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A B S T R A C T   

Detection of mycotoxins in food is essential due to their potential harm to human and animal health. However, 
developing affordable and rapid methods for their detection, particularly with the necessary selectivity to 
differentiate between various mycotoxins, remains a challenge. Herein, we present low-cost paper-based sensing 
platforms modified with curcumin, a natural polyphenolic compound, for the electrochemical and optical 
detection of ochratoxin A (OTA). By exploiting the fluorescence quenching effect of OTA on curcumin through 
Förster energy transfer, we successfully conducted optical detection with LODs of 0.09 ng mL− 1 and a linear 
range of 0.5 to 15 ng mL− 1. Additionally, by using electrochemical impedance spectroscopy and a portable in-
strument, we detected OTA with a limit of detection (LOD) as low as 0.045 ng mL− 1. These sensitivity levels meet 
the requirements established by food regulatory agencies for monitoring food quality in relation to OTA 
contamination. Our curcumin-modified paper-based sensors offer a compelling combination of simplicity in 
manufacturing and cost-effectiveness, underscoring their potential for routine food quality monitoring, especially 
concerning ochratoxin A.   

1. Introduction 

Ochratoxin A (OTA) is a mycotoxin that can contaminate food and is 
produced by fungal species such as Aspergillus carbonarius, Penicillium 
verrucosum, Aspergillus ochraceus, and Aspergillus niger [1]. OTA poses 
significant risks to both humans and animals, as it can cause mutagenic, 
carcinogenic, teratogenic, hemorrhagic, hepatotoxic, estrogenic, 
immunotoxic, dermatoxic, nephrotoxic, and neurotoxic effects [2–5]. 
Contamination with OTA can occur at various stages, including during 
cultivation, post-harvest, and transportation or storage of food produce. 
Commonly affected food items include dried fruits, cereals, nuts, corn, 
oats, coffee, grape juice, wine, wheat, and beer [6–9]. 

OTA is stable in most food-processing conditions, making it a 
persistent concern in the realm of food safety [4]. Consumption of 
OTA-contaminated food has emerged as a substantial public health issue 
that requires immediate attention. Currently, analytical methods such as 
enzyme-linked immunosorbent assay (ELISA) [10] and chromato-
graphic assays [11] are employed to detect OTA and monitor food 

quality. However, these approaches are time-consuming and expensive 
and require sample preparation and trained personnel to operate the 
instruments. To address these limitations, alternative systems have been 
proposed, including electrochemical and optical sensors, which offer 
simpler procedures for detecting OTA traces [4]. Surface functionali-
zation [5,12,13] can further enhance the performance of these sensors. 
Notably, paper-based sensors show great promise as they fulfill the re-
quirements for point-of-attention food monitoring, are low-cost, 
portable, and versatile [14,15]. Additionally, functionalization can be 
accomplished using a wide range of raw, biodegradable materials 
[16–18]. 

In this study, we present an innovative paper-based sensor func-
tionalized with curcumin for the optical and electrochemical detection 
of ochratoxin A (OTA), as illustrated in Scheme 1. Curcumin is a highly 
promising sensing element due to its affordability, widespread avail-
ability, non-toxicity, and pronounced fluorescence that is quenched in 
the presence of OTA [19–25]. Notably, curcumin also possesses 
redox-active properties, with two distinct redox centers: a β-diketone 
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moiety and a phenolic hydroxyl group. By leveraging the advantageous 
optical and electrochemical properties of curcumin, we have success-
fully fabricated economical and versatile sensors for the precise detec-
tion of OTA across a wide range of food matrices. These sensors offer a 
highly promising solution for efficient and cost-effective OTA detection. 

2. Methodology 

2.1. Materials 

Aflatoxin B1 (AFB1), ochratoxin A (OTA), aflatoxin B2 (AFB2) and 
Zearalenone (ZEA) were purchased from Sigma-Aldrich. Shellac was 
acquired from Acrilex® (São Bernardo do Campo/SP, Brazil), while 
graphite, carbon black and absolute ethanol were obtained from Synth 
(Diadema/SP; Brazil) and Cabot (Boston/Massachusetts; USA), respec-
tively. Adhesive paper used as substrate was purchased from PIMACO 

Scheme 1. (A) Schematic representation of the preparation of optical (i) and electrochemical (ii) sensing platforms using a simple approach based on curcumin 
immobilization on paper substrates. (B) Schematic representation of the application of the curcumin-modified sensing platforms for ochratoxin A detection in grape 
juice and beer. 
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(A4 ink-jet/laser 288.5 × 200.0 367 BIC, Brazil) and crystal acetate 
sheet used as a substrate for placing adhesive paper was purchased from 
Artigianato A4, Brazil. Disks of quantitative filter paper (JP40- with 80 g 
cm− 2 density and average pore size of 25 µm) used as substrate of optical 
sensing platform were acquired from J. Prolab (Paraná, Brazil). Curcu-
min (Cur) was purchased from Sigma-Aldrich (Saint Louis, MO, USA). 

2.2. Preparation of optical and electrochemical sensors based on 
curcumin 

To prepare the optical sensor (Scheme 1A (i)), disks of quantitative 
filter paper (~1 cm diameter) (JP40) were cut and immersed in curcu-
min dissolved in ethanol (0.1 mg mL− 1) for 30 min. The modified paper 
disks were dried at room temperature and stored in the dark to prevent 

photobleaching of curcumin. 
The electrochemical platform (Scheme 1A (ii)) was prepared using a 

simple, low-cost cut-printing process with slight modifications to the 
methodology described in a previous study [26]. A thin layer of 
conductive ink made of a suspension of graphite/carbon black powder 
(90/10 (w/w)) in shellac at a proportion of 30 % (w/w) was deposited 
homogeneously onto the adhesive paper and then dried at 40 ◦C for 1 h 
in an air-circulating oven. A cut printer (Silhouette, model 3, Moe-
ma/SP, Brazil) was used to cut a mask with working (diameter = 3.3 
mm), counter, and reference electrodes from the conductive sheets. The 
mask was then removed and glued to a flexible and waterproof acetate 
sheet. The functionalization of the working electrode was performed by 
dripping a solution of curcumin (0.1 mg mL− 1) dissolved in ethanol, 
which was then dried at room temperature and stored in the dark to 

Fig. 1. SEM images for paper disks before (A) and after (B) modification with ethanolic curcumin solution; paper disk modified with curcumin after contact with 
OTA solutions at concentrations 2.5 ng mL− 1 (C), 50 ng mL− 1 (D), 100 ng mL− 1 (E). 
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prevent photobleaching. 

2.3. Characterization of the sensors after modification with curcumin 

The morphology of the paper-based sensors was characterized using 
scanning electron microscopy (SEM, JEOL 6510) at an acceleration 
voltage of 10 kV. Before the analyses, samples were coated with a thin 
layer of gold using a sputter coater (Leica). To study interaction mech-
anisms, polarization-modulated infrared reflection absorption spec-
troscopy (PM-IRRAS) measurements were carried out on gold substrates 
functionalized with curcumin films. The spectra were acquired with a 
PMI 550 spectrophotometer (KSV Instruments, Helsinki, Finland), with 
an incident angle of 81◦ and spectral resolution of 8 cm− 1. The PM- 
IRRAS signal was obtained through Eq. (1), where RS and RP are, 
respectively, reflectivity of the parallel and perpendicular component to 

the plane of incidence of the IR light. 

ΔR
R

=
RS − RP

RS + RP
(1)  

2.4. Preparation of solutions for the optical and electrochemical detection 
of OTA 

For optical detection an OTA stock solution in dimethylsulfoxide 
(DMSO) (1 mg mL− 1) was used to prepare aliquots diluted in absolute 
ethanol which had concentrations in two ranges, from 0.5 to 15 ng mL− 1 

and from 20 to 100 ng mL− 1. The electrochemical detection was carried 
out from an OTA stock solution in 10 mM PBS (pH 7.4) (1 mg mL− 1) used 
to prepare aliquots diluted in one range, from 0.5 to 15 ng mL− 1. 

Fig. 2. Fluorescence spectra of curcumin-modified paper disks exposed to different OTA concentrations (A) and fluorescence intensity × logarithm of OTA con-
centration (B) in the linear range of 0.5 to 15 ng mL− 1. 
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2.5. Optical and electrochemical detection of OTA 

The optical detection of OTA was performed by dripping 20 µL OTA 
solutions at different concentrations on one of the sides of paper disks 
modified with curcumin, which were then dried at room temperature in 
the dark. Fluorescence measurements were carried out to detect the 
analyte using a commercial fluorimeter (FluoroLog SPEX/1680, 0.22 m) 
using a Xenon lamp (Xe) as excitation source and varying the excitation 
between 450 and 650 nm. The excitation spectra were collected at λem =

470 nm. For the electrochemical detection experiments, 100 µL of OTA 
solution of distinct concentrations were dripped onto the working 
electrode. Electrochemical impedance spectroscopy measurements (EIS) 
were performed using a hand-held potentiostat (PalmSens4, PalmSens 
BV, The Netherlands) controlled with PStouch app installed on a 
smartphone. The EIS experiments were carried out by applying a 10 mV 
AC voltage in the frequency range from 0.1 Hz to 10 kHz under an open 
circuit potential (OCP). 

2.6. Data analysis with an information visualization technique 

The analysis of the large amount of data generated during biosensing 
experiments can be improved with the use of projection techniques that 
reduce the data dimensionality, allowing the assessment of selectivity 
and the possible presence of false positives. Herein, Nyquist plots ob-
tained from commercial OTA samples and OTA samples in grape juice/ 
beer were processed with the Interactive Document Mapping technique 
(IDMAP) [27]. This technique projects the Nyquist spectra in a lower 
dimension space Y = {y1, y2,y3, . . .,yn) from the Euclidean distance 
between the samples in the original space X = {x1, x2, x3, . . ., xn) [28]. 
The error function is given by Eq. (2): 

ErrorIDMAP =
δ
(
xi, xj

)
− δmin

δmax − δmin
− d

(
yi, yj

)
(2)  

where δ(xi,xj) and d(yi,yj) are the Euclidean distances in the original and 
lower dimensional spaces, respectively, and δmax/δmin are the 
maximum/minimum Euclidean distances between the data instances in 
the original representation space [28,29]. 

3. Results and discussion 

3.1. Optical detection 

The morphological integrity of the paper disks employed in our 
sensor platform remained unaltered throughout our experimentation, 
even following curcumin incorporation and exposure to varying OTA 
concentrations, as evidenced by the SEM images presented in Fig. 1. The 
initial SEM image in Fig. 1A portrays a characteristic heterogeneous, 
fibrous, and rough surface of the untreated paper substrate. Remarkably, 
this morphology remained unchanged after exposure to OTA at different 
concentrations (Fig. 1C–E), underscoring the sensor’s stability in 
aqueous media. 

Figs. 2(A) and (C) depict the fluorescence spectra obtained in trip-
licate from curcumin-modified paper disks after exposure to varying 
OTA concentrations in two distinct spectral ranges. A trend was 
observed where the emission band decreased as the OTA concentration 
increased, as highlighted in Fig. 2(B) and (D). This phenomenon is 
attributed to a dynamic quenching process via Förster mechanism, 
where the excited-state donor (curcumin) transfers energy non-
radiatively to the acceptor (OTA) through long-range dipole-dipole in-
teractions between the two molecules [30–32]. 

Quantitative analysis using linear regression yielded a equation that 
models the correlation between fluorescence intensity and OTA con-
centration within the 0.5 to 15 ng mL− 1 range. The equation, expressed 
as y = -103.93 × log [OTA] (ng mL− 1) + 203.28, demonstrates a high 
coefficient of determination (R2 = 0.99). The limit of detection (LOD) 

was calculated as 0.09 ng mL− 1 (0.09 ppb) using the 3.3σ/S formula, 
where σ is the standard deviation of three measurement responses using 
a fixed concentration of OTA solution, and S is the slope of the cali-
bration curve [33,34]. Significantly, these LOD fall below the maximum 
OTA levels permitted by regulatory agencies, such as the European Food 
Safety Authority (EFSA) [5], and Brazilian legislation [35], thereby 
confirming the sensor’s suitability for rigorous food safety standards. We 
also conducted reproducibility assessments, both inter-sensor and 
intra-sensor, using curcumin-modified paper disks and OTA solutions at 
concentrations of 0.5–15 ng mL− 1. The relative standard deviation 
(RSD) for a single electrode was 1.66 % and increased to 4.28 % when 
three identical electrodes were used. 

To assess the applicability of our curcumin-modified paper disks, we 
evaluated their performance in detecting OTA in grape juice and beer, 
two beverages that are susceptible to mycotoxin contamination. We 
employed the spiked sample method [12,26,36], introducing a known 
quantity of analyte into the sample before analysis. The recovery rate 
was determined by comparing the measured analyte amount in the 
spiked sample to the known amount added, expressed as R = (measured 
amount of analyte / true amount of analyte) × 100 %. Our results 
demonstrate that the sensors exhibited high recovery rates of 99 % and 
104 % in beer and grape juice spiked with OTA (1 ng mL− 1), respec-
tively, demonstrating their robustness in complex beverage matrices. 
Furthermore, we evaluated the selectivity of our sensors in the presence 
of other common mycotoxins found in food, including aflatoxin B1 
(AFB1), aflatoxin B2 (AFB2), and Zearalenone (ZEA), as well as ethanol, 
which was used as the solvent for OTA solutions. Our fluorescence 
spectra analysis (Fig. 3) demonstrates that the fluorescence intensity at 
the peak (λ= 470 nm) remains nearly consistent for ethanol and the 
interferents, slightly exceeding that of the curcumin-containing paper 
sensor. This observation aligns with the dynamic quenching process via 
Förster mechanism, where the efficiency of analyte-sensor interaction is 
influenced by the extent of electron transfer processes [32,37]. Given 
the structural similarity between OTA and curcumin, we propose that 
the dynamic quenching process via the Förster mechanism is more 
efficient in the presence of OTA, providing a rational basis for the 
selectivity of our platform toward this specific mycotoxin. Conse-
quently, the lowest intensity observed for OTA confirms the selectivity 
and suitability of the sensor for OTA detection in complex food matrices. 

Fig. 3. Fluorescence intensity at the bands for curcumin-modified paper-based 
sensors for OTA detection in the absence and presence of other interfering 
mycotoxin (ZEA, AFB1, AFB2 (1 ng mL− 1)) and ethanol. 
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3.2. Electrochemical detection 

Electrochemical impedance spectroscopy (EIS) is a powerful elec-
trochemical technique for investigating interfacial properties and elec-
tron transfer kinetics. It involves measuring the impedance of an 
electrode-solution interface as a function of frequency. The resulting 
Nyquist plots can be analyzed using equivalent circuits to extract in-
formation about the charge transfer resistance (Rct), interface capaci-
tance (Cdl), and Warburg impedance (Zw) [38]. In this study, EIS was 
used to investigate the electrochemical behavior of OTA at the interface 
of a curcumin-modified electrode. To enhance the sensitivity of the 
fabricated electrodes prior to surface modification, we employed 

electrochemical activation, as described in our previous work [26]. This 
procedure involved using cyclic voltammetry in 0.05 mol L− 1 H2SO4 
within a potential range of − 1.5 V to 1.5 V at a scan rate of 50 mV s− 1 for 
one cycle. Curcumin was employed to augment the sensitivity and 
selectivity of EIS-based OTA detection due to its ability to form com-
plexes with OTA molecules, enhancing the binding affinity between 
OTA and the electrode surface [32]. Consequently, the presence of OTA 
in the electrolyte solution induces a more pronounced change in the 
impedance of the double layer, which can be more readily detected by 
EIS. The Nyquist plots obtained after exposing the electrode to OTA 
solutions exhibited a high-frequency semicircle characteristic of inter-
facial charge transfer. The semicircle diameter increased with increasing 

Fig. 4. (A) Nyquist plots derived from electrochemical impedance spectroscopy (EIS) measurements of curcumin-modified paper sensors exposed to varying con-
centrations of OTA in standard solutions. (B) Rct × logarithm of OTA concentration from 1 to 15 ng mL− 1. The inset shows the equivalent circuit model used to fit the 
impedance data [38]. 
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Fig. 5. (A) IDMAP plot using Nyquist data for different OTA concentrations and interferents (AFB2, AFB2, Zearalelone). The sample named curcumin represents the 
curcumin-containing paper sensor exposed to a blank in an aqueous 10 mM PBS (pH 7.4) solution (0 ng mL− 1). The other samples in the blue cluster are OTA 
dissolved in DMSO at different concentrations. (B) IDMAP plot using Nyquist data for different concentrations of OTA in beer dissolved in aqueous 10 mM PBS (pH 
7.4), with a Silhouette Coefficient of 0.771. (C) IDMAP plot using Nyquist data for different concentrations of OTA in grape juice dissolved in aqueous 10 mM PBS (pH 
7.4), with a Silhouette Coefficient of 0.786. 
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OTA concentration, indicating a decrease in the charge transfer rate. 
This reduction can be attributed to the adsorption of OTA molecules 
onto the electrode surface, hindering the active sites for electron 
transfer. 

The linear region at low frequencies in the Nyquist plots is indicative 
of diffusion-controlled processes. The slope of the linear region 
decreased with increasing OTA concentration, indicating a decrease in 
the diffusion coefficient of OTA. A calibration curve was constructed by 
plotting Rct as a function of OTA concentration. The calibration curve 
was linear with a high correlation coefficient (R2 = 0.99), indicating that 
the electrochemical method is sensitive to OTA. The limit of detection 
(LOD) of the method was calculated to be 0.045 ng mL− 1, which is 

significantly lower than the maximum allowable limits of OTA in food 
and beverages set by various regulatory agencies. The intra-electrode 
and inter-electrode reproducibility of the electrochemical method was 
assessed by performing consecutive measurements using the same 
electrode and different electrodes, respectively. The relative standard 
deviation (RSD) was 1.09 % for intra-electrode experiments and 5.33 % 
for inter-electrode measurements. These low RSD values indicate that 
the electrochemical method is reproducible. Overall, the EIS results 
demonstrate that the curcumin-modified electrode is a promising plat-
form for the development of a sensitive and reliable electrochemical 
sensor for OTA detection. 

The excellent analytical performance was confirmed by analyzing 

Fig. 6. (A) PM-IRRAS spectra of the curcumin layer exposed to various OTA concentrations in aqueous 10 mM PBS (pH 7.4) solution, including the spectrum for the 
sensor itself (zero concentration). The gold spectrum was used as the reference spectrum before being coated with a curcumin layer. (B) PM-IRRAS spectra in the 
range of 1225–1350 cm− 1, showing band shifts to smaller wavenumbers upon interaction between OTA and curcumin. 
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Nyquist plots of OTA commercial samples with interferents, and OTA 
diluted in grape juice and beer, using the multidimensional projection 
technique IDMAP. This approach allows us to visually represent each 
Nyquist plot as a distinct marker on a two-dimensional map. The spatial 
arrangement of these markers accurately reflected the dissimilarities 
among the various samples analyzed. The discerning power of our 
methodology is shown in Fig. 5(A). OTA samples stand out prominently 
from other mycotoxins such as AFB1, AFB2, and ZEA. Notably, the OTA 
concentrations typically shifted from right to left on the map, showing a 
clear trend. However, it is important to note that a few false positives 
may arise in cases involving low OTA concentrations (e.g., 1 ng mL− 1) 
and the presence of AFB1, AFB2, or ZEA. 

To validate the effectiveness of the developed electrochemical 
sensing platform for OTA detection in beverage matrices, we analyzed 
Nyquist plots obtained from EIS measurements of curcumin-modified 
paper sensors exposed to varying OTA concentrations in 100-fold 
diluted (A) beer and (C) grape juice beverages [36]. The Nyquist plots 
and their corresponding Rct values are presented in Figure S1. Consis-
tent with the observed behavior in PBS solution (pH = 7.4) (Fig. 4), the 
charge transfer resistance (Rct) values for diluted beverage samples also 
exhibited a decreasing trend with increasing OTA concentration. This 
observation suggests the absence of significant interference from 
quenching components in the analyzed beverages, highlighting the 
robustness and reliability of the proposed sensing platform. The IDMAP 
plots corresponding to the measurements in diluted beer and grape juice 
are shown in Figs. 5(B) and 5(C), respectively. These plots clearly 
demonstrate the sensor’s ability to discriminate between varying OTA 
concentrations in both beverage types. To quantify this distinction, we 
employed the silhouette coefficient methodology [39,40]. The calcu-
lated silhouette coefficients yielded \values of 0.771 and 0.786 for beer 
and grape juice, respectively. These values indicate a high degree of 
separation between distinct OTA concentrations within each beverage, 
demonstrating that our sensor exhibits good analytical performance for 
OTA detection in beverage samples. 

3.3. Adsorption mechanism behind detection 

Polarized-Modulated Infrared Reflection Absorption Spectroscopy 
(PM-IRRAS) [41,42] was employed to provide valuable insights into the 
OTA detection mechanism by observing changes in spectral bands 
associated with both OTA and curcumin. In Fig. 6(A), we present spectra 
obtained from gold substrates coated with a curcumin layer and exposed 
to various concentrations of OTA in an aqueous 10 mM PBS solution at 
pH 7.4. In this figure, the characteristic bands of curcumin and OTA [43, 
44] are clearly highlighted, aiding in our analysis. Of particular signif-
icance is the observation in Fig. 6(B) where the C–O (phenolic) band at 
approximately 1290 cm− 1 [43], linked to curcumin, undergoes a 
noticeable shift towards smaller wavenumbers upon interaction with 
OTA. It is important to note that this shift is not solely proportional to 
OTA concentration, as variations in molecular dipole orientation may 
also impact band area and intensity. This complex interplay suggests 
that the extent of analyte-sensor interactions, including electron transfer 

processes, plays a pivotal role in this context. Our hypothesis centers on 
the molecular structural resemblance between OTA and curcumin, and 
its ability to interact, enhancing the efficiency of the dynamic quenching 
process via the Förster mechanism, providing a compelling rationale for 
the selectivity of our proposed platform towards OTA. Furthermore, 
when curcumin is employed as a sensing probe for electrochemical OTA 
detection, the structural parallels between these compounds foster in-
teractions driven by dipole-dipole and van der Waals intermolecular 
forces. This synergistic interaction pattern substantially boosts the 
sensitivity of our sensing platform to OTA [32,37]. 

3.4. Estimate of the sensor cost and comparative study with other sensors 

Table 1 presents a comparative analysis of the limits of detection 
(LODs) for curcumin-containing paper sensors in contrast to previously 
reported electrochemical and optical sensors. The noteworthy aspect 
here is the competitive performance of the curcumin-based paper sen-
sors, especially considering their straightforward design and inherent 
selectivity. A remarkable feature of these sensors is their ability to target 
ochratoxin A (OTA) without the need for antibody immobilization, 
simplifying the sensing process. Furthermore, the economic viability of 
these sensors is a key highlight. The estimated material expenses stand 
at US$ 0.35 per 100 units for fluorometric sensors and US$ 0.50 per 100 
units for electrochemical sensors. Notably, the fabrication process itself 
is cost-effective, making these sensors not only robust in their analytical 
capabilities but also an attractive choice from a budgetary standpoint. 

4. Conclusions 

We have developed versatile, cost-effective, and disposable sensing 
platforms for ochratoxin A (OTA) detection in food using curcumin as 
the sensing molecule. Our sensors exhibit good sensitivity, with limits of 
detection (LODs) of 0.09 ng/mL and 0.045 ng/mL for optical and elec-
trochemical transduction methods, respectively. These sensors retain 
their efficacy in detecting OTA across a range of food matrices, even in 
the presence of potential interferents. Their robust performance is 
validated by multidimensional projection techniques, such as IDMAP, 
for processing electrochemical data. A key feature of our sensors is their 
ability to reliably discriminate OTA from other common interfering 
mycotoxins, such as aflatoxin B1, aflatoxin B2, and zearalenone. This 
capability is attributed to specific interactions between curcumin and 
OTA, primarily involving energy and electron transfer mechanisms in 
optical detection. In electrochemical detection, curcumin molecules 
form complexes with OTA molecules, increasing the binding affinity 
between OTA and the electrode surface. As a result, the presence of OTA 
in the electrolyte solution causes a greater change in the impedance of 
the double layer, which can be more easily detected by electrochemical 
impedance spectroscopy (EIS). Given their exceptional analytical per-
formance and simple manufacturing process, our sensors hold great 
promise for OTA detection in beverages. 
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