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ARTICLE INFO ABSTRACT
Keywords: This work aimed to evaluate the effect of inclusion complex (IC) formation between the drug candidate 2-(2-
2-(2-nitrovinyDfuran nitrovinyl) furan (G-0) and hydroxypropyl p-cyclodextrin (HP-B-CD) or sulfobutylether f-cyclodextrin (SBE-
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B-CD) on the drug’s photostability under light exposure. Freeze-dried cyclodextrin inclusion complexes (ICs) and
their corresponding physical mixtures were subjected to standardized forced irradiation and light exposure
conditions according to ICH guidelines. Kinetic analysis suggested potential alterations in photodegradation
pathways. The HPLC chromatographic profile of the ICs exhibited a distinct impurity pattern compared to the
physical mixtures, while the profiles of the two ICs were similar. The main photodegradation product (PD1) was
identified with a retention time of 5.4 min and a maximum absorption wavelength (Apax) of 330 nm. PD1 was
isolated using High-Performance Liquid Chromatography with diode array detection (HPLC-DAD) and further
characterized through Nuclear Magnetic Resonance (NMR) spectroscopy. Combining 1D (*H NMR, 13C {!H}) and
2D (COSY, HSQC and HMBC) NMR measurements revealed the presence of two substances in equilibrium,
identified as (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NPDA) and its corresponding salt. The hazard classification
of NPDA was assessed following ICH M7 guidelines using QSAR and expert rule-based toxicity screening
methods, providing insights into its potential risk profile.

Abbreviations: G-0, 2-(2-Nitrovinyl)furan; IC, Inclusion complex; FDIC G-0/HP-B-CD, Freeze-dried inclusion complex of G-0 in hydroxypropyl-p-cyclodextrin; FDIC
G-0/SBE-B-CD, Freeze-dried inclusion complex of G-0 in sulfobutylether-p-cyclodextrin; NPDA, (2Z,4Z)-5-nitropenta-2,4-dienoic acid.
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Fig. 1. Chemical structure of 2-(2-nitrovinyl)furan (G-0).
1. Introduction

Cyclodextrins have been extensively studied for their ability to
enhance the physical and chemical stability of drugs through the for-
mation of inclusion complexes (Ruz et al., 2015; Popielec and Loftsson,
2017; Yuan et al., 2018). 2-(2-Nitrovinyl) furan (G-0) (Fig. 1), a deriv-
ative of 2-furylethylene, has demonstrated a broad spectrum of biolog-
ical activities, including anticoccidial (Olazabal-Manso et al., 2002),
antileishmanial and antichagasic effects (Sifontes-Rodriguez et al.,
2015; Sifontes-Rodriguez, 2017).

Additionally, G-O exhibits potent antibacterial activity against
various pathogens, including Escherichia coli (Ajiboye, 2018; Alabi and
Owolabi, 2012), Salmonella typhimurium, Staphylococcus aureus, Pseu-
domonas aeruginosa (Alabi and Owolabi, 2012), Klebsiella pneumoniae,
Staphylococcus epidermidis, Bacillus cereus, Bacillus subtilis and Pseudo-
monas syringae (Alabi and Hassan, 2014). Its antifungal activity has also
been reported against Candida albicans (Alabi and Hassan, 2014; Ruz--
Sanjuan et al., 2020) and Candida krusei (Ruz-Sanjuan et al., 2020),

Additional toxicity studies were conducted on the drug candidate 2-
(2-nitrovinyl)furan, including an in vitro micronucleus assay (Gonzalez
Borroto et al., 2003), sister chromatid exchange, SOS induction assay in
E. coli, and the Ames test, all of which indicated no mutagenic or gen-
otoxic effects (Gonzalez Borroto et al., 2001; Gonzalez Borroto et al.,
2005). Despite its broad-spectrum antimicrobial activity, the chemical
instability and sublimation capacity of 2-(2-nitrovinyDfuran have posed
significant challengers to the development of a successful formulation.

Previously, we demonstrated that this compound could be encap-
sulated within the hydrophobic cavities of 2-HP-B-CD and SBE-f-CD
using the freeze-drying method (Ruz et al., 2012). Recent studies have
focused on enhancing its physical stability to mitigate sublimation (Ruz
et al., 2015), as well as conducting accelerated chemical stability tests.
These investigations revealed that the inclusion complexes formed with
both cyclodextrins exhibited superior performance compared to their
corresponding physical mixtures (Ruz-Sanjuan et al., 2020).

The intrinsic photostability of the molecular complexes, on the other
hand, must be evaluated to demonstrate whether these complexes can
protect G-0 from light without unacceptable changes or if light-resistant
packaging is necessary. Light exposure is well known to cause chemical
alterations in Active Pharmaceutical Ingredients (APIs) and their final
products. Photodegradation can manifest as changes in sample color,
bleaching, alterations in dissolution rate, or loss of activity. In some
cases, photoreactions may generate intermediates or degradation
products with increased toxicity or induce Reactive Oxygen Species
(ROS), leading to chain reactions that may harm human tissues.

The extent of photodegradation varies significantly among sub-
stances. While some compounds exhibit slight degradation over weeks
of light exposure, others have photochemical half-lives lasting only a
few minutes. Light-sensitive drugs can be degraded by sunlight (ultra-
violet light) or artificial light (e.g., fluorescent light), with the latter
being less energetic (Bhalekar et al., 2008). Photochemical decomposi-
tion typically occurs due to light absorption in the 300-500 nm range. In
this context, the ICH guidelines recommend conducting forced and
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confirmatory studies using both natural and artificial light source (ICH
1996).

For stability testing, key experimental factors include ensuring
proper mixing of liquids, uniform stirring of solids, and maintaining a
consistent sample temperature. High-intensity photon sources are
required for stress testing during the preformulation stage to evaluate
the material sensitivity and identify potential degradation products for
analytical purposes (Moore, 2004). The photochemical degradation
process is highly dependent on the spectral properties of the drug or
chemical system and the spectral distribution of the light source.

Certain chemical structures are particularly prone to photoreactions,
including C = C double bonds (which may undergo E/Z isomerization,
polar addition, or cycloaddition), five-membered heterocyclic rings
(which are susceptible to rearrangement), vinyl furans (which can
dimerize) (D’Auria et al., 2000), and N-oxides (which may undergo
electrolytic reactions) (Bhalekar et al., 2008). Photodegradation can
occur directly or indirectly; in the latter case, energy absorbed by an
excipient, impurity, or degradation product (known as photosensitizer)
may transfer energy without itself being altered or, in some cases,
degrade. Excipients can thus initiate, propagate, or participate in
photochemical reactions.

If degradation products are observed, their careful analysis, identi-
fication and characterization are essential (ICH Q3A, ICH, Q3A (R2)
2006). Therefore, the main objective of this study was to investigate the
photodegradation of G-0 in the molecular inclusion complexes with
cyclodextrin derivatives in the solid state, following ICH Q1B guidelines.
The study also aimed to detect, isolate, and characterize the primary
degradation product using HPLC-DAD and NMR spectroscopy.

The need to estimate the toxicological risk of chemicals in domains
such as pharmaceutical, nutrition, and cosmetics has driven the adop-
tion of computational tools to reduce the time and cost of analyses and
experimental research involving animals, while also addressing ethical
considerations. The annual economic burden of producing and main-
taining animal models for in vivo toxicological assessment is substantial
(Bottini and Hartung, 2009).

According to the ICH M7 guideline, structure-based computational
methods or QSAR analyses can be employed to estimate the toxic po-
tential when adequate experimental data are unavailable. These
methods enable classification into Class 3, 4, or 5, under the “Impurities
Classification” related to Mutagenic and Carcinogenic Potential and
Resulting Control Actions (ICH M7 2017). In silico toxicology uses
computational resources, such as data, methods, software, to estimate
the toxic potential of a chemical. It complements in vitro and in vivo tests
by offering quantitative or qualitative predictions of adverse effects,
referred to as endpoints (Raies and Bajic, 2016).

A variety of computational methods are currently available to pre-
dict chemical toxicity (Raies and Bajic, 2016; Schmidt, 2021), and their
implementation must adhere to established procedures and principles
(Amberg et al., 2016). These methods generally fall into two categories:
expert rules-based approaches and statistical (QSAR model) approaches
(ICH M7 2017). Recent advances have combined these methods or
introduced new models (Fjodorova and Novic, 2012; Kolarevic et al.,
2016; Luechtefeld et al., 2018; Manganelli et al., 2016; Tourneix et al.,
2010; Wang et al., 2019; Yeni and Merdekawati, 2018; Zhuang et al.,
2018) while the benefits of using read-across techniques and in silico
tools have also been evaluated (Stanton and Kruszewski, 2016). How-
ever, limitations of some widely used QSAR methods, particularly esti-
mating the irritating or corrosive potential of chemical products on the
skin, have been reported (Verheyen et al., 2017).

Based on this concept, the secondary objective of our study was to
perform computational toxicology predictions for the isolated photo-
product, adhering to the ICH M7 guideline for hazard classification (ICH
M7 2017). This analysis employed statistical methods (or QSAR
models), expert rules (structural alerts), and read-across assessments.
The combination of these approaches enhances the reliability of the
predictions (Myatt et al., 2018). Additional toxicity predictions,
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including assessments for skin sensitization, were also conducted.
2. Materials and methods
2.1. Drug and reagents

The bulk drug and reference standard of 2-(2-nitrovinyl) furan (G-0)
(>99.5 %, MW= 139.1 g/mol) were kindly provided by the Centro de
Bioactivos Quimicos (Villa Clara, Cuba) and synthesized according to
the reported method (Olazabal-Manso et al.,, 2002). Hydrox-
ypropyl-p-cyclodextrin (Trappsol®, Pharmaceutical grade) was pur-
chased from CTD, Inc., USA, and sulfobutylether-p-cyclodextrin
(Captisol®, Research grade) obtained from CyDex Pharmaceuticals Inc.,
USA.

Acetonitrile (HPLC grade) and deuterated solvent CD3CN (99.8 % D),
were sourced from Sigma-Aldrich, Germany. Deionized water was pre-
pared using a MilliQ water purification system (Merck, Germany). All
other reagents used in this study were of analytical grade.

2.2. Photodegradation methodology

2.2.1. Preparation of the inclusion complexes by freeze-drying

Freeze-dried inclusion complexes were obtained according to a
previously reported method (Ruz et al., 2012), with slight modifications.
Briefly, a saturated solution was prepared by dissolving each cyclodex-
trin (CD) derivative in 50 mL of deionized water, followed by the
addition of G-0 in an equimolar amount. The resulting suspension was
stirred horizontally at 21 + 1 °C for 48 h to allow equilibrium formation
of the drug-CD inclusion complex.

The dispersion was filtered through 0.22-micron membranes,
dispensed into 1 mL glass vials, frozen at —40 °C and lyophilized using a
JJ Cientifica® lyophilizer (Sao Paulo, Brazil) for 24 h at —30 °C and 150
mmHg.

2.2.2. Irradiation conditions

2.2.2.1. Forced irradiation using a UVC chamber. For the irradiation of
solid inclusion complexes (ICs) or corresponding physical mixtures
(PMs), the contents of each vial were spread homogeneously on glass
Petri dishes (N = 3) to form a layer of less than 1 mm in thickness. The
samples were placed in a closed chamber internally coated with mirrors
and positioned 10 cm away from the lamp. The light source was a UV
lamp (SM 808, Zhejiang, China), emitting radiation at 254 nm, posi-
tioned horizontally within the chamber. The temperature during irra-
diation was controlled at 20 + 1 °C, and activated silica gel was placed
inside the chamber to prevent moisture absorption by the samples.

To ensure uniform light exposure, the samples were shaken daily.
Sampling was conducted at 12-hour intervals until 50 % degradation
was achieved. The physical mixtures were analyzed as a control for
comparison.

2.2.2.2. Irradiation using an ICH photostability chamber. The behavior of
ICs under conditions established by the International Council for Har-
monisation of Technical Requirements for Pharmaceuticals for Human
Use (ICH) Q1B guideline (ICH 1996) was investigated using a photo-
stability climatic chamber (Mecalor EC/0.2/R-F, Mecalor Thermal En-
gineering Solutions Ltd., Brazil). The solid complexes were exposed to a
combination of cool white fluorescent light (visible spectrum) and a UV
lamp (UVA), corresponding to Photostability Testing-Option 2.

The light source emitted a spectral distribution between 320 and 400
nm, with a peak emission energy at 350-370 nm. The samples were
illuminated to achieve 1.2 million lux-hours visible light exposure and a
near-ultraviolet energy of 200 W-hours/m?. The chamber was equipped
with an integrated radiometer and lux meter to measure the UV radia-
tion and illuminance, respectively. The temperature was maintained at

European Journal of Pharmaceutical Sciences 213 (2025) 107238
25 °C throughout the exposure.

2.2.3. Preparation of irradiated samples for HPLC analysis

The drug inclusion complexes (ICs) or physical mixtures (PMs) with
cyclodextrins (CDs), as well as their degradation products, were
analyzed at their maximum absorption wavelengths. Approximately 10
mg of solid IC or PM was accurately weighed and dissolved volumetri-
cally in 25 mL of the mobile phase. The solutions were filtered using
PTFE 0.45 um filters (Chromafil®).

A 20 pL aliquot of the filtered solution was injected into the chro-
matograph for analysis. A calibration curve for G-0 (used as the refer-
ence standard) was prepared within a concentration range of 1 to13 pg/
mL to facilitate quantification.

2.2.3.1. Chromatographic conditions. An Agilent Technologies 1220
HPLC apparatus, equipped with a Diode Array Detector (DAD 1220 In-
finity), an automatic injector, and a quaternary pump was employed for
the analysis. Separation was achieved using an Agilent Zorbax ODS
column (250x4.6 mm, 5 ym) with an Agilent Zorbax guard column ODS
(12.5 x 4.6, 5 yum). The mobile phase consisted of acetonitrile and water
80:20 (v/v), delivered isocratically at a flow rate of 0.5 mL/min at room
temperature. The injection volume was set at 20 uL, with detection
performed at a wavelength of 351 nm. The run time for each analysis
was 15 min. A multispectral diode array detector was utilized for the
detection of photodegradation products, scanning from 200 to 400 nm at
a rate of one spectrum per second with a resolution of 1.2 nm.

2.2.4. Kinetic analysis of photodegradation

The kinetic curves were obtained by plotting the remaining G-
0 concentration against time. Photodegradation was monitored for at
least three half-lives for all samples. The degradation rate constants and
respective half-lives were determined by iterative analysis using Sig-
maPlot for Windows 10.0 (Systat Software, Inc.). Statistical comparisons
of the photodegradation kinetic curves of G-0 in inclusion complexes
versus their corresponding physical mixtures were performed using a t-
test with a 95 % confidence interval, analyzed with Statistical software
v.10.0 (StatSoft Inc., U.S.A).

2.2.5. Isolation and characterization of photodegradation products

2.2.5.1. Sample clean-up. To remove potential cyclodextrins in-
terferences prior to spectroscopic analysis, a Phenomenex® C18 car-
tridge (55 um, 70 A) was utilized. The cartridge was preconditioned by
washing with 5 mL of acetonitrile (HPLC grade) and subsequently
activated with 5 mL of deionized water. The contents of two vials con-
taining the solid irradiated complex were fully dissolved in 2 mL of
deionized water and loaded onto the cartridge. Cyclodextrins were
eluted with 5 mL of deionized water, while organic compounds were
retained. The retained compounds were then eluted with 2 mL of an
acetonitrile-water mixture (80:20, v/v) and collected in amber vials. The
eluted fraction was stored at —40 °C for subsequent separation and
analysis. Pressure was applied during the clean-up procedure to expedite
the process.

2.2.5.2. Isolation of photoproducts in an analytical column. The organic
fraction was filtered through a PTFE 0.45 pm filter, (Chromafil®) and
analyzed using a Shimadzu LC-10AD High-Performance Liquid Chro-
matography system (Shimadzu, Japan). Separation was performed on a
C18 column (250 mm x 4.6 mm, 5 pm; Agilent Technologies) with a
mobile phase consisting of acetonitrile and water (80:20, v/v), in iso-
cratic mode at a flow rate of 0.5 mL/min. The injection volume was 50
uL, with a runtime of 15 min at 25 °C.

Photoproducts were collected based on retention times and
maximum absorption wavelengths, with a collection limit set at 1000
milliabsorbance units (mAU). Collected fractions were dried under a
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Table 1
G-0 content in dark controls of inclusion complexes and physical mixtures for
both cyclodextrins.

Sample G-0 content ( %, w/w)

Time 0 48 h
FDIC G-0/HP-B-CD IC 2.104 £ 0.115 1.972 + 0.062
PM G-0/HP-B-CD 1.842 + 0.086 1.447 + 0.206 *
FDIC G-0/SBE-p-CD IC 2.203 £ 0175 2.104 + 0.167
PM G-0/SBE--CD 2.535 £ 0.078 2.335 + 0.398

Data are expressed as mean + standard deviation (n = 3).
" Significant statistical difference, p < 0.05. FDIC: Freeze-dried inclusion
complex; PM: Physical mixture.
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Fig. 2. Photodegradation kinetics of G-0 in freeze-dried inclusion complexes
(FDIC) and physical mixtures (PM) with HP-p-CD. Key: ((]J) PM HP-B-CD), (o)
FDIC HP-B-CD. The black lines represent the fit of the experimental data using
zero-order and first-order kinetic models for PM and FDIC, respectively. Pho-
todegradation kinetics were monitored for at least three half-lives.
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Fig. 3. Photodegradation kinetics of G-0 in Freeze-dried Inclusion Complex
(FDIC) and physical mixtures (PM) with SBE-p-CD components. Key: ((J) PM
SBE-B-CD, (o) FDIC SBE-B-CD. The black lines represent the fit of the experi-
mental data to zero-order and first-order kinetic models for PM and FDIC,
respectively. Photodegradation kinetics were monitored for at least three
half-lives.

nitrogen atmosphere using a SOLAB Nitrogen Evaporator Sample
Concentrator (SOLAB, Brazil) and subsequently reconstituted with
appropriate volumes of deuterated acetonitrile. Samples corresponding
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Table 2

Kinetic parameters determined from photodegradation of G-0 in freeze-dried
inclusion complexes (FDIC) and physical mixtures (PM) with HP-B-CD and
SBE-B-CD. Data were calculated by iteration using Statistica 10.0 software.

Kinetic parameters G-0/HP-p-CD G-0/SBE-p-CD

PM FDIC PM FDIC
Reaction order Zero First Zero First
R? 0.999 0.997 0.995 0.999
k(™ - 0.0352 - 0.0278
k(%hh 1.982 - 1.319 -
t12 (h) 25.23 23.90 37.90 24.93

Key: (FDIC) Freeze-dryed Inclusion Complex; (PM) Physical Mixtures.

to the primary photoproduct (PD1) were pooled to ensure sufficient
quantity for analysis. The final solution, containing 600 uL of deuterated
solvent, was transferred to a 5-mm NMR glass tube and protected from
light until analysis.

2.2.5.3. Characterization of the main photoproduct (PD1) by nuclear
magnetic resonance spectroscopy. The characterization of PD1 was con-
ducted using a Bruker Avance III spectrometer (Karlsruhe, Germany),
operating at a magnetic field strength of 14.1 T (600 MHz for proton
frequency). The instrument was equipped with a 5 mm TXI cryoprobe
head for 'H, '3C, and N, and experiments were performed at 298 K
using deuterated acetonitrile (CD3CN) as both solvent and internal
reference.

'H NMR spectra were acquired using the noesyprld pre-saturation
pulse sequence (Bruker terminology). The acquisition parameters were
as follows:

e Number of scans (ng): 8

e Acquisition time: 3.02 s

e Relaxation delay (d;): 3.0 s

e Pre-saturation time (dg) = 0.5 s

e Spectral width (SW) = 18.03 ppm
e Number of data points (TD) = 65 K
e Receiver gain (RG) = 64.

The 3C{'H} spectra were obtained using the zgpg30 power-gated
decoupling pulse sequence (Bruker terminology) with these parameters:

Number of scans (ng): 70
Acquisition time: 0.47 s

Relaxation delay (d;): 0.1 s
Spectral width (SW) = 57.8 ppm
Receiver gain (RG) = 203

Number of data points (TD) = 32 K
Line broadening (LB): 3 Hz

Homonuclear Correlation Spectroscopy (COSY) spectra were recor-
ded using the cosygpprqf pulse sequence with HDO pre-saturation
(Bruker terminology). Parameters included:

e Number of scans (ns): 6

e Spectral width (SW): 18.03 ppm in both dimensions

e Relaxation delay (d;): 1,0 s

e Data points (TD): 175 K in F; (TDF1) and 4 K in F, (TDF2) = 4 K

Heteronuclear Single Quantum Coherence Spectroscopy (HSQC)
were acquired using the hsqcetgpprsisp2.2 pulse sequence in echo-anti-
echo phase-sensitive mode with HDO pre-saturation (Bruker terminol-
ogy). Acquisition parameters were:

e Number of scans (ns): 8
e Spectral width (SW): 18.03 ppm (proton) and 238.31 ppm (carbon)
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Fig. 4. Representative chromatograms of FDIC G-0/SBE-B-CD samples after 48 h of forced irradiation conditions (UVC). Detection wavelengths: (A) 351 nm and (B)

248 nm.
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Fig. 5. Chromatogram of an FDIC G-0/SBE-B-CD sample after irradiation under kinetic experimental condition in a photostability chamber (ICH-Option 2).

Detection wavelength: 351 nm.

e Relaxation delay (d;): 1.0 s
e Data points (TD): 256 K in F; (TDF1) and 4 K in F, (TDF2)
e Apodization function: QSINE with sideband suppression (SSB=3)

2.3. Insilico toxicity screening for the obtained photoproduct

The toxicological profile of (2Z,4Z)-5-nitropenta-2,4-dienoic acid
(NPDA) was assessed using various computational methods. The SMILES
code was generated using the JSME molecular editor (Bienfait and Ertl,
2013), available at (https://jsme-editor.github.io/. This code was then
input into either local PC-based software or web-based predictive tools,
depending on the specific method employed. Details of the software
used are described below.

2.3.1. Toxtree 3.1.0

The free software Toxtree was used to estimate the toxic hazard
based on multiple predictive models, including Cramer rules (with ex-
tensions), Verhaar scheme, carcinogenicity (genotoxic and non-
genotoxic), in vitro mutagenicity (AMES test), skin sensitization reac-
tivity domains, structure alerts for in vivo micronucleus assay in rodents,
protein binding alerts, and DNA binding alerts. (Downloaded from: htt
p://toxtree.sourceforge.net/)

2.3.2. OSIRIS property explorer

This application provides default risk assessments for mutagenicity,
tumorigenicity, irritating effects, and reproductive toxicity. (Down-
loaded from: https://www.organic-chemistry.org/prog/peo/)
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2.3.3. pkCSM

pkCSM offers pharmacokinetic and toxicological predictions. For this
study oral rat acute toxicity, oral rat chronic toxicity, skin sensitization,
AMES toxicity, and hERG I inhibitor/hERG II inhibition were consid-
ered. (Online: http://bosig.unimelb.edu.au/pkesm/prediction/)

2.3.4. preADMET

The preADMET online predictor was used to estimate AMES test
results, carcinogenicity in mice and rats, and in vitro hERG inhibition.
(Online: https://preadmet.bmdre.kr/toxicity/).

2.3.5. T.ES.T. 4.2.1

The software predicts mutagenicity and oral toxicity in rats (LDsp).
(Downloaded from: https://www.epa.gov/chemical-research/toxicity-
estimation-software-tool-test).

2.3.6. QSAR Toolbox 4.4.1

QSAR Toolbox was employed to predict toxic hazard classifications,
alerts for carcinogenicity (genotoxic and non-genotoxic), DNA alerts for
AMES, CA, and MNT (by OASIS), in vitro mutagenicity alerts (AMES and
Micronucleus, by ISS), protein binding alerts for chromosomal aberra-
tion and skin sensitization (by OASIS), and protein binding alerts for
GHS skin sensitization. (Downloaded from: https://qgsartoolbox.org/do
wnload/).

2.3.7. ToxRead 0.23
It was utilized to predict mutagenicity, carcinogenicity, in vitro
micronucleus assay results, and skin sensitization. (Downloaded from

https://www.vegahub.eu/download/toxread-download/).

For comparative purposes, 2-(2-nitrovinyl)furan (G-0), a well-known
non-mutagenic antimicrobial (CAS 699-18-3) from which the photo-
degradation product was derived via photolytic reaction, was subjected
to the same predictive procedures.

3. Results and discussion
3.1. Effect of cyclodextrins on the G-0 photostability in solid state

The G-0 concentrations in the inclusion complexes (ICs) used as
controls and maintained in dark environment did not show significant
differences during the photodegradation assay (one way ANOVA, p =
0.15 for FDIC G-0/HP-B-CD; p = 0.51 for FDIC G-0/SBE-$-CD), indi-
cating no degradation occurred in the controls under the experimental
temperature conditions (Table 1).

The equivalent physical mixture used in dark controls (Table 1)
showed a slightly difference in G-0 content between time O (tp) and 48 h
for PM G-0/HP-B-CD (one way ANOVA p = 0.037; p < 0.05). However,
no degradation products were detected in the analysis of the physical
mixtures. This observation may be attributed to minor sublimation of
the drug or lack of homogeneity in the blends.

The results confirm the protective effect of cyclodextrins in stabi-
lizing G-0 in the solid state under dark conditions. In contrast, the
physical mixture (PM) of G-0/HP-B-CD showed a statistically significant
reduction in drug content (p < 0.05), suggesting that the interaction
between G-0 and HP-B-CD in the PM form may not provide adequate
stabilization under these conditions. Conversely, no significant changes
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Table 3

Chemical shifts (5, ppm), coupling constants (J, Hz) and observed correlations
for the major compound in photodegradation sample 1 (PD1) dissolved in
CD3CN, based on NMR and correlation spectroscopy analyses.

n 'H B¢/ Type  3C+ HMBC

1 - 168.1/ C 173.9 -

2 6.90 (ddd, J: 1.00, 1.95 and 10.60)  128.5/-CH 1329  105.8 and
168.1

3 8.13(d, J: 10.60) 147.5/-CH 143.1 128.5and
147.5

4 6.49 (dd, J: 1.00 and 3.59) 105.8/-CH 108.9  128.5,147.5,
147.8 and
168.1

5  7.22(dd, J: 1.95 and 3.59) 147.8/-CH 1440 105.8,128.5,
147.8 and
168.1

" Chemical shifts estimated based on calculations performed using the soft-
ware ACD/Lab.
d: doublet, dd: double doublet, ddd: doublet of doublets.

were observed for the PM G-0/SBE-B-CD, indicating its relative stability
in the solid state during the assay period.

The photodegradation kinetics of the irradiated samples containing
both cyclodextrin derivatives were monitored for at least three half-
lives, with the results presented in Figs. 2 and 3.

Kinetic analysis of drug photodegradation, performed using the
iteration method, indicating that the FDIC samples followed a first-order
kinetic model. In contrast, the PM samples were better described by a

Table 4
Chemical shifts (5, ppm), coupling constants (J, Hz) and correlations for the
minor compound in photodegradation sample 1 (PD1) in CD3CN.

n 'H 3¢/ Type 3¢+ HMBC

1 - 166.3/ C 168.4 -

2 6.88 (ddd, J: 0.55; 1.17 132.0/-CH 129.1  109.5,146.9 147.1 and
and 10.63) 166.3

3 8.80(d, J: 10.63) 146.9/-CH  147.9  132.0

4 6.24(dd,J:0.55and 3.46) 109.5/-CH 107.5 146.9, 147.1 and 166.3

5 7.15(dd,J:1.17and 3.46) 147.1/-CH  147.8  109.5 and 166.3

" Chemical shifts estimated based on calculations performed using the soft-
ware ACD/Lab.
d: doublet, dd: double doublet, ddd: doublet of doublets.

zero-order kinetic model, suggesting distinct degradation pathway for
the two types of samples. This observation is supported by the degra-
dation curves shown in Figs. 2 and 3, as well the kinetic parameters
summarized in Table 2.

A statistical comparison of the first-order FDIC complex kinetics for
both SBE-B-CD and HP-B-CD derivatives, conducted using a T-test for
independent curves, yielded a t-value of 0.4390 and a p-value of 0.3329,
which are not statistically significant at p < 0.05. Similarly, the zero-
order PM kinetics for both cyclodextrin derivatives under the same
analytical conditions produced a t-value of 0.0603 and a p-value of
0.4763, also indicating no statistically difference between the kinetic
curves atp < 0 0.05. These findings highlight the consistency of the FDIC
performance for both cyclodextrin derivatives, as evidenced by the
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Fig. 11. Proposed chemical equilibrium between the structures of (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NPDA, minor compound) and (2Z,4Z)-5-nitropenta-2,4-
dienoate (major compound) present in photodegradation sample 1 (PD1). These structures result from the photodegradation of the freeze-dried inclusion complexes

of G-0 with HP-B-CD and SBE-B-CD under light exposure.

similar first-order degradation rate constants and half-life times, sug-
gesting a negligible impact on the photodegradation of complexed G-
0 (Table 2).

3.2. Detection of G-0 and degradation products by HPLC

Under the experimental conditions, G-0 was eluted at 6.811 min with
Amax Of 351 nm (Fig. 4A) and at lower intensity with a Apax of 248 nm
(Fig. 4B). According to a previous report, the primary photodegradation
product obtained from crystalline G-0 was eluted at 7.5 min with a Apax
of 248 nm (de Rojas-Pérez, 2006). However, in the present study, this
photoproduct was not detected in either of inclusion complexes (Fig. 4).

Interestingly, a prominent peak with a retention time of 5.4 min and
a Mmax of 351 nm was identified in FDIC G-0/SBE-B-CD samples subjected
to irradiation under photostability chamber conditions (ICH-Option 2).

Additionally, minor peaks with retention times of 9.0 and 9.9 min were
observed. In addition to the main photoproduct (PD1), minor peaks with
retention times of 9.0 and 9.9 min were observed in the chromato-
graphic profiles. Although their low abundance precluded isolation for
NMR analysis, their presence suggests the formation of additional
degradation products, possibly involving rearrangements or partial
oxidation of the nitroalkene group. Further studies are warranted to
elucidate their structures and toxicological relevance. These results
indicate that the predominant photodegradation pathway of 2-(2-
nitrovinyDfuran in solid inclusion complexes differs significantly from
that in physical mixtures and crystalline drug forms (Fig. 5). The
degradation profile observed under these conditions closely resembled
the forced irradiation results, with minor variations attributable to the
lower intensities of degradation product peaks (Supplementary data,
Figure S1).
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Table 5

In-silico toxicity assessment of 2-(2-nitrovinyl) furan (G-0) and its primary

photodegradation product, (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NPDA).

In Silico Test

Compounds

Toxtree 3.1.0 estimation

Cramer Rules
Verhaar Scheme

Carcinogenicity (genotoxic)

Carcinogenicity (non-
genotoxic)

In vitro Mutagenicity (AMES)

Skin Sensitization Reactivity
Domains

Structure (in vivo micronucleus
assay in rodents)
Protein Binding Alerts

DNA Binding Alerts

OSIRIS Property Explorer
estimation

Mutagenicity Risk

Tumorigenicity Risk

Irritating Effects Risk

Reproductive Effects Risk

pkCSM estimation

Max Tolerate Dose (human)
(log mg/kg/day)

Oral Rat Acute Toxicity (log
mol/kg)

Oral Rat Chronic Toxicity
(log mg/kg bw/day)

Skin Sensitization

AMES Toxicity

hERG I Inhibitor

hERG II Inhibitor

preADMET estimation

AMES Test

Carcinogenicity (Mouse)

Carcinogenicity (Rat)

In vitro hERG Inhibition

T.E.S.T. 4.2.1 estimation

Mutagenicity

Oral Rat LD50

ToxRead 0.23

Mutagenicity

Carcinogenicity

In vitro Micronucleus Assay

Skin Sensitization

QSAR Toolbox 4.4.1

Toxic Hazard Classification

Oncologic Primary
Classification

Carcinogenicity Alerts
(genotoxic and non-
genotoxic) alerts by ISS

DNA Alerts for AMES, CA, and
MNT by OASIS

In vitro Mutagenicity (AMES
Test) Alerts by ISS

In vitro Mutagenicity
(Micronucleus) Alerts by ISS

Protein Binding Alerts (Skin
Sensitization — GHS)

Protein Binding Alerts
(Chromosomal Aberration —
OASIS)

Protein Binding Alerts (Skin
Sensitization — OASIS)

2-(2-nitrovinyl)furan

High (Class III)

Class III (non-specific
reactivity)

NO

NO

NO

YES

(Michael acceptor
identified)

NO

YES

(Michael acceptor
identified)

YES

(Michael acceptor
identified)
2-(2-nitrovinyl)furan

NO
NO
NO
NO

0.867
2.88
1.683

YES
NO
NO
NO

Mutagen
Positive
Positive
Medium risk

NO
ND

ND
ND
ND
ND

High (Class III)
Nitroalkane and
Nitroalkene Type
Compounds

No Alert Found
Radical

No Alert Found
No Alert Found
Skin sensitization

Category 1A
No Alert Found

Michael addition

(2Z,4Z)-5-nitropenta-
2,4-dienoic acid
High (Class III)

Class III (non-specific
reactivity)

NO

NO

NO

YES

(Michael acceptor
identified)

NO

YES

(Michael acceptor
identified)

NO

(2Z,4Z)-5-nitropenta-
2,4-dienoic acid

NO

NO

NO

NO

0.502
2.55
1.106

YES
YES
NO
NO

Mutagen
Negative
Positive

Low risk

NO
ND

Non mutagenic
ND
ND
ND

High (Class III)
Nitroalkane and
Nitroalkene Type
Compounds

No Alert Found
No Alert Found
No Alert Found
No Alert Found
Skin sensitization

Category 1A
No Alert Found

Michael addition

ND = Not Determined.
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3.3. Characterization of the main photoproduct (PD1) from solid
inclusion complexes

The photodegradation products obtained from the solid inclusion
complexes by light irradiation were separated using an LC/DAD system
and further analyzed by NMR Spectroscopy. The 'H NMR spectrum of
the main photodegradation product (PD1) revealed eight signals in the
chemical shift range of 6.24-8.8 ppm, displaying multiplicities (d, dd,
ddd) consistent with highly conjugated systems (Fig. 6).

Additional signals were observed at 0.86 and 1.27 ppm, attributed to
"grease" impurities, and at 1.91 ppm, which was assigned to the ~CHgs
group from residual acetonitrile solvent (Supplementary Data,
Figure S2).

Signal integration revealed the presence of two distinct spin systems,
corresponding to two substances co-existing in the solution in a 1:3
ratio. Each system comprised four hydrogen signals, designated as H2
(H2), H3 (H3), H4 (H4), and H5 (H5), reflecting the observed similar-
ities in their spectral patterns.

Analysis of "J-coupling constants indicated that coupling between
H2-H3 and H2‘H3’ is consistent with a cis configuration. Additionally,
the couplings observed between H2-H4, H2:H4; H2-H5, H2“H5’ suggest
either long-range (allylic) interactions or dihedral torsion angles
approaching 90°

The presence of two hydrogen signals above 8 ppm, each corre-
sponding to one of the substances, points to the influence of an electron-
acceptor group attached to An sp2 carbon. This group notably shifts the
chemical environment of vinyl protons through n bonds resonance ef-
fects. Specifically, the vinyl hydrogen on the p-carbon of an o, p-unsat-
urated carbonyl system exhibits a higher deshielding (larger chemical
shift value) compared to the a-carbon proton due to resonance effects.

Considering the original structure of the drug molecule (G-0), the
nitro group serves as another potent electron-acceptor, likely retained in
both substances. This group exerts a deshielding influence on the
a-protons, further affecting their chemical shift values.

The '3C {*H} NMR, revealed nine signals between 109 and 168 ppm,
corresponding to the analyzed compounds (Fig. 7). Impurities signals
were detected at 0.5 and 29.3 ppm, and a cyan group from acetonitrile
was identified at 117.3 ppm. Signals within the 100 to 150 ppm range
were attributed to =C- type carbons, while the signal at 168 ppm is
characteristic of carboxyl or carboxylate groups, consistent with the
proton signals described earlier.

Notably, the hydrogen signals typical of carboxylic acids was absent
in the 'H NMR spectrum. This absence is likely due to a fast intermo-
lecular proton exchange process, occurring at a rate beyond the detec-
tion capacity of the instrument.

Typically, weak signals in *3C {!H} NMR spectra may be obscured by
noise, with hundreds of spectra removed and appearing only as an
average. Consequently, the presence of certain carbon atoms may be
needed to be inferred using other spectral techniques, such as Correla-
tion Spectroscopy. From 'H-'H—COSY, direct connectivity was
observed between H2-H3 (H2-H3) and H4-H5 (H4-H5) for both sub-
stances, as evidenced by cross peaks (Fig. 8).

Heteronuclear Single Quantum Coherence Spectroscopy (HSQC)
further correlated carbon nuclei with directly attached protons (1JCH),
with cross-peaks shown in Fig. 9. The correlation data, summarized in
Tables 3 and 4, indicate that each carbon atom is bonded to a single
proton (-CH). The absence of direct connectivity between carbons at
168.1 ppm or 166.3 ppm (depending on the substance) and protons
corroborates the presence of a geminal carboxyl or carboxylate group.
Additionally, the absence of -CHy groups in the molecules was verified,
as these typically appear in an opposite phase to -CH and —CHg in the
edited HSQC spectrum.

Heteronuclear Multiple Bond Coherence Spectroscopy (HMBC) was
employed to detect correlations between hydrogen and carbon atoms
over two and three bonds (ZJCH and 3JCH), and occasionally over four
bonds (“Jey), while preferentially suppressing direct correlations. Cross
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Fig. 12. Predicted toxicity profiles of (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NDPA) generated using Toxtree 3.1.0 interface.

peaks observed in HMBC spectrum are shown in Fig.10, and the results
are summarized in Tables 3 and 4.

Some expected signals were not detected in the HMBC spectrum.
This absence may be attributed to various factors, including the bond
dihedral angle, the type of orbitals involved, the selected long-distance
coupling constant, or the number of scans used to acquire the spectrum
(Silverstein et al., 2005).

Two direct correlations (C3-H3, C3-H3; C5-H5, C5-H5) were
observed and appeared in the spectrum as two symmetric carbon signals
associated with the specific hydrogen atoms. These correlations were
also confirmed in the HSQC spectrum described previously.

Tables 3 and 4 present the assignments of chemical shifts (5, ppm)
and coupling constants (J, Hz) based on the data from 19 and “Bc{'H}
NMR spectra, as well as correlations observed in the COSY, HSQC, and
HMBC contour maps for both compounds. The proposed chemical
equilibrium between (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NPDA) and
its conjugate base, (2Z,4Z)-5-nitropenta-2,4-dienoate, is illustrated in
Fig. 11. These species coexist in the solution in a 1:3 ratio, corresponding
to the minor and major compounds, respectively.

The photostabilization effects of drug G-0 through the formation of
inclusion complexes have been extensively studied. However, such
complexes do not always enhance the photostability of the guest mole-
cule (Glass et al., 2001; Sortino et al., 2001; Tgnnesen et al., 2002).
2-(2-nitrovinyl)furan is a photolabile compound in solid-state. Its pri-
mary degradation product was previously reported as a dimer, charac-
terized by a maximum absorption wavelength at 248 nm in
methanol/water (80:20, v/v) solution, and a molecular ion mass/charge
ratio (m/z) of 277 using an LC-MS with an ESI interface in negative mode
(de Rojas-Pérez, 2006). The formation of non-dimer photoproducts
proposed in this study (Fig. 11) suggests that the dimerization reaction
may be restricted due to the spatial geometry of the drug molecule
within the hydrophobic cavity of these cyclodextrins. As previously
demonstrated (Ruz et al., 2012), the inclusion complex limits intermo-
lecular interactions of the drug without fully preventing its photo-
degradation. It is important to highlight that preliminary CG/MS
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analysis (data not shown) yielded an experimental ion at m/z 149.1,
supporting the monomeric nature of the degradation product PD1,
although full structural confirmation was obtained through detailed 1D
and 2D NMR experiments.

Cyclodextrins possess a hydrophobic internal environment enriched
with glycosidic oxygen atoms. The inclusion of guest molecules in their
cavities can alter various physicochemical properties, including
apparent solubility, spectral properties, and chemical reactivity. Cyclo-
dextrins can influence the spatial orientation of molecules, as well as the
rates of electron and proton transfer in the excited state and the overall
decomposition rate of drugs (Chattopadhyay, 1991; Sur et al., 2000).
During the evolution of photochemical intermediates, physical and
chemical constraints can be imposed by the complexation process. The
stoichiometry and geometry of the inclusion complexes significant in-
fluence the fundamental state of the molecules and the distribution of
stable photoproducts (Moore, 2004).

Different cyclodextrin derivatives affect the photophysical charac-
teristics of a drug molecule in diverse ways. For instance, some drugs
may be stabilized when complexed with a particular cyclodextrin, while
the same substance may become photolabile with another type of
cyclodextrin. These differences are often attributed to variations in the
conformations of the complexes, particularly in freeze-dried inclusion
complexes (Ruz et al., 2012).

To the best of our knowledge, and based on a comprehensive search
using the SciFinder database, this is the first report to propose the
chemical structures of photoproducts generated under light exposure in
the freeze-dried G-0 inclusion complexes with HP-3-CD and SBE-$-CD.

3.4. Insilico evaluation of the toxicity of the main photoproduct (NDPA)

The biological activity and toxicity of nitro compounds, particularly
nitro-aromatic and nitro-heteroaromatic drugs, have been extensively
studied over the years. These investigations have established a rela-
tionship between the nitro group and the biological properties and
toxicity of such compounds, with or without the involvement of
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Table 6
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Predicted Mutagenicity for (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NPDA) using the Consensus method (T.E.S.T. 4.2.1).

Predictions for the chemical test and the six most structurally similar chemicals

CAS Structure Similarity Coefficient Experimental value Predicted value Endpoint
Chemical Test HOOC \_ﬁ - - 0.38 Negative
NO,
(NPDA)
699-18-3 Q 0.78 0.0 0.38 Negative
(G-0)
830-07-9 O,N o 0.75 1.00 0.77 Positive
MN 0,
102-96-5 @\/\ 0.73 1.00 0.62 Positive
NO,
505-70-4 H OOCW\ 0.71 0.00 0.01 Negative
COOH
110-44-1 H3C¥R 0.66 0.00 0.45 Negative
COOH
72,999-11-2 O 0.65 0.00 0.35 Negative
Q/\rCoocm 8

NO,

biotransformation processes affecting the nitro group (Kovacic and
Somanathan, 2014; Paulai et al., 2009).

In general, the in-silico predictions indicated that both the parent
compound (G-0) and the main photoproduct (NDPA) exhibit similar
toxic potential (Table 5). Specifically, (2Z,4Z)-5-nitropenta-2,4-dienoic
acid (NPDA) was classified as "Class 3" by the Toxtree software (Fig. 12).
Notably, the choice decision tree — whether the basic Cramer rules with
extension or the revised Cramer decision tree - did not affect this clas-
sification. The assigned category results from Rule 2, which identifies
the nitro group as a functional group associated with enhanced toxicity
in chemical compounds.

The predictions for G-0 yielded similar results, likely due to the high
structural similarity between the two compounds (Table 6), specifically
the presence of the nitro-alkene fragment. Previous studies have criti-
cally reviewed the implementation of Cramer’s Rules in-silico tools
(Roberts et al., 2015). Among the tools employed, only preADMET
classified both compounds as mutagens and carcinogens (in rats) while
also estimating a moderate risk of hERG inhibition for G-0. The pkCSM
method identified NPDA as positive for AMES toxicity, whereas G-0 was
not, and suggested a reduced likelihood of hERG I/II inhibition for either
compound. According to pkCSM, the photodegradation product (NPDA)
exhibited higher toxicity, both qualitatively and quantitatively. In
contrast, the other applications predict that both compounds are
non-mutagenic and non-carcinogenic.

Toxtree 3.1.0 (Fig. 12) and QSAR Toolbox 4.4.1 (Fig. 13) flagged
protein-binding alerts for both compounds and identified DNA alerts
exclusively for G-0. Both methods also predict positive skin sensitiza-
tion. Furthermore, QSAR Toolbox 4.4.1 classified both compounds as
Category 1A sensitizers due to the presence of conjugated systems with
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electron-acceptor groups, such as the nitroalkene fragment.

Certain endpoints could not be determined by two of the methods
employed, likely due to inconclusive results, low reliability of pre-
dictions, or cases falling outside the tools’ application domains. Spe-
cifically, T.E.S.T. was unable to estimate the Oral Rat LDs, while
ToxRead 0.23 failed to assess the toxic potential of G-0 and only pre-
dicted the mutagenicity of NPDA (Fig. 14).

The toxicity of many chemical compounds (xenobiotics) often in-
volves electrophilic reactions with endogenous nucleophiles (such as
proteins and DNA) through the formation of covalent bonds, which alter
the properties of these biomacromolecules.

The nucleophilic sites that can be attacked by electrophiles are
ranked by their nucleophilic strength: 1) the thiol group of cysteine, 2)
the sulfur atoms of methionine, 3) primary amino groups (e.g., lysine,
arginine), and 4) secondary amino groups, such as those of histidine in
proteins. In DNA, the preferred nucleophilic sites include: 1) primary
amino groups of purine bases (e.g adenine, guanine), 2) ring nitrogen
atoms of purine and pyrimidine bases (e.g. N7 of guanine), 3) oxygen
atoms of purine and pyrimidine bases (e.g., O6 of guanine), and 4) ox-
ygen atoms of phosphate groups.

The initial chemical reactions that occur when an electrophilic
xenobiotic covalently binds to a biomacromolecule can be grouped into
various fundamental mechanistic domains: Michael addition, aromatic
nucleophilic substitution (SNAr), unimolecular aliphatic nucleophilic
substitution (SNi), bimolecular aliphatic nucleophilic substitution
(SN3), Schiff base formation, acylation, and reactions involving free
radicals (Aptula and Roberts, 2006; Schwobel et al., 2011). However,
not all electrophiles react with all potential biological nucleophiles. This
selectivity is due to the numerous possible electrophilic reaction
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Fig. 13. Predicted toxicity profile of (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NPDA) generated using QSAR Toolbox 4.4.1 interface.
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ediction for (2Z,4Z)-5-nitropenta-2,4-dienoic acid (NPDA) using the ToxRead 0.23 interface.

mechanisms and their varying rates of occurrence, resulting in different
reactivity profiles toward specific nucleophilic sites in biological
molecules.

Electrophiles and nucleophiles can be classified as "soft" or "hard"
based on the polarizability. A “hard” electrophile typically has a local-
ized electron deficiency, while a "soft" electrophile exhibits a delocalized
electron deficiency across a larger molecular region. Hard electrophiles
tend to react with DNA or amino groups, such as those in lysine, whereas
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soft electrophiles preferentially react with thiol groups, particularly
cysteine in proteins. Electrophiles that act as Michael acceptors are
considered weak electrophiles and preferentially attack proteins, mak-
ing them more involved in skin irritation than mutagenic effects. In
contrast, electrophiles capable of undergoing acylation reactions are
considered strong electrophiles, with higher likelihood of reacting with
strong DNA nucleophiles. This is a general reactivity pattern and does
not apply to all cases (Schwobel et al., 2011).
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Table 7

Impurities Classification Based on Mutagenic and Carcinogenic Potential with

Corresponding Control Actions (ICH M7) (ICH M7 2017).

Class  Definition Proposed action for control

1 Known mutagenic carcinogens Control at or below the compound-

specific acceptable limit

2 Known mutagens with unknown Control at or below acceptable
carcinogenic potential (bacterial limits (appropriate TTC)
mutagenicity positive*, no rodent
carcinogenicity data)

3 Alerting structure, unrelated to the Control at or below acceptable
structure of the drug substance; no limits (appropriate TTC) or conduct
mutagenicity data bacterial mutagenicity assay; If

non-mutagenic = Class 5; If
mutagenic = Class 2
4 Alerting structure, same alert present ~ Treat as the non-mutagenic

in the drug substance or related (e.g,

impurity

process intermediates) that have
been tested and are non-mutagenic

5 No structural alerts, or an alerting
structure with sufficient data
demonstrating a lack of mutagenicity
or carcinogenicity

Treat as the non-mutagenic
impurity

Nitroalkenes are known to be reactive a, p-unsaturated organic
compounds due to the strong electron-withdrawing effect of the nitro
group on the hydrocarbon chain. This makes them electrophilic reagents
that can attack proteins and nucleic acids, forming covalent bonds - a
behavior known as Michael’s acceptor reactivity (Aptula and Roberts,
2006). This reactivity can lead to protein or DNA damage, potentially
causing sensitizing, irritating, or mutagenic effects (Schwobel et al.,
2011). However, the mere presence of nitro-a, p-unsaturated fragment
in molecules such as NPDA and G-0, which constitutes a structural alert,
does not necessarily indicate the manifestation of toxic effects. The
presence and charge of substituent groups on the a and p carbon atoms
can strongly influence the Michael reactivity (Schultz and Aptula, 2016;
Wondrousch et al., 2010). Interestingly, the Michael reaction of nitro-
alkenes with thiol groups also mediates the cytoprotective and
anti-inflammatory effects of nitroalkene fatty acids (Turell et al., 2018),
showing that this reaction is not solely relevant from a toxicological
perspective. The Michael reaction remains a subject of active research in
the organic chemistry community (Hirahama et al., 2020; Li et al., 2020;
Malkar et al., 2020; Wang et al., 2020; Zhang et al., 2020).

Analyzing the chemical structure of NPDA, it is a nitrodiene with a
terminal carboxyl group, which also exerts electron-withdrawing effect,
albeit weaker than the nitro group. The electronic conjugation along the
carbon chain and the electron-withdrawing effect of the carboxyl group
can delocalize the electrophilic center over a larger region, likely
reducing the molecule’s reactivity as a Michael acceptor. This suggests
that the probability of NPDA reacting with DNA is low, and the primary
toxicological concern would likely be as a potential skin sensitizer or
irritant. Other chemical compounds structurally similar to NPDA exhibit
varying toxic (mutagenic) effects depending on the substituents in their
chemical structure (Table 6). This highlights that the mere presence of a
nitroalkene group, although a structural alert, does not automatically
correlate with the toxicity of a specific molecule.

Based on the structural factors influencing the reactivity of NPDA as
Michael’s acceptor and the consistent findings of the in silico toxicity
prediction tools utilized in this study, NPDA can be classified as non-
mutagenic and non-carcinogenic. However, caution is advised
regarding potential skin irritation, particularly in topical pharmaceu-
tical formulations. In such cases, it is recommended to take precautions
against direct sunlight exposure. Finally, considering the structural alert
identified and the similarity of NPDA to G-0, a known non-mutagenic
compound, we propose assigning NPDA to Class 4 (Table 7).
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4. Conclusions

2-(2-nitrovinyl)furan (G-0) undergoes degradation under the light
conditions established by ICH, even when incorporated into freeze-dried
inclusion complexes with HP-B-CD and SBE-B-CD. The main degradation
product, identified through Nuclear Magnetic Resonance (NMR) anal-
ysis, was characterized as a mixture of (2Z,4Z)-5-nitropenta-2,4-dienoic
acid (NPDA) and its corresponding salt form.

In silico toxicological screening using multiple computational
methods predict that NPDA is non-mutagenic and non-carcinogenic.
However, potential skin irritation effects are anticipated, necessitating
appropriate precautions for the packaging, storage, and potential ap-
plications of the inclusion complexes.
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