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Hydrophobic CdSe/ZnS were incorporated into SiO2 spheres, and amine-modified 

CdSe/ZnS@SiO2 nanoparticles were used for quantitative and visual determination of 

bacteria. 
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CdSe/ZnS@SiO2-NH2 composite nanoparticles (FNPs) were proposed and used as fluorescent 

markers for bacteria detection,  Salmonella typhimurium acted as representative sample in this 

paper. It was shown that the hydrophobic CdSe/ZnS quantum dots (QDs) were incorporated 

into SiO2 spheres by using self-modified reverse-microemulsion technique. The FNPs could be 

covalently conjugated with the bacteria by glutaraldehyde two-step strategy successfully. A 

good linear relationship between the concentration of Salmonella typhimurium and 

fluorescence intensity was obtained in the range of 6.6× 102 ~ 6.6× 104 cfu mL-1, and the 

equation was just as I = 0.1331 logC - 0.2017 with R2= 0.9974. The detection limit was 3.3 × 

102 cfu mL-1, and this method could be applied to other bacteria detection as well. In order to 

further reduce the detection limit and achieve better visual determination performance, an 

integrated dielectrophoresis (DEP) microfluidic chip and relative microsystem was established. 

The FNPs-labeled bacteria could be enriched along the edges of the interdigitated 

microelectrodes in the micro-channel by positive DEP and could be counted under the 

fluorescence microscope. 

Introduction  

Food-borne pathogens are widely distributed and directly 

influence the health of mankind.1 The situation in developing 

countries is even more serious, for instance, the mortality rate 

of Salmonella infection in developing countries is 24% higher 

than that in developed countries.2 Bacteria detection is one of 

the most important criteria in the fields of food safety, 

environmental monitoring, clinical diagnosis, etc. However, 

there are some shortcomings for the conventional methods. For 

example, plate count method is time-consuming, labor intensive, 

and lack of sensitivity. Although enzyme-linked 

immunosorbent assays (ELISA)3-4 and polymerase chain 

reaction (PCR)5-6 are of characters such as higher sensitivity 

and selectivity, they are still limited by complex sample 

pretreating and result instability. Therefore, fluorimetry with its 

own higher accuracy and reliability has been widely applied for 

bacteria detection.7-10  

Hydrophobic quantum dots (QDs) have become the preferred 

sensitive fluorescent reagent for their benefits of perfect crystal 

and bright fluorescence in the fluorescence detection.11 In 

practical application, much more attention has been paid 

to ensure the efficiency of fluorescent as well as to improve 

their biocompatibility and stability. 

Bardelang et al. proposed to immobilize dipeptide on the 

surface of core/shell CdSe/ZnS QDs which could provide better 

biocompatibility.12 Because dipeptide tended to decrease the 

size of QDs, and made fluorescence peak blue-shift, so the 

performance of QDs was influenced inevitably. Surface ligand-

exchange13 or incorporating QDs into macromolecular 

material14 were often used to enhance the biocompatibility of 

hydrophobic QDs. Unfortunately, those methods also led to a 

huge loss in fluorescence due to the change of QDs surface-

properties. Further research indicated that SiO2 could be used to 

wrap the QDs and other fluorescent reagents with the features 

of high stability and transparency, and it also shows superior 

performance and promising applications.15 

Reverse microemulsion method has been developed to 

incorporate hydrophilic QDs and fluorescent reagent into SiO2 

beads.16-17 For example, He18 and Zhao19 used the RuBpy-doped 

silica nanoparticles as fluorescence probe to test the levels of 

Salmonella typhimurium and Escherichia coli. Using reverse 

microemulsion method to incorporate hydrophobic QDs into 

silica spheres has aroused researchers' great interest. Koole20 

and Zhelev21 showed strong experimental evidence in favor of 

the feasibility of hydrophobic QDs into monodisperse silica 

spheres by this way. The silica surface could not only prevent 

oxygen penetration and reduce the toxicity of QDs, but also be 
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easily modified with different functional groups such as amines, 

thiols, carboxys, etc. Fluorescent nanoparticles prepared by this 

method were of tunable size and preferable optical property, 

and facilitated to the biomedical applications, such as live-cell 

imaging22, fingerprint detection23, molecule tracing24.  

Until now, there are few researches about QDs@SiO2 

nanoparticles used as fluorescent probe for bacterium detection 

and visual observation. It is difficult to directly and effectually 

observe the bacteria by the microscope since the bacteria were 

incredibly small. In order to achieve better visualization and 

detection of the bacteria, the integrated DEP microfluidic chip 

was proposed to capture and enrich the target bacteria. 25-28 

Yang et al. demonstrated that positive DEP could concentrate 

Listeria efficiently at the edges of the interdigitated micro-

electrodes from the flow in microfluidic channels.29 So, bacteria 

visualizations were worth further study by using high efficient 

fluorescent markers and integrated dielectrophoresis 

microfluidic chip. 

A high sensitive method for bacterium determination was 

developed in this paper. CdSe/ZnS@SiO2-NH2 composite 

nanoparticles (FNPs) prepared by self-modified reverse-

microemulsion technique were used as highly efficient 

fluorescent markers and glutaraldehyde was used as crosslinker. 

FNPs could successfully be covalently conjugated with the 

bacteria by two-step crosslinking strategy. In order to further 

improve the detection sensitivity and achieve visual 

determination, positive DEP was proposed to capture small 

amounts of FNPs-labeled bacteria efficiently to edges of 

interdigitated micro-electrodes. With the signal amplification of 

FNPs, bacteria could be visualized and counted under a 

fluorescence microscope. 

Experimental  

Instruments and Reagents 

Fluorescence spectrometer (RF-5301, SHIMADZU), Fourier 

transform infrared spectrometer (IRprestige-21，SHIMADZU), 

Laser Particle Size Analyzers （ Zetasizer Nano ZS90 ， 

Malvern）， Thermo fluoroskan ascent FL (Thermo Scientific), 

Syringe pump (55226, HARVARD Apparatus), Inverted 

fluorescence Microscope (IX71 ， OLYMPUS ） , Arbitrary 

waveform generator （33220A，Agilen）. Tetraethoxysilane 

(TEOS), TritonX-10, (3-aminopropyl)triethoxysilane (APTES) , 

3-(Trihydroxysilyl)propylmethylphosphon –ate ( THPMP ）

were purchased from J&K Chemical Ltd. CdSe/ZnS quantum 

dots powder was purchased from Ocean NanoTech.       

Salmonella typhimurium, Escherichia coli and 

Staphylococcus aureus used in the experiment were provided 

by College of laboratory medicine, Chongqing Medical 

University. Strains were transferred into Luria Bertani broth 

and incubated at 37 ℃  for 12 h prior to use. The initial 

concentration of each bacteria was obtained using plate count 

method respectively. The mixed bacteria was composed of a 

certain amount of the three kinds of bacteria. 

Synthesis of CdSe/ZnS@SiO2-NH2 nanoparticles 

TritonX-100 (1.77 mL), 1-Hexyl alcohol (1.80 mL), 

cyclohexane (7.50 mL) and  hydrophobic CdSe/ZnS quantum 

dots (0.75 mg) were added in a flask, ultrasonic dispersion 

uniformity, then TEOS (100 µL) was added into the flask under 

vigorous stirring. Thirty minutes after the microemulsion 

system was formed, ammonia solution (60 µL, 25 wt%) was 

introduced to initiate and catalyze the polymerization process. 

The silica growth was completed after 24hours stirring at room 

temperature. Chemically activated CdSe/ZnS@SiO2 were 

prepared by adding APTES (20 µL) and THPMP (40 µL) for 

the introduction of amino groups after another 24 hours of 

polymerization. The resulting CdSe/ZnS@SiO2-NH2 

nanoparticles were isolated from the microemulsion using 

acetone and centrifuged, and the resultant precipitates of 

particles were washed by centrifuging with 4500 rpm for 5 min, 

washed for two times by ethanol and once by pure water to 

remove any surfactant and unreacted molecules, and placed 

under the conditions of protection from light vacuum drying in 

low temperature for further application. 

Characterization of CdSe/ZnS@SiO2-NH2 nanoparticles 

Fluorescence spectra of CdSe/ZnS and CdSe/ZnS@SiO2-NH2 

were recorded on RF-5301 Fluorescence spectrometer. The 

structure, size, and morphology of the resulting nanoparticles 

were determined by transmission electron microscopy (JEM-

100CXII, Japan). Infrared measurements were performed on an 

IRprest -ige-21pectrometer at room temperature. A small 

amount (1~5 mg) of each sample was triturated with KBr in 

order to prepare the pellet for IR measurements. The Zeta 

potential of nanoparticles was measured by the Laser Particle 

Size Analyzers.  

Covalent immobilization of CdSe/ZnS@SiO2-NH2 nanoparticles 

onto bacteria surfaces and fluorescence detection 

Two-step strategy operation: FNPs (5 mg) were dispersed into 

the PBS (400 µL, 0.01 M), and then glutaraldehyde (400 μL, 

1.25%) was added. After 2 hours at RT, the nanoparticles were 

washed by centrifugation to remove excess glutaraldehyde. 

After the nanoparticles were redispersed in PBS, they were 

further incubated with bacteria (400 µL) for 4 hours at room 

temperature with gentle shaking. Finally, the mixtures were 

purified by using ultrafiltration membrane (0.22 μm) to wash 

away the excess FNPs, until no fluorescence signal was found 

in the last filtrate. 

   One-step strategy operation: FNPs (5 mg) were dispersed into 

the PBS (400 µL, 0.01 M) buffer, and then glutaraldehyde  (400 

µL, 1.25%)and bacteria were added at the same time, the 

mixture was incubated at RT for 4 h with gentle shaking. The 

purification process remains the same. 

Serial dilutions of Salmonella typhimurium labeled with 

FNPs  (300 µL) prepared by the above two approaches 

suspended in DI water with concentration of 3.3×102 cfu mL-1 、

6.6×102 ~ 6.6×104 cfu mL-1 were respectively introduced into 

96-well plates (N = 6) for quantitative analysis by Thermo 

fluoroskan ascent FL.  

Visual detection of CdSe/ZnS/SiO2-NH2 labeled bacteria with 

dielectrophoretic enrichment in the micro-fluidic chip 
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The FNPs-labeled bacteria samples were diluted in a series with 

concentration of 200, 400, 800, 1600 cfu mL-1，so there were 

separately about 5, 10, 20, 40 cells per 25 µL sample measured 

by micro-syringe. At the beginning of dielectrophoretic 

enrichment, a modest amount of deionized water was injected 

into the DEP channels by using a syringe pump at a flow rate of 

0.3 µL min-1 to completely discharged bubbles, then the 25 µL 

of bacteria samples with different concentration were injected 

into the DEP channel at the same rate when a 6 Vpp was 

applied to the interdigitated electrodes at a frequency of 100 

KHz by an arbitrary waveform generator. After enrichment, the 

visualization of bacteria counting could be attained using the 

CCD microscope imaging detection system. 

Results and discussion 

Preparation and characterization of CdSe/ZnS@SiO2-NH2 

nanoparticles 

The hydrophobic QDs in silica spheres prepared by reverse 

microemulsion synthesis could be explained with two 

hypothetical mechanisms.16 (1) The hydrophobic QDs could be 

wrapped by the surfactant and transferred into aqueous phase of 

the microemulsion, after the ammonia catalyst was added; the 

TEOS was able to hydrolyze on the particle surfaces only in 

aqueous phase and incorporate QDs into SiO2 shell. (2) When 

TEOS solution was added into organic solution, they had an 

affinity for the QDs surface; the hydrophobic groups of the 

QDs were exchanged with TEOS to obtain silanized QDs. After 

the hydrophilic surface was formed, silanized QDs transferred 

to hydrophilic phase of the microemulsion, and generated SiO2 

layers by using hydrolysis of TEOS on the silanized QDs in the 

present of ammonia catalyst. Furthermore, SiO2 layer could 

grow in situ by adsorbing subsequently hydrolyzed TEOS30-33. 

Considering the mechanisms of incorporate hydrophobic or 

hydrophilic QDs coating with SiO2 shells by the reverse 

microemulsion, the key difference between them was the 

adding order of ammonia catalyst. Firstly, it was sure that the 

hydrophobic QDs were fully dispersed in the solution 

composed of surfactant and oil phase. TEOS was added under 

vigorous stirring to ensure that it could contact with QDs fully, 

and then ammonia solution was introduced into the reaction 

system. It could not only provide the site of the hydrolysis 

reaction, but also initiate and catalyze the polymerization 

process (Fig. 1A). 

  
 

 
Fig. 1. (A) Synthetical process of CdSe/ZnS@SiO2 composite 

nanoparticles.  (B) Conjugation process between CdSe/ZnS@SiO2-

NH2 and target bacteria 

 

 
Fig. 2. TEM image of the silica-coated CdSe/ZnS nanoparticles 

The silica shell could be modified with a variety of 

functional groups for the existence of -OR groups. To facilitate 

the bacterial detection, APTES was proposed as amination 

reagent and some -OH groups on the surface of SiO2 could be 

replaced by -NH2 groups in the reaction and amine-modified 

nanoparticles were obtained. In order to prevent the 

agglomeration of nanoparticles and keep them in better 

dispersal state, methylphosphonate was introduced onto the 

surface of composite nanoparticles as inert stabilizing groups 

which could effectively decrease the aggregation of the 

nanoparticles34 by electrostatically interacting with the majority 

of amino groups. Since a lot of amine groups on the surface of 

bacteria were free, multiple amine-modified nanoparticles 

could be bound to one bacterium by glutaraldehyde, (Fig. 1 B) 

The TEM image of FNPs was shown in Fig. 2. It 
demonstrated that the silica-shelled QDs nanoparticles were 
monodispersive and quite uniform in size with diameter 70 nm. 

The FTIR spectras of FNPs and CdSe/ZnS nanoparticles were 
shown in Fig. 3. The IR absorption peaks at 1065.99 cm-1 and 
910.40 cm-1 were stretching vibrational absorption of Si-O-Si 
and Si-OH, and the peak near 790 cm-1 was attributed to the 
bending stretching of Si-O-Si. Those indicated that SiO2 shell 
was formed and the characteristic bands at 3540-3125 cm-1 
showed the amine groups were introduced successfully.  
Furthermore, the zeta potential of FNPs turned positive to -2.56 

mV from -31.9 mV after amine was introduced (Table S1, 
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Supplementary Information), which showed that the structure 
of FNPs conformed to our designed requirements. 

The fluorescence spectras of CdSe/ZnS QDs and FNPs were 

shown in Fig. 4. It was illustrated that the peak shape was 

symmetrical and position of the emission peak hardly changed, 

and the half width of the peak only increased 6 nm. The 

fluorescence emission intensity has declined slightly, which 

might be explained by the block of SiO2 shell and the changes 

of luminescence property of the QDs. As known, silica layer 

was usually porous, and the free group (RO-) produced in the 

hydrolyzation process could dissolve in the aqueous medium 

and slowly penetrate the silica shell, which led to the quantum 

yield loss of the encapsulated QDs. 32 Therefore, it is very 

important to optimize the SiO2 coating process to reduce the 

fluorescence loss. 

 

  
Fig. 3. FTIR spectra of CdSe/ZnS@SiO2-NH2 nanoparticles (a) and 

CdSe/ZnS QDs (b) 

 

 

Fig. 4.  Fluorescence spectra of CdSe/ZnS and FNPs 

 

Coupling process of CdSe/ZnS@SiO2-NH2 nanoparticles with 

Salmonella typhimurium and its detection  

It’s known that the crosslink process with glutaraldehyde (GA）
as cross linking agent included one-step strategy and two-step 
strategy.35-36 In the one-step process, GA simultaneously 

reacted with the amine groups of nanoparticles and Salmonella 
typhimurium. In the two-step strategy, GA reacted with 
nanoparticles and subsequently connected to the Salmonella 

typhimurium (Fig. 1 B). FNPs were taken as fluorescent marker, 
and shown stronger fluorencent signals which made it possible 
to detect bacteria quantitatively.  

  The results of both labeling strategies were shown in Fig. 5. 
The fluorescence signals of serial dilutions of Salmonella 
typhimurium labeled with FNPs were obtained and compared. It 
indicated that stronger signals and better linear relationship (R2 

= 0.9974) were obtained in two-step strategy. This was because 
every reaction in the process of two-step crosslinking could be 
carried out adequately. Firstly, the reaction between high 
concentrations of glutaraldehyde and amine groups on the 

nanoparticles was completely finished. Then, excess 
glutaraldehyde could be removed by centrifugation, and a 
number of aldehyde groups on the surface of nanoparticles 
were free, which could further react with the Salmonella 
typhimurium and nanoparticles were connected to Salmonella 
typhimurium by five carbon bridge eventually. While in one-
step strategy, nanoparticles and Salmonella typhimurium were 
added into glutaraldehyde solution simultaneously, the amine 

groups on Salmonella typhimurium would react with 
glutaraldehyde beside the reaction between FNPs and 
glutaraldehyde. Under same conditions the chances of linking 
nanoparticles with Salmonella typhimurium would undoubtedly 
be reduced. So glutaraldehyde two-step strategy gained an 
advantage over one-step strategy in bacteria crosslink process, 
and in order to get better fluorescent signals, the two-step 
strategy should be adopted.  
 

 
Fig. 5. Linear relationship of the fluorescence intensity vs the 

concentration of Salmonella typhimurium with the process of one-

step strategy and the two-step strategy.The inset shown fluorescence 

image of Salmonella typhimurium after incubated with FNPs. The 

error bars represent standard deviations for N=6. 

Fig. 5 showed that the linear range of FNPs-labeled 

Salmonella typhimurium with two-step strategy was from 6.6× 
102 to 6.6× 104 cfu mL-1 , and the equation was I = 0.1331 logC 
- 0.2017 with R2= 0.99744. The limit of detection was 3.3 × 102 

cfu mL-1, which was an order of magnitude lower than previous 
methods. 

  The repeatability and universality of the proposed method was 

evaluated. The results were shown in Table 1. It could be seen 

that the number of  Salmonella typhimurium, Escherichia coli 

and Staphylococcus aureus measured by this method using the 

standard curve presented in fig, 5 was consistent with the 

conventional plate count method respectively, and the standard 

deviation (N=6) were satisfactory. This was taken as proof that 

this method could be used to detect different bacteria even 

mixed bacteria. 

Page 5 of 8 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is ©  The Royal Society of Chemistry 2012  J. Name .,  2012, 00 , 1-3 | 5  

 

Table.1 Detection results of different stains 

Samples     Plate count method (cfu mL
-1

)   Proposed method (cfu mL
-1

) 

 

  Salmonella typhimurium    4.3×104                         (4.0±0.2)×104      

Escherichia coli                 8.6×103                 (8.4±0.4)×103      

Staphylococcus aureus      2.6×104                         (2.3±0.2)×104  

Mixed sample                    3.7×103                         (3.7±0.5)×103 

 

Visual detection in the microfluidic chip  

Based on outstanding fluorescent property of FNPs, FNPs-

labeled Salmonella typhimurium was of superior recognition. 

With the help of pDEP, small amounts of FNPs-labeled 

Salmonella typhimurium could be collected to edges of 

interdigitated micro-electrodes and visualized under a 

fluorescence microscope. Escherichia coli and Staphylococcus 

aureus were detected in the experiment, the results of which 

were identical with those of Salmonella typhimurium, 

Salmonella typhimurium was just used as representative sample 

in here. 

  In order to assure enough contact area between bacteria-FNPs 

suspension and microelectrodes, the interdigitated 

microelectrodes (IME) were adopted in the DEP microchip (Fig. 

6). The DEP microchip was assembled by two parts: an array of 

gold interdigitated microelectrode on a glass substrate and a 

cover with a channel formed by poly dimethylsiloxane (PDMS). 

The IME contained 25 pairs of opposing gold finger electrodes, 

and each electrode was 30 μm wide with a spacing of 20 μm. 

The PDMS layer was made by mixing the elastomer monomer 

and the curing agent at the ratio of 10:1 (w/w). By pouring the 

mixture evenly on the mold and curinged at 90℃  50 min, 

PDMS layer with the channel of 30 µm in width and 20 µm in 

deepth was removed from the mold. 

 

 
Fig. 6. Schematic of the micro-fluidic biochip used in this study 

 

   Bacteria labeled with FNPs still were of dielectric property, 
when its suspension were injected into the microchannel at the 

flow rate of 0.3 µL min-1 on the DEP microchip, FNPs-labeled 
bacteria experienced positive DEP forces and were collected 
long the edges of interdigitated microelectrodes (IME), as was 
shown in Fig 7, under the conditions of 6 V excitation potential 
and 100 KHz induced frequency. 
 

 
Fig. 7． (A) Image of Salmonella typhimurium labeled with FNPs 

without DEP. (B) 25 µL Salmonella typhimurium-FNPs sample with 

concentration of 10
4 
cfu mL

-1
, flow rate was 0.3 µL min

-1
, DEP: 6 Vpp, 

100 KHz. G refers to electrode gap, E refers to electrode. 

The mixture of Salmonella typhimurium and FNPs without 
glutaraldehyde was injected into microchannel in the DEP chip 
under the same conditions. After DEP treatment, Salmonella 
typhimurium could be collected along the microelectrodes. 
However, the fluorescence signal was very weak (Fig. 8), it 
meant the fluorescence nanoparticles were not of dielectric 

property and unable to be captured by DEP in the experiment. 
 

 
 Fig. 8. Image of Salmonella typhimurium mixed with FNPs (5mg), 

Flow rate was 0.3 µL min
-1

, DEP: 6 Vpp, 100 KHz. 

 

The sample concentrations used for fluorescence 

visualization detection were 5 cells, 10 cells, 20 cells, 40 cells 

in volume of 25 µL, respectively.  When sinusoidal voltage (6 

Vpp with 100 KHz) was applied to the interdigitated electrodes, 

the FNPs-labeled Salmonella typhimurium could be captured on 

the electrode edges from the continuous flow by pDEP, and 

retained in the detection area. The detecting results were shown 

in Fig. 9 (only one picture of each concentration was displayed 

as representative). Single FNPs-labeled bacteria in fluorescence 

field could be observed with a limit of ca. 5 cells per 25 µL.  
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Fig.9. Fluorescence microscopic images of Salmonella typhimurium 

cells captured in the micro-channel by pDEP (Bacteria concentrations 

of the samples corresponding to panels A−D were 5, 10, 20, 40 cells 

per 25 µL). 

Conclusions 

Hydrophobic CdSe/ZnS QDs were incorporated into SiO2 
spheres by modified reverse microemulsion method, and the 

CdSe/ZnS@SiO2 nanoparticles were luminous， uniform and 

monodispersed. Amine-modified silica nanoparticles could be 

connected to bacteria by glutaraldehyde two-step strategy. A 
good linear relationship between the concentration of bacteria 
and fluorescence intensity was obtained in the range of 6.6× 102 

~ 6.6× 104 cfu mL-1, the equation just as I = 0.1331 logC - 
0.2017 with R2= 0.99744, and the limit of detection was 3.3 × 
102 cfu mL-1. The Salmonella typhimurium labeled by 
CdSe/ZnS@SiO2-NH2 still kept dielectric property, and the 
FNPs-labeled bacteria could be captured along the electrode 

edges from the continuous flow by pDEP. Hence, with the help 
of bright fluorescence of FNPs, the visualization of bacteria 
counting was attained under a fluorescence microscope. 
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