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  1. Introduction 

 Fluorescent particles are used in a broad range of applica-

tions involving tagging, tracing, and labeling, [  1–7  ]  particularly 

in biomedical applications. [  8  ]  The latter area requires bio-

compatible nontoxic particles. Silica is an attractive material 

being rather nontoxic and easily functionalizable. [  9  ]  A high 

brightness of the particles is desired because it improves the 

signal-to-noise ratio when detecting fl uorescence signals. 

 A novel type of fl uorescent material, ultrabright 

meso(nano)porous silica particles of micrometer size, has 

been recently reported. [  10–12  ]  Organic fl uorescent dyes were 
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noncovalently (physically) entrapped inside self-sealed silica 

nanochannels of the particles. Due to the physical encapsu-

lation and specifi c nanoenvironment, the dye did not lose 

its fl uorescence activity when a rather high concentration 

was reached inside the particles. Typically, dye molecules at 

those concentrations quench their fl uorescence. Compared to 

the maximum fl uorescence of free dye in the same volume, 

the particles can show fl uorescence higher by three to four 

orders of magnitude. As a result, the particles can be up to 

two orders of magnitude brighter than polymeric particles of 

the same size assembled with quantum dots. 

 There was an attempt to “scale down” the size of 

ultrabright micrometer-sized particles by quenching their 

synthesis at the early stage. [  13  ]  The obtained fl uorescent 

meso(nano)porous silica nanoparticles (FMSNPs) were 

30 nm in diameter, and had Rhodamine 6G (R6G) fl uores-

cent dye encapsulated inside the particle channels. The dye 

did not quench its fl uorescence, although its concentration 

was  ≈ 230 times higher than the maximum nonquenching con-

centration of free dye in aqueous solution. Nonetheless, the 

brightness of these FMSNPs was not yet up to the ultrabright 

level. Compared to a popular class of bright fl uorescent par-

ticles, water-soluble quantum dots, [  14  ]  the FMSNPs reported 

in Reference  [  13  ]  were at  ≈ 40% of the quantum-dot bright-

ness. This was almost two orders of magnitude less than that 

expected, just by geometrical scaling down of the ultrabright 

micrometer-sized particles. The culprit was in dye leakage 

from the channels. To prevent this, the channels should be 

self-sealed by bending, as in the case of micrometer-sized 

particles. However, this is thermodynamically impossible. [  15  ]  

It would require too much energy to bend the channels for 

such small particles.  DOI: 10.1002/smll.201001337 
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 The fi rst successful approach to synthesizing ultrabright fl uorescent mesoporous silica 
nanoparticles is reported. Fluorescent dye is physically entrapped inside nanochannels 
of a silica matrix created during templated sol–gel self-assembly. The problem of dye 
leakage from open channels is solved by incorporation of hydrophobic groups in 
the silica matrix. This makes the approach compatible with virtually any dye that can 
withstand the synthesis. The method is demonstrated using the dye Rhodamine 6G. 
The obtained 40-nm silica particles are about 30 times brighter than 30-nm coated 
water-soluble quantum dots. The particles are substantially more photostable than the 
encapsulated organic dye itself. 
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 Herein, we report the synthesis of ultrabright FMSNPs. 

Dye loading inside FMSNPs, its quantum yield, and the fl uo-

rescence spectra are virtually identical to those of ultrabright 

micrometer-sized particles. [  10,11  ]  The obtained FMSNPs show 

a bimodal size distribution with the majority ( ≈ 95%) of the 

particles having a size of  ≈ 40 nm, while the other fraction 

consists of  > 100-nm elongated particles (if desired, 100-nm 

particles could be removed by fi ltration). Compared to 

30-nm water-soluble (dispersible) quantum dots, [  14  ]  the 40-nm 

ultrabright FMSNPs reported here are more than 30 times 

brighter.   

 2. Results and Discussion 

  2.1. Synthesis and Particle Size 

 FMSNPs were prepared by using the templated sol–gel 

self-assembly method with tetraethyl orthosilicate as the 

main silica precursor, cetyltrimethylammonium chloride sur-

factant as the structure-directing agent, and triethanolamine 

as both the catalyst and pH controller. R6G dye was encapsu-

lated inside cylindrical mesoporous channels of the FMSNPs. 

Methyltrimethoxysilane (MTMS) was used as a silica co-pre-

cursor, which resulted in enforced capturing of the dye inside 

the nanochannels. In the present work, the channels are 

still open but blocked from water penetration with the help 

of hydrophobic groups supplied by MTMS. The number of 

hydrophobic groups is carefully tuned to prevent water from 

moving inside the channels, while keeping the particles water 

soluble without noticeable aggregation. 

 The size of the FMSNPs was found with the help of 

transmission electron microscopy (TEM) and dynamic light 

scattering (DLS). Both techniques demonstrate a bimodal 

distribution of sizes,  ≈ 40 and 100 nm ( Figure    1  ). The TEM 

images clearly show a mesoporous structure of particles, 

which is in agreement with a somewhat similar type of syn-

thesis [  16  ]  in which mesoporous nanoparticles were synthe-

sized by using triethanolamine catalyst and several other 

organosilanes.    

 2.2. Calculation of Fluorescence Brightness of Particles 
and Quantum Yield of Encapsulated Dye 

 The most straightforward way to measure the bright-

ness of the synthesized particles is to relate the fl uorescence 

brightness of each FMSNP to the brightness of a single R6G 

molecule as follows:

 
FMSNP relative brightness = F LFMSNP/CFMSNP

F LR6G/CR6G   
(1)   

  where  FL  FMSNP  ( FL  R6G ) is the (integral) amount of fl uorescent 

light coming from a suspension of FMSNPs in water (solution 

of R6G dye) and  C  FMSNP  ( C  R6G  is the density of FMSNPs (dye 

concentration) in the measured suspension (solution). 

 To fi nd the FMSNP relative brightness, we measured 

the amount of fl uorescence coming from a FMSNP stock 

suspension (10  μ L; see the Experimental Section) dispersed 

in water (3 mL). This resulted in an integral fl uorescence 

of  FL  FMSNP  8610 a.u. (the error of fl uorescence measure-

ment was negligible). To fi nd the concentration  C  FMSNP , we 

weighed the stock suspension with the help of both a quartz 

crystal microbalance (QCM) and a high-resolution microbal-

ance. In our example, we found an average of 1.14  ±  0.15 mg 

of particles per 1 mL of water. (Both microbalance methods 

showed the same average results within one standard devia-

tion.) Taking the known density of the nanoporous silica 

material (1.6 g cm  − 3  [  11  ,  17  ] ) and the most abundant diameter 

of the FMSNPs (40 nm), we found the density of nanoparti-

cles in the measured suspension,  C  FMSNP   =  (7.1  ±  0.9)  ×  10 10  

particles per 1 mL of water. Then we found the amount of 

fl uorescence brightness per single molecule of R6G dye. As 

an example, the  FL  R6G  value of 7635 a.u. came from the dye 

concentration of (7.0  ±  0.5)  ×  10  − 8  m  (found from the UV/Vis 

absorbance by using the Beer–Lambert law). This concentra-

tion corresponds to  C  R6G   =  (4.2  ±  0.3)  ×  10 13  dye molecules 

per 1 mL of water. Thus,  Equation (1)  shows that the FMSNP 

relative brightness is equal to the brightness of 670  ±  130 mol-

ecules of R6G. This can further be related to the brightness of 

a single ZnS-capped CdSe quantum dot (which is  ≈ 20 times 

brighter than a molecule of R6G [  18,19  ] ). This brings the bright-

ness of FMSNPs to 34  ±  7 times higher than that of a single 

quantum dot. Furthermore, the FMSNPs seem to be substan-

tially brighter than other silica fl uorescent nanoparticles, [  20–27  ]  

which were similar to the brightness of one quantum dot. 

 It is informative to evaluate the brightness of the FMSNPs 

by also using the quantum yield (QY) data of the dye encap-

sulated inside the particles, which can be calculated as follows:

    Figure  1 .     FMSNP size distribution. a) Representative TEM images 
showing the mesoporous structure of FMSNPs; scale bars: 100 nm. 
b) Particle size distribution obtained with the DLS method.  
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QY = 95%

F LFMSNP

AR6G of FMSNP

AR6G

F LR6G   
(2)   

  where  A  R6G of FMSNP  ( A  R6G ) is the absorbance of the R6G dye 

extracted from the FMSNP (R6G reference dye) and 95% is 

the QY of R6G. 

 While the fl uorescent brightness was measured as in 

the previous case,  A  R6G of FMSNP  was found as follows. A 

small volume of FMSNP colloidal suspension was dried and 

weighed as described above. Then, a small volume of the same 

FMSNP suspension was dissolved using 1% hydrofl uoric acid. 

The  A  R6G of FMSNP  was found by scaling up the concentration 

of R6G proportionally to the dissolution in the hydrofl uoric 

acid solution. As an example, we had  FL  FMSNP   =  8610 a.u., 

 FL  R6G   =  7635 a.u.,  A  R6G of FMSNP   =  0.0074  ±  0.0005, and  A  R6G  

 =  0.0070  ±  0.0005 This brings QY  =  1.07  ±  0.15. This means 

that within the error of measurements, the QY of the dye 

encapsulated in the FMSNPs does not change compared to 

free R6G dye. Using the measured mass of the dried parti-

cles, one can fi nd the concentration of R6G inside the parti-

cles: it was 9.3 mg of dye per 1 g of particles, or 31 m m . This is 

similar to the concentration found in ultrabright micrometer-

sized particles. [  10,11  ]  

 The fl uorescence brightness of the FMSNPs (relative to 

R6G dye) can now be evaluated as follows:

 FMSNP relative brightness = (QY/95%)NR6G per FMSNP   
(3)   

  where  N  R6G per FMSNP  is the number of R6G molecules per 

single FMSNP.  N  R6G per FMSNP  can be calculated from the 

found concentration of R6G inside the particles (31 m m ) and 

the volume of the particle (spherical particles 40 nm in diam-

eter). Assuming QY  =  95% (unchanged compared to R6G), 

one obtains FMSNP relative brightness  =  630. This is rather 

close to the fi rst estimation of the relative brightness.  

  2.3. Fluorescence Spectra of Particles 

 The found concentration of the dye inside the FMSNPs is 

much higher than the maximum concentration of free R6G 

dye in water without noticeable dimerization ( ≈ 4  μ  m ), when 

the quenching of fl uorescence becomes noticeable, and conse-

quently the QY decreases. It is interesting to check the absence 

of dimerization in the spectra of the FMSNPs ( Figure    2  ). For 

comparison, the spectra of free dye in water without dimeri-

zation and with clear dimerization (in a diluted synthesizing 

sol with no silica precursors) are also shown (Figure  2 b,c). 

One can see that the dye inside the FMSNPs is nondimer-

ized because the spectra of both FMSNPs and nondimerized 

dye are virtually identical (except for the straight line cor-

responding to the direct scattering of excitation light by the 

nanoparticles). Absorbance (extinction) spectra of free (non-

dimerized) dye and the FMSNPs are shown in Figure  2 d. The 

spectra are also almost identical near the region of maximum 

    Figure  2 .     Fluorescence spectra of a) the synthesized FMSNPs, b) free R6G dye in water without dimerization (concentration 4  μ  M ), and c) diluted 
but still dimerized R6G dye in the synthesizing sol (with no silica precursors). d) Absorbance UV/Vis (extinction) spectra of the synthesized FMSNPs 
and free R6G dye in water without dimerization.   
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absorbance. For shorter wavelengths there is a considerable 

deviation in the absorbance spectra due to known light scat-

tering (extinction) by nanosized particles (Mia effect).  

 To better understand the interaction of the dye molecules 

inside FMSNPs with a silica matrix, high-resolution fl uores-

cence spectra of FMSNPs, free dye, and ultrabright origami 

micrometer-sized particles [  11  ]  are presented in  Figure    3  . For 

comparison, we also added a spectrum of 60-nm solid silica 

particles electrostatically coated with R6G (colloidal silica was 

placed in aqueous dye solution overnight, then washed with 

water by centrifugation fi ve to seven times until the super-

natant was fl uorescently clear). One can see that the spectra 

of ultrabright micrometer-sized particles [  11  ]  and FMSNPs are 

identical near the maxima. Both spectra are blue-shifted rela-

tive to the free dye maximum, which in turn is identical to 

the blue-shifted FMSNPs dissolved in HF solution (the latter 

means that we observed regular R6G spectra after complete 

dissolution of the silica matrix). Upon comparison of the 

spectrum of R6G physisorbed on silica, one can see that the 

blue shift cannot be explained by a possible electrostatic phy-

sisorption of the cationic dye with the anionic silica surface. 

Apparently, the observed blue shift comes from the nonpolar 

environment of alkane chains inside nanochannels.   

  2.4. Colloidal Stability of Particles 

 Because of the presence of a number of hydrophobic 

groups on FMSNP surfaces, there is concern about the sta-

bility of colloidal suspensions of FMSNPs. Moreover, the 

zeta potential of FMSNPs was found to be  + 5  ±  1 mV. This 

is typically small to maintain the long-term stability of the 

colloidal suspension of these particles. Moreover, silica may 

slowly degrade over time. [  9  ]  To test the stability of the par-

ticles and the suspension, the most probable and effective 

diameters were monitored by means of the DLS technique 

( Figure    4  ) over a period of 40 days. The most probable diam-

eter (which was obtained by using Mia theory) represents the 

diameter of the most populated particles in the suspension. 

The effective diameter defi ned by the diffusion coeffi cient 

was found from the analysis of the self-correlation function 

of intensities (number of photons) of the laser light scattered 

from the particles. The effective diameter can be considered 

an average one because the entire population of particles 

defi nes the amount of scattered light. By monitoring the dif-

ference between the most probable and effective diameters, 

one can learn the stability of the suspension as well as the 

stability of individual (most probable) particles. The data 

shown in Figure  4  demonstrate the hydrothermal stability of 

the most probable size of the particles, and the stability of 

the colloidal suspension over a period of at least 30 days. The 

slow increase of the effective diameter seen in Figure  4  is a 

sign of slow agglomeration of the FMSNPs.    

 2.5. Compatibility with Biological Cells and Photostability 
for Cell Imaging 

 One of the possible applications of FMSNPs is the labe-

ling of viable biological cells without fi xing the cells. Here, we 

use the human epithelial cervical cell model to demonstrate 

the basic compatibility of the particles with cells.  Figure    5a   

and b show an example of viable cells with FMSNPs pene-

trated into the cells within less than a minute. The cells do not 

show immediate toxicity; long-term toxicity will be studied in 

future work. We also studied photobleaching of the particles 

while inside the cells. While not being an entirely quantitative 

approach, photobleaching inside cells gives a good estimation 

of photodegradation of the particles when they are used for 

cell imaging. To make this method quantitative, we compared 

the bleaching of particles (Figure  5 c) with the photobleaching 

of pure dye accumulated inside the cells, as well as photo-

bleaching of a reference fl uorescein dye and of 60-nm solid 

silica particles electrostatically coated with R6G (the same 

as we used previously [  13  ] ). One can see that the FMSNPs are 

much more photostable than the dye itself.    

  3. Conclusion 

 Ultrabright FMSNPs were synthesized, which repre-

sents the fi rst successful scaling down of the ultrabright silica 

    Figure  4 .     Stability study of the FMSNP colloidal suspension in deionized 
water.  
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    Figure  3 .     High-resolution fl uorescence spectra of FMSNPs, ultrabright 
(origami) micrometer-sized particles, free R6G solution in water 
(1  μ  M ), FMSNPs dissolved in 1% HF solution, and R6G electrostatically 
physisorbed on 60-nm solid silica particles.   
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microparticles reported previously. [  11  ]  The main problem, dye 

leakage from open channels, was solved by incorporation of 

hydrophobic groups in the silica matrix. This keeps the syn-

thetic approach compatible with virtually any dye that can 

withstand the synthesis conditions. The synthesized particles 

 ≈ 40 nm in diameter contained 670  ±  130 molecules of R6G 

dye, which had an unchanged quantum yield after encapsula-

tion. As a result, the particles were 34  ±  7 times brighter than 

the brightest CdSe/ZnS core/shell water-soluble quantum dots 

(which have a comparable diameter of 30 nm after coating). 

The particles demonstrated substantially higher photostablity 

than the encapsulated organic dye itself.   

 4. Experimental Section 

  Chemicals : Tetraethyl orthosilicate (TEOS, Aldrich), methyltri-
methoxysilane (MTMS, Aldrich), cetyltrimethylammonium chloride 
(CTAC, 25% aqueous solution, Aldrich), triethanolamine (TEA, 
Aldrich), and R6G (Exciton Inc.) were used in this study. All the 
chemicals were used without further purifi cation. Ultrapure deion-
ized water from a Milli-Q ultrapure system was used for all syn-
thesis, dialysis, and storage steps. 

  Preparation of FMSNPs : A relative molar composition of 
1.0:0.2:0.01–0.04:10.4:141.6 for both silanes/CTAC/R6G/TEA/
H 2 O was used. In a typical synthesis of FMSNPs, TEOS (1.71 g) 
and TEA (14.3 g) were mixed in a 50-mL glass vial and heated 
for 1 h at 90  ° C without stirring. Another mixed solution of R6G 
(0.092 g), 25% aqueous solution of CTAC (2.41 g), and distilled 
water (21.7 g) was kept at 60  ° C with stirring. Both solutions were 
mixed in a 125-mL polypropylene bottle and stirred at room tem-
perature. After stirring for 30 min, MTMS organosilane material 
(0.124 g) was added to the reaction mixture, followed by addi-
tional stirring for 4.5 h at room temperature. 

  Dialysis of FMSNPs : CTAC surfactant, TEA, leftover silica pre-
cursors, and R6G dye in the fi nal FMSNP synthesizing bath were 
removed using a regular dialysis method. The FMSNP solution 
product (about 40 g) was dialyzed against deionized water using 
a Spectra/Por regenerated cellulose (RC) membrane of molecular 
weight 15 kDa until the supernatant water stopped showing any 
noticeable fl uorescence (may take up to several days of dialysis). 

  DLS   and Measurement of Zeta Potential : The DLS and zeta-
potential measurements of FMSNPs were performed on a 
Brookhaven particle size analyzer (Brookhaven, NY) with a standard 
35-mW diode laser and avalanche photodiode detector. To fi nd the 
diameter, the stock solution sample (50  μ L, as-prepared FMSNPs) 
was mixed with distilled water (3 mL) in a polystyrene cuvette. Each 
sample was scanned for 9 min (three runs) to obtain one set of raw 
data for the effective and most probable diameters. Both diameters 
of the FMSNPs were found by using 90Plus particle sizing software. 
The average values for the diameters were determined with at least 
three repeated measurements per sample. Zeta potentials of the 
FMSNPs were obtained by using ZetaPALS software. The extracted 
sample (30  μ L) was mixed with distilled water (1.5 mL). Average 
values for the zeta potential were determined with at least three 
repeat measurements with ten runs per sample. 

  Stability Test of the Particle Suspension and Diameter : A 
200-nm membrane fi lter with a syringe was employed to remove 
some agglomeration in the FMSNP solution after dialysis. The 
extracted FMSNP samples were diluted 10 ×  before applying the 
200-nm fi lter. By using the DLS method, the most probable and 
effective diameters of FMSNPs were monitored for the different 
times elapsed after fi ltration. 

  TEM : TEM images were obtained with a high-resolution JEOL 
JEM2010 (JOEL, Japan) scanning TEM instrument (200 kV acceler-
ating voltage) equipped with a LaB 6  cathode and a Gatan SC1000 
CCD camera. For TEM measurement, a suitable amount of aqueous 
solution of FMSNPs was dropped onto a porous carbon fi lm on a 
copper grid and then dried in a vacuum. 

    Figure  5 .     a,b) FMSNPs in epithelial cervical cells. c) Relative decrease of 
the brightness of different fl uorescent substances inside the cells.   
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  Weighing   by QCM : An aqueous suspension of FMSNPs (5  μ L) 
was dried on the surface of a QCM (QCM922, Princeton Applied 
Research, TN, USA). The mass of the FMSNPs was found from the 
change of resonance frequency of the QCM. While being a standard 
method, there is a danger of artifacts when the QCM method is 
applied for too large an amount of nanoparticles (due to possible 
damping of the QCM vibrations in loosely attached nanoparticles). 
The absence of this artifact was verifi ed by sequential dilution of the 
FMSNP suspension, and its consequent weighing with the QCM. The 
change of the weight, which is linearly proportional to the amount 
of dilution, indicates the proper working of the QCM method. 

  Weighing   by High-Resolution Balance : An aqueous suspen-
sion of FMSNPs (0.1–0.7 mL) in an aluminum foil cap was dried 
in a desiccator for 8 h. Weighing was carried out fi ve times on a 
CAHN29 (CAHN Instruments Inc.) balance (sensitivity 0.1  μ g).  
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