molecules

Article

Sensing and Microbiological Activity of a New Blue
Fluorescence Polyamidoamine Dendrimer Modified with
1,8-Naphthalimide Units

Ivo Grabchev 1'*(, Albena Jordanova !, Evgenia Vasileva-Tonkova % and Ivan L. Minkov !

check for
updates

Citation: Grabchev, I; Jordanova, A.;
Vasileva-Tonkova, E.; Minkov, I.L.
Sensing and Microbiological Activity
of a New Blue Fluorescence
Polyamidoamine Dendrimer
Modified with 1,8-Naphthalimide
Units. Molecules 2024, 29, 1960.
https://doi.org/10.3390/
molecules29091960

Academic Editor: Pil Seok Chae

Received: 13 March 2024
Revised: 19 April 2024
Accepted: 20 April 2024
Published: 25 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Faculty of Medicine, Sofia University “St. Kliment Ohridski”, 1407 Sofia, Bulgaria; benital968@abv.bg (A.].);
minkov.ivan@gmail.com (I.L.M.)

The Stephan Angeloff Institute of Microbiology, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria;
evaston@yahoo.com

*  Correspondence: ohig@chem.uni-sofia.bg

Abstract: A novel second-generation blue fluorescent polyamidoamine dendrimer peripherally
modified with sixteen 4-N,N-dimethylaninoethyloxy-1,8-naphthalimide units was synthesized. Its
basic photophysical characteristics were investigated in organic solvents of different polarity. It was
found that in these solvents, the dendrimer is colorless and emitted blue fluorescence with different
intensities depending on their polarity. The effect of the pH of the medium on the fluorescence
intensity was investigated and it was found that in the acidic medium, the fluorescence is intense
and is quenched in the alkaline medium. The ability of the dendrimer to detect metal ions (Pb?*,
Zn?+, Mg2+, Sn2*, Ba2*, Ni2*, SnZt, Mn%*, Co?*, Fe3*, and AI**) was also investigated, and it was
found that in the presence of Fe*, the fluorescent intensity was amplified more than 66 times. The
antimicrobial activity of the new compound has been tested in vitro against Gram-positive B. cereus
and Gram-negative P. aeruginosa. The tests were performed in the dark and after irradiation with
visible light. The antimicrobial activity of the compound enhanced after light irradiation and B. cereus
was found slightly more sensitive than P. aeruginosa. The increase in antimicrobial activity after light
irradiation is due to the generation of singlet oxygen particles, which attack bacterial cell membranes.

Keywords: 1,8-naphthalimide; photophysics; sensors; dendrimer; antimicrobial

1. Introduction

In recent years, antimicrobial resistance has been among the leading causes of death
worldwide and a serious threat to public health. It is caused by the excessive and un-
controlled use of antibiotics and antimicrobials used in medical practice, which leads to
resistance to their treatment by pathogenic bacteria, fungi, viruses, and parasites as a result
of extremely rapid mutations and adaptation processes [1-3].

Antimicrobial photodynamic therapy (APDT) is a promising approach to treating bac-
terial infections that are not susceptible to antibiotics [4-7]. This method is based on using
light to activate exogenous compounds called photosensitizers (PSs), generating reactive
oxygen species that kill pathogenic microorganisms [8,9]. Photosensitizers have very little
antimicrobial activity in the dark. Under the action of light of an appropriate wavelength,
in which the photosensitizing compound absorbs photons, typically in the visible spectral
range (400-700 nm), it transitions from a ground state through an excited singlet state to a
triplet state in which it reacts with triplet oxygen molecules. The photoactivation of the PS
results in the formation of reactive oxygen species (ROS) including singlet oxygen (1O5)
or radicals that are toxic to target cells. A PS located in bacteria or on the bacterial surface
induces cell death [10-12].

With the development of synthetic organic chemistry, a new type of three-dimensional
macromolecules called dendrimers, having monodispersity and perfectly branched sym-
metrical structure, are being developed and studied [13-17]. They combine the properties
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of low- and high-molecular substances, which is why the interest in this class of com-
pounds is constantly growing. Fluorescent dendrimers containing chromophore fragments
in specific, predetermined positions of the molecule have been developed, which leads
to the emergence of new properties and new areas of application in chemistry, biology,
pharmacy, genetic engineering, nanomedicine, etc. [18-24]. Dendrimer molecules contain
a large number of closely spaced functional groups in their structure. If these groups are
functionalized with biologically active substances, an increase in the biological activity of
dendrimers can be expected compared to low molecular weight compounds.

New compounds with different chemical structures are currently being intensively
investigated to discover highly effective antimicrobial preparations [25]. In this respect,
cyclic imides are of particular interest due to their very well-pronounced biological activity.
1,8-Naphthalimide derivatives are a type of cyclic imides characterized by hydrophobicity
and a large m-compressed aromatic skeleton, which can readily interact with biological
systems via noncovalent interactions with well-pronounced antimicrobial and antitumor
activity [26-30].

Substituted at the C-4 position 1,8-naphthalimides can bind peripherally in the den-
drimer structures. Thus, dendrimer molecules are given new valuable properties and
expand the type of fields of application such as sensors, biologically active substances with
antitumor and microbiological activity, imaging diagnostics, etc. [31-34].

This study aims to synthesize a new polyamidoamine (PAMAM) dendrimer modified
with sixteen 4-N,N-dimethylaninoethyloxy-1,8-naphthalimide units and to investigate its
photophysical characteristics. The ability of the dendrimer to detect metal ions and protons
by a change in fluorescence intensity was evaluated. Its microbiological activity against
Gram-positive Bacillus cereus and Gram-negative Pseudomonas aeruginosa used as model
bacterial strains in the dark and after light irradiation has also been investigated.

2. Results and Discussion
2.1. Synthesis of Dendrimer

The modified with 4-nitro-1,8-naphthalimide units PAMAM dendrimer has been used
as the initial material for the synthesis of blue-emitting fluorescent dendrimer (Scheme 1).
The nitro group has well-expressed electron acceptor properties. Its presence in the C-4
position of the 1,8-naphthalimide structure does not allow donor—acceptor interaction and
polarization of the molecule and such dendrimers do not exhibit fluorescent properties.
Therefore, it was necessary to replace it with electron-donating groups such as amino
or alkoxy groups. The structure fluorophore-spaser-receptor was used in the design of
the dendrimer. An N,N-dimethylaminoethyloxy group (-OCH,CH;N(CHs),) attached
to the C-4 atom of the 1,8-naphthalimide core was used as a receptor fragment. This
fragment contains a tertiary nitrogen atom with a lone pair of electrons and allows pho-
toinduced electron transfer to occur. On the other hand, this nitrogen atom is capable of
protonation and formation of complexes with various metal cations [35,36]. Nucleophilic
substitution of the nitro group with N,N-dimethylaminoethyloxy was carried out in DMF
solution at 50 °C for 8 h, after which the homogeneous solution was poured into ice water
and the precipitate formed was filtered. The resulting light-yellow product was filtered,
dried, and used without further purification to study the photophysical characteristics and
microbiological activity.
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Scheme 1. Modified with 4-N,N-dimethylaminoethoxy-1,8-naphthalimide PAMAM dendrimer (A =
OCH,CH,; N(CH3)).

2.2. Infrared Characterization of Dendrimer

Figure 1 compares the IR spectra of the initial dendrimer containing nitro (-NO,)
groups and dendrimer after its nucleophilic substitution with alkoxy (-OCH,CH,;N(CHj3);)
groups. The carboxyl groups C=0 of the 1,8-naphthalimide structure have two charac-
teristic absorption bands, the positions of which strongly depend on the nature of the
substituent in the 1,8-naphthalimide structure and its polarization. These vibrational bands
are due to the asymmetric and symmetric vibrations of the carbonyl groups, which are
induced by the imide resonance structures. The two typical absorption bands for the
asymmetric and symmetric vibration of the carbonyl groups of the 4-nitro-substituted
1,8-naphthalimide are seen, which are at 1706 cm~1 and 1662 cm~land their characteristic
shift after the replacement of the nitro group by the alkoxy group, respectively at 1684
cm~! and 1651 cm~!. The intense band at 1524 cm ™! is due to the asymmetric vibration
induced by the nitro group. After its replacement with (-OCH,;CH,;N(CH3),), characteristic
vibrations of the nitro group disappear, and the position of C=O groups is shifted.

Also, in the IR spectrum of the dendrimer, new characteristic absorption bands appear
with weak intensity at 1268 cm ™! and 1082 cm™~! due to the ether groups Ar-O-CH,-
from the 1,8-naphthalimide structure. The peaks at 1340-1354 cm~! and 1282-1284 cm !
were attributed to the imide group (C-N-C) of the 1,8-naphthalimide structures and the
C-N bonds from the tertiary amino groups (-N(CHs);). The characteristic out-of-plane
deformation vibrations of the aromatic structure of the naphthalene structure are in the
region of 758-785 cm 1.
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Figure 1. Infrared spectra of dendrimer at different ranges of wavelength.

2.3. Photophysical Characterization

The spectral characteristics of the modified PAMAM dendrimer with 4-N,N-
dimethylaminoethoxy-1,8-naphthalimides in a solution of eight organic solvents of different
polarities were investigated and the results were collected in Table 1.

Table 1. Photophysical characteristics of dendrimer in organic solvents.

A A VA-V €
Solvent; (E1(30) [37]) (m[;) (ml;‘) ((C;:rlF)) (Lmol-1cm—1) Or
Acetonitrile; 46.7 355 440 5441 222,800 0.011
N,N-dimethylformamide; 43.2 354 436 5417 211,800 0.014
n-Butanol; 49.7 358 436 4997 220,400 0.018
Ethanol; 51.9 359 435 4866 227,000 0.015
Methanol; 55.4 360 437 4894 226,700 0.016
Chloroform; 39.1 351 429 5180 201,600 0.621
Dichloromethane; 40.7 350 428 5269 202,700 0.511
Tetrahydrofuran; 37.4 348 424 4581 202,300 0.786
Toluene; 33.9 342 421, 558 5487 201,800 0.742

The long-wavelength absorption band in the UV region is a charge transfer band
due to T— 7* electron transfer at the Sy—S; transition. In the investigated solvents, the
dendrimer is colorless and absorbed in the near UV region with maxima at 342-360 nm. A
well-pronounced solvatochromism with a hypsochromic shift (AAs = 18 nm) was observed
in the transition from polar to nonpolar solvents. The emitted fluorescence is blue with
maxima in the region 421-440 nm, the position of which also depends on the polarity of
the solvents (Figure 2). Probably, in alcohol solutions, due to the possibility of forming
hydrogen bonds with the carboxyl groups of the 1,8-naphthalimide structure, the molecules
in the excited state are stabilized and the fluorescence maxima do not follow the trend of
dependence on the polarity of the solvents.

In the nonpolar solvent toluene, in addition to the fluorescence maximum at 421 nm,
a second maximum appears at A = 558 nm, shifted bathochromically relative to the first
(Figure 3). In this solvent, the 1,8-naphthalimide fluorophores are situated enough to each
other to result in an excimer fluorescence emission due to a specific rearrangement of
the 1,8-naphthalimide fragments in the dendrimer molecule. Probably the dipole-dipole
interactions between the dendrimer molecules and the polar solvents stabilize the excited
state so that the dendrimer emits only monomeric fluorescence. When equimolar amounts
of HCI are added to the solution, only the monomer spectra are observed, while the
excimer fluorescence disappears. In this case, protonation of the tertiary nitrogen atoms
by the receptor fragments results in the reorganization of the fluorophore units and the
predominance of monomeric fluorescence at Ap = 418 nm.
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Figure 2. Absorption and fluorescence maxima of dendrimer vs. the polarity of organic solvents,
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Figure 3. Fluorescence spectra of dendrimer in toluene solution and after adding hydrochloric acid.

The molar extinction coefficient (¢) is at the region 201,600 - 227,000 L mol~t em™1. It
is approximately sixteen times higher than that of monomeric 1,8-naphthalimides with the
same substituent at the C-4 position [38]. This in turn means that all the primary amino
groups of the initial dendrimer have reacted with 1,8-naphthalimide.

2.4. Influence of pH on the Fluorescent Intensity

Due to the presence of -OCH,CH;N(CH3), groups, the fluorescence intensity is also
dependent on the polarity of the medium, and high values for the fluorescence quantum
yield (®p) were obtained in nonpolar solvents, which is explained by photoinduced electron
transfer processes that are favored in the polar environment (Figure 4). The lowest ®g
was found in acetonitrile solution (®f =0.011) and its value increased more than 71 times
in nonpolar solvent tetrahydrofuran (®r =0.786). On the other hand, the effect of the
formation of hydrogen bonds between the hydroxyl groups of proton donor solvents such
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as alcohols and the carboxyl groups of the 1,8-naphthalimide structure is superimposed,
resulting in a decrease in fluorescence intensity.
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Figure 4. Fluorescence quantum yield (®gy of dendrimer vs. organic solvents with different
polarity—parameter E1(30).

The results show that the nature of the solvents affects their spectral characteristics
through their polarity and the possibility of specific fluorophore-solvent interactions
leading to a change in the polarity of the chromophore system.

The influence of the concentration of protons on the fluorescence intensity of the den-
drimer in ethanol-water solutions in a ratio of 1:4, during titration with hydrochloric acid
and sodium hydroxide, was investigated. In an alkaline medium, the emitted fluorescence
is weak due to the implementation of the photoinduced electron transfer process, as seen in
Figure 5. With the increase in the concentration of protons in the medium, an amplification
of the fluorescence intensity is achieved until reaching a certain value, which is due to
the protonation of the tertiary nitrogen atom of the substituent in the fourth position of
the 1,8-naphthalimide nucleus in an acidic environment. As a consequence, the energy
of its HOMO orbital is lowered. When irradiated with light, the molecule goes into an
excited state, but electron transfer from the nitrogen atom to the 1,8-naphthalimide nucleus
does not take place, and the molecule emits fluorescence during its transition from the
excited state to the ground state. Upon titration of the dendrimer solution with acid, the
fluorescence intensity sharply increases in the range of pH = 10.0-5.5, after which the curve
forms a plateau and with a further increase in the proton concentration, the fluorescence
intensity does not change. The difference in fluorescence emission at the transition from
alkaline to acidic medium is about 50-fold, indicating very good fluorescence switching by
varying the pH values of the medium.

The value of the acidity constant (pKa) was calculated by using Equation (1).

PH = PKa + log(IFmax - IF)/(IF - IFmin) (1)

The value for photolith constant pKa = 7.19 is close to the physiological pH in
living organisms.
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Figure 5. pH dependence of the fluorescence intensity of dendrimer in ethanol-water solution
(1:4v/v).

2.5. Metal Ions Detection

To clarify the sensing activity of the dendrimer, its fluorescence intensity was investi-
gated in the presence of Pb?*, Zn?*, Mg2+, Sn%*, Ba?*, Ni%*, Sn2*, Mn?*, Co%*, Fe®*, and
A1%*, which are some of the most common environmental pollutants, or their concentra-
tion needs to be monitored as biologically important metal ions in living organisms and
plants. DMF was used as a solvent, since it is a good solvent for both the dendrimer as the
starting ligand and the metal salts and their complexes. Moreover, in the DMF solution, the
dendrimer has a low quantum yield fluorescence (FF). When investigating the influence of
metal cations on the photophysical characteristics of the dendrimer, it was found that the
fluorescence intensity increases in the presence of metal ions, and this effect depends on the
nature of the analyzed metal ions (Table 2). The fluorescence intensity enhancement factor
(FE) was determined by the ratio of the maximum fluorescence intensity in the presence of
metal cations (I) and the initial fluorescence intensity in the absence of cations (Iy) in the
solution (FE = 1/1y).

Table 2. Photophysical characteristics of dendrimer in N,N-dimethylformamide in the presence of
different metal ions.

Aa/nm Ap/nm FE va-vg/cm—1 Pk
free 354 438 - 5417 0.013
Cu?* 350 430 41.7 5315 0.542
Mg?* 352 436 1.9 5473 0.026
Ba?* 351 436 1.1 5554 0.015
Sn2* 349 431 34.2 5451 0.481
Ni2+ 349 432 23.7 5505 0.334
Pb%* 348 433 45.1 5641 0.644
Zn2* 349 430 46.1 5397 0.653
Mn?2+ 352 436 1.8 5473 0.241
Co?* 348 430 37.3 5480 0.529
AL+ 349 432 49.9 5505 0.660
Fe3+ 348 430 66.2 5390 0.860

From the data in Table 2, it can be seen that the change in the position of the absorption
(AAa = 6 nm) and fluorescence (AAr = 8 nm) maxima is weakly dependent on the type of
metal cation. Significantly more coherent is the difference in the fluorescence quantum
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yields. The lowest values were obtained in the presence of Mg?*, Ba?*, and Mn?* ions,
and the highest in ions Fe3*, AP+, Pb%*, ZnZ*, Sn2*, Nit, Cu?*, and Co?* ions. The results
indicate that the dendrimer ligand forms stable coordination bonds with them and can be
used for their detection in non-aqueous media.

Typical changes in dendrimer fluorescence intensity induced by increasing Fe>* ion
concentration as an example are presented in Figure 6A. As the concentration of Fe3*
ions increases to 1.8 x 107> mol L™, the fluorescence intensity grows. Its amplification
confirms the formation of coordination bonds of iron ions with the receptor fragment at
C-4 of the naphthalene nucleus. The obtained linear dependence with R = 0.99983 of the
fluorescence intensity of the dendrimer on the concentration of Fe** ions in the range
0 + 1.8 x 107> mol L~! is shown in Figure 6B. Using a linear regression method and the
equations LOD = 35a/b and LOQ = 10Sa/b, where Sa is the standard deviation of the re-
sponse and b is the slope of the calibration curve [39], determined the limit of quantification
(LOQ) and limit of detection (LOD). The obtained values for LOD = 0.997 x 107 mol L1
and LOQ =3.17 x 107 mol L™! are in the sub-ppm concentration range for the detection

of Fe3+.
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Figure 6. Fluorescence spectra of dendrimer (c = 1 x 107® mol-L~!) in DMF solution depending
on the Fe3* concentrations (from 0 to 1.8 x 10> mol-L~1) (Aex = 354 nm) (A) and linear calibration
curve at the region from 0 to 1.8 x 107> mol-L~!) (B).

Scheme 2 shows the supramolecular system “Fluorophore-Spaser-Receptor” for the
detection of metal ions as “guest” and the modified dendrimer as “host”. The interaction
of the receptor (N,N-dimethylamino group) and the fluorophore (1,8-naphthalimide units)
causes photoinduced electron transfer; as a result, the fluorescence emission of the den-
drimer is quenched and the system is in the ON state. The coordination of the metal ions
with the free electron pairs at the receptor nitrogen atoms reduces their donor potential,
and this, in turn, causes a reduction or complete shutdown of the electron transfer, resulting
in the formation of a fluorescent emitting complex with an “OFF state” of the PET in

the system.
hv
\o
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Il

OFF

hy!

S m"

Scheme 2. Supramolecular ON/OFF “Receptor-Bridge-Fluorophore” metal ions PAMAM dendrimer
detection system.
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2.6. Effect of Light Irradiation on Bacterial Growth

The effect of light on the antimicrobial activity of the investigated compound against
the model strains was tested in MPB. As can be seen in Figure 7, the compound inhib-
ited Gram-positive B. cereus slightly more effectively than Gram-negative P. aeruginosa as
compared to negative control. The antimicrobial effect increased after light irradiation.
In B. cereus, at a concentration of 40 pug/mL, about 60% inhibition was established in the
dark and about 1.7-fold higher inhibition (76%) in the illuminated sample. P. aeruginosa
showed higher resistance to the compound than B. cereus: at a concentration of 40 ug/mL,

the compound inhibited the growth of P. aeruginosa by 47% in the dark and by 62% after
light illumination.

B. cereus
120
100
2 80
S M control
o
S 60 m light (-)
*
g m light (+)
o 40
o
20
0
10 pug/mL 25 pg/mL 40 pg/mL
P. aeruginosa
120
100
£ 80
s M control
o
S 60 | light (-)
®
g m light (+)
o 40
o
20
10 pg/mL 25 ug/mL 40 pg/mL

Figure 7. Effect of visible light on the antimicrobial activity of dendrimer against the model strains
B. cereus and P. aeruginosa.

The increased antimicrobial activity of the studied photoactive dendrimer after light
illumination can be explained by the ability to bind to bacterial membranes and generate
highly reactive singlet oxygen (10,) particles [40-42]. Generated reactive oxygen species
attack the external layer of the bacterial membrane by multi-target action. Thus, oxidative
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stress causes irreparable damage to the cellular bacterial components leading to their
inactivation [43,44].

3. Materials and Methods

The synthesis and characterization of 4-nitro-1,8naphthalimide modified dendrimer
have been described [45]. 2-N,N-dimethylaminoetanol was used as obtained from Sigma-
Aldrich, Munich, Germany. All organic solvents were of spectroscopic grade and were
used as obtained from Sigma-Aldrich, Germany without purification. Absorption and
fluorescent spectra were taken on Varian Cary 5000 UV-Vis-NIR (Varian Inc., Cary, NC, USA)
and Cary Eclipse spectrophotometer (Hellma, Miillheim in Markgréflerland, Germany).
'H NMR (600.13 MHz) and '3C NMR (150.92 MHz) spectra were acquired on an BRUKER
AVANCE AV600 II+NMR spectrometer (Bruker Biospin GmbH. Rheinstetten, Germany) in
a dimethyl fulfoxide (DMSO-dg) solution at ambient temperature. IR spectroscopic analysis
was performed using an IRAffinity-1 spectrophotometer (Shimadzu Co., Kyoto, Japan). To
keep a constant total volume during the investigation of the effect of pH on the absorption
and emission spectra, small amounts of HCl and NaOH were added. A stock solution
of dendrimer was prepared at a concentration of 10~>M in DMF and 30 pL was taken
from this and placed in 3 mL, yielding solutions at a concentration of 10~® M. Quinine
bisulfate/1N H,;SO, (®¢ = 0.546) was used for the calculation of fluorescence quantum
yield by Equation (2).

(2)

where @r is the quantum yield of the dendrimer; @, = 0.546 is the quantum yield of the
standard; Ag; and A, represent the absorbance of the standard and dendrimer at the excited
wavelength, respectively; while S;; and S, are the integrated emission band areas of the
standard and sample dendrimer, respectively, and not and ny, is the solvent refractive index
of the standard and sample; subscripts u and s refer to the unknown (dendrimer) and
standard, respectively.

3.1. Synthesis of 4-N,N-Dimethylaminoethyloxy-1,8-naphthalimide-Labelled PAMAM Dendrimer

A mixture of 4-Nitro-1,8-naphthalimide-modifed PAMAM dendrimer (0.685 g, 0.10 mM)
(0.2 mL, 0,27 mM) 2-N,N-dimethylaminoethanol and 0.07 g 0.50 mM K,COs3 was dissolved
in 50 mL N,N-dimethylformamide. The mixture was sired at 50 °C for 8 h. After that, the
liquor was added to 200 mL ice water and the precipitate was filtered off, washed with
water, and dried in the air, Yield: 84%.

FT-IR: em~!: 3067, 2977, 2813, 1684, 1651, 1580, 1526, 1383, 1347, 1268, 1082, 777,
761. 'TH-NMR (DMSO-dg): 5 1.86 (96H, NCH3), 2.14 (24H, OCNHCH,CH,N), 2.26 (56H,
OCCH,CH;N), 2.44 (32H, Ar-ArOCH,CH,N(CH3),), 2.98 (56H, NCH,CH,CO), 3.06 (4H,
NCH,CH;N), 3.12 (24H, CONHCH,CH;N), 3.3029 (32H, (OC),NCH,CH,NHCO), 3.40 (32H,
Ar-OCH,CH,N(CHj3),), 4.12 (32H, (OC),NCH,CH,NHCO), 7.24 (16H, Ar-H), 7.58 (16H,
Ar-H), 7.76 (12H, CONHCH,CH;N), 7.84 (16H, (OC),NCH,CH,NHCO), 8.08 (16H, Ar-
H), 8.32 (16H, Ar-H), 8.44 (16H, Ar-H); 3 C-NMR (DMSO-dg): & 31.3 (NCH,CH,CO),
35.8 (CONHCH,CH,N), 38.0 ((OC),NCH,CH,NHCO), 40.7 (Ar-OCH,CH,;N(CHj3),), 43.9
(NCHj3), 50.4 (NCH,CH,CO), 52.8 (CONHCH,CH,N), 58.9 (Ar-OCH,CH,N(CHj3),),
103.5- 134.0 (Ar-C), 162.9 and 163.8 (CONHCO), 172.3 and 171.9 (CONH).

Elemental analysis: C39gHa96060Nsg (7052.54.): Caled. C 67.78 H 7.09 N 11.53; Found
C67.53H7.18 N 11.62.

3.2. In Vitro Biological Tests of the Microorganisms

The antimicrobial activity of dendrimer was tested against two representative strains
used as models: Gram-positive Bacillus cereus ATCC 11778 and Gram-negative Pseudomonas
aeruginosa 1390 (Collection of the Institute of Microbiology, Bulgarian Academy of Sciences).
Bacterial cultures were maintained at 4 °C on meat-peptone agar slants and transferred
monthly. The ability of the dendrimer to inhibit the growth of the model strains was
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tested in meat-peptone broth (MPB) in dark and under light illumination. The compound
was dissolved in DMSQO at a started concentration of 1.0 mg/mL and further diluted in
test tubes with MPB to final concentrations 40, 25, and 10 ug/mL. After inoculation with
each standardized cell suspension (0.5 McFarland standard), the tubes were incubated for
18 h at an appropriate temperature in the presence of light and dark. Positive controls
(compound and MPB, without inoculum) and negative controls (MPB and inoculum,
without compound) were also prepared. Microbial growth was assessed by the turbidity
of the medium at 600 nm (ODggp). The experiments were conducted in triplicate and
the averages were taken (standard deviations less than 5%). A 150 W xenon lamp with
a spectral window of the Newport solar simulator bulb (185-1100 nm) at 25 cm sample
distance has been used for irradiation of bacterial strains.

4. Conclusions

A new second-generation PAMAM dendrimer modified with 4-N,N-dimethylaminoethoxy-
1,8-naphthalimides units emitting blue fluorescence was synthesized and characterized.
The influence of the polarity of the solvents on its photophysical characteristics has been
investigated and a hypsochromic shift of the absorption and fluorescence maxima was
found upon the transition from non-polar to polar solvents. The fluorescence quantum yield
also shows a significant dependence on the type and polarity of the solvents. The change
in fluorescence intensity of the dendrimer as a function of pH in a water—alcohol solution
at a ratio of (4:1 v/v) was studied. It was found that in the interval pH = 10.0-5.5, the
fluorescence intensity increased more than 50 times, indicating excellent pH fluorescence
switching and control of photoinduced electron transfer, which is due to the protonation
of the tertiary nitrogen atom of the receptor fragment of 4-N,N-dimethylaminoethoxy
substituent. The sensor ability of dendrimer to detect different metal cations (Pb2*, Zn?*,
Mg2+, Sn?*, Ba%*, Ni**, Cu®*, Mn?*, Co?*, Fe*, and AI**) has also been investigated.
In the presence of some of these metal ions, the intensity of the emitted fluorescence is
multiplied, and this effect is best expressed with Fe3* and AI** ions. According to the order
of their activity, the investigated metal ions can be arranged as follows: Fe3*> AI** > Zn?*
~Pb%* > Cu?*> Co?*> Sn?* >Sn?* > Ni?* > Mg?* ~ Ba?* ~ Mn?*. The antimicrobial activity
of the dendrimer was tested in vitro against Gram-positive B. cereus and Gram-negative
P. aeruginosa in a meat-peptone agar medium in the dark and after light irradiation. It was
established that after light irradiation, the dendrimer’s antibacterial activity increases due
to the generation of reactive oxygen species that attack the cell membranes of bacteria. In
this case, B. cereus appears to be slightly more sensitive than P. aeruginosa.

Author Contributions: Conceptualization, 1.G.; methodology, I.G. and E.V.-T.; formal analysis,
AlJ. and LL.M.; investigation, A J., E.V.-T. and I.L.M. writing—original draft preparation, I.G. and
E.V.-T.; writing—review and editing, I.G. and A.].; visualization, I.L.M.; supervision, I.G.; project
administration, A.J.; funding acquisition, A.]. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was financed by the Scientific Research Fund of the Ministry of Education
and Science, Bulgaria—project No. KIT-06-H 15/51,2021 and by the European Union Next Generation
EU, through the National Recovery and Resilience Plan of the Republic of Bulgaria, project Ne
BG-RRP-2.004-0008-C01.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.



Molecules 2024, 29, 1960 12 of 13

References

1. Aslam, B.; Wang, W.; Arshad, M.I; Khurshid, M.; Muzammil, S.; Rasool, M.H.; Nisar, M.A.; Alvi, R.E; Aslam, M.A.; Qamar, M.U.
Antibiotic resistance: A rundown of a global crisis. Infect. Drug Resist. 2018, 11, 1645-1658. [CrossRef]

2. Inoue, H. Strategic approach for combating antimicrobial resistance (AMR). Glob. Health Med. 2019, 1, 61-64. [CrossRef]

3. Romanescu, M.; Oprean, C.; Lombrea, A.; Badescu, B.; Teodor, A.; Constantin, G.D.; Andor, M.; Folescu, R.; Muntean, D.; Danciu,
C. Current State of Knowledge Regarding WHO High Priority Pathogens—Resistance Mechanisms and Proposed Solutions
through Candidates Such as Essential Oils: A Systematic Review. Int. . Mol. Sci. 2023, 24, 9727. [CrossRef] [PubMed]

4. Comeau, P.; Manso, A. A Systematic Evaluation of Curcumin Concentrations and Blue Light Parameters towards Antimicrobial
Photodynamic Therapy against Cariogenic Microorganisms. Pharmaceutics 2023, 15, 2707. [CrossRef] [PubMed]

5. Jusuf, S;; Dong, P.-T. Chromophore-Targeting Precision Antimicrobial Phototherapy. Cells 2023, 12, 2664. [CrossRef]

6.  Songca, S.P; Adjei, Y. Applications of Antimicrobial Photodynamic Therapy against Bacterial Biofilms. Int. . Mol. Sci. 2022, 23,
3209. [CrossRef]

7. Gauba, A,; Rahman, K.M. Evaluation of Antibiotic Resistance Mechanisms in Gram-Negative Bacteria. Antibiotics 2023, 12, 1590.
[CrossRef]

8. Zhou, W, Jiang, X.; Xu Zhen, X. Development of organic photosensitizers for antimicrobial photodynamic therapy. Biomater. Sci.
2023, 11, 5108-5128. [CrossRef] [PubMed]

9. Ghorbani, J.; Rahban, D.; Aghamiri, S.; Teymouri, A.; Bahador, A. Photosensitizers in antibacterial photodynamic therapy: An
overview. Laser Ther. 2018, 27, 293-302. [CrossRef]

10. Mosinger, J.; Mosinger, B. Photodynamic sensitizers assay: Rapid and sensitive iodometric measurement. Experientia 1995, 51,
106-109. [CrossRef]

11.  Wan, L.; Yiming, X. Iodine-sensitized oxidation of ferrous ions under UV and visible light: The influencing factors and reaction-
mechanism. Photochem. Photobiol. Sci. 2013, 12, 2084-2089. [CrossRef]

12. Bartolomeu, M.; Oliveira, C.; Pereira, C.; Neves, M.G.PM.S.; Faustino, M.A.E;; Almeida, A. Antimicrobial Photodynamic
Approach in the Inactivation of Viruses in Wastewater: Influence of Alternative Adjuvants. Antibiotics 2021, 10, 767. [CrossRef]

13. Pérez-Ferreiro, M.; Abelairas, A.M.; Criado, A.; Gémez, L].; Mosquera, J. Dendrimers: Exploring Their Wide Structural Variety
and Applications. Polymers 2023, 15, 4369. [CrossRef] [PubMed]

14. Pricl, S. The Spicy Science of Dendrimers in the Realm of Cancer Nanomedicine: A Report from the COST Action CA17140
Nano2Clinic. Pharmaceutics 2023, 15, 2013. [CrossRef] [PubMed]

15. Cejas-Sanchez, J.; Kajetanowicz, A.; Grela, K.; Caminade, A.-M.; Sebastian, R.M. Strategies for the Preparation of Phosphorus
Janus Dendrimers and Their Properties. Molecules 2023, 28, 5570. [CrossRef]

16. Ali, M.; Benfante, V.; Di Raimondo, D.; Salvaggio, G.; Tuttolomondo, A.; Comelli, A. Recent Developments in Nanoparticle
Formulations for Resveratrol Encapsulation as an Anticancer Agent. Pharmaceuticals 2024, 17, 126. [CrossRef] [PubMed]

17. Karatas, O.; Keyikoglu, R.; Gengec, N.A.; Vatanpour, V.; Khatae, A. A review on dendrimers in preparation and modification of
membranes: Progress, applications, and challenges. Mater. Today Chem. 2022, 23, 100683. [CrossRef]

18. Staneva, D.; Grabchev, I. Chapter 20, Dendrimer as antimicrobial agents. In Dendrimer-Based Nanotherapeutics; Kesharwani, P., Ed.;
Elsevier Inc.: Amsterdam, The Netherlands, 2021; pp. 363-384. [CrossRef]

19. Tutov, M.V,; Sergeev, A.A.; Shamich, N.I,; Chepak, A K.; Mironenko, Y.A. Synthesis and optical properties of rhodamine
terminated organosilicon dendrimers. Dyes Pigm. 2020, 184, 108783. [CrossRef]

20. Staneva, D.; Grabchev, I. Heterogeneous sensors for ammonia, amines and metal ions based on a dendrimer modified fluorescent
viscose fabric. Dyes Pigm. 2018, 155, 164-170. [CrossRef]

21. Guo, D,; Muhammad, N.; Yu, S.; Wang, ].; Huang, S.; Zhu, Y. Polyamidoamine Dendrimers Functionalized Water-Stable Metal-
Organic Frameworks for Sensitive Fluorescent Detection of Heavy Metal Ions in Aqueous Solution. Polymers 2023, 15, 3444.
[CrossRef]

22. Zhang, S.; Lloveras, V.; Wu, Y,; Tolosa, J.; Garcia-Martinez, J.C.; Vidal-Gancedo, ]. Fluorescent and Magnetic Radical Dendrimers
as Potential Bimodal Imaging Probes. Pharmaceutics 2023, 15, 1776. [CrossRef] [PubMed]

23. Poudel, D.P; Taylor, R.T. Synthesis of Fluorescent, Dumbbell-Shaped Polyurethane Homo- and Heterodendrimers and Their
Photophysical Properties. Int. . Mol. Sci. 2023, 24, 1662. [CrossRef] [PubMed]

24. Ruiu, A; Vonlanthen, M.; Rojas-Montoya, S.M.; Gonzélez-Méndez, I.; Rivera, E. Unusual Fluorescence Behavior of Pyrene-Amine
Containing Dendrimers. Molecules 2019, 24, 4083. [CrossRef] [PubMed]

25. Korzec, M.; Kotowicz, S.; Malarz, K.; Mrozek-Wilczkiewicz, A. Spectroscopic and Biological Properties of the 3-Imino-1,8-
naphthalimide Derivatives as Fluorophores for Cellular Imaging. Molecules 2023, 28, 6255. [CrossRef] [PubMed]

26. Haque, A.; Alenezi, KM.; Al-Otaibi, A.; Alsukaibi, A.K.D.; Rahman, A.; Hsieh, M.-F.; Tseng, M.-W.; Wong, W.-Y. Synthesis, Char-
acterization, Cytotoxicity, Cellular Imaging, Molecular Docking, and ADMET Studies of Piperazine-Linked 1,8-Naphthalimide-
Arylsulfonyl Derivatives. Int. . Mol. Sci. 2024, 25, 1069. [CrossRef] [PubMed]

27. Gong, Z.-L.; Pan, Q.-].; Ma, D.-X.; Zhong, Y.-W. Naphthalimide-Modified Tridentate Platinum(II) Complexes: Synthesis, Charac-
terization, and Application in Singlet Oxygen Generation. Inorganics 2023, 11, 438. [CrossRef]

28. Carretero, G.P.B.; Saraiva, G.K.V,; Rodrigues, M.A.; Kiyota, S.; Bemquerer, M.P.; Chaimovich, H.; Cuccovia, .M. Naphthalimide-

Containing BP100 Leads to Higher Model Membranes Interactions and Antimicrobial Activity. Biomolecules 2021, 11, 542.
[CrossRef] [PubMed]


https://doi.org/10.2147/IDR.S173867
https://doi.org/10.35772/ghm.2019.01026
https://doi.org/10.3390/ijms24119727
https://www.ncbi.nlm.nih.gov/pubmed/37298678
https://doi.org/10.3390/pharmaceutics15122707
https://www.ncbi.nlm.nih.gov/pubmed/38140048
https://doi.org/10.3390/cells12222664
https://doi.org/10.3390/ijms23063209
https://doi.org/10.3390/antibiotics12111590
https://doi.org/10.1039/D3BM00730H
https://www.ncbi.nlm.nih.gov/pubmed/37382383
https://doi.org/10.5978/islsm.27_18-RA-01
https://doi.org/10.1007/BF01929349
https://doi.org/10.1039/C3PP50245G
https://doi.org/10.3390/antibiotics10070767
https://doi.org/10.3390/polym15224369
https://www.ncbi.nlm.nih.gov/pubmed/38006093
https://doi.org/10.3390/pharmaceutics15072013
https://www.ncbi.nlm.nih.gov/pubmed/37514199
https://doi.org/10.3390/molecules28145570
https://doi.org/10.3390/ph17010126
https://www.ncbi.nlm.nih.gov/pubmed/38256959
https://doi.org/10.1016/j.mtchem.2021.100683
https://doi.org/10.1016/B978-0-12-821250-9.00016-0
https://doi.org/10.1016/j.dyepig.2020.108783
https://doi.org/10.1016/j.dyepig.2018.03.044
https://doi.org/10.3390/polym15163444
https://doi.org/10.3390/pharmaceutics15061776
https://www.ncbi.nlm.nih.gov/pubmed/37376224
https://doi.org/10.3390/ijms24021662
https://www.ncbi.nlm.nih.gov/pubmed/36675178
https://doi.org/10.3390/molecules24224083
https://www.ncbi.nlm.nih.gov/pubmed/31726647
https://doi.org/10.3390/molecules28176255
https://www.ncbi.nlm.nih.gov/pubmed/37687082
https://doi.org/10.3390/ijms25021069
https://www.ncbi.nlm.nih.gov/pubmed/38256142
https://doi.org/10.3390/inorganics11110438
https://doi.org/10.3390/biom11040542
https://www.ncbi.nlm.nih.gov/pubmed/33917850

Molecules 2024, 29, 1960 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

Rykowski, S.; Gurda-Wozna, D.; Orlicka-Plocka, M.; Fedoruk-Wyszomirska, A.; Giel-Pietraszuk, M.; Wyszko, E.; Kowalczyk, A,;
Staczek, P; Bak, A.; Kiliszek, A.; et al. Design, Synthesis, and Evaluation of Novel 3-Carboranyl-1,8-Naphthalimide Derivatives
as Potential Anticancer Agents. Int. J. Mol. Sci. 2021, 22, 2772. [CrossRef]

Gopala, L.; Cha, Y.; Lee, M.H. Versatile naphthalimides: Their optical and biological behavior and applications from sensing to
therapeutic purposes. Dyes Pigm. 2022, 201, 110195. [CrossRef]

Luo, E; Luo, X.; Wang, L.; Qu, Y,; Yin, X.B. The Design and Applications of 1,8-naphthalimide-poly(amidoamine) Dendritic
Platforms. Curr. Org. Chem. 2023, 27, 1164-1178. [CrossRef]

Manov, H.; Staneva, D.; Vasileva-Tonkova, E.; Grozdanov, P.; Nikolova, I.; Stoyanov, S.; Grabcheyv, I. Photosensitive dendrimers as
a good alternative to antimicrobial photodynamic therapy of Gram-negative bacteria. J. Photochem. Photobiol. A Chem. 2021, 419,
113480. [CrossRef]

Staneva, D.; Atanasova, D.; Nenova, A.; Vasileva-Tonkova, E.; Grabchev, I. Cotton Fabric Modified with a PAMAM Dendrimer
with Encapsulated Copper Nanoparticles: Antimicrobial Activity. Materials 2021, 14, 7832. [CrossRef] [PubMed]

Jia, J.; Gao, Y;; Dang, K.; Guo, X.; Ding, A. Naphthalimide-modified dendrimers as efficient and low cytotoxic nucleic acid delivery
vectors. Polym. Int. 2021, 70, 1590-1594. [CrossRef]

Staneva, D.; Bosch, P.; Grabcheyv, I. Ultrasonic synthesis and spectral characterization of a new blue fluorescent dendrimer as
highly selective chemosensor for Fe3* cations. J. Mol. Struct. 2012, 1015, 1-5. [CrossRef]

Staneva, D.; Bosch, P; Asiri, AM.; Taib, L.A.; Grabchev, I. Studying pH dependence of the photophysical properties of a blue
emitting fluorescent PAMAM dendrimer and evaluation of its sensor potential. Dye. Pigment. 2014, 105, 114-120. [CrossRef]
Reichard, C. Solvatochromic Dyes as Solvent Polarity Indicators. Chem. Rev. 1994, 94, 2319-2358. [CrossRef]

Sali, S.; Guittonneau, S.; Grabchev, I. A novel blue fluorescent chemosensor for metal cations and protons, based on 1,8-
naphthalimide and its copolymer with styrene. Polym. Adv. Technol. 2006, 17, 180-185. [CrossRef]

Shrivastava, A.; Gupta, V.B. Methods for the determination of limit of detection and limit of quantitation of the analytical methods,
Chron. Young Sci. 2012, 1, 21-25.

Almeida, A.; Faustino, M.A.F,; Tomé, ].P.C. Photodynamic inactivation of bacteria: Finding the effective targets. Future Med. Chem.
2015, 7, 1221-1224. [CrossRef]

Roa-Tort, K.; Saavedra, Y.; Villanueva-Martinez, A.; Ganem-Rondero, A.; Pérez-Carranza, L.A.; de la Rosa-Vazquez, ] M.; Ugalde-
Femat, G.; Molina-Alejandre, O.; Becerril-Osnaya, A.A.; Rivera-Fernandez, ].D. In Vitro Antimicrobial Photodynamic Therapy for
Pseudomonas aeruginosa (P. aeruginosa) and methicillin-resistant Staphylococcus aureus (MRSA) Inhibition Using a Green Light Source.
Pharmaceutics 2024, 16, 518. [CrossRef]

Savelyeva, 1.O.; Zhdanova, K.A.; Gradova, M.A.; Gradov, O.V,; Bragina, N.A. Cationic Porphyrins as Antimicrobial and Antiviral
Agents in Photodynamic Therapy. Curr. Issues Mol. Biol. 2023, 45, 9793-9822. [CrossRef] [PubMed]

Felifel, N.T.; Sliem, M.A.; Kamel, Z; Bojarska, J.; Seadawy, M.G.; Amin, R.M.; Elnagdy, S.M. Antimicrobial Photodynamic Therapy
against Escherichia coli and Staphylococcus aureus Using Nanoemulsion-Encapsulated Zinc Phthalocyanine. Microorganisms 2023,
11, 1143. [CrossRef] [PubMed]

Sperandio, EF; Huang, Y.-Y.; Hamblin, M.R. Antimicrobial photodynamic therapy to kill Gram-negative bacteria. Recent Pat.
Antiinfect. Drug Discov. 2013, 8, 108-120. [CrossRef] [PubMed]

Grabcheyv, I.; Bojinov, V.; Chovelon, J.-M. Synthesis, photophysical and photochemical properties of fluorescent PAMAM
dendrimers. Polymer 2003, 44, 4421-4428. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms22052772
https://doi.org/10.1016/j.dyepig.2022.110195
https://doi.org/10.2174/1385272827666230911115827
https://doi.org/10.1016/j.jphotochem.2021.113480
https://doi.org/10.3390/ma14247832
https://www.ncbi.nlm.nih.gov/pubmed/34947424
https://doi.org/10.1002/pi.6252
https://doi.org/10.1016/j.molstruc.2012.02.010
https://doi.org/10.1016/j.dyepig.2014.01.018
https://doi.org/10.1021/cr00032a005
https://doi.org/10.1002/pat.704
https://doi.org/10.4155/fmc.15.59
https://doi.org/10.3390/pharmaceutics16040518
https://doi.org/10.3390/cimb45120612
https://www.ncbi.nlm.nih.gov/pubmed/38132458
https://doi.org/10.3390/microorganisms11051143
https://www.ncbi.nlm.nih.gov/pubmed/37317117
https://doi.org/10.2174/1574891X113089990012
https://www.ncbi.nlm.nih.gov/pubmed/23550545
https://doi.org/10.1016/S0032-3861(03)00407-5

	Introduction 
	Results and Discussion 
	Synthesis of Dendrimer 
	Infrared Characterization of Dendrimer 
	Photophysical Characterization 
	Influence of pH on the Fluorescent Intensity 
	Metal Ions Detection 
	Effect of Light Irradiation on Bacterial Growth 

	Materials and Methods 
	Synthesis of 4-N,N-Dimethylaminoethyloxy-1,8-naphthalimide-Labelled PAMAM Dendrimer 
	In Vitro Biological Tests of the Microorganisms 

	Conclusions 
	References

