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Abstract

Fluorescent silica nanoparticles with diameters of about
300nm were synthesized based on Stober’s method, using
Thioflavin T as fluorescent co-reagent. The particles were char-
acterized via transmission electron microscopy and fluorimetry
measurements. Fluorescence intensity of the sols was ten times
higher than that of the ethanol phase solutions of Thioflavin T.
Release of dye molecules in stable alcosols was investigated by
measuring UV-Vis absorbance spectrum of the supernatant. To
try an alternative route, we investigated accumulation of dye
molecules in native silica particles. No release effect was de-
tected, and slow accumulation was observed. Water contact an-
gles of the particles were assessed from analyzing the Langmuir
films, and were found to be 18°, very similar to native silica par-
ticles. Langmuir-Blodgett films of the particles were deposited
on a glass substrate and were examined via UV-Vis spectropho-
tometry, fluorimetry and scanning electron microscopy. Pres-
ence of the film was revealed; the particles formed a continuous,

well-packed monolayer.
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1 Introduction

Thioflavin T is a biocompatible fluorescent dye. It is fre-
quently applied in detection of f-sheet proteins, since when it
is intercalated with fS-sheets, the dye undergoes a fluorescence
shift[/1]], and this specific interaction can be used for in vitro de-
tection of diseases such as bovine spongiform encephalopathy
(BSE) and Alzheimer disease in an early stage [2].

By reason of biological properties and interaction of the mam-
malian nervous and circadian system, molecules themselves
cannot get to the brain carried by the blood, since the blood
brain barrier (BBB) limits entrance of several substrates [3].
Modern pharmaceutics give an alternative way to avoid this ob-
stacle. Built into nanoparticles, dye molecules can be delivered
and reach through the BBB, and take effect in brain cells. In
medical biology, controlled drug delivery is an emerging area
in the application of nanoparticles[4]], which is now exploited
mostly in cancer therapy [5}6].

On the other hand — due to its fluorescent properties —,
Thioflavin T is a potential material for doping signaling particles
and fluorescent nanoprobes. These small particles have opportu-
nities of application in several areas, such as medical diagnostics
and controlled drug delivery. Fluorescent phenomena can also
be used to determine efficiency of drug delivery systems.

Thioflavin T has been previously integrated into polystyrene-
PCBA (poly-butyl-2-cyanoacrilate) core-shell [7]] and latex [§]
nanoparticles, which release the dye under specific conditions.

Although silica nanoparticle synthesis according to Stober’s
method [9] is a robust and easy-to-implement technique,
Thioflavin T has not been incorporated into this type of par-
ticles. Stober silica has plenty of advantages, such as spheri-
cal shape and narrow size distribution, and low toxicity [10].
It has already been used for synthesizing fluorescein [|11]] and
rhodamin[|12] doped fluorescent silica nanoparticles. Previous
studies showed that silica particles can be applied for establish-
ing functional layers[|13,/14], but — until now — there were no
experiments which investigated properties of fluorescent parti-
cle layers.

In this study, we describe a method for preparation of fluores-
cent Stober silica nanoparticles doped with Thioflavin T, via a
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one-pot synthesis|/15]. With this method, advantages of this dye
and silica particles can be combined. If silica nanoparticles in-
corporate Thioflavin T they could function as signaling probes.
Furthermore, we prepared particulate Langmuir and Langmuir-
Blodgett (LB) films to characterize the synthesized samples.

2 Experimental section

2.1 Materials

For the synthesis and purification of fluorescent nanoparticles
tetraethyl-orthosilicate (> 98%, GC grade, Merck) (TEOS), ab-
solute ethanol (a. r., Reanal), aqueous solution of ammonia
(25%, a. 1., Reanal) and Thioflavin T (75%, Fluka) were used.
For film balance experiments we used chloroform (ultra-resi an-
alyzed, 99.8%, J. T. Baker) and distilled water (18.2MQ cm)
purified with a Millipore Simplicity 185 filtration system.

2.2 Methods

2.2.1 Preparation of fluorescent silica nanoparticles

Alcosols of fluorescent silica particles were synthesized ac-
cording to Stober’s method [9]]; Thioflavin T was added to the
reaction mixture after formation of microphases. The presence
of microphases was evidenced by examination of Tyndall phe-
nomenon (observed by naked eye). We used different amounts
of Thioflavin T (see data in Table[I)) to prepare silica particles
with different fluorescence intensity.

Tab. 1. Amount of Thioflavin T used for the synthesis of fluorescent silica
sols (added to a mixture containing 250 cm® of ethanol, /0 cm? of TEOS, and

aqueous solution of ammonia)

Sol Thioflavin T (g)
FB300B 0.028
FB300C 0.056
FB300D 0.084
FB300E 0.112
FB300F 0.140

2.2.2 Purification of alcosols of fluorescent particles

Ammonia was removed from the sols by vacuum distillation
at 50°C. To separate the particles from the supernatant contain-
ing residual Thioflavin T, we centrifuged sols at 4300rpm for
30minutes, and dispersed the particles in pure ethanol; this step
was repeated three times. After purification we determined the
solid content of the alcosols from the mass of residual solids
after the evaporation of ethanol in a drying oven at 120°C for
3hours. As a result of purification, we obtained a pure ethanolic
sol of the fluorescent nanoparticles.

2.2.3 Preparation of fluorescent silica hydrosols

To prepare hydrosols of the particles, we centrifuged the sols
at 4300rpm for 30minutes. After centrifugation, we removed the
supernatant and dispersed the particles in distilled water. This
method was repeated three times. We assumed that via this tech-
nique, the amount of ethanol residues is negligible in hydrosols.

2.2.4 Particle size measurement

For transmission electron microscopy (TEM) investigations
we deposited the particles on a Formvar film coated copper grid.
We used a JEOL JEM-100 CXII transmission electron micro-
scope for the measurements. Electron micrographs were used
to determine particle size distribution of the sols. TEM samples
were taken from the film of the nanoparticles spread on water
surface in a Petri dish.

2.2.5 Adsorption experiment

To gain information about the accumulation of Thioflavin T
molecules on the surface or adsorption in the inner part of the
pores of silica nanoparticles, we added the dye to an alcosol of
unmodified Stober silica particles, solid content of 16.0mg/ml.
The mixture was stirred in a thermostat at 25°C. We measured
UV-Vis absorbance spectrum of the starting dye solution, and
the supernatant after 1, 2 and 7 days later, respectively. For
separating the supernatant we centrifuged the sols at 4300 rpm
for 30 minutes.

2.2.6 Release of Thioflavin T molecules from silica parti-

cles

To obtain information about the dye release from the particles,
we stored the prepared and purified fluorescent silica alcosols at
room temperature, without agitation. Another part of silica al-
cosols was exposed to a 50°C heat shock for one hour, and was
subsequently stored at room temperature. After 7and 14days,
sols were centrifuged and the absorbance spectrum of the super-
natant was measured with an Agilent 8453 UV-Vis spectropho-
tometer.

2.2.7 Fluorimetry measurement

To obtain quantitative information about the fluorescence of
the sols, a Perkin-Elmer Luminescence Spectrometer LS 50 B
was used. Before the measurements, solid phase content of each
sol was set to 12.0, 2.4and 1.2mg/ml, respectively. Emission
spectra were obtained with an excitation wavelength of 400nm,
a Snm excitation slit, and a Snm emission slit. We gained exci-
tation spectra with an emission wavelength of 480nm.

Tab. 2. Particle diameter and std. deviance of fluorescent silica sols

Sol Mean diameter (hnm)  Std. deviance (%)
FB300B 274 +5 11.31

FB300C 254 +4 9.06

FB300D 253 +4 9.88

FB300E 284 + 4 8.80

2.2.8 Preparation and characterization of particulate Lang-
muir films

For the preparation of particulate Langmuir films a
For the
film balance experiments, solid content of fluorescent alcosol
FB300E was set to 12mg/ml. After that, the sol was diluted

laboratory-built Wilhelmy film balance was used.
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with chloroform in a volume ratio of 1:4. We spread different
amount of particles on water surface, and — after evaporation
of the spreading liquid — compressed the monolayer film with
a movable barrier, with a speed of 33.50m2/min. Initial area of
the water surface was 225cm?, and the final area was 40cm?.
Wetting properties of fluorescent nanoparticles were evaluated
according to the surface pressure-area isotherms; the character-
istic parameters (collapse pressure, I1.; collapse area, A.; and
contact cross-sectional area, Ay; see Fig. E]) were determined
at room temperature. The water contact angles were calculated
based on a model described previously [[16}/17]]. Reproducibil-
ity of making Langmuir films was also investigated; we spread
a selected amount of particles on water surface three times, and
compared characteristic parameters of the parallel isotherms.

2.2.9 Preparation and characterization of monolayer

Langmuir-Blodgett (LB) films

We deposited fluorescent nanoparticles on a glass substrate.
The film transfer was carried out in four steps. First, the sub-
strate was immersed into distilled water, after that, the silica
particles were spread on water surface, the silica monolayer was
compressed subsequently with a speed of 18.8 cm?/min, and in
the final step — reaching 50% of the collapse pressure of the
sample — the substrate was slowly educed from the water. Dur-
ing the deposition, the surface pressure was kept constant. After
finishing the procedure, we dried the Langmuir-Blodgett films
at room temperature.

To demonstrate the presence of the deposited layer on the
glass substrate, we made UV-Visible spectroscopy measure-
ments before and after the film transfer. Transmittance spectra
were determined at a wavelength range of 190-1100 nm.

We also measured the fluorescence of the film. Emission
spectrum was determined at an excitation wavelength of 400nm,
with an emission slit of 10nm. The higher value of the emission
slit was set for increasing the signal/noise ratio. For the mea-
surement, we used a 515 nm emission filter in order to eliminate
noise that occurs due to reflection effects of the glass. Structure
characterization was carried out with a Zeiss Evo 40 XVP scan-
ning electron microscope (SEM). Prior to SEM measurements,
the LB film was coated with a thin gold layer. Micrographs were
made with 20000 times magnification. Energy of the beam was
set to 20.00 kV.

2.2.10 Stability investigation

The stability of silica alco- and hydrosols of the fluorescent
particles (in a 3 ml volume,) was investigated by sedimentation
studies. The sedimentation was studied during 7 days. We have
chosen characteristic properties, such as height of the sedimen-
tation front, which we defined as the distance between the solid
phase border-line and zero height (see Fig. [2)), normalized to the
mean particle size (mm), and the rate of sedimentation, which
we defined as the quotient of the height of the front and the
elapsed time (mm/day). Each day we measured the height of

the sedimentation front, and compared the rate of sedimentation
in hydro- and alcosols.

3 Results

3.1 Accumulation of Thioflavin T molecules
nanoparticles

Fig. [3 shows absorbance spectra of the dye solution, and the

in silica

supernatant after separating it from the sediment.

According to calculations, the volume filled by silica particles
was 6.0% of the total mixture volume. After 1 and 2 days, no
accumulation was detectable. According to spectroscopy mea-
surements, approximately 7.8% of the added dye was taken by
the particles after one week. This quantity corresponds to a dye
concentration of 1.03 * 10™8mol/ml. This implies a slow accu-
mulation process of the dye molecules into the native silica.
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Fig. 1. Surface pressure-area isotherm of a Stober silica nanoparticulate
Langmuir film to determine characteristic parameters: collapse pressure (ITc),
collapse area (Ac) and contact cross-sectional area (Ak).
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Fig. 2. Sol sedimentation in a cuvette. X and y represent width and depth
of the cuvette, z represents the height of the sedimentation front, and contrary

triangles signify the liquid meniscus.

It is well known, that Stober silica particles contain mi-
cropores [18], which could alter accumulation mechanisms.
Based on a simplified monolayer adsorption model, estimat-
ing 94.24 A? area for a single molecule2 (adsorbed parallel to
the surface), and approximating the whole silica surface area
on the basis of the mean diameter of silica spheres, we calcu-
lated the maximum amount of Thioflavin T on the geometric
surface of particles. The resultant value (2.57 - 10~"mol/ml)
was ca. 20 times higher than the experimentally determined one
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Fig. 3. Absorbance spectra of the starting dye solution, and the supernatant

after separating it from the sediment one week later.

(1.03 - 10~8mol/ml). It means significant amount of dye cannot
diffuse into the interior part of the particles after the investigated
time interval if we suppose significant adsorption of the cationic
dye at the surface of the particles.

3.2 Release of Thioflavin T molecules from silica particles

In purified alco- and hydrosols, presence of Thioflavin T in
the supernatant was not detectable via UV-Vis spectrometry in
any investigated case after two weeks. Therefore we assume that
the prepared Stober silica nanoparticles only release negligible
quantity of the dye, which does not exceed the limit of detection,
or the speed of release is quite slow.

3.3 Particle size distribution

The mean size of the particles and the standard deviation val-
ues are reported in Table 2] Fig. [d]shows TEM image of sample
FB300E.

Fig. 4. TEM image of fluorescent nanoparticles FB300E. Scale bar repre-
sents 500 nm

3.4 Stability investigation

We observed that the particles settled rather slowly with a dif-
fuse sedimentation zone, both in ethanol and water demonstrat-
ing aggregative stability of samples. The resultant sedimenta-
tion volumes (shown in Table [3]), which were reached after one
week, do not show significant differences in different media.

Average sedimentation rate of the sols was approximately 20
mm/day, which means the prepared sols are stable, considering

the particle sizes.

Thus we can say that both alco- and hydrosols of the prepared
fluorescent silica particles are stable. Sols did not aggregate af-
ter heat shock, visually there was no change in stability.

3.5 Fluorimetry measurement

Intensity of emitted fluorescence was measurable in purified
silica alcosols, thus we have evidenced, that the fluorescent dye
was successfully integrated into the particles. Maxima of the
sols’ emission spectra (ca. 610units) were more than ten times
higher than the highest emission intensity in ethanol solutions
of Thioflavin T (approximately 22units) (see Figure 5a and 5b).
Excitation spectrum of sol FB300B is showed in Figure Sc.

The excitation spectrum showed that highest emission inten-
sity can be achieved with an excitation wavelength of 440 nm.
Sols FB300E and FB300OF showed measurable fluorescence at
solid content values of 2.4 and 1.2 mg/ml. We suppose that flu-
orescence intensity was amplified due to an increase of the quan-
tum yield, which was a consequence of the intercalation mech-
anisms of Thioflavin T molecules in silica nanoparticles. This
intercalation mechanism with beta sheet proteins was reported
previously [2]. According to fluorescence emission spectra, the
method we used to synthesize fluorescent sols is reproducible.

Emission maxima of the sols reached a limit: above an
amount of added dye, fluorescence intensity did not increase.

Tab. 3. Resultant sedimentation volumes of fluorescent silica alcosols after

one week (in 3 ml sol volume)

Sol Sedimentation volume (cm3)
FB300B 0.4
FB300C 0.3
FB300D 0.4
FB300E 04

3.6 Characterization of Langmuir films

Fig. [6h shows surface pressure — area isotherms of different
amounts of silica particles spread. Since contact angle must be
independent from the amount of spread particles, and the pres-
sure gradient between the moving barrier and the force meter
has to be eliminated, extrapolation is needed. After extrapo-
lation, contact angle can be determined [[19]]. Data of contact
angles vs. the amount of particles spread and the trend line of
extrapolation are shown in Fig. [6p.

Contact angle of fluorescent silica nanoparticles with a mean
diameter of 284nm was found to be 18°, which meets our ex-
pectations that come from studies made previously, investigat-
ing silica particles with a diameter range of 45 — 100nm, using
techniques like film balance and scanning angle reflectometry
(these contact angles had been found to be in a range of 28 °-
19 °) [[7]. Therefore, the surface of the fluorescent nanoparticles
is very similar to that of as-prepared silica samples. This finding
does not reveal significant adsorption of dye molecules at the
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Fig. 5. Fluorescent spectra of silica sols: Emission spectra of Thioflavin T
doped silica sols with solid content set to 12.0 mg/ml, excited at 400 nm (a);

Emission spectra of alcohol solutions of Thioflavin T with different dye concen-
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Fig. 6. Characterization of Langmuir films: Surface pressure - area

isotherms of different particle amounts (a); Contact angle values for different

surface of the particles and confirms our establishment that dye
molecules accumulated in the inner part of particles.
Fig.[7)shows the results of the reproducibility test. Preparation
of Langmuir films showed to be reproducible, as the standard
deviation of the parallel parameters’ values was below 5%.

4 Characterization of monolayer LB films

As shown in Figure 8, transmittance spectrum of the substrate
after coating the particles differs from the transmittance spec-
trum measured before the deposition of the LB film. Thus, the
presence of the Langmuir-Blodgett layer of silica particles was
unambiguously revealed by the spectrum.

Fluorimetry measurements showed, that monolayer of 284nm
particles does not emit measurable fluorescent light, when ex-
cited at 400nm.

Fig. 0] shows scanning electron micrograph taken of the LB
film of the sol FB300E.

According to the scanning electron micrograph, the particles
formed a contiguous, well-packed monolayer on the support.

tration, excited at 400 nm (b); Excitation spectrum of FB300B silica sol, with
480 nm emission wavelength (c).

B Sk

Contactangle (°)

0 0.1 0.2 0.3 0.4

Amount of particles spread (mg)

amount of particles spread, and the trend line of extrapolation (b).

5 Summary

The objective of this study was to synthesize and characterize
Thioflavin T doped Stober silica nanoparticles to establish novel
signaling probes for medical applications, since the advantages
of these two substances have not been combined before.

We investigated size distribution, morphology, fluorescent
and wetting properties of the prepared particles, and also fo-
cused attention on the stability of their sols in water and ethanol
phases. Furthermore, Langmuir and Langmuir-Blodgett films of
the fluorescent silica nanospheres were prepared.

With fluorimetry investigations we evidenced that Thioflavin
T molecules were integrated into the silica spheres, since the
sols’ fluorescence emission was measurable after the purifica-
tion steps. In case of the silica sols, fluorescence intensity
was more than ten times higher than in case of ethanol phase
solutions of Thioflavin T conforming the localization of dye
molecules in the silica matrix in a special conformation. Ac-
cording to TEM measurements, the particles (284nm average
diameter) showed to be nearly monodisperse and spherical, no
aggregation processes were observed.

We assessed the wettability of fluorescent particles from

the non-dissipative part of surface pressure vs. surface area
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isotherms of Langmuir films. The resultant water contact an-
gles (18°) showed that there is not significant amount of dye
molecules at the surface of particles hence the fluorescent prop-
erties can be attributed to the intercalated dye molecules.

Adsorption investigations did not result in taking up
Thioflavin T molecules into the interior part of native silica par-
ticles (prepared without fluorescent dye) during a week. The
fluorescent particles, however, did not release fluorescent dye
during the investigated time period which is required for the
marking application.
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Fig. 7. Surface pressure-area isotherms of parallel measurements for the re-
producibility test of establishing Langmuir films
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Fig. 8. Transmittance spectra of the glass substrate and the LB film coated
glass substrate

Fig. 9. Scanning electron micrograph taken of the Langmuir-Blodgett film
of the sol FB300E. Scale bar represents 1 #m
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