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ABSTRACT: We report here on a new generation of optical ion-selective sensors
benefiting from cubosomes or hexosomes−nanostructural lipid liquid phase.
Cubosome as well as hexosome optodes offer biocompatibility, self-assembly
preparation, high stability in solution, and unique, tunable analytical performance.
The temperature trigger reversibly changes the lipid nanoparticle internal
structure−changing analyte access to the bulk of the probe and ultimately affecting
the response pattern. Thus, cubosome or hexosome optodes are highly promising
alternatives to conventional polymeric based optical nanoprobes.

Optodes, benefiting from highly selective ionophores,
allow optical insight into ion concentration changes.1

The probes evolved from polymeric films2 to nanostruc-
tures.3−5 Bulk reaction of the optode with the analyte results in
high sensitivity signals covering a relatively narrow concen-
tration range, whereas confinement of the reaction zone to the
surface most layer leads to linear dependence of emission
recorded on logarithm of concentration covering a few orders
of magnitude range.6

Optodes, similar to other polymeric ion-selective sensors,1−4

require the presence of a plasticizer−toxic organic liquids,7,8

most often bis(2-ethylhexyl) sebacate as the minor9 or
major10,11 constituent. The presence of a plasticizer7,8 is
clearly a bottleneck of application in a real analytical scenario.
The spontaneous release of a plasticizer, increased in the
presence of an ionophore and ion-exchanger,12 gives rise to
severe toxicity hazards.7,8

To advance nanoptode sensors and to make these devices
safe for traditional biomedical as well as new applications, an
alternative approach is required. In this work, lipid based
nanoptodes are proposed. The choice of lipids as sensor matrix
material is justified primarily by proven biocompatibility. This
allows application of nanostructural lipid systems−cubosomes
or hexosomes−as contrast agents,13 drugs,14−16 or protein17,18
carriers. The biocompatibility and low toxicity of lipids, e.g.,
phytantriol, have been generally accepted for many years
now.19

Moreover, stable in solution cubosomes/hexosomes are
obtained in a simple process. Surprisingly, lipid nanostructures
were not of interest as ion-selective sensor matrices before20,21

although biosensing with these systems has been considered.22

From the point of view of ion-sensing, the additional
advantage has the possibility of adjusting the internal
arrangement of channels by a temperature trigger, affecting
accessibility of the bulk probe for the analyte and ultimately
controlling the response pattern of the sensor. Cubosomes
consist of two interpenetrating, noncontacting aqueous
channels that are surrounded by a lipid bilayer arranged in a
thermodynamically favorable periodic 3D structure.20,23,24 The
channel system open toward the sample (cubic phase, (V2))
allows penetration of the bulk structure, thus sigmoidal shape
dependence of signal vs analyte concentration is expected. The
closed system (hexagonal phase, (H2)), hexosomes, consists of
closed reverse micellar cylinders that are arranged in a 2D
hexagonal lattice25 that allows only the nanoparticle surface to
be in contact with the sample offering linear dependence of
signal vs logarithm of analyte concentration. Different additives
needed to render lipid nanostructure ion-selectivity can affect
the structure of the resulting sensors, offering various analytical
advantages.
Phytantriol (PT) is used as a model lipid in forming the

Pn3̅m cubic phase in a water environment at room temper-
ature25 and undergoes transition to a H2 phase when heated to
ca. 44 °C. This, in principle, offers the unique possibility to
adjust the response pattern of cubosome/hexosome optodes
using a temperature trigger. If the sample and the probe are
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kept above 44 °C, a linear dependence is expected, whereas for
lower temperatures, the sigmoidal type relation of signal vs
logarithm of concentration will prevail. As model sensors, pH
sensitive optodes were studied. Lipid nanostructures tested
were prepared according to the procedure developed
previously26 using chromoionophore I and potassium tetrakis-
(4-chlorophenyl)borate to result in H+-selective optodes or
additionally containing calcium-selective ionophore to result in
Ca2+-selective optodes.

■ EXPERIMENTAL SECTION
Reagents. Chromoionophore I (N-octadecanoyl-Nile

blue), potassium tetrakis(4-chlorophenyl)borate (KTChP),
calcium ionophore: diethyl N,N′-[(4R,5R)-4,5-dimethyl-1,8-
dioxo-3,6-dioxaoctamethylene]bis(12-methylaminododeca-
noate) (ETH 1001), Pluronic F108 (PF108), and monoolein
were purchased from Aldrich (Germany). Phytantriol (PT)
used for the synthesis of the mesophases was purchased from
Tokyo Chemical Industry (TCI).
Doubly distilled and freshly deionized water (resistance 18.2

MΩ cm, Milli-Qplus, Millipore, Austria) was used throughout
this work. The following universal pH buffers were used
(mixture of 0.109 M citric acid, 0.1 M Tris, 0.088 M NaH2PO4,
and 0.1 M NaCl adjusted with HCl or NaOH to the desired
pH values).
Apparatus. Fluorimetric experiments were performed

using a Cary Eclipse spectrofluorimeter (Varian). After
exposure at an excitation wavelength of 580 nm, emission
intensity was recorded within the range from 600 to 800 nm.
Unless otherwise stated, the slits used were 5 nm for both
excitation and emission, while the detector voltage was
maintained at 800 V.
2D electron cryomicroscopy images were taken on a

Thermo Fisher Glacios TEM operating at 200 kV. Cubosome
dispersions were plunge-frozen onto Quantifoil R2/2 holey
carbon grids using a Thermo Fisher Vitrobot.
Small angle X-ray scattering (SAXS) was performed using a

Bruker Nanostar system working with CuKα radiation
equipped with a Vantec 2000 area detector. Measurements
were performed at 24 and 60 °C; the scattered intensity was

collected over 1 h. The 2D pattern was integrated into a 1D
scattering function I(q) (where q (nm−1) is the length of the
scattering vector). To identify the phase type, the scattering
vector (q) values of the peaks were correlated with Miller
indices for known mesophases.

Optical Measurements. For fluorescence measurements,
3 mL of a sample solution was used: the pH buffer was
stabilized in a temperature of 20 or 60 °C for 2 min. After 2
min, 20 μL of cubosome/hexosome suspension was added to
the pH buffer or for calcium sensors to a calcium ion buffered
solution.

Cubosome Preparation. Cubosomes were prepared
according to the slightly modified procedure given in our
previous paper.2627 To prepare H+-selective nanostructures,
cubosomes were loaded with chromoionophore I and an ion-
exchanger (potassium tetrakis(4-chlorophenyl)borate)−1.2 mg
of chromoionophore I and 2.3 mg of potassium tetrakis(4-
chlorophenyl)borate (KTChP) were mixed with melted
phytantriol (PT) (50 mg) (or monoolein in the control
experiment) and left for ca. 30 min at 54 °C to obtain a
homogeneous sample. The procedure of calcium ionophore
containing sensor preparation−Ca2+-selective optodes−was the
same as that described above. One milliliter of dispersion
contained 1.2 mg of chromoionophore I, 2 mg of an ion-
exchanger (KTChP), 4 mg of calcium ionophore, and 50 mg of
phytantriol. The samples were then hydrated in the presence of
a stabilizer, Pluronic F108 (1 mL). The emulsification was
conducted using SONICS Vibracell VCX 130 (Sonics &
Materials Inc.) at 40% for 20 min (2 s sonic pulses interrupted
by 3 s breaks). Prior to use, samples were equilibrated at room
temperature for at least 24 h.

■ RESULTS AND DISCUSSION
H+-Selective Lipid Based Nanostructural Optodes.

The cryo-TEM images obtained, Figure 1A, revealed a well-
ordered structure inside the nanoparticles. The mean diameter
of prepared cubosomes was close to 300−400 nm. Figure 1B
shows representative X-ray diffractograms of prepared nano-
structural optodes. The 1D diffraction patterns collected at 24
°C exhibit a sequence of diffraction peaks with relative

Figure 1. A) Cryogenic transmission electron microscopy (cryo-TEM) images of cubosome optodes and size distribution of obtained structures. B)
Representative SAXS diffraction patterns obtained for sensors at 24 °C, 60 °C, and 24 °C following equilibration after heating to 60 °C.
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positions at ratios of √2:√3:√4:√6:√8, which can be
attributed to the double diamond (Pn3̅m) symmetry with a
lattice parameter (a) of 6.7 nm. Water channels are open
toward the sample allowing an exchange of ions and ultimately
the bulk reaction of nanoptode. The optical spectra of
cubosome optodes pretreated and tested at 20 °C show an
increase of emission intensity for the pH increase, Figure 2A
and Figure S1. The emission peak is formed at 680 nm, similar
to other optode systems.4,10 This suggests that the
chromophore groups are facing a hydrophilic environment,
i.e., are located close to the channel, whereas the alkyl side
chain is located in-between lipid layers.9 The bulk reaction of
the probe resulted in the sigmoidal dependence of emission
read at maximum on pH, Figure 2C, with maximum sensitivity
between pH 7 and 10. The response time of cubosome
nanosensors was below 15 s, i.e., the time required to mix the
sample and probes and to start the experiment.
At a temperature of 60 °C, X-ray studies reveal temperature

triggered transformation of structures. The three Bragg
reflections follow the relationship 1:√3:√4, which corre-
sponds to the hexagonal (p6m) space group, with a lattice
parameter (a) of 4.5 nm, Figure 1B. This structure is made up
of densely packed water filled cylindrical micelles, and the
solution inside the cylindrical micelles is not in contact with
the water outside directly.28 Thus, the diffusion of the analyte
into the bulk optode is hindered; only the outer surface of the
optode is able to interact with the sample.

The optical spectra recorded for samples that were prepared
at 60 °C are similar to those described above with maximum of
emission at 680 nm for alkaline samples, Figure 2B. The
emission recorded is plotted against the pH values as
determined for used buffers at 24 °C, although the pH
decreases with a temperature increase; for the applied buffer
this decrease should be lower than one unit. On the other
hand, the neutrality point in water at 60 °C shifts to a lower
pH, thus both mentioned effects compensate to some extent.
This conclusion seems supported by results for monoolein, not
undergoing transformation at a higher temperature, where
within the range of experimental error similar results were
obtained at both temperatures, Figure S2B. The emission (read
at 680 nm) plot on pH was linear within the broad range
covering pH from 6 to 12 (R2 = 0.982), Figure 2C. It should be
stressed that obtained linear dependence covers 6 orders of
magnitude, thus cubosomes offer one of the widest linear
response ranges ever reported for pH optodes.1,4,10,11

Acknowledging the fact that temperature change results in
change of the cubosome internal structure, it is rational to
expect trigger (cooling) applied postcontact of probes with the
sample will change linear dependence of emission on pH
recorded for the hexagonal phase (closed system) to sigmoidal
shape dependence for double diamond (open channels)
cubosomes. On the other hand, transformation of the Pn3̅m
cubic phase open structure to the H2 closed system (heating)
will not affect the response pattern.

Figure 2. Effect of pH change on emission of cubosome optodes: emission spectra recorded at A) 20 °C and B) 60 °C; emission at maximum at
680 nm dependence on pH recorded for (■) 20 °C or (●, red) 60 °C: C) the mean signal recorded ± the standard deviation from two
measurements and D) transition of dependence for applied temperature trigger−cooling from 60 to 20 °C.
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X-ray studies confirmed that cooling the sample from 60 to
25 °C results in restoration of all reflections characteristic for
the Pn3̅m-cubic double diamond phase with a lattice parameter
of 6.7 nm, Figure 1B.
Figure 2D shows calibration recorded for samples initially at

60 °C and then postcooling to 20 °C. A change in the sample
temperature resulted in a pronounced change of signal vs pH
relation, and an opening of channels allowed a bulk reaction of
the cubosome optode, ultimately resulting in transition from
linear to sigmoidal type dependence. A pronounced increase in
absolute signal intensities accompanying increased sensitivity
for the pH range from 7 to 10 is potentially useful for practical
applications, allowing simple achieving of a vast increase in
sensitivity, by change of sample/probes mixture temperature−
the tuning signal, if required, Figure S2A, presents results of
the experiment, in which an initially open channel structure
was transformed to a closed one by a temperature change from
20 to 60 °C; as expected, no change in the response pattern
was observed, Figure S2A. It should be stressed that in a
control experiment performed for monoolein structures of a
much higher transition temperature (ca. 95 °C) compared to
phytantriol, Figure S2B, change of temperature did not result
in change of emission vs pH dependence. These experiments
clearly confirm that change of response pattern is due to
change of structure of phytantriol nanoparticles.
The critical issue related to nanospheres optodes is their

stability in dispersion.29 As it can be seen in Figure S3 for both
high and low temperatures of the cubosome optodes,
performance was not affected, within the range of experimental
error, by storing for 45 days, which is a clear advantage of the
herein proposed type of sensors. At a temperature of both 20
and 60 °C, cubosome optodes were highly selective; in the
presence of model interferents−sodium or potassium chlor-
ide−no emission changes were observed, Figure S4A.
Due to its structure leading to the positioning of dye in the

system,9 cubosome optodes also offer decreased bleaching of
the emission signal in time.30 As it is shown in Figure S5,
regardless if the probes were tested at 20 or 60 °C, both
intensity at maximum and the response patterns characteristic
for open/closed channels probes were preserved for at least ca.
210 min. This effect proves that not only cubosomes are
offering stable analytical performance but also the structure of
nanoprobe as such is stable in time, at both temperatures.

Ca2+-Selective Lipid Based Nanostructural Optodes.
Figure 3 shows representative SAXS diffraction patterns
obtained for sensor containing Ca2+-selective lipid based
optodes. Introduction of a calcium-selective ionophore to the
hydrogen-selective system to obtain Ca2+-selective optodes
resulted in a change of the SAXS pattern recorded. As it can be
seen in Figure 3, the SAXS spectra recorded display reflections
spaced at√1,√3, and√4; the positioning of the Bragg peaks
suggested the presence of the H2 phase−hexosomes. The
presence of calcium ionophore (at the concentration used), a
chromoionophore, and an ion exchanger promotes the
formation of the H2 phase at a lower temperature than was
observed for hydrogen sensors, Figure 1B.
The emission spectra recorded for Ca2+-selective optodes

were similar to those shown in Figure 2A and 2B, with
maximum emission formed for increasing analyte concen-
trations at 680 nm, Figure S6. For Ca2+-selective hexosomes, a
closed channel system at 20 °C, linear dependence of emission
signals at maximum 680 nm on logarithm of calcium ion
concentration changes in solution is expected. Indeed, as
shown in Figure 3B, a linear dependence of emission on
logarithm of Ca2+ ion concentration in solution was obtained
within the concentration range from 10−5.4 to 0.1 M (R2 =
0.992). Interestingly, for the concentration range from 10−7 to
10−6 M, the recorded signal was also linearly dependent on
logarithm of concentration of CaCl2 in solution (R2 = 0.998),
yet the slope of this part of dependence was much higher (3
times) compared to that observed for the higher concentration
range. This is a unique effect, not reported earlier for other
types of optodes or other structures/nanostructures. Taking
into account that hexosomes are characterized with a closed
channel structure at 20 °C, the observed linear emission
changes for logarithm of concentration range from 10−7 to
10−6 M and can be attributed to gradual−sample concentration
limited−saturation of the surface of the nanostructure.
Postsaturation of the surface, the transport of analyte ions
within the bulk of the probe is the rate limiting step similar to
that previously reported for other types of nanostructural
optodes, e.g., refs 6 and 9.
The temperature increase of Ca2+-selective optodes resulted

in a change of the SAXS pattern, Figure 3A. After increasing
the temperature to 60 °C, a broad diffuse peak was recorded
on the SAXS spectrum, indicative of the L2 (reverse micellar)
phase. The change of the structure of Ca2+-selective nanop-

Figure 3. A) Representative SAXS diffraction patterns obtained for Ca2+-selective lipid based optodes at 24 and 60 °C. B) Emission at maximum at
680 nm dependence on CaCl2 concentration recorded for (■) 20 °C or (●, red) 60 °C, in the presence of 10−2 M Tris-HCl buffer, pH 7.2.
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robes to reversed micelles, at 60 °C, resulted in a linear
dependence of emission on logarithm of concentration within
the range from 10−6 M to 10−1 M (R2 = 0.992), similar to
other micellar type optodes.31 However, for concentration
lower than 10−6 M, emission was not related to concentration
change. Thus, the low detection limit observed at 20 °C, high
sensitivity for change in analyte concentration from 10−6 to
10−7 M, is an important property of hexosomes, being clear
proof of the unique advantages of lipid structures when used as
optodes. It should be noted, that, under the same experimental
conditions, similar to H+-selective optodes, higher emission
intensities were observed at lower temperatures. At temper-
atures of both 20 and 60 °C, Ca2+-selective cubosome optodes
were highly selective; in the presence of a model interferent−
sodium chloride−no emission changes were observed, Figure
S4B.
The results presented in Figure 3B clearly show that lipid

nanostructures, prepared using a biocompatible matrix, offer
unique analytical parameters of ion-selective optodes.

■ CONCLUSIONS
Novel type optical sensors are proposed−cubosome or
hexosome optodes. The nanostructures prepared from the
biocompatible matrix allow elimination of a toxic plasticizer
offering sensors of high and tunable sensitivity and stability in
dispersion and in a few hours’ time signal. The unique feature
of cubosome/hexosome optodes is the possibility to increase
sensitivity by a temperature trigger leading to spontaneous
rearrangement of the internal structure of the probes. Clearly it
is rational to expect that for cubosome optodes, structural and
analytical properties, in general, will be related to structure and
properties of the ionophore and lipid used; however, a broad
family of lipid molecules that can be applied to prepare
cubosomes offers the possibility to prepare many different
nanoparticle ion-selective optical sensors.
Due to unique properties herein, proposed optodes are

potentially attractive not only for applications in contact with
living organisms but also for other applications.
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