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Abstract. This review is devoted to our systematic investigations into the synthesis of fluorescent den-
drimers within the broader context of developing functional dendrimer architectures. The main em-
phasis is placed on synthetic methods for the peripheral modification of poly(amidoamine) (PAMAM)
and poly(propylene imine) (PPI) dendrimers with organic fluorophores, enabling the creation of well-
defined photoactive macromolecules with controlled structure and properties. In the presented stud-
ies, a series of fluorescent dendrimers and hyperbranched polymers functionalized with various chro-
mophoric systems, such as 1,8-naphthalimide, benzanthrone, acridine, and nitrobenzofurazan, has
been reported. The applied synthetic approaches provide precise control over the degree of function-
alization and the distribution of photoactive groups at the dendrimer periphery. The main objective
of this review is to highlight the synthetic methodologies and structure-property relationships that
determine the potential of fluorescent dendrimers as platforms for developing new functional mate-
rials with biological and sensing properties. First examples of fluorescent hyperbranched polymers
are also included, allowing a direct comparison between strictly defined dendrimer architectures and
statistically branched macromolecular systems. Water-soluble fluorescent dendrimers are briefly dis-
cussed as an extension of the synthetic strategies applied. Application-oriented aspects of fluorescent
dendrimers are outlined.
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1. Introduction terized by high branching, monodispersity, and well-
controlled surface functionalization. Owing to these
Dendrimers represent a unique class of synthetic  structural features, dendrimers occupy an important

polymers with precisely defined structures, charac- position among modern functional polymers and
find applications across a wide range of contempo-
*Corresponding authors rary, highly relevant scientific fields [1-5].
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An important characteristic of dendrimers is the
ability to modify their periphery, allowing the intro-
duction of various functional groups without com-
promising the integrity of the dendrimer structure.
This approach is particularly advantageous for the
development of fluorescent dendrimers, where the
peripheral attachment of photoactive chromophores
combines the benefits of the dendrimer matrix with
the optical properties of low-molecular-weight flu-
orophores, with applications in sensing, catalysis,
optics, and materials science [6-10]. Fluorescent
dendrimers are of interest both from a fundamental
perspective, for investigating structure—property re-
lationships, and for their potential to develop new
functional materials. Compared to low-molecular-
weight fluorophores, dendrimer-based systems of-
ten exhibit enhanced stability, multivalency, and
improved control over the spatial distribution of
photoactive centers. These features make them
promising platforms for the rational design of pho-
toactive macromolecular systems [11-13]. In addi-
tion, fluorescent dendrimers are employed as con-
trast agents in fluorescence microscopy and other
bioimaging techniques, facilitating the diagnosis of
various diseases [14,15].

Fluorescent dendrimers can be designed to act
as carriers of therapeutic agents while enabling
monitoring of their distribution [16-19]. Further-
more, by conjugating specific fluorophores and
recognition units to dendrimers, fluorescent sen-
sors can be designed to monitor changes in envi-
ronmental and biological systems, including pH,
ionic strength, temperature, the presence of metal
ions, biomolecules, or toxins. In these cases, the role
of dendrimers is to provide a stable platform and
a unique microenvironment that enhances sensor
performance [20-25].

Fluorophores can be incorporated into den-
drimer structures through covalent attachment to
peripheral functional groups or by encapsulation,
where the fluorophores are located within internal
cavities or the dendrimer core. Alternatively, fluo-
rophores may be integrated as structural elements
within the dendrimer core or branching units [26,27].
Peripheral covalent attachment ensures high stabil-
ity of the resulting systems and prevents undesired
aggregation or migration of the fluorophores. In
such systems, dendrimers contain a large num-
ber of closely spaced chromophores that may act

independently or interact with each other. This phe-
nomenon is commonly referred to as the “dendrimer
effect”, which has been extensively discussed in the
literature [28,29].

Among the wide variety of organic fluorophores,
1,8-naphthalimides (NI) have emerged as a partic-
ularly useful class of fluorophores, owing to their
high fluorescence quantum yields, excellent pho-
tostability, and the possibility for facile functional-
ization at the C-4 position and the imide nitrogen
atom, which facilitates their covalent attachment
to dendrimers [30,31]. The polarization of the 1,8-
naphthalimide molecule arises from donor-acceptor
interactions between the electron-accepting car-
bonyl groups of the imide moiety and substituents
at the C-4 position of the naphthalene ring [32].
Amino substituents (-NH,, -NHR, -NR») and alkoxy
substituents (-OR) act as effective electron donors,
giving rise to internal charge transfer (ICT) pro-
cesses. Because nitrogen is less electronegative than
oxygen, its lone electron pair is more efficiently
delocalized toward the 1,8-naphthalimide accep-
tor compared to alkoxy substituents. In solution,
4-alkoxy-substituted 1,8-naphthalimides typically
absorb in the ultraviolet spectral region and emit
violet-blue fluorescence, whereas amino-substituted
1,8-naphthalimides absorb in the visible region and
emit yellow—green fluorescence. Thus, by varying
the electron-donating ability of substituents at the
C-4 position, the synthesis of 1,8-naphthalimide
derivatives with predefined and tunable emission
colors and fluorescence intensities can be rationally
designed [32].

In recent years, the biological activity of 1,8-
naphthalimide derivatives has been intensively
investigated for applications in biomedicine and
biology [33-37]. The planar core of the 1,8-
naphthalimide molecule enables intercalation
between DNA base pairs, disrupting the normal
double-helical structure. This process inhibits DNA
replication and transcription during cancer cell pro-
liferation, ultimately inducing cell death, including
through autophagy. In addition, 1,8-naphthalimides
and their metal complexes exhibit significant po-
tential as antibacterial and antifungal agents [38-40].
Certain 1,8-naphthalimide derivatives have also been
employed as photosensitizers in antibacterial pho-
todynamic therapy [41-43]. Upon light irradiation,
they generate reactive oxygen species (ROS), which
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are highly cytotoxic toward both Gram-positive and
Gram-negative bacteria.

Owing to their favorable photophysical and bi-
ological properties, 1,8-naphthalimides represent a
highly attractive chromophoric system for the mod-
ification of dendrimers bearing peripheral primary
amino groups. Their synthesis is based on covalent
attachment via condensation of 1,8-naphthalimide
anhydrides with primary amines, which constitutes
a typical example of “peripheral modification”. This
approach provides a high degree of control over the
number and nature of the functional groups intro-
duced, forming the basis for the multifunctionality of
the resulting dendrimers [44-46].

Studies on fluorescent dendrimer systems mod-
ified with 1,8-naphthalimide fluorophores have
focused on biomedical applications, cell and tis-
sue imaging [47], detection of metal ions and pro-
tons [24], and investigation of dendrimer interac-
tions with bacterial cell membranes [48,49], among
others. By enabling control over the number and
spatial distribution of fluorophores within the den-
drimer structure, these hybrid nanomaterials al-
low fine tuning of optical properties and selec-
tivity toward specific molecules or environmental
conditions.

This review presents a comprehensive overview
of our investigations into the synthesis of fluores-
cent dendrimers with different architectures and pe-
ripheral modifications. Particular emphasis is placed
on the synthetic strategies and methodologies em-
ployed for the modification of poly(amidoamine) and
poly(propylene imine) dendrimers with various or-
ganic fluorophores, as well as on the first syntheses
of hyperbranched polymers with related photoactive
functionalities. Biological and sensing applications
are addressed only briefly to emphasize their direct
relationship with the synthetic design of the den-
drimer systems presented.

2. Design principles of fluorescent PAMAM
and PPI dendrimers

The design of fluorescent dendrimers is based on
combining a well-defined dendrimer architecture
with deliberately introduced photoactive groups.
A major advantage of dendrimer systems is the
possibility of controlling the number, distribution,
and chemical nature of functional groups at the

macromolecular periphery, particularly in systems
with a high or complete degree of functionalization.
This enables systematic investigation of structure—
photophysical property relationships and opens
pathways toward the development of fluorescent
materials with predefined characteristics.

In the development of fluorescent den-
drimers, the choice of dendrimer matrix is crucial.
Poly(amidoamine) (PAMAM) and poly(propylene
imine) (PPI) dendrimers are distinguished by their
well-defined structures, reactive terminal amino
groups, and high synthetic reproducibility. These
features make them suitable platforms for periph-
eral functionalization with organic fluorophores
without significantly perturbing the dendrimer core
structure.

2.1. Synthesis of PAMAM dendrimers modified
with 1,8-naphthalimides

For the first time, PAMAM dendrimers of zero [44]
and second [45] generations, peripherally modified
with 1,8-naphthalimide chromophores, were syn-
thesized, enabling precise control over the degree
of functionalization and the distribution of fluo-
rophores on the macromolecular surface. The ob-
jective of this modification was to investigate their
ability to detect metal ions and protons via a pho-
toinduced electron transfer (PET) mechanism [50].
These initial studies demonstrated the potential of
dendrimers as highly sensitive optical fluorescent
sensors for the detection of metal ions and protons,
using dendrimer-bound 1,8-naphthalimide units as
signal transducers.

Subsequent investigations further developed
this concept by synthesizing a series of new PA-
MAM and PPI dendrimers functionalized with 1,8-
naphthalimide units, which exhibit sensing prop-
erties [24]. The selection of 1,8-naphthalimides as
fluorophores for dendrimer modification was based
on extensive prior experience with monomeric low-
molecular-weight fluorophores and their covalent
attachment to linear polymers [51-56]. In contrast,
these fluorophores had not been previously used
to modify dendrimers. Owing to the dendrimer
effect, peripheral 1,8-naphthalimide units can in-
duce signal amplification, as the overall fluorescence
response represents a cumulative contribution of
multiple chromophoric units. In several dendrimer
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systems, it has been demonstrated that the individ-
ual photophysical properties of the chromophores
are largely preserved, without significant fluores-
cence self-quenching. This behavior is attributed
to the spatial separation of the chromophoric units
within the dendritic framework, which limits 7
stacking interactions [24,44,45,57].

To investigate structure—function relationships,
substituents of different electronic nature were intro-
duced at the C-4 position of the 1,8-naphthalimide
units in low-generation dendrimers. Nitro groups
and bromine atoms exhibit pronounced electron-
accepting properties, which prevent effective po-
larization of the chromophoric system and fluores-
cence emission. Consequently, these substituents
have to be replaced by electron-donating amino or
alkoxy groups possessing a mesomeric (+M) effect.
Nitro- and halogen-substituted 1,8-naphthalimides
are classical activated systems for nucleophilic aro-
matic substitution, allowing efficient introduction of
amino and alkoxy groups at the C-4 position, and are
widely employed in the synthesis of functional fluo-
rescent derivatives [58,59].

Scheme 1 illustrates the condensation reaction
between 4-nitro-1,8-naphthalic anhydride and the
terminal amino groups of a first-generation PA-
MAM dendrimer, followed by nucleophilic substi-
tution of the nitro group by amino substituents of
different nature. In this manner, various 4-amino-
substituted 1,8-naphthalimide derivatives were ob-
tained, covalently attached to the dendrimer periph-
ery (Scheme 2).

The first-generation PAMAM dendrimer mod-
ified with eight 4-nitro-1,8-naphthalimide units
1 was further used as a starting material for the
synthesis of 6 a blue-emitting fluorescent den-
drimer bearing an N,N-dimethylaminoethoxy sub-
stituent (-OCH,CH,N(CHj3),) at the C-4 position of
the 1,8-naphthalimide core. Its design follows the
fluorophore-spacer-receptor concept, in which the
N,N-dimethylamino group (-N(CHgs);), containing
a tertiary nitrogen atom with a nonbonding electron
pair, acts as the receptor moiety for metal ions and
protons and is linked to the 1,8-naphthalimide sig-
naling unit via an ethylene spacer (-CH,CH»-) [60].

The nucleophilic substitution of the nitro group
by the N,N-dimethylaminoethoxy substituent was
carried out in DMF in the presence of alkaline
agents. In addition, a dendrimer bearing a primary
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Scheme 2. Peripherally modified first-generation PAMAM dendrimers bearing 1,8-naphthalimide units.

amino group as a substituent at the C-4 position
of the 1,8-naphthalimide structure was obtained
in a single-step synthesis via the reaction of 4-
amino-1,8-naphthalic anhydride with the PAMAM
dendrimer [62].

Using the same synthetic strategy, PAMAM den-
drimers of zero and second generation were analo-
gously prepared, peripherally modified with four and
sixteen 1,8-naphthalimide units, respectively, bear-
ing different substituents at the C-4 position of the
naphthalene core (Scheme 3).

2.2. Peripheral modification of PPI
dendrimers of different generations with
1,8-naphthalimide derivatives

Poly(propylene imine) dendrimers are an alternative
dendrimer architecture, characterized by a more hy-
drophobic internal structure compared to PAMAM
dendrimers. As with PAMAM systems, terminal pri-
mary amino groups are used for peripheral modifi-
cation with fluorophores. Within our studies, fluo-
rescent PPI dendrimers peripherally modified with
organic fluorophores were synthesized for the first
time, using synthetic methodologies analogous to
those applied for PAMAM dendrimers but adapted
to the specific chemistry of the PPI matrix. This ap-
proach enables a direct comparison between the two
dendrimer types and allows assessment of the influ-
ence of dendrimer architecture on the photophysical
properties of the resulting macromolecules.

Peripheral modification of PPI dendrimers was
achieved through covalent attachment of fluo-
rophoric units to the terminal amino groups. Various
fluorophores were employed, including derivatives
of 1,8-naphthalimide, benzanthrone, acridine, and
nitrobenzofurazan, thereby extending the spectral
range and enabling systematic investigation of the
influence of chemical structure on photophysical
characteristics.

2.2.1. Synthesis of first-generation PPI
dendrimers bearing 4-amino-substituted
1,8-naphthalimide units

In the design of fluorescent PPI dendrimers, syn-
thetic schemes and substituents at the C-4 posi-
tion analogous to those used for PAMAM dendrimers
were employed (Scheme 4).

2.2.2. Synthesis of PPI dendrimer 31 bearing
4-alkoxy-1,8-naphthalimide units

Ultrasonic irradiation is a well-established sono-
chemical method for synthesis, enabling reduced re-
action time and increased yields in nucleophilic sub-
stitution reactions of the nitro group in 4-nitro-1,8-
naphthalimides with alkoxy substituents (alcoholate
anions, —OR) [73,74]. The reaction proceeds via a nu-
cleophilic aromatic substitution (SyAr) mechanism,
while ultrasonic irradiation provides the energy and
mechanical effects that accelerate both the genera-
tion of reactive species and the substitution.
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Scheme 6. Second-generation PPI dendrimers peripherally modified with 1,8-naphthalimide derivatives.

In contrast to conventional thermal heating,
where the entire reaction volume is maintained
at elevated temperature, sonochemical condi-
tions allow the bulk solution to remain close to
room temperature [73]. This significantly reduces
or eliminates side reactions and product degra-
dation that may occur during prolonged high-
temperature heating, thereby increasing the pu-
rity and yields of 4-alkoxy-1,8-naphthalimide deriva-
tives. A blue-emitting fluorescent PPI dendrimer
was obtained through nucleophilic substitution of
the nitro group by an -OCH,CH,;N(CHj3), residue
using ultrasonic synthesis. The reaction was car-
ried out in N,N-dimethylaminoethanol, which
served simultaneously as both reagent and reac-
tion medium. Under these conditions, a blue-
fluorescent PPI dendrimer 31 was obtained in
nearly quantitative yield and high purity, as shown in
Scheme 5 [72].

2.2.3. Synthesis of second- and third-generation PPI
dendrimers bearing 4-amino-substituted
1,8-naphthalimide units

Fluorescent PPI dendrimers bearing eight 4-
amino-substituted 1,8-naphthalimide units were ob-
tained via condensation of a second-generation PPI
dendrimer with 4-nitro-1,8-naphthalic anhydride,
followed by nucleophilic substitution of the nitro
group by various amines in DME In addition, 4-
bromo-1,8-naphthalic anhydride and 1,8-naphthalic
anhydride were also employed as starting materials
(Scheme 6).

A PPI dendrimer bearing sixteen terminal pri-
mary amino groups was reacted with 4-amino-1,8-
naphthalic anhydride, yielding dendrimer 40 with
the structure shown in Scheme 7 (yield 82%) [71].
In contrast, peripheral modification of the same
dendrimer with 4-nitro-1,8-naphthalimide was
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Scheme 7. Third-generation PPI dendrimer 40 peripherally modified with 4-amino-1,8-naphthalimide units.

complicated by the poor solubility of the reaction
system and the reduced reactivity associated with
this nitro-substituted precursor, leading to incom-
plete functionalization and products with differ-
ent degrees of substitution. Because of the limited
synthetic control achieved, this approach was not
further pursued.

The dendrimers described were isolated in the
solid state and exhibit good stability upon prolonged
storage under ambient conditions. They are readily
soluble in common organic solvents but are insolu-
ble in water.

2.3. PPI dendrimers modified with other
fluorophores

In addition to 1,8-naphthalimides, fluorescent PPI
dendrimers modified with other classes of organic
fluorophores—namely benzanthrone, acridine, and
nitrobenzofurazan—were developed within our
studies. The aim of this approach was to extend
the spectral range of fluorescent dendrimer sys-
tems and to demonstrate the versatility of the syn-
thetic methodologies applied across different chro-
mophoric structures.

2.3.1. Synthesis of a second-generation PPI dendrimer
modified with benzanthrone (41)

Benzanthrone is a polycyclic aromatic ketone with
an extended 7t-conjugated system, which accounts
for its strong absorption and intense fluorescence in
the long-wavelength region of the visible spectrum.
A characteristic feature of benzanthrone derivatives
is their high photostability and relatively large Stokes
shift, making them suitable for applications requir-
ing stable fluorescence signals with minimal self-
absorption. Interest in benzanthrone-based fluo-
rophores also arises from pronounced intramolecu-
lar charge-transfer character, which renders their flu-
orescence sensitive to medium polarity and struc-
tural modifications [79-81].

A fluorescent dendrimer modified with benzan-
throne chromophores was obtained via peripheral
functionalization of a second-generation PPI den-
drimer using a benzanthrone derivative bearing a
reactive chloromethyl group (2-chloro- N-(7-oxo-7H-
benzo[de]anthracen-3-yl)acetamide) with a yield of
82%. The benzanthrone precursor had been previ-
ously reported and characterized [80].

The modification proceeds through nucle-
ophilic substitution of the chlorine atom in the
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Scheme 8. Chemical structure of a second-generation PPI dendrimer modified with benzanthrone units.

chloroacetamide fragment by the primary amino
groups of the dendrimer, resulting in the forma-
tion of stable amide bonds and covalent attachment
of benzanthrone units to the dendrimer periphery
(Scheme 8) [82]. The structure of the dendrimer
obtained, bearing eight benzanthrone units, is sup-
ported by MALDI-TOF mass spectrometry, elemen-
tal analysis, and NMR spectroscopy. In particular,
the '"H NMR spectrum exhibits characteristic NHCO
signals in the region 10.92-10.56 ppm correspond-
ing to eight amide protons, confirming the forma-
tion of amide linkages and excluding the formation
of tertiary amine structures. The absence of poly-
substitution on a single nitrogen atom is attributed
to steric hindrance within the dendritic structure,
which limits further substitution. According to the
data reported in ref. [82], the incorporation of ben-
zanthrone units into the dendrimer structure results
in fluorescent macromolecular systems in which the
photophysical properties of the chromophores are
largely preserved, without significant fluorescence
quenching. These results demonstrate the feasibility
of introducing bulky fluorophores into dendrimer
architectures via peripheral modification.

2.3.2. Synthesis of a second-generation PPI dendrimer
modified with acridine (42)

Acridine and its derivatives represent a class
of heteroaromatic compounds with well-defined

fluorescent properties arising from their planar
m-conjugated structure. They are characterized by
relatively high fluorescence quantum yields and
good photostability, which makes them suitable for a
variety of photonic and sensing applications. Of par-
ticular interest is the ability of acridine fluorophores
to participate in proton-dependent and electron-
transfer processes [83,84]. Protonation of the nitro-
gen atom in the acridine scaffold leads to significant
changes in absorption and emission properties, ren-
dering these compounds sensitive to pH variations
and attractive for sensing applications.

In our studies, peripheral modification of a PPI
dendrimer via covalent attachment of acridine frag-
ments has been reported [85]. Acridine fluorophores
are of interest due to their favorable photophysical
characteristics and biological activity. The synthesis
was carried out by reacting 9-chloroacridine with
a PPI dendrimer in a phenolic medium at elevated
temperature under an inert atmosphere. Due to
the formation of a protonated dendrimer species
in the reaction medium, the isolated solid product
was converted to its neutral form by dissolution in a
water/ammonia solution (approximately pH 8) [85].

This acridine-modified dendrimer complements
the previously developed naphthalimide- and
benzanthrone-based dendrimers and further ex-
pands the possibilities for the rational design of fluo-
rescent materials with diverse spectral properties.
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Scheme 9. Chemical structure of a second-generation PPI dendrimer modified with acridine (42) and 4-nitrobenzofurazan (43).

2.3.3. Synthesis of a second-generation PPI dendrimer
modified with 4-nitrobenzofurazan (43)

4-Nitrobenzofurazan is a strongly electron-
deficient heteroaromatic fluorophore distinguished
by pronounced donor-acceptor characteristics. The
presence of a nitro group combined with the benzo-
furazan ring leads to intense charge-transfer transi-
tions, resulting in high sensitivity of spectral proper-
ties to the surrounding environment and chemical
interactions. As a fluorophore, 4-nitrobenzofurazan
is particularly attractive due to its ability to respond
to nucleophilic attack and changes in electron den-
sity, which makes it suitable for sensing applications.
Despite their lower fluorescence intensity compared
to other fluorophores, benzofurazan derivatives are
valuable for their high sensitivity and the possibility
of fine-tuning their properties through molecular
design [86,87].

A new fluorescent dendrimer with a high yield
of 97% was obtained by peripheral modification
of a second-generation PPI dendrimer with 4-
nitrobenzofurazan fragments [88]. The synthesis is
based on direct nucleophilic aromatic substitution,
in which the primary amino groups of the PPI den-
drimer react with 4-chloro-7-nitrobenzofurazan, em-
ployed as a highly electrophilic chromophoric pre-
cursor (Scheme 9). Bonding of 4-nitrobenzofurazan
units into the dendrimer structure imparts new pho-
tochemical properties, as the chromophore becomes
fluorescent upon substitution of the chlorine atom

by the electron-donating alkylamino groups of the
dendrimer.

These syntheses represent the first examples of
peripheral modification of PPI dendrimers with ben-
zanthrone, acridine, and 4-nitrobenzofurazan chro-
mophores, achieved by applying established syn-
thetic methodologies for peripheral functionaliza-
tion. This approach enables the transfer of syn-
thetic strategies from one class of fluorophores to an-
other, thereby expanding the possibilities for devel-
oping fluorescent dendrimers with tunable spectral
characteristics.

3. Water-soluble and charged fluorescent
dendrimers

Water-soluble fluorescent dendrimers represent a
logical extension of studies on hydrophobic sys-
tems and demonstrate the adaptability of dendrimer
architectures to specific environmental conditions.
Their development constitutes an important step to-
ward expanding the application potential of fluores-
cent dendrimers in biomedicine and sensing, while
simultaneously imposing specific demands on syn-
thetic design. Although biological and sensing appli-
cations are addressed only briefly in the present re-
view, the synthetic approaches and architectural so-
lutions described in this section provide a foundation
for the further development of functional fluorescent
dendrimer materials.
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Scheme 10. Chemical structures of dendrimers 44 and 45 peripherally modified with four 4-sulfo-1,8-naphthalimide units.

In contrast to hydrophobic fluorescent den-
drimers, water-soluble dendrimers require care-
ful selection of both the dendrimer matrix and the
fluorophoric units, as well as the mode of their at-
tachment to the dendrimer. Water solubility can
be achieved by introducing negatively charged an-
ionic groups, such as carboxyl (-COOH) or sulfonic
(-SO3H) groups, into the 1,8-naphthalimide struc-
ture, by quaternization of amino groups, or by in-
corporating substituents containing polar function-
alities, such as hydroxyl groups in N-glucosamine
derivatives. In this manner, the charge of the den-
drimers can be controlled by selecting appropriate
functional groups. This strategy allows fine-tuning
of macromolecular properties and provides a means
of regulating interactions between dendrimers and
their surrounding environment. At the same time,
retention of fluorophores at the dendrimer periphery
ensures good accessibility and minimizes undesir-
able intramolecular interactions that could lead to
fluorescence quenching.

The synthesis of 4-sulfo-1,8-naphthalimide-
modified first-generation PPI (Gl) and zero-
generation PAMAM (GO) dendrimers was designed
to enhance the hydrophilicity of the resulting macro-
molecules and was carried out in a one-step reac-
tion of the potassium salt of 4-sulfo-1,8-naphthalic
anhydride with the corresponding dendrimers
(Scheme 10). The resulting dendrimers absorb in the
ultraviolet region and emit blue fluorescence [89,90].

The presence of carboxyl groups (-COOH) on
a PAMAM dendrimer was achieved via a one-
step synthesis by reacting 3-(6-nitro-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)propanoic acid with
the terminal amino groups of the dendrimer in DMF
at 25 °C. The structure of dendrimer 46 is presented
in Scheme 11; it exhibits yellow—green fluorescence,
as reported in Ref. [91].

Dendrimers modified with N-glucosamine have
attracted considerable interest in nanomedicine due
to their unique multivalent architecture and ability
to neutralize the high positive charge of parent den-
drimers, such as PPI and PAMAM. This charge com-
pensation leads to improved biocompatibility and
reduced cellular toxicity. Such dendrimers can act
as “smart” carriers, capable of simultaneously trans-
porting drug molecules while also exhibiting intrin-
sic biological activity [92-94].

In our studies, N-glucosamine was com-
bined with 1,8-naphthalimide to modify a first-
generation poly(propylene imine) (PPI) dendrimer
47 (Scheme 11), resulting in significantly improved
water solubility of the PPI dendrimer [95].

To introduce a quaternary ammonium group
into the structure of a PPI dendrimer, the primary
amino group of dendrimer 29 was first acylated
with chloroacetyl chloride to afford dendrimer 48.
Subsequently, the chlorine atom was substituted
by reaction with pyridine, yielding dendrimer 49
with a quaternary ammonium group. As a con-
sequence of introducing the electron-accepting
acylated amino group, the fluorescence emission
shifted from yellow—green (dendrimer 29) to blue,
while the quaternary ammonium group imparted
excellent water solubility to the resulting dendrimer
(Scheme 12) [96].
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glucosamine units (47).

4. Photoactive dendrimers for application in
antibacterial photodynamic therapy (aPDT)

Specialized photoactive dendrimers represent a log-
ical extension of the concept of fluorescent den-
drimers, in which macromolecular design is directed
not only toward fluorescence emission but also to-
ward the control of photoinduced processes. In
such systems, the dendrimer architecture serves as
a platform for spatially organizing photoactive cen-
ters, enabling purposeful modulation of their prop-
erties through chemical modification.

In our studies, particular attention has been de-
voted to introducing heavy atoms into the fluo-
rophore structure as an effective tool for tuning the
photophysical characteristics of dendrimer systems.
For the first time, dendrimers peripherally modified
with brominated 4-amino-1,8-naphthalimide units
were synthesized, in which the heavy atom was intro-
duced directly into the chromophoric system at the
C-3 position. The presence of a bromine atom in the
fluorophore structure exerts a pronounced influence
on the photoactivity of the dendrimer.

Bromine can enhance spin-orbit coupling within
fluorophore molecules, thereby increasing the rate
of intersystem crossing (ISC) from the singlet excited
state (S1) to the triplet state (T;). This phenomenon
is known as the heavy atom effect [97]. The enhance-
ment of ISC is directly related to the efficiency of sin-
glet oxygen (t0y) generation [98-100]. In this con-

text, the introduction of a bromine atom constitutes a
key innovation and is essential for achieving antimi-
crobial photodynamic activity in 1,8-naphthalimide-
based systems.

To obtain dendrimers modified with 1,8-
naphthalimide units bearing both a bromine atom
and an amino substituent, a first-generation PPI
dendrimer peripherally modified with 4-nitro-1,8-
naphthalimide units (25) was employed as a pre-
cursor. The nitro group was replaced by an N,N-
dimethylamino group via electrophilic substitution
to yield dendrimer 50, followed by bromination
with molecular bromine to introduce the bromine
atom, affording dendrimer 51 (Scheme 13) [101].
Compared to the non-brominated fluorescent den-
drimer 50, dendrimer 51 exhibits altered photophys-
ical behavior, which is attributed to enhanced ISC
and modified deactivation pathways of the excited
state. These results demonstrate the potential of
dendrimers for the rational design of systems with
controlled photoactivity.

5. Synthesis of fluorescent hyperbranched
polymers modified with fluorophores

Hyperbranched polymers (HBPs) constitute a dis-
tinct class of branched macromolecules character-
ized by a high degree of branching and a large num-
ber of terminal functional groups. In contrast to
dendrimers, HBPs are obtained through statistical



Desislava Staneva, Paula Bosch and Ivo Grabchev 419

CICOCH,CI
20°C
CIHZCCHN
NHCCH,CI
N (0]
o] j\ H/ ©
NN
(0] J) H\ 2
CIHZCCHN g o o
NHCCH,CI
(0]

< N HzCCHN
!/ l NHCCHZ N >
HCCHN —
NHCCHFN\ />

Scheme 12. Synthesis of a water-soluble PPI dendrimer
49 modified with a quaternized 4-amino-1,8-

naphthalimide.

polymerization processes and therefore do not pos-
sess strictly defined, monodisperse structures. Nev-
ertheless, they combine several key advantages of
dendrimers such as their three-dimensional archi-
tecture and multivalency with a simpler, more cost-
effective synthetic approach [102-104].

In this review, HBPs are considered an alterna-
tive platform for the development of fluorescent
branched systems closely related to dendrimer de-
sign. Within our studies, fluorescent HBPs modified
with organic fluorophores were synthesized em-
ploying synthetic strategies analogous to those ap-
plied for dendrimers. Their preparation involves the
chemical modification of a commercially available

hyperbranched polyesteramide (Hybrane® P 1000,
HBP-OH), containing multiple hydroxyl groups,
followed by the introduction of azide functionali-
ties suitable for subsequent covalent attachment of
fluorophores via click chemistry. This modification
does not alter the hyperbranched architecture of the
polymer but generates an azide-functionalized HBP
that can serve as a versatile platform for the incor-
poration of photoactive units of different chemical
nature (Scheme 14).

Fluorophores such as 1,8-naphthalimides [105],
dansyl derivatives [106], and acridines [107] were em-
ployed, each modified to contain a terminal alkyne
group. This structural modification renders the fluo-
rophore molecules “click-active” components, capa-
ble of selectively reacting with the azide groups of
the polymer to form stable 1,2,3-triazole rings that
serve as covalent linkages between the fluorophores
and the polymer backbone. The number of incor-
porated fluorophore units is controlled by the prede-
fined number of azide groups present on the polymer
platform. In the investigated systems, this strategy
resulted in polymers bearing six covalently attached
fluorophores per macromolecule (Scheme 15).

Comparison between fluorescent dendrimers and
hyperbranched polymers highlights both similari-
ties and fundamental differences between these two
types of branched systems. While dendrimers of-
fer precise control over architecture and fluorophore
distribution, hyperbranched polymers provide en-
hanced synthetic accessibility and scalability. In both
cases, peripheral fluorophore modification yields
photoactive macromolecules, in which the branched
structure plays a crucial role in determining their
photophysical properties.

The first syntheses presented of fluorescent HBPs
demonstrate that these systems can successfully
complement dendrimer-based architectures in the
development of new fluorescent materials. The re-
lationship between dendrimers and hyperbranched
polymers underscores the universality of the applied
synthetic approaches and expands the possibilities
for designing branched photoactive macromolecules
with diverse structural characteristics.

The differences between the three fluorescent hy-
perbranched polymers arise from the chemical na-
ture of the incorporated fluorophores rather than
from the mode of their attachment to the poly-
mer backbone. This confirms the universality of
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the applied synthetic approach and enables direct
comparison of the functional properties of the result-
ing polymeric systems.

6. Influence of substituents and dendrimer
generation on the photophysical properties

The photophysical properties of dendrimers modi-
fied with 1,8-naphthalimide chromophores depend

both on the nature of the substituents at the C-4 posi-
tion of the naphthalimide core and on the dendrimer
architecture. It has been found that the spectral char-
acteristics of these systems depend mainly on the
electron-donating ability of the substituents at the
C-4 position, whereas substituents attached to the
imide nitrogen have only a negligible effect.

Primary and secondary amino substituents at
the C-4 position form effective donor-acceptor
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interactions, resulting in strong fluorescence
emission, usually in the yellow-green re-
gion [44,61,62,64,66,69]. In contrast, cyclic or acyclic
tertiary amino groups often lead to reduced fluores-
cence intensity due to conformational effects that
disrupt the planarity of the chromophore and pro-
mote non-radiative deactivation pathways [45,77].
Alkoxy-substituted 1,8-naphthalimides represent an-
other important class of fluorophores. Their weaker
electron-donating character, compared to amino
substituents, induces hypsochromically shifted spec-
tra and blue fluorescence emission [60,67,72].

Of particular interest are systems containing
remote tertiary amino groups linked to the chro-
mophore via ethylamino or ethoxy spacers [44,60,66—
68,72,76]. In these systems, fluorescence intensity
shows a pronounced dependence on solvent polarity
due to photoinduced electron transfer (PET). In po-
lar media, PET processes favor fluorescence quench-
ing, whereas in less polar solvents the emission is
enhanced.

Brominated 1,8-naphthalimide derivatives repre-
sent an additional structural motif influencing pho-
tophysical behavior. The introduction of a bromine
atom at the C-3 position induces a hypsochromic
shift of both the absorption and fluorescence max-
ima and generally reduces fluorescence quantum
yields, reflecting the heavy-atom effect and altered
chromophore polarization. At the same time, bromi-
nation facilitates ISC and population of triplet states,

features particularly important for photodynamic
applications [101].

In addition to substituent effects, dendrimer ar-
chitecture introduces an additional level of control
over photophysical behavior. The modified den-
drimers contain different numbers of fluorophores,
which in most cases retain the photophysical prop-
erties of the corresponding monomers without sig-
nificant self-quenching. As a manifestation of the
dendrimer effect, increased molar absorptivity was
observed for all synthesized dendrimers, propor-
tional to the number of peripherally attached chro-
mophores.

This indicates that the dendrimer structure can
provide sufficient spatial separation between chro-
mophore units while minimizing aggregation, al-
though at higher generations or in systems bearing
bulky substituents, partial interchromophoric in-
teractions may occur. Both dendrimer backbone
structure and solvent polarity influence the pho-
tophysical properties of the modified dendrimers.
Structural differences between PAMAM and PPI den-
drimers affect the local microenvironment of the
chromophores, including polarity, conformational
flexibility, and possible intramolecular interactions,
which can alter emission intensity and spectral
position.

Overall, the photophysical properties of 1,8-
naphthalimide-modified dendrimers result from
the combined influence of substituent effects and
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dendrimer architecture. The interplay of these fac-
tors provides a basis for the rational design of fluores-
cent macromolecular systems with tailored optical
characteristics.

7. Brief overview of biological and sensing
properties of fluorescent dendrimers

7.1. Sensor activity of dendrimers modified with
1,8-naphthalimides

These structure-photophysical relationships are di-
rectly reflected in the sensing behavior of the sys-
tems, as discussed in the following section. The
fluorescent dendrimers developed within the scope
of the studies presented demonstrate significant
potential for applications in sensing systems, with
these properties being directly related to the syn-
thetic design and architectural features of the macro-
molecules. The branched structure, multivalent pe-
riphery, and controlled fluorophore functionaliza-
tion create favorable conditions for effective inter-
actions with analytes, including metal ions, protons,
and biological targets [24]. The sensing properties
of fluorescent dendrimers originate from the ability
to modulate the photophysical characteristics of the
fluorophores in response to changes in the surround-
ing environment or the presence of specific analytes.
Peripheral localization of the photoactive units facil-
itates direct access of the analytes to the fluorophore
centers and allows measurable variations in the flu-
orescence signal. In this context, the dendrimer
architecture does not merely serve as a carrier but
actively contributes to the amplification and sta-
bilization of the sensing response. A commonly
employed strategy for constructing fluorescent
dendrimer-based sensors involves modifying PPI
or PAMAM dendrimers with fluorophores containing
donor-acceptor systems, such as 1,8-naphthalimide
derivatives bearing receptor fragments. In these sys-
tems, the fluorophore serves as the signaling unit,
while peripheral or internal functional groups act
as receptor sites for metal cations or protons [24].
The sensing mechanism is most frequently based
on PET which leads to fluorescence quenching or
enhancement depending on the presence of the
analyte [50]. Coordination of a metal ion or pro-
tonation of donor atoms reduces their electron-
donating ability and suppresses PET, thereby restor-

ing or enhancing the fluorescence signal. For ex-
ample, dendrimers containing tertiary amine recep-
tor groups exhibit fluorescence enhancement upon
coordination with Pb?* ions, while Cu?* ions can
induce efficient quenching due to complex forma-
tion within the dendrimer structure [24,59,72,75].
Similar behavior has been observed in a number
of systems based on 1,8-naphthalimide-modified
dendrimers, where fluorescence modulation upon
interaction with metal ions such as Zn%*, Fe?*, and
Li* has been reported [63,65,69,108]. More recent
studies on water-soluble systems demonstrate pro-
nounced selectivity toward Cu?* ions in aqueous
media, even in the presence of competing ions, con-
firming their applicability as selective fluorescent
sensors [90]. The dendrimer architecture enables the
simultaneous participation of multiple receptor sites
and fluorophore units, leading to high sensitivity
and, in some cases, pronounced selectivity toward
specific metal ions. It has been shown that coordina-
tion of even a single metal ion within the dendrimer
matrix can induce a significant change in the fluo-
rescence response, highlighting the advantages of
the multivalent dendrimer effect [69,109]. In addi-
tion to metal ion detection, fluorescent dendrimers
have also been employed as proton sensors, in which
changes in the medium’s acidity result in distinct
spectral and colorimetric variations. For instance,
protonation of internal amino groups suppresses
PET processes and leads to enhanced fluorescence
emission, whereas deprotonation restores PET and
results in fluorescence quenching [90]. This enables
their use as fluorimetric and colorimetric pH sen-
sors in organic solvents and heterogeneous systems.
Compared to their low-molecular-weight analogs,
dendrimer-based sensors exhibit enhanced sensi-
tivity, tunable selectivity achieved through molec-
ular design, and the potential for integration into
heterogeneous materials and composite systems.
These features establish fluorescent dendrimers as
promising platforms for the development of sensing
materials for metal ions and protons [24].

7.2. Antibacterial and photodynamic
activity of dendrimers modified with
1,8-naphthalimides

Fluorescent dendrimers represent a promising class
of antimicrobial agents in which biological activity
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arises from the combined effect of the dendrimer
architecture and the incorporated photoactive fluo-
rophores. The multivalent nature of dendrimers en-
ables efficient interactions with microbial cell mem-
branes, particularly in systems possessing cationic or
amphiphilic surfaces, leading to membrane destabi-
lization and cellular dysfunction, as widely described
for antimicrobial dendrimers [110].

The antibacterial activity of dendrimers modified
with 1,8-naphthalimide derivatives is governed by a
complex interplay between the dendrimer architec-
ture, the nature of the substituents at the C-4 posi-
tion of the chromophore, and the presence of metal
ions or light activation [78,101,111-113]. In these sys-
tems, the dendrimer acts not only as a carrier but
also as an active structural element that enhances
the local concentration of photoactive units and pro-
motes interactions with microbial targets. From a
structure-activity relationship perspective, the na-
ture of the C-4 substituent plays a decisive role by
modulating the electron-donating ability, fluores-
cence efficiency, and capacity for photoinduced elec-
tron transfer, which in turn directly influences both
sensing and antimicrobial performance.

The basic antimicrobial mechanism involves in-
teractions with the bacterial membrane, followed by
disruption of its integrity and increased permeabil-
ity. This effect is more pronounced for Gram-positive
bacteria, while Gram-negative strains exhibit higher
resistance due to the presence of an outer mem-
brane [48,49]. In addition, experimental studies show
that modified dendrimers can bind to and penetrate
bacterial membranes, facilitating subsequent photo-
dynamic action.

Complexation with metal ions, particularly Cu(ID),
significantly enhances antimicrobial efficiency. For
example, a PAMAM dendrimer modified with 1,8-
naphthalimide units and its copper complex exhibit
stronger antibacterial activity than the correspond-
ing ligand, with minimum inhibitory concentrations
(MIC) as low as 6.96 uM against Bacillus cereus un-
der light irradiation [61]. The increased activity of
the metallodendrimer is attributed to both improved
membrane interactions and enhanced generation of
reactive oxygen species (ROS) [61].

Photoactive dendrimers show a pronounced in-
crease in antimicrobial activity upon light irradia-
tion. Under illumination, these systems generate
ROS, predominantly singlet oxygen ('0,), which

induces oxidative damage to bacterial membranes
and intracellular components. Quantitative exper-
iments demonstrate that bacterial growth inhibi-
tion can increase from approximately 50% in the
dark to over 80% under light irradiation for met-
allodendrimer systems. This synergistic effect be-
tween intrinsic antimicrobial properties and pho-
todynamic activity makes these systems highly ef-
fective for antimicrobial photodynamic therapy
(aPDT) [101,113].

Furthermore, the ability of these dendrimers
to generate singlet oxygen is preserved after im-
mobilization onto solid substrates. Dendrimers
deposited onto cotton fabrics retain their photo-
dynamic activity and exhibit strong antibacterial
effects under irradiation, leading to nearly com-
plete inhibition of bacterial growth in some cases.
This enables the development of functional self-
disinfecting materials and textile-based antimicro-
bial systems [114,115].

In addition to dendrimers, structurally related
hyperbranched polymers exhibit similar behavior,
combining multivalency and photodynamic activ-
ity, which further broadens the range of applica-
tions of such systems [62]. Overall, dendritic and hy-
perbranched architectures functionalized with 1,8-
naphthalimide units provide an effective platform for
the design of multifunctional antimicrobial systems,
in which membrane interactions, metal ion effects,
and photodynamic mechanisms act synergistically to
enhance biological performance.

8. Conclusions and outlook

This review summarizes our systematic research on
the synthesis of fluorescent dendrimers and other
branched polymers based on peripheral modifica-
tion with organic fluorophores. The main empha-
sis is on applying universal synthetic approaches to
prepare well-defined branched macromolecules
with tunable photophysical properties. In our
work, a series of fluorescent poly(amidoamine)
and poly(propylene imine) dendrimers modified
with different classes of fluorophores, including 1,8-
naphthalimides, brominated naphthalimides, ben-
zanthrone, acridine, and 4-nitrobenzofurazan, has
been reported. It has been shown that dendrimer
architecture, together with the nature of the fluo-
rophore substituents, plays a key role in controlling
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the spatial distribution of photoactive groups and
their photophysical behavior, enabling targeted
study of structure—property relationships. The first
examples of fluorescent hyperbranched polymers
obtained via synthetic strategies inspired by den-
drimer design are also presented. The comparison
between strictly defined dendrimers and statistically
branched polymers highlights both the advantages of
dendrimer architecture for structural control and the
practical advantages of hyperbranched systems for
synthetic accessibility and efficiency. Water-soluble
fluorescent dendrimers showed potential in adapt-
ing to specific environmental conditions without
compromising structural integrity. In addition to
their sensing potential, the fluorescent dendrimers
presented exhibit antimicrobial photodynamic ac-
tivity directly related to molecular design, peripheral
functionalization, and the photoactivity of the incor-
porated fluorophores. The combined influence of
substituent effects, dendrimer generation, and mul-
tivalent architecture provides versatile opportunities
for tuning photophysical properties and functional
performance.

Future perspectives include expanding the diver-
sity of fluorophore systems, achieving finer control
over dendrimer architecture and photophysical be-
havior, and integrating photoactivity with additional
functional properties, particularly sensing and an-
timicrobial photodynamic activity.

In conclusion, peripheral modification of den-
drimers and hyperbranched polymers with organic
fluorophores represents a versatile strategy for de-
signing photoactive macromolecules with tunable
optical properties and promising applications in
sensing, biomedicine, and functional materials.
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