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ABSTRACT 

Lipid bilayer membranes are known to exist as heterogeneous and dynamic structures 

where the molecules are always moving and fluctuating under physiological conditions. 

Magnetic field effects (MFEs) studied herein are phenomena in which the exciplex emission 

from an electron donor-acceptor dyad increases or decreases by applying an external magnetic 

field. The characteristic dependence of MFEs on the viscosity and polarity of the surrounding 

medium has been applied to investigate the local environments around the probe molecule. In 
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this study, a novel MFE-based fluorescence microscopy technique was developed to explore the 

structural dynamics of lipid bilayer membranes. The vesicle formation during the membrane 

deformation was selectively visualized through the MFEs, thus allowing the extraction of 

information on the cellular dynamics at high temporal and spatial resolutions. This highly 

versatile and powerful technique is applicable to a wide range of areas, such as biology and 

materials science. 

 

1. INTRODUCTION 

The local elastic properties and structures of lipid bilayer membranes are closely related 

to cellular dynamics such as nucleocytoplasmic transport, endocytosis, and metabolism.1,2 The 

dynamic structural changes of lipid membranes and liposomes have been thus studied by various 

methods.3–7 For instance, the diffusion of single-molecule lipids was reported to be affected by 

membrane curvature where highly confined motion was observed with fluorescence techniques.3 

It was suggested that such curved regions of deformed membranes play a significant role in lipid 

sorting and protein interactions in cells.2 To model the deformation process, the lipid bilayer was 

destroyed by adding surfactants or organic solvents, such as acetonitrile and ethanol.4,5,8 The 

additives are also known to metabolize intracellularly to produce toxic cyanide and the like, 

which adversely affect the cell viability.9,10 However, structural features and dynamics of 

membranes were only inferred from visual information obtained most commonly from optical 

images. In addition, the so-called micropolarity is an important factor that determines the degree 

of electrostatic interaction between biomolecules,11,12 and it is closely related to protein 

interactions and formation of biopolymers.13 Hence, the measurement technique that acquires 
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information on the polarity and viscosity in the local environments such as curved regions is 

indispensable for elucidating the detailed structural and mechanical properties of biological 

materials. 

Fluorescence microscopy is an important technique for observing tissues, cells, and other 

microscopic matters including inorganic materials.14 Recent developments of microscopic 

techniques with designed fluorescent probes have found a wide range of applications such as 

localization of proteins, visualization of specific interactions, and dynamic analysis of signaling 

molecule.11,15–19 For instance, coumarin derivatives have been used to monitor micropolarity in 

biological systems because its fluorescence wavelength depends on the polarity of the solvent.17 

The change of the dielectric gradient in the lipid bilayer membrane during the phase transition 

has also been reported using the probes such as 6-propionyl-2-(dimethyl-amino)naphthalene 

(Prodan).19 Yui et al. also proposed a technique for evaluating microviscosity from fluorescence 

lifetime by applying the property that the viscosity affects the nonradiative deactivation via 

intramolecular rotation of 8-anilinonaphthalene-1-sulfonate (ANS) in the excited state.18  

The magnetic field effect (MFE) on photoinduced electron transfer reactions is a spin-

dependent phenomenon that changes the reaction rates and yields by applying a weak external 

magnetic field (less than 100 mT).20–29 This type of MFE is theoretically established in the 

framework of the so-called radical pair mechanism.30–34 The MFEs studied here are caused by 

indirectly altering the population of charge-separated radical ion pair (RIP) state in equilibrium 

with the exciplex,23–25,35,36 which results in an increase or decrease in the intensity of the 

exciplex emission (Figure 1a). Specifically, an excited acceptor molecule that is generated by 

light irradiation forms a singlet RIP by intramolecular electron transfer, followed by an 

intersystem crossing (ISC) to a triplet RIP by hyperfine interaction (HFI). When an external 
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magnetic field is applied, the degree of singlet (S)-triplet (T) mixing is reduced. This reduction 

occurs because the magnetic field breaks the degeneracy of the S and T± states by Zeeman 

splitting if the exchange interaction (J) is weak in the RIP, thereby reducing the number of the 

states accessible to spin mixing. As a result, the exciplex emission in equilibrium with the singlet 

RIP is enhanced. Furthermore, the characteristics of MFEs on this photochemical process depend 

on physical quantities such as polarity and viscosity.20–22,25,27,29 Despite the usefulness and 

importance of MFEs, their applications in optical imaging have been very limited. Woodward et 

al. proposed an approach based on optical absorption microscopy to detect radical pairs formed 

from flavin adenine dinucleotide.37,38 In a previous study of MFE-based fluorescence imaging, 

local magnetic fields created by ferromagnetic nanostructures were visualized.39,40 However, 

there are no studies in which local environments and chemical reactivity in heterogeneous 

systems are visualized by applying the characteristics of MFEs. 

In this study, we developed a strategy for characterizing dynamic structural changes of 

lipid bilayer membranes by monitoring the responses of exciplex emission to local environments 

and external magnetic fields with a magnetic-field-responsive probe (MAn-10-O-2-DMA) in 

which 9-methylanthracene (MAn) and N,N-dimethylaniline (DMA) are linked by a spacer 

(Figure 1b). By using the MFE-based fluorescence microscope developed herein, useful 

information related to the local polarity and molecular motion of transient states that occur 

during membrane deformation are obtained. 
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Figure 1. (a) Reaction scheme underlying MFEs on photoinduced electron transfer reaction in 

exciplex-forming electron donor (D)-acceptor (A) dyad system (“sp” indicates spacer). Processes 

include (1) photoexcitation, (2) fluorescence of A moiety, (3) formation of RIP by electron 

transfer, (4) formation of exciplex, (5) reversible interconversion of exciplex to locally excited 

state, (6) exciplex emission, (7) dissociation from exciplex to RIP, (8) exciplex formation from 

RIP, and (9) S-T conversion by HFI. Since phosphorescence process was not observed in all the 

experiments, it is omitted. (b) Molecular structure of magnetic-field-responsive probe employed 

in this study.  

 

2. EXPERIMENTAL SECTION 

Formation of Lipid Bilayer Membranes on Cover Glass. In a typical procedure for the 

preparation of lipid bilayer membranes,41 1.75 mg of 3-sn-phosphatidylcholine, from Egg Yolk, 

was dissolved in 5 mL of chloroform. MAn-10-O-2-DMA was then added to the solution 

([MAn-10-O-2-DMA] = 0.1 mM). The chloroform was removed by distillation under reduced 
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pressure, and 5 mL of phosphate buffered saline (PBS) solution (10 mM, pH 7.6, NaCl 100 mM), 

which was prepared using phosphate buffer solution (Nacalai, 0.1 M, pH 7.6), NaCl (Nacalai, 

99.5%), and Milli-Q water, was added, and the resultant mixture was sonicated for 30 minutes in 

ice bath. Subsequently, liposomes were prepared using a liposome preparation device (Avanti, 

Mini-Extruder) and polycarbonate filter (average pore diameter of 200 nm). The liposome 

solution was dropped on a clean cover glass (Matsunami Glass), left to stand at 60 °C for 1 hour, 

and then the cover glass was gently washed with PBS buffer to form a membrane film. In 

addition, the lipid bilayer membrane was destroyed by adding PBS solution containing 

acetonitrile (30 or 50 vol%) onto the cover glass in the chamber. Acetonitrile was used as 

received (Nacalai, >99.8%). For staining of lipid bilayer membranes, the membrane on the cover 

glass was incubated with approximately 10 µg ml−1 DiOC14(3), hydroxyethanesulfonate 

(PromoKine) in PBS solution. And then, the stained membrane was rinsed with PBS solution. 

Instruments. The experimental setup was based on a Nikon Ti-E inverted wide-field 

fluorescence microscope. The 405-nm continuous wave laser (Coherent, OBIS 405LX) through 

an objective lens (Nikon, CFI Plan Apo λ 100H; NA 1.45) was used to excite the sample. The 

emission images were recorded on an electron-multiplying charge-coupled device (EMCCD) 

camera (Photometrics, Evolve 512) using the open source microscopy software Micro-Manager 

(https://www.micro-manager.org/). A suitable dichroic mirror (Semrock, Di02-R405) and a 

longpass filter (Semrock, BLP01-458R or BLP01-405R) were used to improve the signal-to-

noise ratio. For the spectroscopy, only the emission that passed through a slit entered the imaging 

spectrograph (SOL instruments, MS3504i) equipped with a CCD camera (Andor, DU416A-

LDC-DD). The data were analyzed using the open source image software ImageJ 

(http://rsb.info.nih.gov/ij/) and Origin 2018 (OriginLab). All experimental data were obtained at 
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room temperature. A magnetic field of about 3 to 300 mT was applied by moving a neodymium 

magnet with a stepping motor (Thorlabs, NRT150). The magnetic fields at the sample position 

were measured by tesla-meter (Magna, MG-801). The absorption and fluorescence spectra were 

measured by a UV-visible spectrophotometer (JASCO, V-770) and a fluorescence 

spectrophotometer (JASCO, FP-8300), respectively.  

Sample Preparation for MFE Measurements in Bulk Solvents. The synthesis 

procedures of the probe (MAn-10-O-2-DMA) are described in the Supporting Information 

(Figures S1-S6). MAn-10-O-2-DMA was dissolved in solvent, and the solution was bubbled 

with argon gas to remove dissolved oxygen. The samples for the microscope measurements were 

prepared in the glove box filled with argon gas.  

Solvent Polarity Dependence of Exciplex Emission and MFEs. In order to obtain a 

calibration line, the dependence of exciplex emission and MFEs on solvent dielectric constant 

(εs) was evaluated for each solvent. MAn-10-O-2-DMA was dissolved in a mixed solvent of 

propyl acetate (PA, TCI >98.0%, εs = 6) and butyronitrile (BN, TCI >99%, εs = 24.7), and the 

MFEs and exciplex maximum wavelength were measured. The mixed solvents of PA and BN 

allow for a systematic variation of εs in the range from 6 to 24.7 at 295 K. The εs of the mixed 

solvent of PA and BN was determined using this equation εs = wPAεPA + (1 – wPA)εBN.
42,43  

Confirmation of Exciplex Emission. In order to confirm the contribution of the excimer 

emission, MAn-10-O-2-DMA and MAn were introduced into the vesicles, and fluorescence 

measurements were performed. The samples were prepared in the following procedure. 1.75 mg 

of 3-sn-phosphatidylcholine, from Egg Yolk was dissolved in 5 mL of chloroform. After that, 

MAn-10-O-2-DMA or MAn was added so as to be 0.1 mM each. After the chloroform was 
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removed by distillation under reduced pressure, 5 mL of PBS solution (10 mM, pH 7.6, NaCl 

100 mM) was added, and the mixture was sonicated for 30 minutes in ice bath.  

 

3. RESULTS AND DISCUSSION 

Optical and MFE Characteristics of MAn-10-O-2-DMA. The UV-visible absortpiton 

and fluorescence spectra of MAn-10-O-2-DMA in BN are shown in Figure 2a. In addition to the 

emission band due to the fluorescence from the locally excited state, the broad emission band 

with a peak at around 580 nm was obseved. As judged from the Lippert-Mataga plots (Figure 

S7),44,45 i.e., the linear relationship between the energy of the exciplex emission maximum and 

solvent polarity parameter (Δf), this emission is attributed to the exciplex fluorescence, and 

further responds to the external magnetic field (see the red line Figure 2a and Figure S8). The 

strength of MFE (χ) is expressed by eq 1: 

       ߯ሺܤሻ ൌ ሺሺܫሺܤሻ െ ሺ0ሻܫ/ሺ0ሻሻܫ 	ൈ 100                                        (1) 

where I (B) and I (0) are the exciplex emission intensity with and without the applied magnetic 

fields, respectively. The χ values for MAn-10-O-2-DMA in BN increased with increasing 

magnetic fields and reached a saturation value of approximately 15% at a magnetic field of 

approximately 30 mT (Figure S9). Moreover, the χ values exhibit obvious dependence on solvent 

polarity (Figure 2b). The solvent polarity dependence of χ can be explained in terms of changes 

in the free energy of the exciplex and RIP states.25–27,29,46 The exciplex forms upon collision 

between the excited MAn and DMA or recombination of the RIP generated by electron transfer 

[process (4) or (8) in Figure 1a, respectively]. When the solvent polarity is low, the electron 
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transfer is drastically suppressed due to destabilization in the weakly coupled RIP state; this 

situation results in the preferred formation of an exciplex that is stabilized by both partial charge 

transfer and wavefunction overlap and minimizes MFEs because the exciplex emission does not 

pass through the RIP state in which the S-T conversion occurs.29 Conversely, as the solvent 

polarity increases, the MFEs are enhanced due to the increased population of RIPs.  

    

Figure 2. (a) UV-visible absorption (blue line) and fluorescence spectra of MAn-10-O-2-DMA 

in BN. Fluorescence spectra were measured with magnetic field (red line) and without magnetic 

field (black line) under a fluorescence microscope. The excitation wavelength was 405 nm. (b) 

Plots of the χ values against εs. 
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Fluorescence Imaging of Deformation Processes. Figure 3a shows a fluorescence 

image observed immediately after the preparation of lipid bilayer membranes containing the 

probe molecules and acetonitrile on the cover glass under 405-nm laser irradiation. The 

acetonitrile (30 vol% in Ar-saturated water) was added to induce the deformation of the 

membrane. For comparison, a fluorescence image of the sample without acetonitrile is given in 

Figure S10. In addition to the homogeneous membrane, the domains where lipids aggregated in 

the membrane, possibly due to coordination of acetonitrile to a hydrophilic part of the lipid, were 

visualized as bright spots. The bright spots become vesicles after a certain period of time and 

dissociate from the membrane surface (Figure S11). With increasing incubation time up to ca. 10 

minutes, the lipids dissociated from the cover glass to form giant unilamellar vesicles with 

dimensions of tens of micrometers (Figures 3b,c and S12e,f). To summarize the above-

mentioned information, the membrane deformation is illustrated in Figure 3d; the processes 

including fluctuation and dissociation correspond to those proposed by previous studies.4,5 
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Figure 3. (a,b,c) Fluorescence images captured during lipid bilayer disruption processes. (d) 

Schematic diagram of membrane destruction process induced by addition of acetonitrile. 

 

Micropolarity in the Deformed Membranes. As mentioned above, the peak wavelength 

of the exciplex emission depends on the solvent polarity according to the Lippert-Mataga 

equation.44,45 The fluorescence spectra of each state (vesicle and membrane surface such as 

Figures 3a and b) before and after introducing acetonitrile were measured to evaluate the 

micropolarity in the deformed membranes using a calibration curve of the emission peak 

energies versus the solvent polarities (Figure S7). For example, an aggregate in Figure 3a shows 

the broad spectrum with a peak at about 540 nm, which is typical of the exciplex emission 

(Figure S13). The fluorescence spectrum was measured after MAn was introduced into the 

membrane, and no significant emission in the long wavelength region was observed (Figure S14). 

Therefore, the contribution of excimer emission is negligible in this wavelength region. The ε 

values determined at each state are summarized in Figure 4. Upon the addition of acetonitrile, the 
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emission peaks shifted to longer wavelengths, indicating that the local dielectric constant (ε) 

values increased by inclusion of acetonitrile into the hydrophilic regions of the lipid bilayers. A 

further discussion on the micropolarity is given in the Supporting Information. 

 

 

Figure 4. Distributions of local ε values obtained from emission peak wavelengths for each state. 

The bars were obtaiend for membrane surfaces before (black) and after (red) the addition of 

acetonitrile, vesicles dissociated from the membrane surface (blue), and domains where the lipids 

aggregate in the membrane (green).  

 

MFE Imaging. By simultaneously examining the dependence of the emission intensity 

on the magnetic field, significant MFEs were observed for smaller vesicles. Figure 5a shows a 

typical MFE image that was reconstructed from maximum χ values calculated by eq 1 for each 

pixel of Figrue 3c (see the region enclosed in red line). The dependence of χ on external 

magnetic field over the vesicle is also shown in Figure 5b. The χ values varied from 

approximately 0% to 5% at different locations of the vesicle, suggestign the heterogeneous 

environments in the vesicle. In the regions with the highest χ value, the micropolarity was high 
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enough to solvate the RIPs that incorporated acetonitrile and water molecules, which resulted in 

the significant MFEs. However, in the regions where acetonitrile coordination was not sufficient, 

the MFEs were weak or absent because the RIPs hardly formed. This situation is similar to those 

in the membrane and vesicle (Figures 3a, b) where negligible MFEs were observed. 

Interestingly, a certain degree of correlation was confirmed between the fluorescence 

intensity and the MFEs. The fluorescence intensities and corresponding MFEs along the solid 

and dotted blue lines are plotted at each pixel as shown in Figures 5c and d, respectively. In the 

region where MFE is high, the fluorescence intensity tends to be strong. Since the curvature of 

the membrane increases by addition of acetonitrile, the hydrophobic groups would have loose 

structures without ordered packing in the curved regions. Therefore, a number of probe 

molecules can readily move to such deformed regions, resulting in the increase of fluorescence 

intensity. The presence of acetonitrile leads to the increase of the local polarity, and the RIP is 

more likely to form, thus resulting in the MFEs. 
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Figure 5. (a) Mapping of maximum χ values obtained in each pixel of 21.3 × 21.3 μm2 area of 

Figure 3c. (b) Dependence of χ on external magnetic fields over the vesicle in panel a. (c,d) Plots 

of the fluorescence intensities (blue) and χ values (red) along the solid (c) and broken (d) lines in 

panel a, respectively. 

 

MFE Measurements of Transient Species. To obtain dynamic information, we 

measured the temporal response of the emission intensity to magnetic field sweeps (3-300 mT) 

during incubation after adding acetonitrile (Figure 6a). As demonstrated in Figure 6b, the domain 

A shows only a fading due to photobleaching, while the domain B clearly exhibits MFEs in the 

initial time (0-5 s) and a subsequent sharp decrease of the emission intensity, possibly due to 

structual or environmental changes in the vesicle (Figures S15 and S16). The observed MFEs 

suggest that the polar environment around the probes is sufficient to solvate long-range RIPs by 
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the influx of acetonitrile, causing effecient S-T mixings. Such local membrane fluctuations may 

eventually lead to spontaneous motion,47 as inferred from shape changes of the domain B (insets 

in Figure 6b) during the measurement, while the domain A kept its shape. Although there is 

uncertainty because of the laser-induced fading, χ value was tentatively estimated as 

approximately 7%. The absence of MFE in the domain A would be interpreted in terms of the 

exchange interaction as described later. 

  

 

Figure 6. (a) Fluorescence image of domains where the lipids aggregate on the membrane 

surface. (b) The time traces of the emission intensity obtained for domains A (blue line) and B 

(red line) with and without magnetic field. The inset shows the shape of domain B at each time. 

The scale bars are 2 μm. 

 

Effect of Exchange Interaction. In Figure 5b, χ reached a saturation value of 

approximately 3.5% at a magnetic field of about 150 mT, and the B1/2 value obtained (i.e., the 

magnetic field at which the change in emission intensity reaches half of its saturation value) was 

60 ± 10 mT. The B1/2 value of MAn-10-O-2-DMA dissolved in neat BN was approximately 15 
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mT (Figure S9), whereas the reported value is 9.5 mT for the same molecule in BN, although the 

magnetic field effect on reaction yield (MARY) curves matched closely.20,22,23 The main reasons 

for the underestimation (approximately 5 mT) in this experiment were the probe thickness (1.0 

mm) of the Gauss meter and the backlash of the stepping motor. Even with this error, the B1/2 

value in the vesicles was significantly larger than those in the bulk solutions. The large increase 

in B1/2 (as high as 60 mT) was possibly due to the fact that S-T dephasing, caused by the 

temporal variation of J, promoted the mixing of S and T± (Figure S17, Table S1). The influence 

of this type of mixing on the MARY has been reported by Maeda et al.48 In addition, Hoang et al. 

recently reported that B1/2 increases up to 38 mT when the chain length between the MAn and 

DMA moieties shortens; this increase was explained by an increase in S-T dephasing.23 Such a 

large B1/2 shift can adequately explain the system examined in this study. It was presumed that 

the observed MFEs originated from the solvation of the precursor RIP by acetonitrile, or the 

hydrophilic part of the lipid, or both. When acetonitrile is flowed into the membrane, the probe 

molecules prefer to be solvated in the hydrophilic region. As the solvation radius is reduced, the 

motion of the RIP state of the probe would be spatially restricted (Figure 7a). In other words, 

when it becomes impossible to stretch the alkyl chain, J increases. In addition, J varies 

significantly due to the repeated collision and separation of the RIPs within a restricted space, 

which results in a significant increase in B1/2.  
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Figure 7. (a) Schematic diagram of probe molecules in lipid bilayer membrane, where 

acetonitrile molecules are coordinated to hydrophilic groups of lipids. (b) Energy diagram49 

when distance between MAn and DMA is short or long. 

 

In the many aggregates with an average size of 380 nm shown in Figures 3a and S12b-d, 

MFEs did not occur even though ε values of over 10 were estimated from the peak wavelengths 

of exciplex emission (Figures 2b and S13). This observation indicates the importance of the 

mobility of the probe molecules. When the distance between MAn and DMA is sufficiently long, 

J is negligibly small, therefore the ISC occurs through HFI (Figure 7b).49 However, as the 

distance shortens, J increases, and the ISC between S and T0,± is hindered. In solution, since the 

interspin distance of the RIP varies over time, MFEs occur effectively. Meanwhile, when the 

chain length between the acceptor and donor molecules is short, MFEs are extremely small or 

absent.23–25 This situation prevents the RIP from diffusing to an effective distance where J is 
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negligible. The suppression of mobility is supported not only by MFE but also by the 

relationship between the intensity and peak energy of exciplex (Figure S18). In addition, it has 

been demonstrated that the mobility of lipid molecules in curvature membrane is much more 

limited than in planar membranes from measurements using single-molecule tracking analysis.3 

In regions with high curvatures, such as aggregates, it seems that the increased local viscosity 

may limit the collision and dissociation between donor and acceptor of the probe molecule. Thus, 

the MFE imaging could visualize the specific membrane states with adequate polarity and 

viscosity during the changing of the lipid bilayer state (Figures 5 and 6). 

 

4. CONCLUSIONS 

In summary, an MFE-based fluorescence microspectroscopy technique was developed to 

explore both the local polarity and motional freedom surrounding the probe molecule in the 

membranes. The vesicle formation during the membrane deformation was selectively visualized 

through the MFEs, thus allowing the extraction of information on the cellular dynamics at high 

temporal and spatial resolutions. This MFE-based imaging technique will provide opportunities 

to investigate molecular interactions and reactions in a broad range of heterogeneous systems, 

including biological cells and optoelectronic devices.  
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