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ABSTRACT 

There has been increasing number of consumer and food products sold on the 

market that contain various engineered nanomaterials (ENMs) such as silver nanoparticles 

(AgNPs) and gold nanoparticles (AuNPs). These nanomaterials possess novel physical and 

chemical properties that can be used for wide applications in agriculture and food safety. 

However, these ENMs can damage human and animals’ health and current analytical 

methods to detect and measure ENMs are time-consuming, labor-intensive, and expensive. 

The objective of this study was to develop a novel, simple, rapid, and accurate method to 

detect AgNPs and AuNPs in consumer products using surface-enhanced Raman 

spectroscopy (SERS). SERS measurement was conducted to detect AgNPs and AuNPs 

using an effective Raman indicator, 4-aminothiophenol (pATP). The pATP can strongly 

bind with nanoparticles, generating greatly enhanced Raman signals that can be used for 

measurement. The pATP was combined with Ag or Au stock solutions, AgNO3, citrate-

coated AgNPs, citrate-coated AuNPs, AuCl, AgNPs, AuNPs, and five commercial 

products to study the differences in their SERS spectral data. The observed spectra of 

AgNPs and AuNPs have similar peaks at ~390, ~1087, and ~1590 cm-1 that can be 

attributed to the C-S stretching vibration, C-C stretching vibration, and C-H stretching 

vibration, respectively. Neutron activation analysis (NAA) and electron microscopy was 

used to characterize and quantify AgNPs and AuNPs in the consumer products. The results 

demonstrate that SERS method in combination with NAA can be an effective method for 



x 

detection of ENMs, and it can easily distinguish AgNPs and AuNPs from other non-

nanoparticle species in the complex matrices. 

 
A nanocomposite based on cellulose nanofibers (CNFs) coated with silver 

nanoparticles (AgNPs) was developed in this study as a flexible, effective, and 

biocompatible substrate for use in surface-enhanced Raman spectroscopy (SERS) analysis. 

An effective Raman indicator molecule, 4-aminothiophenol (pATP), was used to 

characterize AgNPs impregnated on CNFs. The CNF-AgNP films were used in SERS 

analysis to detect thiabendazole (TBZ) pesticides in apples. The influence of pH on the 

SERS spectra of TBZ was investigated because TBZ is a neutral molecule that has a low 

affinity to AgNPs. The pH of TBZ solution was decreased to below the TBZ’s pKa, thus 

enable the electrostatic attraction between TBZ and AgNPs. The CNF-AgNP  

nanocomposites are acid-resistant, chemically stable, and in three dimensional scaffold 

structure. CNFs can prevent the uncontrolled aggregation of AgNPs in low pH environment 

and be used as an effective AgNP/nanocellulose platform for SERS analysis. Results of 

this study demonstrate that CNF-AgNP nanocomposites can be used to rapidly detect TBZ 

and other neutral molecules and pesticides in various food products. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The ENMs possess novel physical and chemical properties that can be used for 

wide applications in medical products, cosmetics and personal care products, antimicrobial 

products, and food packaging (Seney and others 2008a; Stamplecoskie and others 2011; 

Duncan and Pillai 2015). However, recent studies found that ENMs can damage animals’ 

hearts, blood vessels, central nervous system, and immune system due to the small size of 

ENMs (Deardorff 2012). Therefore, it is of critical importance to have suitable analytical 

techniques to detect and measure ENMs in various products.  

Surface-enhanced Raman Spectroscopy (SERS) is a novel and sensitive technique 

that can enhance Raman signals of analyte molecules deposited on the roughened metal 

surface or nanostructures. SERS can acquire distinctive spectral features based on different 

vibrational modes of analyte molecules. The enhancement of SERS signals is based on two 

mechanisms: electromagnetic enhancement and chemical enhancement. Electromagnetic 

enhancement is dependent on the excitation of localized surface plasmon on the metal 

substrate surface with roughness feature. On the other hand, chemical enhancement is due 

to the charge transfer between substrate and analyte. 

Nanocellulose has gained much attention recently for its potential applications in 

material science, biomedicine, agriculture, and food packaging. Nanocellulose is a natural 

and unique material composed of nanosized cellulose fibrils with a high aspect ratio (length 

to width ratio) and can self-assemble into well-defined architectures at the nano- or macro-
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scale. Nanocellulose is one of the most abundant and sustainable nanobiomaterials (Habibi 

and others 2010; Hubbe and others 2008; Moon and others 2011). In particular, cellulose 

nanofibers (CNFs) are made from wood-derived fibers, hence they has low environmental 

impact on their production and disposal (Seo and others 2015). 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Consumer products contain engineered nanomaterials  

There has been increasing number of consumer and food products sold on the 

market that contain various engineered nanomaterials (ENMs) such as silicate, zinc oxide, 

silver, gold, and titanium (Yada and others 2014; Singh and others 2014; Vance and others 

2015). These ENMs possess novel physical and chemical properties that can be used for 

wide applications in medical products, cosmetics and personal care products, antimicrobial 

products, and food packaging (Seney and others 2008a; Stamplecoskie and others 2011; 

Duncan and Pillai 2015). For example, the use of ENMs in medicine can break up clusters 

of bacteria, stimulate immune responses, or function as antioxidant to remove free radicals. 

Many of those products contain metallic nanoparticles, such as silver nanoparticles 

(AgNPs) and gold nanoparticles (AuNPs) (Vance and others 2015). AgNPs are commonly 

used as antibacterial agents and have been used in the food packaging and coatings to 

prevent bacteria growth (Domènech and others 2013). AuNPs have been used in 

nanosensors and devices to detect various types of microorganisms (Mody and others 2010; 

Inbaraj and Chen 2016).  However, recent studies found that ENMs can migrate from the 

packaging materials into cells and organs to damage animals’ hearts, blood vessels, central 

nervous system, and immune system due to the small size of ENMs (Deardorff 2012). 

Therefore, it is of critical importance to have suitable analytical techniques to detect and 

measure ENMs in various products.  
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2.2 Current analytical techniques to detect engineered nanomaterials   

Current analytical methods for ENPs include atomic force microscopy (AFM), 

dynamic light scattering (DLS), powder X-ray diffraction (XRD), and inductively coupled 

plasma mass spectrometry (ICP-MS) (Noonan and others 2014; Singh and others 2014). 

However, these analytical methods to detect and measure ENMs are time-

consuming, labor-intensive, and expensive. For example, AFM can only determine the size 

and shape of nanoparticles and the preparation and detection processes are time consuming. 

DLS can only measure the size distribution of small particles in suspension. XRD can be 

used to measure crystalline nanoparticle, but the disadvantage is that it requires 

homogeneous and single phase material and must have access to a standard reference file 

of inorganic materials. ICP-MS is a highly sensitive technique but it is expensive, and the 

data analysis is complicated that required experienced technicians to analyze (El-Nour and 

others 2010; Song and others 2014) 

   2.3 Surface-enhanced Raman spectroscopy (SERS) 

Surface-enhanced Raman Spectroscopy (SERS) is a sensitive technique that can 

enhance Raman signals from molecules adsorbed on roughened metal surface and 

nanostructure (Fleischmann and others 1974; Campion and Kambhampati 1998). The 

enhancement of Raman scattering is based on two mechanisms: electromagnetic 

enhancement and chemical enhancement. The intensity of electromagnetic enhancement 

can be observed as high as 106 to 1010 for the metal surface Plasmon to get excited by laser 

light. On the other hand, chemical enhancement can increase the Raman scattering up to 

102 due to the charge transfer between substrate and analyte (Hong and Li 2013a; Huang 
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and others 2010; Israelsen and others 2015). Therefore, SERS is a rapid and high sensitive 

technique, and the preparation process of samples is simple.  

2.4 SERS substrates in today 

The commonly used SERS substrates include gold nanosubstrates, acid-etching 

silver foils, laser-ablated silver plates, and other conventional SERS substrates based on 

silicon, glass, and porous alumina (Marques and others 2008). However, these SERS 

substrates are rigid, brittle, expensive, and not environmentally friendly. Therefore, it 

remains a need to develop novel, flexible, cost-effective, and biocompatible substrates for 

SERS analysis.  
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CHAPTER 3 

A NOVEL SPECTROSCOPIC APPROACH TO MEASURE ENGINEERED 

NANOPARTICLES IN CONSUMER PRODUCTS BY SURFACE-ENHANCED 

RAMAN SPECTROCOPY 

3.1 Objective  

The objective of this study was to take a novel approach to detect AgNPs and 

AuNPs in consumer products using SERS. An effective Raman indicator molecule, 4-

aminothiophenol (pATP), was used as a probe molecule for SERS measurement because 

it can strongly bind onto nanoparticles and exhibits characteristic Raman signals in SERS 

measurement. The SERS spectral data were analyzed by multivariate statistical analysis. 

Neutron activation analysis (NAA) and electron microscopy were used as supporting 

technique to detect the concentration and size of nanoparticles in the commercial products 

in this study. NAA is one of sensitive nuclear processing techniques, which can determine 

the concentration (generally in ppm of element) in materials. NAA is based on the 

mechanism in which when a neutron interacts with the target nucleus though a non-elastic 

collision, then the target nucleus forms in an excited state. This form of energy is based on 

the binding energy between the neutron and the target nucleus. Later, the target nucleus 

decays by emission of one or more characteristic gamma rays. These characteristic gamma 

rays can be used to determine the elements (Ag and Au) concentrations in the commercial 

products in this study.  
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3.2 Materials and chemicals 

Ethanol (90%), 4-aminothiophenol (pATP) (97%), AuCl (99%), AgNO3, and 20 

nm citrate stabilized AuNPs were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

AgNPs (20 nm and 30 nm), AuNPs (12 nm and 30 nm), citrate stabilized AgNPs (30 nm 

and 60 nm) were purchased from NanoComposix (San Diego, CA). Silver powders 

(99.9%), gold powders (99.9%), and gold-coated flat slides were purchased from Fisher 

Scientific (Pittsburgh, PA, USA). AuNPs (13.4, 27, 43.4, and 60 nm) were synthesized in 

our lab. 

3.2.1. Five commercial products 

Two commercial products that claim to contain AgNPs and three commercial 

products that claim to contain AuNPs were purchased from Amazon (www.amazon.com). 

The detailed information of these products is list below:  

 

1. Silver Throat Spray that claims to contain 30 ppm of colloidal silver; 

2. Silver Dietary Supplement that claims to contain 10 ppm of colloidal silver and 

casein; 

3. Rejuvenating A Therapy Serum that claims to contain AuNPs, but it does not label 

the concentration and size of gold nanoparticles in the product; 

4. Instant Wrinkle Filling capsules that claim to contain nanoparticles of pure 24-karat 

gold in a silicone base. However, it does not label the concentration and size of gold 

nanoparticles in the product; 

5. Colloidal Gold Natural Supplement that claims to contain 240 ppm colloidal gold.	
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3.3 Conjugation of pATP onto AgNPs and AuNPs 

The pATP powders were mixed with ethanol to make 10 ppm pATP solution that 

will be used to conjugate with nanoparticle samples to enhance Raman signals. AgNP (12 

nm and 30 nm) or AuNP solutions (20 nm and 30 nm) were mixed with 10 ppm pATP in 

a volume ratio of 3:17 (225 µL of AgNPs or AuNPs stock solution and 1,275 µL of pATP 

in a 1.5 mL microtube). The mixed solution was then placed on the Maxi Mix II 

(Thermolyne) with a medium mixing speed at room temperature (25°C) for 50 min. This 

was to ensure complete conjugation of pATP with NPs through Ag-thiol bond or Au-thiol 

bond formation. The samples were then centrifuged in a Minispin (Eppendorf) at 10,000 

rpm for 5 min. After centrifugation, the sediments were at the bottom of micro-tubes 

because of the formation of AgNPs-pATP complex and AuNPs-pATP complex (Guo and 

others 2015). The sediments were extracted and placed onto a gold slide to dry completely 

in a fume hood. This procedure was repeated for the five commercial products. Three 

control samples (pATP, a mixture of AgCO3-pATP,  and a mixture of AuCl-pATP) were 

used to compare with the samples containing nanoparticles conjugated with pATP attached. 

The same procedure was also used to prepare the control samples. 
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3.4 Characterization of AgNPs and AuNPs in the commercial products 

3.4.1 TEM 

TEM was used to characterize the size of AgNPs and AuNPs in the consumer 

products. the five consumer products were all diluted with ultrapure water to visualized 

AgNPs and AuNPs under TEM. These diluted samples were then sonicated by Cole Parmer 

ultrasonic cleaner (Vernon Hills, IL) for 5 min to ensure that the nanoparticles were evenly 

distributed. After sonication, a small amount of samples were extracted onto the grids. 

These grids were then placed in a dry hood for 3 h until it is completely dried for TEM 

measurement.  

3.4.2 NAA  

The concentration of Ag and Au was determined by standard-comparator NAA. 

Samples were vortexed to re-suspend the analyte materials and an aliquot of each sample 

was weighed into 1.6 mL high-density polyethylene vials. The sample vials were immersed 

in liquid nitrogen prior to the pneumatic tube irradiation. For Ag analysis, the samples and 

standards were irradiated for 7 s in the pneumatic tube facility. The thermal flux in the 

irradiation position is ~ 6 ´ 1013 ncm-2 s-1. The samples and standards were then allowed 

to decay for 75 s and real time counted on high purity Ge detectors for 60 s. The mass of 

Ag was quantified by measuring the 657.8 keV gamma-ray from the b-decay of 110Ag 

(t1/2 = 24.6 s). The comparator standards were prepared gravimetrically from 1,000 ppm 

certified standard solution of Ag (high-purity standards). The average response function 

for the 4 Ag standards (mass range of the Ag standards 0.1 µg to 15.0 µg) was 2,711.5 ± 

150.9 counts per microgram.  
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For Au analysis, the samples and standards were irradiated for 90 s, allowed to 

decay for 24 h and real time counted on high purity Ge detectors for 1 h. The mass of Au 

was quantified by measuring the 411.8 keV gamma-ray from the b-decay of 198Ag (t1/2 

= 2.7 d). The comparator standards were prepared gravimetrically from 1,000 ppm certified 

standard solution of Au (high-purity standards). The average response function for the 4 

Au standards (mass range of the Au standards 0.1 µg to 10.0 µg) was 137,821.4 ± 5,137.3 

counts per microgram. 

3.5 Spectral data analysis 

Droplets of samples (AgNPs-pATP and AuNPs-pATP) were deposited on the gold 

slides before SERS measurement. SERS was conducted by a Raman spectrometer 

(Renishaw 1000, Renishaw Inc., Gloucestershire, UK) equipped with a 785 nm laser and 

50 × objective. The laser beam (25 mW) was focused directly on the gold slide. OMNIC 

software was used to collect the Raman signals from ten randomly selected spots for each 

droplet. 

Delight software (D-Squared Development Inc., LaGrande, OR, USA) was used to 

analyze the SERS spectra from different treatments. First, the collected spectra from 10 

different locations of different samples were averaged to a final spectrum. Second, the 

spectra were smoothed to reduce the noises. The SERS spectra of pATP were acquired in 

the wavenumber range between 300 to 1800 cm-1. 
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3.6 Results & discussions  

3.6.1 Characterization of AgNPs and AuNPs 

A 10 ppm pATP solution, a mixture of pATP with AgNO3, AuCl, AgNPs, and AuNPs, 

were all measured by SERS method. As shown in Figure 3.6.1, pATP alone, a mixture of 

AgNO3 with pATP, and a mixture of AuCl with pATP didn’t yield observable Raman 

signals, and the spectra were almost flat. On the contrary, the samples of AgNPs and 

AuNPs mixing with pATP showed strong Raman signal enhancement. This effect is due 

to the electromagnetic enhancement induced by localized surface plasmon resonance 

(LSPR) from the nanoparticle and the chemical enhancement produced by charge transfer 

mechanism produced by the charge transfer between AgNPs/AuNPs and PATP through 

the Ag–S/Au–S bond (Willets and Van Duyne 2007).  The observed spectra of AgNPs-

pATP and AuNPs-pATP have some similar characteristic peaks at ~390, ~1087, and 

~1590 cm-1 that can be attributed to the C-S bending vibration, C-S stretching vibration, 

and C-C stretching vibration, respectively (Israelsen and others 2015; Wu and others 

2011; Zhou and others 2010a). Therefore, the SERS measurement can be effective for 

detection of nanoparticle, and it can easily distinguish AgNPs or AuNPs from other non-

nanoparticle species in the complex matrices. 
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Figure 3.6.1 Typical SERS spectra of (a) pATP alone, a mixture of pATP with AgNO3, silver powders, 20 

nm AgNPs, and 30 nm AgNPs; (b) pATP alone, and a mixture of pATP with AuCl, gold powders, 12 nm 

AuNPs, and 30 nm AuNPs. 
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3.6.2 Comparison of SERS spectra between different sizes and 

concentractions of AgNPs and AuNPs  

 
The SERS enhancement is highly dependent on the size and concentration of 

nanoparticles (Agnihotri and others 2014; Israelsen and others 2015). Previous studies 

reported that the optimal size of AgNPs in solution that exhibit the strongest SERS signals 

is 15 nm and 50 nm for AuNPs (Hong and Li 2013a; Seney and others 2008a). In this study, 

different sizes of nanoparticles were measured by SERS, including 20, 30, 60, 100 nm 

AgNPs and 12, 13.5, 27, 34.7, 43.4, and 60 nm AuNPs. As shown in Figure 3.6.2, 20 nm 

AgNPs that are close to the optimal size of 15 nm (Figure 3.6.2a), and 43.4 nm and 60 nm 

AuNPs that are close to 50 nm (Figure 3.6.2b), have the strongest SERS signal 

enhancement. These results are in agreement with the previous studies, and it also 

demonstrates that the size of AgNPs and AuNPs plays a critical role in the enhancement of 

SERS signals. 

Different concentrations (1, 5, 10, 15, and 20 ppm) of 12 nm AgNP solutions and 

AuNP solutions (1, 10, 20, 30, 40, and 50 ppm) were measured by SERS. It was observed 

that the intensity of SERS spectra increased as the concentraction of the AgNPs and AuNPs 

increased. Because higher concentrations of AgNP or AuNP samples contain more 

nanoparticles, which can conjugate additional pATP molecules to increase the signals 

(Figure 3.6.2 c, d). In addition, Ngo et al. observed that higher concentration of AuNPs were 

more closely packed together, and the average distance between the AuNPs decreased from 

100 - 200 nm to 10 - 50 nm. This phenomenon resulted in more “hot spots” that increased 

the enhancement of electromagnetic field of AuNPs-pATP complex (Ngo and others 2012). 

Figure 3.6.2 also demonstrates that SERS can detect low concentration of 1 ppm of AgNPs 
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and AuNPs. Therefore, SERS is a very sensitive technique that can enhance the Raman 

signals of the analyte molecules (Garrell 1989; Kneipp and others 1999). 
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Figure 3.6.2 SERS spectra of different sizes and concentraction of AgNPs and AuNPs: (a) 20, 30, 60, and 

100 nm AgNPs; (b) 12, 13.5, 27, 34.7, 43.4, and 60 nm AuNPs; (c) 1, 10, 20, 30, 40, and 50 ppm of AgNPs; 

(d) 1, 5, 10, 15, and 20 ppm of AuNPs. 

 
 

3.6.3 Characterization of citrate-coated AgNPs and AuNPs  

 
Ag or Au NPs are usually capped with surfactants such as citrate, tannic acid, PVP, 

or other capping agents on their surface to make a double layer that prevent the aggregation 

of nanoparticles. Among these capping agents, the most commonly used one is the citrate 

(27%). For citrate-capped nanoparticles, the thiol group can replace the citrate molecules 

and provide stabilization, and it can be stable for at least 6 months when stored at 4°C away 

from light (Tolaymat and others 2010; Petersen and others 2014; nanoComposix 2016 ). 

The citrate-coated AgNPs and AuNPs were selected in this study. Compared to other 

capping agents, citrate is a much weaker agent on the nanoparticle surface and can easily 

exchange with Raman reporting molecules to ensure the intimate contact between the 

Raman reporting molecules and nanoparticles (Zhang and others 2015). Therefore, the 
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citrate coating did not disturb the Raman signals and even helped in the SERS 

measurement, as shown in Figure 3.6.3.  

 

 
Figure 3.6.3 SERS spectra of citrate-coated AgNPs and AuNPs: (a) 20 and 60 nm AgNPs; (b) 30 and 60 nm 
AuNPs.  
 

 

3.6.4 Characterization of AgNPs and AuNPs in five consumer products 

 
The commercial products are complex matrices that contain various components 

that may interfere with the SERS measurement. To examine the feasibility of SERS for 
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detecting AgNPs and AuNPs in real product matrices, we selected five commercial 

products for testing. Figure 3.6.4 shows the results of measuring the five products mixed 

with 10 ppm pATP solution by SERS. The results demonstrate that SERS is able to detect 

the AgNPs and AuNPs in commercial products, even in the two products (Rejuvenating A 

and Wrinkle filling capsule) with unknown concentration of nanoparticles. Several 

prominent Raman peaks are observed at ~390, ~1087, and ~1590 cm-1, which are similar 

to the spectra of AgNPs-pATP and AuNPs-pATP in Figure 3.6.1. However, the negative 

control samples that mixed with the solvent of pATP (ethanol) show inconspicuous and 

low intensity Raman signals, or even no peaks in the spectra. The AgNP products, Throat 

Spray and Dietary show very tiny peaks at ~390 and 1078 cm-1. For the AuNPs products, 

the Rejuvenating A shows several tiny peaks that might be the Raman signals of other 

components in the matrices of the product, and the Wrinkle Filling Capsule shows no 

significant peaks in the spectra. 
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Figure 3.6.4 SERS spectra acquired from five commercial products mixed with pATP (indicator) and ethanol 

(the solvent of pATP): (a) Throat Spray and Silver dietary supplement; (b) Rejuvenating A Therapy Serum 

(RA), Instant Wrinkle Filling capsules, and Colloidal Gold Natural Supplement.  
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3.6.5 Verification of SERS measurement by TEM, NAA and EDS 

 
The five products exhibit different intensities of SERS signals because the intensity 

is affected by many factor including the size, shape, and concentration of nanoparticles. To 

validate the SERS data of these products, NAA and TEM were used as supporting 

techniques to characterize the nanoparticle sizes and concentrations. 

 

 

3.6.5.1 TEM 

 
Based on the TEM data, the size distributions of AgNPs in Silver Throat Spray and 

Silver Dietary Supplement were 41.8 ± 0.3 nm and 22.4 ± 0.5 nm; the size distributions of 

AuNPs in Rejuvenating A Therapy Serum, Instant Wrinkle Filling Capsules, and Gold 

Natural Supplement were 52.4 ± 0.2 nm, 40.8 ± 0.5 nm, and 39.9 ± 0.5 nm. In previous 

discussion, we understand that SERS response would vary with size of nanoparticles. The 

optimal size of AgNPs has highest SERS intensity is 15 nm (Seney and others 2008a; Hong 

and Li 2013a) and the average nanoparticle sizes in two AgNP-containing products that is 

closer to 15 nm is Silver Dietary Supplement. Therefore, it is reasonable to speculate that 

Silver Dietary Supplement would produce higher SERS signal intensity compared to the 

Silver Throat Spray (Figure 3.6.4a). For AuNPs, the optimal size that produces the 

strongest SERS signal intensity is 50 nm (Hong and Li 2013a). Thus, we can hypothesize 

that the highest to lowest SERS intensity of the AuNPs-containing commercial products is: 

Rejuvenating A Therapy Serum > Instant Wrinkle Filling Capsules > Gold Natural 

Supplement. However, the SERS spectra (Figure 3.6.4b) do not follow the predicted 
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sequence. The order of SERS intensity from the strongest to lowest is: Gold Natural 

Supplement > Rejuvenating A Therapy Serum > Instant Wrinkle Filling Capsules. There 

are some reasons cause this situation. The matrices may have influence on the Raman 

signals and thus on the detection of NPs, the concentrations of NPs also affect the signal 

intensity, or these discrepancies may come from the fact that not all silver and gold in the 

products was nano-sized and those nanoparticles may not have the same size distribution. 

 
 
Figure 3.6.5.1 TEM images of AgNPs and AuNPs in the five commerical products: (a) Throat Spray, (b) 

Figure 4.5.1.Silver Dietary Supplement, (c) Rejuvenating A Therapy Serum, (d) Instant Wrinkle Filling 

Capsules, (e) Colloidal Gold Natural Supplement. 
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Figure 3.6.5.1.1 Size distribution of AgNPs and AuNPs in five commerical products based on TEM 

images.  

 
 

3.6.5.2 NAA 

 
The total concentrations of nanoparticles were tested by NAA. Table 3.6.5.2 shows 

that the concentration of Ag in the Silver Throat Spray and Silver Dietary Supplement was 
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32.94 ppm and 11.77 ppm, respectively. These results are close to the claimed 

concentration of AgNPs on the product label. However, no AuNPs were detected by NAA 

in the Rejuvenating A, and very low concentration (0.028 ppm) of AuNPs was found in 

the Wrinkle Filling Capsules. For the Gold Natural Supplement that claims to contain 240 

ppm colloidal gold, the NAA results show that it only contains 2.005 ppm of gold in the 

product. 

 

Table 3.6.5.2 TEM, NAA, SERS data for the five commerical products. 

 

3.6.5.3 EDS 

EDS data confirm the presence of Ag in the Throat Spray and Silver Dietary 

Supplement, and the presence of Au in the Instant Wrinkle Filling Capsules and Colloidal 

Gold Natural Supplement. Figure 3.6.5.3 shows two representative EDS data of two 

commerical products: Throat Spray that contains AgNPs, and Colloidal Gold Natural 

Supplement that contains AuNPs. Therefore, EDS data are in agreement with TEM, NAA, 

and SERS results. EDS results also displayed some other elements like carbon, oxygen, 

silicon, and copper. This is probably due to some trace amounts of the extract on the TEM 

grid.  
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Figure 3.6.5.3  EDS data of two commerical products: (a) Throat Spray that contains AgNPs; (b) Colloidal 

Gold Natural Supplement that contains AuNPs. 

 

  



26 

                                                                CHAPTER 4 

CELLULOSE NANOFIBERS COATED WITH SILVER NANOPARTICLES AS 

SERS PLATFORM FOR DETECTION OF PESTICIDES IN APPLES  

	

4.1 Objective  

The objective of this study is to develop a nanocomposite using CNFs impregnated 

with silver nanoparticles (AgNPs). These CNF-AgNP nanocomposites are lightweight and 

strong, and can be used as an effective SERS platform (Group 2013). In addition, CNFs 

have a large surface area and 3D nanofiber network (Li and others 2014; Gardner and 

others 2008), which can increase the potential number of molecules that can react with 

AgNPs and also enhance the roughness of the substrate’s surface to increase SERS signal 

intensity. An effective Raman indicator molecule, 4-aminothiophenol (pATP), was used to 

characterize the AgNPs on CNFs. The performance of CNF-AgNP nanocomposites was 

evaluated by measuring thiabendazole (TBZ) in different concentrations.  

4.2 Materials and chemicals 

4-aminothiophenol (pATP), ethanol (95%), AgNO3, thiabendazole (TBZ), 99% 

hydrolyzed polyvinyl alcohol (PVA), glycerol, sodium borohydride (NaBH4) were all 

purchased from Sigma-Aldrich (St. Louis, MO). Acetone was purchased from Fisher 

Scientific (Pittsburgh, PA, USA). Cellulose nanofibers (CNFs) were purchased from 

University of Maine. 
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4.3 Cellulose nanofiber films 

Five gram of PVA was dissolved in 50 g water (10%) by autoclave for 30 min. In 

the meantime, dissolved 5 g CNFs in 50 g water (10%) and added 5 g of glycerol in 

another glass flask for 30 min. Then, mixed two solutions and heated and stirred at 90°C 

for 2 h. Lastly, the solution was poured into the square plates and stored at room 

temperature for 24 h to form a film. 

4.4 Impregnation of AgNPs into CNF films 

AgNPs were impregnated into the CNF films by immersing the film into 0.001 M 

AgNO3 solution for 1 h at room temperature. CNF films were then rinsing by ethanol to 

wash out the chemicals. The silver ion-saturated CNF films were placed in 0.001, 0.01, and 

0.1 M NaBH4 solution for 10 min in an ice bath, and the color of the films gradually 

changed from bright yellow to brown yellow as the molar ratio of NaBH4 increased. The 

CNF-AgNP nanocomposites were rinsed with Milli-Q water to remove the excess 

chemicals on the films.	

4.5 UV-vis spectroscopy for detection of AgNPs prepared with different 

concentration of NaBH4 

A volume of 30 mL of 0.001, 0.01, and 0.1 M of NaBH4 was prepared in 

Erlenmeyer flasks. The solutions were then stirred and cooled in an ice bath for 20 min. 

Then, 0.001 M of AgNO3 was then added at a rate of 1 drop per second into different 

concentrations of NaBH4 solution. The solution was stirred continually until the last drop 

of AgNO3 was added. This step should be carefully controlled because if stirring keep 

continued after all AgNO3 were added, the AgNPs would aggregate and the color of 

solution would become gray. Finally, the three yellow AgNP solutions were obtained using 
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different molar ratio of NaBH4:AgNO3 and the solutions can be tested by UV-vis 

spectroscopy. CNF-AgNP nanocomposites were then used as a SERS substrate to test the 

performance of this substrate. The pATP molecules were chosen as the target analyte in 

the measurement. 

4.6 Thiabendazole (TBZ) 

TBZ is a pesticide and fungicide that has been widely used in post-harvest of fruits 

and vegetables (USEPA 2002). Apple is one of the produces that can be contaminated with 

pesticides (USDA 2014). Although TBZ has low acute toxicity compared to other 

pesticides, it has been classified as likely to be carcinogenic at doses high enough to cause 

disturbance of the thyroid hormone balance (USEPA 2002). 

4.7 Different concentrations of TBZ pesticide at different pH values 

TBZ is a hydrophobic molecule that has a low affinity to AgNPs (Stella and others 

2000; Nergiz and others 2013; Guerrini and others 2009; Alvarez-Puebla and Liz-Marzan 

2012). This issue can be overcome by controlling the electrostatic force, either altering 

surface coating of nanoparticles or changing the solution pH to enhance the affinity of 

target molecules and nanoparticle surface (Alvarez-Puebla and others 2005). In this study, 

we chose the method of adjusting the solution pH to below TBZ’s pKa (pH = 4.65) to 

enhance the SERS signals. 

We synthesized 1, 5, 10, and 100 ppm of TBZ by dissolving TBZ powders in 

acetone solution. Different pH values (4, 6, and 7) was then measured for each sample 

solution. The pH 4 is below TBZ’s pKa value of 4.65. Then, a volume of 200 µL of different 

concentrations and different pH values of TBZ solutions were added into 2 cm2 CNF-

AgNPs film for 1 min before SERS detection. 
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4.8 Detection of TBZ in apples 

The apple samples were cut into small pieces (0.25g) and spiked with different 

concentrations of TBZ. TBZ was extracted from the apple by mixing spiked apple (0.5 

g) with 50% of acetonitrile-water solution (0.5 mL). Then, the mixture was shaken for 

10 min and centrifuged at 3354 G-force for 10 min. A drop of supernatant was then 

placed on the CNF-AgNPs substrate for SERS analysis. 

4.9 Spectral data analysis 

Droplets of samples were deposited on the CNF-AgNPs substrate before SERS 

measurement. SERS was conducted by a Raman spectrometer (Renishaw 1000, Renishaw 

Inc., Gloucestershire, UK) equipped with a 785 nm laser and 50 × objective. The laser 

beam (25 mW) was focused directly on the gold slide. OMNIC software was used to collect 

the Raman signals from ten randomly selected spots for each droplet. 

Delight software (D-Squared Development Inc., LaGrande, OR, USA) was used to 

analyze the SERS spectra from different treatments. First, the collected spectra from 10 

different locations of different samples were averaged to a final spectrum. Second, the 

spectra were smoothed to reduce the noises. The SERS spectra of TBZ were acquired in 

the wavenumber range between 700 to 1600 cm-1. 

4.10 Results & discussions  

4.10.1 Characterization of AgNPs in CNFs 

4.10.1.1 UV-vis spectroscopy 

UV-vis spectroscopy was used to characterize AgNPs generated in the mixtures of 

0.001 M AgNO3 solution with 0.001, 0.01, and 0.1 M reducing agent, NaBH4 solution. Due 
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to the surface plasmon resonance (SPR) of conducting electron on the surface of AgNPs, 

the synthesized AgNPs display one absorption feature as shown in Figure 4.10.1.1. This is 

in accord with previous studies that AgNPs showed a characteristic optical absorption peak 

at ~400 nm (Bhui and others 2009; Martinez-Castanon and others 2008). In Figure 

4.10.1.1a, the NaBH4:AgNO3 molar ratio of 100:1 showed a narrow peak at 390 nm. 

However, when the concentration of NaBH4 decreased, the absorption band became 

broader. The peak was located at 392 nm when the NaBH4:AgNO3 molar ratio was 10:1; 

and the sample with NaBH4:AgNO3 molar ratio of 1:1 even exhibited much broadened 

peak at 393 nm. The red-shift and the bandwidth of absorption spectra indicate the 

increased size of AgNPs. Therefore, it is speculated that the NaBH4:AgNO3 molar ratio of 

1:1 formed the largest AgNPs among the three molar ratios. The possible reason is that 

there was a small amount of reducing agent, NaBH4, to reduce the ironic silver, so the 

excessive silver atoms aggregated together. In contrast, the NaBH4:AgNO3 molar ratio of 

100:1 formed the smallest size of AgNPs, which it is due to more free electron generated 

from NaBH4 to prevent the aggregation of silver (Maneerung and others 2008).  
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Figure 4.10.1.1. Absorption spectra of silver nanoparticles prepared with different NaBH4 : AgNO3 molar 

ratios: 100:1 (a); 10:1 (b); 1:1 (c). 

 

4.10.1.2 TEM 

TEM images were obtained in this study for the CNFs impregnated with AgNPs 

that were prepared by three different NaBH4:AgNO3 molar ratios. The average size of 

AgNPs made with the NaBH4:AgNO3 molar ratio of 1:1 was estimated to be 14.06 nm 

(Figure 4.10.1.2a). When the NaBH4:AgNO3 molar ratio increased to 10:1, the average size 

of AgNPs became smaller to ~9.44 nm (Figure 4.10.1.2b). AgNPs made with the 

NaBH4:AgNO3 molar ratio of 100:1 had the smallest particle size of 4.71 nm (Figure 

4.10.1.2c). The SERS enhancement is dependent on the size of nanoparticles (Israelsen and 

others 2015; Agnihotri and others 2014). The intensities of SERS measurement from 

AgNPs from high to low was in accord with the NaBH4:AgNO3 molar ratio of 10:1 > 1:1 

> 100:1 (Figure 4.10.1.3). The AgNPs made with the NaBH4:AgNO3 molar ratio of 10:1 
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had the strongest SERS intensity compared to the other two ratios. Although previous 

studies reported that the optimal size of AgNPs in solution that exhibit the strongest SERS 

signals is 15 nm (Seney and others 2008b; Hong and Li 2013b), the NaBH4: AgNO3 molar 

ratio of 1:1 had the small amount of NaBH4 to reduce the ironic silver. On the other hand, 

the NaBH4:AgNO3 molar ratio of 100:1 had weakest SERS intensity due to the smallest 

particle size of AgNPs. Hence, the NaBH4:AgNO3 molar ratio of 10:1 was chosen to be 

used as the CNF-AgNPs substrate due to the highest SERS signals among the three types 

of substrates made with different concentrations of NaBH4:AgNO3 molar ratio solutions. 

 
 
Figure 4.10.1.2 TEM images of AgNPs impregnated CNFs prepared with different NaBH4:AgNO3 molar 

ratios: 1:1 with average size: 14.06 ± 7.90 (a); 10:1with average size: 9.44 ± 4.73 (b); 100:1 with average 

size: 4.71 ± 4.40 (c). 

 

4.10.2 Characterization of AgNPs in CNFs film using a Raman indicator 

pATP 

pATP is an effective Raman indictor for SERS measurement. When pATP 

molecules bind with AgNPs, they can generate the vibrational signals under SERS 

measurement. Figure 4.10.2 shows five significant Raman peaks of pATP-AgNPs 

complexes at ~ 390, 1078, 1143, 1435, and 1590 cm-1. The peak located at ~390 cm-1  is 
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assigned to the bending mode of the C-S bond (Wu and others 2011; Zhou and others 

2010b). The bands at ~1078 and 1590 cm-1 are assigned to the a1 vibrational modes (in-

plane modes). A peak at ~1078 cm-1 is attributed to the C-S stretching vibration, and C-C 

stretching vibrations for a peak at ~1590 cm-1
. Another vibrational mode of pATP-AgNPs 

complexes is called b2 modes (in plane mode), which are located at ~ 1143 and 1435 cm-1. 

The b2 vibrational modes are based on the charge transfer condition of SERS, which is the 

charge transfer between the AgNPs and the adsorbed molecules (Premkumar and Geckeler 

2014). These peaks are similar to the SERS spectra of pATP-AgNPs complexes measured 

in our previous studies, so we extrapolated that AgNPs were successfully impregnated onto 

the CNF films. In addition, different concentrations of pATP and different concentrations 

of NaBH4 can both affect the intensity of SERS Raman signals.  
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Figure 4.10.2 SERS spectra of pATP-AgNPs complexes prepared with different NaBH4:AgNO3 molar ratio 

of: (a) 1:1; (b) 10:1; and (c) 100:1. 

 

4.10.3 Detection of TBZ using CNF-AgNPs nanocomposites as SERS 

substrate 

Figure 4.10.3 shows a Raman spectrum of TBZ powders (99%) and a SERS 

spectrum of TBZ solutions measured by CNF-AgNPs nanocomposites. The powder form 

and the solution of TBZ exhibit similar Raman peaks at ~785, 1280, and 1580 cm-1. 
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However, SERS spectra of TBZ solution displayed more visible peaks than the normal 

Raman spectra of TBZ powders. Figure 4.10.3.1 shows SERS spectra of different 

concentrations (1, 10, 50, and 100 ppm) of TBZ measured by CNF-AgNPs substrate. Only 

when the pH level is below TBZ’s pKa, strong SERS signals were obtained. Because TBZ 

is a neutral and hydrophobic molecule, it has low affinity to the negatively charged AgNP 

surface due to the lack of electrostatic attractions. TBZ molecule contains secondary amine 

groups, which can be protonated at pH values below their respective  pKa values (Wei and 

Vikesland 2015). Therefore, we added 0.1 M HCL to reduce TBZ solution to ~pH 4 to 

induce electrostatic attraction between the amine groups of TBZ and the borohydride ions 

(BH4
-) of AgNPs (Figure 4.10.3.2). However, nanoparticles can aggregate when they are 

in the low pH environment, which will affect SERS measurement (Alvarez-Puebla and 

Aroca 2009). Because nanocellulose is acid resistant, chemically stable, and in 3D rigid 

scaffold structure, this CNF-AgNPs SERS platform can prevent the uncontrolled 

aggregation of AgNPs in low pH environment (Wei and Vikesland 2015).  

Different concentrations of TBZ solutions (1, 10, 50, and 100 ppm) were all 

measured by the CNF-AgNPs SERS substrate and the spectra (Figure 4.10.3.1) exhibited 

four prominent peaks at 785, 1010, 1280, and 1580 cm-1. The assignments to these peaks 

were out of plane bending of C-H, out of plane bending of C-C-C, ring stretching, and C=N 

stretching, respectively (Petersen and others 2014; Kim and others 2009). In addition, the 

real food samples (apples) were also detected in this study. TBZ solutions (1, 10, 50, 100 

ppm) were applied onto apples and then extracted from the apples for SERS analysis. 

Figure 4.10.3.3 shows that the SERS spectra of TBZ extracted from the apple have similar 

peaks with that of pure TBZ solutions (Figure 4.10.3.1), but the intensity of SERS signals 
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was not as strong as that of pure TBZ solutions. Moreover, the limit of detection of 5 ppm 

for TBZ were obtained, which is lower than the current tolerance ppm for apple and other 

citrus fruits (10 ppm) (EPA 2002).  

 

 

 

 

 

 

 

 

 

Figure 4.10.3 A Raman spectrum of TBZ powders and a SERS spectrum of TBZ solutions that were measured 

using CNF-AgNPs films. 
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Figure 4.10.3.1 SERS spectra of different concentrations of TBZ measured by CNF-AgNPs substrate: (a) 

100 ppm TBZ; (b) 50 ppm TBZ; (c) 10 ppm TBZ; (d) 1 ppm TBZ. 
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Figure 4.10.3.2 A schematic diagram of pH-induced adsorption of TBZ on AgNPs-CNFs substrate. 
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Figure 4.10.3.3 SERS spectra of different concentrations of TBZ extracted from apples. 
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CHAPTER 5 

CONCLUSIONS 

In summary, SERS is a novel, simple, rapid, and accurate method to detect AgNPs 

and AuNPs in various products. An effective Raman indicator (pATP) can strongly bind 

onto AgNPs and AuNPs, generating enhance Raman signals that can be used for the 

measurement. Different sizes and concentrations of AgNPs and AuNPs conjugated with 

pATP exhibit characteristic peaks at ~390, ~1087, and ~1590 cm-1. Results demonstrate 

that SERS can distinguish AgNPs or AuNPs from other non-nanoparticle species in the 

complex matrices. SERS signals can be used to predict the size and concentration of 

nanoparticles based on characteristic features of Raman signals, and it can be used in 

combination with NAA to quantify the concentration of nanoparticles in various matrices. 

In addition, novel CNF-AgNPs nanocomposite substrates were developed and they 

are flexible and environmentally friendly compared to the traditional SERS substrates. This 

novel SERS substrate was evaluated by measuring pATP and TBZ pesticides. The AgNPs-

pATP complexes exhibit characteristic SERS peaks at ~390, 1078, 1143, 1435, and 1590 

cm-1. On other hand, the SERS spectra of TBZ show prominent peaks at ~785, 1010, 1280, 

and 1580 cm-1. TBZ is neutral and hydrophobic molecule that has low affinity to the surface 

of negatively charged AgNPs. Therefore, TBZ only exhibited strong SERS signals when 

pH was below the TBZ’s pka value (pH = 4.65) based on the electrostatic attractions 

between AgNPs and TBZ. This method is simple, rapid, sensitive, and can be extended to 

rapid detection of other neutral molecules and pesticides in various food products. 

My future study will focus on development and applications of the most advanced 

and innovative analytical techniques in solving the critical and emerging issues in food 
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science. Also, I want to learn and perform microbiological and chemical testing of finished 

products, raw materials and associated items in a food industry. 
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