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ABSTRACT: Here, we report for the first time on photoswitchable
nanospheres containing spiropyran (Sp) for reversible release and uptake
of metal ions. K+ is used as a model ion to demonstrate the chemical
principle of this approach. Valinomycin is incorporated in the
nanospheres to stabilize K+. Upon UV illumination, Sp transforms to
the more basic ring-opened merocyanine form, which takes up H+ from
the surrounding aqueous solution and expels K+ from the nanospheres.
The process can be reversed by irradiation with visible light to reduce the
surrounding K+ concentration.
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■ INTRODUCTION

It has been recognized that metal ions such as Ca2+, K+, Zn2+,
and Mg2+ are involved in many vital biological processes.1−6

Artificial control of parameters such as the concentration of
certain ions or molecules can help to understand the function
and mechanism of diverse in vivo biochemical processes.7−9 It
is challenging, however, to bring about ionic perturbation in a
confined area without perturbation to other “innocent” areas.
Such localized perturbation may allow one not only to observe
cellular processes passively but also to stimulate cellular
chemistry.
Phototriggered ionic perturbation is an attractive direction

given by the relative ease of combining spatial and temporal
control of the trigger by using readily available imaging
equipment such as microscopes or spectrometers. Local
increase of free Ca2+ concentration using caged calcium, such
as NP-EGTA shown in Figure 1a, has been successful.7,10−13

The photolysis, albeit irreversible, is able to raise the free Ca2+

level in a short time. Caged compounds for other chemical
messengers such as ATP and glutamate have been also
reported.8,14 Photoacid generators (PAG) have been used to
induce a pH imbalance in cancer cells.15 Despite the continuing
emergence of caging compounds for various targets in recent
years, the number of ions that can be released is still rather
limited.
The transformation of spiropyrans into protonated mer-

ocyanines in the presence of acid and the visible-light-induced
release of protons from the latter species has been well-
established.16−19 UV light can also induce the spiropyran ring-
opening reaction, and because the thermal back reaction is
much slower than the ring-opening reaction,20 the photosta-
tionary state is dominated by the merocyanines. Our group
recently reported on the photoinduced basicity change of a
derivative of the photochromic dye spiropyran in plasticized
PVC membranes.21 Protons can be taken up or released by the

membrane because of a basicity change of Sp.22 On the basis of
light-induced ion-exchange or coextraction processes, active
sensors for Cl−, Na+, and Ca2+ have been subsequently
demonstrated.23,24 We hypothesize that such light-induced
ion-exchange and coextraction processes can be used to trigger
local ion concentration perturbations as well. With readily
available and highly selective ionophores for various ions, this
may potentially form a new platform for light-induced ion
perturbation.
In this work, we present a general approach to the realization

of nanospheres that can alter the surrounding ion concentration
upon light irradiation. K+ is used as a model ion to demonstrate
the chemical principle. The nanospheres are very small, stable,
and biocompatible and can release K+ upon UV illumination.
The release of K+ from the nanospheres is reversible. Upon
visible-light irradiation, the nanospheres can take up K+ and
thus decrease the surrounding K+ concentration. Direct
monitoring of the ion concentration changes in solution
phase is demonstrated with a K+-selective probe.

■ EXPERIMENTAL SECTION
Reagents. Pluronic F-127 (F127), bis(2-ethylhexyl) sebacate

(DOS), valinomycin (L), acetic acid, tetrahydrofuran (THF),
potassium or sodium tetrakis-[3,5-bis(trifluoromethyl)phenyl]borate
(K+R− or Na+R−), and poly(vinyl chloride) (PVC) were obtained
from Sigma-Aldrich. Sp was synthesized according to the liter-
ature.23,25 All solvents and reagents used were analytically pure unless
otherwise specified. Aqueous solutions were prepared by dissolving the
appropriate salts in Milli-Q-purified water.

Nanosphere Preparation. For spectroscopic experiments, 2.74
mg of NaTFPB, 1 mg of Sp, 8 mg of DOS, 25 mg of Pluronic F-127,
and 4.1 mg of potassium ionophore valinomycin were dissolved in 3
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mL of THF to form a homogeneous solution. The solution (0.5 mL)
was pipetted and injected into 4.5 mL of deionized water on a vortex
with a spinning speed of 1000 r/min. Compressed air was blown on
the surface of the clear particle suspension for 20 min to remove THF.
For Figure 3, a THF cocktail containing 2.66 mg of NaTFPB, 4.1 mg
of valinomycin, and 3 mg of Sp were used for nanosphere preparation.
K+-Selective Electrode. The membrane cocktail was prepared by

dissolving 0.3 mg of KTFPB, 1.18 mg of valinomycin, 40 mg of PVC,
and 80 mg of DOS in 1.5 mL of THF. The cocktail solution was then
poured into a glass ring (22 mm in diameter) placed on a glass slide
and dried overnight at room temperature under a dust-free
environment. Small disks were punched from the cast films and
mounted in Ostec electrode bodies (Ostec, Sargans, Switzerland).
Instrumentation and Measurement. The size of the nano-

spheres was measured with a Zetasizer Nano ZS (Malvern Inc.)
particle-size analyzer. For transmission electron microscopy (TEM)
imaging of the nanospheres, the nanosphere suspension was dispersed
on to a Formvar/carbon film-coated TEM grid, counter-stained with
uranyl acetate, dried in air, and visualized using a FEI Tecnai G2
Sphera transmission electron microscope.
The absorbance was measured with a UV−vis spectrometer

(SPECORD 250 plus, Analytic Jena, AG, Germany). The fluorescence
was measured with a fluorescence spectrometer (Fluorolog3, Horiba
Jobin Yvon), with excitation at 365 nm (1 nm slit) or 409 nm (1 nm
slit). Emission intensity at 650 nm (10 nm slit) was recorded for
samples containing various K+ concentrations in 10 mM acetic acid.
The percentage of Mc, [Mc]/[Sptot], was calculated using the
following equation

=
−
I

I I
[Mc]/[Sp ]tot

max min

where Imin is the minimum emission intensity measured in blank and
Imax is the maximum emission intensity measured in 1 mM KOH.
For direct monitoring of K+ concentration as shown in Figure 3, the

above-mentioned K+ electrode was inserted into a glass cylinder
together with a Ag/AgCl wire as the reference element (Figure S2). A
Lambda DG-4 Plus xenon source (Sutter Instruments) was as light
source for illumination with UV light (ZET365/20× filter, Chroma
Inc.) and visible light (FF02-409/LP BrightLine long-pass filter,
Semrock Inc.). On the bottom of the cylinder was placed a thin layer
of nanosphere suspension (1 mM HCl and 10−5 M KCl). The EMF
response from the K+-selective electrode was recorded with an EMF-
16 precision electrochemistry EMF interface from Lawson Labo-
ratories Inc.

■ RESULTS AND DISCUSSION
Recently, we found that ultrasmall nanospheres (<100 nm in
diameter) can be easily prepared by precipitation of bis(2-
ethylhexyl) sebacate (DOS) and an amphoteric copolymer

(Pluronic F-127) in water.26 Lipophilic compounds could be
incorporated in the nanoparticle core. Pluronic F-127 has been
shown to exhibit attractive biocompatibility.27 Including PVC
in the nanosphere was found to result in a larger, less desired
particle size. The nanospheres are very stable in solution and
can be stocked over months without sedimentation. To develop
nanospheres for localized ion perturbation, a photoswitchable
compound, spiropyran (Sp), an ion-exchanger (R−), and a K+

ionophore valinomycin (L) were incorporated into the
nanosphere core. Sp undergoes a UV-light-induced photo-
reaction to form a ring-opened merocyanine form (Mc) with a
quantum yield of ca. 0.1.28 The Mc form carries a phenolate
group and exhibits much higher basicity than Sp.23,24 As shown
in Figure 1b, in the presence of H+, the Mc form will be
protonated to become positively charged McH+. However, to
protonate Mc, K+, which was bound to L, must be ejected to
keep the nanosphere core neutral (even in such small
dimensions).29 When illuminated with visible light (>409
nm), the McH+ will transform back to Sp and release H+, which
will exchange with K+ for charge-balance reasons, thereby
reducing the surrounding K+ concentration. This reverse
process is difficult for caged compounds because photolysis
reactions are normally irreversible. To our knowledge, a
nanoscale tool that is able to both increase and reduce local
ion concentration by light has never been reported before.
The size of the nanospheres was determined by dynamic

light scattering (DLS) as well as transmission electron
microscopy (TEM) (see Figure S1 in the Supporting
Information). An average diameter of 71 nm was obtained
from DLS with a polydispersity index of 0.23, indicating a
relatively narrow size distribution. The size obtained from light-
scattering measurements is slightly larger than that observed in
TEM. Although the former technique is dependent on
hydrodynamic size,26 shrinkage and aggregation of the
nanospheres were observed in TEM, and outgassing of the
plasticizer more likely explains the size difference.
Because the release and uptake of K+ is accompanied with

protonation of Mc and deprotonation of McH+, the processes
can be observed spectroscopically, as both Mc and McH+ are
fluorescent. However, the emission intensity at 650 nm for Mc
is much higher than for McH+. As shown in Figure 2a, upon
UV (365 nm) illumination, the fluorescence intensity increases
because of the ring-opening photoreaction of Sp. In the absence
of K+, the photoproduct is protonated to form McH+, for which
the emission intensity is relatively low. As the K+ concentration

Figure 1. (a) Photolysis of caged calcium NP-EGTA. (b) Representation of light-controlled K+ release and uptake with the photoswitchable
nanospheres containing spiropyran.
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increases, more Mc is formed, and the percentage of McH+ is
reduced because of the exchange between K+ and H+.
Therefore, the steady-state emission intensity increases with
increasing K+ concentration, confirming the exchange between
H+ and K+. Moreover, fitting the calibration with equilibrium
response theory gives satisfactory results (Figure 2b), indicating
that electroneutrality indeed holds for the nanosphere bulk.
When irradiated with visible light (409 nm), the ring-opened
forms are suppressed, which renders K+ more competitive than
H+ because the basicity of Sp is very low.
Although spectroscopic characterization shows very en-

couraging results, it is only indirect evidence because the
release and uptake of K+ are inferred from the behavior of the
protonation of the incorporated dye. To obtain direct evidence
that K+ in the aqueous surroundings is being perturbed by the
nanospheres, a K+-selective electrode was used to monitor the
K+ concentration in the aqueous solution containing the
photoswitchable nanospheres. The setup is shown in Figure S2;
a confined layer (ca. 1 mm) of suspension containing the
nanospheres was pipetted into a transparent glass cylinder. A
K+-selective electrode (for the preparation procedure, see the
Experimental Section) was placed in direct contact with the
suspension, and light illumination was brought about from the
bottom of the cylinder. The K+ concentration was obtained by
comparing the electromotive force (EMF) readout with an
external calibration curve (see Figure S3 in the Supporting
Information).
As shown in Figure 3, when UV light (ca. 2.9 mW cm−2) was

switched on, a substantial potential jump of ca. 78 mV that
corresponds to a ca. 25-fold K+ concentration increase was
achieved after 30 s of illumination. Upon illumination with
visible light, the K+ concentration dropped by a factor of 17,
indicating K+ uptake into the nanospheres. Compared to a
caged compound with a milliseconds response time, the current

system is appreciably slower. The kinetics are limited by the
photoreaction rate of Sp, which, in this case, is rather sluggish
because of the relatively weak light intensity. The conversion
from excited-state Sp to Mc form has been shown to take place
in less than 10 ps,30,31 and the overall conversion from Sp to
Mc is proportional to light intensity. With typical laser
intensities (ca. 100 mW cm−2) from a conventional confocal
fluorescence microscope, the response time should approach
tens of microseconds.
The light-triggered K+ perturbation was observed under

acidic conditions because of the relatively low basicity of the
ring-opened Mc in the nanospheres. The pKa of the Mc form
was determined to be ca. 4.6 in the nanospheres by comparison
of similar particles with chromoionophore I, which has a pKa of
ca. 11.4 in PVC-DOS membrane32 and ca. 7.4 in the
nanospheres. For applications at physiological pH, the basicity
needs be increased, which could potentially be achieved
through structural modification of the spiropyran or by
improving on the nanosphere core materials
Some deterioration in the repeatability was noted with time.

This is probably due to photofatigue of Sp,23,30,33,34 as stronger
light resulted in even larger attenuation of the signal (see Figure
S4 in the Supporting Information). A similar effect was also
observed in spectroscopic characterization (see Figure S5 in the
Supporting Information). The choice of light intensity should
be a balance between the required speed and photostability.
Although the photolysis of conventional caged ions (Figure

1a) is irreversible, the ion concentration after light activation is
normally thermally independent. The back reaction of
spiropyran from the ring-opened form to the ring-closed
form can be accelerated by light, but it is also thermally
driven.30 Therefore, it is necessary to confirm that the UV-
induced K+ concentration increase remains indifferent when
illumination is stopped. If the thermal back reaction were too
rapid, then the UV-induced elevated K+ concentration should
start to decrease. However, after UV-light illumination, the
EMF response from the K+ selective electrode was found to
remain stable in the dark (see Figure S6 in the Supporting
Information), which confirms that the thermal back reaction for
McH+ is in fact sufficiently slow.
Spiropyran has recently been reported to decompose under

acidic aqueous conditions,16 prompting us to study its thermal
stability. As shown in Figure S7, when the nanospheres were
stored in 1 mM HCl, Sp gradually protonated to form MCH+,
resulting in an increase in the absorbance around 420 nm.

Figure 2. (a) Fluorescence emission intensity (650 nm) of the
nanospheres with various KCl concentrations as indicated and 10 mM
acetic acid as buffer. The black line was recorded with visible light (409
nm) as excitation, and the others were excited with 365 nm UV light.
(b) Percentage of Mc ([Mc]/[Sptot]) under UV and visible-light
irradiation from panel a. Error bars are standard deviations.

Figure 3. Direct monitoring of K+ concentration oscillation (lower
trace) induced by the photoswitchable nanospheres in 1 mM HCl
under alternating UV and visible-light illumination using a K+-selective
probe. The applied light sequence is indicated by the gray square wave
at the top.
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However, this was not the case in the presence of K+ in the
nanosphere suspension. As shown in Figure S8, the absorption
spectra remained the same even after 20 h in the dark without
the appearance of the absorption maxima from Mc or McH+

unless UV light was used to activate the nanospheres. No
dramatic change in the absorption spectra after UV-light
illumination was observed, indicating that the nanospheres are
thermally quite stable.
Selectivity is also an important aspect one should consider in

designing any molecular probe or caging reagent. Ensuring
selectivity is usually challenging in developing caged reagents.
However, for the system we present here, the selectivity may be
superior because of the availability of very selective
ionophores.35 For this model system, valinomycin, for which
the selectivity to K+ is known to be excellent, was chosen as the
K+ receptor.36,37 The selectivity was confirmed with fluo-
rescence spectroscopy. As shown in Figure 4, other metal ions
such as Na+, Mg2+, and Ca2+ did not cause appreciable
interference.

■ CONCLUSIONS
A general approach to develop nanospheres that can bring
about localized ion concentration perturbation by light has
been presented with K+ as a model ion. The nanospheres can
be conveniently produced by precipitation in large quantities.
The photoswitchable compound Sp was incorporated into the
nanospheres. Upon UV irradiation, the nanospheres increased
the surrounding K+ concentration by releasing K+. Unlike most
caged reagents, the process could be reversed by illumination
with visible light, thereby resulting in a subsequent decrease in
the surrounding K+ concentration. The nanospheres exhibited
excellent selectivity for K+ and may form the chemical basis for
a new generation of cagelike nanomaterials.
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