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Breast cancer remains a major health challenge, creating a need for safer and more effective therapeutic agents. 
Therefore, the present study explores the structural, spectroscopic, and anti-breast cancer potential of N-
Hydroxyphthalimide (NHP) using combined computational and experimental approaches. The molecular structure was 
optimized, and vibrational modes, electronic transitions, reactive sites, atomic charges, and frontier molecular orbitals 
(FMOs) were examined using density functional theory (DFT). Theoretical infrared, Raman, and UV-visible spectra 
exhibited good contract with experimental data. Hirshfeld surface investigation further clarified the nature of interactions 
and molecular bonding. In silico ADMET and Physicochemical profiling indicated favourable drug-likeness and 
bioavailability for NHP. Molecular docking studies revealed significant binding affinities against four breast cancer related 
proteins, with the highest binding affinity observed for 7KBS (-7.1 kcal/mol). Molecular dynamics (MD) simulations were 
run for 100 ns in order to verify the stability of the 7KBS-NHP complex. In vitro cytotoxicity assays using the MTT method 
demonstrated strong activity of NHP against MCF-7 and MDA-MB-231 cell lines, with IC50 values of 14.50 µg/mL and 
16.90 µg/mL, respectively. 
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N-Hydroxyphthalimide (NHP), Phthalimide derivative

Worldwide, breast cancer (BC) is the leading cause of 
cancer-related mortality among women, and its incidence 
rates have risen rapidly in recent years1. It happens due to 
cell genetic damage leading to changes and abnormal 
growth. Based on genetic and tissue research, this 
hormone influenced cancer is divided into three main 
types such as those that express human epidermal 
receptor 2 (HER2-), those that express hormone receptors 
(HR+ or ER+), and triple-negative breast cancer (TNBC) 
(ER−, PR−, HER2−)2,3. Regarding the precise 
mechanisms causing BC, there is a lot of uncertainty. The 
most popular type is hormone receptor positive BC, 
which mostly affects postmenopausal women and 
accounts for 60-70% of cases in wealthy nations4. 
Phthalimide is a pharmacophore scaffold that has been 
identified by an isoindoline-1,3-dione core that has an 
imide ring. Its hydrophobicity, which enables it to pass 
through biological membranes more easily in vivo, is one 

of the chemical characteristics that affect its biological 
activity. It also has an electron-donating group, an 
aromatic hydrophobic region, and a hydrogen bonding 
subunit5. Currently, thalidomide and pomalidomide, two 
phthalimide based derivatives, are used as second 
generation immunomodulatory drugs to treat Kaposi's 
sarcoma and multiple myeloma6. Over the past few years, 
phthalimide derivatives have been synthesized and 
thoroughly investigated for their potential as therapies for 
an extensive range of illnesses. Several biological effects, 
including anti-cancer, anti-epileptic, anti-psychotic, anti-
platelet, anti-bacterial, anti-inflammatory, anti-fungal, 
anti-mycobacterial, anti-parasitic, anti-Alzheimer's, anti-
viral, and anti-diabetic properties, have been 
demonstrated for these compounds7.  

In the majority of cases, this concern is valid, since 
it is well known that N-hydroxy metabolites of branded 
drugs can generate highly reactive species that can lead 
to serious side effects. However, this hazardous 
reactivity of N-OH groups usually occurs when the 
nitrogen atom is not part of a ring system. When the 
nitrogen atom is incorporated into an aromatic 
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heterocyclic scaffold, however, the same sort of 
metabolic reactivity and associated toxicity is not 
expected8. However, the normal coordinate 
calculations were performed using the classical method 
developed by Krishnakumar et al.9 for vibrational 
analysis. More recently, several kinds of N-hydroxy 
derivatives integrated into aromatic heterocyclic 
moieties have been shown in theoretical and 
experimental investigations to exhibit acceptable 
pharmacological properties. Furthermore, “NHF-
derived carbon dots: a prevalidation approach in breast 
cancer treatment” was presented by Tiron et al10. In 
another related investigation, Wang et al.11 reported 
that N-hydroxyphthalimide exhibits significant 
antitumor activity by suppressing the mTOR signaling 
pathway in BT-20 and LoVo cells. An extensive 
review of the literature indicates that N-
hydroxyphthalimide (NHP) has not yet been explored 
using advanced methodologies such as DFT, molecular 
docking, ADMET profiling, or cytotoxicity assays. 
Considering the breast cancer risk highlighted earlier, 
along with the established significance of phthalimide 
derivatives and the functional relevance of the N-
hydroxy group, the present study focuses on NHP. This 
compound was systematically examined using both 
computational and experimental approaches. 

Materials and Method 

Physical measurements 
NHP was acquired through Sigma Aldrich in India 

with a grade of 97%. A Shimadzu IR Tracer- 
100 spectrometer was used to record the infrared 

spectra. The FT-Raman spectrum was measured using 
a Bruker RFS 27 standalone FT-Raman spectrometer 
with a resolution of 2 cm-1. The wavenumber 
range that was used to record both spectra was 
4000-400 cm-1. The UV-Vis spectra of NHP in the 
200-500 nm wavelength range were recorded using a
UV-Vis spectrophotometer (UV-3501).

Computational method 
The quantum chemical properties of NHP have 

been determined via DFT. All DFT calculations and 
visualizations are performed using the Gaussian 
09W12 and Gauss View 0513 software packages. The 
DFT calculations in gas and DMSO phases were 
carried out using the 6-311++G(d,p) basis set and the 
B3LYP functional14,15. This study also examined the 
effects of the solvent, DMSO, on the electron’s 
properties using the TD-DFT method. Electronic 
absorption spectra, HOMO-LUMO energies, 
thermodynamic properties, structural characteristics 
and Mulliken atomic charges have all been discussed. 
The vibrational assignments and absorption spectra 
were computed using the same level of basis set and 
compared with the experimental results for NHP. 
Potential Energy Distribution (PED) have been 
examined using the VEDA program16. The 
interactions between NHP have been examined using 
Hirshfeld surface analysis and fingerprint plots 
produced by the CrystalExplorer 17.0 software17. The 
pkCSM and SwissADME web server to quickly 
assess a range of pharmacokinetic parameters, 
ADMET characteristics, drug-likeness, the BOILED-
Egg model, and the bioavailability radar18. PyRx tools 
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have been applied for molecular docking against the 
target proteins, and Discovery Studio was used to 
view the docked interactions19,20. Amber 22 was used 
to perform 100 ns molecular dynamics simulations21 
under NPT conditions using the ff14SB force field for 
proteins and GAFF for ligands. The systems were 
solvated with the explicit TIP3P water model, and the 
stability of the complexes was evaluated using root 
mean square deviation (RMSD), root mean square 
fluctuation (RMSF), solvent-accessible surface area 
(SASA), radius of gyration (Rg), and molecular 
mechanics generalized Born surface area (MM-
GBSA) analyses. 

Cytotoxicity evaluation using MTT assay 
The breast cancer cell lines MDA-MB-231 and 

MCF-7 have been acquired from the National Centre 
for Cell Sciences (NCCS), Pune. Analytical grade 
reagents were purchased from HiMedia, chemicals 
such as MTT, DMSO, trypsin-EDTA, EDTA, Triton 
X-100, and related reagents were obtained from
Sigma-Aldrich. The MTT experiment was conducted
using Mosmann's technique22 to evaluate cytotoxicity.
Following a 24 h incubation period, cells were seeded
in 96-well plates (1 × 104 cells/well) and treated with
varying concentrations of NHP (5-25 μg/mL).
Resulting treatment, four hours of incubation were
spent with the addition of MTT (5 mg/mL). DMSO
was used to dissolve the purple formazan crystals that
were created when the mitochondrial enzymes of
living cells reduced MTT. After that, absorbance at
540 nm was measured using a microplate reader. The
dose response curve was used to determine the IC50

values, and each test was performed in triplicate, with
at least three repetitions to ensure statistical
correctness.

Results and Discussion 

Molecular optimization of NHP 
The NHP molecule structure was optimized with 

the 6-311++G(d,p) basis set and DFT/B3LYP 
method. This level of method is commonly used to 
investigate organic compounds because it achieves a 
perfect balance between computing accuracy and 
productivity. The NHP compound's optimized 
molecular structure is shown in (Fig. 1, and Table 1) 
lists the bond length and angle values in comparison 
with the experimental findings. Optimal molecular 
geometry was calculated for both gas and DMSO 
solvent phases. DMSO  was  chosen  as  the  solvent  

Fig. 1 — Optimized structure of N-Hydroxyphthalimide 

Table 1 –– The optimized structural parameters of  
N-Hydroxyphthalimide

Structural parameters

Bond length (Å) DFT-B3LYP/6-311++G(d,p) Experimental23 

In the gas phase In DMSO 

C1-C2 1.49 1.49 1.50
C1-C5 1.40 1.40 1.40
C1-C9 1.39 1.38 1.37
C2-N3 1.41 1.41 1.39

C2-O11 1.20 1.21 1.21
N3-C4 1.41 1.41 1.40

N3-O12 1.37 1.37 1.37
C4-C5 1.49 1.49 1.47

C4-O13 1.20 1.21 1.22
C5-C6 1.39 1.38 1.39
C6-C7 1.40 1.40 1.38

C6-H14 1.08 1.08 0.93
C7-C8 1.40 1.40 1.40

C7-H15 1.08 1.08 0.93
C8-C9 1.40 1.40 1.41

C8-H16 1.08 1.08 0.93
C9-H10 1.08 1.08 0.93

O12-H17 0.97 0.97 0.93
Bond angle (o)

C2-C1-C5 109.0 108.8 108.0 
C2-C1-C9 129.6 129.8 131.0 
C5-C1-C9 121.4 121.4 121.0 
C1-C2-N3 104.0 104.2 104.8 
C1-C2-O11 130.2 130.5 130.2 
N3-C2-O11 125.8 125.3 124.9 
C2-N3-C4 113.7 113.6 113.4 

C2-N3-O12 121.3 121.8 121.5 
C4-N3-O12 121.3 121.8 123.3 
N3-C4-C5 104.0 104.2 104.8 

N3-C4-O13 125.8 125.3 124.6 
(Contd.)
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Table 1 –– The optimized structural parameters of  
N-Hydroxyphthalimide   (Contd.)

Structural parameters 

Bond angle (Å) DFT-B3LYP/6-311++G(d,p) Experimental [23] 

In the gas phase In DMSO 

C5-C4-O13 130.2 130.5 130.6 
C1-C5-C4 109.0 108.8 108.8
C1-C5-C6 121.4 121.4 121.0
C4-C5-C6 129.6 129.8 130.2
C5-C6-C7 117.5 117.5 118.3

C5-C6-H14 120.9 121.3 121.1 
C7-C6-H14 121.6 121.2 121.1 
C6-C7-C8 121.1 121.1 120.2

C6-C7-H15 119.6 119.5 119.1 
C8-C7-H15 119.4 119.4 119.1 
C7-C8-C9 121.1 121.1 122.0

C7-C8-H16 119.4 119.4 119.1 
C9-C8-H16 119.6 119.5 119.1 
C1-C9-C8 117.5 117.5 117.5

C1-C9-H10 120.9 121.3 120.8 
C8-C9-H10 121.6 121.2 120.8 

N3-O12-H17 106.1 106.2 112.4 

model because of its high polarity and dielectric 
constant, which successfully account for solvent-
solute interactions and offer a more accurate depiction 
of the molecular environment in the DFT calculations. 
The shortest bond length was identified between the 
carbon and hydrogen atoms C9-H17, with a value of 
0.97 Å in both phases. This theoretical value shows a 
slight overestimation compared to the experimentally 
determined23 bond length of 0.93 Å, indicating a 
minor deviation in hydrogen positioning in the 
computational model. In contrast, the longest bond 
lengths were observed between the carbon-carbon 
atoms C1-C2 and C4-C5, each calculated at 1.49 Å in 
both phases. The experimental data closely align with 
these values, reporting bond lengths of 1.50 Å for C1-
C2 and 1.47 Å for C4-C5, respectively.  

Concerning bond angles, the DFT calculations 
revealed the smallest angle between atoms C1-C2-N3 
and N3-C4-C5, both computed as 104.0º in the gas 
phase and slightly increased to 104.2 in the DMSO 
phase. These are marginally lower than the 
experimental bond angle of 104.8, indicating an 
understated solvent effect on molecular conformation. 
Conversely, the largest bond angles were found 
between C1-C2-O11 and C5-C4-O13, calculated as 
130.2 in gas and 130.5 in DMSO phases. These 
computed values show strong reliability with the 

observed values of 130.2 for C1-C2-O11 and 130.6 
for C5-C4-O13, demonstrating the reliability of the 
DFT method in predicting geometrical parameters. 
Other bond length and angle values are represented in 
(Table 1). Overall, there is good agreement between 
theoretical predictions and crystallographic 
measurements23. However, the minor discrepancies 
observed between computed and observed values may 
be attributed to differences in environmental 
conditions and limitations inherent in the 
computational model. 

When NHP's thermodynamic characteristics are 
calculated in both gas phase and DMSO solvent, 
solvation effects cause small but significant 
variations. More stabilization from solvent-solute 
interactions, especially hydrogen bonding and dipole-
dipole forces present in the polar DMSO medium, is 
indicated by the optimized global minimum energy 
being marginally more negative in DMSO 
-369245.5971 kcal mol-1) than in the gas phase (-
369236.3036 kcal mol-1). There are relatively few
differences between phases in the values of total
thermal energy and heat capacity, indicating that
solvation has minimal impact on the internal
vibrational modes and the thermal population of
energy levels. It is possible to explain the slight
decrease in vibrational entropy (from 23.042 to
22.648 cal mol-1 K-1) and overall entropy (from
94.516 to 94.121 cal mol-1 K-1) in DMSO to the
decrease in vibrational motion in the condensed phase
as a result of solute-solvent interactions and the
limited molecular flexibility. The stabilization of
polar conformers in the presence of a polar solvent is
consistent with the dipole moment's notable increase
from 3.981 Debye (gas) to 5.386 Debye (DMSO). The
other parameters are shown in (Table 2).

Vibrational assignment 
DFT vibrational analysis is a fundamental 

computational method for investigating the dynamics 
of molecular vibrations. The NHP has been projected 
to have 45 vibrational modes, comprising 13 in-plane, 
13 out-of-plane, and 1 butterfly vibration, all of which 
are IR and Raman active, because it contains 17 
atoms with 84 electrons. Spectra show that these 
vibrational modes are active since the optimized 
structure shows C1 symmetry. Using the VEDA tool, 
vibrational frequencies were computed at the same 
level of basis set, scaled by a factor of 0.9613, and 
assigned based on FT-IR and FT-Raman spectra 
obtained experimentally24. The vibrational  
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Fig. 2 — FT-IR and FT-Raman spectra of N-Hydroxyphthalimide 

assignments are listed in (Suppl. Table S1). The 
FT-IR and FT-Raman spectra are shown in (Fig. 2). 
The theoretical calculations predict that the stretching 
mode of the OH group appears as distinct infrared 
bands in higher wavenumber regions.  

The vibrations that are generated by the O-H, C=O, 
and N-O groups are categorized as stretching (υ),  
in-plane bending (b), and out-of-plane bending (ω). 
As the most sensitive vibrations, the O-H group 
vibrations show observable changes in the spectra of 
the hydrogen bonded species. The usual range for 
sharp O-H stretching25 vibrations is 3200-3550 cm-1. 

The stretching vibration of the hydroxyl group, 
however, is shown to be active in the FT-IR and 
inactive in the FT-Raman spectrum in the current 
study. This vibration is anticipated to occur at 
3615 cm-¹ based on the scaled computational findings, 
and the observed wavenumber corresponds to this at 
3490 cm-1. The O-H group exhibits an in-plane 
bending vibration at 1130 cm-1 and 1139 cm-1 in both 
the Raman and infrared spectra, with a scaled value of 
1136 cm-1. It is expected that the out-of-plane bending 
mode occurs around 292 cm-1. 

In this study, the strong and weak bands seen at 
1779 and 1720 cm-1 in the Raman and at 1783 and 
1715 cm-1 in the IR spectrum have been assigned to 
C=O stretching vibrations (υC=O). The calculated 
spectra corresponding to these modes are 1773 and 
1729 cm-1. In the Raman spectra, N-O stretching 
vibration is also detected at 1460 cm-1; their 
corresponding estimated wavenumber is 1438 cm-1. 
All additional vibrational modes, both computed and 
theoretical, are included in (Suppl. Table S1) and 
exhibit strong agreement with the findings of the 
experiment. 

UV-Vis and Frontier molecular orbital (FMO) analysis 
UV-Vis spectroscopy was utilized to investigate 

the compound's electronic transitions, both 
theoretically and experimentally. This approach is 
critical for molecular structure studies, particularly in 
natural products and compounds with aromatic rings 
or heteroatoms26. Figure 3 shows the combined 

Table 2 –– The thermodynamic parameters of 
N-Hydroxyphthalimide

Parameters DFT-B3LYP/6-311++G(d,p)

In the gas 
phase 

In  
DMSO 

Optimized global minimum Energy 
(kcal mol-1) 

-369236.3036 -369245.5971

Total energy(thermal), Etotal  
(kcal mol-1) 

80.444 80.363

Heat capacity, Cv (cal mol-1 k-1) 35.669 35.571 
Total Entropy, S (cal mol-1 k-1) 94.516 94.121
Translational Entropy (cal mol-1 k-1) 41.175 41.175 
Rotational Entropy (cal mol-1 k-1) 30.299 30.297 
Vibrational Entropy (cal mol-1 k-1) 23.042 22.648 
Vibrational energy, Evib (kcal mol-1) 78.666 78.585 
Zero-point vibrational energy, 
(kcal mol-1) 

74.581 74.554 

Rotational constants (GHz) 
A 1.730 1.736 
B 0.864 0.863 
C 0.578 0.578 
Dipole moment (Debye) 3.981 5.386 

Fig. 3 — UV-Vis spectra of N-Hydroxyphthalimide in the 
experimental, DMSO and gas phase 
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computational and experimental UV-Vis absorption 
spectra of NHP, while (Table 3) summarises the 
related excitation energy, oscillator strengths, and 
absorption wavelengths. In the experimental 
spectrum, the absorption peaks are observed at 
285.95 nm. The computed absorption wavelength is 
found to be 328.74 nm (H-1→L (97 %)), 298.19 nm 
(H→L (96 %)), and 276.84 nm (H-4→L (83 %)) for 
the gas phase, and 315.75 nm (H-2→L (96 %)), 
310.34 nm (H→L (96 %)), and 283.04 nm (H-1→L 
(85 %)) for the DMSO phase are related to π→π* 
transitions. The calculated absorption maxima at 
276.84 nm (gas phase) and 283.04 nm (DMSO phase) 
show good agreement with the experimentally 
observed values. This correlation can be attributed to 
the fact that the corresponding transitions exhibit 
higher oscillator strengths and excitation energies 
compared to other possible transitions, indicating a 
stronger probability of electronic excitation at these 
Wavelengths. 

Frontier molecular orbitals (FMOs) provide a better 
understanding of the observed UV-Vis transitions and 
the compound's chemical properties. The energy gap 
(ΔE) between HOMO and LUMO is an essential 
parameter in determining a molecule's kinetic stability 
and reactivity. A smaller HOMO-LUMO gap (ΔE) is 
often associated with higher chemical reactivity and 
lower kinetic stability, whereas a larger gap suggests 
greater stability and lower reactivity26. In this study, 
molecular orbitals were calculated at the same level of 
theory and considered for analysis, as illustrated in 
(Figs. 4 and Suppl. Fig. S1). As shown in Suppl. 
Table S2, the calculated energy gap values are 
5.03 eV (H-1→L), 5.02 eV (H→L), and 5.81 eV (H-
4→L) in the gas phase, and 5.20 eV (H-2→L), 4.86 eV 
(H→L), and 5.07 eV (H-1→L) in DMSO. These gaps, 
being close to 5 eV in both phases, indicate high 
molecular stability and reduced chemical reactivity, 
which are responsible for its biological activity. The 
hydroxyl group (OH) and the phthalimide core structure 

Table 3 –– Molecular orbital contributions of N-Hydroxyphthalimide 

TD-DFT/ B3LYP/6-311++G(d,p) Experimental 
wavelength 

(nm) 
In the gas phase 

Energy 
(eV) 

Oscillator strength Computed wavelength 
(nm) 

Major contributions Assignment 

3.7714 0.0001 328.74 H-1→L (97 %) π→π* 285.95
4.1579 0.0000 298.19 H→L (96 %) π→π* 
4.4785 0.0005 276.84 H-4→L (83 %) π→π* 

In DMSO 
3.9266 0.0002 315.75 H-2→L (96 %) π→π* 
3.9952 0.0023 310.34 H→L (96 %) π→π* 
4.3805 0.0843 283.04 H-1→L (85 %) π→π* 

Fig. 4 — Molecular orbital energies for N-Hydroxyphthalimide in the gas phase 
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possess the highest electron densities in the HOMO 
region, indicating that these are the main electron-
donating sites. Upon transition to the LUMO, the 
electron density shifts away from the OH group and 
becomes concentrated on other parts of the molecule, 
particularly the conjugated π-systems, in both gas and 
DMSO phases, as shown in (Figs. 4 and Suppl. Fig. S1). 
This redistribution highlights a distinct intramolecular 
charge transfer pathway, suggesting that the OH group 
has a major role in the initial electron donation. 

The calculated ionization potential (7.68 eV to 8.59 
eV in both phases) of the molecule falls within the 
typical range for organic compounds, indicating 
moderate stability against electron loss and oxidation. Its 
relatively high electron affinity (2.79 eV to 
2.82 eV in both phases) suggests a strong ability to 
accept electrons, enhancing its potential as an 
electrophile. The global hardness values (2.43 eV to 
2.90 eV in both phases) classify the NHP as relatively 
hard, meaning it is chemically stable but less reactive, a 
fact further supported by the low global softness (0.17 
eV-1 to 0.21 eV-1 in both phases). The electronegativity 
(5.25 eV to 5.69 eV in both phases) and chemical 
potential (-5.25 eV to -5.69 eV in both phases) values 
confirm a significant tendency to attract and tightly hold 
electrons, indicating high molecular stability. Finally, 
the global electrophilicity index (5.58 eV to 5.67 eV in 
both phases) is notably high, implying a strong 
electrophilic nature that may favour interactions with 
electron-rich biological targets. This combination of 
descriptors suggests the molecule is stable yet strongly 
electrophilic, capable of effective binding to 
nucleophilic sites, valuable for biological and anticancer 
applications, although its high hardness may limit its 
redox reactivity. 

MEP and Mulliken charge analysis 
MEP maps provide a three-dimensional 

representation of a molecule’s electrostatic potential 
and illustrate its probable charge distribution using 
different color codes. Areas of highest positive 
electrostatic potential, which are highly susceptible to 
nucleophilic assaults, are typically represented by blue 
regions, whereas areas of maximum negative potential, 
which are vulnerable to electrophilic attacks, are 
represented by red regions27. Based on electrostatic 
potential values ranging from -0.120 e0 to +0.120 e0 in 
the gas phase (Fig. 5) and -0.121 e0 to +0.121 e0 in the 
DMSO phase (Suppl. Fig. S2), the MEP map of NHP 
has been generated in this work. In the DMSO phase, 
the comparable potential values were -0.07661 a.u. and 

-0.07443 a.u., centred on the C=O group, whereas the
highest negative locations were found at -0.07156 a.u.
and -0.07102 a.u. in the gas phase. Due to resonance
stabilization and concentrated lone pairs, this strongly
electronegative area indicates a considerable
susceptibility to electrophilic attack. On the other hand,
the hydrogen atom H17 was surrounded by the largest
positive areas of electrostatic potential, with values of
around +0.11778 a.u. in the gas phase and +0.11928
a.u. in the DMSO phase. This is equivalent to the
terminal -OH group's hydrogen atom, whose high
positive potential suggests a significant tendency for
nucleophilic contact, particularly through hydrogen
bonding in biological or intermolecular settings.

The same level of basis set was used for Mulliken 
atomic charges in the instance of NHP. The findings, 
which are shown in (Table 4), demonstrate how the 

Fig. 5 — (a) Molecular Electrostatic potential and (b) Contours 
with electrostatic potential surface in the gas phase for 
N-Hydroxyphthalimide

Table 4 –– Mulliken atomic charge for N-Hydroxyphthalimide 

Atoms Atomic Charges (Mulliken) by B3LYP/6-
311++G(d,p)  

In the gas phase In DMSO 

C1 0.40 0.41
C2 0.28 0.32
N3 -0.36 -0.31
C4 0.28 0.32
C5 0.40 0.41
C6 -0.62 -0.63
C7 -0.13 -0.17
C8 -0.13 -0.17
C9 -0.62 -0.63

H10 0.19 0.20
O11 -0.28 -0.36
O12 0.05 0.00
O13 -0.28 -0.36
H14 0.19 0.20
H15 0.18 0.21
H16 0.18 0.21
H17 0.28 0.32
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atomic charges are distributed throughout the 
molecule. The carbon atoms C1 and C5 have the 
highest positive charge, measuring 0.40 in the gas 
phase and 0.41 in the DMSO phase. Interestingly, all 
of the hydrogen atoms have the same positive charge, 
suggesting that there is a constant electron shortage in 
these areas. On the other hand, the carbon atom C6 is 
the most electron-rich carbon in the molecule and has 
the highest negative charge, measuring -0.62 in the 
gas phase and -0.63 in DMSO. Additionally, the 
oxygen atom O11 has notable negative charges, 
measuring -0.28 in the gas phase and -0.36 in DMSO. 
The nitrogen atom N3 also exhibits noticeable 
positive charges. The MEP analysis reflects these 
findings. The molecule's reactivity and interactions 
with other species may be affected  by  these  negative 
charges, which signify areas of high electron density. 
Predicting how NHP will behave in different chemical 
environments and creating molecules with the 
appropriate characteristics depend on an 
understanding of the distribution of atomic charges 
in NHP. 

Hirshfeld surface analysis 
A graphical representation of the molecular surface 

has been made feasible by Hirshfeld surface 
analysis28, which helps clarify molecular interactions 
in a crystalline environment by providing more details 
on weak intra- and intermolecular interactions which 
impact how molecules are packed in crystals. Figure 6 
displays the Hirshfeld surfaces mapped for the NHP 
with dnorm (normalized contact distance) (a), shape 
index (b), and curvedness (c). By graphing Hirshfeld 
surfaces over normalized distances (dnorm), which 
ranged from -0.6968 to 0.8868 a.u. and were shown in 
white, red, and blue in (Fig. 6a), the interatomic short 
interactions were contrasted with the longer ones. 
Strong hydrogen bonds and tight interactions are 
marked by the red patches on the Hirshfeld surface, 
which are consistent with the higher binding affinity 
observed in docking tests against targets29. 

Additionally, it is clearly demonstrated by the 
Hirshfeld surfaces of the molecule that are linked by 
stacking interactions, as seen in the nearby red and 
blue triangles (highlighted in red) on the surface of 
the shape index range of -1.0 to 1.0 (Fig. 6b). Because 
the OH group is present inside the surface, the 
following blue triangles are convex regions, while the 
red triangles are concave locations. The curvedness 
map (Fig. 6c) for NHP shows a measure of surface 
texture and has been created within -4 and 0.4 Å. 

Regions with high curvedness correspond to sharply 
curved surface portions, which often divide the 
surface into square-like domains and reveal 
interactions between neighboring molecules, whereas 
smoother areas reflect low curvedness. The large flat 
region with a blue edge represents the π…π stacking 
connections. 

Fingerprint plots are crucial for identifying 
interatomic connections and molecular structural 
information. Two-dimensional fingerprint plots were 
used to quantitatively characterize the behavior of 
NHP's intermolecular interactions. H–O/O–H 
connections account for 44.8% of all surface contacts, 
making them the most prevalent type of interaction. 
The H⋅⋅⋅H (21.4%) and C⋅⋅⋅C interaction (11.1%) are 
the second most significant contributors. Conversely, 
the C⋅⋅⋅O/O⋅⋅⋅C and H⋅⋅⋅C/C⋅⋅⋅H intercontacts 
contribute 10.7% and 5.0% respectively, as shown in 
(Fig. 6d). 

Pharmacokinetic properties 
Human epithelial colorectal adenocarcinoma cells 

make up the Caco-2 cell line, which is frequently used 
as an in vitro model. According to the pkCSM 
website, a chemical is calculated to have high Caco-2 
permeability if its log Papp value exceeds 0.90 cm/s. 
NHP exhibit high Caco-2 permeability, with a 
predicted value of 1.167 cm/s. Poor intestinal 
absorption refers to substances that have an 
absorption rate of less than 30%. The human intestinal 
absorption (HIA) of NHP is estimated as 87.2%. A 
drug molecule's skin permeability30 (log Kp), an 

Fig. 6 — (a) dnorm, (b) Shape index, (c) Curvedness and (d) Finger
print plot Hirshfeld surface interactions with major contribution
for N-Hydroxyphthalimide 
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essential variable in enhancing therapeutic 
effectiveness, should be more than -2.5 log Kp. The 
computed log Kp values of NHP have good skin 
penetrability (-3.2 log Kp) as shown in (Suppl. 
Table S3). In the low distribution range (compounds 
with log VDss < -0.15 are considered poorly 
dispersed, while values > 0.45 indicate wide tissue 
dispersion), the anticipated steady state volume of 
distribution (VDss) of NHP was -0.133 log L/kg. 
Blood-brain barrier (BBB) penetration is restricted, as 
shown by the intended BBB permeability of -0.268 
log BB and agrees well with the standard results31. A 
compound's pharmacokinetic profile, clearance, and 
possible drug-drug interactions are all greatly 
influenced by metabolism30. NHP is not a substrate of 
CYP2D6 or CYP3A4, the two main cytochrome P450 
isoenzymes that are frequently in charge of drug 
metabolism, according to the prediction findings. 
NHP may have a good metabolic safety profile since 
it is unlikely to undergo substantial metabolism via 
these pathways and may have a decreased risk of 
drug-drug interactions. 

The estimated NHP total clearance was -0.098 log 
mL/min/kg, falling within the moderate clearance range. 
According to this, NHP is probably removed at a 
reasonable pace, promoting a balanced systemic 
retention. NHP was also not shown to be a substrate for 
renal OCT2 transporters, which are frequently 
implicated in active renal secretion. A negative AMES 
toxicity test result suggested a minimal risk of 
genotoxicity and indicated that NHP was non-
mutagenic. Additionally, although hERG inhibition is 
frequently linked to cardiac arrhythmias, NHP was not 
shown to be an inhibitor of hERG I or hERG II 
channels, suggesting a lower risk of cardiotoxicity. The 
estimated oral rat acute toxicity (LD50) of 2.176 mol/kg, 
indicates a moderate toxicity range. A benign toxicity 
profile was further supported by the compound's lack of 
hepatotoxicity and propensity for skin sensitization. 

ADMET Profile Comparison of NHP and Anastrozole 
Anastrozole is a clinically approved aromatase 

inhibitor used in the treatment of hormone-dependent 
breast cancer32. The ADMET values for anastrozole 
shown here are based on the N-(3-bromopropyl) 
phthalimide that was previously published33. In 
contrast, NHP exhibits improved intestinal absorption, 
a slightly higher Caco-2 permeability, and a larger 
unbound proportion, which suggests enhanced free 
availability. Although NHP has less skin permeability, 
both show restricted BBB and CNS penetration. NHP 

exhibits no significant CYP involvement, indicating a 
lesser risk of interactions between drugs than 
Anastrozole, which interacts with several CYP450 
enzymes. Because NHP is non-mutagenic, non-
hepatotoxic, and non-sensitizing, it also has a lower 
clearance and better toxicity predictions. 

Physicochemical properties 
Fundamental information about a compound's oral 

bioavailability and pharmacokinetic behaviour may be 
gleaned from its physicochemical and drug-likeness 
characteristics. With a molecular weight of 
163.13 g/mol, NHP is drug-like since it is much 
below the Lipinski threshold of 500 g/mol34. The 
molecule's topological polar surface area (TPSA) was 
predicted to be 57.61 Å2, supporting good membrane 
permeability (TPSA < 140 Å2 is generally favourable 
for oral absorption), as shown in (Table 5). 
Drug-likeness analysis verified observance of the 
Veber, Egan, and Lipinski's Rule of Five filters. 
However, it did not meet Ghose's rule, most likely 
because of flexibility or PSA concerns. After oral 
administration, there is a modest chance of obtaining 
excellent systemic exposure, according to the 
estimated bioavailability score of 0.55. 

According to the BOILED-Egg model, which is 
based on WLOGP and TPSA, NHP is located outside 
of the yellow yolk, indicating limited BBB 
penetration, but in the white area, suggesting a high 
possibility of passive gastrointestinal absorption 
(Fig. 7). The distribution forecasts (log BB = -0.268, 

Table 5 –– Physicochemical properties of N-Hydroxyphthalimide 

Properties NHP

Physicochemical 
properties 

Molecular weight (g/mol) 163.13 
No. of H-bond acceptors 3 

No. of H-bond donors 1 
TPSA (Å2) 57.61

Fraction Csp3 0.00 
Water Solubility ESOL -1.74

ALI -1.61
SILICOS-IT -1.48

Lipophilicity iLOGP (log P) 1.07
XLOGP3 (log P) 0.82
WLOGP (log P) 0.29
MLOGP (log P) 1.21

SILICOS-IT (log P) 0.46
Drug-Likeness Lipinski Yes

Veber Yes
Ghose No
Egan Yes

Bioavailability Score 0.55
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maintained compactness and the absence of major 
unfolding. Hence, these results confirm that the 
7KBS–NHP complex remained conformationally 
stable and structurally compact throughout the 100 ns 
simulation, supporting the strong binding affinity of 
NHP toward the target protein. 

The MM/GBSA method was used to estimate the 
binding free energy of the studied complex according 
to the equation: 

ΔGbind=ΔEvdW+ΔEele+ΔEGB+ΔESA 

where ΔEvdW, ΔEele, ΔEGB, and ΔESA represent van der 
Waals, electrostatic, polar solvation, and non-polar 
solvation energies, respectively. The entropic term 
(−TΔS) was not included in the present study42,43. The 
calculated energy components are summarized 
in (Table 6). 

The calculated MM/GBSA binding free energy was 
−14.76 kcal/mol, indicating favorable and spontaneous
ligand–receptor binding. Among the energy 
components, van der Waals interactions (ΔEvdW =
−21.72 kcal/mol) contributed most significantly to
complex stabilization, suggesting that hydrophobic and
close-contact interactions dominate the binding process.
The electrostatic contribution (ΔEele = −4.05 kcal/mol)
also favored binding, reflecting the presence of attractive
intermolecular interactions such as hydrogen bonding
and charge-assisted contacts. In contrast, the polar
solvation energy (ΔEGB = 14.18 kcal/mol) opposed
binding due to the desolvation penalty of polar groups,
while the non-polar solvation energy (ΔESA = −3.17
kcal/mol) provided additional stabilization through
hydrophobic effects. Therefore, the MM/GBSA results
indicate that the 7KBS–NHP complex is mainly

stabilized by van der Waals interactions, supported by 
electrostatic and non-polar solvation contributions, 
which is consistent with the docking and molecular 
dynamics findings.  

Cytotoxicity assay 
Cell viability assays and morphological studies were 

employed to thoroughly evaluate the cytotoxic effects of 
NHP on the breast cancer cell lines MCF-7 and MDA-
MB-23144. In both cell lines, the data revealed a 
pronounced dose-dependent decrease in cell viability. The 
MCF-7 cells showed an IC50 value of 14.50 µg/mL 
(P = 0.007), while the MDA-MB-231 cells exhibited 
greater sensitivity to NHP, with an IC50 value of 
16.90 µg/mL (P = 0.002), as shown in (Table 7). These 
IC50 values indicate that the NHP is more effective in both 
the positive estrogen receptor MCF-7 cell line and the 
triple-negative MDA-MB-231 cell line. Since both p-
values are < 0.05, the results are considered highly 
statistically significant, confirming the reliability of 
NHP’s cytotoxic activity across both cell lines. Strong 
cytotoxic ability and the stimulation of pathways for 
programmed cell death are suggested by the observed 
decrease in viability. Microscopic examination further 
supported these findings, revealing notable morphological 
changes in both cell lines following NHP exposure 
(Fig. 10). N-(3-bromopropyl)phthalimide, a recently 
reported halogenyl phthalimide derivative, exhibited IC50 
values of 16.78 μg/mL against the MDA-MB-231 cell 
line and 20.60 μg/mL against the MCF-7 cell line33. The 
cytotoxicity results of NHP are comparable to those of the 
standard breast cancer drug anastrozole45 (IC50 = 
18.2 μg/mL) and the recently reported brominated 
phthalimide derivative, indicating that NHP exhibits 
comparable or superior anti-breast cancer activity. 

Table 6 –– Calculated MM/GBSA energy components for the 7KBS–NHP complex in kcal/mol 

ΔEvdW ΔEele ΔEGB ΔESA ΔGMM-GBSA

-21.72 -4.05 14.18 -3.17 -14.76 

Table 7 –– Mean (%) of cell viability with standard deviation N-Hydroxyphthalimide against MCF-7 and MDA-MB-231 cell lines 

Cell line Concentration of NHP (μg) Mean (%) of cell viability IC50 and P-value 

MCF-7 5 69.79±1.47 14.50 µg/mL
(P= 0.007) 10 61.99±2.92

15 54.00±2.05
20 35.48±3.22
25 22.81±1.75

MDA-MB-231 5 74.33±4.04 16.90 µg/mL
(P= 0.002) 10 65.06±3.76

15 56.15±5.27
20 44.39±2.14
25 30.66±4.55
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Statistical analysis confirmed the dose-dependent 
nature of NHP’s cytotoxicity, revealing strong linear 
correlations between NHP concentration and reduced 
cell viability in both MCF-7 (R2 = 0.9711) and MDA-
MB-231 (R2 = 0.9909) cells, as shown in (Fig. 11). 
The steep slopes of the regression equations further 
emphasized the sharp decline in viability with 
increasing concentrations. These findings highlight 
NHP’s strong potential to target malignant cells, 
supporting its promise as a therapeutic candidate for 
aggressive forms of breast cancer. However, further 

research is required to explore the therapeutic 
applications of NHP, particularly through mechanistic 
studies and in vivo models, as well as its role in 
overcoming drug-resistant cancer types. 

Conclusion  
N-Hydroxyphthalimide's (NHP) structure was 

successfully verified using reported bond length and 
bond angle analysis. IR, Raman, and UV-Vis 
spectroscopy were among the experimental and 
theoretical methods that helped to further support its 

Fig. 10 — Morphological changes image (a) MCF-7; and (b) MDA-MB-231 cell lines with N-Hydroxyphthalimide 

Fig. 11 — (a, b) cell viability % and (c, d) IC50 calculation on MCF-7 and MDA-MB-231 cell lines with N-Hydroxyphthalimide 
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characterisation. According to TD-DFT analysis, the 
π→π* transitions of NHP, which are shown as a band at 
285.95 nm (experimental) and 298.19 nm and 310.34 
nm (gas and DMSO phases, respectively), are 
responsible for almost 95% of excitation. The chemical 
activity of the NHP was observed in the HOMO-LUMO 
energy gap, which was determined to be ΔE = 5.02 eV 
(gas phase) and 4.86 eV (DMSO phase). MEP analysis 
indicated neutral areas (green) around the majority of 
hydrogen atoms, electropositive potential (blue) 
connected to hydroxyl (OH) group, and electronegative 
potential (red) surrounding carbonyl (C=O) groups. 
These results aligned with the Mulliken charge 
distribution. The characteristics of intermolecular 
interactions were further emphasised by Hirshfeld 
surface analysis. According to ADMET profiling, NHP 
has no appreciable risk of toxicity, including genetic 
mutation or cardiotoxicity, and is pharmacologically 
active and orally bioavailable. In addition, it showed a 
high intestinal absorption rate of 87.2%, minimal BBB 
permeability, and obeyed Lipinski's Rule of Five. NHP 
has a substantial binding affinity for the breast cancer 
target protein 7KBS, according to molecular docking 
experiments, with the best docking affinity being -7.1 
kcal/mol. Consistent RMSD, RMSF, Rg, SASA, 
hydrogen-bond, and MM/GBSA profiles indicated the 
7KBS-NHP complex's stability over the duration of the 
100 ns simulation. Strong anticancer activities were also 
shown by in vitro cytotoxicity tests, which showed IC50 
values of 14.50 µg/mL (MCF-7) and 16.90 µg/mL 
(MDA-MB-231). By combining experimental 
spectroscopy, quantum chemical modelling, molecular 
docking, and cytotoxicity tests, this study positions NHP 
as a viable platform for next in vivo and preclinical 
anticancer research. 
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