#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

A novel test device and quantitative colorimetric
method for the detection of human chorionic
gonadotropin (hCG) based on Au@Zn-salen MOF
for POCT applicationsy

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 11751

Reda M. Mohamed,*? Said M. El-Sheikh, & *® Mohammad W. Kadi,® Ammar A. Labib®
and Sheta M. Sheta @ *©

The human chorionic gonadotropin (hCG) hormone is a biomarker that can predict tumors and early
pregnancy; however, it is challenging to develop sensitive qualitative-quantitative procedures that are also
effective, inventive, and unique. In this study, we used a novel easy in situ reaction of an organic nano-
linker with Zn(NOs),-6H,O and HAuCly-3H,0O to produce a gold-zinc—salen metal-organic framework
composite known as Au—-Zn-SIn-MOF. A wide variety of micro-analytical instruments and spectroscopic
techniques were used in order to characterize the newly synthesized Au-Zn-SIn-MOF composite.
Disclosure is provided for a novel swab test instrument and a straightforward colorimetric approach for
detecting hCG hormone based on an Au-Zn-SIn-MOF composite. Both of these methods are easy. In
order to validate a natural enzyme-free immunoassay, an Au-Zn-SIln-MOF composite was utilized in the
role of an enzyme; a woman can use this gadget to determine whether or not she is pregnant in the early
stages of the pregnancy or whether or not her hCG levels are excessively high, which is a symptom that

Received 8th December 2022 she may have a tumor. This cotton swab test device is compatible with testing of various biological fluids,
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such as serum, plasma, or urine, and it can be easily transferred to the market to commercialize it as

DOI: 10.1035/d2ra07854¢ a costless kit, which will be 20-30% cheaper than what is available on the market. Additionally, it can be
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Introduction

Point-of-care testing (POCT) is now widely used in the health-
care, medical, and clinical professions for early illness moni-
toring and rapid commercial diagnostic instruments.' Illness
screening and treatment options rely heavily on early detection
of disease and tumour biomarkers and rapid diagnosis.* In
many instances, patients need immediate results from diag-
nostic tests performed in medical laboratories, even though
these tests often take a long time, necessitate multiple stages of
preparation for the sample, and call for sophisticated tools for
infrastructural construction and staff with extensive training.>®
In countries with few medical resources, POCT has emerged to
be an invaluable tool for both patients and their doctors. For
example, various benefits of POCT have led to annual sales of
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used easily at home and for near-patient testing (applications of point-of-care testing (POCT)).

more than three and a half million euros in Europe. Self-testing
devices (an instrument the user operates on their own)/(POCT)
have been expanding at a rapid rate in recent years, with roughly
10% larger market size than what it was a decade ago. Moreover,
the demands for POCT in several industries, such as genetic
testing, pharmacology, and healthcare, are potential growth
areas, expanding the purpose and offering a future vision for
ongoing development and encouraging novel ideas in this
crucial industry.”

The human chorionic gonadotropin (hCG) polypeptide
hormone is a 37000 Dalton multi-functional heterodimeric
glycoprotein that results from placental development tropho-
blast cells during pregnancy and it is upregulated in trophoblast
and non-fibroblast tumours.**° It is generally made up of two
subunits (¢-hCG and B-hCG). However, it can undergo glyco-
sylation at eight different locations, which results in it having
a wide variety of glycol forms. Quantitative and qualitative hCG
tests are typically performed to determine a woman's pregnancy
status."* Rapid hCG testing can be performed using qualitative
methods on urine or serum samples at a point-of-care testing
centre (POCT). However, serum quantitative hCG testing is
usually performed in a clinical setting.
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Pregnancy is considered negative when the hCG titer is less
than 5.0 mIU mL™", equivocal when the titer is between 5.0 and
20.0 mIU mL~ ", and positive when the titer is greater than 25.0
mIU mL™" in the quantitative assay.>** Numerous biochemical
and biological processes rely on hCG. Not only does it serve as
a pregnancy test, but also it has many other clinical uses that
have been revealed. Women and men with a trophoblastic
placental tumour have abnormally high hCG levels.** High hCG
hormone levels in nonpregnant women are not indicative of
ovarian, pancreatic, bladder, pulmonary, gastrointestinal, or
hepatic tumours.™

The increased hCG concentration can be used for the diag-
nosis of the disease of gestational trophoblastic, as well the
tumours of testicular germ cells (testicular cancers).'*'® Besides
the diagnosis of ectopic pregnancies in females and a variety of
neoplasm tumours incorporated into a more significant
screening for fetal aneuploidy together with other indicators.® A
crucial role of the hCG hormone during pregnancy is to stim-
ulate uterine angiogenesis, ensuring that the invasive placenta
receives the maximum blood supply possible.*'® It acts as an
enhancer of pituitary LH throughout the reproductive phase of
female mammals and is a cancer promoter in all human
malignancies.””*® Research on the efficient, accurate, and
sensitive detection of hCG hormone in plasma, serum, or urine
samples is essential for ongoing advancement.’*® All electro-
chem-volta-luminescence  assay®'»”” and  fluorescence
methods® are just some of the analytical techniques, spectro-
scopic, methods, and special devices that report hCG detection
methods. It is common knowledge that each aforementioned
approaches have both positive and negative qualities. There-
fore, experts from all over the world are interested in the
constant development of new approaches. One of the most
popular techniques, colloidal-gold immune chromatography
can be used to identify and screen for a wide variety of
biomarkers quickly and at a low cost.*® This technique inte-
grated the aspects of chromatography and immunoassay
instruments. Antibodies are the primary building blocks of
these immunosensors, and their production and improvement
hinge on immobilization and signal amplification.>**

In contrast, metal-organic frameworks (MOFs)
intriguing classes of high-porosity crystals and heterogeneous
materials with pores and channels of variable sizes that can
capture and absorb, for instance, tiny molecules and gases.***
They are synthesized from the reaction of inorganic nodes
(clusters or metal nodes) with organic linkers by forming non-
covalent and covalent bonding.**** These materials (MOFs)
can have different topologies, and morphologies. As well as, can
be functionalized, regulated, and modified easily by a selection
matrix of various clusters, and metals, with a matrix of diverse
organic ligands/linkers.***” Some of the many different types of
production of MOFs as functional materials have been accel-
erated through encapsulation or embedding of nanoparticles of
noble metals such as Au, Pt,**** and salen MOFs.**** The
binding of substrates leads to the formation of multi-metallic
salen frameworks whereby metal hosts generate adducting
complexes with enhanced structural ordering.**** These mate-
rials are currently receiving a lot of attention because of the
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many different ways in which they can be used, as well as their
excellent thermal and chemical stability, high surface area, and
manageable pore size.>*>®

This work involved the synthesis of a novel gold-zinc-salen-
based-MOF (Au-Zn-SIn-MOF) composite by reacting Zn(NO;),-
-6H,0 and HAuCl,-3H,O at a molar ratio of 1:1 utilizing an
organic nano linker previously prepared by Sheta et al.®® Micro-
analytical and spectral methods such HR-TEM, FE-SEM, EDX,
XRD, elemental analysis, FT-IR, UV-vis, and TGA/DSC were used
to characterize the synthetic Au-Zn-SIn-MOF composite. The
current research went further by using the Au-Zn-SIn-MOF
composite as a promising biosensor for detecting and quanti-
fying hCG hormone at ultra-low concentrations, using both
strip devices for qualitative detection and a colorimetric
approach for quantification, both of which yielded statistically
validated acceptable results. Besides thoroughly investigating
the interaction mechanism, this study compared and con-
trasted published qualitative and quantitative approaches.

Results and discussion

Characterization of Au-Zn-SIn-MOF composite, Au-Zn-SIn-
MOF@ADb, and Au-Zn-SIn-MOF@Ab@hCG

Au-Zn-SIn-MOF composite was synthesized via a simple in situ
reaction organic nano-linker containing an identical molar
ratio of Zn(NOj3),-6H,0 and HAuCl,-3H,0. The mechanism of
this reaction consists of four stages: first, Au is reduced using
DMF and ethanol,** where DMF was recently introduced as
a reducing agent by Marzan. Since DMF is a strong reducing
agent, it has been used to synthesize nanoparticles of Ag'+®
Ni?*/Co** /% Cu**,” Pd**,*® and Au®* ions,*>”° at room tempera-
ture, using the eqn (1):

3HCONMe, + 2AuCl*™ + 3H,0 = 2Au’ + 3Me,NCOOH-8CI~
+ 6H" (1)

In the second stage, the helical complex is formed by placing
Zn(u) ions in the middle of the nano-linker. In the third stage,
Au is incorporated into Zn(u)-salen MOF by forming an adduct
complex; and in the fourth stage, gold ion binds to the substrate
at the complex's outer node leading to a higher degree of
structural order and the formation of a the Au-Zn(u)-Sln-MOF
composite.

The percentage of precipitate production from the reaction
was 66.3%. Several quantitative and qualitative microanalytical
methods were used to examine and characterize in depth to
clarify the proposed structure.

SEM, EDX, and TEM spectroscopy

The typical morphological characteristics of the Au-Zn-Sln-
MOF composite are illustrated in FE-SEM images (Fig. 1A-E).
In Fig. 1A-C, it is seen that smooth nano-spherical surfaces of
Au and Zn-SIn-MOF are wrapped in a layer of nanosheets. The
Zn-SIn-MOF nanosheet thickness is less than 100 nm. In
contrast, the nano-spherical structure of Au is a strong aggre-
gate of a single size particle found throughout the matrix, as
seen in an enlarged FE-SEM image, with a diameter of roughly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
Au-Zn-SIn-MOF composite.

350-450 nm (Fig. 1D and E). In addition, Zn, Au, carbon,
nitrogen, and oxygen were identified as constituents of the Au-
Zn-SIn-MOF composite using EDX mapping analysis (Fig. 1F
and G, insert-in F, and Table S1t). Moreover, the cross-section
revealed by mapping EDX analysis and the exceptional distri-
bution of the aforementioned MOF elements both corrobo-
rated the development of the Au-Zn-SIn-MOF composite
(Fig. 1F and G).

Fig. 2A-C displays TEM images of the Au-Zn-SIn-MOF
composite. These findings are consistent with FE-SEM and
show that spherical Au nanoparticles (with a size of around 350-
450 nm) have a higher contrast than the other shapes. Small
nanosheets of Zn-SIn-MOF are also produced in the region of
interest. The crystalline structure of gold nanoparticles was
verified by analyzing the diffraction pattern of a single sphere

10 1/nm

Fig. 2 (A-C) The Au-Zn-SIn-MOF TEM images at various magnifi-
cation, (D) the selected area diffraction patterns of the Au—Zn-Sin-
MOF.

© 2023 The Author(s). Published by the Royal Society of Chemistry

(A—E) The FE-SEM images at a different magnification of the Au—Zn-SIn-MOF composite, and (F and G) EDX analysis at a different point of

(Fig. 2D), whereas the rings allocated to the (111), (200), and
(220) planes of gold's FCC crystalline lattice demonstrated the
polycrystalline nature of Zn-SIn-MOF nanosheets.

FE-SEM pictures of the Au-Zn-SIn-MOF composite on the
swab's surface are shown in Fig. 3A-D at varying magnifica-
tions. These pictures show that the Au-Zn-SIn-MOF composite
is evenly dispersed on the swab's exterior (Fig. 3A and B illus-
trate the good distribution). Although a robust relationship and
association between Au and swab are shown in Fig. 3C and D.
TEM pictures of Au-Zn-SIn-MOF@AD on swab fibers without
hCG hormone (Fig. 3E and F) and with the hCG hormone
(Fig. 3G and H) are shown in the following figures. In Fig. 3E
and F, surface nanosheets of an Au-Zn-SIn-MOF composite
appeared. On the other hand, the swab's surface adhesion
strength is confirmed in which Ab forms a network around Au
nanoparticles, Zn-SIn-MOF nanosheets, and the swab (Fig. 3G
and H, various magnifications).

UV-vis spectra

Electronic reflection and bandgap spectra of the Au-Zn-Sln-
MOF composite vs. the organic linker are shown in Fig. 4A
and B, respectively. As can be seen in Fig. 4A, the Au-Zn-SIn-
MOF composite exhibits a considerable blueshift in its reflec-
tion peaks relative to the organic linker, with peaks appearing at
228, 278, 373, and 626 nm. As a result of the enhanced conju-
gation between the organic linker leading to a rise in the HOMO
valence band energy, the energy bandgap of the Au-Zn-Sln-
MOF composite was reduced to (1.60 and 1.75 eV), as shown
in (Fig. 4B). In addition, gold nanoparticle surface plasmon
resonance was linked to the observation of a broad absorption
band with a center wavelength of 465 nm.*

FT-IR

A comparison of the FT-IR spectrum of the Au-Zn-SIn-MOF
composite and previously reported®®””> Zn-MOF spectra is

shown in (Fig. 4C). The (NH,) peak is located at 3281 cm ™' in

RSC Adv, 2023, 13, N751-11761 | 11753
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(A—D) The Au-Zn-SIn-MOF@Ab on the surface of swab FE-SEM images at a different magnification, (E-H) TEM images at different

magnification of the Au—Zn-SIn-MOF@ADb on the surface of swab fibers [(E) without and (F-H) with h-CG hormone.
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Fig. 4 (A) UV-Vis spectra of Au-Zn-SIn-MOF composite and organic
linkers, (B) energy bandgap of Au—Zn-SIn-MOF and organic linker, (C)
Au-Zn-SIn-MOF FT-IR spectrum, (D) the Au-Zn-Sln-MOF *H-NMR,
(E) Au—Zn-SIn-MOF XRD spectra, (F) TGA-DTA graph of the Au—-Zn-
Sln-MOF composite.

the spectra and the aromatic »(C-H) peak is located at around
3060 cm ™ '.*”* The 1680 cm™, 1626 cm™', and 1550 cm™*
bands correspond to the equivalent stretches of »(C=0), »(C=
N), and »(NH), respectively.*®”* The as-symmetric stretching of
»(0O-C-0) groups are responsible for the strong peaks located at

1754 | RSC Adv, 2023, 13, N751-11761
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1437 cm™ - and the peak at 1397 cm™ is attributed to »(C=
C).*®»77> The d(C-H) and g(C-H) vibrations of the aromatic
benzene ring (v(CH)) are attributed to the bands at 1145 and
796 cm™', respectively.”® The peaks at 749-662 cm ' are
attributed to in- and out-of-plane aromatic ring bending vibra-
tions.*® Zinc ion complexation with the organic linker is indi-
cated by the appearance of bands at 507 and 443 cm ™', which
are attributed to coordination and covalent with oxygen and

nitrogen (v(Zn < -0)), (»(Zn-N)), respectively (Fig. S31).”

'H-NMR spectra

A comparison of the theoretically predicted and experimentally
observed "H-NMR spectra of the Au-Zn-SIn-MOF composite is
shown in (Fig. 4D). The OH of the carboxylic group node showed
up as a signal at 12.65 ppm in the spectrum. All signals between
7.93 and 6.7 ppm have been attributed to protons in aromatic
rings. The amine groups account for the wide 5.5 ppm signal,
while the 8.13 and 2.9 ppm signals are attributed to the CHO
and CH; of the DMF solvent, respectively. Ethanol's CH, and
CH; protons are responsible for the 3.5 and 1.22 ppm, peaks,
respectively.”®

XRD analysis

Fig. 4E illustrates the XRD patterns of the powdered Au-Zn-SIn-
MOF composite, in comparison with the previous studies on Zn-
MOF.?**7%77778 Sharp peaks in the XRD patterns of the Au-Zn-
SIn-MOF composite indicate that the crystalline phase of the
composite was successfully obtained. In addition, the diffrac-
tion patterns coincided with those reported for Zn-MOF-JCPDS
no. 18-1486."* The XRD patterns of the Au-Zn-SIn-MOF
composite clearly showed recognizable planes of face-centered
cubic gold nanoparticles (111), (200), (220), and (311), which
may be identified from the presence of the diffraction peaks at
38.29, 44.46, 64.66, and 77.67.35%°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Thermal analysis

Graphs of thermal expansion and contraction (TGA/DTG)
(Fig. 4F) were used to evaluate the thermal properties of the
Au-Zn-SIn-MOF composite and to compare them with previous
studies of Zn-MOF.”"”” The composite thermogram of the Au-
Zn-SIn-MOF revealed four distinct step points. The first break
in weight loss, 1.005 wt% between 30.83 and 103.87 °C, may be
attributable to free-lattice ethyl alcohol molecules. At tempera-
tures between 104.6 and 199.15 °C the second weight loss took
place, which was the loss of inter-lattice water molecules, which
may account for the remaining weight loss (0.597 wt%). A
possible explanation for the third weight loss value
(5.724% wt%) between 199.37 and 372.99 °C is the evaporation
of free-lattice DMF molecules. The decomposition of the
organic groups inside the framework may account for the final
point of weight loss (18.125 wt%) at temperatures between
372.99 and 616.28 °C. The chemical stability of the Au-Zn-SIn-
MOF composite was demonstrated by its resistance to degra-
dation from 372.99 to 616.28 °C. After subjecting the composite
to heat over 997.45 °C, 74.547 wt% of its original mass
remained. X-ray diffraction patterns identified crystallinity
phases associated with Au metal and ZnO.”””

The determination of the hCG hormone: applications and the
validation of methods

Detection of the hCG hormone qualitatively using a swab
test instrument and subsequent confirmation. The experi-
mental section explains how the detection probe (Au-Zn-Sln-
MOF®@Ab) was made using the information from the litera-
ture as a guide, with a few tweaks.?***7**! Cotton swabs were
then soaked in the detecting probe for an entire night after the
preparatory stage, as depicted in (Fig. 5A). Since the swabs were
allowed to dry at room temperature, the swab test is now
operational (Fig. 5B).

The following procedures were followed during detection
and verification: after sitting out at room temperature for about
ten minutes, each swab was submerged for one minute in a vial
containing a varied concentration of the hCG-hormone stan-
dard (5, 20, 50, 100, 500, 1000 mIU mL™") (Fig. 5C). Swab (a)
represents the control; swab (b) represents 5.0 mIU mL™"; swab
(d) represents 50.0 mIU mL™"; swab (e) represents 100.0 mIU
mL~"; swab (f) represents 500.0 mIU mL™'; and swab (g)
represents 1000.0 mIU mL ", as illustrated in Fig. 5C. The figure
shows that at a concentration of over 20.0 mIU mL ™, the swab
color changed immediately to green after 10 minutes (Fig. 5C(c)
and (g)). Further, the swab test can be classified as the detection
of the hCG hormone qualitatively using a swab and subsequent
confirmation (positive pregnant samples hCG concentration =
20 mIU mL™") since the intensity of the green color is directly
proportionate to the hCG concentration. In contrast, no color
shift is seen in the case of an hCG concentration of 5.0 mIU
mL " (Fig. 5C(b)), indicating that this sample is negative for
pregnancy (negative pregnancy samples have an hCG value =
5.0 mIU mL™"). The swab test tool's biosensing technique relies
on the necked eye color change to green caused by sandwich
immunocomplexes formed between the antigen and antibody

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A smartphone photos images for preparation and optimization
of the swab test device: (A) a sterile cotton swabs soaked in a solution
of Au-Zn-SIn-MOF@Ab, (B) ready to used test swab device, (C)
a swabs test-based device optimization against different B-hCG
hormone concentrations standard (mIU mL™) [(a) control; (b) 5.0; (c)
20.0; (d) 50.0; (e) 100.0; (f) 500.0; and (g) 1000.0], and (D) a compar-
ison of the performance of the swab test-based device with pregnancy
cassette in market [(a) and (b) pregnant case are positive; (c) and (d)
pregnant cases are negative].

on the surface of the gold nanoparticles of the Zn-SIn-MOF
composite.

The feasibility of using the current swab test on genuine
samples was studied. Two commercial pregnancy hCG cassette
fast test kits, the “NOVA®”**> and the “Medical-
Disposables.us®”® were used to evaluate and compare the
results of 150 true negative and positive pregnancy samples (50
urine, 50 plasma, and 50 serum samples) swabbed with the
present swap. Fig. 5D displays some of the outcomes that were
found. Figures (a) and (b) in Fig. 5D depict a positive pregnancy
case using the pregnancy cassette and the most up-to-date swab
testing equipment available on the market, while, Fig. 5D(c) and
(d) depict a negative pregnancy case using the same devices. In
general, the results show that the swab test equipment is quite
sensitive with both samples that are considered positive and
samples that are considered negative in a variety of biological

RSC Adv, 2023, 13, N751-11761 | 1755
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samples. Two commercially available products®** were used to
check the results, and Table S2 of the ESIf has a summary of
how the data were evaluated. Based on the results in the table,
the efficiency of the present swab test is 96.2 percent, which is
higher than that of the two existing products.

Additionally, the durability and selectivity of the swab test
instrument were studied. First, the sensitivity and specificity of
the swab test device were determined by testing it with a panel
consisting of various hormones, proteins, electrolytes, and
organic matrices (Fig. 6A): [a] control; [b] 100 mIU mL " hCG; [c]
10 pg mL~' bovine serum albumin (BSA); [d] 1000 ng mL ™"
carcinogenicity-antigen (CEA); [e] 1000 ng mL™' follicle-
stimulating hormone (FSH); [f] 1000 ng mL ' luteinizing
hormone (LH); [j] 1000 ng mL™" prolactin (PRL); [h] 1000 ng
mL " prostate-specific-antigen (PSA); [i] 1000 ng mL " o-feto-
protein (AFP); [j] 500 mg dL ' glucose (Glu); [k] 100 mg dL~*
uric acid (UA); [I] 100 mM sodium ion (Na*); [m] 100 mM
chloride ion (Cl7). As shown in Fig. 6A, additional evidence
supports the color change to green in the hCG sample, while no
change occurs in the case of other interfering substances when
compared to the control swab, which demonstrates the
outstanding selectivity for hCG. Additionally, the swab test
lifetime was examined for six months, as shown in Fig. 6B. The
results demonstrate that the swab testing apparatus is func-
tioning at peak efficiency during this time, suggesting that the
swabs' quality will be adequate for their intended use and
conform to the standards set forth by the marking.

The accuracy and precision were also evaluated in intra- and
inter-assays, as well as across its lifetime evaluation period,
revealing excellent performance. Also, the cost of the present

el
>
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Fig. 6 (A) The selectivity evaluation for swab test-based device
[control = a, B-hCG =b,BSA=c, CEA=d,FSH=e, LH=f, PRL=g,
PSA = h, AFP = |, Glu = j, UA = k, Na* = |, Cl” = m] (B) the lifetime
(week) evaluation of swab test-based device, and (C) a smartphone
photo image for ready to used swab test-based device for marketing.
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swab test equipment is expected to decrease by at least 40% in
the future compared to other devices in the market. Fig. 6C
shows a smartphone photograph of a collection of swab test
devices that are now available for sale. After being inserted into
a plastic well, each swab can be used at home if necessary. All of
this adds up to a promising, efficient, sensitive, selective,
accurate, precise, low-cost, user-friendly technology that can be
tested at home and that is compatible with a variety of biolog-
ical fluids (plasma, serum, and urine).

Validation of a colorimetric assay for the quantitative
detection of human chorionic gonadotropin. Fig. 7A shows the
absorption spectra acquired at RT for the Au-Zn-SIn-MOF
composite, Au-Zn-SIn-MOF@AD, and Au-Zn-SIn-
MOF@Ab®@hCG. As can be seen in Fig. 7A, the UV-vis absorp-
tion spectra of the Au-Zn-SIn-MOF composite showed three
distinct peaks at 328, 465, and 646 nm. Once antibodies have
been attached to gold nanoparticles, it was found that the Au-
Zn-SIn-MOF@AD exhibited two UV-Vis absorption peaks at 318
and 448 nm, with the third band disappearing and a redshift of
roughly 10 nm. There were three UV-Vis absorption peaks
observed for the Au-Zn-SIn-MOF@Ab@hCG, at 321, 450, and
620 nm, respectively. A small blue shift of 2 to 3 nm was
observed when analyzing the differences in the absorption
spectra of  Au-Zn-SIn-MOF®@ADb and Au-Zn-SIn-
MOF@Ab@hCG. The transition from a light brown to a green
color coincided with the appearance of a new absorption peak at
620 nm. This blue shift may be explained by an increase in the
hydration radius of the hCG hormone after the incorporation of
gold nanoparticle coatings onto hCG suggesting the develop-
ment of a sensitive sensing tool.>***7%8¢

The hCG detection and quantification capabilities of the Au-
Zn-SIn-MOF@ADb colorimetric biosensor were investigated.
Fig. 7B depicts the results of an investigation into the rela-
tionship between the absorption spectra of Au-Zn-Sln-
MOF@Ab and varying concentrations of hCG. Absorption
spectra bands are enhanced with blueshift of around 2-3 nm by
appearing at 620 nm, as illustrated in Fig. 7B. The absorption
intensities also increased steadily as the hCG concentration was
raised from 0.001 mIU mL™" to 3000.0 mIU mL ™. In addition,
as can be seen in Fig. 7C, Au-Zn-SIn-MOF@Ab solutions
changed from a pale brown to a vibrant green. Therefore, Au-
Zn-SIn-MOF@AD can be employed as a colorimetric biosensor
and as a naked-eye indication for the hCG hormone. As shown
in Fig. 7D, when the experimental conditions were optimized,
a linear dependence was observed between the absorbance
intensities of the three peak areas and a series of standard hCG
phosphate-buffered solutions (321, 450, and 620 nm). In the
suggested colorimetric immunoassays, two distinct regions of
hCG concentration were seen in the calibration curves, owing to
the Hook effect, one at an absorption peak of 620 nm (Abgy,)
with a range of 0.001 to 5.0 mIU mL™" and another at 10.0 to
3000.0 mIU mL . The fitted eqn (2) and (3) for the lower and
higher concentration ranges (two regions), respectively, can
express as:

Absorbance intensity (Absgyg) = 0.150 + 0.159 log[hCG]
with 7* = 0.998, (2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) UV-Vis spectra the Au—-Zn-SIn-MOF composite, Au—Zn-SIn-MOF@Ab, and Au-Zn-SIn-MOF@Ab@B-hCG, (B) UV-Vis response

behavior spectra of Au—Zn-SIln-MOF@Ab composite against hCG hormone at different concentrations, (C) A dependence calibration graph of
the proposed colorimetric immunoassays against hCG at different concentrations [insert in: a calibration graphs at two regions of concentrations
between Abs-intensity and log[B-hCG]], (D) A smartphone photo for the Au—Zn—-Sin-MOF composite color change by the increasing of the
concentration of B-hCG, and (E) A histogram of evaluation of selectivity of the Au—Zn-SIn-MOF@Ab [insert in: the Au-Zn-SIn-MOF@Ab
absorption intensities towards B-hCG hormone and selected different interfering analytes].

Absorbance intensity (Absgy) = 0.096 + 0.034 log[hCG]
with 7* = 0.991, (3)

With lower limits of detection and quantification (LOD =
0.055 mIU mL ™" and LOQ = 0.167 mIU mL '), the colorimetric
immunoassay approach based on Au-Zn-SIn-MOF@AD showed
outstanding sensitivity for hCG detection. Tables S3 and S4F
provide the results of a summary analysis of the data from the
comparisons and the regression equations, respec-
tively.>12192026.27 The purpose of this study is to determine the
potential sensitivity and selectivity of Au-Zn-SIn-MOF@AD
towards hCG using current colorimetric immunoassay tech-
niques, such as in swab test selectivity evolution. Fig. 7E
compares the Au-Zn-SIn-MOF@ADb absorption spectrum to that
of a variety of typical interferences, including BSA, CEA, FSH,
LH, PSA, AFP, Glu, UA, Na*, and CI™. This histogram (inserted
into the absorption spectra) demonstrates that hCG signifi-
cantly amplifies the results of the Absg,, intensity, whilst the
other interfering matrix does not. The results among which
demonstrated the high selectivity of the Au-Zn-SIn-MOF@Ab
for hCG.

Each concentration of hCG (1.0, 10.0, 100.0, 500.0, and
1500.0 mIU mL~ ") was measured three times to determine the
inter- and intra-day accuracy and precision of the current
colorimetric immunoassay approach. Absg,, intensity histo-
grams for the intervals between days and the days themselves,
as well as a statistical analysis of the data, can be found in
Fig. S4 and S5, respectively, and Table S5.1 The results have

© 2023 The Author(s). Published by the Royal Society of Chemistry

been summarized and examined, showing that the current work
is accurate, precise, reducible, and repeatable.

Further analysis of the proposed colorimetric immune-
accuracy biosensors in assessing the hCG concentration
content in a variety of actual samples (serum, plasma, and urine
samples), as well as to study the practicality of using the sensor
in clinical applications was performed. The evaluation was
performed by adding hormones at varying quantities (0.5, 10.0,
100.0, and 1000.0 mIU mL ') to a variety of genuine samples
and determining the percentage of hormone that was recov-
ered. Table S67 is a representation of the results that were ob-
tained. According to the statistics in the table, the percentage of
samples that were collected ranged anywhere between 98.84%
to 100.50% for serum samples 96.6% to 99.44% for plasma
samples and 96.1% to 97.48 for urine samples. These results
demonstrate that the approach that was presented is adaptable,
sensitive, and effective for the quantification of hCG in a variety
of genuine samples and that this method will be a promising
future analytical tool for the simple and rapid detection and
quantification of hCG.

Mechanism of biosensing

The following strategies comprise the basis for studying the
biosensing mechanism and the features of hCG hormone
trapping. The basic physicochemical features of the analytes
and the creation of immunocomplexes in a sandwich structure
are essential for detecting this hormone by selective and ultra-
sensitive recognition between antigen and antibody-
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immunoassay.®** Nanoparticles, especially those made of noble
metals like gold, have special physicochemical features that
allow them to be easily integrated into heterogeneous structures
and boost biosensing performance.*®®* The sort of soft-to-soft
interactions that were generated between the Au-Zn-SIn-MOF
composite and the hCG, or as a result of a coordination bond
that was formed with the amino groups in the salen-MOF,
represents one of the main ideas of the mechanism of bio-
sensing.>**® Due to a decrease in the lipophilicity of the Au-Zn-
SIn-MOF composite and an increase in the polarity of the metal
ions, the ligand-metal charge transferring (LMCT) effect may be
able to support the probability of the chelation process.*”*® This
is because these two factors lead to an increase in the chelation
probability.

The color change from yellow to green can be seen by the
naked eye when a swab test device is used in conjunction with
a colorimetric method based on the formation of sandwich-
immunocomplexes between antigen and antibody on the
surface of the gold nanoparticles Au-Zn-SIn-MOF@ADb of the
highly linked Au-Zn-SIn-MOF composite itself. Additionally,
the Au-Zn-SIn-MOF composite acts as an innovative and
promising biosensor for direct hCG quantification and moni-
toring. This is due to the augmentation of the absorbance
intensities and the blue shift in the presence of hCG in
comparison to other competing analytes.

Experimental

Materials and instrumentation

See the details in (Appendix A: ESI filet).

Procedures

Synthesis of the Au-Zn-SIn-MOF composite. An Au-Zn-Sln-
MOF composite is produced by an in situ simple reaction of
Zn(NO3),-6H,0 (2.0 mmol, 0.595 g) and HAuCl,-3H,0
(2.0 mmol, 0.788 g) (Fig. S11). They were both dissolved in 10 ml
of deionized water (DW) and dropped into a round flask con-
taining an organic linker (1.0 mmol) produced by Sheta et al.*
This system was subjected to agitation and refluxing at 100
degrees Celsius for 48 hours. The pale greenish-brown precip-
itate was filtered, rinsed, and allowed to remain at ambient
temperature to dry completely. The overall plan for the reaction
is in the ESI file (Fig. S27).

Preparation and optimization of swab test-based device
biosensing platform. In this stage, antibodies to hCG hormone
(hCG-Ab) were immobilized on the surface of the Au-Zn-Sln-
MOF composite through classic-electrostatic adsorption to
create Au-Zn-SIn-MOF@AD, as described in references with
some changes.?®**7*#* A 10 M Au-Zn-SIn-MOF composite was
suspended in 50 mL of pH 7.4 phosphate buffer solution (PBS).
Gradually, the Au-Zn-SIn-MOF composite solution was infused
with 2.5 mM of anti-hCG-Ab. At room temperature, in a one-
hour incubation period with gentle magnetic stirring, the Au-
Zn-SIn-MOF®@AD solution was prepared. After that, the system
was left to incubate for an additional hour with 25.0 milliliters
(mL) of bovine serum albumin (BSA) containing 1% weight-per-
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volume bovine serum in order to block the exposed open site on
the surface of the Au-Zn-SIn-MOF composite. In order to apply
the composition described above to use as a detection probe or
biosensing platform (Au-Zn-SIn-MOF®@ADb), it was first centri-
fuged at 4500 rpm for 15 min and then resuspended in 2.5
milliliters of a solution that included 1% PEG 20 000, fructose
2%, sucrose 5%, BSA 1%, Tween-20 0.4%, and trisodium citrate
0.2%) and stored ready for use a CITOSWAB® sterile cotton
swab was soaked in a beaker of Au-Zn-SIn-MOF@AD (25 mL)
overnight before being air dried at room temperature. After the
swabs had dried, they were ready for use. Therefore, they were
examined using both a reference for the hormone hCG and
actual samples.

Protocols for the routine colorimetric measurement of hCG
hormone. From the 10.0 mL of stock solution (100 mM dis-
solved in DMSO), a 100.0 mL working solution (10 mM) of the
Au-Zn-SIn-MOF composite was made by diluting it with 90 mL
of PBS. After that, Au-Zn-SIn-MOF@Ab was formed in the
solution using classic-electrostatic conjugation for immobili-
zation. The UV-vis absorbance of the Au-Zn-SIn-MOF®@Ab
solution was measured and then compared to a freshly gener-
ated series of concentrations of the hCG hormone in a buffered
solution. The absorbance intensities (Abs) of Au-Zn-Sln-
MOF@Ab were found to be linearly related to the hCG
hormone concentrations over a range of 0.001 to 3000 mIU
mL " after optimizing the absorption measurement conditions,
as shown by the following linear-relationship equation: Y = a +
bX; “in which Y and X represent the Au-Zn-SIn-MOF@Ab
absorption intensities and the hCG hormone concentrations,
respectively; a and b represent the intercept and slope of the
linear-relationship variations, respectively. Moreover, the LOD
and LOQ were calculated “LOD = 3.3SD/b and LOQ = 10SD/b”
according to.*** Absorption of the Au-Zn-SIn-MOF®@AD solu-
tions with hCG hormone alone and in a mixture with interfering
matrices was assessed for the selectivity investigation.

Quantification of hCG hormone in real samples. The real
samples (serum, plasma, or urine) used in this study were
handled, pre-treated, and measured as indicated above, all
while adhering to the customary procedures established to
prevent the spread of infection and according to the ethics
protocol mentioned here in a separate section.

Conclusions

A portable swab test equipment is proposed in this study for the
qualitative detection of hCG, and a colorimetric method is
proposed to determine its quantitative levels. Development by
the synthesis of a novel and promising Au-Zn-SIn-MOF
utilizing a method that is both straightforward and creatively
developed composite using a simple and innovatively devised
process forms the basis for the two analytical instruments
presented here. Spectroscopic and analytical tools are used to
characterize the composites created. In comparison to other
published strip devices and publications, the examination of
the swab test's statistical validity and technique for measuring
color intensity was thorough and appropriate. The swab test
gadget is user-friendly, quick, easy, inexpensive, extra-sensitive,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and ultra-selective. It requires no complicated technology, relies
on color change, and can be used by anybody in the comfort of
their own home. Serum, plasma, and urine tests performed with
a cotton swab test instrument may be easily adapted into
commercially available, user-friendly kits that are 20-30% less
expensive than current market offerings. The biosensor has
a detection limit of 0.055 mIU mL ™" and a quantification limit
of 0.167 mIU mL~". It displays a fast-stable response for hCG in
the range of (0.001-3000 mIU mL ") under ideal conditions.
The designed colorimetric biosensor showed excellent selec-
tivity for hCG compared to the competing matrix. In addition to
these benefits, the colorimetric immunoassay approach
provided a rapid method for quantifying hCG with reduced
limitations of detection and quantification, improved assay
speed, and a wider linear detection range.
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