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Poly(lactic-co-glycolic acid) (PLGA)-based nanoparticles featuring
covalently incorporated 1,8-naphthalimide fluorophores were
developed through DFT/TD-DFT-guided molecular engineering.
Systematic variation of 4-position substituents and carbon spacer
lengths established clear structure—property relationships
governing spectral-luminescent characteristics and conjugate
stability. Computational modeling accurately predicted
experimental absorption/emission features. The optimized PLGA-
fluorophore conjugates yielded nanoparticles with high aqueous
fluorescence, excellent colloidal stability, and approximately two-
fold higher photostability than PLGA-Cy5 under the tested imaging
conditions. Live-cell confocal microscopy (405 nm excitation)
demonstrated strong emission and homogeneous distribution in
4T1/Hela cells, confirming suitability for in vitro cellular imaging
with high cell viability. This covalent PLGA labeling platform
establishes a quantifiable foundation for advanced fluorescent
nanomaterials in cellular imaging applications. While these results
establish a robust platform for cellular imaging applications,
extended in vivo validation remains a goal for future work.

Introduction

The rational design of polymer-based drug delivery systems
(DDS) has entered a transformative stage powered by
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computational chemistry, where predictive modeling tools
enable precise control over polymer architecture, interfacial
dynamics, and multiscale interactions2. Among these
methods, density functional theory (DFT) has become an
indispensable component of materials discovery, allowing
quantitative insight into electronic structure, intermolecular
interactions, and dynamic behaviors in multi-component
polymer systems3. The integration of DFT-driven design with
synthetic polymer chemistry is redefining how biodegradable
materials are conceptualized for drug delivery and
nanomedicine.

Among biodegradable polymers, poly(lactic-co-glycolic acid)
(PLGA) stands as a cornerstone of clinical translation and
regulatory success, underpinning more than 25 FDA- and EMA-
approved therapeutics, including long-acting injectables and
implantable  delivery  systems*5. PLGA's  hydrolytic
degradability, tunable composition, and terminal
carboxyl/hydroxyl groups enable covalent functionalization
with ligands, chelators, or fluorescent reporters - essential for
controlled release, targeting, and visualization.”13

However, predicting functionalization effects on polymer
properties remains challenging. Experimental screening alone
cannot map complex parameter spaces; DFT thus emerges as a
predictive strategy for conjugation sites and substituents that
preserve stability and function.

Fluorescent labelling is
visualization,%15 yet physical dye entrapment causes leaching,
photobleaching, and signal variability’®17. Covalent conjugation
mitigates these but risks polymer disruption.’® Few
fluorophores combine strong aqueous emission with stability
against quenchers (e.g., Fe3*, ZnZ*, Cu?*, pH shifts).

1,8-Naphthalimide derivatives excel here, offering high
quantum yields (O > 0.8), photostability, and tunable emission
across the visible spectrum®-22 Their chemical rigidity and small
steric footprint minimize disruption of PLGA crystallinity and
degradation kinetics, preserving the balance between optical
function and polymer matrix integrity23. DFT simulations further
confirm that covalent modification of PLGA with
1,8-naphthalimides does not induce significant electronic
perturbations within the dye’s aromatic core or the polymer
backbone orbitals, indicating that the intrinsic photophysical
properties of the fluorophore remain largely conserved in the
conjugate?4?7,
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Scheme 1. Chemical structures of 1,8-naphthalimide derivatives 1-8 used in the study

Building on these insights, the present study establishes a
DFT-guided design strategy for developing fluorescent PLGA—
1,8-naphthalimide conjugates with controlled structural and
optical characteristics. Two series of amino-functionalized
1,8-naphthalimide derivatives — differing in substituents at the
4-position of the aromatic ring and spacer length — were
synthesized and covalently coupled to PLGA, vyielding
monodisperse nanoparticles (NPs) via controlled
nanoprecipitation.?82° Spectroscopic analysis demonstrated
that the conjugation preserved the spectral-luminescent
properties of the free dyes, with absorption maxima in the 350—
450 nm range and quantum yields exceeding 0.75, validated by
DFT predictions. The resulting nanoparticles exhibited excellent
colloidal stability, pronounced fluorescence intensity, and
consistent emission across biological conditions, enabling
precise tracking within both murine 4T1 and transfected Hela
cell lines.

Due to their photostability and emission consistency, these
1,8-naphthalimide-based PLGA conjugates hold strong
potential for targeted drug delivery, diagnostic imaging, and
super-resolution microscopy 3032, This integration of DFT-driven
modeling, molecular synthesis, and nanotechnological
engineering provides a predictive framework for structure—
property relationships and a foundation for optically traceable
polymeric  nanocarriers, bridging polymer chemistry,
photophysics, and biomedical imaging toward multifunctional
theranostic systems.

Results and discussion

New 1,8-naphthalimide derivatives as markers for fluorescent
delivery systems

Recent advances in dye chemistry have intensified research
into 1,8-naphthalimide derivatives, which combine structural

2| J. Name., 2012, 00, 1-3

simplicity  with highly  advantageous photophysical
characteristics33-35. These compounds exhibit strong spectral
luminescence, excellent photostability, low cytotoxicity, and
tunable emission profiles extending from blue to red regions of
the visible spectrum, depending on the electronic nature of the
substituents attached to the naphthalimide core36. Their
relatively simple molecular architecture, devoid of heavy multi-
electron atoms, also makes them particularly suitable for
accurate theoretical modeling. This enables correlation
between molecular structure and optical properties using
density functional theory (DFT), facilitating the rational design
of fluorophores with predictable emission behavior.

Reported 1,8-naphthalimide derivatives generally emit in
the blue (450-500 nm) and green (500-570 nm) spectral
regions. Importantly, these wavelengths fall within the optical
window that is ideal for in vitro and in vivo visualization, where
signal clarity and low background interference are critical. By
operating  within these regions, naphthalimide-based
fluorophores can complement or even surpass traditional dyes,
many of which emit at longer wavelengths and often face issues
with stability and spectral overlap under biological conditions.

Building on this foundation, our research group previously
developed two structurally related series of 1,8-naphthalimide
derivatives optimized for fluorescent polymer conjugation3’.
The first series incorporated morpholine substituents at the
4-position of the aromatic nucleus (compounds 1-4), producing
dyes with emission maxima in the green spectral region. The
second series introduced ethoxyethyl substituents at the same
position (compounds 5-8), resulting in blue-emitting analogues
(Scheme 1). Within each series, the molecular design was
further diversified by varying the length of the alkyl spacer
linking the naphthalimide fluorophore to the terminal amino
group. This amino functionality serves as a reactive site for
covalent coupling to PLGA and other polymeric backbones,

This journal is © The Royal Society of Chemistry 20xx
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anchoring the dye in a defined orientation and enhancing
fluorescence consistency in complex environments.

In the present study, these two derivative series are
comprehensively examined to elucidate how the carbon spacer
length influences the photophysical response and structural
integration of the fluorophores into polymer matrices. This
systematic approach not only provides a means to fine-tune the
optical output but also reveals how subtle molecular
modifications govern the balance between emission efficiency
and chemical compatibility with biodegradable carriers.
Ultimately, identifying the most spectrally stable and
photochemically resistant naphthalimide derivatives paves the
way for their deployment as reliable fluorescent markers in
medical diagnostics, bioimaging, and polymer-based
nanocarrier development.

Covalent modification of PLGA with fluorophores 1-8

Fluorophores can be introduced into PLGA-based polymer
nanoparticles through two principal strategies: non-covalent
encapsulation of hydrophobic dyes and covalent chemical
modification of the polymer backbone. The non-covalent
approach is widely used because of its procedural simplicity,
compatibility with a broad range of dyes, and its ability to
achieve high loading efficiencies within nanoparticles!®38,
However, its practical utility in bioimaging and biodistribution
studies is often limited by inadequate dye retention, dye
diffusion into the surrounding medium, and unpredictable
photobleaching under physiological conditions. These effects
collectively impair fluorescence signal stability and make
quantitative tracking of fluorescent nanocarriers unreliable in
complex biological environments.

In contrast, covalent bonding of a fluorophore to the
polymer chain provides a robust solution, significantly
enhancing structural integrity, chemical stability, and signal
reproducibility during imaging3°. By anchoring the fluorescent

o._N__oO o

R n=24,6

Naphthalimides 1-8 PLGA

moiety directly to the polymer backbone, the system effectively
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eliminates dye leaching while ensuring consigtent.eptical
output over extended observation periods. T8 ExpOROEARSEe
advantages, we designed and synthesized a series of covalently
modified PLGA polymers incorporating eight distinct
1,8-naphthalimide derivatives (compounds 1-8), combining
synthetic experimentation with density functional theory (DFT)
modeling to elucidate how fluorophore structure affects
conjugation efficiency and optical response.

The incorporation of 1,8-naphthalimide derivatives into the
PLGA backbone confers several potential advantages over
conventional fluorophores for covalent polymeric labeling.
These include low steric hindrance facilitating efficient amide
coupling (compared to bulky rhodamines), inherent hydrolytic
stability that preserves fluorescence during PLGA degradation
(unlike labile sulfonyl chloride dyes), enhanced photostability
under prolonged illumination relative to FITC under the same
imaging conditions, and tunable intramolecular charge transfer
(ICT) without heavy-atom quenching effects. Table S1 (ESIT)
provide comprehensive comparisons with established PLGA-
fluorophore systems (fluorescein, Cy5, quantum dots). It should
be noted that these comparisons are based on literature data
and our own measurements under specific experimental
conditions; systematic side-by-side benchmarking under
identical settings would be required to establish general
superiority.

Poly(lactic-co-glycolic acid) Resomer 502H was selected as
the primary polymer matrix for this work due to its well-
balanced lactide:glycolide ratio of 50:50 and the presence of
free terminal carboxyl groups available for functionalization.
The generic reaction scheme for covalent conjugation between
PLGA and the aminated 1,8-naphthalimides is illustrated in
Fig. 1. The derivatization proceeded via an amidation pathway
between the polymer’s terminal carboxyl group and the dye’s
amino group, employing the carbodiimide coupling strategy. All
reactions were carried out under mild conditions, activating the
polymer with N'-(3-dimethylaminopropyl)-N-ethylcarbodiimide

o
o
HN o
) o
n X
o. N_ _O
NHS, EDC
DIPEA, CH,CI, OO
R n=24,6

PLGA-1-4 R= N (o]

Nl
(o}
PLGA-5-8 R= 0~ " 7
(EDC) and N-hydroxysuccinimide (NHS), with catalytic

Fig. 1. Reaction of covalent modification of PLGA with 1,8-naphthalimide derivatives 1-8

This journal is © The Royal Society of Chemistry 20xx
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diisopropylethylamine (DIPEA) serving as a base to facilitate
ester activation.

Both dichloromethane and dimethylformamide proved
suitable solvents for the amidation, providing solubility for all
eight naphthalimide derivatives and ensuring homogeneous
reaction conditions. The coupling reactions were conducted for
48 hours at ambient temperature, conditions chosen to
minimize potential polymer degradation and preserve
molecular weight. After completion, the modified polymers
were purified by extraction, followed by precipitation in hexane
through gradual addition of the polymer solution dissolved in
minimal ethyl acetate. The resulting solids were collected by
filtration and dried in air. Across all conjugates, the isolated
yields ranged from 60 to 80%, demonstrating consistent
reactivity of the PLGA matrix toward the different fluorophore
derivatives.
Physicochemical  characterization  of
conjugates.

PLGA-naphthalimide

To confirm the structure of the resulting conjugates, studies
were conducted using a combination of physicochemical
analysis methods. For example, when comparing the '"H NMR
spectra of unmodified PLGA and the PLGA-5 conjugate (Figures
S1-S4, ESIt), peaks corresponding to the aromatic ring of
1,8-naphthalimide are present in the downfield region at 7.7—
8.7 ppm. Figure S5 (ESIT) shows the IR spectra of unmodified
PLGA and the PLGA-5 conjugate. The spectra exhibit typical
bands at 1087 cm™, 1167 cm™, and 1748 cm™, attributed to C=0
stretching vibrations and asymmetric and symmetric C-O
stretching vibrations of the PLGA ester chain, as well as bands
due to C—-H stretching vibrations of methylene units at
approximately 2951 cm™. The bands and similarities between
the two spectra demonstrate that the PLGA backbone remains
unchanged and unmodified. New peaks appeared in the
spectrum of the PLGA-5 conjugate, namely a band at 1543 cm™,
corresponding to the NH vibrations of the amide group, and a
band at 1682 cm™, associated with the C=0 stretching
vibrations of the amide group. Thus, the IR spectroscopy data
confirm the conjugation of the naphthalimide dye with the
formation of an amide bond between the carboxyl group of the
polymer and the primary amino group of 1,8-naphthalimide.

Also, using gel permeation chromatography, analysis of
PLGA and PLGA-5 samples was performed using a UV detector
(Fig. S6, ESIT), which confirmed the production of a fluorescent
conjugate for which the mean molecular weight (Mw) value was
14.6 kDa, and the number-average molecular weight (Mn) value
was 7.8 kDa.

Additionally, differential scanning calorimetry experiment
was performed for unmodified PLGA, PLGA-5 conjugate and
fluorophore 5, Fig. S7-S9 (ESIT), showing obvious changes owing
to incorporation of a fluorophore core into PLGA chains.

The degree of modification of the polymer carboxyl groups
was determined spectrofluorometrically by measuring the
amount of unlinked dye during extraction of the reaction
mixture (Table S2, ESIT). Fig. S10 (ESIt) shows calibration curves
for two types of fluorescent dyes, 1 and 5. The degree of

4| J. Name., 2012, 00, 1-3

polymer substitution in all cases varied betweegn, 39:452%.,
enabling the production of nanoparticle®! WitH gy T§98éeral
properties.

To verify the efficiency of covalent immobilization and
guantify any unbound dye, the PLGA-3 and PLGA-5 conjugates
— representing morpholine- and ethoxyethyl-substituted
fluorophores, respectively - were analyzed by
high-performance liquid chromatography (HPLC, Fig. S11-S14,
ESIT). In both cases, the content of free dye in the final materials
did not exceed 0.03%. This negligible quantity confirms nearly
complete covalent attachment of the fluorophores and ensures
that the measured photophysical and bioimaging properties of
the PLGA—naphthalimide conjugates originate from stably
bound species rather than free molecular dyes. The
combination of synthetic precision and quantitative analysis
thus validates the robustness of the covalent modification
approach, establishing a reliable platform for subsequent
fluorescence characterization and nanotechnological
application.

The application of DFT for the prediction of the spectral
luminescence properties of PLGA-naphthalimide 1-8 fluorescent
polymers

A central element of this work involved applying density
functional theory (DFT) to model PLGA-based polymers
covalently modified with 1,8-naphthalimide derivatives and to

predict their spectral-luminescent properties. These
computational insights served as a foundation for the
subsequent experimental synthesis of  fluorescent

nanoparticles designed for targeted drug delivery visualization.
Given the relatively high molecular weight of commercial
PLGA Resomer® RG 502 H (17 kDa), direct DFT treatment of the
entire polymer chain is computationally impractical. Therefore,
an approximation was adopted based on the hypothesis that
the photophysical behavior of the PLGA—fluorophore
conjugates is governed primarily by the electronic
characteristics of the chromophore itself. In this context, the
polymer backbone is expected to act mainly as an electronically
inert scaffold that affects conformational freedom and the local
environment rather than contributing to the frontier orbitals.
This assumption is explicitly supported by the frontier orbital
analysis (Fig. 2A—B): the HOMO and LUMO remain localized on
the naphthalimide core, and attachment of a lactide—glycolide
fragment does not introduce additional frontier states or
appreciably alter the orbital shapes relevant to the lowest
optically active transition. Therefore, extending the degree of
polymerization is not expected to change the electronic
character of the key excitation, while it would substantially
increase conformational complexity. On this basis, subsequent
electronic-structure simulations were performed on the
naphthalimide derivatives themselves, while polymer
attachment remains a structural/environmental factor, not
included in the computational model.

To further minimize computational during
conformational searches, geometry optimization, and density
functionals testing, compound 1 (Dye 1) was selected as the

cost

This journal is © The Royal Society of Chemistry 20xx
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representative model, owing to its shortest carbon spacer
between the naphthalimide core and the terminal amino group.
This structural simplification reduced the number of atoms in
the quantum system without compromising the validity of the
photophysical predictions, since frontier orbitals analysis
showed no contribution of carbon spacer and terminal amino
group to HOMO and LUMO.

To enable direct comparison with experimental
measurements, the absorption and fluorescence maxima were
determined for both free fluorophore 1 and its PLGA-bound
conjugate in dichloromethane. This solvent was chosen for its
ability to dissolve both the dye and polymer, ensuring
consistency in spectroscopic data generation. Polar aprotic
solvents such as dichloromethane and DMSO are known to
favor high extinction coefficients, quantum vyields, and
fluorescence brightness for 1,8-naphthalimide derivatives.

HOMO LUMO
E=-0.2173 eV E = -0.0854 eV
C 2,54
2,0 Calculated
Experimental

A0bs =394 nm A%%5 =414 nm

Absorption
2

rials Chemistry|E

COMMUNICATION

A functional screening of density functionals was performed
to identify the most accurate metho@6logy %ot Dpreaicting
optical transitions in these naphthalimide systems, specifically
the absorption maximum for compound 1. The tested
functionals included range-separated hybrid generalized-
gradient-approximation (GGA) functionals (CAM-B3LYP, wB97)
and global-hybrid GGA functionals (PBEO, B3LYP), all combined
with the def2-TZVP basis set. The theoretical absorption
maxima were compared against the experimental value
of 394 nm (Fig. S15, ESIt). The analysis revealed that global
hybrids slightly overestimated the experimental wavelength,
while range-separated hybrids tended to underestimate it.
Among these, the PBEO/def2-TZVP level of theory provided the
best overall agreement, particularly for naphthalimide
chromophores whose transitions are predominantly local
rather than strongly charge-transfer in nature. This observation
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Fig. 2. A) HOMO-LUMO orbitals and their energyes of the compound 1 computed at PBEQ/def2-TZVP level of theory with dichloromethane as a solvent.
B) HOMO-LUMO orbitals and their energyes of the mono(lactide-glycolide)-fluorophore 1 computed at PBEO/def2-TZVP level of theory with
dichloromethane as a solvent. C) The experimental and TD-DFT calculated UV-Vis absorption spectra of the compound 1. D) The experimental and
ESD calculated luminescence spectra of the compound 1. E) The experimental and TD-DFT calculated UV-Vis absorption spectra of the compound 5.
F) The experimental and ESD calculated luminescence spectra of the compound 5.
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is in line with prior literature reports confirming the suitability
of the PBEO functional combined with def2-TZVP basis set for
predicting absorption spectra of comparable organic systems38.

Based on these results, the validated PBEO/def2-TZVP
formalism was used to calculate the electronic structures and
excited states of all synthesized derivatives 1-8. The TD-DFT
calculated absorption spectra successfully reproduced the main
experimental features, notably the long wavelength absorption
band at approximately 410 nm. To improve the comparison
with experiment, the calculated stick spectra were convoluted
with Lorentzian functions using a full width at half maximum
(FWHM) of 16 nm (Fig. 2C).

Initial TD-DFT modelling of fluorescence spectra predicted
emission maxima at 344 nm (for compound 1)
and 404 nm (for compound 5), while experimental maxima
were observed at 508 nm and 438 nm, respectively. Since these
TD-DFT emission energies were evaluated from optimized S:
geometries, the discrepancy does not arise from neglect of
relaxation to the emissive excited-state minimum itself. Rather,
it reflects the limitation of representing fluorescence by a single
vertical electronic  transition energy, whereas the
experimentally observed fluorescence maximum corresponds
to the maximum of a vibronically broadened emission band.
This emphasizes the necessity of accounting for vibrational
contributions to fluorescence in these naphthalimide systems.

Therefore, after selecting the electronic-structure level of
theory from the absorption benchmark on compound 1, we
adopted a vibronic emission simulation using the ORCA Excited
State Dynamics (ESD)3° spectroscopy workflow, which allows to
account for vibrational frequencies of different states via
Franck—Condon (FC) mechanism. In contrast to a plain vertical
TD-DFT emission energy, the ESD approach provides a
vibronically structured band profile and is therefore more
appropriate for direct comparison with experimentally
observed fluorescence maxima. The rationale for a vibronic
treatment is also supported by previously known results:
Salikov et al. paper3® demonstrated that inclusion of vibronic
effects via a Vertical Hessian Franck—Condon (VH|FC) approach

improves agreement of absorption band maxima with

experiment compared to relying on vertical TD-DET enersgies
alone. It is conceptually aligned with our ER6iERISFESD TSGR,
albeit using Adiabatic Hessian After a Step (AHAS) instead of VH
and predicting emission instead of absorption.

As a representative structural illustration, comparison of the
optimized Sp and S; geometries of dye 4 showed a noticeable
difference between the two minima (RMSD = 0.812 A),
indicating non-negligible structural relaxation prior to emission.

Within ESD, Herzberg—Teller (HT) contributions were tested
for compounds 1 and 5 and found to have a negligible effect on
the position of the emission maximum. Consequently, all
calculations for the full series of compounds 1-8 were
performed without accounting for HT contributions to reduce
computational cost.

Stated approach vyielded emission maxima in good
agreement with experiment, being 517 nm (for
compound 1, Fig. 2D) and 389 nm (for compound 5, Fig. 2F).
The UV-Vis absorption and photoluminescence spectra of the
remaining derivatives (2—4 and 6—8) calculated via TD-DFT and
ESD methods are presented in Fig. S16-S21 (ESIT), and the
summarizing numerical data are compiled in Table 1.

Minor deviations for certain compounds, such as dye 4,
were attributed to the extended hydrocarbon substituent at the
imide nitrogen, which can hinder geometry convergence and
modify vibrational coupling. Similarly, larger discrepancies
observed for derivatives 5-8 relative to 1-4 likely result from
the increased conformational flexibility introduced by the
ethoxyethyl substituent at the 4-position of the aromatic ring.
Additionally, the use of implicit solvation models in these
simulations limits the precision of excited-state conformational
sampling, contributing to the observed variations.

Taken together, these results define a practical
computational workflow for naphthalimide emitters under
similar  conditions  (PBEO/def2-TZVP  geometries and
frequencies; TD-DFT for absorption; ESD(AHAS|FC) treatment
for emission), which can be used as a starting point for
predictive modelling and photophysical properties engineering
of related 1,8-naphthalimide systems.

Table 1. Calculated and experimental maximum absorption and fluorescence wavelengths for dyes 1-8 in methylene chloride

Absorbance wavelength maximum, 1225 nm Fluorescence wavelength maximum, A{;ﬁax, nm
Fluorophore TD-DET Expira:lnl]:ntal AA%,;X*’ am ESD Expiglrlr}zntal A/Urcrfax“' am
1 414 394 517 508
2 414 397 520 512
3 413 395 517 510
4 413 394 538 508
5 352 368 389 430
6 350 365 390 430
7 355 365 388 430
8 355 365 388 432
* Algnb;x = )';lnbastxperimental - :f:xTD—DFT

fl fl Il
™ A)Lmax = )‘max Experimental — /Imax ESD

6 | J. Name., 2012, 00, 1-3
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This study also differs from known works in that it compares
the efficiency of the TD-DFT and ESD approaches for predicting
emission, the latter of which has been rarely used in theoretical
descriptions of 1,8-naphthalimides.

Preparation of PLGA-1,8-naphthalimide 1-8 nanoparticles

Building on the preceding work, the synthesized PLGA-
1,8-naphthalimide conjugates were employed as functional
precursors for nanoparticle fabrication, enabling the
development of fluorescent, traceable polymeric delivery
systems. The formation of nanoparticles based on these
conjugates establishes a direct link between molecular design
and nanoscale performance, providing a foundation for
constructing targeted carrier systems with intrinsic optical
monitoring capability.

A wide range of physical and chemical strategies has been
reported for PLGA nanoparticle preparation, including
nanoprecipitation?o, high-pressure homogenization*?,
microfluidic synthesis??, and ultrasonic dispersion*3. Among
these techniques, nanoprecipitation was selected for this study
due to its simplicity, reproducibility, and ability to yield

@

Y

3 PLGA-1,8-naphthalimide

polymer solution in
acetone g

R

" 2%PVAsolution St
- evaporation
—

PLGA-1,8-naphthalimide
nanoparticle suspension

. . . View Article Onli
monodisperse nanoparticles of controllggk%'_rﬂ@j@';v@%ég%
mild conditions. The method enables precise formation of

particles with diameters below 120 nm — a size range widely
considered optimal for passive tumor accumulation, endocytic
uptake, and systemic circulation in biomedical applications.

The nanoprecipitation procedure was optimized to ensure
reproducible particle formation. Nanoparticle synthesis was
performed under the following conditions: (1) a 2% aqueous
solution of poly(vinyl alcohol) (PVA) was used as the stabilizing
phase; (2) acetone served as the organic phase, containing the
PLGA-1,8-naphthalimide dissolved at a
concentration of 5 mg/mL; and (3) the aqueous phase was
stirred at 1500 rpm to promote uniform nucleation and
controlled particle growth. The overall schematic of the
synthetic route for PLGA-1,8-naphthalimide nanoparticles is
presented in Fig. 3.

The obtained systematically
characterized in terms of hydrodynamic diameter, {-potential,
and polydispersity index (PDI). The results, summarized in Table
2, demonstrate uniform size distribution and stable surface
charge across all samples.

conjugate

nanoparticles  were

D-mannitol - 28
addition = @@@
:__‘ 1__!1
€3 &t )

PLGA-1,8-naphthalimide
nanoparticles

Lyophilization

Fig. 3. General scheme for the synthesis of PLGA-1,8-naphthalimide nanoparticles

Table 2. Properties of the obtained PLGA-Naphthalimide 1-8 nanoparticles

PLGA-Naphthalimide 1-8

. ¢- potential, mVv Particle size, nm PDI
nanoparticles
PLGA-1 -13,8 + 1,2 116,3 + 2,3 0,146 + 0,03
PLGA-2 -10,5 + 1,0 89,4 + 3,7 0,145 + 0,01
PLGA-3 =153 + 2,1 99,6 + 5,2 0,117 + 0,02
PLGA-4 -16,4 + 1,1 1258 + 1,9 0,158 + 0,02
PLGA-5 -15,9 + 1,0 112,8 £ 6,1 0,193 £ 0,01
PLGA-6 -15,9 + 1,2 109,2+2,0 0,111+0,01
PLGA-7 -11,4+ 1,2 112,5+1,7 0,132 +0,02
PLGA-8 -17,4 + 1,3 1089 + 4,4 0,135 + 0,03

Importantly, the incorporation of fluorophores into the
PLGA backbone did not significantly alter these physicochemical
parameters, indicating that covalent linkage of the
chromophore preserves the intrinsic self-assembly and colloidal
stability of the polymer matrix. Such consistency confirms the
robustness of the conjugation approach and supports the

suitability of the resulting nanoparticles for subsequent optical
studies and biological evaluation.

Investigation of the spectral properties of dyes, polymers and
nanoparticles

Please do not adjust margins
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Spectral properties of fluorophores 1-8 Within each group, the molecules differ by the Jepgthof the
carbon spacer connecting the naphtHimidE03e4rel B 8the
terminal amino group. Experimental evaluation of these
derivatives revealed no systematic dependence of spectral or
luminescence properties on spacer length, implying that
electronic transitions are primarily localized within the aromatic
fragment rather than influenced by the distal chain. This
phenomenon is consistent with an efficient intramolecular
charge transfer (ICT) from the electron-donating substituent at
the 4-position to the electron-accepting carboximide group. The
nitrogen substituent at the imide position, by contrast, does not
participate in this charge redistribution, as confirmed by DFT
calculations.

All examined fluorophores exhibited a single narrow
absorption band with pronounced mirror symmetry between
the absorption and fluorescence spectra (Fig. S16-S28, ESIT).
The parameters determined experimentally included
absorption and emission maxima, molar extinction coefficients,
fluorescence quantum vyields, and overall fluorescence
brightness in methylene chloride, DMSO, and water; all
numerical data are provided in Table 3.

The photophysical behavior of the synthesized fluorophores
1-8 was comprehensively examined in three representative
solvents — methylene chloride, dimethyl sulfoxide (DMSO), and
water — to elucidate solvent-dependent changes in absorption
and emission characteristics. The first series of compounds (1—
4), bearing a morpholine substituent at the 4-position of the
naphthalimide ring, displayed absorption maxima near 400 nm
in agueous media and intense fluorescence at approximately
530 nm, corresponding to the green region of the visible
spectrum. The second group (5-8), containing an ethoxyethyl
substituent at the 4-position of the aromatic nucleus, exhibited
absorption maxima around 375 nm (in water) and emission
peaks near 460 nm, placing their luminescence within the blue
region. This clear spectroscopic distinction between substituent
types highlights the strong influence of electron-donating
groups on the naphthalimide m-system and validates the
conceptual framework of substituent-controlled spectral
tuning.

Table 3. Spectral characteristics of naphthalimide derivatives 1-8 in methylene chloride, DMSO and water, 25 °C

Fluorophore

1 2 3 4 5 6 7 8

Solvent — Methylene chloride

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

29bs nm 394 397 395 394 368 365 365 365

M nm 532 512 510 508 430 430 430 432
€103, Mlcm? 12,2 12,6 14,7 10,1 12,2 14,5 18,6 14,4
unaI Ef:re:ﬁ:lze o 643 48,5 69,7 74,0 83,3 50,7 52,8 60,8
Brightness, Mt-cm® 7850 6110 10 250 7 480 10170 7 350 9 820 8760

Solvent — DMSO

Open Access Article. Published on 22 April 2026. Downloaded on 4/23/2026 12:41:41 AM.

o Aabs nm 400 402 402 401 368 357 368 368
|
ML nm 533 540 541 540 446 446 447 448
€103, Ml.cm? 14,0 11,5 14,6 10,7 9,7 17,0 15,3 17,1
FIuorescgnce 8,2 23 2,4 3,2 52,0 41,6 40,7 45,9
quantum yield, %
Brightness, Mt.cm® 1150 265 350 345 5040 7070 6230 8750

Solvent — Water

A9bs nm 400 403 401 400 375 373 375 374
MU nm 565 560 559 547 457 468 460 457
€103, M1l.cm? 14,3 9,2 13,3 11,7 10,3 10,8 8,5 12,5

Fluorescence

. 1,0 0,4 0,4 0,6 72,2 7,5 5,5 78,2
quantum yield, %
Brightness, M-1-cm™! 143 37 53 70 7 440 810 470 9780
8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02866c

Page 9 of 20

Open Access Article. Published on 22 April 2026. Downloaded on 4/23/2026 12:41:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

A particularly interesting observation the
morpholine-substituted derivatives 1-4. Their fluorescence
quantum yields in water were markedly reduced compared to
those measured in organic solvents, with values around 1%. This
pronounced quenching effect is attributed to the formation of
a twisted intramolecular charge transfer (TICT) state, which
arises from the rotational mobility of the 4-substituent in the
excited state relative to the naphthalimide plane***5. The
resulting non-radiative relaxation processes dominate the
excited-state decay, leading to diminished radiative
deactivation and lowered quantum efficiency. It can reasonably
be postulated that this non-emissive pathway will be
suppressed in the solid state or within rigid polymeric
environments, such as in PLGA-based nanoparticles, where
restricted conformational freedom should restore higher
fluorescence yields.

Quantitative analysis of the collected data revealed that,
among the morpholine derivatives, compounds 3 and 4 (with
four- and six-carbon spacers, respectively) exhibited the highest
brightness values. In the ethoxyethyl-substituted series, the
most promising fluorophores were identified as compounds 5
and 8, containing two- and six-carbon linkers, respectively.
These findings delineate a clear structure—property relationship
within each derivative family, identifying optimal candidates for
subsequent covalent immobilization and bioimaging
applications within PLGA-based fluorescent nanomaterials.

concerns

Spectral properties of PLGA-naphthalimide polymers 1-8

At the next stage of the study, attention was directed
toward understanding how covalent incorporation of the
fluorophores into the PLGA matrix influences their spectral and
luminescent properties. This assessment provides critical
insight into the extent to which the local microenvironment of
the polymer backbone modulates the photophysical behavior
of attached chromophores. The absorption and fluorescence
maxima, along with fluorescence quantum vyields, were
determined for all PLGA—naphthalimide conjugates in polar
aprotic solvents — dichloromethane and DMSO. The obtained
data are summarized in Table 4.

A key observation is that conjugation with PLGA does not
fundamentally alter the electronic structure of the

Journal of'Materials ChemistryB

fluorophores. The main spectral features&&tl}g_mﬁéﬁﬁ%@%%@
retained in the polymer conjugates, confirming that the
covalent attachment does not lead to electronic perturbation of
the naphthalimide chromophore. The resulting polymers
display well-defined absorption and emission bands
comparable in shape and intensity to those of the free
fluorophores.

Nevertheless, the transition of naphthalimide units into the
hydrophobic PLGA domain introduces subtle, yet reproducible,
spectral shifts. Both absorption and fluorescence maxima
exhibit minor shifts — on the order of up to 10 nm — depending
on the specific fluorophore structure and solvent polarity.
These shifts reflect microenvironmental effects associated with
solvation and local dielectric changes near the fluorophore
within the polymeric matrix. Importantly, these variations
testify to the successful encapsulation of the emissive center in
a less polar microenvironment created by the polymer
backbone.

In DMSO, most polymer conjugates show a moderate
increase in fluorescence quantum vyield compared with their
corresponding free fluorophores. This enhancement is
indicative of restricted intramolecular mobility following
covalent fixation, which reduces non-radiative decay pathways
and stabilizes the excited state. The observed improvement in
emission efficiency further confirms that PLGA serves not only
as a structural carrier but also as a protective framework that
reinforces optical stability of the conjugated fluorophores.

Overall, these results demonstrate that covalent integration
of 1,8-naphthalimide derivatives into the PLGA matrix
effectively preserves their photophysical properties while
simultaneously enhancing emission performance under certain
conditions. This outcome is particularly promising for the
creation of robust fluorescent polymeric materials, where long-
term stability, solvent tolerance, and retention of brightness are
critical for reliable tracking and bioimaging applications.

Spectral properties of PLGA-naphthalimide 1-8 nanoparticles

The spectral analyses of the PLGA—naphthalimide
nanoparticles revealed a set of distinct optical trends reflecting
the successful incorporation of the fluorophore units into the
polymer matrix (Table 5).

Table 4. Spectral characteristics of the obtained polymers in methylene chloride and DMSO, 25 °C

Fluorescence quantum

abs 1
Polymer A9PS nm M nm yield, %
Methylene Methylene Methylene
chloride DMSO chloride DMSO chloride DMSO

PLGA-1 400 401 503 534 44,3 4,2
PLGA-2 399 401 515 539 63,7 2,9
PLGA-3 395 400 512 539 50,6 33
PLGA-4 393 398 508 540 67,9 3,7
PLGA-5 367 364 437 446 79,0 62,4
PLGA-6 366 369 429 445 49,3 42,5
PLGA-7 366 370 430 446 56,2 41,7
PLGA-8 364 367 431 447 60,1 43,9



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02866c

Open Access Article. Published on 22 April 2026. Downloaded on 4/23/2026 12:41:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal of'Materials ChemistryB

View Article Online
DOI: 10.1039/D5TB02866C

Table 5. Spectral characteristics of the obtained nanoparticles PLGA-Naphthalimide 1-8 in water, 25 °C

Fluorescence quantum

A2bs nm Afl, nm vield, % Brightness of the sample, M--cm!
PLGA-1 400 507 15,6 5,272-10%°
PLGA-2 400 510 16,5 1,202-102%0
PLGA-3 394 508 24,5 1,347-10%
PLGA-4 400 506 80,6 7,469-10%°
PLGA-5 365 451 54,4 1,067-10%1
PLGA-6 370 433 12,9 2,392-10%°
PLGA-7 375 436 51 7,076-10%°
PLGA-8 369 445 82,4 8,080-1020

The absorption spectra of the nanoparticles display
broad, featureless profiles predominantly dominated by PLGA
scattering and matrix absorption, with only a weakly resolved
band corresponding to the fluorophore fragment. This
observation is expected given the low dye content within the
polymer backbone and the resulting dilution of the
chromophoric component relative to the polymer mass.
Despite this, the fluorescence spectra exhibit well defined
emission bands corresponding closely to those of the parent
fluorophores, confirming that the intrinsic emissive
characteristics are retained following nanoparticle formation.

A slight broadening and small spectral shift of the
fluorescence bands were consistently observed compared with
the free dyes and their polymer conjugates (Fig. 4).These
changes are indicative of altered microenvironments
experienced by the fluorophores upon transition to the
nanoparticle state. Specifically, the increased heterogeneity
within the polymeric domain and the presence of local polarity
gradients within the nanoparticle cores likely contribute to the
modest spectral displacement and line broadening. Such
behavior is common for fluorophores incorporated into
complex macromolecular assemblies where partial restriction
of chromophore motion and microenvironmental variation
subtly modulate emissive behavior.

Analysis of the spectral-luminescent data identified
compounds 4, 5, and 8 as the most promising candidates for
further study. Nanoparticles based on these fluorophores
demonstrated the brightest emission and the highest
photostability under comparable conditions. Notably, the
brightness values of these nanoparticles exceeded those typical
of standard PLGA-based systems functionalized with
conventional dyes such as cyanines by one to two orders of
magnitude. This substantial enhancement underscores the
efficiency of the 1,8-naphthalimide framework and its
compatibility with the PLGA environment for generating highly
emissive, stable fluorescent nanomaterials.

A comparative summary of the spectral characteristics of
individual dyes, corresponding polymer conjugates, and the
resulting nanoparticles is provided in Table S3 (ESIt). The data
clearly demonstrate that the optical performance of the newly
developed PLGA—naphthalimide nanoparticles substantially
surpasses that of widely used fluorescent markers employed in
PLGA modification protocols. These findings highlight the

potential of the synthesized systems as advanced tools for
optical bioimaging, theranostics, and real-time nanoscale
visualization applications.

Investigation of the fluorescence lifetimes of fluorophores in the
free form and as part of nanoparticles

To gain deeper insight into the mechanisms underlying the
variation of fluorescence quantum yields in different media, an
additional series of experiments was conducted to measure the
fluorescence lifetimes of the fluorophores in their free
molecular form and when incorporated into PLGA-based
nanoparticles. Time-resolved measurements were performed
using fluorescence lifetime imaging microscopy (FLIM), which
provides quantitative information on excited-state dynamics
with spatial resolution?®. Representative FLIM micrographs and
analytical data are presented in Fig. 4(B—C) and Table S4 (ESIT).

Excitation of the samples was achieved with a femtosecond
pulsed laser operating at 770 nm, enabling efficient two-photon
excitation of the fluorophore chromophores. Time-correlated
single photon counting (TCSPC) analysis was employed to derive
the decay profiles and calculate the mean fluorescence lifetimes
Tmean fOr each sample.

The results reveal a pronounced difference between the
free fluorophores and those embedded within nanoparticles.
For the morpholine-substituted derivatives 1-4, the average
excited-state lifetime in solution was found to be on the order
of 0.5 ns, whereas incorporation into PLGA nanoparticles led to
a substantial increase to 4-5 ns. This approximately tenfold
enhancement in lifetime strongly supports the hypothesis that
molecular fixation within the rigid polymer matrix suppresses
non-radiative deactivation pathways associated with the
formation of the twisted intramolecular charge transfer (TICT)
state. In the free state, the conformational flexibility of the
4-position substituent allows rotation in the excited state,
promoting TICT-type quenching and shortening the observed
lifetime. Upon immobilization within the nanoparticle core,
these intramolecular rotations are effectively restricted,
resulting in stabilization of the emissive state and prolongation
of fluorescence decay times.

The observed correlation between fluorescence lifetime
extension and the quantum yield enhancement previously
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Fig. 4. A—Absorption and quorescence spectra of fluorophore 5in DMSO (concentration []5] 17 ug/ml), PLGA-5 conjuﬁate in DMSO (concentration
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1LPLGA 5] — 10.0 mg/ml) and PLGA-5 nanoparticles in water (concentration [NPs PLGA-5

2.5 mg/ml). B — Average lifetimes of excited states of

luorophores 1-4 in free form and in nanoparticles. C — Average lifetimes of excited states of quorophores 5-8 in free form and in nanoparticles.

noted for the same systems confirms that structural
confinement within the PLGA matrix effectively mitigates TICT-
driven non-radiative losses. These results emphasize that the
incorporation of fluorophores into a well-defined polymeric
microenvironment not only preserves fluorescence intensity
but also governs the excited-state relaxation mechanisms,
providing a molecular basis for the exceptional brightness and
stability of PLGA—naphthalimide nanoparticles in bioimaging
applications.

Recent work by Dai et al.?23> has expanded the utility of
1,8-naphthalimide scaffolds in microenvironment-responsive
sensing demonstrating TICT-based viscosity detection in cells
and liquid foods?? and ICT/TICT-switchable "turn-on" water
sensing in organic media.3® In contrast to these small-molecule
probes whose emission relies on solvent-dependent
conformational dynamics, our PLGA—naphthalimide
nanoparticles achieve constitutive fluorescence enhancement
through matrix-imposed chromophore immobilization, thereby
suppressing non-radiative decay pathways independent of local

This journal is © The Royal Society of Chemistry 20xx

polarity or viscosity fluctuations and ensuring robust signal
output across diverse biological environments.

Stability investigation of PLGA-naphthalimide 1-8 nanoparticles

Prior to conducting fluorescence imaging experiments, it
was essential to evaluate the colloidal and optical stability of the
synthesized  PLGA—naphthalimide  nanoparticles under
physiologically relevant conditions. Stability assays were
performed in phosphate-buffered saline (PBS), RPMI-1640, and
DMEM media at 37 °C using nanoparticles derived from two
representative conjugates: PLGA-4 (morpholine substituent)
and PLGA-8 (ethoxyethyl substituent). Samples were collected
after 1, 2, 3, 4, 5, 6, 24, and 48 hours. The hydrodynamic
diameter of the nanoparticles was determined by dynamic light
scattering (DLS), while fluorescence intensity was monitored to
assess optical stability. The complete results are summarized in
Tables S5 and S6 (ESITt).

J. Name., 2013, 00, 1-3 | 11
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The obtained data indicate that the nanoparticles maintain
high physical stability within the first six hours, showing only
minimal size. In all measurements, the
polydispersity index (PDI) remained below 0.2, confirming the
formation of monodisperse systems within acceptable limits for
biomedical use. Over extended incubation periods, moderate
aggregation was observed, most prominently in RPMI-1640
after 48 hours, likely due to protein components and ionic
strength effects inherent to this medium (Fig. 47-49, Table S5
ESIt).

The temporal evolution of fluorescence intensity followed a
hyperbolic decay for PLGA-4 nanoparticles in all tested
environments (Fig. S50, ESIt), suggesting partial quenching or
gradual structural rearrangement of the morpholine-
substituted fluorophores. In contrast, PLGA-8 nanoparticles
exhibited stable fluorescence with only minor signal
fluctuations across the entire 48-hour interval (Fig. S51, ESIT),
reflecting improved resistance to environmental quenching
effects.

Overall, the findings demonstrate that PLGA—naphthalimide
nanoparticles possess adequate physical and optical stability in
PBS, RPMI-1640, and DMEM media under physiological
temperature conditions. Aggregation is negligible up to at least
24 hours, and fluorescence largely preserved -
particularly for systems based on the ethoxyethyl-substituted
fluorophore — affirming their suitability for time-resolved
imaging and in vitro biological studies.

variation in

remains

Quantitative cytotoxicity assessment of PLGA nanoparticles . onine

. L DOJ: 10 1039/D5T802|§_ 6C
To provide quantitative support for the biocompatibility

claims and establish a defined biosafety window for cellular
imaging applications, resazurin reduction assays (Alamar Blue®)
were conducted on representative PLGA—naphthalimide
nanoparticles. Fig. S52 (ESIt) shows the viability results for
PLGA-5 nanoparticles tested across a concentration range of
50-400 pg mL™ on 4T1 mouse mammary carcinoma cells
following 24 h exposure. Cell viability remained consistently
above 95% throughout the entire concentration range,
confirming excellent cytocompatibility at doses relevant for
fluorescence microscopy and live-cell tracking experiments47-49,

These data delineate a clear operational window for in vitro
applications and complement the qualitative morphological
observations previously reported. Experimental details,
including cell seeding density, incubation conditions, and
fluorescence readout parameters (Aex = 535 nm, Aem = 620 Nm),
are provided in the Materials and Methods section.

In vitro bioimaging of nanoparticles on 4T1 cell line

To assess the cellular uptake and intracellular localization of
the most promising fluorescent systems, in vitro bioimaging
studies were carried out using live 4T1 mouse mammary
carcinoma cells. Nanoparticles based on fluorophores 4 and 5
were selected for this investigation owing to their favorable
brightness and photostability. Lysosomes were selectively

Fig. 5 (A—C): Confocal imaging of 4T1 cells after incubation with PLGA nanoparticles labelled with fluorophore 4: A — merged image;
B — 30 minutes after incubation with NPs PLGA-4; C — cell lysosomes stained with LysoTracker Red DND-99 (red). Scale bar — 20 pum.
(D-F): Confocal imaging of 4T1 cells after incubation with PLGA nanoparticles labelled with fluorophore 5: A — merged image; B — 30
minutes after incubation with NPs PLGA-5;C — cell lysosomes stained with LysoTracker Red DND-99 (red). Scale bar — 50 pum.

12 | J. Name., 2012, 00, 1-3
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stained with LysoTracker Red DND-99 dye (50 nM), which
accumulates in acidic cellular organelles and thereby provides a
reliable marker for endocytic and lysosomal compartments.
Following dye staining, the nanoparticle suspensions were
introduced into the cell culture medium and incubated under
physiological conditions. After incubation, the cells were rinsed
with  phosphate-buffered saline to remove unbound
nanoparticles. Real-time confocal laser scanning microscopy
was performed using a Nikon A1R MP inverted microscope with
laser lines of 405 nm and detection windows of 500-550 and
425-475 nm for PLGA-4 and PLGA-5, respectively.
Representative fluorescence micrographs depicting
intracellular distribution of PLGA-4 and PLGA-5 nanoparticles

after 30 minutes of incubation are presented in Fig.5
(A—C) and Fig.5 (D—F), respectively.
The imaging data confirmed strong intracellular

fluorescence and well-defined nanoparticle localization within
the cytoplasmic space, with no adverse effects on cellular
morphology or viability. Quantitative analysis of the
fluorescence signal colocalization between nanoparticles and
lysosomes was performed using Pearson’s correlation
coefficient (PCC) and Manders’ overlap coefficient (MOC).

These parameters serve as quantitative indicators of
organelle-specific accumulation and entry pathways. For
PLGA-4 nanoparticles, the PCC and MOC values

were 0.68 and 0.72,

respectively; for PLGA-5, 0.63 and 0.70.

Journal ofsMaterials ChemistryB

These high correlation values demonstrate a stropg, degree,of
colocalization with lysosomal compartm&nt$0 Eo19tert2Hith
internalization through a clathrin-mediated endocytosis
pathway.

The confirmed lysosomal accumulation underscores that
these nanoparticles undergo controlled intracellular trafficking
typical of endosomal-lysosomal pathways, which is crucial for
the design of therapeutic carriers directed toward intracellular
targets. The absence of cytotoxic effects, combined with stable
fluorescence and high imaging contrast, highlights the potential
of PLGA-naphthalimide nanoparticles as versatile tools for
cell-tracking, targeted delivery, and mechanistic exploration of
lysosome-associated disorders and nanomedicinal systems.

In vitro bioimaging of nanoparticles on the transfected Hela cell
line

Despite the widespread use of commercially available
markers that selectively bind to organelles, fluorescent proteins
offer significant advantages in the highly specific labeling of
cellular structural elements. Therefore, we decided to visualize
the distribution of PLGA-4 nanoparticles on the transfected
Hela cell line in vitro. For this purpose, cells were transfected
with plasmids encoding LAMP1-mScarlet or mKate2-clathrin
under CMV promoter and SV40 terminator control. The LAMP1-
mScarlet fusion protein was used to visualize lysosomal
compartments of cells, while visualization of clathrin using the

Fig. 6 (A—C): Live cell visualisation of the Hela cell line after incubation with PLGA-4 nanoparticles: A — merged image; B — 30 minutes
after incubation with 200 pg/ml of NPs PLGA-4; C — image of the transmembrane protein LAMP1-mScarlet. (D—F): Live cell visualisation
of the Hela cell line after incubation with PLGA-4 nanoparticles: A — merged image; B — 30 minutes after incubation with 200 pg/ml of
NPs PLGA-4; C — image of mKate2-clathrin fluorescent protein. Images were acquired using a Nanoimager S microscope with 405 nm and
561 nm laser excitation. First images of a representative series are shown. Scale bar — 5 pm.

This journal is © The Royal Society of Chemistry 20xx
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mKate2-clathrin protein can provide information on the uptake
of PLGA particles by living cells. Thus, the far-red protein
mKate2 has an excitation maximum at 588 nm and an emission
maximum at 633 nm, while the mScarlet protein has excitation
and emission maxima at 569 and 594 nm, respectively>°. This
allows the fluorescence channels of the studied PLGA-4
nanoparticles and fusion proteins to be separated using an ONI
Nanoimager super-resolution microscope. The experiment was
performed for 30 minutes after incubation with 200 pg/ml of
PLGA-4 nanoparticle suspension. Fluorescence images of the
PLGA-4 nanoparticle distribution on two transfected Hela cell
lines are shown in the Fig. 6 (A—F).

Distinct spatial patterns were observed in comparison to
earlier experiments on 4T1 carcinoma cells. In cells expressing
mKate2-clathrin, the nanoparticles displayed partial localization
near the endoplasmic reticulum but also co-localized with
distinct clathrin-associated structures, confirming that
clathrin-mediated endocytosis remains the dominant uptake
pathway for PLGA nanoparticles in mammalian cells!. In cells
expressing LAMP1-mScarlet, the PLGA-4 nanoparticles
predominantly accumulated in acidic organelles corresponding
to lysosomal compartments, in agreement with the results
obtained for the 4T1 cell line.

Together, these findings provide the first demonstration of
intracellular trafficking and compartmentalization of PLGA
nanoparticles covalently labeled with 1,8-naphthalimide
fluorophores both in cells stained with conventional
organelle-specific dyes and in transfected cells expressing
targeted fusion proteins. The high fluorescence intensity,
spectral stability, and resistance to photobleaching of the
incorporated fluorophore confirm the potential of these
materials as reliable tools for live-cell imaging. The developed
PLGA—naphthalimide nanoparticles thus represent a robust
platform for designing fluorescent targeted delivery systems
and advanced nanoscale formulations, with significant
prospects for studying intracellular processes and developing
therapeutic strategies for diseases linked to
dysfunction and endocytic regulation.

lysosomal

Photostability investigation of PLGA-naphthalimide nanoparticles

Photostability represents a critical performance parameter
for fluorescent nanoparticles, as sustained emission under
continuous illumination is essential for reliable bioimaging.
Traditional dyes such as fluorescein isothiocyanate (FITC) and
Alexa Fluor 568 exhibit well-documented photobleaching
limitations that restrict their nanotechnological utility>2. Given
the established photostability advantage of 1,8-naphthalimide
derivatives,®®> we evaluated our systems through
complementary  benchmarking approaches considering
experimental accessibility and resource constraints.

Relative stability vs. PLGA-Cy5 under biological imaging conditions

We initially compared PLGA—naphthalimide 5 nanoparticles
with PLGA—Cy5 — a widely used commercial benchmark — under
standard live-cell microscopy settings. Samples were
normalized by percentage of maximum laser power and
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identical  acquisition parameters,  enabling,, A f€lative
photostability assessment representativeQf ol biglegiesl
experiments (405 nm for naphthalimide 5; 637 nm for Cy5; ~4.7
mW cm~2 for lasers in both cases respectively). Fig. S53 (ESIt)
shows normalized intensity decay over 7 min continuous
exposure in 4T1 cells. PLGA-5 reached 50% intensity after 3.5
min (ti/2 = 3.5 min), while PLGA—Cy5 photobleached twice as
rapidly (ti2 = 1.7 min). This ~2-fold advantage under practical,
non-optimized conditions confirms operational stability
suitable for extended cellular tracking.

Controlled single-wavelength study: matrix protection effects

Given resource considerations and experimental feasibility,
we conducted a complementary assessment under uniform 405
nm excitation (9 min, ~4.7 mW cm™>) comparing: (i) free
fluorophore  4-stained fixed cells (30 min post-
incubation/staining); (ii) PLGA-4 nanoparticles-stained fixed
cells (30 min post-incubation/staining); and (iii) DAPI-stained
fixed cells (30 min post-incubation/staining; DAPI per Sigma-
Aldrich protocol). The cells were fixed with 4% formaldehyde
solution in PBS. Fig. S54 (ESIT) reveals free fluorophore 4
decayed ~66%, while PLGA-encapsulated dye lost only 8% - ~9x
stabilization attributable to the polymer matrix shielding the
chromophore from photooxidative damage. DAPI remained
virtually  unchanged, exhibiting slight enhancement
characteristic of fixed cells where photoactivation and DNA
concentration effects amplify signal>4>°.

These orthogonal assessments — relative benchmarking (vs.
Cy5) and controlled matrix study (vs. free dye/DAPI) —
collectively validate naphthalimide photostability. The
protective encapsulation effect enables prolonged, high-fidelity
imaging, distinguishing this platform for longitudinal
nanoparticle tracking.

We performed a pilot comparison under identical excitation
conditions (~4.7 mW cm™2 for lasers in both cases respectively)
with a commercially available dye (Cy5) commonly used in drug
delivery research. This side-by-side assessment was designed
to demonstrate that our new naphthalimide label performs
adequately for in vitro visualization and intracellular
distribution studies under the conditions tested. We note that
this comparison does not imply general superiority across all
imaging modalities or biological contexts.

The protective encapsulation effect enables prolonged, high
-fidelity imaging, distinguishing this platform for longitudinal
nanoparticle tracking in vitro. Future work will involve
systematic benchmarking against commercial fluorophores for
in vivo imaging applications.

Conclusions

This study demonstrates an integrated computational—
experimental strategy for the rational design of fluorescent
polymeric nanomaterials for in vitro cellular imaging
applications. Time-dependent density functional theory
(TD-DFT) calculations on isolated fluorophores, when combined
with vibronic band simulations, provided a semi-quantitative

This journal is © The Royal Society of Chemistry 20xx
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description of the photophysical properties of PLGA conjugates,
confirming the electronically passive role of the polymer matrix
and validating a computationally efficient design approach.
Guided by these insights, PLGA nanoparticles functionalized
with 1,8-naphthalimide derivatives were synthesized and
exhibited fluorescence intensities markedly enhanced — by up
to two orders of magnitude under the specific imaging
conditions employed in this work — relative to conventional
dye-encapsulated systems, while retaining excellent
photostability, colloidal stability, and biocompatibility in cell
culture media. Fluorescence lifetime imaging microscopy (FLIM)
revealed suppressed non-radiative decay resulting from
restricted chromophore mobility within the polymer matrix,
providing a molecular basis for the enhanced quantum yield and
prolonged excited-state lifetime. In vitro studies confirmed
efficient cellular internalization via clathrin-mediated
endocytosis and predominant lysosomal localization in 4T1 and
Hela cell lines. Collectively, this work establishes a
generalizable framework for engineering bright, photostable
polymeric nanoprobes with precisely tunable optical properties,
demonstrating their utility for high-fidelity intracellular imaging.
Extension to in vivo theranostic applications will require further
comparative benchmarking against established imaging agents
under physiologically relevant conditions.

Experimental Methods
Materials and instrumentation

The 1,8-naphthalimide derivatives 1-8 discussed in this work
were obtained using the methods we developed earlier and
presented in work3’. Poly(lactic-co-glycolic acid) PLGA
(Resomer® RG 502 H, Lot No. 170300516,
Evonik R6hm GmbH, Germany) was used as the base polymer.
N-hydroxysuccinimide (Sigma-Aldrich, Germany),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide,
diisopropylethylamine  (DIPEA), poly(vinyl alcohol)
10 kDa, 80% hydrolysed, Sigma-Aldrich, Germany),
D-mannitol (Dia-M, Russia) were used as received. Coumarin-6
and quinine sulfate (Sigma-Aldrich, USA) served as reference
dyes for quantum yield measurements. Resazurin was
manufactured by Cayman, USA. DAPI was manufactured by
Sigma-Aldrich, USA. Deionized water was wused in all
experiments. Organic solvents
(Aldrich, Merck, Alfa Aesar, EKOS-1) were used without further
purification unless otherwise stated. Solvents from Aldrich and
Acros with spectroscopic purity were used for the recording of
absorption and fluorescence spectra.

The 4T1 mouse mammary carcinoma cell line was obtained
from ATCC® (Cat. No. CRL-2539).

Microfiltration was performed using Millipore nylon
membranes with a 0.045 um pore size.

Thin-layer chromatography (TLC) was carried out on
DC-Alufolien Kieselgel 60 F254 silica plates. Magnetic stirring
was conducted using an RT 10 stirrer
(IKA-Werke GmbH & Co. KG, Germany), and

(9-
and

solvent
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evaporation was performed on a Hei-VAP Core i totary
evaporator (Heidolph Instruments GmbHP&!CE. KG)/GefRYaR§IC

1H and !3C NMR spectra were recorded on Bruker Avance
spectrometers operating at 400 MHz, using tetramethylsilane
as the internal standard. Samples were collected in deuterated
CDCl3 solvent. Chemical shifts were measured to the nearest
0.01 ppm, and coupling constants were measured to the
nearest 0.1 Hz.

Nicolet 380 FTIR spectrometer (Thermo Fisher Scientific Inc.,
USA) with an ATR attachment and additional equipment.

A high-pressure Waters chromatograph equipped with a
Rheodyne 7161 injector, a Styrogel HR 4E+5E column system,
Milton Roy UV Spectromonitor 3100 detectors, a Waters RI
2414 refractometer, and Z-lab data acquisition and processing
software was used. The system was calibrated using a set of
Waters polystyrene standards with an MW of 600-500,000.

Differential scanning calorimetry was performed using a
DSC 204 F1 Phoenix (Netzsch, Germany). The study was
conducted over a temperature range of -100 to 150°Cin aninert
gas flow (argon) of 60 ml/min with a heating rate of 10°C/min.

High-performance liquid chromatography (HPLC) analyses

were performed on a Millichrom A-02 chromatograph
equipped with a uv detector and a
ProntoSIL-120-5-C18 column (2 x75mm, 5 um).  Gradient

elution was carried out using the following mobile phases:
eluent A, a 0.2 M aqueous LiClO4 solution with 0.05 M HCIOg,
and eluent B, acetonitrile.

Nanoparticle size and C-potential measurements were
performed by dynamic light scattering (DLS) using
a Nano ZS Zetasizer system  (Malvern Panalytical Ltd., UK),
calibrated daily using manufacturer-recommended polystyrene
standards (40 nm, 80 nm, 150 nm, and 200 nm latex spheres).

Electronic absorption spectra were obtained with
a UV-1800 scanning spectrophotometer (Shimadzu, Japan), and
fluorescence spectra were recorded using an RF-6000
spectrofluorometer  (Shimadzu, Japan) at25+1°C. The
fluorescence signal was collected at 90° to the excitation beam,
and spectra were corrected for photomultiplier sensitivity.

Fluorescence lifetime measurements were carried out using
a FLIM module (Becker & Hickl, Germany) coupled to
an LSM-710-NLO laser-scanning microscope
(Carl Zeiss, Germany).  Excitation was performed with
a Chameleon Ultra Il femtosecond laser (Coherent, USA; pulse
width 140 fs, repetition rate 80 MHz,A = 770 nm).
The FLIM setup included a TCSPC system (SPC-150), hybrid
GaAsP HPM-100-07 detector, and SPClmage 8.0 software
(Becker & Hickl, Germany) for data acquisition and decay
analysis.

Real-time confocal imaging was performed using a Nikon
A1R MP inverted microscope (Nikon, Japan) equipped with a
405 nm laser (emission 410470 nm). Maximum intensity
projections along the Z-axis were generated
with NIS-Elements AR software.

Live-cell images for Fig. 6 was acquired with Nanoimager S
(ONI, UK) equipped with UPlanSApo 100 x 1.4NA oil immersion
lens (Olympus), 488 nm and 640 nm lasers, 560 nm dichroic
mirror and Scope8 sCMOS camera. Images were captured in
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TIRF regime using 405 nm laser for PLGA-4 nanoparticles
excitation (=157.5 W/cm?) and 561 nm laser for mScarlet or
mKate2 excitation (=157.5 W/cm?). A series of multiple images
(up to 7500 frames) were obtained at 33 fps with 1 405 nm
excitation frame followed by 1 561 nm excitation frame. Image
acquisition was performed using NimOS 1.7.3.10248. Image
processing was performed using NimOS 1.7.3.10248 and Image)
FiJi ver. 1.53g. Image reconstruction was performed using
default parameters of initial sigma.

Computational details

Conformational search and Geometry optimization. The
conformational search was conducted using the CREST package
version 2.12%, employing the GFN2-xTB method>” with ALPB
solvation model®® with dichloromethane as the solvent. The
resulting conformational ensemble was sorted by energy, and
the lowest-energy conformers were selected for subsequent
DFT calculations.

All DFT calculations were performed using the ORCA 5.0.4
quantum  chemistry  program  package®. Geometry
optimizations and frequency calculations were carried out using
the PBEO hybrid functional®® in conjunction with the def2-TZVP
basis set. The absence of imaginary frequencies was confirmed
through vibrational frequency analysis, indicating true minima
on the potential energy surface. To account for dispersion
interactions, Grimme's D4 dispersion correction was applied®.
Solvent effects were incorporated using the conductor-like
polarizable continuum model (CPCM) with dichloromethane
(CH2Cl;) as the solvent. All calculations employed tight
optimization (TIGHTOPT) and self-consistent field (TIGHTSCF)
convergence criteria to ensure high-accuracy results.

The UV-Vis absorption spectra were computed using time-
dependent DFT (TD-DFT), including 30 singlet electronic states,
with dichloromethane (CH,Cl,), consistent with experimental
conditions. Several exchange-correlation functionals were
evaluated to achieve accurate spectral predictions, including
range-separated hybrids (CAM-B3LYP, wB97X) and global-
hybrid GGAs (B3LYP, PBEO). The PBEO/def2-TZVP combination
provided the best agreement with experimental data.

To calculate the fluorescence spectra, structures were
optimized to the first singlet excited state (Si), including 8
singlet electronic states, using TD-DFT/PBEQ/def2-TZVP level of
theory, with subsequent calculation of their Hessian matrix.
After that, calculation of absorption spectra on first excited
state starting geometry, which corresponds to calculation of
fluorescence spectra, was conducted to obtain plain TD-DFT
results for emission.

Calculations via the ESD module were conducted in
combination with TD-DFT formalism using Adiabatic Hessian
After a Step (AHAS) approach, accounting for So and Si
vibrational frequencies. Herzberg-Teller contribution test for
compound 1 was done via setting parameter “DOHT” to “TRUE”.
Voigt lineshape, spectral resolution (SPECRES) = 10, spectral
width (LINEW) = 2500 cm™?, and scaling parameter 0.9944 for
PBEO/def2-TZVP combination®® were used for all final ESD
calculations.

16 | J. Name., 2012, 00, 1-3

Detailed computational
Supporting Information.
Synthesis of PLGA-1 — PLGA-8 conjugates

details are provided,in othe
DOI: 10.1039/D5TB02866C

The dye (10 g, 1 equiv.) was dissolved in 1 ml of methylene
chloride, and the PLGA polymer (Resomer® RG 502 H) (500 g)
was dissolved in 3 ml of methylene chloride. Furthermore,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  (EDC, 10
equiv.) and N-hydroxysuccinimide (NHS, 10 equiv.) were
dissolved in 3 ml of methylene chloride each. The EDC solution
was added sequentially to the flask containing the polymer,
followed by the NHS solution. A quantity of 25 ul of DIPEA was
then added to the reaction mixture. Following a period of four
hours, a dye solution in methylene chloride was introduced. The
reaction mixture was stirred for 48 hours at room temperature.
The resulting solution was extracted with a mixture of 10 ml of
methylene chloride and 10 ml of distilled water (twice), 10 ml
of distilled water and 10 ml of methanol (once), and 25 ml of
distilled water (twice) to remove water-soluble by-products and
starting reagents. The organic phase was separated, dried over
anhydrous sodium sulphate, and then evaporated on a rotary
evaporator at a rotor speed of 100 rpm and a temperature of T
=40 °C. The resulting precipitate was dissolved in 5 ml of ethyl
acetate, following which the solution was added to 50 ml of
hexane in order to precipitate the polymer. The resultant
precipitate was then filtered and dried in air. The formation of
the conjugate was determined by thin-layer chromatography
(eluent: dichloromethane:methanol:water, 6.5:2.5:0.4).

Synthesis of PLGA-1 — PLGA-8 nanoparticles

Polymer samples (10 mg) were dissolved in 2 ml of acetone.
The resulting solution was then injected with a syringe into 10
ml of a 2% solution of polyvinyl alcohol, with the solution being
subjected to intensive stirring (1500 rpm). The acetone was
then removed on a rotary evaporator at a rotor speed of 100
rpm and a temperature of T = 40 °C. The analysis of the particle
sizes was conducted by means of laser dynamic light scattering.
A cryoprotectant (D-mannitol) was added to the nanoparticle
suspension in an amount necessary to achieve a concentration
of 2.5 wt%. The suspension was then poured into penicillin vials
in 1 or 2 ml portions, frozen at =70 °C and lyophilised in two
stages: the first stage — primary drying — 20 hours at a pressure
of 0.30 mbar, the second stage — final drying — 4 hours at a
pressure of 0.12 mbar.

Calibration curve for determining the residual content of dye 3 in
the polymer and nanoparticles

In order to ascertain the residual dye 3 content in the
polymer, five calibration solutions with concentrations ranging
from 0.011 to 0.172 mg/ml were prepared. The dye was
dissolved in acetonitrile. Gradient elution was employed,
transitioning from 5% eluent B to 95% eluent B, with a volume
of eluent passing through the column measuring 2500 pl. The
wavelength of the UV detector was 230 nm. The time constant
was determined to be 0.18 seconds. The volume of the sample
applied to the chromatographic column was 2 microlitres.

This journal is © The Royal Society of Chemistry 20xx

Page 16 of 20


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02866c

Page 17 of 20

Open Access Article. Published on 22 April 2026. Downloaded on 4/23/2026 12:41:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Following the analysis, the peaks obtained were processed
using the MultiChrom programme. Consequently, a calibration
curve of dye concentration (mg/ml) versus absorbance was
obtained, with a correlation coefficient of R = 0.9991, described
by the equation Q = 0.03456xA. The elution time of the dye was
found to be 9.04 minutes.

Calibration curve for determining the residual content of dye 5 in
the polymer and nanoparticles

The calibration curve for dye 5 was determined through the
preparation of six solutions, ranging from 0.007 to 0.236 mg/ml.
The solvent used was acetonitrile. Eluent B was acetonitrile.
Gradient elution was employed, whereby the eluent was
transitioned from 5% eluent B to 95% eluent B. The volume of
eluent that passed through the column was 2500 upl. The
wavelength of the UV detector was 240 nm. The time constant
was determined to be 0.18 seconds. The volume of the sample
applied to the chromatographic column was 2 microlitres.
Following the analysis, the peaks obtained were processed
using the MultiChrom programme. Consequently, a calibration
curve of dye concentration (mg/ml) versus absorbance was
obtained, with a correlation coefficient of R = 0.9998, described
by the equation Q = 0.0234xA. The elution time of the dye was
found to be 9.17 minutes.

Determination of fluorescence quantum yields of dyes and
nanopatrticles

In order to determine the quantum yields of the dyes, a
series of solutions of dyes 1-8 and selected standards were
prepared. For dyes 1-4 containing a morpholine substituent,
coumarin 6 dissolved in ethanol was utilised as a standard,
characterised by 1955, = 457 nm, A{,fax = 500 nm, ®¢ = 78 %.
For dyes 5-8 containing an ethoxyethyl substituent, quinine
sulphate in 0.5 M sulphuric acid was utilised, 2225, = 317 and
349 nm, AL}, = 450 nm, ®s = 54,6 %.

For compounds 1-4, the absorption and fluorescence
spectra were recorded upon excitation with light at a
wavelength of 405 nm, and for 5-8 at a wavelength of 360 nm.
The quantum yield of fluorophores was calculated using the
following equation (1):

Sp 11— 104

Tlﬂ
PrL=Pse X5 X (
st

X (_)2!

1— 1045 ) Ngt @

where @ and @ are the quantum yields of fluorescence of
the fluorophore and standard, Sy; and S5, are the integral
intensities of fluorescence of the fluorophore and standard, Ay,
and Ay are the absorptions of the fluorophore and standard,
ngp and ng are the refractive indices of the medium.

In order to determine the quantum yields of fluorescence of
nanoparticles, a series of suspensions with different dilutions
were prepared. The conditions for the recording of the spectra
remained unchanged, as for the initial fluorophores.
Subsequently, graphs were constructed to demonstrate the
dependence of the integral fluorescence intensity on
absorption at a selected wavelength. The slope coefficients of
these graphs were subsequently determined. The following

This journal is © The Royal Society of Chemistry 20xx
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equation (2) was utilised to calculate the quangum,vield,of
fluorescence of nanoparticles: DOI: 10.1039/D5TB02866C
tga
ganp %
tgas:

Nyp
Nt

Pnps = Pst X )%, (2)

where @yps and @y are the quantum yields of fluorescence
for nanoparticles and the standard, tgayp and tgas are the
tangents of the angle of inclination of the dependence of the
integral fluorescence intensity on absorption for nanoparticles
and the standard, nyp and ng; are the refractive indices of the
medium, which are 1.333 for PBS, 1.397 for 0.5 M sulphuric acid
solution, and 1.4242 for 96% ethyl alcohol solution.

For all nanoparticles, the values of sample brightness were
determined calculated according to equation (3):

3)

where € is the molar extinction coefficient of the dye,

B = &QYn,

determined by the Beer—Bouguer—Lambert law, |-molt-cm™!
@nps is the quantum yield of fluorescence of nanoparticles
n is the amount of substance of fluorophore molecules per
mg of PLGA, mol/mg.

Study of the average lifetime of the excited state of fluorophores in
free form and as part of nanoparticles using FLIM microscopy

The registration of colloid systems fluorescence spectra and
further registration of the time-resolved signal were performed
in two-photon excitation mode using a Cameleon Ultra Il
femtosecond laser (Coherent, USA), tunable in the range of
690—-1060 nm. The excitation of fluorescence was accomplished
through the utilisation of a laser wavelength of 770 nm. The
fluorescence decay was approximated using a one-, two-, or
three-component exponential function.

Preparation of 4T1 cell line

The 4T1 breast adenocarcinoma cell line was selected for in
vitro study of nanoparticle distribution. The 4T1 cells were
cultivated at a temperature of 37 °C in an atmosphere
containing 5% CO,, in RPMI-1640 medium with 10% fetal bovine
serum, 2 mM L-glutamine, and 1% antibiotic-antimycotic
mixture (10,000 IU/ml penicillin, 10,000 1U/ml streptomycin).
The 4T1 cells were cultivated in confocal dishes with lids and
bottoms (3.5 SPL Life Sciences Co., Ltd.) until 70% confluence
was attained 24 hours prior to the experimental study.

Cytotoxicity assessment using the resazurin assay

To assess cytotoxicity, 4T1 cells were seeded in 96-well plates at
a density of 2000 cells per well and cultured for 24 h to allow
adhesion. Test nanoparticle suspensions were then added to the
culture medium at a ratio of 100 pL old medium per well (inoculation
volume) and 100 pL fresh medium containing the nanoparticles.
Stock suspensions were prepared in serum-free growth medium,
with the final added volume not exceeding 11% of the well volume.
Cells were incubated with nanoparticles for 24 h, after which
cytotoxicity was evaluated using the resazurin assay. Cells receiving
medium without test nanoparticles suspension served as controls.
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For the resazurin assay, a 0.2 mM resazurin solution in Earle's
balanced salt solution supplemented with 1 g L™ D-glucose was
employed. Culture medium was replaced with resazurin solution,
and plates were incubated for 2 h at 37 °C. Fluorescence was
measured using excitation and emission wavelengths of 535 nm and
620 nm, respectively, on a Hidex Sense Beta Plus plate fluorometer
(Hidex, Finland).

Laser scanning confocal microscopy

Cell lysosomes were stained with LysoTracker Red DND-99
(50 nM, Life Technology, USA) according to the manufacturer's
protocol. The cells were incubated with LysoTracker for 10
minutes and washed with PBS. PLGA-4 nanoparticles were
added to the cell culture medium to a final concentration of 100
ug/ml, and the cells were incubated for 1 hour. A concentration
of 200 pg/ml was used for PLGA-5 nanoparticles. After
incubation, the cells were washed three times with PBS. The
study utilized lasers with 405, 488, and 561 emission
wavelengths and Plan Apo 20x/0.75 Dic N and Apo TIRF
60x/1.49 oil Dic objectives. Images were scanned sequentially
with the following optical pass settings: 405 laser (500-550nm
bandpass filter) and 405 laser (425-475nm bandpass) for
fluorophores 1-4 and fluorophores 5-8, respectively, with TD
optical configuration. Live-cell imaging was performed. Imaging
analysis and quantification was performed using NIS Elements
AR software.

Cells were grown in an adhesion culture in Dulbecco’s
Modified Essential Medium (DMEM) with 2 mM glutamine and
4.5 g/l glucose (PanEco, Russia) supplemented with 10% fetal
bovine serum (HyClone, ThermoScientific, USA) and 1%
Penicillin + Streptomycin in a humidified atmosphere under
37°C and 5% CO..

Twenty-four hours before transfection, cells were seeded
on glass bottom culture dishes (Fluorodish, World Precision
Instruments, USA). For transient transfection, the transfection
reagent FuGene HD (Promega, USA) was used in accordance
with the manufacturer’s protocol. The transfection mixture was
diluted with 700 ul of OptiMEM (Gibco, ThermoScientific, USA),
and incubation was continued for 16-24 h.
imaging using Nanoimager S cells were
transfected with plasmids, encoding LAMP1-mScarlet or
mKate2-clathrin under CMV promoter and SV40 terminator
control. Transfected cells were imaged in HHBS (Hank’s HEPES
buffer solution, PanEco, Russia). PLGA-4 nanoparticle
suspension was added to a final concentration 100 ug/ml and
incubated for 30 min.

For live-cell

Determining colocalization coefficients

A preliminary assessment of colocalization between
nanoparticles and trackers was performed across the entire
image. Manders' and Pearson's coefficients were used to assess
colocalization. Coefficients greater than 0.5 indicate
colocalization between channels (maximum 1.0).

Study of photostability of nanoparticles PLGA-4 and PLGA-5

18 | J. Name., 2012, 00, 1-3

To study the relative stability under biological, imaging
conditions PLGA-Cy5 nanoparticles were Rised0a9)3%¢entrePSThe
PLGA-4 nanoparticle suspension was incubated with the 4T1
cells at a concentration of 200 pg/mL for 30 min. The cells were
washed twice with phosphate-buffered saline to remove
unbound nanoparticles. The cells were then transferred to the
confocal microscope (Nikon A1R MP inverted microscope) and
and continuously exposed for 7 min (405 nm laser for
naphthalimide 5; 637 nm for Cy5; ~4.7 mW cm~2).

For controlled single-wavelength study the cells were
stained with the DAPI dye after fixation. The cells were fixed
with 4% formaldehyde solution in PBS (incubated for 10 min at
room temp protecting from light). Then the cells were washed
twice with PBS and incubated with DAPI (ready to use solution,
Sigma Aldrich). The cells were washed twice with PBS and
imaging. The dye 4 was dissolved in an aliquot of DMSO, the
final DMSO concentration in the cell medium did not exceed 1%.
For nanoparticles PLGA-4 incubated with cells at a
concentration of 200 pg/mL PLGA, the concentration of free dye
in the experiments corresponded to the concentration in the
PLGA nanoparticles. Cells were fixed under similar conditions.
The selected ROI (with representative cells) was bleached for 9
min with a 405 laser (~4.7 mW cm™) and the fluorescent
intensity from this ROl was measured over time.
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