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A B S T R A C T   

Developing a rapid, low cost and sensitive sensing strategy for undifferentiated detection and fast killing of 
bacterial pathogens are critical to alleviating bacteria infections. Here, we propose a direct photoreduction 
method to synthesize the SERS tag by integrating poly(4-cyanostyrene) nanoparticles (NPs) and silver ions, 
which are applied as bio-sensing system for bacteria sensing and fast killing. Under a focused laser spot, silver 
ions on the surface of the poly(4-cyanostyrene) NPs could be photoreduced into Ag NPs, thereby causing the 
Raman signal amplification of poly(4-cyanostyrene) NPs up to 40 times, and there is a good linear correlation 
between the Raman intensity of poly(4-cyanostyrene) NPs and different concentrations of Ag+. Moreover, 4-mer-
captophenylboronic acid, performing the same recognition function for both the Gram-positive and Gram- 
negative bacteria, is used as bridge between the bacteria and Ag+ by the inherent chemical bonding. Based on 
further constructed bio-sensing system, we achieved the quick count and killing of both Gram-positive bacteria, 
e.g., Staphylococcus aureus (S. aureus), and Gram-negative bacteria, e.g., Escherichia coli (E. coli). Notably, the 
sensing strategy can detect at least ~100 cells of E. coli, ~10 cells of S. aureus and ~10 cells of their mixture in 
less than 40 min. The detection accuracy for actual samples can also reach over 80% and the bacteria were 
entirely killed by Ag+ after the detection, avoiding bacterial contamination in the environment. This novel 
method is anticipated to perform as a simple yet effective tool for fast and sensitive bacteria counting and killing.   

1. Introduction 

Various pathogenic microorganisms have caused a widespread and 
important public health threat [1–4]. As few as 100 cells of Escherichia 
coli (E. coli) can result in severe illness and even fatal infections due to 
their strong vitality and rapid reproduction [5–7]. Therefore, the rapid, 
sensitive, and undifferentiated sensing method for quantifying bacterial 
cells plays an increasingly important role in multiple areas, such as 
disease prevention and safety supervision of drinking water and food 
[8–10]. Traditional culture-based methods, such as plate counting [11, 
12], are widely used for counting bacteria. However, these methods are 
particularly time-consuming (over 48 h), especially for slow-growing 
bacteria. The emerging methods based on enzyme-linked immunosor-
bent assay (ELISA) [13–15] and polymerase chain reaction (PCR) 
[16–18] are much faster than traditional methods. Regrettably, these 

technologies are still limited for point-of-care testing (POCT) by high 
cost, long time, low sensitivity, operational complexity, and strict 
experimental conditions. 

Recently, developing advanced sensing strategies to fast acquire the 
number of bacteria has triggered researchers’ wide attention. For 
example, fluorescent detection of metabolic molecule ATP [19,20] and 
“on-off” surface-enhanced Raman scattering (SERS) strategy based on 
the surface charge of bacteria might achieve fast bacterial quantification 
[21,22]. Nevertheless, bacteria below 1000 CFU/mL are difficult to be 
accurately judged by fluorescence detection due to the limitation of pM 
level detected ability (ATP content of each microbial cell is only fM). 
Moreover, the sensing detection based on surface charge will become 
inaccurate with the various size and shape of bacterial cells. To obtain 
the bacterial quantity timely with high sensitivity, several indirect SERS 
assays using triple-bond SERS tags that enabled the quantification of 
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specific pathogenic bacteria at low concentrations (10 CFU/mL) have 
been developed based on noble metal nanoparticles (NPs) [1,23,24]. 
Regrettably, the detection time (usually over 2 h) is still a challenge to 
reach the high requirement of POCT, and the uncontrollable aggregation 
of nanomaterials and poor reproducibility are also the biggest challenge 
of indirect SERS detection for bacteria quantification. In parallel to 
detection, the timely killing of bacteria after detection is also critical in 
daily life and clinics. However, the current sensing methods are 
low-effective considering the prevention of bacterial contamination 
because they need an additional operation to kill the bacteria after 
detection. Therefore, a rapid, sensitive, and convenient technique for 
timely quantification and killing of pathogen bacteria is urgently 
needed. Ag+ in terms of bacteria killing has attracted much attention 
because of its antibacterial activity, safety, and no drug resistance 
[25–27]. Furthermore, Ag+ is sensitive to laser irradiation and has been 
demonstrated to be photoreduced to Ag NPs in the presence of organic 
matters such as pyridine [28], biotin [28], sodium citrate [29], thio-
xanthone [30]. and sodium alginate [31], because they tend to perform 
as the electron donor due to the strong oxidization of Ag+ in the excited 
state. 

Here, we suggested a sensing strategy of photoreduced silver ions on 
the surface of poly(4-cyanostyrene) NPs (poly(4CNS) NPs) as the SERS 
tags for indirect bacteria quantification and killing. In this concept, we 
confirmed that the Raman signal of poly(4CNS) NPs can be significantly 
enhanced with the increased concentration of Ag+ under laser irradia-
tion and there is a good linear correlation between them. Based on this, 
we designed a sensing method for bacteria quantification and chemical 
killing. As shown in Scheme 1, the bacteria were first incubated with the 
4-mercaptophenylboronic acid (4-MPBA) solution at 37 ◦C for 15 min. In 
this way, enough 4-MPBA molecules were ensured to bound with both 
Gram-positive and Gram-negative bacteria based on the covalent bonds 
formed between the boronic acid group of 4-MPBA and the diol of 
peptidoglycan in bacterial cell walls, achieving the undifferentiated 
recognition to various bacteria [32–35]. Ag+ solution was then added to 
the solution of 4-MPBA-treated bacteria to combine with –SH of 4-MPBA 

and kill the most of bacteria [36,37]. The difference in bacterial con-
centration resulted in the different amounts of residual Ag+ in the 
supernate, which can be detected with poly(4CNS) NPs by Raman 
spectroscopy. Therefore, the sensing detection was achieved based on 
the good linear correlation between the Raman signal of poly(4CNS) NPs 
and bacteria concentration. The proposed method can achieve the 
counting of E. coli, Staphylococcus aureus (S. aureus) and their mixture as 
low as 100 CFU/mL, 10 CFU/mL, and 10 CFU/mL in 40 min, respec-
tively. The detection accuracy of actual samples can reach over 80%, 
and the killing efficiency of this method can nearly reach 100%, which 
show a great potential for the future POCT and killing of bacteria. 

2. Experimental section 

2.1. Materials 

The monomer of poly(4CNS) NPs, 4-cyanostyrene (C9H7N), was of 
95% purity and was obtained from Aladdin Industrial Inc. (Shanghai, 
China). Potassium persulfate (KPS) was of 99% purity and was pur-
chased from Sigma-Aldrich (U.S.A.). 4-MPBA was of 90% purity and was 
obtained by Sigma-Aldrich (U.S.A.). The metal ions used in this work, 
including silver nitrate (AgNO3), lead chloride (PbCl2), ferrous sulfate 
(FeSO4⋅7H2O), aluminum sulfate octadecahydrate (Al2(SO4)3⋅18H2O), 
copper dinitrate (Cu(NO3)2⋅3H2O), sodium chloride (NaCl), potassium 
chloride (KCl), manganese sulfate (MnSO4⋅H2O), nickel chloride hexa-
hydrate (NiCl2⋅6H2O), zinc sulfate heptahydrate (ZnSO4⋅7H2O), mag-
nesium sulfate heptahydrate (MgSO4⋅7H2O), Calcium chloride 
anhydrous (CaCl2), and Cobalt Chloride (CoCl2⋅6H2O) were of analytical 
grade and were provided by Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). The tryptone and yeast extract used for preparing 
Luria− Bertani (LB) broth were both obtained from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). The deionized water (18.2 MΩ/cm) 
used throughout the experiment was supplied by the Millipore-Q puri-
fication system. 

Scheme 1. Conceptual illustration of the constructed method for microbial detection and killing.  
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2.2. Bacteria culture 

E. coli DSM 4230 and S. aureus ATCC 91093 used in this study were 
purchased from China Center for Type Culture Collection. All bacterial 
strains were cultured in sterile LB broth at 37 ◦C with continuous 
shaking at 180 rpm/min until the bacteria concentration was up to 1 ×
107 CFU/mL. Afterward, the two initial bacteria solutions were first 
collected by centrifuging at 4000 rpm for 5 min at room temperature and 
then cleaned three times with deionized water before resuspending in 
the deionized water. Prior to the preparation of the test bacteria sample, 
the bacteria concentration was determined via the plating and culturing 
method. 

2.3. Preparation and characterization of poly(4CNS) NPs 

Poly(4CNS) NPs were synthesized via the emulsion polymerization 
method without a saponifier. The details were described as follows. 0.05 
g of 4-cyanostyrene was added into a 50 mL three-necked round- 
bottomed flask, and then 10 mL of water was added at room tempera-
ture. The mixture was then vigorously stirred at room temperature for 
30 min. Afterward, the 0.6 mL of KPS aqueous solution was added to 
induce the reaction under the protection of nitrogen when the oil bath 
was heated to 70 ◦C. The poly(4CNS) NPs were obtained after contin-
uous heating and stirring for another 2 h. The obtained polymer solution 
was naturally cooled down to room temperature and was further puri-
fied for one week via dialysis using a dialysis bag with a molecular 
weight of 3500 Da. The purified polymers were preserved at 4 ◦C for 
further use. The weight of 1 mL poly(4CNS) NPs was measured after 
drying at 40 ◦C overnight by an electronic balance (AL104, Mettler- 
Toledo, Shanghai, China) and the weight of 1 mL poly(4CNS) NPs was 
2.4 mg. Gel permeation chromatography (GPC) was used to obtain the 
molecular weight distribution of the poly(4CNS) NPs by Agilent PL- 
GPC50. During the detection, a liquid chromatography system equip-
ped with a UV–vis detector was used. Sample pretreatment refers to our 
previous work [38], the freeze-dried samples were dissolved with DMSO 
before being injected into the detection system. The morphology images 
of polymers were recorded by a ZEISS field-emission scanning electron 
microscope (FESEM) operating at 5 kV. The element characterization of 
polymers was carried out by SEM equipped with X-ray energy-dispersion 
spectroscopy (EDS) operating at 15 kV. Dynamic light scattering (DLS) 
and zeta potential were both measured using a Malvern Nano-ZSP90 
instrument. 

2.4. Quantitative analysis of Ag+ solution using Poly(4CNS) NPs 

A series of Ag+ solutions with ten different concentrations were 
prepared in deionized water for quantitative evaluation. The detail 
concentrations are 300 μM, 600 μM, 900 μM, 1200 μM, 1500 μM, 1800 
μM, 2100 μM, 2400 μM, 2700 μM and 3000 μM. Poly(4CNS) NPs at the 
concentration of 2.4 mg/mL and the different concentrations of Ag+

solutions were mixed with equal volume so that the final detected 
concentration of the Ag+ ion solutions were 150 μM, 300 μM, 450 μM, 
600 μM, 750 μM, 900 μM, 1050 μM, 1200 μM, 1350 μM and 1500 μM. 
The mixture was blended by vortex (MX-S Mixers, Scilogex, USA) and 
detected by Raman spectroscopy (Renishaw, UK). Each measurement 
was repeated at least three times. The calibration curve of Ag+ was 
performed by plotting the Raman intensity of poly(4CNS) NPs at the 
Raman shift of 2233 cm− 1 versus the different concentrations of Ag +

through Origin software. The images of the different mixtures were 
captured by a Canon camera. 

2.5. Detection selectivity experiment of metal ions 

The aqueous solutions of different metal ions, including AgNO3, 
PbCl2, FeSO4⋅7H2O, Al2(SO4)3⋅18H2O, Cu(NO3)2⋅3H2O, NaCl, KCl, 
MnSO4⋅H2O, NiCl2⋅6H2O, ZnSO4⋅7H2O, MgSO4⋅7H2O, CaCl2, and 

CoCl2⋅6H2O, were prepared with the concentration of 2 mM at room 
temperature. Afterward, 100 μl of poly(4CNS) NPs at the concentration 
of 2.4 mg/mL was mixed with 100 μl of the different metal ion solutions 
so that the final detected concentration of the metal ion solution was 1 
mM. The mixture was blended by vortex and detected by Raman spec-
troscopy. The different Raman intensity of poly(4CNS) NPs at the Raman 
shift of 2233 cm− 1 caused by different metal ions was displayed as a 
histogram through Origin software. The images of the different mixtures 
were captured by a Canon camera. 

2.6. Bacteria quantification using poly(4CNS) NPs 

Based on the counting results, the two bacteria solutions (E. coli and 
S. aureus) were firstly diluted to 1 × 107 CFU/mL, and then the bacteria 
cells were collected by centrifuging at 4000 r/min for 5 min. The bac-
teria mixture was prepared of E. coli and S. aureus with the ratio of 1:3. 1 
mM of 4-MPBA solution was prepared in ethanol (EtOH). 100 μl 4-MPBA 
solution and 900 μl ddH2O were added to resuspend the collected bac-
teria and the resuspended bacteria solution was incubated at 37 ◦C for 
15 min. Next, the bacteria solution was centrifuged at 4000 r/min for 5 
min and the excess 4-MPBA was removed. The bacteria cells were finally 
resuspended in deionized water and serially diluted to different con-
centrations as experimental groups, including 1 × 107 CFU/mL, 1 × 106 

CFU/mL, 1 × 105 CFU/mL, 1 × 104 CFU/mL, 1 × 103 CFU/mL, 1 × 102 

CFU/mL and 1 × 101 CFU/mL. Afterwards, 500 μl of bacteria solution at 
different concentrations was mixed with 500 μl of the Ag+ ion solution at 
the concentration of 4 mM. The mixture was incubated for 2 min at room 
temperature and then centrifuged at 4000 r/min for 5 min. Afterward, 
100 μl of the supernate was blended with 100 μl of poly(4CNS) NPs at 
the concentration of 2.4 mg/mL and detected by Raman spectroscopy. 
The calibration curve of E. coli, S. aureus, and their mixture was per-
formed by plotting the Raman intensity of poly(4CNS) NPs at the Raman 
shift of 2233 cm− 1 versus the different concentrations of the E. coli, 
S. aureus, and their mixture through Origin software. 

2.7. Raman measurements and data processing 

SERS measurements were carried out on a Renishaw inVia confocal 
Raman microscope spectrometer equipped with a 532 nm laser unless 
otherwise specified. The Raman spectra were acquired with glass 
capillary using a 20 × long-working-distance objective lens with a laser 
spot of 1.6 μm. For the Raman spectra over a spectral range from 1800 to 
2800 cm− 1, they were collected once with the integration time of 5 s and 
laser energy of 40 mW. For the Raman spectra over a spectral range from 
600 to 2800 cm− 1, they were collected once with the integration time of 
10 s and laser energy of 20 mW. The Raman spectra were then sub-
tracted baseline and smoothed by commercial WIRE 3.4 software. The 
fitting mode is selected as “Intelligent fitting”, polynomial order as 11, 
and noise tolerance as 1.50. 

2.8. Wide detection of bacteria in drinking water, lake water, and sour 
milk beverage 

The drinking water and sour milk beverage were obtained from a 
local supermarket. The lake water was obtained from the East Lake 
Scenic Area of Wuhan. Target bacteria with unknown concentrations 
were added to the drinking water. There was no other additional oper-
ation for sour milk beverage and lake water except dilution before 
detection. Then, the method constructed in this article was applied to 
evaluate the feasibility according to the general procedure. The accuracy 
of the bacteria detection in real samples with our method was estimated 
by comparing it with culturing results. 
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3. Result and discussion 

3.1. Synthesis and characterization of poly(4CNS) NPs 

The effective Raman reporters were prepared with 4-cyanostyrene as 
the monomer via traditional emulsion polymerization, possessing 
unique Raman scattering in the biological Raman silent region (1800- 
2800 cm− 1) where nearly all biomolecules do not produce Raman 
scattering signals [39,40]. As shown in Fig. 1A and Table S1, the 4-cya-
nostyrene molecules were polymerized to produce a polymer with the 
relative molecular weight of 20761. The cyano groups of the poly(4CNS) 
NPs render them unique Raman scattering (2227 cm− 1) in the Raman 
silent region according to the Raman spectrum in Fig. 1A. Moreover, the 
Raman peak of poly(4CNS) NPs had a high signal-to-noise ratio (S/N >
5), and no other Raman background signals were observed in the Raman 
silent region. FESEM was employed to capture the morphology images 
of poly(4CNS) NPs (Fig. 1B). As shown, poly(4CNS) NPs exhibited a 
uniform spherical shape with the size of 140 nm, which was consistent 
with the average hydrodynamic size measured by DLS. The recon-
structed histograms shown in Fig. 1C and Fig. S1 indicated the narrow 
size distributions and low polydispersity index (PDI = 0.029) of poly 
(4CNS) NPs, further suggesting the uniform size of poly(4CNS) NPs. The 
component of poly(4CNS) NPs was shown in EDS mapping that C and N 
elements originated from poly(4CNS) NPs, the existing silicon (Si) and 
platinum (Pt) elements originated from silicon slice and ion beam 
sputtering apparatus, respectively (Fig. S2). 

Zeta potential is normally applied to evaluate the stability of the 
colloid particles. The further zeta potential experiments demonstrated 
that the poly(4CNS) NPs were negatively charged with the zeta potential 
of − 26.2 mV, illustrating the outstanding stability of the polymers in 
water (Fig. S3). The long-term stability of the Raman reporter elected as 
Raman signal output is essential for improving the accuracy and 

reproducibility of quantification SERS analysis. Therefore, the stability 
of poly(4CNS) NPs was evaluated keeping at room temperature for 
different times (i.e., 0, 1, 2, 3, and 4 weeks) by FESEM, DLS, and Raman 
spectroscopy. It is shown that very few changes in the morphologies of 
poly(4CNS) NPs were found during a month (Fig. 1B and Fig. S4), and 
there were no obvious differences in terms of the average size of poly 
(4CNS) NPs as the DLS measurement shown (Fig. S5). In addition, the 
Raman signal of poly(4CNS) NPs was monitored by an invia Raman 
spectroscopy equipped with a 532 nm laser. As shown in Fig. S6 and 
Fig. S7, the constant Raman intensity of poly(4CNS) NPs can be obtained 
due to their excellent uniformity and stability. The outstanding homo-
geneity and stability of poly(4CNS) NPs indicate its potential as an 
outstanding Raman reporter for sensing detection. 

3.2. The Raman signal enhancement of poly(4CNS) NPs based on the 
photoreduction of Ag+

Interestingly, it has been demonstrated in this article that Ag+ can be 
photoreduced to Ag NPs in presence of poly(4CNS) NPs, thus achieving 
the Raman signal enhancement of the poly(4CNS) NPs. To demonstrate 
this process, AgNO3 solution and the mixed solution of AgNO3 and poly 
(4CNS) NPs were irradiated with the 532-nm laser of 40 mW for 30 min. 
As shown in Fig. S8, the color of the mixed solution of AgNO3 and poly 
(4CNS) NPs has changed to yellow after laser irradiation, while there 
was no obvious change for AgNO3 solution. Moreover, the SEM images 
further showed that many Ag NPs were produced in the mixed solution 
of AgNO3 and poly(4CNS) NPs, while the AgNO3 solution alone did not 
have any obvious changes, demonstrating poly(4CNS) NPs performed as 
the electron donor in the photoreduction process of Ag+. It is because 
Ag+ will be excited to an excited state under 532-nm laser irradiation, 
endowing them with strong oxidation. In addition, the dense electron 
cloud of the cyano group reduces the electron cloud density of the 

Fig. 1. The characterization of poly(4CNS) NPs. (A) Synthetic route for the preparation of poly(4CNS) NPs and the Raman spectra of poly(4CNS) NPs (B) Repre-
sentative SEM image of poly(4CNS) NPs. (C) DLS profiles of poly(4CNS) NPs, the polydispersity index (PDI) is 0.029. 

Y.-Q. Liu et al.                                                                                                                                                                                                                                  



Talanta 245 (2022) 123450

5

benzene ring in the structure of poly(4CNS) NPs so that the poly(4CNS) 
NPs are might lose the electron [41], thus resulting in the formation of 
Ag0 (Fig. 2A) [31,42]. Also, the complexation interaction between Ag+

and the cyano group facilitated electron transport. Finally, the aggre-
gation of Ag0 contributes to the formation of Ag NPs surrounding the 
negatively-charged poly(4CNS) NPs, causing the significant Raman 
signal enhancement of poly(4CNS) NPs. 

To further explore the possible Raman signal enhancement of poly 
(4CNS) NPs caused by the photoreduction of Ag+, Raman spectra of poly 
(4CNS) NPs with and without the addition of Ag+ aqueous solution were 
detected and analyzed. As shown in Fig. S9, the Raman signal of poly 
(4CNS) NPs has been significantly enhanced with the addition of Ag+

using a 532 nm laser as an exciting laser, demonstrating the photore-
duction of Ag+ to Ag NPs. Two Raman spectra of the polymers are nearly 
the same with and without the addition of Ag+ at the Raman shift of 
1175 and 1607 cm− 1, indicating that Ag+ did not interact with vinyl 
groups and phenyl ring. Differently, the Raman shift of cyano group in 
poly(4CNS) NPs shifted from 2227 cm− 1–2233 cm− 1 after adding the 
Ag+, thus it is proved that the evident red-shift phenomenon was 
commonly observed because of the complexation interaction between 
the Ag+ and the C–––N, which is consistent with the previous study 
[43–45]. Laser irradiation condition was further explored for the 
photoreduction of Ag+ to Ag NPs, FESEM and TEM images were 
captured to observe the morphologic change of poly(4CNS) NPs with 
Ag+ under different irradiation conditions (Fig. 2B–G). As shown in 
Fig. 2B–C and E-F, there are no obvious particles on the surface of poly 
(4CNS) NPs under dark condition or natural light. It is because photon 
energy must exceed a certain critical value to initiate the reduction re-
action, the dark condition or natural light with low energy cannot excite 
the electrons in the poly(4CNS) NPs so they do little contribution to the 
photoreduction process of Ag+ [46]. On the contrary, many NPs were 

produced on the surface of poly(4CNS) NPs with 532-nm laser irradia-
tion and the size of these NPs was approximately 5 nm. It was further 
confirmed that these NPs were Ag NPs by the EDS mapping and XRD 
spectrum (Fig. S10 and Fig. S11). Ag element is mainly derived from the 
NPs on the polymer in the EDS mapping. In the XRD spectrum, the 
diffraction peak positions of the NPs on the polymers can be attributed 
to the standard Ag cubic phase (JCPDS 04 to 0783). Additionally, 38.2◦, 
44.3◦, 64.4◦, and 77.5◦ are corresponded to the crystal planes of (111), 
(200), (220), and (311) of Ag NPs, respectively [47–49]. However, there 
are no obvious changes in the Raman spectra of poly(4CNS) NPs with or 
without Ag+ when a 633 nm laser was used (Fig. S12). Although the 
reason for this is still unclear, it is clear poly(4CNS) NPs are a powerful 
Raman reporter for Ag+ detection using a 532 nm laser rather than a 
633 nm laser. Therefore, a 532 nm laser was used for the subsequent 
experiment. 

The irradiation time plays a vital role in the production of Ag NPs, 
directly influencing the signal enhancement of poly(4CNS) NPs. 
Therefore, the solution of poly(4CNS) NPs and Ag+ were irradiated with 
532-nm laser for different times before detection, including 0 min, 5 
min, 10 min, 15 min, 20 min, 25 min, and 30 min (Fig. S13 and Fig. S14). 
Afterward, the mixed solution was detected with an integration time of 
5 s and laser energy of 40 mW. As shown, the Raman intensity decreased 
with the increase of the irradiation time because of the instability of Ag 
NPs after the long-time irradiation. Moreover, many Ag NPs can be 
observed on the polymers by FESEM measurement, illustrating the cause 
of the high SERS enhancement (Fig. S15). Notably, enough Ag NPs and 
the highest Raman signals can be produced due to the laser irradiation 
conducted by integration time of 5 s during the detection process, which 
does not need the additional laser irradiation before detection. There-
fore, the mixed solution of poly(4CNS) NPs and Ag+ are detected 
directly with Raman spectroscopy in the subsequent experiment without 

Fig. 2. The illustration of photoreduced silver ions on the surface of poly(4CNS) NPs (A), and the SEM and TEM images of poly(4CNS) NPs and Ag+ under different 
conditions: (B) SEM images of poly(4CNS) NPs and Ag+ under dark condition, (C) SEM images of poly(4CNS) NPs and Ag+ with natural light, (D) SEM images of poly 
(4CNS) NPs and Ag+ with 532-nm laser irradiation; (E) TEM images of poly(4CNS) NPs and Ag+ under dark condition, (F) TEM images of poly(4CNS) NPs and Ag+

with natural light, (G) TEM images of poly(4CNS) NPs and Ag+ with 532-nm laser irradiation. 
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the additional irradiation before detection, making the detection process 
simpler and faster. 

To elucidate the possible relation between the Raman signal of the 
poly(4CNS) NPs and the concentration of Ag+, different concentrations 
of Ag+ solution were added into the poly(4CNS) NPs solution. The 
appearance, DLS, and Raman spectra of the mixture were measured and 
analyzed. As shown in Fig. S16 and Fig. S17, the appearance and the 
average size of the poly(4CNS) NPs had no apparent difference with the 
addition of various concentrations of Ag+ solution before the laser 
irradiation, suggesting the poly(4CNS) NPs is not affected by Ag+ and 
the polymers are still stable. The calibration curve shown in Fig. 3A and 
the Raman spectra shown in Fig. 3B exhibited a good linear correlation 
between the concentration of Ag+ and the Raman intensity of poly 
(4CNS) NPs at the concentration over the range from 300 μM to 1050 μM 
with R2 of 0.9831. The RSD% for each measurement also illustrated the 
good accuracy and reproducibility of our measurements (Table S2). 
Moreover, the FESEM images shown in Fig. S18 exhibited that more Ag 
NPs were photoreduced with the increased concentration of Ag+ solu-
tion, accounting for the signal increase of poly(4CNS) NPs with the 
increased concentration of Ag+ solution. Our results showed that poly 
(4CNS) NPs performed very well as a promising Raman reporter for Ag+

quantitative analysis. 

3.3. Detection selectivity experiment of metal ions 

Poly(4CNS) NPs had uniform size, excellent stability, unique Raman 
scattering, and abundant functional cyano groups, which could promote 
the complexation interaction between poly(4CNS) NPs and metal ions. 
Therefore, poly(4CNS) NPs were expected to own outstanding detection 
capability for metal ions by Raman spectroscopy. In order to explore the 
detection selectivity of poly(4CNS) NPs for Ag+, the detection capabil-
ities of poly(4CNS) NPs were investigated for different metal ions 
including Pb2+, Zn2+, Ni+, Mg2+, Mn2+, Na+, K+, Cu2+, Fe2+, Ca2+, 
Co2+, Al3+, and Ag+. As shown in Fig. S19, the appearance of poly 
(4CNS) NPs showed no obvious change after adding different metal ions. 
It is noted that all the mixtures were still colloidal solution without 
flocculation, suggesting that poly(4CNS) NPs were still stable in pres-
ence of different metal ions. The histogram between Raman intensity of 
poly(4CNS) NPs and different metal ions was constructed by Origin 
software (Fig. 3C) and the representative Raman spectra collected from 
the poly(4CNS) NPs with different metal ions were shown in Fig. 3D, 
displaying that the significantly enhanced Raman signal can be only 
collected from poly(4CNS) NPs with the addition of Ag+ under the laser 
irradiation of 532 nm. It is maybe contributed to the good photoactivity 
of Ag+ so that Ag+ can be photoreduced as Ag NPs. Our results 
demonstrated the detection specificity of poly(4CNS) NPs for Ag+. 

Fig. 3. The detection selectivity of poly(4CNS) NPs for different metal ions. (A) The dynamic range of linearity for detection of different concentrations of Ag+

solution using poly(4CNS) NPs as Raman signal output. Abbreviations: LOD, the limit of detection; LLOQ, the lower limit of quantitation; ULOL, the upper limit of 
linear response. (B) Selected Raman spectra showing the quantitative analysis for Ag+ solution with different concentrations. (C) The Raman intensity of poly(4CNS) 
NPs after the addition of different metal ions. (D) The representative Raman spectra were obtained from poly(4CNS) NPs after the addition of different metal ion. 
Error bars: the standard deviation of three independent experiments. 
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3.4. Detection and killing of E. coli, S. aureus, and their mixture 

E. coli as a representative of gram-negative bacteria is a common 
water-borne and foodborne pathogen, which can cause many diseases 

such as enteritis, peritonitis, cholecystitis, and appendicitis. Meanwhile, 
S. aureus as a representative of gram-positive bacteria is a human 
commensal that can also cause serious systemic infections, such as 
dermatitis, gastroenteritis, and toxic shock syndrome. Bacteria counting 

Fig. 4. Sensitivity of the developed method for the detection of E.coli, S. aureus and their mixture. The calibration curve between Raman intensity of poly(4CNS) NPs 
and various concentrations of E.coli (A), S. aureus (C) and the mixture of E. coli and S. aureus (E). The representative Raman spectra of poly(4CNS) NPs for the various 
concentration of E.coli (B), S. aureus (D) and the mixture of E. coli and S. aureus (F). Error bars: the standard deviation obtained from three independent experiments. 
The killing of bacteria after detection. (G) The E. coli, S. aureus and their mixture treated with and without Ag+ were cultured on agar plates for 12 h and 24 h. 
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is vital for disease prevention and human healthcare. To investigate the 
feasibility of this method for bacteria quantification analysis, we chose 
E. coli and S. aureus as the representative bacteria for the quantification 
analysis. A series of E. coli and S. aureus (10–107 CFU/mL) solutions 
treated by 4-MPBA solution were blending with 4 mM of Ag+ solution, 
and the residual Ag+ that was not combined with –SH was further 
blending with poly(4CNS) NPs and detected by Raman spectroscopy. As 
shown in Fig. 4A and Fig. 4B, the Raman intensity at 2233 cm− 1 of poly 
(4CNS) NPs decreased with the increased concentration of E. coli at the 
concentration of 102–107 CFU/mL. Similarly, the Raman intensity at 
2233 cm− 1 of poly(4CNS) NPs also decreased as the S. aureus concen-
tration increased at the concentration of 10–107 CFU/mL (Fig. 4C and 
D). It is because more Ag+ was adsorbed on 4-MPBA-treated bacteria 
and less Ag+ remained in the supernate when the concentration of the 
bacteria increased. The calibration curves between the obtained Raman 
intensity of poly(4CNS) NPs and the concentration of E. coli and S. aureus 
were constructed by Origin software (Fig. 4A and C). It was shown that 
there was a good linear correlation between the Raman intensity of poly 
(4CNS) NPs and the concentration of the bacteria, the calibration curve 
for E. coli was y = − 3440.2x+46507 with R2 of 0.9615, achieving LLOQ 
as low as 100 CFU/mL, and the calibration curve for S. aureus was y =
− 1584.8x+36712 with R2 of 0.9701, achieving LLOQ as low as 10 CFU/ 
mL. In addition, the feasibility of this method for the quantification of 
the bacteria mixture of E. coli and S. aureus was also investigated. As 
shown in Fig. 4E and F, the Raman intensity at 2233 cm− 1 of poly(4CNS) 
NPs also decreased as the bacteria mixture concentration increased, and 
a good linear correlation between the Raman intensity of poly(4CNS) 
NPs and the concentration of the bacteria mixture was established (y =
− 1912.2x+39301, R2 = 0.9646). Notably, the bacteria inhibition 
capability of our method was also explored by the usage of the plating 
and culturing method. As presented in Fig. 4G, it was observed that 
numerous E. coli, S. aureus and their mixture were in the control group. 
However, the number of E. coli and S. aureus both decreased significantly 
in the presence of Ag+, and nearly all the bacteria were killed. All these 
results confirm that the bacteria quantification method mentioned in 
this article has high sensitivity and accuracy for E. coli and S. aureus 
detection, and is effective for bacteria inhibition. 

3.5. Detection and killing of complex bacteria samples in the actual 
sample 

In addition to standard bacterial solution sensing from artificial 
preparation, wide detection of numerous bacterial strains existing in 
actual samples has attracted more and more attention to guarantee 
environmental safety for a high-quality life. To this end, the feasibility of 
the detection method constructed in this article was further explored by 

employing it for the detection of spiked bacteria mixtures in drinking 
water. The linear calibration curve (y = − 1912.2x+39301, R2 = 0.9646) 
between Raman intensity of poly(4CNS) NPs and various concentrations 
of the bacteria mixture was used to obtain the bacteria concentration in 
the drinking water. As shown in Fig. 5, for the three parallel trials, our 
method provided consistent results with an accuracy of 80%, which 
have a good match with the number measured by the culture method. 
The complex components in sour milk beverages and lake water espe-
cially for saccharides and some organic molecules with the negative 
charge will influence the recognition of 4-MPBA to bacteria and the 
adsorption of silver ions, increasing the detection difficulty. Based on 
the procedure in our method, the sour milk beverages and lake water 
were first centrifuged to collect the bacteria before the subsequent 
operation, avoiding the interferences existing in actual samples. The 
linear calibration curve (y = − 3440.2x+46507, R2 = 0.9615) and (y =
− 1912.2x+39301, R2 = 0.9646) were used to obtain the lactobacillus 
concentration in the sour milk beverage and bacteria concentration in 
the lake water, respectively. As shown in Table S3, the detected con-
centration of bacteria in lake water and sour milk based on our method is 
comparable to the cultural method with the relative recovery of 114% 
and 115%, respectively. The errors were maybe caused by the inho-
mogeneous adsorption of various bacteria to Ag+ and the potential im-
purities also influenced our results. Moreover, the detected 
concentration of bacteria in actual samples can be relatively consistent 
for the repeated measurements with the RSD% less than 10%, demon-
strating the great potential of our method for water monitoring and food 
safety monitoring. Compared to the long detection time (>24 h) of 
bacterial culture, the whole process of our method can be completed 
within 40 min, meeting the time requirements of clinical POC sensing. 
Furthermore, the bacteria have been entirely killed after detection, 
avoiding the second environmental pollution (Fig. S20). Although it is 
demonstrated that wide bacteria detection in actual samples with high 
sensitivity and time efficiency would become more convenient based on 
our method soon, it is still a challenge for the simple sample pretreat-
ment of the actual samples to satisfy the detection requirements and the 
detection accuracy still need to be improved to overcome the complexity 
of the actual samples. 

4. Conclusion 

In this work, it is demonstrated that the Raman signal of poly(4CNS) 
NPs can be specifically enhanced up to 40 times by the photoreduction 
of Ag+, and there was a good linear correlation with the R2 = 0.9831 
between the concentration of Ag+ and the Raman intensity of poly 
(4CNS) NPs over the range from 300 to 1050 μM. Based on the inter-
esting phenomena, a rapid, highly sensitive, and free bacteria 

Fig. 5. Detected numbers of the spiked bacteria mixture of E. coli and S. aureus in drinking water for three parallel bacteria samples by the method proposed in this 
article. Control# group represents the result detected by the plating and culturing method. 
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contamination method was successfully developed for quantification of 
E. coli, S. aureus and their mixture in the standard solution, which can be 
also used for the bacteria sensing in the actual sample with the accuracy 
of 80%. Furthermore, the bacteria can be effectively killed, avoiding 
bacteria contamination after the bacteria detection. In the future, the 
development of effective target molecules which can achieve more 
specific recognition to both Gram-positive and negative bacteria as well 
as the simpler and faster method for sample pretreatment will further 
improve the accuracy and the work efficiency of our method. In a word, 
this novel strategy provides a kind of universal quantitative detection 
and timely killing method for microorganism research. 
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