J. Chem. Sci. Vol. 123, No. 6, November 2011, pp. 901-907.

© Indian Academy of Sciences.

Silica nanodisks as platforms for fluorescence lifetime-based

sensing of pH
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Abstract. Core—shell conjugates of silica nanodisks and fluorescent dyes have been prepared. Rhodamine
B, the reference, has been attached to the core, by surface functionalization of the pristine SNDs. Then, a
layer of silica has been deposited on the composite nanodisks. Finally, the surface has been functionalized
with fluorescein in one case and protoporphyrin IX in the other. These dyes exhibit pH-dependent fluorescence
properties. The nanoconjugates are found to sense the pH of the medium, through systematic variation of the
fluorescence intensity ratios of the reporter dye at the surface and the reference dye at the core. Moreover,
the fluorescence lifetimes and corresponding amplitudes of the reporter dyes have been found to be reliable
parameters for assessing the pH of the medium, even though the variation in lifetimes of fluorescein is rather
small. In case of protoporphyrin, however, this variation is significantly large. Besides, the change in amplitudes
is prominent in acidic as well as alkaline solutions. The temporal parameters can thus be used to ascertain the
pH of the medium, when used in conjunction with each other.
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1. Introduction

Fluorescence sensing has grown into a popular, widely
used methodology in diagnostics and cellular imaging. !
Highly luminescent and photostable biolabelling agents
are required in this technique.”™* Organic fluorophores
are the most commonly used fluorescent sensors due to
the sensitivity of their fluorescent properties to subtle
changes in microenvironments.> However, constraints
like photodegradation and false positives often encum-
ber this otherwise sensitive technique. Moreover, the
fluorescence intensity of organic fluorophores depends
on the concentration of both analyte and the sensor.®
Quatum dots may be used to circumvent these problems
to a large extent, but their use is restricted by their toxi-
city towards cells.” Entrapment of fluorescent organic
molecules inside small particles of polymer, silica and
lipid assemblies shields the molecule from several envi-
ronmental factors like oxygen and causes amplification
of the signal.®'! The quantitative measurement of the
analyte concentration becomes easy as the fluorescence
intensity of the doped sensor molecule becomes inde-
pendent of the concentration of the sensor molecule.

*For correspondence

Fluorescence; sensor; silica; nanoparticle; lifetime.

Several reports exist on the encapsulation of fluore-
scent dyes in silica nanostructures. The popularity of
this matrix stems from the facile surface functiona-
lization by simple silanol chemistry.'? Large surface-
to-volume ratio of the nanostructures facilitates their
binding to biomolecules in large numbers. Besides,
silica nanostructures are non-toxic,'* chemically inert
and optically transparent.'* Because of these advan-
tages, nanoconjugates of silica and fluorescent dyes
have generated significant interest in the field of sen-
sing of analytes in microheterogeneous media. '* A brief
discussion of some of the recent work in this area has
been presented in the next paragraph.

Kopelman and co-workers have designed fluore-
scence ratiometric sensors of intracellular oxygen, based
on conjugates of dyes with silica nanoparticles.!! More
recently, Weisner and co-workers have used a modi-
fied Stober’s method to prepare core—shell dye-silica
nanoconjugates. '®!® This architecture has enabled the
dye molecules to get decoupled from each other. With
this background, core—shell nanoparticles have been
prepared for sensing pH.!"” In these sensors, trimethyl-
rhodamine isothiocyanate (TRITC) and the fluorescein
isothiocyanate (FITC) have been used to functionalize
the core and the shell, respectively, so that the reporter
dye, fluorescein, is exposed to the external pH while
the reference dye, rhodamine B, is sequestered from
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the medium whose pH is to be measured. The ratio
of the fluorescence intensity of the reporter and the
reference dyes has been used as the metric to determine
the pH of the medium. Such ratiometric measurement
obviates interference from factors like excitation source
fluctuations and sensor concentrations.

In the present work, we have adopted a similar
approach as Weisner and co-workers, but have used
anisotropic silica nanodisks prepared using lamellar
micelles as templates.?*>? These nanodisks are likely to
have important applications in drug delivery and sens-
ing in biological media, as Mitragotri and co-workers
have shown that anisotropic structures are less prone to
phagocytosis by macrophages and consequent ejection
from the body.?*?*

Further, we have used these core—shell nanoconju-
gates as a platform to explore the feasibility of pH sens-
ing with the fluorescence lifetimes, in addition to the
ratios of intensities. In doing so, a different reporter
dye, protoporphyrin IX (PP), has been found to bear a
great promise than fluorescein. In neat aqueous solu-
tions, protoporphyrin exhibits pH dependent equilib-
ria involving its monomer and aggregates, at different
degrees of protonation. These species are characteri-
zed by different fluorescence quantum yields and
emission maxima.” In the pH range of 10-12, strong
fluorescence is observed, with the spectral maxi-
mum at 620 nm. This is ascribed to deprotonated
aggregates (figure 2 of reference 25). At pH = 6,
fluorescence intensity becomes negligible due to pro-
tonation of carboxylic groups of protoporphyrin and
formation of larger aggregates. The fluorescence maxi-
mum is reported to shift to 634 nm for pH 3-6.%
In the narrow pH range of 1-2, the free base por-
phyrins get protonated to form dications. The fluore-
scence maximum for these dications are observed at
606 nm. The present work seeks to exploit this remark-
able pH dependence of protoporphyrin in designing an
efficient fluorescence sensor of pH.

2. Experimental

Silica nanodisks (SNDs) have been prepared using
lamellar micelles as templates, as has been described
earlier (figure S1).%*' The surface of these nanodisks
have been functionalized with rhodamine B by the
procedure described in the next few lines. All these
steps have been performed in a nitrogen atmosphere
and in the dark. A mixture of 13 mg of Rhodamine
B isothiocyanate, RITC (Aldrich, India) and 100 uL
3-Aminopropyltrimethoxysila- ne, APTMS has been
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added to 30 mL anhydrous ethanol. This mixture is
stirred for 24 h to obtain the RITC-APTMS conjugate.
20 mL of this conjugate, 100 uL tetraethyl orthosil-
icate, TEOS (Aldrich, India) and 3 pL Triethylamine
(EtsN) (Spectrochem, India) are added to 150 mg sil-
ica nanodisk and stirred for 24 h. Then, 100 uL TEOS
is added and the mixture is stirred further for 24 h,
in order to deposit a layer of silica between the core
and the shell. Next, the surface of this nanocompos-
ite has been functionalized with the reporter dye, flu-
orescein or protoporphyrin IX. In order to perform
functionalization with fluorescein, 8 mg of Fluores-
cein isothiocyanate, FITC (Aldrich, India) and 100 uL
of APTMS (Aldrich, India) are stirred in 30 ml
ethanol for 24 h. 20 mL of this mixture is then added
to the rhodamine-functionalized nanodisk suspension
and stirred for 24 h more. Core—shell nanodisks are
then obtained by multiple centrifugation and wash-
ing with ethanol and water (scheme 1). Such core—
shell nanodisks are referred to as RITC/FITC SNDs.
In order to functionalize the surface of rhodamine-
labelled nanodisks by protoporphyrin IX, a mixture
of 13 mg Protoporphyrin IX, PP (Aldrich, India),
100 L. APTMS, 3 mg Hydroxybenzotriazole, HOBT
(Spectrochem, India), 5 mg N’-dicyclohexylcarbo-
diimide, DCC (Aldrich, India) and 4 pL EtN in
30 mL anhydrous ethanol is stirred for 24 h. 20 mL
of this PP-APTMS conjugate is used to prepare the
shell of rhodamine B — functionalized SND core in
the similar fashion as mentioned for RITC/FITC SNDs
(scheme 1). This type of nanodisk is referred to as
RITC/PP SNDs.

The SEM images have been obtained on a scann-
ing electron microscope (SEM, HITACHI, S-3400 N).
Steady state spectra have been recorded with JASCO
V530 Spectrophotometer and Varian Cary Eclipse
Fluorimeter. Time resolved fluorescence studies have
been performed at magic angle polarization in a time
correlated single photon counting (TCSPC) system,
from IBH, UK, with A,, = 406 nm. The full width at
half maximum of the instrument response function is
250 ps. The PL decays are fitted by an iterative reconvo-
lution method using IBH DAS 6.2 software, to the biex-
ponential function (1 (1) = I(0)[A71,A,7,], where
1(t), 1(0) are the fluorescence intensities at time ¢ and
zero, respectively, after instantaneous excitation, 7, T,
are the two lifetimes and A, A, are the corresponding
amplitudes, such that A; + A, = 1).2%?7 A global analy-
sis of the data has been used, as discussed later. In both
the steady state and time resolved studies, the exter-
nal pH was maintained at the desired values by using
appropriate buffer solutions.
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Scheme 1. Preparation of dual dye doped silica nanodisk, where RITC is doped on

SND by the surface of modification. This

surface modified nanodisk act as internal

standard (magenta). There is a layer of RITC sequestered silica at the outer surface of
SND (orange). This layer acts as the sensor layer. Both the reference and the sensor
layer are separated by a layer of silica (yellow).

3. Results and discussion

Absorption spectra are shown in figure S2. The
steady state fluorescence spectra obtained from the
RITC/FITC SNDs are normalized to have the same
value of intensity at 580 nm, which is the fluorescence
maximum of rhodamine B. In these normalized spec-
tra, the fluorescence spectrum characteristic of fluore-
scein, with a maximum at 517 nm, is found to become
stronger upon changing the external pH from 5.0 to
8.8 (figure 1a). An excitation wavelength of 480 nm is

used, so as to ensure the excitation of the sensor as well
as the reference dye. The increase of the fluorescence
intensity of fluorescein with respect to rhodamine B in-
dicates the formation of dianions (¢ = 0.92)° at the
cost of monoanions (¢ = 0.36)%. The plot of the ratios
of fluorescence intensities of fluorescein (Ao
517 nm) and rhodamine B (A.,, = 580 nm) exhibits a
sigmoidal nature, with a point of inflection at pH =
6.3 (figure 2a). This observation agrees with the model
involving a two-state equilibrium between monoanionic
and dianionic forms of FITC existing in this pH range.
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Figure 1. Flurescence spectra of (a) RITC/FITC SNDs in

buffers of pH = 5.0, 5.4, 5.8, 6.2, 6.6, 7.0, 7.8, 8.4, 8.6 and
8.8. Aex = 480 nm. (b) RITC/PP SNDs in buffers of pH =
5.0,54,58,6.2,6.6,7.2,7.8,8.0,8.2,84,8.6and 8.8 ey =
406 nm. (c¢) RITC/PP SNDs in buffers of pH = 1.4, 1.6, 1.8,
2.0,2.2,2.6,3.4,4.0,4.4 and 5.0. Ax = 406 nm. The spectra
are normalized at the fluorescence maximum of rhodamine
B (580 nm, indicated by dashed arrows in the spectra).

The trend is the same as reported earlier RITC/ FITC
nanoparticles. 1%

Next, we explore the feasibility of using fluorescence
lifetimes for pH sensing with the RITC/ FITC SNDs,
as lifetimes are often believed to be superior para-
meters for sensing, even though their measurement is
significantly more difficult.’**** For these studies, the
decays have been collected at A, = 517 nm (domi-
nated by fluorescein) and 580 nm (dominated by rho-
damine B). The fluorescence decays have been found to
become progressively slower, with increase in the pH
of the medium (figure S3b). This trend is in line with
the expectation, as the lifetime of fluorescein increases
from 3.3 ns to 3.9 ns upon increasing the pH from 6 to
9 in neat aqueous solutions.** The slowing down of the
decays at 517 nm is attributed to fluorescein as well, as
it has a significant fluorescence intensity at this emis-
sion wavelength. The lifetime of rhodamine B is not
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Figure 2. Ratiometric calibration curves for (a)
RITC/FITC SNDs in buffer solutions, pH = 5.0 < pH < 8.8.
The ratios of intensity at 517 nm (fluorescence maximum of
FITC) to that at 580 nm (fluorescence maximum of RITC)
have been plotted; (b) and (c¢) ratiometric calibration curves
for RITC/PP SNDs in buffer solutions. (b) 5.0 < pH < 9.0,
Probe wavelength = 603 nm and (¢) 1.4 < pH < 5.0. Probe
wavelength = 630 nm.

expected to vary, as it is sequestered in the core. With
these considerations, global analysis®>~7 of the tempo-
ral data has been performed on sets of two decays, at the
same pH but at two different emission wavelengths. The
lifetimes have been set as the global parameters while
the pre-exponential factors are treated as local parame-
ters. It is observed that the longer global lifetime (7 )
increases in a sigmoidal manner with increase in pH
(figure 3, tables S1 and S2), from 3.4 ns at pH = 5
to 3.8 ns at pH 8.8, while the shorter lifetime remains
fixed at ~ 1.6 ns. These two sets of values match the
lifetimes of fluorescein and rhodamine B *, respectively
and are thus assigned. The improvement obtained using
the temporal parameters, over the steady state spec-
tral parameters, is that the lifetimes of the two emitting
species are well-defined and do not interfere with each
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Figure 3. Variation of t; (filled circle) and 7, (hollow
circle) for RITC/FITC-doped SNDs at different pH.

other. The shortcoming of the present system, however,
is that the variation of the lifetime of the marker dye is
very little. It is not realistic to expect to be able to per-
form pH sensing with a good level of sensitivity, with
such a small variation in the fluorescence lifetimes. This
problem can be overcome by replacing the marker dye
with another one, which exhibits a more prominent vari-
ation in lifetime, as a function of pH. This is the objec-
tive for studying silica nanodisks in which the surface
is functionalized by protoporphyrin instead of fluore-
scein. The choice of protoporphyrin as the sensing fluo-
rophore is inspired by the fact that in neat aqueous
solutions, its fluorescence lifetime exhibits a larger
change, from ~6 ns in acidic solution to ~12 ns in
alkaline ones (figure S4). The protoporphyrin at the sur-
face of the RITC/PP SNDs exhibits an interesting fea-
ture. A significant fluorescence intensity is observed at
630 nm, even when the external pH is close to 5-6,
in contrast to the observation in neat aqueous solu-
tions. This is likely to be so because the fluorophores
are in a less aggregated state, when they bind to the
SNDs. Nevertheless, the fluorescence intensity is at a
minimum at this pH. The spectra, normalized to the
rhodamine B fluorescence, become progressively more
intense upon increasing the pH up to 12 (figure 1b).
The fluorescence maximum changes very little in the
alkaline solution and may be assigned to the deproto-
nated form of protoporphyrin. Upon decreasing the pH,
a more marked increase in intensity is observed, but this
is associated with a pronounced change in the spectral
shape (figure 1c). The spectrum gets blue shifted and a
new emission band develops at 605 nm, which corres-

ponds to the emission band of the protonated species of
protoporphyrin .

Plots of the variation of the protoporphyrin emission
intensities at the spectral maxima, with the rhodamine
B intensities normalized to the same value, are sig-
moidal for both the pH ranges (5.0-11.5 and 5.0-1.4)
(figure 2b, c). The inflection points occur at
pH = 7.7 and 2.2. Thus, RITC/PP SNDs are found
to act as pH sensors, much like the RITC/FITC
SNDs, with the added advantage that the pH of acidic
solutions can also be sensed using these core—shell
nanostructures, using a combination of the ratio of
the fluorescence intensities of protoporphyrin and
rhodamine B, with the fluorescence maximum of
protoporphyrin.

The last question to be addressed in the present study
concerns the feasibility of using RITC/ PP SNDs in
fluorescence lifetime-based pH sensing. With a change
in the external pH, the fluorescence decays are found
to become faster in the range of pH = 1.9 to 5.0 and
then slower in the range of pH = 5 — 11.5, at Ay,
=580 nm (figure S4) as well as 605 nm (figure S6,
upper panel) and 630 nm (figure S6, lower panel). This
trend is in agreement with that observed in the varia-
tion of normalized fluorescence intensities (figure 1b,
c). Global analysis has been performed on these decays,
in the same manner as has been adopted for RITC/FITC
SNDs. The longer lifetime exhibits a sigmoidal increase
with pH, similar in nature to the case of RITC/FITC
SNDs (figure 4a). An inflection point is obtained at
pH = 6.1 and the region of pH over which the life-
time changes is 4.4-8.0. A quantitiative improvement
in these experiments is that the lifetime changes from
6.5 ns to ca. 14 ns, which is a significantly larger
variation than that observed for fluorescein. So, the
protoporphyrin-labelled nanodisks bear the promise of
being more sensitive fluorescence lifetime-based sen-
sors of pH in the range of 4.4-8.0. This range is larger
than that covered by the variation of the fluorescence
intensity of fluorescein and this is likely to render the
protoporphyrin-labelled silica nanodisks a useful sen-
sor in situations where the pH is abnormally lower than
the physiological pH, like in the case of the extracellu-
lar pH in tumour tissues, which is reported to be as low
as 5.0-5.5.% This pH region cannot be explored by pro-
toporphyrin by itself, as it forms aggregates with very
little, if any, fluorescence in this region. Binding with
the silica nanostructure disrupts these aggregates to a
large extent and thus, makes it possible for protopor-
phyrin to function in this region of acidity.

At this point, it might appear that the reference
fluorophore, rhodamine B, has no role to play in
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amplitudes for RITC/PP SNDs at different pH.

lifetime-based sensing and that it would be sufficient
to use nanodisks whose surfaces are labelled with
protoporphyrin. However, the reference dye, at the core,
proves to be useful in extending the range of opera-
tion of the pH sensor further to more acidic conditions.
This is achieved by considering the variation of the
amplitudes, along with that of the lifetimes. The ampli-
tude associated with the fluorescence of protoporphyrin
exhibits a minimum at pH = 6.0 and a sigmoidal vari-
ation for increase as well as decrease of pH (figure 4b).
This is because of the amplitude denotes the rela-
tive contribution of the fluorophore to the total fluore-
scence, with respect to the reference dye, rhodamine B.
The lifetime and quantum yield of rhodamine B remains
constant over the entire range of pH, as it is sequestered
in the core. However, it contributes to the total fluore-
scence in a greater extent in conditions for which the
fluorescence intensity of protoporphyrin is small. This
is why its amplitude decreases while that of protopor-
phyrin increases when the external pH is changed either
way from the value of 5-6, for which protoporphyrin is
least emissive. This is what causes the variation in the
amplitudes and provides an additional parameter for pH
sensing, besides steady state intensity and fluorescence
lifetime. It should be remembered that the amplitudes
are not single-valued functions of the pH and so, cannot
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be used by themselves to ascertain the correct pH of the
medium. However, they are obtained in the same mea-
surement that yields the lifetimes as well. When used in
conjunction with the lifetimes, the amplitudes emerge
to be useful metrics of determination of pH, especially
for acidic solutions.

4. Conclusion

Core—shell nanoconjugates of SNDs and organic fluo-
rophores have been synthesized, where rhodamine B
resides in the core and fluorescein or protoporphyrin
resides on the surface of SNDs. Steady state fluore-
scence intensity and lifetimes of the reporter dyes in
these nanoconjugates show variation with the exter-
nal pH. Therefore, these nanoconjugates may be use-
ful for sensing the pH of the microenvironments. In
case of RITC/FITC SNDs, the variation of fluore-
scence intensity of fluorescein (A, = 517 nm), nor-
malized with respect to that of, rhodamine B (A, =
580 nm), is sigmoidal for pH = 5.5-8.0. Fluorescence
lifetimes at emission wavelength of 517 nm show a sig-
moidal variation as well, but the change in lifetimes is
rather small. This has been the motivation to prepare
RITC/PP SNDs, in which protoporphyrin acts as the
sensor dye. The normalized fluorescence intensities of
protoporphyrin in these nanoconjugates, when used in
conjuction with the positions of the fluorescence max-
ima, can sense pH in the alkaline as well as acidic
solutions. Besides, the lifetime of protoporphyrin varies
from 6 ns to ca. 14 ns, upon increasing the external pH.
The amplitudes vary with pH as well, being minimum
at pH = 5-6 and increasing for higher as well as lower
pH. Thus, the temporal parameters of protoporphyrin in
these nanoconjugates can also be used to sense the pH
of the medium.

Supplementary information

The supplementary information of additional steady
state and time resolved date are provided in figure S1-
S6, tables S1-S2 (see www.ias.ac.in/chemsci).
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