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There is a need to design highly sensitive plasmonic sensors which impart a good biocompatibility and

optical stability to detect low levels of analytes in biological media. In this study we report the

formation of chitosan-coated silver nanoparticles of triangular shape in solution by synergistic action

of chitosan and trisodium citrate in the presence of silver seeds and ascorbic acid. It has been revealed

that these anisotropic silver nanoparticles entrapped in biopolymeric shells are particularly stable and

can be successfully used as versatile plasmonic substrates for molecular sensing in solution. In

particular, the binding of the probe molecule monolayer (para-aminothiophenol, p-ATP) at the surface

of individual chitosan-coated silver nanoparticles was demonstrated both by localized surface plasmon

resonance (LSPR) shifts and surface-enhanced Raman scattering (SERS) spectra. While the LSPR-

shift assay is operational for signaling molecular binding events, the SERS allows identifying the probe

molecules and elucidating its orientation on the metal surface. The proof of concept for biosensing

applications and dual functionality of plasmonic platform are evaluated through the combined LSPR-

SERS detection of significant biological molecules, adenine. The potential of chitosan–silver

nanostructures to extend the standard approach of LSPR sensing by integrating SERS measurements

and operate as dual plasmonic sensors would be very attractive for investigation of analytes in

biological fluids.
Introduction

Noble-metal nanoparticles exhibit extremely interesting optical

responses in interaction with light. When the incoming light

couples with the oscillation frequency of the conduction elec-

trons, a so-called localized surface plasmon resonance (LSPR)

arises, which is manifested as an intense extinction band along

with local field enhancement. Due to their unique optical and

chemical properties, plasmonic nanoparticles have been utilized

in surface-enhanced Raman spectroscopy (SERS),1 metal-

enhanced fluorescence (MEF),2 biomedical diagnostics,3 drug

delivery,4 antimicrobial action,5 and HIV virus inhibition.6

In the present there is an extensive research effort to develop

synthetic methods to generate silver nanoparticles of controllable

and reproducible size and shape.7–9 Apart from spherical shape,

the nanoparticles of anisotropic shape exhibit multiple surface

plasmon resonances and, therefore, they can demonstrate

a better suitability for applications. For instance, triangular

silver nanoplates show four plasmon resonances ranging from

UV-visible to near-infrared (NIR), corresponding to different
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modes of plasmon excitation, and consequently, they are more

versatile toward using different laser lines for getting larger

Raman enhancements.10 Also, in the case of MEF, the fluores-

cence of molecules localized in the vicinity of anisotropic nano-

particles is demonstrated to be higher than that for spherical

particles.11 More interestingly, truncated triangular silver nano-

plates with a {111} lattice plane as the basal plane possess the

strongest antibacterial action against gram-negative Escherichia

coli compared to spherical and rod shaped nanoparticles.12

The synthesis of silver nanoparticles with precise particle size

and shape is an important challenge, although this is only the first

step towards their successful use in different applications. Besides

the designed shape, the chemical and electrostatic stabilities of

silver nanoparticles toward their transferability from the

synthesis solution to biological fluids are crucial for many

applications. Typically, nanoparticles are likely to undergo

significant modifications such as aggregation and surface

passivation when transferred in physiological media, which may

obscure the relationship between their unique size- and shape-

dependent properties and their biological and optical effects.

Additionally, the prospect to attach specific biopolymers and

biomolecules at the nanoparticle surface is highly desirable,

especially for biosensing and therapeutic applications. Therefore

there is an ongoing interest to design anisotropic nanoparticles

which impart not only high stability and sensitivity but also

exhibit good biocompatibility toward the biological media. The
J. Mater. Chem., 2011, 21, 3625–3633 | 3625
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right choice of the protecting agent is important because the

polymer should allow the efficient adsorption of the analyte from

the solution on the metal surface.13

Chitosan is a well-known biopolymer with excellent biocom-

patibility, biodegradability, and nontoxicity and successful use in

nanomedicine in delivering therapeutic drugs, proteins, and

genes.14 To date, chitosan has been reported to assist the

synthesis of noble-metal nanoparticles, mainly gold nano-

particles, although little attention has been paid to reveal its

multiple roles from controlling the formation of anisotropic

nanoparticles to conferring biocompatibility and protection

from aggregation in solution.15–17

In this work, we employ a two-step approach to demonstrate

for the first time that silver nanoparticles of triangular shape can

be readily tailored from initial seeds by synergistic action

between chitosan and trisodium citrate (TSC) in the presence of

ascorbic acid. Furthermore, taking the advantage of the high

stability of as-prepared chitosan-coated silver nanoparticles, we

address one important challenge for targeting and sensing

(bio)molecules in solution that is to enable two distinct and

powerful sensing capabilities to operate with the same plasmonic

particle.18 Specifically, we quantified LSPR shifts due to

adsorption of the single molecular layer of para-amino-

thiophenol (p-ATP) at the surface of chitosan-coated silver

nanoparticles and, subsequently, we identified the probe mole-

cule by SERS under three excitation laser lines from visible to

near-infrared (NIR). The approach of combining LSPR with

complementary molecular identification through SERS repre-

sents a promising route for multimodal chemical analysis to

increase the reliability of biological detection. A similar

approach has been demonstrated previously on nanostructured

films deposited onto the solid substrate19 but not in solution. This

is mainly because of the inherent instability of metal nano-

structures in solution, which can adversely influence the repro-

ducibility and quantitative nature of these measurements.

Recently, Kelly’s group has succeeded in fabricating stabilized

triangular silver nanoplates and, subsequently, demonstrated

their high sensitivity as LSPR sensors for bulk refractive index

(RI) measurements in solution.20 Nevertheless, we believe that

similar solution-phase nanostructures can be developed to

display both bulk and surface RI sensitivities coupled with SERS

capability for a more reliable molecular analysis. In view of

biological applications, we tested the feasibility of chitosan-

protected silver nanoplates to operate as versatile LSPR-SERS

substrates for monitoring trace amounts of a relevant biological

probe molecule, here adenine.
Fig. 1 Normalized UV-VIS-NIR extinction spectra and corresponding

photographs of as-prepared silver colloids by increasing the TSC

concentration: (a) 2.2 mM, (b) 4.8 mM, (c) 9.8 mM, (d) 19.4 mM, (e) 25

mM, (f) 30 mM and (g) 38.8 mM. The numbers on labeled vials corre-

spond to the spectral position of the in-plane dipole resonance band. The

short dashed curve represents the extinction spectrum of seeds solution.

The dashed curve represents the calculated FDTD extinction spectrum of

sample 1 g.
Experimental

Chemicals

Chitosan flakes (high molecular weight, >75% deacetylated),

silver nitrate (AgNO3), trisodium citrate (C6H5Na3O7) and p-

aminothiophenol (p-ATP) were purchased from Aldrich. Glacial

acetic acid (99.8%) was supplied by Sigma-Aldrich and was

diluted to 1% aqueous solution before use. Ascorbic acid, sodium

borohydride (NaBH4) and glycerol were obtained from Merck.

Adenine was purchased from Acros Organics. All chemicals were

used without further purification. Solutions were prepared using
3626 | J. Mater. Chem., 2011, 21, 3625–3633
ultrapure water with a resistivity of at least 18 MU cm. All other

reagents employed for solution preparation were of analytical

grade. All glassware used was cleaned with aqua regia solution

(HCl : NO3 3 : 1) and then rinsed thoroughly with ultrapure

water.
Seed preparation

A stock solution of silver particles called ‘‘seeds’’ was prepared in

water by reduction reaction of silver nitrate with sodium boro-

hydride. In a typical procedure, one volume of aqueous solution

of silver nitrate (10 mL, 2.9 � 10�4 M) was mixed with an

aqueous solution of TSC (10 mL, 2.5 � 10�4 M) and cooled in an

ice-bath under vigorous stirring. To this mixture, an aqueous

solution of sodium borohydride (0.6 mL, 0.1 M) was added

dropwise which resulted in the formation of a bright yellow

solution. The presence of seeds in solution was indicated by the

UV-Vis extinction peak centered at 384 nm with a full width at

the half maximum 41 nm (Fig. 1, dashed line). The as-prepared

seed solution was stored in the dark 2–3 hours before use in order

for any excess borohydride to react with water.
Anisotropic nanoparticles growth

Aqueous solutions of TSC (38.8 mM, 200 mL), ascorbic acid (0.1

M, 50 mL), chitosan (2 mg mL�1, 10 mL) and seeds (200 mL) were
This journal is ª The Royal Society of Chemistry 2011
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combined at 35� 2 �C. To this mixture, AgNO3 (0.01 M, 300 mL)

was added dropwise immediately under continuous magnetic

stirring. The addition of silver nitrate took place during less than

1 minute. In the case of this experiment the growth of silver

nanoplates finished within a total of 5 minutes under magnetic

stirring. The final size and shape as well as the nanocomposites

stability are strongly dependent on the specific concentration of

TSC, ascorbic acid and chitosan.
Sample preparation for LSPR and SERS analysis

Water/glycerol mixtures were used to vary the effective (bulk)

refractive index of the nanoparticle environment. The effective

refractive index of water–glycerol mixture was calculated

according to the Lorentz–Lorentz equation.21 Glycerol concen-

trations in water were varied in eight steps as follows: 0%, 12%,

25%, 38%, 50%, 62%, 73% and 100%. For LSPR bulk sensitivity

measurements, the chitosan-coated silver nanoparticles were

separated from the reactive solution by centrifugation and re-

suspended in the above water–glycerol mixtures of different

indices of refraction. For SERS and LSPR surface sensitivity

measurements, 1 mL colloidal solution of chitosan-coated silver

nanostructures was incubated with 10 mL aqueous solution of p-

ATP of different concentrations ranging from 10�3 M to 10�9 M.

The final concentration of p-ATP in mixed samples varies from

9.9 � 10�6 M to 9.9 � 10�9 M. For LSPR and SERS measure-

ments on adenine 800 mL colloidal solutions of chitosan-coated

silver nanoparticles were incubated with a 10 mL adenine solution

of 10�3 M. The final concentration of adenine in mixed samples

was 12 � 10�6 M. The measurements were concluded after

24 hours of incubation to ensure that the system had reached the

equilibrium. The minimum incubation time was monitored via

the intensity of the SERS signal. The SERS intensity increased

gradually and reached the maximum value after 24 h when the

signal remained stable. However, a reasonably good SERS

spectrum can be recorded about after 4 hours of incubation. We

noticed that in the case of p-ATP molecules the incubation time

for reaching a maximum signal has been shortened from 24 h to

9–10 h by magnetic stirring and for adenine to 4 h by adjusting

the pH value to 5.5.
Sample characterization

The LSPR spectra were measured in a 2 mm quartz cell using

a Jasco V-670 UV-VIS-NIR spectrometer with 1 nm spectral

resolution. The TEM images were taken using a JEOL JEM 1010

transmission electron microscope (TEM). For TEM measure-

ments the samples were prepared by placing a drop of colloidal

dispersion onto carbon-coated copper grids and dried at room

temperature. Uranyl acetate dihydrate was used as the negative

contrast agent. The average size and distribution of silver

nanoparticles in TEM images were determined by using Image

J software for image processing.22 SERS spectra were recorded

on a confocal Raman microscope (Alpha300 from WITec) in

backscattering geometry, employing 532 nm and 633 nm laser

lines as the excitation source directed through a 20� objective

lens with a numerical aperture (NA) of 0.4. The measurements

were conducted at a power incident on the samples of 3 mW, and

the integration time for spectra collection was set at 30 s per
This journal is ª The Royal Society of Chemistry 2011
spectrum. The NIR-SERS measurements were recorded using

a portable Raman spectrometer (Raman Systems R3000 CN

from Ocean Optics) equipped with a 785 nm diode laser coupled

to a fiber optic probe of 100 mm core diameter. The laser power

was set to 100 mW and the integration time to 30 s with a single

accumulation for each measurement.
Results and discussion

Anisotropic nanoparticles growth

We investigate the effect of TSC on the size and shape of silver

nanoparticles by conducting the growth process in seven solu-

tions containing various amounts of TSC, as follows: 2.2 mM,

4.8 mM, 9.8 mM, 19.4 mM, 25 mM, 30 mM and 38.8 mM. Fig. 1

shows the UV-VIS-NIR extinction spectra together with the

corresponding color photographs of final solutions. The solu-

tions display a progression of color changes from yellow to dark-

green as the main LSPR peak is increasingly red-shifted. The

yellow colloidal solution comes from the growth process con-

ducted at the lowest TSC concentration (2.2 mM) and its cor-

responding spectrum exhibit a single extinction peak located at

414 nm, slightly asymmetric, assigned to the resonance mode of

spherical silver nanoparticles.17 At the opposite side, the colloidal

solution of dark-green color comes from the growth process

conducted at the highest TSC concentration (38.8 mM) and its

corresponding spectrum exhibit four extinction peaks which are

consistent with the plasmonic signature of triangular nanoplates,

according to literature.23 The strong band situated at 818 nm is

assigned to the in-plane dipole resonance while the three less

intense bands are assigned to out-of-plane dipole resonance

(410–423 nm), in-plane quadrupole resonance (440–470 nm) and

out-of-plane quadrupolar resonance (340 nm), respectively (see

the dashed curve in Fig. 1). The other solutions prepared with

intermediate TSC concentration reveal similar features.

However, the corresponding bands assigned to triangular

nanoplates appear spectrally shifted, the in-plane dipole reso-

nance to blue and the out-of-plane quadrupolar resonance to red,

which are dependent on nanoplate size and thickness. We notice

that the overall optical extinction around 400–450 nm is higher

than would be expected from pure triangular nanoplates due to

the competitive response of quasi-spherical nanoparticles formed

when the concentration of TSC is not optimized.

More precise information about the shape and size of nano-

particles was obtained from TEM. The TEM pictures in Fig. 2a–

g show the particles formed as the TSC concentration increases,

which is in agreement with the UV-VIS-NIR extinction spectra

in Fig. 1a–g. For instance, Fig. 2g shows perfect triangular

particles formed in the largest proportion with edge lengths from

115 to 123 nm and thickness of 11 � 2 nm (aspect ratio 11). The

analysis in Fig. S1 in the ESI† gives a high number of triangular

particles. Interestingly, upon further increasing the citrate

concentration above the limit of 38.8 mM the final product is

dominated by large silver nanoparticles of high anisotropy like

nanostars (see Fig. S2 in the ESI†). In Fig. 2h a closer view of

silver nanoparticles recorded by staining contrast method clearly

reveals the presence of a thin chitosan layer around the particles.

In the anisotropic growth process the chitosan itself may play

an important role since it plays a role in the reduction and
J. Mater. Chem., 2011, 21, 3625–3633 | 3627
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Fig. 2 TEM pictures of as-prepared silver colloids by increasing the TSC concentration: (a) 2.2 mM, (b) 4.8 mM, (c) 9.8 mM, (d) 19.4 mM, (e) 25 mM,

(f) 30 mM and (g) 38.8 mM. (h) A closer view of silver nanoparticles coated by a chitosan layer.
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stabilization of gold and silver nanoparticles in single-step

synthesis.16,17 To infer the role of chitosan, two comparative

experiments were carried out: (a) in the absence of chitosan in

solution and (b) in the presence of chitosan (2 mg mL�1). Fig. 3

shows the extinction spectra recorded from the two final solu-

tions. The analysis reveals that in the first case the spectrum

(Fig. 3a) is consistent with the formation of spherical nano-

particles (dominant extinction at 423 nm) while in the second

case the spectrum (Fig. 3b) is consistent with the formation of

triangular particles as the quadrupole plasmon mode at 340 nm

and the dipolar band at 618 nm are visible.24 However, pure

nanoplates are obtained uniquely in the presence of chitosan and

high concentration TSC, clearly indicating that the two

compounds act synergistically in the anisotropic growth.
Fig. 3 Normalized UV-VIS-NIR spectra recorded from samples

prepared: (a) without chitosan, (b) with 2 mg mL�1 chitosan, (c) sample

(b) after 4 weeks of storage and (d) sample (b) after addition of 1 M NaCl.

3628 | J. Mater. Chem., 2011, 21, 3625–3633
The results above demonstrated that capping agents play

a critical role for achieving triangular particles. Previous studies

suggest that citrate likely induces a face-selective growth at mild

temperature by binding more strongly to the silver {111} facets

than {100} facets, thereby favoring the formation of silver

nanoplates with {111} as the basal plane.25 It is reasonable to

admit that in our synthesis procedure preferentially interaction

between sodium citrate and {111} facets could greatly reduce the

growth rate along this plane and therefore promote the aniso-

tropic growth. On the other hand, our previous studies demon-

strated that chitosan may interact selectively with

crystallographic planes, inhibiting the growth of these facets by

lowering their surface energy and leading to the preferential

orientation and growth of other planes.16 It is conceivable that

chitosan exhibits a similar behavior here by binding more

strongly to {111} planes, thereby increasing the number of

triangles in the final product.

In view of next step toward applications we further investi-

gated the sample stability. We noticed that the spectrum in

Fig. 3a is not stable in time. On the contrary, the spectrum in

Fig. 3b did not change during many months of storage, as shown

in Fig. 3c.

Next we checked the sample stability towards induced aggre-

gation by mixing 500 mL of solution with 100 mL of a solution of

NaCl (1 M), a strong aggregation agent for colloidal solution.

We found again that the extinction spectrum of mixed sample

remained stable (Fig. 3d). More interestingly, when the original

colloidal solution was centrifuged and the solid silver–chitosan

composites were re-dispersed in water or water/glycerol mixtures

the initial extinction spectrum in solution was fully recovered (see

details later, Fig. 4A). The affinity of amino groups in chitosan to

silver surfaces could lead to adsorption of polymeric molecules

on silver nanoparticles giving rise to a steric barrier that keeps the

particles segregated in solution.

It comes out from the above experiments that chitosan is not

only an essential component in the growth process, acting
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (A) UV-VIS-NIR extinction spectra of silver colloid suspended in aqueous solutions of glycerol of various refractive indices, from left to right:

1.333, 1.347, 1.364, 1.381, 1.398, 1.415, 1.432, and 1.473. All spectral intensities were normalized with respect to those of the in-plane dipolar plasmonic

band. (B) Plot depicting the linear dependence of the plasmonic bands position on the refractive index: (:) in-plane dipolar plasmonic band, (C)

combination of the in-plane quadrupolar band and out-of-plane dipolar mode, and (-) out-of-plane quadrupolar band.
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together with TSC in shape-directing, but it also confers a very

high stability and dispersibility to silver nanoplates in solution.
Dual LSPR-SERS plasmonic sensors in solution

In the following we exploit the excellent stability of chitosan-

coated silver nanoparticles in combination with their optical

response tunability to devise a multi-responsive plasmonic sensor

in solution. Apart from particle size and shape, the LSPR peak

location and intensity are sensitive to the local refractive index

(RI) surrounding the nanoparticle and these features are the

basis of their utility as bio–chemo-sensors. There are two kinds

of changes in the environment of a nanoparticle that are of

interest: (1) a bulk change, when the entire environment of the

nanoparticle is modified, and (2) a local change, when only

a molecular layer is adsorbed onto the nanoparticle. The latter

definition has particular significance within biosensing.

However, the LSPR-shift assay is not suited for molecular

identification. On the contrary, the SERS is a highly specific

technique to identify molecules from their unique vibrational

Raman fingerprint. Here we integrate both the assays so that the

probe molecules are firstly characterized with LSPR technique

and then identified with the second technique that is SERS.
LSPR bulk RI sensitivity

Different water–glycerol solutions were prepared with the aim to

gradually tune the RI from 1.333 (pure water) to 1.473 (pure

glycerol) as described in the Experimental part.

The chitosan-coated silver nanoparticles were separated from

the original solution by centrifugation and re-dispersed in the

above water–glycerol solutions. Fig. 4A illustrates the normal-

ized UV-VIS-NIR extinction spectra collected from eight water–

glycerol mixtures. The similarity of extinction spectrum recorded

before and after the transfer to water–glycerol mixtures clearly

confirms the high stability of silver nanoparticles. Notably, the
This journal is ª The Royal Society of Chemistry 2011
presence of chitosan around the particle did not impact nega-

tively the exchange with the surrounding medium and liquid can

come in contact with the nanoparticle surface, keeping the ability

of particles to sense the modification of RI values.

The LSPR sensitivity of chitosan-coated silver nanoparticles

to bulk RI of solutions was evaluated by plotting the shift of the

plasmonic bands wavelength position (Dlmax) against the

refractive index (Fig. 4B). The plasmonic resonances were found

to linearly red shift as the solvent refractive index was increased.

The linear regression analysis yielded a bulk refractive index

sensitivity of 387 nm RIU�1 for the in-plane dipolar plasmonic

band, 196 nm RIU�1 for combination between the in-plane

quadrupolar mode and out-of-plane dipolar mode and 25 nm

RIU�1 for the out-of-plane quadrupolar peak, respectively. The

calculated value of 387 nm RIU�1 for the in-plane dipolar plas-

monic band at 618 nm is comparable with the sensitivity of

similar triangular silver nanoplates in solution-phase value given

in literature20,26 but exceeds most of the bulk sensitivities repor-

ted in literature for various metallic nanostructures deposited

onto solid substrate, as for example those of silver nanotriangles

prepared by nanosphere lithography (206 nm–258 nm RIU�1),27

gold nanorods (195–288 nm RIU�1)28 and spherical colloids (66.5

nm RIU�1).29 Substrate supported nanoparticles are less sensitive

to a RI change than nanoparticles in a homogenous solution

because some of the electromagnetic field associated with the

LSPR is contained within the substrate.27 Therefore, the plas-

monic nanostructures prepared to be stable in solution represent

an attractive route to achieve higher LSPR sensitivity and are

promising for investigation in the natural environment of bio-

logical target molecules contained in various biological fluids.
LSPR surface sensitivity

The LSPR approach to detect the presence of biomolecular

analytes was previously demonstrated for an ensemble of nano-

particles immobilized on a transparent substrate29,30 and,
J. Mater. Chem., 2011, 21, 3625–3633 | 3629
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Fig. 5 (A) UV-VIS-NIR extinction spectra of silver colloid prepared with 25 mM TSC concentration: (a) after adding p-ATP solution and (b) before

adding p-ATP solution. (B) The normal Raman spectrum of solid p-ATP (a) and SERS spectra of p-ATP recorded by laser excitation wavelengths 785

nm (b), 633 nm (c), and 532 nm (d). The final concentration of p-ATP molecules in the sample solution is 9.9 � 10�6 M. The spectrum marked by *

represents the SERS spectrum from silver colloidal solution in the absence of analyte molecules.
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subsequently, extended to the limit of single nanoparticles.31,32 In

our case we use anisotropic silver nanoparticles enveloped in

chitosan nanoshells as a potential LSPR chemosensor in solution

and p-ATP as the target analyte. In comparison to other mole-

cules, thiols interact very strongly with silver surface because

they may form strong covalent bonds to the surface silver atoms

through back p-bonding from the sulfur bonds. Fig. 5A, part a,

illustrates the extinction spectrum of p-ATP mixed colloidal

silver nanoparticles (final p-ATP concentration of 9.9 � 10�6 M)

recorded several hours after adding the analyte to colloidal

solutions in order to achieve the maximum chemisorptions of the

p-ATP molecules. For comparison, Fig. 5A, part b, shows the

reference spectrum recorded from blank solution (without p-

ATP). However, compared with the original spectrum of silver–

chitosan nanocomposites, a decrease in the intensity of the

in-plane dipolar plasmonic band with a concomitant red shift of

10 nm was observed in the presence of p-ATP molecules. In

addition, the absorption maximum of the other bands experi-

ences a shorter shift than that of the longitudinal band (6 nm for

the out-of-plane resonance mode and 2 nm for the out-of-plane

quadrupolar band). This finding is consistent with the results

above which demonstrate the higher sensitivity of the in-plane

dipole resonance band toward the chemical environment of these

nanocomposites. The data show that chitosan acts as an excellent

protective shell against aggregation and allows the analyte

molecules to diffuse through its internal nanoporosities and to

attach on the metal surface, which is relevant for investigation in

real biological media. The presence of the analyte molecules on

the silver surface leads to a change of the electrical charge on the

nanoparticles surface as well as a modification of the refractive

index of the medium surrounding the particles which conse-

quently induces a decrease of the extinction band intensity and

their shifts to longer wavelengths, respectively. Moreover, the

shift in the maximum wavelength position of all bands demon-

strates that p-ATP molecules immobilize not only on the edges

and corners of triangles but also on its faces having a shielding
3630 | J. Mater. Chem., 2011, 21, 3625–3633
effect on the silver surface. This conclusion is based on previously

reported studies which demonstrate that the adsorption of ana-

lyte molecules on the preferential sites of nanoparticles surface

affects only the spectral position of their corresponding plas-

monic bands.33 The ability of analytes to diffuse through the

polymer matrix and immobilize to the silver nanoparticles

surface while keeping their stability is an interesting feature of

this system, but it is not a singular phenomenon and similar

behavior was observed previously.34,35 We have to mention that

the sample demonstrates a high optical stability even after many

months of storage, in contrast with the colloidal solution without

chitosan which immediately aggregated after p-ATP addition

(results not shown).
SERS sensitivity

Next we demonstrate the detection and identification of adsor-

bed target molecules by SERS measurements, which provide

molecular specificity and higher sensitivity than LSPR

measurements. High-quality SERS spectra were recorded with

three laser excitation lines from visible (532 nm and 633 nm) and

NIR (785 nm) as shown in Fig. 5B. The following analysis of the

enhancement of specific vibrational bands clearly identifies both

the presence and orientation of p-ATP molecules on the silver

surface. The strong bands at 1093 cm�1 and 1596 cm�1 together

with other two medium bands at 465 cm�1 and 1171 cm�1 are

assigned to a1 vibration modes of p-ATP, namely C–S stretching

vibration, C–C stretching mode, C–C–C bending vibration and

C–H bending mode, according to literature.36,37 The strong

enhancement of the C–S stretching vibration and the lack of a S–

H stretching mode at 2558 cm�1 clearly suggest the rupture of S–

H bond and the attachment of p-ATP to the silver surface

through its sulfur atom. A careful analysis reveals also differ-

ences between the spectra recorded with different laser lines, as

evidenced by the SERS bands observed at 1148, 1393, and 1437

cm�1 in the case of 532 nm laser line excitation. The assignment
This journal is ª The Royal Society of Chemistry 2011
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of these bands is still in debate in literature, being interpreted

either in terms of a metal to p-ATP molecule charge transfer or

due to the formation of an aromatic azo-compound by photo-

catalytic dimerization p-ATP.38,39 It is worth mentioning that the

SERS enhancement is highly dependent on the excitation line

(Fig. 5B). At the first sight the lower intensity of the SERS

spectrum recorded with 633 nm excitation wavelengths could be

surprising as the surface plasmon resonance condition seems to

be better satisfied by using the 633 nm laser line (see Fig. 5A).

However, similar experimental results reported in literature have

demonstrated that the SERS enhancement was greater using an

excitation line at a wavelength longer than that of LSPR of

individual particles.40,41

We mention that no specific Raman signal was detected from

the enveloping chitosan shell which is useful to avoid any inter-

ference with the SERS signal generated from the adsorbed

molecules (see spectrum marked by * in Fig. 5B). However, the

presence of the chitosan shell around the silver particles can be

clearly identified by staining contrast method in TEM picture

(Fig. 2h). An interesting feature is that no SERS signal appears

from the polymer. Similar behavior has been previously reported

in literature for other polymers used to stabilize metal nano-

particles employed as SERS-active tags or biocompatible SERS

substrates.42,43

In view of biological applications, we tested the feasibility of

chitosan-protected silver nanoplates to operate as SERS

substrates in NIR with excitation at 785 nm diode laser line from

a portable Raman spectrometer. We selected the 785 nm exci-

tation due to the fact that biological tissues show minimal NIR

radiation absorption and therefore this laser is more suitable for

in vivo applications. Fig. 6 shows good-quality NIR-SERS

spectra of p-ATP molecules in solution at concentrations ranging

from 10�7 M to 10�9 M which approach the physiological
Fig. 6 The NIR-SERS spectra of different concentrations of p-ATP

molecules in the original colloidal solution: (a) 9.9 � 10�7 M, (b) 9.9 �
10�8 M, and (c) 9.9 � 10�9 M. (d) The NIR-SERS spectrum of 9.9 � 10�6

M p-ATP after transferring the chitosan-coated nanoparticles from the

original solution to 25% water–glycerol solution. The observation of both

SERS from p-ATP and normal Raman peaks of glycerol (marked by *) in

the recorded spectrum provides a clear evidence of the successful transfer

and strong attachment of p-ATP via the thiol moiety to the surface.

This journal is ª The Royal Society of Chemistry 2011
concentration of many analytes in biological fluids.18 Notably,

the SERS spectra were preserved after transferring the p-ATP

incubated nanoparticles from the initial solution to water–glyc-

erol solution (see Fig. 6d) and even after many months of

storage.

Since the SERS signal shows a wavelength dependent intensity

the detection limit should also vary, depending on the laser

excitation line. The possibility to tune the LSPR of as-prepared

colloids in a wide spectral range (from visible to NIR) provides

the opportunity to select the sample with the most appropriate

response to a specific requirement.
Proof of concept for biosensing applications

The ability to detect specific individual DNA bases within

a sequenced genome is important for monitoring gene expres-

sion. Therefore we decided to test the performance of our

approach with adenine as the analyte molecule. Adenine binding

to the chitosan-coated nanoparticles is clearly demonstrated by

the shift of LSPR bands in Fig. 7A.

Moreover, the identification of the adsorbed molecule can be

undoubtedly supported by the analysis of SERS fingerprint

recorded with three different lasers in Fig. 7B. The typical and

most prominent bands at 737 and 1331 cm�1 observed in the

SERS spectrum (Fig. 7B, parts b, c, and d) correspond to those at

722 cm�1 (ring breath whole molecule) and 1333 cm�1 (str C5–

N7, N1–C2, bend C2–H, C8–H) in the ordinary Raman spec-

trum of adenine (Fig. 7A, part a).44

The preferential enhancement of the Raman bands located at

325 (bend C6–NH2), 565 (wag C2–H, N9–H, tors NH2), 1025

(rock NH2), 1469 (str C2–N3, N1–C6, bend C2–H, sciss NH2)

and 1575 cm�1 (sciss NH2) ascribed to the amino group vibra-

tions relative to those of N1, N3, N9 motions around 1123 (str

C8–N9, bend N9–H, C8–H), 1254 (bend C8–H, N9–H, str N7–

C8) and 1606 cm�1 (str N3–C4, N1–C6, C5–N7, N7–C8, bend

N9–H) indicates that the interaction with the silver surface takes

place via amino groups.45

Based on the above experiment we anticipate that such plas-

monic substrates can find useful applications in various biolog-

ical environments, especially to capture and identify metabolites,

pharmaceutical products or other chemicals in body fluids.
FDTD numerical simulations

To understand the source of electromagnetic enhancement in our

SERS measurements, a theoretical simulation was carried out by

using commercially available FDTD software (Lumerical).46 For

simulation, we have selected the silver nanotriangle with an edge

length of 120 nm and height of 11 nm surrounded by water (n ¼
1.333). The refractive index of water decreases monotonically

with increasing wavelength from UV to NIR and, in the spectral

range considered here, is rigorously described by four-term

Sellmeier dispersion formula.47 Here the dielectric function of

water was treated as a constant because the commercial software

Lumerical takes into account only non-absorbing and non-

dispersive materials as background for physical structures. The

effective refractive index in the vicinity of the metal surface

should be different from that of pure water and can be calculated

by integrating the variation of the actual index between the metal
J. Mater. Chem., 2011, 21, 3625–3633 | 3631
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Fig. 7 (A) UV-VIS-NIR extinction spectra of silver colloid (a) before adding adenine and (b) after adding adenine. (B) The normal Raman spectrum of

solid adenine (a) and SERS spectra of adenine recorded by laser excitation wavelengths 785 nm (b), 633 nm (c), and 532 nm (d). The final concentration

of adenine molecules in the sample solution is 12 � 10�6 M.
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surface and the decay length of the electromagnetic field

intensity.48 However, we ignored the chitosan layer because the

refractive index of chitosan measured in aqueous solution at

similar concentration is in the range of 1.336–1344 close to the

water index.49 The unpolarized laser light at normal incidence to

the nanoplate surface was modeled as a superposition of two

plane waves linearly polarized along the orthogonal x and z

axis. The mesh size used in the FDTD program was 0.5 nm. The

Lorentzian expansion of the silver dielectric function used in the

simulations was fitted to the experimental data given in litera-

ture.50 Fig. 8 shows the electric field intensity map calculated for

the triangular silver nanoplate under excitation at 785 nm,

a laser line not far from the main dipolar plasmon resonance

(818 nm). The dashed curve in Fig. 1 shows a nice agreement

between the experimental and calculated extinction spectra and

confirms the previously discussed spectral response of isolated
Fig. 8 Calculated |E|2 map for a triangular silver nanoplate of edge

length of 120 nm and height of 11 nm under laser excitation at 785 nm,

obtained using FDTD simulations.

3632 | J. Mater. Chem., 2011, 21, 3625–3633
silver nanoplates in the UV-Vis-NIR domain. The dielectric

function of silver fitted to the Johnson and Christy published

data does not accurately describe the response of silver nano-

particles in the UV because the interband transitions are not

taken in consideration.51 The interband transitions increase the

imaginary dielectric function and affect the optical absorption

over a range of frequencies including the surface plasmon

resonance. The imaginary part of the dielectric function of silver

was increased to aid the FDTD code convergence in the UV,

which leads to a broader resonance peak at 341 nm and slightly

shifted as compared to that from the experiment. This purely

numerical adjustment should not affect significantly the plas-

mon resonances and local field computed in the visible and NIR

spectral range, the feature in which we are interested in this

work.

The computed map in Fig. 8 is in very good agreement with the

direct observation of local electromagnetic field for silver trian-

gular nanoparticles (see Fig. 2(b) in ref. 52). Similar simulations

were carried out for excitation at 633 and 532 nm laser lines and

showed a different pattern of the electric field distribution,

involving maxima located at the edges of the triangle in between

the corners. According to our simulations, the field intensity has

the highest values at the corners, to a lower extent at the edges

and less than at the edges and corners, on the faces of the

nanoplates. The differences in local field enhancements (|Ecorner|

> |Eedge| > |Esurface|) are in agreement with recently published

experimental work which performed SERS imaging on a single

gold mesotriangle.53 In view of our theoretical findings the high

SERS activity of chitosan-protected silver nanoplates can be

mainly explained by the anisotropy of nanoparticles exhibiting

corners and edges which act as individual source of the electro-

magnetic enhancement. Additional contribution to SERS from

the hot-spots located at the nanogaps between some particles, as

seen in TEM picture in Fig. 2h, cannot be excluded. Therefore,

the amplification of Raman signals as high as 106–107 in our

SERS measurements is fully conceivable by combining the main

electromagnetic enhancement of about (E/E0)4 z 106 with some

contribution from the charge transfer enhancement.54
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0jm03329d


D
ow

nl
oa

de
d 

by
 C

he
ng

du
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
 o

n 
26

 O
ct

ob
er

 2
01

1
Pu

bl
is

he
d 

on
 2

4 
Ja

nu
ar

y 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0J

M
03

32
9D

View Online
Conclusions

In conclusion, we report the formation of chitosan-coated silver

nanoparticles of anisotropic shape, mainly triangular nano-

plates, through a seed mediated growth approach. We demon-

strate that chitosan plays a multiple role here, from assisting the

anisotropic growth to providing high stability and functionality

to nanoparticles. The obtained chitosan-coated silver nano-

particles were found to be sensitive LSPR sensors toward the

refractive index changes in the surrounding medium and excel-

lent SERS substrates in a wide window of excitation wave-

lengths, ranging from the visible to near-infrared (NIR). In

particular, due to the remarkable stability of chitosan-coated

silver nanoparticles, a versatile plasmonic sensor was demon-

strated for the first time in solution by combining LSPR and

SERS abilities. This LSPR-SERS approach opens a route for

multimodal chemical analysis to increase the reliability of bio-

logical detection. In particular, as the chitosan provides an

excellent, biocompatible shell to silver nanoparticles and exhibits

further potential to attach different biological entities, there is

significant potential for the use of these nanostructures as

multifunctional plasmonic sensors for biodetection of clinically

relevant molecules.
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