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Tkachenko*e and Hiroshi Imahori*b,d 

 

Near-infrared (NIR) light control of living cellular activities is a 
highly desired technique for living cell manipulation because of its 
advantage of the high penetrability towards living tissue. In this 
study, (π-Extended porphyrin)-fullerene linked molecules are 
designed and synthesized to achieve NIR light control of the 
membrane potential. A donor-(π-extended porphyrin)-acceptor 
linked molecule exhibited the formation of the charge-separated 
state with a relatively long lifetime (0.68 µs) and a moderate 
quantum yield (27-31%). The hydrophilic trimethylammonium-
linked triad molecule successfully altered PC12 cells’ membrane 
potential via the photoinduced intramolecular charge separation. 

Since the near-infrared (NIR) light, especially with the 
wavelength in the optical window of biological tissues 
(generally, ca. 700-1500 nm),1-3 is high tissue permeable and 
harmless, there has been a recent increase in demand for NIR 
light-mediated control of cellular functions.3-8 It can endow 
highly effective photoexcitation of target compounds in the 
living body with minimal accidental cell damage and side-
effects.9,10 

Although semiconducting upconverting nanomaterials and 
metal nanoparticles have been reported using NIR light controls 
on biological events,3,6-8 the number of reports on organic 
molecules is still limited.1 One of the reasons is that NIR light 
absorption leads to form the lower-energy excited states of the 
molecules in comparison with UV or visible light absorption. The 
relatively small energy gap between the ground and excited 

states shortens the lifetime of the excited state, inhibiting the 
use of light energy efficiently. Therefore, it is a challenge to 
establish the sophisticated molecular design guide for 
exploiting near-infrared light-triggered excited states. 

  As a target of light control on the cell, the cell membrane 
potential is attractive, as it governs a variety of essential cellular 
functions such as gene expression and signaling.11-13 However, 
the photocontrol of membrane potentials by NIR light in the 
optical window is still a major challenge due to the lack of 
general guidelines for proper molecular design based on the 
revelation of photophysical events. Against such background, to 
the best of our knowledge, no organic molecules were reported 
to control cell membrane potentials by NIR light. 

In this study, novel donor-acceptor linked molecules 
featured by a π-extended porphyrin (Triad-NMe3: Fig. 1) were 
designed, synthesized, and characterized to attain efficient NIR-
light control on the cell membrane potential. Although the 
photophysical properties of many donor-acceptor linked 
molecules have been intensively investigated so far,14-17 the 
effective use of a photoinduced charge-separated (pCS) state 
generated by the NIR light is yet to be realized.  Therefore, the 
present study demonstrates a systematical investigation on 
Triad-NMe3 and its reference compounds (Figs. 1 and S1). 

Recently, our research group developed a novel blue-light 
control method of cell membrane potential via pCS states in 
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Fig. 1 Molecular structures of the porphyrin-fullerene linked molecules. 
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donor-sensitizer-acceptor triads: ferrocene (Fc)-porphyrin-
fullerene (C60) linked molecules.18,19 Photoinduced electron 
transfer occurs from the zincporphyrin excited singlet state 
(1ZnP*) to the C60, followed by the Fc to the ZnP radical cation 
(ZnP•+), generating the pCS state, in which positive charge 
localizes on the Fc moiety (Fc+) and negative charge on the C60 
moiety (C60•–), with high quantum yields (25-99%) and 
sufficiently long lifetime (ca. 0.01 ms).18 The transient huge 
electric field (~106 V cm–1) was found to influence the 
membrane potential and ion channels in the living cells.16-19 
Most of the molecules would be deactivated, and some would 
lead to electron transfer with the surrounding molecules.20 In 
our previous study, however, the use of potentially harmful 
blue light would hamper further developments of this light 
control method for practical applications. To overcome the 
obstacle, the light-harvesting property of the porphyrin moiety 
was modulated in the present work.  
    To achieve an efficient light-harvesting in the longer 
wavelength than pristine porphyrins,21 a π-extended porphyrin 
unit was applied by connecting the triarylamine derivative with 
a triple bond (M2DTA, Fig. 1) to extend its π-electron system. 22-

24 The introduction of the electron-donating groups can also 

enhance the electron-donating ability of the porphyrin. 
Accordingly, the decrease in both the energy levels of the 
excited singlet state and the charge-separated state would be 
counterbalanced not to decrease the driving forces for 
photoinduced electron transfer from the excited states. Two 
decyloxy chains in M2DTA moiety would suppress the undesired 
π-π stacking that deactivates the photoinduced excited states 
of the porphyrin in a solution.13 The π-extended porphyrin was 
linked to an acceptor (C60) to form Diad (Fig. S1). For Triad, an 
electron donor (Fc) unit was further tethered to Diad to prolong 
the lifetime of the pCS state owing to the larger separation 
distance. A trimethylammonium moiety (NMe3+) was 
introduced into Triad (denoted as Triad-NMe3) to offer water 
solubility and high affinity to the cell membrane.19 
Characterization of the synthesized molecules was 
accomplished by spectroscopic methods including high-
resolution mass, IR, and NMR spectroscopies. 

The optical, electrochemical, and photophysical properties 
of Triad, Diad, and the reference molecules were first 
investigated in PhCN. Since the absorption of the Fc moiety is 
much weaker than those of the ZnP and C60 moieties, the UV-
vis-NIR absorption spectra of Diad and Triad are virtually 
superpositions of those of the porphyrin moiety (15 in Fig S1) 
and the fullerene moiety (ref-C60 in Fig S1). This result implies 
that there is no significant electronic interaction between the 
porphyrin and C60 moieties in their ground states.  As shown in 
Fig. 2a, the characteristic absorption bands (i.e., the Soret band 
and Q-bands) of Triad in PhCN display bathochromic shifts 
relative to ref-Triad that does not possess the M2DTA moiety 
(Figs. 2 and S1 Table 1). The Q-bands of Diad and Triad appear 
at 704 nm, extending the absorption edge at >750 nm. The 
molar extinction coefficients (ε) of 15, Diad, and Triad are 
comparable: 1.07 × 105, 1.05 × 105, and 9.91 × 104 M-1 cm-1 at 
700 nm, which is the central wavelength of the light that will 
mostly be used in the present study. The ε value of Triad at the 
peak position of the Q-band of the longest wavelength (704 nm, 
1.02  × 105 M-1 cm-1) is 10 times larger than that of ref-Triad (606 
nm, 1.03  × 104 M-1 cm-1). Thus, it is concluded that the 
introduction of the M2DTA moieties achieve sufficient light-
harvesting ability in the optical window of the biological tissues. 

The fluorescence spectra of Diad and Triad were quenched 
by ca. 70% relative to that of 15 (Fig. 2b). Because the 
absorption of the fullerene moiety is negligible at 725 nm, which 
is the peak of the fluorescence of the porphyrin moiety, and the 
different distance dependence of electron and energy 

 
Fig 2. (a) UV-vis-NIR absorption spectra of Triad (solid red line) and ref-Triad 
(dashed black line) in PhCN. (b) UV-vis-NIR absorption spectra (solid line) and 
fluorescence (FL) spectra (dashed line) of Triad (red), Diad (black), 15 (green), and 
ref-C60 (purple) in PhCN. The FL spectra were recorded with 700 nm light excitation 
in which the absorbances of the molecules were adjusted to be identical 
(absorbance = 0.10 at 700 nm). 

Table 1. Optical properties of Q-bands and rate constants of photophysical processesa in PhCN 

compound 
Peak position of 
the Q band (nm) 

ε 700nm 
(M-1 cm-1) 

k0S 

(s-1)a,b 
k1S 

(s-1)a,b 
k0T  

(s-1) a,c 
kCS1  

(s-1) a 
kCS2  

(s-1) a 
kCR  

(s-1) a 

15 706 1.07 × 105 7.7 × 108  2.0 × 105    
ref-C60  4.00 × 102       
Diad 704 1.05 × 105  1.8× 109 3.1 × 106 9.8 × 108 2.9 × 106 2.4 × 106 
Triad 704 9.91 × 104  1.6× 109 3.6 × 106 8.4 × 108 3.4 × 106 1.5 × 106 

(a) See the experimental methods in ESI for the details to determine the rate constants which correspond to Scheme S1. (b) k0S, k1S: Rate constant of the deactivation 
of the excited singlet state. i.e. k0 = kISC + knS, k1 = kISC + knS + kCS1. kISC: Rate constant of intersystem crossing. knS: Rate constant of internal conversion of the excited 
singlet state. (c) k0T: Rate constant of the deactivation of the triplet excited state.  
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transfers,25 energy transfer from the 1ZnP* to the fullerene 
moiety is not feasible. Consequently, the observed quenching 
by 70% indicates the intramolecular electron transfer from the 
1ZnP* to the fullerene moieties.  

The redox potentials were measured to estimate the energy 
levels of the pCS states. In PhCN, the ZnP unit 15 showed the 
first and second oxidation potentials at +0.08 and +0.25 V vs. 
Fc/Ferrocenium(Fc+) couple (Table S1). As predicted, the first 
oxidation potential was shifted to the negative direction by 0.26 
V relative to that of the ZnP moiety (+0.34 V) in ref-Triad 
because of the presence of the electron-donating M2DTA 
moieties.14 For the C60 unit (ref-C60), the first reduction peak was 
observed at -1.04 V. The Fc unit (ref-Fc) revealed the first 
oxidation peak at 0.00 V. The electrochemical data indicate that 
the energy levels of the pCS states relative to the ground state 
are 1.12 eV for the ZnP/C60 donor/acceptor pair and 1.04 eV for 
the Fc/C60 pair in PhCN.23 Because these levels are significantly 
lower than the excited singlet state  (S1 = 1.74 eV) and triplet 
excited state (T1 = 1.24 eV, Fig. S6) of the ZnP of 15 as well as 
that of Diad and Triad, the formation of the pCS states is 
energetically feasible in Diad and Triad (Scheme S1). In fact, the 
driving forces for electron transfer from the 1ZnP* and the 
excited triplet state (3ZnP*) to the C60 moiety are 0.62 eV and 
0.12 eV, which are comparable to those in ref-Triad (0.66 eV 
and 0.15 eV),14 ensuring the smooth electron transfer. 

Femto-pico-second (fs-ps) and nanosecond (ns) time-
resolved transient absorption (TA) measurements were 
performed by exciting the sample at 700 nm to elucidate the 
photoinduced processes of the compounds. The overall 
photophysical processes are depicted in Scheme S1. Kinetic rate 
constants for the formation of the pCS states (kCS) and their 
charge recombination (kCR) are summarized in Table 1, and the 
detailed discussion on the analyses is provided in the ESI (Figs. 
S6-S10). The kCR value of Triad (1.5 x 106 s-1) is smaller by ca. 40% 
than that of Diad (2.4 x 106 s-1). This result exemplifies an 
effective suppression of the CR to the ground state by the 
second intramolecular electron transfer by the Fc moiety, 
generating the more distantly separated Fc+/C60•– pair than the 
ZnP•+/C60•– pair. The quantum yield of the final pCS state (ΦCS) 
can be determined by comparing intensities of the peaks arising 
from the fullerene anion (C60•–) between Triad and ref-Triad 
(ΦCS = 99 %).17 The yield of pCS of Triad is estimated to be 31 %. 
Alternatively, the ΦCS value can be calculated from the obtained 
kinetic rate constants (see the ESI for the detail) based on 
Scheme S1. The ΦCS values are 33% for Diad and 27 % for Triad. 
The calculated ΦCS value of Triad (27 %) agrees well with the 
value determined by the comparative method (31%), 
supporting the validity of the kinetic analysis. Consequently, the 
lifetime and ΦCS value of the pCS state of Triad (0.68 μs, 27-31%) 
are likely sufficient to conduct the NIR light control of 
membrane potential via the pCS state. 

On the basis of the photophysical properties of Triad, we 
envisioned that cell membrane potentials could be changed by 
the effect via the long-lived pCS states, which are equivalent to 
the large electric field at the nanometer scale.16,18,19 A water-
soluble form of Triad, that is Triad-NMe3, was used for the cell 
experiments. In DMSO, Triad-NMe3 also showed characteristic 

fluorescence from the ZnP moiety around 740 nm (Fig. S11), as 
in the case in PhCN. The fluorescence spectrum was quenched 
by ca. 50% compared to that of a water-soluble porphyrin 
reference 16, suggesting the occurrence of the photoinduced 
electron transfer. In the ns-TA measurements, Triad-NMe3 
evidenced the formation of pCS after the excitation at 700 nm 
(Fig. S7c, Table S1).  The signal and decay arising from C60•– were 
clearly observed similar to Triad in PhCN, and fitted by the bi-
exponential fitting. Two components were ascertained with kCR 
= 1.0 x 106 s-1 (48 %) and  1.1 x 105 s-1 (52 %) in deaerated DMSO. 
The fast component can be attributed to the monomeric state, 
and the slow component is rationalized by the stabilization of 
C60•– assisted by the possible aggregates.18,19 

For an application of molecules for light control on cells, the 
production of 1O2 should be suppressed to avoid undesired side-
effects by its cytotoxicity.15 The production of 1O2 under 700 nm 
light illumination was examined by using a 1O2 selective 
fluorogenic reagent Singlet Oxygen Sensor Green (SOSG)26 (Fig. 
S12).  It was confirmed that the 1O2 production ability of Triad-
NMe3 is negligible, in sharp contrast to that of 16 (Fig. S1). 
Efficient quenching of the 1ZnP* and 3ZnP* states by the C60 
moiety via photoinduced electron transfer in Triad-NMe3 
competes well with undesirable quenching by O2 in the highly 
polar environment (1% DMSO in water), suppressing the 
production of 1O2. Therefore, the introduction of fullerene 
moiety to the π-extended porphyrin is an effective way to 
reduce the phototoxicity caused by 1O2.  

Triad-NMe3 was then delivered to PC12 cells by applying the 
DMSO/H2O solution of Triad-NMe3. Incorporation of Triad-
NMe3 into the surface membrane was visualized by a confocal 
laser scanning microscopy (Fig. S13), and the incorporated 
number of molecules was estimated at 1.3 × 107 molecules/cell. 
The inhomogeneous distribution implies the aggregate 
formation of Triad-NMe3 in the cell membrane as in the case for 
ref-Triad-NMe3.18 Therefore, it is concluded that the observed 

 

 
Fig. 3 Representative traces of photoinduced depolarization in a PC12 cell 
incorporated (a) with and (b) without Triad-NMe3 recorded by a planer 
patch-clamp method (n = 6). Xe-lamp with a 700 ± 6 nm band-pass filter, Power: 
20 mW cm–2, r.t.   (c) Degrees of the change in membrane potential of PC12 
cells after 5 min of the illumination (100 mJ cm–2). Xe-lamp with a 700 ± 6 nm 
or a 430 ± 5 nm band-pass filter. Error bars indicate S.D. Statistically significant 
differences between the negative control and each compound are indicated 
with asterisks (***P < 0.001). 
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distribution of Triad-NMe3 is sufficient to examine the effect of 
Triad-NMe3 on the photoinduced change in the membrane 
potential of PC12 cells. 

The ability of Triad-NMe3 to induce depolarization was 
investigated by a planer patch-clamp method (Fig. 3). Multiple 
experiments corroborated that Triad-NMe3 can successfully 
alter the membrane potential of PC12 cells by light illumination 
at 700 nm. Meanwhile, ref-Triad-NMe3, which can induce 
depolarization under blue light illumination but does not absorb 
700 nm light, did not cause the photoinduced depolarization by 
the NIR light. The average depolarization induced by Triad-
NMe3 was +12 V after 5 min irradiation at 700 nm, comparable 
to that obtained by ref-Triad-NMe3 under blue light illumination 
(Fig. 3c). This level of change is expectedly large enough to 
trigger various cellular events such as neural firing.17 MTT-assay 
confirmed that the current experimental conditions (i.e. the 
concentration of Triad-NMe3 and intensity of the NIR light) did 
not cause any significant cytotoxicity on PC12 cells (Fig. S14). 
Accordingly, Triad-NMe3 was found to be a promising molecule 
to manipulate the membrane potential under NIR light 
illumination.  
 In summary, a new donor-π-extended sensitizer-acceptor 
linked molecule Triad-NMe3 was designed and synthesized to 
demonstrate the proof of the concept for utilizing NIR light to 
control cell membrane potential via a pCS state. The 
introduction of the electron-donating M2DTA moieties to the 
porphyrin core through triple bonds strikingly enhanced the 
absorption properties in the NIR region in terms of wavelength 
and molar extinction coefficient. The photophysical studies on 
Triad-NMe3 revealed the formation of the pCS state with a 
relatively long lifetime (τ = 0.68 µs) and a moderate quantum 
yield (27-31%). Triad-NMe3 enables us to modulate the 
membrane potential using cell penetrative and non-cytotoxic 
NIR light within the biologically beneficial optical window. The 
notable guidelines for the molecular design are the structure to 
obtain effective pCS quantum yield by introducing bulkier 
electron-donating substituents into the porphyrin core to avoid 
the undesirable rapid internal conversion of the excited singlet 
state to the ground state. The present study paves a way to 
develop photochemical molecular probes for precise 
spatiotemporal control on membrane potential and its related 
cellular activities11-13,27 by NIR light. 
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