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ABSTRACT

We explored the sensitivity and selectivity of gold nanoparticles 
(AuNPs) treated paper as a generic SERS diagnostic platform to 
identify and quantify low concentrations of a speci  c (bio)analyte in 
aqueous solutions. The effects of gold nanoparticles (AuNPs) concen-
tration on their adsorption and aggregation states on paper were 
explored. The surface coverage of AuNPs on paper scaled linearly 
with their concentration pro  le in solutions. The SERS performances 
of the AuNPs- treated papers were evaluated with a model Raman 
molecule, 4- aminothiophenol (4- ATP), and their SERS intensities 
increased linearly with the density of AuNPs on paper. To increase 
the SERS sensitivity, the retention and aggregation state of nanopar-
ticles on paper was controlled by pre- treating paper with a series of 
cationic polyacrylamide (CPAM) solutions. The CPAM pre- treated 
paper produced a more uniform distribution of AuNPs compared to 
untreated paper. Higher surface coverage and aggregation of AuNPs 
on paper were favoured by CPAM solutions of higher concentration, 
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charge density and molecular weight. The optimized AuNPs- CPAM 
paper showed a higher sensitivity and Raman enhancement factor 
(EF), which was almost an order of magnitude higher than the 
untreated AuNPs paper. After the SERS sensitivity towards the 
detection of model Raman molecule (4- ATP) was proven, the SERS 
selectivity of AuNPs paper was demonstrated by functionalizing the 
AuNPs with a model biomolecule platform consisting of biotin/
streptavidin assemblies for the detection of antibody- antigen binding. 
The modi  cation of antibody local structure due to the interaction 
with antigen was detected. Evidence of antigen binding was eluci-
dated from the SERS spectra, con  rming the presence of antigen. 
Reproducible spectra features were observed for the functionalized 
AuNP papers which were exposed to different concentration of 
antigen; the spectra intensity increased as a function of antigen 
concentration. The sensitivity and selectivity of AuNPs paper 
substrates as a low- cost and generic SERS platform for bio- diagnostic 
application was demonstrated.

Keywords: Gold nanoparticles (AuNPs), paper, Surface Enhanced 
Raman Scattering (SERS), Cationic Polyacrylamide (CPAM), 
4- aminothiophenol (4- ATP), antibody, antigen, biotin, streptavidin.

1 INTRODUCTION

Paper has emerged as an ef  cient substrate in the fabrication of low- cost diagnos-
tics for medical and environmental applications [1–2]. A full review of bioactive 
paper was provided by Pelton et al. [3] and by Then and Garnier [4]. Among the 
developing applications is bioactive paper diagnostic for blood typing, wherein 
blood agglutination is triggered by speci  c antibody- antigen interactions and 
indicated by chromatographic separation on paper [1–2, 5]. However, bioactive 
papers often suffer from four major issues: Speci  city, Selectivity, Sensitivity and 
Simplicity (4S). Paper tests rely mostly on colorimetric technique to communi-
cate the result of analysis. Although direct and convenient, the sensitivity of 
colorimetric techniques on paper is usually limited to the 10–6 M range. For certain 
applications, such as early cancer detection, a micro- molar sensitivity can be 
insuf  cient and a detection ranging between 10–9 to 10–12 M might be needed. An 
ampli  cation technique is therefore required to increase the detection range by 3 
to 6 orders of magnitude. The challenge is to increase sensitivity and selectivity 
without compromising cost and ease of use. While Enzyme- linked immuno-
sorbent assay (ELISA) has become a standard in biomedical science, its applica-
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tion to paper and low cost diagnostics is cumbersome. ELISA is a standard 
solution- based technique which can be used to identify and quantify analyte 
(usually antibodies or antigens) by colour indication; it requires multiple reactants 
and washing steps. A more attractive option is Surface Enhanced Raman Scat-
tering (SERS) technology which allows single molecule detection [6]. With the 
commercial availability of low- cost  eld- portable Raman spectrometers, SERS 
seems ideal for bio- diagnostic applications. Raman spectroscopy involves non- 
destructive and non- contact method of obtaining instant  ngerprint spectrum of 
materials and no requirement for special sample preparation. Metal aqueous 
colloids were among the  rst conventional SERS substrates. Unfortunately, their 
application has been challenged by low reproducibility and stability. This has led 
to the development of techniques to immobilize metallic nanoparticles on solid 
substrates such as glass and silicon. However, these techniques are time 
consuming, costly, require sophisticated equipment to manufacture the test, and 
the resulting substrates are often fragile and suffer from poor storage stability. 
Paper has emerged as an ef  cient substrate for routine SERS analysis due to its 
robustness, low- cost, wide availability and ability to be engineered. The combina-
tion of functionalized AuNP treated paper with the hand held Raman spectrome-
ters opens new horizons for low- cost  eld biodiagnostics. However, there is a 
poor understanding of the role played by paper in this SERS biodiagnostic 
application.

This article reports the development of gold nanoparticles (AuNPs) paper as a 
generic platform for biodiagnostics. AuNPs paper can be used as a standard 
substrate that directly contacts a  uid of the body, followed by rapid Surface 
Enhanced Raman Scattering (SERS) molecular detection to identify and quantify 
the analyte of interest [7]. Detection selectivity is insured by two processes. First, 
by the Raman spectra molecularly speci  city; second, by a molecule immobilized 
on the nanoparticle (such as an antigen) which is af  nity speci  c to the analyte 
of interest (such as an antibody). In our study, AuNP paper was simply prepared 
by dipping  lter paper in AuNPs suspensions of increasing concentrations. Paper 
pre- treatment with cationic polyacrylamide (CPAM) was investigated to improve 
sensitivity and retention of AuNPs [8]. The enhancement factor (EF) of Raman 
scattering is known to be drastically affected by the concentration of “hot 
spots” typically formed by NP- NP contact, and therefore affected by the AuNP 
aggregate size and surface coverage on paper. A standard Raman molecule, 
4- aminothiolphenol (4- ATP), was used as analyte model in this study. We then 
investigated the functionalization of preformed gold nanoparticle (AuNP) aggre-
gates on paper with antigens and various biomolecules by taking advantage of the 
strong thiol- gold interaction to functionalise AuNPs with model biomolecules. 
We relied on the high af  nity association between the Streptomyces avidnii- 
derived protein, streptavidin, and biotin for selective biorecognition. The binding 
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interaction of the antibody with its speci  c antigen was detected using SERS. It 
is the objective of the study to critically analyse the potential of AuNP treated 
paper as a generic platform for low cost biodiagnostics.

2 EXPERIMENTAL SECTION

2.1 Materials

Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O) and sodium citrate tribasic 
dihydrate (Na3C6H5O7.2H2O) were purchased from Sigma- Aldrich and used as 
received. Whatman qualitative  lter paper #1, which consists of 98% - cellulose, 
was selected as the paper substrate as it is a convenient model paper of well- de  ned 
structure and to ensure minimal SERS interference from process components 
(polymers or coatings). The cationic trimethylaminoethyl- methacrylate polyacry-
lamide (CPAM) polymers were supplied by AQUA+TECH Switzerland from 
their SnowFlake Cationics product range, and used as received (chemical structure 
shown in Supporting Information, S1). They were identi  ed as: I1 (5 wt% charge 
density, molecular weight 13 MDa), H1 (10 wt% charge density, molecular weight 
13 MDa), F1 (40 wt% charge density, molecular weight 13 MDa) and F3 (40 wt 
% charge density, molecular weight 6 MDa). Biotinylated polyethylene glycol 
(PEG) thiol was purchased from Nanocs, Wisconsin, USA. Triethylene glycol 
mono- 11- mercaptoundecyl ether (TEG) and recombinant streptavidin lyophilized 
powder was purchased from Sigma- Aldrich. Anti- rabbit IgG- biotin and rabbit IgG 
were purchased from Protein Mods, New York, USA.

2.2 Fabrication of AuNPs treated Paper

AuNPs were synthesized by using 1 mM HAuCl4.3H2O and 1% aqueous 
Na3C6H5O7.2H2O according to the Turkevich method [9]. A stock solution of 
CPAM was prepared on the day of the experiment by diluting dry powder to 0.1 mg/
mL with Millipore water, and gently mixing the dispersions for 8 hours at 23ºC to 
facilitate the dissolution process. Filter papers (55 mm diameter) were used as 
received, or were pretreated with the cationic polymer. For treatment, the  lter 
papers were dipped into 10 mL polymer solutions for 1 hour, rendering the paper 
cationic. The treated papers were rinsed with distilled water to remove any 
unbounded polymer. Wet pieces of untreated and polymer- treated paper substrates 
were then dipped immediately into Petri dishes containing 10 mL solution of AuNPs 
for 24 hours. After dipping, the paper substrates were rinsed thoroughly with distilled 
water to remove any loosely bound AuNPs, and the papers were air- dried and stored 
at 50% relative humidity and 23ºC until further analysis.
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2.3 SERS sensitivity

Solutions of 1 mM of 4- ATP were prepared in ethanol. 4- ATP is known for its 
strong af  nity to the surface of AuNPs (its S- H bond is easily cleaved to form Au- S 
bond upon adsorption). In order to study their SERS sensitivity, the dried AuNPs- 
treated substrates were dipped into 2 mL of 4- ATP ethanol solution for 5 minutes to 
obtain a monolayer of 4- ATP on the substrates. After thorough rinsing with ethanol 
and drying, they were subjected to Raman characterization. Raman enhancement 
factor (EF) of 1 mM of 4- ATP on a substrate was calculated as follow [10–11]:

  (1)

where ISERS is the intensity of a speci  c band in the SERS spectrum of 4- ATP and 
Ibulk is the intensity of the same band in the Raman spectrum from the bulk solu-
tion sample. For all spectra, the intensity of the band at 1077 cm–1 was used to 
calculate EF values. Nbulk is the number of molecules of the bulk 4- ATP in the 
laser illuminination volume while Nads is the number of molecules adsorbed and 
sampled on the SERS active substrate within the laser spot.

2.4 SERS selectivity

The dried AuNPs papers were immersed in an ethanol solution for 30 min. They 
were then immersed into a 5×10–4 M TEG (blocking thiol) and 5×10–4 M BAT 
(biotinylated thiol) solution (9:1 ratio) for 6 hours (Figure 1b). After drying, the 
samples were immersed into a 5×10–7 M Streptavidin solution in PBS for 2 hours 
(Figure 1c). After rinsing with a PBS solution, the samples were dipped in a 
0.1 M antibody solution for 30 min (Figure 1d). The functionalization step was 
completed by dipping the dried samples in a 0.1 M antigen solution for 60 min 
(Figure 1e). All solution treatments were at room temperature (22 ºC).

Table 1. Size or molecular weight of each component

Component Size/molecular weight

AuNPs 23.2 nm
TEG 376.53 Da
BAT 5 kDa
Strep 75 kDa
Biotinylated Antibody 150 kDa
Antigen 8–10 kDa
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Figure 1. Functionalization procedure of AuNPs paper as a SERS platform.
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2.5 Instrumentation

Field Emission Scanning Electron Microscopy (FESEM), which produces higher 
resolution, less sample charging and less damaged images than conventional 
SEM, was performed using a JEOL 7001 Field Emission Gun (FEG) system 
operating at 5 kV and 180 pA. ImageJ analysis software was used to determine 
the coverage of AuNPs on the cellulose  bers in the FESEM images and estimate 
the particle size distribution. All Raman and SERS spectra were obtained in air 
using a Renishaw Invia Raman microscope equipped with a 300 mW 633 nm 
laser. The laser beam was positioned through a Leica imaging microscope 
objective lens (50×), whilst the instrument’s wavenumber was calibrated with a 
silicon standard centered at 520.5 cm–1 shift. Due to the smaller spot size of the 
laser compared with the large surface area of the samples, the spectra were 
obtained at 5 different points of the surface. The average Raman intensity (of 
5 measurements) was presented as the  nal result after baseline subtraction from 
the control samples.

3 RESULTS AND DISCUSSION

3.1 SERS sensitivity

3.1.1 AuNPs paper

A stock solution of 0.20 mg/mL of AuNPs was synthesized using the Turkevich 
method [9] Particle size measurement by Dynamic Light Scattering (DLS) 
revealed a highly monodispersed AuNPs suspension with an average diameter 
of 23.2 nm. AuNPs suspensions of different concentrations (0.15 mg/mL, 
0.10 mg/mL, 0.05 mg/mL, 0.02 mg/mL) were prepared by diluting the stock 
solution (0.20 mg/mL). The diameter of the AuNPs can be varied by adjusting the 
concentration ratio between the gold salt and the reducing citrate solution; the 
diameter of AuNPs was kept constant in this work.

Filter paper samples were dipped into the AuNP solutions for 24 hours. This 
procedure aimed at keeping the size of AuNPs retained on paper constant. The 
colour intensity of the dried AuNPs treated papers was analysed with ImageJ 
software (Figure 2). AuNPs treated paper turned from white to red purple and 
the colour became more intense as the concentration of AuNP solutions was 
increased.

FESEM images (Figure 3) were also analysed using ImageJ software to 
measure the quantity and size distribution of AuNPs adsorbed on paper. The size 
distribution of AuNP remained constant for all experiments with an average size 
of 25±3 nm; this means that most AuNPs are retained on paper as individual 
particles. The total number of AuNPs was estimated by dividing the total area of 
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AuNPs on paper (in each FESEM images) by the area of an individual 
AuNP (d=23.2 nm). The concentration of AuNPs on paper increased mono-
tonically with the solution concentration in which the papers were dipped in; the 
particle distribution was denser and more uniform on paper when treated 
with AuNP solutions of higher concentration. The average distance between 
the AuNPs decreased from 100–200 nm to 10–50 nm, as observed from 
paper treated with the lowest to the highest concentration of AuNP suspension, 
respectively (Figure 3).

4- Aminothiophenol (4- ATP) was selected as the probe molecule in the 
Raman analysis because of its distinct Raman features, strong af  nity for metal 
surfaces via thiol bonding and the formation of self- assembled monolayers [12]. 
Control paper and AuNP treated papers were dipped into 1 mM of 4- ATP for 
5 minutes, washed, dried and analysed by Raman spectroscopy. The concentra-
tion effect of AuNP solutions on the SERS signal from paper substrates was 
quanti  ed (Figure 4). All spectra exhibited similar peak positions and relative 
height; only the intensity of the spectra varied. The spectra were dominated 
by three strong bands: (C- S) at 387 cm–1, (C- S) at 1077 cm–1 and (C- C) 
at 1584 cm–1, which were the a1 vibrational modes (in- plane, in- phase modes) 
of the 4- ATP molecules [13]. The signi  cant enhancement of a1 modes was 
related to the enhancement of the electromagnetic  eld between the AuNPs, 
which was produced by the strong inter- nanoparticles coupling among the close 
contacted AuNPs. Notably, the b2 bending modes (in- plane, out- of- phase modes) 
were (C- H) at 1137 cm–1, (C- H) + (C- C) at 1386 cm–1 and (C- H) + (C- C) at 
1433 cm–1 [13]. The signi  cant enhancement of b2 modes may be attributed to the 

Figure 2. Colour intensity of  lter papers treated with AuNP solutions of different 
concentrations.
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Figure 3. FESEM images and histograms of particle size distribution of  lter 
papers dipped into (a) 0.02 mg/mL, (b) 0.05 mg/mL, (c) 0.10 mg/mL, (d) 0.15 mg/mL and 

(e) 0.20 mg/mL of AuNP solutions.
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charge transfer of AuNPs to the absorbed 4- ATP molecules which was largely 
dependent on the energy of the excitation laser.

The SERS potential of AuNP treated papers was demonstrated by the drastic 
increase in intensities. Treating paper with 0.02 mg/mL of AuNPs signi  cantly 
enhanced the Raman signal of 4- ATP (Figure 4a and 4b). The SERS intensity of 
AuNPs- treated paper was found to increase linearly with the concentration of 
AuNP solutions applied to paper (Figure 4). As the AuNP concentration in solu-
tion increased, the interparticle distance decreases; the AuNP retained their 
packing density once adsorbed onto paper. As the average distance between the 
AuNPs decreased from approximately 100–200 nm to 10–50 nm, effective ‘hot 
spots’ appeared and their interparticle plasmon coupling gave rise to the enhance-
ment of electromagnetic  eld which intensi  ed the SERS signals of 4- ATP [14]. 
This signi  cant SERS signal enhancement was particularly observed for paper 
treated with AuNPs concentration of 1.0 mg/mL (Figure 4) as the interparticle 
distance of the AuNPs became similar to their diameter (25±3 nm).

3.1.2 AuNPs- CPAM paper

A higher SERS ef  ciency is expected from aggregates than from individual nano-
particles because of the greater SERS enhancement at their contact points [15]. To 
test this hypothesis,  lter paper samples were pre- treated with CPAM solutions of 
different concentrations. A high molecular weight (13 MDa) and highly charged 
(40 wt%) CPAM was selected. This was to induce a positive charge on paper 

Figure 4. (Left) Raman spectrum of 1 mM of 4- ATP adsorb on (a) plain  lter paper 
and SERS spectra of 4- ATP on  lter paper dipped in AuNP solutions of (b) 0.02 mg/mL, 
(c) 0.05 mg/mL, (d) 0.10 mg/mL, (e) 0.15 mg/mL and (f) 0.20 mg/mL. (Right) SERS 
intensity of 4- ATP at 1077 cm–1 band from paper dipped in different concentration of 

AuNP solutions.
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(originally negatively charged) and to create a polymer layer able to adsorb, retain 
and aggregate the negatively charged AuNPs. The positive charge of the CPAM 
solutions increased with their polymer concentration, as measured by their zeta 
potential. After CPAM pre- treatment, the  lter papers were thoroughly rinsed and 
directly dipped into a 0.20 mg/mL AuNPs solution for 24 hours.

The colour intensity of the dried AuNPs and AuNPs- CPAM treated papers 
was analysed with ImageJ software (Figure 5). The colour of the paper turned 
from reddish- purple (AuNPs on untreated paper) to dark purple when the paper 
was pre- treated with CPAM, followed by AuNPs; the colour became darker as 
the concentration of CPAM was increased.

FESEM analysis was performed to examine the adsorption of AuNPs on the 
untreated and CPAM pre- treated papers. Pre- treating paper with the dilute 0.01 mg/
mL CPAM did not increase AuNP aggregate size but more than doubled the AuNP 
surface coverage on paper (Figures 6a and 6b). As the con centration of CPAM 
solution was increased, the assembly of AuNPs was drawn together, forming a 
random distribution of two-  and three- dimensional clusters within the paper micro-
structure (Figure 6). The surface coverage and size of AuNPs aggregates also 
increased dramatically to 84.6% and 59.6 nm, respectively, for paper pre- treated 
with the concentrated CPAM solution (0.10 mg/mL) (Figure 6e).

The concentration effect of CPAM solutions on the SERS signal of 4- ATP 
from AuNPs treated paper substrates was quanti  ed (Figure 7). The Raman 

Figure 5. Colour intensity of  lter paper dipped in 0.20 mg/mL of AuNP solutions 
without CPAM pre- treatment and with CPAM pre- treatment of 0.01 mg/mL, 0.05 mg/mL 

and 0.10 mg/mL polymer concentration.
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Enhancement Factor (EF) of 4- ATP doubled when paper was pre- treated 
with 0.01 mg/mL of CPAM. The Raman Enhancement Factor (EF) increased 
pseudo- linearly with the concentration of CPAM used for paper pre- treatment.

To study the effect of polymer charge density, paper substrates were pre- treated 
with a series of solutions of CPAM (0.10 mg/mL) having a constant molecular 

Figure 6. FESEM images and histograms of AuNP aggregate size distribution of  lter 
paper dipped in 0.20 mg/mL of AuNP solutions (a) without CPAM pre- treatment and with 
CPAM pre- treatment of (b) 0.01 mg/mL (c) 0.05 mg/mL and (d) 0.10 mg/mL polymer 

concentration.
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weight (13MDa) but different charge densities; papers were then dipped into a 
0.20 mg/mL AuNP solution. CPAM with a charge density of 5 wt%, 10 wt% and 
40 wt% were tested. The surface coverage and average aggregate diameters of 
AuNPs increased from 62.2% to 84.6% and from 34.8 nm to 59.6 nm, respec-
tively, as a function of the CPAM’s charge density (Figure 8). The cluster size 
distribution also became wider. The charge density of the CPAM solution 
strongly affected the SERS enhancement of the AuNPs- CPAM paper (Figure 9). 
From an initial Raman EF of 2.1×108, the EF increased by a factor of 4 to 8.9×108.

The effect of CPAM’s molecular weight on the aggregation and adsorption of 
AuNPs on paper was investigated. Paper was pre- treated with a lower molecular 
weight CPAM of 6 MDa (40 wt% charge density and 0.10 mg/mL concentration). 
The molecular weight of the CPAM strongly in  uenced the surface coverage and 
aggregation state of AuNPs. By doubling the CPAM molecular weight, the 
surface coverage and average diameter of AuNP aggregates increased, from 49% 
to 85% and 35nm to 60 nm, respectively (Figure 10). The Raman EF of AuNPs- 
CPAM paper was increased almost by a factor 3, from 3.1×108 to 8.9×108, when 
paper was pre- treated with CPAM of higher molecular weight (Figure 11).

Filter paper pre- treated with a high concentration polymer solution, with a 
CPAM of high charge density and high molecular weight had a more uniform and 
denser distribution of AuNP aggregates. The increased proportion of aggregated 
AuNPs and the smaller interparticle spacing in CPAM- treated AuNP- deposited 
paper increased the coupling of Localized Surface Plasmon Resonances (LSPRs), 
which arise from the collective oscillation of electrons within metallic NPs [16]. 

Figure 7. (Left) Raman spectrum of 4- ATP adsorbed on (a) plain  lter paper, SERS 
spectra of 4- ATP on AuNPs paper (b) without CPAM pre- treatment and with CPAM 
pre- treatment of (c) 0.01 mg/ml (d) 0.05 mg/ml and (e) 0.10 mg/ml polymer’s concentration. 
(Right) Relationship between the (a) average size and (b) surface coverage of AuNP 
aggregates and the EF of 4- ATP measured at the 1077 cm–1 band (error bars show standard 

deviation of 5 measurements from different spots on the substrate).
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Figure 8. FESEM images and histograms of particle size distribution of AuNPs- CPAM 
papers treated with polymer solution charge density of (a) 5 wt%, (b) 10 wt% and (c) 40wt%.

Figure 9. (Left) SERS spectra of 4- ATP on AuNPs- CPAM papers with polymer charge 
density of (a) 5 wt%, (b) 10 wt% and (c) 40wt%. (Right) Relationship between the (a) average size 
and (b) surface coverage of AuNP aggregates and the EF of 4- ATP measured at the 1077 cm–1 
band (error bars show standard deviation of 5 measurements from different spots on the substrate).
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Figure 10. FESEM images and histograms of particle size distribution of AuNPs- 
CPAM papers with polymer molecular weight of (a) 6 MDa and (b) 13 MDa.

Figure 11. (Left) SERS spectra of 4- ATP on AuNPs- CPAM papers with polymer 
molecular weight of (a) 6 MDa and (b) 13 MDa. (Right) Relationship between the 
(a) average size and (b) surface coverage of AuNP aggregates and the EF of 4- ATP meas-
ured at the 1077 cm–1 band (error bars show standard deviation of 5 measurements from 

different spots on the substrate).
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This resulted in the formation of enhanced electromagnetic  elds (hot spots), 
particularly at curved surfaces or gaps in between the AuNPs, thereby improving 
ampli  cation of SERS signal. The SERS sensitivity of AuNPs- CPAM paper was 
quanti  ed and compared with untreated AuNPs paper. Both untreated paper and 
paper pre- treated with CPAM (0.10 mg/mL, 13 MDa and 40 wt% charge density) 
were dipped into 0.20 mg/mL AuNP solutions, exposed to different concentra-
tions of 4- ATP and their Raman spectra were measured (Figure 12 and Figure 13). 
The concentration of 4- ATP investigated ranged over 6 orders of magnitude, from 
1 mM to 1 nM. Whilst the SERS spectra of 4- ATP for both papers were very 

Figure 12. SERS spectra of different concentration of 4- ATP on AuNPs paper.

Figure 13. SERS spectra of different concentration of 4- ATP on AuNPs- CPAM paper.
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similar, the SERS peaks were better de  ned on CPAM pre- treated paper. The 
detection limit of AuNPs- CPAM paper substrates was lower than for AuNPs on 
untreated paper as the spectrum of 1 nM of 4- ATP had good signal- to- noise ratio 
and the main peaks at 1077 cm–1 and 1584 cm–1 were more distinct. The Raman 
intensity of the AuNPs- paper pretreated with CPAM was doubled that of the 
untreated AuNP- paper over the entire range of 4- ATP concentration.

3.2 SERS Selectivity

In the  rst part of the study, the SERS sensitivity of AuNPs paper was optimized 
for the detection of a model Raman molecule (4- ATP). In this second part of the 
study, SERS sensitivity is studied with different biomolecules; this is achieved by 
functionalizing the AuNPs with biotin/streptavidin assemblies for the selective 
detection of antibody- antigen binding (Figure 1). Streptavidin/biotin assemblies 
were selected to functionalize the AuNPs for antibody- antigen detection since 
they are a well- known model system for molecular recognition and biorecognition 
and because of their stable bio- structure. The strong af  nity of both molecules is 
based on the intra-  and intermolecular interactions between tryptophan (Trp) resi-
dues and the non- polar side chain of streptavidin with the non- polar moieties of 
biotin [17]. To functionalize the AuNPs adsorbed on paper, a mixture of bioti-
nylated alkane thiol (BAT) and alkane thiol (TEG) was  rst adsorbed on the 
AuNPs via the strong af  nity Au- S bonding. Due to the large structure of Strepta-
vidin, it is necessary to use a blocking thiol molecule (TEG) to block the unbound 
sites of AuNPs between the BAT molecules. This prevents the nonspeci  c binding 
of other molecular compounds to the surface of AuNPs. Figure 14 shows the 
corresponding SERS spectra before and after the AuNPs paper was treated with 
the thiol mixture. The SERS spectrum (b) shows a strong characteristic SERS 

Figure 14. Left: Schematic diagram of BAT/TEG functionalized AuNPs on paper. 
Right: SERS spectra of (a) AuNPs paper and (b) BAT/TEG functionalized AuNPs paper.
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band of BAT and TEG on AuNPs paper compared to the untreated AuNPs paper 
(spectrum a), con  rming the successful binding of the thiol mixture. The spectrum 
was dominated by four strong characteristic bands: (CH2) at 1349 cm–1, 
Bio/ (CH2) ring at 1424 cm–1 and 1499 cm–1 and (C- N) at 1581 cm–1 [17].

Streptavidin was then bound onto the biotinylated thiol. A signi  cantly different 
SERS spectrum (Figure 15) resulted, con  rming the successful binding of strepta-
vidin. All SERS spectra are plotted with the same scales for easy comparison 
(Figures 14–17). The resulting spectrum was dominated by Trp16 observed at 948 
cm–1, Phe, Ser at 1033 cm–1, (C- N), Trp13 at 1164 cm–1, amide III (  sheet) at 
1219 cm–1, (CH2) at 1293 cm–1, Trp3 at 1520 cm–1, Trp2 at 1573 cm–1, amide I 
(  sheet) at 1631 cm–1 and (C- H) at 2849 cm–1 to 2930 cm–1[17]. All the spectra 
of BAT/TEG and Streptavidin- BAT/TEG functionalized AuNPs papers were 
obtained from the average of  ve Raman measurements at different spots 
(Supporting Information, S2). The laser power was maintain at 10% and the expo-
sure time was kept at 1 sec to prevent the biomolecule to denature. The position 
of all the characteristic bands was reproducible with little variation in intensity 
(±10–20%) (Supporting Information, S2). However, the presence and shifting of 
additional bands were observed. These irreproducible bands could be attributed to 
signal noise or some minor structural changes caused by a denaturation of the 
biomolecule when exposed to laser heat. Overall, the  rst two steps of the func-
tionalization of AuNPs paper show a reasonably good SERS reproducibility.

Biotinylated anti- rabbit IgG, whose structure predominantly consists of - sheet 
(47%), - helices, (7%) with the remaining molecule consisting of turns and coils 
[18], was then adsorbed onto the streptavidin- BAT/TEG functionalized AuNPs 
paper. The characteristic SERS bands of the antibody rabbit IgG were observed 
(Figure 16) [19–21]. The predominant - sheet structure of IgG was identi  ed by 

Figure 15. Left: Schematic diagram of Strep- BAT/TEG functionalized AuNPs on 
paper. Right: SERS spectra of (a) Streptavidin on AuNPs paper and (b) Strep- BAT/TEG 

functionalized AuNPs paper.
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the characteristic amide III band around 1243 cm–1 and a higher intensity band at 
1625 cm–1 in the amide I region. a- helix structure was represented by the amide 
III band at 1293 cm–1. The other vibration bands generally associated with protein 
structures are assigned as follows: (C- H) around 2856 cm–1 to 2974 cm–1, (CH2) 
band was observed around 1461 cm–1. The bands related to tyrosine were 
observed around 817 cm–1 and 643 cm–1. Trp residue bands were observed around 
1573 cm–1 and 1406 cm–1[19–20]. The bands in the region 923 cm–1 could be 
assigned to (CH2) and the ones around 986 cm–1  to (CH3) vibrations. Back-
bone skeletal (C- C) vibration bands were also observed in the region of 1135 
cm–1 to 1037 cm–1. The characteristic bands of the antibody show a good 
reproducibility with small variations in their Raman shift (±10–20 cm–1) and 
intensity (±20–30%).

After validating the reliability and reproducibility of the SERS spectrum of the 
antibody, the rabbit IgG antigen was adsorbed onto the antibody- streptavidin- BAT/
TEG functionalized AuNPs paper. The combination of an antibody with its rela-
tive antigen is generally considered as a reversible bimolecular reaction with negli-
gible changes in free energy. The antibody typically binds the antigen with very 
weak bonds as for example Van der Waals forces, Coulombic interactions between 
groups of opposite charges and hydrogen bonds [22]. Since all these interactions 
are very weak, the immunocomplex stability should depend on the simultaneous 
formation of many very weak bonds. Due to the weakness of the interaction, the 
mean secondary structure of antigen and antibody does not change signi  cantly 
[22]. However, some interesting and new spectral features assumed to be produced 
by antibody- antigen interaction can still be observed (Figure 17). Comparing 
Figure 16 and Figure 17, the amide III region (1243 cm–1 and 1625 cm–1) corre-
sponding to the - sheet structure reduced in intensity with a small shift. Moreover, 
the Amide III band at 1293 cm–1 associated with - helix slightly shifted to the left 

Figure 16. Left: Schematic diagram of biotinylated antibody- Strep- BAT/TEG 
functionalized AuNPs on paper. Right: SERS spectra of (a) biotinylated antibody on 
AuNPs paper and (b) biotinylated antibody- Strep- BAT/TEG functionalized AuNPs paper.
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to 1280 cm–1. An important observation from the antibody- antigen interaction 
spectra is the predominant presence of Trp residue bands around 1590 cm–1 and 
1406 cm–1. A few new bands at 741 cm–1, 780 cm–1 and 831 cm–1 associated with 
tyrosine residue were also observed [19]. They were all reproducible from meas-
urement to measurement (Supporting Information, S2), providing a reliable means 
of detecting the presence of antigen. These observations are spectroscopic evidences 
for the antigen- antibody interaction as tryptophan and tyrosine residues are known 
to be involved in antibody- antigen binding [23–24].

The SERS sensitivity of the AuNPs paper was quanti  ed. The AuNPs 
papers functionalized step by step with BAT/TEG, strep and antibody were 
exposed to different concentrations of antigen solutions and their SERS spectra 
were measured (Figure 18). The SERS intensity was increased as the function of 

Figure 17. Left: Schematic diagram of antigen- biotinylated antibody- Strep- BAT/TEG 
functionalized AuNPs on paper. Right: SERS spectra of (a) antigen on AuNPs paper and 

(b) antigen- biotinylated antibody- Strep- BAT/TEG functionalized AuNPs paper.

Figure 18. (a) SERS spectra of antigen- biotinylated antibody- Strep- BAT/TEG 
functionalized AuNPs paper exposed to different concentration of antigen. (b) SERS 
intensity of different concentration of antigen on functionalized AuNPs paper at 

1590 cm–1 band.
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the concentration. The sensitivity of AuNPs paper could distinguish changes in 
protein conformation upon relaxation on a surface.

4 CONCLUSION

Gold nanoparticles (AuNPs) treated paper was investigated as a generic platform 
for low cost bio- diagnostic using Surface Enhanced Raman Scattering (SERS). 
In the  rst part of this study, the SERS sensitivity of AuNPs treated paper was 
quanti  ed and optimized with 4- ATP, a model Raman molecule. A surface 
coverage of AuNPs ranging from 1.8 to 22.1% was achieved on paper as the 
concentration of AuNP solution, with which paper was treated, was increased. 
The SERS ef  ciency factor increased with the surface coverage and aggregate 
size of AuNPs on paper. To maximize the spatial density of SERS hotspots for 
optimized SERS signals, the aggregation size and surface coverage of AuNPs on 
paper was controlled by pre- treating paper with a series of cationic polyacryla-
mide (CPAM) solutions. Higher surface coverage and aggregation of AuNPs on 
paper was achieved with the more concentrated polymer solutions, with CPAM 
of higher charge density and higher molecular weight. A more uniform coverage 
of AuNPs was formed on CPAM treated paper than on the bare paper. A surface 
coverage of AuNPs up to 80% with average AuNP aggregates up to 60 nm on 
paper was achieved. The resulting Raman EF was almost an order of magnitude 
higher and more reproducible than that from the untreated AuNPs paper, at a 
constant concentration of AuNPs suspension.

The second part of this study analysed the selectivity of AuNPs treated paper 
as a SERS bio- diagnostic platform for quantitative and qualitative detection 
of a speci  c antibody interacting with its antigen. The AuNPs preadsorbed on 
paper were functionalized step by step by using streptavidin/biotin assemblies 
to detect antibody- antigen interactions. SERS spectra with speci  c features were 
obtained at each of the functionalization steps of biomolecules on the AuNPs- 
paper, con  rming the capability for qualitative detection. Predominant tryptophan 
and tyrosine residue bands were detected upon antigen binding, con  rming the 
presence of antigen. The shifts of Raman band associated with the - helix 
and - sheet structure also indicated the modi  cation of the local structure of anti-
body upon interaction with its speci  c antigen. Reproducible spectral features 
varying in intensity were observed as AuNPs- papers were subjected to different 
concentrations of antigen solutions, indicating good qualitative detection of 
biomolecules.

AuNPs paper is a promising generic platform for the speci  c detection of trace 
amounts of antibody in complex environments by SERS technology. This simply 
involves adsorbing a thiol capped antigen on the AuNP paper followed by a 
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simple blocking step. An alternative functionalization is to rely on streptavidin- 
biotin coupling of the antigen on the AuNPs. The method is cost- effective, robust 
and convenient as no  uorescent labelling is required. The detection of low 
concentration biomolecules in clinical, forensic, industrial, and environmental 
laboratories are prospective applications of the technology.
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Anders Åström  Aylesford Newsprint (from the chair)

First one comment, I guess if you have gold in your paper there won’t be any 
question about not getting good recycling rates. How do you expect the paper to 
be recovered?

Gil Garnier

Probably recovered, or yes, perhaps  ushed, but it won’t be recycled!

Bob Pelton  McMaster University

I believe SERS is currently used for antibody reporting in conventional biochem-
istry labs. Can you tell us what the conventional substrates are, and how do your 
paper substrates compare with the conventional substrates?

Gil Garnier

Yes, basically, it is used wet, in liquid. That means you have a solution, you have 
a detector that you put into your solution; that is how it is used most of the time. 
The alternative is silicon wafers, but that process is fairly expensive, and is, we 
believe, much less  exible then using paper. With paper you can combine it with 
micro-  uidics; you can quantify if you need to separate components.

Transcription of Discussion
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