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Ultrabright fluorescent mesoporous silica
particles
I. Sokolov*abc and D. O. Volkova
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Recent self-assembly of ultra-bright fluorescent colloidal mesoporous (nanoporous) silica
particles is highlighted. The particles can be up to two others of magnitude brighter than
polymeric particles of comparable size assembled with quantum dots. Comparing with the
maximum fluorescence of free dye in the same volume, the particles can show fluorescence
which is higher by more than three orders of magnitude. We discuss the nature of the high
brightness of these particles, existing problems, potential applications and prospects.
Introduction

Fluorescence of colloidal particles is

typically achieved through incorporating

either inorganic or organic fluorescent

dyes into the particle’s material. While

inorganic dyes are typically more stable,

their limited variety, relatively low

quantum yield, and compatibility are the

issues restricting their broad application.

Large varieties of organic dyes and their

excellent quantum yield, make them

attractive for using in fluorescent parti-
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cles. However, the problems of organic

dyes are in their low stability and typical

toxicity. Incorporation of dyes into silica

matrix seems to be one of most promising

approaches because of excellent sealing

ability and wide compatibility of silica

with other materials, including biocom-

patibility. Numerous attempts to embed

organic dyes into silica xerogels and

zeolites have been reported.1–9 To prevent

leakage of the dyes out of the porous

matrix, dyes were typically covalently

bound to the silica matrix.4,6,10–15 While

photostability of such materials is higher

than stability of pure dyes, it does not

prevent bleaching substances, including

oxygen, from penetration inside such

a composite material. Moreover, in the

case of xerogel, it is rather hard to use that

material as labels. Fluorescent lasing dyes

possess relatively high photostability and

excellent quantum yield. Incorporation of
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such dyes into mesoporous patterned

silica films16 and silica roads17 has been

reported.

Recently, a novel synthesis of one-step

self-assembly of mesoporous silica parti-

cles with encapsulated organic dyes was

proposed.18–20 It is a templated sol–gel

self-assembly of mesoporous particles

with fluorescent dye added in relatively

large concentrations (up to 0.01M) to the

synthesizing bath. The dye molecules are

physically entrapped inside 2–4-nm-

diameter mesochannels during the

synthesis. It was found that the synthe-

sized particles could be up to two orders

of magnitude brighter than the micron-

size particles assembled from aqueously

compatible quantum dots encapsulated in

polymeric particles18 (scaled to the same

size). Compared with the maximum fluo-

rescence of free dye in the same volume,

the particles can show fluorescence which
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is higher by a factor of �5000. An

example of overall morphology of the

particles is shown in Fig. 1a,b. One can

see how a single particle sitting in a cage of

polyurethane pad illuminates the

surrounding landscape like a flashlight,

Fig. 1b. While the synthesized particles

were on the micron scale,19,20 there are

efforts to scale them down to the nano-

scale.21 The reported brightness of�30 nm

silica mesoporous particles was so far

only �40% of the brightness of a capped

water soluble quantum dot (of about

similar size, 30 nm). The reason for this

was presumably dye leakage. Extrapo-

lating the brightness attained in micron

sized particles, one should expect to reach

a brightness for 30 nm silica particles that

is substantially higher than that of

quantum dots. The synthesis of ultra-

bright fluorescent nanoparticles is still in

progress.
Fig. 1 An example of mesoporous micron-size ultrabright silica particles of ref. 19,20. (a) Scanning

electron microscopy (SEM) image. Scale-bar is 100 mm; the insert is a 20 � 20 mm2 zoom. (b) An

optical image of a single ultrabright particle sitting in the cavity of a polyurethane pad. Bright

fluorescent light illuminates the surrounding landscape. (c) A schematic of location of the dyes inside

mesopores colloidal silica. A zoomed area of the nanochannels with the dye encapsulated inside�3 nm

channels is shown. Alkane chains of surfactant molecules are presented as zigzag vertical lines with

the headgroups adjacent to silica walls.
Mechanism of ultrabrightness

It is known that increasing the concen-

tration of fluorescent dyes leads initially

to an increase in fluorescence. However,

at some point, the dye molecules start to

interact with each other, forming (mostly)

dimers. This results in a substantial

decrease of quantum yield, and conse-

quently, a decrease in fluorescence. There

is a maximum fluorescence at a certain

dye concentration, which is specific for

the dye in a particular solvent.

The observed high fluorescence of the

mesoporous particles comes from

a unique spatial distribution of dye

molecules inside mesochannels which

keeps the dye molecules from dimeriza-

tion. As a result, a higher concentration of

the dye can be reached without dimer-

ization, and consequently, brighter fluo-

rescence can be attained. It is worthwhile

mentioning a recent report of encapsula-

tion of dyes inside zeolites, where similar

effect was observed, 10 times higher

concentrations of dye monomers were

reported.7 The mesochannels have

a cylindrical geometry. The dye molecules

are well dispersed within each cylinder.

Alkane chains of surfactant molecules

(used in the synthesis as the templating

molecules) act as a dispersing agent along

the channel. In the perpendicular direc-

tions, silica walls play the role of the dye

separator. This situation is shown in

Fig. 1c. The separation prevents the dyes
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from dimerization, which can easily be

detected by measuring either UV-VIS

absorption or fluorescent excitation

spectra.19–21 It should be noted that

straightforward addition of surfactant to

a free dye solution does not help to

prevent dimerization. The dye molecules

still dimerize, while the surfactant mole-

cules presumably envelop the entire

dimers.

It was demonstrated that the distance

between dye molecules inside silica mes-

ochannels could be as small as 2–3 nm,

while not showing noticeable dimeriza-

tion.19,20 For comparison, the dye mole-

cules of rhodamine 6G dye form

a noticeable amount of dimers starting

from intermolecular distances of about

50 nm (10�5 M dye concentration in

DI water). It can be estimated that the

maximum concentration of fluorescent

dyes inside the mesoporous silica matrix

was more than 5000 times higher than in

water21 without being dimerized. Conse-

quently, the fluorescence of the particles

can be as high as 5000 times brighter than

the fluorescence of free dye of the same

volume.

It should be noted that the nature of

interaction between silica and dye mole-

cules also contributes to the brightness.

Typically, the chemical binding of fluo-
This journ
rescent dyes to the matrix may substan-

tially decrease quantum yield of the dye

(due to the bond-originated pathway for

dissipation of excitation energy). Physical

entrapment of the dye inside nano-

channels virtually does not change the

quantum yield of the dye.19–21 Thus, it also

contributes to the brightness of the silica

particles.

It is interesting to compare fluorescent

brightness of these particles with the

brightness of polymer particles with

encapsulated quantum dots.18 Each

reported �1.2 mm polymeric particle

producing fluorescence of maximum

intensity when contained �5 � 104

quantum dots. Ultrabright nanoporous

silica particles of similar size, for example,

can contain�108 molecules of R6G dye.20

According to ref. 22,23, single ZnS-capped

CdSe quantum dot is �20� brighter than

a free molecule of R6G (the quantum yield

of R6G molecules encapsulated inside

nanoporous silica matrix does not change

noticeably compared to free dye19–21). This

brings the maximum brightness of the

particles up two orders of magnitude

higher than the encapsulated quantum

dots. It should be noted that this is the

maximum brightness. In reality the

brightness of the particles can decrease

substantially because a part of the exciting
al is ª The Royal Society of Chemistry 2010



light can be scattered by the particle

surface, and consequently not participate

in the excitation of fluorescence.
Advantages and problems

The advantage of the described fluores-

cent particles is obviously in their high

fluorescent brightness. However, the

technology has a number of additional

positive features. The dyes are physically

encapsulated inside mesochannels.

Therefore, there is no need in the search of

a special chemistry to encapsulate the

desired dye inside channels. Merely

physical (weak) encapsulation preserves

the quantum yield of the dye. Rather

bright nanoparticles were synthesized by

utilizing covalent attachment of specific

dyes to the organosilica matrix.8,11 The

described here method seems to be more

universal, works with any dye compatible

with the synthesis environment, and has

the potential to create more than an order

of magnitude brighter nanoparticles.

Furthermore, several different dyes can

easily be mixed within the same particle.

Finally, the material of the matrix, silica,

is biocompatible; it can also easily be

functionalized. All these features expand

the range of applications where the

particles could be used.

In some cases, physical encapsulation

of the fluorescent dyes creates also

a problem. For example, open pore

particles cannot protect the dye24 from

leaking. Encapsulation within special

silica particles,19,20 which have self-sealed

cylindrical pores, shows virtually no

leakage of the dyes out of the particles.

However, the dye concentration is very

high inside the particles. Therefore, even

a small leakage can bring a substantial

amount of dye to the environment. This

problem has to be solved by, for example,

sealing the outer part of the particles. An

example of possibility of such sealing was

demonstrated in ref. 19.

A serious problem of organic dyes is

photobleaching. It was demonstrated that

photobleaching of nanoparticles with

physically entrapped dyes is not as fast as

just dye itself.11,21 This phenomenon has

probably the same nature as the known

increase in photostability of dyes

entrapped inside xerogels,25 and presum-

ably relates to an even more general

enhanced stability of (bio)organic mole-

cules confined in nanoenvironment.26
This journal is ª The Royal Society of Chemistry
The photostability of ultrabright

micron size particles has not been

investigated in detail. While expected

to be higher than just stability of the

dye, it is difficult to quantify. The

problem is in finding an appropriate

reference to compare the bleaching.

Photobleaching of dye depends on the

dye concentration. The higher concen-

tration, the faster the bleaching is. This

is because light is captured more effi-

ciently when concentration is higher.

Thus, it is not possible to create

a simple reference system, water solu-

tion of the dye having a dye concen-

tration similar to the concentration

inside the particles. The dye would be

heavily dimerized at those concentra-

tions, and therefore, have quite

different absorption property to the

dye inside the particles. It is worth-

while noting that using the physical

encapsulation, one can use lasing dyes

which are rather stable by themselves.

Moreover, it seems to be relatively easy

to incorporate various additives such as

hindered amine light stabilizers to

decrease photobleaching.

As compared to quantum dots, organic

fluorescent dyes bleach typically much

faster. However, comparing ultrabright

silica particles to the bleaching of

quantum dots, one should remember that

quantum dots are very stable only in non-

aqueous environment. In the presence of

water, quantum dots may quickly

degrade. Even properly coated, the

commercially available quantum dots can

typically survive very limited time in

aqueous environment. The exact time

strongly depends on the chemistry of the

environment. Ultrabright silica particles

can stay bright in an aqueous environ-

ment for many years. This dependence on

the environment makes it difficult to

compare photobleaching of ultrabright

particles and quantum dots. With

improved the coating technology,

quantum dots have an unambiguously

better potential to resist photobleaching.

There is one property of many fluores-

cent dyes that could be considered as both

advantage and disadvantage. It is the

dependence of fluorescence on the dye

chemical environment. If the amount of

fluorescent has to be constant, this prop-

erty can cause a problem. On the other

hand, one can make sensors based on

using such dyes.10
2010 J
Potential applications

Fluorescent particles are used in a broad

range of applications in tagging, tracing,

and labeling.27–33 In general, a high

fluorescence signal improves the signal-

to-noise ratio in various detection

methods. Ultrabright particles will defi-

nitely find its use in different tracing and

tagging applications. In industry, such

particles can be employed to tag particular

commercial products. In scientific appli-

cations, the particles could be used in the

research related to ‘‘labeling’’ of air and

water flows. However, the most popular

applications of fluorescent particles lie in

the biomedical area, from flow

cytometry34,35 and labeling of skin-care

products,33 to tagging of proteins.36,37 The

use of relatively benign fluorescent silica

particles10,11 is more preferable in

biomedical applications over toxic

cadmium-based quantum dots. Fluores-

cent silica nanoparticles, which were

synthesized recently21 in the described

‘‘ultrabright way’’, have shown their

biocompatibility. Particles of about 30 nm

and appropriate surface chemistry can

penetrate cellular membrane within

minutes, and tag cellular organelles.
Future prospects

The particles highlighted in this article

may already be valuable in a number of

applications described above. There are

several desired features yet to be achieved

to expand the area of applications of these

particles. For example, monodispersity of

the particles may be beneficial in many

applications. We expect this to be done

quite soon because there are various

methods of synthesizing particles of the

same size, or at least, separating the

particles of particular sizes.

There is a high interest and demand for

ultrabright silica nanoparticles. However,

it is quite challenging to synthesize

nanosized particles with self-sealed cylin-

drical nanopores. The attempt to make

such particle of 30 nm diameter21 has been

only partially successful. Only a small

amount of dye molecules stayed after

dialysis inside such nanoparticles, giving

�40% of brightness of single capped

quantum dot. Extrapolating the material

of the ultrabright particles to the 30 nm

size, one can obtain a brightness of at least
. Mater. Chem., 2010, 20, 4247–4250 | 4249



50 times higher. Thus, there is definitely

room for advancement.

We also expect future developments

towards preventing the leakage of the

dyes from the silica matrix. This problem

might be solved by means of coating the

synthesized particles with either large

(larger than the pore size) or self-

aggregating molecules.

Playing with sub-nanometre micropo-

rosity of the silica matrix, it would be

possible to make the dye inside of these

particles accessible to the outside ions. It

may turn such particles into individual

remotely addressed micro-sensors. For

example, it would be possible to create

micro-pH-meter by using fluorescent dyes

that change their fluorescence with

acidity. Because of ultra-brightness, the

sensitivity of such particles is expected to

be high.
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