region (210−260 nm) characterize the absorbance due 536 
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to peptide bond and are called as the peak due to n−σ* transition. Besides, another sets of 537 

absorption bands are obviously noticed at around 280 nm, indicating the absorbance 538 

owing to the aromatic amino acids (e.g., tryptophan, tyrosine, and phenylalanine) and are 539 

known as π−π* transition. Upon increasing the concentration of chloropropanols, the 540 

absorbance intensities of SAs near 280 nm increase and concurrently experience a slight 541 

bathochromic shift in the absorption spectra (BSA: from 277 to 280 nm; HSA: from 277 542 

to 281 nm; and RSA: from 278 to 282 nm) to a longer wavelength, demonstrating the 543 

interaction between the SAs−PRODAN sensing ensembles and chloropropanols and 544 

forming a new complex between them. Consequently, these interactions result in the 545 

unfolding and loosening of the protein backbone and reduce the hydrophobicity of the 546 

microenvironment of SAs. 547 

Figure 4 548 

3.4. Well plate assessment for differential sensing array 549 

An LDA score plot of the fluorescence emission data generated from the well 550 

plate array is illustrated in Fig. 5a. The resultant score plot demonstrates two principal 551 

canonical factors of 98.56 and 1.37%, exhibiting excellent differentiation near the F1 axis. 552 

This thus discloses that a single discriminant function is adequate to depict the major 553 

differences between the studied analytes that possess similar molecular structures. This 554 

LDA model correctly classifies the four chloropropanols based on their array responses 555 

with 100% accuracy, as determined by the LOOCV method (Fig. 5a−b and Table S2). In 556 

addition, the LDA mapping can convert the unique fingerprints of the four 557 

chloropropanols into four discernible groups attributed to each chloropropanol (Fig. 5a). 558 

The four chloropropanols are assembled along the F1 axis based on their respective 559 
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fluorescence modulation as observed on the differential sensing array, with 3-CP to the 560 

far left and 3-MCPD to the far right. We speculate that 1,3-DCP and 2,3-DCP 561 

(regioisomers) are less responsive toward the differential sensing array owing to their 562 

large molecular sizes as well as steric hindrance effect when compared to the other 563 

chloropropanols. These reduce their driving forces for binding differentially to the 564 

PRODAN binding sites in the SAs. Additionally, the short distances between the eight 565 

dots acquired from eight parallel measurements in each cluster confirm the excellent 566 

repeatability characteristic of the differential sensing array. 567 

Apart from the score plot, a loading plot can be produced to determine the 568 

contributions of the receptors in the differential sensing array to each axis, thus indicating 569 

the differential nature and cross-reactivity of the sensing array. The loading plot in Fig. 570 

5b exhibits all the SAs−PRODAN vectors targeting toward the same direction along the 571 

F1 axis. The principal contribution of each SA is toward the affinity differences of all the 572 

chloropropanols. As can be seen in Fig. 5b, all the SAs−PRODAN vectors having a large 573 

magnitude (loading closed to 1) depicts a strong positive influence on the discriminant 574 

function along the F1 axis. This suggests that all the SAs−PRODAN receptor arrays 575 

contribute the most to the differentiation of the four chloropropanols along the F1 axis. 576 

Specifically, the four chloropropanols are differentiated based on their isomerism 577 

properties. In addition, the exploration of the LDA loading plot further reveals that the F2 578 

axis describes a dimension mainly correlated with the BSA−PRODAN and 579 

RSA−PRODAN variables. In short, these two receptors arrays contributed the most to the 580 

F2 axis differentiation. Owing to the cross-reactive nature of the sensing array, each 581 

classification axis was determined by more than one variable. The LDA loading plot also 582 
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illustrated that the BSA−PRODAN and HSA−PRODAN factors, which pointed to one 583 

single direction on both the F1 and F2 axes, have a strong positive correlation owing to 584 

their comparable vectors. In this case, the lack of cross-reactivity between these two 585 

complexes (BSA−PRODAN and HSA−PRODAN) is identified by the truth that the score 586 

vectors are practically identical where the same chloropropanol cluster distribution along 587 

the principal axis is independent of the vector identity within the LDA score plot. 588 

Furthermore, the corresponding loading plot depicted little to no cross-reactivity for the 589 

receptor arrays because they were not widely distributed in all the quadrants of the plot. 590 

From the factor-loading plot (Fig. 5b), we concluded that the BSA−PRODAN and 591 

RSA−PRODAN complexes contributed significantly to the differentiation of the four 592 

chloropropanols along the F1 and F2 axes. 593 

Figure 5 594 

3.5. Improvement in F2 axis differentiation with AA 595 

As an initial step in differentiating all the four chloropropanols using the same 596 

sensing array, the results as shown in Fig. 5a are considered satisfactory. However, we 597 

attempted to enhance the differentiation in the F2 axis of the LDA score plot in order to 598 

acquire a secondary discriminatory axis with relatively more weightage, enabling 599 

excellence differentiation for comparatively more complex samples, for instance, analyte 600 

mixtures. Therefore, AA was chosen as an additive to be incorporated in the differential 601 

sensing array in favor of increasing the differentiation power along the F2 axis while 602 

concurrently improving the cross-reactivity of the differential sensor array. Previous 603 

work has revealed that AA has two binding sites for BSA with a Ka value of 104 M−1 [29]. 604 

According to Fig. 5c, upon adding of AA to the chloropropanols, PRODAN, and SA 605 
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solutions, the fluorescence responses are modulated differentially to a larger extent for 606 

each chloropropanol than without AA. This results in an increase in the F2 axis variance 607 

of the LDA plot from 1.37 to 20.71% with the maintenance of superior differentiation 608 

(LOOCV analysis afforded 100% correct classification). This LDA plot exhibits a 609 

significant level of differentiation on the F2 axis, thus resulting in further discrimination 610 

of 3-MCPD from the other three chloropropanols. This can possibly be explained by the 611 

addition of AA leads to excellent binding of 3-MCPD on the hydrophobic binding sites of 612 

the SAs. This then further explains that the unique binding of AA to the C-terminal 613 

catalytic domains of the SAs via a surface adsorption mechanism, leading to the coating 614 

of the protein surface. The latter induces a conformational change in the SAs, particularly 615 

in their secondary structures [30]. To this end, it is most likely to facilitate the binding of 616 

3-MCPD to the hydrophobic pockets of the SAs. Moreover, two influential trends are 617 

clearly noticed in the same LDA plot (Fig. 5c). First, the F1 axis successfully 618 

differentiates some of the chloropropanols based on their isomerism characteristic. 619 

Specifically, the positional isomers, 1,3-DCP (an –OH functional group attached to the 620 

second carbon atom) and 2,3-DCP (an −OH functional group attached to the first carbon 621 

atom), are clearly separated on the left and right sides of the plot, respectively. Second, 622 

the F2 axis discriminates the four chloropropanols by the numbers of hydroxyl groups 623 

(−OH), with 3-MCPD having two hydroxyl groups projected above the x-axis, whereas 624 

1,3-DCP, 2,3-DCP, and 3-CP consisting of only one hydroxyl group projected below the 625 

x-axis (Fig. 1 and Fig. 5c). This LDA plot demonstrates that the differential sensing array 626 

is competent to discriminate subtle differences among all four chloropropanols with the 627 

maximum differentiation of the analytes occurring between the chloropropanols with 628 
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isomerism properties. Thus, the enhancement in the F2 axis differentiation is favorable to 629 

possibly further aid the differential sensing array in distinguishing composite samples. 630 

For this differential sensing array, the optimum working concentration range for the 631 

chloropropanols is found to be 0.005–10 µM, although a quantifiable fluorescence signal 632 

can still be noticed even at concentration ranges below 5 nM. Most importantly, these 633 

studied concentration ranges covered the maximum international tolerable limits 634 

established by the European Union (EU) for the chloropropanols (0.18 μM). On the other 635 

hand, high chloropropanol concentrations (>10 µM) may result in the poor differentiation 636 

due to the repetitions of a single chloropropanol may be indistinguishable from other 637 

chloropropanol clusters. However, this can be overcome by performing uniform dilution 638 

or intensity normalization/standardization to avoid concentration-caused differentiation in 639 

the LDA plot. 640 

The loading plot in Fig. 5d illustrates all the SAs−PRODAN−AA vectors aiming 641 

toward the same direction along the F2 axis. As evidenced in Fig. 5d, the 642 

BSA−PRODAN−AA vector having a small magnitude (loading closed to 0) illustrates a 643 

weak influence on the discriminant function along the F1 axis. In addition, the 644 

examination of the loading plot extracted from the LDA demonstrates that the F1 axis 645 

(LD1) reports a dimension predominantly coordinated with the RSA−PRODAN−AA and 646 

HSA−PRODAN−AA complexes. The vectors of these two variables point in different 647 

directions, revealing a strong negative correlation (loadings closed to -1 and 1, 648 

respectively). Moreover, the loading plot reveals that these two receptor arrays have 649 

contributed significantly along the F1 axis differentiation, enabling the differentiation of 650 

the chloropropanols based on their isomerism properties. In addition, the F2 axis (LD2) 651 



30 
 

reveals a dimension primarily corresponding to all the variables (RSA−PRODAN−AA, 652 

BSA-PRODAN−AA, and HSA−PRODAN−AA). Briefly, all these variables contributed 653 

the most to the F2 axis differentiation, allowing the differentiation of four 654 

chloropropanols according to the numbers of hydroxyl groups. Besides, the 655 

corresponding loading plot can be used to demonstrate the cross-reactivity of these input 656 

variables (BSA−PRODAN−AA, HSA−PRODAN−AA, and RSA−PRODAN−AA). As 657 

can be seen in Fig. 5d, the loading plot indicated that the RSA−PRODAN−AA and 658 

BSA−PRODAN−AA factors are pointed to one single direction on both the F1 and F2 659 

axes. This then reveals that these two input variables (RSA−PRODAN−AA and 660 

BSA−PRODAN−AA) have the same correlation direction (positively correlated to each 661 

other) contributed to each classification axis. This demonstrates the low cross-reactivity 662 

of the receptors in the differential sensing ensemble. In addition, the factor loading plot 663 

depicted in Fig. 5d reveals significance capability of the SAs−PRODAN−AA receptors 664 

accounting for the improved discriminatory ability of the differential sensing array, where 665 

all the variables contribute remarkably to both the axes. These results support our 666 

presumption that the addition of AA to the sensing array can further improve the 667 

differentiation of the chloropropanols as well as enhance the discriminant ability of the 668 

differential sensing array. 669 

 670 

3.6. Semi-quantitative determination of chloropropanols 671 

The semi-quantitative analysis of chloropropanols is performed at varied 672 

concentrations ranging from 5 nM to 10 µM. The resulting data are analyzed by LDA and 673 

the two-dimensional (2D) LDA plots are illustrated in Fig. 6. As can be seen in Fig. 6, the 674 
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four chloropropanols with diverse concentrations can trigger different fluorescence 675 

responses and therefore each LDA score plot has different tendencies depending on the 676 

concentrations. As a matter of fact, the occurrence of this phenomenon is mainly due to 677 

the supramolecular interactions (e.g., hydrogen bonding and hydrophobic interactions) 678 

between the SA−PRODAN sensing ensembles and various chloropropanols at different 679 

concentrations, thus generating different fluorescence response patterns for each 680 

concentration. Subsequently, the multidimensional fluorescence data obtained at different 681 

concentrations are evaluated using LDA technique. Consequently, the four 682 

chloropropanols at each concentration (0.005, 0.05, 0.18, 0.50, 5, and 10 µM), equivalent 683 

to that at concentration of 0.09 µM (Fig. 5c), create specific fluorescence fingerprints that 684 

can be grouped into different clusters and thus successfully demonstrating concentration-685 

dependent discrimination (Fig. 6). The classification accuracy of each chloropropanol at 686 

each concentration is 100%. These findings significantly reveal that the developed 687 

differential sensor array has an excellent capacity to qualitatively and quantitatively 688 

detect as well as differentiate the chloropropanols over a wide range of concentrations. 689 

Importantly, these results also indicate high practicability of our differential sensor array 690 

for real-world applications, particularly in food processing industrial application, as it 691 

allows the detection of food contaminants at concentrations as low as 5 nM. 692 

Figure 6 693 

3.7. Differentiation and quantification of chloropropanols in unknown soy sauce 694 

samples 695 

Next, as a real-world application, we desired to find out if the horizon of the 696 

differential sensing ensemble could be extended to distinguish these four chloropropanols 697 
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in complex mixtures (e.g., soy sauce samples) after successfully differentiating all the 698 

four chloropropanols. In this study, factory-produced synthetic soy sauce and synthetic 699 

dark soy sauce were primarily selected as these two synthetic soy sauce samples were 700 

commonly used worldwide in cooking and food preparation. Then, these two synthetic 701 

soy sauce samples were directly used as analytes in the well plate assay composing of 702 

SAs, PRODAN, and AA combinations. As now discussed, our differential sensing 703 

ensemble identifies and differentiates the four chloropropanols in the sauce samples by 704 

LDA technique. Fig. S8 illustrates the unique differentiation of the synthetic soy sauce 705 

samples in their mixture categories, with the synthetic dark soy sauce and synthetic soy 706 

sauce mixtures located on the left side and right side of the F1 axis, respectively. One 707 

interesting point about this plot is that the clusters without spiked chloropropanols (just 708 

the synthetic soy sauce sample itself) and the clusters with 2,3-DCP are situated closest to 709 

each other within each soy sauce mixture. This is in line with our earlier hypothesis that 710 

speculate 2,3-DCP showing little responsiveness toward the differential sensing ensemble, 711 

again owing to its large molecular size and steric hindrance effect, reducing the 712 

hydrophobic driving force for binding differentially to the SAs. Thus, this LDA plot also 713 

highlights the significant role of the sensing medium in differentiating the four 714 

chloropropanols in each synthetic soy sauce sample. The LDA score plot is constructed 715 

with the LOOCV analysis having 100% classification accuracy (Fig. S8 and Table S3). 716 

However, when an individual LDA score plot was drawn for each synthetic soy sauce 717 

sample, a highly unique differentiation between the chloropropanols in the mixtures was 718 

observed, where the LOOCV analysis yielded 100% accurate classification (Fig. S9, 719 

Table S4, and Table S5). Therefore, it denoted that all four chloropropanols were 720 
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triumphantly differentiated as shown in the two different synthetic soy sauce samples, 721 

revealing the discriminatory power of our newly developed differential sensing array. 722 

Although there is no evident trend with the chloropropanol arrangement for each 723 

synthetic soy sauce sample, the differential sensing array is highly capable of 724 

differentiating the significant differences among the synthetic soy sauce sample types as 725 

well as the four chloropropanols within each synthetic soy sauce sample. Therefore, when 726 

the synthetic soy sauce sample types are considered, our differential sensing array not 727 

only prominently differentiates the synthetic soy sauce samples by four chloropropanol 728 

composition while it is still being competent to considerably differentiate by the 729 

chloropropanol identity. 730 

To further assess the feasibility of our differential sensor array, the quantitation of 731 

chloropropanols in unknown synthetic soy sauce sample is performed based on the partial 732 

least squares regression (PLSR) model, investigating the fluorescence responses and 733 

linearity of the data. Basically, the PLSR model is developed to predict the unknown 734 

concentrations of the chloropropanols based on the fluorescence data obtained from Fig. 735 

6, ranging from 0.005−10 µM. The predictive capability of the established PLSR model 736 

is evaluated based on the comparison between actual and predicted concentration, thus 737 

evaluating by the root mean square error (RMSE) and the coefficient of determination 738 

(also denoted as R2). In effect, RMSE is an absolute measure of fit on how close the 739 

actual data are to the model’s predicted values. Besides, RMSE is a good measure to 740 

predict the accuracy of the model’s response. If the main purpose of the developed model 741 

is prediction, RMSE is the most important criterion for fit. As shown in Fig. 7, the root 742 

mean square errors (RMSEs) of the datasets are comparatively small, ranging from 743 
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0.1120 µM to 0.2213 µM. Lower RMSE values indicate that the regression line is close 744 

to the data points, thus revealing a better fit of the model. These results demonstrate the 745 

favorable performance of the established PLSR model in the prediction of the related 746 

chloropropanol concentrations. Moreover, higher R2 values (R2 value > 0.90) for the four 747 

chloropropanols are observed in the performance of the chloropropanols concentration 748 

prediction with R2 = 0.9651 for 3-MCPD, R2 = 0.9556 for 1,3-DCP, R2 = 0.9832 for 2,3-749 

DCP, and R2 = 0.9532 for 3-CP. These results also indicate a good fit of experimental 750 

and predicted data as a result of low discrepancy between actual and predicted 751 

concentration. In light of these results, it is concluded that the PLSR predictive model 752 

utilized in this study indicated a reasonably good accuracy in estimating four unknown 753 

chloropropanols concentrations in the synthetic soy sauce mixture. Thus, this predictive 754 

model reveals a tremendous potential in acquiring the fluorescence emission spectra as a 755 

function of the chloropropanols’ concentration, while expresses great accuracy of the 756 

model for the prediction of unknown multi-analyte concentrations. 757 

Figure 7 758 

To evaluate the matrix interferences and practical applicability of the developed 759 

PLSR model for chloropropanols determination in real food samples, our differential 760 

sensor array integrated with the PLSR predictive model is employed to the synthetic soy 761 

sauce and synthetic dark soy sauce. To this end, four chloropropanols with diverse 762 

concentrations are spiked into the synthetic soy sauce samples. Table S6 summarizes the 763 

results acquired for real food matrices using the PLSR predictive model. As can be seen 764 

in Table S6, the spike recovery range is determined to be 88.8−118.2%, revealing the 765 

sensor array has exhibited satisfactory results in real sample analysis. Additionally, a 766 
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spike-and-recovery experiments have produced an acceptable recovery range (80−120%), 767 

demonstrating the matrix effect of food samples has no remarkable interference effect on 768 

the simultaneous determination of chloropropanols. In this matrix effect study, method 769 

validation is mainly focused on a spike-and-recovery study with the aim to verify the 770 

accuracy and precision of the PLSR measurements. Thus, the differential sensor array 771 

incorporated with the PLSR model is competent to simultaneously predict each 772 

chloropropanol’s concentration in the real sample matrices with good reliability and 773 

accuracy. 774 

 775 

3.8. Reproducibility of sensing array 776 

The experimental reproducibility of the differential sensing array was studied and 777 

the LDA score plots for these iterations are depicted in Fig. S10 and Fig. S11. The 778 

relative arrangements of the four chloropropanols were substantially identical to those 779 

previously reported in Fig. 5c (Fig. S10 and Fig. 5c). The reproduced results, for the 780 

differentiation of four chloropropanols within complex mixtures (e.g., synthetic soy sauce 781 

samples), were also essentially similar with 100% classification accuracy as determined 782 

by LOOCV (Fig. S11). In light of these results, the differential sensing array was 783 

concluded to be reproducible. 784 

 785 

4. Conclusions 786 

To put in a nutshell, this study has demonstrated the use of low-selective or highly 787 

cross-reactive serum albumins as the differential receptors for the differentiation of four 788 



36 
 

chloropropanols in combination with a PRODAN probe and ascorbic acid. The four 789 

chloropropanol identities in both pure buffer solutions and complex synthetic soy sauce 790 

mixtures can be qualitatively detected from the responses in fluorescence spectroscopy. 791 

The addition of dopant molecule (ascorbic acid) is evidenced to increase the differences 792 

in the fluorescence response changes of the serum albumins in the differential sensing 793 

array, thus increasing the F2 axis differentiation. LDA effectively differentiates the four 794 

chloropropanol analytes as well as the related synthetic soy sauce samples, even at ultra-795 

low concentration (5 nM). In addition, quantitative analysis is confidently performed not 796 

merely for the single chloropropanol analyte but also for the complex mixtures with the 797 

integration of the PLSR model. The serum albumins with high levels of cross-reactivity 798 

significantly enhance the discriminatory ability of the differential sensor array in 799 

distinguishing the four structurally similar chloropropanols. Furthermore, in the 800 

differential sensing system, all the serum albumin receptor arrays contribute 801 

outstandingly to the differentiation of four chloropropanols. The results obtained in this 802 

study support the generality of this differential sensing technique. In short, differential 803 

sensing is a versatile technique that acts as a powerful screening tool before tedious 804 

chromatography methods are needed while reveals excellent potential in differentiating 805 

and quantifying food contaminants for food safety application. We are presently 806 

expanding the scope of the differential sensing approach to detect, discriminate, and 807 

quantify diverse analyte classes to which serum albumins have not bound previously. 808 
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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 model is applied to predictively quantify the chloropropanols concentration 

in unknown soy sauce samples. 
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Fig. 1. Chemical structures of four chloropropanol analytes and fluorophore. 
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Fig. 2. (a) Titration of BSA (0.0–50.0 µM) to PRODAN (~1 µM) in 10 mM phosphate 

buffer (pH 7.0, 0.02% NaN3), λex = 365 nm, λem = 385–685 nm, and 5/5 nm slit widths. (b) 

The emission spectrum of PRODAN in the presence of 20 µM BSA that has been 

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

(pink line) state. (c) The fitted binding curve between PRODAN and BSA, fitting to a 1:1 

binding ratio at λem = 465 nm from the data shown in Figure 2a, following equation 2 and 

calculating a Ka value of (2.17 ± 0.36) × 105 M−1. 



3 
 

 

Fig. 3. (a) Titration of 3-MCPD (0.00–0.25 µM) to 20 µM BSA and ~1 µM PRODAN in 

10 mM phosphate buffer (pH 7.0, 0.02% NaN3). (b) Titration of 3-MCPD (0.00–0.40 µM) 

to 24.75 µM HSA and ~1 µM PRODAN in 10 mM phosphate buffer (pH 7.0, 0.02% 

NaN3). (c) Titration of 3-MCPD (0.00–0.40 µM) to 50 µM RSA and ~1 µM PRODAN in 

10 mM phosphate buffer (pH 7.0, 0.02% NaN3). (d) Titration of 3-MCPD (0.00–0.25 µM) 

to ~1 µM PRODAN in 10 mM phosphate buffer (pH 7.0, 0.02% NaN3). The studied 

parameters are set as λex = 365 nm, λem = 385–685 nm, and 5/20 nm slit widths. Note: the 

above-mentioned concentration ranges of chloropropanols are selected for the reason that 
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these concentration ranges adequately worked well for the developed differential sensing 

array after studying at various concentrations. Notably, these concentration ranges 

covered the international maximum permissible limits for chloropropanols (3-MCPD, 

1,3-DCP, and 2,3-DCP: 0.02 mg/kg; 3-CP: no maximum limit is set) that set by the 

European Union. 

 



5 
 

 

Fig. 4. UV-Vis absorption spectra of (a) 20 µM BSA, (b) 24.75 µM HSA, and (c) 50 µM 

RSA in the presence of ~1 µM PRODAN and 0.00−0.15 µM chloropropanols (e.g., 3-

MCPD). Inset: The enlarged part of the UV-Vis absorption spectra in a wavelength range 

of 240−440 nm.
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Fig. 5. (a) Linear discriminant analysis (LDA) score plot for the differentiation of the 

four chloropropanols. Data recorded from a 96-well plate reader with the fluorescence 

parameters of λex = 365 ± 10 nm, λem = 522 ± 10 nm, and a top optics with a Xenon flash. 

The array compositions composed of 20 µM BSA, 24.75 µM HSA, or 50 µM RSA, ~1 
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µM PRODAN, and 90 nM chloropropanols in 10 mM phosphate buffer (pH 7.0, 0.02% 

NaN3). (b) The loading plot of the fluorescence response pattern of the four 

chloropropanols using PRODAN and SAs (BSA, HSA, RSA) with the LOOCV analysis 

of 100% classification. The vectors on the loading plot express SAs−PRODAN 

contribution to the differential sensing array. (c) LDA score plot for the differentiation of 

the four chloropropanols with AA additions. Data acquired from a 96-well plate reader 

with the fluorescence parameters of λex = 365 ± 10 nm, λem = 522 ± 10 nm, and a top 

optics with a Xenon flash. The array compositions constructed of 20 µM BSA with AA 

(300 µM), 24.75 µM HSA with AA (371.25 µM), or 50 µM RSA with AA (750 µM), ~1 

µM PRODAN, and 90 nM chloropropanols in 10 mM phosphate buffer (pH 7.0, 0.02% 

NaN3). (d) The loading plot of the fluorescence response pattern of the four 

chloropropanols using PRODAN, AA, and SAs (BSA, HSA, RSA) with the LOOCV 

analysis of 100% classification. The vectors on the loading plot indicate 

SAs−PRODAN−AA contribution to the differential sensing ensemble.
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Fig. 6. The results of semi-quantitative determination via LDA reveal a good cluster 

separation for all four chloropropanols at (a) 0.005 µM, (b) 0.05 µM, (c) 0.18 µM, (d) 

0.50 µM, (e) 5 µM, and (f) 10 µM, respectively. Note: 0.18 µM is indicative of the 

international maximum tolerable concentration for chloropropanols that established by 

the EU. 
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Fig. 7. The plots of actual concentration versus predicted concentration of (a) 3-MCPD, 

(b) 1,3-DCP, (c) 2,3-DCP, and (d) 3-CP in the sauce mixture using the partial least 

squares regression (PLSR) model. Inset: The enlarged part of the plots of actual 

concentration versus predicted concentration of chloropropanols in the concentration 

range of 0.005−1 µM. 


