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A B S T R A C T

The invention and development of diagnostic devices with simple instrumentation, low cost, and high selectivity 
are research topics that attract considerable scientists around the world. A novel ferric-based β-cyclodextrin 
nanoparticle supramolecular network (Fe(III)-βCD-NP) was synthesized via a simple method and fully charac
terized. The physicochemical properties, and biocompatibility of Fe(III)-βCD-NP revealed them as a promising 
candidate for biological and biosensing applications. In this context, for biological applications, Fe(III)-βCD-NP 
was investigated for in vitro anticancer and cytotoxicity properties. The results revealed that Fe(III)-βCD-NP 
showed no cytotoxic effect on HepG2, A549, MCF7, and PC3 cell lines. Furthermore, Fe(III)-βCD-NP was used for 
biosensing in three analytical applications for early diagnosis of liver cancer via the detection of α-fetoprotein 
(AFP). The first is developing a colorimetric method; the results showed a considerable response toward AFP in a 
concentration range (1.0–700.0 ng/mL) with a lower detection limit of 0.076 ng/mL, quantification limit of 0.23 
ng/mL and a visual color change from pale-yellow to brown. The second is fabricating a test strip prototype; the 
results showed a significant response for the qualitative naked-eye detection of AFP based on the color change as 
a function of concentration. The third is the fabrication, and assembly of a prototype of an electronic color AFP 
biosensor device; the results showed a user-friendly and self-contained device for AFP with quantitative 
detection-based coated test strips. The analytical statistical parameters of the suggested applications were 
evaluated. Finally, the mentioned applications demonstrated how to transform the laboratory concept into 
applied technology.

1. Introduction

Point of care testing or “near patient test” “POCT”, nowadays, is an 
expression broadly used in the fields of pharmaceutical, medical, 
healthcare, clinical and environmental applications (Lakshmanan and 
Liu, 2025; Plebani et al., 2024; Sheta et al., 2022a; Yuan et al., 2025; 
Zhou et al., 2025). POCT are devices commonly used for drug dose 
monitoring/control/screening/strategies of treatment, early monitor
ing/diagnosis of diseases, screening of pharmaceutical formulations, 
and in general as rapid diagnostic commercial tools (Du et al., 2010). 

POCT are simple devices that can be used by the patient themselves 
(self-used devices), do not need infra-construction instruments or 
pre-sample preparation steps, and/or well-trained users (Qu et al., 
2020). Inducing innovative ideas and/or development of POCT devices 
for different fields, especially in clinical diagnosis intents (like detec
tion/quantification of human biomarkers and hormones, is considered 
one of the spot research areas and recently gaining particular worldwide 
interest of researchers and developers (Ates et al., 2022; Chorionic, 
2019; Liu et al., 2022; Mattila et al., 2022). Clinically, one of the vital 
biomarkers for the diagnosis of original liver carcinoma cases and early 
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diagnosis of liver tumors/diseases is alpha-1-fetoprotein “α-fetoprotein” 
(AFP). AFP is a plasma protein/glycoprotein produced during fetal 
production by the yolk sac and liver and has a molecular weight~65–70 
× 103 Da (Sheta et al., 2019; Xu et al., 2009). The concentration of AFP 
in the serum of healthy adults is < 11.0 ng/mL, the values between 100 
and 350 ng/mL express high-risk hepatocellular carcinoma patients, 
whereas AFP >350 ng/mL confirmed the disease (Ang and Bin, 1998; 
Bader et al., 2004), so the follow-up and detection of AFP is very 
important clinically for the physician decision maker.

β-Cyclodextrin (C42H70O35, β-CD), is a cyclic oligosaccharide that has 
a shape like a hollow truncated cone and was chosen herein as the 
organic ligand (Maksymych et al., 2023). It has a cellular supramolec
ular structure and is synthesized from starch enzymatically. The 
non-polar inner cavity can form inclusion complexes with several 
compounds (Triamchaisri et al., 2023). Although the development of 
(metal-free) β-CD inclusion complexes and their applications is very 
large in the literature, however, the metal-coordination chemistry of 
β-CD with metal ions remains a research area that is not well explored 
and the number of characterized structures of β-CD based-metal com
plexes is comparatively small (Prochowicz et al., 2016). β-CD as a ligand 
has a large number of primary and secondary OH groups. In a basic pH 
medium, these OH groups can deprotonate and act as coordination sites 
that chelate to metal ions. Based on a literature survey, the various 
metal-CD structure motifs and modes of complexation go from mono or 
binuclear systems, and homo or hetero-metallic sandwich complex types 
to extended 3D supramolecular networks (Prochowicz et al., 2016). The 
type of metal-CD complexes mainly depends on: (i) the character of the 
used metal salt ions, (ii) the formation of inter- and/or intra-molecular 
hydrogen bonding, (iii) inter-structure supramolecular arrangement; 
these factors can be influenced by the aggregation mode and the struc
ture arrangement of the resulting supramolecular metal complexes 
(Prochowicz et al., 2016).

β-CD supramolecular networks as promising sensor-based materials 
have attracted significant research interest due to their outstanding 
biocompatibility, absorption properties (Morin-Crini et al., 2018; 
Ragavan and Rastogi, 2017), and interactions with targeted materials 
(Bindhu et al., 2021). The presence of different functional groups in the 
β-CD framework composites makes them good candidates for recog
nizing measurable different biomarkers. Moreover, the inner cavity is 
non-polar and can formed by inclusion complexes in the form of a 
“lock-key” with many targets (Willyam et al., 2020). Additionally, the 
features of supramolecular formations and their “architecture” are types 
of intermolecular bonds. These bonds are weak (van der Waals in
teractions, ionic-dipolar interactions, Hydrogen bonding, π-Interactions, 
Hydrophobic effects), such formations make the supramolecular more 
labile kinetically and more flexible dynamically (Hu et al., 2023; Mak
symych et al., 2023).

Here we report a novel ferric-based β-cyclodextrin nanoparticle 
complex supramolecular network (Fe(III)-βCD-NP) which was synthe
sized via a simple reaction of β-cyclodextrin with ferric chloride at room 
temperature for the first time. Its potential use in analytical applications 
for the detection of the AFP biomarker at clinically applicable levels was 
also studied.

2. Experimental

2.1. Chemicals, reagents and instrumentations

β-CD (C42H70O35) >98.0 % was supplied from Tokyo Chemical In
dustry Co., LTD. Ferric chloride (FeCl3⋅6H2O), solvents (absolute 
ethanol, and methanol), and Whatman, grade I filter membrane were 
supplied from Sigma-Aldrich (Germany). All chemicals/reagents used 
for the synthesis of ferric-based β-cyclodextrin nanoparticles (Fe(III)- 
βCD-NP) were of analytical grade and used without additional purifi
cation. AFP standard and other biomarkers and hormones of different 
concentrations were brought from Monobind, Com., USA. The color 

sensor model “TCS3200”, Arduino Uno kit, Arduino shield LCD keypad 
shield, AC & DC voltage sensor module, plastic project box NFN.182 
(150 (L) x 95 (W) x 50 (H) mm), plastic project box HFM-45 (200 (L) x 
80 (W) x 30 (H) mm), 4 x AA battery holder with On/Off switch, and 
supplementary electronics were bought from Ram Company “local 
electronic market”.

The surface morphology and elemental mapping were assessed using 
a field emission-scanning electron microscope (FE-SEM) JEOL-JSM- 
6510LV with a LAB-6 cathode at 520 keV. Evaluation of produced 
phase morphology was performed using a high-resolution transmission 
electron microscope (HR-TEM) JEOL-JEM-2100 to give further neces
sary details. UV–visible measurements were done using a UV/VIS-C- 
7200 spectrophotometer (Peak Instruments Co., Ltd. Shanghai, China). 
Fourier transform infrared spectra were collected on an FT-IR-JASCO 
3600 spectrometer as KBr disks. Raman spectroscopy was carried out 
using a Bruker MultiRAM FT-Raman spectrometer in the range of 
3600–50 cm− 1 (Stokes shift). Thermogravimetric analysis (TGA) was 
carried out under an air atmosphere with a heating rate of 10 ◦C/min 
with a Netzsch Thermo-Microbalance Apparatus TG 209 F3 Tarsus. 
Elemental analysis was carried out using an ECS-4010-Costech analyzer. 
The element content within the synthesized Fe(III)-βCD-NP and their 
chemical states were investigated using X-ray photoelectron spectros
copy (XPS) with a Thermo Scientific™ K-Alpha™ XPS spectrometer. The 
crystalline phase nature was assessed using a Bruker D2 Phaser powder 
X-ray diffractometer (PXRD) and the analyses of the diffractograms were 
performed with the Match-3 software.

2.2. Synthesis of ferric nanoparticle supramolecular complex

The ferric-based β-cyclodextrin nanoparticle supramolecular com
plex (Fe(III)-βCD-NP) was synthesized according to the reaction scheme 
in (Fig. S1). β-CD (3.405 g, 0.003 mol) and NaOH (24 g, 0.006 mol) were 
dissolved in 130 mL of de-ionized water (solution 1). Then ferric chlo
ride hexahydrate (FeCl3⋅6H2O, 1.623 g, 0.006 mol) dissolved in 14 mL of 
de-ionized water was dropwise into solution 1 with stirring. After stir
ring for 30 min, 150 mL of ethanol was added slowly into the mixture, 
and a dark brown precipitate of Fe(III)-βCD-NP was obtained instantly. 
The precipitate was collected by filtration, washed several times with 
ethanol, and finally dried under vacuum at 60 ◦C, the product yield was 
10.74 g (37 %).

2.3. Cytotoxicity and anticancer studies

The details of the present study concerning cells, cell culture, MTT 
cytotoxicity, reagent preparations, calculations, and statistics are pre
sented in the supporting information file (Appendix A).

2.4. General procedure for diagnosis of liver cancer via detection of AFP

2.4.1. Determination of AFP using the colorimetric method
Firstly, the working solution of the ferric-based β-cyclodextrin 

nanoparticle supramolecular complex Fe(III)-βCD-NP was prepared by 
dissolving 0.1 mg of the solid precipitate in 100 mL of de-ionized water. 
1.0 mL of the working solution was used in a quartz cuvette “path length 
= 1.0 cm” as a blank sample for UV–vis absorption measurements. It was 
measured against freshly prepared different concentrations of AFP 
buffered standard in the dynamic concentration range between 1.0 and 
700.0 ng/mL. The absorption intensities as a function of AFP concen
trations were fitted according to the linear equation: where Y and X are 
the absorption intensities of the Fe(III)-βCD-NP blank sample and in the 
presence of the AFP at different concentrations, respectively, a is the 
intercept, b the linear-relationship slope. The limit of detection (LOD) 
and quantification (LOQ) are calculated according to the following two 

equations: LOD =

[
SE
S

]

*3.3 and LOQ =

[
SE
S

]

*10, “where SE is the ab

sorption intensities standard errors; and S is the linear equation slope 
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(Abd-Elzaher et al., 2016, 2017). Moreover, the absorption intensities of 
Fe(III)-βCD-NP blank sample solutions were measured against different 
interfering analytes to evaluate selectivity toward AFP in a mixture with 
AFP and separate cells.

2.4.2. Fabrication of AFP test strip prototype based on papers coated with fe 
(III)-βCD-NP

A portable AFP test strip prototype was fabricated and investigated 
in more detail with smartphone photos in the result and discussion 
section and according to the following sequences: (i) A round Whatman 
sterile membrane filters were cut into small slides around (2 x 10 mm) 
equally “paper strips”. (ii) The slides “paper strips” were soaked over
night in a beaker containing 0.1 mg of the solid ferric-based β-cyclo
dextrin nanoparticles supramolecular complex (Fe(III)-βCD-NP) 
dissolved in 25 mL de-ionized water to give nanoparticles supramolec
ular complex on coated test paper strips. (iii) The coated paper strips 
were dried in the oven at 60 

◦

C and after drying became ready to use as 
test strips. (iv) The test strips were immersed in different concentrations 
of AFP as a standard, or in different real samples to investigate the 
applicability.

2.4.3. Fabrication and assembly of the electronic color sensor prototype 
device

The fabrication and assembly of the electronic color sensor prototype 
device was carried out in three steps as follows: (i) Assembling step: 
assembling of the color sensor prototype device components such as 
TCS3200 color sensor, Arduino Uno kit, and other supplementary elec
tronics, (ii) Programming step: programming the electronic color sensor 
prototype device as smart AFP POCT prototype device-based nano
particle supramolecular complex coated test paper strips. The pro
gramming was based on the change of the color of test strips as a 
function of AFP concentrations “in other meaning of test strips color 
change in the component RGB color extraction algorithm, (iii) Optimi
zation and research and development (R & D) step: R&D team still 
working in development of the prototype device as an application in 
smartphone as POCT for early diagnosis of hepatocellular carcinoma.

2.4.4. Applications in real samples
The biological samples (serum & plasma) were obtained from the 

local medical lab. The samples were handled, controlled, and pre- 
preserved corresponding to precautions guidelines, and standard 
ethics. Subsequently, the samples or spiked samples were subject to 
Uv–vis photometer measurements and test strips prototype as illustrated 
in the above sections.

3. Results and discussion

3.1. Characterization of Fe(III)-βCD-NP

The nanoparticle supramolecular complex Fe(III)-βCD-NP was pre
pared according to a simple reaction between β-CD and ferric chloride 
hexahydrate at room temperature as represented in (Fig. S1) The CHN 
elemental analysis showed the weight percent for the Fe(III)-βCD-NP 
was C, 29.07; H, 4.58; N, 0.0.

The SEM images (Fig. 1a and b) of the ferric nanoparticle supra
molecular complex look like a mono-phase of irregularly accumulated 
nanoparticles. The EDX data (Fig. 1 c and Table S1) is semi-quantitative 
analyses at certain points which revealed block composition elements 
included on “C, O, Na, and Fe” without any impurities, and without 
hydrogen calculation and the EDX mapping elementals weighted per
centage of Fe(III)-βCD-NP were in semi conformism with that theoreti
cally were calculated from CHEMDRAW (Table S1). The experimental 
weight percentage estimates without hydrogen were: C, 32.0; Na, 17.0; 
O, 34.0; and Fe, 17.0, respectively. The element color mapping is pre
sented in (Fig. 1d–g). The obtained results confirmed the successful 
synthesis of the ferric nanoparticle supramolecular complex.

HR-TEM and the selected area diffraction pattern (SAED) images of 
the ferric nanoparticle supramolecular complex (Fe(III)-βCD-NP) are 
presented in (Fig. S2) and show aggregates of semi-spherical nano
particles with a size in the range of 1–3 nm. These results confirm the 
features gained from FE-SEM analysis. Moreover, the SAED image 
(Fig. S2 c), proves the crystalline phase nature of Fe(III)-βCD-NP from 
the diffraction pattern with the indices of the (110), (200), (211), and 
(310) crystal planes.

The XPS spectra of Fe(III)-βCD-NP were elucidated in (Fig. 2a–e). The 
survey scan spectrum in (Fig. 2 a) demonstrated the presence of Fe, Na, 
O, and C in the analyzed sample. The experimental elements atom 
percentage obtained from XPS-survey scans (Table S2) was in excellent 
agreement with that obtained from EDX mapping analysis (Table S1). 
The EDX mapping elementals atomic percentage estimates were: C, 
45.59; Na, 13.02; O, 36.26; Fe, 5.13; whereas the experimentally ob
tained from XPS-survey scans estimates were: C, 45.72; Na, 13.64; O, 
35.13; and Fe, 5.51, respectively. The Fe(III)-βCD-NP XPS spectrum of 
C1s (Fig. 2b–Table S3) showed the presence of three peaks at 284.22, 
285.63, and 288.26 eV which are assigned to C-C, O-C-O, and C-O-H, 
respectively. The spectrum of O1s (Fig. 2c–Table S4) showed peaks of O- 
Fe-O at 531.64 eV, of C-O at 532.48, and an Auger peak Na KL2 at 
535.65 eV. The presence of O-Fe-O peak supported the coordination 
bond formation between iron and hydroxyl of the β-CD ligand. The 

Fig. 1. (a, b) FE-SEM at different magnifications, (c) EDX analysis, and (d–g) single point color mapping analysis of Fe(III)-βCD-NP. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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spectrum of Na1s (Fig. 2d–Table S5) showed a band at 1071.22 eV. 
Finally, The spectrum of Fe2p (Fig. 2e–Table S6) showed peaks at 
709.79, 711.94, and 714.05 eV for Fe(III) 2p3/2 and two peaks at 723.71, 
and 728.49 eV for Fe(III) 2p1/2 and two satellite peaks at 718.22 and 
733.16 eV which confirmed Fe3+ in the complex sample (Du et al., 
2019). As well, the spectrum showed peaks at 709.79, 711.94, and 
714.05 eV for Fe(III) 2p3/2 and peaks at 723.71, and 728.49 for Fe(III) 
2p1/2 (Sheta et al., 2022b).The powder X-ray diffractogram of the free 
β-CD in comparison with the Fe(III)-βCD-NP diffractogram pattern in 
(Fig. 2 f) shows that there is no crystalline free β-CD in the composite 
which is largely amorphous.

The UV–vis absorption spectrum of Fe(III)-βCD-NP and the calcu
lated bandgap energy are shown in (Fig. S3 and S4), respectively. The 
spectrum in (Fig. S3) revealed five absorption bands at 216, 261, 378, 
480 and 663 nm. The bands at 216, 261, and 378 nm in the Fe(III)-βCD- 
NP may be attributed to a bathochromic shift of the original λmax of 
β-cyclodextrin (Ma et al., 2023). These results provide clear evidence of 
the modification of the starting βCD. Additionally, it is noticed two 
absorption bands at 378, and 480 nm for the Fe(III)-βCD-NP due to the 
“ligand–metal-charge-transfer-transitions” (LMCT) and “intra-
ligand-charge-transfers ’’ (n–π*/π–π*) and the absorption band at 663 
nm due d-d transition of Fe(III) (Sheta et al., 2021). (Fig. S4) shows the 
bandgap energy of Fe(III)-βCD-NP the calculated values were 2.17 and 

2.45 eV.
FT-IR spectrum of the free β-CD compared with Fe(III)-βCD-NP was 

shown in (Fig. 3 a). The details of FT-IR spectra comparison data are 
presented in the supporting data file (Appendix B). However, new bands 
at 601, 580, and 536 cm− 1 have appeared these new bands a charac
teristic of the coordination bonding iron (Fe–O), which is considered 
another clear evidence for the complexation of Fe(III) with β-CD ligand 
and formation of the nanoparticle supramolecular complex.

The Raman spectrum of Fe(III)-βCD-NP in (Fig. 3 b) shows charac
teristic peaks at 686, 568, 485, and 338 cm− 1 attributed to the vibrations 
of iron-oxygen bond (Fe-O) which an evidence for complex formation 
(Ragavan and Rastogi, 2017). Moreover, the peaks appeared between 
848 and 1460 cm− 1 due to the vibrational modes of the complex 
composition (glucopyranose rings).

The thermal behavior (TGA-DTA curve) of the nanoparticle supra
molecular complex (Fe(III)-βCD-NP was given in (Fig. 3 c). The ther
mogram shows that the nanoparticle supramolecular complex 
decomposition goes through three phases. With increasing the temper
ature to ~100 ◦C in the first phase, the loss of weight is about 10 % due 
to the removal of adsorbed water and solvent. The second phase is due to 
the collapsing of the organic skeleton and starts with temperature 
increasing from 215 ◦C. After that, the thermogram revealed two steps of 
decomposition with weight loss of about 37, and 36 %, respectively. The 

Fig. 2. (a–e) XPS analysis of ferric-based β-cyclodextrin nano complex (Fe(III)-βCD-NP): [(a) Survey scan; (b) C 1s; (c) O 1s; (d) Na 1s; (e) Fe 2p], (f) PXRD patterns 
of β-CD and Fe(III)-βCD-NP.

Fig. 3. (a) FT-IR spectrum of the Fe(III)-βCD-NP compared with FT-IR spectrum of free β-cyclodextrin (β-CD), (b) Raman spectrum of the Fe(III)-βCD-NP, and (c) 
TGA-DTA of the Fe(III)-βCD-NP.
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remaining weight residue was about ~17 %, which estimated the iron 
content in the nanoparticle complex sample. This result was matched 
with theoretically calculated data as well as the data obtained from the 
EDX analysis.

Based on the literature survey (Prochowicz et al., 2016), the struc
tural characterization of the coordination chemistry of cyclodextrin in 
general with metal ions is relatively difficult. So, based on the obtained 
micro/analytical data and the calculations, the suggested chemical 
formula of the ferric-based β-cyclodextrin nanoparticle supramolecular 
complex (Fe(III)-βCD-NP) may be: C46H85Fe6Na13O47 (Fig. S5 a); 
C42H72Fe4Na11O47 (Fig. S5 b); C42H65Fe2Na11O41 (Fig. S5 c); 
C42H77Fe6Na9O40 (Fig. S5 d) with high probability of (Fig. S5 d).

3.2. Cytotoxicity and anticancer results

The Fe(III)-βCD-NP sample investigated the cytotoxic effect on 
HepG2, A549, MCF7, and PC3 cell lines. The dose-response curves and 
the IC50 of the sample on each cell line are given in (Fig. 4a–d). More
over, the mode of cell death was also investigated and its distribution 
was presented in (Fig. 4e–h). The results of the cytotoxic effect and 
modes of cell death are discussed as follows:

The Fe(III)-βCD-NP nanoform followed a very safe fashion on A549, 
MCF7, HepG2, and PC3 cell lines with no significant cytotoxicity. The 
dose-response curves (Fig. 4a–d) showed a very level compatibility 
response on all cell lines at all studied concentrations (100–3.125 μg/ 
mL) with no more than 25 % cytotoxicity at the highest used concen
tration except for the PC3. In the PC3 cell line, at low concentrations 
(6.25–3.125) there was a significant increase in cell proliferation up to 
150 % but at high concentrations the toxicity reached ~30 %.

Using the dual AO/EtBr staining for apoptosis detection, the stain 
revealed intact cellular membranes in all cell lines with prevailing early 
apoptosis denoted by green nuclei and condensed DNA appearing 
yellowish color (Fig. 4 e). The late apoptosis was also seen in MCF7, 
HepG2, and PC3 cell lines at 50 μg/mL concentration. The highly 
condensed chromatins appeared in orange-colored areas in the stained 
cells but at a low percentage of cells (Fig. 4f–h). The Fe(III)-βCD-NP 
didn’t trigger any necrotic pathways and seemed to follow the elegant 
mode of cell death apoptosis.

3.3. Analytical application: Diagnosis of liver cancer via detection of AFP

3.3.1. Colorimetric method for quantitative detection of AFP
The UV-absorption spectrum of the ferric-based β-cyclodextrin 

nanoparticle complex (Fe(III)-βCD-NP) was presented in the character
ization section. It’s shown that five absorption bands appeared at 216, 
261, 378, 480, and 663 nm (Fig. S3). In the present study, the absorption 
spectrum of Fe(III)-βCD-NP was investigated with the addition of 100 
ng/mL of buffered AFP (AFP@Fe(III)-βCD-NP) (Fig. 5 a). Focusing on 
the absorption spectra, we noted AFP@Fe(III)-βCD-NP showed signifi
cant enhancement in the absorbance intensities with a considerable red- 
shift for the main couple of peaks at 378 and 480 nm. A significant red- 
shift with about 88 nm is observed for the peak at 378 nm, this peak 
shifted to 466 nm, and with about 22 nm is observed for the peak at 488 
nm, this peak shifted to 502 nm as represented in (Fig. 5 a). The ferric- 
based β-cyclodextrin nanoparticle complex (Fe(III)-βCD-NP) was tested 
as a colorimetric biosensor for the quantitive detection of AFP. The UV- 
absorption spectrum of the Fe(III)-βCD-NP was examined versus AFP at 
different concentrations. The results of measurements are displayed in 
(Fig. 5 b). As disclosed in (Fig. 5 b), we can observe a significant red-shift 
with increasing absorption intensities of the couple of peaks at 378, and 
480 nm to 466, and 502 nm, respectively. With increasing the AFP 
concentrations from 1.0 ng/mL to 700.0 ng/mL the absorption in
tensities increase gradually. Additionally, the colors of the ferric-based 
β-cyclodextrin nanoparticle complex (Fe(III)-βCD-NP) solutions were 
changed from pale yellow to brown color as displayed in (Fig. 5 c). 
Therefore, the ferric-based β-cyclodextrin nanoparticle complex (Fe(III)- 
βCD-NP) might be exploited as an indicator for AFP (naked-eye detector) 
and a colorimetric biosensor.

At ideal conditions, and as represented in (Fig. 5 d) a straight-line 
relationship was observed between the ferric-based β-cyclodextrin 
nanoparticle complex (Fe(III)-βCD-NP) absorbance intensities versus 
AFP changed concentrations. The intensities of absorption peaks at 502 
nm (Ab502), the suggested colorimetric method showed stable response 
within a widespread concentration range between (1.0–700.0 ng/mL), 
corresponding to the tailored equation as follows:

The colorimetric method based on ferric-based β-cyclodextrin 
nanoparticle complex (Fe(III)-βCD-NP) demonstrated outstanding 
sensitivity regarding AFP with LOD = 0.076 ng/mL and LOQ = 0.23 ng/ 
mL. The recapitulation of ideal conditions for the colorimetric suggested 
method as well as regression parameters was offered in (Table S7). The 
present colorimetric method based on Fe(III)-βCD-NP was compared 
with until that time published reports (Attia et al., 2018; Che et al., 
2010; Lin et al., 2009; Sakamoto et al., 2018) and summarized the re
sults in (Table S8). Analyses of table data revealed that the present work 
introduces lower quantification and detection limits in a wide linear 
range of concentrations.

Fig. 4. (a–d) The dose-response curves of each sample on A549, MCF7, HepG2, and PC3 cell lines, and (e–h) the mode of cell death using acridine orange/ethidium 
bromide stain. The photos show the distribution of different modes of cell death. The apoptotic changes are prevailing in the 24-h time interval. The necrotic mode of 
cell death appears side by side with the apoptotic changes after a 48-h time interval. The magnification is 20X. The scale bar is 50 μm. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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The assessment of the prospective selectivity, specificity, and sensi
tivity of ferric-based β-cyclodextrin nanoparticle complex (Fe(III)-βCD- 
NP) towards AFP based on the present colorimetric method. The 
assessment was performed via measurement of the absorption spectra of 
Fe(III)-βCD-NP against different interfering stuffs like: prostate-specific 
antigen (PSA); cancer antigen-125/15–3/19-9 (CA 125/CA 15–3/CA 
19–9); carcinoembryonic antigen (CEA); and cervical cancer (PAP) at 
different concentration levels and showed in (Fig. 5 e). As shown in the 
figure, the Abs502 intensity was particularly enhanced in the case of AFP, 

whereas, Abs502 intensity didn’t change or was affected by the other 
interfering stuff. The obtained results revealed that the Fe(III)-βCD-NP is 
exceptionally selective and sensitive to AFP.

Evaluation of the accuracy and precision on the same day (inter-day 
assessment) and through different days (intra-day assessment) to stand 
up and validate the repeatability and/or the reducibility of the presented 
colorimetric method was carried out. This assessment was performed via 
measurement of the Abs502 intensity at different levels of AFP concen
trations (0.0, 5.0, 50.0, 100.0, 300.0, and 600.0 ng/mL) with repeated 

Fig. 5. (a) The UV-absorption spectrum of the ferric-based β-cyclodextrin nano complex (Fe(III)-βCD-NP) (Black color) and in with the addition of 100 ng/mL AFP 
(Blue color), (b) The UV-absorption spectrum of Fe(III)-βCD-NP against different concentrations of AFP, (c) Photograph for color change of Fe(III)-βCD-NP with 
increasing the concentrations of AFP, (d) A linear relationship (calibration graph) between the Fe(III)-βCD-NP absorbance intensities and different AFP concen
trations, (e) The absorption intensity of the Fe(III)-βCD-NP towards AFP and against different types of interfering analytes, and (f) A histogram of evaluation of inter- 
day/intra-day accuracy, and precision for the colorimetric method. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 6. Photographs for fabrication of AFP test strip prototype based on papers coated with Fe(III)-βCD-NP and optimization: (a) Whatman sterile membrane, (b) 
Soaking step in a beaker containing Fe(III)-βCD-NP complex solution, (c) Drying step and ready to used test strip prototype, (d) A blank uncoated strip immersed in 
600 ng/mL of AFP [i], A coated of the test strip prototype optimization before immersed in 600 ng/mL of AFP “blank test” [ii] and after immersed in the same 
solution [iii], and (e) A change in the color of the test strip based on the change of the AFP concentrations [i, (blank) 0.0 ng/mL; ii, 5.0 ng/mL; iii, 25.0 ng/mL; iv, 
50.0 ng/mL; v, 100.0 ng/mL; vi, 200.0 ng/mL; vii, 300.0 ng/mL; viii, 400.0 ng/mL; ix, 500.0 ng/mL; x, 600.0 ng/mL and xi, 700.0 ng/mL]. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)

S.M. Sheta et al.                                                                                                                                                                                                                                Biosensors and Bioelectronics 287 (2025) 117693 

6 



measurement three times. Fig. 5 f, presents a histogram of Abs502 in
tensities for the performed assessment. The analysis of histogram data 
introduces clear evidence that the present colorimetric method based on 
ferric-based β-cyclodextrin nanoparticle complex is a repeatable and 
reproducible method with extreme accuracy and precision.

3.3.2. AFP qualitative detection using test strip prototype
In the experimental section, we mention that the fabrication and 

optimization of the AFP test strip prototype based on papers coated with 
Fe(III)-βCD-NP, was carried out in four stages as shown in (Fig. 6): 
prepared of paper strips (2 x 10 mm) from Whatman sterile membrane 
(Fig. 6 a), coating of the paper strips via soaking them in a beaker 
containing 0.1 mg of solid ferric-based β-cyclodextrin nanoparticle su
pramolecular complex (Fe(III)-βCD-NP) dissolved in 25 mL de-ionized 
water solution overnight as shown in (Fig. 6 b). Afterward, putting the 
coated strips at 60 

◦

C in the oven as shown in (Fig. 6 c), then after the 
drying step the test strips prototype was ready to be used. The final stage 
of testing of the strip prototype involves immersing the test strip in 600 
ng/mL of AFP, during 1.0 min the color changes from pale-yellow to 
brown color as displayed in (Fig. 6 d). By the naked eye, through the 
change of the color of the blank test strip prototype “pale-yellow (i) to 
brown (ii)” (Fig. 6 d) AFP can be detected (as an AFP indicator). 
Furthermore, the effect of increasing AFP concentrations on the test 
strips prototype was evaluated and as shown in (Fig. 6 e) the colour 
degree was changed from pale yellow to different degrees of brown 
colour. Moreover, the stability test of the strips prototype against AFP 
was examined over three months and tested every ten days to evaluate 
the performance as represented in (Fig. S6). The obtained results 
demonstrate that the test strip prototype worked efficiently during the 
tested period. The selectivity of the test strip prototype was also exam
ined. The selectivity study was carried out exactly like the colorimetric 
method, the obtained results showed that the colour changed to brown 
with AFP, and no change in the colors with other interfering matrices 
paralleled the control (blank) test.

3.3.3. A prototype of electronic color AFP biosensor device fabrication, 
assembly, and optimization

The fabrication, assembly, and optimization of the electronic color 
sensor prototype as a fast POCT commercial diagnostic tool for early 
diagnosis of hepatocellular carcinoma through simple and fast quanti
fication of AFP concentrations is the main goal of the work. As 
mentioned in the experimental section, this proScess was carried out in 
three stages: (i) Assembling stage, (ii) Programming stage, and (iii) 
optimization and research and development (R & D) stage. The fabri
cating, assembling sensing, optimizing, and programming strategies in 
detail will be discussed in the following sections.

3.3.3.1. Assembling of the color sensor prototype device components. The 
headwear components of the color sensor prototype device are based on 
two parts. The first part is the sensing platform set/part “Test strip 
prototype”, and this part is based on the change of the color intensities of 
the test strip prototype from pale yellow to brown to dark brown 
regarding “directly-proportional” to the change of AFP concentration as 
represented in (Fig. 6 e). The second part TCS-3200 color sensor 
assembling and connection process. The details of the specifications and 
data sheet of the TCS-3200 color sensor in addition to the electronics 
connection process also presented in (Table S9) and (Fig. S7). In brief, 
the TCS-3200 color sensor generally contains RGB chip sensors that can 
detect color change process as numbers in the component RGB color 
map (https://randomnerdtutorials.com/arduino-color-sensor-tcs230-tc 
s3200/. ‘Arduino Color Sensor TCS230 TCS3200 | Random Nerd Tuto
rials’, Last Accessed: 04-May-2025). The mechanism of color sensor 
work, component, control pins, and the data of the connection process 
including color sensor wiring connections to Arduino-Uno and other 
supplementary electronics presented in the supporting data file 

(Appendix C) and in the schematic diagram in (Fig. S7 a-d).

3.3.3.2. Programming the electronic color sensor prototype device. Pro
gramming the electronic color sensor prototype device as a smart AFP 
POCT prototype device-based nanoparticle supramolecular complex 
coated test paper strips. The programming was based on the change of 
the color of test strips as a function on AFP concentrations by entering 
specific code for the Arduino-Uno unit and then interpreting the data. 
The programming process is carried out in two steps: (i) Output fre
quency reading, and (ii) Characterization of various colors. For clarifi
cation, for the above two steps, the output frequency appearing on the 
screen is related to a specific color each color is related to a specific 
concentration in other meaning the frequency value is a function in 
color. After entering the code as shown in (Scheme S1) to the Arduino- 
Uno unit board, the serial-monitor lead-in 9600 baud-rate, then selected 
as the ideal distance between the color sensor and the object/color. The 
optimization of the sensor and object position is represented in (Fig. S8), 
as shown in (Fig. S8) a blue color object is placed far from the color 
sensor at two different points (different distances away near and far from 
the sensor), and the reading of frequency. Read the blue color (B) fre
quency (lower and higher values) related to red (R) and green (G) colors 
corresponding to (Scheme S2) and as shown in (Scheme S2), the ideal 
position for the blue object at the front of the sensor, at frequency 
reading of 59 and 223. the same step was repeated with green and red 
objects recording the highest and lowest frequency values for each color. 
In the present case, we make optimization of the object positions 
regarding the color sensor by recording the frequency values and using 
the obtained values in the preparation of the code.

The second step in the programming process involves different 
characterization colors in code preparation, and this step is based on 
construction of a calibration relationship between the frequency values 
regarding colors, and at the same time each color expresses about spe
cific concentration. So, the sensor can be distinguished between 
different concentrations regarding the frequency map values of RGB and 
these values oscillate between (0–255) (Sheta et al., 2022b). Hence, the 
frequency values are a function of RGB and subsequently function in the 
concentration values. Finally, all the readings were recorded on the 
Arduino map according to (Scheme S3).

3.3.3.3. Optimization of the prototype device, research and development (R 
& D). As mentioned before, the fabricated prototype device can a 
function in color change of RGB color map. Now, the reading of the 
frequency values for the color of each test strip which is expressed about 
specific concentrations was recorded as represented in (Table S10), and 
the statistic fitting was represented in (Fig. S9). And by comparing any 
color of the test strip we can obtain the corresponding AFP concentra
tion. Conclusively (Fig. S10), presents a smartphone photo of the pri
mary version of the AFP electronic color sensor prototype device. 
Moreover, our teamwork (R&D) is still working on the development of 
the prototype device as an application in smartphones an easily used 
software application.

3.3.4. Applications in real samples
The applicability of the three analytical applications (colorimetric 

method, test strips prototype, and electronic color biosensor device) for 
the quantitative or qualitative detection of AFP in various real biological 
samples (serum or plasma) as well as the recovery percentages in the 
present work was investigated. The present study was performed three 
times at four concentration levels of AFP (5.0, 50.0, 100.0, and 500.0 
ng/mL) via the spiking method on serum and plasma samples. The 
evaluations of the obtained results and calculated recovery percentages 
were summarized and presented in (Table S11). Table data revealed that 
the average recovery percentages for the colorimetric method were 
between 98.90, and 100.90 % for serum samples, and between 97.73, 
and 99.74 % for plasma samples. The average recovery percentages for 
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the electronic color biosensor device were between 88.13, and 108.18 % 
for serum samples, and between 83.40, and 99.61 % for plasma samples. 
Whereas, the results of the applicability test strip prototype in com
parison with the rapid test of AFP cassette kits brought in the market 
“Accu-Tell®AFP Rapid Test Cassette-AccuBioTech Co., Ltd. These cas
settes kits are based on rapid chromatographic immunoassay in which 
antibodies of AFP bind to the AFP antigen within tested blood sample 
(“https://www.accubiotech.com/product-afp-rapid-test-strip-cassette- 
whole-blood-serum-plasma.html, Last Accessed May 2025”), as negative 
result (-Ve) for AFP ≤11.0 ng/mL and positive result (+Ve) for AFP 
>11.0 ng/mL. As shown in (Fig. S11 and Table S11) the negative or 
positive cases of AFP carried out by the present test strips prototype were 
completely matched with the results obtained by the rapid test of the 
AFP cassettes in the market. The obtained results of the three analytical 
applications introduce bright evidence on the applicability, effectivity, 
and sensitivity, for quantitative and/or qualitative detection of AFP in 
different serum or plasma samples. Moreover, these three applications 
will be future-friendly, easy to test, lower cost, efficient, precise, accu
rate, and promising analytical tools for practical early diagnosis of liver 
cancer through fast simple detection of AFP.

3.3.5. Mechanism of interaction
The structure of AFP as presented in (Fig. S12) has a characteristic V- 

shaped configuration included on three domains and belongs to the 
family of albuminoid genes. These families also included other proteins 
like AFP-related gene (ARG) protein, alpha-albumin (alpha-ALB), 
vitamin D binding protein (DBP), and albumin (ALB), which make it 
easy to have an Altera response to the environmental conditions and 
make it as active sites for bonding (Moghadasian et al., 2025). On the 
other hand, the hydrophobic and hydrophilic properties of the internal 
cavity and external surface in addition to the different functional groups 
of the supramolecular nanoparticle complex make it work as a trans
ducer and an excellent platform for AFP detection. Besides, the unique 
properties of the nanomaterials in biosensor fabrication have been re
ported in many studies (Rashidiani et al., 2018). So, the expected bio
sensing nature and mechanism of interaction between Fe(III)-βCD-NP 
and AFP could be due to the following reasons: (i) formation of coor
dination bond between different functional groups in Fe(III)-βCD-NP 
and binding site in the protein; (ii) the soft-soft interactions (Zhang 
et al., 2019); (iii) the transfer of electrons between Fe3+ and binding site 
in the protein and maybe also as a resulting of decrease in Fe3+ amount 
and breaking the link between the Fe3+ and β-CD, could promote the 
color change (Bindhu et al., 2021). In the present case, as shown in 
(Fig. 5 a) and (Fig. 5 c), the enhancement of the absorption intensities 
and remarkable red-shift for the main couple of peaks at 378, and 480 
nm observed for the Fe(III)-βCD-NP in the presence of AFP over other 
interfering analytes prove the suggest sensing nature and static complex 
formation. Moreover, the influence of “ligand–metal-charge-transfer- 
transitions” (LMCT) of the Fe(II)-MOF-NPs, makes the lipophilicity of Fe 
(III)-βCD-NP decreased (Wu et al., 2016) due to the increase of metal ion 
polarity. So, the probability of the chelation to Fe(III)-βCD-NP is 
increased which could support the proposed mechanism.

4. Conclusion

This work presents a novel ferric-based β-cyclodextrin nanoparticle 
supramolecular complex (Fe(III)-βCD-NP) that was prepared and fully 
characterized. The results revealed that Fe(III)-βCD-NP appeared as 
semi-spherical nanoparticles with a size range of 1–3 nm and high 
porous morphology. All the data obtained from advanced analytical 
techniques prove the formation of nanoparticle supramolecular complex 
and the presence of Fe, Na, O, and C without any impurities in the 
analyzed sample. The prepared Fe(III)-βCD-NP was successively used as 
the sensing platform for diagnosis of liver cancer via the detection of 
AFP in three critical analytical applications: colorimetric method for 
quantitative detection of AFP, test strip prototype for qualitative 

detection of AFP, fabrication, and assembly of a prototype of electronic 
color AFP biosensor device. The first application: is a colorimetric 
method-based Fe(III)-βCD-NP for quantitative detection of AFP in 
various real samples. The results showed a highly sensitive response 
toward AFP in a wide concentration range with lower LOD and LOQ 
compared to other published reports. Moreover, this method revealed a 
considerable color change from pale yellow to brown degree which can 
easily on time visually detect of AFP via the naked eye. Analytical sta
tistical parameters evaluation of the suggested method shows impressive 
analytical merits and is adequate for the purpose. The second analytical 
application was the development of a test strip prototype for qualitative 
detection of AFP using the naked eye based on color change. The third 
analytical application was the fabrication, assembly, and optimization 
of a prototype of an electronic color AFP biosensor device for AFP 
quantitative detection based on coated test strips. Finally, the advantage 
of the mentioned three analytical applications showed exciting exam
ples for transferring the lab concept to applied technology, and efficient 
accurate, precise, selective, sensitive, user-friendly, lower-cost, POCT 
home test, and applicability in real samples for diagnosis of liver cancer 
via detection of AFP at clinical concentration levels. However, the lim
itations can be summarized in a lot of parameters still under investiga
tion to reach the final product which can used then with a smart device 
and finally, with mobile phone applications. This study is just an initial 
investigation, we developed the first version of the prototype and we put 
a plan to reach to a commercial device through an R&D developer and IT 
developer. We just open the door for further future development to other 
investigations like the stability studies, lifetime, and effect of many 
experimental parameters.
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