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Abstract: Switchable fluorescent silica nanoparticles have been prepared by cova-
lently incorporating a fluorophore and a photochromic compound inside the parti-

cle core. The fluorescence can be switched reversibly between an on- and off-state
via energy transfer. The particles were synthesized using different amounts of the
photoswitchable compound (spiropyran) and the fluorophore (rhodamine B) in a
size distribution between 98 and 140 nm and were characterized in terms of size,
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switching properties, and fluorescence efficiency by TEM, and UV\Vis and fluores-

cence spectroscopy.

Introduction

Optical fluorescence microscopes use visible light to provide
us with magnified images of small samples and play a key
role, for example, for in vivo imaging in life sciences. How-
ever, their resolution is limited to approximately 200 nm in
the focal plane and therefore prohibits the examination of
much smaller cellular objects.!! New methods of so called
subdiffractional optical fluorescence microscopy were devel-
oped that provide enhanced optical resolution in the range
of 20-100 nm.*>! Some of these methods depend on modu-
lating the fluorophore‘s emission between a dark off- and a
bright on-state.

Photochromic compounds such as spiropyrans can be re-
versibly switched between a non-colored closed-ring state
(SP, spiroform) and a colored open state (MC, merocyanine
form) by irradiation with light and are therefore often re-
ferred to as photoswitches (Figure 1).[%
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Figure 1. The spiroform (closed) and the merocyanine form (open) of a
spiropyran.

These states exhibit different chemical and physical prop-
erties,”) which enables the merocyanine to act as a reso-
nance energy acceptor to quench a fluorophore’s emission
in a so called Forster resonance energy transfer (FRET)
while the spiroform does not influence the fluorophore.®
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Thus, the fluorescence of a fluorophore can be modulated
between on and off by switching the spiropyran between the
closed and open state (Scheme 1).

The efficiency of the FRET process strongly depends on
the matching of the energy levels of the donor fluorophore
and the acceptor photoswitch as well as on the distance and
orientation of the donor—-acceptor pair as shown more than
60 years ago by Forster in his seminal report,”] and more re-
cently at a quantum electrodynamic level by Andrews and
Bradshaw,"”! and for photoswitchable acceptors such as di-
thienylethenes, for example, by Irie,'"! Branda,!'” Li,"¥ and
their co-workers.

However, low solubility in aqueous media, relatively fast
decomposition, and toxicity limit the applicability of photo-
switchable fluorophores in biological systems, especially for
spiropyrans.*¥l Silica nanoparticles (silica NP) may offer a
solution to these problems.'*'! For example, fluorescence
dye doped silica NP have already been used in fluorescence
microscopy, because they are hydrophilic, biocompatible,
and can easily be modified with biomolecules.®

Usually, photoswitchable fluorescent NP are non-cova-
lently doped with the fluorophores and photoswitches after
formation of the particle, which leads to dye leaking and an
interaction of the dye with its surrounding making fluores-
cence spectroscopy difficult (for NP doped with fluorescence
dyes see references [16-22]). For example, Li and co-work-
ers used a perylene as fluorophore and a spiropyran deriva-
tive as acceptor in polymeric NP generated by microemul-
sion polymerization capable of switchable dual-fluores-
cence.”! Unfortunately, polymeric NP are subject to pH-de-
pendent swelling and agglomeration and therefore lead to
bleeding effects and changing of physical properties in dif-
ferent solvents.[**>

On the other hand, silica nanoparticles have significant
advantages compared to polymethylmethacrylate (PMMA)
or particles obtained from the bulk material by the top-
down approach because they are immune to dwelling and
easy to modify as shown for those made by the Stober
method from silyl ether as precursor in ammonia solu-
tion.'>?*?] For example, Hell and co-workers covalently in-
corporated a diarylethene-atto dye conjugate in silica NP
and gained a functional FRET based system.!"”) Most recent-
ly we also reported on reversible photoswitching of dye-
doped core-shell silica nanoparticles with a dithienylethene
derivative incorporated into the outer shell.””)
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excited at 530 nm

Scheme 1. Principle of fluorescence quenching via a FRET mechanism. The spiropyran (SP) and the
rhodamine compound (RH) are both covalently incorporated inside the silica nanoparticle.

Herein we wish to report the synthesis and properties of
spiropyran (SP) 1 and a rhodamine B (RH) derivative 2
(Figure 2), their covalent incorporation inside silica NP and

Figure 2. Spiropyran (1) and rhodamine B derivative (2) used for the
nanoparticle synthesis.

their spectroscopic properties regarding photoswitchable
fluorescence. We chose spiropyran as photoswitch since its
merocyanine form is stabilized through the Si—OH and Si—
O groups of the silica which leads to a long living merocya-
nine form.
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Results and Discussion

Assuming a Forster resonance
energy transfer (FRET), the
emission band of the fluoro-
phore (donor) need to overlap
with the absorption band of
the photochromic compound
in its on-state (acceptor) and
the distance between both
should be within the Forster
radius.  Rhodamine B (2;
donor) and spiropyran (1; ac-
ceptor) are perfectly suited for
the quenching process due to
their well matching emission
and absorption bands
(Figure 3): while 1 does not
show any absorption in its spi-
rocyclic form that overlaps
with the emission of 2 at
590 nm and therefore does not
influence the fluorescence in
its closed off-state, the mero-
cyanine obtained after UV ir-
radiation shows a strong over-
lap and therefore quenches the

emission at 580 nm

no emission

rhodamine B fluorescence.

In this work we used derivatives of both suitable for cova-
lent linking within the interior of silica NPs. In addition,
rhodamine B is cheap, easy to modify, and photochemically
stable with good properties for fluorescence spectroscopy
(high quantum yield, good stability).

To covalently bind the photoswitch and the fluorophore
to the silica matrix of NP, silylester derivatives 1 and 2 were
synthesized (Figure 2). The functionalized precursors were
given to a solution of ethanol, ammonia, TEOS and water,
generally used for NP synthesis.””) By this procedure we
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Figure 3. Superposition of the fluorescence maxima of rhodamine B (2)
(red line) and the absorbance of the spiropyran (1) in the open form
(MC, blue line) and in the closed form (SP, green line).
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were able to establish a stable
and photoswitchable fluores-
cent system, without the usual
leaking and swelling effects.
The general method for the
synthesis of spiropyrans is the
condensation of an indoline
derivative with a nitrosalicylal- 3
dehyde (Figure 4, see the Ex-
perimental Section for details).
Indoline 4 was obtained by

FULL PAPER

DMF
alkylation of commercially (69%)

available  2,3,3-trimethyl-3H- OH 00 ogy
indole with 3-bromoethanol HN\/\/éiiog

and subsequent treatment with
potassium hydroxide in 61%
yield.® Condensation with
commercially available 5-nitro-
salicylaldehyde 5 gave the pho-
tochromic 3',3’-dimethyl-1"-(f3-
hydroxyethyl)-6-nitrospyro-

[2H-1]benzopyran-2,2'-indo-

line) (6) in 82% yield.” Final-
ly reaction of 6 with 3-(tri-
ethoxysilyl)propylisocyanate

(7) in dry DMF gave the de- ‘

sired photochromic silylester
1’-(3-triethoxysilanpropyl)-3'-

dimethyl-nitrospyro[2H-1]ben-
zopyran-2,2’-indoline (1) in
69 % yield.*)

Functionalization of rhoda-
mine B with primary amines
via amide formation is known
to be limited because of cycli-
zation to the non fluorescent lactame under basic conditions.
In order to link rhodamine B to the matrix of silica NP sec-
ondary amines are required. Therefore we chose an earlier
reported piperazine-approach to prevent the cyclisation to
the lactame.”"! The synthesis of the piperazine-linked silyles-
ter 2 is depicted in Figure 5.

Commercially available rhodamine B (8) was converted
to the piperazine-amide 9 in 69 % yield as reported in the
literature.’!! After alkylation of 9 with 3-bromopropanol to
give alcohol 10 in 56 % yield the reaction with 3-(triethoxy-
silyl)propylisocyanate 7 gave the rhodamine B 4-(3-trieth-
oxysilanpropyl)piperazine amide 2 in 47 % yield.

The nanoparticles were prepared via the Stober method
from TEOS, ammonia solution in ethanol/water, and stirring
at room temperature overnight. Further, we examined dif-
ferent molar ratios of the precursor materials to analyze
their effect on the NP morphology.

Different amounts of spiropyran 1 and rhodamine 2 were
added to the emulsion of the precursor (Table 1).

After centrifugation and washing with water/ethanol (1:1)
we obtained several nanoparticle samples. They differ in

3-bromopropanol
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Figure 4. Synthesis of spiropyran-silylester (1).*”)
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Figure 5. Synthesis of rhodamine B derivative (2).5!

Table 1. Reaction conditions for the preparation of the NPs and their
specific properties.

Sample 1 2 Method®! Diameter Decline of
[mmol] [mmol] [nm]™ emiss. intensity [% ]

NP-1 0.09 0.003 A 112 61

NP-2 0.45 0.0015 A 104 58

NP-3 0.09 0.0003 A 141 63

NP-4 0.18 0.006 A 102 67

NP-5 0.09 0.003 B 113 64

NP-6 0.45 0.015 B 106 67

NP-7 0.09 0.0003 B 125 65

NP-8 0.18 0.006 B 70 68

NP-9 0.09 0.00003 A 100 76

NP-10 0.18 0.00006 A 98 89

NP-11  0.09 - A 108 -

NP-12 - 0.00009 A 150 -

NP-13 - - A 170 -

[a] Two different molar ratios of TEOS/NHy/EtOH/H,O were used. A:
TEOS (2 mL), ammonia solution (2 mL), double distilled water (6 mL),
EtOH (100 mL). B: TEOS (4 mL), ammonia solution (4 mL), double dis-
tilled water (12 mL), EtOH (200 mL). [b] Average diameter, calculated
from TEM measurements. [c] All emission intensities are normalized and
taken at the emission maxima of 593 nm. The decline is given in percent.
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size distribution from 70 up to 170 nm, examples are shown
in Scheme 2.

Size distribution

100 140 180

Size distribution

401

Scheme 2. TEM images and the corresponding size distribution of NP-3
(A) and NP-10 (B).

A
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These nanoparticles are totally suitable for application in
confocal and high resolution fluorescence microscopy. Our
particles are smaller than the normally used microbeads,
which are in the micrometer scale, but smaller ones can be
used as well. In the high resolution fluorescence microscopy
particles with sizes between 40 and 200 nm are used with
great success.’2!

The size distribution of the doped NP decreases with
higher molar ratios of the photoswitch and the fluorophore
in relation to the precursor (Figure 6), which corresponds to
the theory of formation of nanoparticles.

120
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average nanopaticle size [nm]
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o
1
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0.00 0.05 0.10 0.15 0.20
amount of fluorophor/photoswitch [M]

Figure 6. Average size of the nanoparticles plotted against the amount of
fluorophore (2) and photoswitch (1) obtained via method B (Table 1).

For a better understanding of this effect it is necessary to
take a closer look at the theory of particle synthesis estab-
lished by LaMer etal.¥ The synthesis of nanoparticles
(NP) starts with the decomposition of the precursor (in this

818§ ——— www.chemeurj.org
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case TEOS) to the monomer, which forms the NP by nucle-
ation. In literature two possible nucleation processes are
known, the homogeneous™! and the heterogeneous one
(LaMer model), both are mechanistically similar to the clas-
sical crystallization theory. In case of heterogeneous nuclea-
tion, the average diameter of the NP shrinks in relation to
the concentration of the additive, similar to crystallization
seeds. More seeds result in smaller particles because less
material can be decomposed on each particle. In case of ho-
mogeneous nucleation, the diameter either grows or sub-
sides in relation to the concentration of the precursor, that
is, the number of nuclei only depends on the concentration
of the monomer (TEOS).’* The concentration of TEOS
was constant during the synthesis, however, we could not
observe a constant diameter as we would expect for a homo-
geneous nucleation process. On the contrary, the decrease in
the diameter with increasing amount of 1 and 2 is nearly
linear (Figure 6) indicating a heterogeneous nucleation pro-
cess rather than a homogeneous nucleation of precursor
(TEOS) itself.

These doped NP were studied with regard to their fluores-
cence modulation. Switching from the spiroform to the mer-
ocyanine of the spiropyran (1) took place at 350 nm, the
back reaction proceeds at 590 nm (Figure 7). As expected
the merocyanine is thermally stable, no back reaction could
be observed after 24 h, in contrast to the spiropyran in etha-
nolic solution, here the back reaction occurred after
30 min.
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Figure 7. UV/Vis-absorption spectra of NP-10 against a reference of NP-

13 (without doping) after irradiation with UV light (350 nm, blue line)
and after irradiation with Vis-light (590 nm, red line).

Thus we have synthesized a system with stable properties
in the timescale of a typical fluorescence experiment.

NP-10 shows a relative (to rhodamine B) quantum yield
of 6=0.15 in the on-state. The fluorescence emission spectra
before and after irradiation with UV light (350 nm) of both
NP-8 and NP-10 are shown in Figures 8 and 9.

Chem. Eur. J. 2012, 18, 814-821
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Figure 8. Fluorescence emission spectra of NP-8 (3x10~* mol) in ethanol
before (red line) and after (blue line) irradiation with UV light (350 nm,
305s).

—— NP-10 in ethanol/water
upon UV irradiation
> 100 4
D
=1
Q2
£
@
&)
c
[0
Q
0
o
o
=
=
0

T
550 600 650 700

T T T T 1 T T
550 600 650 700
wavelength [nm]
Figure 9. Fluorescence emission spectra of NP-10 (3x107*m) in ethanol

before (red line) and after (blue line) irradiation with UV light (350 nm,
30s).

For example, the fluorescence of NP-10 vanishes almost
quantitatively (see Table 1) upon irradiation at 350 nm. We
assume that the hypsochromic shift in the remaining fluores-
cence is caused by the fluorescence of the spiropyran in its
merocyanine form.”**! However, with a quantum yield of
6=0.006 (relative to rhodamine B) this luminescence is neg-
ligible compared to the unquenched rhodamine com-
pound.””!

As shown in Figure 10 NP-10 can be switched up to 22
times without a significant loss of the emission intensity.
After approximately 23 switching cycles NP-10 slowly looses
emission intensity, though the quenching efficiency stays the
same. No change in the switching efficiency could be ob-
served indicating that only the fluorophore undergoes pho-

Chem. Eur. J. 2012, 18, 814-821
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Figure 10. Fluorescence intensity (4., =520 nm) switching cycle of NP-10
(3x107*m) by irradiation with UV (350 nm, 30s) and Vis light (590 nm,
60 s), recorded at 593 nm.

todegeneration rather than the photoswitch being destroyed
in the process.

The calculated Forster radius for the rhodamine B—spiro-
pyran system is D.;=6.16 nm. From this data we calculated
the experimental energy transfer efficiency of £E=89.5%
and the estimated average rhodamine B—spiropyran distance
with 2.93 nm.

Although the samples prepared according to conditions B
show smaller NP-sizes the switching properties are only
slightly inferior to the ones obtained by conditions A. After
several weeks the NP sedimented in ethanol/water suspen-
sion, but they could be resuspended by sonication. Consider-
able bleeding effects could not be observed because we only
found traces of SP and RH in the solvent by NMR analysis.

Conclusion

We successfully prepared a range of nanoparticles covalently
doped with a fluorophore and a photoswitch via Stober con-
densation from TEOS and the precursors 1 and 2. We ob-
served a dependence of the NP size distribution by changing
the concentration of fluorescence dye and photoswitch, con-
sistent with the LaMer model for classical heterogeneous
NP nucleation. Furthermore we succeeded in a constant
form and size distribution even with high amounts of photo-
switch and fluorophore and a size suitable for confocal and
high resolution fluorescence microscopy. These NPs are ca-
pable of reversible fluorescence photoswitching by irradia-
tion with UV/Vis light. Up to 22 cycles without any signifi-
cant loss of fluorescence intensity were possible. The effi-
ciency of switching differed depending on the molar ratios
of photoswitch and fluorophore, but independent on size.
The doped NPs did not show significant bleeding effects and
other kind of decomposition, even after several weeks. In
summary, we succeeded in the synthesis of tailor-made silica
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based and switchable fluorescent nanoparticles with a high
potential for bio-application. Future studies are in progress
and are focused on clarifying the mechanism of fluorescence
quenching and on improving its efficiency by selecting suita-
ble pairs of donor and acceptors (in the sense of FRET) as
well as developing silica nanoparticles of well-defined archi-
tectures aiming at applications in optical fluorescence mi-
Croscopy.

Experimental Section

NMR spectra were measured at room temperature on a Bruker DRX
500 spectrometer (500 MHz). [D4]Methanol was used as an internal stan-
dard for 'H spectra. All UV/Vis absorption spectra were recorded in eth-
anol/water (1:1) on a Perkin—Elmer Lambda 25 UV/Vis spectrometer at
room temperature. Fluorescence spectra were measured on a Perkin—
Elmer 50 B fluorescence spectrometer.

For light-induced generation of the open form of the spiropyran the sam-
ples were irradiated at 365 nm using a Nichia diode. Fluorescence excita-
tion of the fluorophores and photoswitching of the open to the closed
form was induced by irradiation with 568 nm using a laser diode (Cube,
Coherent). The resulting particle-solution was characterized by TEM
(transmission electron microscopy - TWIN Philips CM 200). The sample
preparation was carried out by dropping the particle solution on a
carbon-coated TEM grid and removing the solvent under vacuum.
Synthesis of 3',3'-dimethyl-1"-(f-hydroxyethyl)-6-nitrospiro[2H-1]benzo-
pyran-2,2’-indoline (6): The experimental procedure followed for the syn-
thesis of 6 starting from 3, is the one reported by Raymo et al.*!
Synthesis of 1'-(3-triethoxysilanpropyl)-3',3'-dimethylnitrospiro[2H-1]ben-
zopyran-2,2’-indoline (1): The experimental procedure followed for the
synthesis of 1, is the one reported by Allouche and Gonbeau.
Synthesis of rhodamine B 4-(3-hydroxypropyl)piperazine amide (10): The
experimental procedure followed for the synthesis of 10 starting from 8,
is the one reported by Nguyen and Francis.!!

Synthesis of rhodamine B 4-(3-triethoxysilanpropyl)piperazine amide (2):
A solution of rhodamine B 4-(3-hydroxypropyl)piperazine amide (10;
0.055 g, 0.096 mmol) and 3-triethoxysilylpropylisocyanate (7; 0.024 mL,
0.01 mmol) in dry DMF (20 mL) was stirred under reflux for 24 h. The
emulsion of 2 was used without further purification. 'H NMR (500 MHz,
[D,JMeOH): 6=0.58(t, *J=7, 4 Hz, 2H), 1.15 (t, *J=7.2 Hz, 12H), 1.19
(t, *J=7.1Hz, 9H), 1.61 (m, 4H), 2.46 (t, /=72 Hz, 2H), 3.14 (t, °J=
7.2 Hz, 2H), 3.35 (brm, 8H), 3.47 (q, *J=6.9 Hz, 6H), 3.67 (q, /=
7.1 Hz, 8H), 4.12 (t, 3J=7.2 Hz, 2H), 6.93 (s, 1H), 6.96 (s, 1H), 7.05(d,
3J=9.5 Hz, 1H), 7.07 (d, *J=9.6 Hz, 1 H), 7.9 (d, *J=9.6 Hz, 1H), 7.26 (d,
’J=9.5 Hz, 2H), 7.50 (m, 1H), 7.72 (m, 1H), 7.76 (m, 2H); ESI-MS (pos-
itive): m/z: 816.5 [M]*.

Preparation of nanoparticles: The silica nanoparticles doped with the flu-
orophor (2) and the photoswitch (1) were prepared using a modified
Stober method.*”)

A mixture of ethanol, deionized water, and concentrated ammonia solu-
tion >25% (Roth) was stirred for 2 min. To this mixture, TEOS (Al-
drich) was slowly added, after S min the fluorophor (2) and the photo-
switch (1) were slowly added and the mixture was stirred at room tem-
perature overnight. Two different molar ratios of TEOS/NHy/EtOH/H,0
were used. A: TEOS (2 mL), ammonia solution (2 mL), double distilled
water (6 mL), EtOH (100 mL). B: TEOS (4 mL), ammonia solution
(4 mL), double distilled water (12 mL), EtOH (200 mL). The different
molar ratios for 1 and 2 are given in Table 1, with concentrations of
0.09 M for 1 and 0.0031 m for 2. For workup the reaction solutions were
centrifuged with 3600 R/min over 15 min. After removing of the solvents
the NP were dispersed in distilled water/ethanol (1:1; 50 mL). This pro-
cess was repeated three times. To control the workup and analyze the dif-
ferent reaction setups TEM spectroscopy was used.
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