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Abstract: A new water-soluble polyamidoamine (PAMAM) dendrimer modified with 4-sulfo-
1,8-naphthalimide (DSNI) and its monomeric structural analogue (MSDI) were synthesized. Their
photophysical properties were investigated in organic solvents of different polarities and aqueous
solutions. The effect of pH on fluorescence intensity was determined. It was found that the dendrimer
emits blue fluorescence in an acidic medium, which is quenched in an alkaline environment. This
phenomenon is due to the possibility of suppression of nonradiative photoinduced electron transfer
in acidic media. The influence of different metal ions (Cu?*, Pb%*, Sn2*, Sr2*, Mg2+, BaZ*, Co?*, Hg2+,
Zn2*, Nizt, Fe3*, AI**) and anions (CN—, $2~, $,052~, HPO42~, H,PO*~, F~, CH;COO~, NO,
CO527,50427) on the intensity of the emitted fluorescence was studied. Quenching was only found
in the presence of Cu®*. This makes the dendrimer suitable for determining copper ions in water
solutions in the presence of other metal ions and anions. Additionally, DSNI was used as a ligand to
obtain a stable copper complex, the structure of which was investigated by electron paramagnetic
resonance (EPR), infrared spectrum, and elemental analysis. Two copper ions were found to form a
complex with one dendrimer. The in vitro microbiological activity of the new compounds against
bacteria Pseudomonas aeruginosa and two viruses HRSV-2 and HAdV-5 was investigated. With a
view to obtaining antibacterial and anti-viral textiles, cotton fabrics were treated with the three
compounds, and then their activity against the same microbial strains was investigated. It was found
that the microbiological activity was preserved after the application of the new compounds to the
cotton fabrics.

Keywords: dendrimer; 4-sulfo-1,8-naphthalimides; metal ions; pH; solvatochromism

1. Introduction

Recently, fluorescent compounds have been widely used in medicine, pharmacy,
biology, environmental protection, and other cutting-edge scientific fields [1-4]. Among
the known fluorophore structures used in these areas, an important place is occupied
by the derivatives of 1,8-naphthalimide, characterized by compact molecules and high
photo- and thermostability [5]. The polarization of the 1,8-naphthalimide molecule occurs
due to a donor-acceptor interaction between the electron—acceptor carbonyl groups of the
imide structure and the substituent in the fourth position (C-4) of the naphthalene nucleus.
This polarization produces fluorescent emission with blue, yellow, green, and orange-red
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colour and controlled fluorescence intensity [6-8]. Thus, by varying the electron donating
ability of the substituent at the C-4 position, the synthesis of 1,8-naphthalimide compounds
with predetermined and desired colour properties and fluorescence emission intensity
can be modelled [5]. These properties make this class of compounds, which are widely
used as fluorescent markers in biology and medicine, important [9-12]. With success,
1,8-naphthalimide derivatives are used in the synthesis of compounds with biological
activity [13-15]. Another cutting-edge field of application of this class of compounds is
their use as a signaling fragment in the design of optical molecular devices with sensing
properties [16-19]. With a special design of 1,8-naphthalimide derivatives, photoinduced
electron transfer (PET) is realized, which is the basis of the most efficient fluorescent sensors
for rapid detection of various metal ions and bio-products in living organisms or the
environment [20].

Dendrimers are a new form of organization of polymeric materials characterized by
perfectly branched three-dimensional macromolecules with unique structures and prop-
erties. Polyamidoamine (PAMAM) dendrimers are one of the most frequently studied,
recently finding specific applications in various scientific fields [21-24]. PAMAM den-
drimers are built from an ethylenediamine core and branches that contain tertiary nitrogen
atoms and amide groups in their core, and end groups can be primary amino groups. The
presence of primary amino groups means they can react with 1,8-naphthalic anhydride and
its nitro and bromine derivatives, and then by nucleophilic substitution, obtain fluorescent
dendrimers with excellent spectroscopic properties. On the other hand, the amidic or
tertiary amino groups located in the dendrimer core enable the dendrimers modified with
1,8-naphthalimide fluorophores to change their properties [25].

This research aims to synthesize a new water-soluble PAMAM dendrimer modified
with four 4-sulfo-1,8-naphthalimide units DSNI and its structural analog MSNI and to
investigate their photophysical properties in organic solvents with different polarities.
The sensing activity in the aqueous media of both compounds was investigated in the
presence of various metal ions and cations. A stable copper complex dendrimer has also
been obtained. The microbiological activity of the three compounds was studied against
the pathogenic bacterial strain Pseudomonas aeruginosa and the viral strains, HRSV-2 and
HAJdV-5. Antibacterial activity was tested in the dark and under daylight irradiation. The
experiments were carried out in a solution of the three substances and after their deposition
on cotton fabric.

2. Materials and Methods
2.1. Materials and Apparatus

N-Acetylethylenediamine and 4-Sulfo-1,8-naphthalic anhydride potassium salt were
used as obtained from Sigma-Aldrich, Hamburg, Germany. All organic solvents
(N,N-dimetjylformamide (DMF), tetrahydrofuran (THF), dichloromethane (CH,Cl,),
dimethylsulfoxide (DMSO), ethanol, and dioxane) were of spectroscopic grade and were
used as obtained from Sigma-Aldrich, Germany, without purification. Absorption and
emission spectra have been recorded using Varian Cary 5000 and UV-Vis-NIR Spectropho-
tometer Cary Eclipse spectrophotometer (Agilent Technologies, Santa Clara, CA, USA)
at 25.0 °C. Stock solutions of MSNI and DSNI were prepared in DMF at a concentration
of 1072 M to ensure negligible volumes of the stock to reach the required concentration
(3 uL for 107> M and 1.5 uL for 5 x 10~ M), using 3 mL as a total volume of the solvents.
Anthracene (®f = 0.29 in ethanol solution) was used as a reference for the calculation of
fluorescence quantum yields. 'H NMR (600.13 MHz) and '3C NMR (150.92 MHz) spectra
were acquired on an AVANCE AV600 II+NMR spectrometer (Bruker, Ettilingen, Germany)
in a DMSO-d6 solution at ambient temperature. TLC (silica gel-Fluka Fgp 254 20 x 20;
0.2 mm, and toluene/methanol/(4:1) was used as an eluent. The electron paramagnetic res-
onance (EPR) spectra of powder of dendrimer complex [Cuy(DSNI)(NO3)4] were recorded
as the first derivative of the absorption signal of a Bruker EMXplus EPR spectrometer
(Bruker, Ettilingen, Germany) operating in the X-band (9.4 GHz). The recording tempera-
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ture was varied within the 120-295 K range using an ER4141VTM module. The quantitative
EPR calculations were performed by SpinCountTM software module (Bruker, Ettilingen,
Germany). The spectra simulation was accomplished within the software SIMFONIA
(Bruker, Ettilingen, Germany).

2.2. Synthesis of Potassium 2-(2-Acetamidoethyl)-1,3-dioxo-2,3-dihydro-1H-benzoldeJisoquinoline-
6-sulfonate MSNI

N-Acetylethylenediamine (200 uL, 1.9 mmole) was added dropwise to a suspension
of 4-sulfonaphthalic anhydride (0.5 gm, 1.5 mmole) in ethanol and then was heated un-
der reflux for 3 h followed by filtration and washing using ethanol. Yield 97%, 0.61 g,
m.p. > 300 °C.

FT-IR (KBr) cm™~!: 3291 (VNH); 3088 (vCH (Aromatic)); 2988, 2968, 2957 (vCH (Aliphatic));
1702, 1650 (vC=0), 1552, 1433, 1373, 1283, 1188, 858, 786, 754, 633.H NMR (600 MHz, DMSO)
59.24 (dd, ] =8.5,1.2 Hz, 1H), 8.49 (dd, ] = 7.3, 1.2 Hz, 1H), 8.47-8.44 (m, 1H), 8.22-8.20 (m,
1H),7.97 (t, ] = 6.1 Hz, 1H), 7.88 (dt, ] = 8.7, 5.7 Hz, 1H), 412 (t, ] = 6.2 Hz, 2H), 3.37(t, ] = 6 Hz,
2H), 1.69 (s, 3H). 13C NMR (151 MHz, DMSO) § 169.9, 164.3, 163.9, 150.2, 134.5, 130.7, 130.5,
128.7,128.0,127.2,125.4,123.4, 122.7, 36.8, 23.0.

Analysis: C16H13N,O6SK (400.32 g mol~1): Calc. (%): C-47.75, H 3.25, N 6.99; Found
(%): C-47.83, H 3.30, N 6.92.

2.3. Synthesis of 4-Sulfo-1,8-naphthalimide Based Dendrimer DSNI

Zero generation PAMAM dendrimer (0.26 g, 0.05 mmol) and 4-sulfo-1,8-naphalic an-
hydride (0.64 g, 2 mmol) were refluxed in ethanol (30 mL), and the reaction was monitored
using thin layer chromatography (TLC). After 3 h, the product was filtered, washed with
ethanol, and dried. Yield: (98%, 0.83 g)

FT-IR (KBr) cm~!: 3286, 3082, 2935, 2837, 1698, 1652, 1550, 1435, 1349, 1300, 1186, 1064,
778, 725.

'H NMR (600 MHz, DMSO) 5 9.23 (d, ] = 8.0 Hz, 1H, 4H, Ar-H), 8.50-8.39 (m, 1H, 8H,
Ar-H),8.22 (d, ] =4.5Hz, 1H, 4H, Ar-H), 7.87 (d, ] = 5.9 Hz, 1H, 4H, Ar-H), 4.11 (s, 1H, 8H,
CON-CHy), 3.60 (bs, 12H, N-CH,CH,-NH), 3.37 (d, ] = 6.6 Hz, 8H, HNCH,-), 3.25 (m, 1H,
N-CH,CH-N), 2.19-1.96 (m, 8H, CH,-CO).1*C NMR (151 MHz, DMSO) 6 172.0 (C=0),
164.3 (C=0), 163.8 (C=0), 149.96, 134.38, 130.81, 130.49, 128.67, 127.95, 127.29, 125.45, 123.44,
122.66 (10 Ar. C), 65.34, 56.50, 49.81, 36.82, 19.02 (5 aliph C).

Analysis: CyoHgoN19024K4Sy (1709.31 g mol 1) Cale. (%): C-49.18, H 3.51, N 8.19;
Found (%): C-49.28, H 3.48, N 8.30.

2.4. Synthesis of Cu(1l) Complex of Dendrimer DSNI: [Cuy(DSNI)(NO3)4]

Dendrimer DSNI (0.171 g, 0.1 mM) was dissolved in 20 mL ethanol, and (0.985 g,
0.4 mM) Cu(NO3), x 3H,O was added to the solution at 25 °C and the reaction mixture
was stirred for 3 h. After that, the precipitate was filtered off, washed with ethanol, and
dried in air. Yield: 0.96% (0.176 g).

FTIR, cm ™~ 1: 2965, 1699, 1657, 1591, 1378, 1236, 1182, 1061, 1022, 826, 783, 750, 631, 575;
Elemental analysis: C7oHgoN19024K454Cu;, (1836.40 g mol1): Calec. (%): C-45.79, H 3.27,
N 7.62; Found (%): C-45.90, H 3.40, N 7.56.

2.5. Treatment of Cotton Fabric with MSNI, DSNI, and [Cuy(DSNI)(NO3)4]

To a solution of 10 mL of water and 0.005 g of MNSI, DNSI, or [Cu(DSNI)(NO3)4],
1 g of cotton fabric (140 g/m?) was added at 40 °C for 60 min, then removed and dried
in air.
3. Results and Discussion

3.1. Synthesis of 4-Sulfo-1,8-naphthalimides: MSNI, DSNI and [Cuy(DSNI)(NO3)4]

A zero-generation PAMAM dendrimer has four primary amino groups that react with
4-sulfo-1,8-naphthalic anhydride in an ethanol solution to obtain water-soluble dendrimer
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DSNI. Analogously, N-acetylethylenediamine reacts with 4-sulfo-1,8-naphthalimide to
give the compound MSNI, as a structural analogue of dendrimer DSNI (Scheme 1). The
chemical structures of both new 1.8-naphthalimide derivatives have been confirmed by
UV-Vis absorption fluorescent, IR, and NMR spectra and elemental analysis (Figures S1-56).
The presence of a sulfonate group (SO3K) increases the water solubility of the compounds,
which is a valuable property of 1,8-naphthalimides and expands their fields of application.
Metallodendrimer [Cuy(DNSI)(NO3)4] has been prepared at room temperature in ethanol
solution in the presence of four equivalents of Cu(NO3),x3H,O after a long time of stirring
(3 h) to ensure the maximum binding of Cu?* ions to the dendrimer. The precipitate formed
was filtered and after washing with ethanol, dried in air. Its structure was studied with

EPR and IR spectroscopy.
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Scheme 1. Synthesis of MSNI and DSNI.

3.2. Photophysical Properties of MSNI and DSNI

The basic photophysical characteristics of MSNI and DSNI in seven solvents with
different polarity, including absorption (Aa) and fluorescent (Ar) maxima, molar extinction
coefficient (¢), Stokes shift (a_vF), and fluorescence quantum yield @, were determined,
and the results are summarized in Table 1. In all solvents, both compounds are colorless,
with absorption maxima in the region of 336-357 nm, Figure S7. The absorption bands can
be assigned to 7-7* transitions [26]. Molar extinction coefficients at the absorption maxima
of DSNI are approximately four-fold higher than the monomeric analogue MSNI, which
confirms the full substitution of the primary amino groups in the dendrimer periphery
by 4-sulfo-1,8-naphthalimide units [25]. As is shown in Figure 1, MSNI exhibited a good
solvatochroism. In nonpolar solvents such as dichloromethane, the emission is enhanced
and a bathochromic shift (444 nm) was observed. In nonpolar solvents such as dioxane
or THF, the amid group (-CONH-) shares hydrogen bonding with solvent molecules that
allows for the organic solvent photoinduced electron transfer process (PET) and quenches
the emission. Also, polar solvents quench the fluorescence emission that is centered at a
lower wavelength of 388-394 nm. The impendence of the absorption spectrum of MSNI
on the solvent polarity refers to the independence of the structure of the ground state of
MSNI. On the other hand, the structure of the excited state of MSNI, as can be deduced
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from the emission spectrum, depends on the solvent polarity where in nonpolar solvents,
the tautomerism of the amide group (CONH) predominately favours enol form that blocks
the PET from SP? nitrogen to 1,8-naphthalimide moiety, but in polar solvents, the keto
form is favoured, which allows for PET from SP? nitrogen to 1,8-naphthalimide moiety.
On the other hand, DSNI exhibited dual emission in protic solvents, the high wavelength
emission ascribed to excimer formation between the adjacent 4-sulfo-1,8-naphthalimide
groups [27], Figure 1B. The low emission of excimer in water or ethanol ascribed to photoin-
duced electron transfer from interior nitrogen atoms encourages us to examine the sensory
application of DSNI for pH in water solution.

Table 1. Photophysical characteristics of monomer MSNI and DSNI.

Solvents Water DMSO DMF Ethanol CH,Cl, THF Dioxane
MSNI
Dielectric constant (25 °C)  78.35 47.1 371 24.5 8.93 7.58 2.25
Aabs, (M) 338, 351 342, 357 342, 357 336,352 339 340, 355 337, 354
Aem. (nm) 394 390 388 387 444 401 367
Stockes shift (cm™1) 3109 2370 2238 2569 6976 3223 1081
¢ Lol Tem ) 02001370yl S0 e gy
’ 12,000 10,500 ’ 8600
O 0.035 0.004 0.002 0.005 0.080 0.017 0.005
DSNI
Aabs, (M) 342 341, 356 341, 357 337 340 340 341
Aem. (nm) 396,465 386 382 463 387,459 402 381
Stockes shift (cm™1) 6615 2183 1833 8075 7325 4536 3079
e (Lmol Tem™1) 40,400 gzggg Z?ﬁgg 49,400 igﬁgg 60,300 41900
O 0.060 0.002 0.002 0.0035 - 0.009 0.007
A B
| e " | e crpcn—piowane |

Water

CH2CI2

Ethanol

Emission (A.U.)
Emission (A.U.)
&

Dioxane

Wavelength (nm) Wavelength (nm)

Figure 1. Effect of different solvents on the emission of (A) MSNI, ¢ = 107> M and (B) DSNI,
c=5 x 1079 M. excitation at 340 nm.

3.3. Effect of pH on the Fluorescence Intensity of MSNI and DSNI

The response of MSNI and DSNI was investigated in water solution at different
pH levels, Figure 2. The experiments started at a lower pH to ensure the blocking of
photoinduced electron transfer processes in the dendrimer DSNI that are responsible for
emission quenching. Both the absorption and emission spectra of MSNI were not affected
by the change in the pH. Moreover, MSNI is labile to a higher pH (>11) as can be de-
duced by the blue shift of the absorption due to the hydrolysis of the 1,8-naphthalimide



Chemosensors 2024, 12,79

6 of 15

(pKa = 11.88). On the other hand, dendrimer DSNI exhibited a good resistance to-
wards higher pH, referring to the ability of the dendrimer to hinder the hydrolysis of
1,8-naphthalimide. After excitation at 350 nm, the emission spectrum of MSNI was not
affected by a pH increase except, as is expected, at a pH higher than 11 where the emission
was quenched due to the hydrolysis of 1,8-naphthalimide. Strikingly, dendrimer DSNI
responded to a pH change at pH < 4 and pH > 6.5. At a lower pH than 4, the emission
was enhanced because of blocking the PET from the interior nitrogen atoms to peripheral
4-sulfo-1,8-naphthalimides by nitrogen protonation (pKa = 2.88), Scheme 2. But, at a pH
higher than 6.5, there was further fluorescence quenching due to the insertion of hydroxide
ions between dendrimer molecules diminishing the aggregation (pKa = 8.38). The aggrega-
tion in the dendrimer is induced by 7-7 stacking and restricts the nonradiative vibrational
deexcitations of 4-sulfo-1,8-naphthalimides that enhance the fluorescence emission.

A —175—202——223——248——274——3.01——33—356—377—4 B ——1.74——202——223——248——274——3.01——3.3——3.56——3.76——4
——4.35 452——476——5——531——56——6——637—667—7.25 ——4.35 452——476——5——5631——56——6——6.39——668——7.25
——835——8.58— 886 8.96——9.2  9.53—— 9.73—— 10— 10.22—— 1052 ——8.35——856—886—8.96—9.2 — 9.53— 973 10— 10.22—— 1052
——10.73—— 10.99—— 11.21—— 11.53—— 11.63—— 11.76—— 11.67 —— 11.97— 12.07—— 12.18 ——1074—— 1099 11.22—— 1153 11.64—— 11.76——11.86—— 11.96—— 1206 127
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Wave length (nm)
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——4.18 447——518——5.74——585——6.21——6.28——6.49——6.75 D —is—2056—22 250 260 295 514338367405
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Figure 2. Effect of pH on (A) the absorption spectrum of MSNI (B) the emission spectrum of MSNI,
(C) absorption spectrum of DSNI and (D) the emission spectrum of DSNI in water. [MSNI] = 107° M
[DSNI] =5 x 10~% M, excitation at 340 nm.

To extend the applicability of 4-sulfo-1,8-napthalimide-based dendrimer DSNI, its re-
sponse to the presence of various cations including Cu?*, Pb?*, Sn?*, Sr?*, Mg?*, Ba?*, Co?",
Hg2+, 7Zn%*, Ni**, Fe3*, AI3* (as nitrate) and different anions such as CN—, $>~, S,052~,
HPO,2~, H,PO*~, F~, CH;COO~, NO,~, CO32~,SO42 (as sodium salt) was investigated
in water [DSNI] = 107> M at pH =7.2 (Tampon buffer) to assert the fluorescence emission by
the dendrimer DSNI induced by molecule aggregation. Also, we investigated the sensory
ability of MSNI, towards the cations and anions under the study, to show the effect of
dendrimer structure on the sensory ability of MSNI. The absorption spectra of MSNI and
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>

Fluoresence intensity

DSNI exhibited a single absorption centered at 350 nm (& = 10* L-mol~!-cm~!) and 340 nm
(e =3.7 x 10* L-mol~!-em™1), respectively, caused by 4-sulfo-1,8-naphthalimide, Figure S8.
On the other hand, after the excitation at 350 nm, compound MSNI exhibited an emission
centered at 395 nm caused by 1,8-naphthalimide, but its dendrimer DSNI exhibited a strong
emission at 475 nm produced by the aggregated structure in addition to a weak emission at
395 nm.

s/’o
d OK
Scheme 2. Schematic representation of protonation of DSNI and quenching of PET.

Neither the absorption nor the emission spectrum (Aex. = 350 nm) of MSNI was affected
by either cations or anions (five equivalents), Figure 3. Also, the absorption spectrum of
dendrimer DSNI was unaffected by either cations or anions, but its emission spectrum
(Aex. = 350 nm) revealed a significant fluorescence quenching at 475 nm (FQ = 84%) caused
only by Cu?* among all cations and anions under the study. The quenching of the emission
at 475 nm without the influence on the emission at 395 nm confirms the Cu?* binding to
the interior nitrogen of the dendrimer, and the periphery 4-sulfo-1,8-naphthalimide groups
did not share in that binding. Fluorescence quenching caused by Cu?* was ascribed to the
energy transfer from the dendrimer to Cu?* ions. The significant response of dendrimer
DSNI towards Cu?* among all the cations and anions of the study encouraged us to
investigate the selectivity of the dendrimer towards Cu?* by measuring the emission
spectrum of DSNI in the presence of Cu?* and five equivalents of the interfering cation
or anion. The response of DSNI towards Cu?* was not affected by the presence of the
interferers, referring to the high selectivity of DSNI towards the detection of Cu?*, Figure 4.

B
SN Fe(3)— Cu2+)— AI3") [l pu— Ty —y s w—— e m—r
1000 —— Co(2+)—— Hg(2+)——Pb(2+) Sn(2+) Sr(2+) Mg(2+) Ba(2+) Ag(+)
— Sr(2+) Zn(2+)——Mg(2+) Ba(2+) —— Fe(3+) Al(3+) Zn(2+) Hg(2+)
800 ] A8t ONO—— (2~ 5205(2) = 8009 o4 CN(—— S(2-)—— S205(2-)
T HPO4O ™ H2PO4E) ™~ F() " CHICOO() ) —— HPO4(2-)——H2PO4(-)— F(-)—— CH3COO(-)
— CO3(2)—— NO2A(-)——S04.(2-) o — CO3 (2 NO2(-}—— SO4(2-)
600 c 600+
MSNI 2 DSNI
C
400 1 8 400
o
3
200 2 200l
o ' ' : ' ' ' ' ,
400 450 500 550 600 650 700 0

Wavelength / nm

Figure 3. Effect of cations and anions on the emission spectrum of (A) MSNI and (B) DSNI, excitation

at 340 nm.

4(')0 4;0 560 5"50 6(’)0 6;0
Wavelength / nm
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Figure 4. Effect of interfering cations and anions on the emission spectrum and the emission at
475 nm of DSNI/Cu?* complex, excitation at 340 nm.

Furthermore, the sensitivity of the dendrimer towards Cu?* was studied by plotting
the fluorescence emission at 475 nm (Aext. = 350 nm) as a function of the concentration of
Cu?*. By increasing [Cu?*], the emission decreased linearly until 1.5 equivalents of Cu®*
were added. From the titration plot, the detection limit was calculated and found to be
4 x 10~7 M. Moreover, the stoichiometric ratio of the dendrimer and Cu?* was estimated
using Job’s plot of the emission at 475 nm and the molar fraction of Cu?*, Figure 5.
Two dendrimer molecules bind to one Cu?* in the complex [Cu (DSNI),(NO3),], con-
firming the previous discussion that Cu?* binds the interior nitrogen atoms rather than the
peripheral ones.

350+
300 —
250 —
200 —
150 —

100

(o0 = o) (1X)

50

00 02 04 06 08 10
X=[Cu®'J/(IDSNI]+[Cu?T)

Figure 5. Job’s plot of dendrimer DSNI in the presence of Cu®*
3.4. FTIR Characterization of [Cuy(DSNI)(NO3)4]

The characteristic symmetric and asymmetric oscillations for carbonyl groups C=O
from 1,8-naphthalimide structure are at 1652-1657 cm ! and 1698-1699 cm !, respectively.



Chemosensors 2024, 12,79

9 of 15

When comparing the spectra of dendrimer DSNI with those of [Cuy(DSNI)(NOs3)4], no
change in the positions of these characteristic bands was observed, while the difference
was mainly in the intensity of its bands, indicating that no coordination of copper ions with
C=0 took place (Figure 6). The change in intensity is due to the different polarization of
the chromophore system of the 1,8-naphthalimide structure after complex formation. A
similar change in intensity was also recorded for the other characteristic spectral bands
in the spectrum of the metallodendrimer. The characteristic band due to S=O bonds
is at 1349 cm~!. After the formation of the [Cuy(DSNI)(NO3)4] complex, the peak was
shifted to 1378 cm ™!, indicating that these groups are involved in the formation of the
coordination bond with the copper ions. A new intensive band was observed in the
spectrum of [Cuy(DSNI)(NOs),] complex at 825 cm ™!, which is attributed to the metal
complex formation due to the vibrations of the -NOj3 group. The intensive bands at 778
and 725 cm~! were attributed to out-of-plane vibrations of C-H bonds from the aromatic
1,8-naphthalimide structure, and they were shifted to 783 and 750 cm ™!, respectively.

100

R 99|
~~
@
(@)
C
g 80 | | A || I
£ i R
- \ | A e,
| | I [ N
S . b
= 70 | |-
—— [Cu,(DNSI)(NO,), !
~— DNSI

1600 1400 1200 1000 800 600 400
Wavenumber / cm™

Figure 6. Infrared spectra of DSNI and [Cu,(DSNI)(NO3)4].

3.5. EPR Analysis of the Complex of Cu?* with DSNI Ligand [Cuy(DSNI)(NO3)4]

The EPR spectrum of the Cu?* complex with DSNI ligand is shown in Figure 7. Within
a temperature range of 100-300 K, the EPR spectrum consists of a nearly symmetric line
with the a g-factor of 2.13. The signal intensity obeys the Curie-Weiss law between 100
and 300 K, the Weiss constant being —22 (£+5) K. These parameters allow for assigning
the EPR signal to Cu?* ions, which are coupled by magnetic interactions. As a result, the
fine structure of Cu?* is smeared into one line. The quantitative EPR analysis indicates
that the two Cu?* atoms are coordinated by one ligand. At 100 K, close inspection of the
EPR spectrum, however, enables us to distinguish low-intensive lines due to the hyperfine
structure of Cu* ions, the most possible hyperfine constant being 15.0 mT. This means
that a small number of Cu?* ions remain isolated from the main Cu?* spin network. It is
interesting to note that at 295 K, the dendrimer ligand displays a low-intensive symmetric
signal with an ag-value of 2.003 (Figure 8). Upon cooling the recorded temperature from
295 K to 120 K, the signal is split into at least four components with a constant of around
0.4 mT. This signal can be assigned to a radical stabilized in an aromatic ring, where N or
S atoms are also included. It is worth mentioning that the EPR signal due to the ligand
disappears in the complex of the Cu?* with the dendrimer ligand DSNL
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Figure 7. EPR spectra at 100 K and 295 K for metallodendrimer [Cuy(DSNI)(NOg3)4]. The asterisks
denote to the hyperfine structure of Cu®* ions.
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Figure 8. EPR spectra at 120 K and 295 K for dendrimer ligand DSNI. The asterisks denote to the
hyperfine structure of Cu?* ions.

Quantification of the Cu?*: DSNI stoichiometry showed a 2:1 ratio, respectively, that is
calculated by a SpinCountTM software module developed by Bruker [28,29]. The elemental
organic analysis of the complex also confirmed this result. A difference can be seen in the
determined stoichiometric ratio of copper ions of the complex in the solid state and that
obtained by the Job graph plots during the titration of DSNI with copper ions in Tampon
buffer solution at pH = 7.2 (Figure 5). This difference is probably due to the different
experimental conditions of complex formation. In the case of the solid metallodendrimer,
ethanol was used as a solvent, which interacts with four equivalents of Cu?* ions. This, as
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well as the longer time of interaction between them, leads to the formation of an ethanol-
insoluble copper complex, which is separated as a precipitate. While in the aqueous buffer
solution, water molecules participate competitively with the dendrimer as ligands, resulting
in a change in stoichiometry, and the final product is soluble in the medium.

3.6. The Effect of Light on Bacterial Growth

The effect of visible light on the antimicrobial activity of the investigated compounds
was tested in MPB against bacteria P. aeruginosa used as a model Gram-negative strain.
The experiments were conducted in planktonic format in solution and applied on cotton
fabric. The growth of microorganisms was estimated by the turbidity of the samples by
measuring the optical density at 600 nm (OD600). The results obtained showed that the
compounds inhibited the growth of the model culture as compared to the negative control
and were slightly more effective under light than in the dark. The [Cuy(DSNI)(NO3)4]
sample exhibited higher antibacterial activity in comparison with MSNI and DSNI samples.
At a concentration of 75 ng/mL, MSNI, DSNI, and [Cuy(DSNI)(NOs3)4] inhibited the growth
in the dark by 2%, 12% and 31%, respectively; under light irradiation, growth inhibition
increased by about 10%, 17% and 50%, respectively (Figure 9).

Figure 9. Growth (expressed by ODyg) of P. aeruginosa strain under light irradiation and in the dark
at a concentration of the compounds 75 pg/mL.

The increased antimicrobial activity of the studied photoactive compounds under light
irradiation can be explained by their ability to bind to bacterial membranes and generate
highly reactive singlet oxygen (10,) molecules upon photostimulation [30]. These reactive
species attack the external layer of the bacterial membrane by multi-target action. Thus,
oxidative stress causes irreparable damage to the cellular bacterial components, leading to
their inactivation [31].

3.7. Antimicrobial Activity of Treated Cotton Fabrics

The antimicrobial activity of cotton fabrics treated with the new compounds has been
tested in MPB by a reduction in the growth of the model P. aeruginosa strain. As can be
seen in Figure 10, the reduction in bacterial growth in the dark on cotton fabrics treated
with MSNI and DSNI was about 21% and 25% followed by cotton fabric treated with
[Cuy(DSNI)(NO3)4] (39%). Under light irradiation, the antimicrobial effect of the cotton
samples treated with MSNI, DSNI and [Cuy(DSNI)(NO3)4] increased compared to that in
the dark: 33%, 35%, and 52%, respectively.
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Figure 10. Growth of P. aeruginosa in the presence of cotton fabrics treated with the compounds MSNI,
DSNI and [Cuy(DSNI)(NO3)4], tested in the presence of light and in dark.

The compounds are fixed to the cotton surface mainly by hydrogen bonds and van
der Waals interactions. It is hypothesized that the direct contact of bacterial cells with the
cotton surface contributes to the antimicrobial effect of the treated cotton fabrics.

3.8. Cytotoxicity and Virucidal Activity

The evaluation of the tested compounds’ cytotoxicity revealed that compound MSNI
demonstrated the lowest cytotoxicity, with a CCsg value of 68.7 ug/mL. Following closely,
DSNI exhibited a CCsg of 61.6 ug/mL, while [Cuy(DSNI)(NO3)4] proved to be the most
toxic among the three, with a CCsy of 20.3 ug/mL (Figure 11). The newly synthesized
compounds displayed significant virucidal activity against HRSV-2 but showed no activity
against HAdV-5. The effectiveness of compounds MSNI, DSNI, and [Cu(DSNI)(NO3)4]
increased with prolonged interaction with the virus. Within the initial 30 min exposure,
they demonstrated virucidal activity with Alog values of 0.9 (MSNI), 1.0 (DSNI), and
0.8 ([Cuy(DSNI)(NO3)4]). However, after 60 min, their virucidal activity became more
pronounced, with MSNI showing a Alog value of 1.2 against HRSV-2, DSNI with a Alog
value of 1.1, and [Cuy(DSNI)(NO3)4] exhibiting a Alog value of 1.0 (Table 2).

100 + -
—=— MSNI % viable HEp-2 cells

— [Cu,(DSNI)NO,),] % viable HEp-2 cells
—4— DSNI % viable HEp-2 cells

[0
o
1

(o2}
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a
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| ) —
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Figure 11. Dependence of viable Hep-2 sels (%) vs. the concentration of MSNI, DSNI and
[CUZ(DSNI)(NO3)4]
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Table 2. Virucidal effect of newly synthesised compounds against human respiratory syncytial virus
(HRSV-52) after 30 min/60 min.

Virus Alog 30 min
MSNI DSNI [Cuy(DSNI)(NO3)4]
HRSV-2 0.9 1 0.8
Virus Alog 60 min
MSNI DSNI [Cuy(DSNI)(NO3)4]
HRSV-2 1.2 1.1 1

Cotton fabrics dyed with the tested compounds exhibited significant virucidal activity
against HRSV-2 but showed no activity against HAdV-5. In contrast to the virucidal
effect of the substances, testing the treated fabrics revealed slightly lower values of Alog
with prolonged contact time (Table 3). At 30 min, the Alog values for MSNI, DSNI, and
[Cup(DSNI)(NO3)4] were 0.8, 0.9, and 0.6, respectively. After 60 min, a slight increase in
these values was observed (MSNI = 1, DSNI = 1, [Cuy(DSNI)(NOj3)4] = 0.8).

Table 3. Virucidal effect of cotton fabrics treated with newly synthesized compounds against the
human respiratory syncytial virus (HRSV-52) after 30 min/60 min.

Virus Alog 30 min
MSNI DSNI [Cuy(DSNI)(NO3)4]
HRSV-2 0.8 0.9 0.6
Virus Alog 60 min
MSNI DSNI [Cuy(DSNI)(NO3)4]
HRSV-2 1 1 0.8

4. Conclusions

A zero-generation polyamidoamine dendrimer was modified with four 4-sulfo-1,8-
naphthalimide units (DSNI). Furthermore, dendrimer monomeric structural analogue
(MSNI) was synthesized to study the influence of the number of 1,8-naphthalimide frag-
ments on its properties. The photophysical properties of the two new compounds were
investigated in organic solvents of different polarities, and positive solvatochromism was
observed. The incorporated sulfonate group in their structure makes these compounds
soluble in water and gives them new applications for detecting various analytes in aqueous
media. Among the metal ions investigated (Cu?*, Pb?*, Sn?*, Sr?+, Mg2+, BaZ*, Co?*, Hg2+,
Zn%*, Ni%*, Fe®*, AI3*), DSNI fluorescence was only quenched in the presence of Cu?*,
which makes this dendrimer suitable for Cu?* detection in aqueous solutions. The detection
limit of the copper ions was calculated to be 4 x 10~7 M. Also, the pH of the medium
influences the intensity of the emitted fluorescence, which is enhanced during the transition
from alkaline to acidic media. The new dendrimer was used as a ligand for the synthesis of
a stable copper complex [Cup(DSNI)(NO3)4]. EPR analysis and elemental organic analysis
data show that two copper ions are involved in the formation of the metallodendrimer.
The antibacterial activity of the new compounds was tested in vitro against Gram-negative
P. aeruginosa used as a model strain. The tests were performed in solution and after deposi-
tion on cotton fabric in dark and under light irradiation. The results obtained showed that
[Cup(DSNI)(NO3)4] is more effective than MSNI and DSNI, and the antimicrobial activity
was found to be enhanced after light irradiation. The increase in antibacterial activity after
light irradiation is due to the generation of singlet oxygen, which attacks the cell membrane
of bacterial cells. Significant virucidal activity was found against HRSV-2, while against
HAJdV-5, all three compounds were not active. With prolonged interaction with the virus,
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the compounds MSNI, DSNI, and [Cuy(DSNI)(NOs3)4] increased their activity. Also, after
treatment of the cotton fabrics, the tested compounds showed significant virucidal activity
against HRSV-2 but did not show any activity against HAdV-5.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors12050079/s1, Figure S1: TH-NMR spectrum of
MSNI; Figure S2: '*C-NMR spectrum of MSNI; Figure S3: FT-IR spectrum of MSNI; Figure S4:
"H-NMR spectrum of DSNT; Figure S5: 13C-NMR spectrum of DSNI; Figure S6: FT-IR spectrum
of DSNT; Figure S7: Absorption of (A) [MSNI] = 107> M and (B) [DSNI] = 5 x 10~° M at different
solvents; Figure S8: Effect of cations and anions on the absorption spectrum of (A) MSNI and
(B) DSNI in water, ¢ = 10~ M. Microbiological assay.
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