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We report a facile method to prepare polymer-grafted plasmonic metal nanoparticles (NPs) that exhibit 

pH-responsive surface-enhanced Raman scattering (SERS). The concept is based on the use of pH- 

responsive polymers, such as poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH), as multi- 

dentate ligands to wrap around the surface of NPs instead of forming polymer brushes. Upon changing 

the solvent quality, the grafted pH-responsive polymers would drive reversible aggregation of NPs, 

leading to a decreased interparticle distance. This creates numerous hot spots, resulting in a secondary 

enhancement of SERS as compared to the SERS from discrete NPs. For negatively charged PAA-grafted 

NPs, the SERS response at pH 2.5 showed a secondary enhancement of up to 10
4

-fold as compared to 

the response for discrete NPs at pH 12. Similarly, positively charged PAH-grafted AuNPs showed an oppo- 

site response to pH. We demonstrated that enhanced SERS with thiol-containing and charged molecular 

probes was indeed from the pH-driven solubility change of polymer ligands. Our method is different from 

the conventional SERS sensors in the solid state. With pH-responsive polymer-grafted NPs, SERS can be 

performed in solution with high reproducibility and sensitivity but without the need for sample pre-con- 

centration. These findings could pave the way for innovative designs of polymer ligands for metal NPs 

where polymer ligands do not compromise interparticle plasmon coupling. 

 

Introduction 

Plasmonic metal nanoparticles (NPs) exhibit a unique loca- 

lized surface plasmonic resonance (LSPR), arising from the 

collective oscillation of free electrons on their surfaces resonat- 

ing with electromagnetic waves at specific wavelengths.1,2 

Based on the LSPR of plasmonic NPs, there has been tremen- 

dous interest in their use for chemical and biological sensing, 

e.g., surface-enhanced Raman scattering (SERS). SERS can 

amplify the Raman signal of organic molecules adsorbed onto 

metal NPs, due to the enhanced resonance of the local electric 

field intensity associated with plasmonic metal materials or 

NPs, e.g., silver NPs (AgNPs) and gold NPs (AuNPs).1,3–10 

Consequently, SERS stands as a potent tool with high sensi- 

tivity to detect target molecules at low concentrations.5,11–13 

During SERS-enabled detection when an incoming electromag- 

netic wave resonates with the coherent oscillation of free elec- 

trons, it generates an enhanced electric near field commonly 

referred to as ‘hot spots’. These hot spots have the potential to 

substantially amplify signals, often providing an enhancement 

factor in the range of 104 to 107.14 Controlled synthesis15,16 

and self-assembly of metal NPs17–19 can effectively create hot 

spots with a higher plasmonic field, as compared to the thin 

films and/or spherical NPs. This can be achieved through 

methods such as designing NPs with sharp edge or tip sites 

that produce a more intense local field and reducing the inter- 

particle distance between NPs with strong plasmon coupling. 

The interparticle plasmon coupling could occur when NPs are 

in close proximity, typically within a range of about 2.5 times 

their size. This proximity-induced interparticle coupling leads 

to the overlap of the two plasmon fields along with a notice- 

  able red shift in the average plasmon resonance peak wave- 
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the interparticle distance increases, the near-field plasmon 

coupling is diminished, leading to minimal SERS enhance- 

ment. Therefore, how to control the interparticle assemblies of 
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metal NPs as a means to enhance the SERS signal of molecular 

probes has been a key to improving the sensitivity in SERS 

detection.23,24 

In the wet-chemical approach, the interparticle distance of 

metal NPs is usually determined by their surface ligands. 

These ligands are organic molecules or polymers that cap the 

surface of metal NPs.25–28 An obvious example is the use of 

DNA as a spacer to vary the interparticle distance as demon- 

strated by Reinhard et al.22 The DNA “soft shell” could accu- 

rately control the assembly process via the biotin and digoxi- 

genin interaction to change the particle distance by the 

number of base pairs. With molecular ligands despite ill- 

defined clustered NPs, those ligand-modified NPs can aggre- 

gate when driven by external stimuli, such as pH, temperature, 

and hydrophobic force, leading to the formation of NP clusters 

that give rise to interparticle plasmon coupling.29–33 However, 

for larger plasmonic NPs, those molecular ligands are too short 

to balance the strong interparticle attraction and, therefore, 

offer poor colloidal stability in solution. Conversely, polymer- 

grafted plasmonic metal nanoparticles (PGNPs) are composed 

of polymer ligands grafted on metal NP cores.26,34,35 Polymer 

ligands with high steric hindrance provide remarkable colloidal 

stability to metal NPs. Upon changing the solvent quality to the 

polymer, PGNPs can cluster, allowing the precise control of the 

nanogap between adjacent metal NPs.36–40 Differences in chain 

lengths and the grafting density are two important character- 

istics to control the interparticle distance, and, consequently, 

manipulate plasmonic coupling. The typical polymer ligands, 

such as thiol-tethered polymers, can bind with metal NPs but 

with an extended brush-like conformation. Such brush-like 

polymer chains, even in their poor solvents, create a large inter- 

particle distance for the plasmon coupling of metal NPs.41–43 

Therefore, the SERS enhancement provided by PGNPs is usually 

on par with that of individual NPs.44–46 To achieve a shorter 

interparticle distance and a stronger interparticle plasmonic 

coupling, the manner in which polymer ligands bind to the 

surface of metal NPs is crucial. 

We herein report a facile method to prepare pH-responsive 

PGNPs where polymers can attach the surface of metal NPs to 

allow reversible aggregation and dispersion of the metal NPs 

in response to pH change. Our method is simply based on the 

use of pH-responsive polymers, e.g. poly(acrylic acid) (PAA)47,48 

or poly(allylamine hydrochloride) (PAH),49 through the “graft- 

ing-to” and in situ growth method, respectively. PAA and PAH 

have multiple weak binding motifs, e.g., COOH and NH2, 

respectively, where polymer chains with maximized binding 

would wrap the surface of metal NPs. When the pH is altered 

to trigger the solubility change of polymer ligands, strong 

plasmon coupling was evidenced from the dramatic color 

change and the LSPR shift in the UV-vis spectra. The NP aggre- 

gates exhibited a reduced interparticle distance to create hot 

spots for the “second” SERS enhancement of additional 103– 

104 fold, as compared to the SERS observed on discrete NPs 

(Scheme 1). With those charged polymer ligands, two types of 

SERS probes have been examined: thiol-containing and/or 

charged molecules. One of the advantages is that SERS detec- 

 

 

Scheme 1 A flow chart showing pH-responsive SERS detection with 

PAA-grafted AgNPs. 

 

 

tion could be done in water with high reproducibility and 

reversibility. There is no need for additional purification or 

pre-concentration steps for sample analysis. The analysis does 

not require any time-consumable synthesis, and all materials 

used in this study, including polymers, are readily available at 

low cost. The SERS enhancement could be turned ON and OFF 

by switching the pH to vary the hydrophobicity of polymers. 

The versatility of our method enables the detection of a broad 

range of substrates including glucose and pesticides, directly 

from solution measurement. 

 

 

Results and discussion 

pH-responsive PGNPs 

PAA-modified NPs were prepared through a one-phase ligand 

exchange in water. Typically for AgNPs, 40 mL of citrate- 

capped AgNPs (0.1 mg mL−1, 27 nm) was first centrifuged and 

about 100 µL of the concentrated solution was collected.50 

5 mg of PAA (MW: 1200 g mol−1) was dissolved in 20 mL of de- 

ionized water. Then, the concentrated solution of AgNPs was 

added dropwise to the PAA aqueous solution under vigorous 

sonication. The mixture was incubated for 24 h at room temp- 

erature. The free PAA was removed by centrifuging three times. 

PAA has a pKa of 4.5.51 The pH-responsiveness was examined 

by titrating with 50 mM H3PO4 (note that HCl reacts with 

AgNPs). As given in Fig. 1a, PAA-grafted AgNPs have a yellow 

color at natural pH, and it changed to a greenish black color at 

pH 2.5 (Fig. 1a). The LSPR peak of AgNPs had a redshift from 

414 nm to 673 nm, suggesting the aggregation of PAA-grafted 

AgNPs upon the addition of acid. The acid can trigger the 

aggregation of PAA-grafted AgNPs because the re-protonation 

of PAA makes it less soluble in water. This aggregation is com- 

pletely reversible. It could be disassembled by titrating with 

0.05 M of NaOH solution. Fig. 1a shows the recovery of the 

yellow solution color at pH 12. From UV-vis, the LSPR peak 

recovered to 414 nm with decreased absorbance due to 

dilution (Fig. 1d). This change was further revealed by trans- 

mission electron microscopy (TEM). Fig. 1c shows the repre- 

sentative TEM image of PAA-grafted AgNPs at pH 12. AgNPs 

were well-dispersed under basic conditions because the nega- 
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Fig. 1 (a and b) pH-responsiveness of (a) PAA-grafted AgNPs (0.2 mg 

mL−
1

 of AgNPs) and (b) PAA-grafted AuNPs. The color change was trig- 

gered by adding 0.5 M phosphate acid (H3PO4) and sodium hydroxide 

(NaOH) to tune the solution pH. (c and f ) TEM images showing mor- 

phologies of PAA-AgNPs at pH values of (c) 2.5 and (f ) 12. (d) UV-vis 

spectra showing the LSPR change of PAA-grafted AgNPs and (e) PAA- 

grafted AuNPs at different pH values. (g and h) Reversibility of the LSPR 

shift of (g) PAA-grafted AgNPs and (h) PAA-grafted AuNPs upon titration 

with H3PO4 and NaOH alternatively. (i and j) SAXS patterns of AuNPs: 

citrate-capped AuNPs (i) and PAA-grafted AuNPs ( j) measured in water. 

 

 

 

tively charged PAA on the surface of AgNPs is water-soluble 

and provides strong electrostatic repulsion to prevent the 

aggregation of AgNPs. At pH 2.5, PAA-grafted AgNPs aggre- 

gated under acidic conditions since the re-protonation of PAA 

is not water-soluble and triggers the disordered assembly of 

AgNPs (Fig. 1f). The assembly and disassembly of AgNPs are 

completely reversible to the pH change. Fig. 1g shows the 

reversibility switch of the LSPR peak by alternatively adding 

20 µL of 0.05 M H3PO4 solution and 0.05 M NaOH solution to 

the aqueous solution of PAA-grafted AgNPs. The corresponding 

LSPR shifted between 414 nm and 673 nm with a decrease in 

absorbance during each cycle. Those results confirm that PAA 

can tune the assembly and disassembly with good reversibility 

and reproducibility. Note that, without PAA, the aggregation 

caused by an acid or base is irreversible. 

This method is applicable to AuNPs as well. After similar 

surface modification with citrate-capped AuNPs (12 nm), PAA- 

grafted AuNPs (0.2 mg mL−1) are colloidally stable with an 

LSPR of 524 nm (Fig. 1h). Fig. 1b shows the color switch from 

red gradually to purple and then to blue with the addition of 

H3PO4 solution. From the UV-vis spectra, the LSPR peak of 

PAA-grafted AuNPs changed from 524 nm to 611 nm at pH 2.5. 

Similarly, the increase of acidity can lower the solubility of PAA 

to trigger the aggregation of AuNPs. The red color of discrete 

AuNPs could be recovered by adding NaOH (Fig. 1b), along 

with the shift of the corresponding LSPR peak to 524 nm 

(Fig. 1e). Likewise, the reversibility and reproducibility are 

similar to that of PAA-grafted AgNPs (Fig. 1h). 

To get more insights into the reversible and strong LSPR 

coupling of PAA-grafted AuNPs, small-angle X-ray scattering 

(SAXS) was used to estimate the shell thickness of polymer 

ligands. The scattering profiles are given in Fig. 1i and j. A 

core–shell spherical model (CSS) was applied to citrate-capped 

and PAA-grafted AuNPs. The shell thickness in the case of 

PAA-AuNPs is <10 (±1) Å, suggesting that the COOH groups 

closely adhere to AuNPs and the PAA chains wrap the surface 

of AuNPs instead of forming extended polymer brushes in 

PGNPs. While PAA-grafted NPs show a fully reversible color 

switch under an acid and base, PAA as ligands should have a 

surface coverage on NPs to avoid irreversible aggregation. For 

PGNPs, there have been a few reports on charged polymers, 

e.g. copolymers of PAA as ligands for plasmonic NPs.52–56 For 

example, the copolymers of poly(styrene-co-acrylic acid) could 

show strong plasmon coupling similar to that of PAA.52 It is 

very likely that multiple carboxyl acid groups would change the 

confirmation of polymers bound with NPs. 

Likewise, the pH-responsiveness of PGNPs can be applied 

to PAH that has opposite responsiveness to an acid/base, i.e., 

dispersed in an acid and aggregated in a base. Therefore, we 

prepared AuNPs with PAH through a thermal reduction 

method with PAH as a reducing agent under reflex con- 

ditions.49 The as-synthesized PAH-grafted AuNPs were purified 

by centrifuging the solution three times and redispersed in DI 

water. The TEM image in Fig. 2b reveals the average size of 

 

 

Fig. 2 (a) Pictures showing the pH-responsive properties of PAH- 

grafted AuNPs with 0.5 M NaOH solution and 1 M HCl solution. (b) TEM 

images showing the morphologies of PAH-AuNPs at pH values of 1 (left) 

and 13 (right). (c) UV-vis spectra showing the LSPR peak of PAH-AuNPs, 

and the corresponding LSPR peaks at pH values of 1 and 13. 
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AuNPs, around 37 nm. PAH-grafted AuNPs show a single LSPR 

peak at 540 nm. 

The pH-responsiveness of PAH-grafted AuNPs was exam- 

ined similarly. Upon titrating with NaOH solution to pH 13, 

the solution color changed from deep red to purple. From UV- 

vis spectroscopy, a new LSPR peak was observed at 648 nm. 

This indicates that the addition of a base could induce the 

aggregation of PAH-grafted AuNPs. Upon adjusting the pH to 1 

by adding 1 M HCl solution, the color changed to red. The 

LSPR peaks at longer wavelengths disappeared and a single 

LSPR peak was observed at 543 nm with a decreased intensity 

due to dilution. However, there was a notable tail on the LSPR 

peak of disassembled AuNPs, presumably due to the high 

binding strength of amines to AuNPs. The pH-responsive 

aggregation was monitored by TEM. As shown in Fig. 2b, the 

PAH-AuNPs were well distributed at pH 13 while more dis- 

persed AuNPs were seen at pH 1. This suggests that the solubi- 

lity of charged PAH on the surface of AuNPs could also reversi- 

bly shift the plasmon coupling of AuNPs, similar to that of 

PAA but in an opposite fashion. 

SERS of molecular thiolates 

SERS uses the inelastic light scattering of molecules absorbed 

on plasmonic NPs. To get better sensitivity, creating a nanogap 

as a “hot spot” can enhance the local field strength to improve 

sensitivity. The typical interparticle distance in polymer- 

grafted NP assemblies is in the range of 5–20 nm. The SERS 

enhancement factor, therefore, is usually low. For example, in 

the case of gold nanorods (AuNRs), the end-to-end self-assem- 

bly guided by hydrophobic polystyrene (PS) can enhance the 

Raman signal of oxazine; but, the SERS enhancement factor is 

only about 2–3 fold, as compared to individual AuNRs.44 With 

molecular ligands, the SERS enhancement factor could 

increase to two orders of magnitude in the clusters of spheri- 

cal AuNPs.18 

In both cases of PAA and PAH, we have observed strong 

plasmon coupling with a change in pH. We therefore further 

examined how the formation of the hot spot upon disorder 

aggregation would improve their SERS enhancement in solu- 

tion. Taking PAA-grafted AgNPs as an example, we used 

4-nitrothiophenol (4-NTP, Fig. 3a) as a Raman reporter to 

chemically bond to AgNPs through metal-thiolate.57,58 In PAA- 

grafted AgNPs under natural conditions, we first added 4-NTP at 

a concentration of 1 µM and the solution was incubated for 

5 min before any measurement. The SERS measurements were 

done in solution with a starting volume of 130 µL in a testing 

tube by titrating with 0.5 M H3PO4 and 0.5 M NaOH. At pH 2, 

the typical SERS vibration peaks of 4-NTP can be identified. The 

Raman peaks at 1100, 1343 and 1571 cm−1 correspond to the C– 

H bending, the symmetric stretching of NO2 and the C–C 

stretching of the phenyl ring. In contrast, when the pH 

increased to 12, no 4-NTP SERS vibration bands were observed. 

The results strongly suggested that the assembled PAA- 

grafted AgNPs would significantly enhance the SERS response 

due to the formation of interparticle hot spots, while the well- 

dispersed PAA-grafted AgNPs under basic conditions did not 

 

 

Fig. 3 (a) SERS response of 4-NTP at a concentration of 1 µM on PAA- 

grafted AgNPs at pH 2.5 and 12. (b) SERS spectra of 4-NTP with 

PAA-AgNPs assemblies at a pH value of 2.5 at different testing sites. (c) 

SERS response of PAA-AgNPs for 4-NTP at a concentration range of 

0.01–10 µM. (d) The plot showing the intensity changes of the strongest 

peak at 1343 cm−1

 at different pH values by continuously adding 0.5 mM 

H3PO4 solution. 

 

 

 

strongly enhance the SERS signal due to the lack of interparti- 

cle plasmon coupling. Fig. 3b shows the highly reproducible 

spectra at different locations of the solution. Given the solu- 

tion uniformity and homogeneity, the solution SERS is more 

reproducible than the conventional SERS performed on a solid 

substrate. It should be noted that SERS measurements were 

carried out without any sample pre-purification or pre-concen- 

tration. Meanwhile, we examine the SERS signal at different 

positions in solution. All spectra have similar peak intensities, 

and the average count is (8.1 ± 0.2) × 103 at 1343 cm−1. 

Therefore, pH-triggered aggregation would enhance the SERS 

response at least by 8000 fold for 4-NTP. 

To examine the SERS sensitivity of PAA-grafted AgNPs, the 

different concentrations of 4-NTP were examined. The final 

substrate concentration ranges from 10 µM to 10 nM, while 

20 µL of 0.5 M H3PO4 solution was added to trigger the assem- 

bly of AgNPs. Fig. 3c shows the Raman spectra of 4-NTP at 

various concentrations. The plot in Fig. 3d is the logarithm 

concentration against the peak intensity at 1343 cm−1. The 

linear relationship is seen, and the detection limit is down to 

10 nM without optimizing the concentration of AgNPs. The 

calculated detection limit of 4-nitrothiophenol using PAA-Ag is 

3.3 × 10−7 M, close to that on gold and silver-based SERS 

sensors in solid films or on chips usually in the range of 10−8– 

10−9 M.59,60 One of the advantages in solution is that SERS 

detection could be done in water with high reproducibility and 

reversibility. No additional purification or pre-concentration 

steps are needed for sample analysis, different from the solid 

state. The relatively broad concentration range suggests that 

there is great potential to use PAA-grafted AgNPs in SERS 

sensors in solution. 

To confirm whether the enhancement is from the solubility 

of polymers, the SERS intensity of 4-NTP against pH was 
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examined during acid titration while fixing the concentration 

of 4-NTP at 1 µM. Fig. 4a plots the SERS spectra of 4-NTP in 

the course of decreasing the pH to 2.5. There was a clear 

increase of the peak intensity by lowering the pH. The 

maximum peak intensity at 1343 cm−1 was plotted against the 

pH of the solution as displayed in Fig. 4b. An abrupt intensity 

transition was seen at pH ∼4, close to the pKa of PAA. The 

results are strongly indicative of the SERS enhancement from 

PAA-guided NP aggregation. In other words, lowering the pH 

resulted in the formation of hot spots by changing the solubi- 

lity of the PAA that wraps the surface of AgNPs. We should 

note that the slow titration of the acid would give a slightly 

lower SERS enhancement, likely due to the formation of small 

aggregates at a slower kinetics. Nevertheless, the second SERS 

enhancement triggered by pH is obvious as shown in Fig. 4b. 

Furthermore, the SERS response shows the reversibility at 

different pH values. By adding 0.5 M NaOH solution to pH 12, 

 

 

Fig. 4 (a) SERS response of PAA-grafted AgNPs for 4-NTP at 0.5 µM at 

different pH values of 2.5–12. (b) Plotting the peak intensity at 

1343 cm−1

 against the solution pH by titrating 0.5 mM H3PO4. (c) Raman 

spectra showing the pH-responsive SERS of 4-NTP with PAA-grafted 

AgNPs at pH values of 2.5 and 12, respectively. (d) Plotting the peak 

intensity of 4-NTP at 1343 cm−1

 at alternative pH values of 2.5 and 12. 

the SERS response of 4-NTP was minimum (Fig. 4c). With 

reverse titration of 0.5 M H3PO4, the typical vibration bands of 

4-NTP appeared. This process was highly reversible by chan- 

ging the pH several times, although the decreased peak inten- 

sity was seen (Fig. 4d). All results suggested that the SERS 

enhancement based on pH-triggered reversible aggregation 

could be switched between ON/OFF on demand for sensing 

applications. 

We further examined five typical Raman reporters, e.g., 

4-aminothiophenol, 4-mercaptopyridine, thiophenol, 4-mer- 

captophenylboronic acid (4-MCBA) and 4-mercaptobenzoic 

acid (4-MCTA), to investigate the generality of our approach. 

The results are summarized in Table 1. All reported counts 

were carried out with reporters at a concentration of 1 µM. The 

maximum peak intensities in the spectra were used to deter- 

mine the pH-driven SERS enhancement at pH 2.5. In all cases, 

there is no SERS response measurable at pH 12. By lowering 

the pH to 2.5, typical Raman vibration bands can be found 

with the SERS response (Fig. S1–S5†). The enhancement was 

3–4 orders of magnitude as compared to discrete AgNPs at pH 

12. The broad substrate ranges can be applied to a powerful 

SERS sensor for thiol-containing phenyl molecules. In 

addition, a similar SERS response has been observed for PAA- 

grafted AuNPs and PAH-grafted AuNPs (Fig. 5). At the same 

time, the solution-based enhancement is facile, fast and 

highly reproducible throughout the solution, potentially 

offering a complementary measurement of SERS in the solid 

state. 

PAH-modified NPs can also be applied to enhance SERS 

while the pH-response of SERS enhancement is opposite to 

that of PAA-modified NPs. Using PAH-grafted AuNPs as an 

example, 4-MCTA was first bound with AuNPs via the metal– 

ligand interaction (Fig. 5a). The concentration of 4-MCTA was 

kept at 10 µM. By adding HCl to lower the pH to 2.5, a weak 

SERS spectrum of 4-MCTA was seen. The peaks at 1074 cm−1 

and 1585 cm−1 are assigned to the C–H bending and the C–C 

stretching of the aromatic ring. The peak intensity at 

1074 cm−1 is 130 counts. After adding NaOH to pH 12 the 

mixture with the same concentration of 4-MCTA showed a 

much enhanced SERS response. The spectral intensity at 

1074 cm−1 increases to 5.8 × 103 counts, about 45-fold com- 

pared to the same sample under acidic conditions. 

 

 
 

Table 1  Summarization of the SERS intensity of different thiol-containing reporters 

 

Reporter pH Concentration (µM) Raman shift (cm−1) Intensity (counts) 

4-Aminothiophenol 12 1.0 1078 0 
 2.5 1.0 1078 2.7 × 104 
4-Mercaptopyridine 12 1.0 1003 0 
 2.5 1.0 1003 4.9 × 104 
Thiolphenol 12 1.0 1070 0 
 2.5 1.0 1070 3.4 × 103 
4-Mercaptophenylboronic acid 12 1.0 1070 0 
 2.5 1.0 1070 2.2 × 103 
4-Mercaptobenzoic acid 12 1.0 1076 0 

 2.5 1.0 1076 3.1 × 103 
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Fig. 5 (a) SERS response of PAH-grafted AuNPs for 4-MCTA at pH 

values of 1 and 13. (b) SERS response of 4-MCTA at a concentration 

range of 1–100 µM with PAH-grafted AuNPs. (c) SERS response of 

4-MCBA at pH values of 1 and 13 with PAH-grafted AuNPs. (d) Plotting 

the peak intensity at 1074 cm−1

 at a pH value of 13 against the concen- 

tration of 4-MCBA. 

 

 

Meanwhile, a similar substrate, such as 4-MCBA, shows an 

identical response to pH where much enhanced SERS signals 

were observed under basic conditions. 

SERS of charged reporters 

PAA-grafted metal NPs are negatively charged; therefore, they 

can bind with positively charged Raman reporters as well.61,62 

The electrostatic interaction between PAA and charged sub- 

strates provides alternative ways to board the target molecules. 

We chose rhodamine 6G (R6G, Fig. 6a) as a model compound 

 

 

Fig. 6 (a) SERS response of PAA-grafted AgNPs for R6G at 0.36 µM. (b) 

SERS spectra of R6G PAA-grafted AgNPs at pH 2.5 for different solution 

spots. (c) SERS response of R6G in the concentration range of 3.6 nM– 

3.6 µM with PAA-grafted AgNPs. (d) Plotting the peak intensity at 

1341 cm−1

 against the concentration of R6G. 

because it is a positively charged conjugated compound with a 

strong absorbance at 621 nm that resonates with AgNP aggre- 

gates. For SERS measurement, the solution of R6G was first 

added into 130 µL of PAA-AgNPs for 5 min. Then, 0.5 M H3PO4 

solution was added to the solution to trigger the aggregation 

of AgNPs with gentle shaking for 1 min. Fig. 5a shows the 

SERS spectrum of R6G measured at pH 2.5. The typical 

vibration bands of R6G can be observed at 1511, 1362 and 

1310 cm−1, assigned to the C–C stretching in aromatic rings 

and alkyl groups (Fig. 6a). The peaks at 1182 and 1125 cm−1 

are assigned to the C–H in-plane bending and the peaks at 610 

and 770 cm−1 are assigned to C–C–C ring in-plane bending 

and C–H out of plane bending, respectively. With the increase 

of pH by adding 0.5 M NaOH, there are no vibration bands 

under basic conditions (Fig. 6a). Those results suggested that 

PAA-grafted AgNPs could adsorb R6G through electrostatic 

interactions and enhance its SERS signal. In the absence of 

thiol in R6G, it was not chemically bound with AgNPs while 

the negatively charged PAA could physically adsorb R6G to 

allow SERS measurement. All tests were carried out four times 

(Fig. 6b). AgNP aggregates with R6G presented good reproduci- 

bility. The SERS spectra of R6G at different concentrations in 

the range of 3.6 nM to 3.6 µM were collected at pH 2.5 

(Fig. 6c). Similarly, the peak intensity of R6G increases with 

the concentration of R6G. Fig. 5d shows the plot of the concen- 

tration against the peak intensity at 1511 cm−1 in logarithm. A 

linear relationship was seen with the minimum detectable 

concentration down to 3.6 nM. 

The SERS response of R6G to pH has a similar trend to 

4-NTP. Fig. 7a shows the titration of PAA-grafted AgNPs and 

R6G with H3PO4 from pH 12 to 2.5. No peak of R6G was seen 

in the pH range of 12 to 7, because AgNPs were well-dispersed 

in water. The peaks of R6G appeared when the pH reached 6.5 

and the peak intensity gradually increased with a further 

decrease in pH (Fig. 7b). Similarly, the SERS enhancement was 

slightly smaller during titration as a result of kinetics-limited 

clustering of AgNPs. The reversibility of pH-responsiveness was 

confirmed by alternatively changing the pH value between 12 

and 2.5 (Fig. 7c and d). The R6G vibrational peaks were pro- 

nounced at pH 2.5 and all the peaks were minimum at pH 12. 

We also examined the variability of charged substrates 

(Table 2). Three Raman reporters including crystal violet, 

methylene blue and Nile Blue (Fig. S6–S8†) were chosen as 

positively charged substrates to bind with PAA electrostatically. 

All substrates were studied at a concentration of 0.4 µM. At pH 

12, no peaks were observed (Table 2), similar to that of R6G 

under the same basic conditions. In contrast, typical vibration 

bands were clear by adding H3PO4 to pH 2.5. For the crystal 

violet (Fig. S6†), the spectra show the main vibration peaks at 

1620 cm−1 for the C–C stretching of aromatic rings, 1372 cm−1 

for C–N stretching of the phenyl ring, 1175 cm−1 for in-plane 

aromatic C–H bending, and 803 cm−1 for out of plane C–H 

bending, respectively. For methylene blue (Fig. S7†), the 

typical peaks at 1618 cm−1 and 1500 cm−1 for the C–C stretch- 

ing of aromatic rings, 1397 cm−1 for symmetrical stretching of 

C–N, 1181 cm−1 for stretching of C–N, and 777 cm−1 for 
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Fig. 7 (a) SERS response of PAA-AgNPs for R6G at a concentration of 

1 µM at different pH values of ∼2.5–12. (b) The plot showing the inten- 

sity changes of the strongest vibration peak at 1509 cm−1

 at different pH 

values by continuously adding 0.5 mM H3PO4 solution. (c) Raman 

spectra showing the pH responsive SERS of R6G with PAA-AgNPs at pH 

values of 2.5 and 12, respectively. (d) The plot showing the strongest 

vibration peak intensity of R6G at 1509 cm−1

 at pH values of 2.5 and 12. 

Fig. 8 (a) Glucose detection using 4-MCBA with PAA-grafted AgNPs at 

concentrations of 0 mM to 1.11 mM of glucose in addition to 0.5 M 

H3PO4 solution. (b) Plotting the peak intensity of 4-MCBA at 1074 cm−1

 

vs. glucose concentrations of 0 mM to 1.11 mM. (c) Detection of methyl 

parathion using PAA-grafted AgNPs at a concentration of 17 ppm after 

adding H3PO4. 

 

  couples rapidly with boronic acid where the hydroxyl groups of 

glucose can form boronate covalently. In SERS spectra, the 

Table 2 Summarization of the SERS intensities of positively charged 

molecules 

vibration intensities of 4-MCBA at 1074 and 1586 cm−1 would 

decrease after adding glucose. In our experiments, we added 

glucose to the above mixture solution of PAA-grafted AgNPs 

and 4-MCBA. The concentration of glucose was varied from 

0 mM to 1.11 mM, slightly below the glucose concertation in 

blood to test the sensitivity. The corresponding SERS spectra 
were collected by adding H PO . In Fig. 8a, the peak intensity 

3 4 −1 

at 1074 and 1586 cm decreased by increasing the concen- 

 
 
 
 
 

 

stretching of in-plane bending, respectively. For Nile Blue 

(Fig. S8†), the Raman spectra exhibited prominent peaks at 

590 and 661 cm−1, corresponding to the deformations of C–C– 

C and C–N–C bonds, as well as the in-plane deformation of C– 

C–C bonds. Those SERS spectra suggest that the positively 

charged substrates with the electrostatic interaction with PAA 

can be detected through the SERS enhancement of AgNP 

aggregates. Therefore, the positively charged substrates could 

be trapped at the interparticle hot spots to develop their 

Raman detection method. 

 

Enhanced SERS to detect glucose and pesticides 

To explore more practical SERS applications, we have carried 

out both qualitative and quantitative analyses of glucose and 

pesticides. It is meaningful to design glucose detection in 

solution given the application of glucose sensing in blood 

samples. For glucose detection, PAA-grafted AgNPs were first 

modified with 4-MCBA at a concentration of 1.0 µM. Glucose 

tration of glucose. This suggested the reaction between the 

boronic acid and hydroxyl groups of glucose. The corres- 

ponding plot of the glucose concentration vs. the peak inten- 

sity at 1074 cm−1 is given in Fig. 8b. A linear relationship with 

the glucose concentration was observed. This indicated that 

pH-driven aggregation can be used to quantitatively detect 

glucose, which is a promising technique for medical sensors. 

We examined another application for pesticide detection. 

Methyl parathion is an extremely hazardous pesticide. Using 

PAA-grafted AgNPs, we recorded the SERS of methyl parathion 

at a relatively low concentration of 17 ppm. Methyl parathion 

is slightly zwitterionic and carries a few O atoms to bind with 

PAA through either electrostatic or hydrogen bonding. At 

17 ppm in solution, PAA-grafted AgNPs were not able to detect 

methyl parathion at pH 12 as discrete AgNPs. After decreasing 

the pH to 2.5, the typical vibration peaks of methyl-parathion 

were observed (Fig. 8c). 

 

Conclusions 

In summary, we demonstrated a general and facile method to 

prepare PGNPs that exhibit pH-responsive Raman enhance- 

ment. The concept simply relies on the conformation of 
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Reporter 

 
pH 

Concentration 
(µM) 

Wavelength 
(nm) 

Intensity 
(counts) 

Crystal violet 12 0.4 1621 0 
 2.5 0.4 1621 1.5 × 104 
Methylene blue 12 0.4 1618 0 
 2.5 0.4 1618 7.7 × 103 
Rhodamine 6G 12 0.4 1512 0 
 2.5 0.4 1512 5.8 × 103 
Nile blue 12 0.3 592 0 

 2.5 0.3 592 5.3 × 104 
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polymer ligands on plasmonic NPs. pH-responsive polymers, 

like PAA and PAH, serve as multidentate ligands with more 

binding sites wrapped around the surface of NPs. The pres- 

ence of PAA and PAH endowed pH-responsiveness to AgNPs 

and AuNPs. At pH 2.5, PAA-grafted NPs aggregated, exhibiting 

a strong plasmon coupling process that is fully reversible by 

adjusting the pH to 13. Meanwhile, the aggregates resulted in 

a smaller interparticle distance, providing numerous hot spots 

for the secondary enhancement of SERS. When PAA-grafted 

NPs were tested with thiolate and positively charged SERS 

probes under basic and acidic conditions, its SERS response at 

pH 2.5 showed a second enhancement of up to 104-fold as 

compared to the SERS response for discrete NPs at pH 12. The 

pH titration and the reversible experiments confirmed that 

this enhancement was derived from the surface ligands of 

PAA. It is different from the conventional SERS sensors in the 

solid state, where the SERS of PAA-grafted NPs could be per- 

formed in solution with high reproducibility and sensitivity. 

Similarly, positively charged PAH-grafted AuNPs showed an 

opposite response to pH. PAA-grafted AgNPs have been demon- 

strated for sensing glucose and pesticides in solution with 

reasonable sensitivity. This method we outline here could be a 

powerful tool for the design of polymer ligands for PGNPs 

where polymer ligands do not compromise interparticle 

plasmon coupling. 

 

Experimental 

Chemicals and materials 

All chemicals were purchased from Aldrich unless others 

noted. PAA has a molecular weight of 1.2 kg mol−1, and PAH 

has a molecular weight of 17.5 kg mol−1. Sodium citrate triba- 

sic dihydrate (>99.0%) and silver nitrate (AgNO3) (>98.0%) 

were purchased from Alfa-Aesar. The ultra-pure water was dis- 

tilled with a High-Q distillation system (model # 103S). 

Synthesis of AgNPs 

AgNPs were synthesized using a modified method of pre- 

viously reported literature.63 47.5 mL of deionized water was 

added in a 250 mL Erlenmeyer flask in a preheated water bath 

at 100 °C. Subsequently, 50 µL of ascorbic acid solution was 

injected into boiled deionized water. 2.5 mg of AgNO3 in 25 µL 

of water was mixed with 1 mL of sodium citrate solution 

(1 wt%). This solution was incubated for 5 min. It was quickly 

injected into the solution containing ascorbic acid. The reac- 

tion solution changed from colorless to yellow slowly. The reac- 

tion mixture was further boiled and stirred for an additional 

hour. The average size of AgNPs was 27 nm. 

Synthesis of AuNPs 

Citrated acid capped AuNPs were synthesized according to the 

previously referenced literature.38 100 mg of HAuCl4 was dis- 

solved in 1 L of DI water, and the solution was placed in a pre- 

heated water bath at 100 °C. 30 mL of 1 wt% of sodium citrate 

solution was quickly injected into the HAuCl4 solution and the 

mixture was stirred for 30 min. AuNPs were collected by centri- 

fuging at 11 000 rpm for 20 min. The average size of AuNPs 

was about 12 nm confirmed by TEM. 

Synthesis of PAH-AuNPs 

PAH-grafted AuNPs were synthesized using a modified method 

from previous literature.49 Typically, 9 mL of DI water was 

added to a 20 mL glass vial. 500 µL of 8 mg mL−1 HAuCl4 solu- 

tion and 500 µL of 40 mg mL−1 PAH solution were injected 

into the same vial with vigorous stirring for 30 min. The solu- 

tion was placed in a boiling water bath and the pale-yellow 

solution changed to red after 20 min. The solution was stirred 

for another 1 h. The solution was cooled down to room temp- 

erature and free PAH was removed by centrifuging three times. 

The purified PAH-AuNPs were redispersed to water for further 

use. 

Surface modification of AuNPs/AgNPs 

The surface modification of AgNPs was performed using the 

one-phase ligand exchange method. For example, 5 mg of PAA 

was first dissolved into 20 mL of water. Then, 40 mL of AuNPs 

solution was concentrated down to about 0.2 mL. The concen- 

trated AuNPs were slowly added into the PAA solution under 

vigorous stirring over a period of 24 h. PAA-grafted AuNPs were 

centrifuged three times to remove the free polymers. Similarly, 

citrate acid capped AgNPs were modified with the same pro- 

cedures, using AgNPs instead of AuNPs. 

pH-responsiveness of plasmonic NPs 

Using PAA-grafted AuNPs as an example, 700 µL of PAA-grafted 

AuNP solution was transferred into a 1 mL plastic cuvette. 

Then, 5 µL of 0.05 M H3PO4 solution was continuously added 

to the same cuvette to drive the aggregation. The solution was 

analyzed using UV-vis spectroscopy to record the changes in 

the LSPR. To investigate the re-dispersion of PAA-grafted 

AuNPs, 0.05 M NaOH solution was added to the above solution 

until pH reached 12 and the color changed to red simul- 

taneously. Meanwhile, the corresponding UV-vis spectra were 

recorded to monitor the change in the LSPR. By following 

similar steps, the reversibility was examined using H3PO4 and 

NaOH solutions at a much lower concentration. The aggrega- 

tion of positively charged PAH-grafted AuNPs was monitored 

similarly by adding 5 µL of 0.05 M NaOH solution. The disas- 

sembly was examined with 0.1 M HCl solution. The process 

was analyzed similarly. 

Surface-enhanced Raman spectra measurement 

SERS measurements were carried out on a portable Raman 

spectrometer (QE Pro, Ocean Optics) with a 785 nm laser. To 

avoid any variation from different laser wavelengths, all experi- 

ments were tested under laser irradiation with the same wave- 

length. At the same time, the 785 nm portable Raman spectro- 

meter has a spot size of ca. 1 cm; therefore, it provides an 

average SERS intensity with reliable readouts. For each Raman 

test, 130 µL of PAA-AgNP dispersion was injected into a 1.5 mL 

microcentrifuge tube. After adding the SERS probes to the 
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microcentrifuge tube, the solution was sonicated for 5 min. To 

induce the aggregation of NPs, e.g., PAA-grafted AgNPs for 

SERS, 20 µL of 0.5 M H3PO4 was added to the same tube with 

manual shaking. The solution color changed from pale-yellow 

to black and the corresponding pH was tested. Then 100 µL of 

the mixture was transferred in a microcap. The solution was 

placed under laser irradiation for recording SERS four times 

for different testing sites. For each Raman measurement, the 

spectrum was collected for 5 scans. Similarly, after adding 

NaOH solution to tune the pH, the same testing steps were 

applied for SERS measurement under basic conditions. 
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