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Colloidal Silica Rods: Material Properties and Fluorescent

Labeling

Anke Kuijk,* Arnout Imhof, Margriet H. W. Verkuijlen, Thijs H. Besseling,
Ernst R. H. van Eck, and Alfons van Blaaderen*

In this paper, the characterization and fluorescent labeling of silica rods are
reported. These rods are synthesized following a recently reported method.
Material properties of the silica rods measured with NMR, elemental analysis,
TGA, and porosimetry are compared with those of well-established Stéber
silica spheres. Additionally, silica rods are made suitable for quantitative
real-space studies by confocal microscopy. Several methods of fluorescent
labeling to prepare rods with different fluorescent patterning, ranging from
uniform fluorescence levels to gradients from one rod-end to the other, and

even patterns of several colors are presented and discussed.

1. Introduction

Recently, we developed a new colloidal model system that allows
for real-space 3D studies of rod-like systems on the single par-
ticle level.'l This system, which consists of rod-like silica pat-
ticles, forms an interesting addition to the existing systems
of silica colloids, since it does not consist of spheres, but is
shape-anisotropic. The particles are monodisperse enough that
they form liquid crystalline phases, such as smectic phases.?
While monodisperse silica spheres made from alkoxysilanes
have become a popular model system in colloid science and the
properties of these kinds of particles have been studied since
their preparation was first described by Stéber et al.®l in 1968,
little is known about silica rods made from alkoxysilanes. Yet, it
is important to have information about the chemical composi-
tion and physical properties of the rods when they are used as a
model system. Therefore, we studied the material properties of
the rods and compared them to those of spherical Stober silica.

Furthermore, we examined methods to label silica rods with
a fluorescent dye, which is required to use them in fluores-
cence confocal microscopy studies. Confocal microscopy is a
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technique that is frequently used in colloid
science to obtain quantitative information
in 3D and real space about the structure
and dynamics of colloidal systems with
single particle resolution.® In recent
years, this technique has been applied
to study a varied range of colloidal phe-
nomena,’l for instance nucleation and
growth of colloidal crystals,®l and shear-
induced formation and melting of crys-
tals.'%12] Moreover, the further develop-
ment of confocal microscopy has gained
considerable momentum the last 10 years,
especially considering the resolution of this technique. Mostly
using techniques which modify the response to a point light
source of the microscope, also known as “point-spread-function
engineering,” the resolution of fluorescence confocal micros-
copy has been increased well below 100 nm even in 3D.[3] An
example of how the point-spread function can be modified is
applied in stimulated emission depletion (STED) confocal
microscopy. Already this technique has been demonstrated with
spherical fluorescently labeled silica particles developed by pro-
cedures from our group.**! Rod-like particles, however, occur
far less frequently in colloidal microscopy studies. In fact, there
are only a few anisotropic experimental systems that are suit-
able for confocal microscopy studies, e.g., poly(methyl meth-
acrylate) (PMMA) ellipsoids obtained by stretching spheres, and
dumbbell-shaped particles made from fluorescent core-shell
particles of silica.l'>® To this date, however, our silica rods
are the only system that forms isotropic, nematic, and smectic
phases and can be imaged quantitatively on the single particle
level. Therefore, this system offers interesting new possibilities
for real-space studies of anisotropic colloids.

As indicated before, the silica rods need to be labeled with a
fluorescent dye in order to use them in fluorescence confocal
microscopy studies. A method to label silica colloids with fluo-
rescent dyes, such as rhodamine isothiocyanate (RITC) and flu-
orescein isothiocyanate (FITC), was developed by van Blaaderen
and co-workers.'*2% In this method, the dye molecules are
chemically connected to a silane-coupling agent, (3-amino-
propyl)triethoxysilane (APS), so that covalent bonding of the dye
molecules to the silica-matrix is achieved, which gives the pos-
sibility to obtain homogeneously labeled spheres. Also, it is pos-
sible to obtain particles with (multiple) fluorescent shells when
seeded growth is used. In this paper, we explored the method of
van Blaaderen and co-workers in different ways to prepare three
types of fluorescently labeled silica rods. The resulting particles
each have their own characteristic fluorescent pattern. One of
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these patterns in particular, the gradient pattern, offers inter-
esting new possibilities for future studies in which information
on the directionality of the rods is important. The fluorescent
rod-shaped particles are not only interesting for real-space
studies as colloidal model system but also provide new oppor-
tunities for the many other uses of fluorescent particles, such
as in barcoding applications.?!=2%l Additionally, we will illus-
trate preliminary measurements on our FITC-labeled rods that
STED microscopy also can be used without any modifications
to the particles with significantly increased resolution.

2. Experimental Section

Particle Preparation. A detailed description of all syntheses
including suppliers of chemicals and so on can be found in the
Supporting Information.

Rods (Ry,) for NMR, adsorption, TGA measurements,
and elemental analysis were prepared following the method
described in Kuijk et al.l! These rods had an end-to-end length
L of 1.6 pm, a diameter D of 310 nm, and polydispersities in
these parameters of 15% and 20%, respectively.

Rods with a gradient in fluorescence level (R,,,) were pre-
pared by first bonding the dye (FITC or RITC) to a coupling
agent (APS). Subsequently, the standard synthesis procedure
was followed, adding the dye/APS mixture at the same time as
the silica precursor [tetraethyl orthosilicate (TEOS)]. The rods
had an average length L of 2.1 ym and an average diameter
D of 300 nm.

Rods with a uniform fluorescence level (R,,;) were prepared
using a mixture of 3.0 mL of TEOS and 35 pL of APS instead
of only TEOS. After synthesis, these rods were dispersed in a
solution of dye in ethanol to let the dye diffuse into the rods
and bond with the APS.

Rods into which two different dyes were incorporated (R;.)
were grown in two reaction steps. In the first step of the syn-
thesis, an RITC-APS reaction product was added together with
the TEOS. After one night, TEOS and an FITC-APS reaction
product in ethanol were added.

Rods (Rg,e) with a (45 nm) fluorescent shell around their
nonfluorescent core (L =3.2 pm and D = 320 nm) were pre-
pared as described in Kuijk et al.'! When RITC was used to
label the shell, the rods were washed in a mixture of ethanol
and ammonia (5 mL of ammonia per 100 mL of ethanol) to
keep them stable. After the growth of an additional nonfluores-
cent shell of =50 nm, the rods were stable in ethanol. This extra
layer was found to be necessary because RITC, being cationic
under neutral conditions in water, compromises the stability of
the otherwise negatively charged silica. Without the extra nonla-
beled silica layer the rods aggregated.

Stober silica spheres (St) were synthesized by the Stober
method.B! These spheres had a diameter of 606 nm and a poly-
dispersity of 10%. Silica spheres with APS built in (Sy9) had a
diameter of 225 nm and a polydispersity of 5%. These spheres
were made fluorescent the same way as the R,; rods.

Particle Characterization. The refractive index of the particles
was measured using oils of varying refractive index (using steps
of 0.01, Cargille refractive index liquids, measured at 589.3 nm
at 25 °C).
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The density of the particles was measured using a mix-
ture of bromoform and methanol. Centrifugation at 700 g for
15 min showed whether rods in such a mixture creamed or
sedimented. The composition of the mixture between creaming
and sedimentation was converted to a density using figure 1
from Tolpekin et al.[?4

Thermogravimetric analysis (TGA) was performed in
ambient air using a Pyris 1 machine of Perkin Elmer. The tem-
perature was raised from 30 to 900 °C at rate of 10 °C min.
At 150 °C, a drying step of 30 min was inserted. The sample
stayed at 900 °C for 1 min. Samples were prepared by centri-
fuging dispersions of silica particles in ethanol, removing the
supernatant as much as possible, and drying the particles for
one night at 50 °C.

N,-adsorption measurements were performed at —196 °C
using a Micromeritics Tristar 3000. Before the measurement,
the particles were dried at 300 °C for 24 h.

Elemental analysis was performed by Mikroanalytisches Lab-
oratorium Kolbe in Germany. For carbon (C), nitrogen (N), and
hydrogen (H), combustion analysis was done using a CHNOS
analyzer. Silicon (Si) was measured with inductively coupled
plasma (ICP) analysis.

2Si solid-state nuclear magnetic resonance (NMR) experi-
ments were performed on a 300 MHz/7.05 T Varian VNMRS
spectrometer using a 7.5-mm pencil-type MAS probe reso-
nant at 59.596 MHz for silicon and 300.15 MHz for protons.
Magic angle spinning at 5 kHz was employed. All spectra were
recorded using spinal decoupling at 25 kHz RF field strength
(pulse duration 20 ps and 6° phase). For spin-lattice (T;) relaxa-
tion measurements, ramped cross polarization at a proton RF
field strength of 25 kHz and a 29-kHz RF field on silicon was
employed with an 8-ms contact time. The chemical shift was
referenced with respect to tetramethylsilane (TMS) using the
resonance of zeolite A at —89.7 ppm.

Preliminary STED confocal images were taken with a Leica
TCS SP5 equipped with continuous wave (CW)-gated STED.
STED was performed with a CW excitation light source (solid-
state laser at 592 nm wavelength), imaged in CW-STED mode
was done using a pulsed excitation at 488 nm with a white light
continuum laser. The 3D image stack was deconvolved with
commercially available software (Huygens Professional STED
module, Scientific Volume Imaging) using a theoretical point
spread function.

3. Results and Discussion

3.1. Material Properties

Spherical silica particles have been used as a popular model
system in colloid science since Stéber et al.’l reported their
synthesis of monodisperse spherical colloids in 1968. As the
method that we developed to grow the silica rods also uses
base-catalyzed hydrolysis and condensation of alkoxysilanes, we
compared the material properties of this so-called Stober silica
(St) with those of silica rods made following the procedure
from Kuijk et al.l! (Ry,,,).

Properties that are of direct interest for use in confocal
microscopy studies are the index of refraction and density.
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Table 1. Density (p) and refractive index (n at A =589.3 nm, T =
25 °C) of several systems of rods and Stéber silica spheres.

System L D L/D 1% n

wm]  [am] [ mL]
B17 0.76 407 1.8 1.90 +0.04
B11 1.1 270 4.1 1.90+0.03 1.455 +0.005
B22 1.6 335 4.8 1.89+0.03
B23 2.1 252 8.4 1.89+0.02 1.445 £ 0.005
St - 606 1 1.99+0.01 1.445 +0.005

Table 1 shows that the index of refraction of the rods does not
differ significantly from that of Stéber silica: both are close to
1.45. The density, however, is slightly lower for the rods, which
suggests that they have a more porous structure and that these
pores are accessible for the liquid the rods are dispersed in.

More information about the porosity of the structure was
obtained by N,-adsorption measurements of particles first dried
at 300 °C, at which all physically adsorbed water is evaporated
from the particles’ pores. The results showed that the BET
(Brunauer—Emmett-Teller)-surface area of the spheres was
much smaller (6.1 m? g7!) than that of the rods (47.7 m? g7}).
The actual geometrical surface areas of the spheres and rods
are 5.0 m? g! and 8.0 m? g}, respectively. This means that
18% of the measured BET-surface area of the Stober spheres
stems from internal pores, while this value is 83% for the rods.
Here, we assumed that the surface roughness was the same
for both particles as was indeed the case as observed in trans-
mission electron microscopy (see Supporting Information).
The rods thus have a more porous structure than the spheres.
This was confirmed by the determination of pore volumes for
pore diameters between 1 and 300 nm: a significantly larger
pore-volume was measured for the rods (0.034+0.003 vs
0.013£0.001 cm? g}).

The higher porosity of the rods compared with Stober silica
can be explained by the presence of polyvinylpyrrolidone (PVP)
in the structure. PVP is a polymer that adsorbs onto silica and is
used in the synthesis of the rods but not in that of the spheres.
This hypothesis is supported by the observation that the rods
looked brownish white after heating to 300 °C
for the Nj-adsorption measurement, which
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Table 2. Elemental analysis results in weight percentages.

System C H N Si
[%] [%] [%] [%]

Rods (Rar) 3.48 1.20 0.68 38.96

Spheres (St) 1.12 0.91 0.01 44.08

synthesis that contains nitrogen apart from the (gaseous) cat-
alyst ammonia. From the measurements for Stéber silica, we
know that ammonia does not stay inside the silica structure,
as there were no N atoms detected for the spheres. The total
weight percentage of PVP calculated from the elemental anal-
ysis results is 5.4%, which corresponds well to the value of 5%
found in the TGA measurement. Ethoxy signals were confirmed
in the 3C CPMAS NMR measurements of the Stéber spheres
and were next to PVP signals present in the NMR spectra of
the rods as well (see Supporting Information). Because the
elemental analysis and thermogravimetry had already given
quantitative results that agreed well, the NMR results were not
made quantitative by performing direct 13C NMR experiments.
The amount of PVP per unit surface can be calculated using
the elemental analysis data. Assuming all PVP is adsorbed on
the geometrical surface of the rods, we found an amount of
7.4 mg m2 Compared with the maximum adsorption of
0.8 mg m2 for PVP25 (molecular weight: 25 000 g mol™!) on
silica that was found by van der Beek and Cohen Stuart,?%l this
seems to be too high. It is therefore more likely that the PVP
was also built in the internal structure of the rods, causing the
higher porosity. If we assume that the density of PVP inside
the rods was around 1 g cm3, the internal volume was on the
order of 5%, if we assume half of the PVP was present inside
the particles and half was on the outside. This conservative esti-
mate is on the same order as the internal pore volume found
with the N,-adsorption measurements, which makes it likely
that all PVP was already burned away at 300 °C.

The water content of the rods was measured in drying steps
before the TGA and elemental analysis (Figure 1a). The rods
were dried at 150 °C for 30 min for the TGA measurements
and at 100 °C for one night for the elemental analysis. After
drying, the rods had lost on average 8.7% of their weight and

indicates that something was pyrolyzed: a 1 2 b
probably PVP. TGA confirmed this observa- 1.00 l T sdesia 1.00—  Sther siica 1
tion; the rods decreased more in weight than i i  Silcarods o0ssl — Siicarods
the Stober silica: 12% versus 7% (Figure 1b). 0% i i 096
The temperature of around 400 °C ¥ g ! ! e I
at which the additional 5% decrease for rods 3 | : 5 09
occurs is the temperature at which PVP gets 0.94 ! ! 2 omf
oxidized (see Zheng et al.?’)). i i 0so
Elemental analysis and *C CPMAS solid- 092 i : 0.88]-
state NMR were used to obtain more direct 0 10 0 30 0 50 200 300 400 500 600 700 800 900
proof of the presence of PVP inside the rods. Time (min) Temperature (°C)

Elemental analysis was done for carbon,
hydrogen, nitrogen, and silicon. The results
are listed in Table 2. The presence of N
atoms in the rods is an indication for PVP
molecules, which is the only species in the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Thermogravimetric analysis (TGA) of silica rods (R.,,) and spheres (St). a) Drying
step before TGA measurement; the Stdber silica spheres contain less water than the silica rods.
(1: heating from 30 to 150 °C, 2: constant temperature of 150 °C). b) TGA measurement after
drying step. The temperature was increased with 10 °C per min. The rods lose more weight
than the spheres.
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spheres

rods
T
Chemical shift (ppm)
System Site  Chem. shift (ppm) Ty (s) Ag
Q2 -92.7 168 0.9%
spheres (St) Qs -101.7 1 (52%) 30.2%
504 (48%)
Q4 -111.2 591 68.9%
Q2 91.0 181 1.4%
rods (Renar) Qs -101.9 199 28.3%
Qu 1115 400 70.4%

Figure 2. °Si solid-state NMR spectra (black) of silica rods (R.,,) and
Stéber silica spheres (St). Exact positions and relative areas were deter-
mined by fitting Gaussian functions (gray) to the spectra. The table below
the spectra shows the positions, 2Si spin lattice relaxation times (T;),
and relative areas (Ag) of the peaks. The accuracy in the relative areas is
estimated at +/— 1%.
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the spheres 4.7%. The rods thus contained more water than the
spherical colloids, as was expected from the higher porosity of
the rods.

Although the physical structure of the rods is more porous
than that of the spheres, their chemical structure with respect
to the number of silicon atoms which is bonded to other silicon
atoms through an oxygen atom is more or less similar within
error. Using direct excitation 2%Si solid-state NMR, the atomic
surrounding of the silicon atoms in the structure was quantita-
tively determined. The resulting spectra are shown in Figure 2.
The three peaks in these spectra correspond to silicon atoms
that are bound to other silicon atoms through 4 (Q), 3 (Qs)
or 2 (Q,) Si-O-Si bonds. The other groups around the silicon
atom are ethoxy or hydroxy groups. Quantitative 2Si solid-state
NMR measurements showed that the silica which the rods and
spheres are made of both consist of about 69% of Q, 29% of
Q3, and around 1% of Q,, which is consistent with earlier meas-
urements for colloidal Stéber silica.?”:28]

3.2. Fluorescent Labeling

In order to use silica rods as model particles in confocal fluores-
cence microscopy studies, fluorescent labeling is essential. To
covalently bind fluorescent dye molecules to the silica-matrix,
a silane-coupling agent was used (similarly to the method
reported for fluorescent silica spheres).['*2% Depending on how
this technique was implemented in the rod synthesis, three dif-
ferent fluorescent patterns resulted. Figure 3 shows these three
patterns: rods with a gradient in fluorescence from head to tail
(Rgraq), Tods with a constant fluorescence level (R,,;), and rods

Figure 3. Rods with different fluorescent patterns in confocal images and corresponding graphs of intensity as a function of position in a rod. a) System
Rgrad: decreasing fluorescence toward the tail in rods when APS/dye complexes were added at the start of rod growth. b) System R,,: homogeneously
labeled rods when APS was built in during synthesis and FITC or RITC were added afterward. c) System Ry: 30-nm thick fluorescent silica shells around
a nonfluorescent core of the same diameter (=300 nm) as the rods in a) and b). Scale bars indicate 5 pm for a) and c), and 2 ym for b).
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Table 3. Summary of the results of the described labeling methods.

Fluorescent pattern (Dis)advantages of the method

Gradient (APS/dye added +
from start)

Distinction between two ends

—  Gradient makes confocal images harder to
quantify
Homogeneous (APS added + Most easy to find orientations and positions

from start)
- Low fluorescence intensity

Shell (APS/dye added after ~ +
growth)

Most control over rod dimensions

—  Aggregation during shell formation

with a fluorescent shell (Ry,y). The advantages and drawbacks
of the different labeling methods, as described in detail below,
are compared in Table 3.

When the dye was covalently bound to the coupling agent
(APS) before addition to the synthesis mixture, particles with
a dye-concentration decreasing from head to tail were formed
(Figure 3a). An explanation for this phenomenon is offered
by the growth mechanism of the rods.! Summarized, a silica
nucleus is formed at the interface of polymer-rich emulsion
droplets of water in pentanol. Hydrolyzed TEOS molecules get
dissolved in the emulsion droplet and grow onto the nucleus
from the droplet-side only. There is an intriguing mechanistic
overlap with the growth of silica shells on nanoparticles that
are dispersed in the water droplets of a water in oil micro-
emulsion. It was found by some of us that, depending on the
polarity of the nanoparticle surface coating (and thus whether
the nanoparticle was at the edge of the water droplet or right in
the middle), the nanoparticle ended up straight in the middle
of the silica or at the edge.l?”l When APS/dye-reaction prod-
ucts are added to the synthesis mixture, they dissolve most
likely directly in the emulsion droplets without hydrolysis of
the APS units because of the more polar character of the dye
molecules and the more polar amine group. TEOS, however,
dissolves better in the continuous pentanol phase, and dis-
solves into water only after being hydrolyzed, which is a rela-
tively slow process. So, while there is a more or less constant
feed of TEOS, the availability of dye is high
at the start and decreases during growth,
resulting in a concentration gradient of built-
in dye molecules over the length of the rod.
Attempts to replenish the available APS/
dye-reaction products during rod growth did
not result in a more constant level of fluores-
cence. APS/dye-reaction products that were
added later during the synthesis did not
dissolve in the emulsion droplets, but grew
mostly on the outer surface of the entire rod.
This is shown clearly in Figure 4, where two
different dyes were used: one for the initial
addition (FITC) and another for the addition
after 1 d (RITC). The preferential growth on
the outside of the rod was already notice-
able when APS/dye-reaction products were
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added 1 h after the addition of TEOS instead of directly after
TEOS addition. A probable explanation for the fact that dye
attached to the coupling agent did not reach the water droplet
when added later is that (partially) hydrolyzed TEOS molecules
reacted with it and the outer silica before it was able to reach
the water. Further research needs to take place to further test
this hypothesis. Long rods, for which a two-step synthesis with
TEOS is required, are best grown by adding only TEOS in the
second step and no extra dye, to prevent the formation of a flu-
orescent shell.

An interesting feature of the rods with a gradient in fluo-
rescence is the possibility provided to distinguish between the
round and the flat end of the rod. The same holds for the rods
that were labeled with two different dyes shown in Figure 4a.
Using the particles with a gradient pattern, we examined the
influence of the flat end on the orientation of the rods in a
smectic phase. Figure 5 shows an SEM and a confocal image
of rods in such a phase. From both images, we can conclude
that the orientation of neighboring rods is random; the fraction
of neighboring rods that point in the same direction is roughly
equal to the fraction that points in opposite directions. The
rods thus behave as if they have symmetric ends, at least with
respect to their ordering in the liquid crystal phases observed
with them so far. A second example of an experimental applica-
tion of the R,y rods is shown in Figure 5c,d. While the rods
in dilute dispersions are randomly oriented, they align when
an electric field is applied.?% From theory, it is known that
the shape of the particle matters for the alignment in electric
fields.B! Since the ends of our rods are not identical in shape,
it would therefore be interesting to investigate the influence
of this anisotropy on the alignment. Figure 5c shows that no
preferred directional alignment was visible when the rods were
placed in an 0.02 V um™ DC field. This is even clearer when a
0.25 Vum, 1-MHz AC field was applied in addition to the DC
field (Figure 5d), which aligned the particles such that they ori-
ented parallel to the field direction, with still no preference for
directing left or right. It is important to point out here that we
recently found that the combination of a geometrical difference
of the two ends of our rods and a likely chemical difference in
the surface tension on the two ends is sufficient to direct the
growth of polymethylmethacrylate and polystyrene specifically
only at the flat and of the particles.*

Figure 4. Rods with two different fluorescent dyes built in (S,). @) FITC and RITC signal com-
bined in one image. b) FITC signal only. FITC was added directly at the start of the synthesis.
Fluorescence was mainly measured in the first half of the rods that had grown during the first
day. c) RITC signal only. RITC (and TEOS) was added after 1 d and was incorporated in shells
around the already existing particle and the additionally grown second half of the rod. Scale
bars indicate 2 um.

Part. Part. Syst. Charact. 2014, 31, 706-713
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Figure 5. Examples of experimental applications of R4 rods. a) Scanning electron microscopy
(SEM) image of rods in a smectic or crystal phase. b) Confocal microscopy image of R
in a smectic liquid crystal phase. Scale bar indicates 5 um. Both a) and b) images show that
the orientation of the rods within the layers is random. c) Rods pointing in random directions
when a 0.02 V um™' DC field was applied to a dilute isotropic phase. d) The same system as in
c), with the addition of a 0.25 V um~', 1 MHz AC field. The rods aligned, but orientation to the

left or the right was random. Scale bars indicate 10 pm.

Instead of letting APS and dye react before addition to the
rod synthesis, it turned out to be also possible to bind the dye
to the APS after incorporation of APS in the rods. Unlike APS
that was coupled to a dye, uncoupled APS was apparently built
in more homogeneously throughout the rods (Figure 3b).
From this, we conclude that the dye molecule, when chemi-
cally coupled to APS, caused the gradient pattern described
in the previous section and not the APS molecule by itself. In
case uncoupled APS was added to the synthesis mixture, APS
and TEOS both acted as silica precursor and the resulting par-
ticles consisted of a silica-matrix with more homogeneously
distributed —C3H¢NH, groups. The pores of the rods were suf-
ficiently large to make the rods fluorescent by letting RITC or
FITC molecules diffuse into the structure and bind to the free
—C3H¢NH, groups, despite the presence of PVP molecules.
The resulting rods had a homogeneous distribution of incor-
porated fluorescent dye molecules, at least as far as can be
observed within the limits of confocal resolution (Figure 3b).
The intensity of the fluorescence, however, was lower than that
of the rods with a gradient in fluorescence (Figure 6). Rods in
which no APS was incorporated also showed a weak fluores-
cence signal after dye molecules were allowed to diffuse into
them, but this signal was even weaker because most dye mol-
ecules were washed out during the washing steps to remove

Part. Part. Syst. Charact. 2014, 31, 706-713
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the dye from the solvent. This was not the
case for dye molecules that were covalently
bound to the silica-matrix. The method of
incorporating APS first and subsequently let-
ting dye diffuse in the particles also worked
for Stober silica spheres, but less well, since
these particles are less porous as indicated
by the BET-surface area results and also
described in the literature® (Figure 6). It
should be remarked though, that we did not
quantify yet how much of the APS was built
into the rods (as compared with how much
was built into the spheres(?8]).

The third way of labeling the rods is the
growth of a fluorescently labeled shell after
preparation of nonfluorescent rod cores.
Figure 3c shows rods with a 30 nm shell of flu-
orescently labeled silica around their 300 nm
nonfluorescent cores. The method of coating
silica rods with a fluorescent shell is in this
case analogs to the coating of spheres. Unfor-
tunately, the problem of aggregation was
much more pronounced for the coating of
rods. In the literature, aggregation is attrib-
uted to the presence of APS molecules on the
surface of the silica particles.?®3*%] These
decrease the stabilizing negative surface
charge of the silica layer by its basic amino
groups, resulting in less stable particles.
Aggregation could be reduced by decreasing
the ammonia concentration or by dilution
of the core suspension during shell growth.
Additionally, aggregates were removed from
the sample by repeated sedimentation after
which only the particles in the top part of
the supernatant were used. We noticed that
aggregation was much more severe when RITC was used com-
pared with FITC. Both RITC-coated rods and RITC-labeled

250 . T T T y T

grad rods

200

150

100

Intensity (A.U.)

50

Figure 6. Comparison of intensities of fluorescence along the long axis of
a number of rods with dye built in directly (Rgyq4), rods with dye diffused
in (Rus), and spheres with dye diffused (Syy). All spectra were recorded
with equal settings.
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spheres were not stable in pure ethanol. The addition of
ammonia to unstable dispersions in ethanol restored colloidal
stability, when the final concentration was higher than 0.5 m.
An explanation for this observation is also offered by charge sta-
bilization. The FITC molecule is negatively charged in ethanol,
because part of its hydroxyl groups are dissociated, and there-
fore enhances the negative surface charge of silica. RITC, on
the other hand, is also a base counteracting the negative sur-
face charge. Additionally, the basic amino groups of unbound
APS reduce the surface charge of the particles, which causes
aggregation. It is likely that the addition of ammonia cancels
this effect because it induces dissociation of the carboxyl group
by increasing the pH. After the growth of an additional non-
fluorescent shell, the RITC-labeled particles were found to be
stable in pure ethanol again. The fact that aggregation did not
occur in the rod synthesis when unbound APS or the APS/dye-
reaction product was added is probably due to PVP that acts as
a steric stabilizer on the surface of the rods.

To demonstrate that fluorescently labeled silica rods cannot
only be used in normal microscopy but are also suitable for
high-resolution techniques such as STED confocal micros-
copy, we performed some preliminary measurements shown
in Figure 7. Figure 7a shows a 2D slice out of a 3D data set
that was taken of a sample of Ry, rods in an index matching
DMSO/water mixture after sedimentation, at a packing frac-
tion above 50%. Figure 7b clearly shows the increased resolu-
tion when the same particles were imaged in CW-STED mode
using a pulsed excitation at 488 nm with a white light con-
tinuum laser. As a result of the improved resolution, the fact
that the FITC is localized in a very thin (30 nm) shell is much
better visible, especially for rods oriented perpendicularly to the
imaging plane. The resolution can be even further increased by

Figure 7. Difference between a) conventional confocal microscopy, and
b) STED confocal microscopy. In b), the location of the dye in the outer
shell is much better visible due to the increased resolution. c) Further
improvement of the resolution by 3D STED deconvolution. Scale bars
indicate 3 ym.
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3D STED deconvolution (Figure 7c), thereby also significantly
reducing background noise.

4. Conclusions

The material properties of colloidal silica rods were compared
with those of Stdber silica spheres. It was found that the refrac-
tive index of rods and spheres is equal (1.450 +0.005), while the
density of rods is slightly lower than that of spheres (1.90 vs
1.99 g cm™3). Furthermore, the porosity of the rods was higher
than that of the spheres. Elemental analysis showed that this
is most likely caused by the presence of about 5% by weight
of PVP molecules inside the silica-matrix of the rods. Despite
their more open structure, the chemical structure of the silica
that the rods and spheres consist of was equal within error.
They consist of a not fully condensed siloxane structure, of
which 69% is Qq4, 39% is Qs, and around 1% is Q.

In order to study the system with confocal fluorescence
microscopy, silica rods were labeled with a fluorescent dye
using three different methods, which resulted in different
fluorescence patterns (see Table 3). Due to their asymmetric
growth-mechanism, rods were created with a decreasing gra-
dient in concentration from head to tail. These rods make it
possible to distinguish between the rods’ round head and flat
tail. A homogeneous distribution of dye molecules was achieved
by the incorporation of APS molecules that were subsequently
bound to dye molecules that diffused into the rods. The fluo-
rescence intensity of these rods, however, was low. Finally, flu-
orescent shells were grown successfully after rod growth was
finished in an ethanol/water/ammonia mixture, similarly to
shell growth around silica spheres. Combining these methods
using different dyes, as was already demonstrated by using just
two dyes, makes the synthesis of fluorescent silica rods not only
very interesting for studies in which the rods are used as (soft)
condensed matter model studies but also provide new possibili-
ties for the many other uses that fluorescent silica spheres have
already been used for such as barcoding, biological labeling and
sensing, and nanomedicine.

Supporting Information

Details on the synthesis procedures and *C CPMAS solid-state NMR
measurements are described in the Supporting Information. Supporting
Information is available from the Wiley Online Library or from the author.
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