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Apoptosis-Inducing Fe2þ/β-Cyclodextrin Supramolecular
Nano–Particulate Complex as an Anticancer Drug
Platform and Cancer-Diagnostic Tool Prototype
Sheta M. Sheta,* Said M. El-Sheikh, Mahmoud T. Abo-Elfadl, Ahmed Younis,
Mohkles M. Abd-Elzaher, Hanibal Othman, Till Strothmann, Marcus N. A. Fetzer,
Istvan Boldog, and Christoph Janiak

Beta-cyclodextrin (β-CD) metal complexes and their biomedical
applications constitute an actively developing research field par-
ticularly in medicine. Herein, an iron/β-cyclodextrin (Fe(II)-β-CD)
nanocomplex, synthesized at room temperature is characterized
by various analytical techniques. The complex has a morphology
of irregular-particles with an average of 4–10 nm, and displays a
porous structure. In vitro, the particles are well-dispersible in the
culture medium, which is typically an aqueous solution at
pH= 7.4. The particles are stable under physiological conditions
and biocompatible with living cells, making them a promising
drug-delivery platform candidate. The Fe(II)-β-CD is screened
for its anticancer potential against four types of malignant cell

lines: liver(HepG2), breast(A549), lung(MCF7), and prostate(PC3)
for the evaluation of prospective cytotoxicity properties. The
results reveal that the nanocomplex show no cytotoxic effect.
The dose response curves and the IC50 of the sample on each cell
line are evaluated at different incubation time intervals. The apo-
ptotic mode of cell death is the prevailing mode after 24 and 48 h.
Moreover, the molecular docking for the nanocomplex as an anti-
cancer drug against the active site of CD44 glycoprotein (PDB-ID-
1poz) is investigated. Based on the obtained results, the prepared
complex paves the way for similar biomarkers in cancer
treatment.

1. Introduction

Beta-cyclodextrin (β-CD) (Figure 1) is a cyclic-oligosaccharide
consisting of seven units of glucopyranose.[1,2] The β-CD molecule

has a truncated conical (tapered toroidal) structure, featuring two
hydrophilic outer rims—one wider rim bearing secondary
hydroxyl groups and a narrower rim bearing primary hydroxyl
groups surrounding a central hydrophobic bowl-shaped cavity.
Cyclodextrins are well-known to form stable supramolecular com-
plexes, including host–guest inclusion complexes, which involve
hydrophilic interactions with the rims and hydrophobic interac-
tions with the inner surface of the cavity.[3] Numerous studies
have reported β-CD-based complexes with promising applica-
tions in several fields particularly in the context of drug delivery
and release,[4–7] antiviral,[8] antitumor and antibacterial activi-
ties,[9–11] cancer theragnostic,[12] sensing, bio-sensing and
molecular recognition receptors,[13–15] biomimetics scaffolds,[16]

adsorption,[17,18] catalytic activity,[19] removal of organic pollu-
tants,[20–23] wastewater treatment/remediation,[24–27] removal of
heavy metal ions,[28–30] food industry,[31,32] CO2 separation,[33,34]

and many more.[35–39]

The supramolecular chemistry of β-CD is not limited to binary
complexes, including the host–guest ones. Still it is increasingly
expanded to the realm of extended composites, including the use
of capping modifiers to metal nanoparticles[16,40] or semiconduc-
tor nanocrystals[41] via direct attachment to the surface. Moreover,
cyclodextrins in general (α, β, and γ) are reported as attractive
building units for the synthesis of nanoporous metal-organic
frameworks (CD-MOFs)[39,42–45] with promising applications in
pharmaceutics and biomedicine,[46,47] including carriers for anti-
inflammatory drugs,[48] sensing platforms,[49,50] adsorption,[51]

and in several other advanced fields.[42,46,52]
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Our research focuses on the development of cancer-
diagnostic tools and anticancer drugs.[53] The subtle, but detect-
able change in the cancer-influenced cells and cellular structures
potentially allows targeted molecular recognition, at least to
some extent. The practical realization is complicated and no abso-
lute accuracy could be expected. The diagnostic approaches are
generally classified according to the cancer-specific analytic tar-
get. Among them are diagnostic or prognostic micro-RNA
(miRNA), specific proteins, circulating tumor cells (CTCs), circulat-
ing tumor DNA, and exosomes all of which can be extracted from
biological fluids such as blood, saliva, and urine.[54] For instance,
breast cancer exhibits several distinctive biomarkers, with some
being stage-dependent and/or dependent on overexpression of
biomarkers. In this context, the estrogen and progesterone hor-
mone receptors in addition to the human epidermal growth fac-
tor receptor-2 (HER-2) are valuable diagnostic and prognostic
biomarkers. Mucin1 glycoproteins, carcinoembryonic antigen
(CEA), and miR-21, 16, and 150 are considered overexpression
biomarkers.[55] Alpha fetoprotein (AFP) is one of the most famous
biomarkers, also of prognostic type, but unfortunately, it is not
specific to liver cancers. On the other hand, the heteroplast L3
of AFP (AFP-L3) is highly specific (90%–95%) to hepatocellular car-
cinoma (HCC) and very sensitive also for small-sized liver tumors.
The Des-γ-carboxyprothrombin (DCP) is another sensitive bio-
marker to HCC and can be used together with AFP-L3 to distin-
guish HCC from cirrhosis.[56,57] Other biomarkers are of great value
in HCC diagnosis like Glypican-3, heat shock protein 70, and glu-
tamine synthetase.[58,59] Prostate cancer (PC) is of great concern
and application for biomarkers and related biosensors. Prostate
specific antigen (PSA) and its isoforms are the gold standard
for diagnosis and prognosis of PC. Urinary biomarkers like
Telomerase reverse transcriptase (TERT), Annex-in A3, and matrix
metalloproteinases are also potential biomarkers for PC.[60,61] The
desirable diagnostic tool should be sensitive enough to detect
single cancer cell within just few millions of normal cells with
low cost and feasible technique.[62]

CD44 is considered from the most crucial families of nonki-
nase, single span transmembrane glycoproteins. It plays impor-
tant role as molecular marker for cancer cells.[63,64] CD44 is
classified into two main types, the first one is the standard form
of CD44 (CD44s), which is encoded by ten constant exons while
the other one is a CD44v isoform variant of CD44, which is

generated by alternative splicing and have the ten constant
exons in addition to combination of the outstanding variant with
nine exons.[65,66] The clinic pathological studies of CD44 role in
tumor genesis refer to CD44 may be a molecular target for cancer
therapy.[67] CD44 may also be an important prognostic marker
where it helps the maintaining stem-ness and the function of can-
cer stem cells in tumor regeneration following therapy.

In our previous published article,[1] a novel Fe(III)-βCD-NP
supramolecular network was synthesized, and fully characterized.
Fe(III)-βCD-NP were investigated for in vitro anticancer and cyto-
toxicity properties. The prepared complex was also used in three
bio-sensing analytical applications for early diagnosis of liver can-
cer by the detection of alpha-fetoprotein (AFP). A colorimetric
method, coated paper strip-based Fe(III)-βCD-NP prototype for
naked eye detection of AFP, and prototype design of sensor
device for visual detection of AFP were presented.

The stability of Fe-β-CD complexes in a cell culture medium
is an impotant point, specially, as Fe(II) is generally less stable in
aerobic conditions. Thus, several Fe(II)-β-cyclodextrin (β-CD)
systems have been previously synthesized and explored for var-
ious applications, many of these rely on physical encapsulation
or surface functionalization strategies that do sometimes
improve the redox stability but usually do not ensure long-term
stability of the Fe(II) oxidation state in biological and/or oxida-
tive environments. For example,[1] reported a Fe(II)-β-CD com-
plex for different applications, but did not assess its redox
stability beyond initial characterization. In contrast, the present
study introduces a chemically coordinated Fe(II)-β-CD nano-
complex synthesized via a mild, aqueous method, with an
aim to develop a material with sufficient oxidative stability
and bio-compatibility.

In continuation of that work, a novel Fe2þ/β-cyclodextrin
(Fe(II)-β-CD) supramolecular nanocomplex was prepared and
subjected to in-depth investigation regarding its structure
and stability in the context of potential anticancer applications.
The excellent water solubility and biocompatibility of cyclodex-
trins make CD-based complexes highly promising candidates for
bio-sensing applications. Consequently, the synthesized materi-
als were investigated in vitro for their anticancer action against
four types of malignant cell lines for evaluating the prospective
cytotoxic properties. The chosen cell lines were the human
epithelial HCC (HepG2 cell line), human epithelial breast

Figure 1. a) Representation of D-glucopyranose ring, b) native β-CD, and c,d) molecular and space-filling structure of β-CD.
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adenocarcinoma (MCF7 cell line), human epithelial lung carci-
noma cells (A549 cell line), and human epithelial prostate ade-
nocarcinoma grade IV (PC-3 cell line). Furthermore, molecular
docking studies were performed against the CD44 glycoprotein
active site (PDB ID: 1poz).

This study introduces a distinct Fe(II)-β-CD complex in which
Fe(II) is directly coordinated and stabilized within the β-CD frame-
work under mild, environmentally friendly synthesis conditions.
The resulting system exhibits exceptional stability of the Fe(II) oxi-
dation state under ambient conditions, an uncommon feature
among previously reported β-CD-based systems, which are often
susceptible to oxidation or structural degradation. Moreover, the
Fe(II)-β-CD complex demonstrates superior biomarker properties
in cancer treatment compared to existing materials. By integrat-
ing the host–guest chemistry of β-CD with the redox activity of
Fe(II) in a single, well-defined nanocomplex, this work offers a
novel approach that combines structural stability, functional ten-
ability, and potential applicability in drug delivery, thus address-
ing key limitations in current Fe–cyclodextrin nanotechnology.
The distinctiveness and enhanced stability of this Fe(II)–β-CD sys-
tem, as compared to other Fe–β-CD complexes, are discussed in
detail in the supporting information file.

2. Results and Discussion

2.1. Characterization of the Prepared Fe(II)-β-CD
Nanocomplex

While the β-cyclodextrin (β-CD) complexes and their applications
constitute an actively developing research field, there is a relative
lack of focus on in-depth morphological and structural studies.
The structural coordination chemistry of metal complexes with
β-CD remains underdeveloped. β-CD as a ligand has 7 primary
and 14 secondary OH-groups. In basic pH medium, these OH-
groups, particularly the primary ones, can deprotonate and act
as nucleophiles, offering many coordination sites, including che-
lating ones. Based on our literature survey, various modes of com-
plexations and associated structural motifs could be discerned:
mono-, bi-, and polynuclear systems, spanning from typical homo
or heterometallic sandwich complex types to extended cylindri-
cal structures.[16] The type of the resulting metal complexes (type
of structure or complexation) mainly depends on 1) the character
of the used auxiliary or metal ions, 2) the formation of inter- and/
or intramolecular hydrogen bonding, 3) the aggregation
mode, and 4) the supramolecular arrangement. Herein, the

nanocomplex of ferrous-based β-cyclodextrin (Fe(II)-β-CD) was
synthesized as represented in (Figure 2). Using the collected
micro/analytical data and molecular simulations, a structural
model for the Fe(II)-β-CD nanocomplex is proposed, as given
below.

2.1.1. SEM, EDX, and the Element Mappings

The scanning electron microcope (SEM) images reveal that the
Fe(II)-β-CD nanocomplex appears as uniform irregular, but com-
pact near-spherical shaped particles with an evidently porous
morphology of their packing. The pores are visible in the
images (Figure 3a,b). Each particle has a size ranging from
�4–10 nm (Figure 3a,b). The analysis of the energy-dispersive
X-ray spectroscopy (EDX) elemental mapping data for the Fe(II)-
β-CD nanocomplex showed the presence of oxygen, carbon,
sodium, and iron in substantial quantities (Figure 3c) and
(Table S1, Supporting Information). The element mapping by
EDX is given in Figure S1, Supporting Information. Along with
the spot values of the EDX mapping, the analysis revealed a uni-
form distribution of the constituting elements as shown in Figure
S1, Supporting Information. Moreover, the EDX element percen-
tages are in good correspondence with the theoretical elemental
composition (Table S1, Supporting Information). The CHN ele-
mental data were (wt%): C, 32.11; H, 4.28; and N, 0.0. The theo-
retical values were: C, 31.29; H, 4.19; Na, 9.98; O, 40.69; and Fe,
13.86; while the EDX values were: C, 32.37; Na, 11.69; O, 41.97;
and Fe, 14.25.

2.1.2. TEM

Transmission electron microscope (TEM) images (Figure 4)
confirmed additionally the porous character of the prepared
Fe(II)-β-CD nanocomplex. The images reveal nanosheet like mor-
phologies within the 4–10 nm sized particles (Figure 4a,b). These
results are in good agreement with those obtained from field
emission SEM (FE-SEM) data. Moreover, the selected area diffrac-
tion pattern (SAED) image of the nanocomplex (Figure 4c)
revealed the crystalline nature of the sample. Also, the diffraction
pattern of the selected area showed a prominent halo associated
with the amorphous material content and diffraction spots from
the crystalline part. The selected area covered a number of par-
ticles resulting in an overlay of diffraction spots associated with a
number of nanosized single-crystalline domains/particles. Thus,
the existence of the Fe(II)-β-CD nanocomplex also in at least par-
tially crystalline form is confirmed.

Figure 2. The synthetic scheme and photographs of the reaction steps in the synthesis of Fe(II)-β-CD.
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2.1.3. XPS Analysis

The X-ray photoelectron spectroscopy (XPS) spectra of the pre-
pared Fe(II)-β-CD nanocomplex are illustrated in (Figure 5a–e).
The survey scans (Figure 5a, Table S2, Supporting Information)

indicate the presence of C, O, Na, and Fe without a significant
presence of other elements. The atomic percentage values from
EDX element mapping were in excellent correspondence with the
results obtained from the XPS-survey scan (Table S1 and S2,
Supporting Information). The EDX atomic percent values were

Figure 4. a,b) The TEM and c) SAED images of the Fe(II)-β-CD nanocomplex.

Figure 3. a,b) FE-SEM at different magnifications, and c) EDX spectrum.
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C, 36.68; Na, 9.82; O, 40.23; and Fe, 13.27; whereas the results from
XPS-survey scans were C, 36.02; Na, 10.45; O, 39.73; and Fe, 13.80.
The high-resolution XPS spectrum of C 1s (Figure 5b, Table S3,
Supporting Information) showed three signals at 284.23, 285.88,
and 288.08 eV, which are assigned to C─C, O─C─O, and
C─OH, respectively. The spectrum of O 1s (Figure 5c, Table S4,
Supporting Information) was deconvoluted to two peaks of
O–Fe–O and C–O at 530.67 and 532.28 eV, respectively and
showed a peak at 535.01 eV for Na KLL. The presence of the
Fe–O signals illustrated the formation of coordination bonds
between the β-CD oxygens and Fe. The XPS spectrum of Na
1s (Figure 5d, Table S5, Supporting Information) showed a satel-
lite peak at 1071.07 eV. Further, the XPS spectrum of Fe 2p
(Figure 5e, Table S6, Supporting Information) featured signals
at 711.28 for Feþ2, 716.16, and 718.89 eV ascribed to Fe(II)
2p3/2 satellite peaks, and at 721.58, 723.10, and 726.33 eV for
Fe(II) 2p1/2 satellite peaks, which verified the existence of Fe2þ

in the Fe(II)-β-CD complex sample.[68]

2.1.4. XRD Analysis

(Figure 5f ) demonstrates the XRD spectra of the synthesized
nanocomplexes of Fe(II) in compared with β-CD diffractogram
pattern. The diffraction peaks compared with β-CD pattern were
taken as an indicator of the high quality of nanocomplexes crys-
tallinity and suggested that the nanocomplexes were successfully
synthesized. The β-CD diffractogram (Figure 5f ) features the next
2θ peaks: 4.73°, 6.28°, 9.13°, 10.91°, 11.63°, 12.58°, 14.96°, 17.33°,
17.81°, 19.71°, 21.02°, 25.30°, and 26.03°. On the other hand, the

nanocomplex’s diffractogram (Figure 5f ) features the next 2θ
peaks; 9.24°, 17.67°, 21.35°, 33.10°, 34.65°, 36.55°, 39.99°, 40.94°,
44.86°, 47.11°, 50.67°, 53.05°, 58.75°, 61.36°, and 63.85°. The rep-
resented peaks showed different peaks compared to pure β-CD
indicating a formation of a new phase(s) of the nanocomplex.

2.1.5. UV Analysis

The absorption spectrum of the Fe(II)-β-CD nanocomplex and the
respective calculated bandgap energies are shown in Figure S2
and S3, Supporting Information, respectively. The spectrum in
Figure S2, Supporting Information revealed five absorption bands
at 213, 263, 350, 474, and 554 nm. The bands at 213, 263, and
350 nm may be attributed to a bathochromic shift of the original
λmax of β-cyclodextrin. These results clearly evidence the forma-
tion of the complex. The 350, 474, and 554 nm adsorption bands
in the Fe(II)-β-CD spectrum could be associated with the
ligand–metal-charge–transfer-transitions’ (LMCT) and intraligand-
charge-transfers (n–π* / π–π*). Figure S3, Supporting Information
shows the 1.94 and 2.39 eV calculated bandgap values, with a
reduced value for Fe(II)-β-CD. This can be attributed to an increase
in the HOMO valence band energy, i.e., the reduction of the Fe(II)-
β-CD’s bandgap.

2.1.6. FT-IR Spectra

Fourier transform infrared (FT-IR) is widely used in the study
of guest–CD solid complexes since the occurrence of changes

Figure 5. a–e) The X-ray photoelectron spectroscopic analysis (XPS) of the Fe(II)-β-CD nanocomplex. (a) Survey scan; (b) C 1s; (c) O 1s; (d) Na 1s; (e) Fe 2p,
and f ) the X-ray diffraction (XRD) patterns of Fe(II)-β-CD nanocomplex compared with the free β-CD.
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in the characteristic bands (broadening, sharpening, bending,
variations, and/or shifting in wavenumbers of the peaks) of
the guest molecule spectrum can be an indication of complex
formation. The changes in IR band positions between free
β-CD and the formed complex are shown in (Figure 6a) and
summarized in (Table S7, Supporting Information). The FT-IR
spectrum of free β-CD in Figure 6 shows the broad characteristic
band of primary and secondary OH groups centered at
3363 cm�1, which are participating in a network of intra- or
intermolecular H-bonding. The C─H stretching vibration is
identified at 2930 cm�1. The band at 1650 cm�1 is attributed
to C─C, the deformation vibration band of trapped water mol-
ecules (H–O–H) in the β-CD cavity appears around 1630 cm�1,
while the bands at 1330 and 1030 cm�1 are attributed to the
vibrations of the C─O bond. The presence of ether groups
can be observed by the C─O─C stretching vibration bands
at 1154 cm�1. A sharp band at 1030 cm�1 appears due to the
–OH bending vibration. The band at 759 cm�1 appears due to
the ring deformation.

The FT-IR spectrum the Fe(II)-β-CD nanocomplex is shown in
comparison (Figure 6a). The characteristic broad stretching vibra-
tion band of the H-bonded OH groups are centered at 3317 cm�1.
This band is found to narrow in the case of the nanocomplex with
a notable shift of the center-position (46 cm�1). The C─H stretch-
ing band was detected at 2925 cm�1 with a peak shift of about
5 cm�1. The bands appearing at 1601 cm�1 are attributed to C─C,
and the deformation band of trapped water molecules in the β-
CD cavity. The band appeared at 1435 cm�1 is attributed to the
C─O bond vibrations, while the cyclic ether moieties can be
observed by means of the present C─O─C stretching vibration
band at 1155 cm�1. A sharp band at 1027 cm�1 appears due
to –OH bending vibration and another band appeared at
753 cm�1 due to the ring deformation. These bands change their
position and shape upon complexation. New peaks were
revealed at 608, 583, and 534 cm�1 which were characteristic
bands of iron bonding (Fe–O), which is evidences the presence
of the Fe-O coordination bonds.

2.1.7. Thermal Analysis

The thermal stability of Fe(II)-β-CD nanocomplex was tested
under nitrogen carrier gas in the range of room temperature
to 1000 °C at a heating rate of 10 °C per minute (Figure 6b,
Supporting Information). The thermogram indicates that the
decomposition of the Fe(II)-β-CD nanocomplex occurs via several
stages. The first stage exhibited a weight loss amounting to�6%
with a rising temperature up to�100 °C. This loss could be attrib-
uted to the loss of the water molecules from the cavity of the β-
CD. With further temperature increase, the thermogram showed
three further steps of ligand-decomposition steps with weight
losses of�29, 15, and 36%. The remaining residue amounted to
�14%, which should be associated with predominantly metallic
Fe-content and residual carbonized rests. This result is consistent
with the data obtained from EDX analysis.

Based on the obtained microanalytical data, may be an opti-
mized local structure of the Fe(II)-β-CD nanocomplex is proposed
(Figure 7a,b).

2.2. Cytotoxicity and Anticancer Properties

The Fe(II)-β-CD nanocomplex showed limited cytotoxic effect on
HepG2, A549, MCF7, and PC3 cell line after 48 h. The dose
response curves and the IC50 of the complex on each cell line
are shown in Figure 8. The following aspects were scrutinized:

2.2.1. Cytotoxicity

The Fe(II)-β-CD nanocomplex showed no more than 20%–25%
cytotoxicity on the HepG2 cell line. On the other hand, the
A549, MCF7, and PC3 didn’t show a significant toxicity response.
The preferential slight cytotoxicity on the HepG2 cell line is
hypothesized to take place because of the hepatocytes’ preferen-
tial endocytosis for the cyclodextrin conjugates through the spe-
cific CD44 membrane receptor.[69] Among the cancer stem-like
cell markers, the CD44 is the most abundant marker in the

Figure 6. a) FT-IR spectra of the Fe(II)-β-CD nanocomplex compared to that of the free β-cyclodextrin (β-CD) and b) the thermogravimetric analysis (TGA)
of the Fe(II)-β-CD nanocomplex.
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HCC.[70] Along the highest used concentration (100 μgmL�1),
there was no detectable or interpolated IC50 on any studied cell
line. The enhanced internalization of the magnetic derivatives-β-
CD could show superior magnetic resonance imaging (MRI-T2)
contrast scanning ability.[71] It was verified that as the iron con-
centration in the β-CD nanocomplex increased, the imaging sig-
nals darkened dramatically.[72] Due to the discussed superior
abilities of the iron based cyclodextrin complex, it is recognized

to have enhanced potential as a cancer diagnostic tool. The cyto-
toxic effects of the Fe(II)-β-CD nanocomplex on each cell line are
shown in Figure 8a–d.

2.3. The Mode of Cell Death

The acridine orange/ethidium bromide stain traces the mode of
cell death. The exclusion dye, ethidium bromide, binds to the

Figure 8. a–d) The dose response curves of Fe(II)-β-CD nanocomplex on A549, MCF7, HepG2, and PC3 cell lines showing no significant cytotoxicity except
for the HepG2 cell line with no more than 25% cell death rate. The data are represented as mean value� SD, while the cell status (“cell-death mode”) is
reflected by AO/EtBr stain. e-h) The micrographs (magnification�20, the scale bars correspond to 20 μm). The early apoptotic changes (EA) are prevailing
in the A549 and PC3 cell lines, while the late apoptosis (LA) was obvious in the MCF7 and HepG2 cell lines. i-l) The fluorescence distribution of cell death
modes in each cell line.

Figure 7. The suggested model of the local structure of the Fe(II)-β-CD nanocomplex. a) The structural formula of four repeating units and b) a projection
of the optimized periodic supramolecular structure.
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damaged cell’s DNA, revealing the late apoptotic and necrotic
cells. The acridine orange dye stains the early apoptotic cells.
The viable cells with percentages 85%, 75%, 70%, and 88% in
the A549, MCF7, HepG2, and PC3 cells, respectively, retain their
intact membrane with nuclei marked by a uniform green color. In
the A549, MCF7, HepG2, and PC3 cells, high percentages (14%,
15%, 15%, and 10%, respectively) of early apoptotic cells with
intact membranes appear with green nuclei and light-yellow con-
densed chromatin. Only in the case of HepG2 and MCF7 cell lines,
the late apoptotic cells in the compromised membranes in the
respective quantities of 15% and 10%, appeared with orange
chromatin areas in the nuclei (Figure 8e–l). The results revealed
that the early and late apoptosis are the prevalent cell-death
modes. The polycationic β-CD and the magnetic β-CD enhance
the early and late apoptosis through triggering caspase 3 and
7.[73–75] This eventually led to high expressions of Bax and Bcl-
XL proteins for apoptosis and nuclear condensation, and the
mechanism of the toxic action was suggested to be the solubili-
zation of cholesterol stores from the cell membranes. Again, the
endocytosis of cyclodextrin conjugates of the HCC cells together
with the fast endosomal release after the receptor-mediated
endocytosis led to enhanced cytotoxicity via boosting the apo-
ptosis pathway.[69,76]

For further clarification, in the mode of cell death experi-
ment, we chose 50 μg mL�1 as our candidate concentration
because this concentration was really studied in the cytotoxic-
ity experiment and showed around 25% cell death only. It was
the first point in the plateau part of the cytotoxicity curve. We
have chosen 50 μg mL�1 concentrations of β-CD as it corre-
sponded to the appearance of the first clear signs of cell death.
In other words 50 μg mL�1 gave us optimal resolution power to
distinguish the samples. In the mode of cell death, the samples
behaves the same way regarding the mode of cell death.
Different concentrations were used, but the expression of cyto-
toxicity was essentially the same. Hence, we were able to
choose freely our concentration ranges to optimize them
accordingly to the IC50 values without introducing changes
to the model.

2.4. Molecular Docking Study

MOE 2014.0901 software[77] was used to study the anticancer
Fe(II)-β-CD nanocomplex. The docking simulation was performed
to determine the possible binding modes between Fe(II)-β-CD
nanocomplex and the active site pocket of CD44 glycoprotein
(PDB; ID: 1poz). As shown in (Figure 9), the Fe(II)-β-CD nanocom-
plex binds to the active site of 1poz with energy score (S) of
�7.19 Kcal mol�1 via H-bonding of the cyclodextrin part with
Gln 21, Asn 25, Arg 78, and Arg 154 amino acid residues and
the binding of metal ions to Asp 151 and Arg 41, respectively.
The developed contact area indicates a good binding affinity
of the Fe(II)-β-CD nanocomplex with the receptor of 1poz.[78]

Finally, it could be stated (Figure 9) that the presence of Fe2þ

ion in Fe(II)-β-CD nanocomplex improves the chances of the
nanocomplex’s insertion into the active site of CD44 glycoprotein
(PDB; ID: 1poz).

2.5. Stability

The previously reported β-CD-supported systems are usually
reported to easily oxidize with accompanied structural degrada-
tion. Probably this is why our Fe(II)-β-CD complex demonstrates
superior biomarker properties compared to the few reported
loosely comparable systems. By integrating the host–guest chem-
istry of β-CD with the redox activity of Fe(II) in a single, well-
defined nanocomplex, this work offers a novel approach that
combines structural stability, functional tunability, and potential
applicability in drug delivery, thus addressing key limitations in
current Fe–cyclodextrin nanotechnology. Given the known ten-
dency of Fe(II) to oxidize to Fe(III) under physiological conditions,
the redox integrity of the complex was further evaluated in vitro
through time-resolved stability testing in cell culture medium
over 48 h. This allowed us to assess the persistence of the
Fe(II) state under biologically relevant conditions, a factor critical
for biomedical or sensing applications that rely on Fe(II)-specific
activity. The findings suggest that our complex exhibits improved

Figure 9. a) 2D local binding interaction map and b) 3D interaction model for Fe(II)-β-CD nanocomplex.
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resistance to oxidation, distinguishing it from previously reported
Fe(II)-β-CD systems and expanding its potential utility in cellular
environments.

3. Conclusion

This work presents a promising novel supramolecular Fe2þ/
β-cyclodextrin (Fe(II)-β-CD) “nanocomplex”, which could be con-
sidered as a promising tool for cancer diagnostics as well as a
prototype anticancer drug-delivery platform. The Fe(II)-β-CD
nanocomplex was characterized using different analytical meth-
ods. It was shown that the Fe(II)-β-CD nanocomplex has a nano-
particulate morphology with particle sizes of 4–10 nm. The
findings suggest that our complex exhibits improved resistance
to oxidation, distinguishing it from previously reported Fe(II)-β-CD
systems and expanding its potential utility in cellular environ-
ments. The nanocomplex application as a potential cancer-
specific biomarker-diagnostics tool showed limited general
cytotoxicity on HepG2 and MCF7 cell lines with no apparent cyto-
toxicity on A549 and PC3 cell lines, with the apoptic mechanism
being prevalent in killing the targeted cells. Thus, the Fe(II)-β-CD
nanocomplex exhibited preferential targeting to the HCC cells,
while both early and late apoptotic changes were demonstrated.
The favorable targeting, proven also by molecular docking sim-
ulations, which indicated a good binding affinity of Fe(II)-β-CD
nanocomplex and the active site of CD44 glycoprotein (PDB ID
1poz), as well as limited cytotoxicity, renders the Fe(II)-β-CD
nano-complex a promising candidate for cancer diagnosis and
related applications in the field of medicinal chemistry.

4. Experimental Section

Chemicals and Reagents

All reagents and chemicals used for the synthesis of the nanocom-
plexes of Fe2þ/β-cyclodextrin (Fe(II)-β-CD) were of analytical grade
and used without further purification. β-CD (C42H70O35)> 98.0%
was supplied from Tokyo chemical industry Co., LTD. Ferrous chloride
(FeCl2·4H2O) as well as the solvents (ethanol and methanol) were sup-
plied from Sigma–Aldrich (Germany).

Instruments

The Fe2þ/β-cyclodextrin (Fe(II)-β-CD) nanocomplexes were character-
ized using various techniques. To evaluate the surface morphology of
the fabricated materials, electron microscopy images were recorded
on a JEOL JSM-6510LV SEM equipped with a LAB6 filament at an
acceleration voltage of 20 keV. Elemental mapping was examined
with spatially resolved EDX using a Bruker XFlash 410-M EDX detec-
tor. Prior to the SEM measurement, the samples were coated with
gold using a JEOl JFC 1200 Fine Coater. The structures of the formed
phases were examined by using high-resolution transmission elec-
tron microscope (HR-TEM) with an acceleration voltage of up to
200 keV. A UV/VIS-JASCO V-770 spectrophotometer recorded the
UV–visible absorption spectrum of the Fe(II)-β-CD nanocomplex.
The organic groups of the Fe(II)-β-CD nanocomplex were examined

using a FT-IR-JASCO 3600-spectrometer in the range (400–
4000 cm�1). Thermogravimetric analysis (TGA) was performed on a
Netzsch TG 209 F3 Tarsus instrument the measurement carried
out under nitrogen carrier gas in the range of room temperature
to 1000 °C at a heating rate of 10 °C per minute to evaluate its
thermo-stability. XPS measurements investigated the element com-
position within the Fe(II)-β-CD nanocomplex as well as their chemical
states. The Thermo Scientific K-Alpha XPS spectrometer was
equipped with an Al-Kα microfocus tube, a monochromator within
an energy range up to 4 keV. To characterize the crystalline phase
and relative crystalline nature of the nanocomplex, powder X-ray dif-
fractometer (PXRD) was performed at room temperature on a Bruker
D2 phase powder diffractometer equipped with a flat silicon, low
background sample holder using Cu-Kα radiation (λ= 1.5418 A°) in
the range of 5°< 2θ< 80° with a scan rate of 0.0125° s�1 (300 W,
30 kV, 10 mA). The analyses of the diffractograms were carried out
with the Match version 3 software.

Procedure: Synthesis of Ferrous Nanocomplex

A nanocomplex of ferrous-based β-cyclodextrin (Fe(II)-β-CD) was syn-
thesized as follows according to the presented photographs for the
reaction steps (Figure 2). NaOH (24 g, 0.6 mol) and β-CD (3.405 g,
0.003mol) were first dissolved in 130mL of deionized water (solution
1). Then 14mL of ferrous chloride tetrahydrate (FeCl2·4H2O, 1.193 g,
0.006mol) in an aqueous solution was poured into solution 1 under
stirring for 0.5 h. The obtained mixed solution was filtered to remove
the solid residues. 150 mL of 96% ethanol was added slowly into the
filtrate, and a light brown precipitate (the Fe(II)-based β-CD nanocom-
plex) was obtained immediately, washed three times with 50mL of
ethanol and dried in vacuum (3.0 mbar) for 12 h at room temperature.

Cytotoxicity and Anticancer Applications: Cell Lines

Human epithelial HCC: HepG2 cell line, human epithelial breast ade-
nocarcinoma; MCF7 cell line, human epithelial lung carcinoma cells;
A549 cell line, and human epithelial prostate adenocarcinoma grade
IV; PC-3 cell line, all were purchased from American Type Culture
Collection (ATCC), USA.

Cytotoxicity and Anticancer Applications: Cell Culture

For the A549 and PC-3 cell lines, the RPMI-1640 medium was
used for culture. For the HepG2, and MCF7 cell lines, cells were cul-
tured in DMEM high glucose medium. All the media were supple-
mented with 10% fetal bovine serum (FBS), 2.0 mM L-glutamine,
containing 100 units ml�1 penicillin G sodium salt, 100 units ml�1

streptomycin sulfate, and 250 ng ml�1 amphotericin B, with all
the chemicals supplied Lonza, (Basel, Switzerland). Cells were main-
tained at subconfluency at 37 °C in 80% humidified air containing
5% CO2. For subculturing, monolayer cells were harvested after
trypsin/EDTA treatment at 37 °C. Cells were used when confluence
had reached 75%.

Cytotoxicity and Anticancer Applications: MTT Cytotoxicity

The MTT (3-[4,5-dimethylthiazole-2-yl]�2,5-diphenyltetrazolium bro-
mide), was obtained fromMerck KGaA (Darmstadt, Germany) and dis-
solved in normal saline (0.9% NaCl) to obtain a final concentration of
5 mgmL�1. The MTT is used to assess the cytotoxicity of the tested
complex on the different cell lines. It is based on the capability of the
active mitochondrial dehydrogenase enzyme of living cells to cleave
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the tetrazolium rings of the yellow MTT and form dark blue insoluble
microcrystalline formazan. The crystals are solubilized leading to the
liberation of dark blue color directly proportional to the number of
live cells. Briefly, cells ( x 104 cells/well) were seeded in serum-free
media in a flat bottom 96-well microplate and treated with 20 μl
of different concentrations of the tested complex for 48 h at 37 °C,
in a humidified 5% CO2 atmosphere. The concentrations ranged from
100 μgmL to 3.125 μgmL�1. After incubation, the media were
removed and 40 μl MTT solution per well was added and incubated
for an additional 4 h. The MTT crystals were solubilized by adding
180 μl of acidified isopropanol/well (99mL isopropanolþ 1mL HCl
37%, all supplied by Roth GmbH Germany) and the plates were
shacked at room temperature, followed by photometric determina-
tion of the absorbance at 570 nm using a microplate ELISA reader
(FLUOstar OPTIMA, BMG LABTECH GmbH, Ortenberg, Germany).
Three repetitions were performed for each concentration and the
average value was calculated.[79]

Cytotoxicity and Anticancer Applications: Calculation

The percentage of relative viability was calculated using the following
equation:

Absorbance of treated cells
Absorbance of control cells

� 100

Then, a dose–response curve was plotted illustrating the viability %
versus the sample’s concentration and the half maximal inhibitory
concentration (IC50) was calculated from the curve.

Cytotoxicity and Anticancer Applications: Statistics

Data is presented as a mean value� standard deviation (SD). The
dose–response curve was calculated using nonlinear regression anal-
ysis with 5 parametric logistic curve equations using GraphPad Prism
9.4.1 (458) for MacOS, GraphPad Software, (San Diego, California USA,
www.graphpad.com).

Cytotoxicity and Anticancer Applications: Mode of Cell Death

The cells were cultured on 8-well cell culture slides (SPL, Seoul, South
Korea) at a density of 104 cells/well, and the samples were adjusted
for a final concentration of 50 μgmL�1 for 48 h. The mode of cell
death was investigated in the cells after staining with acridine orange
(100 μgmL�1) and ethidium bromide (100 μgmL�1) dual stain dis-
solved in phosphate buffer saline (PBS) at equal volume, all obtained
from Merck KGaA (Darmstadt, Germany). The cells were stained and
investigated under a fluorescent microscope (AxioImager Z2, Zeiss,
Jena, Germany). Cells with green color were scored as live cells,
and those with yellow, orange, or red colors were recorded as early
apoptotic, late apoptotic, or necrotic cells, respectively.[80] The fluo-
rescence of each cell death mode was quantified using Zen 11 Blue
edition software (Zeiss, Jena, Germany).

Cytotoxicity and Anticancer Applications: Molecular
docking study

This biological simulation study, which has a great significance in
drug designing, was accomplished using Molecular operating envi-
ronment software (MOE 2014. 0901).[77] Fe(II)-β-CD nanocomplex
was investigated toward docking methodology against CD44 as a
glycoprotein receptor. The X-ray structure of CD44 was obtained from

the protein data bank (PDB; ID: 1poz). The configuration process
began with the tested compound by adding hydrogen atoms to sat-
isfy the valency requirements. After the energy minimization, the
essential parameters were adjusted by the MMFF94x force field.
The configured compound was saved in MDB format and prepared
for the docking simulation.[81] Also, the structure of the cocrystal of
CD44 (PDB; ID: 1poz) in PDB file format was adjusted as follows:
1) addition of hydrogen atoms to the selected receptor and 2) after
alpha-site spheres were generated using the site-finder module of
MOE, the complexes were docked on the surface of the interior of
the minor groove using the DOCK module of MOE.[82] Each docking
process was executed using up to 30 trials over grooves on the inte-
rior surface. The scoring energy value (S) was calculated by London
dG scoring-function, applied to the poses generated by triangle
Matcher methods in two unrelated refinements.

Acknowledgements

This work was supported by the financial support of the Science
and Technology Development Fund (STDF) Foundation of the
project no. (37068). I.B. was solely responsible for certain meth-
odological aspects.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Sheta M. Sheta: conceptualization (lead); data curation (lead); for-
mal analysis (lead); funding acquisition (lead); investigation (lead);
methodology (lead); resources (lead); validation (lead); visualiza-
tion (lead); writing—original draft (lead); writing review & editing
(lead). Said M. El-Sheikh: conceptualization (equal); data curation
(equal); supervision (lead); writing—original draft (equal); writing
—review & editing (equal).Mahmoud T. Abo-Elfadl: investigation
(equal); methodology (equal); visualization (equal). Ahmed
Younis: methodology (equal); software (equal); validation (equal);
visualization (equal). Mohkles M. Abd-Elzaher: funding acquisi-
tion (lead); investigation (equal); project administration (lead);
supervision (lead); validation (equal). Hanibal Othman: method-
ology (equal); writing—review & editing (equal). Till Strothmann:
data curation (equal); formal analysis (equal); methodology
(equal).Marcus N. A. Fetzer: data curation (equal); formal analysis
(equal); methodology (equal). Istvan Boldog: methodology
(equal); writing—review & editing (equal). Christoph Janiak:
conceptualization (equal); data curation (equal); investigation
(equal); project administration (lead); supervision (lead); visualiza-
tion (equal); writing—original draft (equal); writing—review &
editing (equal).

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

ChemMedChem 2025, 20, e202500665 (10 of 12) © 2025 Wiley-VCH GmbH

ChemMedChem
Research Article
doi.org/10.1002/cmdc.202500665

 18607187, 2025, 24, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202500665 by U

niversitäts- U
nd L

andesbibliothek D
üsseldorf, W

iley O
nline L

ibrary on [13/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.graphpad.com
http://doi.org/10.1002/cmdc.202500665


Keywords: apoptosis · beta-cyclodextrin · cancer · docking ·
molecular · nanomaterial · supramolecular

[1] S. M. Sheta, S. M. El-Sheikh, H. M. A. Hashish, M. T. Abo-Elfadl,
M. M. Abd-Elzaher, I. Boldog, C. Janiak, Biosens. Bioelectron. 2025, 287,
117693.

[2] V. Maksymych, M. Klapchuk, A. Borysiuk, Y. Kulyk, V. Stadnyk, I. Bordun,
Z. Kohut, F. Ivashchyshyn, Mater. Res. Bull. 2023, 163, 112220.

[3] N. Triamchaisri, P. Toochinda, L. Lawtrakul, Int. J. Mol. Sci. 2023,
24, 1525.

[4] K. M. Sahu, S. Patra, S. K. Swain, Int. J. Biol. Macromol. 2023, 240,
124338.

[5] B. Khatun, M. A. Rather, S. Rohilla, R. Borah, M. Mandal, T. K. Maji, Chem.
Pap. 2023, 77, 4409.
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