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Abstract: The optical detection of thioacetamide was investigated using a metalated por-
phyrin, Mn(III)-5,10,15,20-tetrakis-(3,4-dimethoxyphenyl)-21H,23H-porphyrin chloride
(Mn-3,4-diMeOPP), a gold colloid solution (AuNPs), and a complex formed between them
(Mn-3,4-diMeOPP–AuNPs) in order to select the most sensitive material and to achieve com-
plementarity between methods. Mn-3,4-diMeOPP, AuNPs, and their complex were synthe-
sized and characterized by means of UV–Vis, FT-IR spectrometry, and AFM investigations.
It could be concluded that Mn-3,4-diMeOPP could detect/quantify thioacetamide (TAA) in
the range 3.13 × 10−8 M–7.67 × 10−7 M in a linear fashion, with a 99.85% confidence coeffi-
cient. The gold colloidal particles alone could detect TAA in an extremely narrow concen-
tration domain of 2–9.8 × 10−7 M, slightly complementary with that of Mn-3,4-diMeOPP.
The complex between Mn-3,4-diMeOPP and gold colloid proved to be able to quantify TAA
in the trace domain with concentrations of 1.99 × 10−8 M–1.76 × 10−7 M in a polynomial
fashion, with the method being more difficult. A potential mechanism for TAA detection
based on Mn-3,4-diMeOPP is discussed based on computational modeling. The distorted
porphyrin conformation and its electronic configuration favor the generation of a grid of
electrostatic interactions between porphyrin and TAA.

Keywords: manganese porphyrin; UV–Vis sensors; gold nanoparticles; porphyrin–AuNP
complex; thioacetamide detection

1. Introduction
The versatile reactivity of manganese porphyrins is based on the one hand, on the

porphyrin moiety and, on the other hand, on the metal center, due to both their ability to
coordinate different axial ligands and their redox capabilities [1]. Furthermore, based on
the fact that Mn porphyrins evidence nonplanarity of the porphyrin ring systems [2], these
metallo-structures are frequently employed in the formulation of optical [3], chemical [4],
and electrochemical sensors [5]. Manganese porphyrins have been shown to interact
with sulfur-containing compounds, thus oxidizing hydrogen sulfide (H2S) and forming
polysulfides [6] to catalyze protein S-glutathionylation [7] and to affect intracellular sulfide
metabolism [8].
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On the other hand, gold colloids and AuNPs are also widely used as sensing com-
pounds for toxic [9], biologically active [10], and pharmaceutical compounds [11–13].
Nano-gold plasmonic systems are often connected with improved performance in analyte
detection, often associated with the benefit of requiring lower volumes/concentrations of
the samples for detection [14]. The sensitivity of analyte detection provided by AuNPs,
high above that of standard optical biosensing, is due to both their chemical stability and
their ability to support excitation of localized surface plasmon resonances (LSPRs) in a wide
wavelength range from visible [15] to mid-infrared [16]. Recently, an excellent approach led
to the creation of an optofluidic sensor based on antibody-functionalized gold, which was
capable of recognizing and precisely quantifying different species of α-synuclein protein,
connected with some neurodegenerative diseases, such as Parkinson’s and Alzheimer’s [17].
Based on our previous experience, the association between gold nanoparticles (AuNPs) and
suitable partners, such as 5,10,15,20-tetrakis-(4-methylphenyl)porphyrinato manganese(III)
chloride and Co(II)-5,10,15,20-meso-tetra(3-hydroxyphenyl)porphyrin, used due to their
plasmonic properties and high surface-to-volume ratio, is viable for the detection of various
analytes such as β-carotene [18], ascorbic acid [19], chloramphenicol [20], and procaine [21].

Thioacetamide (TAA) is a sulfur-containing compound widely used in the laboratory
and in various technical applications, such as fungicides [22], rubber chemicals [23], curing
agents [24], cross-linking agents [25], metallurgy [26], and pesticides [27]. Unfortunately,
in spite of its benefits, TAA causes liver, kidney, and bone damage [28]. It was demon-
strated that TAA given at a dose of 50 mg/kg/day, representing 6.65 × 10−4 mol/kg,
intraperitoneally administrated for 5 days/week over two weeks [29], caused kidney in-
juries. In addition, TAA is a known liver toxicant that promotes fibrosis. In an in vitro
study in rats, by administering a small 0.025 mM concentration, primary hepatocytes were
produced [30,31]. The range recommended for studying liver injury due to the induction
of liver toxicity [32] in various strains of mice, with effects on potential regeneration, is
from 300 to 800 mg/kg. Doses beyond 900 mg/kg are lethal in most mouse strains [33].
The low-dose group showed that rats treated with 200 mg/Kg TAA suffered modifications
to their bone surface, tissue surface, and bone volume, especially the cortical bone and
trabecular bone. In addition, the bones of rats tested with an intraperitoneal injection of
TAA could resist less pressure and were prone to fractures [34].

These toxicity levels are the reason why the monitoring of TAA concentrations is con-
sidered essential. An overview of the recent literature shows a few thioacetamide detection
methods based on electrochemical methods, especially voltammetry [35–37], triboelectric
sensing [38], and electrochemiluminescence and luminescence [39,40], which are presented
in Section 3 (Table 1) along with their performances and intrinsic shortcomings/benefits
compared to the results of our work.

Table 1. Various methods reported in the literature for the detection of TAA using different sensing
materials.

Sensitive Material/
Detection Method

Concentration
Domain [µM]

Detection Limit
[µM] Advantages/Disadvantages Ref.

Boron-doped diamond
electrode/voltammetry 5–60 0.84

Good reproducibility and
stability/expensive
diamond electrode

[35]

Catechol/
voltammetry 5–125 2.02 High sensitivity,

no cationic interferences [36]

Differential pulse cathodic
stripping voltammetry − 0.022 Low detection limit/toxic

mercury is used [37]



Micromachines 2025, 16, 574 3 of 19

Table 1. Cont.

Sensitive Material/
Detection Method

Concentration
Domain [µM]

Detection Limit
[µM] Advantages/Disadvantages Ref.

Nanofibers composed of copper and
aspartate/triboelectric nanogenerator

(TENG-sensing)
1000–100,000 − Creation of a

triboelectric nanogenerator [38]

ZnO quantum dots/
fluorescence 0–10 0.00214 Difficult to replicate, narrow

concentration domain [39]

Tris(2,2′-bipyridyl)ruthenium(II)/
electrochemiluminescence 10–1,000,000 0.035 Low detection limit,

outstanding recoveries [40]

AuNPs/optical detection 0.2–0.98 0.069
Detection in low field

concentrations/very narrow
concentration domain

This work

Mn-3,4-diMeOPP-
AuNPs/optical detection 0.019–0.176 0.006

Trace field
detection/polynomial

dependence between the
absorbance and the
TAA concentration

Mn-3,4-diMeOPP/optical detection 0.0313–0.767 0.013

Best performing of all
reported sensors; an accurate,

sensitive, and selective
sensor for trace
field detection

Our purpose was to develop a fast and facile UV–Vis optical method to detect thioac-
etamide (Figure 1a) and to quantify its concentration by using as a sensing substance either
Mn(III)-5,10,15,20-tetrakis-(3,4-dimethoxyphenyl)porphyrin chloride (Mn-3,4-diMeOPP)
(Figure 1b), AuNPs, or a complex formed between Mn-3,4-diMeOPP and AuNPs and
leveraging the obtained results to decide which material was best-suited to the UV–Vis
detection of TAA.
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Figure 1. Structures of (a) thioacetamide and (b) Mn(III)-5,10,15,20-tetrakis-(3,4-dimethoxyphenyl)porphyrin
chloride (Mn-3,4-diMeOPP).
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2. Materials and Methods
2.1. Reagents

The 3,4-dimethoxybenzaldehyde, and pyrrole originated from Sigma-Aldrich, St Louis,
MO, USA, glucose (Glu), NaCl, urea, ascorbic acid (AA), and ammonium oxalate (AmOxa)
were obtained from Chimreactiv/Reactivul (Bucharest, Romania), dichloromethane, 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone, BF3·OEt2, manganese(II)chloride, sodium sulfate,
sodium acetate (SA), sodium salicylate (SS), calcium gluconate (CaG), KI, and KCl were
procured from Merck, Darmstadt, Germany, and tetrahydrofurane (THF) and FeCl3 were
obtained from Fluka Chemie Bucks, Switzerland. All reagents were of purum analiticum
quality and used as received.

2.1.1. Synthesis of 5,10,15,20-Tetrakis(3,4-dimethoxyphenyl)-21H,23H-porphyrin
(3,4-diMeOPP)

The porphyrin base was previously synthesized and completely characterized [41], as fol-
lows: a mixed equimolar solution containing 0.298 g (1.8 mmol) 3,4-dimethoxybenzaldehyde
and 0.13 mL (1.8 mmol) pyrrole, in 300 mL of distilled CH2Cl2, was purged with N2 for
15 min. Then, 0.3 mL of BF3 OEt2 was added at room temperature. The solution was left
during 3 h and, afterward, neutralized with triethylamine. Subsequently, 0.8 g (3.5 mmol)
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in 40 mL of toluene was added and
the reaction mixture was left overnight. The solvent was removed, and the residue was
chromatographed on alumina (eluents CH2Cl2/petroleum ether 40/60 (v/v)), giving the
porphyrin as a red band. Recrystallization using CH2Cl2/methanol gave the desired
dark-red compound (η = 19.4%) [42].

2.1.2. Obtaining of Mn(III)-5,10,15,20-Tetrakis-(3,4-dimethoxyphenyl)porphyrin Chloride
(Mn-3,4-diMeOPP)

The synthesis of Mn-3,4-diMeOPP was performed using the classical metalation
procedure, by reacting 0.6 g (0.7 mmol) 5,10,15,20-tetrakis-(3,4-dimethoxyphenyl)-21H,23H-
porphyrin, dissolved in 200 mL dimethylformamide, with 0.453 g (2.8 mmol) MnCl2
dissolved in 10 mL methanol, at refluxing temperature, for 1 h. The resulting reaction
mixture was dried by vacuum evaporation; the resulting solid was then dissolved in
dichloromethane and repeatedly washed with distilled water. The organic extracts were
dried with anhydrous sodium sulfate and concentrated. The yield was approximately
80%, obtained after recrystallization and final purification by column chromatography
on silica gel using tetrahydrofuran as an eluent. As the manganese (III) porphyrins were
paramagnetic and showed nuclear magnetic signals too broad to be detected, we did not
perform 1H-NMR analysis on the newly obtained Mn(III)-metalated porphyrin [43–45].

2.1.3. Method for Gold Colloid Preparation

The gold colloidal solution was prepared using a previously published obtaining
method [46], which uses HAuCl4·3H2O and sodium citrate. The concentration of AuNPs
obtained was 8.37 × 10−4 M.

2.1.4. Method for Obtaining the Mn-3,4-diMeOPP-AuNP Complex

To a 5 mL solution of Mn-3,4-diMeOPP in THF (c = 3.180 × 10−5 M), different portions
of gold colloidal solution (c = 5 × 10−4 M) were added. After each addition, stirring was
maintained for 90 s and then the UV–Vis spectrum was recorded, which is discussed in Re-
sults Section 3.3. Complexation took place until a mole ratio for Mn-3,4-diMeOPP/AuNPs
of 1/4 was reached.
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2.2. Apparatus

The UV–Vis spectra were recorded on a V-650 JASCO spectrometer (Pfungstadt,
Germany), using 1 cm wide quartz cuvettes. To obtain atomic force microscopy (AFM) im-
ages, a Nanosurf® EasyScan 2 Advanced Research AFM microscope (Liestal, Switzerland)
equipped with a piezoelectric ceramic cantilever was used. A SXZ3-1198 Agilent FTIR
Cary 630 Spectrometer obtained from Agilent Technologies (Santa Clara, CA, USA, 2015)
produced the infrared spectra of the samples, prepared as KBr pellets.

2.3. Detection Method for Thioacetamide by UV–Vis Method Using Mn-3,4-diMeOPP as
Sensitive Substance

To a 5 mL solution of Mn-3,4-diMeOPP (c = 3.180 × 10−5 M) in THF, successive
portions were added consisting of 0.02 mL TAA solution in water (c = 1 × 10−5 M). After
each addition of TAA, the mixture was stirred for 1 min, and then the UV–Vis spectrum
was recorded for the THF/water mixture. The discussion of the obtained data is presented
in Results Section 3.2.

2.4. Optical Detection of Thioacetamide Using Gold Colloid as Sensitive Material

The interaction between the thioacetamide (c = 1 × 10−5 M) and AuNPs was performed
as follows: to 5 mL AuNP solution in water, portions of 0.04 mL thioacetamide solution
in water (acidified with HCl to pH = 1.5) were continuously added. For each addition of
TAA, the solution mixtures were stirred for 90 s and the UV–Vis spectra were recorded.
The discussion is presented in Results Section 3.3.

3. Results and Discussion
3.1. Comparative Study of Physical–Chemical Characteristics of 3,4-diMeOPP and
Mn-3,4-diMeOPP
3.1.1. Comparison of UV–Vis Spectra

The UV–Vis spectrum of 3,4-diMeOPP was previously presented and characterized [41].
Figure 2 shows the overlapping electronic spectra of the porphyrin base and the manganese-
metalloporphyrin. The Soret band located at 421 nm in the case of the porphyrin base is
visibly shifted to 478 nm in the case of Mn-3,4-diMeOPP. A decrease in the number of Q
bands for Mn-metalloporphyrin can be observed, accompanied by both blue shifting and a
high augmentation in the intensity of the QI band. This is due to the increase in symmetry of
the metalated porphyrin to D4h, compared to only D2h symmetry existing in the porphyrin
base. The UV–Vis spectrum of the Mn(III) porphyrin presents significant metal–porphyrin
π interactions, where the metal ion is coordinated in the center of the macrocycle. Due to
having unoccupied orbitals in the metal, all manganese porphyrins exhibit eg(d(π))–dyz

and dxz symmetries, a d-hyper-type absorption spectrum, characterized by the appearance
of three extra B bands in the 320–450 nm region, which can be seen in Figure 2 [47–49]. The
intensity of the Q bands (assigned to a2u(π)–eg

*(π) transitions) is often correlated with the
stability of any metalloporphyrin: if the Q bands are displayed with low intensity, then
the metalloporphyrin is considered highly stable and its atoms are probably located in the
square plane [50]. The coordination between the Mn(III) ion and nitrogen atoms in the
porphyrin inner core might extend the conjugation from the porphyrin to the metal ion; in
our case, electronic excitation requires lower energy absorption and, consequently, a longer
wavelength than the pure porphyrin [51].



Micromachines 2025, 16, 574 6 of 19Micromachines 2025, 16, x FOR PEER REVIEW 6 of 20 
 

 

 

Figure 2. Superimposed UV–Vis spectra for 3,4-diMeOPP and Mn-3,4-diMeOPP in THF, performed 

at the same concentration of 3.392 × 10−5 M. In detail, the allure and absorption range of the Q bands 

are magnified. 

3.1.2. FT-IR Analysis 

The overlapping FT-IR of the porphyrin base and Mn-metalloporphyrin are pre-

sented in Figure 3. Common features of the FT-IR spectra include the stretching vibration 

of the C–Hpyrrol bond at 802 cm−1 and its bending vibration, located both at 1023 and around 

1139 cm−1. The C-N bond is present in both spectra at around 1260 cm−1. The band at 1460 

cm−1 can be attributed to the C=N bond stretching vibration. The signals located at 763 

cm−1 and 2835 cm−1 represent the bending and stretching vibrations of the C-Hphenyl bonds, 

respectively [41]. The N-H bond characteristic for the porphyrin-base, located around 

3345 cm−1 [52], is no longer present in the spectrum of the metalated porphyrin, proving 

that the metal ion is linked to the nitrogen atoms in the porphyrin core. The Mn-N bond 

vibrates around 435 cm−1 [53]. 

 

Figure 3. Comparative FT-IR spectra for 3,4-diMeOPP and Mn-3,4-diMeOPP from KBr pellets. 

Figure 2. Superimposed UV–Vis spectra for 3,4-diMeOPP and Mn-3,4-diMeOPP in THF, performed
at the same concentration of 3.392 × 10−5 M. In detail, the allure and absorption range of the Q bands
are magnified.

3.1.2. FT-IR Analysis

The overlapping FT-IR of the porphyrin base and Mn-metalloporphyrin are presented
in Figure 3. Common features of the FT-IR spectra include the stretching vibration of the
C–Hpyrrol bond at 802 cm−1 and its bending vibration, located both at 1023 and around
1139 cm−1. The C-N bond is present in both spectra at around 1260 cm−1. The band at
1460 cm−1 can be attributed to the C=N bond stretching vibration. The signals located at
763 cm−1 and 2835 cm−1 represent the bending and stretching vibrations of the C-Hphenyl

bonds, respectively [41]. The N-H bond characteristic for the porphyrin-base, located
around 3345 cm−1 [52], is no longer present in the spectrum of the metalated porphyrin,
proving that the metal ion is linked to the nitrogen atoms in the porphyrin core. The Mn-N
bond vibrates around 435 cm−1 [53].

Micromachines 2025, 16, x FOR PEER REVIEW 6 of 20 
 

 

 

Figure 2. Superimposed UV–Vis spectra for 3,4-diMeOPP and Mn-3,4-diMeOPP in THF, performed 

at the same concentration of 3.392 × 10−5 M. In detail, the allure and absorption range of the Q bands 

are magnified. 

3.1.2. FT-IR Analysis 

The overlapping FT-IR of the porphyrin base and Mn-metalloporphyrin are pre-

sented in Figure 3. Common features of the FT-IR spectra include the stretching vibration 

of the C–Hpyrrol bond at 802 cm−1 and its bending vibration, located both at 1023 and around 

1139 cm−1. The C-N bond is present in both spectra at around 1260 cm−1. The band at 1460 

cm−1 can be attributed to the C=N bond stretching vibration. The signals located at 763 

cm−1 and 2835 cm−1 represent the bending and stretching vibrations of the C-Hphenyl bonds, 

respectively [41]. The N-H bond characteristic for the porphyrin-base, located around 

3345 cm−1 [52], is no longer present in the spectrum of the metalated porphyrin, proving 

that the metal ion is linked to the nitrogen atoms in the porphyrin core. The Mn-N bond 

vibrates around 435 cm−1 [53]. 

 

Figure 3. Comparative FT-IR spectra for 3,4-diMeOPP and Mn-3,4-diMeOPP from KBr pellets. Figure 3. Comparative FT-IR spectra for 3,4-diMeOPP and Mn-3,4-diMeOPP from KBr pellets.



Micromachines 2025, 16, 574 7 of 19

3.1.3. Surface Morphology Studies via AFM Investigations

In AFM imaging, the porphyrin base, 3,4-diMeOPP, deposited from THF (Figure 4a–c),
shows large, unevenly distributed haystack type formations with a medium dimension of
550 nm, organized in H- and J-type aggregates, with a height distribution from 6 to 12 nm.
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Figure 4. AFM images of (a–c) 3,4-diMeOPP base porphyrin and (d–f) Mn-3,4-diMeOPP, deposited
from THF.

Regarding Mn-3,4-diMeOPP chloride deposited from THF, AFM images show
haystacks aggregates, finally self-orientated and self-organized by the J-type process in lin-
ear rows, as can be seen in Figure 4d–f with a height distribution between 6.5 and 10.9 nm.

The value of nanorugosity for Mn-3,4-diMeOPP is Sa= 1.07 pm. The value of the high-
est peak, Sp, is 4.18 nm, whereas for the lowest valley, Sv, at −5.75 nm, it is slightly lower.

3.2. UV–Vis Method for TAA Detection/Quantification Using Mn-3,4-diMeOPP as Sensitive
Material: AFM Morphological Study of Surfaces After TAA Detection

As can be seen in Figure 5, the successive adding of TAA solution in water to a
diluted Mn-3,4-diMeOPP solution in THF (c = 3.180 × 10−5 M) leads to significant changes
regarding the position of the bands in the UV–Vis spectrum. Thus, the Soret band initially
located at 478 nm suffers a hypsochromic shift, to 472 nm, associated with a hyperchromic
effect. This behavior confirms an interaction between the manganese atom in the center
of the porphyrin ring with the nitrogen atom from TAA and the reduction of Mn(III) to
Mn(II), as previously presented in the literature [48,54]. Other important modifications
occur on the Q bands. Thus, the Q band located initially at 625 nm is shifted to 610 nm, and
the one located at 586 nm is hypsochromically shifted to 572 nm. The modifications are
accompanied with the formation of an isosbestic point, at 619 nm. All these modifications
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indicate that the formed Mn(II) complex has a square pyramidal geometry and the metal
is out of plane [48]. On the hyper bands that are characteristic of manganese porphyrins,
the presence of an increasing absorption peak is noticeable at 424 nm, as well as the
bathochromic shift of the hyper band from 373 nm to 382 nm.
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Figure 5. The changes in UV–Vis spectra of Mn-3,4-diMeOPP during the addition of thioacetamide in
THF/water solution 1/1 v/v. The changes in Q band intensity and allure are highlighted in detail.

In Figure 6, the capacity of Mn-3,4-diMeOPP to optically detect TAA is presented as
a linear dependence of the absorbance of the metalloporphyrin read at 401.5 nm and the
concentration of TAA in the range from 3.13 × 10−8 M to 7.67 × 10−7 M (0.031–0.767 µM),
with a confidence coefficient of 99.85%. Error bars were calculated using the standard
deviation function in Microsoft Excel based on three experimentally obtained data sets.
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The slope of the calibration curve represents the sensitivity of the TAA detection
method, defined as the absorbance of TAA concentration [55].
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The limit of detection (LOD) and limit of quantification (LOQ) were calculated for
TAA using Equations (1) and (2), respectively.

LOD = 3.3 × N/B (1)

LOQ = 10 × N/B (2)

where N is the standard deviation of the peak areas of the TAA and B is the slope of the
corresponding calibration curve [56].

The calculated LOD for TAA detection using Mn-3,4-diMeOPP, determined by apply-
ing Equation (1), is 1.31 × 10−8 M. The limit of quantification calculated using Equation (2)
is 4.36 × 10−8 M.

Analyzing the morphology of the surfaces by atomic force microscopy, after the
detection of TAA using Mn-3,4-diMeOPP as sensitive material, two types of significant
aggregations are noticed. A first form of aggregate, generated by both H- and J-types of
aggregation, reveal donuts of a similar shape and size, with a diameter of around 250 nm
(Figure 7a) and a wide span of heights, between 9 and 22 nm.
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Figure 7. (a) 2D AFM image of Mn-3,4-diMeOPP after exposure to TAA and (b) 3D image and
(c) topography of the same.

The 3D (2 × 2 micrometer) image (Figure 7b) shows these donuts linked in a complex
labyrinth with large channels with valley depths of 7.16 nm. The donuts continue to self-
aggregate, joining three units into helicoidal columns, to form mixing spindles (Figure 7c).
The nanorugosity after TAA detection is higher than that for the Mn-3,4-diMeOPP, at a
value of Sa = 2.21 pm. The value of the highest peak, Sp, is 7.98 nm, whereas that of the
lowest valley, Sv, is −11.73 nm.

3.3. Detection of TAA Using Gold Colloidal Solution (AuNPs) as Sensitive Material: Study of
Morphological Modifications to the Surfaces Before and After Exposure

Due to the high affinity between sulfur and gold [57,58], we tried to accomplish the
detection of TAA by using AuNPs in order to compare the two UV–Vis methods. The
overlapped UV–Vis spectra of AuNPs produced during the detection of TAA are presented
in Figure 8.

As can be noticed, the detection of TAA based on gold colloid is limited to a nar-
row field but is fairly accurate in the trace domain. The linear dependence between the
absorbance of gold plasmon read at 522 nm and the concentration of TAA in the range
2–9.8 × 10−7 M is presented in Figure 9.
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Figure 9. Linear detection of TAA in the 2–9.8 × 10−7 M concentration domain using gold colloid.

In comparison with the UV–Vis method using a gold colloidal solution as the sensitive
material, the method using Mn-3,4-diMeOPP is more accurate, more precise, and efficient
for a larger domain, making it more suitable to meet TAA detection demands in the toxicity-
and illness-generating concentration limits.

Analyzing the AFM images before and after the exposure of AuNPs to TAA, the main
difference between AuNP isosceles triangular aggregates, with dimensions varying from
30 to 50 nm (Figure 10a), and AuNP aggregates after TAA detection (Figure 10b) is that the
latter are equilateral triangles, growing in size to about 150 nm. Regarding the nanorugosity,
it decreases after TAA recognition to Sa = 0.98 nm compared to the value of Sa = 1.61 nm in
bare AuNPs.
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Figure 10. AFM 2D images of (a) AuNPs and (b) AuNPs after exposure to TAA.

3.4. Generation of the Mn-3,4-diMeOPP-AuNP Complex

The gold nanoparticles are negatively charged, so they interact with the positively
charged manganese ion located in the porphyrin macrocycle. Therefore, the Soret band
undergoes a hypsochromic shift, from 478 nm to 472 nm (Figure 11). Under the influence of
increasing gold colloid concentration, the hyperchromic effect of the new band located at
618 nm can also be noticed, along with a considerable enlargement of the plasmonic band
from 350 nm to 750 nm.
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Figure 11. UV–Vis monitoring of Mn-3,4-diMeOPP-AuNP complex formation in THF/water. In
detail, the superposed UV–Vis spectra of Mn-3,4-diMeOPP, AuNPs, and the Mn-3,4-diMeOPP-
AuNP complex.

3.5. Detection of TAA Using Mn-3,4-diMeOPP-AuNP Complex as Sensitive Material and AFM
Analysis of Morphological Modifications

The method of detection was the same as that already presented in Materials and
Methods Section 2.3. The composition of the hybrid solution containing both the metallopor-
phyrin and the gold colloidal solution is in the molar ratio Mn-3,4-diMeOPP/AuNPs = 1/4.
The superposed UV–Vis spectra are shown in Figure 12. It can be seen that the increasing
concentration of TAA leads to a decrease in the absorbance of the complex plasmon mate-
rial. Nevertheless, the dependence between the absorbance and the TAA concentration is a
second-order polynomial (Figure 13), nevertheless showing very good sensitivity.
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Figure 13. Dependence between the absorbance of Mn-3,4-diMeOPP-AuNP plasmonic complex read
and 620 nm, and the TAA concentration in the range 1.99 × 10−8 M–1.76 × 10−7 M.

Since the data points regarding the dependence between the concentration of TAA
and absorbance response of the Mn-3,4-diMeOPP-AuNP complex could represent either a
linear calibration model or a polynomial one, a Mandel test was conducted using the car
package in R, which is presented in Supplementary Materials (Figures S1 and S2).

An explanation for this behavior could be the following: gold nanoparticles enhance
optical signals through plasmonic effects, but the signal does not increase linearly due to
saturation at high concentrations. On the other hand, gold nanoparticles may aggregate,
altering the signal non-linearly. Binding between the analyte and the sensitive substance
may follow complex, multi-step kinetics. Optical responses can deviate from linearity due
to scattering or resonance. Another argument is that the gold from the Mn-porphyrin–
gold complex has strong affinity to the sulfur atom from TAA, whereas the Mn-porphyrin
interacts with the nitrogen atom from TAA.

The surface morphology of the complex of Mn-3,4-diMeOPP and AuNPs (Figure 14a,b),
analyzed by AFM, shows rings with different-sized diameters, ranging from 200 nm to
400 nm, presenting haystacks or even arches (segments of a circle), generated by joining
together the two compounds. The nanorugosity, Sa, is in this case 1.58 nm, whereas the
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Sp is in this case 5.10 and the Sv is −8.55. After the complex interaction with TAA, the
Sa increases to 1.73 nm, the Sp is also higher, reaching 6.09 nm, and the Sv is lower, at
−9.09. This increase in rugosity might be proof of TAA interaction with the complex of
Mn-3,4-diMeOPP and AuNPs.
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Figure 14. AFM images of (a,b) the Mn-3,4-diMeOPP-AuNP complex deposited from THF/water
and (c,d) the Mn-3,4-diMeOPP-AuNP complex after exposure to TAA.

In a peculiar way, after TAA detection, the aggregates between Mn-3,4-diMeOPP-
AuNPs and TAA appear as large hemi-spheres or hemi-ovoid structures, very regular in
shape and in size (300 nm in diameter) (Figure 14c,d). We observed this dome type of
aggregation in previously published papers [59], and it is based on the dome distortion of
the macrocycle due to the peripheral substituents or the metal center. The dome distortion
has effects on the redox potentials, basicity, reactivity, catalytic activity, and coordinative
abilities [60,61].

3.6. TAA Concentration Domain Complementarity for the Three Tested Sensitive Materials

Comparing the obtained data (Figure 15) for the tested sensitive materials, it can
be concluded that the largest TAA concentration domain detectable in a linear fashion
is provided when using Mn-3,4-diMeOPP alone, despite the fact that gold nanoparticles
provide an increased sensitivity but in a very narrow concentration domain. The Mn-3,4-
diMeOPP-AuNP complex also covers an extended concentration domain in the trace region,
but the dependence between the absorbance and the TAA concentration is polynomial
(Figure 13), and therefore the calibration of the method is more difficult.
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Figure 15. The TAA detection concentration range covered by the three materials used in this study.
The three sensors are both overlapping and complementary.

3.7. Impact of Potential Interfering Species on TAA Detection Based on Mn-3,4-diMeOPP

As Mn-3,4-diMeOPP presented the best results in the quantification of TAA among all
the sensitive materials tested in this paper, we only performed the interference experiments
for this compound.

The effects of interfering species usually present together with TAA in the target media
are the following: citric acid (citrate), urea (urea), calcium lactate (CaL), calcium gluconate
(CaG), para-aminobenzoic acid (PABA), salicilic acid (SA), KCl, fructose (Fru), NaCl, FeCl3,
glucose (Glu), and KI; they are presented in Figure 16a.
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cal representation of average percentage errors for TAA optical detection using Mn-3,4-diMeOPP,
introduced by different interferences.

To a freshly prepared solution of 2.8 mL of Mn-3,4-diMeOPP in THF, 0.05 mL of TAA
(c = 1 × 10−5 M) was added, followed by the addition of 0.1 mL of each interfering solution.
The concentration of the interfering species in this investigation was 100 times higher than
that of the thioacetamide. The samples were stirred for 1 min, and UV–Vis spectra were
recorded. Each measurement was performed in triplicate.

The average percentage errors for TAA detection were calculated according to Equation (3):

|∆I|/I × 100 (3)

where I represents the absorbance of the sample containing TAA.
|∆I| is the difference in the module between the absorbance of TAA and of each

studied interference specie, as displayed in Figure 16b.
The interference species do not generate significant errors in the determination of TAA

(with each tested compound introducing an error smaller than 2.6%) excepting the iodide
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anion, the presence of which is totally undesired. The I− ion severely interferes with the
TAA quantifications (errors higher than 10%).

3.8. Proposed Mechanism for the Recognition of TAA by Mn-3,4-diMeOPP

The modifications of the UV–Vis spectra and of the surface morphology after the
exposure of Mn-3,4-diMeOPP to TAA led us to presume a mechanism of recognition
based on the interaction of the manganese ion toward the nitrogen atom in TAA [62],
as presented in Figure 17. To underline this assumption, previous papers reported that
Co(III)- and Mn(III)-porphyrins could axially coordinate amino/amido ligands and offer a
“wheel-and-axle”-type shape for the supramolecular assemblies [62,63].
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Starting with crystallographic data (entry 4123604, Crystallography Open Database) [64],
the porphyrin structure was constructed by adding phenyl substituents and a man-
ganese ion (initially +1 charge), followed by geometry optimization using Schrodinger
software [65]. Interaction analysis and visualization were carried out using Biovia Discov-
ery Studio [66]. Due to electron delocalization towards the nitrogen atoms, the atoms
of carbon from the meso position are positively charged. This electronic configuration
might favor the generation of a grid of electrostatic interactions between the porphyrin and
TAA [67], as shown in Figure 17.

In this case, substituent effects do not follow expectations based on the polariza-
tion of the π system; instead, a predominantly electrostatic model is found to be more
appropriate [68]. With this larger π-system, the distortion of the porphyrin molecule [69]
and the nature of the counterion also exert effects on the energetic level of interactions.

3.9. Comparison of the Efficiency of TAA Detection Methods

Critically analyzing the results obtained in our work with the results reported in the
literature, presented in Table 1, it can be observed that the materials obtained in our study
present better sensitivity to thioacetamide and a very good detection limit.

The optical detection presented in this paper by using Mn-3,4-diMeOPP as a sensitive
material is efficient, with the second lowest reported detection limit (0.013 µM) and a fair
detection range (3.13 × 10−8 M–7.67 × 10−7 M). This shows an excellent combination of
precision, sensitivity, and selectivity for TAA trace detection. In comparison, methods based
on fluorescence-ZnO quantum dots [39] have the best detection limit (0.00214 µM) but
suffer from reproducibility difficulties and a narrow working range. Although the diamond-
doped boron electrode voltammetry method [35] offers good stability and reproducibility,
it is expensive, and mercury-based methods should be avoided due to toxicity problems.
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4. Conclusions
A manganese(III)-porphyrin (Mn-3,4-diMeOPP) was synthesized, starting from

5,10,15,20-tetrakis-(3,4-dimethoxyphenyl)-21H,23H-porphyrin and manganese chloride.
The new compound was characterized by means of UV–Vis, FT-IR spectrometry and AFM,
followed by an investigation into its capacity to detect thioacetamide (TAA) by optical meth-
ods. Based on our previous experience, a complex of gold colloid and Mn-3,4-diMeOPP was
also obtained and tested for thioacetamide detection, to verify whether it could leverage sen-
sitivity and enlarge the detected concentration domain. The AuNPs alone can detect TAA,
but the concentration domain was extremely narrow: 2–9.8 × 10−7 M. It can be concluded
that Mn-3,4-diMeOPP is the most sensitive and selective material, as it can quantify TAA
in the range 3.13 × 10−8 M–7.67 × 10−7 M, in a linear fashion, with a 99.85% confidence
coefficient. The complex formed between Mn-3,4-diMeOPP and gold colloid was shown
to be able to quantify TAA in the concentration domain of 1.99 × 10−8 M–1.76 × 10−7 M,
giving the lowest LOD, but the dependence between the absorbance and the TAA concen-
tration was polynomial, proving to be more difficult to apply to real sample determination.
A potential mechanism for TAA detection based on Mn-3,4-diMeOPP is discussed based
on computational modeling. As a result of the conjugated effects of the distorted porphyrin
conformation and its electronic configuration, it is presumed that a network of electrostatic
interactions between Mn-porphyrin and TAA took place.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mi16050574/s1, The Mandel test was performed according to
literature [70–72]. Figure S1: Dependence between concentration of TAA and absorbance response of
the Mn-3,4-diMeOPP-AuNP complex.; Figure S2: Residual plot.

Author Contributions: Conceptualization, E.F.-C.; methodology, E.F.-C. and L.H.; software, I.F. (Ion
Fratilescu) and L.H.; validation, E.F.-C.; formal analysis, C.E., I.F. (Ionela Fringu), A.L., I.F. (Ion
Fratilescu) and M.G.; investigation, C.E., I.F. (Ionela Fringu), A.L. and I.F. (Ion Fratilescu); resources,
E.F.-C.; data curation, E.F.-C., L.H. and C.E.; writing—original draft preparation, E.F.-C., C.E., A.L., I.F.
(Ionela Fringu) and I.F. (Ion Fratilescu); writing—review and editing, E.F.-C. and C.E.; visualization,
E.F.-C.; supervision, E.F.-C.; funding acquisition, E.F.-C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Romanian Academy through program 3/2025 from the
Institute of Chemistry “Coriolan Dragulescu”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the first
or the corresponding author.

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

References
1. Davis, C.M.; Ohkubo, K.; Lammer, A.D.; Kim, D.S.; Kawashima, Y.; Sessler, J.L.; Fukuzumi, S. Photoinduced electron

transfer in a supramolecular triad produced by porphyrin anion-induced electron transfer from tetrathiafulvalene calix [4]
pyrrole to Li+@ C 60. Chem. Commun. 2015, 51, 9789–9792. [CrossRef]

2. Lahanas, N.; Kucheryavy, P.; Lalancette, R.A.; Lockard, J.V. Crystallographic identification of a series of manganese porphyrin
complexes with nitrogenous bases. Acta Crystallogr. C Struct. Chem. 2019, 75, 304–312. [CrossRef] [PubMed]

3. Wang, J.; Nizamidin, P.; Zhang, Y.; Kari, N.; Yimit, A. Detection of Trimethylamine Based on a Manganese Tetraphenylporphyrin
Optical Waveguide Sensing Element. Anal. Sci. 2018, 34, 559–565. [CrossRef]

4. Hao, Z.-W.; Dong, M.-M.; Zhang, R.-Q.; Wang, C.-K.; Fu, X.-X. An ultra-sensitive gas sensor based on a two-dimensional
manganese porphyrin monolayer. Phys. Chem. Chem. Phys. 2021, 23, 11852–11862. [CrossRef]

https://www.mdpi.com/article/10.3390/mi16050574/s1
https://www.mdpi.com/article/10.3390/mi16050574/s1
https://doi.org/10.1039/C5CC03061G
https://doi.org/10.1107/S2053229619001232
https://www.ncbi.nlm.nih.gov/pubmed/30833525
https://doi.org/10.2116/analsci.17P564
https://doi.org/10.1039/D1CP00747E


Micromachines 2025, 16, 574 17 of 19

5. Boakye, A.; Yu, K.; Asinyo, B.K.; Chai, H.; Raza, T.; Xu, T.; Zhang, G.; Qu, L. A portable electrochemical sensor based on
manganese porphyrin-functionalized carbon cloth for highly sensitive detection of nitroaromatics and gaseous phenol. Langmuir
2022, 38, 12058–12069. [CrossRef]

6. Olson, K.R.; Gao, Y.; Arif, F.; Patel, S.; Yuan, X.; Mannam, V.; Howard, S.; Batinic-Haberle, I.; Fukuto, J.; Minnion, M.; et al.
Manganese Porphyrin-Based SOD Mimetics Produce Polysulfides from Hydrogen Sulfide. Antioxidants 2019, 8, 639. [CrossRef]

7. Batinic-Haberle, I.; Tome, M.E. Thiol regulation by Mn porphyrins, commonly known as SOD mimics. Redox Biol. 2019, 25, 101139.
[CrossRef] [PubMed]

8. Olson, K.R.; Gao, Y.; Steiger, A.K.; Pluth, M.D.; Tessier, C.R.; Markel, T.A.; Boone, D.; Stahelin, R.V.; Batinic-Haberle, I.; Straubg,
K.D. Effects of Manganese Porphyrins on Cellular Sulfur Metabolism. Molecules 2020, 25, 980. [CrossRef] [PubMed]

9. Çimen, D.; Bereli, N.; Denizli, A. Advanced plasmonic nanosensors for monitoring of environmental pollutants. Curr. Anal. Chem.
2023, 19, 2–17. [CrossRef]

10. Boruah, J.S.; Devi, C.; Hazarika, U.; Reddy, P.V.B.; Chowdhury, D.; Barthakur, M.; Kalita, P. Green synthesis of gold nanoparticles
using an antiepileptic plant extract: In vitro biological and photo-catalytic activities. RSC Adv. 2021, 11, 28029–28041. [CrossRef]

11. Yang, Y.; Zeng, W.; Huang, P.; Zeng, X.; Mei, L. Smart materials for drug delivery and cancer therapy. View 2021, 2, 20200042.
[CrossRef]

12. Nasser, T.A.; Adel, R.; Badr, A.; Teleb, M.; Bekhit, A.A.; Elkhodairy, K.A.; Abdelhamid, A.S.; Elzoghby, A.O. Combined cancer
immunotheranostic nanomedicines: Delivery technologies and therapeutic outcomes. ACS Omega 2023, 8, 4491–4507. [CrossRef]

13. Madkour, L.H. Applications of gold nanoparticles in medicine and therapy. Pharm. Pharmacol. Int. J. 2018, 6, 157–174. [CrossRef]
14. Herkert, E.K.; Garcia-Parajo, M.F. Harnessing the Power of Plasmonics for in Vitro and in Vivo Biosensing. ACS Photonics 2025,

12, 1259–1275. [CrossRef] [PubMed]
15. Flauraud, V.; Regmi, R.; Winkler, P.M.; Alexander, D.T.L.; Rigneault, H.; Van Hulst, N.F.; García-Parajo, M.F.; Wenger, J.; Brugger, J.

In-Plane Plasmonic Antenna Arrays with Surface Nanogaps for Giant Fluorescence Enhancement. Nano Lett. 2017, 17, 1703–1710.
[CrossRef] [PubMed]

16. Yoo, D.; Mohr, D.A.; Vidal-Codina, F.; John-Herpin, A.; Jo, M.; Kim, S.; Matson, J.; Caldwell, J.D.; Jeon, H.; Nguyen, N.C.; et al.
High-Contrast Infrared Absorption Spectroscopy via Mass-Produced Coaxial Zero-Mode Resonators with Sub-10 Nm Gaps. Nano
Lett. 2018, 18, 1930–1936. [CrossRef] [PubMed]

17. Kavungal, D.; Magalhães, P.; Kumar, S.T.; Kolla, R.; Lashuel, H.A.; Altug, H. Artificial Intelligence-Coupled Plasmonic Infrared
Sensor for Detection of Structural Protein Biomarkers in Neurodegenerative Diseases. Sci. Adv. 2023, 9, eadg9644. [CrossRef]

18. Lascu, A.; Birdeanu, M.; Taranu, B.; Fagadar-Cosma, E. Hybrid Mn-porphyrin-nanogold nanomaterial applied for the spectropho-
tometric detection of β-carotene. J. Chem. Hindawi 2018, 2018, 5323561. [CrossRef]

19. Sebarchievici, I.; Lascu, A.; Fagadar-Cosma, G.; Palade, A.; Fringu, I.; Birdeanu, M.; Taranu, B.; Fagadar-Cosma, E. Optical
and electrochemical mediated detection of ascorbic acid using manganese porphyrin and its gold hybrids. C. R. Chim. 2017,
21, 327–338. [CrossRef]

20. Fringu, I.; Anghel, D.; Fratilescu, I.; Epuran, C.; Birdeanu, M.; Fagadar-Cosma, E. Nanomaterials Based on 2,7,12,17-Tetra-
tert-butyl-5,10,15,20-tetraaza-21H,23H-porphine Exhibiting Bifunctional Sensitivity for Monitoring Chloramphenicol and Co2+.
Biomedicines 2024, 12, 770. [CrossRef]

21. Lascu, A.; Palade, A.; Birdeanu, M.; Fagadar-Cosma, E. Procaine Detection Using Hybrids of Cobalt-Metalloporphyrin with Gold
and Silver Nanoparticles. J. Chem. Soc. Pak. 2019, 41, 43. [CrossRef]

22. Sun, C.; Zhang, S.; Qian, P.; Li, Y.; Ren, W.; Deng, H.; Jiang, L. Synthesis and fungicidal activity of novel benzimidazole derivatives
bearing pyrimidine-thioether moiety against Botrytis cinerea. Pest. Manag. Sci. 2021, 77, 5529–5536. [CrossRef]

23. Kurien, M.; Susamma, A.P.; Kuriakose, A.P. Amidino Thiourea as a Secondary Accelerator in the Sulphur Vulcanization of
Natural Rubber Containing Fillers. Prog. Rubber Plast. Recycl. Technol. 2004, 20, 133–161. [CrossRef]

24. Wei, Y.; Zu, G.; Sun, C.; Yang, X. Flexible, Wash-Resistant Human Mechanical Energy Harvesting and Storage System for
Monitoring Human Movement. Langmuir 2023, 39, 4060–4070. [CrossRef]

25. Behari, K.; Agrawal, U.; Das, R. Gel Free Polymerization of N,N′-Methylenebisacrylamide Initiated by a Peroxodiphosphate-
Thioacetamide Redox System. A Kinetic Study. Polym. J. 1993, 25, 1007–1013. [CrossRef]

26. Gharabaghi, M.; Irannajad, M.; Azadmehr, A.R. Selective Sulphide Precipitation of Heavy Metals from Acidic Polymetallic
Aqueous Solution by Thioacetamide. Ind. Eng. Chem. Res. 2012, 51, 954–963. [CrossRef]

27. Han, H.-Y.; Park, S.-M.; Ko, J.-W.; Oh, J.-H.; Kim, S.K.; Kim, T.-W. Integrated transcriptomic analysis of liver and kidney after
28 days of thioacetamide treatment in rats. Toxicol. Res. 2023, 39, 201–211. [CrossRef]

28. Zhang, H.; Xu, J. Unveiling thioacetamide-induced toxicity: Multi-organ damage and omitted bone toxicity. Hum. Exp. Toxicol.
2024, 43, 09603271241241807. [CrossRef]

29. Mansour, R.S.A.E.; Ezzat, S.F.; Abou-Bakr, D.A. Ameliorative Effect of Propolis Against Thioacetamide Induced Hepatorenal
Injury in Adult Male Rats. Kidney Injury Molecule-1 (KIM-1) a Biomarker of Renal Injury. Med. J. Cairo Univ. 2020, 88, 243–258.
[CrossRef]

https://doi.org/10.1021/acs.langmuir.2c01908
https://doi.org/10.3390/antiox8120639
https://doi.org/10.1016/j.redox.2019.101139
https://www.ncbi.nlm.nih.gov/pubmed/31126869
https://doi.org/10.3390/molecules25040980
https://www.ncbi.nlm.nih.gov/pubmed/32098303
https://doi.org/10.2174/1573411018666220618155324
https://doi.org/10.1039/D1RA02669K
https://doi.org/10.1002/VIW.20200042
https://doi.org/10.1021/acsomega.2c05986
https://doi.org/10.15406/ppij.2018.06.00172
https://doi.org/10.1021/acsphotonics.4c01657
https://www.ncbi.nlm.nih.gov/pubmed/40124941
https://doi.org/10.1021/acs.nanolett.6b04978
https://www.ncbi.nlm.nih.gov/pubmed/28182429
https://doi.org/10.1021/acs.nanolett.7b05295
https://www.ncbi.nlm.nih.gov/pubmed/29437401
https://doi.org/10.1126/sciadv.adg9644
https://doi.org/10.1155/2018/5323561
https://doi.org/10.1016/j.crci.2017.07.006
https://doi.org/10.3390/biomedicines12040770
https://doi.org/10.52568/000725/JCSP/41.01.2019
https://doi.org/10.1002/ps.6593
https://doi.org/10.1177/147776060402000203
https://doi.org/10.1021/acs.langmuir.2c03405
https://doi.org/10.1295/polymj.25.1007
https://doi.org/10.1021/ie201832x
https://doi.org/10.1007/s43188-022-00156-y
https://doi.org/10.1177/09603271241241807
https://doi.org/10.21608/mjcu.2020.93984


Micromachines 2025, 16, 574 18 of 19

30. Schyman, P.; Printz, R.L.; Estes, S.K.; O’Brien, T.P.; Shiota, M.; Wallqvist, A. Assessing Chemical-Induced Liver Injury In Vivo
From In Vitro Gene Expression Data in the Rat: The Case of Thioacetamide Toxicity. Front. Genet. 2019, 10, 1233. [CrossRef]

31. Schyman, P.; Printz, R.L.; Estes, S.K.; Boyd, K.L.; Shiota, M.; Wallqvist, A. Identification of the Toxicity Pathways Associated with
Thioacetamide-Induced Injuries in Rat Liver and Kidney. Front. Pharmacol. 2018, 9, 1272. [CrossRef] [PubMed]

32. Yahya, S.M.M.; Shalaby, R.H.; Mannaa, F.A.; Abdel Wahhab, K.G.; Mohamed, N.R.; Shabana, M.E.; Elwakeel, S.H.B. Hepato-
protective Effects of Chitosan on Thioacetamide Induced Liver Toxicity in Male Albino Rats. Biointerface Res. Appl. Chem. 2021,
11, 14490–14505. [CrossRef]

33. Zargar, S.; Wani, T.A.; Alamro, A.A.; Ganaie, M.A. Amelioration of thioacetamide-induced liver toxicity in Wistar rats by rutin.
Int. J. Immunopathol. Pharmacol. 2017, 30, 207–214. [CrossRef] [PubMed]

34. Jin, X.; Li, Y.; Li, J.; Cheng, L.; Yao, Y.; Shen, H.; Wang, B.; Ren, J.; Ying, H.; Xu, J. Acute bone damage through liver-bone axis
induced by thioacetamide in rats. BMC Pharmacol. Toxicol. 2022, 23, 29. [CrossRef]

35. Cinghită, D.; Radovan, C.; Dascălu, D. Anodic Voltammetry of Thioacetamide and its Amperometric Determination in Aqueous
Media. Sensors 2008, 8, 4560–4581. [CrossRef]

36. Asghari, A.; Ghaderi, O.; Rajabi, M.; Ameri, M.; Amoozadeh, A. Mechanistic and electrochemical investigation of catechol
oxidation in the presence of thioacetamide: Application for voltammetric determination of thioacetamide in aqueous media. Prog.
React. Kinet. Mech. 2015, 40, 95–103. [CrossRef]

37. Pernet-Coudrier, B.; Waeles, M.; Filella, M.; Quentel, F.; Riso, R.D. Simple and simultaneous determination of glutathione,
thioacetamide and refractory organic matter in natural waters by DP-CSV. Sci. Total Environ. 2013, 463, 997–1005. [CrossRef]
[PubMed]

38. Khandelwal, G.; Ediriweera, M.K.; Kumari, N.; Maria Joseph Raj, N.P.; Cho, S.K.; Kim, S.J. Metal-amino acid nanofibers based
triboelectric nanogenerator for self-powered thioacetamide sensor. ACS Appl. Mater. Interfaces 2021, 13, 18887–18896. [CrossRef]

39. Saha, D.; Negi, D.P. Spectroscopic investigations on the interaction of thioacetamide with ZnO quantum dots and application for
its fluorescence sensing. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2018, 189, 516–521. [CrossRef]

40. Kitte, S.A.; Bushira, F.A.; Li, H.; Jin, Y. Electrochemiluminescence of Ru(bpy) 3 2+/thioacetamide and its application for the
sensitive determination of hepatotoxic thioacetamide. Analyst 2021, 146, 5198–5203. [CrossRef]

41. Fagadar-Cosma, E.; Enache, C.; Vlascici, D.; Fagadar-Cosma, G.; Vasile, M.; Bazylak, G. Novel nanomaterials based on 5,10,15,20-
tetrakis(3,4-dimethoxyphenyl)-21H,23H-porphyrin entrapped in silica matrices. Mater. Res. Bull. 2009, 44, 2186–2193. [CrossRef]

42. Lindsey, J.S.; Schreiman, I.C.; Hsu, H.C.; Kearney, P.C.; Marguerettaz, A.M. Rothemund and Adler-Longo reactions revisited:
Synthesis of tetraphenylporphyrins under equilibrium conditions. J. Org. Chem. 1987, 52, 827–836. [CrossRef]

43. Sil, D.; Bhowmik, S.; Khan, F.S.T.; Rath, S.P. Experimental and Theoretical Investigation of a Series of Novel Dimanganese(III)µ-
Hydroxo Bisporphyrins: Magneto–Structural Correlation and Effect of Metal Spin on Porphyrin Core Deformation. Inorg. Chem.
2016, 55, 3239–3251. [CrossRef] [PubMed]

44. Bertini, I.; Luchinat, C.; Parigi, G.; Pierattelli, R. NMR Spectroscopy of Paramagnetic Metalloproteins. ChemBioChem 2005,
6, 1536–1549. [CrossRef] [PubMed]

45. Swartjes, A.; White, P.B.; Bruekers, J.P.J.; Elemans, J.A.A.W.; Nolte, R.J.M. Paramagnetic relaxation enhancement NMR as a tool to
probe guest binding and exchange in metallohosts. Nat. Commun. 2022, 13, 1846. [CrossRef]

46. Muthukumar, P.; Abraham John, S. Gold nanoparticles decorated on cobalt porphyrin-modified glassy carbon electrode for the
sensitive determination of nitrite ion. J. Colloid. Interf. Sci. 2014, 421, 78–84. [CrossRef]

47. Yadava, S.; Bharati, S.L. Novel complexes of Mn (III) with macrocylic porphine ligand and ethylenediamine. J. Coord. Chem. 2011,
64, 3950–3959. [CrossRef]

48. Thandiayyakone, V.; Murugan, A.; Ravikumar, C.R.; Rajkumar, T.; Arasu, P.T.; Yadav, H.S.; Kotteeswaran, P. Studies on redox and
axial ligand properties of Meso-Mn (III) porphyrin by cyclic voltammetry and UV–Visible spectrophotometry. Mater. Today Proc.
2021, 47, 933–937. [CrossRef]

49. Giovannetti, R.; Alibabaei, L.; Pucciarelli, F. Spectral and kinetic investigation on oxidation and reduction of water soluble
porphyrin–manganese (III) complex. Inorg. Chim. Acta. 2010, 363, 1561–1567. [CrossRef]

50. Giovannetti, R. The Use of Spectrophotometry UV-Vis for the Study of Porphyrins. In Macro to Nano Spectroscopy; Jamal, U., Ed.;
InTech Open: Rijeka, Croatia, 2012; ISBN 987-953-51-0664-7. [CrossRef]

51. Boucher, L.J. Manganese porphyrin complexes. Coord. Chem. Rev. 1972, 7, 289–329. [CrossRef]
52. Pop, S.F.; Ion, R.M.; Corobea, M.C.; Raditoiu, V.R. Spectral and thermal investigations of porphyrin and phthalocyanine

nanomaterials. J. Optoelectron. Adv. M. 2011, 13, 906–911.
53. Ibrahim, A.R. Preparation and Characterization of some transition metal complexes of bis Schiff Base Ligand. Int. J. Adv. Res.

2015, 3, 315–324.
54. Kennedy, B.J.; Murray, K.S. Magnetic properties and zero-field splitting in high-spin manganese (III) complexes. 2. Axially ligated

manganese (III) porphyrin complexes. Inorg. Chem. 1985, 24, 1557–1560. [CrossRef]

https://doi.org/10.3389/fgene.2019.01233
https://doi.org/10.3389/fphar.2018.01272
https://www.ncbi.nlm.nih.gov/pubmed/30459623
https://doi.org/10.33263/BRIAC116.1449014505
https://doi.org/10.1177/0394632017714175
https://www.ncbi.nlm.nih.gov/pubmed/28590141
https://doi.org/10.1186/s40360-022-00568-4
https://doi.org/10.3390/s8084560
https://doi.org/10.3184/146867815X14199576102955
https://doi.org/10.1016/j.scitotenv.2013.06.053
https://www.ncbi.nlm.nih.gov/pubmed/23891995
https://doi.org/10.1021/acsami.1c03075
https://doi.org/10.1016/j.saa.2017.08.053
https://doi.org/10.1039/D1AN00862E
https://doi.org/10.1016/j.materresbull.2009.08.010
https://doi.org/10.1021/jo00381a022
https://doi.org/10.1021/acs.inorgchem.5b02226
https://www.ncbi.nlm.nih.gov/pubmed/27002790
https://doi.org/10.1002/cbic.200500124
https://www.ncbi.nlm.nih.gov/pubmed/16094696
https://doi.org/10.1038/s41467-022-29406-1
https://doi.org/10.1016/j.jcis.2014.01.030
https://doi.org/10.1080/00958972.2011.632412
https://doi.org/10.1016/j.matpr.2021.04.621
https://doi.org/10.1016/j.ica.2009.12.015
https://doi.org/10.5772/38797
https://doi.org/10.1016/S0010-8545(00)80024-7
https://doi.org/10.1021/ic00204a030


Micromachines 2025, 16, 574 19 of 19

55. Li, F.; Wang, X.; Yang, M.; Zhu, M.; Chen, W.; Li, Q.; Sun, D.; Bi, X.; Maletskyi, Z.; Ratnaweera, H. Detection Limits of Antibiotics
in Wastewater by Real-Time UV–VIS Spectrometry at Different Optical Path Length. Processes 2022, 10, 2614. [CrossRef]

56. Jain, P.S.; Chaudhari, A.J.; Patel, S.A.; Patel, Z.N.; Patel, D.T. Development and validation of the UV-spectrophotometric method
for determination of terbinafine hydrochloride in bulk and in formulation. Pharm. Methods 2011, 2, 198–202. [CrossRef]

57. Chen, Y.; Zi, F.; Hu, X.; Yu, H.; Nie, Y.; Yang, P.; Cheng, H.; Wang, Q.; Qin, X.; Chen, S.; et al. Grafting of organic sulfur-containing
functional groups on activated carbon for gold (I) adsorption from thiosulfate solution. Hydrometallurgy 2019, 185, 102–110.
[CrossRef]

58. de la Torre-Miranda, N.; Reilly, L.; Eloy, P.; Poleunis, C.; Hermans, S. Thiol functionalized activated carbon for gold thiosulfate
recovery, an analysis of the interactions between gold and sulfur functions. Carbon 2023, 204, 254–267. [CrossRef]

59. Epuran, C.; Fratilescu, I.; Macsim, A.-M.; Lascu, A.; Ianasi, C.; Birdeanu, M.; Fagadar-Cosma, E. Excellent Cooperation between
Carboxyl-Substituted Porphyrins, k-Carrageenan and AuNPs for Extended Application in CO2 Capture and Manganese Ion
Detection. Chemosensors 2022, 10, 133. [CrossRef]

60. Shelnutt, J.A.; Song, X.-Z.; Ma, J.-G.; Jia, S.-L.; Jentzen, W.; Medforth, C.J. Nonplanar porphyrins and their significance in proteins.
Chem. Soc. Rev. 1998, 27, 31–41. [CrossRef]

61. Kaplan, W.A.; Suslick, K.S.; Scott, R.A. Core size and flexibility of metallohydroporphyrin macrocycles. Implications for F430
coordination chemistry. J. Am. Chem. Soc. 1991, 113, 9824–9827. [CrossRef]

62. Kaigorodova, E.Y.; Mamardashvili, G.M.; Mamardashvili, N.Z. Axial Coordination of Pyridine- and Imidazole-Based Drug
Molecules to Co(III)-Tetra(4-Carboxyphenyl)porphyrin. Russ. J. Inorg. Chem. 2018, 63, 1192–1198. [CrossRef]

63. Milanesi, L.; Gomila, R.M.; Frontera, A.; Tomas, S. Binding of a Co(III) Metalloporphyrin to Amines in Water: Influence of the
pKa and Aromaticity of the Ligand, and pH-Modulated Allosteric Effect. Inorg. Chem. 2025, 64, 85–96. [CrossRef] [PubMed]
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