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ABSTRACT 

Citrate-reduced silver nanoparticles (Ag-NPs) are used extensively for surface-enhanced Raman scattering (SERS) 

studies, but are typically found to aggregate using an aggregation agent. This study is aimed at developing a simple, 

stable, and reproducible aggregated method for Ag-NPs without any aggregation agents in aqueous solutions. The ag-

gregation is induced by the process of centrifugation, water washing and ultrasonication. A mechanism based on the 

nonuniform distribution of capping ligands is proposed to account for the aggregated structure formation. UV-Vis-NIR 

extinction spectra and TEM allowed us to identify the existence of Ag-NPs aggregation. Further, due to the polydis-

perse mixture of Ag-NPs (20 - 65 nm) used in the present work, Ag-NPs are aggregated closely, which contribute to the 

observation of low-concentration SERS from the residual citrate layer or even the single-molecule SERS of R6G on 

aggregation. After the evaporation of droplet of Ag-NPs aggregation on the Si substrate, citrate or R6G could also be 

detected but with marked red- or blue-shifts. 
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1. Introduction 

Surface-enhanced Raman scattering (SERS) technique 

has proved to be a very effective analytical tool due to its 

high sensitivity, high selectivity, and fluorescence-quen- 

ching properties [1-4], which is a nondestructive tech-

nique that provides rich molecular information about 

molecules and molecular structures in the close vicinity 

of noble metal surfaces such as gold and silver [5-8]. 

With down to single molecule sensitivity with intrinsic 

molecular signature, it has become a promising technique 

for characterization and detection of a variety of mole-

cules [9-15]. 

One highly promising approach for the design of 

SERS substrates involves the positioning or fabrication 

of nearly adjacent metallic nanostructures with nanoscale 

gaps [16]. Gaps between adjacent metallic nanostructures 

have been shown to support extremely intense local elec- 

tromagnetic fields, known as “hot spots”, upon optical 

excitation [17-20]. Roughened metal surfaces and dried 

colloids are common used to generate the “hot spots”, 

but they cannot yield reproducible SERS spectra because 

of irreproducible SERS substrates or different orientation 

of analytical molecules on a metal surface [8]. Noble 

metal NPs aggregation structure in aqueous solution is a 

better SERS substrate for reliable and convenient detec-

tion for any analytes compared to solid nanostructures. 

Furthermore, because of the limited influence of waters, 

SERS, compared with infrared spectroscopy, is a better 

fit for the main analytical systems that reside in water 

[20]. In general, Ag-NPs aggregation are induced by us-

ing aggregation agents such as electrolytes (nitric acid, 

metal halide or sulfate salts) [8,10,21]. Especially, cit-

rate-reduced silver colloids aggregated with MgSO4 can 

give very large SERS enhancement of DNA or proteins 

[8,10]. However, the existence of the aggregation agents 

may have an adverse effect on the analytes. For example,  *Corresponding author. 
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halide-aggregated silver colloids are unsuitable for SERS 

studies of anionic analytes since the added halide ions 

form a strongly bonded surface layer which repels anions 

[22,23]. Although these aggregations can be used some-

times as excellent SERS substrates under defined ex-

perimental conditions, the instability and uncontrollable 

aggregation issues also limit their use. 

As far as I know, there is only one previous study where 

SERS signals in aqueous solution could be obtained for 

single-molecular R6G by the utilization of Ag-NPs aggre-

gation induced without aggregation agents [24], and few 

SERS-based studies have reported the direct detection of 

low-concentration citrate for the citrate-reduced silver na-  

noparticles (Ag-NPs). In the present study, Ag-NPs were 

aggregated by the treatment of two cycles of centrifugation, 

removing the supernatantand and ultrasonication and one 

time of water washing. The procedure of centrifugation 

and water washing is used for eliminating the excess sur-

face charge provided by citrate anions. Such an aggrega-

tion is most likely due to the nonuniform distribution of 

capping agents on the Ag-NP crystal surfaces caused from 

the ultrasonicationand preferred interactions of the un-

capped nanoparticle regions. Importantly, on the basis of 

strong aggregation of Ag-NPs with polydispersity in 

aqueous solution we have developed a simple SERS de-

tection method for the low-concentration citrate group and 

even the single-molecular R6G. The procedure of aggre-

gation and SERS determination of citrate and R6G is 

shown in Scheme 1. But SERS spectra of the negatively 

charged folic acid and several proteins selected here can-

not be observed due to the influence of the charge repel-

ling or the bulk effect. 

2. Experimental 

2.1. Chemicals 

Trisodiumcitrate, AgNO3, rhodamine 6G (R6G), bovine 

serum albumin (BSA), catalase, pepsin, cytochrome c, avi- 

din, lysozyme and folic acid were purchased from Sigma- 

Aldrich. Nanopure water (18.2 MΏ·cm), purified by a Mil-

lipore system, was used throughout the experiment. 

2.2. Preparation of Silver Colloidal Suspension 

The Ag-NPs were prepared via reduction of AgNO3 with 

sodium citrate, based on the modified method reported by 

Lee and Meisel. Briefly, 18 mg AgNO3 was dissolved in 

100 mL distilled water. This solution was heated until 

boiling. Then, a 10 mL aliquot of 1% sodium citrate was 

added into the solution and boiling was kept for 1 h. This 

colloidal Ag-NP suspension is called 1×. The synthesized 

colloidal Ag-NPs were characterized with transition elec-

tron microscopy (TEM) and UV-Vis-NIR Spectroscopy. A 

TEM image of the Ag-NPs is provided in Figure 1A, the 

colloidal suspension contains several sizes and shapes of 

Ag-NPs with an average diameter of 40 nm. The maximum 

of the absorption on the UV-Vis-NIR spectrum was ob-

served at ~415 and 470 nm (Figure 2A). In order to in-

crease the number of the Ag-NPs and form the aggregated 

structure in the colloidal suspension, 1 mL original suspen-

sion was centrifuged at 1500 rpm for 5 min and 0.9 mL 

supernatant removed with the help of a pipet to bring 0.1 

mL concentrated 10 × Ag-NPs which was further proc-

essed with ultrasonication for 5 min and re-dispersed into 1 

mL with ultrapure water. Then, the treatment of the cen-

trifugation, supernatant remove and ultrasonication hap-

pened again without washing with water, which brought 

the final concentration Ag-NPs aggregation (0.1 mL). This 

concentrated Ag-NP aggregation was used for SERS ex-

periments of citrate and all analytes. 

2.3. SERS Measurements 

SERS of citrate were directly determined by putting the 

suitable Ag-NPs aggregate solution into a quartz glass 

capillary without any other treatment. The R6G, folic 

acid or proteins aqueous solutions mixed with the treated 

Ag-NPs aggregation according to 1:10 proportion and 

put into a quartz glass capillary for Raman measurement. 
 

 

Scheme 1. Schematic illustration of the aggregating process of Ag-NPs by the proposed method and used as the substrate for 

SERS analysis of citrate and R6G. 
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Figure 1. (A) TEM image of the original citrate-reduced Ag-NPs prepared by the present method; (B) The size distribution of 

Ag-NPs with polydispersity. 

 

All SERS spectra were measured with a Renishaw mi-

cro-Raman system (RM 2000), and the 785 nm line of a 

NIR diode laser was used as an excitation source. The 

signal was calibrated by using the 520 cm−1 line of a Si 

wafer and a 50 × objective. The typical exposure time for 

each SERS measurement in this study was 20 s. Spectra 

were recorded in the 200 - 4000 cm−1 region. After SRES 

spectra collection, we did not treat them except for base-

line correction. 

3. Results and Discussion 

TEM measurements (Figure 1A) ensured us that various 

shapes of prepared particles such as ellipsoid, rod, sphere 

or their aggregation were contained with wide range of 

sizes, 20 - 65 nm (Figure 1B), as supported by a little 

local surface plasmon peak at 415 nm with accompany-

ing a distinct shoulder at longer wavelength 470 nm 

formed by the local aggregation of Ag-NPs in extinction 

spectra (Figure 2A-a). These observations are in contrast 

to those for the nanoparticles (size in 50 - 90 nm) prepared 

by the same method but with less amount of reducing 

agents sodium citrates [8,17] or by the microwave 

method [13,24], which are not only isolated in solution 

but also homogeneous in shape and sizes, and only with a 

sharp localized surface plasmon peak at 400 nm in ex-

tinction spectra. Aggregated particles prepared here fa-

cilitated us to investigate their function as the SERS sub-

strate. 

It is well known that citrate-reduced Ag-NPs are stabi-

lized by a surface layer of silver citrates, with pendant 

negative groups [25]. In the present of appropriate Ag- 

NPs aggregation, citrate group should be examined by 

SERS. But we cannot observe the Raman spectrum of 

citrate from the original solutions. Since the EM field 

between the Ag-NPs increases when the gap distance 

decreases, the shorter gap distance can lead to a stronger 

EM field and, therefore, an increased SERS signal. 

Above the consideration of this aspect, the aggregation 

presented in the original Ag-NPs solutions should be 

enhanced further. 

Generally, the aggregation process of Ag-NPs is in-

duced by the addition of acid or activating ions, for ex-

ample, Cl
− or SO42− [8,10,21]. In this contribution, we 

wish to report on a facile preparation route that relies on 

the decreasing of the capping citrates on the surface of 

Ag-NPs leading to their aggregation. Also, the degree of 

aggregation can be controlled by facile adjustment the 

amounts and distribution of charges on the Ag-NPs sur-

face. Previously, Zhu and coworkers reported a nanopar-

ticles assembly method through controlling the distribu-

tion of charges on gold nanoparticles [26,27]. Here, in 

order to increase the number of the Ag-NPs in the col-

loidal solution and decrease their gap distance, the origi-

nal suspension was centrifuged and a portion of super-

natant was removed to bring the final concentration to 10 

× Ag-NPs. Disappointedly, on this occasion the SERS 

analysis of residual citrate cannot be observed all the 

same (Figure 3-a). This may be because the one cycle of 

treatment process of centrifugation, removing the super-

natant and ultrasonication cannot decrease the amount of 

charges, but only increase the concentration of NPs and 

reduce the distance of neighboring Ag-NPs. 

Figure 2A-b shows UV-Vis spectra of the aggregated 

Ag-NPs solution after one cycle (Ag-1) of the centrifuga-

tion, removing the supernatant, ultrasonication and ul-

trapure water dilution treatment by the present method 

(Scheme 1). Similar to the sample Ag-blank, Ag-NPs 

also exhibit a relative good state of monodispersity, even 

after the removal of most stabilizing agents. It reveals 

that the process of concentration cannot induce the effec-

tive aggregation for SERS analysis, which is also con-

firmed by TEM (not shown). 

Generally speaking, the citrate anions were chemi-

sorbed and in no way washed away by pure water [28]. 

Actually, in the conditions of the low concentration of 

citrate anion, the ultrasonication can induce the nonuni-

orm distribution of negative charges which result in the f  
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Figure 2. (A) UV-Vis-NIR spectra of an original citrate-reduced Ag-NPs solution (a, Ag-blank), and Ag-NPs aggregated solu-

tions after one cycle (b, Ag-1), two cycles (c, Ag-2), three cycles (d, Ag-3), and four cycles (e, Ag-4) of centrifugation, removing 

the supernatant, ultrasonication and water dilution, respectively; (B) TEM image of the Ag-NPs aggregation after two cycles 

of the treatment process of centrifugation, ultrasonication and water dilution. 

 

 

Figure 3. SERS spectra of citrate group in the concentrated 

10 × Ag-NPs solutions (a) and (b) with one cycle of ul-

trapure water dilution, centrifugation, removing the su-

pernatant and then ultrasonication for 10 × Ag-NPs. 

 

formation of larger aggregation [27]. It indicates that the 

ultrasonication plays a major role in the aggregation 

process of Ag-NPs of the proposed method here. 

Figure 2B shows the TEM image of Ag-NPs aggrega-

tion prepared from 1 mL of two cycles of centrifugation, 

removing the supernatant, ultrasonication and water dilu-

tion (Ag-2). The close aggregation of Ag-NPs can be 

seen everywhere, and the amount of isolated Ag-NPs and 

small assembly parts are decreased apparently. The state 

of the aggregation in solution was also revealed by the 

UV-Vis-NIR extinction spectrum, Figure 2A-c. First, the 

absorption intensity of isolated Ag-NPs and small ag-

gregation is decreased obviously compared with the un-

treated solution. Second, broad bands were observed at 

above 800 nm in UV-Vis-NIR spectra of the aggregated 

silver solutions after two cycles of processes. It enables 

us conclude these particles are most aggregated in solu-

tion. According to the surface plasmon resonance (SPR) 

of silver aggregation, we chose 785 nm as an excitation 

wavelength for electromagnetic enhancement [29,30]. 

Exhilaratingly, intense SERS spectra of citrate were ob-

tained on the Ag-NPs aggregation after one cycle of ul-

trapure water dilution, centrifugation, removing the su-

pernatant and then ultrasonication for 10 × Ag-NPs. 

Figure 3-b shows the SERS spectra of citrate, and the 

bands are consistent with the values being assigned pre-

viously [21,25]. The SERS frequency and relative inten-

sity of each band together with tentative assignments of a 

number of citrate bands are reported in Table 1. The 

principal band is at 1388 cm
−1, which is assigned as the 

carboxylate symmetric stretching mode from citrate, 

vs(COO). When compared with the Raman spectrum of 

trisodium citrate in solution (~1417 cm−1), this band is 

broadened and blue-shifted, indicating interactions be-

tween the carboxylates and the silver surface. This is also 

supported by the decreasing of the bands at 1291 and 

1243 cm−1 which are associated with the carboxylate 

deformations, δ(COO). A strong increase in relative in-

tensity is observed for the band at 1018cm−1, which is 

tentatively assigned to the carbon-oxygen stretch, v(C-O), 

of the tertiary alcohol. The bands at 944 and 832 cm−1 are 

assigned to the three carbon-carbon stretching modes, 

v(C-COO), and also the strong intensity of the band at 

798 cm−1 is associated with the carbon-oxygen symmet-

ric stretching mode, vs(CCCC-O). Differently, a new 

band at 560 cm−1 was observed, which is never reported 

previously. And it is assigned as the carboxylate in-plane 

bending vibration mode, v(COO), and the weak band at 

738 cm−1 could be its out-plane bending vibration. The 

reproducibility of these bands has been confirmed, three 

determinations for different samples are carried out at 

different laser power and the results are shown in Figure 

4. In addition, an acute weak peak was also observed at 

1632 cm−1. When similar band in this general region was 
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Figure 4. The mean SERS of citrate group in the concen-

trated Ag-NPs solutions prepared by the proposed method 

from different samples. Laser power at the samples (a), (b) 

and (c) were set at 25, 25 and 2 mW, respectively. 

 

Table 1. SERS frequencies and assignments for citrate at 

the surface of Ag-NPs aggregation. The values in parenthe-

ses are the relative intensities of each band with respect to 

the principal band (~1388 cm
−1

). 

Frequency (cm−1) assignment Frequency (cm−1) assignment 

1388 (1.00) vs(COO) 944 (0.75) v(C-COO) 

1291 (0.44) δ(COO) 832 (0.56) v(C-COO) 

1243 (0.42) δ(COO) 798 (0.76) va(CCCC-O)

1077 (0.48) v(C-O) 738 (0.42) vout-plane(COO)

1018 (0.88) v(C-O) 560 (0.60) vin-plane(COO)

 

previously observed in SERS experiments, it was con-

vincingly argued that it was due to amorphous carbon 

created on the Ag surface by high intensity laser irradia-

tion [21]. In order to prove the assignment, a weak laser 

power at the sample at 2 mW was set, and this band is 

disappeared as expected and accordingly the other bands 

are all observed as mentioned above (see Figure 4-c). 

However, for preparing the stable Ag-NPs aggregation, 

the process of water washing could not increase beyond 

one time. An important observation is that, after two cy-

cles of ultrapure water dilution, centrifugation, removing 

the supernatant and then ultrasonication for 10 × Ag-NPs 

the resulting solution was very unstable, and increasing 

larger aggregation formed in the solution which will pre-

cipitate to the bottom of the centrifuge tube after a while. 

Figures 2A-d and -e show the UV-Vis-NIR extinction 

spectra of these samples obtained after two and three 

cycles of washing process. It can be seen that smaller 

Ag-NPs aggregation have disappeared, and follows the 

enhancing of the longitudinal band corresponding to the 

formation of larger aggregation. Although SERS spectra 

of citrates could also be observed for the position of 

Ag-NPs aggregation, we cannot obtain any signal at the 

blank part. The nonhomogeneity of Ag-NPs aggregation 

is not favorable of SERS analysis for analytes in aqueous 

solution. 

The efficacy of the Ag-NPs aggregation obtained by 

the proposed method is not limited to the citrate anions at 

the surface of Ag-NPs. We have also recorded strong 

SERS signals from 10
−12 mol/L level R6G, which is a 

well-known surface-enhanced Raman dye and has been 

used in single-molecule detection [31,32]. In the experi-

ment, the diameter of the laser bot is 1 µm, and the de-

termination depth for the sample is about 1 mm. Accord-

ingly, the determination volume of the laser for the sam-

ple is about 8  10−13 L. The concentration of R6G is 

prepared as 2.2  10−12 mol/L. As a consequence, the 

molecular amount of R6G in the determination is 1.05 

and it has reached the single-molecular detection level 

(Figure 5). The sensitive detection for R6G is benefited 

mostly by the electromagnetic enhancement caused by 

the Ag-NPs aggregation. Partly remaining negative 

charges on the Ag surface, and the decrease of the gap 

size among adjacent Ag-NPs, providing huge electric 

field, facilitated R6G cations to adsorb on the nanoparti-

cles, especially at the junction. Studies reveal that it is 

difficult to detect R6G molecules in the non-aggregated 

silver colloids at such low concentration [28]. Otherwise, 

there exist the strong electrostatic interactions between 

the citrate anions and the positive R6G molecules, which 

provides additional chemical enhancement by the elec-

tronic interaction between metals and adsorbed species. 

Further, the negative folic acid has also been experi 

mented. But its SERS spectra cannot be obtained except 

for that of citrate, which may be due to the charge repel-

ling between folic acid and citrate ions preventing the 
 

 

Figure 5. SERS spectrum of R6G in the Ag-NPs aggregate 

solution with one cycle of ultrapure water dilution, cen-

trifugation, removing the supernatant and then ultrasonica-

ion for 10 × Ag-NPs. t 
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Figure 6. Comparison of SERS spectrum of citrate anions (A) and R6G (B) in the Ag-NPs aggregation aqueous solution (a) or 

the dried Ag-NPs aggregation on the Si substrate (b). The symbol of * in this figure denotes the Raman signal from Si sub-

strate. 

 

Table 2. Comparison of SERS frequencies of citrate anions and R6G in aqueous solution and on Si substrate for citrate. 

Citrate R6G 

Frequency (cm−1) 

in aqueous solution 

Frequency (cm−1) 

on Si substrate 
Red-shift Δ (cm−1) 

Frequency (cm−1) 

in aqueous solution

Frequency (cm−1) 

on Si substrate 
Blue-shift Δ (cm−1)

1388 1515 127 1760 1642 118 

1077 1212 135 1627 1502 125 

1018 1153 135 1483 1357 126 

944 1078 134 1433 1306 127 

832 976 144 1308 1178 130 

798 938 140 1078 923 155 

560 757 197 913 773 140 

   758 612 146 

   716 566 150 

 

former onto or into close proximity with the Ag-NPs. In 

addition, except for the charge effect, the small gap size 

of the Ag-NPs aggregation has also restricted its use in 

the detection of macromolecules, such as proteins. We 

have tested two series of proteins: negatively charged 

ones (BSA, pepsin and catalase) and positively charged 

ones (cytochrome c, avidin and lysozyme). But no any 

typical bands originating from different amino acid resi-

dues are observed. Since the size of proteins is much 

larger than the size of R6G, as well as the residual citrate 

anions, which prevent to access the Ag surfaces for some 

groups of target proteins (e.g., COO-, tyrosine, and tryp-

tophan residues) by physical and hydrophobic interac-

tions. In addition, the small size of the spaces among the 

Ag-NPs in the aggregation could be another factor. Sec-

ondly, due to the smaller size of silver nanoparticles 

compared to those used in literatures (usual 50 - 90 nm) 

[8,33,34] and its nonuniformity the spaces among the 

Ag-NPs are very small, which permit the entry for small 

molecules like R6G and block macromolecules into the 

“spot dots”, such as catalase with the size of (6.02 ± 0.09 

nm) although with positive charges [35]. The absence of 

citrate bands from the spectra of the R6G shows that they 

also can not compete effectively with the protonated 

amino for the sites on the surface. There is clearly a “first 

layer” effect operating since the signals from the sur-

face-bound species dominate the spectra. 

In order to further demonstrate the reproducibility of 

the controlled assembly system, the SERS spectra of the 

aggregated status of Ag-NPs evaporation of water from 

the droplet on a quartz plate were investigated. We found 

that the signal of citrate group could also be observed as 

expected, but with marked red-shift for all peaks (shift 

about 135 cm
−1) (Figure 6A). The R6G SERS spectra of 

volatile aggregation of R6G/Ag-NPs mixture with the 

concentration mentioned above was also obtained. Nev-

ertheless, the signals are blue-shift differently (shift 

about 135 cm−1) (Figure 6B), which may be due to the 

orientation discrepancy for different molecules on the 

surface of Ag-NPs aggregation solid substrates when 

compared to that of the aqueous solution. Comparison of 

SERS frequencies in aqueous solution and on Si sub-
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strate for citrate and R6G respectively are shown in Ta-

ble 2. 

4. Conclusions 

On the basis of our experimental results, the SERS spec-

tra of the low-concentration citrate or the single-molecule 

R6G could be detected on the Ag-NPs aggregation pre-

pared by the proposed method. After two cycles of cen-

trifugation, removing the supernatant and ultrasonication 

and one time of water washing Ag-NPs can aggregate 

closely in aqueous solution without adding any aggrega-

tion agents. But the aggregating process cannot excess 

two cycles for the stability and reproducibility of the ag-

gregated systems. In the process of aggregation, ultra-

sonication plays a key role which lead to the nonuniform 

distribution of capping ligands. However, with the pre-

sent Ag-NPs aggregation, the negatively charged folic 

acid and two types of proteins selected here cannot be 

observed. This is attributed to poor adsorption of the 

anionic molecules to the Ag-NPs aggregation due to the 

charge repelling with the negatively charged citrate layer 

on the surface of the silver or the larger molecular size 

for proteins. In addition, after the evaporation of a drop-

let of Ag-NPs aggregation solution on the Si substrate, 

citrate or R6G could also be detected but with marked 

red- or blue-shifts. 

We believe that our approach provides a simple and 

efficient pathway to the rational development of nanopar- 

ticles aggregate systems, which can allow the detection 

of trace concentrations of not just known Raman markers, 

but also some positively charged small molecules. More 

NPs aggregation for SERS substrates with different met-

als or sizes will be further researched by this way of use-

less of aggregation agents for the detection of practical 

target molecules such as DNA, protein, biomarkers, plas-

tic explosives, and hazardous chemicals directly in aque- 

ous solution. 
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