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Abstract

Development of optical biosensors is an active area of research in the field of medical technology. Sol-gel matrices made from
alkoxide silicates, tetraethyl orthosilicate (TEOS) appear to be suitable glassy host matrix for the sensing system. However, the
major problem in the TEOS based sol-gel matrices is stability. So it is important to study dopant-matrix interaction as a function of
time. In the present study, we report fluorescence emission and excited state lifetime measurements on fluorescent probes entrapped
in TEOS sol-gel for monitoring the physico-chemical processes for characterization and monitoring of local environment (pores) of
dopant molecule (fluorescent probes) for construction of sensing layer for optical transducer. Different types of fluorescent probes
viz., Hoechst 33258 (H258) and pyranine (PY) were used. Sol-gels containing these probes were prepared at pH — 6:0 and the
physical and spectroscopic parameters were monitored as a function of storage time (days). The emission intensity from entrapped
H258 has shown relatively higher extent of decrease during aging. The excited state fluorescence lifetime measurements on these
probes depicted single exponential decay component at 5.4 ns (PY) and 3.6 ns (H258) in fresh sol-gels. After a few days of storage
the sol-gel containing H258 revealed an additional short decay component whereas no such alteration could be observed with the
probe molecule PY. Further confirmation of multicomponents decay was obtained by distribution analysis of lifetime of H258
where an increase in width of mean lifetime was observed with storage whereas no such change was indicated from PY. Thus it
appears that H258 is a better probe molecule for characterizing and monitoring local environment of pores in sol-gel.
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1. Introduction

Biosensor is a self-contained analytical device capable
of detecting specific biomolecules from biological sam-
ples. The basic configuration of a biosensor consists of a
sensing layer for selective recognition of biomolecules
and a transducer which converts the changes in the
physicochemical properties associated with recognition
of bioanalytes to detectable output [8]. The selective
recognition can be achieved by immobilizing appropri-
ate affinity system for example, enzyme, antibodies etc.,
in sensing layer. The biosensors, which are available
commercially, are based on amperometric method in
which the enzymatic reaction generates electrical output

from the transducer. This derived signal is often dis-
torted at the lower limit of detection range due to in-
terference from the electronic circuits. The other
problem associated with such biosensors is that the re-
activity of the immobilized biomolecules often reduced
due to undesirable alteration in conformation during
various steps involved in processing. In addition there
are other limitations which also need to be investigated
for further improvement [3].

Optical sensing offers many advantages in comparison
with the conventional amperometric based biosensors
[1]. Optical transducer would allow quantitative deter-
mination of one or more of the fundamental optical
characteristics such as intensity, frequency/wavelength,
phase, excited state characteristics e.g., fluorescence
lifetimes. These parameters can be applied to quantitate
bioanalytes. Optical sensors have no electrical contact
with the sample and hence no interference of signals from
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electrical circuits. Due to advancement in instrumentation
related to spectrofluorimeter, the most important ad-
vantage in optical sensing is that the lowest detection
level can be achieved in the 10~12-10~15 M range. Due to
this, optical sensors have potential of early detection of
biochemical changes and can be used for prediction of
onset of various diseases [5,6]. The transducer system
required for optical sensors is a transparent glassy matrix
usually made from inorganic alkoxide for the sensing
layer. The sol-gel process is a convenient and versatile
method of preparing optically transparent matrices at
low temperature (room temperature). The desired pro-
perties of encapsulated biomolecules e.g., enzymes,
antibodies, remain either similar to aqueous solution or
marginally altered. There are several reports on encap-
sulation of biomolecules within sol-gel glasses [2,10]. For
example, myoglobin (Mb) was among the first protein to
be entrapped and the absorption spectral characteristics
of Mb shown to remain unchanged [10]. Fluorescein la-
beled D-dimer antibodies was entrapped in sol-gel glassy
matrix for binding of D-dimer antigens for detection of
fibrinolytic products during the treatment of stroke [13].
Changes in the fluorescence intensity of dye labeled an-
tibodies were correlated with the concentration of ana-
lytes. Detection of glucose was also achieved in sol-gel
matrix by optical detection method [19]. Therefore, it
appears that sensor sol-gel systems coupled with ap-
propriate fluorescent probes can be applied to large va-
riety of analytes.

The sol-gel method is a chemical synthesis technique
for preparation of oxide gels at low temperature [4]. The
precursor alkoxide then undergoes hydrolysis and con-
densation to form optically transparent glass after a
period of time. Various physical and chemical parame-
ters affect the sol-gel processes in a very complex manner
which is not clearly understood. In addition, the nature
of local environment of the dopant molecule in sol-gel
essentially determines its application in optical sensing. It
is therefore, very important to elucidate and understand
the local environment of the entrapped molecule.

Many sophisticated analytical (atomic force micros-
copy, X-ray diffraction) and spectroscopic tools (NMR,
IR and Raman) have been utilized and reported in lit-
erature [11]. These tools often do not provide the re-
quired information about the mechanical (rigidity, pore
size, viscosity etc.) and other physicochemical proper-
ties. At low concentration of dopant molecules these
techniques cannot provide useful information about the
local environment of the pores in the matrix. Fluores-
cence spectroscopy is a very powerful analytical tool to
study the effects of various physico-chemical parameters
(pH, polarity, viscosity, concentration, solvent effects,
excited state molecular processes etc.) on molecules in
solutions [16]. Most importantly, fluorescence spectro-
scopy can provide information from molecules present
in very dilute concentration even from a heterogeneous

environment. Whereas other spectroscopic tools cannot
provide information related to optical properties of
these probes. The most important and necessary con-
dition for sol-gel to be applicable as sensing matrix is
long stability of the encapsulated biomolecules. This is
possible if detailed nature of interaction of entrapped
biomolecules is studied over a long period of sol-gel
processing. Although, few studies are reported in liter-
ature [11] but no systematic information is available
using particularly fluorescence spectroscopy.

The aim of this study is to develop simple fluores-
cence spectroscopic tools using fluorescent probes (op-
tical) for characterization and monitoring sol-gel matrix
for development of optical biosensors for bioanalytes
such as cholesterol, myoglobin and other blood pro-
teins. The aim is to first fabricate appropriate structur-
ally and functionally stable host matrix for the affinity
systems and characterize using optical probes and then
to utilize such probes for selective detection and
quantitation of bioanalytes.

In the present study, we have undertaken systematic
studies to characterize and monitor sol-gel processes
using fluorescence spectroscopic measurements on opti-
cal probes Hoechst 33258 (H258) and pyranine (PY)
encapsulated during preparation of sol-gel. Hoechst is an
important staining molecule for cellular DNA for various
studies in cell and molecular biology [18]. The structures
of these molecules are shown in Fig. 1. H258 is reported
to exist in at least two different conformers in aqueous
solutions [7,9] and depending upon the physical para-
meters such as viscosity, these conformers attain certain
preference. This molecule is also sensitive to other solvent
physical parameters [14]. PY is a standard molecule for
characterization of polarity changes in heterogeneous
environment [11]. The preliminary results suggest H258 is
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Fig. 1. Structures of Hoechst 33258 and pyranine.
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a better probe molecule for fluorescence based charac-
terization and monitoring of sol-gel process.

2. Materials and methods

Tetraethyl orthosilicate (TEOS) was obtained from
E. Merck (Germany). Fluorescent probe molecules,
Hoechst 33258 (20-(4-hydoxyphenyl)-5-(4-methyl-1-pip-
erazinyl)-2,50-bi-1H benzimidazole) and pyranine (8-
hydroxy-1,3,6 tri-sulfonated pyrene) were procured
from Sigma Chemical Co. and Aldrich Chemical Co.
USA respectively. All other reagents are of guaranteed
reagents grade (GR) from E. Merck and used without
further purification. Deionized water of 18 MX resis-
tance was obtained from Millipore MQ water purifica-
tion system for preparation of different solutions.

The sol-gel samples were prepared by mixing 500 ll
of TEOS to 2000 ll phosphate buffer at pH 6.0 and 300
ll ethanol in disposable fluorescent cuvettes and the
mixture was sonicated for about 45 min after adding 100
ll of 0.1 N HCl as a catalyst. Sonication was performed
in an ultrasonic bath, in regular interval of 15 min in
presence of ice to maintain low temperature. The probe
molecules viz., H258 and PY were added to the soni-
cated mixture and polycondensation of dye doped sol
was carried out in room temperature and the cuvettes
were covered with parafilm after 2-3 h. The final con-
centration of these probe molecule was 5 x 10~6 M.

The fluorescence emission measurements were carried
out in a fluorescence spectrofluorimeter Model FS900
(Edinburgh Analytical Instruments, UK). The fluores-
cence lifetime measurements were performed in time
resolved spectrofluorimeter (Model FL900 CDT, Edin-
burgh analytical instruments, UK). Both the steady state

and lifetime measurement were performed in the specially
modular custom designed spectrofluorimeter in which
both steady state (Model FS900) and time resolved
(Model FL900) units have been integrated by Edinburgh
Analytical Instruments, UK. The excitation source was
hydrogen gas filled flash lamp, the gap between the two
tungsten electrodes was 0.8 mm, the hydrogen gas pres-
sure was 0.4 bar and repetition frequency was 40 kHz.
The data acquisition was based on time correlated single
photon counting technique. In general, 10,000 counts
were acquired for each decay profile. The instrument
response function (IRF) was obtained from a scattering
solution (LUDOX, colloidal silica). The decay profiles
were deconvoluted using IRF recorded immediately after
each measurement. The exponential fits were obtained
and accepted after thorough cross examination of vari-
ous statistical parameters e.g., reduced chi squared
v2 6 1 :2, residuals, autocorrelation plot and Durbin-
Watson values.

3. Results

Fig. 2 shows the emission spectra of PY (10~5 M) in
water-ethanol mixtures. It is observed that the emission
spectrum is characterized by a single band at 513 nm in
water and with increasing amount of ethanol an addi-
tional band appears at 435 nm. The intensity of this band
gradually increased with concomitant decrease in intensity
at 513 nm. In fact, in pure ethanol a single blue shifted
band characterizes the emission spectrum at 435 nm.

Fluorescence emission spectra of H258 (10~5 M) in
water and dimethyl sulfoxide (DMSO) are shown at Fig.
3. The emission maximum in water and DMSO is at

PYB PY9 PY10 PY11 PY12 PY13
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Fig. 2. Fluorescence emission spectra of pyranine (10~5 M) in water-ethanol mixtures. The percentage of ethanol in different spectra are 0 (a), 20 (b),
40 (c), 60 (d), 80 (e) and 100 (f). The spectral measurement conditions were: kex 400 nm; increment, 0.5 nm; dwell time, 0.2 s; excitation and emission
slits, 0.5 mm.
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Fig. 3. Fluorescence spectra of Hoechst 33258 (10 5 M) in DMSO (a) and water (b). The excitation wavelengths for (a) and (b) were 340, 360 nm
respectively. The fluorescence intensity of Hoechst 33258 in water was multiplied by 15 for purpose of comparison only.

Table 1
Fluorescence lifetimes of probes in different solvents

Probes Solvent

H2O
DMSO
Ethanol

H2O
Ethanol

Lifetime S (ns)

0.2
3.1
2.1

5.4
3.6

A1 (%)

54
96
56

100
100

s2

4.1
6.6
3.8

_

A {Q/\J±2 \/®f

46
04
44

_

v2

0.923
1.068
1.10

1.336
1.283

H258

PY

510 and 503 nm receptively. It is to be noted that in
DMSO the intensity is about 15 times higher than in
water.

Table 1 shows the fluorescence lifetime of H258 and
PY molecules in different solvent composition. Hoechst
in water depicted two exponentially decaying compo-
nents viz. 0.2 and 4.1 ns. The relative distribution being
54% and 46% respectively. The same molecule in DMSO
showed a dominant decay component at 3.1 ns (96%)
and small contribution from 6.6 ns (4%).

A graphical plot of weight loss of sol-gels containing
different fluorescent probes prepared in disposable flu-
orescent cuvettes as a function of storage time (days) is
shown in Fig. 4. These cuvettes were covered with
parafilm during storage. The weight loss was monitored
till two months.

The routine spectroscopic monitoring of sol-gel
process was continued upto 21 days by measuring the
emission and excited state lifetimes of probes in sol-gel.
Figs. 5 and 6 show the emission spectra of PY and
Hoechst respectively entrapped in sol-gel matrix as a
function of storage time (days). PY did not show any
significant spectral change where as Hoechst depicted

weight loss during aging

2 3 5 6 13 16 22 30 60

Days

Fig. 4. A graphical plot showing the weight loss in sol-gels containing
pyranine and Hoechst as a function of storage (aging). The measured
weight is inclusive of disposal cuvettes.

considerable decrease due to storage. Table 2 shows the
fluorescence lifetime data of H258 and PY. A single
exponentially decay «5.4 ns was observed in PY and no
measurable change in this value could be observed with
storage. In case of H258, although the fluorescence de-
cay profile could be fitted with single component in fresh
sol-gel (day 1) but due to storage the value of single
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Fig. 5. Fluorescence spectra of PY in sol-gel as a function of storage (a) first day and (b) 21st day.
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Fig. 6. Fluorescence spectra of H258 in sol-gel as a function of storage (a) first day and (b) 21st day.

Table 2
Fluorescence lifetimes of H258 and PY in sol-gel matrix as a function of storage (in days)

Storage time (days) Fluorescence lifetime

Hoechst 33258

(A,)

Pyranine

X

3.6 (100) 1.224 5.4 0.95

21

0.7 (14)

0.9 (27)

3.3 (100)
3.6 (86)

3.2
3.7 (73)

1.6
1.257

2.56
1.371

5.4

5.4

1.2

1.2

The excitation wavelengths for H258 and PY were 340 and 400 nm respectively. The number shown in brackets are percentage contribution of
respective decay components in the decay profile.

lifetime decreased significantly and the corresponding cally acceptable range and therefore double compo-
value of reduced chi square increased beyond statisti- nent fittings were carried out. A short decay component
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Fig. 7. Plot of mean fluorescence lifetime distribution of PY and H258
in sol-gel: (a) and (b) from PY on 1st and 21st day respectively. The
corresponding plots for H258 are shown in (c) and (d). These plots are
directly obtained after the distribution analysis provided in the soft-

ca. 0.7 ns was observed along with the long component
3.6 ns. The relative contribution from the short com-
ponent showed slight increase from 14% to 27% in 21
days old sol-gel.

Fig. 7 shows the result of mean distribution analysis
of fluorescence lifetimes of these molecules in sol-gel.
The distribution kinetic model fits a decay profile by
weighting a series of individual exponential lifetimes
instead of only single, double and triple exponentials.
This software is available in FL900. It is observed that
the width of mean fluorescence life has increased in
H258 during storage whereas no such changes were
observed in PY. It has been observed that the width of
mean fluorescence lifetime of H258 increased from 1.3 to
2.6 ns in three week old sol-gel. The numerical value of
mean lifetime along with standard deviation of H258
and PY are shown in Table 3.

4. Discussion

The precursor molecule TEOS undergo hydrolysis
and condensation during sol-gel process. The sol-gel
process can be broadly divided into the following steps
viz. solution, gelation, aging, drying and finally densifi-
cation. TEOS when mixed with water and a solvent
ethanol (catalyst) undergo chemical reactions as shown
below:

SiðOC2H5Þ4 þ 4H 2O ! SiðOHÞ4 þ 4C 2 H 5 OH ðiÞ

nSiðOHÞ4 ! nSiO2 þ 2nH2O ðiiÞ

Eq. (i) is basically a hydrolysis reaction in which silanol,
S i -OH is formed as an intermediate and finally con-
verted to siloxane, SiO2, according to Eq. (ii) [4].

Various physical and chemical parameters such as
temperature, relative humidity, pH, catalysts (ethanol),
precursor molecule, solvent etc. influence these reactions
which finally result into condensation and depending
upon the nature of the ambient conditions of stor-
age (aging), gel is formed. The composition of solvent,
pH, polarity, viscosity etc., are very important proper-
ties influencing dopant-matr ix interaction and hence

Table 3

Day Probes

Hoechst 33258 Pyranine

Mean lifetime (ns) Std. deviation Width of mean
lifetime (ns)

Mean lifetime (ns) Std. deviation Width of mean
lifetime (ns)

1
7
21

3.6
3.3
3.1

0.39
0.51
0.75

1.3
1.5
2.6

5.3
5.3
5.3

0.65
0.58
0.65

1.8
1.9
1.8

The values of mean lifetime and standard deviations are taken from the distribution analysis where as the width of mean lifetime was measured from
the bar diagram shown in Fig. 7 (plot for the data of day 7 was not shown).
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jsif

Fig. 8. A schematic diagram showing the different regions in pores and
interstitial spaces (micro-channels) (reproduced with permission [11]).

stability of sol-gel. The gel consists of pores of variable
size filled with solvent. These pores are interconnected
through network of micro-channels filled with solvent
(Fig. 8). Pores and interconnecting channels are ex-
pected to undergo changes with sol-gel process. The
major changes expected during gel formation are
shrinkage of volume, loss of weight, increase in viscosity
and decrease in pore size and its related properties [11].
These changes in turn can strongly influence reactivity
of dopant biomolecules such as enzymes. For various
possible applications of sol-gel in biosensors it is very
important to tailor the required properties with long
temporal stability.

The fluorescence properties of PY are sensitive to
solvent composition, Fig. 2 shows systematic spectral
changes with change in the composition of water-etha-
nol mixtures. Therefore any change in the polarity of the
solvent filled pores due to sol-gel process during storage
was expected to show characteristic emission spectra viz.
decrease in emission intensity at 513 nm with simulta-
neous increase in the intensity at 435 nm if the polarity of
solvent filled pores had decreased. However, ratio of
intensities of these two bands can be used for quantita-
tive measurement of polarity of solvent composition.
The solvent composition of pores containing PY did not
indicate significant changes even upto two months of
storage. This is also implied from the fluorescence life-
time data where the excited state lifetime of PY (5.4 ns)
remained same as that of pure water (Tables 1 and 2). In
case of possible lowering of polarity due to mixing of
ethanol the fluorescence lifetime would have decreased
from 5.4 ns (water) to about 3.6 ns (ethanol) (Table 1).
Fluorescence lifetime data generally depicts clear distri-
bution of coexistence of multiple fluorescence species in
the solutions or same molecule if present in heteroge-
neous medium e.g., in different solvent mixtures [16]. The
present PY data however, clearly shows that the polarity
of solvent filled pores remain unchanged during storage.

The bisbenzimidazole derivative, H258 is a nucleic
acid staining agent [18] and is being routinely used in

various studies in the field of molecular biology
[12,17,20]. Recent studies on the photo physical prope-
rties of this molecule in aqueous solution [9] and theo-
retical studies [15] have predicted co-existence of at
least two conformers viz., planar and nonplanar. Sol-
vent parameters such as viscosity is expected to stabilize
only planar conformation. This is indicated in strong
enhancement of fluorescence intensity of H258 in
DMSO (Fig. 3). This is because, the contribution from
nonradiative deactivation pathway of excited energy due
to rotational motions from nonplanar conformer is in-
hibited in viscous solvent. This is also supported from
the fluorescence lifetime data where a dominant com-
ponent at 3.1 ns in DMSO was observed (Table 1) [7]. In
water, the fluorescence lifetime distribution was found
to be double exponentials viz., 0.2 and 4.1 ns. The fluo-
rescence lifetime of H258 in sol-gel indicated a single
decay component at 3.6 ns (Table 2). This value is
similar to measured value of fluorescence lifetime in
viscous solvent such as DMSO. Therefore, the viscosity
around the dopant molecule H258 appears to be sig-
nificantly higher than water. The excited state lifetime of
H258 showed slight decrease, which is concomitant with
observed decrease in intensity with storage (Fig. 6). On
careful examination of fluorescence decay of H258, clear
indication of variation in physicochemical properties in
sol-gel during storage was revealed. This is because of
appearance of an additional decay component at much
shorter value viz., 0.7 ns. In water it is likely that non-
planar conformer dominates [9]. The planar component
is expected to be dominant in relatively viscous solvent.
The fluorescence lifetimes of these conformers are
shown in Table 1. Therefore H258 data suggests oc-
currence of heterogeneity as a result of variation in
viscosity in the local environment of dopant molecule.
In the present analysis the observation of almost con-
stant value of longer component ca. 3.6 ns in sol-gel as a
function of storage time (days) clearly indicated at least
two types of environment with varied nature of viscosity
in pores. Such variation could not be detected by using
PY. It is to be observed that the measured lifetimes of
these probes in sol-gel are not similar to ethanol. In
order to get further insight into the possible changes in
the pores, mean distribution analysis of lifetimes of
H258 and PY were carried out using distribution anal-
ysis (Fig. 7). Interestingly, the width of mean lifetime
depicted gradual increase from 1.3 to 2.6 ns due to
storage in H258 whereas no such change was observed
in PY (Table 3). This increase in width appears to be due
to increase in heterogeneity due to changes in local en-
vironment of different solvent filled pores.

Thus it appears that the fluorescent probe H258 is a
better probe as the same molecule can provide more
information of physicochemical properties of solvent
filled pores and fluorescence lifetime measurement ap-
pears to be more informative than simple intensity
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measurement. Further studies are in progress to quanti-
tate these changes. Our immediate plan is to make use
of such probes for quantitation of viscosity and other
related changes in thin films of sol-gel for application in
the development of optical transducers for biosensors.

5. Conclusion

The fluorescence probe H258 appears to be useful in
characterizing and monitoring of both polarity and
viscosity changes during aging of sol-gel. Fluorescent
lifetime measurement on H258 is a more powerful tool
for studying physicochemical properties in such non-
homogeneous matrix.
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