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Abstract

Fluorescent silica nanoparticles (NPs) have potential in biomedical applications as
diagnostics and traceable drug delivery agents. In this study, we have synthesized fluorescent
dye grafted silica NPs in two step process. First, a stable method to synthesize various sizes
of silica NPs ranging from 20 to 52, 95, 210 and 410 nm have been successfully
demonstrated. Secondly, as-synthesized silica NPs are readily grafted with some fluorescent
dyes like IR-820 and fluorescein isothiocyanate (FITC) dyes by simple impregnation method.
IR-820 and FITC dyes are ‘activated’ by (3-mercaptopropyl)trimethoxysilane (MPTMS) and
(3-aminopropyl)triethoxysilane (APTS) respectively prior to the grafting on silica NPs. UV-
Vis spectroscopy is used to test the stability of dye grafted silica NPs. The fluorescent dye
grafted silica NPs are quite stable in aqueous solution. Also, a new type of dual dye-doped
hybrid silica nanoparticles has been developed. The combination of microscopic and
spectroscopic techniques shows that the synthesis parameters have significant effects on the
particle shape and size and is tuneable from a few nanometers to a few hundred nanometers.
The ability to create size controlled nanoparticles with associated (optical) functionality may

have significant importance in bio-medical imaging.



1. Introduction

Monodispersed nanometer-sized particles were shown the importance and advantages
in the scientific field as well as in the industrial applications, e.g. catalysis, drug delivery,
biolabelling, pharmacy, etc [1-3]. Of these particles, silica NPs are used to make electronic
substrates, thin film substrates, electrical insulators, thermal insulators and humidity sensors
[4, 5]. Silica NPs also have biomedical applications such as delivery of anticancer drugs [6],
enzymes [7] and DNA [8]. The silica NPs play a different role in different systems as these
NPs are highly hydrophilic and easy to prepare, separate and label.

Dye doped fluorescent silica NPs (FSNP) possess several advantages like high
florescence intensity, good photostability [9, 10] and good potential for surface modification
with various biomolecules [11, 12]. During the synthesis, when the dye molecules are doped
inside the silica matrix as well as on the surface which protects the dye from the surrounding
environment improving their probe sensitivity. FSNP synthesis is relatively simple and does
not require extreme reaction conditions such as high/low temperature, pressures and inert
reaction environment. Generally, florescent dye molecules are introduced into silica NPs by
amino-terminated alkyltrialkoxysilane compounds such as (3-aminopropyl) triethoxysilane
(APTS) and dye molecules with an isothiocyanate functional group [13]. The silica surface
makes these silica NPs chemically inert and physically stable [14]. This can allow ‘targeting’
of functionality on particular cell types. In addition, these NPs can be biofunctionalized with
a wide array of different molecular recognition probes, such as antibodies or aptamers [15].
Single dye-doped silica NPs have previously been used for ultrasensitive DNA analysis down
to sub-fmol/L concentrations [16]. Each nanoparticle encapsulates hundreds or even
thousands of dye molecules in a ~60 nm silica sphere [15]. Therefore, even considering the
likely quenching between the closely packed molecules inside the matrix, an overall

fluorescence between two and three orders of magnitude larger than that from individual dyes



is usually achieved, thus providing an extremely strong fluorescence signal for ultrasensitive
bioanalysis.

A great many methods have been reported for the preparation of silica NPs, including
plasma synthesis [17], chemical vapour deposition (CVD) [18], sol-gel processing [19; 20],
chemical precipitation [21], microemulsion processing [22], combustion synthesis [23],
continuous microwave hydrothermal technique [24] and pressurized carbonation [25]. Many
years ago, Stober et al [26]. reported a sol-gel method for preparation of monodisperse
spherical silica particles, by hydrolysis of tetraethyl orthosilicate (TEOS), in ethanolic
medium in the presence of ammonia. In order to prepare uniform-sized spherical particles
with wide size range, it is essential to separate nucleation and growth processes, which
basically correlate with monodispersity of products. In this work, silica NPs were prepared by
modifying Stéber method. This method has advantages in that it does not require extreme
conditions of temperature and pressure and the particle size and shape was simply controlled
by varying the base concentration.

Herein, we have successfully synthesized monodispersed silica NPs with a size range of
20-400 nm using Stober method, showing its flexibility for the fabrication of different sizes
of silica nanoparticles. Two different dyes (IR-820 and FITC) were successfully grafted on
silica surfaces and stability of these dye grafted silica NPs is studied using UV-Vis
spectroscopy. Also, a new type of dual dye grafted hybrid silica NPs has been developed. The
combination use of TEM, SEM, UV-Vis and confocal microscope shows the synthesis
parameters have significant effects on the particle shape and size and the size is tuneable
from few nanometers to few hundred nanometers. The ability to create size controlled NPs
with associated (optical) functionality have significant importance in bio-medical imaging.

2. Experimental section:

2.1. Materials



IR-820, fluorescein isothiocyanate (FITC), tetraethyl orthosilicate (TEOS, 99.999%),
(3-aminopropyl)triethoxysilane  (APTS), tert-butyl methyl ether (TBME), dimethyl
formamide (DMF), (3-mercaptopropyl)trimethoxysilane (MPTMS), anhydrous -ethanol
(>99.9%), 28% aqueous ammonia and toluene were obtained from Sigma-Aldrich and used
as received.

2.2. Synthesis of silica NPs

Various sized monodisperse silica NPs were prepared by hydrolysis and then
condensation (polymerisation) of TEOS. 0.37 M of TEOS was added into 50 ml of anhydrous
ethanol with stirring forming solution ‘A’. In another bottle, given volume (weight) of
ammonia was mixed with 50 ml anhydrous ethanol to form solution ‘B’. Then, solution ‘A’
was poured into ‘B’ under rigorous stirring. The mixed solution was kept stirring at room
temperature for 24 h. The final molar ratio of TEOS:water:NHs:ethanol was variable and set
to 1:(3.41-12.55):(1.77-6.54):17.13. Finally, the white precipitates were collected by filtration
on a piece of Millipore filter paper (pore size ranges from 0.015 — 0.2 um) followed by
washing with ethanol and acetone. Samples were dried under vacuum at room temperature. In
order to investigate the effects of the chemical composition in the starting solution on the
particle size, amount of the aqueous ammonia was varied. In each case, TEOS:ethanol ratio
was fixed.

2.3. Synthesis of IR820-MPTMS and FITC-APTS conjugates

IR-820 (0.6 mM), anhydrous DMF (0.1 M), MPTMS (0.7 mM) and triethyl amine
(0.7 mM) were mixed together and stirred for 24 h at room temperature. Then conjugated dye
was precipitated by TBME. The ‘wet’ product was collected by filtration and washed three
times using TBME. Sample was dried in vacuum at room temperature. Similarly, FITC (0.8
mM) dye was added to the APTS (10 mM). The access of APTS was added to FITC to

prevent bleaching of the dye. The mixture was stirred for 48 h at room temperature. Then this



mixture was precipitated by TBME and sonicated for 20 min. The product was collected by
centrifugation at 8000 rpm for 15 min followed by washing with TBME. Then the conjugate
was dried under vacuum at room temperature.
2.4. Synthesis of dye grafted silica NPs

A simple imposition method was used to prepare dye grafted silica NPs. As prepared
different sizes of silica NPs (0.1 g) were mixed with toluene and then sonicated for 20 min.
IR820-MPTMS dye conjugate (0.005-0.05 g) was then added to that solution. These mixtures
were then refluxed at 120 °C for 12 h. The solutions were filtered using Millipore filter paper
and washed several times with ethanol, water and acetone. All samples were dried under
vacuum at room temperature. Similarly, FITC-APTS conjugate (0.025-0.05 g) was added to
sonicated solutions of as synthesized different sizes of silica NPs and toluene. Mixtures were
refluxed at 120 °C for 12 h. The solutions were filtered using Millipore filter paper and
washed several times with ethanol, water and acetone. All samples were dried under vacuum
at room temperature.
2.5. Synthesis of dual dye grafted hybrid silica NPs

0.1 g of silica NPs (SiN95) were mixed with toluene and sonicated for 20 min. IR820-
MPTMS dye conjugate (0.005 g) was added to the above solution and then refluxed at 120 °C
for 12 h. The solution was filtered using filter paper and the solid recovered washed several
times with ethanol and water. The sample was dried under vacuum at room temperature.
Resultant IR820-MPTMS grafted silica NPs were again dispersed in toluene and sonicated
for 20 min. The FITC-APTS dye conjugate (0.01g in 5 ml of toluene) was added to above
solution and refluxed at 120 °C for 12 h. The solution was filtered using filter paper and
washed several times with ethanol and water. The sample was dried under vacuum at room
temperature.

2.5. Characterization



The particle size of silica NPs was analysed by using transmission electron
microscope (TEM) and scanning electron microscope (SEM). TEM images were recorded
using a JEOL 2010 microscope operated at a voltage of 200 kV. TEM samples were prepared
by placing a drop of silica NPs solution (in ethanol) directly onto the carbon-coated copper
grid (400 mesh). SEM images were taken from a FEI inspect SEM microscope where the
samples were spun coated on a piece of silicon wafer. UV-Vis absorbance spectra were
collected by a Cary 50 UV-Visible spectrophotometer. Photoemission steady state spectra
were acquired by a Perkin Elmer LS 50 B spectrometer. Fluorescent images were obtained by
an Olympus FluoView FV1000 confocal laser scanning microscope working under a Multi
Ar laser (458, 488, 514 nm) and a red HeNe laser (633 nm).

3. Results and Discussions
3.1. Morphological characterization of silica NPs by SEM and TEM

One of the main aims of our work was to optimise the size of silica NPs during the
synthesis. For potential biomedical applications silica NPs of small sizes are required. The
most important parameters involved in the production of these particles are the quantities of
the reagents i.e. TEOS, ethanol, water and ammonia solution. Varying each of these
parameters one at a time would be inefficient and time consuming. Herein, monodispersed
spherical silica NPs with the size ranging from 20 to 52, 95, 210 and 410 nm were
successfully prepared by controlled hydrolysis of TEOS in ethanol and varying the ratio of
the base to the silica precursor.

It was found that the particle size gradually increased when the added amount of
ammonium hydroxide was increased. This may be seen counter initiative as it would be
experienced that the number of nuclei per unit volume in the reaction increases with

increasing the amount of ammonium hydroxide. However, ammonium hydroxide is the base



catalyst for the hydrolysis as well as for the condensation of TEOS resulting in faster kinetics
and consequently larger particle sizes [27].

In Table 1, the experimental variation in ingredients is shown. In Figure 1 and Figure
3 indicative results of SEM and TEM analysis are provided respectively. The images revels
that the particle size was increased as the ratio of NH;:TEOS increased from 2:22 to 8.86.
Figure 4 shows the plot of particle size against the NH3: TEOS ratio. Particle size distributions
obtained from SEM images of the silica NPs are shown in Figure 2 and indicate particles of
good size monodispersivity. As can be seen in the figures and Table 1, the particle diameter
of synthesized silica NPs could be controllably varies from 20 nm to 410 nm without
significant increase in the particle size distribution. As shown in TEM micrographs (Figure
3), the silica NPs showed a uniform spherical shape especially for the larger particles. This
contrasts the SEM results which appeared to indicate almost polyhedral shapes (Figure 1) but
this might be due to higher TEM resolutions.

The surface area and porosity of the silica NPs were characterized by nitrogen
adsorption (Table 2). As'can be seen in the table, as size increases the surface area and pore
size decreases according to BET. The decrease in surface area is as expected from
geometrical considerations.

If we assume that the number of particles in 1 g of a powder are:

1

4
2(nrep)

Eqg. 1

where, p = density, r = radius of the particles. The surface area of 1 g of particles is given by:

4mr? X
S(r3p)

Eqg. 2

Thus, the surface area of 1 g of particles can be estimated as:

%x 103 Eq. 3



This assumes the particles are dense and have a bulk density of 2.65 g cm™. The
calculated (shown in brackets) and measured surface area of the particles is shown in Table 2.
The data are in good agreement suggesting that the particles are essentially non-porous in
nature. This is supported by the SEM and TEM images that give little indication of pores.
Since these might be expected due to increase in the surface area considerably. The
calculated surface areas are somewhat higher for smaller particle sizes but this might be
related to the slower growth Kkinetics allows some nuclei aggregation and resulting in trapped
pore volume. This is indicated by the decrease in pore volume with increasing particle size.
The decrease in pore size noted probably reflects only the packing of the particles and is
related to the pore structure formed between the particles. As size increases, the particles
became more regular in size and pack more densely and efficiently decreasing the effective
pore size.

It proved exceptionally difficult to monitor the coverage of the dyes trapped in the
pores structure formed between particles. Physical methods such as x-ray photoelectron
spectroscopy did not properly assess material on the inner pore structures between particles
and elemental analysis proved inaccurate. Further, data proved inconsistent if dried materials
were placed insolvent and the dye re-dissolved (presumably due to strength of the bond).
Instead, we used conditions where we would expect monolayer adsorption was present on the
samples produced here. This was a result of a series of adsorption isotherms which revealed
monolayer adsorption after 4-8 h (at the solution concentrations used) using Langmuir
Kinetics. For all materials the adsorption times used were higher than this. E.g. the monolayer
saturation value (per g of silica) was estimated at 0.033 g for FITC on SiN52. This is
equivalent to 5 x10'® molecules on 64 m? g of the silica or a topological surface are of 1.25
nm? which is in agreement with known values [28].

3.2. Functionalization of silica NPs with fluorescent dyes



An extensive review of the synthesis procedures and methods for surface modification
of fluorescent silica NPs has been presented earlier [11, 29]. A wide variety of organic dye
molecules, magnetic NPs and luminescent quantum dots can be incorporated into the silica
NPs [30, 31]. The dyes can be added directly during the growth of the NPs so that dyes can
be simply physically entrapped in the structure, or previously synthesized silica NPs to enable
its covalent binding to the silica matrix. We have used the second method to overcome dye
leakage problem. To prevent dye leakage, we have performed an initial preconjugation of the
dyes with an organosilane which incorporates an appropriate functional group [32]. To
improve photostability of dye grafted silica NPs, dye molecules should be well protected
from oxygenated environment. Otherwise, photodegradation of dye molecules would occur in
presence of oxygen molecules [33]. Thus, we.prepared the fluorescent silica NPs through a
two-step process. In the first step, dyes were covalently attached the coupling agent and in the
second step, these activated fluorescent dye conjugates were attached to as synthesized silica
NPs by imposition of the dyes on the silica network via the formation of covalent bonds
between the dye conjugates and a silane group of silica NPs [34-36].

Firstly, the‘dye IR-820 was covalently attached to the coupling agent MPTMS in
presence of DMF and triethylamine (Scheme S1, See Supporting Information). Great care
was used to exclude any water from the process in order to prevent hydrolysis and
condensation of the MPTMS molecules. This activated IR820-MPTMS conjugate was
attached to as synthesized silica NPs (SiN95) by simple impregnation method (Scheme S2,
See Supporting Information) by simple imposition method. Once the dye molecules were
trapped at the surface of the silica matrix, the NPs were washed with acetone and water to
remove any weakly attached materials. Samples were centrifuged to separate the dye grafted
NPs from the supernate that might contain free dye molecules that leached out from the

particles during synthesis.



Scheme S3 (See Supporting Information) shows the nucleophilic addition reaction of
FITC and APTS. The amine group of silane coupling agent (APTS) reacts with the
isothiocyanate group of FITC [32] to form N-1-(3-triethoxysilylpropyl)-N-fluoresceinyl
thiourea. It showed a nucleophilic addition between the FITC and APTS. The amino group of
APTS attacked the thioisocyanate group of FITC, which forms the Schiff base {37]. Water
was excluded from this reaction to prevent hydrolysis and condensation of the APTS
molecules. This activated FITC-APTS conjugate was attached to as synthesized silica NPs
(SIN95) by simple imposition method (Scheme S4, See Supporting Information). These dye
grafted silica NPs also washed with water and acetone and centrifuged to remove free dye
molecules that leached out from particles.
3.3. Stability of dye grafted silica NPs

To investigate the stability of the dye grafted silica NPs, 0.01 g of dye grafted silica
NPs of different nanoparticle sizes were dispersed in 10 ml of ethanol. The UV-Vis
spectroscopy is used to determine the stability of the dye grafted silica NPs over the different
aging time. The UV-Visabsorbance spectra of the dispersed dye grafted silica NPs solution
showed changes in the absorbed intensity after different aging time viz. 0 min, 4 h, 24 h, 4
days, 8 days and 1 -month. Figure 5 and Figure 6 shows the UV-Vis absorbance spectra for
IR-820 and FITC grafted silica NPs respectively. A clear zero-sum increase-decrease relation
of the absorbance intensity at 366 nm and 750 nm for IR820 grafted silica NPs has been
observed. The decrease at 750 nm indicates the degradation of the IR-820 dye molecules in
aqueous solution while the increase at 366 nm implies the formation of some new absorbers
possibly due to intermolecular reactions.

However, the feature absorbance peak of FITC at 490 nm is constant for all FITC
grafted silica NPs (Figure 6) indicating the FITC grafted silica NPs are more stable than the

IR-820 grafted silica NPs under the same conditions. The FITC dye



has excitation and emission spectrum peak wavelengths of approximately 495 nm and
521 nm. The excitation spectra of FITC grafted silica NPs showed a peak at 492.3 nm and the
emission spectra of FITC grafted silica NPs showed the peak at 518.6 nm when excited at
450 nm as shown in Figure 7. The excitation spectrum generally is identical to the absorption
spectrum as the fluorescence intensity is proportional to the absorption.

3.4. Dual dye grafted hybrid silica NPs (FITC- IR820-SiO,)

The fabrication of the FITC-IR820-SiO, NPs was carried out by three steps: the
synthesis of bare silica NPs with tuneable size; the modification of dyes by reactive silanes
and the graft of the bare NPs by the modified dyes. The schematic representation for grafted
IR-820 and FITC dyes on silica NPs (SiN95) are shown in Scheme S5 (See Supporting
Information). The UV-Vis absorbance spectra (Figure 8) show the presence of both IR-820
and FITC dyes in the silica NPs (SiN95). The peak at 495 nm is due to FITC dye and peak at
840 nm is due to IR-820 dye. Figure 9 shows SEM and TEM image of duel dye grafted silica
NPs. This confirms that both the dyes are well incorporated at the surface of the silica NPs.
Multiple dye-doped NIR emitting silica NPs are suitable for both time domain optical
imaging and multiparametric flow cytometry analyses [38].

3.5. Confocal laser scanning microscopic study of dual dye grafted silica NPs

The novel fluorescent silica NPs not only showed promise for material science but
also could lead to a new class of fluorescence probes in biological imaging. The
incorporation of dyes into silica matrix was observed by using confocal laser scanning
microscopy. Figure 8 shows that confocal laser scanning microscope images of dual dye
grafted silica NPs have excellent solubility and stability in water, ethanol and acetonitrile.
Figure 10 clearly showed that the dye grafted silica had a strong green fluorescence when

they excited at 488 nm and strong red fluorescence when they excited at 633 nm laser light.



The synthesized fluorescent silica NPs could be easily functionalized with different groups
[39], so it could also be further conjugated with a variety of biospecies.
4. Conclusion

In this study, we have established a stable method to synthesize fluorescent dye-doped
silica nanoparticles with different particle sizes. The method is relatively inexpensive. The
combination use of TEM, SEM and UV-Vis shows the synthesis parameters have significant
effects on the particle shape and size and the size is tuneable from a few nanometers to a few
hundred nanometers. Also, a new type of dual dye-doped hybrid silica nanoparticles has been
developed. Confocal microscope images of dual dy doped sample shows flurosence when
excited at 488 and 633 nm.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in the online version, at http://

www.elsevier.com
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Table-1 Different molar ratios of precursors to synthesis the silica NPs

Particle Size
Sample NHs/ TEOS NHs/EtOH
(nm)
SiN20 2.22 0.47 20
SiN52 3.55 0.75 52
SiN95 4.69 0.99 95
SiN210 7.92 1.15 210

SiN410 8.86 1.68 410




Table-2 BET Surface Area, BJH Pore VVolume and Pore diameter of each product

BET surface BJH pore volume Pore diameter

Sample NHs/ TEOS area (m? g°) (e g A)
SiN20 2.22 101 (114) 0.30 120
SiN52 3.55 64 (43) 0.13 96
SiN95 4.69 31 (24) 0.05 85
SiN210 7.92 8 (10.8) 0.01 77

SiN410 8.86 5 (5.5) 0.003 72




Fig. 1. SEM images of silica NPs (a) SiN20 (b) SiN52 (c) SiN95 (d) SiN210 and (e) SiN410.
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Fig. 2. Particle size distribution of silica NPs (a) SiN20 (b) SiN52 (c) SiN95 (d) SiN210 and

() SiN410.



Fig. 3. TEM images of the silica NPs (a) SiN20 (b) SiN52 (c) SiN95 (d) SiN210 and (e)

SiN410.
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Fig.'5. UV-Vis absorbance spectra of IR-820 dye-doped silica NPs (a) SiN20 (b) SiN52 (c)

SiN95 (d) SiN210 and (e) SiN410 with different aging time.
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Fig. 6. UV-Vis absorbance spectra of FITC dye-doped silica NPs (a) SiN20 (b) SiN52 (c)

SiN95 (d) SiN210 and (e) SiN410 silica NPs with different aging time.
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Fig. 7. (a) Excitation spectra of FITC doped silica NPs (SIN95). Emission wavelength was
520 nm (b) Emission spectra of FITC doped silica NPs (SiN95). The excitation wavelength

was 450 nm.
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Fig. 8: UV-Vis absorbance spectra of (a) FITC dye, dye conjugate and dual dye-doped silica

nanoparticles (SiN95). (b) IR-820 dye, dye conjugate and dual dye-doped silica nanoparticles

(SiNO5).



Fig. 9: (a) SEM image of dual dye-doped silica nanoparticles (b) TEM image of duel dye-

doped silica nanoparticles.
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Fig. 10. Confocal laser scanning microscope images of FITC-IR820-SiO, NPs.
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