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Abstract
Stability, thermal characterization, and identification of possible polymorphism are relevant in the development of novel 
therapeutic drugs. In this context, thirty new nonsteroidal anti-inflammatory drug (NSAID) derivatives containing selenium 
(Se) as selenoesters or diacyl diselenides with demonstrated anticancer activity were thermally characterized in order to 
establish thermal stability criteria and detect possible polymorphic forms. Compounds were analyzed by a combination 
of thermogravimetry, differential scanning calorimetry, and X-ray diffraction techniques, and five different calorimetric 
behaviors were identified. Two compounds based on naproxen (I.3d and I.3e) and an indomethacin-containing derivative 
(II.2) presented two crystalline forms. The stability under acid, alkaline and oxidative conditions of selected polymorphs 
was also assessed using high-performance liquid chromatography. In addition, the cytotoxic activity of Se-NSAID crystal-
line polymorphs was studied in several cancer cell lines in vitro. Remarkably, no significant differences were found among 
the polymorphic forms tested, thus proving that these compounds are thermally qualified for further drug development.
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FDA  Food and Drug Administration
HPLC  High-performance liquid chromatography
HRMS  High-resolution mass spectrometry
Ibup  Ibuprofen
ICH  International Conference on Harmonization
Ind  Indomethacin
Ket  Ketoprofen
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide
Nap  Naproxen
NMR  Nuclear magnetic resonance
NSAIDs  Nonsteroidal anti-inflammatory drugs
Salic  Salicylic acid
Se  Selenium
TG  Thermogravimetry
UV  Ultraviolet
XRD  Powder X-ray diffraction

Introduction

Polymorphism is defined as the ability of a certain substance 
to crystallize in two or more crystalline phases with differ-
ent arrangements or conformations of the constituents in 
the crystal lattice [1]. Significant differences in chemical 
and physical characteristics may arise with the associated 
changes in the solid-state form, such as chemical stability 
[2], bioavailability, solubility [3], melting point, hygrosco-
picity, morphology, and density, thus affecting the behav-
ior and properties of the compound [1]. Polymorphism is 
a frequently encountered problem faced by industry dur-
ing the production of commercial pharmaceutical formula-
tions that can alter physicochemical properties of resulting 
end-products [4], since different polymorphic forms can 
be produced by standard pharmaceutical processes such as 
crystallization, milling, and heating [5]. Moreover, poly-
morphism is of great consideration since it could also affect 
the pharmaceutical performance of a drug [6]; and in an 
extreme case, an undesired polymorph can even have toxic 
effects [7]. Hence, the Food and Drug Administration (FDA) 
[7] and other regulatory agencies such as the International 
Conference on Harmonization (ICH) [8] require close atten-
tion to crystal polymorphism to ensure the quality of phar-
maceutical compounds [3]. Therefore, the determination of 
polymorphic forms in the early stages of drug development 
provides valuable information, given that the synthetic pro-
cess can be designed to isolate the crystalline form with 
the best characteristics in terms of biological activity and 
bioavailability.

In this context, thermal characterization [9–12] and sta-
bility [13] studies are of great interest in the chemical devel-
opment of a compound with therapeutic properties. Methods 
such as thermogravimetry (TG) and differential scanning 

calorimetry (DSC) have been widely used in the preclinical 
development of pharmacologically active derivatives [1]. 
The determination of amorphous and crystalline forms can 
be achieved by powder X-ray diffraction (XRD) [12, 14, 15], 
and its combination with thermal methods allows the iden-
tification of polymorphic forms in therapeutic compounds 
[16, 17].

Nonsteroidal anti-inflammatory drugs (NSAIDs) have 
been traditionally known for their analgesic, anti-inflam-
matory, and antipyretic effects [18], but several epidemi-
ological, preclinical, and clinical studies have supported 
their chemopreventive and chemotherapeutic potential for 
cancer treatment in recent years [19–23]. In this context, 
several efforts have been made to modify NSAID scaffolds 
to minimize possible side effects such as gastrointestinal 
[24] and cardiovascular [25] risks associated with their pro-
longed use, and to develop more effective drugs with novel 
mechanisms of action [26]. Likewise, the existence of some 
polymorphic forms of NSAIDs and NSAID derivatives has 
been identified [27–29]. For instance, both flufenamic [30] 
and tolfenamic [31] acids presented nine polymorphs each, 
respectively, and aceclofenac was reported to have at least 
six polymorphs [32]. Aspirin also presented at least two sta-
ble polymorphic forms [33], while eight polymorphs have 
been identified for indomethacin [34]. Thermal characteri-
zation of different NSAIDs has also been reported [35–39], 
but to the best of our knowledge, no study regarding ther-
mal analyses of organic modified-NSAID derivatives with 
a demonstrated antiproliferative activity has been reported 
to date in the literature.

Additionally, a plethora of evidence supports the role of 
Se in preventing cancer incidence and blocking tumor metas-
tasis [40]. Accordingly, Se-containing compounds have been 
considered appealing agents in the field of drug discovery 
for cancer therapy over recent decades [41–43]. Hence, 
their potent anticancer activity has been demonstrated in 
xenograft models [44, 45] involving several mechanisms of 
action [42, 46, 47].

In this context, we have recently reported the develop-
ment of new NSAID analogs based on the combination of 
NSAID scaffolds and different Se entities, thus obtaining 
potent and selective compounds for the treatment of breast 
[48] and colon cancers. Thermal characterization and stud-
ies on polymorphism have also been performed on Se-con-
taining compounds [16, 17, 49–52]. Thus, as a continuation 
of our purpose for developing new antitumoral drugs, we 
encompass in this work the thermal behavior evaluation 
and preliminary stability studies of a series of Se-NSAID 
derivatives with appealing anticancer properties, with the 
aim of establishing thermal stability criteria and studying 
their possible polymorphism. This research was carried out 
using TG, DSC, and XRD techniques, whereas the stability 
under stress conditions such as acid, alkaline, and oxidative 
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media was also assessed using HPLC/UV-DAD. In addi-
tion, an analysis has been carried out using molecular mod-
eling techniques, in order to obtain data that help to inter-
pret the thermal behavior and stability results of the target 
compounds. Furthermore, the cytotoxic effect of identified 
crystalline polymorphic forms was evaluated in a panel of 
cancer cell lines.

Experimental

Materials

A total of thirty compounds synthesized in the Department 
of Pharmaceutical Technology and Chemistry of the Uni-
versity of Navarra have been included in this work. Com-
pounds are derived from NSAIDs including Se with different 
structural modifications. The selected NSAIDs were consid-
ered based on a variety of chemical structures with reported 
chemotherapeutic activity, such as aspirin (ASA), salicylic 
acid (Salic), indomethacin (Ind), naproxen (Nap), ketoprofen 
(Ket), and ibuprofen (Ibup).

The selenocompounds are divided into two series accord-
ing to the chemical form in which Se was incorporated into 

the NSAID scaffold. Thus, series I comprised a total of 
twenty-five selenoesters decorated either with carboxylic 
functionalities in the form of carboxylic acids (a), esters (b), 
and amides (c), or with nitrile groups in hydrocarbon chains 
of different elongation with one (d) or two (e) methylene 
groups (Fig. 1a). Series II encompassed five compounds that 
were obtained as diacyl diselenides involving two moieties 
of the corresponding NSAID forming a symmetric molecule, 
as shown in Fig. 1b. The structures of all the compounds 
were confirmed by high-resolution mass spectrometry 
(HRMS) and by 1H, 13C and 77Se nuclear magnetic reso-
nance (NMR). The purity of key compounds was determined 
by reverse phase high-performance liquid chromatography 
(HPLC). All compounds are > 95% pure by HPLC analysis 
or quantitative NMR.

Chemistry

The synthesis of the thirty Se-NSAID derivatives ana-
lyzed in this work was achieved following similar syn-
thetic routes. Brief ly, selenoesters of series I were 
obtained by the reaction of the NSAID acyl chloride 
with an aqueous solution of sodium hydrogen selenide 
(NaHSe) formed in situ, followed by the addition of the 
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Fig. 1  General structure of the Se-NSAID derivatives based on a selenoesters (series I) or b diacyl diselenides (series II) included in this study



 S. Ramos-Inza et al.

1 3

corresponding bromide with different terminations as pre-
viously described [48]. Diacyl diselenides of series II were 
obtained similarly to series I, but no additional reagent 
was added to the mixture of the NSAID acyl chloride and 
NaHSe prior to the workup of the reaction. In some cases, 
the NSAID acyl chloride was not commercially available 
and had to be synthesized by the reaction of the carboxylic 
acid reagent with oxalyl chloride in methylene chloride.

Products were purified by silica gel column chroma-
tography or flash chromatography with a gradient of hex-
ane and ethyl acetate as the elution solvent. 1H, 13C, and 
77Se NMR spectra were recorded on a Bruker Avance Neo 
400 MHz operating at 400, 100, and 76 MHz, respectively, 
using TMS as the internal standard and  CDCl3 as solvent. 
HRMS was performed on a Micromass Q-TOF mass spec-
trometer. All the compounds were synthesized with a high 
grade of purity as they had been previously evaluated for 
their appealing anticancer potential in biological assays 
[48].

Thermal analysis

Thermogravimetric measurements were carried out using 
a SDT 650 TA Instrument equipment. The thermobalance 
and the oven temperatures were calibrated automatically. 
Approximately, 5 mg of each sample was placed in alu-
mina crucibles of 90 µL and heated from 35 to 400 °C 
at a heating rate of 10 °C   min−1 under  N2 atmosphere 
with a gas flow of 100 mL  min−1. The thermal values of 
the degradation process (Tonset and Tmax), as well as their 
associated mass losses were calculated using a Trios TA 
Instrument software.

Calorimetric analyses were performed using a differential 
scanning calorimetry DSC 25 TA Instrument. Samples of 
approximately 5 mg were analyzed in aluminum capsules of 
40 µL closed hermetically under  N2 atmosphere with a gas 
flow of 50 mL  min−1. In order to detect polymorphism, the 
calorimetric analyses started with the study of the thermal 
behavior of the Se-NSAID derivatives before their degra-
dation process. Thus, samples of all the compounds were 
exposed to successive heating and cooling cycles. Com-
pounds were heated at a heating rate of 10 °C  min−1 from 
25 °C to a temperature 20 °C below the Tonset of the deg-
radation process to ensure that the Se-NSAID derivatives 
were not degraded. The resulting melted samples were then 
left to cool at room temperature to allow recrystallization 
of the compounds before continuing the thermal process. 
If polymorphism was detected, additional heating–cooling 
cycles were performed on the samples. Results were ana-
lyzed with a Trios TA Instrument software to obtain the 
values of Tonset, Tmax, and the enthalpy of fusion ΔHf of the 
selenocompounds.

Powder X‑ray diffraction

Powder X-ray diffraction (XRD) patterns of the Se-NSAID 
derivatives were recorded using a Bruker D8 Eco Advanced 
diffractometer with a LYNXEYE XE-T detector and a gen-
erator with a Cu anode (radiation Cu Kα = 1.54 Å) operating 
at 40 kV and 25 mA. Measurements were carried out dis-
persing samples over glass sample holders (without further 
manipulation) and recording XRD patterns from 5 to 50° 
(2θ), with a step size of 0.02° and 1 s per step. Diffracto-
grams were analyzed using a Diffrac Plus Eva software.

Molecular modeling methodology

The calculations were performed on Dell Precision 380 and 
SGI Virtu VS100 workstations, provided with the Discov-
ery Studio v2.5 suite or the MOE2022.02 software package, 
respectively. The three-dimensional models of the studied 
compounds were constructed using template models of 
NSAIDs obtained from Cambridge Structural Database 
[53] (CSD System version 5.43; search and information 
retrieval with ConQuest [54] v2022.2.0). Therefore, models 
for the ASA, Salic, Ind, Nap, Ket, and Ibup derivatives were 
obtained from ACSALA29 [55], SALIAC [56], COYRUD 
[57], INDMET [58], KEMRUP [59], and JEKNOC10 [60] 
references, respectively.

The reference models (cell unit) were imported in the 
Discovery Studio v2.5 suite (DSv2.5) workspace and were 
constructed in gas phase under the Dreiding force field [61]. 
The most relevant non-bonded interactions were detected. 
These initial models were analyzed and further modified to 
the Se-NSAID compounds by means of the DSv2.5 Builder 
module. A first energy minimization was carried out by 
applying the Clean Geometry protocol (a fast, Dreiding-
like force field [62]) to optimize the geometry of selected 
structures. The optimized theoretical cell structures were 
imported on the MOE2022.02 [63] workspace and mini-
mized again with the implemented MOPAC engine (PM3 
semi-empirical approach [64]). The most relevant interac-
tions were obtained and analyzed from the final theoretical 
constructed cells.

Chromatography

Chromatographic studies were carried out for both com-
pounds based on Nap-containing selenoesters with nitrile 
groups (I.3d and I.3e) to evaluate the stability of the differ-
ent polymorphic forms under stress conditions. An HPLC/
UV-DAD (HP 1100, Agilent Technologies, Santa Clara, 
CA, USA) equipped with a C18 column (Gemini 110A, 
100 × 4.6 mm, 5 µm) from Phenomenex (Phenomenex, Tor-
rance, CA, USA) was used. The mobile phase was a mix-
ture of acetonitrile/water (50:50, v/v) for all the compounds 
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tested. The injection volume was 10 µL and the flow rate 
was 1 mL min −1. UV-DAD detection was established at 
λ = 254 nm.

The stability assessment was performed in forced deg-
radation conditions, using acid (HCl 1 M), alkaline (NaOH 
0.1 M) or oxidative  (H2O2 3% w/v) media. Working solutions 
at 0.5 mg  mL−1 in an acetonitrile/water mixture (50:50, v/v) 
of I.3d and I.3e (both Forms I and II) were prepared by 
diluting 100 µL of a stock solution for each compound in 
acetonitrile at a concentration of 1 mg  mL−1 with 100 µL of 
the corresponding aqueous media for each condition. Data 
were recorded after different exposure times (0, 2, 6, 10, 18, 
24, 48, and 72 h).

Cell culture conditions

The cell lines were obtained from the American Type Cul-
ture Collection (ATCC). Colon (HT-29), lung (HTB-54), 
and prostate (DU-145) cancer cell lines were maintained in 
RPMI 1640 medium (Gibco), supplemented with 10% fetal 
bovine serum (FBS; Gibco) and 1% antibiotics (10.00 units 
 mL−1 penicillin and 10.00 mg  mL−1 streptomycin; Gibco). 
Cells were preserved in tissue culture flasks at 37 °C and 5% 
 CO2. Culture medium was replaced every three days.

Cell viability assay

For each cell line, a total of 1 ×  104 cells were seeded in 
96-well plates and incubated at 37 °C and 5%  CO2 for 24 h. 
Compounds were dissolved in DMSO at a concentration of 
0.01 M and serial dilutions were prepared. Cells were then 
treated with either DMSO or seven increasing concentra-
tions ranging between 0.5 and 100 µM of the corresponding 
Se-NSAID derivative for 48 h. The effect of the isolated 
polymorphs of compounds I.3d and I.3e on cell viability 
was evaluated by the (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) (MTT) assay [65]. Briefly, a 
volume of 20 µL of MTT (5 mg  mL−1) was added to each 
well 2.5 h prior to experiment termination. At the end of 
the incubation, the medium was removed, and the formazan 
crystals formed by mitochondrial reduction of MTT were 
dissolved in 50 µL of DMSO. Cell viability was expressed 
as the half maximal inhibitory concentration  (IC50) values 
calculated from the absorbance measured at 550 nm on a 
microplate reader.

Statistical analysis

Biological data were expressed as the mean ± SD (standard 
deviation) and recorded from three independent experiments 
performed in triplicates. The  IC50 values were obtained by 
nonlinear curve regression analysis calculated by Origin-
Pro 9.0. software. An unpaired t test (P < 0.05) was used to 

calculate the statistical significance of differences by com-
paring the  IC50 values between polymorphs of the same 
compound. Data were analyzed using GraphPad Prism ver-
sion 8.0.1.

Results and discussion

Thermal characterization of the Se‑NSAID 
derivatives

Thermal stability

The Se-NSAID derivatives were first subjected to calori-
metric and thermogravimetric analyses to assess their ther-
mal stability. The fusion and degradation temperatures (as 
Tonset) obtained are summarized for selenoesters of series I 
in Table 1, and for diacyl diselenides of series II in Table 2 
(see DSC and TG curves in supplementary material). In 
general, compounds were found to show high temperatures, 
thus proving the relatively high stability of the Se-NSAID 
derivatives studied. The modeling data obtained have helped 
us to explain the high stability shown by these structures, 
once analyzed their conformational behavior and obtained 
the lowest energy conformation, since it has been possible 
to detect, through these studies, the establishment of the cor-
responding interactions that could enhance the inter- and 
intramolecular interactions in theoretical crystal cells.

Thus, and as shown in Fig. 2, the structural modifica-
tions involved in the design of the Se-NSAID compounds 
implied the introduction of a Se(C=O) group that increased 
the length of the main side chain and the conformational 
freedom, by introducing both a hydrogen bond acceptor 
(C=O) and a Se atom. The inclusion of these moieties could 
enhance the inter- and intramolecular interactions in theo-
retical crystal cells (Fig. 2), and the availability of empty d 
orbitals in the Se atom would facilitate these interactions 
[66]. Both of them would explain the high thermal stability 
of these compounds.

Remarkably, compounds based on an Ind core (I.4a, I.4b, 
I.4c, I.4d, I.4e, and II.2) presented the highest degradation 
temperatures observed overall. Interestingly, as shown in 
Fig. 3a for derivative I.4a, these compounds showed nota-
ble intermolecular pi–pi stacked interactions established 
between the indole rings, reinforced in some compounds by 
those formed between the chloro-benzene rings that deco-
rated these derivatives. The presence of the methoxy moiety 
could also enhance the electronic dotation of this structural 
core. The resulting delocalization would reinforce the afore-
mentioned interaction, which may explain the greater ther-
mal stability shown by these NSAID derivatives containing 
an Ind structure.
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Besides, the establishment of strong pi–pi stacked interac-
tions that could contribute to the stabilization (Fig. 3) can 
also be suggested for Nap derivatives (I.3a, I.3b, I.3c, I.3d, 
I.3e, and II.3) which presented also high degradation tem-
peratures (Tables 1 and 2). In these cases, the presence of the 
planar naphthalene ring attached to a methoxy moiety that 
strengthened the electronic delocalization could increase the 
possibility of generating resonance hybrids and intermolecu-
lar interactions.

On the other hand, no relationships could be elucidated 
among the different substituents attached to the selenoester 
moiety (Fig. 1a) and their thermal stability on the decom-
position (Table 1). The influence that the different decora-
tions introduced on the selenoester moiety may have on the 
thermal stability seemed not to be clearly established by 
molecular modeling studies. In this context, as shown in 
Fig. 3c–d, a decrease in the established interactions was 

Table 1  Thermal data for the degradation and fusion processes 
obtained for selenoesters of series I and the associated behavior

Ref Fusion process (DSC) Degradation 
process (TG)

Behavior

Scan Tonset/°C ΔHf /J  g−1 Tonset/°C

I.1a 1st 94.1 104.6 152.7 III
2nd 92.4 101.7
3rd 92.4 99.3

I.2a 1st 112.7 86.3 154.5 III
2nd 113.9 81.2
3rd 118.8 86.6

I.3a 1st 88.6 60.1 221.0 II
2nd – –

I.4a 1st 161.5 81.6 230.1 II
2nd – –

I.5a 1st 53.2 41.7 191.1 II
2nd – –

I.1b* 1st – – 223.0 0
2nd – –

I.2b 1st 57.1 93.9 190.3 II
2nd – –

I.3b 1st 37.2 60.0 268.5 II
2nd – –

I.4b 1st 64.0 54.9 268.9 II
2nd – –

I.5b* 1st – – 282.0 0
2nd – –

I.1c 1st 112.9 103.7 164.9 III
2nd 108.3 103.6
3rd 108.5 97.5

I.2c 1st 90.4 47.7 177.0 III
2nd 85.2 61.1

I.3c 1st 71.9 52.6 220.2 II
2nd – –

I.4c 1st 94.2 39.9 247.3 II
2nd – –

I.5c* 1st – – 240.0 0
2nd – –

I.1d 1st 61.2 101.1 227.1 III
2nd 60.3 79.4

I.2d 1st 55.6 41.4 130.4 II
2nd – –

I.3d 1st 71.3 89.8 251.8 IV
2nd 49.3 57.6
3rd 47.0 54.2

I.4d 1st – – 259.6 I
2nd – –

I.5d 1st 58.6 82.8 252.0 III
2nd 56.6 75.3

I.1e 1st 42.5 69.2 218.6 III
2nd 41.2 64.1

*Compound is liquid at room temperature

Table 1  (continued)

Ref Fusion process (DSC) Degradation 
process (TG)

Behavior

Scan Tonset/°C ΔHf /J  g−1 Tonset/°C

I.2e 1st 84.0 98.1 190.8 III

2nd 82.2 97.6
I.3e 1st 68.8 83.4 266.7 IV

2nd 50.6 62.0
I.4e 1st 102.2 75.3 271.2 II

2nd – –
I.5e 1st 50.2 68.0 254.2 III

2nd 50.0 56.7

Table 2  Thermal data for the degradation and fusion processes 
obtained for diacyl diselenides of series II and the associated behavior

*Compound is liquid at room temperature

Ref Fusion process (DSC) Degradation 
process (TG)

Behavior

Scan Tonset/°C ΔHf /J  g−1 Tonset/°C

II.1 1st 62.4 35.7 225.0 II
2nd – –

II.2 1st 91.3 40.6 240.1 IV
2nd 47.9 7.4
3rd 46.4 6.6

II.3 1st 113.8 65.8 224.8 II
2nd – –

II.4 1st 54.0 44.6 239.2 II
2nd – –

II.5* 1st – – 243.4 0
2nd – –
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observed only for derivatives I.3d and I.3e, which incor-
porated a nitrile group. In fact, the four pi–pi interactions 
detected for compound I.3a (Fig. 3b) were weakened in 
the other derivatives of this group as the distance between 

the naphthalene rings increased, reaching only one interac-
tion in derivative I.3e (Fig. 3d).

The thermal stability could also be affected by molecu-
lar symmetry. In this context, NSAID derivatives of series 

Fig. 2  Representative examples 
of interactions mediated by the 
Se(C=O) moiety detected for 
compounds I.1a, 1.2a and II.1 
(interactions in light blue dotted 
line; C in dark gray; H in light 
gray; O in red; Se in orange)

I.1a I.2a

II.1

(a) (b) (c) (d)

(f) (g)(e)

I.4a I.3a I.3d

I.1aII.1

I.3e

II.3

Fig. 3  Examples of modeled compounds showing their most relevant 
interactions: a compound I.4a, b compound I.3a, c compound I.3d, d 
compound I.3e, e compound II.1, f compound I.1a, g compound II.3 
(dark purple lines: pi–pi stacked; light purple lines: pi-alkyl interac-

tion and hydrophobic interaction; dark blue lines: carbon-hydrogen 
bond interaction; green and light blue lines: hydrogen bond; dis-
tances in Å; C in dark gray; H in light gray; O in red; N in blue; Se in 
orange; Cl in green)
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II based on a diacyl diselenide (Table 2) showed relatively 
high stability, since all the compounds presented degrada-
tion temperatures above 220 °C. As showed in other studies 
[16, 67], symmetric molecules such as compounds belong-
ing to series II (Fig. 1b) could tend to form more package-
able arrangements, leading to an increase in the thermal 
stability. In fact, as shown in Fig. 3e with compound II.1 
as a representative example, the theoretical proposal of a 
dimeric model showed the intermolecular interactions estab-
lished between the Se atoms and the oxo moieties, in which 
unshared electron pairs from oxygen can interact with Se 
orbitals as previously described.

The Se-NSAID derivatives were then analyzed by DSC 
and subjected to successive cycles of melting and recrys-
tallization. Calorimetric measurements were carried out by 
heating the samples up to temperatures 20 °C below the 
Tonset of the degradation process obtained by TG analysis. 
The results expressed as the fusion temperature (Tonset) and 
the enthalpy of fusion (ΔHf) are outlined in Tables 1 and 2 
for both series of compounds. Derivatives that were liquid 
at room temperature or in an initial amorphous state were 
excluded from this study.

Hence, analysis of the calorimetric data revealed some 
interesting considerations regarding the stability of the 
crystalline form of the compounds. For instance, among the 
substituents linked to the selenoester group in series I, the 
compounds including a carboxylic acid group (compounds 
I.1-5a) presented in general the highest values of fusion tem-
peratures (Table 1). These data could suggest the possible 
formation of intermolecular hydrogen bonds, as can be seen 
in Fig. 3f for derivative I.1a as a representative example. 
Hydrogen bonds can establish stronger interactions than 
other dipole–dipole attractions, and so the presence of a 
chemical group that could enable such intermolecular bonds 
would allow more compact and rigid crystalline structures, 
thus enhancing their fusion temperature [67].

In this context, the highest fusion temperature of series I 
(Table 1) was observed for compound I.4a, suggesting that 
its higher thermal stability could be the result of both the 
aforementioned resonance effect induced by the Ind struc-
ture (electronic delocalization) and intermolecular interac-
tions (Fig. 3a). On the contrary, although the formation of 
hydrogen bonds could also be suggested for ester and amide 
groups (compounds I.1-5b and I.1-5c), the fusion tempera-
tures did not show any particular tendency in this regard. 
Likewise, no differences were observed for compounds 
including a nitrile group (compounds I.1-5d and I.1-5e) 
concerning their thermal stability.

Furthermore, the Nap derivative II.3 presented the high-
est fusion temperature among the diacyl diselenides of 
series II (Table 2). The explanation for such behavior could 
be also related to the molecular symmetry, since a frame-
work of pi–pi stacked and hydrogen bond intermolecular 

interactions, analogous to compound I.4a, was detected by 
the molecular modeling analysis carried out for this com-
pound (Fig. 3g compared to 3a).

Classification and identification of polymorphism

To establish possible polymorphic behaviors, samples of all 
compounds were subjected to consecutive cycles of melting 
and recrystallization by DSC, as discussed in the previous 
section. The identification of polymorphism was also con-
firmed by XRD analysis. Thus, compounds were classified 
according to five different calorimetric behaviors.

• Behavior 0: Compounds that were in a liquid state at 
room temperature, and therefore, no Tonset of the fusion 
process could be obtained for these derivatives. These 
compounds (I.1b, I.5b, I.5c, and II.5) are marked with 
an asterisk in Tables 1 and 2.

• Behavior I: A compound that did not show any fusion 
process at the range of temperatures studied, so the com-
pound was originally in an amorphous solid state and 
did not transit into another form after successive cycles. 
This behavior was displayed by Ind derivative I.4d. The 
absence of a crystalline form was also corroborated by 
XRD, as shown in the diffractogram for compound I.4d 
in Fig. 4. Interestingly, only this Ind-derived compound 
was amorphous originally. In this case, the presence of 
such a voluminous scaffold as the Ind core may hinder 
the packaging of the molecule into a crystalline pattern, 
thus adopting an amorphous state.

Behavior II: Compounds that were initially in a crystal-
line form and after a first melting-cooling scan showed a 
phase transition into an amorphous or mainly amorphous 
state. The Se-NSAID derivatives that followed this behavior 
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Fig. 4  X-ray diffractogram of compound I.4d (as representative 
example of behavior I)
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were I.3a, I.4a, I.5a, I.2b, I.3b, I.4b, I.3c, I.4c, I.2d, I.4e, 
II.1, II.3, and II.4 (supplementary material). This polymor-
phic behavior was observed by DSC curves and XRD pat-
terns, as shown in Figs. 5 and 6, respectively, for compound 
I.3c, as an example. Thus, an endothermic melting process 
was recorded in the first scan, whereas no fusion process was 
observed by DSC after the second scan due to the transition 
into an amorphous phase. The complete curve (Fig. 5) also 
showed that other processes at higher or lower temperatures 
could be excluded. Likewise, degradation processes were 
also discarded through the parallel DSC and TG analysis. 
Additionally, the XRD patterns collected before and after 
heating the samples showed the absence of the initial crys-
talline phase (denoted as Form I in Fig. 6) after the first scan.

Behavior III: Compounds that displayed an initial crys-
talline form that was not altered after the melting-recrys-
tallization cycle, and thus no evidence of polymorphism 

could be ascribed to these derivatives. The compounds that 
showed this type of behavior were derivatives I.1a, I.2a, 
I.1c, I.2c, I.1d, I.5d, I.1e, I.2e, and I.5e (supplementary 
material). The endothermic melting process observed in the 
first thermal scan remained after successive cooling-heating 
cycles, as shown in Fig. 7 for compound I.1a, as an exam-
ple. The recrystallization into the same form after cooling 
was also confirmed by XRD (Fig. 8), since no changes were 
found in the position of the peaks when comparing the origi-
nal diffractogram with the data recorded after the thermal 
treatment.

Behavior IV: Compounds that showed recrystalliza-
tion into a new polymorphic form with a Tonset lower than 
the endothermic process measured at the first melting-
recrystallization scan. In successive cycles, the new poly-
morph maintained its crystalline form. The compounds 
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Fig. 6  X-ray diffractogram of compound I.3c (as representative 
example of behavior II). Red line: original form (Form I); gray line: 
amorphous solid form (Form II) after a melting-cooling scan
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that showed this polymorphic behavior were derivatives 
I.3d, I.3e, and II.2 (supplementary material). As shown 
in Fig. 9 for the representative compound I.3d, as an 
example, initially an endothermic process was observed 
for the original form (in red, Form I), but another endo-
thermic process was discerned in a second scan at a lower 
temperature that corresponded to a new crystalline poly-
morph (in gray, Form II) that was not altered in subse-
quent cycles. Likewise, the two polymorphic forms were 
also confirmed by XRD. As displayed in Fig. 10, the XRD 
patterns of compound I.3d showed different positions of 
the peaks, corresponding to unequivocally distinct crys-
talline phases.

Stability of the polymorphic forms of compounds 
I.3d and I.3e under stress conditions

Compounds classified within behavior IV in the previous 
section according to the DSC and XRD data were then 
exposed to acid hydrolysis (HCl 1 M), basic hydrolysis 
(NaOH 0.1 M), and oxidation  (H2O2 3% w/v) to test the 
stability of the different polymorphic forms under certain 
stress conditions. Compound II.2 was discarded for this 
study given that it was the only compound described with 
this behavior that was previously found to be completely 
inactive toward cancer cells. Thus, the stability of the crys-
talline polymorphs of compounds I.3d and I.3e subjected to 
the different treatments was analyzed at several time points 
along 72 h using HPLC/UV-DAD.

As shown in Fig.  11, no apparent differences were 
detected among the polymorphic forms of the two Se-
NSAID derivatives. Furthermore, both compounds showed 
a similar stability profile when subjected to the three con-
ditions tested. Thus, I.3d and I.3e were found to be stable 
under an acid medium for 48 h, whereas a slight degradation 
could be observed by the end of the experiment at longer 
times. On the contrary, the Se-NSAID derivatives underwent 
a rapid and complete degradation under alkaline conditions, 
as both polymorphic forms of the two compounds were dras-
tically degraded after 2 h of exposure to NaOH medium. 
Notably, compounds showed a clear degradation over time 
under oxidative conditions, although not as pronounced as 
in the alkaline medium. Herein, the polymorphs of deriva-
tive I.3d were slightly more stable than those of derivative 
I.3e, since the latter were completely degraded after 48 h 
of exposure to  H2O2 medium. Concurrently, degradation 
product peaks were also detected under both alkaline and 
oxidative conditions.

Effect of polymorphism on the cytotoxicity 
of Se‑NSAID derivatives

The effect of the different polymorphic forms of compounds 
I.3d and I.3e on the cell viability was assessed against three 
cancer cell lines using the MTT assay described in the 
Experimental section. Cells were exposed to seven increas-
ing concentrations of both crystalline polymorphic forms 
(Forms I and II) of each compound for 48 h. The results are 
expressed as the  IC50 values and are outlined in Table 3.

As shown in Table 3, the original Form I of compounds 
I.3d and I.3e containing a Nap scaffold modified by the 
inclusion of Se as a selenoester group and different nitrile 
functionalities displayed potent cytotoxic activity, as previ-
ously reported [48]. Hence, the  IC50 values were lower than 
7 µM in all the cancer cell lines tested. Interestingly, the 
other isolated crystalline form (Form II) did not show any 
significant difference with respect to their corresponding 
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original polymorph. Thus, for selenoester compounds I.3d 
and I.3e, both crystalline forms displayed similar cytotox-
icity toward cancer cells. This behavior in the biological 
activity should be taken into account in the development of 
this type of NSAID derivatives.

Conclusions

Preliminary studies on thermal characterization are of great 
importance for detecting and isolating possible polymorphic 
forms and thus optimizing the crystallization process in drug 
development. In this study, the thermal characterization and 
identification of potential polymorphic forms of thirty Se-
NSAID derivatives were carried out with a combination of 
TG, DSC, and XRD techniques. Overall, compounds tended 

to show high stability in the decomposition process, Ind- 
and Nap-containing derivatives having the highest degrada-
tion temperatures observed. The thermal stability of such 
compounds could be conditioned by the establishment of 
resonance structures that enhance the electronic delocaliza-
tion within the aromatic rings, allowing strong pi–pi stacked 
interactions as determined by molecular modeling studies. 
The molecular symmetry of the Se-NSAID based on a diacyl 
diselenide (series II) could also be considered as another 
factor for their increased thermal stability, due to boosting 
a more packageable arrangement in the spatial disposition. 
Likewise, for derivatives containing a carboxylic acid group 
in series I, the enhancement observed in their values of 
fusion temperatures could be related to the feasible forma-
tion of hydrogen bonds.

Compounds were also classified according to five dif-
ferent behaviors based on their thermal behavior. Among 
the thirty Se-NSAID derivatives, compounds I.3d, I.3e 
(Nap-containing derivatives), and II.2 (an Ind-containing 
derivative) were found to present two different crystalline 
polymorphs. Additionally, the stability study of I.3d and I.3e 
under acid, alkaline or oxidative stress conditions showed a 
prominent degradation under basic and oxidative hydroly-
sis over time, without differences among the polymorphic 
forms.

Furthermore, to test the possible variation in the cytotoxic 
activity of the Se-NSAID derivatives depending on the poly-
morphs, the two isolated crystalline forms of compounds 
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Fig. 11  Stability of crystalline polymorphs of Se-NSAID derivatives 
along 72 h under stress conditions: a acid medium for compound I.3d 
(Form I and Form II), b alkaline medium for compound I.3d (Form 
I and Form II), c oxidative medium for compound I.3d (Form I and 

Form II), d acid medium for compound I.3e (Form I and Form II), e 
alkaline medium for compound I.3e (Form I and Form II), f oxidative 
medium for compound I.3e (Form I and Form II)

Table 3  Antiproliferative activity of the Se-NSAID compounds 
expressed as  IC50 values ((mean ± SD) µM) in colon (HT-29), lung 
(HTB-54), and prostate (DU-145) cancer cell lines

Compounds Colon cells Lung cells Prostate cells
HT-29 HTB-54 DU-145

I.3d (Form I) 2.6 ± 0.6 6.2 ± 1.0 3.6 ± 0.2
I.3d (Form II) 2.8 ± 0.4 6.2 ± 0.2 3.4 ± 0.2
I.3e (Form I) 8.0 ± 1.1 6.0 ± 0.9 4.0 ± 0.2
I.3e (Form II) 6.6 ± 2.2 5.8 ± 1.0 3.9 ± 0.2
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I.3d and I.3e were screened against colon, lung, and pros-
tate cancer cell lines. Interestingly, no significant differences 
were observed among the distinct forms of each compound, 
thus proving that for this type of Se-NSAID derivatives, 
polymorphism was not a determinant factor in the thera-
peutic effect.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 023- 12756-3.
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