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Abstract: The study of local polarity at the nanoscale is of crucial importance for the development of
smart drug delivery systems and photonic materials and is frequently accomplished with the use of
luminescent tracer dyes. Nile Red is often used for this purpose, owing to its polarity-sensitive internal
charge transfer transition, but its performance is affected by specific solute-solvent interactions that
prevent its widespread applicability. Herein, we develop a new 1,8-naphthalimide dye with a strong
charge-transfer transition that results in a large dipole moment change upon excitation. This leads to
luminescence properties with high sensitivity to solvent polarity, that are independent of specific
or inductive interactions. These properties are explored to probe the polarity of biocompatible
nanocarriers. This dye was effective in probing the properties of polymeric nanoparticles, allowing
the accurate calculation of polarity descriptors and dielectric constants.

Keywords: fluorescent probe; 1,8-naphthalimide dye; polymeric nanoparticles; luminescent nanomaterials

1. Introduction

The determination of local polarity and dielectric environment distribution in materi-
als at the nanoscale is emerging as an area of great scientific and technological interest [1-3].
These factors can influence properties such as glass transition temperature, molecule mo-
bility, or photonic properties, which are of crucial importance in diverse areas, including
drug delivery, membrane transport, or optoelectronic devices [1-4]. Thus, to measure these
parameters, several techniques emerged. For instance, broad-band dielectric spectroscopy
can determine the dielectric constant (¢) in polymer films as thin as 5 nm, although with
limited spatial resolution [4]. The resolution for the determination of € can be significantly
improved with another technique called nanoscale dielectric microscopy, which employs a
modified atomic force microscope (AFM) equipped with an alternating current detector [1].
However, most available techniques are limited to thin polymer films and dedicated to sur-
face measurements. Thus, to determine local polarity in nanoenvironments (e.g., polymer
vesicles, nanoparticles, ultrathin films), the analysis of photophysical properties of tracer
dyes is often employed [5,6]. For instance, time-resolved fluorescence measurements enable
the characterization of solute transport or segment mobility in polymersomes. Steady-state
emission spectroscopy also allows probing local permittivity in polymers and has been
used to characterize spatial heterogeneity of e in polymeric films through single molecule
or fluorescence microscopy studies [3,5]. Nile Red (NR) has been widely used as a lumines-
cent dye in these approaches, owing to its photostability and convenient optical properties
including high photoluminescence quantum yield (PLQY) and absorption and emission
spectra strongly sensitive to the local environment [7,8]. NR has also been particularly
used in biological applications, for instance in the detection of proteins from the spectral
position of its fluorescence, or to determine intracellular local polarity from the variation of
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its lifetime (7f) in fluorescence lifetime imaging spectroscopy (FLIM) [9,10]. The photolu-
minescent behavior dependent on the environment displayed by NR has been attributed to
the formation of a twisted intramolecular charge transfer (TICT) state, arising from a confor-
mation change of the electron-donating diethylamino moiety [11]. This process results in a
large dipole moment change between the ground and excited state, which influences their
interaction in solvent or surrounding molecules [7]. Despite numerous and intensive stud-
ies, both on practical applications of theoretical and NR photophysics, there is still debate on
whether the TICT is controlled by medium polarity, rigidity, or dielectric constant [12-14].
In addition, it has been demonstrated that the photophysics of NR is significantly affected
by particular solvent parameters, such as high polarizability, or specific solvent-solute inter-
actions, hindering attempts to establish models that accurately predict its behavior [7,15].
Under this framework, we propose a novel 1,8-naphthalimide dye as a polarity probe whose
photophysical behavior can be adequately described using medium polarity parameters.
1,8-Naphthalimide (NI) dyes are an interesting class of photoluminescent compounds that
usually display high photoluminescent quantum yield and fluorescence spectral position
sensitive to their environment. This makes them particularly interesting for application
as optical sensors, biological fluorescent probes, and even as emissive dopants in metal-
free organic light-emitting diodes (OLEDs) [16,17]. The photophysical properties of NIs
are often associated with intramolecular charge transfer (CT) transitions that arise when
electron-donating moieties are appended to the electron-withdrawing naphthalimide core.
Similar to the TICT of NR, these CT transitions result in large dipole moment changes
between ground and excited states and, thus, in a considerable sensitivity to surrounding
polarity. This feature leads to interesting optical properties such as strong solvatochromism
and mechanochromic behavior [18]. Herein, we report the preparation of a NI dye-bearing
carbazole as a strong electron-donating moiety in a donor-acceptor (D-A) architecture
and the study of its photophysical properties as a function of medium polarity. D-A type
NIs have received ample attention in the development of supramolecular structures and
metal-organic frameworks [19,20]. In this work, we explore the photoluminescence of a NI
dye to probe the local polarity of several relevant nanocarriers, ranging from polymeric
nanoparticles to biocompatible surfactant micelles, and compare its performance with NR.

2. Materials and Methods
2.1. Materials

All reagents, polymers, and surfactants were acquired from Sigma-Aldrich, Merck,
or TCI Europe and used as received. For synthesis, all solvents were purchased with
analytical grade from the same vendors and used without further purification. Drying was
carried out by standing with freshly activated 4 A molecular sieves for 48 h [21]. Deionized
water purified using a Millipore Milli-Q system to a resistivity of 18.2 M() was used
throughout the experiments unless otherwise stated. Argon (Ar) gas (Alphagaz 1, 99.999%)
was purchased from Air Liquid. For spectroscopy, solvents were of spectroscopy or HPLC
grade and used as received without further purification. Amino- and carboxyl-modified
polystyrene nanoparticles were purchased from Poly-sciences, Inc. as ca. 2.5% suspension
in water.

2.2. Methods
2.2.1. NMR Spectroscopy

'H and 3C NMR spectra were recorded at 300 MHz and 100 MHz respectively using
a Bruker Avance III 300 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) in
CDCls, referenced to the solvent for both proton and carbon spectra.

2.2.2. Mass Spectrometry

Electrospray mass spectra were performed at the Unitat d’Espectrometria de Masses
(Universitat de Barcelona, Barcelona, Spain) in an LC/MSD-TOF spectrometer using H,O-
CH3CN 1:1 to introduce the sample.
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2.2.3. Synthesis

Synthesis was carried out according to Scheme 1 in three steps, using the following
procedure.
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Scheme 1. Synthetic pathway for the preparation of carbazole-NI dye 3.

Synthesis of 4-Bromo-N-(4-hydroxy-2,6-dimethylphenyl)-1,8-naphthalimide (1)

To a round bottom flask 4-bromonaphthalic anhydride (1.5 g, 5.4 mmol), 4-aminoxylenol
(0.9 g, 6.6 mmol) and 37.5 mL of glacial acetic acid were added. The reaction mixture was
refluxed for 24 h. After cooling, precipitate was formed, recovered by filtration, and
washed with water (2 x 50 mL) and diethyl ether (2 x 50 mL). 4-Bromo-N-(4-hydroxy-
2,6-dimethylphenyl)-1,8-naphthalimide was obtained as a white solid (1.71 g, 79.9%).
m.p. = 316-318 °C. 'H-NMR (300 MHz, DMSO-dg): & = 9.51 (s, 1H, OH), 8.63 (m, 2H,
Hs + Hy), 8.41 (d, 1H, Hy, 3] yo.ps = 10.5 Hz), 8.29 (d, 1H, H3, 3] ga.12 = 10.5 Hz), 8.07 (t,
1H, Hg, 3] = 7.7 Hz, ®] = 8.1 Hz), 6.61 (s, 2H, Hy/), 1.92 (s, 6H, Cy-CH3). HRMS, calc. for
CyoH13BrNO3 [M-H] ™ 394.0084, found 394.0084.

Synthesis of 4-Bromo-N-(4-methoxy-2,6-dimethylphenyl)-1,8-naphthalimide (2)

To a two-necked flask under nitrogen containing 4-Bromo-N-(4-hydroxy-2,6-
dimethylphenyl)-1,8-naphthalimide (1 g, 2.5 mmol) and dry dimethylformamide (DMF,
20 mL), potassium carbonate (0.52 g, 3.8 mmol) and iodomethane (0.53 g, 3.8 mmol) were
added. The reaction mixture was placed at 100 °C during 3 h after which potassium
carbonate was filtered. Distillation at reduced pressure afforded the crude solid. The
residue was purified by chromatography in dichloromethane to give the desired product.
4-Bromo-N-(4-methoxy-2,6-dimethylphenyl)-1,8-naphthalimide was obtained as a white
solid (0.80 g, 77.3%). m.p. = 249-251 °C. 'H-NMR (300 MHz, CDCl;): & = 8.74 (d, 1H, Hy,
3] 17-16 = 7.3 Hz), 8.67 (d, 1H, Hs, 3] 15116 = 8.5 Hz), 8.50 (d, 1H, H3 3] p3.12 = 7.8 Hz), 8.11
(d, 1H, Hy, 3] mo.p3 = 7.8 Hz), 7.92 (t, 1H, Hg, 3] = 7.9 Hz, 3] = 7.9 Hz), 6.78 (s, 2H, Hy/), 3.86
(s, 3H, OCH3), 2.13 (s, 6H, C,-CHj3). HRMS, calc. for C;H;7BrNO3 [M + H]* 410.0386,
found 410.0393.

Synthesis of 4-Carbazole-N-(4-methoxy-2,6-dimethylphenyl)-1,8-naphthalimide (3)

To a two-necked flask under nitrogen containing 4-bromo-N-(4-methoxy-2,6
-dimethylphenyl)-1,8-naphthalimide (0.2 g, 0.5 mmol) and carbazole (0.12 mg, 0.75 mmol),
15 mL of dry toluene were added. The reaction mixture was degassed bubbling argon for
15 min, then bis(tri-tert-butylphosphine)palladium(0) (Pd(t-BuzP);, 5 mol%) and sodium
tert-butoxide (NaO'Bu, 0.07 g, 0.75 mmol) were added and the reaction mixture was
stirred at 115 °C for 24 h under inert atmosphere. After cooling, water and CH,Cl,
were added. The organic layer was separated and dried over anhydrous magnesium
sulphate. Evaporation of the solvent under reduced pressure afforded the crude solid.
The residue was purified by chromatography in hexane/acetone (4:1) to give the de-
sired product. 4-Carbazole-N-(4-methoxy-2,6-dimethylphenyl)-1,8-naphthalimide was
obtained as a bright yellow solid (92.7 mg, 37.8%). For analytical purposes, the com-
pound was further purified by recrystallization from chloroform and petroleum ether
40-60 (vapor diffusion). m.p. = 303-305 °C. TH-NMR* (300 MHz, CDCl3): & = 8.88 (d,
1H, Hy, 3] 0.3 = 7.3 Hz), 8.75 (d, 1H, Hy, 3] t7-116 = 7.3 Hz, *J 7-115 = 0.9 Hz), 8.26 (dd,
2H, Hyc, + Hscz, *J Hacz/H3Cz-H5C2/HeC, = 6.5 H2), 7.99 (d, 1H, H3, %] w3 = 7.7 Hz),
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7.89 (d, 1H, Hs, 3] ms.he = 8.5 Hz, 4] ys.iy = 0.9 Hz), 7.69 (t, 1H, He, 3] ye-y = 7.3 Hz,
3] H6-H5 = 8.4 HZ), 7.40 (m, 4H, HlCZ + HZCZ + H7CZ + chz), 711 (dd, 2H, H3CZ + H6Cz,
3] H3Cz/H4Cz-H6Cz/H5Cz = 6.7 HZ), 6.82 (S, 2H, H3/), 3.88 (S, 3H, OCH?,), 221 (S, 6H, Cz/-CHg).
I3C-NMR (100 MHz, CDCl3): § = 163.1, 159.4, 141.7, 140.7, 136.8, 132.5, 132.1, 130.5, 130.3,
129.3, 127.7, 127.5, 126.4, 123.8, 122.8, 120.8, 120.6, 113.9, 110.1, 55.3, 18.3. EA. Calc. for
C33H24N05-0.02 CHCl3 C 79.49; H 4.85; N 5.61. Found: C 79.54; H 4.84; N 5.66. HRMS,
calc. for Cp1H17BrNO3 [M + H]* 497.1860, found 497.1865.
* for proton signal attribution, please consult Appendix A, Figure Al.

2.2.4. Nanoparticles Preparation

Neutral polystyrene (PS) and poly(methylmethacrylate) (PMMA) and poly(lactic-co-
glycolic acid) (PLGA) nanoparticles were prepared using a modified nanoprecipitation
method [22-24]. Fluorescent dye was co-dissolved with polymer at a ratio of 1:99 (w/w).

PS nanoparticles (PSNPs): 10 mg of PS and 0.1 mg of 3 were dissolved in 2.5 mL
of tetrahydrofuran (THF) and the resulting solution was added to 10 mL of an aqueous
solution of 2.5 mg of Triton X-100 at 50 °C, stirred at 1000 rpm with a magnetic stirrer.
The mixture was stirred for 24 h at room temperature and centrifuged at 1000x g to remove
polymer aggregates. The supernatant was collected, centrifuged at 20,000x g, and washed
with water.

PMMA nanoparticles (PMMANPs): 10 mg of PMMA and 0.1 mg of 3 were dissolved
in 10 mL of acetone and to the resulting solution, 13 mL of an aqueous solution of 3 mg
of Triton X-100 were added while stirring at 200 rpm with a magnetic stirrer. The mixture
was stirred for 24 h at room temperature and centrifuged at 1000x g to remove poly-
mer aggregates. The supernatant was collected, centrifuged at 20,000 g, and washed
with water.

PLGA nanoparticles (PLGANPs): 50 mg of PLGA and 0.5 mg of 3 were dissolved in
2 mL of acetonitrile and added to 10 mL of a 1% (w/v) Pluronic P-123 aqueous solution,
while stirred at 800 rpm. The mixture was stirred for 24 h at room temperature and
centrifuged at 1000 x g to remove polymer aggregates. The supernatant was collected and
passed through a 0.45 um membrane filter.

2.2.5. Dye-Loading of Nanocarriers

Commercial PSNPs were dye loaded using a swelling procedure, as previously de-
scribed [25]. For encapsulation in micelles, dye 3 was dissolved in THF and added to an
aqueous at the desired surfactant concentration in a solvent ratio of 1:10. The solutions
were stirred for 24 h to allow the evaporation of the organic solvent and filtered through
a 0.45 um membrane to remove aggregates. For encapsulation in bovine serum albumin,
dye 3 was dissolved in ethanol and added to a phosphate-saline buffer solution of BSA at
the desired concentration in a solvent ratio of 1:100 to prevent denaturation of the protein.
The solutions were stirred for 24 h to allow the evaporation of the organic solvent and the
complexation of the dye and filtered through a 0.45 pm membrane to remove aggregates.

2.2.6. Optical Spectroscopy

Absorption spectra were collected using a Shimadzu UV-3600 double beam spec-
trophotometer or a Jasco V-650 double beam spectrophotometer. Emission spectra were
collected in a Jobin Yvon Fluorolog fluorescence spectrometer, at 25 °C, using right-angle
geometry for solutions, and front-face geometry for particle suspensions. Emission was
found to be independent of excitation wavelength. Fluorescence decays of dyes were
measured by the single-photon timing method using a Horiba DeltaFlex system with a BH
405 nm laser excitation, with 500 ps pulse width. Emission wavelength. Impulses were
recorded slightly away from the excitation wavelength with a Ludox scattering suspen-
sion, thus defining the instrument response function (IRF). Dye solutions were kept at
low concentrations to keep A < 0.1 to reduce the inner filter effect. Particle samples were
prepared as suspensions in aqueous media, adjusting concentration to ca. 0.1-0.5% w/v.
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Surfactant concentrations were adjusted to a minimum of two-fold above the established
critical micellar concentration. Fluorescence quantum yields (®g) in organic solvents were
determined using the comparative method using acridine yellow in ethanol ($f = 0.47,
Aexc = 420 nm) as standard [26]. In nanoparticles, ®r was determined with the absolute
method using an integrating sphere. Since nanoparticle suspension absorption spectra are
affected by light scattering, in this work the Stokes shift was calculated from the longest
wavelength transition absorption maximum (v,) taken from the excitation spectrum, and
emission maximum (ve) taken from the emission spectrum, for all samples.

Dynamic Light Spectroscopy (DLS) was carried out on a Horiba nanoPartica SZ-
100 V2 Nanoparticle Analyzer or a Malvern Zetasizer Nano ZS. Nanomaterials were
suspended in water (1 mg/mL) and the analyzed samples were prepared by diluting the
stock suspensions (1:100). Measurements were carried out at a 90° scattering angle on
PS cuvettes at 25 °C. All tests were run six times for 30 s and the average values were
presented and particle size was calculated by fitting the correlation curves using solver
mathematical software from the Stokes-Einstein equation.

3. Results and Discussion

For this study, a 1,8-naphthalimide with a D-A architecture was selected as a potential
fluorescent polarity probe. NI dyes are known to exhibit CT transitions when coupled
with strong electron-donating moieties, yielding solvent-dependent emission wavelength,
lifetime, and quantum yield. We selected carbazole as a donor group and coupled it
with the NI core to obtain dye 3 in a three-step synthesis starting with 4-bromonaphthalic
anhydride, as depicted in Scheme 1. p-Aminoxylenol was selected for the formation of
the NI from the reaction with naphthalic anhydride in acetic acid, as it enables further
derivatization at the phenol moiety for the tuning of solubility or appending grafting
moieties. NI 1is methylated at the hydroxyl moiety in an SN2 reaction with iodomethane.
The resulting NI 2 is condensed with carbazole in a Buchwald-Hartwig amination reaction
to achieve the desired NI 3. All newly synthesized compounds are characterized by NMR
and elemental analyses.

To assess the applicability of 3 as a fluorescent probe, the photophysical properties
were characterized in a series of twelve organic solvents. The obtained UV-Vis absorption
spectra, shown in Figure A2a, display a strong m-7* absorption band with vibronic reso-
lution between 300 nm and 370 nm, and a weaker CT absorption band in the 370-500 nm
region. The latter is significantly more sensitive to solvent polarity, showing vibronic
resolution in non-polar solvents (methylcyclohexane, MCH, and n-hexane, n-Hex), and
becoming increasingly broader and structureless in more polar solvents. The CT character
of this transition is further evidenced by the emission spectra of 3 (Figure 1), where the flu-
orescence band widens, shifts to lower energies, and decreases in intensity with increasing
solvent polarity. The excitation spectra (Figure A2b) corresponding to these emission bands
reproduced the absorption spectra in the respective solvent, indicating that the emission
arises from single molecular species and not from molecular aggregates. These results are
typical photoluminescence patterns of D-A molecules with intramolecular charge transfer
emissive excited states [27-29].

Further investigation also showed that other photophysical parameters are signifi-
cantly affected by solvent polarity. Table 1 shows that the fluorescence quantum yield
(Pr) of 3 decreases markedly from 0.45 in MCH to 0.01 in dimethylsulfoxide (DMSO),
while the fluorescence lifetime (tg) undergoes a less linear variation, with a slight increase
from MCH to dichloromethane (DCM) and decreasing abruptly in acetonitrile (AcN) and
DMSO. This non-linear variation of T can be justified by analyzing the radiative (k;) and
non-radiative (knr) rate constants in different solvents in Table 1. In low polarity solvents,
3 exhibits high k;, and the radiative decay competes with non-radiative energy dissipation.
With increasing solvent polarity, the interaction with the polar excited state increases, re-
sulting in a significant increase in non-radiative processes, which become predominant at
long-wavelength emission, due to the energy gap law.
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Figure 1. Emission spectra (a) and normalized emission spectra (b) of 3 in different organic solvents.
Table 1. Experimental photophysical parameters for 3 in organic solvents. Y, and vy are the lowest
energy absorption and emission maxima, Av is the Stokes shift, @ the quantum yield, T the excited
state lifetime, and k; and ky, the radiative and non-radiative rate constants, respectively.
Solvents 2 v, (cm—1) V¢ (em™1) Av (cm™1) ®f (%) P Tf (ns) ky (ns—1) knr (ns—1)
MCH 24,096 21,008 3088 45.1 7.74 0.058 0.071
n-Hexane 23,753 20,534 3219 39.9 6.62 0.060 0.091
CCly 23,866 20,284 3582 33.3 7.80 0.043 0.087
Toluene 24,038 20,000 4038 28.1 7.43 0.038 0.097
CIPh 23,697 18,083 5613 13.0 9.24 0.014 0.094
THF 24,390 18,282 6108 9.1 6.38 0.014 0.142
DCM 24,038 17,668 6370 7.9 9.46 0.009 0.097
AcN 24,691 16,207 8484 2.3 4.01 0.005 0.245
DMSO 24,155 15,898 8256 1.0 2.69 0.004 0.367
iPrOH 23,753 16,639 7114 0.5 2.48 0.002 0.401
EtOH 23,697 15,699 7998 0.5 0.67 0.008 1.487
MeOH 23,923 15,175 8748 0.1 0.23 0.004 4.401

2 Solvent parameters in Supplementary Materials. ® Determined using the comparative method against Acridine
Yellow in ethanol.

The considerable changes in photophysical properties with solvent polarity, mainly
the large redshift exhibited by the emission band and the decrease in ®g, hint that the CT
transition leads to a significant change in dipole moment (Au) upon excitation, and this
value was calculated from the Lippert-Mataga plot in Figure 2a, using Equation (1):

oo 2 s—l_nz—l(_)z__ 3M 3 )
T T et \2e+1 22+ 1) \We T H) P T\ 4Nnd
In Equation (1), v, and vy are the lowest energy absorption and emission maxima
(in cm~1), respectively, h is Planck’s constant, c is the velocity of light, p is the Onsager
cavity radius (cm ™!, determined from the dye molecular weight M and density, d), ¢ is the

solvent dielectric constant and n the refractive index, and pe and pg are the excited state
and ground state dipole moments, respectively. Equation (1) can be simplified as:

20 -,
Av = EA]A 2)
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Figure 2. Variation of Stokes shift (v,—v¢) as a function of (a) Lippert-Mataga parameter and E1(30)
values (b) for the selected organic solvents. Linear fits were achieved with a linear regression applying
a least squares method.

From the slope of the Lippert-Mataga plot (16,150 cm 1), it is possible to determine
that Ap for compound 3 is ca. 16.28 D, which is considerably large and confirms that a
photoinduced charge transfer occurs upon excitation. It is also worth noting that the Stokes
shift (Av) of 3 is highly correlated with the Lippert-Mataga parameter, with an R? for the
linear fit of 0.95. Similar linearity is observed when Av is plotted against the empirical
polarity descriptor E1(30) if protic solvents are not considered (Figure 2b) [30].

These results suggest that 3 has potential applicability as a polarity probe. To con-
firm this, it was compared against the commonly used tracer dye NR, whose results are
summarized in Figure 3 and Table A2. The results show that (i) the Av variation with
solvent polarity is less substantial for NR than for 3 (slope of Lippert-Mataga plot equal to
2602 cm 1), and (ii) its correlation with polarity descriptors is considerably lower (R? = 0.73
vs. Af; R? = 0.61 vs E7(30)) for NR than for 3. The first observation can be attributed to
a much lower Ap in the case of NR (established at ca. 6.30 D) [7], which leads to a less
pronounced bathochromic shift in emission (ca. 3000 cm~! against ca. 5000 cm~! for 3)
with a change in € from ~2 to ~46. The lower correlation with polarity parameters can be
justified by stronger specific and inductive solute-solvent interactions for NR, which have
been demonstrated to affect the energy levels of ground and excited states [7,9,14].
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Figure 3. Normalized emission spectra of Nile Red (a) and variation of Stokes shift (v,—v¢) as a
function of (b) Lippert-Mataga parameter and E1(30) values (c) in organic solvents. Linear fits were
achieved with a linear regression applying a least squares method.

In summary, this study demonstrates that NI 3 exhibits (i) photoinduced CT with
concomitant dipole moment change upon excitation, (ii) large Stokes shift that increases
with solvent polarity /dielectric constant, and (iii) linear and predictable variation of photo-
physical parameters as a function of polarity descriptors. Therefore, 3 shows considerable
potential as a fluorescent polarity probe. Under this framework, we pursued the prob-
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ing of local polarity in relevant nanocarriers. This parameter is of crucial importance
not only for engineered drug delivery systems but also for the development of photonic
nanomaterials, since the photophysical performance of luminophores is usually intrin-
sically associated with carrier polarity, especially when excited state energy levels are
important. As relevant nanocarriers, we selected polystyrene (PS, pristine, amino- and
carboxyl-functionalized), poly(mehtylmethacrylate) (PMMA) and poly(lactic-co-glycolic
acid) (PLGA) nanoparticles (NPs), bovine serum albumin (BSA), and biocompatible surfac-
tant micelles of Tween® 80 and Pluronic® P-123. The carriers were loaded with 3 and the
optical properties of the resulting materials were characterized. The size distribution of the
isolated nanoparticles is summarized in Figure A3. Dye concentration in the carrier was
kept at or below 1% (w/w) to prevent aggregation and emission reabsorption. The obtained
results are summarized in Figure 4 and Table 2.
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Figure 4. Normalized emission (a) and excitation (b) spectra of nanocarriers loaded with NI 3 in
aqueous media.
Table 2. Experimental photophysical parameters for nanocarriers loaded with 3. Y, and vy are the
lowest energy absorption and emission maxima, Av is the Stokes shift, @ the quantum yield, tg the
excited state lifetime, and k; and ky, the radiative and non-radiative rate constants, respectively.
. v ? V¢ Av D¢ b TF ke knr
Nanocarrier (cm1) (cm-1) (cm—1) (%) (ns) (ns-1) (ns~1)
neutral 24,113 20,703 3410 42.0 9.51 0.044 0.061
PSNP aminated 23,923 20,449 3474 38.1 10.71 0.035 0.058
carboxylated 23,980 20,618 3362 39.2 11.63 0.033 0.052
PMMANPs 23,952 20,080 3872 30.7 9.96 0.031 0.069
PLGANPs 23,923 19,762 4161 249 11.18 0.022 0.067
BSA 23,584 21,929 1655 62.6 5.14 0.123 0.072
Pluronic P123 micelles 23,923 18,622 5301 12.1 9.74 0.012 0.090
Tween 80 micelles 23,866 18,657 5209 12.9 6.02 0.022 0.145

2 Determined from the excitation spectra. b Determined using the absolute method with an Integrating sphere.

Apart from BSA, the inclusion of 3 in all nanocarriers yields emission spectra with
structureless bands with maxima in the 480-550 nm range. The excitation spectra exhibit the
same features as the absorption spectra of 3 in organic solvents, with the strong structured
band (7-m* transition) in the 300-350 nm range and a structureless weaker CT band in
the 350-500 nm region. In BSA, however, 3 exhibits one narrow blueshifted band with a
maximum at 456 nm. When observed against the emission and excitation spectra in MCH
(Figure A4), it becomes evident that the narrow bands in the presence of BSA correspond
to the electronic transition without broadening and contribution by additional vibronic
levels. This shows that 3 undergoes complexation in the hydrophobic pocket of BSA,
and the rigidity of the environment restricts molecular motion. These conditions result
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in a remarkably higher ®f (0.63) and k. (0.12 ns~1) for 3 in BSA, when compared with
other carriers and solvents. In surfactant micelles, 3 exhibits red shifted broad emission
bands with maxima at ca. 550 nm, suggesting that these are the carriers with a more polar
environment. Among polymeric nanoparticles, the emission bands of 3 show maxima
between 483 nm (for neutral PSNPs) and 526 nm (for PLGANPs). It is worth noting that the
functionalization of PS with amino or carboxyl moieties leads to differences in the emission
spectra of the encapsulated dye. Both functionalized NPs show a slight redshift compared
to the neutral counterparts, which is more significant for the aminated NPs. The results in
Table 2 also show that the encapsulation of 3 in these materials leads to significant changes
in its photophysical properties. In fact, Tr is substantially longer than what was determined
for organic solutions, and, overall, ®r is considerably higher. Analyzing the decay rate
constants, these results can be justified by a significant reduction of kn: upon encapsulation
of the dye, which can be attributed to (i) weaker interaction with the medium and (ii) a
more restricted environment that reduces molecular vibrational modes.

From this data, it is possible to estimate polarity descriptors for these nanocarriers,
using equations in plots in Figure 2 and the determined Av for the dye-loaded nanocarriers.
The results of these calculations are summarized in Table A3 and show that, regardless of
the used descriptor, all nanocarriers except for BSA, have an apparent polarity between
that of n-hexane and THEF. These values are consistent with the obtained emission posi-
tion range, and the determined values for ®g. The polarity parameters determined for
BSA suggest remarkably low polarity of the hydrophobic pocket, which is not consistent
with previous literature studies applying similar solvatochromism-based approaches that
found E7(30) values similar to those of DMSO [31]. These differences can be attributed to
structural characteristics of 3, mainly the presence of carbazole, which is a bulky donor
group compared to aliphatic amines usually present in fluorescent dyes with ICT. Thus, we
expect that (i) 3 adopts a restricted conformation upon complexation and (ii) its interaction
with BSA is reduced for minimal energy stabilization of the excited state. These results
suggest that molecular size and conformation must be considered when probing the local
polarity of materials. To verify if the calculated polarity descriptors are consistent, we
solved the Lippert-Mataga equation for € and compared the obtained values with the
ones reported in the literature (Table A3) [3,32,33]. It is demonstrated that the calculated
dielectric constants for polymeric nanocarriers are very close to literature values for these
polymers, which validates NI 3 as an adequate fluorescent dye to probe local polarity in
polymeric nanoparticles. However, the calculated apparent polarity for surfactant micelles
is lower than those determined in other works using solvatochromic dyes [34,35]. These
differences may be attributed to conformational effects due to the smaller size of micelles
compared to polymeric NPs, or to a localization of 3 within the micelle hydrophobic center.

4. Conclusions

A 4-carbazole-1,8-naphthalimide dye (3) was synthesized and its photophysical prop-
erties were characterized in organic solution through steady-state and optical spectroscopy.
This study found that 3 exhibits a very large dipole moment change upon excitation, and its
optical behavior is intrinsically related to solvent polarity, showing a very strong correlation
between Stokes shift and polarity descriptors. A formal comparison with a commonly
used polarity probe, Nile Red, evidenced that the photophysical parameters of 3 can be
effectively predicted from polarity parameters without the interference of specific and/or
inductive solvent-solute interactions, enabling its use as a fluorescent polarity probe. Based
on these results, 3 was explored to probe the local polarity of known nanocarriers, including
surfactant micelles, a protein, and polymeric nanoparticles. Through the exhibited Stokes
shift of 3 when encased in the materials, we calculated polarity descriptors and extracted
dielectric constant values applying a simple mathematical model. The results show that
3 can accurately assess the polarity of polymeric nanocarriers. However, in highly confined
environments and dynamic, heterogeneous carriers, the results were not consistent with
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those previously reported, demonstrating that the nature of nanoenvironment must be
considered when selecting probing dyes.
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Figure A1. Chemical structure of NI 3 and respective carbon labelling for NMR signal attribution.
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Figure A2. Absorption (a) and excitation (b) spectra of 3 in organic solvents.
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Table Al. Solvent polarity parameters. E(30) is, n is the refractive indeXx, ¢ the dielectric constant
and f(n2, g) the Lippert Mataga parameter.

ET(30) 2

Solvents (kcal mol-1) n 13 f(n?, eg) P
MCH 32.2 1.423 2.02 —0.000580992
n-Hexane 31.1 1.387 1.92 —0.000481927
CCly 324 1.4601 2.24 0.011243472
Toluene 33.9 1.4968 2.38 0.013264985
CIPh 36.8 1.5248 5.62 0.142936293
THF 374 1.407 7.58 0.209640381
DCM 40.7 1.4125 8.93 0.221048974
AcN 45.6 1.344 35.94 0.304609347
DMSO 45.1 1.479 46.68 0.263179328
iPrOH 19.92 1.3776 19.92 0.276060403
EtOH 24 55 1.3617 24.55 0.288635801
MeOH 32.7 1.3292 32.7 0.308276522
2 from ref. [30]. P determined from ( 2:_11 — 2’:?2—111)

Table A2. Experimental photophysical parameters for NR in organic solvents. Y, and vy are the
lowest energy absorption and emission maxima, Av is the Stokes shift, @ the quantim yield, tp the
excited state lifetime, and k; and ky, the radiative and non-radiative rate constants, respectively.

Solvents v, (nm) v, (cm™1) v¢ (nm) Vs (em™1) Av (cm™1)
MCH 475 21,053 528 18,939 2113
n-Hexane 490 20,408 543 18,416 1992
Toluene 494 20,243 569 17,575 2668
CIPh 522 19,157 597 16,750 2407
THF 508 19,685 594 16,835 2850
DCM 521 19,194 601 16,639 2555
AcN 516 19,380 614 16,287 3093
DMSO 534 18,727 630 15,873 2854
iPrOH 525 19,048 624 16,026 3022
EtOH 532 18,797 631 15,848 2949
MeOH 534 18,727 636 15,723 3003

Table A3. Experimental photophysical parameters for NR in organic solvents. Y, and v¢ are the
lowest energy absorption and emission maxima, Av is the Stokes shift, @ the quantim yield, tp the
excited state lifetime, and k; and ky, the radiative and non-radiative rate constants, respectively.

Solvents v, (nm) v, (em™1) v¢ (nm) V¢ (em™1) Av (ecm—1)
MCH 475 21,053 528 18,939 2113
n-Hexane 490 20,408 543 18,416 1992
Toluene 494 20,243 569 17,575 2668
CIPh 522 19,157 597 16,750 2407
THF 508 19,685 594 16,835 2850
DCM 521 19,194 601 16,639 2555
AcN 516 19,380 614 16,287 3093
DMSO 534 18,727 630 15,873 2854
iPrOH 525 19,048 624 16,026 3022
EtOH 532 18,797 631 15,848 2949

MeOH 534 18,727 636 15,723 3003
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Figure A4. Emission (dashed lines) and excitation (solid lines) spectra of 3 complexed with BSA (red)
and in MCH solution (black).
Table A4. Calculated polarity parameters for tested nanocarriers and literature values.
Literature Values [3,30-35]
Nanocarrier cale. Ey(30) *  Calculated n Calculated ¢
(kcalmol-1)  f(n? eg)® ¢ E7(30)
(kcal mol—1)
neutral 31.2 —0.006 1.66 2.7
PSNP aminated 319 0.010 1.66 29 2.6 n.a. *
carboxylated 314 —0.001 1.66 2.8
PMMANPs 35.0 0.034 1.55 35 3.5 35.6
PLGANPs 36.2 0.054 1.49 3.8 3.0 35.8
BSA 27.5 —0.085 1.602 1.8 46.0
Pluronic P123 micelles 38.1 —0.098 1.46 4.8 n.a.* 42.0
Tween 80 micelles 38.3 0.100 1.47 5.1 55.0

2 calculated from equation in plot of Figure 2b. b calculated from equation in plot of Figure 2a. * not available.
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