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a b s t r a c t

Optical nanosensors for such important analytes as oxygen, pH, temperature, etc. are manufactured in a
simple way via precipitation. Lipophilic indicators are entrapped into nanobeads based on poly(methyl
methacrylate), polystyrene, polyurethanes, ethylcellulose, and other polymers. Charged groups greatly
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vailable online 6 June 2009
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facilitate formation of the small beads and increase their stability. Sensing properties of the beads can be
tuned by choosing the appropriate indicator. Nanosensors for carbon dioxide and ammonia are found to be
cross-sensitive to pH if dispersed in aqueous media. These nanobeads are successfully employed to design
bulk optodes. Nanochemosensors with enhanced brightness via light-harvesting and multi-functional
magnetic nanosensors also are prepared.
recipitation
olymer

. Introduction

Such important analytes as oxygen, pH, ions, etc. are nowa-
ays routinely monitored with the help of optical sensors. A large
roup of optical sensors relies on the use of indicators which
espond to the species of interest by altering their luminescent
roperties (intensity and decay time) and, therefore, allow for con-
actless measurements. Luminescent chemosensors are commonly
sed in several widespread formats such as planar sensor foils
1,2] and spots [3], paints [4–6], fiber-optic (micro)sensors [7–9]
nd nanosensors [10,11]. Optical nanosensors became increasingly
opular in the last decade [12]. They represent versatile analyt-

cal tools that combine the flexibility of the dissolved indicators
small size, suitability for imaging in volume) with the robustness of
he bulk optodes (high selectivity, low interferences). Despite that
he nanosensors are commonly used for measurements in aqueous

edia, the beads also can be dispersed in polymer matrices. Par-
icularly, multi-analyte sensing becomes possible if several kinds
f beads are mixed together [13,14]. Thus, preparation of analyte-
ensitive nanobeads with desired properties is of much practical

nterest. Some nanosensors reported recently rely on quantum dots
15], metal beads [16] and other materials; however, most of the
anosensors make use of indicators embedded in polymer beads
nd sol–gels [17,18]. This approach enables rapid technology trans-

∗ Corresponding author. Tel.: +43 316 873 4326; fax: +43 316 873 4329.
E-mail address: sergey.borisov@tugraz.at (S.M. Borisov).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.05.041
© 2009 Elsevier B.V. All rights reserved.

fer since bulk optodes for different analytes are well established.
Several major staining techniques can be distinguished for poly-
meric beads. First, an indicator can be added into the mixture
of monomers to be entrapped in the bead during polymeriza-
tion [19,20]. Both physical entrapment and covalent coupling are
used. Staining of polymeric beads by swelling is another common
method [21]. Finally, dyed polymer beads can be obtained by sol-
vent displacement method (precipitation) [22,23]. Despite the fact
that undoped polymeric beads are often produced via precipita-
tion [24–26], this method was only sparsely used for preparation
of optical nanochemosensors [27]. However, it has high potential
due to simplicity and versatility, but also due to the fact that no
surfactants (which affect biological systems) are required for prepa-
ration of the beads. In this contribution we report strategies for
making nanochemosensors by precipitation and provide examples
of nanobeads sensitive to oxygen, pH and other important analytes.

2. Experimental

2.1. Materials

Poly(styrene-co-maleic anhydride) (PS-MA; 7% of maleic
anhydride; MW 224,000), polysulfone (PSulf, MW 26,000), N,N′-

dimethyl-9,9′-biacridinium dinitrate (lucigenin), cellulose acetate
(MW 100,000; CAc), cellulose acetate propionate (MW 15,000;
CAcP), cellulose acetate butyrate with 44–48% butyrate content
(CAcB) were obtained from Aldrich (www.sigmaaldrich.com).
Poly(vinylidene chloride-co-acrylonitrile) (PViCl-PAN; 20 wt.%
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olyacrylonitrile, MW 150,000), poly(methyl methacrylate-
o-methacrylic acid) (PMMA-MA; 10% methacrylic acid, MW
100,000), poly(2-hydroxyethyl methacrylate) (pHEMA, MW
200,000) were from Polysciences (www.polysciences.com).
olyurethane hydrogels D4, D7 and hydrothan H15 were obtained
rom Cardiotech (www.cardiotech-inc.com). Ethylcellulose (EC,
thoxy content 46%), Nafion® 117 Solution (5% in alcohols) and
etraoctylammonium hydroxide (20% in methanol) were from
luka (www.sigmaaldrich.com). Eudragit®RL 100 (∼10% of qua-
ernary ammonium groups, MW ∼150,000) and Eudragit®RS 100
∼5% of quaternary ammonium groups, MW ∼150,000) were pur-
hased from Degussa. Tetrahydrofurane (THF), dimethylformamide
DMF) and acetone were obtained from Roth (www.carl-roth.de).
latinum(II) meso(2,3,4,5,6-pentafluoro)phenyl porphyrin (PtTFPP)
as bought from Frontier Scientific (www.frontiersci.com). Nitro-

en, oxygen and synthetic air (all of 99.999% purity) were obtained
rom Air Liquide (www.airliquide.at).

Fluorescein octadecylester (FODE) was synthesized accord-
ng to the literature procedures [28,29]. 2′,7′-Dichlorofluorescein

ethylester (DCFME) was prepared as previously reported [27].
Preparation of the iridium(III) acetylacetonato-bis(3-

benzothiazol-2-yl)-7-(diethylamino)-coumarin) (Ir(CS)2(acac)) is
eported elsewhere [30]. Palladium(II) tetraphenyltetrabenzopor-
hyrin (PdTPTBP) was prepared according to Finikova et al. [31].
he europium(III) complex Eu(tta)3DEADIT was synthesized as
escribed previously [32].

The chemical structures of the indicators and polymers used are
hown in Fig. 1. Note that hydrogels D4, D7 and hydrothan H15
epresent polyurethane-based block copolymers which possess
ydrophilic and hydrophobic parts, however the exact composition

s not available from the manufacture.

.1.1. Preparation of the oxygen-sensitive and pH-sensitive beads
ia fast precipitation

Thirty milligrams of a polymer were dissolved in 15 g of a respec-
ive solvent (0.2%, w/w solution). The dye concentration (1%, w/w
or Ir(CS)2(acac), PdTPTBP; 0.25% (w/w) for FODE in respect to poly-

er) was adjusted using stock solutions. Then, 50 mL of water was
dded to the solution (∼10 mL per second) under vigorous stirring.
he solvents (THF, acetone) were removed under reduced pressure.
lternatively, DMF was removed by dialysis against water for 5 days
sing a regenerated cellulose dialysis membrane from Roth (MWCO
2,000–14,000).

.1.2. Preparation of the chloride-sensitive beads
One gram of the Nafion® 117 Solution (50 mg of the polymer) was

iluted with 10 mL of ethanol. Then, 2 mg of lucigenin in 10 mL of
tOH was added dropwise to the polymer solution. After 30 min of
tirring 40 mL of water was added under vigorous stirring. 300 mg
f NaF was added and the dispersion of the beads was stirred for
h. The excess of the dye, NaF and EtOH were removed by dialysis
gainst water.

.1.3. Preparation of the temperature-sensitive and DLR-reference
anobeads

Four hundred milligrams of PViCl-PAN and 6 mg of
u(tta)3DEADIT (for the temperature-sensitive beads) or 6 mg
f Ir(CS)2(acac) (for the DLR-reference beads) were dissolved in
00 mL of acetone. 600 mL of water was added dropwise under
igorous stirring. Acetone was removed under reduced pressure.
.1.4. Preparation of the ammonia-sensitive beads
Ten milliliters of acetone containing 0.14 mg of DCFME and

00 mg of a cellulose ester (CAc, CAcP or CAcB) were added
rop-wise into an ultra-sonicated round-bottomed flask contain-

ng 50 mL of Millipore water. The resulting nanobeads were dialysed
9 (2009) 1322–1330 1323

against water for 24 h and freeze-dried. An NH3-sensing membrane
was prepared by dispersing the nanobeads in a silicone layer as
described previously [27].

2.1.5. Preparation of the magnetic beads
44.5 mg of PS-MA, 0.44 mg Ir(Cs)2(acac) and 8.9 mg of magnetite

(EMG1300, Ferrotec GmbH, www.ferrotec.com) were dissolved and
dispersed, respectively, in 5 mL of tetrahydrofuran. This cocktail
was mixed with 15 mL of water under vortexing, resulting in a sus-
pension of swollen nanoparticles. After evaporation of THF under
a slight air stream, the particles were magnetically collected and
washed with deionized water. The washing was repeated twice and
the beads containing no or little magnetite were discarded.

2.2. Measurements

The size of the beads and Z potential were determined with
a particle size analyzer Zetasizer Nano ZS (www.malvern.de).
Luminescence excitation and emission spectra were acquired
on a Hitachi F-7000 fluorescence spectrometer (www.inula.at)
equipped with a red-sensitive photomultiplier R 928 from Hama-
matsu (www.hamamatsu.com). In the case of the pH nanosensors
the pH was adjusted to the desired value using phosphate and
phosphate-citrate buffers. The pH of the buffer solutions was con-
trolled by a digital pH meter (InoLab pH/ion, WTW GmbH & Co. KG,
www.wtw.com) calibrated at 20 ± 2 ◦C with standard buffers of pH
7.0 and 4.0 (WTW GmbH & Co. KG). The buffers were adjusted to
constant ionic strength using sodium chloride as the background
electrolyte.

Luminescence phase shifts were measured with a two-
phase lock-in amplifier (SR830, Stanford Research Inc., www.
thinksrs.com). The dispersion of the beads in water (∼0.5 mg mL−1)
was placed in a glass vial and excited with sinusoidally mod-
ulated LED light. A bifurcated fiber bundle was used to guide
the excitation light to the vial and to guide back the lumi-
nescence to a photomultiplier tube (H5701-02, Hamamatsu,
www.sales.hamamatsu.com). The Ir(CS)2(acac)-based beads were
excited with a 470 nm LED (www.roithner-laser.com), modulated
at 20 kHz, while a 425 nm LED was used for the excitation of beads
stained with PdTPTBP (f = 800 Hz) and Eu(tta)3DEADIT (f = 700 Hz).
In all cases, the excitation light was filtered though a BG 12 filter
from Schott (www.schott.com). An OG 550 filter (Schott) was used
for Ir(CS)2(acac) and Eu(tta)3DEADIT, and an RG 9 filter for PdTPTBP.
Temperature was controlled by a cryostat ThermoHaake DC50. In
the case of the oxygen-sensitive beads the temperature was kept
constant at 25 ◦C. Gas calibration mixtures were obtained using a
gas mixing device (MKS, www.mksinst.com). Three independent
measurements were performed to obtain a calibration curve.

SEM images were acquired on a Zeiss Ultra 55 (www.smt.
zeiss.com) equipped with a field emission gun. A drop of bead dis-
persion was placed on a polymeric substrate. After evaporation of
water the samples were coated with a Ag–Pd layer (∼10 nm) to
avoid specimen charging.

Photographic images of the magnetic optical sensor particles
were acquired using a Canon 5D color camera equipped with a
24–105 mm f/4L IS objective from Canon. Excitation of the beads
was performed with a 366-nm line of a mercury lamp.

3. Results and discussion

3.1. General strategies
These are schematically shown in Fig. 2. Preparation of the sens-
ing beads via precipitation relies on the use of two miscible solvents.
Several key steps can be distinguished and include: (1) prepara-
tion of the sensor „cocktail“; (2) precipitation of the beads; and
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Fig. 1. Chemical structures

3) removing of the organic solvent and purification. Strategies and
rends will be discussed in the following.

.1.1. Preparation of the sensor “cocktail”
The sensor “cocktail” is prepared by dissolving an indicator and

polymer in an organic solvent or in a mixture of several solvents.
otably, moderate solubilities of the components are sufficient, and

ypical concentrations required are 0.1–0.4% (w/w) for the polymer

nd 0.001–0.004% w/w for the indicator. This is in contrast to the
ulk optodes which are prepared from more concentrated solutions
usually containing 5–10% (w/w) of the polymer and 0.02–0.2%
f the indicator). A typical example includes encapsulation of the
ridium(III) coumarin complex Ir(CS)2(acac) into gas blocking PViCl-
e indicators and polymers.

PAN. The polymer is excellently soluble in acetone; on the contrary,
the dye is poorly soluble there. However, the solubility is sufficient
for preparation of the sensor particles since only 3 mg of the dye is
used per 100 mL of the solvent.

It should be mentioned that the size of the nanobeads can be
adjusted by varying the concentration of the “cocktail”. As can be
seen from Table 1, the diluted solutions favor the formation of
smaller beads.
3.1.2. Precipitation
The nanobeads are formed by diluting the solution with a “bad”

solvent. It should be emphasized that this process does not require
the addition of surfactants (and their subsequent removal) as in
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Fig. 2. Preparation of the nanosensors via precipitation: (1) preparation of the “cock-
tail” by dissolving indicator and polymer in organic solvent; (2) precipitating the
p
“
o

t
s
d
o
t
a
b
t
b

Table 1
Properties of the PS-MA nanobeads obtained via precipitation with water.

Organic solvent Method C polymer, % w/w Zav, nm PDI

THF 2c + 3a 1 191 0.106
THF 2c + 3a 0.5 167 0.053
THF 2c + 3a 0.2 156 0.131
THF 2c + 3a 0.1 150 0.119
THF 2c + 3a 0.05 155 0.138
THF 2a + 3a 0.2 360 0.039
DMF 2a + 3c 0.2 240 0.092
THF:acetone (1:1) 2c + 3a 0.1 112 0.112

T
P

P

P
P
R
R
E
P
P
D
D
H
p
C
N

articles ((a) slow addition of water into the “cocktail”; (b) slow addition of the
cocktail” in water; (c) fast mixing of the “cocktail” and water); (3) removing the
rganic solvent.

he case of nanosensors prepared via polymerization. Water is a
olvent of choice in most cases since the nanosensors usually are
esigned for measurements in aqueous medium. Therefore, the use
f lipophilic indicators (completely insoluble in water) is essential
o ensure that no leaching from the nanoparticles will occur. It is

lso important that the indicator has good solubility in the polymer
ut both are poorly soluble in solvent:water mixtures. Otherwise,
he indicator can aggregate and precipitate before the formation of
eads or still remain in solution after polymeric beads are formed.

able 2
roperties of the polymeric nanobeads obtained via precipitation with water.

olymer Organic solvent C polymer, % w/w Method Zav, nm

S-MA THF:acetone 1:3 0.2 2c + 3a 94
MMA-MA THF:acetone 1:9 0.2 2c + 3a 55
L-100 Acetone 0.2 2c + 3a 45
S-100 Acetone 0.2 2c + 3a 44
C THF:acetone 1:1 0.2 2c + 3a 72
ViCl-PAN THF:acetone 1:9 0.2 2c + 3a 53
Sulf THF:acetone 1:1 0.2 2c + 3a 432
4 DMF 0.4 2c + 3c 220
7 DMF 0.4 2c + 3c 250
15 DMF 0.4 2c + 3c 515
HEMA DMF 0.4 2c + 3c 152
el Ac But Acetone 1 2b + 3b 150
afion Ethanol 0.5 2c + 3c 220c

a −not redispersible; +redispersible.
b Size of the aggregates >1 �m; bead concentration is 0.5 mg/mL.
c Size and Z potential cannot be determined since the beads are not scattering; the size
THF:acetone (1:3) 2c + 3a 0.1 94 0.071
THF:acetone (1:7) 2c + 3a 0.2 89 0.132

Suitable solvents for dissolving the polymers and indicators include
dimethylformamide, dimethylsulfoxide, acetone, tetrahydrofuran,
1,4-dioxan, acetonitrile, ethanol, etc. These solvents can be as well
mixed together to adjust solubility of polymers and indicators.

Three different strategies of precipitation can be used (Fig. 2):
First, water can be slowly added under vigorous stirring to the
“cocktail” (2a). Second, the “cocktail” can slowly be added to water
(2b). Third, both water and the “cocktail” can be rapidly mixed
together (2c). Usually, fast precipitation results in formation of
smaller beads than if water is added slowly (Table 1). For example, in
case of PS-MA beads precipitated from THF the size was found to be
∼360 and ∼150 nm, respectively for slow and fast water additions.
The size of the beads also depends on the solvent used (Table 1).
It was found that substitution of THF by acetone in case of PS-MA
favors the formation of even smaller beads (Zav < 100 nm). For cer-
tain polymers (such as polyacrylonitrile) slow precipitation also can
result in formation of very small beads [22].

As we have found, a variety of the polymers can be used to
prepare nanosensors (Table 2). It should be mentioned that polar
groups present in the polymer facilitate bead formation and usu-
ally render particles stable in water. Therefore, such polar polymers
as ethylcellulose, polysulfone, polyurethanes and polyacryloni-
triles can be polymers of choice. The resulting beads are stable
in water and do not show aggregation. However, the nanobeads
often aggregate readily in the presence of salts (Table 2). Obvi-
ously, small amount of charged groups (e.g. carboxyl groups) can
greatly increase bead stability in water. Such copolymers as PS-MA
or PMMA-MA were found to be excellently suitable for preparation
of the nanosensors. The nanobeads do not aggregate even at high

salt concentration, can be freeze-dried and redispersed easily. Sur-
prisingly, positively charged Eudragits RL 100 and RS 100 (which
contain quaternary ammonium groups) show much higher ten-
dency to aggregation even at physiological ionic strength (150 mM).

PDI Z potential, mV Freeze-dryinga Aggregation in 150 mM NaClb

0.071 −41 + −
0.082 −36 + −
0.200 +58 + +
0.188 +48 + +
0.089 −27 + +
0.092 −28 + +
0.031 −23 + +
0.060 −7.8 − −
0.103 −6.0 − −
0.046 −7.6 − −
0.187 −31 − +
0.120 Not determined + +
− Not determinedc + −

determined by scanning electron microscopy.
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Fig. 3. Stern–Volmer plots for the Ir(Cs)2(acac) in polymeric nanobeads obtained by
fast precipitation with water: (1) PViCl-PAN; (2) PMMA-MA; (3) D7; (4) PSulf; (5)
D4; (6) H15; (7) RS 100; (8) RL 100; and (9) EC. The concentration of the polymer
326 S.M. Borisov et al. / Ta

It should be mentioned that this methodology can also be used
or preparation of nanobeads from apolar polymers such as e.g.
olystyrene. Although these nanobeads cannot be used for sens-

ng purposes in aqueous media, they are suitable as components
f composite materials such as, for example, multi-analyte sensors.
recipitation of the nanobeads is to be performed with a second
rganic solvent in which both the indicator and the polymer are not
oluble. Suitable candidates include such polar solvents as ethanol
r methanol or, alternatively, apolar hexane. Most polymers and
ipophilic indicators are poorly soluble in these solvents and thus
an be precipitated. For example, stained polystyrene beads were
btained by dissolving the polymer and the dye in dichloromethane
nd precipitating the particles with hexane.

.1.3. Purification of the beads
Here, an organic solvent is removed. If the boiling point of this

olvent is lower than that of water, it can be removed at elevated
emperatures under reduced pressure, or even by bubbling air or
itrogen through (3a). If the boiling point of the organic solvent is
igher (DMF, DMSO) two strategies are possible. The beads can be
recipitated with help of sodium chloride, separated by centrifuga-
ion and washed with water several times. This method was found
seful for purification of PAN nanoparticles [22]. Alternatively, dial-
sis can be used but is rather time consuming. We used dialysis to
urify nanosensors based on hydrogels D4, D7, hydrothan H15 and
HEMA since the beads were found to irreversibly aggregate after
recipitation with NaCl and subsequent centrifugation. It should
lso be mentioned that if a polymer is not swellable in ethanol or
ethanol, these solvents can be used to wash the particles after pre-

ipitation. This helps to remove the indicator molecules adsorbed
n the surface.

.2. Properties of the polymeric nanobeads

Table 2 gives an overview of the polymeric beads investigated.
vidently, a variety of polymers can be used to prepare beads which
iffer significantly in their properties. As can be seen, the poly-
ers bearing positively or negatively charged groups can be used

o prepare rather small nanobeads (Zav < 100 nm). On the other side,
eutral polymers such as hydrogels form much bigger beads. If sim-

lar polymers are used (e.g. those based on polyurethanes) the size
f the beads is likely to increase with decreasing polarity. In fact, Zav

as found to be 220, 250 and 515 nm for D4, D7 and H15, respec-
ively. According to the manufacture, the water uptake by these
olymers is 51%, 30% and 15%, respectively.

The morphology of the nanoparticles was investigated by scan-
ing electron microscopy. The size of the beads estimated from
he SEM images (Fig. S1–S7) is in a good agreement with the data
btained in light scattering experiments. For example, the aver-
ge diameter of the beads based on PMMA-MA, EC, PViCl-PAN and
S-MA (precipitated from THF) was estimated to be 62 ± 9, 63 ± 6,
9 ± 8 and 155 ± 40 nm, respectively. In contrast to other polymeric
eads that appear to be spherical, the Nafion particles are not sym-
etrical (Fig. S5) and are very polydisperse (220 ± 80 nm). It can

lso be observed that the hydrogel D4 beads shrank dramatically
pon drying so that the size is reduced ∼70 nm. Unfortunately, the
S-100 and RL-100 beads formed a dense layer upon drying so that
o beads can be distinguished.

A quite important property of the beads is their tendency to
ggregate in the presence of electrolytes and/or other substances
uch as e.g. proteins. Some of the beads were found to aggregate

eadily at physiological ionic strength (Table 2). Due to aggregation,
hese beads also are rather poorly suitable for use in cultivation

edia, such as an LB medium. These contain significant amount
f salts, but also proteins. Since aggregation is concentration-
ependent the nanobeads are likely to be still useful at lower
in all the cases was 0.2% (w/w) and the dye 0.002% (w/w). The decay times in the
absence of oxygen (�0) were 16.2, 16.9, 15.2, 11.6, 13.7, 11.1, 16.5, 16.6 and 14.5 �s
for (1)–(9), respectively. The non-linear fit is performed according to the “two-site”
model [32].

concentrations, providing that the brightness of the beads is suf-
ficient for measurements (such as for the beads stained with an
ultra-bright Ir(Cs)2(acac)). In fact, if the concentration of beads is
reduced to 0.25 mg/mL, micrometer-sized aggregates do not form in
case of EC and the hydrogels, and the RL-100 nanobeads are appar-
ently not affected at this concentration. As expected, the RL-100
beads which are more positively charged than the chemically sim-
ilar RS-100 particles are also more resistant to aggregation. On the
other side, the nanobeads based on PViCl-PAN, RS-100 and pHEMA
show severe aggregation even at concentration of 0.25 mg/mL.

It was found that most of the polymeric beads can be freeze
dried, stored in the dry condition and redispersed in water. How-
ever, in most cases the size of the beads increases significantly after
they are redispersed and exceeds 100 nm. Still, the beads stained
with luminescent indicators fully retain their sensing properties.
Generally, the strongly charged beads are the best dispersible after
freeze-drying. Unfortunately, the beads making use of hydrogels
were found not to be redispersible.

3.3. Examples of optical nanosensors

In the following we will demonstrate application of the beads
for optical sensing of several important analytes such as oxygen,
pH, NH3, CO2, and Cl−.

3.3.1. Nanobeads for oxygen sensing
The iridium(III) coumarin complex Ir(CS)2(acac) was chosen to

probe the sensitivity of the beads. This phosphorescent indica-
tor benefits from strong absorption in the visible region and high
emission quantum yields [30]. We found that the indicator can be
incorporated in all investigated polymers. It is important to note
that the beads can also be stained with other common oxygen
indicators such as ruthenium(II) polypyridyl complexes and met-
alloporphyrins. Fig. 3 demonstrates the Stern–Volmer plots for the
oxygen-sensitive beads that make use of Ir(CS)2(acac). The sensi-
tivity of the beads is in good correlation with gas permeabilities
of the polymers. The highest sensitivity to oxygen is observed for
ethylcellulose beads (�0/�air sat = 3.6). The iridium(III) complex is

virtually insensitive to oxygen if embedded in gas-blocking PViCl-
PAN beads (�0/�air sat = 1.056). It was found that the PViCl-PAN beads
produced via slow precipitation show even lower cross-sensitivity
to oxygen (�0/�air sat = 1.006). The size of these beads is much higher
(Zav = 210 nm) so that very few dye molecules are located close to the
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urface of the bead. The iridium(III) coumarin embedded into the
ositively charged RL-100 and RS-100 beads show relatively high
ensitivity to oxygen (�0/�air sat = 2.36 and 2.03, respectively). On
he contrary, the sensitivity is rather low in case of PMMA-MA bear-
ng negatively charged carboxy-groups. In fact, �0/�air sat was found
o be 1.27. It is evident that sensitivity of the Ir(CS)2(acac)/PMMA-

A nanosensors is too low for measurements at physiologically
elevant conditions. However, PMMA-MA turned out to be an excel-
ent matrix for immobilization of palladium(II) benzoporphyrin
omplexes. For example, palladium(II) tetraphenyltetrabenzopor-
hyrin is excellently compatible with the lines of He–Ne laser
632.8 nm), red laser diodes (635 nm) and a mercury lamp (436 nm
ine) since the excitation is located at 442 nm and 628 nm (Fig. S8,
nsert). Very high molar absorption coefficients (� = 416,000 and
73,000 M−1 cm−1 at 442 and 628 nm, respectively) in combina-
ion with moderate quantum yields (QY = 0.21) [33] are responsible
or excellent brightnesses (ε·QY). However, potential application
f the indicator in microscopy and for confocal imaging is com-
romised by too high sensitivity in most polymers including those
ased on polystyrene (such as PS-MA or PS-PVP). As can bee seen
Fig. S8), the indicator is excellently suitable for measurements at
–100% air saturation if embedded in PMMA-MA (�0/�air sat = 3.64).
herefore, these small and stable nanobeads can be considered as
n alternative to red light-excitable water-soluble dendrimeric ben-
oporphyrins [34].

As we demonstrated above, the size of the nanobeads can
epend on several parameters including speed of precipitation,
olymer concentration and composition of the solvents. It is inter-
sting to compare the sensing properties of the nanobeads that
ake use of the same materials (indicator and polymer) but are

btained via different techniques. Fig. 4 shows Stern–Volmer plots
or the Ir(CS)2(acac) embedded in PS-MA beads. The beads obtained
ia slow precipitation (Zav 360 nm) behave very similarly to the bulk
S-MA film optode. However, beads obtained via fast precipitation
rom THF show increased sensitivity to oxygen and longer decay
imes. Interestingly, the decay times increase even further if precip-
tation is performed from THF:acetone mixtures. Higher amount of

cetone in case of PS-MA favors longer decay times and higher sen-
itivities to oxygen. Notably, the size of the beads does not decrease
ignificantly (Table 1). The higher degree of non-linearity is also
vident for the beads obtained via precipitation from THF:acetone
ixtures. In a good agreement with the so-called “two-site” model

ig. 4. Stern–Volmer plots for the Ir(CS)2(acac) in PS-MA bulk optode (1) and for
he same indicator in PS-MA beads obtained by precipitation with water: (2) slow
ddition into THF solution; (3) fast addition into THF solution; (4) fast addition into
he solution in THF:acetone (3:1); (5) fast addition into the solution in THF:acetone
1:1); and (6) fast addition into the solution in THF:acetone (1:7). The concentration
f the polymer in all the cases was 0.2% (w/w) and the dye 0.002% (w/w). The decay
imes in the absence of oxygen (�0) were 10.6, 11.0, 12.6, 13.4, 13.6 and 15.0 �s for
1)–(6), respectively. The non-linear fit is performed according to the “two-site”

odel [32].
Fig. 5. Calibration plots for the pH-sensitive nanobeads based on FODE (IS = 0.05 M):
(1) RL 100; (2) D4; (3) PS-MA; (4) H15; (5) PMMA-MA; (6) EC.

[35] the indicator is likely to be localized in two different environ-
ments. The quenching constants and decay times are significantly
different for both environments. A fit indicates that contribution of
the more quenchable fraction increases at higher amount of ace-
tone in the “cocktail”. We have found that the same trend is valid
if other oxygen indicators are used. For example, the decay times
in the absence of oxygen were found to be 65 and 69 �s, and �0/�
values were 2.49 and 3.44, for the beads stained with PtTFPP from
THF and THF:acetone (1:7), respectively.

3.3.2. Nanobeads for sensing pH
A lipophilic pH indicator fluorescein octadecylester (FE) was uti-

lized to render the nanobeads pH-sensitive. The calibration curves
are shown in Fig. 5. As expected, the pKa is much lower in posi-
tively charged RL-100 and RS-100 beads (6.2 and 6.3, respectively)
than in negatively charged PS-MA and PMMA-MA particles (9.1 and
11.2, respectively). The pKa values of 7.9 and 8.0 are observed in
neutral beads of hydrogel D4 and D7, but increase significantly in
more hydrophobic H 15 (pKa = 9.1). Finally, FE embedded in even
more hydrophobic ethylcellulose shows little dependence up to pH
∼11, and the pKa is very high (∼13.5). As can be seen, the titra-
tion curve in case of the PS-MA beads is very wide. This effect is
likely to originate from localization of the indicator in regions of
varying polarity where the pKa values of individual dye molecules
are rather different. Such interesting behavior can be made use
of to design the nanosensors operating in a very broad pH range.
It should be mentioned that a variety of lipophilic pH indicators
are available, including for example those based on fluoresceins
[29] and 8-hydroxy-1,3,6-pyrenetrisulfonate (HPTS) [36,37]. These
indicators can be embedded into the beads to design nanosensors
operating in significantly different pH ranges. For example, a pho-
tostable 2′,7′-dichlorofluorescein octadecylester (DCFODE) seems
to be a very promising candidate here since the pKa is known to be
significantly lower than for FODE [29]. Thus, the nanosensors based
on DCFODE embedded in PS-MA and H15 are expected to work in
physiologically relevant range (pKa ∼7.0).

3.3.3. Nanobeads for optical temperature sensing and for
DLR-referencing

Optical sensors for oxygen, carbon dioxide, ammonia and many
other analytes are known to show non-negligible (and often rather
pronounced) cross-sensitivity to temperature. That is also the
case with optical nanochemosensors. Beads which are capable of

optically monitoring temperature can be dispersed together with
other nanosensors to compensate them for temperature effects.
Recently, we reported several temperature probes based on lumi-
nescent europium(III) complexes incorporated into bulk polymer
matrices [32]. We discovered that it is also possible to prepare
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nanobeads stained both with a coumarin antenna C 545T and with
an oxygen indicator PtTFPP. Efficient excitation from 450 to 470 nm
becomes possible where especially bright blue LEDs are available.
Direct excitation in the Q-bands of the platinum(II) porphyrin is
much less efficient (Fig. 8a) while excitation by the UV light in
ig. 6. Quenching of the fluorescence of lucigenin embedded into Nafion® beads by
hloride ions (in M). The insert shows a corresponding Stern–Volmer plot.

emperature nanosensors via precipitation methods. For exam-
le, a europium(III) complex can be easily incorporated into a
as-blocking PViCl-PAN beads. The beads obtained via slow precipi-
ation show negligible cross-sensitivity to oxygen. At the same time,
he luminescence decay time is highly temperature-dependent
Fig. S9) and the temperature coefficient approaches 1%/K.

Recently we demonstrated that Ir(CS)2(acac) embedded into
xygen-impermeable PViCl-PAN microparticles can be a very
romising material for DLR (=dual lifetime referencing) [38]. In
rder to be suitable for referencing, the beads should be insensi-
ive to the analyte of interest (e.g. CO2 or NH3) but also to oxygen,
nd preferably show low temperature sensitivity. The beads should
lso be small enough to form a homogeneous sensor layer after mix-
ng with analyte-sensitive beads. Thus, the Ir(CS)2(acac)/PViCl-PAN
eads obtained via slow precipitation are particularly promising
ere. In fact, the particles show virtually no cross-sensitivity to
xygen and very low temperature dependence of the decay time
Fig. S9).

.3.4. Nanobeads for determination of salinity
Huber et al. reported earlier the optical salinity sensors based

n Nafion® cation exchange membrane [39]. The chloride-sensitive
ndicator lucigenin was irreversibly electrostatically absorbed on
he membrane and its fluorescence was dynamically quenched in
resence of chloride ions. We found that nanoparticles for deter-
ination of salinity can be prepared via precipitation. Indeed,

he particles are nicely suitable for determination of salinity in
he range from 0.02 to 1 M (Fig. 6). It is likely that apart from
ynamic quenching, some static quenching also takes place since
he Stern–Volmer intensity plot curves upwards. Comparison to the
iterature data [39] indicates that the sensitivity of the beads is very
lose to that of the bulk optode. As was recently demonstrated by
ychkova and Shvarev [40], the precipitation method can also be
sed for preparation of other ion-sensitive nanobeads such as those

or Na+, K+ and Ca2+.

.3.5. Nanobeads for sensing acidic and basic gases
Apart from oxygen, carbon dioxide and ammonia belong to

he most important gaseous analytes. In contrast to oxygen, opti-
al sensors for CO2 and NH3 rely on the use of pH indicators as
ransducers. Thus, a protective hydrophobic layer is essential to
void cross-sensitivities to pH and ions. This makes the design
f water-dispersible nanosensors an extremely challenging task.

owever, the nanobeads can be used in bulk optodes if immobi-

ized in a gas-permeable hydrophobic (e.g. silicone) layer. We found
recipitation to be a very useful method for the preparation of
uch nanobeads. For example, beads making use of ethylcellulose,
PTS and a lipophilic organic base tetraoctylammonium hydrox-
9 (2009) 1322–1330

ide TOAOH (so-called Mills-type optode) [41] can be obtained via
precipitation with water. The indicator (HPTS) is extracted into the
polymer in form of a lipophilic ion pair with TOA. The freeze-dried
beads dispersed in silicone were found to be nicely suitable for the
determination of carbon dioxide with the sensitivity similar to that
of a bulk optode.

Similarly to the CO2-sensitive beads, fluorescent nanobeads for
NH3 can be obtained via precipitation. Again, the beads are hardly
suitable for sensing in aqueous media because of the cross-talk to
pH. However, these beads were found to be very useful for designing
optodes for trace ammonia sensing. The sensor membranes typi-
cally contain the NH3-sensitive nanobeads dispersed in silicone, as
was previously described in more detail [27]. An additional ∼1 �m
silicone layer is added to increase the robustness of the sensor. Fig. 7
shows the calibration plots for the sensor membranes making use
of DCFME embedded in various cellulose ester nanobeads. It is evi-
dent that the sensitivity of the material can be tuned by choosing
the appropriate polymer. The highest sensitivities (and the lowest
limits of detection) were found for the beads making use of cellu-
lose acetate and cellulose acetate propionate, while less sensitive
sensors were obtained in case of cellulose acetate butyrate. These
sensor materials were found to exhibit a 50% signal change at 117,
133 and 1909 �g L−1 of NH3, respectively. For comparison, a bulk
optode (DCFME dissolved in cellulose acetate) is much less sensi-
tive to ammonia (50% signal change at 2290 �g L−1). Although such
a high sensitivity of the beads cannot be fully understood, it is likely
to originate from localization of the dye molecules on the surface
of the nanospheres. It should be mentioned that the nanobeads are
not only promising for designing ultra-sensitive ammonia sensors
but also simplify the preparation of referenced sensing materials
[38].

3.3.6. Nanosensors with enhanced brightness
Recently we presented a versatile method of enhancing sensor

brightness by means of light-harvesting [42]. Addition of fluores-
cent antenna (that efficiently collects light in a desired part of the
spectrum) to an indicator was demonstrated to result in dramatical
increase in brightness. This simple method (requiring no synthetic
modifications) was found to be very useful for oxygen, pH and other
sensors. We discovered that this methodology can also be used
to obtain brighter beads via precipitation. As an example, Fig. 8
shows the excitation and the emission spectra of the PMMA-MA
Fig. 7. Calibration plots for NH3-sensing materials based on dichlorofluorescein
methylester contained in cellulose acetate layer (1) and embedded into cellulose
ester nanoparticles:cellulose acetate (2), cellulose acetate propionate (3) and cellu-
lose acetate butyrate (4).
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ig. 8. Spectral properties of the PMMA-MA nanobeads stained with 2% (w/w) of the
ET donor C 545T and 1% (w/w) of the RET acceptor PtTFPP: (a) excitation spectrum
�em = 650 nm); (b) emission spectra of the air-saturated and oxygen-free dispersion
�exc = 470 nm).

he Soret band is undesirable for a few reasons (e.g. high level of
ackground fluorescence). It is also evident (Fig. 8b) that the beads
re nicely suitable for ratiometric oxygen imaging since the fluo-
escence of the coumarin (peaking at 520 nm) is independent on
xygen content. Lifetime imaging is, of course, also possible.

.3.7. Nanosensors with magnetic properties
Recently, attention of researches was attracted to sensors with

agnetic properties [43–45]. The distinguished feature of these
mart tools is the possibility to be guided to the region of inter-
st and be collected there. It was demonstrated that very few
eads with magnetic properties are sufficient to generate high sig-
als if collected with special magnetic separators [46]. As shown
reviously, magnetic microbeads can be prepared via different
echniques (e.g. spray-drying) [47]. We found that nanosensors
ith magnetic properties can also be manufactured easily. As an

xample, Fig. 9 shows photographic images of the dispersion of
he oxygen-sensitive nanobeads (Zav = 186 nm, PDI 0.029) based on
r(CS)2(acac) embedded into PS-MA via fast precipitation from THF.
o render the beads magnetic, lipophilic magnetite was added to
he “cocktail” and was incorporated inside during precipitation. As
an be seen, the homogeneous suspension of the beads is efficiently
ollected with the help of a magnet (located to the left from the
uvette). Most of the beads are collected within 1 h, while several
ore hours are needed to collect all the beads. The magnetic adap-

ors for optical fibers [46] can, of course, also be used with magnetic
anosensors. It should be mentioned that the amount of magnetite

n the beads is not uniform. In other words, some particles contain
ore magnetite and are, therefore, more magnetic, while other con-

ain less magnetite and are more difficult to collect. Thus, prior to
se, the beads were magnetically collected within a few hours and
he aqueous phase was discarded so that only particles with high

agnetite doping were used further.

.3.8. Tracers and labels
Above we provided several examples of nanobeads with sensing

roperties that can be easily prepared via precipitation. How-

ver, the scope of this versatile method is not limited by optical
anochemosensors. It is important that also inert lipophilic dyes
an be embedded into the beads in a similar manner to obtain
uminescent tracers. We found out that the procedure works excel-
ently with such dyes as coumarins and perylens. Of course, other
Fig. 9. Photographic images of the dispersion of magnetic oxygen nanosensors
(Ir(CS)2(acac) in PS-MA) during collection phase. The magnet is located to the left
from the cuvette.

dyes can be used as well. Some of the polymeric materials (such as
PS-MA and especially PMMA-MA) bear carboxyl-groups which can
be made use of for further functionalization and/or covalent cou-
pling. This, in principle, enables preparation of highly luminescent
labels. The size of the beads (∼50 nm) is likely to be reduced fur-
ther if the polymers with higher amount of carboxyl-groups (e.g.
15%) are used and precipitation is performed from more diluted
solutions. It is important that both fluorescent and phosphores-
cent dyes (that enable time resolved measurements) can be used.
In case of the latter, promising candidates include, e.g. europium(III)
and terbium(III) complexes since their luminescence remains vir-
tually independent on oxygen content. However, other classes of
phosphorescent dyes such as cyclometallated complexes and met-
alloporpyrins can also be used providing that quenching by oxygen
is not very significant [22,48]. Finally, other luminescent materials
such as quantum dots or phosphors may also be embedded into the
polymeric beads via precipitation.

4. Conclusions

It was demonstrated that precipitation is an extremely versa-
tile method for producing optical nanochemosensors. This very
simple technique can be used to produce large quantities of
nanosensors from commercially available polymers without use of

undesired additives such as surfactants. A variety of polymers and
lipophilic indicators was shown to be nicely suitable for precipita-
tion. Thus, nanosensors for oxygen, pH, temperature and salinity
were obtained. Moreover, nanobeads sensitive to carbon dioxide
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nd ammonia can also be manufactured and used for prepara-
ion of optical sensors. The same methodology can be used for the
reparation of fluorescent labels. Considering nanosensors, their
ensitivity can be tuned by choosing appropriate polymer/indicator
ombinations. Brightness of the nanosensors can also be enhanced
y making use of light harvesting. Additionally, nanosensors with
agnetic properties are manufactured. These analytical tools, par-

icularly, can be manipulated and collected in the place of interest.
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