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Abstract

Cascade Bluee (CB) dye at a concentration as high as 0.227 M was encapsulated within nano-sized porous silicate

shells, and its relative fluorescence yield determined over the pH range of 1.8–12.3, using 380 nm as the excitation

wavelength. The results were compared with those obtained in aqueous solution using similar pH and total dye con-

centration. Near neutral pH, the relative fluorescence yields of CB inside the shells exhibited little fluorescence

quenching, even though a high concentration of the dye was trapped inside the particles, while the peak wavelength of

fluorescence was shifted from 420 nm in solution to 430 nm in shells. Both in shells and solution, the relative fluo-

rescence intensity decreased as the solution pH was raised from 2 to 4, and in shells it nearly disappeared at about pH 3–

4. As the pH was further increased, the red shift of fluorescence peak in the shell-trapped dyes was evident at pH 5 and

its fluorescence intensity regained equal to that in acid. In the neutral pH range, the fluorescence intensity of CB in the

shells was similar to that of the equivalent total concentration of the CB in solution. In solution, a similar red shift of

the fluorescence maximum of CB to 430 nm was observed only above pH 9. These observations suggest that the fluo-

rescence intensities of dyes trapped inside nano-sized porous silicate shells can be equal to or higher than that observed

in solution under comparable conditions, leading to several hundreds times more fluorescent intensity when it is

measured per single shell rather than per unit fluorophore.

� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The behavior of dye molecules trapped inside

microporous and mesoporous silicate materials [1–

9] and surfactant mesophases [10–27] has recently

attracted much attention. In confined spaces, the

spectroscopic and physical properties of dye mole-

culesmay bemuchdifferent from that in solution. In

this study, the pH-dependent fluorescence proper-

ties of Cascade Bluee (CB) dye confined within

solvent-filled nano-sized porous hollow shells of

silicate are presented. Colloidal suspensions of these

dye-loaded silicate nano-shells are optically trans-
parent, and provide a unique opportunity to study

the behavior of dye molecules within porous mate-

rials without excessive light scattering problems.
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The use of porous silicate nano-shells to en-

capsulate dye molecules was first reported by

Makarova, and coworkers [28]. Silicate nano-

shells containing dye were made starting with ci-

trate-stabilized colloidal gold, to which was added

the dye, followed by 3-aminopropyl trimethoxy-
silane (APS), sodium silicate and ethanol [30]. The

colloidal gold was subsequently removed with so-

dium cyanide, and the dye-containing shells were

dialyzed against deionized water at neutral pH.

This method was adapted from methods used to

stabilize gold and silver nanoparticles [31–33].

Silicate coatings have similarly been deposited

around polymer nanoparticles [34,35], droplets of
liquid [36], micro-emulsions (unpublished results)

and liposomes [37,38].

Recently, Wang and coworkers demonstrated

that high concentrations of fluorescent dyes, such

as CB and Sulforhodamine-G (SR-G) could be

trapped inside nano-sized silicate shells [29]. The

absorbance and fluorescence spectra of nano-shell

trapped CB at neutral pH were red-shifted from
that observed in aqueous solution [39], whereas

those of SR-G were blue-shifted, suggesting that

the dyes are either interacting with each other or

with the silicate shell. It was noted that the fluo-

rescence yields of the dyes trapped in the porous

shells were not quenched even though the esti-

mated local concentration of dye inside the shells

should have been high enough to observe signifi-
cant fluorescence quenching in solution. Here, we

present additional work regarding the pH-depen-

dent fluorescence yield of CB inside nano-sized

silicate shells, and suggest possible reasons for the

unexpectedly high fluorescence yield observed

from trapped CB in these materials.

2. Experimental

Reagents: Hydrogen tetrachloroaurate (III)

hydrate (HAuCl4� � 3H2O) (Sigma), sodium citrate
(Na3C6H5O7 � 2H2O) (Fisher), hydroxylamine hy-
drochloride (NH2OH–HCl) (Sigma), 3-amino-

propyl trimethoxysilane (APS) (Sigma), sodium

silicate solution (Na2O(SiO2)3, (0.27 wt% SiO2)
(Sigma) and sodium cyanide (NaCN) (Sigma) were

all used as received without further purification.

Analytical grade ethanol (Sigma) and deionized

water (18 MOhm) were used in all preparations.

The structure of CB hydrazide (3,6,8-trisulfo-

1-pyrenyl)oxy-1-hydrazide, trilithium salt) (Mo-

lecular Probes) is shown below.

Nano-sized silicate shells containing dye were

formed using the colloidal gold template method

described previously [29]. Briefly, gold nanoparti-

cles approximately 15 nm in diameter were pre-

pared as follows: Five milliliters of 1% H2AuCl4
solution were added to 200 ml of water and heated

to boil while stirring. Twenty-five milliliters of 1%

sodium citrate solution at room temperature were

added to the boiling solution while stirring vigor-

ously. The stirring continued until the solution

became a deep red color, then it was cooled to

room temperature, and the total volume adjusted

to 250 ml using deionized water. Un-reacted citrate
ions were removed with dialysis overnight against

deionized water using Snake Skine Pleated Dia-

lysis Tubing of 10,000 MWCO (Pierce). The size of

average colloidal particle was about 15� 5 nm in
diameter as confirmed with a transmission electron

microscope (TEM). In this manner, approximately

3:56� 1015 particles/liter or 5:93� 10�9 M of col-
loidal gold particles were obtained.
To reduce degradation of the fluorescent dye,

all manipulations were carried out in dim light and

the containers covered with aluminum foil. A

3� 10�4 M solution of CB was prepared in de-
ioinized water, and the pH was adjusted to pH 7.0

using 0.1 M NaOH. Next, about 600 ll of dye
solution was added to 50 ml of colloidal gold

suspension at room temperature under vigorous
magnetic stirring. After about 20 min, the solution
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pH was adjusted to approximately pH 5 using 0.1

M HCl, and 150 ll of 1:1� 10�3 M APS solution
were added. After an additional 20 min of stirring,

the solution pH was adjusted to about pH 10.5

with 0.1 M NaOH, and 5 ml of 0.27% sodium

silicate solution was added to the suspension under
vigorous magnetic stirring. The suspension was

aged for 24 h while stirring at moderate speeds

at room temperature. Two hundred ml of 100%

ethanol were then added to the stirring suspension,

and stirring continued at room temperature for an

additional 24 h. The suspension was concentrated

from a volume of about 255 ml to about 12 ml

using a pressurized ultra-filtration cell (Spectrum)
using argon gas (Mettler).

To dissolve the gold core in the shells, 3 ml of

slightly acidic 0.1 M NaCN were added to the

concentrated gold-silicate nano-composite suspen-

sion in a fume hood. The dissolution of gold colloid

from the shells was confirmed by the loss of the

gold plasmon absorption at 530 nm and the dye-

containing silicate nano-shells were dialyzed
against deionized water overnight. The presence

of nano-sized silicate shells was confirmed with

transmission electron microscopy (TEM). The

presence of dye in the nano-shells was confirmed

using UV–VIS absorption spectrophotometry.

Transmission electron microscopy (TEM) was

carried out using a Hitachi Model-600 transmis-

sion electron microscope. To prepare the sample
for TEM observation, carbon film-coated copper

grids (Ted Pella) were dipped into a 1% aqueous

poly-lysine solution (Sigma) for 5 min and subse-

quently rinsed with deionized water. A drop of

silicate nano-shell suspension was placed on the

grid and allowed to air-dry until all the solvent

evaporated. TEM micrographs were recorded at

150,000� or higher magnification, with a beam
intensity of 75 kV.

The UV–VIS absorption spectra of CB in solu-

tion and in shells at pH 2 were obtained at room

temperature using a Cary 50 Bio-Absorption

spectrophotometer (Varian). The concentration of

the dye in the shell suspension was defined as the

total concentration of the dye in the volume. Thus,

it is likely that the true local concentration of the
dye in each nano-shell was much higher. The

number of dye molecules within each nano-shell

was estimated spectrophotometrically for a known

number of shell particles (5:93� 10�9 M). In this
case, the number of dye molecules present in a shell

would be 252 dyes/shell, or a local concentration of

0.294 M if the nanometer-sized volume formerly

occupied by the colloidal gold particle is used. In
most cases reported here after, the concentration of

dye in the shell was close to 195 dye molecules/shell

or 0.227 M. The number of dye molecules in the

shell may be varied depending upon the concen-

tration of the dye in which the colloidal gold is

incubated.

The binding study of CB to colloidal gold was

carried out in the following manner: To 10 ml of
5:93� 10�9 M colloidal gold suspension at pH 7.0
varying amounts of 3� 10�4 M CB solution were
added. After 20 min of incubation, the samples

were centrifuged at 9000 rpm for 45 min at 23 �C
using Sorvall Model T21 Superspeed tabletop

centrifuge and SL250T fixed angle rotor. For each

sample, the concentration of CB in the superna-

tant was determined spectrophotometrically (molar
absorptivity e ¼ 26; 523 at 400 nm) to obtain the
concentration of free CB, and subsequently the

amount of CB bound to the colloidal gold.

Fluorescence yields of the various concentra-

tions of the dye in solution and in shells were

compared using an SLM8000C spectrofluorometer

(SLM Instruments) at pH 7.9. Unless otherwise

stated, the excitation wavelength was set at 380
nm. The fluorescence intensity was recorded rela-

tive to a standard solution of fluorescein at pH 7.0

and the results presented after normalizing the

spectra with respect to the dye concentration.

The pH-dependent fluorescence yields of the

dye in solution and in shells were compared in the

range between pH 1.9 and 12.2. The total con-

centration of the dye was kept approximately at
3� 10�7 M throughout, either as dissolved in so-
lution or encapsulated within the shells.

3. Results

A TEM micrograph showing nano-sized silica

shells containing CB dye is shown in Fig. 1. The
average inside diameter of the shell was 15� 5 nm
and was similar to what had been reported by
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Liz-Marzan et al. [40]. The absorption spectra of
8� 10�6 M CB in solution and 1� 10�7 M in the
shell suspension at pH 2.1 are shown in Fig. 2. In

Fig. 2, for comparison, the actual absorbance of

the dye in solution was divided by 80 to match the

absorbance of the dye in the shell suspension.

The absorption spectrum of CB in the shell

showed the effect of scattered light at the shorter
wavelength range, but the positions of absorption

peaks as well as the absorptivity at 400 nm were

similar with those observed in solution.

The results of the CB binding study are dis-

played as a Scatchard plot in Fig. 3, where m rep-
resents the average number of dye molecules

bound per colloidal sphere. The plot is linear with

a relatively small error. The equation predicts that
the maximum binding capacity of a sphere to be

482 dye molecules and that the dissociation con-

stant is 3.45 lM.
The same samples used for absorption spectral

analysis were also used for fluorescence spectro-

photometric analyses at pH 7.9 and the results

after adjusting for the concentration of the dye in

each sample are shown in Fig. 4. The peak fluo-
rescence intensity of the dye was shifted from 420

nm in solution to 430 nm in shells. It is noteworthy

that the fluorescence intensity of the dye in shells is

not significantly quenched, even though the dye

concentration in shells is as high as 0.227 M. The

concentration-dependent relative fluorescence in-

tensities of CB in solution and in nano-shells at pH

7.9 are presented in Fig. 5. Since the concentration
of the dye in each shell is unchanged, the number

of shells in the suspension determines the total

Fig. 1. A TEM micrograph showing nano-sized silica shells

with average inside diameter of the shell 15� 5 nm containing
195 CB dye/particle.

Fig. 2. The absorption spectra of 8� 10�6 M CB in solution
and 1� 10�7 M in the shell suspension at pH 2.1. The actual
absorbance of the dye in solution was divided by 80 to match

the absorbance of the dye in the shell suspension.

Fig. 3. The results of the CB binding study is plotted as a

Scatchard plot. The fitted equation predicts the maximum

binding capacity of a sphere to be 482 dye molecules per col-

loidal particle and that the dissociation constant is 3.45 lM.
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concentration of dye in the suspension. In Fig. 5A

it is demonstrated that in the low total concen-

tration range the fluorescence intensities are lin-

early dependent on the dye concentration for both

samples. In Fig. 5B, a wider range of dye con-

centrations in solution and in shells are plotted in a
log–log plot. However, the concentration scale for

the dyes in shell has been changed to the concen-

tration of nano-porous shell particles, rather than

the overall concentration of the dye. By doing

so, the fluorescence intensity arising from each

shell that contains 195 dye molecules can be de-

termined, providing a fluorescence amplification

factor of 195 relative to the fluorescence from a
single molecule.

Shown in Fig. 6A are the fluorescence spectra

obtained from a solution of 8� 10�6 M CB at

different pH values after normalizing to the fluo-

rescence standard and concentration of the dye.

The peak wavelength of CB in water at acidic pH

is about 415 nm with a slight shoulder at 440 nm.

The fluorescence intensity decreases as the pH is
increased, while the emission peak red shifts to

425 nm at pH 12.3. The pH-dependent fluores-

cence spectra of CB in porous silicate nano-shells

at a total dye concentration of 1� 10�7 M, with
each shell having 0.227 M dye, when normalized to

the standard concentration, are more complicated

than those in solution (Fig. 6B). At very acidic pH,

near 1.7, the fluorescence spectrum is similar to
that in solution having its maximum at 420 nm

with a slight shoulder at 440 nm, though the

fluorescence intensity is only about half of that

observed in solution. In contrast to CB in water,

the fluorescence intensity rapidly drops as the pH

is increased and reaches almost negligible intensity

at pH 4.2. An equally rapid increase in fluores-

cence intensity is observed as the pH is increased
further, along with a shifting of the peak wave-

length to 430 nm. The results of pH-dependent

change of fluorescence intensities are summarized

in Fig. 7 together with another set of pH-depen-

dent fluorescence intensity data of the dye in the

shells. It should be noted that in this comparison

the fluorescence intensities of CB in the silicate

shells at the acidic region are estimated at 420 nm,
while those in the neutral to basic region at 430

nm. In both cases the pH-dependent changes in

fluorescence intensity are reversible.

4. Discussion

High affinity of CB to the surface of colloidal
gold results in a high concentration of encapsu-

lated dye in nano-sized porous hollow silicate

shells, and despite its high concentration, within a

specific range of pH, unexpectedly little fluores-

cence quenching is observed. In solution, the fluo-

rescence intensity at pH 1.8 is sharply decreased to

about half of its original value at pH 4.0 reflecting

the ionization of SO�
3 groups, which are directly

bonded to the pyrene, and therefore their charge

status may have significant effect on the fluores-

cence yields. From these results, the estimated pKa

of SO�
3 is about 2.5 and is close to the reported

range for sulfate at 1.99 [41]. Another inflection of

the fluorescence intensity is seen pH above 8.0 and

is likely due to the titratable amine of the dye.

It was only after removing the colloidal gold,
the complex pH-dependent fluorescence yields of

CB in the shells became evident. Inside the shells,

the fluorescence intensity was dependent on the

degrees of ionization and interactions of CB, the

amino-group of APS––its siloxane group is con-

sidered to be complexed with the silicate shell, with

the amine extending to the interior of the shell.

The fluorescence from an excited state dimer (ex-
cimer), often observed in a high concentration of

pyrene in non-polar solvent [42] was not observed

Fig. 4. Fluorescence spectra of CB at pH 7.9 in water, and in

the silicate nano-shells.
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in CB in shells, suggesting that excimer-type ag-

gregation of CB in the shells was unlikely even in

its high concentration. At pH below 2, all the

ionizable groups are protonated. The high con-
centration of dye creates a viscous environment,

but the non-polarized dye is likely to be unbound

to the shell. As the pH passes the pKa of SO�
3 , the

ionized sulfate group reduces the fluorescence in-

tensity as it does in solution. At pH 4, it is con-

ceivable to assume that the highly packed, ionized,

dye molecules experience dipole–dipole interac-
tions. The ionic interaction with the charged

amino group of APS leads to a nearly complete

fluorescence quenching. As the pH is increased

A

B

Fig. 5. (A) The concentration-dependent relative fluorescence intensities of CB in solution and in nano-shells at pH 7 demonstrating

that the fluorescence intensities are linearly dependent on the dye concentration for both samples in the low total concentration range.

(B) Log–log plot of the same data shown in A plotted against the log of the concentrations. For CB in solution, the concentration unit

is in molar CB, but in porous shells it is expressed in molar shells to show the fluorescence yield of CB in reference to the number of

shells in suspension.
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further, the negative charge density of the silicate

inner surface should also increase. This ionization

will reduce the dipole–dipole interaction while the
silicate negative charge competitively interacts

with the charged amino group of APS. This could

break the ionic bond between CB and APS and

lead to an increased fluorescence at 430 nm. The

outcome of all these processes results in a silicate

shell in which highly concentrated dye demon-

strates little fluorescence quenching at near neutral

solution pH.

As demonstrated in Fig. 5B, highly fluorescent
195 CB molecules within a single microporous

nano-sized shell could become the basis of highly

sensitive detector of materials [43–45]. The fluo-

rescence yield would be proportional to the popu-

lation of dye-containing silicate shells as well as pH

sensitive. If the outer layer of silicate shell is coated

Fig. 6. (A) The fluorescence spectra of 8� 10�6 M CB in solution at different pH values after normalizing to the fluorescence standard
and concentration of the dye. (B) The pH dependent fluorescence spectra of CB in silicate nano-shells at a total dye concentration of

1� 10�7 M, and normalized to the standard and concentration.
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with a specific antibody and bound to the corres-

ponding antigen [46], the fluorescence intensity

from the shell will be more than 195 times stronger

than that from a single molecule of the same dye.

5. Conclusion

We presented results that show that the fluo-

rescence intensities of an organic dye trapped inside

nano-sized silicate shells can be higher than that

observed in solution under comparable conditions.

Further, its luminescence can be reversibly influ-
enced by conditions of the surrounding solvent.

These features suggest that nano-sized dye-con-

taining silicate shells could be effectively utilized as

a nano-sized highly sensitive luminescent tag with

predictable pH sensitivity within a narrow range.
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