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• Three new naphthalimides show dual 
antibacterial and heavy metal sensing 
functions.

• Naphthalimides were integrated into 
PVC, PMMMA, and Starch polymeric 
matrixes.

• C2-starch polymers detect Hg2+ down to 
3 nM spectroscopically, 4 μM visually.

• Starch biopolymers synthesized via a 
green, sustainable, and non-toxic 
method.
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A B S T R A C T

Monitoring Hg2+ levels in aqueous environments is crucial to assess the potential methylmercury contamination 
via bacterial conversion, however, existing methods often require extensive sample treatment and expensive 
equipment. To mitigate this issue, this study examines the synthesis and application of three naphthalimide- 
based compounds, with significant fluorescent and solvatochromic behavior (C1, C2, and C3). Compounds C1 
and C2 demonstrated a strong affinity for Hg2+ metal ions, with C2 showing selectivity and a strong antibacterial 
profile, particularly against S. aureus (MIC50 (C2) = 0.01 µg/mL). Moreover, these compounds were incorporated 
into three polymeric matrices, namely polyvinyl chloride (PVC), poly (methyl methacrylate-co-methacrylic acid) 
(PMMMA), and Starch, allowing for the development of solid-support sensors/surfaces with a strong antibac
terial profile, highlighting the inherent dual-functionality of the compounds. Interestingly, the C2-doped Starch 
biopolymer detected low concentrations of Hg2+ ions, such as 23 nM in tap water (value within the WHO 
standards for drinking water), through a rapid spectroscopic evaluation without sample treatment. This 
biopolymer was generated via a sustainable, green-chemistry-oriented, temperature-dependent water/Starch 
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synthetic route, without the addition of plasticizers and any associated ecotoxicity. The study used sustainable 
methods for environmental monitoring and antibacterial applications, advancing material science to offer 
effective, accessible, and eco-friendly solutions for detecting and mitigating mercury pollution and bacterial 
contaminations, enhancing environmental and health safety.

1. Introduction

The development of colorimetric and fluorometric sensors to detect 
hazardous substances is rapidly advancing, with numerous studies 
highlighting their significance [1,2]. These probes offer simple, fast, and 
sensitive strategies to address environmental pollution issues through 
simple detection mechanisms.

Among all known pollutants, heavy metal contamination of aqueous 
environments is a major environmental concern, as indicated by the U.S. 
Environmental Protection Agency (EPA) [3]. This type of contamination 
can arise from various industrial and urban activities [4]. Amongst 
heavy metals, mercury is one of the most dangerous pollutant agents, 
listed in the World Health Organization’s (WHO) top 10 chemicals of 
public health concern [5]. Its presence in aqueous environments derives 
mainly from industrial processes such as pharmaceutical production. 
Due to a greater understanding of mercury’s toxic and nefarious effects 
on human health, there is a growing need to develop materials for its 
detection [6]. Inorganic mercury, particularly Hg2+, is the predominant 
form found in aqueous environments and can have harmful effects on 
human health [7]. Moreover, Hg2+ can be bio-transformed into meth
ylmercury through a bacteria-mediated process. Monitoring Hg2+ levels 
is crucial as it is a potential indicator of methylmercury contamination 
in aqueous environments.

Traditional methods for mercury detection in aqueous environments, 
include atomic absorption spectrometry or inductively coupled plasma 
mass spectrometry (ICP-MS), which are considered highly efficient and 
accurate. However, several disadvantages arise, especially the utiliza
tion of expensive equipment, complex and time-consuming sample 
treatment procedures, and specialized training. In contrast, colorimetric 
or fluorometric-based methods can minimize such disadvantages, 
providing faster results through simpler experimental protocols. The 
simplicity of these assays is not hindered by the existence of low 
detection limits, with some reports reaching concentrations of 0.38 nM 
[8–13].

Naphthalimides, a class of aromatic heterocycles, are known for their 
impressive photophysical properties. They exhibit intense fluorescence 
intensity in the UV-Vis regions, high fluorescence quantum yields, and 
long-lived excited states [14]. This makes them ideal chromophores for 
developing probes, particularly for Hg2+ detection. Several literature 
studies employed naphthalimide-based probes for Hg2+ detection in 
various environments, from biological samples to organic solvents 
[15–17]. Additionally, the photophysical characteristics of naph
thalimides can be effectively modified through the functionalization of 
the aromatic naphthalene moiety and the ’N-imide site’ [18]. Specific 
alterations can tailor absorption and fluorescence properties, allowing 
for various applications as dyes or bioactive compounds, among others 
[19–29]. This increased bioactivity originates from the DNA-binding 
mechanisms derived from the tricyclic planar ring configuration of the 
naphthalimide scaffold [19].

Incorporating naphthalimides into solid-support platforms can pro
duce interesting multifunctional materials, such as effective heavy metal 
sensors with inherent bioactive properties. This combination yields a 
more durable material for environmental and clinical applications 
requiring fewer maintenance procedures [30].

Selecting the appropriate polymeric matrix ensures the production of 
a homogeneous material and prevents aggregation or phase separation 
phenomena. Polyvinyl chloride (PVC) and poly (methyl methacrylate- 
co-methacrylic acid)↱ (PMMMA) are among the most used plastics 
nowadays. They are traditionally derived from petrochemical sources 

and are now being re-envisioned through "green chemistry" approaches 
to enhance sustainability in production [31–33]. Bio-based polymers, 
such as Starch polymers, are good candidates for this application due to 
their production processes being based on green chemistry processes 
and are typically produced in aqueous environments under mild con
ditions [34].

Previous studies have independently explored the photophysical 
properties of naphthalimides and the use of various polymers for envi
ronmental sensing or antibacterial purposes. However, this work 
uniquely integrates these elements into multifunctional smart materials. 
The application of PVC, PMMMA and Starch as solid-support matrices 
and doping with three naphthalimide derivates (C1, C2, and C3) 
allowed the development of polymers that sensitively detect low mer
cury concentrations in aquatic environments and exhibit strong anti
bacterial properties against resistant bacterial strains. Additionally, our 
study introduces a novel aqueous-based method for Starch polymer 
production, emphasizing sustainability and reproducibility, while 
ensuring the non-toxic nature of the polymers. These polymers allow for 
easy mercury detection in aqueous environments and exhibit inhibitory 
bacterial behavior against Gram-positive and Gram-negative bacteria. 
This versatile Starch-based platform has the potential to incorporate 
diverse organic molecules, without any inherent associated ecotoxicity 
(MICROTOX@Assay), facilitating the production of sustainable poly
mers applicable in environmental and clinical settings.

2. Experimental

2.1. Chemicals and starting materials

4-Bromo-1,8-naphthalic anhydride (95 %), N,N-Dimethylformamide 
(anhydrous, 99.8 %), 2-Picolylamine (99 %), Magnesium sulfate (puriss. 
p.a., drying agent, anhydrous, ≥98.0 %), and 2-Mercaptoethanol 
(≥99.0 %) were purchased from Sigma-Aldrich. Allylamine (>99.0 
%), and N-(3-Aminopropyl)morpholine (>99.0 %) were purchased from 
Tokyo Chemical Industry Co. Ltd. Potassium carbonate (anhydrous 99.0 
%) was purchased from Fluorochem Ltd. Triethylamine ( 99 %) was 
purchased from Acros Organics. Silica gel (high-purity grade, pore size 
60 Å, 230–400 mesh particle size, 40–63 µm particle size, for flash 
chromatography) employed for the column chromatography was pur
chased from Sigma Aldrich. Copper (II) trifluoromethanesulfonate Cu 
(TfO)2, > 98 %, Cadmium (II) trifluoromethanesulfonate Cd(TfO)2, >
98 %, Mercury (II) trifluoromethanesulfonate Hg(TfO)2, > 98 %, Nickel 
(II) trifluoromethanesulfonate Ni(TfO)2, > 98 %, Cobalt (II) tri
fluoromethanesulfonate Co(TfO)2, > 98 %, Zinc (II) tri
fluoromethanesulfonate Zn(TfO)2, > 98 % and Silver (I) 
trifluoromethanesulfonate AgTfO, > 98 %, were acquired from Sol
chemar. Chromium (III) nitrate nonahydrate Cr(NO3)3

. 9 H2O > 99 %, 
Iron (III) nitrate nonahydrate Fe(NO3)3

. 9 H2O 98–101 %, Iron(II) sulfate 
heptahydrate FeSO4⋅7H2O > 99 % and Aluminium Nitrate Nonahydrate 
Al(NO3)3⋅9 H2O > 98 % were acquired from Sigma Aldrich.

Deuterated DMSO-d6 (99.80 %) and chloroform-d (99.80 %) were 
acquired from Deutero GmbH. Absolute ethanol (EtOH) was acquired 
from Carlo Erba Reagents. Dimethyl sulfoxide (DMSO), Tetrahydrofuran 
(THF), Chloroform, Acetonitrile (ACN), Toluene, Polyvinyl chloride 
(PVC), Poly (methyl methacrylate-co-methacrylic acid) (PMMMA), 
Starch, and Sodium Chloride (NaCl) were purchased from Sigma 
Aldrich. Tryptone Soy Agar (TSA), Mueller-Hinton Agar (MHA) and 
Mueller-Hinton Broth (MHB) were purchased from Biokar. Acute Re
agent and Reconstitution Solution were purchased from ModernWater. 
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All solvents and reagents were of analytical reagent grade and were used 
as received.

2.2. Instrumentation

Absorption spectral acquisition was performed in a JASCO V-650 
Spectrophotometer. Solid state and liquid fluorescence emission spectra 
were acquired using a HORIBA-Jobin-Yvon Fluoromax-4® spectrofluo
rometer. For the acquisition of solid-state spectra, an optic fiber attached 
to the spectrofluorometer was required. Lifetime measurements were 
conducted in a TEMPRO Fluorescence Lifetime System with a Nanoled 
pulsed diode controller from HORIBA-Jobin-Yvon. For the measure
ments of 96-well plates, a CLARIOSTAR spectrophotometer (BMG Lab
tech) was used. Infrared spectra (FTIR-ATR) were acquired on a FTIR 
spectrophotometer Bruker Tensor 27. Data acquisition was performed 
with a resolution of 2 cm− 1 using an ATR appliance – Pike Miracle with 
ZnSe Crystal Plate. All previous equipment was available from the 
PROTEOMASS Scientific Society-BIOSCOPE Facility.

Differential Scanning Calorimetry (DSC) was performed in a 
DSC131, Setaram, France, and Thermogravimetric Analysis (TGA) was 
performed in a Thermogravimetric Analyzer Setaram Labsys EVO, both 
as external services from the Analysis Laboratory from LAQV- 
REQUIMTE, FCT-NOVA. Atomic Force Microscopy (AFM) images were 
acquired using an MFP-3D Stand Alone as an external service from 
CENIMAT facilities, from the i3N, NOVA School of Science and 
Technology.

Antibacterial assays were conducted in a STERIL-VBH laminar flux 
chamber. Bacterial suspension density was adjusted to the McFarland 
Scale with a DEN-1B McFarland Densitometer (Grant-Bio). Transparent, 
flat bottom 96 well plates were from Greiner Bio-One. Sterile swabs were 
from DeltaLab. 96-well plate and bacterial incubations were performed 
in a Mermmet Incubator B10. MICROTOX® Assays were conducted in a 
MICROTOX® M500 from ModernWater.

All compounds’ chemical identities were verified using a combina
tion of 1H NMR,13C NMR, 15N NMR, 2D-COSY, 2D-HSQC, 2D-HMBC, 
and High-Resolution Mass Spectrometry. Using 5 mm tubes on a 
Bruker Avance II+ 600 spectrometer (Institute of Organic Chemistry 
with Centre of Phytochemistry-Bulgarian Academy of Sciences / NMR 
Centre), the 1H NMR and 13C NMR spectra were measured in DMSO-d6 
and CDCl3 at 293.0 K at spectrometer operating frequencies of 600.13 
MHz and 150.92 MHz, respectively. The 15N NMR spectra were obtained 
as 1H- / 15N-HSQC 2D spectra at 128 scans with a spectrometry fre
quency of 600.18 MHz / 60.83 MHz. 1H NMR and 13C NMR spectra were 
calibrated to the tetramethylsilane (TMS) signal, δ = 0.00 ppm. Chem
ical shifts were measured to an accuracy of 0.01 parts per million (ppm). 
The coupling constants (J) were reported with a precision of 0.1 and 
represented in Hz. The spin multiplicity in the 1H NMR was denoted by 
the abbreviations s = singlet, d =doublet, t = triplet, q = quartet, dd =
doublet of doublets, dt = doublet of triplets, td = triplet of doublets, and 
m =multiplet. Mestrelab Research S.L.’s MestreNova v. 15.0 was used to 
process the raw NMR data files.

High-Resolution Mass Spectrometry (HR-MS) analyses were per
formed in the Laboratory for Biological Mass Spectrometry–Isabel 
Moura (BIOSCOPE-PROTEOMASS Scientific Society Facility), using 
UHR ESI-Qq-TOF IMPACT HD (Bruker-Daltonics, Bremen, Germany). 
Samples of the corresponding compounds were prepared by dissolution 
in 50 % (v/v) acetonitrile containing 0.1 % (v/v) aqueous formic acid to 
obtain a working solution of 0.1 µg/mL. HR-MS data was acquired by 
directly infusing the compound solutions into the ESI source. MS data 
were acquired in positive polarity over the mass range of 50 – 1300 m/z. 
(Capillary voltage: 4500 V, End plate offset: − 500 V, Charging voltage: 
2000 V, Nebulizer gas: 0.4 Bar, Dry Heater: 180 ◦C, Dry gas: 4.0 L/min).

2.3. Computational details

We have employed the ORCA 6.0 software to perform density 

functional theory (DFT) analysis and Avogadro to perform molecular 
visualization for the proposed metal complexes formed with compounds 
C1, C2 and C3 [35–40]. Firstly, a rough geometry adjustment was 
performed in the Avogadro software, through application of the Uni
versal Force Field (UFF). Then, a Geometry Optimization function was 
performed using the ORCA 6.0 software, based on DFT calculations 
using the BP86 functional, based on the Becke exchange and Perdew 
correlation. The basis set used for these calculations was the def2-SVP. 
After the geometry optimization, the obtained coordinate file was 
visualized through the Avogadro and the UCSF Chimera softwares [41, 
42].

2.4. Synthesis of naphthalimide-based derivatives

2.4.1. Synthesis of 2-allyl-6-bromo-1H-benzo[de]isoquinoline-1,3(2H)- 
dione (3)

4-Bromo-1,8-naphthalic anhydride (1) (3.100 g, 11.19 mmol, 1.0 eq) 
and allylamine (2) (0.703 g, 0.92 mL, 12.31 mmol, 1.1 eq.) were stirred 
in 25 mL dry DMF at 50 ◦C for 18 h. After cooling to room temperature, 
the reaction mixture was concentrated in vacuo. The formed precipitate 
was filtered and recrystallized from 30 mL (ethanol:water=25:5 v/v). 
The product was filtered and dried in vacuo to furnish 2.950 g (83 %) of 
compound 3 as an off-white powder.

1H NMR (600 MHz, d-DMSO) δ 8.51 (dd, J = 15.9, 7.8 Hz, 2 H), 8.28 
(d, J = 7.8 Hz, 1 H), 8.18 (d, J = 7.8 Hz, 1 H), 7.96 (t, J = 7.9 Hz, 1 H), 
5.93 (ddt, J = 15.7, 10.4, 5.2 Hz, 1 H), 5.19 – 5.10 (m, 2 H), 4.62 (d, J =
5.1 Hz, 2 H). 13C NMR (151 MHz, d-DMSO) δ 162.6, 162.6, 132.8, 132.6, 
131.7, 131.4, 131.1, 129.8, 129.3, 128.9, 128.4, 122.7, 121.9, 116.5, 
41.9, 39.9, 39.8, 39.7, 39.5, 39.4, 39.2, 39.1.

2.4.2. Synthesis of 2-allyl-6-((pyridin-2-ylmethyl)amino)− 1H-benzo[de] 
isoquinoline-1,3(2H)-dione (C1)

Intermediate 3 (0.400 g, 1.27 mmol) and a large excess of 2-picolyl
amine (4) (2.00 mL) were mixed in 25 mL flask and heated at 95 ◦C for 
18 h. After cooling to room temperature, the reaction mixture was dis
solved in 80 mL DCM and washed with water. The organic phase was 
dried over anhydrous MgSO4 and evaporated to dryness. TLC of crude 
product – DCM:MTBE = 5:1. The crude product was purified by column 
chromatography: 70 g silica gel; mobile phase DCM:MTBE= 7:1 v/v. The 
target product C1 was obtained in 0.425 g (98 %) as a yellow powder. M. 
p. 162–163 ◦C.

1H NMR (600 MHz, CDCl3) δ 8.68 (dd, J = 4.1, 0.8 Hz, 1 H), 8.60 (dd, 
J = 7.3, 1.0 Hz, 1 H), 8.49 (d, J = 8.3 Hz, 1 H), 8.34 (dd, J = 8.4, 0.8 Hz, 
1 H), 7.75 (td, J = 7.7, 1.8 Hz, 1 H), 7.67 (dd, J = 8.3, 7.4 Hz, 1 H), 7.37 
(d, J = 7.8 Hz, 1 H), 7.30 (dd, J = 6.6, 5.1 Hz, 1 H), 7.25 (s, 1 H), 6.73 (d, 
J = 8.4 Hz, 1 H), 6.00 (ddt, J = 17.1, 10.3, 5.7 Hz, 1 H), 5.33 – 5.26 (m, 2 
H), 5.21 – 5.15 (m, 1 H), 4.79 (dt, J = 5.7, 1.3 Hz, 2 H), 4.67 (d, J = 4.2 
Hz, 2 H). 13C NMR (151 MHz, CDCl3) δ 164.4, 163.9, 154.9, 149.1, 
149.0, 137.0, 134.7, 132.7, 131.3, 129.9, 126.6, 124.8, 122.9, 122.8, 
122.0, 120.6, 117.0, 110.3, 104.7, 77.2, 77.0, 76.8, 53.4, 47.3, 42.1, 
− 0.02 (Figures SI1–1 to SI1–20).

Anal. calc. for C21H17N3O2 (343.38): C, 73.45; H, 4.99; N, 12.24. 
Found: C, 73.40; H, 5.06; N, 12.29 %. ESI-MS: [M+H]+ for C21H18N3O2 
= 344.1411 (5.1 ppm). Calculated [M+H]+ for C21H18N3O2 = 344.1393 
(Figure SI4).

2.4.3. Synthesis of 2-allyl-6-((3-morpholinopropyl)amino)− 1H-benzo[de] 
isoquinoline-1,3(2H)-dione (C2)

Intermediate 3 (0.300 g, 0.95 mmol) and a large excess of N-(3- 
Aminopropyl)morpholine 5 (3.00 mL) were mixed in a 25 mL flask and 
heated at 95 ◦C for 18 h. After cooling to room temperature, the reaction 
mixture was dissolved in 80 mL DCM and washed with water. The 
organic phase was dried over anhydrous ↱K2CO3 and evaporated to 
dryness. TLC of crude product – MTBE:Et3N = 100:1. The final product 
was subjected to purification by column chromatography: 30 g silica gel; 
phase 1 MTBE:Et3N = 100:1; phase 2 MTBE:MeOH= 100:1 v/v. 
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Compound C2 was obtained in 0.306 g (85 %) as a yellow powder. M.p. 
174–175 ◦C.

1H NMR (600 MHz, CDCl3) δ 8.60 – 8.56 (m, 1 H), 8.45 (d, J = 8.4 Hz, 
1 H), 8.27 (d, J = 8.1 Hz, 1 H), 7.73 (s, 1 H), 7.64 – 7.59 (m, 1 H), 6.63 
(d, J = 8.5 Hz, 1 H), 6.00 (ddt, J = 15.9, 10.4, 5.7 Hz, 1 H), 5.29 (dd, J =
17.2, 1.4 Hz, 1 H), 5.20 – 5.15 (m, 1 H), 4.79 (d, J = 5.6 Hz, 2 H), 3.88 (t, 
J = 4.5 Hz, 4 H), 3.49 (q, J = 5.7 Hz, 2 H), 2.70 – 2.65 (m, 2 H), 2.61 (s, 4 
H), 2.00 (s, 2 H). 13C NMR (151 MHz, CDCl3) δ 164.5, 163.9, 150.5, 
134.9, 132.7, 131.2, 129.9, 126.9, 124.2, 123.0, 120.4, 116.9, 109.4, 
103.7, 77.2, 77.0, 76.8, 67.0, 59.2, 54.0, 44.7, 42.1, 23.1 (Figures SI2–1 
to SI2–21). Anal. calc. for C22H25N3O3 (379.45): C, 69.64; H, 6.64; N, 
11.07. Found: C, 69.69; H, 6.60; N, 11.12 %. ESI-MS: [M+H]+ for 
C22H26N3O3 = 380.1969 (0.1 ppm). Calculated [M+H]+ for C22H26N3O3 
= 380.1969 (Figure SI4).

2.4.4. Synthesis of 2-allyl-6-((2-hydroxyethyl)thio)− 1H-benzo[de] 
isoquinoline-1,3(2H)-dione (C3)

Intermediate 3 (0.400 g, 1.27 mmol), K2CO3 (0.140 g, 1.01 mmol, 
0.8 eq.) and a large excess of thiol 5 (5.00 mL) were mixed in a 25 mL 
flask and heated at 80 ◦C for 18 h. After cooling to room temperature, 
the reaction mixture was dissolved in 80 mL DCM and washed with 
water and citric acid. The organic phase was dried over anhydrous 
Na2SO4 and evaporated to dryness. TLC of crude product – DCM: 
MTBE= 5:1. Analytical samples were obtained after purification by 
column chromatography: 70 g silica gel; mobile phase DCM:MTBE=
10:1 v/v. Compound 9 was obtained in 0.293 g (74 %) as a bright yellow 
powder. M.p. 129–130 ◦C.

1H NMR (600 MHz, d-DMSO) δ 8.49 (dd, J = 8.4, 1.0 Hz, 1 H), 8.47 
(dd, J = 7.3, 1.0 Hz, 1 H), 8.30 (d, J = 7.9 Hz, 1 H), 7.84 (dd, J = 8.4, 7.3 
Hz, 1 H), 7.73 (d, J = 8.0 Hz, 1 H), 5.92 (ddt, J = 17.1, 10.4, 5.3 Hz, 1 H), 
5.17 (t, J = 5.5 Hz, 1 H), 5.15 – 5.09 (m, 2 H), 4.62 (d, J = 5.2 Hz, 2 H), 
3.75 (q, J = 6.3 Hz, 2 H), 3.35 (t, J = 6.4 Hz, 2 H). 13C NMR (151 MHz, d- 
DMSO) δ 162.6, 162.6, 144.5, 132.6, 130.8, 130.2, 129.6, 128.8, 127.4, 
126.9, 123.3, 122.4, 118.3, 116.2, 59.1, 41.4, 39.9, 39.8, 39.7, 39.5, 
39.4, 39.2, 39.1, 34.4 (Figures SI3–1 to SI3–17).

Anal. calc. for C17H15NO3S (313.37): C, 65.16; H, 4.82; N, 4.47; S, 
10.23. Found: C, 65.19; H, 4.88; N, 4.41; S, 10.20 %. ESI-MS: [M+H]+

for C17H16NO3S = 314.0848 (0.8 ppm) and [2 M+Na]+ for 
C34H30N2O6S2Na = 649.1448 (1.6 ppm). Calculated [M+H]+ for 
C17H16NO3S = 314.0845 and [2 M+Na]+ for C34H30N2O6S2Na =
649.1437 (Figure SI4).

2.5. Photophysical characterization and titrations

The naphthalimide derivatives C1, C2 and C3 were dissolved in 
dimethyl sulfoxide (DMSO), acetonitrile (ACN), absolute ethanol 
(EtOH), tetrahydrofuran (THF), ↱chloroform and toluene to a stock 
concentration of 10− 2 M. All studies were performed using the appro
priate dilution of the stock solutions to a concentration of 10− 5 M. The 
UV-Vis absorption spectra measurements were collected in a JASCO 
V650 Spectrophotometer, and fluorescence spectra were acquired in a 
HORIBA Scientific FLUOROMAX-4 spectrofluorometer (BIOSCOPE- 
PROTEOMASS Scientific Society Facility). Solid-state spectra were also 
acquired with the HORIBA Scientific FLUOROMAX-4, using an optic 
fiber, through sample excitation at the appropriate wavelengths. 
Correction for the absorbed light was performed when needed. All 
measurements were performed at 25 ºC.

For metal titrations, metal stock solutions were prepared in ACN, to a 
concentration of ca. 10− 3 M. Titrations were performed via the addition 
of the correct microliter quantities of each stock metal solution of the 
compounds at a concentration of 10− 5 M in THF, followed by the 
acquisition of the respective absorption and emission spectra.

Additional experiments were conducted to assess the selectivity of 
compounds C2 and C3 towards Hg2+ metal ions. These experiments 
involved introducing an excess amount of other tested metal ions into a 
quartz cell containing the ligand and Hg2+ metal ions. Subsequently, 

absorption and fluorescence spectra were recorded to analyze any 
changes or interactions occurring in the presence of these competing 
metal ions.

Lifetime measurements were performed using a TEMPRO Fluores
cence Lifetime System with a Nanoled pulsed diode controller from 
Horiba Jobin-Yvon (BIOSCOPE-PROTEOMASS Scientific Society Facil
ity). Luminescence quantum yield was determined for compounds C1 
and C2 using a solution of fluorescein in ethanol [Φ = 0.79] [43], 
whereas, for compound C3, a coumarin 343 [Φ = 0.63] [44] solution in 
ethanol was used.

The Logarithm of the Partition Coefficient [n-octanol/water] (logP) 
values were determined for all compounds following the liquid-liquid 
microextraction protocol, in which a saturated octanol solution of 
each compound was prepared to a concentration of ca. 1 g/L. 0.5 mL of 
this solution was added to 0.5 mL of MilliQ H2O, vigorously stirred, and 
allowed to rest for ca. 30 min. Then, the octanol phase was removed and 
quantified in a CLARIOStar spectrophotometer at 434, 445, and 396 nm 
for compounds C1, C2, and C3, respectively.

For the NMR experiments in the presence and absence of Hg2+, stock 
solutions (C = 0.01 M) of the free ligands (C1, C2, and C3) were pre
pared in DMSO-d6, which were divided into equal 600 μL portions for 
the preparation of the working samples. A stock solution of mercury(II) 
acetate (C = 0.15 M) was also prepared in DMSO-d6 and added into 
small aliquots to the free ligand solutions (0.0 μL – 0.00 eq., 5.0 μL – 
0.12 eq., 10.0 μL 0.25 eq., 20.0 μL – 0.50 eq., 40.0 μL – 1.00 eq., 80.0 μL – 
2.00 eq., respectively) using automatic micropipettes. The final working 
solutions’ concentrations determined to be C = 0.01 M. The operations 
for the sample preparations were carried out at ambient temperature.

2.6. Naphthalimide-doped Polymers production

2.6.1. PVC
200 mg of PVC were dispersed in 4 mL of THF and homogenized 

using ultrasonic treatment for ca. 2 min. Upon stabilization of the 
polymeric matrix, 0.5 mg of each compound was solubilized in 1 mL of 
THF, and the resulting solution was added dropwise to the stabilized 
polymeric matrix under gentle stirring. The mixture was stirred for ca. 2 
min and plated onto a Teflon plate. The plate was allowed to dry in the 
dark at room temperature, under shaking at 40 rpm for ca. 24 h to ensure 
complete dryness and homogeneity of the polymer.

2.6.2. PMMMA
300 mg of PMMMA were dispersed in 5 mL of chloroform under 

gentle stirring. 0.5 mg of each compound was solubilized in 1 mL of 
chloroform and the solution was added to the polymeric matrix sus
pension. The mixture was gently stirred for ca. 2 min and plated onto a 
Teflon plate and allowed to dry at room temperature, in the dark, under 
gentle shaking of 40 rpm for ca. 48 h to ensure complete dryness of the 
polymer.

2.6.3. Starch
5 mL of warm Milli-Q H2O was added to 150 mg of Starch under 

vigorous stirring. The mixture was then heated and, after reaching 85 ºC, 
was gently stirred for 5 min 0.5 mg of each compound was dissolved in 1 
mL of EtOH and added to the hot polymeric mixture. The mixture was 
gently stirred for another 5 min and was then plated onto a Teflon plate. 
The plate was stirred at 40 rpm, in the dark overnight to ensure the slow 
cooling of the polymer to room temperature. After ca. 24 h, the plates 
were placed in a hood at 40 ºC and dried overnight to enable complete 
polymerization.

2.6.4. Polymer characterization and heavy metal detection
First, all the obtained polymers were evaluated by naked-eye color

imetric assessment and under UV-Vis light. Solid-state spectra of all 
polymeric matrices were acquired to verify the entrapment of each 
compound inside the matrix. Moreover, FTIR-ATR spectra were 
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collected of all polymers in the spectral region of 400 to 4000 cm− 1.
A range (0 to 10 μM) of aqueous Hg2+ solutions was prepared, and 

the sensing response was evaluated in MilliQ H2O and Tap Water. For 
Starch polymers, squares of each polymer (ca. 0.5 ×0.5 cm) were cut and 
placed in contact with each solution for ca. 15 min. Before each incu
bation period, a visual evaluation was performed under UV light to 
verify the occurrence of any fluorometric alterations. Emission spectra 
for each solution were also recorded.

Limits of Detection (LOD) and Limits of Quantification (LOQ) were 
determined using ten measurements of a C2-Starch polymer lixiviate in 
water, without the addition of Hg2+ metal ions. The following formulas 
were applied:

LOD = ydl = yblank + 3std, where ydl = signal detection limit and 
std = standard deviation.

LOQ = ydl = yblank + 10std, where ydl = signal detection limit and 
std = standard deviation.

From these formulas, the minimal detectable quantity (MDQ) and 
minimal quantifiable amount (MQA) were also determined.

2.7. Antibacterial activity assays

Selected bacterial strains for the assessment of inhibitory activity 
were Escherichia coli (E. coli, ATCC® 25922™), Staphylococcus aureus 
(ATCC® 6538™), methicillin-resistant Staphylococcus aureus (MRSA) 
(ATCC® 33591™), Enterococcus faecalis (ATCC® 29212™) and Pseudo
monas aeruginosa (ATCC ® 9027™). The bacteria were kept in adequate 
broth containing 15 % v/v glycerol at − 70 ºC. The stocks were thawed 
and inoculated onto TSA plates, followed by ca. 24 h of incubation at 35 
± 2 ◦C in a Mermmet Incubator B10. From the obtained bacterial col
onies, bacterial suspensions were prepared with a density of 0.5 in the 
McFarland scale (DEN-1B McFarland Densitometer, Grant-bio) in a sa
line medium (0.85 % m/v), which translates to a bacterial concentration 
of ca. 1.5 × 108 CFU/mL.

2.7.1. Broth microdilution assays
Samples (compounds C1, C2, and C3) were dispersed in DMSO at a 

stock concentration of 1 mg/mL. A 2-fold dilution gradient was prepared 
in 96-well plates, in MHB to a maximum concentration of 0.76 µg/mL 
and a minimum concentration of 0.0015 µg/mL. Each well was inocu
lated with the prepared bacterial stocks to ensure a bacteria concen
tration of ca. 10− 8 CFU/mL for all tested bacterial strains. Then, the 
plates were incubated overnight at 35 ± 2 ºC in a Mermmet Incubator 
B10. Bacteria and sample controls were also performed following the 
same protocol. After 24 h, the plates were collected, and the density 
measurements at 600 nm were performed using an adequate protocol in 
a CLARIOStar Spectrophotometer (BMG Labtech) (PROTEOMASS Sci
entific Society Facility). It was possible to determine the percentages of 
bacterial growth and Minimum Inhibitory Concentrations (MIC) in 
response to a specific condition by comparison with a positive bacterial 
control. All asepsis conditions were maintained throughout the assay by 
a STERIL-VBH laminar flux chamber.

2.7.2. Solid-state polymer assays
From the obtained bacterial stocks at 0.5 McFarland, a sterile swab 

was immersed in the solution and used to inoculate MHA plates. Poly
mers were cut into ca. 1 × 1 cm squares and applied on top of the 
inoculated plate. The plates were incubated at 35 ± 2 ºC in a Mermmet 
Incubator B10 overnight. After 24 h, bacterial growth was visually 
evaluated in the contact interface polymer-agar.

2.8. Environmental Activity Assessment by Microtox® Test

To obtain a suitable solution for its application in the Microtox® 
Test, five 1 cm2 squares of the C2 Starch doped polymer were submerged 
in 10 mL of Milli-Q H2O, until complete polymer solubilization was 
obtained. From the obtained solution, the Microtox® Whole Effluent 

Toxicity (WET) Test was conducted as per the manufacturer’s in
structions. Briefly, a range of dilutions from 100 % to 6.25 % were 
prepared in the appropriate 2 % NaCl aqueous solution. The acute re
agent comprised of freeze-dried Vibrio fisheri, was rehydrated with the 
appropriate Reconstruction Solution. Subsequently, 20 μL of the ob
tained bacterial suspension was then added to the diluted solutions and 
the luminescence of the bacteria was measured after incubation periods 
of 15 and 30 min. The obtained luminescence values for each sample 
were compared to the bioluminescence produced by the bacterial con
trols, and the % Effect was calculated accordingly for each condition.

3. Results and discussion

3.1. Synthesis of naphthalimide-based compounds

This work describes the design of three innovative probes derived 
from naphthalimide, aiming to create an efficient and affordable sensor 
platform using easily accessible chemicals.

Current sensors include a fluorophore – (naphthalimide core), and a 
receptor that enables them to function as a fluorescence switch. 1,8- 
Naphthalimide fluorophore was selected due to its superior photo
physical properties, such as higher brightness and enhanced fluores
cence quantum yield compared to other fluorophores [45]. This allowed 
for a more diverse platform for chemical transformations, resulting in 
significantly brighter and cheaper sensors. This strategic choice 
improved the sensitivity and specificity of metal ion detection, such as 
Hg2+. The receptor units, the 2-Picolylamine, N-(3-Aminopropyl)mor
pholine, and 2-Mercaptoethanol were chosen for their affordability and 
selectivity towards binding Hg2+ metal ions.

Recently, Diamantis et al. reported the preparation of Zr4+ metal- 
organic framework (MOF) based on a terephthalate ligand decorated 
with a chelating 2- picolylamine side group (dMOR-2 @CaA) for real- 
time detection of Cu2+, Pb2+, and Hg2+ [46] However, the authors re
ported that dMOR-2 @CaA effectively absorbed additional heavy metal 
ions, such as Cu2+, Cd2+, Ni2+, and Zn2+, when exploring the selectivity 
for dMOR-2 @CaA toward various heavy metal ions in aqueous media.

In an earlier study by Zhou et al., a dansyl derivative with an ami
nomorpholine moiety selectively coordinated mercury ions [47]. 
Nevertheless, their studies were conducted in MeCN: H2O (4:1 v/v) 
media, while a complete "turn-off" effect was achieved at Hg2+ con
centrations reaching 150 µM.

Recent studies by Gao et al. revealed that a mercaptoethanol frag
ment not only increased the water solubility of the proposed sensors but 
was a suitable receptor for Hg2+ ions due to the presence of sulfur [48]. 
Despite the proven sensing capabilities of the reported molecules, ac
cording to the authors, their response to Hg2+ was almost completed 
within 30 min, which was a somewhat lengthy incubation period.

Considering all these factors, our approach focuses on creating un
complicated, biodegradable, eco-friendly, and cost-effective probes for 
the rapid detection of hazardous ions.

Three naphthalimide derivatives were synthesized in this work and 
are depicted in Scheme 1. The first synthetic step included the prepa
ration of key intermediate product 3 by the implementation of a liter
ature procedure, where bromonaphthalic anhydride (1) and allylamine 
(2) were boiled in ethanol [49–51], which is a typical approach. In the 
current synthetic protocol, we employed DMF as the solvent, and 50 ºC 
was used as the reaction temperature.

Target compounds C1 and C2 were obtained in good to excellent 
yields by heating 3 with an excess of amines 4 and 5, respectively. 
Heating of 3 with an excess of thiol 6 in the presence of K2CO3 led to the 
preparation of target compound C3.

Some analogs of C1 - C3 bearing different substituents at the imide 
nitrogen were studied as fluorescent detectors. Thus, some analogs of C1 
served as detectors of palladium and cell imaging [52], while others 
were appropriate for monitoring protein–DNA interactions [53]. 
Hanaoka et al. presented off-on fluorescent chemosensors for Zn2+ ions 
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[54], while Wang et al. used a similar compound for the detection of 
Cu2+ ions. Naphthalimide derivatives of 3-morpholinopropan-1-amine 
were suitable for lysosome markers [55]. Thioalcohols (similar to C3) 
were used as glutathione fluorescent indicators [56].

Analytical samples of all compounds were obtained after column 
chromatography and fully characterized by 1D and 2D NMR analysis, 
HRMS, and melting points.

3.2. Spectroscopical characterization of compounds

The optical properties of compounds C1 and C2 were evaluated in 
the following solvents: DMSO, ACN, EtOH, THF, chloroform and 
toluene, at 25 ºC. Compound C3 was also tested in the aforementioned 
solvents, except for toluene. A complete spectroscopic characterization 
of all compounds was performed and is summarized in Fig. 1 and 
Table 1. Compounds C1 and C2 exhibited an intense yellow naked-eye 
coloration in all solvents and strong yellow-green fluorescence under a 

Scheme 1. Synthetic approach to the preparation of the target naphthalimide fluorophores.

Fig. 1. (A) Absorption and emission spectra of C1, C2, and C3 in THF. ([C1-C3] = 10− 5 M, λexcC1 = 423 nm, λexcC2 = 430 nm, λexcC3 = 387 nm, T = 25ºC). C1 (B), C2 
(C), and C3 (D) solutions (top: naked eye; down: under a UV lamp) in all tested solvents: a) DMSO; b) ACN; c) EtOH; d) THF; e) Chloroform; f) Toluene.
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UV-Vis lamp. In contrast, compound C3 did not show visible naked-eye 
coloration in any solvent, although it exhibited a strong blue fluores
cence. Solid state spectra of all compounds are depicted in the Supple
mentary Material (Figure SI5).

As a representative case, Fig. 1A shows the absorption and emission 
spectra of compounds C1, C2, and C3. The absorption bands centered at 
423, 430, and 387 nm for C1, C2, and C3 were characteristic of general π 
– π*transitions of the naphthalimide chromophore. The increased 
number of donor atoms and aromatic rings attached to the naph
thalimide scaffold produced a red shift in the absorption spectra. The 
same observation was verified in the excited state, where C1, C2 and C3 
exhibited maximum emission bands at 496, 501, and 458 nm, 
respectively.

A significant blue shift was observed for compound C3, derived from 
the presence of a sulfur atom in its structure, providing the compound 
with a strong blue fluorescence. Sulfur, a larger atom with a different 
electron distribution and lower electronegativity than oxygen or nitro
gen, can affect the molecule’s electronic structure. Moreover, the pres
ence of electron-withdrawing groups typically resulted in a blue shift.

Naphthalimides can exhibit pronounced solvatochromic behavior 
due to their π-electron system and the presence of functional groups 
(imide group) that can interact with the solvent [57–59]. In turn, a 
significant solvatochromic effect was observed in the excited state, 
visually detected by the coloration change under a UV lamp (Fig. 1B, C, 
and D). The solvatochromic shifts were most pronounced for compounds 
C1 and C2 with ↱increasing solvent polarity. Specifically, for C1, the 
color transition occurred from blue (↱toluene) to yellow-green, while for 
C2, the color shifted from green to yellow. These ↱changes demonstrated 
a positive solvatochromic behavior.↱

To better understand the occurring solvent-compound interactions, a 
multiparametric fit analysis was performed by the application of the 
Kamlet-Taft equation [60] (Equation 1). 

υ = υ0 + aα+ bβ+ pπ∗

Equation 1. Kamlet-Taft Equation.
This mathematical model enabled the determination of parameters 

related to solute-solvent interactions that ultimately depended on spe
cific solvent parameters and provided a greater understanding of several 
physicochemical properties, such as the effects of different solvents on 
the stability of molecules and solvatochromic behavior. Particularly, this 
model employed the specific hydrogen bond donating (HBD) acidity (α), 
hydrogen bond accepting (HBA) basicity (β), and solvent dipolarity/ 
polarizability (π * ) of each solvent. Tables 2 and 3 represents some 
relevant solvent spectroscopical properties for the application of the 
model.

The fitted parameters (a, b, and p), as well as the respective slopes 
and correlation coefficients, were obtained through the fitting of a linear 
plot of υexp. versus υcalc, obtained by application of the Kamlet-Taft 
model. υo is representative of the value of emission in a reference 
solvent.

Parameters a (hydrogen bond acceptor sensitivity), b (hydrogen 
bond donor sensitivity), and p (dipolarity/polarizability sensitivity) 
were used to describe the solvatochromic behavior of compounds, spe
cifically how their electronic properties, such as absorption or emission 
spectra, changed with the solvent environment.

Interestingly, all compounds exhibited negative values for both a and 
b, with the magnitude of b being greater than a. This observation indi
cated that naphthalimide derivatives were strong hydrogen bond ac
ceptors. For example, their electronic characteristics were influenced by 
solvents with high hydrogen bond donating abilities.

Moreover, the results revealed that compound C3 was more influ
enced by solvent dipolarity/polarizability than compounds C1 and C2. A 
significant negative π*value for compound C3 suggested that it became 
less stable in highly polar or polarizable solvents. On the contrary, 
compound C2 was more stable in polar solvents than compounds C1 and 
C3.

Additionally, as naphthalimide-based compounds tended to present 
bioactive characteristics, the logarithm of the Partition Coefficient [n- 

Table 1 
Main photophysical data of the naphthalimide derivatives C1, C2 and C3.

Cpd. Solvent λabs 

(nm)
λem 

(nm)
λem

solid 

(nm)
Stokes 
Shift 
(cm¡1)

ε 
(cm.1M¡1)

Φ 
(%)

τ (ns)

C1 DMSO 
ACN 
EtOH 
THF 
CHCl3 

Toluene

438 
425 
432 
423 
409 
419

523 
511 
521 
496 
493 
481

533 3700 
3900 
3900 
3500 
4200 
3000

16174 
19663 
16554 
18917 
18416 
18936

60 
39 
49 
40 
40 
46

10.16 ± 0.01 
10.02 ± 0.01 
9.06 ± 0.01 
9.09 ± 0.01 
9.33 ± 0.01 
7.68 ± 0.01

C2 DMSO 
ACN 
EtOH 
THF 
CHCl3 

Toluene

445 
435 
442 
430 
425 
427

526 
522 
527 
501 
488 
486

534 3500 
3800 
3600 
3300 
3000 
2800

18284 
17922 
20898 
16307 
17719 
22369

93 
69 
93 
87 
39 
52

8.35 ± 0.09 
7.14 ± 0.01 
5.60 ± 0.01 
9.46 ± 0.01 
9.13 ± 0.01 
8.33 ± 0.01

C3 DMSO 
ACN 
EtOH 
THF 
CHCl3

394 
386 
390 
387 
386

484 
468 
478 
458 
450

502 4700 
4500 
4700 
4000 
3700

14691 
15264 
14443 
13552 
13086

11 
59 
74 
64 
69

8.17 ± 0.02 
7.47 ± 0.01 
6.77 ± 0.01 
6.65 ± 0.01 
6.33 ± 0.01

Table 2 
Spectroscopic polarity parameters and physical properties of the different sol
vents. εr: relative permittivity; η: refractive index; α: the solvent HBD acidity; β: 
solvent HBA basicity; π*: solvent dipolarity/polarizability.

Solvent εr α β π* η

DMSO 47.24 0 0.76 1.00 1.47
ACN 35.94 0.19 0.40 0.66 1.34
EtOH 24.30 0.86 0.75 0.54 1.36
THF 7.58 0 0.55 0.58 1.40
CHCl3 4.89 0.20 0.10 0.69 1.44
Toluene 2.38 0 0.11 0.49 1.49

Table 3 
Kamlet-Taft multiparametric fitting of emission data for each compound: υ0, a, b 
and p-values, in cm− 1, slope and correlation coefficients (R2).

υ0 a b p Slope R2

C1 21840 − 921 − 1140 − 1844 1.00 0.99
C2 21382 − 628 − 1749 − 988 1.00 0.98
C3 23890 − 762 − 1679 − 1952 1.00 1.00
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Octanol/Water] (logP) was determined through UV-Vis based method
ology for compounds C1-C3. logP is an indicator of the hydrophilicity of 
a determined compound, which can act as a characterizing metric for the 
propensity of a compound to migrate from an aqueous phase to a lipidic 
one. The higher the logP value, the more hydrophobic the compound, 
whereas a low logP value indicates a more lipophilic compound. These 
variations can also be interpreted from a biological perspective, where a 
higher logP value relates to the ability of a compound to transverse a 
lipophilic environment, such as cell membranes. The calculated values 
of logP were 3.32, 1.52 and 2.46 for compounds C1, C2, and C3, 
respectively. These results were in accordance with those obtained 
through a theoretical calculation performed using the ChemDraw soft
ware, in which the obtained results were 2.99, 1.88, and 2.60, respec
tively. Furthermore, the obtained results for compound C1 show that it 
possesses a higher lipophilicity, thus being more likely to transverse 
cellular membranes.

3.3. Polymer production

To produce a solid support matrix for compounds C1, C2, and C3, 
they were incorporated into three polymeric matrices: PVC, PMMMA, 
and Starch. Incorporation of the compounds on PVC and PMMMA 
matrices employed a protocol previously developed by our group [61]

and was based on a simple solvent-casting methodology.
Therefore, each compound was incorporated into each polymeric 

matrix by dissolving it in the appropriate solvent: THF for PVC, ethanol 
for Starch, and chloroform for PMMMA. The appropriate amounts of 
polymer were also dispersed in the respective solvents and briefly stirred 
to form a soluble, fully dispersed, and homogeneous polymeric matrix. 
Upon stabilization of the polymeric matrix, the solubilized compound 
was added, under stirring, to ensure the entrapment of the compounds in 
the matrices and their complete dispersion once dried. An important 
aspect to consider when performing compound entrapment in polymeric 
matrices is the compatibility of solvents between compounds and the 
matrices themselves. The usage of the same or compatible solvents fa
cilitates the complete dispersion of the compounds in the matrix, 
without the formation of inner precipitates. The applied methods herein 
produced dispersed, homogeneous polymers with a high emissive in
tensity, mimicking the effects observed in solution (Fig. 2A and B).

In the case of the Starch matrix, a simple solvent casting methodol
ogy at room temperature was insufficient to ensure polymerization. For 
example, to achieve stabilization of the polymeric matrix in solution and 
allow the compound to be incorporated, the mixture needed to be sta
bilized at 85 ◦C. Several studies in the literature showed the different 
effects that temperature may have on the polymerization of Starch, 
mainly dependent on annealing processes [62]. Briefly, annealing is 

Fig. 2. (A) Schematic overview of the solvent-casting methodology employed for polymer production in this work. (B) Polymers obtained with compounds C1, C2 
and C3. For all polymers, a constant mass of 0.5 mg was maintained for each compound. Solid-State emission spectra of C1 (C), C2 (D) and C3 (E) doped polymers.
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commonly used in metallurgy and material science to define a process 
by which a matrix is heated and cooled under controlled circumstances 
to modify its physical characteristics. These temperature cycles permit 
structural modifications such as the crystallization of the amylose and 

amylopectin monomers in Starch. A well-defined, tri-dimensional Starch 
mesh is produced, allowing for the incorporation of compounds in the 
matrix. In this study, several temperatures were tested, ultimately 
showing that the optimal conditions for producing a well-dispersed 

Fig. 3. (A) Atomic Force Microscopy (AFM) (3-D topographical) images, corresponding height distribution profiles (B) and (C) DSC, TGA, and AFM main charac
terization data of the neat polymers (PMMMA – blank, PVC – blank, Starch – blank) and respective C2 - doped polymer films.
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polymer were at 85 ◦C under vigorous stirring. The compounds were 
then added to the Starch solution, allowing for a homogeneous disper
sion in the pre-polymerized matrix. After this incorporation step, the 
cooling step was crucial for the crystallization and polymerization of the 
matrix. To ensure the complete dispersibility of the compounds in the 
polymer, we allowed them to cool to room temperature under a gentle 
stirring of ca. 40 rpm. Upon reaching room temperature, the compound, 
and the amylose and amylopectin monomers achieved stabilization, and 
the second temperature cycle was applied at 40 ºC to dry the polymer. 
This two-step temperature-dependent cycle was found to produce ho
mogeneous, well-dispersed water-soluble polymers without the use of 
plasticizer molecules and harsh chemicals.

Intriguingly, upon incorporation in a polymeric matrix, the com
pounds exhibited a blue shift in emission in response to polymer rigidity, 
demonstrating a tendency already reported by our group [61]. A more 
rigid polymeric matrix resulted in stronger intermolecular interactions 
between the doped compounds and the respective polymeric matrix. The 
PMMMA polymer was a more rigid material than the PVC and Starch 
polymers, so the compounds demonstrated a stronger blue shift in the 
emission bands. The maximum emission wavelengths for compound C1 
were 495 nm, 550 nm, and 555 nm; for compound C2, were 503 nm, 
538 nm, and 550 nm; and for compound C3 were 487 nm, 493 nm, and 
494 nm, respectively, for PMMMA, Starch and PVC polymers (Fig. 2C, 
2D and 2E). The less rigid matrices with Starch and PVC generated more 
varied interactions between the compounds and the matrices, resulting 
in red-shifted bands. Additionally, the polymers were characterized by 
Infrared (FTIR-ATR) spectra (Figures SI6–8).

The FTIR-ATR spectra of PMMMA, PVC, and Starch, as well as C1, 
C2, and C3 dye-doped polymers, revealed significant interactions be
tween the polymers and the dyes. For PMMMA, characteristic peaks at 
2950 cm− 1 (C-H stretching), 1720 cm− 1 (C––O stretching), and 
1140 cm− 1 (C-O-C stretching) showed slight shifts and intensity changes 
upon dye doping, indicating interactions with the dyes.

For PVC, the peaks located at 2950 cm− 1 (C-H stretching), 
1420 cm− 1 (CH₂ bending), and 700 cm− 1 (C-Cl stretching) were shifted, 
especially in PVC-C1, suggesting strong dye interaction. The spectra for 
Starch exhibit characteristic peaks at 3300 cm− 1 (O-H stretching), 
2920 cm− 1 (C-H stretching), and 1000–1200 cm− 1 (C-O stretching). 
These peaks were modified by dye doping, indicating changes in the 
hydrogen bonding and glycosidic bonds [63].

Due to the low concentration of dyes in the doped polymers 
compared with the polymer matrix, it was not possible to identify the 
specific dye peaks in the spectra. The observed changes primarily re
flected the influence of the dyes on the polymer matrices rather than the 
distinct spectral features of the dyes themselves. Overall, the spectral 
changes highlighted how each dye uniquely affected the polymer 
matrices, suggesting varying degrees of chemical and physical 
interactions.

To ensure and validate the proper integration of the compound into 
the polymer matrix, the most promising polymers were selected for 
differential scanning calorimetry (DSC), thermogravimetric (TGA), and 
atomic force microscopy (AFM) analyses.

DSC and TGA were performed to investigate changes in the physical 
properties of PMMMA, PVC and Starch doped with compounds C1 and 
C2 in a temperature range from 29 ºC to 300 ºC. Fig. 3 and SI9–11 show 
the obtained spectra and main characterization data, for the tested 
doped polymers.

The TGA spectra for PMMMA and PMMMA-C2 exhibited a typical 
thermal degradation behaviour with endothermic transitions. Both 
samples showed a similar percentage of mass loss (14 % and 13 %), 
indicating the release of volatile products due to polymer decomposi
tion. The C2-doped PMMMA polymer exhibited higher decomposition 
temperatures (130.2 ºC), suggesting greater thermal stability compared 
to the blank (124.8 ºC). The glass transition temperature (Tg) for the 
PMMMA-C2 polymer was 119 – 122 ºC, a significantly higher value than 
the typical Tg (105 ºC) [61] for PMMMA. The observed elevated Tg 

indicated enhanced thermal stability and confirmed the successful 
entrapment of the dye within the polymeric matrix. The dye incorpo
ration increased chain entanglement and reduced the mobility of the 
polymeric chains, contributing to improved thermal properties.

All three PVC samples had Tg values of ca. 85 ºC, with minor varia
tions. C2-doped PVC had the highest Tg (86 ºC), followed by the other 
PVC polymers. Additionally, this sample presented higher thermal sta
bility owing to its higher decomposition temperatures and more signif
icant mass loss in the second transition (49 % for C2, 46 % for C1). The 
observed mass loss was due to the de-hydrochlorination of the polymer 
chain, accompanied by endothermic events [64] confirming the suc
cessful entrapment of the dye into the polymeric matrix [65].

The results obtained for the Starch-based polymers also provided 
insights into their thermal behaviour. Although the samples showed 
similar decomposition patterns, C2-doped Starch polymer exhibited 
enhanced thermal stability in the first decomposition phase. Overall, the 
successful doping of PMMMA, PVC, and Starch with C1 and C2 dyes was 
evidenced by the doped polymers increased thermal stability and higher 
Tg values. The enhanced properties were attributed to the effective 
entrapment of the dyes within the polymeric matrices. These thermal 
analysis results were aligned with the obtained AFM images.

The AFM images in Fig. 3 show the topographical differences be
tween the free and C2-doped polymers. The PMMMA polymers showed a 
roughness of 0.87 nm, which increased to 1.7 nm after C2 incorpora
tion. A similar result was found for the other doped polymers, with 
surface roughness increasing from 0.43 nm to 1.4 nm and 0.39 nm to 
1.18 nm for the PVC blank, Starch blank, and C2 post-incorporation 
polymers, respectively. Additionally, in all cases a shift was observed 
in the height distribution towards greater roughness in C2-doped poly
mer compared to the blank, suggesting the successful incorporation of 
compound C2 [66].

Based on the AFM results, C2-doped Starch was the best choice for 
future applications owing to the relatively uniform increase in surface 
roughness and more homogeneous texture, while being environmentally 
friendly.

3.4. Metal sensing ability of naphthalimide↱ derivatives in solution and 
within polymer-supported structures

The metal sensing ability of compounds C1, C2 and C3 was initially 
evaluated against Ag+, Cd2+, Ni2+, Co2+, Cu2+, Zn2+, Cr3+, Fe2+, Fe3+, 
Al3+ and Hg2+ metal ions. Both absorption and emission spectra were 
acquired at 25 ºC until a plateau was reached. Compound C1 sensed both 
Hg2+ and Cu2+ ions, while compounds C2 and C3 were only highly se
lective towards Hg2+ metal ions. Fig. 4, SI12, and SI13 show the ab
sorption and emission spectra for the titrations that present a significant 
spectral change.

Compound C1 was found to interact with two metal ions, namely 
Cu2+ and Hg2+, as depicted in Fig. 4. When the concentration of Cu2+

increased, the absorbance at 423 nm decreased, along with a quenching 
in the emission intensity at 496 nm. This behavior was presumably 
attributed to the unique paramagnetic properties of Cu2+ metal ions, 
derived from its unfilled d orbital shells. Such characteristics make Cu2+

ions particularly sensitive to the chelation enhancement of quenching 
(CHEQ) effect, which is mostly driven by electron or energy transfer 
[67].

A similar quenching effect in fluorescence spectra was found by 
adding Hg2+ metal ions to the ligand. This effect may be derived from 
the heavy atom nature of Hg2+, which exhibits a high electron count in 
its outer shells and can interact with the excited-state electrons of a 
fluorophore through spin-orbit coupling, since they are naphthalimide- 
based molecules [68]. These interactions potentiate the occurrence of 
non-radiative decay pathways, which lead to the deactivation of the 
excited state and thus, a visible quenching effect. In the ground state, no 
significant alterations were visualized with the increasing amount of 
added Hg2+ ions.
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Compounds C2 and C3 only showed significant spectral changes in 
response to Hg2+ metal ions (Figures SI12 and SI13). In the case of 
compound C2, a red shift from 430 nm to 465 nm and an increase at 
465 nm was observed in the absorption spectra. Conversely, a blue shift 
from 505 nm to 485 nm was found in the emission spectra. Moreover, 
before the shift occurred in the emission spectra, a quenching mecha
nism took place, decreasing the emission intensity of the compound.

For compound C3, no significant alterations were found in the ab
sorption spectra, although a significant quenching effect occurred in the 
emission spectra. Once again, this fluorescence attenuation may be due 
to the heavy atom effect, as explained above for compound C1.

Compounds C2 and C3 demonstrated a sensory selectivity for Hg2+

metal ions, hence, competition studies were performed to better un
derstand these interactions. A constant excess of each remaining metal 
ion was added to the compound-Hg2+ complexes, and their absorption 
and emission spectra were recorded. The spectral results are presented 
in the Supplementary Material (Figures SI14 and, SI15). No significant 
spectral alterations were observed when the remaining metal ions were 
added to the compound-Hg2+ complex. Therefore, these compounds 
were selective for Hg2+ metal ions even in the presence of other metal 
species in solution.

To further comprehend the metal-ligand interactions, the stability 
constants, respective to each significant titration, were calculated using 
the HypSpec program [69,70], and the obtained values are summarized 
in Fig. 4D.

Analyzing the obtained results revealed a strong affinity of com
pounds C1 and C2 to Hg2+ metal ions. Compound C1, while capable of 
binding to Cu2+ metal ions, showed a clear preference for interacting 
with Hg2+, as evidenced by the highest association constant (LogKass. =

7.30 ± 0.01), with a stoichiometry of one ligand per metal ion. A near 
value was also obtained for compound C2 with Hg2+, with an associa
tion constant of LogKass. = 6.21 ± 0.21, accompanied by Hg2+

selectivity. The investigated complexes’ stability constants showed the 
formation of mononuclear species for all obtained complexes. Mass 
spectrometry of the Cu2+ and Hg2+-formed complexes was performed as 
a validation method. The obtained spectra are shown in Figure SI16. For 
compound C1, the Cu2+ and Hg2+ mononuclear species were success
fully identified at 344.1394 m/z and 546.1103 m/z. The Hg2+-C2 
complex was observed in the mass spectra at 380.1969 m/z 
(Figure SI16). In the case of C3, no metal complexes were observed, 
possibly due to the lower association constant.

Hg2+ ions typically coordinate with ligands with soft donor atoms, 
and while sulfur is a common donor, nitrogen atoms, particularly those 
in aromatic rings such as pyridines or imidazole, are also effective in 
binding mercury. In a complex, the special arrangement, length, and 
flexibility of the spacer, as well as the nature of the donor atoms of the 
compounds, are crucial. So, to best understand the coordination mech
anisms in place for the herein studied complexes, additional NMR 
titration studies and theoretical calculations were performed for the 
obtained complexes (Fig. 5 and SI17–20). Considering compound C1, 
upon the addition of an excess of Hg2+ metal ions, a broadening of the 
1H NMR signals was verified, being the first indicator of the complexa
tion, as seen in Fig. 5D. Additionally, minor changes of the chemical 
shifts were also observed for all CH signals of the pyridine ring (ca. 
7.30–8.60 ppm), and to a less extent, some of the peaks correspondent to 
the naphthalimide core also suffered alterations (ca. 8.80–6.65 ppm). A 
stronger alteration could, however, be verified for the CH2 group at ca. 
4.74 ppm, linking the NH group to the pyridine heterocycle, being 
indicative of the role that both nitrogen atoms present in the structure 
have towards the complexation mechanism. Additionally, no significant 
spectral alterations were observed in the allyl fragment of the molecule, 
suggesting that these do not contribute to the complexation mecha
nisms. Significant alterations on both nitrogen atoms were also observed 
in the 15N NMR spectra, as seen in Fig. 5E, with a shift of 44.22 ppm to 

Fig. 4. (A, B, C) Spectrophotometric and spectrofluorimetric titrations of compound C1 with increased additions of Cu2+ (A, B) and Hg2+ (C) metal ions in THF. 
Insets depict absorption (A) and emission (B, C) as a function of equivalents of Cu2+ and Hg2+, respectively. [C1] = 10− 5 M, λexc = 423 nm, T = 25ºC. (D) Stability 
association constants and stoichiometry (C:M) of C1, C2 and C3 complexation with Cu2+ and Hg2+ metal ions, in THF.
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46.24 ppm and 88.4 ppm to 90.38 ppm, for the morpholine fragment N- 
atom and linker N-atom respectively. The role of the nitrogen atoms in 
the complexation mechanisms had also been verified by the theoretical 
calculations performed. Geometry optimization was obtained from DFT 
calculations using the BP86 functional, based on the Becke exchange and 
Perdew correlation. These demonstrate clearly the preferential lowest 
energy complexation mechanism through the interaction of the Hg2+

metal ion with both nitrogen atoms in the structure of the compound C1.
A similar approach was conducted for compound C2. Once again, a 

significant broadening of the peaks was observed, indicating the 
occurrence of complexation. No alterations were observed in the allyl 
fragment, similar to what was verified for the compound C1. As seen in 
Fig. 5F, the major shifts account for the NH group, shifting from 
3.60 ppm to 3.67 ppm, indicating the major role of this atom in the 
complexation mechanism. Moreover, the two CH2 groups of the mor
pholine moiety next to the nitrogen atom also had significant shifts from 
2.38 to 2.53 ppm, as well as the couple of CH2 groups closer to the ox
ygen atom of the morpholine heterocycle which shifted from 3.59 to 
3.67 ppm. Similarly to what was verified for the C1 compound, both 

nitrogen atoms present in the structure play a crucial role in the mole
cule’s complexation with metal ions. Also, from the 15N NMR spectra, 
slight shifts also occurred, namely a 44.22 ppm to 46.24 ppm corre
sponding to the morpholine fragment N-atom and 88.40 ppm to 
90.38 ppm, corresponding to the linker N-atom, as seen in Fig. 5G. This 
dependence on nitrogen atoms for the complexation mechanism was 
also verified through the computational calculations, which demon
strated a clear preference in geometry for a structure that allows these 
interactions as seen in Fig. 5C.

Regarding the compound C3, an 1H NMR titration was also per
formed (Figure SI19–20), however only small alterations were observed, 
possibly due to the lower association constant as calculated from the UV- 
Vis and fluorometric titrations.

3.5. Naphthalimide-doped polymers assessment for environmental 
detection of heavy metals

To produce a biodegradable, eco-friendly, and cost-effective probe 
for environmental applications, the sensing capacity of the compounds 

Fig. 5. Optimized geometries obtained from DFT calculations from the ORCA 6.0 software: (A) C1-Cu complex; (B) C1-Hg complex; (C) C2-Hg complex. Golden 
sphere is representative of a Cu2+ ion and grey sphere is representative of a Hg2+ metal ion. (D) 1H NMR titration of compound C1 with increasing additions of Hg2+

metal ions; (E) 15N NMR spectra of the free compound C1 and of the C1-Hg complex; (F) 1H NMR titration of compound C2 with increasing additions of Hg2+ metal 
ions; (G) 15N NMR spectra of the free C2 complex and of the C2-Hg complex.
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(C1, C2, and C3) doped into a Starch polymer was tested for Hg2+

detection in an aqueous solution. Among the tested polymers, the Starch 
polymer doped with compound C2 was selected as the best candidate for 
this application owing to its selectivity for Hg2+ metal ions. It also 
demonstrated a clear colorimetric alteration when exposed to increasing 
metal concentrations (Fig. 6).

Using Starch as a solid support enabled the detection of metal ions in 
an aqueous media, overcoming the issue of the compounds’ insolubility 
in water. This approach offers a more straightforward and sustainable 
method for Hg2+ ion detection. In a preliminary approach, small, doped 
polymer squares (0.5 ×0.5 cm) were subjected to different Hg2+ con
centrations in water (0, 2, 4, and 10 μM) for 15 min. After this time, the 
polymeric matrix lost its structural characteristics, liberating the com
pound into the aqueous environment. This release facilitated the in
teractions between the ligand and the metal ions, leading to a 
fluorescence quenching effect in response to concentrations of Hg2+

higher than 2 µM (Fig. 5).
This part of the study was expanded by examining a more extensive 

range of Hg2+ concentrations. Their emission spectra are shown in 
Fig. 5C. A decrease in the emission intensity was observed in response to 
the increasing Hg2+ concentrations. A linear correlation was found be
tween 0 and 4 µM, which was in accordance with the obtained pre
liminary results. This linear correlation allowed for the determination of 
the MDQ and MQA, which were 3 and 28 nM, corresponding to 2 and 14 
ppb, respectively.

To verify the applicability of this assay to real water samples, the 

same methodology was applied to a tap water sample collected from the 
laboratory. The results are depicted in Fig. 5C. A similar response was 
obtained for the tap water sample, with a decrease in emission intensity 
with increasing Hg2+ concentrations. A linear correlation was also 
achieved for this sample for concentrations between 0 and 4 nM, and the 
MDQ and MQA were 23 and 30 nM, respectively, corresponding to 12 
and 15 ppb.

For Hg2+ detection in real water samples, our polymers demon
strated lower and more competitive detection limits compared to other 
literature data on fluorescent probes, displaying values of 39.2 nM, 
160 nM, or 124.3 nM [71–74]. Moreover, our values aligned with those 
reported by the WHO standards for drinking water, which were 22 nM 
[75].

Compared to other methods, which may involve more complex and 
costly materials or procedures, the utilization of Starch-doped polymers 
as a probe for Hg2+ detection in aqueous environments is a more sus
tainable, practical, and accessible alternative with minimal environ
mental impact. These polymers are also a promising platform for the 
incorporation of other organic molecules with different sensing capa
bilities, increasing their stability in aqueous environments and allowing 
for colorimetric/fluorometric detection of hazardous pollutants.

3.6. Antibacterial activity assessment

To further explore the characteristics of the studied compounds, their 
antibacterial activity was evaluated. Both liquid and solid support-based 

Fig. 6. (A) General overview of the workings of the C2 doped Starch polymers for Hg2+ sensing in water. (B) Naked-eye and Fluorometric alterations under a UV- 
lamp of C2 doped Starch polymer, in aqueous solutions containing 0, 2, 4, and 10 μM of Hg2+. (C) Spectrofluorimetric titrations of the obtained lixiviate of compound 
C2 in ultrapure and tap water with increased additions of Hg2+ metal ions, λexc = 435 nm, T = 25ºC.
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antibacterial assays were performed to fully assess the antibacterial 
activity of the compounds and the obtained compound-doped polymers. 
As for the liquid assessment of the compound’s inhibitory activity, broth 
microdilution assays were performed to evaluate the antibacterial ac
tivity of all synthesized compounds. Briefly, a known concentration of 
bacteria was incubated in the presence of the compounds, with a sample 
concentration ranging from 0.76 to 0.0015 µg/mL. Gram-negative 
Escherichia coli (E. coli, ATCC® 25922™) and Pseudomonas aeruginosa 
(ATCC ® 9027™) were tested. For Gram-positive bacteria, Staphylo
coccus aureus (ATCC® 6538™), methicillin-resistant Staphylococcus 
aureus (MRSA) (ATCC® 33591™), and Enterococcus faecalis (ATCC® 
29212™) were examined. These strains were selected due to their 
relevance when considering increased antimicrobial resistance[76]. 
E. coli or E. faecalis are found in natural environments such as water 
bodies, whereas the remaining strains are found in nosocomial envi
ronments and are common causes of bacterial infections in clinical 
settings.

Fig. 7 depicts the results obtained through the broth microdilution 
protocol performed to assess liquid-state antibacterial activity.

All compounds revealed significant antibacterial activity against all 
tested strains, demonstrating the versatility of the naphthalimide-based 
compounds as broad-spectrum antibacterial agents. Reports have sug
gested that the main mechanism by which naphthalimides exhibit a 
bioactive behavior, correlating with their antibacterial activity, is 
mostly due to their DNA-binding behavior [77]. This interaction hinders 
the normal processes of transcription and replication, destabilizing 
cellular processes and inducing cell death. Moreover, naphthalimides 
can interact with topoisomerases, inhibiting their interaction with DNA, 
thus blocking the corrective activity performed by this enzyme [78]. A 
combination of these two main mechanisms confers an inherent bioac
tive profile that can be exploited to produce compounds with antibac
terial activity. The addition of different substituents, producing 
naphthalimide-based molecules, can also affect their antibacterial ac
tivity, as the added moieties can exhibit antibacterial activity by 
themselves, inducing synergistic effects and producing a compound with 
an even higher efficacy regarding its antibacterial effects [79].

A comparative analysis of the inhibitory activity of compounds C1, 
C2, and C3 was performed through a comparison of their respective 
Minimum Inhibitory Concentration (MIC) values. For the purposes of 
our current work, MIC is a reduction higher than 50 % of bacterial 
growth compared to a bacterial control. Fig. 6 shows the determined 
values for all bacterial strains tested. All compounds gave preferential 
inhibitory activity for the tested Gram-positive strains, particularly 
against S. aureus, for which the lowest MIC values were obtained, 0.05, 
0.01 and 0.01 µg/mL for C1, C2, and C3, respectively. Although all 
compounds produced inhibitory activity for Gram-negative strains, they 
occurred at higher concentrations compared to the Gram-positive 
strains. This differential inhibitory response may be related to the 
more prevalent resistance mechanisms that occur in Gram-negative 
strains, such as the increased presence of efflux pumps and the pres
ence of a hydrophobic outer membrane [80,81]. The combination of 
these two factors indicates that Gram-negative strains are harder to 
inhibit. Nonetheless, considering the difficult development of inhibitory 
mechanisms for Gram-negative strains, the studied compounds were 
highly effective, and could act as the basis for the development of other 
novel, more specific antibacterial compounds.

All studied compounds produced a significant antibacterial activity, 
against all tested strains, at concentrations that were highly competitive 
against those reported in the literature for other naphthalimide-based 
molecules. For example, the literature shows MIC values of 4–16 µg/ 
mL [79] for other naphthalimide-based molecules for the same bacterial 
strains, whereas our compounds (C1, C2, and C3) produced a similar 
inhibitory activity at concentrations of 0.38 and 0.76 µg/mL. Similar 
effects were determined for all tested strains, with reported MICs in the 
literature of 4 µg/mL for S. aureus and MRSA, [79], 31–62 µg/mL for 
E. faecalis and 125–250 µg/mL for P. aeruginosa [16], values indicative 

of the competitive nature of the herein studied compounds regarding 
their antibacterial activity.

Overall, the best inhibitory results were consistent with the higher 
lipophilicity presented by the compounds, as verified by its increased 
logP value of 3.32 of compound C1, compared to those obtained for 
compounds C2 and C3 (1.52 and 2.46, respectively). It is important to 
note that compounds C1 and C2 were effective against MRSA, at a 
considerably low concentration of 0.38 µg/mL, considering those re
ported in the literature, and the extensive resistance mechanisms of 
MRSA.

Following the promising results obtained in the liquid assays, anti
bacterial assays for the naphthalimide-doped polymers were also per
formed. In accordance with the results obtained for the liquid assays, the 
naphthalimide-doped polymers produced a significant antibacterial ac
tivity for all tested strains.

As for PVC and PMMMA polymers, the control non-doped polymers 
produced some contact inhibitory activity, with the occurence of a slight 
bacterial growth beneath the surface of the polymers. However, upon 
the application of the naphthalimide-doped polymers, no growth was 
detected in the polymer-agar interface. As such, a synergetic interaction 
may occur between the polymeric matrix and the doped compounds. As 
the non-doped polymer had already inhibited bacterial growth to a 
certain degree, the junction of the highly antibacterial compounds in its 
tri-dimensional structure would increase the efficacy with which the 
materials produced antibacterial activity.

Conversely, for the obtained Starch polymers, no inhibitory activity 
was observed for the non-doped control polymers, confirming the 
biocompatibility of the polymers. As the polymers were produced using 
an aqueous environment, without the presence of toxic chemical agents, 
we expected that the bacteria would not be susceptible to this control 
material. Upon the application of the compounds onto the polymers, a 
strong inhibitory activity was observed for all bacterial strains, corrob
orating the effects already determined through the liquid assays.

Fig. 8 exemplifies the results achieved with Gram-negative bacteria, 
E. coli, and Gram-positive bacteria, MRSA, showing the wide-ranging 
antibacterial efficacy of these polymers. The remaining results are 
depicted in the Supplementary Material (Figure SI21). As no halos were 
observed for any of the polymers, all inhibitory activity occurred 
through direct contact inhibition, without compound diffusion to the 
medium.

The results highlighted the strong inhibitory influence of the 
naphthalimide-doped polymers against Gram-positive and Gram- 
negative bacteria. From the diverse polymeric matrices utilized, a 
wide range of applications are possible. Due to the widespread usage of 
PVC and PMMMA materials in society, high-risk zones for bacterial 
contamination, as high-contact surfaces, could be either coated or pro
duced using these materials, introducing a new level of security against 
bacterial contaminations. Moreover, the use of a biocompatible and 
sustainable Starch-based material also provides another alternative to 
conventional petrochemical-based polymeric matrices for food pack
aging, surface coatings, etc. Although more studies are needed to further 
optimize the production of such materials, perhaps in a scaled-up 
version, the results obtained herein highlight the concept for possible 
future applications.

3.7. Environmental impact assessment

An important aspect to consider, when handling polymeric matrices 
is their environmental impact. The studied materials are no exception, 
particularly when considering the Starch C2 doped polymer, and its 
sensing activity for aqueous environments. This polymer was selected to 
evaluate its environmental impact, due to its multifunctionality, acting 
not only as an antibacterial surface but also as a mercury sensor. 
Although the synthetic route of this polymer is already environmentally 
friendly, additional tests were conducted to further confirm the envi
ronmental impact of the obtained material in a real-life practical 
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Fig. 7. Bacterial Growth Profiles for all tested bacterial strains. Minimum Inhibitory Concentrations (MIC) are depicted as compound concentrations in µg/mL.
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situation.
To this end, five 1 cm2 squares of the polymer were submerged in 

10 mL of water and left until complete dissolution of the polymer was 
obtained, and the resulting lixiviate was suitable for analysis. This step 
guaranteed the full release of the compound in the polymeric matrix to 
the aqueous environment, which consisted of an approximate mass of 
0.025 mg per square, yielding a total mass of 0.125 mg of compound 
released into the solution.

To evaluate the environmental impact of the obtained lixiviate, the 
Microtox® assay was employed. This assay is based on the biolumi
nescent behavior of Vibrio fischeri and is one of the most versatile and 
sensitive tests for toxicity evaluation, where it is used in a variety of 
matrices and samples [82–84]. Moreover, its nature allows for the 
assessment of various samples in a single assay, and it has no associated 
ethical issues, as the assay is conducted using a bacterial strain [85]. 
V. fischeri is commonly found in marine environments and inherently 
contains the luciferase enzyme, which catalyzes the oxidation of their 
substrate, luciferin, in a process mediated by a reduced coenzyme, flavin 
mononucleotide [86]. In the presence of a compound with toxic activity, 
the inherent bioluminescence of the bacteria decreases, allowing for an 
assessment of the compound’s toxicity in only 30 min. As such, when 
exposed to a specific amount of compound, it allowed for the determi
nation of the EC50, a concentration value at which the bioluminescence 

decreases by 50 %. Fig. 9 shows a graphical representation of the assay 
and the results for the lixiviate obtained through the solubilization of the 
C2-doped Starch polymer, after 15 and 30 min.

The % Effect was calculated as the percentage of luminescence in
tensity produced in response to that specific concentration at a deter
mined time point. The lixiviate produced a maximum effect of 18.52 
± 0.14 % and 18.9 ± 0.7 % for the maximum concentration, after 15 
and 30 min. This decrease was insufficient to produce a 50 % decrease in 
bioluminescence and the subsequent determination of an EC50. As such, 
this material did not possess a significant environmental toxicity. 
Moreover, as the polymeric matrix was composed solely of Starch and 
water, it should not present any inherent toxicity to the environment, 
further confirming this material’s non-toxicity and sustainable nature 
for a low-cost, environmentally friendly sensor with inherent antibac
terial properties.

4. Conclusions

In short, the development of naphthalimide-based compounds and 
their integration into various polymeric matrices was a highly effective 
strategy for addressing critical environmental and health safety con
cerns. Three naphthalimide derivatives (C1, C2, and C3) were success
fully synthesized and characterized in both liquid and solid state, 

Fig. 8. Schematic Overview of the antibacterial activity presented by polymers doped with compounds C1, C2 and C3 (A). Polymeric Antibacterial Activity for 
polymers doped with compounds C1, C2 and C3 against E. coli (B) and MRSA (C).
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demonstrating their potential as fluorometric sensors for Hg2+ detection 
and as antibacterial agents. Compound C2 showed a strong and selective 
affinity for Hg2+ in the liquid state. Furthermore, these compounds were 
encapsulated in PVC, PMMMA and Starch matrices. The C2-Starch 
doped polymer offered a novel, cost-effective, sustainable approach for 
Hg2+ detection in aqueous environments, with a visual limit of detection 
of 4 μM (2 ppm), and a spectroscopical MDQ of 3 nM (2 ppb). In real 
water samples, the MDQ was 23 nM (12 ppb). The MICROTOX® Assay 
confirmed the non-toxic nature of the C2-Starch polymer, aligning with 
green chemistry principles.

Additionally, the antibacterial activity observed in both solution and 
solid forms against resistant strains highlights the dual utility of these 
materials for environmental monitoring and as antimicrobial surfaces or 
coatings. They showed competitive ↱MIC against S. aureus, (MIC50 =

0.05–0.1 μg/mL) and effectively hindered bacterial growth of MRSA.
These findings open potential applications for the development of 

↱antibacterial surfaces for clinical and industrial applications. Most 
importantly, they ↱demonstrate the potential of bioplastics as probes for 
detecting pollutant agents in ↱aqueous environments sustainably, 
quickly, and cost-effectively.

Statement of “Environmental implications”

Mercury ions and antibiotic-resistant bacteria represent a substantial 
threat to both environmental and human health, due to their bio
accumulation and possible widespread contamination. Mercury, a 
highly toxic compound, poses a serious risk to aquatic and human health 
through its bioaccumulation profile. Antibiotic resistant bacteria are yet 
another risk, with environmental transmission contributing to the 
ongoing threat of resistant infections. By synthesizing naphthalimide- 
based compounds, and incorporating them in solid support matrixes, 
this work provides a sustainable, green-chemistry oriented dual solu
tion, producing a material with high selectivity for the detection of 
mercury, while simultaneously demonstrating potent antibacterial 
properties.
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