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Human epidermal growth factor receptor 2 (HER2) is a critical biomarker for early detection and diagnosis of
breast cancer. In this study, we report the synthesis and characterization of a novel zinc-based metal-
organic framework (Zn-MOF) biosensor designed for sensitive and selective fluorometric detection of
HER2. The Zn-MOF was synthesized via a solvothermal method using a suitable organic ligand to
promote fluorescence properties. The synthesized Zn-MOF was characterized using various techniques,
including X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier-transform infrared (FTIR)
spectroscopy, and fluorescence spectroscopy, confirming its structure, morphology, and
photoluminescent properties. The Zn-MOF exhibited high binding affinity towards HER2, which resulted
in a measurable fluorescence quenching directly correlated with HER2 concentration. This Zn-MOF-

based biosensor demonstrated excellent sensitivity, with a detection limit of 1.38 pM and good
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Accepted 3rd June 2025 specificity, showing minimal interference from other proteins commonly found in human serum. These

results indicate the potential of Zn-MOFs as effective platforms for the development of biosensors for

DOI: 10.1039/d5ra019429 cancer biomarker detection, paving the way for their application in early cancer diagnostics and
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Introduction

Cancer is commonly recognized as a leading cause of death
globally. It is characterized by irregular and unrestrained
multiplication of cells due to the accumulation of genetic and
epigenetic abnormalities." Breast cancer ranks as the second
most prevalent form of cancer, impacting roughly 200 000
women each year in the United States alone. Early detection of
cancer is crucial for monitoring treatment progress and cancer
development, thereby improving treatment efficacy and pre-
venting recurrence in patients. Recently, the examination of
cancer protein biomarkers has demonstrated promise in the
monitoring and diagnosis of various cancer types. One specific
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biomarker, overexpressed in 20-30% of human breast cancers,
is human epidermal growth factor receptor 2 (HER2, also
known as neu or ErbB2). The HER2 structure is schematically
depicted in Scheme 1a, as obtained from the protein bank
database (PDB). Monitoring of HER?2 is crucial due to its asso-
ciation with highly aggressive forms of breast cancer and the
elevated risk of recurrence in patients, often correlated with
these tumors.”> The extracellular domain (ECD) of HER2 is
released into the blood, its level increases during metastasis,
and 15% of primary breast cancer patients have elevated levels
of serum HER2 ECD.?

Currently, many methods have been reported for the detec-
tion of breast cancer biomarkers. These include surface plas-
mon resonance (SPR), chemiluminescence (CL), surface-
enhanced Raman scattering (SERS), opto-fluidic ring reso-
nator and electrochemical methods, in addition to the
conventional enzyme-linked immunosorbent assay (ELISA)
method.* Despite their accuracy in detection, many established
assays are deemed complex, time-intensive, and expensive.
Recently, biosensors have been introduced as a promising,
selective, and economical alternative to conventional methods
for detecting cancer biomarkers. Biosensors are analytical
devices that combine a biological component (recognition part)
with a transducer (mainly a nanostructure material) to generate
signals that can be detected to monitor specific biological
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Scheme 1 HER2 protein structure (a), trastuzumab (b), and biosensor parts (c).

substances. Scheme 1c illustrates the structure of a typical
biosensor. There are several types of biosensors, categorized
based on their detection principles as optical, electrochemical,
piezoelectric, etc.®

Several nanostructures have been employed to synthesize the
transducer part of a typical HER2 biosensor. Among these
nanostructures, metal-organic frameworks (MOFs) have been
considered for the design of biosensors. MOFs are porous
structured materials characterized by their crystalline nature
and high surface area, consisting of metal-based nodes (which
can be ions or clusters) connected to organic linkers through
coordination bonds. These materials exhibit distinctive phys-
ical and chemical characteristics.® Several studies have been
reported, primarily focusing on the applications of bulk MOF
crystals and 3D MOF materials in the fabrication of biosensors.
Nevertheless, it is only in recent times that there has been
a notable increase in research concerning the use of 2D MOFs
for various applications. 2D MOFs exhibit numerous intriguing
characteristics that make them well-suited for use in sensing
applications. The presence of exposed metal sites on the 2D
MOF's surface enhances the rate of surface reactions. These
exposed metal sites with their exceptional quenching properties
render them suitable for electrochemical, optical and fluoro-
metric immunosensors, thereby increasing the biosensor
sensitivity.*”

Several studies have been reported, primarily focusing on the
use of bulk MOF crystals and 2D, 3D MOF materials in
biosensor fabrication; recent studies have demonstrated their
successful application as fluorescent sensors for detecting
metal ions, antibiotics, and biomolecules with high sensitivity
and rapid response times.*** Fluorescence biosensing has been
presented as an accurate and simple technique. Fluorometric
biosensors utilize the fluorescence properties of specific mole-
cules to detect and quantify specific biological substances or
processes.”* Many fluorescent compounds have been consid-
ered for the design of biosensors. MOF-based fluorescence
sensors are more chemically tunable as compared to other
fluorescent nanomaterials.**** The unique tunable chemical
functionality of MOFs is a highly recognized property that is
expected to facilitate an efficient and specific host-guest
recognition. Moreover, the presence of 7w and n electrons along
the organic linker of the MOF structure contributes to the
formation of excellent and variable fluorescence signals.*** In
addition, the intrinsic chemical functionality of MOFs makes
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them tuneable for decoration with other nanomaterials, facili-
tating the detection of molecules with higher efficiency.

Porphyrins, which are a group of organic compounds known
for their ring-like structure and ability to complex with metal
ions, represent an important class of fluorescent compounds.
Porphyrins are commonly found in natural molecules, such as
hemoglobin and chlorophyll, and they exhibit unique optical
properties, including fluorescence, when excited by light.
Porphyrin fluorescent MOFs, therefore, refer to a type of porous
MOFs that incorporates porphyrin molecules as linkers, which
exhibit optical and fluorescence properties in a MOF structure.*

By synergistically harnessing the distinctive attributes of 2D
MOFs and the remarkable optical characteristics inherent to
porphyrin molecules, a highly proficient fluorescence biosensor
can be fabricated. Practically, numerous studies in the literature
have documented the successful utilization of 2D porphyrin-
based MOFs in the construction of biosensors for detecting
different analytes.?**

For the biorecognition part of the HER2 biosensor, Hercep-
tin, known by its generic name trastuzumab, has been used to
detect elevated HER2 expression.***” The structure of trastu-
zumab is shown in Scheme 1b, as derived from the PDB. Tras-
tuzumab is a monoclonal human antibody created through the
recombinant DNA (rDNA) technology. It is designed to precisely
target the ECD of the HER2 protein, with the aim of interfering
with or stopping its growth.

Herewith, we present our research on the application of a Zn-
based 2D porphyrin MOF as a fluorometric biosensor for the
ultrasensitive and highly selective detection of HER2 antigen
with high efficiency. To achieve this, we utilized TCPP
(5,10,15,20-tetra (4-carboxyphenyl) porphyrin), a member of the
porphyrin family (Fig. S1t), to synthesize fluorescing 2D Zn-
TCPP MOF, while trastuzumab was used as the recognition
element. In our extensive evaluation encompassing fluores-
cence detection and selectivity tests, Zn-TCPP MOF demon-
strated its remarkable ability in achieving ultrasensitive and
quantitative detection of HER2, while effectively excluding
interferences from other compounds commonly present in
plasma and body fluids from the targeted antigen. Moreover,
while the existing novel MOF-based technique surpasses the
commercially available ELISA kits for HER2 determination, our
developed Zn-TCPP MOF-based detection assay has demon-
strated a significantly improved performance with an

26-30
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impressively low detection limit of just 1 picogram per milliliter
(1 pg mL ™).

Materials and methods

Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,O, 99%), tereph-
thalaldehydic acid, pyrrole, ascorbic acid, glutathione, dopa-
mine, glutamic acid, bovine serum albumin (BSA),
ethyl(dimethylaminopropyl)carbodiimide (EDC), N-hydrox-
ysuccinimide (NHS), and cysteine were purchased from Sigma
Aldrich. HER2 (CD340) was purchased from Sino Biologicals,
and anti-HER2-Tra-hIgG1(Trastuzumab) provided by
InvivoGen. All chemical reagents used in the experiments were
analytically pure. Ultrapure water from the Milli-Q purified
system was used for all preparations.

was

Synthesis of the 5,10,15,20-tetrakis-(4-carboxyphenyl)-21,23 H-
porphyrin (TCPP) linker

A microwave method was used for the synthesis of the TCPP
linker, following the work of Sadeghi et al.*® and Wang et al.*®
with slight modifications. An equimolar portion of pyrrole (0.2
mL, 0.193 g, 2.88 mmol) and terephthalaldehydic acid (0.3380 g,
2.25 mmol) were mixed with an excess of propionic acid (100
mL, 99.3 g, 1.34 mol). The solution was stirred at 90 °C for
90 min under 100 W in an argon atmosphere in a microwave
oven. A deep purple suspension was obtained. After the reaction
was completed, the solution was left to cool down. The solution
was then filtered and rinsed with methanol. After being allowed
to dry in air, the precipitate was collected as a dark purple
powder in a 40.0 mg yield.

Synthesis of 2D Zn-TCPP MOF

The synthesis method of Zn-TCPP MOF has been previously
reported.®®> We have adopted this method with minor modifi-
cations. Typically, 2.0 mg TCPP was first dissolved in dime-
thylformamide (DMF) (10 mL) (0.00254 millimoles), followed by
ultrasonic treatment for 1 min. 8.0 mg of Zn(NO3),-6H,0 was
added to 5 mL of ethanol (0.0203 millimoles). Both solutions
were mixed together and ultrasonicated for 2 min to ensure
complete solubility of the solid content. Then, the mixture was
kept under heating and stirring at 120 °C for 2 hours. The
mixture was then slowly cooled to room temperature, where
a glittery like purple/red precipitate was formed. The precipitate
was separated by centrifuging at 6000 rpm for 10 minutes.
Finally, the obtained product (0.4 mg yield) was washed three
times with ethanol and dried at 60 °C under vacuum for 24 h.

Characterization of the Zn-TCPP MOF nanostructure

The detailed crystal structure of the as-prepared Zn-TCPP MOF
structure was investigated using continuous rotation three-
dimensional electron diffraction (3D ED). Microcrystalline
powder of Zn-TCPP was spread on a standard lacey-carbon-
coated copper TEM grid (Fig. S2t). Red plate-like crystallites
with a thickness of a few 100 nm were selected for the 3D-ED/

microED measurements. Cryo-transfer, ie., freezing of
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samples prior to introduction to vacuum, at 100 K using a Gatan
ELSA (Model 698) specimen holder, was applied here. As elec-
tron diffraction requires samples to be studied under high
vacuum, the cryo-transfer technique is essential for many
sensitive compounds, such as solvent-containing MOFs or
proteins. In addition to stabilization in vacuo, other benefits
include improving the resolution, reducing disorder, reducing
beam damage, and prolonging the general lifetime of the
sample, respectively.

Electron diffraction measurements for Zn-TCPP were con-
ducted using the Rigaku XtaLAB Synergy-ED, equipped with
a Rigaku HyPix-ED detector optimized for operation in the
continuous rotation 3D-ED experimental setup.'””*® Data
acquisition was performed at 100 K under high vacuum with an
electron wavelength of 0.0251 A (200 kv). The diffraction data
were processed in the program CrysAlis*™.* A multi-scan
absorption correction was performed using spherical
harmonics implemented in the SCALE3 ABSPACK scaling
algorithm in CrysAlis®™™. The structure was solved using
ShelXT,* and subsequently refined with kinematical approxi-
mation using ShelXL** in the crystallographic program suite
Olex2.**** By merging the data of two individual grains/datasets
of Zn-TCPP, a completeness of 99.0% up to a resolution of 0.80
A was achieved. A solvent mask was calculated, and 66 electrons
were found in a volume of 463 A® in two voids per unit cell. This
corresponds to one highly disordered co-crystallized DMF as
well as one EtOH molecule per unit cell. Non-hydrogen atoms
were assigned anisotropic displacement parameters. The
hydrogen atoms bonded to oxygen atoms were located from
Fourier difference maps. Other hydrogen atoms were placed in
idealized positions and included as riding. Isotropic displace-
ment parameters for all H atoms were constrained to multiples
of the equivalent displacement parameters of their parent
atoms with Ui, (H) = 1.2 Ueq (parent atom). Enhanced rigid
bond restraints*** with standard uncertainties of 0.001 A2, as
well as distance restraints (DFIX), were applied. The experi-
mental and refinement details are given below. CCDC 2333780
contains the supplementary crystallographic data for this study.
These data can be obtained free of charge via https://
www.ccde.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

The prepared Zn-TCPP MOF nanostructure was also char-
acterized for its structure using a Rigaku MiniFlex XRD, ther-
mogravimetric analysis (TGA), and a Nexus FTIR technique. The
morphology of the Zn-TCPP MOF was evaluated using a field
emission SEM, FEI Inspect F50, USA), equipped with an energy
dispersive spectroscopy (EDS) unit for the elemental analysis of
the Zn-TCPP MOF powder. The BET (Brunauer-Emmett-Teller)
analysis was performed using a micrometrics instrument. The
adsorption-desorption experiment was measured at a relative
pressure (P/P,) between 0.05 and 0.30.

The fluorescence and absorbance properties of Zn-TCPP
MOF were measured using a Horiba UV-vis spectrometer. In
brief, 1 mg of the Zn-TCPP MOF sample was added to 20 mL of
ultrapure water and mixed evenly to form a stable solution.

RSC Adv, 2025, 15, 21479-21492 | 21481
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Then, 3 mL of the above solution was measured at a wavelength
range of 200-800 nm. The time scanning mode and slit of the
instrument were adopted to collect the fluorescence values for
Zn-TCPP MOF with different solvents (including acetone,
ethanol, water, and ethylene glycol) in a fixed concentration of
0.5 mg mL ™" at 424 nm (the slit of excitation and emission is
5 nm, and the voltage is 600 V) to select the optimum concen-
tration of Zn-TCPP MOF to be used for detection.

Bioconjugation of Zn-TCPP MOFs with trastuzumab

In brief, 10 mg of the synthesized Zn-TCPP was dispersed in
15 mL of deionized water and activated by the addition of 10 puL
of 100 mM EDC and 20 pL of 100 mM NHS under stirring for
15 min. Subsequently, 100 pL of 500 pg mL ' trastuzumab was
added to the solution with stirring for 2 hours at room
temperature. To ensure the complete immobilization of the
protein, the reaction solution was kept under stirring at room
temperature overnight. Excess NHS-active sites of the Zn-TCPP
MOF were then blocked with 1% BSA solution for 2 h. After
centrifugation and washing to remove unbound biomolecules,
the Zn-TCPP@Trastuzumab (biosensor) assembly was finally
resuspended in 2 mL of deionized water and stored at 4 °C for
further use.

Characterization of the Zn-TCPP@Trastuzumab biosensor

The prepared biosensor was further characterized using various
techniques to confirm the structure and morphology of the Zn-
TCPP@Trastuzumab structure owing to trastuzumab coupling.
These included XRD, FTIR, TGA, EDS, fluorescence, absor-
bance, and emission excitation map (EEM) for the Zn-TCPP
MOF before and after functionalization with trastuzumab, i.e.,
Zn-TCPP@Trastuzumab (biosensor).

Time-correlated single photon counting (TCSPC) experiment
for pure Zn-TCPP and biosensor.

The fluorescence lifetime measurements were performed using
a PicoQuant MicroTime 200 time-resolved confocal microscope
system. A pulsed diode laser (LDH-D-C-405, PicoQuant) emit-
ting at 415 nm with a pulse duration of 70 ps and a repetition
rate of 40 MHz was used for the excitation. Emitted photons
were detected using a single-photon avalanche diode (SPAD,
PDM Series, Micro Photon Devices), and the timing was recor-
ded using a PicoHarp 300 time-correlated single photon
counting module. Solutions of both the pure Zn-TCPP MOF and
Zn-TCPP  loaded with the  antibody, Le., Zn-
TCPP@Trastuzumab, were prepared in ethanol (HPLC grade,
Merck) at a concentration of 1 mM and further diluted to 1 pM
in phosphate-buffered saline (PBS, pH 7.4). All other reagents
were of analytical grade and used as received. The photon
counts were accumulated until a peak count of 10000 was
achieved, ensuring a sufficient signal-to-noise ratio. The fluo-
rescence decay curves were analyzed using the SymPhoTime 64
software (PicoQuant). The decay data were fitted to a single-
exponential model using a least-squares fitting algorithm. The
quality of the fit was assessed using the chi-square (x?) test and
the residuals analysis.
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Procedure of the immunoassay (detection of HER2),
calibration curve construction and limit of detection (LOD)
calculations

The immunoassay of HER2 detection was established in 12
concentrations (1, 10, 50, 100, 150, 200, 250, 300, 350, 400, 450,
500 picogram per mL (pg mL™')). Typically, serial dilutions of
the antigen were prepared in a PBS solution, then the biosensor
(Zn-TCPP-trastuzumab conjugate) was introduced in a fixed
concentration for each sample. After incubation, the fluores-
cence signals were recorded for each concentration at an exci-
tation wavelength of 424 nm, voltage of 600 V and slit width of
5 nm.

Selectivity of the proposed Zn-TCPP@Trastuzumab sensor

Six common substances in the blood (glutamic acid, glucose,
albumin, arginine, dopamine, cysteine, and ascorbic acid) were
selected to confirm the specific binding of the biosensor to
HER?2. A single concentration of the antigen was chosen (100 Pg
mL~") and was mixed with each metabolite in a separate tube.
Afterwards, the fluorescence signals of the different samples
were compared and analyzed. These experiments were carried
out at room temperature.

Molecular docking between trastuzumab and the secondary
building unit (SBU) of the Zn-TCPP MOF nanostructure

The crystal structure information for the SBU of the Zn-TCPP
MOF was obtained from the 3D ED data collected using
a Rigaku diffractometer. Mercury software was used to convert
the CIF file to the PDB format. The PDB was used to obtain the
structure of trastuzumab (ID-6MH2), which is known to consist
of two chains (A and B). The ChimeraX visualization software
was used to view the three-dimensional structures of the protein
chain and the MOF SBU.

The CB-DOCK molecular docking server, which is based on
the principles of shape complementarity, was used to dock
trastuzumab as a receptor and Zn-TCPP as a ligand. The docked
complex with the lowest energy was then visualized and
analyzed for possible binding sites using ChimeraX.

Results and discussion

Characterization of Zn-TCPP MOF and Zn-
TCPP@Trastuzumab nanostructures

After slow evaporation of the DMF/EtOH solution of Zn-TCPP,
a red microcrystalline solid was obtained. The solid-state
structure of these crystals was elucidated using continuous
rotation 3D electron diffraction (3D ED; see Fig. 1a and b).>”*®
Zn-TCPP crystallizes in the monoclinic space group P2/m with
the composition [{Zn-TCPP}Zn,(H,0),] and a unit cell volume of
1332(54) A®. In 2018, an isostructural and isomorphous MOF
compound was reported by Urtizberea et al,*” namely a 2D
mixed-metal coordination compound with a composition of
[{CuTCPP}Zn,(H,0),], as determined by SCXRD. More recently,
an isostructural monometallic Zn(u) metal-organic framework
(Zn-TCPP) was reported by Zhu and co-workers.*® Zn-TCPP
forms a 2D layered structure, as depicted in Fig. 1c. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) 3D ED structure of the asymmetric unit of ZnTCPP. Displacement ellipsoids are drawn at a 50% probability level; (b) one layer of the

extended 2D structure; and (c) crystal packing of the 3D hydrogen-bonded coordination polymer ZnTCPP viewed along the [010] direction. Co-
crystallized solvent molecules (EtOH, DMF) and hydrogen atoms have been omitted in the latter two figures for clarity.

structure is stabilized by intermolecular TCPP-water interac-
tions, i.e., O-H:--O hydrogen bonds, forming an extended 3D
hydrogen-bonded network (see Fig. S3 and S47).

Fig. 2a shows the XRD pattern of the as-prepared Zn-TCPP
MOF, as compared with the simulated pattern of the Zn-TCPP
single crystal. The 2D Zn-TCPP MOF exhibited four typical
peaks in the XRD spectrum, which are in accordance with the
monoclinic structure of Zn-TCPP MOF. Compared with the
simulated XRD pattern of a Zn-TCPP single crystal, an addi-
tional peak representing the (200) diffraction was observed at
a 26 value of 10.6°. This is attributed to the preferential orien-
tation of the Zn-TCPP 2D crystallites in the sample powder, as
was previously mentioned by Zhou et al.*® Hence, the XRD
pattern of the as-prepared Zn-TCPP indicates its purity and
confirms its 2D morphology, consistent with the SEM micro-
graph of the material.

The FT-IR spectra of the as-prepared Zn-TCPP and pure TCPP
linker are shown in Fig. 2b. For the TCPP linker, a broad band at
3396 cm ™' was credited to stretching of O-H/N-H groups of the
linker. The stretching vibrations at 3396 and 1703 cm ™" were
due to the O-H and C=O0 groups of the carboxylic acid group,
and the bands at 1402 cm ™" were the typical absorption of C=C
of the benzene ring. The FT-IR spectrum of the Zn-TCPP MOF
showed a band at 1604 cm ™, which is shifted as compared with
that of the TCPP ligand at 1703 ecm ™", which could be attributed
to the formation of a coordinated bond between the metal

© 2025 The Author(s). Published by the Royal Society of Chemistry

cations and the COO™ group of the TCPP ligands.** In addition,
the broad band at 3396 cm™ " of the TCPP linker was shown as
a narrow band in the FT-IR spectrum of Zn-TCPP MOF and is
attributed to the transformation of the -COOH groups into the
Zn(COO0), coordinated structure.

Fig. 2c and S5t show the TGA and DTG thermograms,
respectively, of the Zn-TCPP MOF nanostructure as compared
with those of the pure TCPP linker. Three thermal events were
observed in the TGA and DTG thermograms of the TCPP linker
at 50 °C, 82 °C, and 367 °C. These events correspond to the
removal of weakly adsorbed water and solvent (ethanol and
DMF) molecules at 50 °C and 82 °C, respectively, and the
degradation and decomposition of the TCPP structure at 367 °C.
In contrast, the TGA and DTG thermograms of the Zn-TCPP
MOF structure showed 5 thermal events with peaks at 41 °C,
97 °C, 191 °C, 448 °C and 481 °C. These correspond to the
removal of weakly adsorbed water and solvent molecules below
100 °C, removal of the entrapped solvent molecules at 191 °C,
and degradation of the MOF structure at 448 and 481 °C,
respectively. These findings confirm the Zn-TCPP MOF struc-
ture formed through the binding of Zn** ions to the high elec-
tron density -N and -NH groups of the TCPP linker molecules.

The ultraviolet-visible (UV-vis) spectrum of Zn-TCPP, as
compared to that of the pure TCPP linker, is shown in Fig. 2d.
The UV-vis spectrum of the TCPP linker shows the standard
Soret band and four Q bands. The Soret band at 416 nm is the

RSC Adv, 2025, 15, 21479-21492 | 21483
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characteristic peak of the porphyrin ring in the free TCPP
ligand, whereas it shows a slight red shift (424 nm) in the case of
the Zn-TCPP MOF nanosheet. The free TCPP ligand exhibits
four Q bands at 512, 546, 590 and 645 nm, while the Zn-TCPP
nanosheet displays two predominant Q bands at 558 and
596 nm, respectively, which show the effective metalation of the
porphyrin rings by Zn** cations.

The Zn-TCPP MOF structure exhibited a type V Langmuir
isotherm, as shown in Fig. S6,1 which is an indication of its 2D
nature and the possibility of multilayer adsorption of N, gas

AM_ETD 10.00kV 10000 x 104 mm High vacuu:
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onto its surfaces. This type of isotherm is characteristic of
materials with pores that are not easily accessible and may
involve capillary condensation in mesopores. The adsorption at
higher pressures suggests the filling of larger pores or capil-
laries. Despite the 2D nature of the Zn-TCPP MOF structure, it
exhibited a BET surface area of 870 m® g~ *. Fig. S7t also shows
the pore size distribution of Zn-TCPP 2D MOF. The pore size
distribution data specify that Zn-TCPP has a micropore size
distribution of 1.35 nm, which is close to the value of 1.6 nm
based on crystallographic data.*® In addition, the 2D MOF BET

2023 HV vac mode
51PM 20.00kV 5000 x 26.1 mm High vacuum

Fig. 3 SEM micrographs of (a) Zn-TCPP and (b) Zn-TCPP@Trastuzumab nanosheets.
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hysteresis shows a lowering in the volume of nitrogen at high
pressure values, which could be attributed to the nature of the
2D structures that form slit-like pores during the aggregation of
Zn-TCPP nanosheets in vacuum drying. Also, this may be
attributed to the bottle-shaped pores, which are also one of the
characteristics of a type V isotherm.

The morphology of the as-prepared Zn-TCPP was evaluated
using the SEM-EDX technique. Results are shown in Fig. 3a, S8a
and S9a.t The SEM micrographs of the as-prepared Zn-TCPP
MOF structures reflect their 2D morphology with sizes
ranging from hundreds of nanometers to several micrometers.
Moreover, Fig. 3a shows the flexibility of the Zn-TCPP sheet
structure, where the arrangement of sheets with respect to each
other resulted in a pronounced bending of the Zn-TCPP sheets,
The elemental analysis of the as-prepared Zn-TCPP is shown in
Fig. S9at and indicates the presence of C, N, O and Zn with
approximate atomic concentrations of 55.05% 14.62%, 23.73%
and 4.62%, respectively.

Fig. 3b, S8b and S9bt show the SEM micrographs and EDX
pattern of the optimally prepared Zn-TCPP@Trastuzumab
nanosheets. The morphology of the Zn-TCPP 2D flakes was
slightly maintained upon the immobilization of Trastuzumab
molecules, where signs of surface deformity were observed, as
shown in Fig. 3b. A homogeneous distribution of Zn-
TCPP@Trastuzumab flakes is shown in Fig. S8b.f The
elemental analysis of the Zn-TCPP@Trastuzumab structure
shown in Fig. S9bt confirmed the presence of C, O, S, and Zn
elements with atomic percentages of 46.3%, 20.16%, 2.04% and
4.1%, respectively. The presence of the S peak in the EDS
spectrum of the Zn-TCPP@Trastuzumab structure is further
evidence of the immobilization of trastuzumab into/onto the
Zn-TCPP MOF structure.

The immobilization of trastuzumab was further confirmed
via the broadening of the bands at 3400-3250 cm™ " and 1600~
1700 cm ™, which are related to the presence of O-H/N-H and
the amide (C-N) groups, respectively. In addition, a band at
1203 ecm ' in the Zn-TCPP@Trastuzumab FTIR spectrum
(Fig. 4a) is attributed to the C-N bond that can be found
between Zn-MOFs and the antibody, as well as the C-N bonds in
the protein molecules.® Fig. 4b and S101 show the TGA and DTG
thermograms, respectively, of the Zn-TCPP@Trastuzumab as
compared with the as-prepared Zn-TCPP MOF structures. The
former showed the presence of thermal events with peaks at 51 ©
C and three events at 221, 307 and 327 °C. These are related to
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the removal of weakly adsorbed water molecules at 51 °C and
the subsequent removal and decomposition of the Trastuzu-
mab drug. Two major thermal events were observed at 436 and
488 °C, which correspond to the decomposition of the
remaining Zn-TCPP MOF structure and the degradation of the
TCPP porphyrin structure. Compared with an overall weight
loss of 55% for the decomposition of the as-prepared Zn-TCPP
MOF structure, the Zn-TCPP@Trastuzumab structure showed
an overall weight loss of 87%, confirming the successful loading
of the drug into/onto the Zn-TCPP MOF structure.

The photoactivity of Zn-TCPP and Zn-TCPP@Trastuzumab
structures were evaluated using fluorescence measurements.
During these measurements, various common organic solvents,
such as methanol, ethanol, ethylene glycol, and water, were
used to disperse the Zn-TCPP MOF. After optimizing the
experiment, water was chosen to conduct the biosensing assay
to ensure the safety and biocompatibility with body fluids.
Results are shown in Fig. 4c. Zn-TCPP MOF presented an
emission band in the range of 500-800 nm when excited by light
(424 nm), with the strongest peak observed at 660 nm. The
fluorescence behavior of the Zn-TCPP MOF could be attributed
to the ligand-to-metal charge transfer (LMCT).** Meanwhile, the
steady-state fluorescence spectrum  of the Zn-
TCPP@Trastuzumab structure was red-shifted in comparison
with the Zn-TCPP MOF structure (Fig. 4c). This is because the
electronic conjugation between the MOF's ligands and the
amino acids of the protein can change. This can lower the
energy gap between the ground state and the excited state of the
fluorescent ligands, resulting in a red shift (emission at longer
wavelengths). Fluorescence of the Zn-TCPP@Trastuzumab
biosensor retained its prevalent PL characteristics of pure
MOF with the emission peaks at 610 and 660 nm. However, after
its bioconjugation with trastuzumab, the PL intensity showed
a slight decrease in intensity due to quenching. This quenching
may be justified by the peripheral -COOH groups forming the
bioconjugation bonds with the added protein. Besides, a blue
shift occurred after the conjugation, which could be attributed
to the energy transfer processes between the non-fluorescent
molecules and the fluorophores, which can lead to a redistri-
bution of energy levels. If energy transfer occurs preferentially
to higher-energy states of the fluorophores, it can result in
a blue shift in the emission spectrum.*

Generally, MOFs built with organic photoactive ligands
could reduce the aggregation-caused quenching (ACQ) effect
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Fig. 4 FTIR spectra (a), TGA thermograms (b), and photoluminescence (PL) spectra (c) of Zn-TCPP and TCPP@Trastuzumab nanosheets.
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faced by most organic photoactive ligands alone, as the porous
framework arranges these photoactive ligands in an intra-
molecular framework structure. MOFs constructed with organic
photoactive ligands, such as TCPP, effectively address the ACQ
effect, which is a common issue where the fluorescence of
organic molecules diminishes when they aggregate. This
quenching occurs because, in close proximity, these molecules
can undergo non-radiative energy transfer or form non-emissive
aggregates, reducing their luminescence. In MOFs, the photo-
active ligands are integrated into a crystalline, porous frame-
work. This framework provides a structured environment that
spatially separates the ligands at a molecular level, preventing
them from coming into close contact and thus reducing the
likelihood of ACQ.

To select the optimal concentration of Zn-TCPP-MOF for
detection, fluorescence values were measured as a function of
different concentrations of Zn-TCPP-MOF aqueous solutions.
The scanning results showed that 1 mg mL ™" MOF solution
exhibited the highest and most stable fluorescence over
a duration of 1 h.

An excitation emission matrix (EEM) is a 3D scan obtained
during the measurement of the fluorescence of a sample when
irradiated with UV or visible light. The data from EEM can be
represented in a contour plot of excitation wavelength vs.
emission wavelength vs. fluorescence intensity. EEMs are useful
for studying multi-component systems and provide a molecular
fingerprint for different types of samples. To distinguish
between the luminescent properties of the prepared pure Zn-
TCPP MOF and the Zn-TCPP@Trastuzumab biosensor, the
EEM for both was measured at excitation wavelengths (450-390
nm), and the range of emission wavelength was 550-750 nm.
Results are shown in Fig. 5. The maximum emission wavelength
was in the red region at 660 nm, and the corresponding
optimum excitation wavelength was 415 nm. We observed
a similar EEM in the case of Zn-TCPP@Trastuzumab biosensor
with slight quenching, which may be attributed to the fact that
the binding of antibodies to the MOF cause the static quench-
ing of fluorescence. In a static quenching, the quencher binds
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to the fluorophore in its ground state, forming a complex that
does not undergo the excited state transitions necessary for
fluorescence emission. This binding interaction can occur
through various forces, including van der Waals forces,
hydrogen bonding, or hydrophobic interactions.*

TCSPC provides a decay curve representing the number of
photons detected at different times after the excitation pulse at
415 nm and emission at 620 nm. By fitting this decay curve to an
exponential model, fluorescence lifetime(s) of the MOF can be
extracted. It was found that pure MOF and antibody-attached
MOF have very similar lifetimes of 0.58 and 0.53 nanosec-
onds, respectively, as shown in Fig. S11.F In addition, the FL
lifetimes of MOF before and after the protein addition did not
change significantly, which indicated that the FL quenching
could be attributed to a static quenching process in the ground
state.

We speculated that this may be on account of the fact that
the Zn atom in MOF might be combined with the amino group
in proteins to form a nonfluorescent structure.>® Zn-TCPP is
a fluorescent MOF when it attaches to a protein and undergoes
static quenching, which typically implies that the fluorophore
ligand (TCPP) within the MOF forms a non-fluorescent complex
with the protein. Moreover, static quenching occurs when the
fluorophore within the MOF and the protein forms a stable
complex in the ground state before the fluorophore is excited.
This complex is non-fluorescent. The quenching is due to
specific interactions between the MOF and the protein, such as
hydrogen bonding, van der Waals forces, hydrophobic interac-
tions, or covalent bonding. In the non-fluorescent complex, the
energy that would usually be emitted as fluorescence is dissi-
pated through non-radiative pathways. This implies that the
energy of the fluorophore is transferred to the protein in
a manner that does not result in photon emission.

To achieve the highest performance of the immunosensor,
the detection environments were tested in aqueous media as
a function of the biosensor concentration. Fluorescence
measurements of the biosensor without the antigen were
repeated to determine the highest fluorescence that can be
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Fig.6 FL emission spectra of the Zn-TCPP@Trastuzumab biosensor in
the presence of different concentrations of HER2.

obtained. Deionized water was chosen to perform the immu-
noassay to simulate real samples from the body fluid environ-
ment. Additionally, the fluorescence of the biosensor in water
was compared with that in other solvents, such as ethanol,
acetone, and methanol, during the photoluminescence experi-
ments. To select the optimal concentration of Zn-TCPP-MOF for
detection, we performed the time scans of fluorescence inten-
sity with different Zn-TCPP-MOF solution concentrations. The
scanning results shown in Fig. 6 indicated that a 2.5 mg mL ™"
concentration of the biosensor solution had the highest fluo-
rescence intensity, which was also the most stable fluorescence
within a 1 h duration.

The implementation of this methodology has provided us
with a novel approach for detecting the HER2 antigen. As shown
in Fig. 6, in the Zn-TCPP@Trastuzumab biosensor with
a concentration of 0.25 mg mL™*, the fluorescence emission
intensities gradually decreased with the increase in HER2
concentration from 1 Pg mL™' to 500 Pg mL™'. Fig. S127
demonstrates a linear fitting curve of different concentrations
of HER2, which quantitatively estimates the fluorescence
quenching of the Zn-TCPP@Trastuzumab solution. In addition,
the Stern-Volmer (SV) equation was utilized to describe the FL
quenching:

(Fo/F) =1+ K, [M]
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F, and F are the Iuminescence intensities of Zn-
TCPP@Trastuzumab in water at the emission wavelength of
660 nm before and after adding HER2, K, is the quenching
constant and [M] represents the molar concentration of the
HER?2 antigen. Fig. S12} displays the correlation between In[F,/
F| and [M]. The Fy/F value is linearly related to the antigen
concentration, and the K, value of the antigen is 0.354 pM ™,
which is directly related to the sensitivity of the fluorescence
quenching. Notably, the sensitivity of the biosensor maintained
a linear performance up to a concentration of 350 pg mL ™,
while at higher concentrations, the sensitivity of the biosensor
decreased. According to the standard deviation (SD) and limit of
detection (LOD) formula (LOD = 3SD/Kj,), the LOD value of Zn-
TCPP@Trastuzumab against HER2 was 1.38 pM (picomolar)
with R> = 0.9829, where r is the regression coefficient.> Table 1
shows a comparison of the LOD of other nanostructures used
for HER2 sensing. It is evident that the performance of the
currently evaluated Zn-TCPP@Trastuzumab nanostructure as
a sensor for HER2 is higher than that achieved by similar
nanostructures. This can be attributed to the 2D morphology of
the Zn-TCPP flakes, where the immobilization of Trastuzumab
onto their surfaces facilitates the interaction with the HER2
molecule, and hence a higher efficiency of detection. The rela-
tionship between HER2 at concentrations higher than 350 Pg
mL " (400, 450, 500, 550 and 1000 pg mL ') and luminescence
properties of the Zn-TCPP biosensor was also evaluated. A non-
linear relationship was observed, indicating the potential of Zn-
TCPP@Trastuzumab as a biosensor for detecting HER2 at low
concentrations (up to 350 pg mL ') with high sensitivity.

Potential mechanism of HER2 detection using the Zn-
TCPP@Trastuzumab biosensor

In this study, the drop in fluorescence intensity of the biosensor
(Zn-TCPP@Trastuzumab) upon the addition of HER2 indicates
the interaction between the fluorescent probe and the analyte.
The quenching mechanism is elucidated based on the expla-
nation given below. Generally, quenching of a fluorescent probe
by an analyte can occur through several mechanisms: (1) Fluo-
rescence Resonance Energy Transfer (FRET), (2) Inner Filter
Effect (IFE), where the analyte absorbs the incident light instead
of the fluorophore, and (3) dynamic or static quenching
mechanisms. Spectroscopic UV-vis absorbance measurements

Table 1 Comparison of the LOD of various nanostructures used for detection of HER2

Biosensor type Detection method LOD References
HER-AuNPs/antibodies (ELISA-Ab) Electrochemical amperometric 1.060 pg mL~" 55
AuNPs/carbon nanotubes/screen printed electrode Electrochemical amperometric 4.4 pg mL™! 56

HER2 antibodies immobilized on PbSQDs Electrochemical voltammetric 280 pg mL ™" 57
Graphene quantum nanoparticles/magnetic NPs Fluorescence 1 cell per mL 58
Epitope-mediated molecularly imprinted polymers SPR (Surface Plasmonic Resonance) 11.6 pg mL 59
PET/graphene nanomesh (GNM)/meso-SiO, Field-effect transis-tors (FETS) 0.6 x 107" M 60
Molybdenum trioxide (MoO;) anchored onto Electrochemical 10 pg mL™* 61
reduced graphene oxide (RGO)

Zn-TCPP@Trastuzumab Fluorescence 1.38 pM This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HER?2 and fluorescence emission spectrum of the Zn-TCPP@Trastuzumab biosensor.

for the biosensor were conducted both in the absence and
presence of HER2. Fig. 7a represents the absorption spectra of
the biosensor (Zn-TCPP@Trastuzumab) before and after adding
the analyte (HER2), revealing the reduction of the characteristic
absorption peak at 388 nm in the UV spectra of the biosensor
upon the addition of HER2, indicating a significant interaction
in the synthesized biosensor.®>** Furthermore, a red shift was
observed in both absorbance peaks at 388 nm and 420 nm after
adding the analyte. This shift indicates the change in the local
electronic environment around the MOF.

Moreover, we tested the possibility of the FRET and IFE
quenching mechanisms. Fig. 7b shows the emission spectrum
of the biosensor and the absorption spectrum of HER2. Clearly,
there is no overlap between these two spectra, which excludes
the possibility of quenching via fluorescence resonance energy
transfer (FRET), which primarily relies on the efficient energy
transfer from the donor's excited state to the acceptor's excited
state.*® At the same time, there is no absorption of incident light
needed for biosensor excitation by the analyte, ruling out the
possibility of the inner filter effect (IFE).*

In order to further verify the static quenching mechanism,
the Stern-Volmer plot was considered. The fluorescence
quenching mechanism was attributed to static quenching,
which can be verified by the Stern-Volmer equation:

(F()/F) =1+ st Cq =1+ Kq‘L'()Cq

here, Fy, and F denote the fluorescence intensities at 660 nm in
the absence and presence of the quencher, respectively. K, is
the Stern-Volmer quenching constant, and C, represents the
molar concentration of the HER2 antigen. Ky and 7, are the
quencher rate coefficient and lifetime of the fluorophore (Zn-
TCPP@Trastuzumab biosensor), respectively.

As shown in the calibration curve in Fig. S12,7 a linear
relationship between Fo/F and C, was observed, with a calcu-
lated Kgy value of 3.54 x 10** M, and the life time of biosensor
was measured to be 0.53 ns from lifetime measurements; thus,
the quenching rate coefficient K, was determined to be 6.68 x
10*® M~* 57!, which exceeds the theoretical limit for dynamic

21488 | RSC Adv, 2025, 15, 21479-21492

quenching (1.0 x 10'® M~* s™"). This result confirms that the
fluorescence quenching is predominantly governed by a static
quenching mechanism.*

Overall, the quenching of the biosensor is attributed to the
aggregation of proteins, which induces conformational
changes, resulting in the formation of a ground-state complex
between the biosensor and the protein. This complex prevents
fluorescence emission through static quenching, where the
interaction occurs in the ground state of both the biosensor and
the protein, reducing fluorescence by forming a non-fluorescent
complex.

It is crucial to determine the sensor's ability to exhibit
exceptional selectivity without interference from other possible
interfering biomolecules. Hence, the selectivity of the suggested
biosensor was assessed by measuring the PL response of the
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Fig. 8 Fluorescence intensity of Zn-TCPP@Trastuzumab before and

after the introduction of various biological compounds and the HER2
antigen.
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Table 2 Photoluminescence (PL) intensity and relative standard deviation (RSD) values of the biosensor detecting HER2 antigen at a concen-
tration of 150 pg mL™?, both before and after the introduction of various interferents

Glutamic acid Glucose Albumin Arginine Dopamine Cysteine Ascorbic acid Blank
Average 108.3333 245 265 109 195 225 145 275
SD 2.8868 5 5 3.6056 5 5 5 5
RSD 2.6647 2.0408 1.8868 3.3078 2.5641 2.2222 3.4483 1.8182
R ~Na
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Scheme 2 Surface view showing the interaction between protein (Trastuzumab) and Zn-TCPP SBU, with an enlarged image of the binding
groove showing amino acid residues involved in molecular interactions.

biosensor in the presence of interfering proteins and other
molecules, which can be present in the body. Those included
glutamic acid, glucose, albumin, arginine, dopamine, cysteine,
and ascorbic acid, along with the HER2 antigen, with
a concentration of 150 Pg mL™*, which shows the fluorescence
of ~275 (a.u.). All samples were measured under the same
conditions, and their PL responses are illustrated in Fig. 8. The
average values and relative standard deviation (RSD) data of PL
upon the addition of different interferents are displayed in
Table 2. As shown in Fig. 8, the fluorescence intensity had no
recognizable change in the presence of four interfering mole-
cules (150 pg mL™"). However, the addition of arginine, ascorbic
acid, and glutamic acid (150 pg mL ") affected the sensitivity of
the biosensor, where a noticeable decrease in the PL response
was observed. These results suggest that the proposed
biosensor could be affected by the acidity of some molecules.
Acidic biomolecules are believed to interact with the MOF
structure, leading to the breakdown of its hierarchical structure.
Therefore, it is highly recommended to maintain the pH of the
sample in the neutral range to ensure an accurate result.

The highly stable bonding between the metal ions and
organic linkers results in the subsequent formation of a stable
geometry and rigid framework. In these structures, both the
metal ions and the organic linkers have fixed positions. The SBU
of the MOF can be a good representative of MOF in computa-
tional studies, as it is considered the basic unit for Zn-TCPP, i.e.,
the joining of these SBUs to one another produces the 3D
structure of Zn-TCPP. A typical SBU of Zn-TCPP, consisting of
four zinc ion paddle wheels linked to a single TCPP molecule,
was chosen for studying the interaction of Zn-TCPP and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Trastuzumab. The 3D structure of Trastuzumab contains two
main chains: A and B. They show the presence of mostly beta
sheets. The complex of Trastuzumab with Zn-TCPP SBU indi-
cates that MOF fits in the cavity between the two chains, as
shown in Scheme 2. The values for interfacial area and atomic
contact energy were calculated to be 628.40 A*> and
—368.41 kcal mol ', respectively, indicating strong binding. It
is believed that many amino acid residues along the Trastuzu-
mab protein are involved in binding (Pro 174, 41, Leu 115, Gly
42, Glu 155165). The amino acid residues, Leu and Pro, have
hydrophobic side chains and are directed to the benzene rings
of the SBU structure; whereas Glu has negatively charged
groups, and hence it may be attracted to the zinc ions. It can be
inferred that the binding between the Zn-TCPP SBU unit and
Trastuzumab is primarily due to hydrophobic interactions, with
a possibility of minor contribution from electrostatic
interactions.

Conclusions

Recent research has shown that using a fluorescent Zn-TCPP
MOF bioconjugated with trastuzumab antibodies for
a straightforward yet exceptionally effective approach to the
biosensing of HER2, a cancer biomarker, is promising. The use
of Zn-TCPP MOF as a sensing material for detecting cancer
biomarkers is unique due to several key advantages over alter-
native fluorescent nanomaterials, such as organic dyes and
quantum dots. Notably, Zn-TCPP is free of any harmful
elements and provides a consistent and reliable fluorescence
signal. In contrast to other nanomaterials, Zn-TCPP does not
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necessitate post-synthesis modifications or the addition of
a secondary layer before attaching antibodies. When compared
to existing fluorescent immunosensors for HER2, the Zn-
TCPP@Trastuzumab biosensor exhibited performance that is
either superior or on par with them in terms of both the
analytical range and the limit of detection. This system
demonstrated exceptional sensitivity and moderate specificity.
The proposed biosensing approach, involving the conjugation
of antibodies and MOF, can be further expanded for the
development of bioimaging systems to detect various types of in
vivo HER2-positive cancers.
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