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ABSTRACT 

 
A series of new silica-based fluorescent nanoparticles were developed in this 

work. These nanoparticles can simultaneously emit fluorescence signals at different 

wavelengths. The principle of fluorescence resonance energy transfer (FRET) has been 

employed in making the fluorescent nanoparticles. The conditions for synthesis of the 

nanoparticles were optimized. These fluorescent nanoparticles have shown excellent 

photostability due to the protection of the silica nanomatrix. The surface of the 

multicolored fluorescent silica nanoparticles were functionalized using antibodies for 

recognizing pathogenic bacterial cells. Based on the antigen and antibody reaction, the 

nanoparticles were linked to the specific bacterial cells. Therefore, different types of 

bacterial cells were differentiated by the corresponding antibody-functionalized 

fluorescent silica nanoparticles. 





 

 14 

directly monitored using the confocal fluorescence microscope. Both the fluorescence 

and blackfield images were taken as controls. Then, a 100 μL aliquot of antibody coated 

nanoparticles were added into the culture plate (nanoparticles: bacteria = 10000:1). After 

a gentle mixing, the mixture was incubated at 37 ºC for 5 min. Finally, the fluorescence 

images of the FRET nanoparticle labeled bacteria were characterized using the confocal 

fluorescence microscope. The multiple bacteria measurements were followed a similar 

procedure. Expect, different types of bacteria were purified and located to the glass plate 

together, and different antibody modified nanoparticles were added to the bacterial 

solution simultaneously. All the confocal fluorescence measurements of bacteria were 

carried out at 37 ºC. 

RESULTS AND DISCUSSION 

Fluorescence Properties of Fluorophore Conjugates 

One basic requirement for FRET is that the spatial distance between donor and 

acceptor fluorophores must be small (less than 10 nm). In this study, fluorophores were 

brought together in a short distance through an avidin-biotin binding. The binding here is 

crucial for the FRET among the conjugated fluorophores. It keeps the fluorophores in 

close proximity for an efficient FRET. In fact, the FRET is unlikely to occur without the 

assistance of the avidin-biotin linkage. In addition, the FRET efficiency of the conjugates 

is highly reproducible, since the reaction between avidin and biotin is highly specific and 

always brings the conjugated fluorophores together in the same manner. Because the 

binding between avidin and biotin is spontaneous and highly favorable, fluorophores with 

biotin and avidin groups are assumed to conjugate together in fifteen minutes by simply 

mixing them in a phosphate buffer (pH = 7.4). In a dual-fluorophore system, fluorescein 
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and TMR serve as the donor and accepter fluorophores, respectively. When the mixture 

of donor and accepter is excited by a single excitation light at 488 nm, the accepter 

fluorophore cannot be sufficiently stimulated unless it receives the energy from an 

excited donor in close proximity. For example, the biotin conjugated dextran-TMR 

(DTB) showed a 22% increase in fluorescence intensity after binding to the avidin 

conjugated fluorescein (AFC) (Figure 1, B). Without the avidin-biotin linkage, in 

comparison, no FRET phenomenon was observed between AFC and detran-TMR 

(DTMR, no biotin) (Figure 1, A). 

 

Figure 1. FRET between AFC and DTB. (A) Fluorescence spectra of AFC, DTB and 
AFC-DTB conjugates; (B) Control experiment, AFC, Dextran-TMR (DTMR) and the 
mixture of AFC and DTMR. 

The avidin-biotin bridge is also capable of mediating a triple-fluorophore FRET. 

Because every avidin molecule can bind up to four biotin molecules, multiple types of 

fluorophores can first conjugate to avidin and biotin molecules, respectively, and then 

link together through the avidin-biotin binding. Here, Oregon Green 488, TMR and 

Texas red were employed for a triple-fluorophore FRET study because of the sufficient 

overlap of their emission and excitation spectra (Figure 2). In addition, these fluorophores 
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were spontaneously conjugated together after being linked to avidin or biotin moieties. 

For instance, biotinylated Oregon Green 488 (BOG), biotinylated detran-TMR (DTB), 

and avidin-functionalized Texas Red (ATR) were conjugated at various ratios (Table 1) 

by simply blending these fluorophores in a phosphate buffer (10 mM, pH = 7.4). 

 

Figure 2. Normalized excitation and emission spectra of BOG, DTB and ATR. 

In all the multi-fluorophore conjugates, a BOG moiety served as the FRET donor 

to transfer energy to the acceptor fluorophores, DTB and ATR. FRET phenomena have 

been observed in both the dual-fluorophore conjugates (DTB-ATR conjugates, mole ratio 

of DTB: ATR = 2: 3, Figure 10, A) as well as in the triple-fluorophore conjugates (BOG-

DTR-ATR conjugates, mole ratio of BOG: DTR: ATR = 2:2:3, Figure 3, B). For 

instance, in the case of DTB-ATR conjugates, the donor fluorophore DTB lost nearly 

40% of its fluorescence intensity; while the acceptor, ATR, showed a 150% increase in 

the fluorescence at the same time (Figure 3, A). In triple-fluorophore conjugates, the 

energy of the excited donor (BOG) transferred to the ultimate acceptor ATR directly, or 

was indirectly mediated by DTB. The direct energy transfer between BOG and ATR is 
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possible; however, the efficiency of FRET is low because of the insufficient overlap of 

their emission and excitation spectra (Figure 2). Therefore, the indirect FRET pathway is 

vital for an efficient FRET between BOG and ATR. In this case, DTB first received the 

energy from the donor molecule, BOG. After that, the stimulated DTB might further 

deliver the energy to the terminated acceptor ATR. As a result, the fluorescence intensity 

of ATR was enhanced more than 9 times (Figure 3, B).  

 

Figure 3. FRET of fluorophore-conjugates via avidin-biotin bridge. (A) Fluorescence 
spectra of ATR and DTB-ATR conjugates; (B) Fluorescence spectra of BOG, DTB, ATR 
and the triple-fluorophore conjugates.  

Table 1. Ratio of fluorophores for conjugation through the avidin-biotin bridge. 
No. BOG (μL) DTB (μL) ATR (μL) Avidin (μL) Fluorophore Ratio: 

(BOG: DTB: ATR)  
1 40 - - 30 4: 0: 0 
2 5 35 - 30 0.5: 3.5: 0 
3 - 40 - 30 0: 4: 0 
4 5 30 30 - 0.5: 3: 3 
5 5 - 30 - 0.5: 0: 3 
6 - - 30 - 0: 0: 3 
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Based on current investigation of these fluorophore conjugates, avidin-biotin 

linkage is able to integrate multiple fluorophores in close proximity. The procedure is 

spontaneous and simple with high reproducibility. Through the avidin-biotin bridge, 

fluorophores were tightly bonded together and could easily pass the fluorescence energy 

from one to another. By adjusting the type and ratio of fluorophores in the avidin-biotin 

conjugation (Table 1), the excitation and emission spectra of the newly formed 

conjugates are tunable. These fluorophore-conjugates are good fluorescent probes and 

can be potentially used in multiple-biological-target determinations. 

 

Figure 4. Size distribution of BOG-DTB conjugate doped nanoparticles. (A) TEM image 
of multicolor-encoded nanoparticles; (B) Histogram of the diameter of the nanoparticles 
measured from TEM images (More than 75 nanoparticles were measured). 
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Figure 5. Fluorescence spectra of fluorophore-conjugated nanoparticles. 

Fluorophore-conjugate Doped Silica nanoparticles 

The fluorescent probes produced using avidin-biotin bridges are promising in 

bioanalysis because of their tunable excitation and emission spectra. However, these 

probes are still vulnerable to photobleaching and suffer from the low fluorescence 

intensity, both of which greatly limit their applications in current bioanalyses. To deal 

with these challenges, the avidin-biotin associated conjugates were doped inside silica 

matrix using a reverse microemulsion approach. Because numerous hydrophilic 

conjugates can be trapped in a single silica nanoparticle; the fluorescence intensity of one 

conjugate-doped nanoparticle is much higher than a single conjugate. In addition, the 

fluorescence of the conjugates can be protected from fluorescence quenchers by the silica 

matrix. Compared to the pure conjugates, the conjugate-doped nanoparticles are easily 

functionalized for the specific target-determination.  
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Figure 6. Fluorophore-conjugate doped nanoparticles illuminated under 365 nm UV light 
(From left to right are nanoparticles doped with conjugates from 1 to 6 listed in Table 1). 

In this study, multiple-fluorophore conjugates were encapsulated in silica 

nanoparticles using the reverse microemulsion method. In a typical synthesis, the 

nanoparticles have a uniform size with a diameter of 58 ± 5 nm confirmed by their TEM 

image (Figure 4). The surfaces of the nanoparticles have been modified with carboxyl 

groups for further conjugation to antibody or other target-directing molecules. These 

nanoparticles also exhibited good solubility in biological conditions with no apparent 

aggregation observed in the aqueous solution (Figure 4, A). 

The fluorescence properties of the conjugates, including the FRET patterns, can 

be easily tuned in the conjugation step, and well-preserved throughout the process of 

nanoparticle synthesis. Suspended in the water droplet of the reverse microemulsion, the 

configuration and properties of the conjugates were not disrupted. Even after the 

entrapment, the fluorescence properties of the conjugates were well-kept. The 

fluorescence spectra of the conjugate-doped nanoparticles revealed that the FRET 
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processes were preserved and that the probes could be used for multiple-target 

determination (Figure 5). All of these nanoparticles can be efficiently stimulated and 

exert different fluorescence signals by a single excitation source at 488 nm (Figure 5). 

This result has been also proved by exposure to the phosphate-buffer-suspended 

nanoparticle solutions under with a UV light at 365 nm. All of the solutions generated 

strong fluorescent colors with the stimulation (Figure 6).  

In addition, the conjugate-doped silica nanoparticles showed superior 

photostability to that of the free conjugates. In a model experiment, for example, under 

the irradiation of a 450 W xenon lamp for 0.5 h, the fluorescence intensity of the 

rhodamine-6G (which has similar structure and properties to DTMR) decreased to 34%, 

while the DTMR doped nanoparticles showed a fairly stable fluorescence signal (more 

than 90% of the fluorescence signal was reserved) (Figure 7). The higher photostability 

of the conjugate-doped nanoparticles is attributed to the protection from the silica matrix. 

The silica matrix can extensively slow down the diffusion of quencher molecules or even 

prohibit the direct contact between quenchers and fluorophores. In consequence, the 

fluorescence of the doped fluorophores and conjugates were much more stable. Both the 

tunable fluorescence spectra and the highly stabilized fluorescence signals suggest that 

the conjugate-doped nanoparticles are favorable for long-term, multiple-target 

bioanalysis. 
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Figure 7. Photostabilities of Rhodamine 6G and DTMR doped nanoparticles. 

 

Simultaneously detection of different types of bacteria cells by multicolor-encoded 
nanoparticles 

In this approach, various multicolor-encoded nanoparticles were functionalized 

with different antibodies for the detections of PA, KP and SA bacteria, respectively. 

Thus, different bacteria could be labeled by these nanoparticles and differentiated from 

the color of the nanoparticles. Remarkably, these antibody-functionalized nanoparticles 

were able to identify the specific bacteria in 5 min. For example, SA bacteria exhibited 

strong fluorescence signals after the addition of antibody-functionalized nanoparticles in 

5 min (Figure 8). The quick response of the detection can be attributed to the intensified 

fluorescence of the nanoparticles. Even each bacterium was only labeled by a few of 

nanoparticles in a short time, the intensity of these fluorescent nanoparticles were high 

enough to visualize the bacterium under a fluorescence microscope. In addition, each 

nanoparticle was able to integrate several antibodies on its surface. By combining the 
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power of multiple antibodies onto an individual nanoparticle, the nanoparticle might 

recognize targets more rapidly and accurately. 

The antibody-functionalized silica nanoparticles also showed a good selectivity in 

bioanalysis. Because the nanoparticles were modified by antibodies, the antibodies were 

able to direct the nanoparticles to the target-bacteria. Other bacteria, however, cannot be 

efficiently labeled by these nanoparticles because of lacking of specific binding. For 

example, SA bacteria were labeled by the corresponding antibody-functionalized 

nanoparticles in the presence of another type of bacteria, PA. In 5 min, the SA bacteria 

were successfully marked by the nanoparticles, while the PA bacteria showed with no 

fluorescent color (Figure 9). 

Finally, three types of bacteria (PA, KP and SA) and those antibody-

functionalized multicolor-encoded silica nanoparticles were mixed together in one pot. 

Again, in 5 min, bacteria were specifically labeled with the corresponding antibody-

functionalized nanoparticles. Under a confocal fluorescence microscope, these bacteria 

were differentiated by the fluorescent color of the nanoparticles that attached on them 

(Figure 10). This experiment clearly showed the feasibility and practicality of the 

multicolor-encoded fluorescent silica nanoparticles in a simultaneous multiple-biological-

target determination. 
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Figure 8. Fluorescence images of SA bacteria cells labeled by SA antibody linked BOG-
ATR dye doped nanoparticles. The color showed in the fluorescence image is pseudo-
color. 

 

Figure 9. Fluorescence images of SA and PA bacteria cells after being labeled with SA 
antibody- linked BOG-ATR dye-doped nanoparticles. PA bacteria were employed as 
control cells, and showed no change before and after the addition of nanoparticle 
solution, while SA bacteria cells were marked by nanoparticles after 5 min of incubation. 

Fluorescence image    Merge 

Fluorescence image Merge 
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Figure 10. Simultaneously detection of SA, PA and KP bacteria using corresponiding 
antibody linked multicolor-encoded nanoparticles. The light blue arrow points to the 
location of KP bacterium, the yellow arrows point to the location of SA bacteria, and the 
green arrows point to the location of PA bacteria. 

CONCLUSIONS 

So far, a series of multicolor-encoded nanoparticles have been successfully 

developed for simultaneous determination of multiple bacterial targets. By a reverse 

microemulsion method, these multicolor-encoded nanoparticles were easily to be 

modified with different functional groups. Their sizes were highly uniformed and 

distributed in a relatively narrow range. The outstanding fluorescence properties, such as 

versatile fluorescence spectra, strong and stable fluorescence signal, have been achieved 

by doping the avidin-biocytin/biotin dye conjugates into the silica shell. Because different 

dye molecules are closely conjugated through the avidin-biocytin bridge, the fluorescence 

energy has been transferred from one to another. Then different dye conjugates can be 

illuminated as the same time by a single excitation source. These basic spectral properties 

of the dye conjugates have been well conserved after being doped inside nanoparticles, as 

the same time, the photostabilities were dramatically enhanced due to the protection of 

Fluorescence 
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silica shell. After being linked with antibody, the multicolor-encoded nanoparticles were 

employed to probe bacteria cells. Under a confocal fluorescence microscope, different 

types of bacteria, SA, PA and KP, have been successfully labeled by multicolor-encoded 

nanoparticles. In the control experiment, only SA bacteria were labeled by the SA-

antibody coated nanoparticles, no PA bacteria were marked by these nanoparticles. This 

suggest our antibody linked nanoparticles have a great selectivity. In the future, our work 

will focus on the simultaneously detection of different bacteria samples with high 

selectivity. 
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