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ABSTRACT 

DETECTION OF MYCOTOXINS USING                                                              

SURFACE-ENHANCED RAMAN SPECTROSCOPY 

FEBRUARY 2022 

LOURDES MARTINEZ ROJAS 

B.S., NATIONAL UNIVERSITY OF ASUNCION, PARAGUAY 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Lili He 

 

Mycotoxins are toxic metabolites produced by fungus that can be parasites or 

saprophytes of crops or livestock forage. Consumer demand for plant-based foods and 

interest in animal-based foods originating from animals fed plant-based feed has been on 

the rise. Therefore, monitoring mycotoxins occurring in the food supply is more critical 

than ever. The goal of this project is to improve surface-enhanced Raman spectroscopy’s 

(SERS) ability to identify and detect mycotoxins using label-free SERS substrates. Two 

simple approaches were designed to enhance the detection of mycotoxins produced by the 

Aspergillus and Penicillium genera, ochratoxin A and  aflatoxin B1. Ochratoxin A was 

successfully detected in wine samples spiked with the mycotoxin in a range of 0.01 to 1 

ppm using a facile solvent-mediated extraction that showed the key role that the food 

matrix can play on the SERS substrate performance. The detection of aflatoxin B1’ SERS 

signals using bare gold nanoparticles was enhanced with the addition of human serum 
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albumin (HSA) as a mediating molecule. A combination of the HSA-mediated protocol 

and a liquid-liquid extraction (LLE) method allows the detection of up to 2 ppb of AFB1 

in compound feedstuff samples. Additionally, a simple SERS protocol applied to 

Aspergillus flavus grown in liquid and solid medium showed the technique’s capacity to 

classify between aflatoxigenic and non-aflatoxigenic species. Raman spectroscopy, SERS, 

Infrared Spectroscopy (IR) and surface-enhanced infrared absorption spectroscopy 

(SEIRAS) showed differences yet potential complementarity in their ability to identify 

mycotoxins produced by the Fusarium genus, deoxynivalenol and fumonisin B1.  
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CHAPTER 1 

DETECTION OF MYCOTOXINS IN FOOD USING SURFACE-ENHANCED 

RAMAN SPECTROSCOPY 

 

1.1 Abstract  

Mycotoxins are toxic metabolites produced by fungi that contaminate many important 

crops worldwide. Humans are commonly exposed to mycotoxins through the consumption 

of contaminated food products. Mycotoxin contamination is unpredictable and 

unavoidable, it occurs at any point in the food production system under favorable 

conditions and they cannot be destroyed by common heat treatments due to their high 

thermal stability. Early and fast detection plays an essential role in this unique challenge to 

monitor the presence of these compounds in the food chain. SERS is an advanced 

spectroscopic technique that integrate Raman spectroscopic molecular fingerprinting and 

enhanced sensitivity based on nanotechnology to meet the requirement of sensitivity and 

selectivity but that can also be performed in a cost-effective and straightforward manner. 

This review focuses on the SERS methodologies applied so far for qualitative and 

quantitative analysis of mycotoxins based on a variety of SERS substrates, as well as our 

perspectives on current limitations and future trends of applying this technique as for 

mycotoxin analyses.  
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1.2 Introduction 

Phytopathogenic fungi can invade crops in the field or during storage and can produce 

a large and growing family of low-molecular-weight molecules called mycotoxins that can 

accumulate in food or feed in toxicologically relevant concentrations. There are over 400 

compounds recognized as mycotoxins so far, with this number increasing over the years 

due to the capability of more specialized analytical tools and the increasing number of fungi 

being isolated. In terms of public health and agroeconomics the most important groups of 

mycotoxins are: aflatoxins, fumonisins, ochratoxins, and trichothecenes of type A 

represented by HT-2 toxin and T-2 toxin, and type B represented by deoxynivalenol 

(DON), zearalenone (ZEN), all produced by members of the genera Aspergillus, Fusarium, 

and Penicillium.1  

Mycotoxins are prevalent in cereals such as wheat, maize, barley, and rice, and 

soybean grains which are the most affected crops, as well as nuts, oilseeds, fruits, 

vegetables, cocoa and coffee beans, herbs, and spices.2–5 These toxic metabolites are stable 

compounds that are hard to destroy during most food processing operations, leading to 

contaminated food products such as fermentation-derived beverages, coffee, dried fruits, 

and others.6–9 Consumption of mycotoxin contaminated food can result in a variety of 

toxicological effects in an organism including toxic hepatitis, hemorrhage, edema, 

immunosuppression, hepatic carcinoma, equine leukoencephalomalacia, esophageal 

cancer, and kidney failure linked to aflatoxin B1 (AFB1), fumonisin B1 (FB1), and 

ochratoxin A (OTA).10,11 AFB1 has been classified as a Class I human carcinogen, while 
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FB1 and OTA are classified as Class 2B, probable human carcinogens, by the International 

Agency for Research on Cancer (IARC).12 Mycotoxins of the trichothecene type effects 

include vertigo, vomiting and diarrhea, weight loss, nervous disorders, cardiovascular 

alterations, immunodepression, hemostatic derangements, skin toxicity, decreased 

reproductive capacity, and bone marrow damage.13 Table 1 shows a summary of the 

occurrence and the major effects on mammals by the main groups of mycotoxins. 

The ubiquitous presence of phytopathogenic fungi and their capacity to produce 

multiple types of toxic metabolites result in considerable exposure to humans and animals. 

A three-year worldwide survey, from 2009 to 2011, indicates that 48% of 7049 feedstuff 

samples (corn, soybean/soybean meal, wheat, dried distillers’ grains with solubles, and 

finished feed samples) were contaminated by two or more mycotoxins. The toxicity of 

mycotoxin combinations cannot always be predicted based on their individual toxicities. 

Multi-exposure may lead to additive, synergistic, or antagonistic toxic effects, but data on 

combined toxicokinetics are still limited.14–17  

Consumption of contaminated feed by farm livestock animals also plays an important 

role in the introduction of these toxins in our food chain and results in large financial losses 

due to the reduction of animal performance or direct losses due to disease.18,19 Considering 

the effects mentioned, various national and international institutions including the US Food 

and Drug Administration (FDA), World Health Organization (WHO), Food Agriculture 

Organization (FAO), and the European Food Safety Authority (EFSA) released strict 

regulatory guidelines for the major mycotoxin classes in food and feed.   
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Table 1. Summary of producing organism, occurrence, and effects in mammals by the 

main five groups of mycotoxins. 

 

 

 

 

 

 

Mycotoxins /  

Molecule structure 

Producing organism Commodities affected Effects in mammals Ref. 

   Aflatoxins Aspergillus flavus and 

Aspergillus parasiticus 

Maize, wheat, rice, 

peanut, sorghum, 

pistachio, almond, 

ground nuts, tree nuts, 

figs, cottonseed, spices, 

milk, milk products, 

meat 

Carcinogenic, acute 

hepatitis, impaired 

immune system 

10,12,20–24 

Ochratoxins

 

Penicillium 

verrucosum and 

various species of 

Aspergillus spp.:                  

A. alliaceus,                        

A. auricomus,                      

A. carbonarius,                    

A. glaucus,                          

A. melleus,                    

A. niger 

Cereals, dried vine fruit, 

wine, grapes, coffee, 

cocoa, cheese 

Carcinogenic, 

nephrotoxic, hepatotoxic, 

teratogenic 

10,12,25,26 

 Fumonisins Fusarium spp., mostly              

F. verticilloides and                      

F. moniliforme. 

Maize, maize products, 

sorghum, asparagus 

Carcinogenic, 

hepatotoxic, causative 

agent in 

leukoencephalomalacia 

in horses 

11,12,27–30 

Deoxynivalenol

 

Fusarium 

graminearum and 

Fusarium culmurom 

Cereals, cereal products Immuno-depressants, 

gastrointestinal 

hemorrhaging 

13,31,32,269 

Zearalenone

 

Fusarium spp. Cereals, cereal 

products, maize, wheat, 

barley  

Estrogenic and 

reproductive disorder 

13,33,34 
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1.3 Current analytical methods and limitations 

For regulatory compliance, effective analytical methods to detect and quantify these 

mycotoxins are essential.  The analysis of mycotoxins usually requires toxin extraction 

from the matrix, a cleanup procedure to remove interfering elements, and detection and 

quantification using appropriate analytical instrumentation. The most common methods 

used for mycotoxin analysis are chromatographic systems coupled with highly sensitive 

detection systems such as liquid chromatography (LC) or high-performance liquid 

chromatography (HPLC) coupled with fluorescence (FL), ultraviolet (UV), or mass 

spectrometry (MS) detectors.2,35–37 The high resolution of these techniques usually requires 

extensive sample cleanup and purification, usually translating to high costs and laborious 

protocols.  

More rapid and simple alternatives are immunological-based methods, which employ 

specific antibodies to capture target analytes and reporter molecules to generate the 

detectable signals. Enzyme-linked immunosorbent assay (ELISA) is the most widely used 

in research and industry. Other techniques such as lateral flow detection (LFD), 

fluorescence polarization immunoassay (FPIA), radioimmunoassay (RIA), and immuno‐

affinity column assay (ICA) implement the same immunological-based fundamentals to 

develop simple, rapid, and convenient systems for mycotoxin analysis.38–52 Despite their 

simplicity major drawbacks for these types of tests are the possibility of cross-reactivity 

and a high matrix dependence that reduces accuracy. Additionally, there are high costs 

associated with development and commercial use.39,53 
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Other technologies were developed for the analysis of mycotoxins in the research field 

but with limited commercial applications as they require further verification and validation 

by the recognized organizations. Molecular and genomic methods such fluorescent in situ 

hybridization (FISH), DNA barcoding, or  polymerase chain reaction (PCR), are highly 

effective in identifying the presence of mycotoxigenic fungi but do not quantify the amount 

of mycotoxin produced. Approaches such as the electronic nose or hyperspectral imaging 

(HIS) are rapid and non-destructive methods that can detect the presence of mycotoxins 

through changes in physicochemical properties occurring in food contaminated with 

mycotoxigenic fungi, but they generally lack the accuracy needed for commercial 

applications.54  

The use of antibodies and other types of biosensors such as aptamers and molecularly 

imprinted polymers (MIPs) have been adapted to other numerous detection systems: 

electrochemical, optical, piezoelectric, or innovative devices like microarrays and 

microfluidics searching to improve the miniaturization and portability for field applications 

and to offer more straightforward, user-friendly detection systems.55–57  

The new generation of analytical techniques for mycotoxin analysis is seeking to use 

these types of miniature systems but so far have not succeeded in integrating the steps of 

extraction, purification, and detection directly into the system, a desirable requirement to 

avoid the tedious and time-consuming treatments to separate toxins from the rest of the 

components, especially in complex matrices like food.  
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1.4  Surfaced-enhanced Raman spectroscopy 

Raman scattering is the inelastic scattering of photons that can occur when interacts 

with matter which contains information on the vibrational modes of the compounds 

specific for each type of molecule. SERS is an advanced Raman technique that integrates 

nano-scale rough metal surfaces to enhance the signals (Figure 1) and detect trace amounts 

of molecules or even one single molecule, making it one of the few techniques capable of 

reaching this analytical limit. 58–60  The enhanced Raman signals come mainly from the 

electromagnetic fields originating from the interaction of light with metal surfaces.  

Regions with a highly enhanced local electromagnetic fields are called “hot-spots” and 

occur when neighboring nanostructures interact with each other over distances in the order 

of nanometers.61 In addition to the electromagnetic mechanism there is a chemical 

mechanism that depends on the nature of each molecule and involves the formation of new 

molecular states on molecules chemisorbed on a SERS-active surface.62–64 Thus, SERS 

directly detects the target analyte in a way that is molecularly specific allowing 

identification without the need for extensive separation in some cases, resulting in a rapid 

and non-destructive technique that is becoming increasingly popular in a wide variety of 

fields including food quality and safety,65–69 pharmacy,70 biomedicine,59,71 environment,71–

73 forensics science,74,75 and art and archeology.76,77  

SERS requires the same instrumentation of conventional Raman spectroscopy: 

excitation source, filters, spectrograph, and detector which are large in size and not suitable 

for on‐site rapid analysis. The high performance of SERS allows compromising the 
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traditional spectrometers specifications to reduce cost and increase portability allowing the 

development of compact, portable Raman spectrometers for field analysis78,79, an attribute 

that other high-performance methods such as HPLC, MS or gas chromatography (GC), 

have not yet obtained.    

SERS experiments can be designed to obtain qualitative and quantitative information, 

expanding its applicability from a simple qualitative screening to ultra-low detection. A 

pre-processing of the raw Raman spectra is usually necessary to correct disturbances due 

to spikes scattering or fluorescence effects. The desired information can be obtained using 

a univariate approach or a multivariate approach. The univariate approach extracts relevant 

information from an area, or the intensity of peaks related to the analyte of interest. 

Multivariate data analysis extracts all the information in complex matrices using algorithms 

such as Principal Component Analysis (PCA) or regression techniques as Classical Least 

Square (CLS) and Partial Least Square (PLS).80 PCA is one of the most useful statistical 

analyses used to analyze Raman spectra; it helps to determine spectral similarities and 

differences which is useful for qualitative purposes.81–83 Other statistical models such as 

partial least squares regression (PLSR), multiple linear regression (MLR), principal 

components regressions (PCR), and others, are needed to quantitatively interpret and 

validate SERS.81,82  

The parameters to obtain an optimum SERS response are different for each type of 

analyte and matrix, therefore it is necessary to optimize the technique according to the 

target compound, the matrix, and the scope of the study. 
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Figure 1. Schematic diagram of metallic nanostructures' benefit through the generation 

of electromagnetic fields near the analyte  to enhance conventional Raman signals. 
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1.5  Applications of SERS on the study of mycotoxins  

The first use of SERS for mycotoxin detection started at the beginning of this decade 

and has been gradually increasing. In the last two years, the number of publications doubled 

from the previous five years, and this year has already seen more publications than previous 

years. This increasing interest seems to correspond with the availability of appropriate 

nanostructures for substrates because of the progress in nanotechnology.84–86 The first step 

in establishing a new analytical method usually starts with the testing of standards solutions 

but the minimal sample preparation that the SERS technique requires facilitates rapid 

testing in real sample matrices as is shown in Table 2. Nevertheless, essential information 

is obtained from standard solution studies.83,87,88 In this work, all the studies that applied 

SERS to the detection of mycotoxins are described through a classification system 

according to the type of substrate employed.   

The type of substrate used is of utmost importance to determine SERS acceptability as 

an analyte detection technique.86 The overall Raman signal enhancement, the sensitivity, 

selectivity, and reproducibility will be determined by the substrate while the practicality 

and cost will depend mostly on the chosen substrate synthesis method and the further 

modifications that might be needed. A desirable SERS substrate should be reproducible, 

and signal enhancement must be homogenous across the surface or from batch-to-batch 

measurements. For commercial applications, the SERS substrate needs to have good 

stability to ensure an acceptable shelf-life. 
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SERS substrates can be divided into two groups: colloidal substrates and solid surface-

based substrates. Both groups rely on the physical properties of metallic nanostructures to 

enhance Raman signals in their proximity, but solid surface-based substrates provide better 

control over the location of hot spots and therefore enhance the reproducibility. Metallic 

nanostructures without any surface modification are called “bare or label-free 

nanoparticles” and although single-molecule detection can be achieved using these types 

of substrates they cannot isolate the target in complex samples such as food matrices. This 

is a significant drawback for detecting trace levels of a target analyte in complex matrices 

where they might be masked by the signals of other food components. In order to overcome 

this non-specific nature, metallic nanostructures can be modified or functionalized with 

common target capture mediators such as antibodies, aptamers, or MIPs.86,89,90 
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Table 2. SERS methods applied to detect mycotoxin in food samples. 

 
Mycotoxin  Sample Extraction SERS substrates LOD US* (μg/kg) EU* 

(μg/kg) 

Ref. 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

Aflatoxin B1 
 

 

Maize Methanol 70% 

followed by 

filtration 

AgNPs  

13−36  μg/kg 

 

 

 
 

 

 
 

 

 
20 

 

 
 

 

 

 

 
 

 

 
 

 

 
2-5 

8

1 

Maize Methanol 20%, 
sonication, and 

centrifugation 

 

3D-
Nanocauliflower 

(AuNPs@PDMS

@AAO) 

 
1.8 ng/mL 

9

1 

Maize meal Methanol 50% 
followed by 

filtration 

AFB1-aptamer 
Ag@Au CSNPs 

 
0.003  ng/mL 

9

2 

Maize meal Dilution, 
centrifugation, and 

another dilution 

Antigen Ni@Au 
NPs and 

AFB1-Ab AuNPs 

 
0.05 fg/mL 

9

3 

Maize Methanol 70% 

followed by 
centrifugation and  

10-fold dilution of 

the supernatant 

AFB1-Ab 

Au@AgNPs 

 

0.96  pg/mL 

9

4 

Corn, rice, 
and wheat 

Methanol 70% 
followed by 

centrifugation and 

addition of PBS 
(10mM, pH 7.4) 

OTA-Ab 
AuNPs 

 
0.061-0.066    

μg/kg 

 

9

5 

Peanuts Methanol 60%, 

ultrasonication, and 
centrifugation 

AuNBPs-AAO  

0.5 μg/L 

 

2-8 

9

6 

Wheat, 

corn, 

protein feed 
powder 

QuEChERS AuNPs 0.85 μg/kg  

2-20 

9

7 

Cocoa 

beans 

powder 

Methanol 70%, 

centrifugation, and 

filtration 

AgNPs 4.15 pg/mL - 

 

 

9

8 

 

 

 
 

 

 
 

Ochratoxin A 

Maize Methanol 70% 

followed by 

centrifugation and  
10-fold dilution of 

the supernatant 

OTA-Ab 

Au@AgNPs 

15.7 pg/mL  

 

 
 

 

 
 

 

 
 

- 

 

5 

9

4 

Wine Distillation of dilute 
samples 

OTA-aptamer  
Au-Ag Janus 

NPs 

1.28pM  
 

 

 
2 

9

9 

Wine Direct OTA-aptamer 

Au@Ag 

5pM 1

00 
Wine Supported liquid 

membrane 
(SLM) extraction 

Ag-capped 

silicon nanopillar 

115 μg/kg 1

01 

Coffee, 

wheat 

Methanol 70%, 

centrifugation, and 
filtration 

OTA-aptamer 

AuNTs 

25 nM 3-10 1

02 

Cocoa 

beans 

powder 

Methanol 70%, 

centrifugation, and 

filtration 

AgNPs 2.63 

pg/mL 

- 9

8 

 

 

 

Maize Methanol 70% 

followed by 

filtration 

 

Ag Dendrites 

5-25 

mg/kg 

 

 

 

 

 

 

8

2 
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Fumonisin B1 Maize Methanol 70% 

followed by 
centrifugation and  

10-fold dilution of 

the supernatant 

FUM-Ab 

Au@AgNPs 

0.96 ng/mL  

  2000-4000 

 

200-4000 

9

4 

Maize Methanol 80%, 

centrifugation, and 

filtration 

FUM-aptamer 

AuNRs 

3 pg/mL 1

03 

 
 

Deoxynivalenol 

Maize Methanol 20%, 
sonication, and 

centrifugation 

3D-
Nanocauliflower 

(AuNPs@PDMS

@AAO) 

24.8 ng/mL  
 

 

 
- 

 
 

 

 
750-1250 

9

1 

Maize Methanol 70% 
followed by 

centrifugation and  

10-fold dilution of 
the supernatant 

DON-Ab 
Au@AgNPs 

0.11 ng/mL 9

4 

Pig feed Methanol 50%, 

sonication, 
centrifugation 

AgNCs@ 

polydopamine 

0.82 fM 5000 900 1

04 

 

 

 
 

 

 
Zearalenone 

Maize Methanol 20%, 

sonication, and 

centrifugation 

3D-

Nanocauliflower 

(AuNPs@PDMS
@AAO) 

47.7 ng/mL  

 

 
 

- 

 

 

 
 

100-350 

9

1 

Maize Methanol 70% 

followed by 
centrifugation and  

10-fold dilution of 

the supernatant 

 

ZEA-Ab 
Au@AgNPs 

0.26 ng/mL 9

4 

Corn, rice, 
and wheat 

Methanol 70% 
followed by 

centrifugation and 

addition of PBS 
(10mM, pH 7.4) 

ZEA-Ab 
AuNPs 

0.53–0.57 
μg/kg 

 

- 75-100 9

5 

Feed Dispersive 

liquid−liquid 
extraction 

ZEA-Ab 

4,4′-dipyridyl-
AuNPs 

1 pg/mL - 100-3000 1

05 

Patulin Apple juice Solvent-mediated 

extraction 

AuNBPs 6 μg/L 50 50 1

06 
Blueberry 

and 

grapefruit, 
orange 

juice 

Solvent-mediated 

extraction 

MIPs-AuNPs 5.37x10-12 M 1

07 

Alternariol Pear 
 

 

 
 

Solvent-mediated 
extraction 

Pyridine-AgNPs 1.30 μg/L - - 1

08 

T-2 Maize Methanol 70% 

followed by 

centrifugation and  

10-fold dilution of 
the supernatant 

 

ZEA-Ab 

Au@AgNPs 

8.6 pg/mL - 100 9

4 

*US Food and Drug Administration advisory levels for mycotoxins109                                                                                                     

*European Commission advisory levels for mycotoxins110 
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1.5.1 Label-free colloids substrates   

The simplest SERS experiments use colloid substrates, mixing a known amount of the 

analyte with a colloidal suspension of metallic nanoparticles (Figure 2), such as silver (Ag) 

or gold (Au) colloids ranging in diameter from 10 to 200 nm. Ag and Au nanoparticles are 

arguably the most used substrates due to their physical properties, stability, low cost, and 

simple preparation.86 Ag in the form of nanospheres, usually referred to as Ag nanoparticles 

(AgNPs), was used to explore the detection of citrinin (CTN), aflatoxins, DON and in the 

form of dendrites to detect FB1.81,82,87,88 Lee and coworkers81,82 detected aflatoxins and 

fumonisins in maize samples using a simple procedure consisting in a solvent-mediated 

extraction following a mixing with nanoparticle solutions. Maize samples were divided 

into groups according to their levels of contamination, being 20-200 μg/kg and                           

5000-25000 μg/kg the groups with the lowest detectable amount of mycotoxin for 

aflatoxins and fumonisins, respectively. The authors presented their concern about the 

inaccuracy of the technique for detection at lower concentrations, but nevertheless, SERS 

showed its potential as a technique to screen mycotoxin contamination directly from food 

samples. AFB1 was also detected using Au nanoparticles (AuNPs) with a limit of detection 

(LOD) of 0.85 μg/kg in wheat, corn, and protein feed powders.97 The first SERS spectrum 

of DON was obtained and characterized by combining experimental results using AgNPs 

with density functional theory (DFT) analysis.88 Similarly, a detailed description of CTN 

spectra was obtained using AgNPs on the surface of hydrophobic Teflon films. Unlike 

hydrophilic platforms, like glass, where molecules dispersed in a solution are free to diffuse 
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over the surface, hydrophobic surfaces can concentrate molecules into a smaller region due 

to an effect known as the hydrophobic condensation effect, forcing them to enter the “hot 

spot” areas and thereby enhancing the intensity of SERS signals.111 Using a different 

platform is just one of the many ways to improve the Raman enhancement factor, 

reproducibility, and stability of the colloidal substrates. For example, when AgNPs were 

synthesized under an alkaline condition, the computed analytical enhancement factor (EF) 

improved (1.45×108 compared to 4.54×107 for a neutral pH 7), allowing the detection of 

OTA and AFB1 in spiked cocoa bean samples at very low LODs, 0.00263 μg/kg, and 

0.00415 μg/kg, respectively.98 There is also an indication that extraction solvents can play 

a role in improving the distribution of nanoparticles. A study showed the improvement of 

OTA’s Raman signal from wine and wheat samples when using only chloroform instead 

of a combination of salt/chloroform or using ethyl acetate as an extraction solvent. The 

interaction between the solvent and the food components led to the formation of small 

structures similar to crystals that served as platforms for nanoparticles therefore avoiding 

the formation of regions with high nanoparticle aggregation (coffee rings) and reducing the 

variability (Figure 3).112 The magnitude of electromagnetic enhancement is strongly 

dependent on the shape, size, and arrangement of the metallic nanostructures, or SERS 

substrates. It was seen that other shapes of nanoparticles, such as nano-rod, nano-triangles, 

nano-cubes, nano-stars, and core-shells can generate higher Raman enhancement than 

spherical nanoparticles, due to stronger plasmonic oscillation generated by the sharp 

edges64,89. The nanoparticles’ performance can also be improved by the addition of a 
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coating agent to maintain the stability of the suspensions or enhance the adsorption of the 

analytes on the substrate surfaces. Silver nanocubes coated with polydopamine 

(AgNCs@PDA) were used as a SERS substrate to detect DON in pig feed with a low LOD 

in a femtomolar range, 0.82 fM. An ultrathin shell of PDA (1.6 nm) increased the EF in 

one order of magnitude compared to bare AgNCs and improved the stability of the 

substrate maintaining 88.24% of the original Raman intensity after storage for three 

months.104 Alternatively, AgNPs were used to coat silica nanoparticles to detect mycotoxin 

alternariol (AOH). Using silica nanoparticles (~145 nm) as a template, AgNPs were more 

uniformly distributed in a colloid suspension as were the “hot spots”.  Using this substrate, 

AOH was detected at 4.3 nM, and this substrate showed high reproducibility with a relative 

standard deviation of 2.33–5.95%.113 In general, colloid nanostructures are affordable and 

easier to synthesize but the weak signal reproducibility is a major challenge due to the lack 

of control on their assembly and the exact location of the interaction with the analytes. 
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Figure 2. A simple SERS-based detection process using label-free colloidal 

nanoparticles. 
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Figure 3. Effect of chloroform as solvent extraction for OTA detection in food samples 

using SERS. Reproduced with permission from ref 113. Copyright © 2020 Elsevier 

B.V. 
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1.5.2 Label-free solid surface-based substrates 

Solid surface-based substrates reduce the high variance common on colloid substrates 

by the immobilization of them in solid platforms. The main purpose of this approach is to 

control the proximity of the “hot spots” with the analytes, to optimize the magnitude of the 

SERS effect, and to obtain a highly reproducible and long-term stable substrate. The 

immobilization can be made by direct deposition of colloid suspension or by fabrication of 

the nanostructures directly on solid platforms by template-based synthesis and 

nanolithography.67  There are only a small number of studies using this type of substrate to 

detect mycotoxins. Perhaps this is because they can be costly compared to colloid 

substrates and they still lack the high selectivity that functionalized nanostructure 

substrates offer. Nevertheless, two studies using bare solid surfaced-based substrates 

showed that SERS can differentiate between the four types of aflatoxins (B1, B2, G1, and 

G2).83,96 The first study in 2012, employed an oblique angle vapor deposition technique to 

fabricate a silver nanorods (AgNRs) array.83 In this technique, a thin layer of the substrate 

initially deposited on a solid surface is rotated by a stepper motor in an angle greater than 

75°, in front of a vapor source that controls the growth of AgNRs by a shadowing effect 

and surface diffusion. Pure solutions of the four types of aflatoxins were added directly to 

the surface of these arrays and allowed to dry before spectrum acquisitions114. Combined 

with DFT calculations, it was one of the first studies to provide a detailed characterization 

of these mycotoxin spectra. Similarly, the ability of SERS to discriminate between these 

molecules with minor differences was shown using Au nanobipyramids (AuNBPs) 
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uniformly distributed into the nanoholes of anodic aluminum oxide (AAO) template. The 

fabrication was simple; a colloid suspension of the nanoparticles was dropped on the 

surface of the template directly to allow the distribution into the nanoholes by diffusion. 

Although the promising selectivity of this method was based only on the differences of 

pure solutions, the LOD obtained for the main type, AFB1, from peanut extracts was low, 

0.5 μg/kg, and the standard deviation of 8.39% showed reproducibility.96 AFB1 was also 

quantified up to 5 ng/mL in piked peanut extracts using a pre-etched Ag nanocluster as the 

SERS substrate. For this method, Chen and colleagues115 used mesoporous silica as a 

template to synthesize the Ag nanoclusters prior to its immobilization on a silicon wafer. 

Other mycotoxins detected using solid surfaced based substrates are OTA, DON, and 

FB1.101,116 In another clear example of SER’s minimal sample preparation requirement, 

OTA was detected (LOD 115 μg/kg) in wine samples after being extracted using a high 

throughput SLM platform named parallel artificial liquid membrane extraction (PALME) 

and Ag-capped silicon nanopillars made by plasma as a SERS substrate (Figure 4). The 

use of chip-sized microscope slides as solid platforms for the Ag-capped silicon nanopillars 

allowed the construction of a multiwell system, an approach that can be useful when 

processing a high volume of samples simultaneously.101 

The spectra of DON and FB1, on their respective European Union (EU) advisory limits 

for unprocessed cereals 1250 and 4000 μg/kg were discriminated using nano-pillar arrays 

fabricated by means of two-photon polymerization (2PP) process.116 The 2PP is a type of 

the denominated “additive manufacturing techniques” that allows the fabrication of 
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physical components from virtual three-dimensional (3D) computer models by building 

the component layer-by-layer.117       

In general, the main advantages of this type of substrate are more stability and 

reproducibility, ease of use, and a low sample volume requirement, which makes it ideal 

for use with a handheld device for on-site detection. 
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Figure 4. a) Schematic illustration of OTA extraction with SLM using the PALME setup; b) 

SERS-based detection of OTA after extraction and acidification; a) and b) (i) acceptor phase 

(AW, pH 10) OTA with a negative charge; a) and b) (ii) donor phase (AA, pH 3) OTA in a 

neutral form (pKa value of 4 (for carboxyl group of phenylalanine) and 7.1 (for hydroxyl 

group of phenol); c) SEM image of Ag-capped silicon nanopillars used as SERS substrate; d) 

multiwell system with incorporated SERS chip. Reproduced with permission from ref 100. 

Copyright © 2020 Elsevier Ltd. 
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1.5.3 Functionalized nanoparticles  

Most of the methods developed to detect mycotoxins using SERS employ 

functionalized substrates. One reason is that the sensitivity and selectivity obtained can be 

comparable to conventional analytical methods.67 Capturing agents used to functionalize 

SERS active nanostructures can be single molecules or polymers with a chemical affinity 

to the target molecules or biosensors specifically designed for the recognition of one target 

analyte.  An illustration of the basic principles used for the detection of mycotoxins with 

functionalized nanoparticles is provided in Figure 5.  

1.5.3.1 Techniques based on antibodies  

Immunoassays are based on the extreme specificity and strong interaction of an 

antibody with his antigen. The principles of immunoassays are like the ones used in 

conventional methods such as ELISA, where the presence of a “reporter” is required to 

monitor minimal changes occurring on the presence of the target analyte. In 2014, ZEN 

was detected on spiked and naturally contaminated feed samples through a competitive 

assay using 4,4’-dipyridyl as a reporter and AuNPs as SERS substrates. The LOD reached 

the picogram range, 1 pg/mL, for ZEN standard solutions. On feed samples, the extreme 

sensibility of the method required the sample dilution before any Raman signals could be 

observed105. In the following years, three works using antibody-functionalized 

nanoparticles were developed to detect aflatoxins.93,118,119 Two of these included 

nanoparticles with strong electromagnetic properties to combine the steps of antigen 

capture and cleanup, using a magnet. Fang and coworkers93 employed Ni@Au 
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nanoparticles as a magnetic SERS substrate. The surface of these nanoparticles was 

modified with AFB1 coating antigens that in the absence of the mycotoxin binds to the 

AFB1 antibodies attached to the surface of AuNPs. Using this approach, the presence of 

AFB1 was detected with a LOD of 0.05 fg/mL on pure solutions and up to 1 fg/mL in 

maize samples. Similarly, Ko and coworkers118 conjugated AFB1 antibodies to magnetic 

beads and to silica-encapsulated hollow gold nanoparticles (SEHGNs) to create a 

sandwich-like (Ab-AFB1-Ab) immunoassay, achieving a LOD of 0.1 ng/mL in tap water. 

Finally, a different approach was taken with the development of an on-site SERS-based 

lateral flow immunosensor for the monitoring of aflatoxin M1 (AFM1) levels in urine. 

The actual presence of aflatoxins in food and feed is not always accurately reflected 

regardless of the type of analytical method used due to sampling and analysis errors.120,121 

AFM1, a AFB1 metabolite, concentration in serum (in form of albumin-AFM1 complexes) 

or in urine (as free AFM1) is related to AFB1 intake,122–124 making it suitable to track the 

real AFB1 exposure. AuNPs conjugated with AFM1-bovine serum albumin were 

immobilized on a nitrocellulose membrane served as a lateral flow strip. Reporter 

molecule, 5,5-dithiobis-2-nitrobenzoic acid, and anti-AFM1 monoclonal antibodies were 

conjugated with Au@Ag nanoparticles to capture free AFLM1. Once the strip is in contact 

with the samples the degree of AFM1-BSA/anti-AFM1Ab complexes formation will 

depend on free AFM1 concentration, being translated to an increasing or inecreasing of the 

reporter’s Raman signal. This immunosensor was able to detect up to 1.7 pg/mL of AFM1 

in the urine.94  
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Figure 5. Schematic diagram of basic principles of functionalized nanoparticles. A). 

Direct detection. Identification of mycotoxin signal captured by a capturing agent 

attached to a metallic surface. B) Indirect detection. Mycotoxin is detected tracking the 

changes in the intensity of capturing agent peak (or peaks) signal. C) and D) Detection 

using a reporter molecule. C) Sandwich-like assay. The presence of mycotoxin is 

detected by an increase in the reporter’s signal. D) Competitive assay. The presence of 

mycotoxin is detected by a decrease in the reporter’s signal. 
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1.5.3.2 Techniques based on aptamers 

 Aptamers are small oligonucleotides ligands, DNA, RNA, or peptides engineered to 

bind a specific target with high affinity. These molecules are thermally more stable than 

antibodies due to their simplest structure. There is no risk of denaturation under high 

temperatures, maintaining their structures over repeated cycles of 

denaturation/renaturation.125 Aptamers can be easily modified to introduce signal moieties 

or facilitate the linkage to a solid support, which makes them of extreme interest for 

functionalizing SERS substrates. Almost all the studies applying aptamer-based SERS 

detection for mycotoxins were developed for OTA, a few of them for aflatoxins and one 

study for FB1.66,99,100,103,126–129 These studies took two main directions, the first one 

consisted of the adsorption of aptamer molecules on Au surfaces by thiol-alkane linkage to 

analyze the spectral variation after adding the analyte.66,102 The processes in these 

experiments were simple and they reached a satisfactory LODs although the applicability 

in real food samples was not tested. The main problem with this approach is that structural 

changes occurring in the aptamer when capturing its analyte might not be translated to 

easily observable spectral variations and therefore it will require extensive statistical 

analysis becoming time-consuming. The second direction consists of indirect detection, 

monitoring the Raman signal intensity of reporter molecules, which are well known to have 

strong and well-characterized Raman activity. The simplest of these experiments used 

mycotoxin aptamers labeled with a reporter molecule that can be adsorbed on the surface 

of nanoparticles126 or other supporting surfaces99 when there are no mycotoxins in the 
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sample, giving strong SERS signals from the reporter. But the presence of the analyte 

prevents the adsorption from occurring and this is translated to a reduction in the intensity 

of the reporter’s Raman signals. Other more sophisticated methods employed a 

complementary strand aptamer to improve the affinity of the labeled-mycotoxin aptamers 

to the surface of the nanoparticles.100,103,127,128,130 One of the main benefits of using highly 

affine complementary aptamers is the guarantee that the reduction in the signal intensity is 

due to the presence of the mycotoxin and not a consequence of weak interaction between 

the aptamer and the nanoparticles. The LOD obtained using these methods can reach the 

range of picograms, even on real food samples.103  Li and coworkers131 adopted a different 

strategy to detect AFB1 by integrating four types of DNA: a AFB1 DNA-aptamer, a 

complementary DNA strand, a hairpin DNA and a capture DNA. The presence of the toxin 

will initiate a cycle that ends with the detection of the labeled-AuNP on the surface of the 

Au-coated glass (Figure 6). The LOD achieved using this approach was 0.4 fg/mL and the 

applicability was proved by quantifying the level of AFB1 in peanut samples.  
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Figure 6. Exonuclease-assisted recycling aptameric sensing chip method to detect 

AFB1. Reproduced with permission from ref 132. Copyright © 2017 Elsevier B.V. 
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1.5.3.3 Techniques based on molecularly imprinted polymers (MIPs) 

These stable polymers can mimic the function of biological receptors using a template 

(target analyte) during their synthesis. The specificity of these polymers is compared to 

one between an antibody and its antigen. Additionally, MIPs can be applied to recognize 

and capture low-molecular-weight analytes.132,133 MIPs can be synthesized directly on the 

surfaced of nanoparticles in the presence of the template, a monomer, a cross-linker, and 

an initiator molecule and as a result, MIPs@NPs will be obtained. Using these substrates, 

mycotoxins such as PAT, a very small molecule, was detected with high performance using 

SERS.107 MIPs has been developed for the recognition of other mycotoxins, DON, OTA, 

ZEN, FB1, and trichothecene T-2 indicating a possible application in SERS.134–139 

High sensitivity and selectivity are not difficult to accomplish using functionalized 

nanoparticles and the practicality and accuracy can always be improved due to the 

flexibility of these systems. For example, magnetic nanoparticles can be used to facilitate 

the separation process using a magnet;93,118,127,129,130 a wide variety of surfaces can be used 

as platforms to immobilize nanoparticles or biosensors allowing the fabrication of devices 

for on-site detection;94,119 more than one reporter can be used to improve the accuracy of 

the quantification;100 and a wide number of nanostructures or a combination of them can 

be employed to magnify the SERS effects.93,99,127,129 The selection of the type of substrate 

will depend mainly on the scope of the study. If the main purpose is the applicability, it is 

necessary to develop a rapid, sensitive, selective, reproducible method and will require 

important monetary resources. On the other hand, if the purpose is to explore SERS’ 
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potential to study mycotoxins as fundamental research, the use of non-complex, less 

expensive substrates might satisfy the requirements, but it will need extensive data 

processing and analysis. 

1.6 Current limitations and future perspective 

The increasing popularity that SERS has gained over recent years accompanied by the 

exponential progress in nanoscience is helping to solve one of the most common limitations 

attributed to SERS, the low reproducibility. The possibility to adapt biosensors has been 

crucial to improving the selectivity of the technique. However, there are still some 

drawbacks that need to be addressed, like the high-level expertise that the data analysis 

requires along with a deep understanding of statistical concepts to process and interpret 

results or the limited application due to the difficulty to implement a quantitative 

methodology correctly validated. There are many alternative routes to take to elevate this 

technique to the group of future analytical methods for mycotoxin detection. 

1.6.1 Simplified sample pretreatment 

One of SERS’s main characteristics is its simple sample pre-treatment that is easily 

ascertainable as the samples do not need extensive cleanup steps subsequent to the 

extraction when compared to most of the AOAC Official Methods of Analysis.2 SERS is 

compatible with the liquid-liquid extraction (LLE) method, one of the most traditional 

mycotoxin extraction methods, which is simple and affordable and it can be adapted to 

different scales.36 Generally, LLE extraction utilizes solubility properties to separate the 

analyte from most of the matrix components, followed by a filtration or centrifugation step 
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to eliminate the remaining solid suspensions. The choice of solvents also depends on the 

compatibility of the solvent and substrate, particularly for antibody/aptamer functionalized 

substrates that require compatible buffering conditions to maintain the activity of the 

antibodies or aptamers. In addition to the conventional LLE extraction method, a 

supported-liquid membrane (SLM) method and a QuEChERS (quick, easy, cheap, 

effective, rugged, safe) system were employed to extract OTA from wine samples 101 and 

AFB1 from wheat, corn, and protein feed powders,97 respectively. These simplified sample 

pretreatments can integrate sampling, extraction, and concentration while reducing sample 

handling and using a lower volume of solvents36,140 Another approach is solid-phase 

extraction (SPE) which uses the principle of chromatographic techniques employing 

disposable cartridges packed with an analyte-bonding material to recognize and separate 

the target analyte from the rest of the sample. Several SPE methods were developed for the 

extraction of mycotoxins OTA, AFB1, fumonisins, AOH, and PAT from different food 

samples, however, one of the main disadvantages of this method is that it requires specific 

conditions for each type of analyte, making it unlikely to find a universal type of cartridge 

for mycotoxins.36  QuEChERS methods on the other hand have been validated to extract 

fourteen mycotoxins from different commodities for a UHPLC-MS/MS analysis141 or up 

to seventeen mycotoxins for detection using an LC-Quadruple Orbitrap MS.142 This 

technique includes a micro-scale extraction with acetonitrile coupled to a dispersive solid-

phase extraction (d-SPE) to remove most of the remaining matrix interferences.143  

Additionally, these methods can be done using magnetic systems144–149 indicating the 
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potential to combine them with some of the previously mentioned SERS systems. 

Developing an all-in-one device for mycotoxins extraction and SERS detection is the 

ultimate goal for a commercial product. 

1.6.2 In-situ mapping 

Spectral data can be collected from discrete sections of an area or volume and 

integrated to generate artificial color images based on the intensity of a designated peak. 

This approach, named mapping technique, provides a better relative standard deviation 

than a simple average of a few randomly chosen points. Choo and coworkers150 

developed a microarray platform to detect three mycotoxins, OTA, FB, and AFB1. Using 

an antibodies-based system, this group showed that SERS mapping facilitates the 

interpretation of the results without affecting the sensitivity (Figure 7). This method also 

allows the use of a larger quantity of samples, usually meaning more representative 

sampling.  A large amount of liquid sample or diluted solid sample can be concentrated 

by filtration and the detection will be made using the same filter or membrane as the solid 

support.135 Mapping analysis’ most exciting feature is probably the possibility of directly 

analyzing the surface of vegetables, fruits, or other food products151,152 thus providing 

valuable information on the distribution and behavior of mycotoxins in matrices. The 

main limitation of this method is the need for a Raman microscope and sample staging 

moving in automation which increases the time and cost for sample analysis.153 
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Figure 7. SERS mapping-based multitoxin detection system. a) Detection pixels of a 

microarray well for the scanning of Raman signals. b) SERS mapping images acquired 

for seven different concentrations of OTA, FB, and AFB1. The scale bar on the right 

displays the color coding for different Raman intensities. Reproduced with permission 

from ref 151. Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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1.6.3 SERS combined with other techniques 

SERS can be combined with other techniques to complement their advantages and to 

overcome their individual limitations. Basically, SERS detection capability will be 

enhanced if it is combined with separation, colorimetric, labeling techniques, or 

microfluidic devices. If SERS is combined with other spectroscopic techniques, MS, 

nuclear magnetic resonance (NMR), infrared spectroscopy (IR), or X-ray spectroscopy 

(XR), the characterization capability will benefit greatly.154 This approach was proven 

before on the mycotoxin field combining SERS with thin-layer chromatography (TLC) for 

on-site detection of AFB1 from peanut samples, that additionally, due to TLC high 

separation abilities allowed the differentiation of the three remaining types of aflatoxins, 

B2, G1, and G2.155 Another example is the combination with fluorescence resonance 

energy transfer effect (FRET) for simultaneous detection of three mycotoxins (OTA, ZEN 

and FB1). Using this method the spectra of the three different analytes showed clear 

differences facilitating the discrimination although it required a complicated procedure.156 

The use of microfluidic devices for the development of miniature detection systems is one 

of the most promising approaches. The continuous flow condition generated in a 

microfluidic system guarantees reproducible results even using low laser intensity as it is 

seen in a study that attached OTA-aptamers on the surface of a microfluidic channel for 

the development of an on-site detection device.157 This integration is being studied and 

successfully applied to the detection of many other food contaminants showing numerous 

benefits like a fine control over the size and shape of the nanostructures, allowing highly 
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reproducible quantitative results.158 The application of these devices in food matrixes is 

still in its early stage and a fast expansion in the research field is expected. Integration with 

a smart mobile device will open the possibility of the SERS approach of reaching wider 

users and applications. In fact, the development of a smartphone-based SERS spectroscopy 

method was reported last year. The device showed easy operation and a rapid response 

time when analyzing typical SERS model molecules, rhodamine 6G and crystal violet159, 

with the potential to extend to other analytes.  

1.6.4 Multi-toxin analysis 

In addition to the basic requirements, the possibility of studying multiple analytes 

simultaneously adds extra value to any analytical technique but this becomes particularly 

necessary if the target is a market in which the co-existence of several analytes of interest 

in one sample, is well known.1,14,17 This concern has been considered and a few studies 

have already investigated SERS’ capability to detect multiple mycotoxins simultaneously. 

The first one in 2015, employed an indirect aptameric-based method for simultaneous 

detection of OTA and AFB1 in maize meals with satisfactory LODs, 0.006 ng/mL and 0.03 

ng/mL, respectively. 92 Later, another group developed a method to detect three 

mycotoxins, OTA, DON, and ZEN on the same sample based on the positive effects 

provided by nanoparticles with irregular shapes, and uniformly distributed on the surface 

of a solid platform. The SERS substrate was cauliflower-shaped AuNPs in an AAO 

template. This substrate showed high stability, relative standard deviation (RSD) of 4.5%, 

and the method detected mycotoxins at concentrations lower than the FDA advisory levels. 
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Another explored approach was the use of antibodies for the simultaneous detection of 

AFB1, OTA, and ZEA in foodstuffs,95 and AFB1, OTA, DON, ZEN, FB1, and T2 in maize 

samples. In the second example, Zhang and colleagues94 developed a triple test line lateral 

flow strip system that can be used on-site to detect six mycotoxins, reaching a picogram 

level. This method (Figure 8) is an indication of SERS’ significant potential to be 

miniaturized in an on-site multi-mycotoxin detection device. The goal is to develop  a rapid 

method for multi-toxin detection combined with a universal simplified sample pre-

treatment that is applicable to various types of food matrixes. 
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Figure 8. Antibody-based lateral flow immunosensor for multiple detection of mycotoxin in 

Maize. Reproduced with permission from ref 93. Copyright © 2020 Elsevier B.V. 
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1.6.5 “Detection” to “behavior analysis” 

Mycotoxin products formed after thermal treatments during food processing may have 

different toxicological properties than the parent mycotoxin, which makes it imperative to 

understand the fate of these molecules under degradation treatments. A recent study 

discussed the limited availability of analytical methods to study the fate of mycotoxins 

during thermal food processing. Most studies rely on targeted analysis that uses a set of 

expected compounds that might differ from the formed products. Alternately, untargeted 

analysis allows the elucidation of the complete spectrum of degradation products, known 

and unknown, in an unbiased way.160 By monitoring and interpreting the changes in the 

SERS spectra of mycotoxins during and after processing we may obtain valuable 

information on the stability and degradation of the toxins. Computational methods such as 

DFT help to provide a theoretical description of the chemical enhancement and to predict 

a Raman spectrum for metallic surface-adsorbed molecules. DFT‐simulated spectra can be 

compared with experimental data to provide valuable insight into the interaction of the 

target molecule with SERS substrates.63,64,84 SERS already demonstrated the ability to 

describe mycotoxin spectra at a molecular level in combination with DFT 

analysis.83,87,88,115 Also, its capability to monitor in real-time the kinetics of catalytic 

degradation of dyes molecules161–163 shows the potential to expand its applicability beyond 

detection analysis. Furthermore, SERS might help unravel the behavior of molecules 

during interaction with biosensors or nanostructures and provide information to improve 

bonding, stability, etc. and therefore develop better protocols. 
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1.6.6 Application of deep/machine learning  

Future trends for both, SERS techniques and mycotoxin studies are not limited to their 

adaptation into the smart device’s universe. The concept of deep learning and artificial 

intelligence methods for Raman and mycotoxin analysis is not new in either of these fields. 

Machine learning can be defined as a system capable of acquiring knowledge by extracting 

features from raw data and then using this knowledge to make decisions to tackle real-

world problems.164 Electronic nose and electronic tongue have been already applied for 

rapid detection of toxigenic fungi and mycotoxins.165 OTA/CTN-producing strains of 

Penicillium verrucosum on bread were successfully detected using an electronic nose.166 

Likewise, identification of food adulteration167–172 or food contaminants such as 

pesticides173–175 has been made by applying different approaches of Raman/SERS-machine 

learning concepts. SERS characteristics like the ability to generate a large number of 

spectral profiles in a short time make it suitable for use with artificial intelligence. It is 

conceivable to think about the possibility of quickly constructing a database of Raman 

spectral profiles of mycotoxigenic fungi and mycotoxins, with special attention to 

emerging mycotoxins, and implementing a machine learning method for the early detection 

of contaminated crops. Although it is important to generate information about the 

physicochemical properties of these molecules and to understand their toxicological 

effects, the food industry already has the information needed to understand that the new 

technologies should focus on the elimination of these toxic substances from the food chain. 
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1.7 Conclusion  

This review is the first to survey studies that applied SERS for the study and detection 

of mycotoxins. Contrary to the well-established conventional methods, SERS proved to be 

extremely flexible and adaptable to a large number of substrates, biosensors, and platforms 

for sensitive and selective mycotoxin detection and characterization. With the continuous 

miniaturization of Raman spectrometer devices and the development of the cost-effective 

and compatible SERS substrates, SERS holds the potential to reach the goal of the next 

generation of analytical techniques for mycotoxin research including a direction toward 

simple, fast, and field-deployable detection of multiple classes of mycotoxins, and toward 

advanced characterization and analysis for fundamental research.  
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CHAPTER 2 

A FACILE SOLVENT EXTRACTION METHOD FACILITATING            

SURFACE-ENHANCED RAMAN SPECTROSCOPIC DETECTION OF 

OCHRATOXIN A IN WINE AND WHEAT 

 

2.1 Abstract 

The capability of a solvent-mediated liquid-liquid extraction (LLE) method to improve 

the detection of ochratoxin A (OTA) in food matrixes using surface-enhanced Raman 

spectroscopy (SERS) is described. SERS detection of mycotoxins with nanoparticle 

aggregation is a simple method but with low reproducibility due to the heterogeneous 

distribution of the nanoparticle aggregates. We evaluated three different LLE protocols to 

analyze their performance in combination with SERS. A facile extraction method based on 

sample acidification and addition of chloroform as a separation solvent showed to not only 

extract OTA from wine and wheat but also facilitate the uniform distribution of the 

nanoparticles leading to   an improvement of the detection signals and the reproducibility. 

This method enables rapid and simple analysis of mycotoxin Ochratoxin A in food systems. 
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2.2  Introduction 

Ochratoxin A is one of the most widely spread mycotoxins metabolized by some 

toxigenic species of Aspergillus and Penicillium that contaminate a large variety of 

agricultural commodities such as grains, nuts, spices, coffee beans, and grapes, and 

imposes a hazard on both human beings and animals. Based on animal studies, the toxin 

has been shown to affect mostly the kidney but it can also have teratogenic, 

immunosuppressive, and carcinogenic properties.176,177 Despite the implementation of 

good agricultural, storage, and processing practices, OTA might be still present in food 

products even when the mold is  not visible.2  Hence, a rapid screening method that can be 

employed out of a lab setting  is desired to facilitate the control of OTA contamination in 

agricultural commodities. 

Surface-enhanced Raman spectroscopy (SERS) has been explored as a rapid screening 

method with the potential of on-site measurement with a portable device.  It is an advanced 

Raman spectroscopic technique that enhances the molecular fingerprint of analytes in the 

presence of nanoscale roughened metal particles and/or surfaces.68,178 In terms of 

mycotoxin detection, several SERS methods have been developed using nanoparticles; 

AuNPs or Au and Ag core/shell nanorods coated with aptamers or MIPs.66,107,127,129 

Compared to the classical chromatographic methods, such as HPLC,  TLC coupled with 

FL detection or MS/MS179–183 SERS is more cost-effective and simpler.  

Compared to the lateral flow immunoassays (LF-IA)184,185 SERS has demonstrated 

better sensitivity and quantitative capability. Despite that various functionalized SERS 
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substrates have been reported to be useful for mycotoxin applications, these substrates are 

not commercially available nor can be synthesized easily, thus limiting this technique for 

practical applications. Alternatively, unfunctionalized Ag or Au nanoparticles can be 

purchased commercially or synthesized easily as SERS substrate, however, but this is still 

limited mainly because of the difficulty to control the aggregation of the nanoparticles thus 

leading to signal inconsistency.73,92,186 In addition, sample pretreatment before SERS 

measurement is critical for real food sample analysis, which has not been extensively 

studied. 

In this study, we investigated three LLE methods of OTA from a wine sample and 

their impacts on SERS analysis utilizing inexpensive colloidal silver nanoparticles that can 

be purchased commercially or synthesized easily.  We  demonstrated  a facile but effective 

approach to not only extract OTA  from complex food matrices such  as wine and wheat 

but also facilitate a formation of uniform SERS substrate which solved the signal variation 

issues from the use of silver nanoparticles. With the demonstration of sensitive detection 

in real complex food matrices, this approach shows great potential to be used as a screening 

method for OTA in wine and wheat. 

2.3  Sample preparation and procedure 

OTA, silver nitrate, chloroform and phosphoric acid were purchased from Sigma-

Aldrich (St. Louis, USA). Sodium citrate dihydrate, methanol, ethyl acetate, chloroform 

was purchased from Fisher Scientific (Hampton, USA). A stock solution of OTA was 

prepared dissolving 1 mg of OTA in 5 ml of methanol and stored at -4 °C. Silver 
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nanoparticles were synthetized via reduction of silver nitrate using sodium citrate. All 

aqueous solutions were prepared with ultrapure water from Thermo Scientific Barnstead 

Smart2Pure Water Purification System. Red wine and wheat samples were purchased from 

a local market and spiked with a known amount of OTA solution. Triplicate samples were 

taken to perform the following OTA extraction methods (see Figure 9 for clarity). 

Method 1: Acidification with a solution of H3PO4 and NaCl followed by extraction 

with chloroform.187 500 µL of the sample was thoroughly mixed with 1000 µL of an 

aqueous solution containing 3.4% of phosphoric acid (85%) and 11.8% of NaCl. 500 µL 

of chloroform were added and intensively mixed during 1 min using a vortex followed by 

centrifugation at 2500 X g for 15 min. A compact thin layer was formed between the two 

phases. The clear organic phase at the bottom was  separated and the extraction was 

repeated with another 500 µL of chloroform. The combined extracts were evaporated to 

dryness in a vacuum evaporator  at 30 ºC. The residue was redissolved in 100 µL of an 

aqueous solution containing 15% of methanol (v/v). 

Method 2: Acidification with H3PO4 followed by extraction with chloroform.188 This 

method was based on the one described previously with some modifications as follows: 

200 µL of the sample was acidified to pH 2 using H3PO4 85% and intensively mixed during 

1 min using a vortex. Then 200 µL of chloroform was added and the organic phase was 

separated by centrifugation (3200 X g, 15 min).  The aqueous phase was extracted one 

more time with 200 µL of chloroform.  Organic extracts were reunified and evaporated in 



45 

 

a vacuum  evaporator at 30 ºC. The residue was redissolved in 100 µL of an aqueous 

solution containing 15% of methanol (v/v). 

Method 3: Extraction using ethyl acetate as the extraction solvent.189 300 µL of ethyl 

acetate was added to 200 µL of a non-acidified contaminated wine sample and the mixture 

was mixed for 5 min using a rotating shaker. After that, samples were incubated at room 

temperature for 15 min to allow the phases separation. The organic phase at the top was 

separated in a new tube and evaporated in a vacuum evaporator at 30 ºC. The residue was 

redissolved in 100 µL of an aqueous solution containing 15% of methanol (v/v). 

All extracts were mixed in a 1:1 ratio followed by a quick 3 min incubation, after those 

three drops of 10 µL of the mixture was dropped in a gold slide and dried at room 

temperature. A total of 30 spectra per drop were collected using a Thermo Scientific DXR 

Raman  Spectro-microscope   under  the   following   conditions:  780 nm  laser  source,  

20x objective resulting in laser spot of 2mm diameter, 10  mW laser power, and 1 s 

exposure time. SERS mapping was performed using DXRxi Raman Imaging Microscope 

with the following parameters: 20x objective, 780 nm excitation wavelength, 5 mW laser 

power, 50 µm slit aperture and 0.01 s collection time for an area of 2.8 mm x 2.8 mm.  

To quantify OTA in real samples, wine and wheat samples were spiked with five 

different concentrations of OTA: 0.01, 0.05, 0.1, 0.5 and 1 ppm. The wine samples were 

subjected to the method 2 for extraction and measurement directly. For wheat samples, the 

pretreatment of the sample was performed as follows; 1 g of ground contaminated wheat 

samples were suspended in pH 2 aqueous solution and rigorously mixed during 30 min. 
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The liquid phase was separated from the pellet by centrifugation (10000 rpm, 15 min) and 

transfer to a clean glass vial after where the protocol for extraction method 2 was applied. 

All the experiments were performed by triplicate and repeated on different days 

independently. TQ Analyst 9.8.208 software was used to construct a partial least squared 

(PLS) regression model to analyze the results. PLS is a multivariate analysis that reflects 

the intrinsic feature of one or more pure component spectra in a sample in which many 

sources contribute to the observed signal.190 The PLS model was built using direct SERS 

spectra of each sample set, correlating OTA concentration with the intensity of peaks 

assigned to OTA characteristic spectra. 
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Figure 9. Illustrative diagram of LLE methods tested.  



48 

 

2.4 Results and discussion 

Figure 10A shows the OTA molecular structure, which consists of a dihydro-

isocoumarin moiety linked with phenylalanine through an amide bond. Three of the major 

peaks founded in the SERS spectra of an aqueous solution of  OTA are highlighted in                

Fig. 10B. Peaks at 1003 cm-1 and 1030 cm-1 are generally attributed to the ring breathing 

mode and C-H in plane bending mode of phenylalanine respectively191, and due to the 

strong signals of 1003 cm-1 on OTA spectra, this peak has been already used to quantified 

the mycotoxin concentration in wines using SERS101.  An important characteristic of OTA 

chemical structure is the presence of an amide bond, a group that has been previously 

associated with peaks in a range between 1600-1610 cm-1.192,193 These three peaks were 

present with intensity variations in all OTA control spectrums regardless of the solvent 

utilized, which might indicate good OTA stability under the presence of organic solvents. 

But nevertheless, other differences observed between these spectrums showed that solvents 

(ethyl acetate or chloroform) or reagents (salts or acids) have an important influence on the 

final OTA spectra. Figure 10 also shows the spectra obtained from contaminated wine 

samples that were treated with different OTA extraction methods. The 1003 cm-1 peak was 

present only using extraction method 2  (Fig. 10C) while it completely disappeared in the 

other two spectra of wine treated with methods 1 and 3. Although there was a small peak 

in the wine background at the same position, the background peak was significantly lower. 

The 1030 cm-1 peak was also detectable only in the spectra of samples that were treated 

using method 2 but overlap with a peak at 1045 cm-1 was observed. Interestingly, the last 
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peak of interest at   1604 cm-1 showed strong signals, with some small shifting in the spectra 

obtained from the methods 1 and 3 (Fig. 10B and 10D)  but  not  the  method 2. This shift 

seems to be more related to the combination of the solvent (chloroform) with the acidic 

environment than to the influence of the matrix because this attenuation was already 

observed on the spectra of the corresponded OTA control.                                                                                                                                                                                               

 Microscope images of prepared SERS samples on gold slides revealed different 

drying patterns for each method of extraction (Fig 10 B1, C1, and D1). With methods 1 

and 3 the usual coffee ring structure was observed with a strong nanoparticle aggregation, 

for the first method possibly due to the presence of sodium chloride at high 

concentration.194 With method 2, this coffee ring structure disappeared and instead, a 

donut-like structure was observed. 
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Figure 10. (A) SERS spectra of pure OTA in methanol and Ochratoxin A molecular 

structure. (B and B1) SERS spectra  and  microscope  image of contaminated wine 

treated with extraction method 1. (C and C1) SERS spectra and microscope  image  of 

contaminated wine treated with extraction method 2. (D and D1) SERS spectra and 

microscope image of contaminated wine treated with extraction method 3.   
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To further investigate this phenomenon, we measured the samples from method 2 

using scanning electron microscopy and Raman mapping. As shown was observed in              

Fig. 11, AgNPs (white bright spots) seem to be spread around bigger crystal-like structures 

which were homogenously distributed and forming one thick ring. Compared to the  coffee 

ring structure where nanoparticles are extensively aggregated on the ring,  the nanoparticles 

in this structure had a much lower degree of aggregation. Although  nanoparticles 

aggregation to form the coffee ring is desired for enhancing SERS sensitivity, the 

aggregation process is difficult to control and often leads to non-reproducible results, 

making the implementation of quantitative analysis more difficult.63 This donut structure 

demonstrated a much more homogenous distribution of the nanoparticles that facilitate 

quantitative analysis. 
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Figure 11.  Scanning  Electron Microscope (JEOL  JCM-5000  NeoScope)  image of 

contaminated wine sample treated with extraction method 2 dried drop on gold slide. 
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The Raman mapping (Fig. 12A) of the OTA spiked wine sample treated with the 

extraction method 2 shows the OTA 1003 cm-1 signal was distributed fairly even around 

the entire outer ring. As a comparison, Fig. 12B shows a sample of pure OTA in methanol 

that was treated with the same procedure, and this peak signal was mostly concentrated 

towards one edge of the ring with uneven distribution. In addition, the OTA signal intensity 

was found significantly improved when the matrix was involved. These results indicate the 

matrix effect facilitated the formation of the donut-like structure, which may be resulted 

from the complex (the crystal-like structure shown in SEM) formed by the interaction 

between the OTA, matrix, and nanoparticles. The formation of such a complex may not 

only reduce the driving force of the nanoparticles towards the coffee ring when drying, but 

also enhance the OTA and nanoparticle interaction so that the signals were enhanced. 

Based on the characteristic peaks at 1446, 1318, 1027, and 802 cm-1 in the SERS spectra 

of method 2 sample, that were assigned to protein-related structures,195–198 we speculate 

that the nature of these crystal-like structures might involve proteins. Bin et al reported an 

enhanced SERS activity based on the formation of a satellite-like complex involving 

AgNP, bovine serum albumin (BSA), and triclosan (TCS).199 We will further investigate 

this structure in the future. 
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Figure 12. (A) Mapping image of OTA contaminated wine sample treated with 

extraction method 2. (B) Mapping image of OTA positive control that were treated 

with extraction method 2. 
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SERS signals for the increasing concentration of OTA in wine and a typical 

calibration curve are presented in Fig. 13. PLS regression analysis showed a good linear 

dependency between Raman intensity of the representative OTA peaks 1030 cm−1  and 

1003 cm−1 and OTA concentration with a correlation factor of R = 0.9938 in the range of 

0.01–1 ppm. The experiment was repeated independently on three different days, and the 

coefficient of variation of the R was calculated to be 1.7%. This result suggests the 

reliability of the method for quantifying OTA in wine. 

Contaminated wheat seeds were also tested to determine the applicability of the 

technique in different matrix samples (Fig.  14). In addition to the phenylalanine peaks, 

two peaks at 1520 and 1156 cm-1 showed strong signals until 0.5 ppm of OTA but 

disappearing below that concentration. PLS regression analysis applied for 1003 cm−1 and 

1030 cm−1 peaks showed an R= 0.9257 but this coefficient improved drastically if the 

analysis was only applied to 1003 cm−1 peak achieving R= 0.9883 for wheat samples 

contaminated with OTA in a range of 0.01–1 ppm. Similarly, this experiment was repeated 

independently on three different days, the coefficient of variation was calculated to be 

3.9%. 
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Figure 13. (a) SERS spectra of OTA contaminated wine samples after    Method    2   –   

Liquid-liquid    extraction    at    different concentrations  of  OTA.  (b) Correspondent  

PLS analysis curve showing   a   linear  relationship between OTA concentration and 

SERS signals at 1003 and 1030 Raman shift. 
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Figure 14. (a) SERS spectra of OTA contaminated wheat samples after Method 2 – 

Liquid-liquid extraction at different concentrations of OTA. (b) Correspondent PLS 

analysis curve showing a linear relationship between OTA concentration and SERS 

signals at 1003 Raman shift. 
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2.5  Conclusion  

We demonstrated a simple approach to extract OTA from wine and wheat samples for 

SERS analysis. This extraction method that is based on the acidification of the sample 

followed by extraction with chloroform facilitates the uniform distribution of nanoparticles 

that produced consistent and enhanced signals, which demonstrated a positive impact of 

the matrix to SERS analysis. The simplicity of this technique that avoids the use of complex 

and tedious extraction/clean-up procedures reducing time and cost is an important 

breakthrough towards the development of faster and cost-efficient detection methods of 

mycotoxins on-site. Further study will focus on improving the sensitivity of this method 

and explore its application to other mycotoxins in food. 

 

 

 

 

 

 

 

 

 

 

 



59 

 

CHAPTER 3 

HUMAN SERUM ALBUMIN ASSISTED DETECTION OF AFLATOXIN B1 

USING SURFACE-ENHANCED RAMAN  

3.1 Abstract 

A human serum albumin (HSA)-assisted assay enhanced mycotoxin aflatoxin B1 (AFB1) 

SERS signals using gold nanoparticles as SERS substrate. The optimized experimental 

parameters were established. Time of incubation played an important role in the interaction 

of AFB1-HSA with the SERS substrate. Optimum time of AFB1 and HSA incubation is 

30 min. Optimum time of incubation of AFB1-HSA complexes with gold nanoparticles is 

15 min. AFB1-HSA interaction showed a better performance under room temperature 

compared to 37 0C.  The order or reaction between the three components, AFB1, HSA, and 

AuNPs affected the results. The presence of other HSA ligand such as mycotoxin 

ochratoxin A (OTA) did not affect the detection of AFB1 if the experiment was performed 

at room temperature. The applicability of this protocol was tested using certified compound 

feedstuff. AFB1 was extracted from feed samples by a liquid-liquid extraction method 

(LLE). Results showed a linear (R = 0.8905) relationship of AFB1 concentration and SERS 

spectra. This approach provides a simple method that can be applied as a rapid and simple 

analysis of AFB1 in food systems. 
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3.2 Introduction 

Aflatoxin B1 (AFB1) is a metabolite of Aspergillus flavus and parasiticus, prevalent 

mostly in cereals, nuts and tree-nuts. AFB1 is the most prevalent, potent genotoxic and 

hepatocarcinogenic identified agent that poses a serious risk for humans and 

livestock.122,200 IARC has classified AFB1 as a human carcinogen belonging to Group 1.12 

In the US, AFB1 is the mycotoxin with the lowest limit of tolerance, 20ppb for all types of 

food destined for human consumption.201  Due to its importance, an extensive number of 

methodologies have been developed for the detection of this mycotoxin in food products. 

Although the official method of the AOAC for chemical confirmation AFB1 is by chemical 

derivative37, modern techniques such as LC-MS, LC-FL are preferred due to their accuracy 

and reliability. But the limited access to the instrumentation due to the cost requires the 

development of more simple and affordable detection methods. Immunological-based 

methods such ELISA dominate the market but generally they cannot achieve the level of 

accuracy and sensitivity of the chromatographic/spectrometric methods.202,203 These 

immunological methods in combination with SERS proved to be highly sensitive when 

detecting AFB1, reaching limits of detection in the low-femtogram range.94 SERS is a 

modification of traditional Raman spectroscopy that enhances the vibrational spectrum of 

molecules in the proximity to the metal surface due to the large electromagnetic field 

induced by localized surface plasmon resonance.204 SERS, has gained attention for being 

one of the few spectroscopic techniques that is moving towards the use of portable devices 
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for on-site or point-of-sampling (POC) analysis.205,206 Chemically synthesized silver or 

gold nanoparticles and/or surfaces are generally the more popular SERS substrates, they 

are easy to prepare especially suitable for researchers who cannot fabricate sophisticated 

substrates and they can be easily adapted to portable systems. But a limited reproducibility 

and homogeneity which may complicate quantitative determinations is the main 

disadvantage of this type of substrate.207–209 Different approaches have been used to address 

this problem, such as the innovate method previously developed by our group using AgNP 

core-bovine serum albumin (BSA) protein satellite to improve the detection of triclosan 

(TCS) in water samples.199 Human serum albumin (HSA), from the same family of BSA, 

is the most abundant protein in human blood plasma. It functions on the membrane 

transport, distribution, and elimination of numerous compounds including mycotoxins and 

the formation of complexes with many of these compounds including AFB1210–215 it has 

been previously studied. Additionally, the use of HSA to coat the gold nanoparticles for 

biomedical applications216 demonstrate its compatibility with this type of colloidal SERS 

substrate. AFB1 and its detection in food have been previously studied using SERS, 

achieving satisfactory results, but most of the studies employed antibodies, aptamers, or 

other complex compounds to enhance the selectivity and sensitivity of this technique.217 In 

this study we optimized an HSA assisted method of detection for AFB1 using SERS, as 

the first attempt to achieve a simpler analysis using bare nanoparticles without the need for 

complex ligands that can be expensive or hard to adapt when moving towards the use of 

portable SERS devices.   
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3.3 Materials and Methods 

3.3.1 Chemicals 

AFB1, OTA and HSA were purchased from Sigma-Aldrich (St. Louis, USA). Citrate-

capped AuNP (50 nm, 0.05 mg/mL) was purchased from nanoComposix (San Diego, 

USA). All aqueous solutions were prepared with ultrapure water (18.2 MΩ·cm) from 

Thermo Scientific Barnstead Smart2PureWater Purification System. 

3.3.2 Optimization of HSA-assisted assays  

Stock solutions of AFB1 (200 ppm) and HSA (1 μM) were prepared with methanol 

and ultrapure water, respectively and diluted to desired concentrations with ultrapure water. 

To optimize signal amplification, several parameters were tested as following: three 

different concentrations of the protein were mixed with AFB1 and AuNPs in a ratio of 

1:1:2. HSA final concentration were 0.01, 0.005, 0.001 μM. HSA (50 μL) and AFB1                   

(50 μL, 5 ppm) were incubated under slow agitation at room temperature and at 37 oC for 

15, 30, and 60 min. After that, a second incubation was made mixing the AFB1+HSA 

mixture with 100 μL of AuNPs for 15, 30, and 60 min, at room temperature and under slow 

agitation. Finally, 10 μL of the sample was placed on the surface of a gold slide and air-

dried for SERS measurement. Once the optimum parameters were selected, we tested a 

second protocol consisting of coating the nanoparticles with HSA, previous to the 

interaction with the toxin. HSA (50 μL) and AuNPs,  50 nm (100 μL) were incubated for 

15 min under slow agitation. After that, 50 μL of AFB1 (5 ppm) was added to the solution 
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and incubated for 30 min. SERS measurement was performed as previously described. The 

capability of the method to detect AFB1 on the presence of other HSA ligand was tested 

using a mixture of AFB1 and mycotoxin OTA in equal concentrations. 

3.3.3 AFB1 detection 

The minimum detectable concentration of AFB1 using HSA-assisted assay was tested 

using five different concentrations of the mycotoxin, 2, 4, 6, 8, and 10 ppb. The 

applicability of our assay was evaluated using AFB1-free (< 1 ppb) and AFB1-highly 

contaminated (> 12.9 ppb) certified compound feed samples mixed at different ratios. Final 

concentrations of AFB1 were 2.5, 5.1, 7.7, 10.32 and 12.9 ppb. 0.75g of each mixture was 

placed in a 15 mL conical tube and 1.5 mL of methanol/water (8:10) was added. Tubes 

were vigorously shaken for 30 min on a mechanical shaker, after that samples were 

centrifugated at 3000 rpm for 5 min and 500 uL of the supernatant were placed in a new, 

clean microcentrifuge tube. Then, 100 uL of chloroform and 600 uL of  3% potassium 

bromide (KBr) was quickly added to each tube. After 5 min centrifugation at 3000 rpm, the 

extraction phase, settled at the bottom, was transferred to microcentrifuge tubes and dried 

in a vacuum evaporator at 30 ºC for 30 min. Finally, the pellet was redissolved in 25 μL of 

methanol/water (8:10) and the HSA-assay protocol was applied as described before.  

3.3.4 SERS measurement and data analysis 

Thermo Scientific DXR Raman  Spectro-microscope equipped with a  780 nm  laser  

source and 20 x objective was used in this study. For each sample, 20 spots were randomly 

selected, and the SERS spectra was collected using 10  mW laser power and 2 second 
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acquisition time. All the experiments were repeated 3 times. The mean and standard 

deviation were analyzed using OMNIC 9.0 software (Thermo Scientific). Partial least 

square (PLS) analysis was made using TQ Analyst software (Thermo Scientific).  

3.4 Results and discussion 

3.4.1 Characterization of AFB1 SERS spectra using AuNPs 50 nm as substrate 

AFB1 (Fig. 15a) presents a strong Raman fingerprint when mixed with AuNPs 50 nm 

(Fig. 15b). Most of the distinct peaks observed in this study are consistent with the ones 

found in the literature and a summary of the vibrational modes assigned to those Raman 

shifts are listed in Table 3.  
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Figure 15. a) Molecular structure of AFB1, and b) SERS spectra of AFB1 using 

AuNPs 50 nm as SERS substrate. Seven major AFB1 peaks are highlighted.  
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Table 3. Summary of the Raman shifts and vibrational modes of AFB1 from experimental  

SERS spectra using gold nanoparticles as substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peak position (cm-1) Vibrational modes Ref. 

1556 ν(C–C) and ring deformation  
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1490 ν(C7=C8) and ring deformation 

1357 δCH3 

1272 β(C–H) and ring deformation 

1090 ν(C–C–C) and ring deformation 

935 ν(C–O) and ring breath  

687 C–H in-plane bending 
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3.4.2 Optimization of HSA-assisted assays. HSA concentration 

Previously, in a study using AgNP core –BSA satellite as SERS substrate to improve 

SERS signals of the antimicrobial agent TCS199, the importance of the protein:nanoparticle 

ratio to optimize the enhancement was demonstrated. Hence, we first tested three different 

concentrations 0.01, 0.005, and 0.001 µM as final concentrations of HSA, chosen 

according to the results presented in the previous study. Figure 16a shows the SERS spectra 

of AFB1 without and in the presence of different concentrations of HSA. The strongest 

peaks at 687, 1271 and 1556 cm-1 were selected to show the changes in the intensity under 

the presence of HSA. A slight enhancement on the SERS signals is observed when                  

0.001 µM of HSA was used but the best signal is obtained when the HSA final 

concentration is 0.005 µM (Fig. 16b), similar to the results obtained in the previous study. 

However, after using 0.01 µM of HSA, the value of the AFB1 peak intensities decreased 

even under the control values. The use of ligand proteins like HSA reduces the distance 

between the analyte and the surface of the nanoparticles increasing the local electric field 

around a nanoparticle resulting in a SERS enhancement.219 However, after passing the 

threshold of the HSA concentration it is reasonable to think that these molecules can 

become an interference and produce the opposite effect resulting in a decrease of the 

analyte signals. 
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Figure 16. a) SERS spectra of: (i) AFB1 without protein (ii) AFB1 with 0.001 μM of 

HSA (iii) AFB1 with 0.005 μM of HSA (iv) AFB1 with 0.01 μM of HSA (v) HSA 

without AFB1. b) SERS intensity variation for three major AFB1 peaks, 687, 1556 and 

1272 cm-1, using 0.001, 0.005 and 0.01 μM as final concentrations of HSA.  
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3.4.2 Optimization of HSA-assisted assays. Time and temperature of incubation 

Time and temperature are generally important factors on the formation of chemical 

complexes. The binding process between AFB1 and HSA seems to be spontaneous at 

room-temperature214 but when working at a low concentration of the analyte, a longer time 

of incubation might be needed to guarantee all the analyte molecules are captured by the 

protein. Figure 17a shows the average intensity of three major AFB1 peaks when this is 

incubated with HSA during 15, 30 and 60 min. The following incubation of the formed 

complexes with nanoparticles was maintained constant, for 15 min. The intensity of the 

three peaks followed the same trends, the maximum enhancement is observed when 30 min 

of incubation was applied. This result might indicate that 15 min is not enough to bind the 

present HSA with all the AFB1 molecules. However, when the incubation time reached 60 

min, SERS signals suffered a drop in intensity. The HSA molecule is composed of three 

homologous domains (I, II and III), each of which is subdivided into a pair of subdomains 

called ‘‘A’’ and ‘‘B’’ (Fig. 18).220 Most of the studies associated a site called Sudlow I on 

the subdomain IIA as the AFB1 binding site, while the stabilization of the HSA-AuNPs 

interaction is led by amino acids residues, mainly Trp and Tyr, in the Sudlow's site II 

(subdomain IIIA), the absorption of HSA on gold surfaces can affect the binding of ligands 

in near domains due to the changes generated on the tertiary structure of the protein.221 

Likewise, increasing the concentration of aflatoxins induced conformational changes in the 

protein structure proved by a blue shift (5 nm) in the emission spectra of HSA.214 If the 

incubation time is long, most of the AFB1 present in the sample will bind to the HSA 
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molecules, and may be similar to what happens when the toxin concentration increases. 

This can result in changes in the protein conformation that can affect the interaction with 

the nanoparticles and therefore reduce the intensity of the analyte signals.  

In comparison, SERS signal intensity of AFB1 in the presence of HSA followed a 

linear trend, decreasing over time, after the incubation with gold nanoparticles were made 

at 15, 30 and 60 min. Similar to the first test, the peaks at 687 and 1556 cm-1 showed small 

variations; the most significant difference is observed on the 1272 cm-1 peak. According to 

a DFT study performed by Wu, 2012 and co-workers83 the three peaks are related to the 

primary structure of aflatoxins. That is to say, that these peaks appeared for any of the four 

types of aflatoxins (B1, B1, G1 and G2) tested in that experiment. However, the peak 1272 

cm-1 is also associated with amide III bands coming from protein backbones.222,223 If in our 

experiment the source of this peak also comes from the protein, it might be another 

indication of changes on the protein structure after interaction with the mycotoxin over 

time. This hypothesis is based on the similarity between HSA controls spectra using 

different time of incubations, but deeper studies are needed before making any final 

conclusions. 
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Figure 17. SERS intensity variation of three major AFB1 peaks, 687, 1556 and 1272 

cm
-1

 a) after 15, 30 and 60 min of AFB1-HSA incubation b) after 15, 30 and 60 min of 

(AFB1-HSA) + AuNPs incubation.  
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Figure 18. The structure of Human serum albumin (HSA) representing domains, 

subdomains, and binding sites Sudlow I (subdomain IIA) and Sudlow II (subdomain 

IIIA) related with AFB1 and gold surfaces binding sites, respectively. Ref. 204 
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The formation of AFB1-HSA complexes occurs in physiological conditions, pH 7.4 

and 37 °C but studies suggests a decrease in the stability of the AFB1-HSA complex when 

increasing the temperature.211,214 We incubated AFB1 and HSA at 37 °C and at room 

temperature to compare their SERS spectra. Figure 19 showed the changes in the SERS 

signal intensity of the peaks chosen as reference (687, 1227, and 1556 cm-1). Results agreed 

with the information found in the literature. An increment in the temperature represents a 

non-favorable condition for the AFB1-HSA interaction.  These results also have a positive 

connotation for our purpose, eliminating the need for a piece of equipment as an incubator. 
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Figure 19. Variation of SERS signal intensity of peaks 687, 1272 and 1556 cm-1 when 

AFB1-HSA is made under 37 °C or at room temperature (25 °C).  
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3.4.3 Optimization of HSA-assisted assays. Order of reactions 

The order of the interaction AFB1-HSA-AuNPs was reversed in an attempt to reduce 

total experiment time. The experiment consisted of adding the analyte to previously 

prepared HSA-coated gold nanoparticles that may be prepared ahead and stored, ready for 

use when necessary. Figure 20 shows the SERS spectra of AFB1 detected using SERS after 

using the first protocol in which the interaction between AFB1 and HSA is the first step 

(Method 1) and compared to the second protocol (Method 2) in which the toxin is added 

to an HSA-capped AuNPs substrate. Results indicated that the order of addition of the 

compounds has a significant impact on the toxin’s SERS signals. The reduction in the 

intensity observed on Method 2 supports the idea previously suggested about 

conformational changes occurring in the protein when interacting with gold surfaces, 

resulting in an alteration of its ability to bind other ligands.   
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Figure 20. SERS spectra of AFB1 detected using SERS by Method 1: addition of 

nanoparticles to a solution containing AFB1-HSA complexes, and Method 2: addition 

of the analyte to a solution of HSA-coated AuNPs.  
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3.4.3 Optimization of HSA-assisted assays. Selectivity  

Aflatoxin B1 binds to HSA with high affinity (Ka~104 L/mol) but other molecules 

including other mycotoxins such ochratoxin A showed higher affinity (Ka~107 L/mol) to 

the protein215. According to the literature, OTA binds to HSA in the two Sudlow sites, 

competing for one of the sites with AFB1 (site I, IIA). A mixture of AFB1 and OTA at the 

same concentrations were used in an HSA-assisted assay to test the selectivity of the 

method for AFB1. Figure 21 shows the result of this experiment. A reduction in the signal 

intensity is observed when OTA is present on the sample, but OTA’s characteristic SERS 

peaks at 1003 and 1030 cm-1 are not present. Compared to AFB1, the interaction of OTA 

with HSA was shown to be optimum under 37 °C.224–226 The observation of the OTA 

related peaks, on 1003 and 1030 cm-1, when the experiment is performed under 37 0C 

supports previous studies. This experiment also demonstrated the crucial factor that 

temperature plays in the interaction of HSA with its ligands.   
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Figure 21. SERS spectra of AFB1 and AFB1+OTA at room temperature and 

AFB1+OTA at 37 °C using HSA-assisted assay. 
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3.4.3 Quantitative SERS analysis of AFB1  

We tested the potential of this method for quantitative detection of AFB1 using five 

different concentrations of the toxins, 2, 4, 6, 8, and 10 ppb. Initially, we employed a final 

sample that was 1/10 than the total sample for the SERS measurement. In order to increase 

the accuracy, we added a concentration step consisting of the centrifugation of the samples 

containing AFB1-HSA-AuNPs (200 µL) complexes at 8 g for 5 min following by a 

removal of 180 µL of supernatant and a final resuspension of the precipitate on the 

remaining 20 µL. PLS analysis performed using the three major characteristics peaks, 687, 

1272 and 1556 cm-1 showed an R = 0.9341, showing that AFB1’s SERS signals increases 

with increased toxin concentration (Fig. 22 a and b).  
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Figure 22. (a) SERS spectra of AFB1, in a range of 2 to 10 ppb, using HSA-assisted 

assay. (b) Correspondent PLS analysis curve showing a linear relationship between 

AFB1 concentration and SERS signals at five Raman shifts. 
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The applicability of the protocol was tested using AFB1-free (< 1 ppb) and highly 

contaminated (< 12.9 ppb ) certified compound feedstuff. Both samples were taken as a 

negative and positive control, respectively. Five mixtures at different ratios were prepared 

to analyze the performance of the protocol as a quantitative method. Figure 23a shows that 

the assigned AFB1 peaks were not observable in the raw SERS spectra, however there are 

differences between the SERS spectra of AFB1-free and the highly contaminated 

compound feed samples. Peaks at 1003, 1032, 1150, 1364, and 1377 cm-1 showed a visible 

change in their intensity that appears closely linked to AFB1 concentration as they 

decreased when AFB1 concentration decreased. These bands are usually observed in 

biological samples,227–230 indicating that the presence of the mycotoxin facilitated the 

aggregation of nanoparticles and therefore the SERS signal of the surrounding molecules 

including HSA improved. PLS analysis for the whole 1495-720 cm-1 region showed a 

reduction in the correlation coefficient, 0.8905, compared to the one obtained using the 

AFB1 pure solution. This is an expected result because of the inevitable interference of the 

other matrix components. This problem could be solved using more selective extraction 

and purification procedures, but nevertheless this simple and affordable protocol can 

differentiate between highly contaminated and non-contaminated compound feedstuff 

showing potential as a detection method. 
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Figure 23. (a) SERS spectra of certified compound feedstuff, in a range of highly 

contaminated, > 12.9 ppb, to 1 AFB1-free, < 1 ppb (b) Correspondent PLS analysis 

curve showing a linear relationship between AFB1 concentration and SERS signals in 

feed samples.  
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2.8 Conclusion  

In conclusion, we demonstrated that SERS spectra of mycotoxin AFB1 can be 

enhanced by the addition of the albumin protein HSA as a nano-interface between the 

analyte and the surface of the nanoparticles. Additionally, our study provides support to 

previous studies about AFB1-HSA interaction showing an improvement on the toxin 

spectra when the interaction occurs at room temperature. Results also support studies that 

suggest possible conformational changes in the protein when the analyte increases in 

concentration. More detailed studies are needed to fully comprehend this phenomenon. 

Although the AFB1 concentrations used for the quantification analysis were higher than 

the limit of quantification achieved for some of the sophisticated techniques, this method 

demonstrated good performance (R = 09341) for a range of concentration of the toxin that 

includes its minimum tolerable amount in the US, 20 ppb, for all food destined for human 

consumption. Likewise, this method in combination with a simple liquid-liquid extraction 

protocol differentiated between non-contaminated and contaminated compound feedstuff 

even below 10 ppb, showing the application potential of this protocol as a rapid and 

affordable screening method to facilitate mycotoxin monitoring. 
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CHAPTER 4 

DIFFERENTIATION OF AFLATOXIN-PRODUCING AND                                 

NON-PRODUCING STRAINS OF ASPERGULLUS USING SERS  

4.1 Abstract 

In this study, A. flavus and A. oryzae aflatoxin-producing and non-producing strains 

were successfully differentiated using surface-enhanced Raman spectroscopy (SERS) and 

principal component analysis (PCA). A simple method consisting of a direct measurement 

of Aspergillus culture filtrates mixed with silver nanoparticles using a portable Raman 

analyzer was applied. PCA analysis showed two separated clusters corresponding to the 

SERS spectra of fifteen A. flavus strains and seven A. oryzae strains. Similar results were 

obtained when comparing seven A. flavus and five A. oryzae grown in a rice-based solid 

medium. This method appeared valuable for rapid screening aflatoxigenic and non-

aflatoxigenic Aspergillus strains. 
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4.2 Introduction 

Aspergillus flavus has ubiquitous worldwide distribution and represents the most 

common species associated with aflatoxin contamination of agricultural crops. This genus 

has been subdivided into sections including a Flavi section, also referred to as the A. flavus 

group. This group is likewise divided into 2 groups of species: the first group includes A. 

flavus and A. fumigatus, species that are reported as the leading cause of invasive 

aspergillosis and the most common cause of superficial infection. The second groups which 

includes the non-aflatoxin producing species A. oryzae, A. sojae and A. tamari.231,232 A. 

oryzae is closely related to A. flavus in morphology and genetic characteristics but 

compared to A. flavus, A. oryzae is a beneficial fungus generally recognized as safe 

(GRAS) with relevance to the food industry.232,233 A. oryzae is a filamentous fungus used 

for centuries in the oriental food fermentation industry to saccharify rice, sweet potato, and 

barley in the production of alcoholic beverages such as sake and shōchū, and also to 

ferment soybeans for making soy sauce and miso.234 Therefore, differentiation of aflatoxin 

productivity and non-productivity in the Flavi section has important implications in 

ensuring the safety of the fermented products.  

Traditional methods primarily used to differentiate between aflatoxin-producing and 

non-producing strains are based on morphological parameters or the use of different media 

that allow the release of aflatoxins combined with the following evaluation of the aflatoxin 

production using HPLC.235–237 These classic methods are laborious and need the expertise 

of mycologists to avoid misidentification. Additionally, they are time-consuming and 
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expensive because HPLC requires further purification steps. PCR technology allows for 

accurate detection of aflatoxin-producing Aspergillus spp. on different food products such 

maize, pepper, paprika, peanut and wheat238–241. However, this method has not been applied 

in a concerted way, therefore showing the importance of developing alternative routine 

techniques to rapidly discriminate aflatoxin-producing and non-producing strains. 

Spectroscopic techniques can be used to discriminate different types of 

microorganisms, cells, tissues, diseased, and normal biological samples, based on the 

identification of functional groups of molecules and the characterization of 

conformationally distinct structures in the biological molecules. SERS has been 

successfully used for detecting and identifying various microorganisms such as bacteria 

and yeasts242–244 but to our knowledge this is the first attempt to discriminate between 

different strains of an organism based in the toxigenicity. 

In this study, we evaluated the capabilities of SERS to discriminate between 

aflatoxigenic A. flavus strains and non-aflatoxigenic A. oryzae strains using a simple SERS 

procedure and a portable Raman spectrometer.  

4.3 Materials and methods 

Twenty-two aflatoxigenic and non-aflatoxigenic strains of Aspergillus flavus 13 tox, FH 

113, 1273, 46450, 4651, 46452, 46814, 46816, NPK 141, NPK 125, NPK FH 164, NPK 

1009, SRRC 28, and Guard, and Aspergillus oryzae 694, 2079, 2103, 3483 and 5590 were 

provided by Dr. John Gibbons at The Gibbons Lab from the Food Science Department – 

University of Massachusetts, Amherst. For the first experiment, all fungal strains were 
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cultured 50 ml conical tubes containing potato dextrose agar (PDA) liquid medium. Each 

tube was incubated at 32 ºC during 3 days under agitation to allow heterogeneous 

distribution of cells in the media. After incubation, the content of the tube was filtrated 

using a 2.2 mm filter and collected in a new, clean conical tube. For the second experiment, 

seven A. flavus and five A. oryzae strains were cultivated for 5 days at 37 ºC in petri dishes 

containing liquefied boiled rice mixed with agar. After incubation, grown colonies were 

collected in a saline solution by scratching mycelium using disposable spatulas. Silver 

nanoparticles (AgNPs) were synthetized via reduction of silver nitrate using sodium citrate 

as follows: aqueous solution of silver nitrate was heated under vigorous stirring (700 rpm) 

at ~350 °C. When boiling, sodium citrate was added to the flask and the solution was left 

to boil until the color turned greenish brown, which indicates the formation of AgNPs. The 

flask was kept under continuous stirring without heat until the color became constant 

indicating that stability was achieved. Aspergillus filtrate and silver nanoparticles were 

mixed (1:1) in a 5 mL glass vials that were directly placed the liquid sample holder of a 

EZRaman-I High Sensitivity Portable Raman Analyzers (Enwave Optronics, Inc.) . SERS 

spectra were obtained using 780 nm laser and settings of a 5 s integration time and 3 s 

averaging parameter. Spectral data were analyzed with Thermo Scientific OMNIC Series 

software.   

4.4 Results and discussion 

Figure 24 shows that the original spectra corresponding to the strains of the 2 species are 

homogeneous. Differences between species are not obviously distinguished therefore 
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multivariate statistical methods are necessary to differentiate the spectra of these 2 species. 

Principal component analysis (PCA) maximizes the spectral variances through the 

reduction of the dimensionality of a multi-dimensional dataset while retaining those 

characteristics that contribute most to its variance. The information content of each 

spectrum is described by a limited number of variables, known as principal components 

(PCs). These PCs contain most of the spectral information.245 Figure 25 shows PCA 3D-

plot resulted from conducting the analysis for the range of 100–1700 cm−1 and a maximum 

of 10 PCs. Two clear groups are observed corresponding to A. flavus and A. oryzae data 

points. Similarly, a PCA analysis of the SERS spectra of Aspergillus strains grown in a 

solid rice-based media showed a differentiation of two groups coinciding with the strain’s 

capacity to produce AFB1. This indicates that the source of the spectral variance analyzed 

by PCA comes directly from differences between the strains, like extracellular metabolites 

or differences in the cellular structure of the strains independent of the culture medium 

used.  
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Figure 24. SERS spectra of Aspergillus flavus and Aspergillus oryzae grown in PDA 

medium. 
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Figure 25. 3D-plot of PCA analysis of SERS spectra of Aspergillus flavus and 

Aspergillus oryzae grown in PDA medium. 
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Figure 26. 3D-plot of PCA analysis of SERS spectra of Aspergillus flavus and 

Aspergillus oryzae grown in rice-based medium. 
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6.5 Conclusion 

By combining a simple SERS using silver nanoparticles and a portable Raman 

spectrometer with multivariate data analysis, PCA,  aflatoxigenic and non-aflatoxigenic 

Aspergillus strains were clearly differentiated into two groups. Similar results were 

obtained when applying the same method to Aspergillus strains cultivated in a different 

medium showing the potential of the technique to be expanded to different matrices. This 

SERS method could provide a rapid, simple, and affordable way to screen between 

aflatoxigenic and non-aflatoxigenic strains. This information could contribute to assessing 

the potential risk of aflatoxin contamination in agricultural feedstuff, a resource that can 

be useful in local agricultural management practices or to monitor the safety of non-

aflatoxin-producing strains used in the production of food commodities.  
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CHAPTER 5 

STUDY OF FUSARIUM SPP. MYCOTOXINS USING SERS 

5.1 Abstract 

Four spectroscopic techniques were evaluated in terms of their ability to detect 

mycotoxins deoxynivalenol (DON) and fumonisin B1 (FB1). Spectroscopic techniques 

based on inelastic scattering of photons, Raman, and surface-enhanced Raman (SERS) 

showed a characteristic fingerprint for mycotoxin DON, at high concentration. The 

presence of metallic nanoparticles (SERS) improved DON’s Raman signals. Infrared 

spectroscopy (IR), a technique based on light absorption showed that mycotoxins DON 

and FB1 have unique infrared spectra. However, in the presence of a metallic film, 

(surface-enhanced infrared absorption spectroscopy (SEIRAS), the infrared spectra of 

these two mycotoxins were not observed. Future work should focus on the improvement 

of the metallic substrate.  The combination of these techniques is an approach that has not 

been taken so far in the mycotoxin field, but that could provide useful information about 

these molecules and/or offer an interesting detection method. 
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5.2 Introduction 

Major mycotoxins affecting the food industry are mainly produced by three fungi 

genera  Aspergillus, Penicillium and Fusarium. Fusarium species are commonly found in 

maize, rice, wheat, and oats in temperate and semi-tropical areas. Among the most 

important mycotoxins produced by species of Fusarium are the trichothecenes and the 

fumonisins. Trichothecenes are potent inhibitors of protein synthesis while fumonisins 

cause fatal livestock diseases and are considered potentially carcinogenic mycotoxins for 

humans. The most notorious trichothecenes and fumonisin mycotoxins are DON and FB1, 

respectively.246 DON is also known as “vomitoxin” because of its toxic effects on swine 

and other animals. Humans consuming flour made from scabby wheat or moldy corn 

containing DON have been reported to suffer nausea and headaches which lasted 2–4 

days.247 In the U.S. the guidance level for DON in finished wheat products for human 

consumption is 1 ppm.201 FB1 is implicated in the stimulation or suppression of the immune 

system, defects in the neural-tube, and nephrotoxicity. FB1 is classified in the group 2B, 

possible human carcinogen according to IARC, showing a synergistic interaction with 

AFB1, to initiate and to promote hepatocarcinoma in animal models.248 The guidance level 

for this mycotoxin in the U.S varies from 2 to 4 ppm in food destined for human 

consumption.201 Innovative approaches have been used to detect both mycotoxins, DON 

and FB1 using SERS, with successful results. Most of them used substrates that require 

highly laborious synthesis82,91,104,249 or employ immunosensors for specific 

recognition,92,94,103,250 that are expensive and difficult to apply. The most direct and simple 
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SERS approach uses label-free metallic nanoparticles usually synthesized by chemical 

reduction; this type of substrate is still facing challenges to obtain accurate and reliable 

results.251  

Infrared spectroscopy (IR) is a technique that relies on molecule’s light absorption. In 

comparison to Raman spectroscopy, that measures relative frequencies at which a sample 

scatters radiation, IR measures absolute frequencies at which a sample absorbs radiation, 

thus generating stronger signals more suitable for quantitative measurements of analytes at 

lower concentrations, using univariate or multivariate methods.252 Similar to SERS, 

molecules adsorbed on metal island films or particles exhibit up to 1000 times more intense 

infrared absorption, this resulted in the development of an IR variation called surface-

enhanced infrared absorption spectroscopy or SEIRAS.253 Several studies used IR 

spectroscopy to analyze DON and FB1 levels in different food commodities,254–260 but 

there are no studies about the use of SEIRAS to detect mycotoxins. 

In general, weak bands in the Raman spectra correspond to strong bands in the infrared 

spectrum and vice versa261. Therefore, in this study, we collected and examined the 

attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of DON and 

FB1 in an attempt to explain if the inconsistency of the Raman spectra of these two 

mycotoxins is related to their structure and to evaluate ATR-FTIR  and SEIRAS as an 

alternative detection method. 
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5.3 Material and methods 

Deoxynivalenol (1 mg) and Fumonisin B1 from Fusarium moniliforme (1 mg) were 

purchased from Sigma Aldrich, St. Louis, MO. Powder samples were directly used to 

detect Raman and ATR-FTIR spectra. Mycotoxins were dissolved in methanol and a 

solution of 100 ppm was used to perform SERS and SEIRAS analysis. For SERS, spherical 

AgNPs (60 nm) were mixed with mycotoxin solutions (1:1) and a 5 µL drop was deposited 

and air-dried in a glass slide wrapped with aluminum foil. For SEIRAS, the substrate 

employed, silver mirror, was obtained mixing highly concentrated silver nanoparticles with 

a mediating solvent, hexane:acetonitrile (1:1). The mirror formed in the bottom of the tube 

was deposited in a glass slide and air-dried, after that, 3 µL of mycotoxin solution was 

dropped on top of the substrate. DXR Raman Spectro-microscope (Thermo Scientific) and 

IRTracer-100 (Shimatzu) spectrophotometer were used to collect Raman/SERS and ATR-

FTIR/SEIRAS, respectively. OMNIC 9.0 software (Thermo Scientific) and Panorama Pro 

(Kaplan Scientific) were used to analyze the obtained spectra. 

5.4 Results and discussion 

Figure 28a and b shows DON and FB1 Raman and SERS spectra. A significant 

increment of DON’s Raman characteristic peaks, mainly located at the 435-600 cm-1 

region, was observed using SERS. Raman bands located at 1681 cm-1 and in the region of 

435-600 cm-1 were previously associated with DON based on DFT calculations88. FB1 

showed high fluorescence interference on its Raman spectra and a single peak at 560 cm-1 

was differentiated using SERS but the weak intensity and the lack of information does not 
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allow us to support its association with the mycotoxin molecular structure. The 

improvement of DON’s Raman signals was clearly observed at a high concentration of the 

mycotoxin, however, DON signals are weak and inconsistent at low concentrations (<5 

ppm), thus limiting the application of the technique. 
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Figure 27. Molecular structure of DON and FB1.  
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Figure 28. Raman and SERS spectra of (a) DON and (b) FB1. 
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Figure 29a and b show a comparison between ATR-FTIR and SEIRAS spectra. 

Results suggested that these mycotoxins can be identify through IR, using their solid form. 

In both, DON and FB1, ATR-FTIR spectra, the main components of their backbones 

structure, C-H and C=O stretch are observed, but additionally, the main structure 

characteristic of DON, an epoxy group, is clearly differentiated in the 955-900 cm-1 region. 

Similarly, a NH2 bend at 1150-1110 cm-1 region represents the amine group of FB1. The 

motion of atoms in a molecule has a natural frequency of vibration related to their bond 

strength. Molecules with strong dipole bonds such as C=O, O-H, N=O, and C=N are ideal 

for the infrared technique, therefore organic solvents such methanol, strongly absorb in 

mid-IR which can represent a limitation when testing liquid samples. Raman does not 

present this limitation. These results attest to why most IR-based mycotoxin detection has 

been made directly in food samples254,255,262,263 which although showed to be an efficient 

method, it requires extensive data analysis and does not guarantee selectivity. In our results, 

neither DON nor FB1 showed a characteristic peak when the SEIRAS technique was 

applied. The SEIRAS phenomenon is different from SERS because the electromagnetic 

enhancement provided by plasmonic fields is far less, therefore SEIRA has not advanced 

as rapidly as SERS.264,265 A better understanding of SEIRAS’s driving forces is necessary 

to find the right characteristics for a suitable SEIRAS substrate.  
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Figure 29. ATR-FTIR and SEIRAS spectra of (a) DON and (b) FB1. 
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Both methods, Raman and IR  have advantages and limitations, but when combined, 

they could become a powerful tool when performing analyte detection. A practical example 

is the study of the crystallization process, in which the solid crystal forms in a solution and 

the supersaturation of the solution phase are being studied using Raman and IR, 

respectively.266–268 Unlike Raman, IR spectra are typically well understood with respect to 

band assignments and software such as Panorama Pro analyzer facilitates the identification 

of peaks by automatic comparison with an spectra library. On the other hand, Raman/SERS 

spectra still lack a generic public data base, especially for mycotoxins. Nevertheless, the 

absence of interference of aqueous and organic solvents in the Raman/SERS technique 

makes it more suitable when detecting mycotoxins in liquid samples. 

  5.5 Conclusion 

SERS enhanced mycotoxin DON signals when compared to Raman. Mycotoxin FB1 

did not show satisfactory spectra using Raman or SERS. Both mycotoxins, DON and FB1, 

revealed strong ATR-FTIR spectra using their powder form, but the signals disappeared 

when SEIRAS was applied. Infrared spectroscopy has similar advantages to SERS, is a 

sensitive technique, that uses an instrument that does not require high expertise to handle 

it and requires minimal sample pretreatment. Future work can expand the studies of IR 

Spectroscopy, alone or in combination with SERS, as a  mycotoxin detection method. 

Further studies can also focus on the  improvement of the SEIRAS substrates.  
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CHAPTER 6 

CONCLUDING REMARKS 

Mycotoxin contamination in food products compromises human and animal health. In 

the past few decades, considerable efforts have been dedicated to developing analytical 

methods for mycotoxin detection. In this dissertation, the potential of Surface-enhanced 

Raman Spectroscopy (SERS) to detect mycotoxins was evaluated using simple and 

affordable substrates that can be acquired commercially or synthesized in the laboratory, 

along with straight-forward sample pretreatments. 

Two simple approaches were designed to enhance the detection of mycotoxins 

produced by the Aspergillus and Penicillium genera, ochratoxin A and aflatoxin B1. 

Ochratoxin A was successfully detected in wine samples spiked with the mycotoxin in a 

range of 0.01 to 1 ppm using a facile solvent-mediated extraction that showed a key role 

that the food matrix can play on the SERS substrate performance. The detection of aflatoxin 

B1’ SERS signals using bare gold nanoparticles were enhanced with the addition of human 

serum albumin as a mediating molecule. A rapid SERS method, with on-site potential 

application, showed that this technique can differentiate between aflatoxigenic and non-

aflatoxigenic strains of Aspergillus, independent of the culture medium used. SERS 

showed improved mycotoxin DON Raman fingerprint only at high concentrations, 

indicating that the technique could be useful for identification but not for quantitative 

detection. Infrared Spectroscopy (IR) arises as an alternative spectroscopic technique and 
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preliminary results showed both mycotoxins, deoxynivalenol and fumonisin B1, have their 

own characteristic IR fingerprints. 

Although methods based on the SERS technique successfully detected mycotoxins in 

several food commodities, challenging issues such as the lack of flexible substrates, 

effective sample pretreatments, or simplified data processing remain when taking the 

laboratory research to commercially available analytical tools that can benefit the agri-food 

industry. In this research, it is proven that these problems can be addressed without 

increasing the cost or complexity of the technique and future work should continue along 

this path. Some approaches to take in the future can focus on finding a flexible substrate 

and a sample pretreatment to allow simultaneous detection of multiple mycotoxins or 

collecting Raman fingerprint maps of other existing mycotoxins to construct a database to 

simplify data analysis. Furthermore, SERS can be complemented with other techniques 

such as IR, TLC, or microfluidic devices that along with the faster development of 

miniature Raman spectrometers can help SERS become a platform that integrates rapid 

and accurate on-site mycotoxin detection to prevent food contamination and to avoid 

economical losses. Ultimately, SERS can be applied to the study of these molecules at a 

molecular level, and therefore contribute to a better understanding of these mycotoxins 

considered to be one of the key challenges in the food and beverage industry. 
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