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Abstract 

 

This study reports the isolation and characterization of nanocrystalline cellulose (NCC) 

produced from discarded cigarette filters (DCF). The DCF were processed into cellulose via 

ethanolic extraction, hypochlorite bleaching, alkaline deacetylation, and then converted into 

NCC by sulphuric acid hydrolysis. The morphological structures of the isolated NCC, 

established with TEM, showed that the nanocrystals were needle-like with length in the range 

of between 62–258 nm. FEGSEM showed the morphological transition of the micro-sized DCF 

to a self-assembled NCC, while EDX revealed the presence of Ti (as TiO2) in DCF, which was 

retained in the NCC. A NCC sample that was freeze-dried showed a specific surface area of ~8 

m2/g. The crystallinity of the NCC film and the freeze-dried samples were ~97% and ~94%, 

respectively. Crystallite sizes of the freeze-dried (8.4 nm) and film (7.6 nm) samples correlated 

with the mean width (8.3 nm) of the NCC, observed with the TEM. 

The isolated NCC was used in the dual role as a reducing- and stabilizing agent in the formation 

of silver nanoparticles (AgNPs). By this method, a notable size variation of the synthesized 

AgNPs was found over the pH range of between 5–10, ranging from 4.61 nm at pH = 9 and 

increasing to 19.93 nm diameter at pH = 5. The size and yield of the AgNPs were also affected 

by the reaction time and concentration. The spherically shaped AgNPs induced a localized 

surface plasmon resonance (LSPR) at around 416 nm. The Ag content in the dry AgNPs was 

81.9 wt%, which correlated with 82.1 wt% mass left at 600 ºC.  Further analysis showed that 

the dry AgNPs were macroporous with reduced surface area and porosity upon calcination. 

The sensitivity of the AgNPs showed excellent surface-enhanced Raman scattering (SERS) of 

riboflavin. The limit-of-detection (LOD) for riboflavin, based on a signal-to-background ratio 

of 3:1, was found to be 3 x 10-7 M. The intensities of SERS signals increased with increase in 

concentration.  

In addition, clusters of AgNPs were synthesized with NCC isolated from Whatman cellulose 

filter paper, which behaved as a dual reducing- and stabilizing agent, and Stӧber silica (SiO2) 

provided a suitable anchoring surface.  The synthesized nanocomposite (AgNPs/SiO2/NCC) 

was evaluated as a substrate for surface-enhanced Raman scattering (SERS) of malachite green 

(MG) and compared with AgNPs/NCC nanocomposite. The FTIR spectra of both 

nanocomposites showed a weak carbonyl band (1754 cm-1), indicating partial oxidation of the 

NCC. The UV-vis spectrum of AgNPs/NCC showed a narrow peak at 412 nm, characteristic 
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of LSPR of monodispersed AgNPs.  However, this peak was broad with a shoulder at 490 nm 

in the spectrum of the AgNPs/SiO2/NCC, which indicated clustering of the plasmonic 

nanoparticles. TEM micrographs showed that the plasmonic nanoparticles were monodispersed 

with a mean diameter of 19.5 nm in AgNPs/NCC, while they aggregated into clusters on SiO2 

in AgNPs/SiO2/NCC resulting in an approximately 20 nm increase in the mean diameter of the 

SiO2. The SEM/EDX spectra and XRD diffractograms of the nanocomposites showed Ag as 

the predominant element. The SERS performance of the nanocomposites was evaluated by 

using MG as a probe, showed AgNPs/SiO2/NCC as a superior substrate with significant 

improvement in intensities of Raman peaks of MG and high sensitivity as the LOD was 0.9 

nm, while AgNPs/NCC showed a LOD of 5.2 nm, based on a signal-to-background ratio of 

3:1. This result underscores the huge contribution of SERS “hot spots” as AgNPs assembled 

into clusters in contrast to monodispersed AgNPs in the absence of SiO2. 
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Chapter 1 

 

Introduction 

 

1.1 Background 

Cellulose, especially in its nanocrystalline form, has attracted huge research interest in recent 

time. This is due to its diverse and ever-increasing applications in medicine (drug delivery, 

microfluidic diagnostic devices, biosensors, cellular bioimaging, vascular grafting, medical 

implantation, tissue engineering nanoscaffolds and nanosponges), electronics (flexible 

transistors, organic light-emitting diodes (OLED), high performance loud speakers, printed 

antenna and radiofrequency identification devices (RFID)). In addition to these applications 

are: sustainable energy (high performance solar cell, dye sensitized solar cell (DSSC), batteries, 

electrochemical- and super-capacitors,), water decontamination and bio-based antimicrobial 

food packaging, which have been extensively reviewed.1-9 Being an abundant polysaccharide 

in nature, coupled with its sustainability and environmental friendliness, it has the potential to 

replace most petroleum-based polymers that are non-biodegradable once modified to suit the 

required needs. The capacity of cellulose to function efficiently in numerous applications is 

strongly dependent on its remarkable properties, which include: biocompatibility, 

biodegradability, relatively high strength, stiffness, specific surface area, low toxicity and 

density some of which vary with cellulose hierarchical structural dimension (macro-, micro-, 

and nano-fibrilated cellulose) and crystallinity (amorphous and crystalline cellulose).2-3, 10-11 

With increasing emerging applications, necessitate better understanding of the variations 

between cellulose morphology and properties.1, 12   

The advent of nanotechnology has brought significant advancement in the study of 

nanocrystalline cellulose (NCC): a form of cellulose with nanoscale dimension and high degree 

of crystallinity, which provides the basis for the unique properties. On isolation, NCC showed 

improvement in virtually all properties when compared to other forms of cellulose and this has 

resulted in a flurry of research in the isolation and characterization of this nanomaterial. NCC 

is produced from different cellulose sources, which include, but not limited to, recycled 

cellulosic man-made materials (waste tissue paper13, old corrugated container14 and old 

newspaper15-16) and agricultural wastes17-21 in order to serve as alternative to the conventional 

sources22-23 and to minimize the cost of production towards making NCC more accessible at 

affordable cost.    
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Most applications of NCC involve the chemical interaction of its reactive surface hydroxyl 

groups. The hydroxyl groups facilitate the use of NCC and other related forms of cellulose as 

alternative green stabilizing and/or reducing agents in the synthesis of Ag, Au, Pt, Pd and Cu 

nanoparticles.24-27 In principle, NCC prevents the aggregation of such nanoparticles, leading to 

the enhancement of their catalytic performance,28-29 antimicrobial activities30-31 and improved 

sensitivity when employed as an analytical tool in the detection of analytes via surface 

enhanced Raman spectroscopy (SERS).32-33 The rich hydroxyl groups have also enabled the 

grafting and formation of NCC with other agents, thereby leading to the formation of 

biopolymer grafts and composites with improved electrical, optical and mechanical properties, 

which have found applications in advanced medical, electronic and sustainable energy studies. 

Among these materials, are: NCC/SiO2 composites in the production of materials with photonic 

properties8 and NCC/ZnO composites used in the production of materials with UV-blocking 

properties and photocatalytic activities.34 Similarly, in medicine, NCC grafted to peptide has 

been employed for the detection of human neutrophil elastase, NCC labelled with fluorescein 

isothiocyanate and grafted with folic acid was used in the detection of tumour cells in human 

and rat brains, while NCC/hydroxyapatite composite has been used in bone replacement.3 The 

potential applications of NCC are enormous and highly sustainable, making it an evergreen 

nanomaterial.  

 

1.2 Aims and objectives of the study 

As a contribution to the recent research on the isolation of NCC from recycled materials and 

its aforementioned applications, this thesis focuses on the isolation of NCC from discarded 

cigarette filters (DCF) and Whatman® cellulose filter paper (FP) by using acid hydrolysis. The 

isolated NCC-DCF were employed as reducing- and stabilizing agent in the synthesis of silver 

nanoparticles (AgNPs), which were used in the detection of riboflavin (vitamin B2) via surface 

enhanced Raman spectroscopy (SERS). NCC-FPs were used as reducing- and stabilizing agent 

in synthesis of AgNPs clusters on silica support. The synthesized nanoclusters were used as 

SERS substrate for the detection of malachite green.  

The research objectives of this thesis are: 

 Provision of a comprehensive literature review on the use of cellulose-based materials 

in the design of SERS substrates and applications. 

 Isolation of NCC from DCF and FP via acid hydrolysis by using sulphuric acid as 

catalyst.   
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 Characterization of NCC isolated with microscopic techniques (TEM, HRTEM and 

SEM/EDX), spectroscopic techniques NMR (1H and 13C) and FTIR, powder X-ray 

diffraction technique, thermogravimetric and differential thermal analyses 

(TGA/DTA), specific surface area and porosity analyses (BET measurement). 

 Synthesis of AgNPs by using the isolated NCC from DCF as reducing- and stabilizing 

agent. 

 Characterization of the synthesized AgNPs using TEM, HRTEM, SEM/EDX, 

spectroscopic techniques such as: UV-vis and FTIR, powder X-ray diffraction 

technique, thermogravimetric and differential thermal analyses (TGA/DTA), inductive 

coupled plasma optical emission spectrometry (ICP-OES), specific surface area and 

porosity analyses (BET measurement).  

 Detection of riboflavin by using synthesized AgNPs/NCC above as a SERS substrate. 

 Synthesis of AgNPs clusters by using the isolated NCC from FP as reducing- and 

stabilizing agent and SiO2 as support for the clusters. 

 Characterization of the synthesized AgNPs clusters by using TEM, HRTEM, 

SEM/EDX, spectroscopic techniques UV-vis and FTIR, powder X-ray diffraction 

technique, thermogravimetric and differential thermal analyses (TGA/DTA), inductive 

coupled plasma optical emission spectrometry (ICP-OES) and zeta potential analyzer.  

 Detection of malachite green by using the synthesized AgNPs/SiO2/NCC above as a 

SERS substrate in comparison with AgNPs/NCC synthesized without SiO2. 

 

1.3 Overview  

This thesis contains 6 chapters and a brief description of each chapter is as follows:    

  

Chapter 1: Background on cellulose, its unique properties and numerous applications. This 

chapter also includes the aims and objectives of the thesis as well as the scope and coverage of 

the thesis.  

 

Chapter 2: This chapter contains a comprehensive review on the fundamentals of cellulose 

and its various morphological forms, description of surface-enhanced Raman scattering 

(SERS) mechanisms, the design of cellulose-based SERS substrates and their applications. 
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Scheme 1.1. Illustration of Cellulose as a Green SERS Substrate: Fundamentals, Design 

Principles, Applications. 

 

Chapter 3: This chapter includes the isolation and characterization of NCC from DCF. DCF 

were collected and processed into cellulose via ethanolic extraction, hypochlorite bleaching 

and alkaline deacetylation and NCCs were isolated from the cellulose-DCF obtained by acid 

hydrolysis, as summarized in Scheme 1.2. The cellulose acetate, obtained cellulose-DCF and 

the isolated NCC-DCF as well as the by-product of deacetylation (CH3COONa·3H2O) were 

fully characterized. The study showed how DCF, an environmental pollutant, could be 

transformed into a useful and environmentally-friendly nanomaterial (NCC), in order to 

mitigate its hazardous environmental impact at minimal cost.  

 

Scheme 1.2. Stepwise isolation of NCC-DCF from DCF. 
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Chapter 4: This chapter describes NCC-DCF as a template for green synthesis of AgNP used 

as a SERS substrate for the detection of riboflavin. Silver nanoparticles (AgNPs) were 

synthesized by using NCC-DCF isolated from DCF as a reducing- and stabilizing agent over a 

pH range of between 5–10 at 80 ºC for different durations (15–75 minutes). The synthesized 

AgNPs used in surface enhanced Raman spectroscopic (SERS) detection of riboflavin (RBF), 

were characterized. The SERS study was carried out by using Raman spectrometer equipped 

with charge coupled device (CCD) detector. The study demonstrated an approach to produce 

cheap analytical tool from most littered items (DCF).  

 

 

Scheme 1.3. Synthesis of AgNPs by using NCC isolated from DCF as a reducing- and 

stabilizing agent and SERS study of riboflavin (RBF). 

 

Chapter 5: This chapter entails the synthesis of AgNPs clusters by using NCC isolated from 

FP as a reducing- and stabilizing agent in the presence of Stӧber silica as an anchoring surface 

for the clusters. The nanocomposite was used as a SERS substrate in order to enhance the 

Raman signal of malachite green in comparison with monodispersed AgNPs prepared in the 

same manner in the absence of Stӧber silica. The nanocomposites were well characterized. This 

study demonstrated the significant enhancement of SERS signals by using the substrate with 

high population of “hot spot”. 
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Scheme 1.4. Synthesis of AgNPs clusters by using NCC isolated from FP as a reducing- and 

stabilizing agent in the presence of Stӧber silica and SERS study of malachite green (MG). 

 

 Chapter 6: This chapter contains the conclusion and recommendations derived from the study 

based on the findings of this study.   

 

1.4 Significance of the study 

The significance of this study is shown in the following perspectives: 

1. This study demonstrated for the first time stepwise isolation of NCC from DCF as a way of 

ameliorating the environmental hazard associated with DCF, which is arguably the most 

littered item in the world. 

2. The study added more value to the isolated NCC-DCF by using it as a reducing and in the 

same vain, as a stabilizing agent in the synthesis of AgNPs, which was further applied in the 

detection of riboflavin (a highly fluorescence molecule with poor Raman signal) via SERS 

study. 

3. The study demonstrated the design of AgNPs clusters as a SERS substrate with high 

sensitivity for the detection of malachite green (MG), a fungicide with genotoxic and 

carcinogenic tendencies, illicitly used in some aquaculture industries. 
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Chapter 2 

 

A review of cellulose as a green SERS substrate: Fundamentals, design 

principles and applications 

 

2.1 Introduction 

Surface enhanced Raman spectroscopy (SERS) has become one of the most versatile analytical 

techniques available due to its sensitivity and specificity on the identification of target 

molecules via unique vibrational information referred to as “fingerprint”, which is based on 

structure, conformation and the environment of the target molecule. The potential of SERS to 

detect analytes at low concentration supports its wide applications.1-6 The discovery of SERS 

in 1928 stemmed from Raman scattering (i.e. inelastic scattering of light by molecules) 

reported by Raman.7 However, the first report on SERS as a phenomenon was in 1974 by 

Fleischmann et al.,8 who observed that the Raman scattering of pyridine adsorbed on a 

roughened silver surface was significantly enhanced. Two independent research groups had, 

shortly thereafter, reported greater enhancement of pyridine Raman scattering on a roughened 

silver surface and concluded that the observed increase in enhancement was more than could 

be accounted for only through an increase in surface area. Instead, it was affirmed that this was 

due to an increase in the electromagnetic field9 and charge transfer10 interaction, between the 

silver surface and the adsorbed molecules. The two concepts remained the mainstay of the 

SERS debate within the research community, and are part of the current vernacular, as 

electromagnetic- and chemical mechanisms.  

Although the concept of SERS was established by using a roughened silver metal surface, the 

advent of nanotechnology has brought an expansion to SERS applications with the use of metal 

nanoparticles as SERS substrates. Metal nanoparticles, especially the Group 11 coinage metals 

(Ag, Au, Cu) are capable of generating strong surface plasmon resonance (SPR) in the visible 

and near infrared regions, and have been exploited as SERS substrates. In 1979, Ag and Au 

nanoparticle colloids, synthesized via sodium borohydride (NaBH4) reduction of their 

respective metal salts, were used to enhance the Raman scattering of pyridine. The 

enhancement was improved when the excitation wavelength used in the study was close to the 

observed localized surface plasmon resonance (LSPR) of the nanoparticles.11 This clearly 

underscores the significant contribution of metal nanoparticles to SERS. Similarly, Ag 

nanoparticles synthesized by using the citrate reduction method were employed as SERS 
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substrates in the detection of single molecules of crystal violet12 and rhodamine 6G (R6G).13 

These findings opened the door for numerous applications of SERS in medical diagnostics and 

bioanalytical studies.3, 6, 14-16 With recent advancement in size and shape control of metal 

nanoparticles during preparation, using different reducing and stabilizing agents, plasmonic 

nanoparticles that are capable of inducing high SERS enhancement, have evolved with time. 

Commonly used reducing agents, include: NaBH4, hydrazine (NH2NH2), hydroxyl amine 

(NH2OH), triethanol amine (TEA), poly (ethylene amine), glucose, sodium citrate, and 

dimethyl formamide (DMF). Stabilizing agents include polyvinylpyrrolidone (PVP), 

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), silanes, and 

other compounds with functional groups, such as thiol (-SH), carboxylic acid (-COOH) and 

amino (-NH2), that can serve as an anchor for the plasmonic nanoparticle to minimize 

aggregation.17-18 However, the use of chemical reducing and stabilizing agents can introduce 

interferences as a result of the agents or their by-products that may compete with intended 

targets during SERS measurement. This is circumvented by using support materials which are 

stable, with minimal interference during measurement as stabilizing and reducing agent. 

Cellulose as a biodegradable naturally abundant biopolymer has tremendous benefits as a green 

reducing- and stabilizing agent in the synthesis of metal nanoparticles. With a surface rich in 

hydroxyl functional group, cellulose has been used as a reducing- and stabilizing agent as well 

as solid support in the preparation of substrate for SERS measurements. Remarkable features 

of cellulose among others, include its: i) availability as the most abundant biopolymer on earth, 

ii) flexibility with which it can be refined from macro- to nanoparticles with varying degree of 

crystallinity, iii) ease of functionalization to introduce different functional groups to its surface, 

iv) biocompatibility and biodegradability. Cellulose has a very weak SERS response, hence it 

has low interference and background signals during measurement. As a fibre (paper), it can be 

used as solid platform for SERS substrate and as colloid suspension (nanocellulose) and hence, 

it can be used as stabilizing and/or reducing agent. When functionalized, it can induce the 

synthesis of metal nanoparticles with various shapes and dimensions, towards improved SERS 

signals. Being cheap and readily available, cellulose serves as a basic component in the 

fabrication of many point-of-care (POC) medical diagnostic kits,19-21 an area where SERS is 

gaining tremendous attention in recent time.22    

A number of reviews are available on SERS, but to date none has focused on the significant 

contribution of cellulose in SERS development. In this review, the fundamental principle of 

SERS, the use of cellulose in its various forms in the preparation of SERS substrates, and the 

applications of these substrates in SERS are discussed. An insight into how cellulose combines 
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the role of reducing and stabilizing agents in the preparation of metal nanoparticles to guide in 

the fabrication of SERS substrates is presented. Challenges associated with the use of cellulose 

in order for it to perform these roles have been identified and suggestions made to overcome 

them. The review aims to shed more light on the synthesis and design of improved and reliable 

SERS substrates that will attract market value in the near future via the use of cellulose and/or 

its derived products. 

 

2.2 Fundamentals of the SERS mechanism 

Several mechanisms have been proposed to unravel the influence of roughened metal surface 

for the enhancement of Raman scattering of molecules, but only two have been well 

established,1 namely: i) the chemical (charge transfer) and ii) electromagnetic enhancement 

mechanisms. They have an independent mode of action but often occur simultaneously. Their 

influence on Raman scattering strongly depends on the proximity of the target molecule to the 

roughened metal surface, hence the need to ensure absorption of the target on the surface of 

the metal. For an in depth description of SERS mechanisms, the principle of Raman scattering 

is required. Inspired by Compton’s concept of inelastic scattering of X-ray by molecules, 

Raman hypothesized that the visible light of the electromagnetic spectrum should also 

experience similar inelastic scattering when focused on molecules. He observed the inelastic 

scattering of visible light focused on molecules in liquid and gaseous states in a classic 

experiment.7 However, the intensity of the inelastic scattering was very weak since only one in 

ten million photons was scattered via this process. This inelastic scattering of light was later 

named after Raman.7 The discovery of SERS was as a result of a deliberate effort towards 

enhancing the Raman scattering of molecules with the assumption that with more molecules 

involved in the scattering, the Raman intensity could be amplified. This was demonstrated by 

the absorption of pyridine on a roughened silver surface.8 Although an increase in the 

absorption of molecules, led to an increase in intensity, it was discovered that the metal surface 

further provided additional enhancement via electromagnetic and charge transfer 

mechanisms.9, 10 

 

2.2.1 Charge transfer enhancement mechanism 

The charge-transfer enhancement mechanism stems from electronic interactions between a 

metal surface and absorbed molecules, caused by the overlap of orbitals. Electronic transitions 

occur within and between the orbitals of the metal and the absorbed molecules under the 

influence of light energy, thereby leading to enhancement of Raman scattering (Fig. 2.1A). 
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This observation is more prominent in molecules with electronic absorption in the near 

ultraviolet region, which experience a change in molecular orbital energy level when either in 

close proximity or absorbed on metal nanoparticles. The resultant enhancement via charge 

transfer mechanism is estimated5, 23-24 to be in the range of between 10–103 folds. 

 

2.2.2. Electromagnetic enhancement mechanism 

The electromagnetic mechanism arises from the absorption and scattering of incoming photons 

by delocalized electrons in the conducting band of metal nanoparticle surface. This interaction 

results in a coherent oscillation of the electrons if the frequency of the incoming photons is the 

same as the frequency of the oscillating electrons, which is known as localized surface plasmon 

resonance (LSPR). LSPR depends on the size, shape and the nature of metal nanoparticle. The 

local electromagnetic field on the metal surface is enhanced through the LSPR. Molecules 

absorbed at the metal surface or in proximity to the local enhanced field will experience strong 

Raman scattering due to induced dipole from the enhanced local field. The Raman scattered 

intensity from the molecule is further amplified by the enhanced field, hence leading to SERS 

(Fig. 2.1B). Essentially, there are two steps in the electromagnetic enhancement mechanism, i) 

enhancement of the local field where the metal nanoparticle acts as a receiving antenna and ii) 

enhancement of the Raman signal that is scattered off the molecule where the metal 

nanoparticle acts as a transmitting antenna. The resultant enhancement factor (ratio of SERS 

intensity to normal Raman intensity) is approximately proportional to 104 of the enhanced local 

field when the frequencies of the incident photons and the observed Raman scattering are very 

close. Unlike the charge transfer mechanism, the electromagnetic enhancement is estimated to 

be in the range of between 104 to 1012 for molecules absorbed on the metal surface, making it 

the dominant enhancement often observed.1, 25-28 It is important to note that the above SERS 

description is for a single metal nanoparticle. With two neighbouring nanoparticles (dimer), 

the enhancement of the local field is more intense, especially at the gap or crevice, commonly 

referred to as the “hot spot” between the nanoparticles, leading to stronger SERS signals (Fig. 

2.1C). The intensity of the SERS signal is also affected by the distance between the target 

molecule and nanoparticle surface. The shorter the distance, the greater the intensity of the 

signal.  However, there is a limit to which the gap size can be reduced in order to avoid quantum 

effects between the coupled nanoparticles, which can adversely distort the signal band and 

intensity.3-4, 29  
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Fig. 2.1: Schematic illustrations of: (A) chemical enhancement mechanism, (B) 

electromagnetic enhancement mechanism and (C) plasmonic “hot spot”.  
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2.3 Cellulose and Nanocellulose 

Cellulose is the most abundant and perhaps, the most explored biopolymer on earth, consisting 

of β-D-glucopyranose (C6H10O5) units, linked by β-1,4-glycosidic bond.  The basic unit is 

called cellobiose, comprising of two β-D-glucopyranose units inverted by 180º along the 

vertical plane.30 Cellulose is rich in hydroxyl functional groups with six of these groups present 

in each cellobiose unit. The hydroxyl groups provide a medium for intra- and intermolecular 

hydrogen bonding within and between the cellulose chains, which combine to form elementary 

fibrils. In the structural hierarchy, the elementary fibrils combine to form microfibrils, which 

assemble in combination with hemicellulose and lignin into macrofibrils.17, 30 This structural 

arrangement provides the strength for the plant framework with cellulose as the backbone.  

Morphologically, cellulose consists of rigid and well-ordered (crystalline) regions connected 

by less-ordered (amorphous) regions.31-32 The amorphous regions are susceptible to hydrolysis 

under the influence of concentrated acid and can also be easily oxidized.  In the context of 

nanocellulose acid hydrolysis, the crystalline regions could be referred to as nanocrystalline 

cellulose (NCC), cellulose nanocrystal (CNC) or cellulose nanowhiskers (CNW).  However, 

when cellulose is subjected to mechanical treatment under high pressure, fibrillation occurs, 

leading to formation of cellulose nanofibrils (CNFs) and/or cellulose microfibrils (CMFs), 

which consist of alternating amorphous and crystalline regions with the fibril length in the 

submicron range. These materials are more flexible and longer, with higher aspect ratios 

(length/width) than NCC. Generally, NCC, CNF and CMF are considered as nanocellulose, 

based on the dimension  classification.33  NCCs are basically rod-like in shape with lengths in 

the range of between 50–500 nm and widths in the range of between 3–20 nm, while CNF and 

CMF have widths in the range of between 5–100 nm with lengths in the submicron and 

micrometer ranges, respectively.31, 33-35  The source of cellulose, pre-treatment and treatment, 

as well as the duration of treatment are among several factors that will ultimately, influence the 

dimensions of nanocellulose (Scheme 2.1). However, all forms of nanocellulose are chemically 

identical, except for the purposeful surface modification arising from various chemical reagents 

employed during treatment processes. 

 

2.3.1 Source of cellulose 

The primary source of cellulose is plant material in which it co-exists with lignin and 

hemicellulose in a complex structure. There are several modified industrial wood-pulping 

processes used in the extraction of cellulose from plants. These processes, basically involve 

the removal of extractives, lignin and hemicellulose, followed by bleaching in order to obtain 
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bleached pulp with high cellulose content. However, in nature, cellulose can be found in almost 

pure state in cotton and with a ‘bottom-up’ approach, cellulose can be synthesized from simple 

sugar and other basic requirements via bacterial propagation. This type of cellulose is referred 

to as bacterial cellulose (BC).36-39 Due to its high purity and water content, BC has been 

explored for biomedical applications. Other known sources of cellulose are tunicate40-42 and 

algae.43-46 The necessity of recycling in order to reduce waste, has brought about new sources 

of cellulose that are non-conventional. These include: agricultural wastes,34, 47-49 man-made 

wastes, such as old newspaper,50 corrugated paper51 and even discarded cigarette filters52 

(Scheme 2.1). This demonstrates that there is sufficient supply of raw material, available for 

the isolation of nanocellulose.       

       

2.3.2 Nanocellulose isolation 

CNF and CMF are produced via mechanical processes, which include grinding, steam 

explosion, microfluidization, cryocrushing, high pressure homogenization, electrospinning and 

ultrasonication (Scheme 2.1).53-60 These processes involve fibrillation of cellulose by using 

high frictional force, temperature, pressure, ultrasound energy and electric field with 

specialized equipment. The high power required and cost of equipment tend to impose 

restraints on the commercial viability of these processes.61 Hence, chemical and enzymatic pre-

treatments are introduced in order to reduce power consumption.32, 34, 62-64   Unlike CNF and 

CMF, NCC is isolated by hydrolysis, catalyzed by acid or induced via oxidation. With strong 

acid, such as H2SO4, the amorphous region is hydrolyzed, leaving the crystalline region with 

high resistance to hydrolysis. The preference for H2SO4 in the hydrolysis of cellulose, is due to 

the introduction of surface charge through sulphate hemi-ester groups on the isolated NCC, 

which assist in stabilizing the NCC when dispersed in water. However, the introduction of the 

sulphate hemi-ester groups also reduces the thermal stability of the NCC.  Other mineral acids, 

such as HCl, HBr and H3PO4 have also been reported, but they showed less stabilizing effect 

on NCC in water.65 A combination of these acids have also been employed in cellulose 

hydrolysis.66 The dimension and yield of NCC as well as other physical characteristics depend 

on acid type, concentration of the acid, source of cellulose, acid volume-to-cellulose mass ratio, 

reaction time and temperature.67-68 Higher acid concentration, temperature and increase in acid 

to cellulose ratio, as well as longer reaction time result in shorter length of NCC with reduced 

aspect ratio.69 Generally, 64–65 wt% of H2SO4 at 45ºC with 45 min reaction time, results in 

NCC with length in the range of between 50–300 nm and width in the range of between 5–10 

nm.70  
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Apart from the use of strong acid, NCC has also been isolated with oxidizing agents, which 

induce hydrolysis via oxidation of the glycosidic bond of the amorphous region of the cellulose. 

Ammonium persulphate ((NH4)2S2O8) (APS), sodium periodate (NaIO4) and 2, 2, 6, 6-

tetramethyl-1-piperidinyloxy radical (TEMPO), in combination with sodium hypochlorite 

(NaOCl) and sodium bromide (NaBr) have been successfully used to isolate NCC via 

oxidation.71-75 However, the process can be cumbersome requiring more reaction time and 

surface oxidation thereby leading to the inevitable introduction of carboxylic (COOH) and 

aldehyde (–CHO) groups on the surface of the isolated NCC. With TEMPO, further mechanical 

treatment is often required in order to ensure complete fibrillation. The advantage of the APS 

method over other methods is the possibility of isolating NCC directly from feedstock with 

lignin-containing cellulose, without pre-treatments as required by other methods.76 In addition, 

the advent of ionic liquid has afforded the opportunity to produce regenerated cellulose of 

nano-dimension and morphology with the advantage of recovering the ionic liquid.77-78  Ionic 

liquid dissolves cellulose by interacting with the hydroxyl groups, leading to a reduction in the 

intra- and intermolecular hydrogen bonding. The dissolved cellulose is subsequently 

precipitated with water and the ionic liquid recovered.  Within the principles of green chemistry 

and with the aim to improve the yield of nanocellulose, dicarboxylic acids (exemplified by 

maleic and oxalic acids), have also been shown to be suitable candidates in isolating 

nanocellulose.68, 79-82 The hydrolysis requires high temperature and acid concentration with 

longer reaction time than when sulphuric acid is used for the hydrolysis. The surface of the 

isolated nanocellulose is also modified with hemi-esters of the carboxylic acids, which 

improves the thermal stability and crystallinity of the nanocellulose in comparison to NCC 

isolated with inorganic acids. The recovery of the acids and the by-product (sugar) of 

hydrolysis via crystallization shows the green nature of the process.83-84  It is important to note 

that nanocellulose with a spherical morphology can also be isolated.72, 85-87 In comparison, with 

the use of TEMPO, organic acids and ionic liquids produce nanocellulose with longer lengths 

and wider widths and belong to the class of CNF different from nanocellulose with shorter 

lengths and narrower widths through the use of inorganic acids, hence it is classified as NCC.83, 

88  
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Scheme 2.1. Methods of preparing micro- and nanocellulose, and the common names 

associated with the morphology or process. CMF: Reproduced with permission from ref. 60. 

Copyright 2000 John Wiley and Sons, CNF: Reprinted by permission from ref. 59. Copyright 

2012 Springer Nature, NCC: Reprinted from ref. 52. Copyright 2017 with permission from 

Elsevier, SNC: Reprinted from ref. 86. Copyright 2012 with permission from Elsevier. 

 

The forms and extent of surface modification arising from pre-treatment and treatment 

processes during the isolation of nanocellulose, are typically studied by spectroscopic 

techniques, such as 1H and 13C nuclear magnetic resonance (NMR) and Fourier transform 

infrared (FTIR). NMR and FTIR as well as conductometric titration analysis have been used 

to determine the degree of oxidation of a nanocellulose surface isolated by using ammonium 

persulphate.71,72, 76, 89 Additional techniques, such as UV-vis absorption and photoluminescence 

spectroscopies, are employed when nanocellulose surfaces are modified with chromophoric 

and luminescence moieties in order to suit particular requirements.76, 90, 91 The description and 
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dimensions of nanocellulose are acquired by using microscopy techniques, including 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), and atomic 

force microscopy (AFM). Similarly, dynamic light scattering (DLS) has also been employed 

to estimate nanocellulose dimension.92 Generally, the TEM, SEM and AFM are indispensable 

tools in the classification and dimension analysis of nanocellulose, especially to observe the 

variations resulting from the use of different parameters towards improving quality and yield 

of NCC.69, 93, 94 Zeta potential and powder X-ray diffraction (XRD) techniques are used to 

determine nanocellulose surface charge and degree of crystallinity, respectively. The thermal 

stability of nanocellulose is studied via thermal gravimetric analysis (TGA), differential 

scanning calorimetry (DSC) and differential thermal analysis (DTA).95 Although, there are 

limitations associated with some of these techniques when used individually, when combined 

together, they provide a suitable platform for characterization of nanocellulose of different 

functionalities designed to meet specific needs.  

 

2.4 Plasmonic SERS substrate design 

Substrate design is one of the key factors considered to achieve SERS with high sensitivity and 

reliability. Substrates with high sensitivity show strong enhancement for specific target 

molecules with reproducible signals and minimum variation to ensure reliability. Plasmonic 

(metal nanoparticle) SERS substrates provide a great advantage in achieving highly sensitive 

and reliable SERS signals. The local surface plasmon resonance (LSPR) of the metal 

nanoparticle can be tuned to a wavelength range between that of the exciting incident laser and 

the Raman scattering signal of the target molecule. This is required for maximum enhancement 

of the local field on the metal nanoparticle surface, leading to a highly enhanced signal. Several 

metals, such as: Li, Na, K, Rb, Cs, Pt, In, Ga, Rh, Al, Cu, Ag and Au have been studied5, 96 for 

their SERS enhancement effects, but the coinage metals (Au, Ag and Cu) are most attractive 

since they produce highly enhanced and reliable SERS signals for a broad variety of target 

molecules.1 This is due to the fact that their LSPR, in the visible and near infrared regions can 

be readily tuned to the wavelengths of commercial lasers used in SERS studies. The LSPR can 

be tuned by varying the size, shape, surface roughness and distance between nanoparticles. 

Recent developments in nanotechnology have made it possible to design nanoparticles with 

regular shapes, which include sphere, triangle, cube, cuboid, cylinder, hallow, octahedral, 

cuboctahedra, sphere and other related shapes that can be likened to flowers and dendrites.2, 97, 

98 A combination of metals in plasmonic substrate design can also result in multicomponent 

substrates. Core-shell, which has gained attention because it provides a means the SERS 
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enhancement effect of two different metals and create platforms for coating substrates with a 

protective layer in order to reduce cytotoxicity when used for in vivo and in vitro biomedical 

applications.2-3, 99  Gold (Au) has proven to be the best choice when compared to Ag and Cu in 

biomedical SERS studies, due to its biocompatibility, lower cytotoxicity and wider tunable 

LSPR to the near infrared region, which is less invasive on tissue, but with a deeper penetration 

than ultraviolet and visible radiations.6 However, Ag provides a stronger enhancement when 

compared to Au and it is also cheaper, hence it accounts for a higher percentage of SERS 

substrates. Copper (Cu) is seldom used due to its low resistance to oxidation under ambient 

condition, thus limiting its stability.5  

SERS substrates are coated or printed on solid supports, such: as glass, silicon wafer, adhesive 

tape, polymers (nylon, polyacrylonitrile, polyethylene terephthalate, polydimethylsiloxane, 

polyethylene, poly(ethylene oxide), polyvinyl alcohol, polyacrylamide and polyvinylidene 

fluoride filter membranes), graphene, carbon nanotube or cellulose.100-110 They are also used 

as a colloidal solutions when stabilized by using different agents. Cellulose has played a 

significant role as a solid platform, also as stabilizing- and reducing agent in the design of 

SERS substrate. However, it contributes more when considered as a solid platform on which 

synthesized plasmonic nanoparticles are immobilized via different techniques such as thermal 

evaporation, vapor deposition, laser induced photothermal deposition, dip coating, inkjet 

printing and screen printing.107  Recently, cellulose in its various forms has been employed as 

stabilizing agent to prevent coagulation during synthesis of plasmonic nanoparticle in the 

presence of reducing agent and it has also been reported that cellulose simultaneously plays the 

dual role of a reducing and stabilizing plasmonic nanoparticles under suitable reaction 

conditions.17, 111 With this perspective in mind, it is imperative to consider the enormous 

contributions of cellulose in SERS substrate design towards realizing commercially viable, 

sustainable, flexible and green substrates in the near future.  In this review, insight is provided 

on the use of cellulose in its various forms not only as solid support but also as a stabilizing- 

and reducing agent in the design of SERS substrate. 

 

2.5 Contributions of cellulose in SERS substrate design 

The first use of cellulose in the design of a SERS substrate was reported independently in 1984 

by Tran et al.112 and Vo-Dinh et al.113 by using different techniques in the fabrication of the 

substrate. Tran and co-workers employed filter paper as a stabilizing agent to obtain the SERS 

of organic dyes at subnanogram level by using NaBH4 reduced Ag colloid with LSPR of 400 

nm and particle size in the range 10–30 nm as plasmonic nanoparticle.  Vo-Dinh et al. studied 
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the SERS of trace organic compounds using Ag immobilized through thermal evaporation 

technique on a filter paper spin-coated with Teflon or polystyrene latex as a substrate. The 

approaches of the two different studies showed not only the independence of the research 

findings, but also established the preference of filter paper in SERS substrate design since filter 

paper with other materials, such as: plastic sheets, metal and glass plates were compared.112, 113 

More recently, new cellulose-based SERS substrates have evolved parallel to new 

developments in nanotechnology and these substrates have been shown to be successful in 

numerous applications.  With well-developed proof-of-concept scenarios, SERS has become 

an emerging technology in the detection of trace analytes in the study of pesticide residue in 

food, dye identification in artwork, forensic analysis of samples during investigation, DNA 

analysis, detection of explosives and bio-warfare, and others. This review addresses the 

techniques of fabricating cellulose-based SERS substrates and their applications. 

 

2.5.1 Cellulose paper-based SERS substrate 

Cellulose paper, including office paper, newspaper, Kraft paper and filter paper of various 

grades has been explored in the design of SERS substrates. The fabrication processes with 

which these papers were coated with plasmonic nanoparticles in the substrate design, are quite 

innovative, simple and economical when compared to known conventional methods. Some of 

these processes have been highlighted.107, 114 However, a comprehensive review is required in 

order to understand the basic principles adopted in these fabrication processes.  

 

2.5.1.1 Drop casting 

The first SERS substrate on cellulose paper was made by dropping a premixed colloid solution 

of the analytes (dyes) and Ag nanoparticles on filter paper, which provided support for the Ag 

nanoparticles. SERS spectra for sub-nanogram quantities of various dyes were obtained while 

the substrates were wet in order to take advantage of the dielectric environment offered by 

water, which produces better enhancement when compared to air.112 When a solution of gold 

nanostars stabilized by sodium citrate was cast on filter- and printing papers, the filter paper-

based SERS substrate produced better enhanced SERS signal with crystal violet as SERS probe 

due to higher porosity. Higher enhancement was also reported for the signals with a wet probe 

on both printing- and filter papers due to higher dielectric constant of water when compared to 

air.115 On the contrary, printing paper was observed to show improved SERS enhancement with 

Ag nanostars when compared to filter paper.116 A number of factors are responsible for these 

variations in performance; some of these factors are inherent in paper morphology, composition 
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and porosity as well as variation in deposition techniques, especially the effect of drying time. 

However, filter paper dominated other forms of papers in SERS substrate design probably due 

to its porosity and high cellulose composition. In separate studies, SERS of p-hydroxybenzoic 

acid117 and Sudan III azo dye118 were studied by using citrate stabilized Ag nanoparticles 

deposited on filter paper by continuous dropping and drying until the desired volume was 

transferred.  The analytes were deposited in the same manner. The results showed that the dried 

filter paper substrate produced better resolved SERS signals when compared to Ag nanoparticle 

colloidal solution as well as other solid substrates investigated. The SERS spectra obtained on 

a filter paper-based substrate were also in agreement with those based on theoretical 

calculations.117, 119-120 Further study was carried out by using the same substrate design to 

investigate the influence of adsorption configurations for p-, m- and o-hydroxybenzoic acids 

on SERS signals.121 Theoretical calculations based on density function theory (DFT) as well 

as experimental studies using filter paper-based substrate, with Au nanoparticles, showed a 

difference in adsorption configurations of p-, m- and o-nitroaniline on filter paper and in 

colloidal solutions. Adsorption was via the nitro group oxygen in colloidal solution in a 

perpendicular manner, while on filter paper, the corresponding SERS signals suggested tilting 

of the aromatic ring at an angle, the degree of tilting varies with the position of the amino 

group.122, 123  

It is noteworthy that the concentration of plasmonic nanoparticles deposited on paper by drop 

casting, strongly influenced the intensity of SERS signals. This was demonstrated when the 

SERS of fullerenes (C60 and C70) was obtained by using Au nanoparticles cast on filter paper 

in different volume via this method. The intensities of the SERS signals of the analytes 

gradually increased with increase in volume until a saturation point was reached, after which 

the intensity decreased. The saturation points indicated that sufficient aggregate of Au 

nanoparticles was attained.124 The advantage of a solid substrate is that it enables the study of 

SERS of analytes, which are not soluble in water as demonstrated when the SERS of single 

wall carbon nanotube (SWCNT) was obtained for the first time on Ag, and Au nanoparticles 

coated filter paper. The study showed the possibility of using SERS to estimate the diameter 

of SWCNT and monitor the reaction mechanism during production.125 The SERS signal of C70 

in Au nanoparticles-pyridine colloidal solution was dominated by pyridine signals, however, 

when deposited and dried on filter paper, the interference signals from pyridine were not 

observed.126  

Although the drop casting technique is simple, the uniformity of the plasmonic coating remains 

a challenge and also the uneven spreading of samples results in variation in SERS signals. A 
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method was developed to ensure uniform distribution of plasmonic nanoparticles on casting. 

In order to achieve this, a paper was placed between two Teflon templates, designed to restrict 

the spread of Au nanoparticles on paper and heat was applied to reduce drying time. The 

improved SERS substrate was used in the detection of nicotine and uric acid in aqueous 

solution127 as well as uric acid in synthetic urine.128 Another method developed to restrict the 

spreading of plasmonic nanoparticles on casting, was by first calendaring a filter paper in order 

to reduce the surface roughness. The paper was then treated with alkyl ketene dimer (AKD) in 

order to make the surface hydrophobic as illustrated in Fig. 2.2. The paper surface had an 

improved contact angle on coating with AKD leading to the retention of Ag nanoparticles and 

analytes on filter paper. The substrate showed improved SERS enhancement for the detection 

of pesticides (thiram and ferbam) in water. Thiram and ferbam were detected to limits of 0.46 

and 0.49 nM respectively.129 

 
Fig. 2.2: Schematic illustration of modified drop cast method of paper-based SERS substrate. 

Reprinted with permission from ref. 129. Copyright (2018) American Chemical Society. 

 

2.5.1.2 Thermal evaporation 

Thermal evaporation in a vacuum chamber was employed in order to deposit Ag on filter paper 

spin-coated with polystyrene latex. The filter paper provided a solid and flexible support for 

the polystyrene sphere on which the plasmonic nanoparticles were coated. The spherical 

polystyrene aided distribution and uniformity of the Ag. With this substrate, the SERS spectra 

of trace amount of organic compounds were obtained.113 It was also used to obtain the SERS 

of nitro-polynuclear carcinogenic aromatic compounds.130  A substrate designed without pre-

coating of filter paper with polystyrene before thermal evaporation of Ag was employed for 
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identification of anthraquinone dyes in artworks.131 However, thermal evaporation of Ag on 

filter paper without pre-coating with polystyrene resulted in substrate damage on exposure to 

the laser beam and poor signal reproducibility, which was due to the non-uniformity of the 

surface coating, unlike when pre-coated with polystyrene.132 In another study, ZnO nanorods 

were also grown on paper, prior to thermal evaporation of Ag nanoparticles onto the nanorods, 

in order to induce a “hot spot” on the surface. The designed SERS substrate was capable of 

detecting rhodamine 6G (R6G) to a detection limit of 9 nM.133 Concurrent low temperature 

thermal evaporation of Ag and Au on filter paper led to plasmonic nanoparticles SERS 

substrate. By varying the composition of the metals, the plasmonic resonance of the alloy was 

tuned to different wavelength. The SERS substrate showed strong enhancement for the 

detection of adenine and folic acid, down to pM level.134 However, this technique is not very 

popular in SERS substrate design due to the time requirement and cost of facilities. 

 

2.5.1.3 In-situ coating 

The hydroxyl groups on cellulose paper provide the necessary anchor for Ag+ ions for in-situ 

coating. The procedure, first developed by Berthod et al.,135 simply involved immersion of 

filter paper in an aqueous solution of Ag+ ions, followed by spraying the wet paper with sodium 

borohydride as reducing agent. The paper turned black, indicating the reduction of Ag+ ions. 

Taking advantage of the dielectric environment provided by water, the substrate was used wet 

in order to obtain the SERS of p-aminobenzoic acid and other related nitrogen containing 

compounds.136 The substrate was further explored to analyze mixture of the nitrogen containing 

compounds by using the unique SERS characteristic vibrational modes of each compound as 

identification tags.137-138   With this substrate design, the influence of analyte spatial distribution 

on SERS signals was studied. The observed non-uniformity in the spatial distribution was 

attributed to the difference in analyte affinity for solvent in which it was dissolved, and the 

substrate.139 SERS signals also vary with pore sizes and chemical composition of the paper 

when using “in-situ coating” in substrate design.140 Another challenge associated with this 

method is the polydispersed nature of the Ag nanoparticles since the particles size varied at 

different locations on the paper due partly to non-uniform distribution of the reducing agent on 

spraying.141 This can lead to poor reproducibility of the SERS spectra and wrong 

interpretations. In order to minimize such effects, filter paper was pre-coated with alumina 

before in-situ coating with plasmonic nanoparticles. The modified filter paper showed an 

improved SERS signal compared to unmodified filter paper.142  
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An alternative to spraying of a reducing agent was demonstrated by vertically mounting filter 

paper in solution containing Ag+ ions and glucose (reducing agent) at a set temperature and 

time to in-situ coat the filter paper with Ag nanoparticle. The filter paper was also pre-treated 

in basic and acidic solutions to improve the coating. The paper pre-treated with ammonia 

showed improved SERS signal for tyrosine with a detection limit of 625 nM.143 Agarose was 

used as a reducing agent to coat filter paper with Ag nanoparticle in-situ. A filter paper was 

dipped into a solution of Ag+ ions and agarose for 5 seconds after which it was incubated in 

the dark at 28°C for 72 hours in order to obtain a dark-brown filter paper coated with Ag 

nanoparticles. This study showed improved SERS signals for crystal violet, trinitrotoluene and 

chlorpyrifos compared to those fabricated by dip coating with detection limit of 10 pM, 10 nM 

and 1 nM, respectively. The improved performance was attributed to the shrinkage of the agar 

on drying leading to the aggregation of Ag nanoparticles into the “hot spot” and the 

hydrophobic surface provided by the agar prevented uncontrolled spreading of analyte on the 

substrate.144  

Photochemical reduction of Ag+ ions in aqueous solution in the presence of sodium citrate and 

NaOH was used to coat a filter paper with Ag nanoparticles in-situ under a light emitting diode 

(LED) at room temperature. The paper fabricated under optimized conditions was used to 

detect adenine to a low concentration of ~160 nM.145 Successive ionic layer absorption and 

reaction (SILAR) method was also demonstrated for the in-situ synthesis of Ag nanoparticles 

on SERS paper-based substrate. The concept involved an initial introduction of hydrophobic 

and hydrophilic arrays on filter paper by wax printing, followed by the successive adsorption 

of metal ions (Ag+ or Au3+) and reduction with NaBH4 by floating of the pretreated filter paper 

in different solutions containing the metal ions and NaBH4 in order to aid adsorption of the 

metal ions and their subsequent reduction. Multiple cycles (6) were required to obtain the best 

coverage. The paper played a significant role in the adsorption of metal ions into its porous 

structure and rough surface in order to ensure a uniform coating, unlike the glass, silicon wafer 

and polydimethylsiloxane (PDMS) substrates investigated. The fabricated Ag nanoparticles 

paper substrate showed a reproducible limit of detection in the fM range with a relative standard 

deviation of 4.2% and an enhancement factor of 1.1 x109 for rhodamine B.146 The Au 

nanoparticle paper showed a detection limit in the pM range with a relative standard deviation 

of 7.5% and an enhancement factor of 7.8 x108 for 2-naphthalenethiol.147 SILAR was also 

demonstrated in the fabrication of Ag@Au core-shell nanoparticles coated in-situ on paper. 

The Ag@Au paper-based SERS showed a limit of detection below acceptable maximum range 



26 
 

set by the Environmental Protection Agency (EPA) for aniline, NaN3 and malachite green in 

aqueous environment.148  

Further study on the application of SILAR for the fabrication of paper-based SERS substrate 

showed that SERS signal enhancement increased with an increase in the number of cycles and 

the highest enhancement was observed after 6 cycles. As the number of cycles increased the 

particle size increased and the inter-particle distance decreased, leading to a “hot spot”.149 An 

in-situ interfacial triphasic system was developed to promote the accumulation of “hot spot” 

on hydrophobic paper. The system involved the formation of an oleic acid-Ag complex by 

reaction of aqueous AgNO3 solution with oleic acid. The complex formed was gradually 

dropped on hydrophobic paper, floating on ascorbic acid solution. The oleic acid-Ag complex 

migrated through the pores on the paper to the aqueous/paper interphase where Ag+ ions in the 

complex were reduced by ascorbic acid and capped with oleic acid, making the synthesized 

nanoparticles hydrophobic. The nanoparticles then migrated through pores back to the oil/paper 

interphase where they assembled forming a “hot spot”. The paper substrate was used in 

chromatographic separation and SERS measurement of crystal violet and methylene blue 

dyes.150 

The concept of in-situ seed-mediated growth was developed in order to increase the 

nanoparticle size on paper, towards achieving high enhancement. For this purpose, Au 

nanoparticles were grown on cellulose paper pre-coated with poly(γ-glutamic acid) in order to 

increase the adsorption of Au3+ ions, which were reduced with NaBH4. The paper was then 

mounted in a growing solution containing Au3+ in order to increase the nanoparticles size. The 

SERS substrate was able to achieve 10 pM detection limit for 4-mercaptophenylboronic acid 

and was further used to detect and quantify the level of brassinosteroids (plant growth 

regulators) in plant.151 In another study, in-situ seed-mediated growth was adopted to fabricate 

Ag nanoflowers (AgNFs) on paper. Successive dipping of cellulose paper in acidic SnCl2 and 

AgNO3 led to the formation of Ag nanoseeds on the paper with the reduction of Ag+ ions by 

Sn2+ ions. The seeds were grown into AgNFs by immersing in a mixture of ascorbic acid and 

AgNO3 solution. The fabricated paper-based AgNFs SERS substrate showed strong 

enhancement for rhodamine 6G (R6G) and crystal violet, which could be detected down to 10-

20 and 10-19 M, respectively. The application of the substrate to detect crystal violet on spiked 

fish surface showed that crystal violet could be detected to a limit of 10-17 M, when the substrate 

is used as swab.152 The stability of the substrate was improved by coating with graphene oxide. 

The graphene oxide-treated substrate maintained its enhancement of SERS signals with a 

higher stability over a period of time, when compared to untreated substrate.153  
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Leveraging on the reducing capacity of cellulose, Ag+ ions were reduced to Ag nanoparticles 

on cellulose paper without any other reducing agent. Filter paper was immersed in a solution 

containing Ag(NH3)2(OH) for adsorption and the temperature of the solution was maintained 

at 80°C for a specific duration in order to bring about in-situ reduction and deposition of Ag 

nanoparticles with the hydroxyl groups on the filter paper serving as reducing agent. The SERS 

substrate was used in the detection of anticancer drugs.154 In another study, filter paper was 

first oxidized with sodium periodate (NaIO4) to form dialdehyde cellulose (DAC), leading to 

improved adsorption of Ag+ ions, which were further reduced by aldehyde and hydroxyl groups 

(Fig. 2.3). The substrate SERS showed capacity to detect R6G and p-aminothiophenol down 

to 10-11 and 10-9 M, respectively.155 Moreover, Au3+ ions were also reduced on printer paper as 

SERS substrate without any reducing agent and the influence of halides was studied.156 This 

showed the capacity of cellulose as both stabilizing and reducing agent in the synthesis of metal 

nanoparticles. With this method, the interference sometimes associated with reducing and 

stabilizing agents was avoided during SERS analysis.    

 

Fig. 2.3: Schematic illustration of in-situ fabrication of paper-based SERS substrate and its 

application. Reprinted from ref. 155. Copyright 2016 with permission from Elsevier. 

 

2.5.1.4 Laser induced photothermal deposition 

Apart from the use of a chemical reduction method for in-situ nanoparticle deposition on filter 

paper for SERS study, laser photo-reduction of Ag+ ions on filter paper has also been reported. 
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The reduction was aided by photocatalytic hydrolysis of water, leading to the generation of 

electrons and hydrogen radicals, which effectively reduced the Ag+ ions on filter paper within 

the laser region. The substrate prepared was used to obtain the SERS signal of alizarin dye by 

reducing fluorescence interference from the dye.157 A laser-induced photothermal effect was 

also used to fabricate nanoparticles on a filter paper, pre-coated with Ag or Au film by sputter 

coating. The surface roughness, porous nature and low thermal conductivity of the filter paper, 

strongly influenced the nucleation of the metal nanoparticles. The rough surface served as 

nucleation sites, while the pore size controlled the size distribution, and the low thermal 

conductivity ensured the effective adsorption of the laser leading to a high density of 

nanoparticles with a single laser shot, unlike silicon wafer and glass that require several shots, 

Fig. 2.4. The filter paper-based designed substrate showed superior performance compared to 

silicon wafer and glass with 10-15 and 10-18 M SERS detection limits observed for R6G and 4-

aminothiophenol, respectively.158 Simultaneous reduction of Ag+ and SERS measurement was 

achieved with laser. A mixture of Ag+ ions and p-aminothiophenol on a filter paper under laser 

showed simultaneous reduction of Ag+ ions to Ag nanoparticles which induced a local 

magnetic effect to enhance the Raman signal of p-aminothiophenol. The observed phenomenon 

was adopted to measure Hg2+ in aqueous solution. In the presence of Hg2+, the intensity of the 

observed SERS signals of p-aminothiophenol decreased in proportion to the concentration of 

Hg2+ ions due to stronger affinity of the thiol moiety on p-aminothiophenol for Hg2+ ions. Other 

related thiol containing organic compounds such as dithizone and p-mercaptobenzoic acid 

showed similar phenomena, unlike R6G and crystal violet which do not have thiol moiety.159 
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Fig. 2.4: (a) Schematic illustration of laser-induced photothermal formation of metal 

nanoparticles on silicon, glass and filter paper substrates. Photographic images of metal 

nanoparticles (Ag (top); Au (down)) formed on silicon (b), glass (c), filter paper (d) and 

photographic paper (e) with different number of laser shots. Reproduced  from ref. 158. 

Copyright 2015 with permission from Royal Society of Chemistry. 

 

2.5.1.5 Immersion deposition 

The immersion (dipping) of filter paper in solution of freshly prepared nanoparticles is another 

simple technique of depositing plasmonic nanoparticles on filter paper for SERS studies.160 

With this method, Grasseschi et al.,161 deposited freshly prepared Au nanoparticles mixed with 

diphenylthiocarbazone on filter paper for SERS detection of heavy metals.  Hg2+ ions were 

detected down to 10-12 g level and with a better resolved SERS when spectra compared to that 

obtained by using a Au nanoparticles colloid solution. The paper-based substrate was able to 

immobilize the heavy metal ions within the region of detection when compared to a diluted 

environment in solution. The concept of detecting heavy metal ions was based on the ability of 

the ions spotted on the filter paper to displace Au nanoparticles complexed to the dye, leading 

to the reduction in SERS signals of the dye. Hg2+ proved most successful among the ions 

tested.161 Multi-branched Au nanoantenna (MGN) with protrusions, synthesized by using 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was coated on filter paper by 

immersion. The LSPR of the MGN was tuned to the near infrared region with HEPES, enabling 
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the SERS substrate to have improved induced magnetic field with the Raman laser employed. 

The flexibility of the paper substrate made it possible to detect 4-aminothiophenol by swabbing 

on a contaminated surface to a limit of 62.5 pg.162  

The coverage of the filter paper by Au nanoparticles depends on the concentration of the 

colloidal solution. With higher concentration, the Au deposit is often denser and more uniform, 

giving rise to an improved SERS signal, when compared to lower concentrations.163-164 The 

immersion method proved successful for the uniform coating of filter paper with 

cetyltrimethylammonium bromide (CTAB), stabilized Au nanorods used in a reported swab 

SERS experiment.165 The positively charged CTAB provided a medium of interaction with the 

hydroxyl groups of the cellulose (filter paper), on which the Au nanorods are strongly anchored 

(Fig. 2.5A). The flexibility of the filter paper was preserved even after coating, making it 

suitable for swab sampling of trace analyte from surfaces, unlike the situation for rigid silicon 

substrates. The SERS study showed that the paper substrate could detect 1,4-benzenedithiol 

residue as low as 140 pg within a small area.165 The flexibility of this substrate made it superior 

to most conventional solid substrate as demonstrated in the SERS study of trans-1,2-bis(4-

pyridyl)ethane where a reproducible detection limit of 0.5 nM was observed.166 Similar to 

CTAB, sodium citrate and cationic polyacrylamide have been used to aid uniform coating of 

Au and Ag nanoparticles, while chloride ion was also reported for aiding uniform coating of 

Ag nanoparticles. The paper surfaces were found to have improved homogeneity with a high-

density nanoparticle coating, leading to improved SERS signals.167-171 

 It is important to note that the surface composition of nanoparticles contributes more to 

homogeneity of coating than nanoparticle size. A study in this regard showed that the surface 

charge of nanoparticles strongly affects the affinity of the nanoparticles for a paper substrate, 

which invariably affects SERS sensitivity and reproducibility.172 in order to minimize the 

number of coating cycles in achieving homogeneity via immersion, self-assembly of Ag 

nanoparticles was induced with tetrabutyl ammonium nitrate (TBA+ NO3¯) at the 

water/dichloromethane (H2O/DCM) interface (Fig. 2.5B). The self-assembled Ag 

nanoparticles showed a remarkably uniform coverage on paper in a single coating, resulting in 

an improved SERS signal of 4-mercaptobenzoic acid with a 10 nM detection limit.173 Au 

nanoparticles were also self-assembled without any inducer, but simply by shaking the Au 

colloid in H2O/DCM in order to create an emulsion of self-assembled Au nanoparticles at the 

interface. The self-assembled Au was adsorbed and concentrated on a tip of the arrow-shaped 

filter paper. The SERS fabricated substrate was able to separate and concentrate the analyte 

from sample solution with the capacity to produce highly enhanced SERS signal at the tip of 
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the detection zone, leading to a 10-18 M detection limit for R6G.174 The paper-based 

microfluidic device designed in star-like shape, having protruding ends was coated with Au 

nanorods by immersion. With this fabrication, mixed analytes were separated to different 

protruding ends, called “fingertips” via induced electrostatic charge and the wicking power of 

the paper. A detection limit of sub-atto-molar was achieved using by R6G as a probe, making 

the device a cheap, but highly sensitive analytical tool.175 The immersion method of coating 

provides a great advantage for trace chemical and biological real-time analysis with no pre-

treatment or concentration of analyte.  Limitations associated with the immersion method are 

that it requires highly concentrated plasmonic nanoparticles and longer duration (2 days) to 

achieve uniform and stable coating.   

 

 

   

   

Fig. 2.5: Coating of Au nanorods stabilized with CTAB on filter paper (A). Reprinted with 

permission from ref. 165. Copyright (2010) American Chemical Society. Illustration of 

H2O/DCM interface self-assembled Ag nanoparticles on filter paper by immersion (B). 

Reproduced  from ref. 173. Copyright 2014 with permission from The Royal Society of 

Chemistry. 

 

2.5.1.6 Inkjet printing 

Inkjet printing of plasmonic nanoparticle on cellulose paper helps to provide a medium to coat 

paper as SERS substrate with a relatively short preparation time when compared to the 

immersion method and it also affords the opportunity to introduce various type of patterns, as 

found in microfluidic devices. With inkjet printing, the limitation associated with the spreading 

of analyte and the uneven distribution of plasmonic nanoparticles can easily be overcome by 

the introduction of hydrophobic patterns on paper via printing. This concept of SERS substrate 
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design was successfully demonstrated for the first time by Wei and White103 by using a 

consumer inkjet printer to design SERS active regions on cellulose paper. The paper was made 

hydrophobic with hexadecenyl succinic anhydride to prevent spread of analytes prior to the 

printing of Ag nanoparticles on the paper. Multiple printing of Ag nanoparticles was carried 

outin order to ensure uniformity. The SERS substrate was able to detect R6G down to 10 

femtomoles.103 Similarly, Au nanoparticles printed on filter paper was used as a SERS substrate 

for the detection of trace explosives176 and multiple printing of Au nanorods on printer paper 

was used to induce a SERS “hot spot” (as the nanorods aligned side-by-side) for detection of 

chemicals.177  Ag nanoparticles with mixed shapes were also printed on paper in order to 

fabricate a SERS substrate that is capable of inducing enhancement at different wavelengths in 

the visible and near infrared regions.178  

The concept of “dipstick concentration” of analytes from a relatively large volume of diluted 

sample to a small SERS-active region was demonstrated with inkjet printing of a SERS 

substrate on cellulose paper. The wicking ability of cellulose served as a “pump” to concentrate 

analytes at SERS-active region.179 This concept provided a simple model of concentrating 

analytes in order to achieve strong and reproducible signal for multiplexed genetic detection 

and pesticides analysis in water and on solid surfaces that were previously swabbed with SERS 

substrate for sample collection.180  As in paper chromatography, a SERS substrate printed on a 

cellulose paper was used to separate and identify mixture of dyes (R6G, malachite green and 

methylene blue). The chromatographic separation as well as the dye concentration at the SERS-

active zone were made possible by the capillary action of cellulose paper, while Ag 

nanoparticles printed on the paper provided the field enhancement required in SERS 

identification of the separated dyes (Fig. 2.6 (1)).181 A SERS substrate was also fabricated by 

inkjet printing of reduced graphene-oxide/Ag nanoparticle ink on a weighing paper. The 

substrate showed enhanced signals for R6G and malachite green when compared to a paper-

based substrate having only Ag nanoparticle ink printed on it.182  

SERS enhancement effects were compared for Ag nanoparticles and Ag nanowires by inkjet 

printing of halides (KCl or KI/KBr) and AgNO3 applied consecutively on paper. The KI/KBr 

mixture induced the formation of nanowires on reduction of Ag+ ions, while KCl induced the 

formation of nanoparticles. A SERS study using malachite green as probe, showed that the 

enhancement effect of nanoparticles (6.1 x 105) was higher than that of nanowire (3.7 x 105); 

the difference was attributed to the multifaceted structures observed in the nanoparticles.183 

The influence of Ag+ ion on the localized surface plasmon resonance (LSPR) of Au 

nanoparticles was studied by inkjet printing of Au nanoseeds on filter paper. Seeds were grown 
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in solution where different concentrations of Ag+ were added in order to vary the LSPR of the 

resulting Au nanoparticles. The LSPR Au nanoparticles varies with increase in concentration 

of Ag+, however, the Au nanoparticles with LSPR (650 nm), close to the laser wavelength (633 

nm) provided the most enhanced SERS signal for R6G. The SERS substrate was also able to 

detect thiram, a pesticide, to a limit of 0.1 nM.184    

   

2.5.1.7 Screen printing 

Screen printing is another printing technique that offers the fabrication of disposable SERS 

substrate on filter paper at a relatively low cost. Similar to inkjet printing, the plasmonic 

nanoparticles are printed on the filter paper with the aid of a screen in order to fabricate the 

desired arrays of SERS-active sites on filter paper. The uniformity of the coating and the 

corresponding SERS signal enhancement strongly depend on the concentration of the 

nanoparticles and the number of printing cycles.185 With Ag colloid screen printed on the filter 

paper, a reproducible detection limit of 160 fM was achieved with R6G.102 Screen printing was 

also used to develop microfluidic channels between Ag-Au bimetallic “dumbbells” (SERS 

zone) and a hydrophilic sampling zone encircled with a hydrophobic wall in order to prevent 

the spreading of samples outside the detection zone (Fig. 2.6 (2)). The microfluidic paper-based 

SERS substrate showed a 110 fM limit of detection for R6G.186 The screen printing provides a 

fast and simple way of fabricating SERS substrates on filter paper, but the need for highly 

concentrated plasmonic nanoparticles in solution and multiple printing causes a barrier to the 

use of this method, like inkjet printing.   
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Fig. 2.6: (1) Inkjet printing of Ag nanoparticles on paper substrate and schematic illustration 

of chromatographic separation of analytes in a mixture. Reproduced  from ref. 181. Copyright 

2013 with permission from The Royal Society of Chemistry. (2) screen printing of Au-Ag 

bimetallic SERS substrate and microfluidic channels on paper. Reprinted from ref. 186. 

Copyright 2013 with permission from Elsevier. 

 

2.5.1.8 Physical vapor deposition 

Silver was deposited by physical vapor deposition in a vacuum chamber on different types of 

cellulose papers with the aim of using their wrinkled and fibrous nature to induce aggregation 

of Ag leading to a “hot spot” on deposition. All the papers tested (filter, napkin, sulphate, Kraft, 

newspaper and printing papers) showed high SERS sensitivity, once fully coated with Ag in 

order to prevent the paper component interfering with analyte signals. With these substrates, 

SERS detection of R6G down to a concentration of ~10-10 M, was achieved.187 However, the 

stability of the SERS substrates was a challenge since they started degrading under ambient 

conditions within 24 hours of fabrication.   

 

2.5.1.9 Spray Coating 

The long time required for the deposition of plasmonic nanoparticle via immersion and the 

uneven distribution associated with drop casting thereby, leading to the “coffee ring” effect, 

prompted the use of spray coating, which involves the spraying of plasmonic nanoparticles 

from a pressure container onto the cellulose paper. This method was adopted to coat different 

types of cellulose papers with Ag nanoparticles after the introduction of hydrophobic and 

hydrophilic pattern on the papers (Fig. 2.7(1)). In comparison with drop casting, the spray 

coating showed better reproducibility and high accuracy. Ag distribution on spray coated 
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samples was more uniform when compared to that of drop cast samples. Although the method 

was successful with all the papers, the filter paper gave the highest signal enhancement. The 

method involves the multiple cycles of spraying; a minimum of 25 cycles was required to reach 

optimum performance.188 This implies the use of more reagent and longer preparation time.   

 

2.5.1.10 Pen-on-paper 

The pen-on-paper approach was demonstrated in the coating of plasmonic nanoparticles on 

paper by Polavarapu et al., with inspiration from recent developments in conductive ink-pen 

technology for writing electronic devices on paper.189 Synthesized solutions of Au or Ag 

nanoparticles from the reservoir of a ball pen were coated on paper via the pen nib (Fig. 2.7(2)). 

This approach provided a simple and convenient way of generating SERS paper at point-of-

need and at a relatively low cost. The ink could be fabricated to give the desired LSPR by 

varying the shape and size of the nanoparticles. SERS ball pens containing ink with Au 

nanospheres and nanorods as well as Ag nanospheres, have been produced at very low cost. 

The pen-on-paper approach was proven to be successful with different laser wavelengths and 

was demonstrated to show a limit of detection of 1 and 0.1 nM for malachite green on Au 

nanorods, and Ag nanosphere coated papers, respectively.189   

 

2.5.1.11 Brushing 

Brushing of plasmonic nanoparticles on filter paper was demonstrated by Zhang et al., to 

fabricate simple and efficient SERS substrate.190 The fabrication involved the introduction of 

microfluidic channels with the aid of wax printing on filter paper in order to prevent the 

spreading of analytes. Concentrated Ag nanoparticles were applied on a detection zone within 

the hydrophilic region by using a paint brush of appropriate dimension and about 14 cycles of 

this process was shown to result in a good coverage (Fig. 2.7 (3)). The microfluidic channel 

provided a path for a lateral flow of analyte to the detection zone by the capillary action of the 

paper. With the substrate, a reproducible limit of detection of 1 and 10 nM were recorded for 

R6G and malachite green, respectively.    
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Fig. 2.7: (1) Spray coating of Ag nanoparticles on paper. Reproduced with permission from 

ref. 188. Copyright 2013 John Wiley and Sons, (2) writing of metal nanoparticles on paper. 

Reproduced with permission from ref. 189. Copyright 2014 John Wiley and Sons, and (3) Ag 

nanoparticles coated on paper by brushing. Reproduced  from ref. 190. Copyright 2014 with 

permission from Royal Society of Chemistry. 

 

2.6 Applications of paper-based SERS substrate 

The early stages of paper-based SERS substrate focused on substrate design and optimization 

towards achieving improved SERS signals with different SERS probes. More recently, 

research interest has been on the applications of paper-based SERS substrate in biomedical, 

food, textile dye, painting, pharmaceutical and forensic analyses. These numerous applications 

show the huge potential in paper-based SERS substrates.  

 

2.6.1 Bioanalysis 

The role of SERS in bioanalysis is well established and paper-based SERS has contributed 

significantly to this development. Hoppmann and White demonstrated the detection of genetic 

targets by using a low cost paper-based substrate.191 The oxidative products of apomorphine (a 

drug used in the treatment of Parkinson’s disease), were detected by using paper-based SERS 

substrates coated with Au nanostars.167 In combination with solid phase extraction, paper-based 

SERS substrates containing Ag nanoparticles were used to detect 6-thioguanine, an anticancer 

drug.154 Similarly, a combination of HPLC and paper-based SERS was used to monitor 2’-

deoxy-2’-fluoro-2’-C-methyluridine (PSI–6260), the metabolite of sofosbuvir (hepatitis C 
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drug). A gold nanoparticles colloid was used as ink to develop SERS substrate on A4 size 

paper. Blood samples spiked with varying amount of PSI–6260 were separated by using HPLC 

and at the retention time of PSI–6260, the eluate was detected by using the SERS paper, mass 

spectrometer (MS) or diode array detector (DAD). The paper-based SERS substrate was found 

to show improved sensitivity when compared to DAD and it was comparable to that of the 

expensive MS.192 Paper-based SERS coated with Au nanoparticles was also used in the 

detection methrotrexate (an anticancer drug) in spiked human serum.193  

Glucose was quantified in aqueous solution by using label-free Ag nanoparticles coated on 

printing paper as SERS substrate.194 However, glucose determination in whole blood was 

achieved by using nitrocellulose paper-based SERS substrate with microfluidic channels, 

constructed by wax-printing in order to introduce hydrophobic walls. The detection zone in the 

hydrophilic enclosure was coated with Au nanorods modified with 4-mercaptophenylboronic 

acid and 1-decanethiol in order to aid quantification of glucose level. Nitrocellulose paper 

entrapped the blood cell and protein in the blood sample, but allowed the glucose to flow to the 

detection zone. The glucose level in a reference blood sample, as determined by SERS, was 

not statistically different from the quoted certified level.195 Similarly, nitrocellulose paper was 

used in the fabrication of SERS substrate, consisting of functionalized Au nanostars, coated 

with silica for the diagnosis of traumatic brain injury by monitoring of neuron-specific enolase, 

a protein biomarker in blood.196 SERS spectra of erythrocytes in blood samples were also 

obtained by using polydispersed Ag nanoparticles of various shapes, cast on cellulose paper.197 

Human serum albumin (HSA) was detected after dipstick concentration from a diluted sample 

with the wicking power of paper coated with multi-branched Au nanoantenna. With the 

substrate, a remarkable detection limit of 100 fM was achieved for HAS.162  

In a comparative study of quantitative detection of bovine serum albumin (BSA), paper-based 

SERS fabricated by photo-reduction of Ag+ ions on filter paper showed higher sensitivity with 

lower detection limit (1 mg/mL) when compared to the conventional UV-vis spectroscopic 

quantification (10 mg/mL).198 Antigen-antibody detection for bio-diagnostic application was 

developed with Au nanoparticles coated on paper substrate, followed by functionalization with 

relevant biomolecules. The reproducibility of the SERS spectra allowed for the quantification 

of the targets.199 Mucin-1, a biomarker for cancers, such as: breast, prostate, ovarian and 

pancreatic, was detected in human blood with aptamer-functionalized Au nanoparticles, 

deposited on paper pre-coated with carbon dots in order to aid assemblage of Au nanoparticles. 

The aptamer was hybridized with complementary DNA, which could be readily displaced by 

mucin-1 in order to facilitate the adsorption of the target to the SERS substrate. With the 
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substrate, mucin-1 was detected to a limit of 50 ng/mL with a recovery of 90-110% in human 

blood, even in the presence of other interfering proteins.200 Oral cancer detection was 

accomplished with Au nanorods, coated by immersion on filter paper (Fig. 2.8(1)). A clear 

difference in the lipid and protein content of the examined normal vs. cancerous cells was 

observed in the diagnosis by using paper-based SERS.  While the normal cells showed an 

intense signal due to high lipid content, the tumor cells showed intense signals associated with 

high protein and DNA contents.201  

Based on basic concepts derived from microfluidics and the wicking power of paper, protein 

samples were detected to low concentrations of ~10-15 M by using functionalized Ag core-Au 

shell (Ag@Au) nanoparticles. The microfluidic channels separately directed the flow of the 

protein and the functionalized Ag@Au nanoparticles to the detection zone, where aggregation 

of the nanoparticles induced by the protein, resulted into a “hot spot” for enhanced and 

reproducible SERS signals.202 Ag-coated paper-based SERS fabricated with the methodology 

of SILAR was used in the clinical diagnosis of human papillomavirus (HPV) infection, which 

is associated with cervical cancer by using samples from human cervical fluid. It was also used 

for the detection of malachite green, a known human carcinogenic agent, in solution. 

Differences in SERS signal markers showed the capacity of the substrate to distinguish various 

types of HPV investigated. The substrate also achieved a 0.004 ppb limit of detection when 

compared to a 2 ppb tolerance limit stipulated for malachite green, making the substrate, a 

potential clinical and environmental diagnostic tool.146 The SILAR concept was also used to 

fabricate a Au nanoparticles paper-based SERS substrate, used in the identification of 

biomarker in cerebrospinal fluid for clinical diagnostics of cerebral vasospasm and 

hydrocephalus development associated with subarachnoid haemorrhage-induced 

complications. Improved signal enhancement was observed when the cellulose paper surface 

acquired significant negative charge at pH 3, leading to a strong adsorption of the positively 

charged Au3+ species and a densely Au-nanoparticle coated paper after the reduction with 

NaBH4. A difference in SERS signals associated with amino acids, glycogen and nucleic acids 

of cerebrospinal fluids samples of patients and controls provided a platform for SERS 

diagnostics of complications after subarachnoid hemorrhage.203  

A clinical diagnostic of Gouty arthritis (painful inflammation of joints) was demonstrated by 

using Au thin nanofilm thermally evaporated on cellulose paper as a SERS substrate in order 

to measure the concentration of uric acid in human tears, collected by using the substrate. The 

cellulose micro/nanopores provided the required absorption channels for the collection of tears 

from the eyes of normal subjects and Gouty arthritis patients. The SERS substrate showed a 
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satisfactory result since there was a good correlation between uric acid level in tears and in 

blood, which is the conventional sample for clinical diagnostics of the disease (Fig. 2.8(2)).204 

Clinical diagnosis of intra-amniotic infection (IAI) and preterm delivery (PTD) in pregnant 

women was carried out by SERS studies of amniotic fluid from selected subjects by using ZnO 

nanorods (decorated with Au nanoparticles) coated on cellulose paper with the concept of 

SILAR (Fig. 2.8(3)). The variations in the SERS signals of the principal components of 

amniotic fluids of control and patients were used to detect and identify IAN and PTD.205 For 

early detection of heparin-induced thrombocytopenia (a blood coagulation disorder) resulting 

from heparin therapy, P-selectin (the associated biomarker) was monitored by using paper-

based SERS coated with Ag ink. The observed SERS limit of detection (0.7 nM) for P-selectin 

was within the clinical relevant range, making the SERS substrate a potential tool for early 

detection of blood coagulation disorder.206  

Similarly, Au coated paper-based SERS substrates were used in clinical diagnostics of ocular 

infections.147, 185 Au nanorods capped with p-aminothiophenol combined with Au nanoparticles 

coupled with 1,8-diaminonaphthalene were used to fabricate paper-based SERS for the 

detection of nitrite ions in human urine.207 Therapeutic drug monitoring of flucytosine (an 

antifungal drug) in undiluted human serum was demonstrated by using vertical flow system 

paper-based SERS with inkjet printed Ag nanoparticles. Layers of nitrocellulose membranes 

were stacked on the plasmonic region of the paper for the separation of the target analyte from 

other serum components. While the serum flowed through the membranes, protein 

components, known to cause fouling of the plasmonic surface were trapped within the 

micropores of the membranes and the target analyte was allowed to flow through to the 

plasmonic region on the paper. With this technique, flucytosine was detected and quantified in 

a linear range of between 10-150 µg/mL, which covered the commonly recommended 

therapeutic dose range (20-80 µg/mL) and also lower than 100 µg/mL stipulated as an 

acceptable toxicity threshold in undiluted serum for clinical monitoring of the drug.208 

Quantitative analyses of acetylsalicylic acid and nicotinamide in commercial products were 

carried out by using Ag nanoparticles coated on filter paper as SERS substrate. The results 

from the SERS substrate were in close agreement with those of the conventional method 

(HPLC-UV).209-210 Paper-based SERS substrates have also been employed to detect the 

presence of illicit dyes in medicinal herbs. Often, dyes are incorporated into medicinal herbs 

in order to improve their market value. A paper-based SERS substrate coated with Ag 

nanoparticles was used as swab to identify medicinal herbs contaminated with illicit dyes. The 
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swab showed excellent performance towards the detection of simulated adulterated herb 

samples with different dyes examined.211  

Recently, a paper-based substrate coated with mono-6-thio-cyclodextrin functionalized Au 

nanorods was used as a swab for the detection of Sudan dyes in a spiked medicinal herb. The 

paper provided the micropores for adsorbing the plasmonic Au nanorods, while mono-6-thio-

cyclodextrin served as the host for trapping the hydrophobic dyes. The substrate showed 

improved SERS performance for the detection of Sudan III and IV when compared to paper-

based substrate coated with Au nanorods without mono-6-thio-cyclodextrin.212 Analytical 

technique was developed for microRNA detection by using DNA-encoded anisotropic Ag 

nanoparticles cast on paper substrate. While the DNA encoding resulted in shape modification 

of the Ag nanoparticles and tuning of the plasmonic wavelength, the paper provided a 3-D 

porous structure with abundant hydroxyl groups, which facilitated fluid accessibility and 

provided high surface area for the assemblage of the nanoparticles, leading to strong signal 

enhancement for the detection of microRNA.213      

 

Fig. 2.8: Bioanalytical application of a paper-based SERS substrate in: (1) Oral-cancer 

diagnostics. Reprinted from ref. 201. Copyright 2014 with permission from Elsevier. (2) Tear 

screening for Gouty arthritis diagnosis. Reprinted with permission from ref. 204. Copyright 

(2017) American Chemical Society and (3) Pre-natal diseases detection. Reprinted with 

permission from ref. 205. Copyright (2018) American Chemical Society. 
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2.6.2 Water quality assessment 

A paper-based SERS substrate with microfluidic channel was developed to quantitatively 

analyze aromatic pollutants in wastewater. The capillary action of paper served as a “pump” in 

order to drive the trace pollutants from the injection zones to the SERS active zones for 

detection. Sample pre-treatment was not required in industrial wastewater, prior to its 

introduction to this substrate as the suspended particulates were trapped at the injection zone. 

The paper-based SERS achieved detection limits of: 8.3, 10, 74 and 88 nM for benzidine, 

pyrocatechol, aniline and p-aminobenzoic acid, respectively, showing the excellent capacity of 

the substrate for trace analysis in wastewater.186 In a similar manner, pesticide malathion was 

detected in water. The wicking property of cellulose paper was leveraged to concentrate the 

pesticide to SERS-active zone from a highly diluted sample. With this concept, a detection 

limit of 413 pg was achieved for malathion in water.179 A SERS paper substrate fabricated by 

brushing of Ag nanoparticles on filter paper, showed a reproducible recovery of malachite 

green from spiked local lake water at different concentrations. The substrate showed a detection 

limit of 10 nM for malachite green with a relative standard deviation of 13.7%.190 Moxifloxacin 

was detected and quantified in spiked tap water by using a paper-based substrate coated in-situ 

with hydrazine-reduced Ag nanoparticles. The porous and fibrous nature of the paper ensured 

the uniform assemblage of Ag nanoparticles on it, leading to enhanced SERS signals.214 

Microcystin-LR, a toxin produced by cyanobacteria in freshwater, was detected by using a 

SERS substrate fabricated with a pen-loaded with Au nanoparticles. Microcystin-LR was 

detected to a limit of 1 nM on paper at a relatively low cost.215     

 

2.6.3 Adulteration of illicit drugs  

SERS and chromatographic separations, based on paper substrates, have been shown to detect 

and quantify the presence of heroin in samples where it has been masked with highly 

fluorescence dye to prevent its detection. The wicking power of paper provides a means to 

separate the drug from its contaminants and also concentrate it in a SERS-active region on a 

Ag printed paper. This method achieved a detection limit of 25 ng of heroin in the contaminated 

sample.181, 216 Moreover, on Ag printed paper, heroin and cocaine samples were collected and 

concentrated by lateral-flow through capillary action to the SERS-active region and were 

detected with good reproducibility to a limit of 9 and 15 ng, respectively.179    
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2.6.4 Food safety 

Gold nanoparticles generated in-situ on a printer paper were used as a SERS substrate for the 

detection of residual pesticides in orange. The SERS substrate was fabricated by printing of 

the reducing agent on the paper and immersion of the paper in HAuCl4 solution for in-situ 

growth of Au nanoparticles. The combination of the two methods was proposed in order to 

avoid the multiple printing associated with coating of paper with synthesized nanoparticles. 

The limits of detection achieved with this substrate for malachite green (10 µM) and iprodione 

(1 nM) were found to be less than the maximum residue limits set by European Union.217 

Methyl parathion adsorbed on apple was detected by swabbing with paper coated with multi-

branched Au nanoantenna. With the substrate, methyl parathion was detected to a limit of 26.3 

µg.162 Similarly, with a focus to bring SERS closer to a real world application, a pen-on-paper 

approach was developed, such that SERS substrate can be made available when and where 

needed. With this approach, thiabendazole, a fungicide and parasiticide added as preservative 

to food, was detected down to a concentration of ~20 ppb.189 In another study, a paper substrate 

fabricated by in-situ reduction of Ag+ ions with formaldehyde was used to obtain SERS signals 

of thiram samples collected from the surfaces of banana, apple and tomato by swabbing. This, 

simple but highly sensitive substrate, showed detection limits of 7.2, 24 and 36 ng/cm2 thiram 

in banana, apple and tomato, respectively.218 Thiram was also detected in adulterated tea by 

using a paper-based SERS substrate fabricated with a combination of microfluidic and SERS 

concepts. A three-chamber microfluidic channel was fabricated on paper by using wax printing 

to introduce hydrophobic walls. On deposition of sample in the sample zone and Au@Ag 

nanoparticles in another zone, the two components were allowed to flow to the reaction 

chamber by capillary action of paper for SERS measurement. This substrate showed a detection 

limit of 1 nM for thiram with a recovery range of between 95–110% in adulterated tea.219 Filter 

paper immersed in Ag nanoparticles colloid was used to wipe surfaces of apple, pear and grape 

contaminated with thiram. The extracted thiram was quantified by using the filter paper as 

SERS substrate. Thiram limits of detection by using this wipe on the fruits were: 4.6, 5.2 and 

5.7 ng/mL, respectively, which were below the 50 ng/mL recommended limits.220  

The illegal use of rhodamine B to enhance chili appearance was investigated. A substrate was 

designed by coating self-assembled Ag nanoparticles on paper in order to detect the presence 

of rhodamine B from chili extract in a relatively lower time when compared to the conventional 

analytical methods.221 Prohibited colorants in fruit drinks were detected by using Ag 

nanoparticle paper-based SERS substrate coated with poly(sodium 4-styrenesulfonate) in order 

to effectively separate and concentrate the colorants from the fruit drinks. Sunset yellow and 
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lemon yellow were detected to limits of 10 and 100 µM in both orange and mango juices.222 

SO2 gas in wine was quantified by using a gas diffusion microfluidic paper-based SERS 

substrate, coated with sea urchin-like ZnO nanoparticles in order to trap the released SO2 from 

the wine samples. SERS measurement of the released SO2 by using Au nanoparticles drop cast 

on the surface after adsorption of the released SO2, showed no statistical difference when 

compared to those obtained by the conventional method. In addition, the SERS method reduced 

the time of sample preparation and eliminated interference associated with other volatile 

components in wine samples, known to interfere.223   The SO2 released from wine was also 

measured by using a complex hybrid of 4-mercaptopyridine-modified Au nanorods with 

reduced graphene oxide and starch-iodine complex, coated on filter paper. The fabricated paper 

was able to achieve both colorimetric and SERS detections of the released SO2. The 

decomposition of the starch-iodine complex on adsorption of SO2 from wine, resulted in a 

decrease in colour intensity of the fabricated paper, leading to colorimetric detection, while 4-

mercaptopyridine conversion to pyridine methyl sulphate led to SERS enhanced signals of the 

resulting complex. The substrate was able to detect the SO2 released in the range of between 

5–200 µM and with the change in color intensity and in combination with SERS, released SO2 

detection range was 0.1–5000 µM, which was better than the conventional UV-vis 

spectroscopic range of 10–1000 µM.224  

A combination of microfluidic and SERS-based on paper substrates was used to identify and 

measure the presence of beta-agonist, a prohibited livestock feed additive. The substrates were 

designed with microfluidic channels to enable the separation of analytes from extraneous 

materials in the extractive via filtration. By doping of analytes and comparison of SERS 

signals, clenbuterol, ractopamine and salbutamol were identified in a multiplexed study with 

detection limits of 20, 20 and 30 ng/mL in swine hair, respectively. Although primary concern 

is for the levels of these beta-agonists in tissues, the studies showed that the quality of livestock 

with respect to illicit application of beta-agonists can be accessed directly at farm sites with 

paper-based SERS.225-226 Melamine in milk was detected to a limit of 10 ppm by using a 

specially designed paper-based SERS substrate in combination with microfluidic mechanism 

under centrifugal force, which effectively separated melamine from milk prior to SERS 

measurement.227 Melamine in milk was also detected by using paper-based SERS fabricated 

by first using a fountain pen to introduce hydrophobic patterns on the paper, followed by 

coating with Ag nanoparticles by using fountain pen containing Ag nanoparticles. This simple 

innovation made it possible to produce a SERS substrate at point-of-need without any formal 

training by the end-user. The SERS substrate could detect melamine in milk to a limit of 
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detection of 0.27 mg/L without any sample pretreatment.228 Chitosan modified paper, coated 

with AgNP was also used as SERS substrate for chromatographic separation and SERS 

detection of melamine, sodium sulfocyanate and dicyandiamide in milk. The substrate showed 

improved performance and the observed analytes detection limits were below the maximum 

allowed concentrations.229 Moreover, Ag nanocubes encapsulated in silica was adsorbed on 

filter paper in order to fabricate SERS substrate for the quantification of melamine in milk. The 

assemblage of the nanocubes facilitated by fibrous nature of filter paper was considered as a 

key factor in the enhancement provided by the substrate in the detection of melamine below 

the permissible limit.230 Paper-based SERS substrate was fabricated by coating paper with Au 

nanoparticles obtained by plant extract-mediated reduction of Au3+. The paper fibrous 

morphology provided platform for the assemblage of the Au nanoparticles, which showed 

significant SERS signal enhancement in the detection of tyrosine and melamine with detection 

limits of 10-10 M and 10-9 M, respectively.231 

 

2.6.5 Dye identification in artworks  

The study of artworks, especially paintings, drawings and archaeological textiles, involves the 

identification of dye in order to authenticate individual items and determine their origins. 

Paper-based SERS have shown a potential in the identification of historic dyes, commonly 

found in artworks. Ag thermally evaporated on filter paper stained with lac, alizarin and 

carminic acid dyes showed improved SERS signals and quenched the associated fluorescence 

of the dye.131   Components of inks from historical felt-tip pens were analyzed with paper-

based SERS substrate coated with Ag nanoparticles obtained by citrate reduction of Ag+ ions. 

Lines drawn on paper by using the pens were coated with Ag nanoparticles and allowed to dry 

before SERS measurements. The dye components of different inks from the historical felt-tip 

pens, were identified by matching their corresponding SERS signals with those of known 

dyes.232 

 

2.7 Other forms of cellulose for SERS substrate design 

The use of cellulose paper in SERS substrate design pre-dated and dominated the use of all 

other forms of cellulose and its derivatives. However, in recent times, the uses of other forms 

of cellulose-based materials, especially those with nano-dimensions, have become significant. 

The emerging innovations used in the fabrication of these substrates are worth appraising in 

order to further explore their applications in SERS. 
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2.7.1 Cellulose fabrics and membranes  

The flexibility and the porous nature of cellulose fabrics and membranes have made them 

suitable in SERS substrate design for concentration and detection of analytes from highly 

diluted gaseous or liquid samples. A cellulose fabric-based SERS substrate was designed by 

coating the fabric with Ag nanoparticles ink, followed by heating at 180ºC in order to induce a 

“hot spot” within the fabric. The substrate was used to detect nicotine from cigarette smoke 

filtered through the SERS substrate, and also to detect albuterol, a component of an asthma 

metered dose inhaler, from air mixture. The porosity of the SERS substrate fabric played a 

significant role in the trapping of the analytes, leading to their SERS detection.233 Cotton swabs 

were used to fabricate SERS substrates that are suitable for the detection of analytes from a 

contaminated surface. The cotton swabs-based SERS substrates were prepared via three routes, 

thus: by firstly modifying with (3-aminopropyl)trimethoxysilane, followed by self-assembling 

of Ag nanoparticles on the modified swabs. Secondly, an in-situ method was adopted to grow 

Ag nanoparticles on cotton swabs by using NaBH4 as reducing agent, and thirdly a combination 

of self-assembling and in-situ methods was also adopted. The combined methods afforded a 

uniform coating of the cotton swab with Ag nanoparticles with improved SERS performance 

when compared to other substrates for the detection of trace amounts (1.2 ng/cm2) of 2,4-

dinitrotoluene from a contaminated glass surface. The soft and flexible nature of the cotton 

swab aided the sampling of the analyte from the contaminated surface.105 The soft and flexible 

nature of cotton fabric was also explored to fabricate a SERS swab for the detection of carbaryl 

(a pesticide) on apple fruit. Cotton fabric was first swollen in NaOH solution at 90 ºC in order 

to improve the absorption capacity of the fabric for Ag+ ions, which was later reduced in-situ 

with sodium citrate.234 It is obvious that the soft and flexible nature, as well as the ease of 

fabrication of cellulose cotton-based SERS substrates transform to an emerging prominent 

analytical tool.  

Regenerated fibres from de-inked pulp have been considered as a low cost substrate in the 

fabrication of SERS substrate. Fibres from de-inked pulp were functionalized with 

glycidyltrimethylammonium chloride in order to induce a cationic surface for uniform coating 

of Ag nanoparticles. The SERS substrate was used to detect rhodamine 6G and melamine to 

nM concentration levels.235 A recent report has also shown the possibility of using cellophane 

(a regenerated, transparent, smooth and flexible cellulose membrane) in the fabrication of a 

SERS substrate. Cellophane was coated in-situ with Ag nanoparticles by immersion in a 

solution of Ag+ ions followed by glucose reduction. The cellophane-based substrate showed 

similar SERS enhancement to a paper-based substrate when used to obtain the SERS signals 
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of crystal violet dye and acetamiprid (a pesticide), down to a concentration of 10-9 and 10-6 M, 

respectively.236   Similar to how cellulose can serve as SERS substrate, it also has the capacity 

to host SERS nanocomposites consisting of plasmonic nanoparticles on the substrate. A SERS 

substrate was fabricated by hosting a nanocomposite of Ag nanoparticles, deposited on amine-

functionalized spherical silica within cellulose micropores. The substrate showed improved 

SERS signals of rhodamine B since several “hot spots” were induced due to the proximity of 

the Ag nanoparticles on silica, unlike Ag nanoparticles on cellulose.237     

 

2.7.2 Surface modified cellulose 

Chemical modification of cellulose makes it possible to introduce non-inherent physical and 

chemical properties for the fabrication of cellulose-based materials in order to meet specific 

needs. A few of the modified cellulose materials find application in SERS substrate designs. 

These include: cellulose acetate (CA), methylcellulose (MC), nitrocellulose, 

hydroxyethylcellulose (HEC) and hydroxymethylcellulose (HMC). Cellulose acetate (CA) is a 

derivative of cellulose, which can be dissolved in a suitable solvent system to form a 

membrane. Such membranes have been shown to serve as a platform for SERS substrates, 

either as hydrogel or transparent film. Kurokawa in 1991 first reported the use of CA-based 

SERS substrate. A membrane of CA was obtained by dissolving CA in formamide-acetone 

solvent mixture, followed by gelation in an ice-cold water bath. The membrane was 

impregnated with hydrous Ag2O by diffusion of AgNO3 and NaOH across its surface.  A SERS 

substrate was obtained after immersion of the impregnated membrane in NaBH4 solution for 

in-situ reduction of the hydrous Ag2O. The fabricated CA-based SERS substrate was used to 

obtain SERS spectra of pyridine and SCN¯ from aqueous solution.238 The same fabrication 

method, a CA-based SERS substrate was prepared and used to detect trace amounts of: uridine, 

nicotine, ellipticine and quinacrine hydrochloride, in the concentration range of between 10-5–

10-7 M.239  In other reports, it was used for the detection of picolinic and nicotinic acids,240 

bipyridine, phthalimide, phenylethylamine and theobromine,241 as well as benzoic and 

thiosalicylic acids.242  

The concepts of electrospraying and electrospinning have been adopted in CA-based SERS 

substrate design (Fig. 2.9). Ag nanocubes were embedded in CA microspheres formed by 

electrospraying of a solution containing the nanocubes and CA in dimethylacetamide. 

However, co-electrospinning of solutions containing the nanocubes and CA resulted in the 

formation of nanofibres. The SERS substrate fabricated by electrospraying techniques showed 

higher loading of Ag nanocubes, accumulated within the CA microspheres when compared to 
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the electrospun substrate where the nanocubes were distributed on the nanofibres. The Ag 

nanocube embedded microsphere showed improved SERS performance for the detection of p-

aminothiophenol (a probe molecule) and methyl parathion (a toxic pesticide), down to 

concentrations of 10-9 and 10-6 M, respectively.243 The nanoporous nature of the CA membrane 

was exploited to accumulate Au nanoparticles when a solution containing the nanoparticles 

was filtered by using CA membrane. The substrate obtained was used for detection of 

carboxylated single-wall carbon nanotubes to a limit of 10 µg/L in water.244 A mixed cellulose 

ester (MCE) membranes has also been used as a substrate to monitor the development of 

biofilms, which is a bacteria colony-causing fouling in membrane. The development and 

competition between Brevundimonas diminuta and Staphylococcus aureus were monitored as 

single- and dual-species biofouling agent on MCE by using Au nanoparticles cast on the 

membrane.245  

Another important class of modified cellulose in SERS substrate design is methyl cellulose 

(MC), which is a water soluble polymer obtained by the substitution of the cellulose hydroxyl 

groups, resulting in low crystallinity. The gelatinous nature of wet MC and its non-sticky nature 

on drying, makes it suitable for the fabrication of non-invasive SERS substrate for artwork.  A 

removable SERS substrate was designed for the detection of dye components in artworks by 

doping MC gel with Ag nanoparticles, reduced with glucose. The SERS substrate obtained was 

allowed to dry on a small area of an artwork to be investigated for its dye components. After 

SERS measurement, the substrate was easily removed without any visible damage to the 

artwork.246 However, further investigation showed that on removal of the substrate, a few 

layers of painting (approximately 60 µm) was lost. Following the optimization of the substrate 

design, the loss of painting layer was reduced to less than 20 µm after detachment. It should be 

noted that the substrate was found not to be suitable for dye analysis on coloured paper because 

the substrate gel penetrated the paper matrix and could not be easily removed after SERS 

measurement.247 A MC-based substrate was also designed to detect rhodamine 6G in water; 

the study showed the shape-directing influence of MC in the synthesis of Ag nanoparticles in 

the presence of citrate as reducing agent. Ag nanoparticles of various shapes were obtained 

with varying concentrations of MC, leading to the formation of “hot spots” for the detection of 

rhodamine 6G.248 Similar to MC, nitrocellulose was also employed in SERS substrate design. 

A SERS substrate fabricated by inkjet printing of Au nanoparticles on nitrocellulose showed 

improved performance when compared to paper-based SERS for the detection of 1,2-bis(4-

pyridyl)ethylene and thiram.180  
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The need to prolong the storage lifetime of plasmonic nanoparticles for SERS applications 

makes hydroxyethylcellulose (HEC) an important class of modified cellulose in SERS 

substrate design. The ability of HEC to dry as thin films and swell into a hydrogel in an aqueous 

environment makes it suitable for the fabrication of a free-standing film, which not only allows 

metal nanoparticles to be stored and stabilized for longer period in a dry state under ambient 

conditions, but also makes them available when required for SERS measurement by swelling 

with aqueous samples. With this substrate design, Ag nanoparticles stabilized in HEC was used 

to obtain SERS spectra of: adenine, crystal violet, nicotine, potassium thiocyanate, melamine 

and tris(bispyridine)ruthenium(II) nitrate as proof-of-concept. It was further applied in the 

monitoring of theophylline, a therapeutic drug, and a concentration as low as 1.8 mg/L could 

be discerned from SERS signal, which was below the sensitivity range (10–20 mg/L) required 

for the monitoring of the drug.249 The same substrate was employed in other studies for the 

detection of psychoactive substances in seized drug samples250 and in the monitoring of 

phenytoin,251 a therapeutic drug. However, the stronger influence of Ag nanoparticles for Cl¯ 

ions limited the application of the SERS substrate in a phosphate-buffered saline solution 

during the monitoring of phenytoin. This limitation was overcome by using similar SERS 

substrate-containing Au nanoparticles instead of Ag. Hydroxypropylcellulose (HPC) is another 

modified cellulose used in substrate design for the stabilization of photo-reduced Ag 

nanoparticles.   A hydrogel of HPC-containing Ag+ ions was irradiated with UV light in order 

to induce the in-situ synthesis of Ag nanoparticles and the subsequently formed HPC-Ag 

nanoparticle hydrogel was used as a SERS substrate in the detection of organic dyes and 

pigments in artworks252 and aqueous solution.253      

 

Fig. 2.9: CA-based SERS substrate fabricated by (A) electrospraying and (B) co-

electrospinning techniques. Reproduced  from ref. 243. Copyright 2017 with permission from 

Royal Society of Chemistry. 
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2.7.3    Cellulose nanofibrils  

Cellulose nanofibrils (CNFs) obtained by TEMPO-mediated oxidation of cellulose, followed 

by homogenization with mechanical blending have been known to serve as capping and shape-

inducing agents in the synthesis of metal nanoparticles through the surface carboxylate groups 

resulting from oxidation process.17 CNFs isolated from rice straw were used in the synthesis of 

Ag nanospheres by using NaBH4 as reducing agent. The nanospheres were converted to 

nanoprisms using H2O2 as while CNFs served as a shape-inducing agent, directing the 

formation of the nanoprisms with the surface of carboxylate groups, thus passivating the 

capped facets [111] of the Ag nanospheres, while the uncapped facets etched-off. The CNF-

Ag nanoprisms composite solution was filtered under vacuum over a membrane in order to 

obtain a SERS nanocomposite film. Unlike the CNF-Ag nanospheres that showed LSPR at 402 

nm, the CNF-Ag nanoprisms showed UV-vis absorption characteristics peaks at 334 nm 

(associated with out-of-plane quadruple resonance) and in the range of between 762–866 nm 

(associated with in-plane dipole resonance) making it suitable for probing low concentrations 

of rhodamine 6G with a 785 nm laser beam wavelength which was within the range 762–866 

nm observed in the CNF-Ag nanoprisms film, leading to strong SERS enhancement.254  In 

addition to the capping and shape-inducing capacity of CNF in the synthesis of metal 

nanoparticles, CNF can also act as a reducing agent due to the presence of surface hydroxyl 

groups and auto-hydrolysis of CNF at high temperature under hydrothermal conditions. Based 

on this concept, a CNF-Ag nanoparticle composite was fabricated by hydrothermally reducing 

Ag+ ions on CNF, isolated from kenaf core. On freeze-drying the product obtained, a porous 

fibrous material was obtained, which served as a SERS substrate probed with rhodamine B and 

also as catalyst in the reduction of rhodamine B with NaBH4.
255   Similarly, when CNF obtained 

from banana pseudo stem combined with trisodium citrate as both reducing and co-stabilizing 

agent, flower-like Ag nanoparticles were obtained, which showed strong enhancement for the 

detection of p-aminothiophenol down to 10-17 M in colloidal solution.256  Besides the reducing 

capability of CNF, aggregation of metal nanoparticles can also be induced by CNF to create a 

“hot spot” on SERS substrate. The nanoscale width of CNF and the surface hydroxyl groups 

provided a mean of immobilizing metal nanoparticles. A substrate was fabricated by using CNF 

obtained from softwood pulp in order to induce aggregation of citrate stabilized Au 

nanoparticles on glass to generate a “hot spot”, which showed strong and reproducible SERS 

enhancement for p-aminothiphenol.257 The SERS substrate was also employed to detect 

rhodamine B and dopamine to a concentration limit of 10-12 M for both analytes.258 A CNF 
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aggregated citrate stabilized Au nanoparticles was also used as SERS substrate to detect 

melamine in milk, down to 0.5 ppm.259  

The role of CNF on preventing uncontrolled aggregation of metal nanoparticles in SERS 

substrate design was also studied by using CNF/PVA composite film coated in-situ with Ag 

nanoparticles by reduction of adsorbed Ag+ ions.  When analyte solution was introduced to the 

composite, it was observed that CNF minimized the disruption of the “hot spot”, leading to 

reproducible SERS signals. The surface hydroxyl groups and porous nature of CNF were 

observed to immobilize Ag nanoparticles and prevent uncontrolled aggregation at low pH 

leading to the detection of thiabendazole pesticide in a spiked apple at a pH below its pKa. This 

could not be detected at neutral pH since thiabendazole is a neutral molecule at higher pH, 

making its SERS detection difficult due to poor interaction with the Ag nanoparticle surface.260 

With nanopores and rich hydroxyl surface, a CNF membrane was used as a nanofilter-SERS 

substrate to pre-concentrate plasmonic Au nanorods and analytes on its surface. The capacity 

of the CNF membrane as nanofilter, showed that it could retain 95% of rhodamine 6G 

molecules from 100 nM solution, making it suitable for the detection of the dye, down to a 

detection limit of 10-12 M. The SERS membrane also retained biological cells of E. coli when 

a solution containing the bacteria was filtered through it. SERS signals associated with amino 

acids present in E. coli cells were detected by using a 785 nm laser as excitation wavelength.261  

The power of attraction of CNF for metal nanoparticles can be improved by making CNF 

acquire a net positive charge on the surface to electrostatically attract negatively charged metal 

nanoparticles. With this idea, SERS spectra of thiram pesticide in spiked apple juice were 

studied by using CNF modified with (2,3-epoxypropyl)trimethylammonium chloride to form a 

net positive charge on the surface for the electrostatic attraction of negatively charged Au 

nanoparticles, stabilized with citrate. The modified CNF was uniformly coated with Au 

nanoparticles, leading to a homogenous distribution of the “hot spot”, which provided an 

enhanced SERS signal of thiram in apple juice, with a detection limit of 52 ppb.  In addition, 

the intensity of p-aminothiophenol was found to be 20 times higher when compared to paper-

based substrate.262 Although paper-based SERS has been used extensively, a recent study 

showed that its sensitivity and reproducibility were found to improve when coated with CNF 

because it reduces the surface roughness of the paper.  The study revealed that the CNF-coated 

paper showed improved sensitivity and reproducibility for SERS detection of p-

aminothiophenol, with a limit of 1.56 nM and a relative standard deviation (RSD) of 9%, unlike 

the untreated paper with a limit of detection of 20.02 nM and RSD of 27%.263   
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2.7.4 Bacterial cellulose 

Cellulose nanofibres with a 3-D network produced by bacteria, especially Acetobacter xylinus 

have been used in the design of SERS substrate. A bacterial cellulose (BC)-based SERS 

substrate was first reported by Marques et al., in 2008, who observed that the high water 

holding capacity of these nanofibres made them suitable to adsorb Ag+ ions from solution 

which, were later reduced in-situ with sodium citrate to form a SERS substrate. For 

comparison, wood cellulosic fibres, obtained from Eucalyptus globulus, were also used to 

prepare a SERS substrate by in-situ reduction of Ag+ with the same experimental conditions. 

Unlike colloidal solution of Ag nanoparticles, the BC-based substrates required no aggregating 

agent for Ag nanoparticles before SERS measurements. The BC SERS substrate showed 

improved SERS signals for thiosalicylic acid and 2,2’-dithiodipyridine when compared with 

wood cellulose-based substrate. The observed improvement was attributed to the nanofibrous 

nature of BC, unlike wood cellulose that consists of microfibres with low surface area for Ag 

nanoparticles adsorption. The potential of the BC SERS substrate was further evaluated by 

using it to detect amino acids in aqueous solution.264 Similarly, BC was used to prepare a SERS 

substrate nanocomposite, consisting of Au nanoparticles. The substrate was prepared by in-situ 

reduction of Au3+ ions by using sodium citrate as reducing agent.  At high concentration of 

HAuCl4, Au nanoplates were formed, while at low concentration Au nanospheres were 

obtained. It was observed that the nano-dimension of BC fibres provided a large volume 

fraction for the adsorption of the nanoparticles. The hydroxyl groups of BC also played a 

significant role by forming hydrogen bonds with the carboxylate of citrate-stabilized Au 

nanoparticles. The substrate was probed by using malachite green isothiocyanate and 

rhodamine 6G. The study showed that as the SERS substrate dried over time, the SERS signals 

of the probes improved significantly. This observation was attributed to the formation of a “hot 

spot” as adjacent Au nanoparticles coupled on the elimination of interstitial water within the 

BC. The substrate applicability was demonstrated for quantification of atrazine (an 

environmental contaminant) at pH 1.3 with a linear range of between 0.25–250 µM.265  

The stability of Au nanoparticles on BC at low pH provides a suitable medium to detect neutral 

organic environmental pollutants, which cannot be detected at neutral or basic pH. A SERS 

Au/BC nanocomposite substrate prepared by in-situ reduction of Au3+ ions in a boiling solution 

of sodium citrate was employed at very low pH (< 2) below the pKa of targets analytes to detect 

atrazine and carbamazepine to limits of 11 and 3 nM, respectively. At such pH, the analytes 

were in their cationic forms, making them to be electrostatically attached to the Au 

nanoparticles, hence enhancing the SERS signals of the analytes, which were not significantly 
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enhanced at higher pH.266 A SERS substrate was also fabricated by in-situ reduction of Au3+ 

ions on BC, however, the reduction was photoinduced in an ice-bath under a Xenon lamp 

without the use of any chemical agent. On drying the substrate, a nanopaper was obtained, 

which showed strong enhancement for SERS of rhodamine 6G with a detection limit of 10-10 

M. The nanopaper was also used in identifying dyes present in ballpoint pens and dyed cotton 

fabrics.267 The rich surface hydroxyl groups on BC was used as reducing- and stabilizing agent 

when BC was dipped in a boiling solution of HAuCl4. The Au3+ ions were reduced in-situ 

within the BC interlayers. The influence of the drying rate on SERS performance of the BC-

substrate was demonstrated by probing the wet and dry BC-substrates with phenylacetic acid. 

At low concentration (10-7 M), no SERS signal was observed with wet BC-substrate hydrogel 

while with the dry substrate, SERS signals were observed. The observed difference in SERS 

performance was attributed to the formation of “hot spots” in dry BC-SERS since the interlayer 

distance shrank on drying into nano-gaps. A similar improvement in SERS enhancement was 

observed when the BC-substrate was probed with 4-fluorobenzenethiol.268  

Although in-situ coating of BC ensures uniform distribution of plasmonic nanoparticles within 

the micropores, SERS enhancement capacity of BC-based SERS substrate can be greatly 

improved if plasmonic nanoparticles are concentrated on the surface and subsurface of BC, 

since SERS is a surface phenomenon. Against this background, Au nanorods were filtered 

through hydrated BC film. The nanorods were densely retained on the surface and trapped 

within the subsurface layers, resulting in a 10 times improved performance of the BC-SERS 

substrate with rhodamine 6G as a SERS probe, when compared to a similarly treated paper-

based substrate. The substrate also showed improved SERS performance for the detection of 

E. coli bacteria collected from a leaf surface by swabbing. The SERS signals of amino acids 

and DNA present in E coli cells served as an identification tag.269 Unlike drying of BC at 

ambient temperature, freeze drying of BC at low temperature results in the formation of aerogel 

with 3-D porous nanofibres and high metal nanoparticles loading capacity. A freeze-dried BC-

Au nanorod composite SERS substrate showed a 10 times improved performance for vapor 

sensing of 2-naphthalenethiol when compared to plasmonic paper. The higher performance of 

the aerogel was attributed to the accessibility of the Au nanorods to analyte vapor and higher 

volume distribution due to the 3-dimensional porous structure of the aerogel, unlike the 2-D 

plasmonic paper.270   
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2.7.5 Nanocrystalline cellulose 

Nanocrystalline cellulose (NCC) isolated by acid hydrolysis of cellulose is well known as an 

important class of nanocellulose, due to its high crystallinity and mechanical strength however 

its application in SERS substrate design is limited.   The first use of NCC in SERS substrate 

design was as a composite obtained by electrospinning of a precursor suspension containing 

polyacrylonitrile, NCC, Si and Ag nanoparticles.271 The composite nanofibres were obtained 

immersed in HF in order to etch off the embedded Si nanoparticles and introduce nanopores 

on the fibres. The presence of the NCC improved the thermal stability of the composite material 

and served as a stabilizing agent for the Ag nanoparticles. With the composite as substrate, the 

SERS signals of p-aminothiophenol was obtained with an enhancement factor of 3.9 x 103.   

Recently, the use of NCC isolated from discarded cigarette filters in the synthesis of Ag 

nanoparticles with the dual role of functioning as reducing- and stabilizing agent without any 

other additives was reported. It was observed that the size and yield of Ag nanoparticles varied 

with pH, concentration and reaction time. The sensitivity of the NCC-Ag nanocomposite 

colloid showed a reproducible SERS signal of riboflavin with a limit of detection of 3 x 10-7 

M, based on a signal-to-noise ratio of 3:1. The NCC-Ag nanocomposite colloid remained stable 

and SERS active for more than a year without aggregation and can also be easily coated on 

paper as SERS substrate.272 Although NCC is well known for its unique properties and diverse 

applications, its use in SERS substrate design is new, making it a versatile area to be explored 

for fabrication of new improved SERS substrate with prolific applications in real-life. 

 

Fig. 2.10: Schematic illustration of NCC-based SERS substrate. Reprinted from ref. 272. 

Copyright 2018 with permission from Elsevier. 
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2.8 Conclusions and outlook 

The contributions of cellulose in SERS substrate design since its first use in 1984, has been 

astonishing and also very consistent over the years with promising and innovative applications 

in many fields of life, demanding fast, accurate, reliable sensing devices at low cost.  These 

remarkable contributions have been highlighted in this review with conscious efforts to present 

a summary of the advancements made in fabricating improved sensing devices towards 

accomplishing a platform where a SERS substrate can be made ubiquitous to end-users at 

home. This ideal is fast becoming a reality since portable Raman spectrometers are now 

available at affordable prices.  However, the need to circumvent the scarcity of affordable and 

reliable SERS substrates remain elusive and a barrier to overcome for actualization of this 

technology.  In order to achieve this, the diverse and rich research findings on SERS substrates, 

especially cellulose-based substrates must be converged towards fabricating an end-user 

friendly SERS substrate that can attract market value.   

A cellulose paper-based substrate looks most promising in this regard, however, much is still 

required to make it more attractive with multifunctional SERS sensing capacity that will serve 

the everyday purpose of potential consumers. This can only be achieved if a universal testing 

standard is set, on which new SERS substrates can be evaluated. Currently, many techniques 

of fabricating SERS substrates exist but there are associated challenges in relation to sensitivity 

and reproducibility. Although efforts have been made to address many of these challenges in 

paper-based substrates, the corresponding outcomes cannot be substantiated beyond laboratory 

level due to the absence of universal testing standard. 

Cellulose-based SERS substrates, especially those combined with NCC, which is still in its 

infancy in SERS applications, should foresee a bright future, not least because NCC has unique 

properties not found in other forms of cellulose.  These include the chiral nematic arrangement 

of nanocrystals upon drying to form iridescent films273 with tunable optical properties, which 

can be transferred to other materials.  The response of NCC to external magnetic and electrical 

fields65 can also show an unprecedented impact to explore SERS substrate design. 
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Chapter 3 

 

NCC isolated from discarded cigarette filters 

 

This chapter is adapted from the work published in Carbohydr. Polym., 2017, 175, 273–281., 

DOI: 10.1016/j.carbpol.2017.08.008, titled: “Nanocrystalline cellulose isolated from discarded 

cigarette filters” by Segun A. Ogundare, Vashen Moodley and Werner E. van Zyl. Copyright 

© [2017]. Elsevier. The first author is responsible for all the experimental works, drafting of 

the manuscript and modification, all through to publication. 

  

3.1 Introduction 

The slow rate of photo and biodegradation of discarded cigarette filter (DCF) makes it 

ubiquitous as an environmental pollutant to both terrestrial and aquatic life. In 2010, an 

estimated 6.3 trillion cigarettes were consumed, and a significant percentage of the discarded 

filters were retrieved. By 2025, that number will reach a projected 9 trillion (> 1.5 M tonnes)1-

2 and yet DCF can easily be retrieved during clean-up activities in different designated public 

settings. With the concept of reverse logistics developed by Terracycle (Canada),3 DCF are 

collected and transferred at no additional cost by consumers to the processing plants where it 

is transformed into plastics.  

Although governments worldwide implement legislation towards the reduction of cigarette 

consumption4 and to reduce DCF as source of litter,1 there is clearly an urgent need to recycle 

this hazardous pollutant, particularly since DCF decomposition studies showed that it could 

persist between two to ten years under different ambient conditions.5-6 DCF applications 

include the designing of energy storage materials7 and efficient support material for oxygen 

reduction reactions.8 The main chemical constituent in DCF is plasticized cellulose acetate 

from which NCC can be isolated. NCC is currently a highly sought after biopolymeric 

nanomaterial, which can be isolated from plant, animal and bacterial sources.9 The economic 

potential of NCC in various applications10-14 is due to the distinctive properties its possess, such 

as: biodegradation, high strength, specific surface area, high crystallinity index, low toxicity 

and density.15-17 NCC is typically isolated by acid hydrolysis of cellulose.18-21 

Research into the isolation of NCC has, more recently, started to focus on the use of recycled 

cellulosic materials. Such recycled materials can be divided into natural (agricultural) and man-

made. This work falls into the latter category and examples that have been utilized include: 
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newspaper,20, 22 waste tissue paper,23 old corrugated containers,24 wastepaper25 recycled pulp;26 

recycled wood27 and harvested bacteria.28  

This study focused on the isolation and characterization of NCC from cellulose derived from 

DCF for the first time. The approach adopted involved the recovery of by-product and solvent 

in order to minimize environmental impact. NCC-DCF was isolated from DCF via 

deacetylation by using NaOH and hydrolysis by using sulphuric acid. The material was 

characterized with a variety of spectroscopic and microscopic techniques, in addition to 

elemental composition determination, X-ray diffraction (XRD), surface area and porosity 

measurements, thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 

studies. 

The objectives of this study were to retrieve and recycle cellulose acetate from DCF and 

chemically process it to produce NCC. 

 

3.2 Experimental 

 

3.2.1 Materials 

Samples DCF were collected on the Westville campus, UKZN, South Africa. Ethanol (99.8 

%), sodium hydroxide pellets (NaOH), sulphuric acid (H2SO4, 98% w/w), and sodium 

hypochlorite (NaOCl) were purchased from Sigma-Aldrich (USA). All chemicals were used as 

received. Double distilled water was used for reactions and dialysis. 

 

3.2.2 Extraction of cellulose from Discarded CF 

The extraction process is illustrated in Scheme 3.1 below. The filters were, first manually 

separated from paper and tobacco. Filters (ca. 10 g) were then soaked and washed with water, 

drained and extracted with ethanol (20 mL/g) for 24 hours at room temperature. After 

extraction, the cellulose acetate (CA-DCF) obtained was bleached using 1.25 w/v% NaOCl (10 

mL/g) for 6 hours at room temperature. The dried CA-DCF obtained was deacetylated by using 

1 w/v% of ethanolic NaOH (20 mL/g) at room temperature for 24 hours. NCC-DCF was 

subsequently isolated via acid hydrolysis. Distillation was carried out in order to recover the 

solvent used for the extraction and the by-product of deacetylation. The percentage yield of the 

Cel-DCF extracted from DCF was determined as shown in Eq. (3.1). 

 

 % Yield of Cel-DCF = 
weight of extracted Cel−DCF (g)

weight of DCF (g)
 x 100%    (3.1) 
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3.2.3 Isolation of NCC-DCF 

After the blending of Cel-DCF in a domestic blender, NCC-DCF was isolated by using 20 

mL/g (volume acid per mass of cellulose) of 55 wt% sulphuric acid at 45°C in an oil bath for 

45 minutes in order to remove the amorphous regions in Cel-DCF. Following the acid 

hydrolysis, the suspension was diluted 20 times its initial volume with double distilled water 

at room temperature and centrifuged by using OHAUS Frontier 5706 at 6000 rpm with relative 

centrifugal force 4427 x g for 10 min. This process was repeated 5 times in order to reduce the 

sulphuric acid concentration. To avoid aggregation, the suspension was then sonicated by using 

an ultrasonicator (UP400S, Hielscher, Germany) at 50% amplitude and a 0.5 cycle for 15 

minutes to ensure complete dispersion of NCC-DCF before dialysis to a neutral pH. A NCC-

DCF suspension (0.45 w/v%, 150 mL) was quickly frozen in liquid nitrogen for 15 minutes 

and freeze-dried for 72 hours at -60°C and 10-3 mbar in an Edwards Modulyo freeze-drier 

(Crawley, England). Similarly, NCC-DCF suspension (0.45 w/v%, 150 mL) was dried at 

ambient temperature in order to obtain NCC-DCF film, the ash of the film was obtained after 

calcination at 700°C in a nitrogen atmosphere (flow rate of 20 mL/min with a heating rate of 

10°C/min). The film obtained was reduced to powder with pestle and mortar before 

characterization. The percentage yield of the isolated NCC-DCF was determined 

gravimetrically as shown in Eq. (3.2). 

 

 % Yield of NCC-DCF = 
weight of NCC−DCF isolated (g)

Weight of Cel−DCF used (g)
 x 100%    (3.2) 
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Scheme 3.1. Stepwise isolation of NCC-DCF from DCF  

 

3.3 Characterization 

 

3.3.1 1H and 13C NMR spectroscopy 

1H and 13C NMR spectra of DCF and CA-DCF were recorded on a Bruker AV 600 (Germany) 

spectrometer in DMSO-d6 at 60°C. The degree of substitution (DS) of CA-DCF was calculated 

from the 1H NMR spectrum with Eq. (3.3): 
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    DS = 
7  X  Imethyl

3  X  IHAGU 
    (3.3) 

 

where Imethyl is the peak integral of methyl protons and IHAGU is the peak integral of 

anhydroglucose unit protons.29-31 

 

3.3.2 Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra of DCF, Cel-DCF, the by-product of deacetylation and the isolated NCC-

DCF (freeze dried and film) were recorded in the wavelength range of between 380–4000 cm-

1 at a resolution of 4 cm−1 using a Spectrum 100 infrared spectrometer equipped with a 

universal diamond crystal attenuated total reflection (ATR) accessory (Perkin Elmer, USA).  

 

3.3.3 Morphological structure analysis 

The morphological transition from DCF fibres to NCC-DCF was established with the aid of 

electron. For the TEM study, a JEOL 1010 (Japan) transmission electron microscope (TEM) 

was used. For the SEM study, a Zeiss Ultra Plus field emission gun scanning electron 

microscope (FEGSEM) equipped with an energy dispersive X-ray (EDX) detector (Germany) 

was used. TEM images of the NCC-DCF sample were acquired by using 5 µL of 0.01 w/w% 

suspension of NCC-DCF deposited on a copper (Cu) TEM-grid. The deposited crystals on the 

TEM-grid were negatively stained after drying with 5 µL of 2 wt% uranyl acetate for 5 minutes 

in the dark. The excess uranyl acetate solution was wicked-off with the tip of a Whatman filter 

paper and the stained crystals on the TEM-grid were dried. The dimensions of 100 randomly 

selected representative NCC-DCF crystals from the TEM micrographs were measured by using 

the ImageJ 1.42 software and the data obtained were processed on OriginPro 8 software. 

Similarly, DCF, Cel-DCF and NCC-DCF (freeze-dried, film and ash) samples for SEM images 

were deposited separately on conductive carbon tapes stuck to aluminium stubs. Each sample 

was coated with gold with the aid of a sputter coater in order to minimize charging. 

 

3.3.4 Powder X-ray diffraction analysis 

XRD analysis of DCF, Cel-DCF and NCC-DCF (freeze-dried sample and film) was performed 

by using an X-ray diffractometer (Bruker AXS D8 Advance, Germany), equipped with Cu-Kα 

radiation source (wavelength = 0.154 nm), operating at 40 kV and 40 mA. The XRD pattern 
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was recorded over the angular range 2θ = 5–40° at room temperature. The crystallinity index 

(CI) was calculated by using the Segal’s method32-33, as shown in Eq. (3.4). 

 

   CI (%) = 
𝐼002− 𝐼𝑎𝑚

𝐼002
 x 100%  (3.4) 

 

where I002 is the 2θ = 22° peak associated with the maximum intensity, and Iam is 2θ = 18o peak 

associated with the intensity minimum of the amorphous region of the sample.  

Crystallite size (Dhkl) was calculated by using the Scherrer’s equation34, as shown in Eq. (3.5); 

where λ is the X-ray wavelength (0.154 nm), β is the angular width at half maximum intensity, 

called full width half maximum (FWHM) determined with the aid of a Gaussian fit of the peaks 

on the diffractograms (Fig. S3.3, Appendix A) of the samples and θ is the Bragg angle. The 

crystallographic plane adopted for the estimation was 002. 

 

    Dhkl (nm) = 
0.89𝜆

𝛽 𝑐𝑜𝑠 𝜃
  (3.5)  

 

3.3.5 Thermogravimetric analysis (TGA) 

TGA was carried out by using a Simultaneous Thermal Analyzer STA 6000 (Perkin-Elmer, 

USA). The thermal analyses were conducted by using a sample mass in the range 7–8 mg in a 

nitrogen atmosphere (flow rate of 20 mL/min), with a constant heating rate of 10°C/min and at 

a temperature of 40–700°C, the samples were held at 700°C for 5 min. The weight loss (%) at 

the decomposition temperature and the residual char (%) at 700°C were determined from the 

TGA curves. 

  

3.3.6 Specific surface area and porosity measurements 

Samples were degassed at 90°C under vacuum for 24 h by using a Micromeritics VacPrep 061 

sample degassing system (USA). Subsequently, Brunauer–Emmett–Teller (BET) analysis was 

performed with a surface area and porosity analyzer, Micromeritics Tristar II 3020 2.00 (USA) 

in a liquid N2 cooled bath at a temperature of 77 K. Specific surface areas were calculated from 

the linear region of the isotherms by using the BET equation in a relative P/Po pressure range 

of between 0.063–0.300. Pore size distributions were derived from the adsorption branch of 

the isotherms by Barrett–Joyner–Halenda (BJH) method. The total pore volumes were 

estimated from the amount adsorbed at a relative pressure of P/Po = 0.996. 
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3.4 Results and Discussion 

 

3.4.1 Nanocrystalline cellulose yield  

 NCC-DCF was isolated from DCF after ethanolic extraction, bleaching, deacetylation and 

sulphuric acid hydrolysis. The yield of the Cel-DCF obtained after deacetylation was 60% 

while the NCC-DCF yield from Cel-DCF was 49%, equivalent to appreciable yield of 29.4% 

NCC-DCF from DCF. The yield (29.4 %) of the isolated NCC-DCF from DCF is higher than 

13.3% for NCC isolated from old corrugated container24 and 19.0% for NCC isolated from 

wastepaper.25 This is not surprising since cigarette filters are produced from refined materials 

containing less lignin.  

 

3.4.2 NMR and FTIR Spectroscopies 

 

3.4.2.1 NMR Spectroscopy 

The 1H and 13C NMR spectra (Fig. 3.1(A and B)) of DCF and CA-DCF demonstrated the 

efficiency of the adopted method of extraction, no peaks other than cellulose acetate were 

observed in the spectrum of CA-DCF. The assignment of peaks shown in the 1H and 13C NMR 

spectra of the CA-DCF were in agreement with literature.35 Solvent (DMSO-d6) peaks were 

observed and appropriately assigned for the spectra.30-31 The degree of substitution (2.34) and 

the percentage distribution of the acetyl moiety on C-6 (43 %), C-3 (25 %) and C-2 (32 %) 

positions were determined by quantitative integration of the methyl (CH3) and anhydroglucose 

unit (HAGU) proton peaks in the 1H NMR spectrum of CA-DCF, which showed that the acetyl 

moiety was most abundant on C-6. This suggested that the primary hydroxyl group on C-6 was 

the most reactive during acetylation. 
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Fig. 3.1: 1H NMR (A) and 13C NMR (B) spectra of CA-DCF and DCF at 60°C in DMSO-d6. 
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3.4.2.2 ATR-FTIR spectroscopy 

The successful isolation of NCC-DCF from DCF was confirmed by FTIR. Strong absorption 

bands at 1743 and 1224 cm-1 were assigned to C=O stretching and (O)C–O stretching of the 

acetyl moiety present in the FTIR spectrum of DCF (Fig. 3.2).36 These bands were 

characteristic of cellulose acetate, which disappeared on deacetylation as the FTIR spectrum 

of Cel-DCF showed a broad band at 3340 cm-1 which was assigned to O–H stretching and a 

medium band at 1646 cm-1 is associated with the absorbed moisture (H2O). The identity of the 

by-product after deacetylation was confirmed to be CH3COONa.3H2O (SAT-DCF) since its 

spectrum (Fig. S3.1, Appendix A) was identical to that of the laboratory reagent 

CH3COONa.3H2O (SAT-LR). The FTIR spectra of the isolated NCC-DCF freeze-dried and 

film were identical, which suggested that the different methods of drying have no influence on 

the FTIR response of the isolated NCC. Similarly, these spectra showed identical absorption 

bands in comparison with the FTIR spectrum of Cel-DCF, but with greater intensities; an 

indication of increase in crystallinity due to the loss of the amorphous regions.24 The FTIR 

absorption bands characteristics of NCC were found in the spectra of NCC-DCF (freeze-dried 

and film) samples (Fig. 3.2)  and assigned (υ/cm-1) as; 3320 (O–H), 2900 (C–Hasym), 1646 (H–

O–Hbend), 1437 (CH2(symm)), 1371 (C–Hasymbend), 1018 (C–O–C) and 898 (C–Hdeform)  modes of 

the β-glycosidic linkage (4C1) between the anhydroglucose rings.37-38 
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Fig. 3. 2: ATR-FTIR spectra of NCC-CF (film and freeze-dried (FD)), Cel-CF and DCF. 

 

3.4.3 TEM study 

The morphological structures of NCC-DCF established with TEM (Fig. 3.3A) showed that the 

nanocrystals were needle-like with calculated mean length of 143.5 ± 37.4 nm with a standard 

error of mean (SEM) 3.7 nm, width 8.3 ± 3.3 nm with a SEM 0.3 nm and aspect ratio 17.4 ± 

5.7 with SEM 0.6, obtained from 100 randomly selected nanocrystals. The high standard 

deviations of the dimensions showed that the nanoparticles were polydispersed as revealed by 

the distributions of the dimensions (Fig. 3.3(B and C)). With an aspect ratio above 10 (the 

minimum aspect ratio for an ideal stress transfer within the interaction between fibres and 

matrix), the NCC-DCF isolated has the capacity to provide strong reinforcement and 

mechanical stability (irrespective of the percentage) when included in polymer.39-40 The mean 

length and width (143.5 and 8.28 nm) of the NCC isolated were comparable with mean length 

and width; 113.0 and 8.50 nm reported for NCC isolated from wood,27 121.4 and 5.78 nm 
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reported for NCC isolated from newspaper,20 117.0 and 11.20 nm reported for NCC isolated 

from rice straw,41 200.0 and 7.00 nm reported for NCC isolated from bacteria.28 

 

  

Fig. 3.3: TEM micrograph (A), and the distribution plots for length (B), width (C) and aspect 

ratio (D) of NCC-DCF.  

 

3.4.4 FEGSEM and EDX study 

The FEGSEM micrographs (Fig. 3.4) of DCF, Cel-DCF, and isolated NCC-DCF (freeze-dried 

and film), showed the morphological transition of DCF fibres to NCC-DCF. From 10 randomly 

selected samples, the average diameter of DCF fibres after deacetylation increased from 23.78 

± 1.74 µm with a standard error of mean (SEM) of between 0.55 to 26.20 ± 2.39 µm with SEM 

of 0.76 in the cellulose obtained, the t-test showed that the observed difference was significant 

as the calculated t-value (2.589) was higher than the critical value (2.101) at 95 % confidence 

level and degree of freedom 18 for a two-tailed test, as shown in the supplementary information 

(Appendix A). This attributed to an increase in moisture content, resulting in the swelling of 

the cellulose. As revealed by FTIR, the number of hydroxyl groups on the fibres increased after 

deacetylation hence, becoming more hydrophilic.   From the micrograph of NCC-DCF freeze-

dried sample (Fig. 3.4(C1–3)), the effectiveness of the acid hydrolysis was observed as the 

A 
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diameter of Cel-DCF fibres were reduced to ~1.79 µm in the self-assemble fibrous freeze-dried 

NCC-DCF. Self-assemble fibrous NCCs were previously reported.41 Similarly, Fig. 3.4(D1) 

also revealed the compact nature and the surface texture of the isolated NCC-DCF films 

obtained at room temperature. The presence of titanium (Ti) in DCF, Cel-DCF, and isolated 

NCC-DCF was revealed in the EDX (Fig. S3.2, Appendix A), since peaks corresponding to the 

binding energies of carbon (C), oxygen (O) and titanium were present in the spectra (Table 

S3.1, Appendix A). The titanium source was evidently from titania (TiO2) incorporated into 

cigarette filters in order to enhance its photo-degradation process on disposal. At high 

magnification (50 kx), TiO2 nanoparticles (70–110 nm) were observed to have been exposed 

on the surface of NCC-DCF freeze-dried (Fig. 3.4(C3)) however these nanoparticles were 

encapsulated by NCC-DCF in the film (Fig. 3.4(D3)) with size range of between 130–280 nm. 

This encapsulation attributed to the slow rate of drying at room temperature, which allowed 

NCC-DCF, to interact with TiO2 unlike freeze-dried NCC-DCF, where the nanoparticles were 

instantaneously frozen in liquid nitrogen. The micrograph (Fig. 3.4(E3)) of the ash, rich in Ti 

(26.44%) obtained after calcination of the film, showed that NCC-DCF was lost, resulting in 

size reduction of the nanoparticles, to a range of between 110–190 nm. Similarly, the peak 

corresponding to the binding energy of sulphur (S) from the residual sulphate groups after acid 

hydrolysis was present in the EDX spectrum of the isolated NCC-DCF (freeze-dried and 

film).42 The percentage sulphur content in NCC-DCF freeze-dried (0.78 %) and film (1.25 %) 

samples were close to 0.85 % that was reported for NCC isolated from cotton but greater than 

0.18 % reported for NCC isolated from rice straw via sulphuric acid hydrolysis.41 The 

difference observed in sulphur content suggested the non-uniformity of sulphate distribution 

on the surface of the isolated NCC-DCF. The EDX mapping of elements in DCF, Cel-DCF and 

the isolated NCC-DCF (freeze-dried, film and ash) are shown in the Supporting Information 

(SI) provided (Fig. S3.2, Appendix A).  
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3.4.6 Thermogravimetric analysis (TGA) and Differential thermal analysis (DTA) 

The thermal behaviours of DCF, Cel-DCF and NCC-DCF (freeze-dried and film) were 

determined by using the TGA. The thermograms and the DTA curves, shown in Fig. 3.6, 

revealed comparable, but different rates of thermal degradation profiles. This suggested a 

similar thermal degradation mechanism, but which proceeded at different rates. The 

decomposition stages, the corresponding characteristic temperatures, the associated mass 

losses and ashes left at 700°C, are presented in Table 3.1.  

The mass loss observed in the temperature range of between 40–110°C is attributed to the loss 

of absorbed moisture on the surface. The moisture contents of the NCC-DCF freeze-dried and 

film samples at 110°C were 1.97 % and 1.77 %, respectively. Cel-DCF showed a moisture 

content of ~6.78 % unlike DCF, which showed no weight loss at 110ºC. This observed increase 

in the moisture content of Cel-DCF, correlated well with the increase in hydroxyl groups and 

fibre diameter observed in the FITR spectra (Fig. 3.2) and the FEGSEM micrograph (Fig. 3.4B) 

of Cel-DCF. The decrease in the moisture content of the NCC-DCF sample when compared to 

the Cel-DCF sample, suggested the influence of the removed the amorphous regions in the Cel-

DCF sample, hence, on its hydrophilic nature. 

 During cellulose pyrolysis, several complex reactions, such as: dehydration, decarbonylation, 

decarboxylation, depolymerization and other related reactions leading to release of gaseous 

species, including: H2O, CO, CO2 and H2 and CH4, are involved.44 Two prominent thermal 

degradation stages were observed in the DTA curves of the analyzed samples. The freeze-dried 

sample showed higher peak temperature (Tp) and greater mass loss when compared to the film 

sample of NCC-DCF at the first stage (Table 3.1) of thermal degradation, which involved the 

dehydration of the anhydroglucopyranose chain segments. This suggested that the freeze-dried 

samples showed more resistance to thermal degradation, but the interior (embedded) crystals 

were more exposed to thermal degradation than those of the film sample. The reduced loss in 

mass in the film sample correlated with its higher crystallinity. Cel-DCF sample showed the 

highest Tp at 320ºC and mass loss of 39.55 %. However, DCF sample showed the least peak 

temperature and mass loss. The high Tp of Cel-DCF suggested greater thermal resistance when 

compared to DCF, which attributed to influence deacetylation. Unlike Cel-DCF, the sulphate 

groups on the film and freeze-dried samples of NCC-DCF, negatively influenced their thermal 

stability, by lowering the activation energy of thermal degradation and when released as 

sulphuric acid, it further catalyzed the degradation process.44 In the second stage that involved 

chain decomposition and oxidative degradation of the interior part of samples, the film sample 

of NCC-DCF showed greater thermal resistance than the freeze-dried sample. This further 
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3.4.7 BET measurements 

The film and the freeze-dried samples of NCC-DCF showed Type II sorption isotherms, typical 

for nonporous or macroporous adsorbent material with almost reversible adsorption and 

desorption loops (Fig. 3.7). The mean BET specific surface area and BJH cumulative volume 

of pores of the freeze-dried sample, obtained from simultaneously determining the triplicate 

analysis were, 7.78 ± 0.11 m2/g and 0.015 ± 0.001 cm3/g, respectively, were higher than 1.06 

± 0.02 m2/g and 0.006 ± 0.002 cm3/g, observed in the film sample obtained in a similar manner. 

The significant reduction in BET specific surface areas and pore volume of the film sample, 

suggested a self-assembly nature of the nanocrystals. However, inhibition induced by the 

narrow confinement in small ice crystals, resulting from the rapid freezing in liquid nitrogen, 

limited such compact assembly in the freeze-dried sample.45 The mean specific surface area 

(7.78 m2/g) and pore volume (0.015 cm3/g) of freeze-dried NCC-DCF were close to 8.92 m2/g 

and 0.025 cm3/g observed in a free-dried sample of NCC, isolated from rice straw41, while the 

mean specific surface area (1.06 m2/g) of the film sample was comparable to 1.29 m2/g that 

was observed in the NCC dry powder of bleached softwood kraft pulp.46 The low pore volume 

observed in isolated NCC-DCF suggested that the nanocrystals were more closely packed via 

strong hydrogen bonding interaction as observed in the SEM micrographs. Similarly, DCF and 

Cel-DCF fibres showed type II isotherms with a BET surface area of 3.000 and 0.758 m2/g, 

respectively. It is proposed that the difference is as a result of the effect of the deacetylation on 

the surface area of Cel-DCF due to increase in hydrogen bonding. 
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Fig. 3.7: BET Isotherms of NCC-DCF (freeze-dried (FD) and film samples), Cel-DCF and 

DCF. 

 

3.5 Conclusion 

This study has demonstrated the successful isolation of NCC from DCF, for the first time. TEM 

study showed that the NCC-DCF nanocrystals isolated were needle-like with mean length of 

143 nm and a mean width of 8 nm. The higher crystallinity index (94.47 %) of the freeze-dried 

NCC-DCF sample showed significant improvement in structural organization when compared 

to the Cel-DCF sample with crystallinity index 68.24 %. FEGSEM showed the self-assembly 

and compact nature of NCC-DCF, while EDX revealed the presence of residual TiO2 

nanoparticles that were added to DCF in order to aid in the photodegradation process. With 

adequate logistics on collection by consumers, DCF can be considered a viable source of NCC, 

which has several demonstrated proof-of-concept and future applications.  NCC has numerous 

applications, including heterogeneous catalysis support in the synthesis of organic 

compounds47-48 as well as composites for biomedical purposes.15 The NCC-DCF isolated 

sample reported in this study, will be further investigated for such applications. 
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Chapter 4 

 

NCC as a reducing- and stabilizing agent in the synthesis of silver 

nanoparticles: Application as a SERS substrate  

 

This chapter is adapted from the work that was published in Surfaces and Interfaces., 2018, 13, 

1–10., DOI: 10.1016/j.surfin.2018.06.004, titled: “Nanocrystalline cellulose as reducing- and 

stabilizing agent in the synthesis of silver nanoparticles: Application as a surface-enhanced 

Raman scattering (SERS) substrate” by Segun A. Ogundare and Werner E. van Zyl. Copyright 

© [2018]. Elsevier. The first author is responsible for all the experimental work, drafting of the 

manuscript and modification through to publication. 

 

4.1 Introduction 

Silver nanoparticles have been explored in many technological areas, including: as catalysts 

for the degradation of dyes, conductive adhesives, antimicrobial agents, and a variety of 

consumer goods.1-3 Silver nanoparticles are of interest due to its unique interaction with light 

and hence, giving rise to localized surface plasmon resonance (LSPR), which is caused by 

electromagnetic field of the incident light coupled with the oscillation of conduction-band 

electrons.4 LSRP induces resonant scattering and good light absorption, typically leading to 

several orders of magnitude increase in the near-field enhancement of the local electromagnetic 

fields.5-6 Importantly, this phenomenon is primarily caused by size and shapes of the silver 

nanoparticles (AgNPs).7-9 The size and shape-dependent properties, have led to a number of 

applications in optoelectronics,10 metal mediated- fluorescence,11sensors,12 and surface-

enhanced Raman scattering (SERS),13-14 including SERS application in point-of-care (POC) 

diagnostics.15 SERS is a powerful spectroscopic technique and can be applied in diverse areas 

of science16-20. This is due to its highly sensitive detection when compared with conventional 

spectroscopic techniques.21-24 

Nanocrystalline cellulose (NCC), which is a sub-category of nanocellulose,25-27 has attracted 

increasing attention due to its extraordinary mechanical, thermal and optical properties.28-30 

SERS has been applied to NCC/AuNPs31 and cellulose-nanofibrils/Ag nanoprism 

composites32-33 however in both cases, additional chemicals were needed to reduce the metals. 



104 
 

Scattering and fluorescence interference, which result in low intensity in standard Raman 

spectroscopy, are easily overcome due to the LSPR of the AgNPs.33-36 

Chemical reduction of silver salts is the synthetic route, commonly adopted for the preparation 

of AgNPs. This involves the use of suitable solvents, reducing agents and stabilizing agents.37-

38 within the context of green chemistry, the use of naturally-occurring reducing and stabilizing 

agents are the preferred choice in forming AgNPs when compared to the alternative highly 

reactive hazardous chemicals.39 Cellulose is the most abundant biopolymer on earth and it has 

been explored in its native and derived states as reducing and/or stabilizing agent in the 

synthesis of AgNPs.40 During the course of formation, the hydroxyl groups on the cellulose 

surface form a complex with silver ions through ion-dipole interaction and prevent aggregation 

on reduction by coating the AgNP.41 When cellulose is hydrolyzed, NCC can be isolated.25 A 

number of environmental science and engineering applications of nanocellulose-based 

nanocomposites have been reported.42 Such NCC materials result in a greater reducing and 

stabilizing capacity when compared to native cellulose due its higher surface charge and 

specific surface area. However, NCC is typically used as stabilizer in the presence of other 

reducing agents, except when surface-modified43 without which, high temperature in 

combination with hydrothermal conditions are needed for NCC to function as both reducing- 

and stabilizing agent.44-45 It was shown that partial desulphurization of NCC, in the synthesis 

of AgNPs, improved the nucleation and stabilizing capacity of NCC in the presence of NaBH4 

as reducing agent at room temperature.41 Similarly, an increase in pH of NCC solution also 

improved its reducing capacity in the preparation of gold nanoparticles (AuNPs) under 

hydrothermal condition.46 However, the influence of pH on the reducing and stabilizing 

capacity of NCC in the preparation of AgNPs without the use of other reducing agents or 

hydrothermal conditions, has not been previously reported, and this was the basis of the present 

study. The influence of pH on both the reducing and stabilizing capacity of NCC was 

investigated in the production AgNPs at 80°C under different pH conditions.  

Riboflavin is an organic compound that can be secreted from phytoplankton in natural waters, 

and has been demonstrated to be an effective sensitizer to enhance the photochemical 

transformation of many organic compounds in aqueous solutions.47 Additionally, since 

riboflavin and river humic acid in a natural environment have a significant influence on the 

fate of many organic pollutants, including that of polycyclic aromatic hydrocarbons (PAHs),48 

a low cost method for the detection of riboflavin at low concentration levels will be valuable. 

The need for a reliable and fast method of detection of trace analytes has made the use of 

AgNPs as a SERS substrate a useful analytical tool. Here, the use of NCC to serve the dual 
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purpose as a reducing- and stabilizing agent in the formation of AgNPs for the first time is 

reported. It is further demonstrated that the formed nanocomposite can be applied as an 

efficient SERS substrate in the detection of riboflavin. 

4.2 Experimental 

4.2.1 Materials  

Discarded cigarette filters (DCF) were collected on the Westville campus, UKZN, South 

Africa. Ethanol, sodium hydroxide pellets (NaOH), sulphuric acid (H2SO4, 98% w/w), silver 

nitrate (AgNO3), hydrochloric acid (HCl, 32 % w/w), nitric acid (HNO3, 69 % w/w), sodium 

hypochlorite, (NaOCl) and riboflavin (98%) were purchased from Sigma-Aldrich. All 

chemicals were used as received. Double distilled water was used for reactions and dialysis. 

4.2.2 Isolation of NCC 

The isolation and characterization of NCC from the cellulose obtained from DCF has been 

previously reported.49 Briefly, cellulose was obtained from DCF via ethanolic extraction, 

NaOCl bleaching and deacetylation with NaOH in ethanol. NCC was isolated by using 20 mL/g 

(volume acid per mass of cellulose) of 55 wt% sulphuric acid at 45°C in an oil bath for 45 min 

in order to remove the amorphous regions in cellulose. After 45 min, the suspension was diluted 

(dilution factor: 20) with double distilled water at room temperature and centrifuged by using 

OHAUS Frontier 5706 at 6000 rpm with relative centrifugal force 4427 x g for 10 min. This 

procedure was repeated 5 times in order to reduce the sulphuric acid concentration. 

Aggregation of nanocrystals was avoided by sonicating the suspension by using an 

ultrasonicator (UP400S, Hielscher, Germany) at 50% amplitude and a 0.5 cycle for 15 min in 

order to ensure thorough dispersion of NCC-DCF before dialyzing to neutral pH.  

 

4.2.3 Synthesis of silver nanoparticles 

The synthesis of AgNPs was conducted at 80°C by using 10 mL of 0.1 wt% NCC dispersion 

sonicated for 15 min and adjusted to the desired pH (5, 6, 7, 8, 9 or 10) with 0.1 M NaOH or 

0.1 M HCl. Freshly prepared AgNO3 solution (1 mL) of the desired concentration (0.10, 0.15, 

0.20, 0.25 or 0.30 M) was added to the stirring NCC dispersion and the temperature was 

maintained at 80°C for a fixed period (15, 30, 45, 60 or 75 min). The AgNPs obtained in each 

reaction were washed with double distilled water and centrifuged at 6000 rpm with relative 

centrifugal force 4427 x g for 10 min in order to remove unreacted AgNO3. This procedure 

was repeated 5 times in order to ensure complete removal of unreacted AgNO3. Each sample 

was diluted to 50 mL before UV-vis spectroscopic study and transmission electron microscopic 

(TEM) imaging. Colloids for SERS application and dry AgNPs for characterization were 
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prepared at 80°C for 75 min by using 0.30 M AgNO3 and 0.1 wt% of NCC (pH: 10). The 

obtained AgNPs were similarly washed and centrifuged to remove unreacted AgNO3. The 

concentration of AgNPs in the colloid was determined with an inductive coupled plasma optical 

emission spectroscopy (ICP-OES) after a microwave digestion. Dry AgNPs were obtained by 

drying the colloid at 50°C for 24 hours in an oven. In order to study the thermal effect on 

morphology of the AgNPs and ascertain the percentage of AgNPs in the dried product, the 

residual product of the dried AgNPs was obtained following calcination at 600°C in a nitrogen 

atmosphere (flow rate of 20 mL/min with a heating rate of 10°C/min).  

 

4.3 Characterization of the synthesized AgNPs 

4.3.1. UV-vis spectroscopy 

The absorption spectra of the various AgNPs samples synthesized were obtained in the 

wavelength range of between 300–700 nm by using UV-3600 Plus UV-VIS-NIR 

Spectrophotometer, Shimadzu, Japan. A LAMBDATM 35 UV/VIS Spectrophotometer, by 

PerkinElmer, equipped with an integrating sphere was used to acquire the absorption spectrum 

of AgNPs absorbed on filter paper. 

 

4.3.2 Microwave digestion and ICP-OES analysis 

A triplicate analysis was simultaneously performed in order to determine the concentration of 

AgNPs in the colloid by digesting three separate samples each containing AgNPs colloid and 

HNO3 (69 % w/w) in volume ratio 1:5 (colloid: nitric acid) by using a MARS 6 Microwave 

Reaction System (CEM, USA) at 200°C for 15min. From a 1000 ppm stock solution of Ag+ 

ions prepared by using AgNO3, a series of standard solutions (100–0.5 ppm) were prepared by 

serial dilution and used for calibration on Optima 5300 DV ICP-OES Inductive Coupled 

Plasma spectrometer (Perkin Elmer, USA) before the determination of Ag+ ions in the digested 

AgNPs colloid samples. 

 

4.3.3 Morphological studies   

The size, shape and dispersion of the AgNPs were examined with the aid of electron. For the 

TEM and HRTEM studies, a JEOL 1010 (Japan) transmission electron microscope (TEM) and 

a JEOL 2100 (Japan) high resolution transmission electron microscope (HRTEM) were used. 

For the SEM study, a Zeiss Ultra Plus field emission gun scanning electron microscope 

(FEGSEM) equipped with energy dispersive X-ray (EDX) detector (Germany) was used. TEM 

and HRTEM images of the AgNP samples were acquired by using 5µL of each sample 
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deposited on a copper TEM-grid. The diameters of 150 AgNPs were measured from the TEM 

micrographs by using the ImageJ 1.42 software and the data obtained were processed on 

OriginPro 8 software. Similarly, dried and calcined product of AgNPs samples for SEM 

images, were deposited on a conductive carbon tape, stuck to aluminium stubs. The samples 

were coated with gold with the aid of sputter coater in order to minimize charging and improve 

conductivity. 

 

4.3.4 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of samples were obtained in the range of between 380–4000 cm-1 at a resolution 

of 4 cm−1 by using Spectrum 100 infrared spectrometer equipped with universal diamond 

crystal attenuated total reflection (ATR) accessory (Perkin Elmer, USA).  

 

4.3.5 Powder X-ray diffraction analysis 

XRD analysis of the dried and calcined product AgNPs were performed by using an X-ray 

diffractometer (Bruker AXS D8 Advance, Germany), equipped with Cu-Kα radiation source 

(wavelength = 0.154 nm) operating at 40 kV and 40 mA. The XRD pattern was recorded over 

the angular range 2θ = 5–80° at room temperature. The crystallite diameter (Dhkl) was 

calculated by using Scherrer’s formula as shown in Eq. (4.1), where λ is the X-ray wavelength 

(0.154 nm), β is the angular full width at half maximum (FWHM) intensity, determined with 

the aid of a Gaussian fit of the peaks on the diffractogram (Fig. S4.7, Appendix B) of the 

samples and θ is the Bragg angle. The crystallographic plane adopted for the calculation was 

(111). 

 

    Dhkl (nm) = 
0.89 λ

β cos θ
  (4.1)  

 

4.3.6 Specific surface area and porosity measurements 

AgNPs samples were degassed at 90°C under vacuum for 24 hours by using a Micromeritics 

VacPrep 061 sample degassing system (USA). Thereafter, BET analysis was carried out with 

a surface area and porosity analyzer, Micromeritics Tristar II 3020 2.00 (USA) in a liquid N2 

cooled bath temperature of 77.2 K. Specific surface areas were calculated from the linear region 

of the isotherms by using the BET equation in a relative P/Po pressure range of 0.063–0.300. 

Pore size distributions were derived from the adsorption branch of the isotherms by Barrett–
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Joyner–Halenda (BJH) method. The total pore volumes were estimated from the amount 

adsorbed at a relative pressure of P/Po = 0.996. 

 

4.3.7 Thermogravimetric analysis (TGA) 

TGA of the synthesized AgNPs was performed by using a Simultaneous Thermal Analyzer 

STA 6000 (Perkin-Elmer, USA). The thermal analysis was conducted by using a sample mass 

of 15.50 mg in a nitrogen atmosphere (flow rate of 20 mL/min) with a constant heating rate of 

10°C/min and at a temperature of between 40–600°C, while the samples were held at 600°C 

for 10 min. The weight loss (%) at the decomposition temperature and the residual product (%) 

at 600°C were determined from the TGA curves.  

 

4.4 SERS spectroscopic study 

The AgNPs colloid synthesized was used as substrate in the detection of riboflavin. A 100 µM 

stock solution of riboflavin was prepared and a series of standard solutions (10–10-5 µM) were 

prepared by serial dilution. The SERS spectroscopic study was carried out by using 1 mL of 

sample solution containing 1:1 volume ratio of AgNPs colloid and riboflavin solution of the 

desired concentration after incubation period of 30 min at 25°C. A sample cell (8 mm vial) 

provided for the liquid sample, with dimension 8 mm diameter and 40mm height, was used and 

SERS spectra were acquired in the range of between 200–1800 cm-1 from an Advantage 532TM 

Raman Spectrometer, equipped with charge coupled device (CCD) detector and NuSpec 

software (DeltaNu, USA). The laser power was 100 mW at a 532 nm excitation wavelength 

and integration time of 10 seconds for each acquired spectrum. A triplicate measurement was 

carried out on each sample and each measurement was obtained from an average of 10 spectra 

in order to ensure good precision. In order to further explore the SERS potential capacity of 

the synthesized AgNPs, filter papers (20 by 20 mm) were used to adsorb the AgNPs in the 

colloid. After 60 min of contacting time of the filter papers with the colloid, the filter papers 

were washed 5 times with water in order to remove unadsorbed AgNPs. The filter papers were 

dried at 25˚C temperature and later contacted with various concentrations (10–10-5 µM) of 

riboflavin for a 30 min incubation period, in the dark; thereafter the filter papers were washed 

5 times with water and dried in the dark at 25˚C. The SERS signals of the riboflavin adsorbed 

on the filter papers were acquired in a similar manner to the liquid samples. 
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4.5 Results and Discussion 

4.5.1 Optical study 

The good dispersion, high surface area and rich hydroxyl groups on the surface of NCC make 

it a suitable reducing agent for Ag+ ions to form AgNPs. During the course of the synthesis, 

the Ag+ ions got attached to the hydroxyl groups on the surface of NCC via ion-dipole 

interaction and upon reduction to Ag atoms, coalesced to spherical nanoparticles stabilized by 

the NCC, resulting to the characteristic yellow colour associated with the formation of AgNPs 

Scheme 4.1.  

 

 

Scheme 4.1. Synthesis of AgNPs using NCC isolated from DCF as both reducing and 

stabilizing agent and SERS application in detection of riboflavin.   

 

The intensity of the colour increased from pH 5 to pH 10, as shown in Fig. 4.1(A1). This 

attributed to an increase in the concentration of AgNPs synthesized with increase in pH.  

Similar increase in the colour intensity was observed with increase in time and concentration 

of AgNO3 (Fig. 4.1(B1 and C1)). However, at pH 10 and 0.30M concentration of AgNO3, 

aggregated colloid of AgNPs were observed, which suggested that the optimum capacity of the 

0.1 wt% NCC suspension used as a stabilizing agent was reached. The UV-vis spectra of the 

AgNPs synthesized showed characteristic absorption peaks associated with surface plasmon 

resonance (SPR). With increase in pH, the absorption peaks were slightly shifted in wavelength 

from 416 nm (pH 5) to 412 nm (pH 10) for 0.10 M concentration of AgNO3 at 75 min (Fig. 

4.1(A2)), indicating a decrease in AgNPs sizes with increase in pH.46 The broad absorption 

peak at pH 5 (Fig. 4.1(A2)), which gradually changed into narrow peak with the highest 
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absorbance at pH 10, suggested an improved monodispersity and an increase in the 

concentration of AgNPs40, which corroborated the observed increase in colour intensity. The 

significant role of pH suggested an increase in number of available hydroxyl groups with 

reducing capacity since more surface-bonded sulphate ions were exchanged41 and the hydrogen 

bonds weakened between the NCC as the pH increased.46 At pH 10 and 0.10 M concentration 

of AgNO3, the absorption peak was however shifted in wavelength from 406 nm (15 min) to 

412 nm after 30 min and subsequently, remained at 412 nm throughout (Fig. 4.1(B2)). 

Similarly, the absorption peak was gradually shifted with increase in concentration of AgNO3 

from a wavelength of 406 nm (0.10 M) to 413 nm (0.30 M) at pH 10 (Fig. 4.1(C2)). The red 

shifts in the absorption peaks attributed to decrease in AgNPs sizes with increase in time and 

concentration.46 The dark brown AgNPs colloid showed an absorption peak at 416 nm (Fig. 

4.1(D1and D2)) and remained stable without precipitation. Similar absorption peak was 

observed when AgNPs was adsorbed on the filter paper (Fig. 4.1(D3)). The UV-vis spectra of 

the AgNPs synthesized at different time for pH (5–9) and at different concentration for pH (5–

9) are presented in Fig. S4.1 and S4.2, respectively in Appendix B.  
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4.5.2 TEM/HRTEM study 

NCC isolated from DCF and used in the synthesis of AgNPs were needlelike with a calculated 

mean length 143.5 ± 37.4 nm, width 8.3 ± 3.3 nm and aspect ratio 17.4 ± 5.7, as was previously 

reported.49 The variation in the reaction conditions adopted for the synthesis of the AgNPs 

showed a significant effect on their dispersion and size distributions, as revealed by the TEM 

images and histograms in Fig. 4.2(A, B and C). The variation in size distributions as studied 

by using 0.20 M concentration of AgNO3 and 15 min reaction time, showed a notable increase 

in population of smaller AgNPs (< 10 nm) with increase in pH (Fig. 4.2A), while the population 

of the larger aggregates (> 10 nm) diminished gradually with a corresponding decrease in the 

mean diameter from 19.9 ± 11.1 nm (pH 5) to 4.6 ± 1.6 nm (pH 9). This attributed to an increase 

in hydroxyl groups with suitable reducing and stabilizing effects since more sulphate ions were 

exchange with increase in pH.41 The increase in population of the smaller AgNPs with increase 

in pH, corroborated the observed increase in intensity of the absorption peak of UV-vis spectra. 

The increase in population of the smaller AgNPs reached the optimum at pH 9 because the 

AgNPs coalesced at pH 10, resulting in an increase in the population of the larger aggregates. 

This suggested that the optimum capacity of the NCC as stabilizing agent was reached. A 

similar increase in the population of the smaller AgNPs and decrease in mean diameter, were 

observed with increase in reaction time using 0.10 M AgNO3 at pH 10 (Fig. 4.2B). After 60 

min, the population of the larger aggregates increased significantly, indicating coalescence of 

smaller AgNPs. However, an increase in the concentration of AgNO3 at pH 10 and a 15 min 

reaction time resulted in a decrease in the population of the smaller AgNPs, with an increase 

in the mean diameter (Fig. 4.2C). This indicated fast rates of nucleation and coalescence in the 

presence of high concentration of AgNO3.
44 As revealed by TEM and HRTEM micrographs of 

the AgNPs colloid (Fig. 4.2D), the AgNPs remained, monodispersed even at pH 10 with lattice 

fringes of ~0.246 nm, which correlated to the (111) plane of a face-centered cubic (FCC) of 

Ag metal.40 The inset of a selected area electron diffraction (SAED) pattern in HRTEM 

micrograph, showed that the AgNPs were polycrystalline.44 This result conclusively 

demonstrated the reducing and stabilizing capability of NCC in the synthesis of AgNPs, under 

different reaction conditions, hence leading to variation in size.            
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Fig. 4.2: TEM micrographs and Size distributions of synthesized AgNPs for; (A) different pH 

(AgNO3: 0.20 M, time: 15 min.); (B) time interval (AgNO3: 0.10 M, pH 10); (C) concentration 

(time: 15 min., pH 10). AgNPs colloid TEM and HRTEM (inset: corresponding SAED) 

micrographs and Size distributions (D). 
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5.5.3 FEGSEM and EDX study 

The SEM micrograph before calcination (Fig. 4.3(A1)) showed that the synthesized AgNPs 

remained spherical, as established with TEM (Fig. 4.2), despite the aggregation resulting from 

drying effect. This demonstrated the significant effect that the NCC has in stabilizing the 

synthesized AgNPs. However, the SEM micrograph obtained after calcination showed the 

agglomeration of AgNPs as the NCC was thermally decomposed. This also underscored the 

significant role of NCC in stabilizing the nanoparticles. The EDX spectra (Fig. 4.3(A2 and 

B2)) of AgNPs before and after calcination, showed prominent peak for AgNPs with 

corresponding binding energy of 3 kev.50 The weight percent of Ag before calcination (81.9 

%) increased to 94.17 % after thermal removal of NCC. The presence of carbon, oxygen, 

sulphur, chlorine and titanium observed in the EDX spectra associated with the NCC except 

chlorine, which could likely be a trace of chloride in the silver salts. While suphur attributed to 

surface sulphate after acid hydrolysis, the titanium observed in the EDX spectrum resulted from 

the residual titania added to aid degradation of cigarette filter on disposal. The EDX mapping 

of the constituent elements (Fig. S4.3 and S4.4, Appendix B) provided in the supplementary 

information, showed an even distribution of the elements, which indicated uniform 

composition of the synthesized AgNPs.  
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Fig. 4.4: FTIR spectra of NCC, dry and calcined AgNPs. 

 

4.5.5 Powder XRD study 

The XRD pattern of the dry AgNPs (Fig. 4.5) showed weak peaks (*) at 2θ = 20º and 22º 

characteristic of NCC with cellulose II allomorphs, as previously reported.49 The peaks 

associated with metallic silver FCC crystal structure were observed at 2θ = 38.1º, 44.3º and 

64.5º and are assigned to the diffraction peaks of the (111), (200) and (220) planes of silver 

crystals.51 These peaks were observed in the calcined AgNPs with significantly higher 

intensities and less broadening without the peaks associated with NCC. The increase in 

intensities indicated the fact that more diffraction from AgNPs after removal of NCC and the 

less broadening of the peaks, showed an increase in crystallite size with a corresponding 

decrease in full width at half maximum (FWHM). The calculated crystallite size of the dry 

AgNPs (11.37 nm), determined by using the (111) crystallographic plane, correlated with the 

diameter of the AgNPs observed under TEM (Fig. 4.2). However, with the same 

crystallographic plane (111), the crystallite size was 46.97 nm in the calcined AgNPs, which 

indicated agglomeration of the nanoparticles after thermal decomposition of the stabilizing 

NCC. The result of the XRD analysis further established NCC as a suitable stabilizing and 

reducing agent.   
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Fig. 4.5: XRD difractogram of the dry and calcined AgNPs. 

 

4.5.6 BET study 

The nitrogen adsorption-desorption study of the dry and calcined AgNPs revealed a type II 

sorption isotherm (IUPAC classification), associated with nonporous or macroporuous 

materials (Fig. 4.6). The pore size distributions are in the range of between 1.7–300 nm (Fig. 

4.6 (inset)) of the dry and calcined AgNPs showed the presence of both meso- (2–50 nm) and 

macropores (> 50 nm). However, the predominant pore sizes were above 50 nm in diameter, 

an indication that the AgNPs were largely macroporous.52 The BET specific surface areas were 

4.07 m2/g (dry AgNPs) and 2.21 m2/g (calcined AgNPs), while the adsorption cummulative 

pore volumes were 0.009 cm3/g (dry AgNPs) and 0.006 cm3/g (calcined AgNPs). The result of 

the BET analysis correlated with the observed porous structure of the AgNPs under SEM (Fig. 

4.3). As the NCC thermally decomposed, AgNPs coalseaced to large aggregates; resulting in a 

decrease in the observed BET specific surface area and the adsorption cummulative pore 

volume of the calcined product. This further showed that the NCC possessed  good stabilizing 

capacity; hence preventing excessive aggregation of the nanoparticles during drying. 
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Fig. 4.6: BET isotherms (A) and pore size distributions (B) of dry and calcined AgNPs. 

 

4.5.7 Thermogravimetric and differential thermal analyses (TGA/DTA)  

The thermal decomposition profile of the dry AgNPs was studied via TGA/DTA with similar 

conditions employed for calcination in order to provide insight to the formation of the calcined 

AgNPs. The TGA thermogram (Fig. 4.7A) was comparable to that reported for NCC isolated 

from DCF49 but with different rate of thermal degradation. This showed that NCC was the 

primary component lost during the thermal decomposition, as established with FTIR (Fig. 4.4), 

FEGSEM (Fig. 4.3) and XRD (Fig. 4.5). Weight loss of 0.5 % at 110ºC showed the low affinity 

of the dry AgNPs for moisture. The DTA curve (Fig. 4.7B) showed two prominent thermal 

decomposition stages and a shoulder with peak temperatures at: 145, 225 and 271ºC. The first 

stage involved the dehydration of the anhydroglucose chain segments, while the second stage 

involved the chain decomposition and oxidative degradation of the NCC.49 The observed low 

decomposition temperatures attributed to the high thermal conductivity of AgNPs, which 

accelerated the rate of decomposition. The presence of the shoulder, presumably suggested that 

the crystals of the NCC were not uniformly exposed during the thermal decomposition process. 

The shoulder ascribed to the late decomposition process of the NCC crystals, sandwiched in 

between the AgNPs. This is due to the poor heat diffusion, while the main peak suggested the 

early decomposition of the NCC crystals that are exposed at the surface. The mass residual at 

600 ºC was 82.1 %, which correlated with: 82.4 wt% obtained after calcination of dry AgNPs 

in oven at 600 ºC under nitrogen and 81.9 wt% of Ag obtained from EDX of the dry AgNPs. 
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Fig. 4.7: TGA thermogram (A) and DTA curve (B) of dry and Inset: thermal analysis data 

(Initial temperature (Ti), peak temperature (Tp), final temperature (Tf)). 

 

4.5.8 Detection of riboflavin via surface enhanced Raman scattering (SERS)  

SERS is one of the preferred analytical concepts in the detection of analytes at micromolar 

(µM) concentration levels34-36 and AgNPs have been good substrates especially in the detection 

of fluorescence analyte molceules with poor Raman signals.32-33 To this end, a study was 

carried out in order to determine the suitability of the AgNPs colloid stabilized with NCC 

isolated from DCF as a substrate in the detection of riboflavin at µmolar concentration range. 

SERS were acquired by using equal volume of riboflavin solution of appropriate concentration 

and AgNPs colloid containing 264.94 + 15.01 mg/L of Ag, as determined by using ICP OES. 

The sensitivity of the AgNPs colloid synthesized, as a SERS substrate, was investigated by 

using riboflavin concentration in the range of between 10–0.00001 µM and the limit of 

detection, based on the signalto background ratio of 3:153, was found to be 0.3 µM. The 

intensities of SERS signals increased with increase in concentration (Fig. 4.8B). Above 5 µM 

concentration, the intensities started to decrease. The increase in intensities attributed to an 

increase in population of the scattering molecules (riboflavin), binding to the AgNPs, through 

the pyrazine nitrogen and uracil carbonyl oxygen.54 On saturation, due to the complete surface 

coverage of the AgNPs, the fluorescence effect from the free riboflavin molecules, interfered 

with the SERS signal, leading to a reduction in intensity.54 Prominent peaks in the spectra were 

(ʋ/cm-1): 1634 (C–C aromatic stretching), 1527 (C=N stretching), 1410, (C–C + C–N 

stretching), 1352 (C–N pyrazine ring stretching), 1290 (C=O bending), 1159 (C–N uracil ring 

stretching), 1087 (C–C uracil ring stretching), 846 (C–H bending), 630 ( ring “breathing” of 

pyrazine and uracil) and 558 (C–C=O bending).35, 54-56 However, from the plot of intensities of 

the peaks against concentration (Fig. 4.8C), the most intense peak at all concentrations was at 
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1352 cm-1. An exponential calibration plot (Fig. 4.8D) of the intensities of this peak (1352 cm-

1) against concentration over the range (0.3–5 µM), gave a correlation coefficient, R2 = 0.9961 

which showed the capacity of the AgNPs synthesized, as potential SERS substrate in the 

detection and quantification of florescence analytes at µmolar concentration level. AgNPs 

absorbed on filter paper showed similar but relatively lower SERS enhanced signals for 

riboflavin, with a lower detection limit of 0.1 µM (Fig. S4.8B, Appendix B) and a progressive, 

but non-uniform increase in intensities in the range (0.1–10 µM). The most intense peak was 

found to be 1352 cm-1 and an exponential calibration plot (Fig. S4.8D, Appendix B), gave a 

lower correlation coefficient, R2 = 0.9015. The non-uniform increase in intensities and the 

lower correlation coefficient of the paper (solid)-based SERS, compared to that in the liquid 

state, showed the difference in the characteristics distributions of areas of high SERS 

enhancement called “hot spots”.57 In the liquid samples, the tendency for the nanoparticles to 

interact closely within short distances, leading to “hot spot” was higher when compared to solid 

samples where, the nanoparticles were discretely immobilized. The immobilization of 

nanoparticles reduces SERS intensities and also the accuracy of detection, especially on the 

surfaces with non-uniform coating. 
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Fig. 4.8: Raman spectra of NCC, NCC-AgNPs, riboflavin (RBF) and SERS spectrum of 5 µM 

RBF (A), SERS spectra of RBF in concentration range 10–0.00001 µM (B), plots of peaks 

intensities against concentration (C) and Calibration plot of 1352 cm-1peak intensity against 

concentration (D).  

 

4.6 Conclusion 

The application of NCC isolated from DCF as both reducing and stabilizing agent in the 

synthesis of AgNPs over a pH range of between 5–10 at 80ºC was successfully demonstrated 

and the potential of the AgNPs synthesized as SERS substrate, in the detection of riboflavin, 

was investigated. Variation in yield and size were observed at different pHs, reaction times and 

concentrations of the Ag precursor. The TEM showed that the AgNPs were spherical in shape 

and monodispered. Powdered XRD analysis of dry and calcined AgNPs revealed the peaks that 

are associated with the FCC of Ag on the diffractograms. The removal of the NCC via thermal 

decomposition resulted in a decrease in BET specific surface area from 4.07 m2/g (dry AgNPs) 

to 2.21 m2/g (calcined AgNPs) and a corresponding increase in the crystallite size from 11.37 

nm (dry AgNPs) to 46.97 nm (calcined AgNPs). As a potential substrate, the AgNPs showed 

excellent SERS in the detection of riboflavin with 0.3 µM limit of detection. The findings of 

D 
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this study showed the potential in the use of the most littered item (DCF), as a cheap source of 

NCC, capable of serving as both reducing and stabilizing agent at various pHs, which in turn 

showed great potential as a SERS substrate in the detection of fluorescence analyte (riboflavin) 

at µM concentration level. 
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Chapter 5 

 

Silver nanoparticles produced from NCC on SiO2-supports and their 

application in malachite green detection by SERS 

 

5.1 Introduction 

Surface-enhanced Raman scattering (SERS) was introduced as a concept in 1977 in order to 

enhance the weak signals associated with Raman scattering of molecules,1-2 and it has since 

been developed as an excellent analytical technique, especially for the detection and 

quantification of molecules at very low concentrations.3-4  As such, the SERS technique has 

become a prodigious research focus due to its high sensitivity and promising potential of 

detecting a single molecule, which has been demonstrated by using plasmonic nanoparticles 

substrates with “hot spot” (a spatial region of maximum induced electromagnetic field between 

two or more nanoparticles in close proximity).5-8 Substrates with nanoarrays of particles in 

close proximity are synonymous with “hot spots” and they are required for highly sensitive and 

reproducible SERS of analytes at low concentrations.9 Plasmonic nanoparticles (typically Ag, 

Au and Cu) that are capable of generating large localized surface plasmon resonance (LSPR), 

are considered the quintessential signal enhancers in SERS, but their capacity in this regard is 

limited when they are monodispersed since isolated nanoparticles provide less induced local 

magnetic field. This has been established by using computer simulations and also with a 

negative experimental study by using Ag and Au nanoparticles that were monodispersed and/or 

encapsulated within silica in order to prevent aggregation.10 

The need to improve SERS sensitivity and reproducibility requires activation of plasmonic 

nanoparticle substrates by using aggregating agents, which most often, results in the 

introduction of interference signals and poor reproducibility due to a decrease in the stability 

of the substrates.11 Similarly, anisotropic plasmonic nanoparticles with shapes, such as: cubes, 

wires, flowers, triangles, rods and plates, have been explored as SERS substrates due to their 

associated wider range of LSPR which can be tuned to the near infrared region by varying their 

dimensions.12-13 This makes them suitable as SERS substrates in biological applications. The 

well-established methods of synthesizing this class of nanoparticles require the use of different 

surfactants, reducing- and directing agents, which are often strongly adsorbed to the plasmonic 

surfaces, thereby limiting the number of available sites for analyte interaction.13-14 Since SERS 
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is a surface phenomenon, the passivation of the surfaces limits the optimum performance of 

these substrates and consequently, makes them less attractive for general use in SERS studies.  

Generally, the passivation of SERS substrate surfaces is not unique to anisotropic plasmonic 

nanoparticles, but a common challenge with the use of strong adsorbing surfactant, reducing 

and directing agents in the synthesis of plasmonic nanoparticles.15 Therefore, optimum SERS 

performance of such plasmonic nanoparticles, requires thorough surface cleaning in advance 

of SERS analysis.10, 16  This is a necessary step, often carried out by multiple washings via 

centrifugation, which may lead to instability of the resulting colloids. A viable alternative to 

circumvent this challenge is to avoid the use of a strong absorbing agent in the preparatory 

steps by adopting a green template17-18 with extremely low SERS signal interference and also 

to immobilize the nanoparticles prepared on a support material in order to provide, in high 

concentration, the much required “hots pots” the without loss of colloidal stability during 

centrifugation.19-20  

Nanocrystalline cellulose (NCC) is a biopolymer isolated from plant,21-22 bacteria23-24 and 

tunicate25-26 cellulose, and in recent times, also from cellulosic waste27-29 through sulphuric 

acid hydrolysis.30-31 NCC has attracted significant research attention32-34 due to its remarkable 

mechanical, thermal and optical properties as well as its rich natural surface that is composed 

of hydroxyl and residual sulphate ester groups, thereby, making it a suitable green template in 

the synthesis of plasmonic nanoparticles.35-36  NCC was used as reducing- and stabilizing agent 

in the synthesis of AuNPs under hydrothermal conditions18 and chemically modified NCC was 

also reported to have been used in the synthesis of AgNPs as reducing- and stabilizing agent.37-

38 Previous study showed that  nanocomposite of NCC/AgNPs as SERS substrate showed no 

signal interference, a feature not common to most templates.39  However, when NCC is used 

as reducing- and stabilizing agent, it provides a strong stabilizing effect for plasmonic 

nanoparticles, hence, making them monodispersed in solution and preventing aggregation, 

even on drying and thus, reducing the number of available “hot spots” for SERS studies.39 In 

order to improve the efficiency of AgNPs stabilized with NCC in SERS, the immobilization of 

the AgNPs on an inert support via the in-situ synthesis of AgNPs by using NCC as reducing- 

and stabilizing agent in the presence of Stӧber silica was conceptualized.  Stӧber silica provides 

a suitable surface area to anchor AgNPs in close proximity in order to generate a “hot spot” 

without any significant loss of colloidal stability.40-41 The nanocomposite is applied as an ideal 

SERS substrate in the detection of malachite green.      

Malachite green (MG) is a synthetic dye with extensive applications in the textile, paper and 

aquaculture industries, where it is used as dye and fungicide.42  However, it has been reported 
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that MG has carcinogenic and mutagenesis biases, hence, leading to a ban imposed on its use 

in China and the USA, while a limit of 2µg/kg was set by European Union in 2004.43  Due to 

its illicit use, it is not uncommon to find MG in sea foods and water bodies.44 As a result, 

various techniques have been explored for the detection of MG in water; these include a 

combination of chromatographic and spectroscopic analytical methods.45 However, these 

methods are associated with a number of constraints by which include high cost, poor detection 

limit and a longer duration of analysis, hence, making them unsuitable for real time analysis.46  

More recently, SERS has been employed as an analytical tool in the detection of MG in water 

and seafood with different substrates, based on Ag and Au nanoparticles.47-49 However, there 

is no report on the use of a AgNPs/SiO2/NCC nanocomposite. Here, the use of NCC as a 

reducing- and stabilizing agent in the formation of AgNPs clusters, immobilized on SiO2 is 

reported. The SERS performance of the composite as a substrate was investigated, and 

compared with the substrate-free AgNPs/NCC, for the detection of malachite green in water. 

 

5.2 EXPERIMENTAL 

5.2.1 Materials  

Whatman cellulose filter paper (grade 1) was purchased from GE Healthcare, United Kingdom. 

Ethanol, sodium hydroxide pellets (NaOH), sulphuric acid (H2SO4, 98% w/w), silver nitrate 

(AgNO3), hydrochloric acid (HCl, 32% w/w), nitric acid (HNO3, 69% w/w), tetraethyl 

orthosilicate ((TEOS, 98% w/w), ammonia solution (25% w/w), and malachite green oxalate 

salt (MG, 95% w/w) were purchased from Sigma-Aldrich. All chemicals were used as received. 

Double distilled water was used for the reactions and dialysis. 

 

5.2.2 Isolation of NCC 

NCC was isolated from Whatman cellulose filter paper by using 20 mL/g (volume acid per 

mass of cellulose) of 64 wt% sulphuric acid at 45°C in an oil bath for 45 min in order to remove 

the amorphous regions in cellulose. After 45 min, the suspension was diluted (dilution factor: 

20) with double distilled water at room temperature and centrifuged by using an OHAUS 

Frontier 5706 instrument at 6000 rpm with a relative centrifugal force 4427 x g for 10 min. 

This procedure was repeated 5 times in order to reduce the sulphuric acid concentration. 

Aggregation of nanocrystals was avoided by sonicating the suspension by using an 

ultrasonicator (UP400S, Hielscher, Germany) at a 50% amplitude and a 0.5 cycle for 15 min 

in order to ensure thorough dispersion of NCC, before dialyzing to neutral pH. 
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5.2.3 Synthesis of silica (SiO2) 

Silica (SiO2) nanoparticles were synthesized by using the modified Stӧber method.50 Briefly, a 

mixture of 10 mL TEOS in 15 mL of ethanol was added to a stirring mixture of water (6 mL), 

ethanol (15 mL) and ammonia solution (0.5 mL) at 25°C. The stirring continued for 24 hours 

in order to ensure a complete hydrolysis and condensation. After 24 hours, the colloid was 

centrifuged by using OHAUS Frontier 5706 at 6000 rpm with relative centrifugal force 4427 

x g for 30 min and subsequently washed with water in order to remove the unreacted TEOS. 

The washing was repeated 5 times and finally, the SiO2 particles suspension was sonicated by 

using an ultrasonicator (UP400S, Hielscher, Germany) at a 50% amplitude and a 0.5 cycle for 

15 min.  

 

5.2.4 Synthesis of AgNPs/SiO2/NCC composite 

The synthesis of AgNPs/SiO2/NCC composite was conducted at 80°C by using 10 mL of 0.1 

wt% NCC containing 5 mg SiO2 sonicated for 15 min and adjusted to pH 10 with 0.1 M NaOH. 

Freshly prepared 0.3 M AgNO3 solution (1 mL) was added to the stirring mixture of NCC and 

SiO2. The temperature was maintained at 80°C for 75 min. The composite obtained was washed 

with double distilled water and centrifuged at 6000 rpm with relative centrifugal force 4427 x 

g for 30 min in order to remove unreacted AgNO3. This process was repeated 5 times to ensure 

complete removal of unreacted the AgNO3. The concentration of AgNPs in the colloid was 

determined via inductive coupled plasma optical emission spectroscopy (ICP-OES) after 

microwave digestion. A dry composite was obtained by drying the colloid at 50°C for 24 hours 

in an oven. Similarly, AgNPs/NCC was synthesized without SiO2 by using the same procedure.  

 

5.3 Characterization of the synthesized nanomposites 

5.3.1 UV-vis spectroscopy 

Absorption spectra were obtained in the wavelength range of between 300–800 nm by using a 

UV-3600 Plus UV-VIS-NIR spectrophotometer, Shimadzu, Japan.  

 

5.3.2 Zeta potential measurements 

The colloidal stability of: NCC, SiO2, AgNPs/NCC and AgNPs/SiO2/NCC was determined via 

the measurement of their zeta potentials at 25°C by Smoluchowski modelled Doppler 

anemometry by using a nanoparticle tracking analyser (NTA) NANOSIGHT (NS500, Malvern 
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Instruments, Worcestershire, UK). The mean zeta potential was calculated by using the data 

obtained from five different measurements in each sample.  

 

5.3.3 Microwave digestion and ICP-OES analysis 

A triplicate analysis was simultaneously performed in order to determine the concentration of 

AgNPs in the composites by digesting three separate samples of each nanocomposite, 

containing sample colloid and HNO3 (69 % w/w) in a volume ratio 1:10 (colloid/nitric acid) 

by using MARS 6 Microwave Reaction System (CEM, USA) at 200°C for 20 min. From a 100 

ppm stock solution of Ag+ ions prepared by using AgNO3, a series of standard solutions (1.0–

0.05 ppm) were prepared by serial dilution and used for calibration on an Optima 5300 DV 

ICP-OES Inductive Coupled Plasma spectrometer (Perkin Elmer, USA) before the 

determination of Ag+ ions in the digested AgNPs colloids samples. 

 

5.3.4 Morphological studies   

The size, shape and dispersion of the NCC, SiO2 and nanocomposites were investigated with 

the aid of electron microscopes. For the TEM and HRTEM studies, a JEOL 1010 (Japan) 

transmission electron microscope (TEM) and a JEOL 2100 (Japan) high resolution 

transmission electron microscope (HRTEM) were used. For the SEM study, a Zeiss Ultra Plus 

field emission gun scanning electron microscope (FEG SEM), equipped with energy dispersive 

X-ray (EDX) detector (Germany), was used. TEM and HRTEM images of the composites were 

acquired by using 5µL of each sample deposited on a copper TEM-grid. Images of stained 

samples were obtained after negatively staining the samples on TEM-grid with 2 wt% uranyl 

acetate for 5 min in the dark. The excess uranyl acetate solution was wicked-off with the tip of 

filter paper and the stained samples on the grid were allowed to dry. Dimensions of 

nanoparticles were measured from the TEM micrographs by using the ImageJ 1.42 software 

and the data obtained were processed on OriginPro 8 software. Similarly, dried samples for 

SEM images were deposited on conductive carbon tapes and stuck to aluminium stubs, while 

diluted solutions of (NCC and AgNPs/SiO2/NCC) samples were also carefully dried on glass, 

which was stuck to the aluminium stub via carbon tape. All samples were coated with gold 

with the aid of sputter coater, to minimize charging and improve conductivity. EDX spectra 

were only obtained from dried samples on conductive carbon tape. 
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5.3.5  Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of samples were obtained in the range of between 380–4000 cm-1 at a resolution 

of 4 cm−1 by using Spectrum 100 infrared spectrometer equipped with universal diamond 

crystal attenuated total reflection (ATR) accessory (Perkin Elmer, USA).  

 

 

5.3.6 Powder X-ray diffraction analysis 

XRD analysis of the NCC, SiO2 and nanocomposites were performed by using an X-ray 

diffractometer (Bruker AXS D8 Advance, Germany), equipped with a Cu-Kα radiation source 

(wavelength = 0.154 nm) operating at 40 kV and 40 mA. The XRD pattern was recorded over 

the angular range of 2θ = 10–90° at room temperature. The crystallite diameter (Dhkl) was 

calculated by using Scherrer’s formula51, as shown in Eq. (5.1), where λ is the X-ray 

wavelength (0.154 nm), β is the angular full width at half maximum (FWHM) intensity, 

determined with the aid of a Gaussian fit of the peaks on the diffractogram (Fig. S5.6, Appendix 

C) of each sample and θ is the Bragg angle. The crystallographic plane adopted for the 

calculation was (111). The crystallinity index (CI) for the isolated NCC was calculated by using 

the Segal’s method52-53, as shown in Eq. 5.2, where I002 is the 2θ = 23.1° peak associated with 

the maximum intensity of both amorphous and crystalline region, and Iam is 2θ = 18.0o the peak 

associated with the intensity of the amorphous regions of the sample.  

 

    Dhkl (nm) = 
0.89 λ

β cos θ
    (5.1)  

 

CI (%) = 
𝐼002− 𝐼𝑎𝑚

𝐼002
 x 100%              (5.2) 

 

5.3.7 Thermogravimetric and differential thermal analyses (TGA/DTA) 

TGA of the samples were performed by using a Simultaneous Thermal Analyzer STA 6000 

(Perkin-Elmer, USA). The thermal analysis was conducted in a nitrogen atmosphere (flow rate 

of 20 mL/min) with a constant heating rate of 10°C/min and at a temperature of between 25–

700°C, while the samples were held at 700°C for 10 min. The weight loss (%) at the 

decomposition temperature and the residual product (%) at 600°C were determined from the 

thermograms and the differential thermal analysis (DTA) curves.  
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5.4 SERS spectroscopic study 

The colloids of the AgNPs/NCC and AgNPs/SiO2/NCC synthesized were used as substrates in 

the detection of malachite green (MG). From a 100 µM prepared stock solution of MG, a series 

of standard solutions (104–10-3 nM) were prepared by serial dilution. The SERS spectroscopic 

study was carried out by using 1 mL of sample solution containing a 1:1 volume ratio of colloid 

and MG solution of the desired concentration after incubation period of 30 min at 25°C. A 

sample cell (8 mm vial) provided for a liquid sample with dimension 8 mm diameter and 40 

mm height was used and SERS spectra were acquired in the wavelength range of between 200–

1800 cm-1 from an Advantage a 532TM Raman spectrometer equipped with charge coupled 

device (CCD) detector and NuSpec software (DeltaNu, USA). The laser power was 100 mW 

at 532 nm excitation wavelength and an integration time of 10 seconds was used for each 

acquired spectrum. A triplicate measurement was carried out on each sample and each 

measurement was obtained from an average of 10 spectra in order to ensure good precision. 

 

5.5 Results and Discussion 

5.5.1 Synthesis of nanocomposites 

The hydrolysis and condensation of TEOS resulted in the formation of quasi-spherical silica 

nanoparticles with a surface rich in silanol (Si–OH) groups that are capable of absorbing Ag+ 

ions in alkaline medium. The addition of AgNO3 solution into a stirring mixture of SiO2 and 

NCC at pH 10, led to the adsorption of Ag+ ions on SiO2 and NCC surfaces.  However, a 

stronger affinity of silanol ensured a higher density of Ag+ ions on the SiO2 surface when 

compared to NCC with surface hydroxyl groups (C–OH).54 Moreover, the mean zeta potential 

of SiO2 (-40.3 ± 0.3 mV) was lower than -31.7 ± 0.5 mV observed in NCC. This suggests that 

the surface of SiO2 possesses stronger electrostatic attraction for the positively charged Ag+ 

ions in contrast to NCC.55-57 Nevertheless, the hydroxyl groups reduced the adsorbed Ag+ ions 

on the silica, leading to the formation of dense clusters of AgNPs on the SiO2 surface, when 

compared to the monodispersed AgNPs on the NCC surface, as revealed by microscopic 

studies. The capacity of NCC to reduce the Ag+ ions on the surface of SiO2 showed the synergic 

interaction between them, as illustrated in Scheme 5.1. The clustering of AgNPs on SiO2 

surface assures a greater SERS enhancement since the number of “hot spots” increases.  
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AgNPs/SiO2/NCC with a narrow shift (⁓ 5cm-1) to a lower wavenumber and stronger 

intensities, which suggested the clustering of the AgNPs on the SiO2 surface. 

 

Fig. 5.1: FTIR spectra of NCC, SiO2, AgNPs/NCC and AgNPs/SiO2/NCC. 

 

5.5.3 Optical study 

The optical properties of the synthesized nanocomposites, in contrast to those of NCC and 

SiO2, showed the formation of AgNPs, as revealed by intense yellow-brown and dark brown 

colours of AgNPs/NCC and AgNPs/SiO2/NCC, respectively, see Fig. 5.2 (inset). The observed 

colours were due to the localized surface plasmon resonance (LSPR) of AgNPs in the 

nanocomposite.39, 64 The result was further confirmed by the UV-vis absorption study of the 

nanocomposites. A narrow peak was observed in the UV-vis spectrum of the AgNPs/NCC at 

412 nm, while a broad peak was observed in the spectrum of the AgNPs/SiO2/NCC at 

approximately the same wavelength, with a shoulder at 490 nm (Fig. 5.2). The absorption peaks 

showed the presence of freely oscillating electrons, adsorbing the electromagnetic radiation on 

the surface of the AgNPs.65 The narrow absorption peak observed in the spectrum of 

AgNPs/NCC indicated that the synthesized AgNPs were monodispersed and non-aggregated, 

with spherical morphology, which confirmed the reducing- and stabilizing effect of the NCC.18, 

66 The observed broadness of this peak in the spectrum of AgNPs/SiO2/NCC, showed that the 

AgNPs were polydispersed and aggregated, forming clusters and leading to a multipolar 

plasmon resonance, as reflected by the observed shoulder in the spectrum.41, 67 This clearly 
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indicated that the aggregation of the AgNPs on the SiO2 surface in the nanocomposite and these 

clusters, should, therefore, provide a stronger SERS effect since the population of “hot spots” 

increases in the AgNPs/SiO2/NCC nanocomposite in comparison with AgNPs/NCC.    

 

 

Fig. 5.2: Absorption spectra and images (inset) of NCC, SiO2, AgNPs/NCC and 

AgNPs/SiO2/NCC. 

 

5.5.4  Stability study of colloidal solutions of nanocomposites 

The colloidal solutions of: NCC, SiO2, AgNPs/NCC and AgNPs/SiO2/NCC (inset: Fig. 5.2) 

were stable over a period of six months without any noticeable precipitation. The colloidal 

stability was further confirmed by the calculated mean zeta potential (ζ/mV); -31.7 ± 0.5 

(NCC), -40.3 ± 0.3 (SiO2), -30.5 ± 0.2 (AgNPs/NCC) and -33.2 ± 0.1 (AgNPs/SiO2/NCC), 

respectively, which indicated that the absolute values were more than 25 mV, which is the 

minimum required surface charge on nanoparticles in a stable colloidal solution.68-69 The 

charged surface provided the required repulsion between adjacent nanoparticles in order to 

prevent excess aggregation that can result in the precipitation of coagulated nanoparticles.70-71  

The observed negative potential on NCC was a characteristic of NCC, isolated by sulphuric 

acid due to the residual sulfone groups left after hydrolysis that are known to provide 

electrostatic stability for NCC in solution.27, 51, 72  The zeta potential of SiO2 resulted from the 

presence of the abundant negatively charged silanol groups on the surface.56-57 The slight 
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reduction in the absolute zeta potential of the nanocomposites when compared with NCC and 

SiO2, indicated a synergic interaction between the constituents of the nanocomposites.41 

 

5.5.5 TEM/HRTEM study 

The TEM micrograph (Fig. 5.3A) of the isolated NCC from filter paper showed that the 

nanocrystals were needlelike with a calculated mean length of 155.9 ± 51.1 nm, width 12.4 ± 

4.0 nm and aspect ratio 11.9 ± 5.0, from 150 randomly selected nanocrystals. The high standard 

deviation of the dimensions indicated that the nanocrystals were polydispersed, as revealed by 

the distributions of the dimensions (Fig. S5.1, Appendix C). This result is related to the 

previous report on the NCC isolated from cigarette filters28 and comparable to the NCC isolated 

from other sources via similar processes.58-59, 73 The capacity of the isolated NCC as both 

reducing- and stabilizing agent was evident from the synthesized AgNPs, which were 

monodispersed and without agglomeration, as shown by a representative TEM micrograph of 

AgNPs/NCC in Fig. 3B;  the inset shows a stained micrograph, revealing the interaction of the 

NCC with the AgNPs, attached to the NCC. However, in the presence of silica, the AgNPs 

were observed to aggregate, forming clusters on the silica surface (Fig. 5.3E), which indicated 

a stronger affinity of the AgNPs for the silica, surface in comparison with NCC. Nevertheless, 

the NCC were found to be closely interacting with the silica as revealed by the inset stained 

sample (Fig. 5.3E). The result suggests a synergy between the NCC and silica, leading to a 

homogenous distribution of “hot spots” on the silica surface.  HRTEM further revealed that the 

polycrystalline nature of the AgNPs decreased as the selected area electron diffraction (SAED) 

pattern rings of the AgNPs were observed to diffuse on silica, as shown in the inset in Fig. 5.3F 

in comparison to the inset in Fig. 5.3C. This showed that the AgNPs were directly attached to 

the amorphous silica surface, hence, leading to the observed diffusion.74 The AgNPs cluster 

formation on the silica in AgNPs/SiO2/NCC composite resulted in an increase in the calculated 

mean diameter to 181.8 ± 67.2 nm from 161.3 ± 29.5 nm, in comparison to free silica (Fig. 

S5.2 (A and B), Appendix C). The HRTEM also revealed lattice fringes of 0.24 nm (Fig. S5.3, 

Appendix C) for the synthesized AgNPs, which correlated with the (111) plane of a FCC crystal 

structure of silver metal.75 The calculated mean diameter of 19.5 ± 5.3 nm in the AgNPs (Fig. 

S5.2 (C), Appendix C) was comparable to 18.6 ± 2.5 nm that was earlier reported by using the 

NCC isolated from discarded cigarette filter and used as a reducing- and stabilizing agent via 

similar procedure.39 
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Fig. 5.3: TEM micrographs of NCC (A), AgNPs/NCC (inset: stained sample) (B), HRTEM 

micrograph of AgNPs/NCC (inset: corresponding SAED) (C), TEM micrographs SiO2 (D). 

AgNPs/SiO2/NCC (inset: corresponding high magnification stained and unstained samples) (E) 

and HRTEM micrograph of AgNPs/SiO2/NCC (inset: corresponding SAED) (F). 

 

5.5.6 SEM/EDX study 

The SEM micrograph (Fig. 5.4A) of the isolated NCC showed needle-like structures of the 

nanocrystals, similar to that observed in the TEM micrograph (Fig. 5.3A), however, with a 

higher degree of aggregation of the nanocrystals on drying.28, 76 Similarly, the spherical nature 

of the synthesized silica was revealed by the SEM, as shown in Fig. 5.4B. The surface appeared 

smoother when compared to the coated silica in Fig. 5.4D. The SEM micrograph of the 

AgNPs/NCC composite showed an assembly of the AgNPs, which remained spherical as 

observed in TEM (Fig. 5.3C), despite the aggregation resulting from drying effects: this feature 

was not observed in solution due to the fact that the NCC prevented such aggregation. A higher 

degree of aggregation was observed in AgNPs/SiO2/NCC (Fig. 5.4D) due to presence of silica, 

which provided a suitable surface for the clustering of AgNPs, thereby leading to a larger 

population of “hot spots”. This further corroborated the observed AgNPs particles in the TEM 

micrograph of AgNPs/SiO2/NCC (Fig. 5.3E). The SEM micrograph of a diluted solution of the 

AgNPs/SiO2/NCC composite revealed the synergic interaction effect of the NCC with silica. 

The nanocrystals were observed to interact with the silica, leading to a reduction of Ag+ ions 

on the silica surface in the presence of NCC as reducing agent. The synergism was attributed 
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to the hydrogen bonding interaction that existed between silica and NCC due to the surface 

silanol and hydroxyl groups on silica and NCC respectively. The EDX spectra showed that the 

predominant element in both nanocomposites was Ag, with 72.81 and 65.05 wt% of Ag (Table 

S5.1, Appendix C) observed in AgNPs/NCC and AgNPs/SiO2/NCC, respectively. The 

difference was obviously as a result of the 5 mg (10 wt%) mass of silica introduced. Similarly, 

the EDX mapping of the element showed even distributions of the AgNPs in both composites 

(Fig. S5.4 and S5.5, Appendix C).  

 

Fig. 5.4: SEM micrographs of dilute NCC dried on glass (A), SiO2 (B), AgNPs/NCC (inset: 

corresponding EDX spectrum) (C), AgNPs/SiO2/NCC (inset: corresponding EDX spectrum) 

(D) and dilute AgNPs/SiO2/NCC dried on glass (E). 

 

5.5.7 Powder XRD study 

The XRD pattern of the isolated NCC (Fig. 5.5) showed intense peaks at 2θ = 15.1° (101), 

16.8° (101̅) and 23.1° (002), characteristics of cellulose I crystal77-79 with a high crystallinity 

index of 99.8% and crystallite size of 12.2 nm, comparable to the calculated mean width (12.4 

nm) of the nanocrystals in the TEM micrograph Fig. (3A). Similarly, the presence of these 

peaks was observed in the diffractograms of AgNPs/NCC and AgNPs/SiO2/NCC 

nanocomposites, however with reduced intensities since highly intense peaks characteristic of 

metallic silver FCC structure predominated at 2θ = 38.1° (111), 44.3° (200), 64.4° (220), 77.5° 

(311) and 81.5° (222).80-81 The presence of SiO2 in AgNPs/SiO2/NCC resulted in a slight 

broadening of the peaks in comparison with AgNPs/NCC, with a corresponding decrease in 
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crystallite size from 19.1 nm (AgNPs/NCC) to 15.4 nm (AgNPs/SiO2/NCC), as calculated by 

using the (111) crystallographic plane. The result was attributed to the observed aggregation of 

AgNPs on SiO2, which showed a diffraction pattern with a very broad peak, centered at 2θ = 

23.4°, characteristic of amorphous SiO2.
62 The crystallite size calculated for the AgNPs in 

AgNPs/NCC composite correlated with the mean diameter of AgNPs in the TEM micrograph 

(Fig. 5.3B). 

 

Fig. 5.5: X-ray diffractograms of NCC, SiO2, AgNPs/NCC and AgNPs/SiO2/NCC. 

 

5.5.8 Thermogravimetric and Differential thermal analyses (TGA/DTA) study  

The thermal behaviour of the isolated NCC, SiO2, AgNPs/NCC and AgNPs/SiO2/NCC were 

determined by TGA/DTA. The thermograms and DTA curves shown in Fig. 5.6 (A and B) 

revealed the NCC as the principal component that is susceptible to thermal degradation since 

the thermograms showed comparable, but different rates of the thermal degradation profiles 

for the NCC, AgNPs/NCC and AgNPs/SiO2/NCC. The decomposition stages, corresponding 

to: characteristic temperatures, mass losses and mass residue at 700°C, are shown in Table 5.1. 

The mass loss below 110°C was associated with the physically absorbed moisture on the 
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surface of the samples. While the thermogram of SiO2 showed no significant change above 

150°C, the NCC thermogram showed two stages of thermal decomposition, characteristics of 

nanocellulose82-83 at peak temperatures of 174°C and 372°C, which involved the dehydration 

of the anhydroglucose chain segments, chain decomposition and oxidative degradation, as 

earlier reported.28, 39  These stages were observed in the thermograms and DTA curves of 

AgNPs/NCC and AgNPs/SiO2/NCC composites, however, with reduction in peak 

decomposition temperature, which is attributed to an increase in thermal degradation (due to 

high thermal conductivity of AgNPs). The thermal insulating effect of SiO2 on NCC, resulted 

in a reduction in the mass loss at the second stage of thermal decomposition of NCC in 

AgNPs/SiO2/NCC, when compared to AgNPs/NCC and NCC. The presence of AgNPs and 

SiO2 in the nanocomposites, resulted in an increase in the corresponding mass residue at 700°C 

in comparison with NCC. 

 

Fig. 5.6: The thermograms (A) and DTA curves of NCC, SiO2, AgNPs/NCC and 

AgNPs/SiO2/NCC. 

Table 5.1. Comparison of thermal analysis data for NCC, AgNPs/NCC and AgNPs/SiO2/NCC 

Sample Ti 

(oC) 

Tp 

(oC) 

Tf 

(oC) 

Mass loss at Tp 

(%) 

Mass at 700 oC 

(%) 

NCC Stage 1 

Stage 2 

110 174 268 10.18 18.60 

270 372 507 54.32  

AgNPs/NCC Stage 1 142 200 223 6.05 63.51 

Stage 2 306 342 384 34.81  

AgNPs/SiO2/NCC Stage 1 131 163 202 7.60 75.40 

Stage 2 208 334 498 16.71  

Initial temperature (Ti), peak temperature (Tp), final temperature (Tf). 
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5.5.9 Detection of malachite green (MG) via surface-enhanced Raman scattering 

(SERS) 

The suitability of the synthesized composites as SERS substrates was demonstrated by using 

MG, a fungicide with genotoxic and carcinogenic predispositions, illicitly used in some 

aquaculture industries. Prominent peaks characteristics of Raman spectrum of MG were 

observed to be strongly enhanced by AgNPs/SiO2/NCC and AgNPs/NCC nanocomposites, 

even at low concentration, in comparison with Raman spectrum of solid MG (Fig. 5.7E). 

However, the tri-component nanocomposite AgNPs/SiO2/NCC showed stronger enhancement 

of the Raman peaks in comparison with silicaless AgNPs/NCC. This improved enhancement 

of SERS signal intensities is attributed to the clustering of the plasmonic nanoparticles on SiO2, 

leading to a higher population of “hot spots”. SERS spectra (Fig. 5.7(A and C)) for each 

nanocomposite were acquired by using equal volumes of the analyte (MG) of known 

concentration and colloids of the nanocomposite with 198.16 ± 15.61 mg/L 

(AgNPs/SiO2/NCC) and 221.32 ± 14.58 mg/L (AgNPs/NCC) concentrations of Ag metal, 

respectively, as determined by ICP-OES. The Raman spectra of the neat (without MG) 

nanocomposites (Fig. S5.7, Appendix C) were weak and showed no significant interference of 

the peaks associated with MG, thereby leading to a low background noise.  Moreover, the 

background intensity of AgNPs/SiO2/NCC was lower in comparison with AgNPs/NCC.  

Prominent peaks in the SERS spectra of MG were (υ/cm-1): 436 (out-of-plane modes of 

phenyl–C–phenyl), 805 (out-of-plane modes of ring C–H), 911 (C–H out-of-plane bending), 

1179 (in-plane modes of ring C–H bending), 1224 (C–H rocking), 1372 (N-phenyl stretching) 

and 1621 (ring C–C stretching).45, 84-85 These peaks experienced a different degree of 

enhancement, as revealed by the plots of peak intensities against concentration (Fig. 5.7 (B and 

D)), which showed that the most enhanced peak was at 1621 cm-1, and the intensities of this 

peak at different concentrations were thus, used to generate calibration plots (Fig. 5.7F) in order 

to establish the sensitivity of the nanocomposites. The sensitivity of the nanocomposites 

investigated by using a 0.001–100 nM concentration range of MG, showed that the limits of 

detection (LODs) based on a signal-to-background ratio of 3:186 were 0.9 and 5.1 nM for 

AgNPs/SiO2/NCC and AgNPs/NCC, respectively. The lower LOD observed for 

AgNPs/SiO2/NCC demonstrated that with the clustering of the plasmonic nanoparticles, hence 

leading to formation of “hot spots”, the sensitivity of the substrate was significantly improved 

in comparison with AgNPs/NCC. The LODs observed for the nanocomposites were 

comparable with 1.0 nM reported by Liao et al., using AuNPs coated on paper with the aid of 

ink-jet printer,87 0.1 nM reported by Shao et al., using a poly(L-lactic acid) nanofibrous paper 



144 
 

adsorbed with plasmonic nanostructures,88 100 nM reported by Xiao et al., using reduced 

graphene oxide/AgNPs49 and 1.0 nM reported by Zhao et al., using Ag-decorated TiO2 inverse 

opal film.89 Generally, LODs in SERS analysis vary, based on the conditions of measurement, 

which include: pH, time of incubation, contact time of substrate with laser, method of SERS 

substrate preparation, plasmonic nanoparticle shape and size.  
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Fig. 5.7: SERS spectra of MG on AgNPs/SiO2/NCC substrate in a concentration range of 

0.001–10000 nM (A) and the corresponding plots of the peak intensities against concentration 

(B). SERS spectra of MG on AgNPs/NCC substrate in a concentration range of 0.001–10000 

nM (C) and the corresponding plots of the peak intensities against concentration (D). Raman 

spectra of MG, SERS spectra of MG (1000 nM) on the nanocomposites (E) and the calibration 

plots of 1621 cm-1 peak intensity against concentration. 

5.6 Conclusion 

This study demonstrated a significant improvement in SERS sensitivity and enhancement of 

AgNPs synthesized by using NCC as a reducing- and stabilizing agent in the presence of Stӧber 

silica. The 3-component nanocomposite provided a suitable surface area for the aggregation of 

the plasmonic nanoparticles needed to generate “hot spots” without loss of colloidal stability 

as revealed by zeta potential studies. TEM micrographs revealed the monodispersed nature of 

the plasmonic nanoparticles with a mean diameter of 19.5 nm in AgNPs/NCC, while the SAED 

obtained from HRTEM, revealed polycrystallinity. However, the plasmonic nanoparticles 

assembled into clusters on SiO2 with a resultant increase in the mean diameter of SiO2 by 

approximately 20 nm, in contrast to free SiO2.  The SEM and stained TEM micrographs of 

AgNPs/SiO2/NCC showed a synergic interaction between NCC, AgNPs and SiO2, while EDX 

spectrum and powder-XRD revealed that the predominant element in the nanocomposites 

(AgNPs/NCC and AgNPs/SiO2/NCC) was Ag metal. The nanocomposites produced were 

relatively stable below 150°C as thermal analysis revealed that the component most susceptible 

to thermal degradation was NCC. The AgNPs/SiO2/NCC material showed relatively lower 

background interference and higher sensitivity when used as a SERS substrate for detection of 

MG to a limit of 0.9 nM, in contrast with AgNPs/NCC, which showed a LOD of 5.2 nM based, 

on a signal-to-background ratio of 3:1, which clearly exemplified the enormous impact of “hot 

spots” associated with the aggregation of the plasmonic nanoparticles.   
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Chapter 6 

 

Conclusions and future work 

 

6.1 Conclusions 

This study has provided an in-depth overview on the significant contributions of cellulose in 

the development of SERS substrates with numerous applications. It also demonstrated the 

successful isolation and characterization of NCC from DCF for the first time. Cellulose acetate 

recovered from cigarette filters was processed into cellulose, in a stepwise process that 

involved ethanolic extraction, hypochlorite bleaching and alkaline deacetylation. NCC was 

isolated from the cellulose by sulphuric acid hydrolysis. A number of microscopic and 

spectroscopic analyses showed the transition of the micro-sized fibres to needlike nanocrystals.  

The isolated NCC was used as a reducing- and stabilizing agent in the synthesis of AgNPs. The 

colloidal solution of the synthesized AgNPs was applied as a SERS substrate for the detection 

of highly fluorescence analyte (riboflavin) at low concentration. Similarly, NCC was isolated 

from Whatman cellulose filter paper by sulphuric acid hydrolysis and used in the synthesis of 

AgNPs on SiO2-support to generate “hot spots”. The sensitivity of this nanocomposite 

(AgNPs/SiO2/NCC) as a SERS substrate was demonstrated using malachite green. The 

nanocomposite showed improved signal enhancement and higher sensitivity in contrast with 

AgNPs/NCC obtained in the absence of SiO2. 

In comparison, the NCC isolated from DCF has cellulose II allomorphs crystalline structure; 

an indication of the influence of alkaline hydrolysis on the isolated NCC-DCF, while the NCC 

isolated from Whatman cellulose filter paper has cellulose I allomorphs crystalline structure. 

However, the FTIR spectra of the NCCs isolated, from the DCF and the filter paper, showed 

similar absorption bands characteristics of cellulose. The AgNPs synthesized by using the 

NCCs isolated from the DCF and the filter paper as reducing- and stabilizing agents are 

spherical in shape with mean diameter of 18.6 and 19.5 nm respectively.   

This study, therefore, showed the potential for using one of the world's most littered items 

(DCF) as a cheap source of NCC, capable of serving as both reducing- and stabilizing agent to 

form AgNPs, which in turn showed great promise as a SERS substrate. This study also 

demonstrated the improvement in the sensitivity of NCC-based SERS substrate on SiO2-

support.  
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 6.2 Future work 

The potential of NCC, isolated from DCF, can be further explored for the synthesis of 

bimetallic plasmonic nanoparticles, which can also be investigated as SERS substrates. The 

possibility of an alternative SERS inert-based material to act as a platform for the aggregation 

of plasmonic nanoparticles can also be investigated towards improving SERS sensitivity of 

NCC-based plasmonic substrates. The sensitivity of AgNPs/NCC and AgNPs/SiO2/NCC can 

be further investigated by using different laser wavelengths, especially those in the near 

infrared and infrared region, which showed better signal with fluorescence analytes. The 

sensitivity of the NCC-based SERS substrates can be similarly investigated by using other 

analytes of environmental concerns. The unique properties of NCC e.g. its chiral nematic 

nature can also be explored for the development of improved NCC-based SERS substrate.    
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Table S3.1. Elemental compositions of: DCF, Cellulose-DCF and NCC-DCF (freeze-dried 

(FD), film and ash) from EDX 

 

 

Fig. S3.3: Gaussian fit of the X-ray diffractograms of DCF, the obtained cellulose (Cel-DCF), 

NCC-DCF freeze-dried (NCC-DCF FD) and film (NCC-DCF Film). 

 

Calculation of t-test to determine the significance difference between the mean fibre 

widths of DCF and Cel-DCF 

Element DCF Cellulose-

DCF 

NCC-DCF 

FD 

NCC-DCF 

Film 

NCC-DCF 

Ash 

C (wt%) 68.50 60.09 77.40 40.88 18.29 

O (wt%) 31.37 37.39 21.39 42.44 45.90 

Ti (wt%) 0.13 2.52 0.43 15.43 26.44 

S (wt%) - - 0.78 1.25 0.18 

Others - - - - 9.19 
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 Mean (χ) 

nm 

Standard 

Dev.(σ) nm 

Population (n) Degree of freedom 

(nCel-DCF + nDCF -2) 

Critical 

value 

DCF 23.78 1.74 10 18 2.101 

Cel-DCF 26.20 2.39 10   

 

 

tN-2 = 
ℵ𝐶𝑒𝑙−𝐷𝐶𝐹− ℵ𝐷𝐶𝐹

√
(𝑛𝐶𝑒𝑙−𝐷𝐶𝐹−1)𝜎𝐶𝑒𝑙−𝐷𝐶𝐹

2 + (𝑛𝐷𝐶𝐹−1)𝜎𝐷𝐶𝐹
2 )

𝑛𝐶𝑒𝑙−𝐷𝐶𝐹+ 𝑛𝐷𝐶𝐹 −  2
√(

1

𝑛𝐶𝑒𝑙−𝐷𝐶𝐹
+ 

1

𝑛𝐷𝐶𝐹
) 

  

 

The calculated value of tN-2 = 2.589 was greater than critical value (2.101) at 95 % confidence 

level and degree of freedom 18 for a two-tailed test. Therefore, the difference was significant. 

 

Standard error of mean (SEM) determination 

SEM = σ/√n, confidence interval (CI) = χ ± 1.96σ/√n 

NCC average dimensions of 100 randomly selected nanocrystals were: length = 143.50 ± 37.43 

nm, width 8.28 ± 3.26 nm and aspect ratio 17.44 ± 5.67   

Length SEMNCC = 3.74 nm, width SEMNCC = 0.33 nm and Aspect ratio SEMNCC = 0.57  

Widths SEMCel-DCF = 0.76 and SEMDCF = 0.55 
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Fig. S4.3: EDX mapping of elements present in the synthesized dry AgNPs. 

 

 

 

Fig. S4.4: EDX mapping of elements present in the calcined AgNPs. 
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Fig. S4.7: Gaussian fits of XRD diffractograms of dry and calcined AgNPs  

 

  

  

Fig. S4.8: Raman spectra of FP, FP-NCC-AgNPs, FP-riboflavin (RBF) and SERS spectrum of 

5 µM RBF (A), SERS spectra of RBF in concentration range 10 -0.00001 µM on filter paper 

(B), plots of peaks intensities against concentration (C) and Calibration plot of 1352 cm-1peak 

intensity against concentration (D).  

 

 

 

A 



166 
 

Appendix C: Supplementary Information to Chapter 5 

 

 

Fig. S5.1: Length (A), width (B) and aspect ratio distributions of isolated NCC from filter 

paper.  
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Fig. S5.2: Size distributions of: SiO2 (A), AgNPs/SiO2/NCC (B) and AgNPs/NCC (C).  
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Fig. S5.3: Representative HRTEM micrograph of the AgNPs/NCC showing lattice fringes. 
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Fig. S5.4: EDX mapping of elements present in the AgNPs/NCC composite. 
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Fig. S5.5: EDX mapping of elements present in AgNPs/SiO2/NCC composite. 

 

Table S5.1. A representative weight percent of the constituent elements in the nanocomposites 

 Wt% 

Element AgNPs/NCC AgNPs/NCC/SiO2 

Ag 72.81 65.05 

C 20.53 18.56 

O 6.08 12.71 

Si - 3.68 

S 0.58 - 
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Fig. S5.6: Gaussian fits of XRD diffractograms of NCC, AgNPs/NCC and AgNPs/SiO2/NCC. 

  

 

Fig. S5.7: Raman spectra of neat nanocomposites indicating the background intensity levels.  

 

 

Fig. S5.8: ICP OES calibration for quantification of AgNPs after digestion. 




