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Abstract: 4-Amino-N-adamantylphthalimide (1) is a dye with moderate absorptivity (in CH3CN 

ε363 = 4200 M-1 cm-1) and high quantum yield of fluorescence (ΦF = 0.15-0.80) that exhibits 

fluorosolvatochromic properties. The dye can be excited at 405 nm and the position of 

fluorescence maximum and the Stokes shift are well correlated with the ET(30) parameter. The 

excitation in the near-visible part of the spectrum and low cytotoxicity allow use of the dye in 

live cell microscopy. Due to its amphiphilic character, the dye stains artificial membranes in 

liposomes. Using confocal microscopy on two human cancer cell lines, we have shown that 1 

stains primarily intracellular lipid droplets. Colocalization experiments with different organelle 

markers indicated that 1 additionally stains mitochondrial membranes. The 

fluorosolvatochromism of 1 allows the simultaneous visualization of mitochondria and 

intracellular lipid droplets in two separate emission channels, which has a potential use in cells 

and tissues exhibiting intense oxidative metabolism of lipids. 

 

Key words: aminophthalimide, biological membranes, fluorescent dyes, confocal fluorescence 

microscopy, nonpolar lipids  

 

1. Introduction 

Lipid droplets are lipid-rich organelles frequently found in cells of different origin.[1] These 

droplets differ with respect to their structure and chemical composition, but they mainly consist 

of neutral lipids such as triacylglicerols. Studying lipid droplets [2,3,4] is particularly important 

since it is known that they modulate immune response and host-pathogen interactions,[5,6] 

whereas their dysfunction is linked to pathogenic and non-pathogenic diseases.[7,8,9] However, 

distinction of different intracellular membranes,[10] which delineate different organelles such as 
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lipid droplets, mitochondria, Golgi apparatus, or endoplasmic reticulum is difficult. It is highly 

desirable to develop new reagents that selectively bind to, or give information on, only one type 

of intracellular membranes, which is generally a difficult task due to a similar structure and 

chemical composition. Among different membranes, the mitochondrial are an important 

target,[11] since mitochondria are the energy-producing compartments, and changes on their 

membranes may modulate intracellular processes.[12] Furthermore, the much debated question 

of lipid trafficking mechanism between the lipid droplets and mitochondria arouse recently that 

requires development of specific molecular probes. [13] 

Fluorescence spectroscopy is an important analytical tool used for numerous applications in 

chemistry and biology.[14] In particular, research in biomedicine was significantly facilitated by 

the use of fluorescence microscopy and organic dyes that allow for the specific targeted staining 

of intracellular organelles, or probing different intracellular analytes.[15] Although a large 

number of dyes is already being used, there is a continuing pursuit for new chromophores with 

potential use in microscopy. Suitable dyes have to fulfil numerous demands including tunable 

spectral properties, good photophysical properties and photochemical stability, no cytotoxicity, 

and selectivity in staining specific intracellular targets or processes. The common organic dyes 

used for membrane staining are DPH (1,6-diphenyl-1,3,5-hexatriene),[16] Nile red, Texas red, or 

pyrenes connected to lipids.[14,15] Moreover, for the measurement of local polarity, viscosity, 

temperature or phase transition in membranes, organic dyes that undergo photoinduced charge 

transfer (CT) upon photoexcitation are often employed.[14,15] The CT chromophores are 

commonly push-pull conjugated organic molecules bearing electron-donating and electron-

withdrawing groups. The commercial dyes include ANS (1-anilino-8-naphthalenesulfonate),[17] 

PRODAN (6-propionyl-2-(dimethylaminonaphthalene)),[18] and LAURDAN (2-
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dimethylamino-6-lauroylnaphthalene).[19] More recent examples include BODIPY derivatives 

which were investigated as molecular rotors that enable measurement of viscosity and 

temperature in membranes, and are particularly useful in FLIM (fluorescence lifetime imaging 

microscopy).[20,21] Furthermore, a number of different CT dyes have recently been reviewed 

with respect to their applicability in fluorescence microscopy for the staining of lipid droplets.[3] 

 

4-Aminophthalimide is a fluorescent chromophore whose lowest singlet excited state (S1) has a 

CT character.[22] Generally, the substitution of imides by electron-donating groups changes 

photophysical properties,[23] whereas non-substituted N-alkylphthalimide derivatives are 

characterized by short singlet excited state lifetimes [24,25] (e.g. N-methylphthalimide, τ = 0.2 

ns)[26] and high quantum yields of intersystem crossing to the triplet manifold (ΦISC = 0.5-

1.0).[27] In the triplet excited state, phthalimides undergo different photochemical reactions 

involving H-abstraction, single electron transfer and cycloaddition.[28] Due to the CT character 

of the S1 state, 4-aminophthalimide is photochemically stable and highly 

fluorosolvatochromic.[29] Moreover, upon increasing solvent H-bond donor ability the 

fluorescence of 4-aminophthalimide is quenched.[30] Due to its high values of fluorescence 

quantum yield, 4-aminophthalimides were used in the cation [31] and anion sensing, [32,33,34] 

design of logic gates,[35] or for the labelling of nucleosides for the study of DNA-protein 

interactions.[36] Herein, we present the spectral and photophysical characterization of 4-amino-

N-adamantylphthalimide (1), and its use in fluorescence microscopy. The bulky lipophilic 

adamantyl substituent of phthalimide chromophore renders the molecule amphiphilic and useful 

in the staining of intracellular membranes. To date, the adamantyl derivative 1 has been prepared 

for the investigation of antiviral activity.[37,38] Furthermore, Wintgens et al. reported a 
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photophysical investigation for a series of 4-amino-N-alkylphthalimides and their binding to β-

cyclodextrin.[39] However, a detailed photophysical study for 1 by steady-state and time-

resolved fluorescence, its use in fluorescence sensing or confocal microscopy have not been 

reported. Our main finding is that the fluorosolvatochromism of 1 allows the simultaneous 

visualization of mitochondria and intracellular lipid droplets in two separate emission channels. 

 

2. Materials and Methods 

General. 1H and 13C NMR spectra were recorded on a Bruker Spectrometer at 300, or 600 MHz 

(75 MHz and 150 MHz) at 25 °C using TMS as a reference and chemical shifts were reported in 

ppm. IR spectra were recorded on a FT-IR-ABB Bomem MB 102 spectrophotometer in KBr, and 

the characteristic peak values are given in cm-1. HRMS were obtained on an Applied Biosystems 

4800 Plus MALDI TOF/TOF instrument (AB, Foster City, CA). Melting points were determined 

using a Köfler Mikroheiztisch apparatus (Reichter, Wien) and were not corrected. Silica gel 

(0.05–0.20 mm) was used for chromatographic purifications. Chemicals were purchased from the 

usual commercial sources and were used as received. Solvents for chromatographic separations 

were used as delivered from the supplier (p.a. or HPLC grade) or purified by distillation 

(CH2Cl2). Dry CH2Cl2 was obtained after standing of commercial product over anhydrous 

MgSO4 overnight, then filtered and stored over 4Å molecular sieves. Dry methanol was obtained 

by standard Mg-methoxide method and stored over 3Å molecular sieves. 

 

2.1. 4-Nitro-N-adamantylphthalimide (2)  

A flask (50 mL) was charged with 4-nitrophthalic anhydride (3.25 g, 16.8 mmol). Upon heating 

by an oil bath to 170-180 °C, the anhydride melted. To the melt, 1-aminoadamantane (1.23 g, 8.1 
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mmol) was added in several portions. The reaction mixture was heated 15 min with a stopper, 

and 15 min without the stopper to remove water. To the cooled reaction mixture, CH2Cl2 (100 

mL) was added, and the solution washed with 1 M HCl (2 × 20 mL). The washed organic layer 

was dried over anhydrous MgSO4, filtered and the solvent was removed on a rotary evaporator. 

The crude reaction mixture was purified by column chromatography on SiO2 using CH2Cl2 as an 

eluent to afford the pure product (1.53 g, 58%). 

Colorless crystals, mp 180 - 182 °C; IR (KBr) νmax/cm-1: 3105, 2917, 2853, 1706, 1543, 1341, 

1321, 1304, 1085, 720; 1H NMR (DMSO-d6, 300 MHz) δ/ppm: 8.59 (dd, J = 8.1, 1.9 Hz, 1H, H-

6'), 8.38 (d, J = 1.9 Hz, 1H, H-4'), 8.02 (d, J = 8.1 Hz, 1H, H-7'), 2.45 (d, J = 2.6 Hz, 6H, H-2), 

2.13 (br s, 3H, H-3), 1.62 - 1.78 (m, 6H, H-4); 13C NMR (DMSO-d6, 75 MHz) δ/ppm: 167.4 (s, 

C-2'/C-9'), 167.1 (s, C-2'/C-9'), 151.4 (s, C-5'), 135.9 (s, C-8'), 132.6 (s, C-3'), 129.4 (d, C-7'), 

124.1 (d, C-6'), 117.3 (d, C-4'), 60.2 (s, C-1), 39.5 (t, 3C, C-2), 35.7 (t, 3C, C-4), 29.1 (d, 3C, C-

3); HRMS calcd for [C18H18N2O4+H]+ 327.1345, observed 327.1345. 

 

2.2. 4-Amino-N-adamantylphthalimide (1) 

4-Nitro-N-adamantylphthalimide (1.22 g, 3.74 mmol) was dissolved in a mixture of dry CH2Cl2 

(25 mL) and MeOH (25 mL). To the solution, Pd/C (10%, 240 mg, n(Pd) = 0.23 mmol) was 

added. The mixture was stirred over 1 day at rt under balloon of H2. The catalyst was filtered off 

by use of a blue ribbon filter paper and washed with MeOH (50 mL). The solvent was removed 

on a rotary evaporator and the residue was chromatographed on a column of silica gel using 

CH2Cl2/EtOAc (10%) as eluent to afford the pure product (800 mg, 72%). 

Yellowish crystals; mp 191 - 193 °C; IR (KBr) νmax/cm-1: 3469, 3367, 2907, 2854, 1756, 1686, 

1630, 1499, 1375, 1332, 1302, 1072, 751, 634; 1H NMR (DMSO-d6, 300 MHz) δ/ppm: 7.37 (d, J 
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= 8.1 Hz, 1H, H-7'), 6.81 (d, J = 1.9 Hz, 1H, H-4'), 6.76 (dd, J = 8.1, 1.9 Hz, 1H, H-6'), 6.36 (br 

s, 2H, NH2), 2.40 (d, J = 2.5 Hz, 6H, H-2), 2.08 (br s, 3H, H-3), 1.60 - 1.76 (m, 6H, H-4); 13C 

NMR (DMSO-d6, 75 MHz) δ/ppm: 169.5 (s, C-2'/C-9'), 169.4 (s, C-2'/C-9'), 154.8 (s, C-5'), 

134.1 (s, C-3'), 124.2 (d, C-7'), 117.0 (d, C-6'), 116.7 (s, C-8'), 106.0 (d, C-4'), 58.6 (s, C-1), 39.8 

(t, 3C, C-2), 35.8 (t, 3C, C-3), 29.1 (d, 3C, C-4); HRMS calcd for [C18H20N2O2+H]+ 297.1603, 

observed 297.1609. 

 

2.3. UV-vis and fluorescence measurements 

The absorption and fluorescence spectra were measured on a PG T80/T80+ and a Cary Eclipse 

Varian spectrometers, respectively. For the fluorescence measurements, the samples were 

excited at 345, 350 and 355 nm and the slits were set to a bandpass of 2.5 nm. The fluorescence 

spectra were recorded in the range 370-700 nm. All solvents used for the measurements were of 

spectral grade quality. Prior to the measurements, the solutions were purged with N2 15 min. The 

measurements were conducted at 20 ºC. For the determination of fluorescence quantum yields a 

solution of quinine sulfate in 0.5 M H2SO4 was used (ΦF = 0.55).[40] Three spectra were 

measured by exciting at three different wavelengths and the mean value of the quantum yield 

was calculated (by use of Eq. S1 in the ESI).  

The lifetimes of the singlet excited state were measured by time-correlated single photon 

counting (SPC) method on a previously described instrument.[41] The samples were excited by a 

Picoquant diode laser (pulse duration ∼70 ps, wavelength 372 nm) and the decays were detected 

with a Hamamatsu R3809U-51 microchannel plate photomultiplier, which was connected to a 

Picoquant Timeharp 100 electronics (36 ps/channel time resolution). The instrument response 

function (IRF), obtained using silica gel in H2O as the scatterer, had a half width of ≈ 0.4 ns. The 
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decays were analyzed by sum of exponentials (Eq. S2. in the ESI) using Picoquant FluoFit 

software. The fitting parameters (decay times and pre-exponential factors) were determined by a 

nonlinear least-squares deconvolution method minimizing the reduced chi-square χ2. The quality 

of the fits was judged by χ2 < 1.2 and the random distribution of the weighted residuals. 

 

2.4. Preparation of liposomes 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was dissolved in chloroform (0.5 and 5.0 

mg/mL) and dried under nitrogen. The lipid films were kept under vacuum at rt overnight. The 

liposome suspension was prepared by vortexing lipid films with a PBS solution. The size of the 

DPPC large unilamellar vesicles was reduced by sequential extrusion of the multilamellar 

vesicles through polycarbonate membranes of 400 and 200 nm after five freezing and thawing 

cycles. A small aliquot of 1 was incubated into the liposome suspension at 50 °C for 60 min and 

let cool down to rt before conducting the measurements. 

 

2.5. Dynamic Light Scattering (DLS) 

Hydrodynamic diameter of the liposomes was measured using Zetasizer Nano ZS (Malvern 

Instruments, UK) equipped with a 532 nm laser. The intensity of the scattered light was detected 

at an angle of 173°. All measurements were conducted at 25 °C. The particle size was reported as 

volume weighted distribution and represented as the average size value of nine measurements. 

All data processing was done by the Zetasizer software 7.12 (Malvern Instruments). 

 

2.6. Cell culture  
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Human lung carcinoma cells NCI-H460 and breast cancer cells MCF-7 were grown in RPMI-

1640 medium with the addition of 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL 

penicillin and 100 µg/mL streptomycin, and cultured as monolayers at 37°C in a humidified 

atmosphere with 5% CO2.  

 

2.7. Cell viability assay  

Cell viability assay was performed as described previously.[42] Cells were seeded at 2×103 

cells/well in a standard 96-well microtiter plates and left to attach for 24 h. Next day, test 

compound was added in five serial 10-fold dilutions. The cell growth rate was evaluated after 72 

h of incubation, using MTT assay. Obtained results are expressed as IC50 value which stands for 

the concentration of the compound necessary for 50% of growth inhibition. The IC50 values are 

calculated from concentration-response curve using linear regression analysis.  

 

2.8. Sample preparation and staining for microscopy 

The cells were seeded onto glass coverslips at a density of 40000 cells/coverslip, left to attach 

and next day the growth medium was replaced with 1 at the concentration of 10-6 M in PBS. For 

live cell imaging, after different incubation periods (see SI) coverslips were rinsed three times 

with PBS and immediately analyzed. For immunofluorescence analysis, the slides were fixed 

with 4% paraformaldehyde (PFA) for 15 min. After thorough rinsing, cells were permeabilised 

with 0.1% Triton™ X-100 in PBS and incubated for 15 min at rt. Next, the cells were incubated 

in blocking solution (4% bovine serum albumin (BSA) in PBS) for 60 min. Slides were then 

incubated with primary antibodies diluted in blocking solution overnight at 4 °C in a humidified 

atmosphere (for Golgi complex: Rabbit anti human Mannosidase II AHP674, Bio-Rad 
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Laboratories, Inc, 1:100; for endoplasmic reticulum and endoplasmic reticulum - Golgi 

intermediate complex: mouse anti KDEL-R 421400, Calbiochem, 1:100). The next day, after 

thorough rinsing, cells were incubated with the appropriate AlexaFluor™568-conjugated 

secondary antibody (AlexaFluor™568-conjugated goat anti-rabbit and goat anti-mouse 

antibodies (ThermoFisher Scientific, A-11036 and A-11031, respectively); diluted 1:400, for 60 

min at rt, protected from light, followed by rinsing with PBS. Thereafter, cells were treated with 

1 (10-6 M) for 30 min at rt. Finally, the coverslips were mounted and stored, protected from light, 

at 4 °C.  

For mitochondrial staining, an organelle-selective dye (MitoTracker® Deep Red FM) was used 

at the concentration of 200 nM in PBS. For this purpose, cell medium was removed from cells, 

and replaced with the pre-warmed staining solution. The samples were incubated for 15 min 

under growth conditions, after which the MitoTracker®-dilution was removed and the cells were 

rinsed thoroughly with PBS. The procedure for fixation and permeabilization was the same as 

described above, however, after treatment with Triton ™ X-100, the cells were immediately 

stained with 1 (10-6 M in PBS). The coverslips were mounted and stored, protected from light, at 

4°C. In order to stain non-polar cellular lipids, including lipid droplets, Nile red (9-diethylamino-

5H-benzo[a]phenoxazine-5-one) was used.[43] For colocalization experiments, the cells were 

stained with a dilution of Nile red at 100 ng/mL in PBS, as described previously.[44] The Nile 

red staining solution was applied to the cells only after staining with compound 1, independent of 

previous treatment, for 10 min at rt. After rinsing, samples could be further processed. For ER 

staining in live cells ER-Tracker™ Red (BODIPY™ TR Glibenclamide, Thermo Fisher 

Scientific) was used at the concentration of 1 µM, while for mitochondrial staining 
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MitoTracker® Deep Red FM was used at the concentration of 20 nM in PBS. The stains were 

applied for 30 min (ER-Tracker) and 5 min (MitoTracker) in PBS at rt. 

 

2.9. Confocal microscopy and colocalization analysis 

Confocal fluorescence microscopy was performed using Leica TCS SP8 X microscope equipped 

with a HC PL APO CS2 63×/1.4 oil objective (Leica Microsystems, Germany). The excitation 

and emission wavelengths were the following: λex/em (1, blue emission) = 405 nm / 410-455 nm, 

λex/em (1, green emission) = 405 nm / 485-540 nm, λex/em (AlexaFluor™568) = 568 nm / 584-638 

nm, λex/em (MitoTracker® Deep Red FM) = 644 nm / 665-727 nm, λ ex/em (Nile red) = 540 nm / 

579-631 nm, λex/em (ER-Tracker™ Red) = 580 nm / 595-675 nm. Colocalization analysis was 

performed based on images of fixed cells after pairwise staining with 1 and organelle-specific 

markers (see above). To quantify colocalization of 1 with the counterstained intracellular 

structures, lipid droplets, mitochondria and the Golgi apparatus, we computed the Manders' 

Colocalization Coefficient (MCC) that estimates the fraction of the signal corresponding to 1 

localized in the structures labelled with the respective organelle-specific markers.[45] The 

analysis was conducted using the tools Chromatic Aberration Correction, Costes Background 

Subtraction, and Colocalization Analysis available in Huygens Professional image processing 

program (Scientific Volume Imaging, Netherlands). 

 

3. Results  

3.1. Synthesis and photochemical stability 

Aminophthalimide derivative 1 [37,38] was prepared in a moderate yield in a two-step synthetic 

procedure. In the first step, nitrophthalic anhydride was condensed with 1-aminoadamantane to 
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afford 2.[37] In the second step, the nitro group in 2 was reduced by hydrogenation over Pd/C at 

atmospheric pressure (Scheme 1).
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Scheme 1. Synthesis of fluorescent dye 1. 

Prior to the photophysical experiments and the use of 1 as a dye in microscopy, its 

photochemical reactivity was investigated. After several hours of irradiation of a solution of 1 in 

CH3CN or CH3CN-H2O or (300 nm or 350 nm), no changes were observed. The photochemical 

stability was also demonstrated in the experiments when 1 was exposed to a laser irradiation 

(266 or 355 nm), and no changes were observed. Adamantylphthalimides undergoes inefficent 

photochemical H-abstraction reaction.[28,46] However, the amino substituent in the phthalimide 

moiety changed photophysical properties (vide supra) and decreased the H-abstraction reaction 

efficiency.  

 

3.2. Photophysical properties 

It is generally known that 4-aminophthalimide derivatives have S1 state of CT character and 

solvatochromic properties.[22,29,30] To test the solvatochromic properties of adamantyl 

derivative 1, which are important for its use in confocal microscopy, we measured the absorption 

and fluorescence spectra in different solvents (Figs. 1 and 2, and Table 1 and Fig S1 in the SI). 

Generally, an increase of the solvent polarity induces bathochromic shifts in both absorption and 

fluorescence spectra. However, the shifts in the absorption spectra cannot be correlated with the 
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solvent polarity or polarizability. The most pronounced bathochromic shift was observed in 

DMSO solution, probably due to the H-bonding of the DMSO molecules with the phthalimide 

NH2 group, which enhanced the electron density on the amine nitrogen in the ground state (S0), 

and the CT character of the excitation. Large, but less pronounced is the bathochromic shift 

induced by methanol which forms H-bonds with the phthalimide carbonyl groups, and in that 

way affects the CT character of the transition. On the contrary to the absorption, the 

solvatochromic shifts in the emission spectra generally follow the trend of the Lippert solvent 

polarity factor [47,48] but with a poor correlation (see Fig. S4 in the SI). A better correlation was 

obtained between the emission maxima with the Reichardt ET(30) parameter (Fig. S5 in the 

SI),[49] and particularly well correlated were the Stokes shifts with ET(30) (Fig. S6 in the SI). 

However, the data for DMSO solution deviated from the trend, probably due to the specific 

solvatochromic effects imposed by the H-bonding in S0. 
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Fig. 1. Normalized absorption spectra of 4-amino-N-adamantylphthalimide (1) in different 

solvents at room temperature. 
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Fig. 2. Normalized fluorescence spectra of 4-amino-N-adamantylphthalimide (1) in different 

solvents at room temperature (λexc = 350 nm). 

 

Table 1. Spectral properties of 1. 

Solvent λmax(abs) 

nma 

λmax(em) 

nmb 

(cm-1) 

Stokes 

shift c 

cm-1  

εR 
d f(n2) e Δf  f ET(30) g 

kcal mol-1 

Cyclohexane 340 408 

(24270) 

5140 2.023 0.204 -0.001 31.2 

Toluene 353 433 

(22990) 

5340 2.379 0.226 0.013 33.9 

CH2Cl2 353 444 

(22220) 

6110 8.93 0.203 0.219 41.1 

THF 362 450 

(22070) 

5550 7.58 0.198 0.267 37.4 
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EtOAc 360 454 

(21930) 

5850 6.09 0.185 0.270 38.1 

CH3CN 362 469 

(21320) 

6300 35.94 0.175 0.306 46.0 

CH3OH 373 516 

(19120) 

7690 32.66 0.169 0.309 55.5 

DMSO 380 480 

(20490) 

5830 46.45 0.221 0.265 45.0 

a The maximum in the absorption spectrum. b The maximum in the emission spectrum. The 

maximum in the wavenumber scale, obtained by multiplying the intensities at nm scale with λ2, 

is given in parenthesis. c The Stokes shift νabs/cm-1-νem/cm-1. d The relative permittivity. e Solvent 

polarizability factor dependent on the refractive index n; 𝑓(𝑛2) = (𝑛2 − 1)/(2𝑛2 + 1). f The 

Lippert factor Δ𝑓 = 𝑓(𝜀) −  𝑓(𝑛2) =
𝜀−1

2𝜀+1
−

(𝑛2−1)

(2𝑛2+1)
. g The Reichardt solvent polarity factor 

taken from ref [49].  

 

Dye 1 exhibits solvatochromic properties due to the CT character of the S1 state. Therefore, we 

investigated the effect of viscosity to the fluorescence properties of 1, since it is generally known 

that viscous media inhibits formation of the CT states.[14,17] Absorption and fluorescence 

spectra were recorded in solvent containing CH3OH and glycerol in different ratio (Fig S7 in the 

SI). The increase in the glycerol content, which increased viscosity, had only negligible effect in 

the absorption spectra, reflecting the fact that the geometry in S0 was not perturbed. However, 

upon increase of viscosity (from 0.6 cP in CH3OH to 930 cP in 66% glycerol), the fluorescence 

was significantly quenched. This finding is at first counterintuitive and opposite to the typical 

molecules with the twisted intramolecular CT emission,[50,51,52] or behaving as molecular 

motors.[20,21,53] The fluorescence quenching in viscous solvent may originate from the larger 
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polarity of glycerol compered to methanol. ET(30) parameters are 238.6 and 232.4 kJ M-1, 

respectively. In addition, the more efficient hydrogen bonding with glycerol may also contribute 

to the fluorescence quenching. Furthermore, 1 has a relatively long S1 lifetime (vide infra), 

during which the stabilization of the CT state by solvent takes place, and results in lower ΦF in 

more viscous solvent. Consequently, dye 1 is highly selective to solvent polarity and not to 

viscosity, which makes it different from most commonly used polarity probes. 

 

Absorption and fluorescence spectra were also measured in aqueous solution containing PBS 

buffer at different concentrations of 1 to probe for the aggregation of the dye (Fig S2 and S3 in 

the SI). In the absorption spectrum of 1, at the concentration 10-4 M, an increase of the baseline 

was observed due to light scattering by insoluble nanocrystals of 1. Namely, molecule 1 has a 

lipophilic adamantane substituent rendering it less soluble in H2O. However 1 can be dissolved 

in H2O or PBS buffer in the concentrations lower then 3×10-5 M. Thus, fluorescence spectrum at 

10-4 M has a maximum at ≈463 nm, whereas at lower concentration < 10-5 M, the maximum was 

observed at ≈545 nm. The fluorescence measurements suggest that the dye starts to aggregate at 

the concentration 10-5 M, whereas at the concentration 10-6 M, the aggregation is negligible. 

Fluorescence quantum yields (ΦF) were determined by use of quinine sulfate in 0.5 M H2SO4 

(ΦF = 0.55),[40] and the singlet excited state lifetimes by SPC (Table 2). The ΦF generally 

ranges between 0.17 and 0.85 and does not follow any trend with polarity. The fluorescence 

decays were fit to monoexponential function for all solvents except for toluene and PBS buffered 

H2O where a sum of two exponentials was used (See Figs. S8-S14 and Table S1 in the SI). The 

lifetimes (τ) are relatively long and range between 9.5 and 24.6 ns. From the lifetimes and the 

ΦF, the radiative rate constant kF = ΦF/τ can be calculated, which does not change with the 
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solvent, except for methanol where the quenching of fluorescence due to the H-bonding takes 

place, in accord with literature precedent.[26] More pronounced fluorescence quenching takes 

place in aqueous solution where the fluorescence lifetime is as short as 1.7 ± 0.1 ns. However, at 

concentrations of 1 higher than 10-5 M when the dye starts to aggregate, the typical dual 

fluorescence was observed characterized b two lifetimes, 1.7 ± 0.1 ns for the non-aggregated 

molecules and 9.5 ± 0.2 ns for the aggregated molecules. 

 

Table 2. Quantum yields of fluorescence (ΦF),a singlet lifetimes (τ / ns)b and radiative rate 

constant kF = ΦF/τ for 1 in different solvents. 

Solvent ΦF τ / ns kF / s-1 

Cyclohexane 0.38 ± 0.02  10.70 ± 0.02 3.5 × 107 

Toluene 0.80 ± 0.03 17.30 ± 0.03  

3.0 ± 0.2 

- 

Dichloromethane 0.85 ± 0.05 24.59 ± 0.02 3.5 × 107 

THF 0.59 ± 0.03 18.17 ±0.02 3.3 × 107 

Ethyl acetate 0.58 ± 0.02 16.98 ±0.02 3.4 × 107 

Acetonitrile 0.62 ± 0.02 18.98 ±0.02 3.3 × 107 

DMSO 0.80 ± 0.05 22.39 ± 0.03 3.6 × 107 

Methanol 0.17 ± 0.01 9.49 ±0.02 1.8 × 107 

DPPC liposomes  0.75 ± 0.05 (0.55-0.65) 

5.1 ± 0.4 (0.22) 

21.0 ± 0.2 (0.15-0.25) 

- 

a Measured using quinine sulfate in 0.5 M H2SO4 (ΦF = 0.55) [40] as a reference. An average 

value is reported from single experiment by excitation at three wavelengths. The errors quoted 
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correspond to maximum absolute deviations (see experimental). b Determined by time-correlated 

SPC (see experimental). Amplitudes are given in parenthesis. 

 

In order to test the ability of 1 to stain cellular membranes and lipid inclusions, we tested its 

capacity to be incorporated into liposomes. The liposome suspensions containing DPPC and 1 

were prepared following the procedure described in literature.[54] The size of the liposomes was 

determined by dynamic light scattering (DLS), and the absorption and fluorescence spectra were 

measured, as well as decays of fluorescence. An average nanoparticle size with the size 

distribution percentage of more than 80% confirmed the homogeneous liposomes in DPPC 

concentrations used (Fig. S16 and Fig. S19 in the SI). Interestingly, the DLS measurements 

indicated that the concentration of 1 affects the size of liposomes. At lower concentrations when 

the dye is not aggregated (< 10-6 M), 1 reduces the size of liposomes (Table S2 in the SI), 

whereas at higher concentrations, polydispersion and the aggregation of liposomes take place. 

The aggregation of the DPPC liposomes due to the presence of amphiphilic adamantyl 

compounds has been reported.[55] However, polydispersion of liposomes observed by DLS may 

partly be due to the aggregation of 1. 

The absorption spectrum of 1 in the suspension of DPPC liposomes has a maximum at 375 nm 

and the emission maximum is located at 490 nm (Fig. S15 in the SI). The position of the 

emission maximum suggests that 1 in the liposome is positioned with the fluorophore exposed to 

a microenvironment whose polarity is similar to DMSO or CH3CN. Note that the fluorescence 

spectrum of 1 in PBS at the concentration used for the liposomes labeling (6×10-7 M) has a 

maximum at ≈543 nm, without the band at 463 nm corresponding to the aggregated dye. 

However, fluorescence decay for the solution containing liposomes was fit to a sum of three 
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exponentials. We tentatively assign these three decay times to 1 located in different 

environments. The most dominant decay component is the one with the shortest decay time, 

probably corresponding to the chromophore being in the proximity to the polar groups of the 

DPPC bilayer and exposed to H2O (≈ 1 ns). The decay times of ≈ 5 ns and ≈20 ns probably 

corresponds to the 1 being deep inside the lipophilic DPPC bilayer.  

The steady state and time-resolved fluorescence measurements suggest that 1 is incorporated in 

the lipid bilayer, most probably in the way where the lipophilic adamantyl group is deep in the 

nonpolar environment of the bilayer, whereas the chromophore is at the polar surface of the 

bilayer or exposed to H2O. A similar orientation of aminophthalimide chromophore in micelles 

with the chromophore oriented to H2O has been reported.[56] 

 

3.3. Influence on cell viability 

Prior to investigating the ability of 1 to enter the cell and its intercellular distribution, we tested 

its influence on cell viability, i.e. potential cytotoxicity. It was shown that the 72 h treatment of 

NCI-H460 is nontoxic at the concentration range 0.01 µM - 10 µM, while the compound is 

cytotoxic at the concentration of 100 µM (Fig. S39). The calculated IC50 concentration for NCI-

H460 cell line is 17 µM. 

 

3.4. Fluorescence microscopy 

Confocal laser scanning microscopy was used to assess the intracellular distribution of 1. No 

autofluorescence was detected by examining untreated cells under typical imaging conditions in 

all channels (data not shown). Live cells were treated with various concentrations of 1 (10-8 to 

10-4 M) from 20 min to 24 h in order to determine the optimal treatment protocol that should not 
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cause cell damage and result in high-contrast images (Figs. S26-S28). Furthermore, we tested the 

photochemical stability of 1 in the microscopy experiments. The laser exposure intensities 

typically used in live cell experiments resulted in no bleaching of 1 after 5 min of scanning, 

indicating its high photostability in cellular milieu. Because of the solvatochromic nature of dye 

1 emitting over a wide range of wavelengths, we used two emission channels to detect its 

fluorescence. Distinct intracellular structures were readily visualized in blue (410-455 nm) and 

green (485-540 nm) detection channels after incubation with 1 µM 1 for as short as 20 min (Fig. 

S29), and longer incubation periods significantly improved the fluorescent signal (Fig. 3). 

Appearance of the stained structures was generally independent of working concentrations of 1. 

Since an optimal visualization was obtained by the treatment with 1 at 10-6 M, where no 

cytotoxicity was detected, this concentration was used in all further experiments.  

Compound 1 appeared to stain two types of intracellular structures - a reticular, probably 

membranous staining pattern distributed throughout the cellular environment, and numerous 

distinct spherical structures. Inspection of labelled cells by optical sectioning made evident that 1 

does not enter the nucleus and does not label the cell plasma membrane. Fluorescent signal 

belonging to compound 1 was also not diffusely distributed in the cytoplasm, which is in 

agreement with its fluorescence being quenched in aqueous medium. Fluorescent signal in the 

blue detection channel was localized almost exclusively to the spherical structures, which were 

also prominently visible in the green detection channel. Reticular labelling was detected only in 

the green detection channel, accompanied with a fluorescent background, which is probably due 

to unspecific binding of the dye (Fig. 3 and Figs. S26-S30). Namely, the dye probably binds to 

different lipidic structures, and selective visualisation is feasible due to its solvatochromic 

properties, with selection imposed by appropriate excitation wavelength and detection channel. 
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The structures corresponding to fluorescently labeled spheres are also visible as bright dots in 

transmission images (Fig. 3D). Based on its fluorosolvatochromic properties, dye 1 localized in 

the spherical structures appears to be exposed to an environment of less polar lipids than in the 

reticular structure. Therefore, we hypothesized that the spherical structures are lipid droplets, 

since they consist largely of uncharged lipids, such as triglycerides and sterol esters, surrounded 

by a phospholipid monolayer.[57]  
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Fig. 3. Confocal images of live NCI-H460 cells incubated with 1 at 10-6 M for 24 h. 

Excitation: 405 nm. A: detection at 485-540 nm (green channel); B: detection at 410-455 nm 

(blue channel); C: overlay of the blue and green channels; D: transmission light image.  

 

In order to confirm that the spherical structures labeled with 1 are indeed lipid droplets, we 

labeled the cells with the lipid droplet-specific dye Nile red, which is suitable for staining live 

and fixed cells. A very high degree of spatial overlap between fluorescence signals originating 

from Nile red and 1 (410-455 nm) (Fig. 4A, MCC = 0.93), together with its photophysical 

properties, solubility, and fluorosolvatochromism, leads to the conclusion that compound 1 

strongly stains lipid droplets. In colocalization experiments, no evidence of cross-excitation or 
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spectral bleed-through between Nile red and 1 was detected, as it is to be expected based on the 

emission wavelength profiles of the two dyes measured in cells (Figs. S37 and S38). 

We proceeded to compare in fixed cells the reticular structure that fluoresces in the 485-540 nm 

range when stained with 1, with specific markers for the following intracellular organelles: 

mitochondria, the Golgi complex, or membrane proteins that function at the interface of the ER 

and Golgi complex (KDEL-R). [58] Mitochondria, most likely the mitochondrial membranes, 

were clearly stained with 1 (Fig. 4B, MCC = 0.81), whereas the Golgi complex was not (Fig. 4C, 

MCC < 0.05), which also applies to the interface of the ER and Golgi complex (data not shown). 

These results were further corroborated in live cells using MitoTracker® Deep Red FM and ER-

Tracker™ Red (Fig. S36). 

 

3.5. Influence of different fixation, permeabilization and staining techniques 

We also tested the influence of various fixation/permeabilization agents on staining performance 

of 1 (Figs. S31-S33). The best results were obtained when 1 was applied to live cells. However, 

if cells need to be permeabilized after fixation, e.g. for immunofluorescence, compound 1 should 

be applied to the cells as the final step to yield the best results. In contrast to fixation with 

paraformaldehyde, fluorescence of 1 was not sustained after fixation of stained live cells with 

organic solvents, such as methanol, regardless of subsequent permeabilization. On the other 

hand, staining with 1 after the fixation and permeabilization with methanol resulted in unspecific 

diffuse fluorescent signal since this treatment led to disintegration of lipid droplets (Fig. S33). 

These results show that organic solvents and detergents used as fixation and permeabilization 

agents completely disrupt the structure of lipid droplets (Figs. S31-S33), which is in accordance 

with published literature.[59]  
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Fig. 4. Colocalization of counterstained intracellular structures (left column, shown in red) with 1 

(10-6 M, 30 min – middle column, shown in green) in fixed NCI-H460 cells. Overlay images are 

shown in the right column. A: lipid droplets were stained with Nile red (100 ng/mL, 10 min) and 

a high spatial overlap between the two channels shows that the compound 1 also stains lipid 

droplets. B: mitochondria were stained with MitoTracker® Deep Red FM (200 nM, 15 min) and 

overlay image strongly indicates that the compound 1 also stains mitochondria. C: the Golgi 

complex was stained with AlexaFluor™ 568-labeled anti-mannosidase II antibody, showing that 

1 does not stain the Golgi complex. Fluorescence signal of 1 was recorded in the range 410-455 

nm in panels A and C, and 485-540 nm in panel B. Scale bars, 10 μm.  
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Finally, we tested the applicability of 1 to stain other cell lines, by applying it to breast cancer 

cells MCF-7 (Figs. S34-35). The results demonstrate that the staining of this cell line was also 

successful, however only very few LDs could be detected in these cells.  

 

4. Discussion 

Fluorescent probes (or chemosensors) have emerged as very useful tools in analytical sensing 

and optical imaging. For example, they are widely used for visualization and quantification of 

dynamic processes at the subcellular level with high spatial and temporal resolution. Among 

numerous requirements that a fluorescent probe must meet to be used in biological systems, it 

has to be nontoxic, sensitive, specific, and soluble in aqueous solutions. Moreover, probes to be 

used for intracellular labeling need to be able to cross plasma membranes.[60]  

A complete characterization of the photophysical properties of a dye is pivotal for its use as a 

fluorescent label in microscopy. Here, we have shown that 1 is a highly fluorosolvatochromic 

dye, as anticipated from its structure and previous reports for similar molecules.[22,29,30] 

However, its solvatochromism cannot be correlated well with dielectric constant and refractive 

index of solvents. The changes in Stokes shifts are well-correlated to the empirical ET(30) 

solvent polarity parameter, allowing for the estimation of fluorescence maxima in different 

media. Fluorescence quantum yields and lifetimes do not follow any trend with solvent polarity, 

but the S1 state of 1 is quenched by addition of protic solvents. It is an important property for the 

application of 1 in biology. Thus, in living cells, high fluorescence from 1 is anticipated only if it 

is imbedded in the nonaqueous environment in proteins, or in cellular membranes. However, in 

very apolar media, the dye does not absorb at 405 nm, allowing for the selective excitation of the 

dye only at certain range of polarity. 
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The amphiphilic character of 1 is ideal for its incorporation in artificial and intracellular 

membranes. The steady-state and time-resolved fluorescence measurements for the DPPC 

liposome solutions indicated that 1 is incorporated into lipid bilayer, and depending on the 

position of the chromophore in the bilayer, the molecule has different S1 lifetimes. Such a 

property could find applications in the FLIM imaging of intracellular membranes. It should be 

noted, however, that lifetime measurements for 1 were performed in deoxygenated solution. On 

the contrary, O2 in the intracellular environment is anticipated to quench the fluorescence, which 

may impede the application of the dye in FLIM imaging. Nevertheless, solvatochromic 

properties by of the dye, which are not affected by O2, allowed for the visualization of different 

intracellular lipids. The particularly appealing property of 1 is its ability to simultaneously stain 

lipid droplets and mitochondrial membranes, and due to their different polarity, give different 

fluorescence response. Thus, by using only one dye, it is possible to simultaneously observe lipid 

droplets (in blue) and mitochondrial membranes (in green). Although 1 is an amphiphilic 

molecule, we cannot rule out the possibility that it may be present in cytosol. However, 

quenching of fluorescence in protic solvent probably contributes to the staining of intracellular 

lipidic structures only. Furthermore, the dye which is incorporated in more lipophylic structures 

then mitochondrial membranes/lipid droplets is not excited with 405 nm light. 

Nile red is a commercial dye whose fluorescence emission is also environmentally sensitive - 

intracellular fat vacuoles, filled with neutral lipids such as cholesterol, lipoproteins and 

triglycerides will fluoresce green (EX 485 nm/EM 525 nm) while polar lipids, such as 

phospholipids, will fluoresce red.[43,44] Another example of a commercial dye that can stain 

different cellular structures is cyanine dye DiOC6(3), which is a green-fluorescent, lipophilic dye 

that stains mitochondria at low concentrations, while at higher concentrations, it can be used to 
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stain other internal membranes such as the endoplasmic reticulum. Thus, to produce rigorous and 

reproducible results, the dye and the cell concentrations have to be monitored with care.[61] 

Remarkably, we have shown that 1 can simultaneously stain various structures at the same 

concentration of 10-6 M. Since the compound does not emit at λ > 600 nm, it can be used in 

combination with red-emitting probes in multicolor imaging.  

Since 1 has a high affinity for lipid structures inside the cell, it was important to find out whether 

permeabilization with different agents had an effect on the overall staining efficiency. Even 

though the primary object of permeabilization is the controlled disruption of the plasma 

membrane, possible destruction of other intracellular membranous structures has to be taken into 

account. Although the best images of intracellular structures stained with 1 were obtained with 

live cells, the use of formaldehyde in the fixation protocol did not interfere significantly with the 

applicability of the dye. On the contrary, alcohols which are known to disrupt the target lipidic 

structures stained by 1, cannot be used for the fixation. 

Colocalization experiments with different dyes or specific antibodies were performed in order to 

more precisely determine the localization/nature of stained structures. The colocalization with 

Nile red proved that the spherical structures visible in both blue and green fluorescence channels 

are lipid droplets. Reticular membranous structures, stained primarily with the green-fluorescing 

variant of 1, largely correspond to mitochondria. Still, an interaction of 1 with other intracellular 

membranous structures cannot be excluded. The selective visualisation is therefore due to 

specific solvatochromic properties of the dye, and not its selective lipid-binding properties.  

The makeup of LDs fundamentally differs from most other organelles: the neutral lipid core, 

consisting of triglycerides, sterol esters etc., is surrounded by a single layer of phospholipids, 

solubilizing the lipophilic centre, more akin to micelles.[57,62] The visibility of lipid droplets at 
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both wavelengths can be explained by their composition - the more polar phospholipid 

monolayer accounts for the green fluorescence, while the non-polar core causes light emission in 

the blue spectral domain.[63] In general, the lipophilic nature of 1 allows it to be incorporated 

into lipid droplets, emitting a signal in the blue spectrum, whereas its amphiphilic character 

allows it to be used for staining mitochondria. However, depending on the cell line, intracellular 

lipid droplets can be observed or not, which is the property of the specific cell line, rather than 

the dye. Besides, depending on the type of cell, lipid droplets can greatly vary in size, ranging 

from only tens of nanometres up to 200 µm in adipocytes.[57] 

The interaction of an amphiphilic compound with model lipid systems, for instance a simple 

lipid micelle[64] or a lipid bilayer[34,65] is facilitated by the presence of polar (e.g. 

aminophthalimide) and non-polar (e.g. adamantyl) groups. However, upon incorporation of an 

amphiphilic molecule into the lipid bilayer, hydrogen bonds between the water molecules and the 

phospholipid phosphate groups are being disturbed or destroyed. Dynamic light scattering 

experiments at the rt with liposomes stained with 1, showed that the dye affects liposomes by 

changing their size. Most probably, the lipophilic adamantyl part of 1 interacts with 

phospholipids in the liposome, weakening the intermolecular van der Waals interactions between 

the phospholipid molecules, enforcing the liposomes size change. Changes in the lipid bilayer 

upon binding 1 should be put in the context of its observed cytotoxicity. Upon treatment of cells 

with 1 at > 10-6 M, and particularly at > 10-5 M, its concentration approaches the IC50 value. 

Thus, at longer incubation times, damage of the intracellular membranes can occur and lead to 

cell death. However, our results indicate that binding of 1 to membranes at concentrations ≈10-6 

M is not cytotoxic and is therefore well suited for applications in live cell microscopy. 
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5. Conclusions 

We have synthesized 4-amino-N-adamantylphthalimide (1) and investigated its photophysical 

properties in different solvents. 1 is a moderately bright and highly fluorescent dye (ΦF = 0.15-

0.80) with relatively long singlet excited state lifetimes (τ = 9-25 ns), and characterized by 

fluorosolvatochromic properties dependent on the ET(30) parameter. The fact that the dye can be 

excited at 405 nm allows for its use in biological applications. Due to its amphiphilic character, 1 

stains liposomes and intracellular lipidic structures in living cells, as shown by confocal 

microscopy in two human cancer cell lines. Colocalization experiments with a panel of specific 

organelle markers indicated that 1 primarily stains intracellular lipid droplets and mitochondrial 

membranes. This unique feature makes it an attractive candidate for the vital staining of cells and 

tissues involved in lipid storage and oxidation, such as adipose, liver, muscle and myocardium. 

Consequently, the question of lipid trafficking mechanism between the lipid droplets and 

mitochondria can be addressed by using this dye. 
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