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Abstract: Mesoporous silica nanoparticles (MSNs) exhibit highly beneficial characteristics for devising
efficient biosensors for different analytes. Their unique properties, such as capabilities for stable
covalent binding to recognition groups (e.g., antibodies or aptamers) and sensing surfaces, open a
plethora of opportunities for biosensor construction. In addition, their structured porosity offers
capabilities for entrapping signaling molecules (dyes or electroactive species), which could be released
efficiently in response to a desired analyte for effective optical or electrochemical detection. This work
offers an overview of recent research studies (in the last five years) that contain MSNs in their optical
and electrochemical sensing platforms for the detection of cancer biomarkers, classified by cancer
type. In addition, this study provides an overview of cancer biomarkers, as well as electrochemical
and optical detection methods in general.

Keywords: MSNs; biosensors; cancer biomarkers; electrochemical detection; optical detection

1. Introduction

Mesoporous silica nanoparticles (MSNs) are a mesostructured porous network of
silicon oxide produced through the hydrolytic sol–gel process involving the hydrolysis
and condensation of silicon alkoxide precursors under acidic or basic conditions in the
presence of a surfactant template [1]. The formation of mesoporous silica typically involves
a silica–surfactant micelle templating process, in which condensation of the silicon alkoxide
precursor takes place around the surfactant acting as a structure-directing agent [2]. In
this manner, hexagonally ordered spherical particles are obtained. MSNs possess precisely
controllable physicochemical characteristics, such as particle size, morphology, pore di-
mensions and volume, surface area, and surface properties [3]. Furthermore, facile surface
modification offers the possibility of tailoring the chemical and physical properties of
MSNs to achieve specific characteristics or functionalities [4]. The adaptability of MSNs in
terms of size, shape, and composition has led to their widespread utilization across various
fields [5–8].

Bioanalytical devices that integrate nanotechnology with biological recognition ele-
ments, along with physicochemical transducers to detect and quantify specific biological
and chemical substances, are considered nanobiosensors [9]. A transducer is an element
that enables the conversion of the target–bioreceptor interaction into a measurable signal.
On the other hand, a bioreceptor is a molecule that can interact with a specific analyte and
gives the biosensor its specificity [10]. Selectivity, sensitivity, and stability are some of the
main characteristics to consider when developing biosensors [11].

Integrating nanomaterials (NMs) in diagnostics opens a potential for increased sen-
sitivity, reduced processing times, and improved cost-effectiveness [12] due to favorable
NM characteristics such as increased relative surface area, high surface-to-volume ratio,
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and quantum confinement effects [13]. Among the variety of NMs, MSNs are of signifi-
cant relevance in medical diagnostics and sensing applications, presenting a promising
tool for the development of advanced nanobiosensors [14–16]. However, the successful
deployment of MSN-based nanobiosensors depends on a comprehensive understanding
of how synthesis methods and post-synthesis modifications influence their performance,
considering that the presence of functional groups as well as particle morphology and size
is of vital influence on their behavior [13].

On the other hand, cancer remains a leading cause of death worldwide. In 2022, there
were an estimated 9.7 million cancer-related deaths globally [17]. The early diagnosis
of cancer is crucial for improving patient outcomes. Detecting cancer at an early stage
allows for more effective treatment options and potentially better prognosis, increasing
the chances of successful therapy and resulting in higher survival rates. Cancer arises
from disruptions in normal cell signaling pathways, leading to the emergence of cancer
cells with a significant growth advantage [18]. These changes result from a variety of
genetic and epigenetic alterations, activating oncogenes and deactivating tumor suppressor
genes [19]. However, there is not a single universal gene mutation found across all cancers,
and patterns of genetic changes vary not only by tumor location but also within tumors
from the same location. With over 200 different cancer types affecting various parts of
the body, clinical testing becomes intricate. Given the complexity of, and variability in,
cancer-related changes, selecting specific biomarkers for diagnosis is challenging [20]. The
National Cancer Institute defines a biomarker as “a biological molecule found in blood,
other body fluids, or tissues that is a sign of a normal or abnormal process, or of a condition
or disease”. They are produced as the body’s immune response or by the cancerous cells
themselves [21]. Determination of cancer biomarker levels in biofluids can be used to
detect cancer at different stages or to monitor the outcome of therapy [22]. An important
step in ensuring good sensitivity and selectivity for early-stage cancer detection is the
identification of appropriate biomarkers as well as the type of biofluid [23]. In addition, the
recognition interaction between the biorecognition molecule and the biomarker may also
dictate sensitivity [24]. Furthermore, during disease diagnosis, a range of biomarkers is
typically analyzed. This means that reliable non-invasive cancer diagnosis often requires
simultaneous determination of multiple biomarkers found in different body fluids using
different techniques, which are still looking for standardization and validation [25], al-
though there are some techniques that are used in clinical diagnosis as a gold standard.
For example, protein biomarkers are principally quantified by the enzyme-linked im-
munosorbent assay (ELISA), where the target molecule is specifically bound to its natural
counterpart—antibody—while the secondary antibody labeled with a certain enzyme acts
as a messenger providing a colorimetric signal when the appropriate substrate is added
to the reaction well [26]. While the ELISA method can be highly sensitive and selective
in complex matrices, it is limited by the moderate risk of false-positive signal production
due to its colorimetric nature of detection or nonspecific binding to the reaction well and
the high cost of production. To detect DNA/RNA biomarkers, the amplification of nu-
cleic acid is performed to increase the probability of signal detection. Among different
methods, the polymerase chain reaction (PCR) method stood out as a golden standard in
nucleic acid amplification tools, where using the specific set of oligonucleotides (primers)
and enzyme polymerases, the amplification of the DNA segment previously denatured
through multiple temperature variation cycles is achieved [27]. However, PCR methods
often require a specific laboratory environment and equipment since it is very sensitive
to contamination. Despite challenges originating from these and other standard methods,
their application is still the first choice due to the lack of appropriate options in clinical
use. Additionally, there is a demand for the (RE)ASSURED ((Real-time connectivity, Ease
of specimen collection, and environmental friendliness), Affordable, Sensitive, Specific,
User-friendly, Rapid and robust, Equipment-free, and Deliverable to end-users) criteria
proposed by the World Health Organization to describe and develop an ideal point-of-care
testing (POCT) system, primarily in medical applications [28].
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There are different strategies in which MSNs are incorporated into biosensors to close
the ASSURED circuit. Based on the transduction signal, the most common biosensors for
cancer biomarker detection are electrochemical, optical, and colorimetric [29].

2. Cancer Biomarkers
2.1. General Discussion on Cancer Biomarkers and Relevant Biosensors

Current clinical practice in oncology emphasizes the importance of early diagnosis,
proper prognostication, and screening for malignancy in its pre-invasive stage (before
metastasis). The important role of biomarkers is widely recognized in research, medicine,
and pharmacology. Apart from replacing clinical endpoints and reducing the time and the
costs for Phase I and Phase II clinical trials, their levels are measured to diagnose a disease
or to monitor treatment efficacy and disease progression [30].

Markers usually differentiate an affected patient from a healthy person. Upon tumor
formation, levels of tumor markers rise accordingly, stressing the importance of limits of
detection (LOD) for early screening stages. In the case of carcinoembryonic antigen (CEA),
the threshold is as low as 3 µg/L of the sample or it can go up to 12.5 mg/L in the case of
neuron-specific enolase (NSE) [31]. Apart from sensitivity, specificity is another important
perspective. Tumor markers can be associated with different tumors, and most of the
tumors have more than one marker associated with their onset and growth. The specificity
and sensitivity of a lot of markers are being evaluated for clinical use [32]. Unfortunately,
none of the currently described biomarkers achieve 100% sensitivity or specificity. For
example, the sensitivity of the prostate-specific antigen (PSA), a serum biomarker for
prostate cancer, is greater than 90%, but it has a specificity of only around 25%, resulting in
patients needing to undergo a biopsy for the final confirmation of disease [33].

Cancer biomarkers can be different types of molecules such as proteins, DNA, RNA,
micro-RNA, peptides, hormones, oncofetal antigens, cytokeratins, exosomes, and carbo-
hydrates. One of the first discovered tumor antigens was carcinoembryonic antigen CEA,
a glycoprotein molecule isolated in 1965 [34]. Biomarkers can be intra or extracellular. In
cases in which biomarkers are intracellular, cells need to be lysed to collect them. Biomark-
ers are detectable in tissues and/or biological fluids like blood (whole blood, serum, or
plasma) and secretions (stool, urine, sputum, or nipple discharge), and thus can be collected
non-invasively [35].

There are a few traditional cancer screening methods such as mammography and the
fecal occult blood test followed by colonoscopy. Nowadays, scientists are creating tools
at the molecular level to measure molecular alterations in the process of tumor growth.
Genetic alterations can be inherited, confirmed as sequence variations in isolated DNA, or
somatic, identified as mutations in isolated DNA [36]. Although DNA methylation can be
studied by Southern blotting, DNA sequencing, DNA microarrays, and PCR, these genomic
methods are complex and time-consuming, and genetic markers do not give information
on post-translational modifications on proteins. Therefore, protein-based biomarkers are
often referred to as the “classic” ones in the literature.

Some of the common biomarkers for different cancer types are listed in Table 1.

Table 1. Basic cancer biomarkers and associated cancers.

Cancer Biomarker Cancer Type Reference

PSA Prostate [37]
IgG Prostate [38]

PAP, PSA Prostate [39]
Peptide fragments Colorectal [40]

MMP Colorectal [41]
CEA, CA 19-9, CA A24-2 Colorectal and pancreatic [42]
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Table 1. Cont.

Cancer Biomarker Cancer Type Reference

P53 gene Colorectal [43]
CYFRA 21-1 Lung [44]

CEA, CA 19-9, SCC antigen, NSE Lung [45]
EVOM Breast [46]

EGFR, HER2, transmembrane glycoproteins
CD44 and CD24 Breast [47]

Sialic acid Breast and liver [48]
AFP Liver [49]

CA 125, HE4 Ovarian [50]
TRP-2, NY-ESO-1 melanoma Antigen Melanoma [51]

Abbreviations: IgG—immunoglobulin G; PAP—prostatic acid phosphatase; MMP—matrix metalloproteinase;
CA—cancer antigen; CYFRA—cytokeratin fragment; SCC—squamous cell carcinoma; EVOM—endogenous
volatile organic metabolites; EGFR—epidermal growth factor receptor; HER—human epidermal growth factor
receptor; SA—sialic acid; AFR—α-fetoprotein; HE—human epididymis protein; TRP—tyrosinase-related protein.

As can be seen from Table 1, CEA and CA 19-9 are common cancer biomarkers for
several different tumors. Because of that, better than relying on one single biomarker, a
panel of biomarkers is more promising as disease predictors [52].

In this review, nanobiosensors that involve MSNs for the detection of biomarkers that
are useful in the diagnosis of cancer are discussed.

2.2. Specific Cancer Biomarkers Targeted by MSN-Based Biosensors

Recent research studies (in the last five years) involving MSN-based biosensors have
been focused on several cancer biomarkers, as detailed in this section and further elaborated
with MSN-based biosensor assemblies in the following sections.

Glutathione is a tripeptide (consisting of glutamate, cysteine, and glycine) containing
a sulfhydryl group by means of which it is conjugated to other molecules [53]. It is
distributed in most mammalian cells and is present in intracellular concentrations from
0.1 to 10 mM [54]. It is an important non-enzymatic antioxidant with a central role in the
regulation of reactive oxygen species (ROS) [55]. GSH has been found in increased levels of
breast, ovarian, head and neck, and lung cancers [56].

Cytokeratins are polypeptides expressed by all epithelial cells [57]. There are 20 cytok-
eratins, distinguished by their molecular weight and isoelectric points, which are classified
into two groups: acidic and basic–neutral [58]. The fragment of cytokeratin subunit 19,
known as CYFRA 21-1, has been recognized as an accurate and specific tumor marker for
detecting non-small-cell lung cancer (NSCLC), particularly the squamous cell subtype [59].
CYFRA 21-1 is frequently investigated as a lung cancer biomarker utilizing integrated
sensing platforms based on MSNs.

CA 15-3, also known as MUC1, is the most used serum marker for breast cancer. It is a
large transmembrane glycoprotein that is often overexpressed and abnormally glycosylated
in cancerous cells. Under normal conditions, it is involved in cell adhesion, but its elevated
levels in cancer may contribute to metastasis [60].

The human epidermal growth factor receptor 2 (HER2) is part of the epidermal growth
factor (EGF) family. HER2 positivity is observed in approximately 15–20% of breast cancers,
characterized by the overexpression of the HER2 protein. The HER2 protein promotes cell
growth. However, when HER2 is overexpressed, it can lead to aggressive growth of cancer
cells [61].

The epithelial cell adhesion molecule (EpCAM) is a type I transmembrane protein
consisting of 314 amino acids that are involved in cell signaling and carcinogenesis [62].
EpCAM is notably expressed in most human epithelial cancers, including colorectal, breast,
gastric, prostate, ovarian, and lung cancers [63].

Total serum acid phosphatase was the first clinically useful prostate tumor marker to
be discovered [64]. ACP is a lysosomal enzyme that breaks down organic phosphates in
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an acidic environment [65]. ACP is found to be present in the prostate in 100 times higher
quantities than in any other tissue type [66]. PSA, or prostate-specific antigen, is a serine
protease primarily produced by prostate cells and released into the ejaculate to help liquefy
semen [67]. Normally, PSA levels in the blood are low. However, changes in the normal
structure of the prostate, such as those caused by cancer, can result in increased levels of
PSA in the blood [68].

The presence of high-risk human papillomavirus (HPV) is the most important cervical
biomarker as it is strongly associated with the development of this type of cancer [69]. One
of the high-risk types, HPV16, is closely associated with invasive cervical cancer. It is well
known that the expression of HPV16 E6 oncoprotein is essential for transforming normal
cells into cancerous ones [70]. Moreover, it has been proved that the HPV E6 oncogene
induces the functional suppression of the tumor suppressor gene p53 [71].

Kato and Tarigoe first identified the squamous cell carcinoma (SCC) antigen in
1997 [72], which was found to be present in both neutral and acidic sub-fractions of tumor
antigen 4 (TA-4). Squamous cell carcinomas account for 85–90% of all cervical cancers,
while elevated serum levels of SCC have been observed in 28–88% of cases of cervical
squamous cell carcinoma [73].

CA 19-9 is the most common diagnostic biomarker for pancreatic cancer, which is used
for prognosis and prediction of treatment outcomes. Among other carbohydrate antigens,
CEA is also being extensively investigated as a pancreatic tumor marker, but it has not been
found to be more sensitive than CA 19-9 [74].

Glypican 1 (GPC1) is a membrane-anchoring protein, which is highly expressed in
pancreatic cancer tissue compared to normal tissue [75].

Current strategies for screening ovarian cancer involve using a combination of blood
biomarkers, CA 125, and HE-4, along with transvaginal ultrasound imaging. CA 125,
also known as MUC16, has been found in up to 80% of women diagnosed with late-stage
epithelial ovarian cancer at elevated levels. HE4, also known as WAP 4-disulfide core
domain 2, is linked to cancer cell adhesion, migration, and tumor growth [76].

3. Detection Methods
3.1. Electrochemical Detection Methods

Concerning electrochemical biosensors, the transduction element is often denoted as an
electrochemical cell predominantly consisting of three electrodes—working (WE), reference
(RE), and counter electrode (CE)—fabricated on a substrate in a co-planar configuration [77].
Various materials are used for the electrode production, from metallic (gold, platinum,
etc.), metal-oxides (TiO2, ZnO, etc.), carbon-based (glassy carbon, carbon nanomaterials), to
polymeric, and different microfabrication methods such as screen-printing, ink-jet printing,
photolithography, and others are deployed [78]. In the electrochemical approach, a signal
is obtained as a result of electron transfer between the working electrode (transducer)
and electrolyte (sample) and it can be measured as current, potential, or impedance of
the electrochemical cell. Direct or indirect transduction can be applied, the former is
associated with enzymatic biosensors and the latter with mediator-based biosensors [79].
Mediators are small molecules with a low molecular weight, which transfer electrons from
the reaction site to the electrode [80] and are usually referred to as redox probes. With
the advancement of nanotechnology, in-house or commercial electrode systems have been
modified with distinct nanomaterials to improve the overall electrochemical biosensor
performance [81]; these systems rely on nanomaterial-enabled signal amplification by
exploiting the improved electrochemical properties [82]. Today, many electrochemical
techniques are used to study the biosensing mechanism at the surface of the WE and
they can be grouped into potentiometric, amperometric, voltammetric, and impedimetric
techniques [83]. In potentiometric measurements, the potential between two electrodes,
usually WE and RE, is recorded and it can provide definite information about the target
analyte presence. The working principle of amperometric biosensors relies on the current
amplitude resulting from the redox processes of electroactive species on the WE at the
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applied potential. Voltammetric techniques are widely used in electrochemical biosensors
since the current between WE and CE is monitored during a predetermined potential
sweep applied between WE and RE. Depending on the potential type, there are several
methods used in biosensing: cyclic voltammetry (CV), differential pulse voltammetry
(DPV), square wave voltammetry (SWV), or anodic/cathodic stripping voltammetry. In
impedimetric measurements, the total impedance of the electrode/electrolyte electrical
circuit is monitored at applied voltage. In Table 2, an overview of the electrochemical
techniques applied to MSN-based biosensing of cancer biomarkers is given.

Table 2. An overview of electrochemical techniques used for the biosensing of cancer biomarkers
with MSNs applied to enable or enhance the signal of detection.

Technique Method MSN Role Target Biomarker Key Performances Reference

Potentiometry

Commercial
glucometer

Release of glucose upon target
cDNA hybridization miRNA-21 50 pM–5 nM 1

19 pM 2 [84]

Release of glucose upon target
binding to antibody CYFRA 21-1 1.3–160 ng/mL 1 [85]

Open circuit voltage Release of [Fe(CN)6]3− upon target
cDNA hybridization

miRNA-21 10 aM–1 pM 1 [86]

Chrono-
potentiometry MIP performance improvement Sarcosine 10 nM–10 µM 1

7.8 Nm 2 [87]

Amperometry Chrono-
amperometry Lactate oxidase immobilization Lactic acid 40–500 µM 1 [88]

Voltammetry

Cyclic voltammetry
Antibody immobilization with

AgNP for electron
transfer improvement

PSA
50 pg/mL–
50 ng/mL 1

15 pg/mL 2
[89]

Differential pulse
voltammetry

Release of glucose from
target-bound MSNs CA 19-9 0.01–100 U/mL 1

0.0005 U/mL 2 [90]

Dual-labeled MSNs with AuNRs
and HRP for signal enhancement CEA 0.1–5 pg/mL 1

5.25 fg/mL 2 [91]

Sandwich-type immunoassay with
MB@MSNs for signal enhancement

HPV16 E6
oncoprotein 50 fg/mL–4 ng/mL 1 [92]

Amino-MSNs in composite with
Amino-rGO and IL for

signal enhancement
Lysozyme 20 fM–50 nM 1 [93]

SNA-loaded MSNs for improved
capture of target MCF-7 cancer cells

1−1.0 × 107
cells/mL 1

4 cells/mL 2
[94]

Sandwich-type immunoassay with
MMSN@AuNP-Ab2 for

signal enhancement
CYFRA 21-1 0.01–1.0 pg/mL 1

2 fg/mL 2 [95]

Sandwich-type immunoassay with
thionine-loaded MSNs for

signal enhancement
SCCA 0.01–120 ng/mL 1

0.33 pg/mL 2 [96]

Square wave
voltammetry

Sandwich-type immunoassay with
MB-loaded MSNs for signal

production by controlled MB release
PSA

10 fg/mL–
100 ng/mL 1

1.25 fg/mL 2
[97]

Release of MB from programmed
target-enabled CHA for HCR

signal amplification
miRNA-21 0.1 fM–5 pM 1 [98]

Sensitivity improvement by
MSNs/PtNPs CD133 5–20 cells/5 µL 1 [99]

Square wave
anodic/cathodic

stripping
voltammetry

Nanocomposites for signal
development and enhancement:

PbS-QD@MSNs, CdTe-QD@MSNs,
and AuNPs@MSNs

HE4, CA-125,
and AFP

HE4: 0.02–20 pM 1;
LOD 5.07 pM

CA-125: 0.45–450
IU/L 1; LOD

3.1 IU/L
AFP: 0.1–500 ng/L 1;

LOD 2.44 pg/L

[100]
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Table 2. Cont.

Technique Method MSN Role Target Biomarker Key Performances Reference

Impedimetry
Electrochemical

impedance
spectroscopy

Amino-MSNs in composite with
Amino-rGO and IL for signal

enhancement
Lysozyme 10 fM–200 nM 1 [93]

Photoelectrochemical
method

Chrono-
amperometry CD@MSB for improved sensitivity Glutathione 34.9 nM 2 [101]

1 Linear range. 2 LOD. Abbreviations: MIP—molecularly imprinted polymer; cDNA—complementary DNA;
Ag NPs—silver nanoparticles; AuNRs—gold nanorods; HRP—horseradish peroxidase; MB—methylene blue;
HPV16—human papillomavirus 16; rGO—reduced graphene oxide; IL—ionic liquid; SNA—sambucus ni-
gra agglutinin; MMSN—magnetic MSN; AuNPs—gold nanoparticles; CHA—catalytic hairpin assembly;
HCR—hybridization chain reaction; PtNPs—platinum nanoparticles; PbS QDs—lead sulfide quantum dots;
CdTe QDs—cadmium telluride quantum dots; and CDs—carbon dots.

3.2. Optical Detection Methods

Optical biosensors use optical properties of the transducer and the optical signal is
detected, e.g., electromagnetic radiation in the optical range. From the perspective of signal
origin, optical biosensors are usually divided into two groups: label-based and label-free
biosensors [102]. Labeled optical biosensors use specific molecules (labels) responsible for
signal generation; these can be colorimetric or fluorescent biosensors [103,104]. On the
contrary, label-free optical biosensors utilize the change in optical radiation properties of
the transducer upon biochemical interaction, such as amplitude, frequency, phase, and
polarization [105], but can also be manifested by a measurable physical property of the
biosensing interface, such as refractive index.

Colorimetric biosensors are an attractive sub-field because they provide a simple setup
and fast analysis, but since the signal is based on a visible color change, such an approach
may be insufficient for analyte quantification, complicating the colorimetric scheme of
detection. Nevertheless, colorimetric biosensors offer the most criteria for the development
of POCT devices precisely because of the visible signal that is easily read by the end
user. The quantification of colorimetric data is usually performed using a spectrometric
technique to determine the signal, such as UV-Vis absorption spectra [106]. Principally,
colorimetric biosensors can be denoted as both label and label-free devices. Owing to the
nanoparticle’s unique properties, which can be expressed in the optical signal, their role in
colorimetric biosensors is of a transducing nature, producing an optical signal detected by
the above-mentioned spectroscopy. Based on the mechanism of color change, colorimetric
biosensors can be divided into metal nanoparticle aggregation, enzyme catalytic activity,
and chromatic transitions of conjugated polymers [107].

Luminescence is the ability of a material to emit light upon absorption of energy
coming from different sources. In biosensor technology, the most significant luminescent
phenomena used are fluorescence, chemiluminescence, and electrochemiluminescence.
A fluorescent signal is produced by a fluorophore tag or dye anchored to the biological
element and may be regulated by a quencher in the so-called “turn-on/turn-off” mecha-
nism. There are different physical principles enabling this strategy for fluorescent-based
biosensing, such as Förster resonance energy transfer (FRET) [107], fluorescence inner filter
effect (IFE) [108], and others. Upon a chemical reaction, certain materials emit light, which
is called chemiluminescence (CL). Furthermore, if an electric field is applied to induce
electron transfer between luminescent material and electrochemical probes, the principle is
called electrochemiluminescence (ECL) [109].

Considering the application of label-free biosensors for cancer biomarker detection,
the most used optical principles are surface plasmon resonance (SPR) and surface-enhanced
Raman spectroscopy (SERS) [110]. In SPR, a unique mode of electromagnetic field, surface
plasmons (SPs), are excited by the external light in the thin metal film and propagate
at the metal–dielectric interface. Due to the biosensing binding event, a change in the
refractive index of the medium causes a change in SP velocity, which is measured as a
change in external light properties [111]. The SERS principle is based on a Raman scattering
enhancement coming from multiple physical principles, like surface plasmon resonance,
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substrate–molecule charge-transfer resonance at the Fermi energy level, and allowed
molecular resonance. Although based on spectroscopic signals [112], SERS biosensors can
also be label-based using molecules with distinct Raman signals.

The role of MSNs in optical biosensing is mostly connected to label loading for its
controlled release or specific molecular/nanomaterial-based signal enhancers, which is
why they are not often used in label-free optical biosensors. In Table 3, an overview of the
optical techniques applied to MSN-based biosensing of cancer biomarkers is given.

Table 3. An overview of optical techniques used for the biosensing of cancer biomarkers with MSNs
applied to enable or enhance the signal of detection.

Type Method MSN Role Target
Biomarker Key Performances Reference

Colorimetric

Enzyme based AuNC-loaded MSNs for
improved signal HER2 10–1000 cells 1

10 cells 2 [113]

Non-enzyme based

DMSN-enabled signal
development using

CPT/DM-FA nanozyme
GSH 5–80 µM 1

0.654 µM 2 [114]

PQQ-decorated MSNs for
sandwich-type signal enhancer PSA 5–500 pg/mL 1

1 pg/mL 2 [106]

Fluorescence

Inner filter effect CuNC-loaded MSNs for
improved fluorescence signal ACP 0.5–28 U/L 1

0.47 U/L 2 [115]

Nanoreactor based on
Cu-MOF-MSNs for
signal enhancement

GSH 0–0.1 mM 1

25 µM 2 [116]

Release of Rh6G from MSNs
upon ssDNA-AuNP cleaving

by target

Flap
endonuclease 1

0.05–1.75 U 1

0.03 U 2 [117]

Hybridization-manipulated
signal on Luc/CS/MSNs let-7a (miRNA) 30 fM–9 pM 1

10 fM 2 [118]

Forster resonance
energy transfer

(FRET)

Aptamer-enabled signal on/off
in MSN nanosystem with
CS(cur)NPs and AuNPs

MUC-1 (CA 15-3) - [119]

Aptamer-enabled signal
development using QD@MSNs PSA and CEA

PSA: 1 fg/mL–
0.1 ng/mL 1;
0.9 fg/mL 2

CEA: 1 fg/mL–10
pg/mL 1; 0.7 fg/mL 2

[120]

Lateral-flow
immunoassay

Sandwich-type signal
development using BDMSNs CA 125 and HE4

CA125: 0.1–1000
U/mL 1; 5 U/mL 2

HE4: 1–1000 pM 1;
5 pM 2

[121]

Chemiluminescence Signal amplification by
HRP-Ab1@MSNs CEA

10 pg/mL–20 ng/mL
1

3 pg/mL 2
[122]

Electrochemiluminescence

Signal enhancement by
CS-Lu-modified SBMMs SKBR-3 20–2000 cells/mL 1

20 cells/mL 2 [37]

DMSN-enabled signal
development using

CPT/DM-FA nanozyme
GSH 10–250 µM 1

0.654 µM 2 [114]

Controlled release of
Ru(dcbpy)3

2+ from PBA-MSNs MCF-7 3 × 102–105 cells
208 cells [123]

Ru(dcbpy)3
2+-loaded MSNs

with dual-quenching signal
development

CA 15-3
5.0 × 10–5–6.0 × 102

U/mL 1

2.4 × 10–6 U/mL 2
[124]

Controlled release of
luminol-Ab2 from MSN-PEI

upon target binding and
pH-stimuli response

CYFRA 21-1
1 fg/mL–100 ng/mL

1

0.4 fg/mL 2
[125]

TPE-TEA-encapsulated MSNs
for signal enhancement using

DNA strand
displacement strategy

MCF-7 cells
10 pg/mL–100

ng/mL 1 [126]
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Table 3. Cont.

Type Method MSN Role Target
Biomarker Key Performances Reference

Surface plasmon
resonance

Plasmonic energy
resonance transfer

MSN-enabled Au nanocrescent
antenna (MONA)

MCF-7 cancer
cells - [127]

Other

UV-Vis spectrometry
DMSN-enabled signal

development using
CPT/DM-FA nanozyme

GSH 2–60 µM 1

0.654 µM 2 [114]

Surface-enhanced
Raman spectroscopy

Target-enabled signal
development by specific DNA

release from MSNs
Methyltransferase 0.1–10 U/mL 1

0.02 U/mL 2 [128]

1 Linear range. 2 LOD. Abbreviations: AuNC—gold nanocluster; DMSN—dendritic mesoporous silica nanoparti-
cle; CPT—camptothecin; FA—folic acid; GSH—glutathione; PQQ—pyrroloquinoline quinone; CuNC—copper
nanocluster; ACP—acid phosphatase; MOF—metal–organic framework; Rh6G—rhodamine 6G; Luc—lucigenin;
CS—chitosan; cur—curcumin; QDs—quantum dots; BDMSNs—biotin-enriched dendritic mesoporous silica
nanoparticles; Lu—luminol; Ru(dcbpy)3

2+—Tris(bipyridine)ruthenium(II) chloride; PBA—phenylboronic acid;
PEI—polyethylenimine; TPE—tetraphenylethylene; and TEA—triethylamine.

4. MSN-Based Biosensors by Cancer Type
4.1. Lung Cancer

In 2022, lung cancer was the most diagnosed cancer, representing 12.4% of all cancers
worldwide [17]. In 2020, the highest incidence subtypes of lung cancer were adenocarci-
noma (39%), squamous cell carcinoma (25%), small-cell carcinoma (11%), and large-cell
carcinoma (8%) [129].

A core–shell ultrasensitive nanozyme (CPT/DM-FA) was developed for fluorescence,
UV−vis, and color brightness triple-mode GSH sensing and specific cancer cell detec-
tion [114]. The nanozyme consisted of a dendritic mesoporous silica nanoparticle (DMSN)
core serving as a camptothecin carrier and a platform for synthesizing a MnO2 shell. Inte-
gration of FRET and oxidase-mimic-mediated 1O2, O2

− generation facilitated fluorescence,
UV-vis, and colorimetric GSH sensing with a linear range from 2 to 250 µM and a limit
of detection of 0.654 µM. The surface folic acid modification enabled specific cancer cell
detection. The platform exhibited switch-on signal response and high sensitivity, suitable
for real serum samples (A549 cells (lung cancer) and PC-12 cells). Challenges include
nonspecific response due to similar sulfhydryl groups in cysteine and homocysteine.

A self-on ECL biosensor was developed for the efficient detection of CYFRA 21-1 [125].
The biosensor utilized a pH stimulus response-controlled release strategy, employing
polyethylenimine-modified silica (SiO2-PEI) as a carrier, BSA/luminol-Ab2 as the encapsu-
lated substance, and AuNPs as the blocking agent (Figure 1). Glucose served as the inducer
for controlled release. The glucose oxidation led to the production of gluconic acid, trigger-
ing a decrease in pH, which caused the release of BSA/luminol-Ab2 from SiO2-PEI due to
the detachment of AuNPs. The specific binding between CYFRA 21-1 antibody and antigen
facilitated ECL signal generation. The biosensor demonstrated detection capabilities within
a range of 0.001–100,000 ng/L and a limit of detection of 0.4 fg/mL.

Another electrochemical immunosensor for detecting CYFRA 21-1 was developed
by Yola et al. [95]. The sensor utilized a silicon nitride (Si3N4)–molybdenum disulfide
(MoS2) composite on multi-walled carbon nanotubes (MWCNTs) as a sensor platform,
along with core–shell-type magnetic mesoporous silica nanoparticles@gold nanoparticles
(MMSNs@AuNPs) as a signal amplifier. The process involved immobilizing capture an-
tibodies on the sensor platform via stable electrostatic/ionic interactions, followed by
specific antibody–antigen interactions with the signal amplifier to form a sandwich-type
voltammetric immunosensor. The immunosensor exhibited a linear detection range of
0.01–1.0 pg/mL and a detection limit of 2.00 fg/mL. The sensor demonstrated selectivity
and sensitivity in plasma samples, highlighting its potential for early detection of lung
cancer. An immunosensor based on a personal glucose meter (PGM) was also designed
for the detection of CYFRA 21-1 [85]. Glucose was entrapped into polyethyleneimine-
modified mesoporous silica nanoparticles (MSN-PEI) using CYFRA 21–1 antibody-labeled
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gold nanoparticles (AuNPs-Ab) (Figure 2). In the presence of the CYFRA 21-1 antigen,
AuNPs-Ab leaves the surface, caused by recognition and binding processes between the
antibody and the antigen. Consequently, glucose molecules were released from the pores
of MSNs, which are measured by PGM. The proposed immunosensing system exhibited
a linear response to CYFRA 21-1 ranging from 1.3 ng/mL to 160 ng/mL with a detection
limit of 0.79 ng/mL.
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4.2. Breast Cancer

In 2022, breast cancer was the fourth most diagnosed cancer, representing 7.3% of all
cancers worldwide. Additionally, breast cancer is the most frequently diagnosed cancer
and the primary cause of cancer-related death among women [17].

An electrochemically synthesized vertically oriented silica-based mesoporous material
(SBMM) modified electrode, combined with a chitosan–luminol (CS-Lu) composite, was
utilized for the cytosensing of breast cancer cells [37]. An ECL cyto-immunosensing
method was developed for the detection of metastatic breast cancer cells, specifically
SKBR-3 cells. The method utilizes a silica-based mesoporous nanostructure synthesized
via an environmentally friendly in situ electrosynthesis approach, offering high loading
capacity and mechanical strength. Luminol, combined with chitosan, forms a stable lumino
composite film on the electrode surface, enhancing stability and sensitivity. Chitosan serves
as an adhesive, enhancing stability and sensitivity, while also facilitating the covalent
attachment of antibodies for specific cell detection. The protocol demonstrated a lower
limit of quantitation of 20 cells/mL and a linear dynamic range of 20 to 2000 cells/mL.
Specificity was confirmed against other breast cancer cell lines (MCF-7 and MDA-MB-
231), while repeatability was shown with a relative standard deviation of about 1.6% for
500 cells/mL.

Another ECL immunosensor was developed for the specific detection of CA 15-3,
a biomarker associated with breast cancer (Figure 3) [124]. The sensor utilized a dual-
quenching strategy, incorporating Ru(dcbpy)3

2+, PEI, and AuNPs immobilized on DMSNs
to enhance ECL efficiency. The high loading amounts of Ru(dcbpy)3

2+, conductivity, and
localized surface plasmon resonance (LSPR) effect of AuNPs contributed to improved
ECL intensity. Specifically, a sandwich structural sensing platform (Ab1-CA 15-3-Ab2)
was formed, where CA 15-3 served as the target antigen. Cu2O nanoparticles coated with
poly(dopamine) (Cu2O@PDA) were introduced to the sensor through antigen–antibody
interaction, leading to significant ECL quenching due to the dual quenchers of Cu2O
and PDA. The sensor exhibited sensitivity with a linear detection range from 5.0 × 10–5

to 6.0 ± 102 U/mL and a limit of detection of 2.4 × 10–6 U/mL. Moreover, the sensor
demonstrated good selectivity and stability for CA 15-3 detection in serum samples, in-
dicating its potential for clinical applications in the diagnosis and monitoring of breast
cancer biomarkers.
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Li et al. prepared a peroxidase-mimicking mesoporous silica–gold nanocluster hybrid
platform (MSN–AuNC–anti-HER2) modified with recognizable biomolecules for colori-
metric detection of HER2-positive (HER2+) breast cancer cells [113]. They immobilized
anti-HER2 antibodies onto the surface of MSNs while loading gold nanoclusters inside
the pores of MSNs. The prepared MSN–AuNC–anti-HER2 platform was able to catalyze
H2O2 reduction and oxidation of the peroxidase substrate, colorimetric agent, 3,3′,5,5′-
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tetramethylbenzidine (TMB). It has been suggested that MSN enzyme immobilization
and enrichment are crucial for achieving low detection limits. Additionally, it has been
demonstrated that the designed system has a high affinity to HER2 receptors.

In another study, mesoporous silica-based ECL was utilized for MCF-7 breast can-
cer cell detection. MSNs were modified with phenyl-boronic acid, loaded with ECL-
active molecules (ruthenium-based dye, Ru(dcbpy)3

2+), and capped by polyhydroxy-
functionalized AuNPs [123]. In the presence of ascorbic acid, MCF-7 cells endogenously
produce a large number of H2O2, which subsequently induces the oxidation of arylboronic
ester linker causing the release of Ru(phen)3

2+ and increasing the ECL signal. The system
exhibited a detection limit of 208 cells/mL for MCF-7 breast cancer cells. A more recent
study introduced MONA (Mesoporous silica with Optical Au Nanocrescent Antenna), an
integrated nanostructure designed for multifunctional cellular targeting, drug delivery, and
molecular imaging. MONA combines an asymmetric Au nanocrescent (AuNC) antenna
with a mesoporous silica nanosphere [127].

The MSN serves as a molecular carrier with a large pore volume, facilitating efficient
drug delivery, while the AuNC functions as a nanosensor and optical switch. Key find-
ings include specific targeting of EpCAM in MCF-7 breast cancer cells, achieved through
conjugation of anti-EpCAM onto MONA, rapid apoptosis of MCF-7 cells facilitated by
light-driven molecular, doxorubicin (DOX) delivery, utilizing a highly focused photother-
mal gradient generated by the asymmetric AuNC, and monitoring of apoptotic events,
particularly cytochrome c activity in response to DOX releases by measuring plasmonic
energy resonance transfer (PRET) between the AuNC and cytochrome c molecules. A novel
strategy to enable EL on MSNs is based on the encapsulation of aggregation-induced EL
molecules TPE and TEA as a co-reactant, developing an MSN-TPE-TPA self-enhanced
EL system [126]. Furthermore, the detection of MCF-7 cells is realized through strategic
capture of CD44 transmembrane glycoprotein via novel WC-7 heptapeptide additionally
functionalized with double-stranded DNA probes, of which one is modified with ferrocene,
an EL quencher, and acts as a signal initiator. In the presence of target cells, a complex
peptide-dsDNA binds to CD44 protein, and by the strand displacement strategy, an Fc-
carrying DNA probe is released and extracted making space for its hybridization to a
capture probe on the MSN-based EL system.

4.3. Prostate Cancer

In 2022, prostate cancer was the fourth most diagnosed cancer, representing 7.3% of all
cancers worldwide. Further, prostate cancer was the second most common cancer globally
and the fifth leading cause of cancer-related deaths among men [17].

Fluorescent nanoprobes composed of N-acetyl-l-cysteine capped-copper nanoclusters
(NAC-CuNCs) were incorporated into three-dimensional mesoporous silica particles (M-
SiO2) through the electrostatic assembly for detecting prostate cancer (PCa) biomarker
acid phosphatase (ACP) (Figure 4) [115]. This process enhanced the fluorescence emission
and quantum yield of the NAC-CuNCs due to the confinement effect of M-SiO2. These
nanoprobes were then combined with MnO2 nanosheets, a fluorescence quencher, resulting
in a fluorescence quenching effect through the inner filter effect. Subsequently, the addition
of ACP triggered the hydrolysis of l-ascorbic acid-2-phosphate (AAP) into ascorbic acid
(AA). This AA, in turn, facilitated the reduction of MnO2 nanosheets into Mn2+, thus
restoring the fluorescence emission and creating a turn-off/turn-on fluorescent detection
platform for ACP. The platform exhibited a detection limit of 0.47 U/L for ACP activity
and demonstrated high accuracy in measuring ACP levels in real serum samples.
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An all-solid-state (ASS) potentiometric sensor for sarcosine, a biomarker for prostate
cancer, has been developed using a molecularly imprinted polymer (MIP) polymerized
over silica nanoparticles (Si) [87]. This MIP-Si sensor exhibits high selectivity in phosphate-
buffered solution (PBS) and simulated body fluid (SBF). It demonstrates a linear response
in the concentration range of 10−5–10−8 mol/L, with a detection limit of 7.8 × 10−8 mol/L
and a response time of approximately 30 s. The sensor remains stable for at least 150 days,
showcasing its stability, reproducibility, and sensitivity for PCa detection. This work
introduced the miniaturized potentiometric ASS sensor for sarcosine recognition and
highlighted its low limit of detection, quick response time, and wide linear range. The
MIP synthesized on silica nanoparticles enables the development of a selective sensor
for sarcosine with analytical applicability in PCa diagnostic applications. One principle
to overcome the use of enzyme-based colorimetric systems and apply the nanomaterial
technology is an improved strategy for nanozyme catalytic performance in color reaction,
where PQQ-decorated MSNs act as a nanocatalyst in the reduction of Fe(III)-ferrozine into
Fe(II)-ferrozine by Tris(2-carboxyethyl)phosphine (TCEP) [106]. PQQ-decorated MSNs
functionalized with anti-PSA antibody 2 are used as an enhanced catalyst of a colorimetric
signal, while magnetic beads functionalized with anti-PSA antibody 1 are used as a capture
probe. Using the sandwich-type mechanism, with PSA as a bridge between the capture
nanoprobe and nanocatalyst, a colorimetric signal was measured using UV-Vis absorption
spectra, and LOD was estimated to be 1 pg/mL. MSNs can play a significant role in
fluorescent signal amplification, i.e., the “turn-on” approach, where they are loaded with
fluorophores [120]. Particularly, MSNs are functionalized with luminous CdTe quantum
dots with two emission wavelengths and adsorbed on the quenching surface of MoS2
nanosheets via target-specific aptamers; once aptamers bind target molecules, namely
PSA and CEA, MSNs are desorbed, and fluorescence is turned-on. This dual-fluorescence
mechanism enabled the ultrasensitive detection of two cancer biomarkers, with LOD of
0.7 fg/mL for CEA and 0.9 fg/mL for PSA.

4.4. Cervical Cancer

Cervical cancer ranks as the fourth most common cancer in women, both in terms
of new cases and deaths. In 2022, there were approximately 660,000 new diagnoses and
350,000 fatalities globally [17].

MSNs can serve as a redox probe nano-depot, which can be released to amplify
the electrochemical signal upon target capture by the bioreceptor. In that sense, MSNs
are loaded with MB, capped with chitosan, and additionally functionalized with anti-E6
antibody 2 for the detection of HPV16 E6 oncoprotein [92]. Moreover, a glassy carbon
electrode (WE) was modified with innovative dendritic palladium–boron–phosphorus
nanospheres (PdBP-NSs) and anti-E6 antibody 1 for specific E6 capture. Owing to the
sandwich-type interaction mechanism, the biosensor was able to detect as low as 34.1 fg/mL
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in a broad dynamic range of 50 fg/mL–4 ng/mL. The use of MSNs reduces the electro-
polymerization of MB during the reaction and amplifies the signal response.

A sandwich-type electrochemical immunosensor was developed for ultrasensitive
detection of squamous cell carcinoma antigen (SCCA), a common biomarker for cervical
cancer [96]. Highly branched PtCo nanocrystals (PtCo BNCs) were synthesized via a
solvothermal reaction to serve as electrode substrates, enhancing conductivity and provid-
ing active sites for antibody (Ab1) loading. Dendritic mesoporous SiO2@AuPt nanoparticles
(DM-SiO2@AuPt NPs) were prepared through wet chemical methods and used to adsorb
thionine (Thi) as a signal label, increasing detection sensitivity. PtCo BNCs facilitated
electron transfer and Ab1 loading, while DM-SiO2@AuPt NPs enhanced Thi loading
and captured the secondary antibody (Ab2). The combination of PtCo BNCs and DM-
SiO2@AuPt NPs amplified electrochemical signals, enabling sensitive SCCA detection. The
sensor exhibited a linear range from 0.001 to 120 ng/mL and a detection limit of 0.33 pg/mL
with high reproducibility and acceptable recovery in diluted human serum samples.

4.5. Pancreatic Cancer

A controlled release of glucose from MSN pores, which is used as an active component
in electrochemical reactions on the modified WE, is achieved to successfully detect CA
19-9 [90]. Glucose-loaded MSNs are capped with ZnS, modified with anti-CA19-9 antibody
2 (ZnS@MSN-Glu-Ab2), and act as a signal amplifier when bound to CA19-9 previously
captured by antibody 1 in a reaction well. Only CA19-9-anchored MSNs will undergo
uncapping via DTT cleaving of disulfide bonds, which releases glucose. Finally, an electro-
chemical signal was developed using novel 3D cactus-like nickel–cobalt-layered double
hydroxide on copper selenide nanosheet-modified carbon cloth (NiCo-LDH/CuSe/CC)
with enhanced electrochemical activity for glucose oxidation. Glucose oxidation was moni-
tored using a DPV and a very low concentration of only 0.0005 U/mL was calculated as a
limit of detection. Researchers also introduced a novel approach for the ultrasensitive detec-
tion of GPC1, a potential biomarker for pancreatic cancer, through a photoelectrochemical
(PEC) immunosensor utilizing gold nanoclusters (AuNCs) [101]. Furthermore, the study
extended this technique to develop a multichannel light-addressable PEC sensor capa-
ble of simultaneously detecting GPC1, carcinoembryonic antigen (CEA), and glutathione
(GSH). This sensor combines AuNC/GO-based PEC immunosensors for GPC1 and CEA
detection with carbon dots@mesoporous silica bead (CDs@MSB)-based PEC sensors for
GSH detection. The combined sensor demonstrates high sensitivity and specificity, achiev-
ing accurate and simultaneous detection of the biomarkers in cell, mouse, and patient
models of pancreatic cancer. Compared to commercial kits, the light-addressable sensor
offers superior sensitivity, lower detection limits, and faster detection times, with robust
anti-interference capabilities in complex biological environments. Overall, this innovative
sensor holds promise for advancing the diagnosis of pancreatic cancer, and the authors
suggest future expansion to incorporate additional biomarkers for enhanced diagnostic
accuracy and sensitivity.

4.6. Ovarian Cancer

Liu et al. investigated an approach utilizing BDMSNs combined with multiplex lateral
flow immunoassay (MLFIA) for the simultaneous detection of ovarian cancer biomarkers
CA 125 and HE4 [121]. The BDMSNs serve as fluorescent signal reporters and demonstrate
robust antibody enrichment properties due to their aggregation-induced emission property
and high affinity for the biotin–streptavidin system. The linear ranges for CA125 and HE4
detection were found to be 0.1–1000 U/mL and 1–1000 pM, respectively, with correspond-
ing limits of detection of 5 U/mL and 5 pM. The coefficient of variation for intra-assay and
inter-assay were both less than 15%. Furthermore, the developed BDMSN-MLFIA showed
no cross-reactivity with common tumor markers (AFP, CA 199, CEA), and the clinical test
results demonstrated a correlation coefficient of over 98% when compared with commercial
electrochemiluminescence methods. A sandwich-type magneto-immunosensor was devel-
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oped for the simultaneous detection and quantification of three ovarian cancer biomarkers:
HE4, AFP, and CA 125 [100]. The immunosensor employs bioaffinity interactions of tar-
get molecules with specific antibodies and uses screen-printed electrodes combined with
electroactive nanomaterials, including gold nanoparticles (AuNPs) and CdTe and PbS
QDs. These nanomaterials are conjugated with specific antibodies and integrated with
mesoporous silica nanoparticles (SiNPs) for enhanced electrochemical signals.

4.7. Other Cancers

Fei et al. constructed and evaluated a GSH-triggered nanoreactor, developed using
mesoporous silica nanoparticles (MSNs) coated with a MOF shell formed by coordinating
Cu(II) with trimesic acid [116]. The Cu(I) species, generated via GSH-mediated reduc-
tion, acts as a catalyst to accelerate azide–alkyne 1,3-cycloaddition (CuAAC) reactions.
The nanoreactor demonstrates good biocompatibility and efficacy in GSH sensing, both
in cellular environments and in wheat plumules. Specifically, it exhibits high specificity
and sensitivity to GSH, with a minimum detection concentration of 0.025 mM in vitro.
Additionally, it enables the visualization of GSH distribution within single living cells,
unlike traditional electrochemical methods. Moreover, fluorescence signals indicate the
influence of Cd2+ and Pb2+ ions on GSH expression in wheat plumules. The nanoreac-
tor’s unique properties suggest promising applications in intracellular sensing of various
analytes, disease diagnostics, and agricultural research.

An electrochemical cytosensor was developed to detect HT-29 colorectal cancer stem
cells (CSCs) using a nanocomposite of mesoporous silica nanoparticles (MSNs) and plat-
inum nanoparticles (PtNPs) on a GCE [99]. The PtNPs, approximately 100 nm in size,
were electrodeposited onto the MSN substrate, providing high-rate porosity and increased
surface-to-volume ratio, facilitating efficient binding of biotinylated monoclonal antibodies
targeting CD133, a CSC marker. DPV and SWV confirmed reduced charge transfer and
electrical current upon interaction with CD133+ cells. The cytosensor demonstrated sensi-
tivity to detect CSCs ranging from 5 to 20 cells/5 µL, outperforming flow cytometry. The
integration of MSNs and PtNPs enhanced mass and charge transfer rates, providing active
sites for antibody binding.

Another paper introduced a novel dual-signal-amplified sandwich-type electrochemi-
cal immunoassay for the detection of CEA [91]. By utilizing dual-labeled mesoporous silica
nanospheres (amine-functionalized SBA-15 entrapping Au nanorod followed by covalent
conjugation of HRP and antibody (anti-CEA, Ab2)) as signal amplifiers, combined with
NiO@Au- and anti-CEA (Ab1)-decorated graphene as a conductive layer, they achieved
remarkable sensitivity enhancement. The synthesized dual-labeled mesoporous silica
(DLMS) nanospheres demonstrated ultra-low limits of detection (5.25 fg/mL) and a wide
linear range (0.1–5 pg/mL) measured by DPV. The developed immunosensor also showed
as an appropriate system in terms of selectivity, detecting no significant impact of different
interfering proteins. Furthermore, the DLMS-based immunosensor exhibited excellent per-
formance in real-time CEA determination, with significantly improved recoveries (>98%),
confirmed by a typical spiking technique on human serum samples and a commercially
accessible method (ELISA). This innovative approach holds promise for meeting the clinical
demand for ultrasensitive detection of CEA biomarkers, thereby contributing to early
cancer diagnosis and disease progression monitoring.

In a separate study, researchers developed a 3D electrochemical sensing interface for
sialic acid (SA) utilizing a mesoporous–macroporous structure created through a layer-by-
layer assembly method [94]. The interface was constructed on electrode surfaces using
polystyrene (PS) microtubes coated with mesoporous silica and loaded with sambucus
nigra agglutinin (SNA). The detection was based on the specific recognition of SNA and SA.
The interface demonstrated enhanced cellular capture efficiency and specific recognition
of SA overexpressed on cancer cell surfaces. By employing a layer-by-layer assembly
method, the exposure of active substances was maximized, resulting in better cellular
capture performance compared to direct mixing methods. The 3D structure of the PS nan-
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otubes increased the electrode’s specific surface area, improving its efficiency in capturing
cancer cells. Additionally, the mesoporous structure facilitated the loading of more SNA,
enhancing the specific recognition of cancer cells. The developed cytosensor exhibited a
linear detection range of 1−1.0 × 107 cells/m and a detection limit of 4 cells/mL (S/N = 3).

A controlled-release MSN-based nanoprobe was developed for detecting Flap endonu-
clease 1 (FEN1), a structure-specific nuclease that catalyzes the removal of a 5′ overhanging
DNA flap from a specific DNA structure [117]. They entrapped the fluorescence molecule
Rh6G using gold nanoparticles linked to specific single-stranded DNA (AuNPs-ssDNA)
as a molecular gate. The presence of FEN1 cleaves the ssDNA, resulting in the release
of Rh6G and the recovery of fluorescence. They demonstrated a good linear relationship
with the logarithm of FEN1 activity ranging from 0.05 to 1.75 U with a detection limit
of 0.03 U. Furthermore, it has been suggested that biosensors could distinguish tumor
cells from normal cells. Further, a mesoporous silica-based nanotheranostic system tar-
geting MUC-1-positive tumor cells (MCF-7 and HT-29) was developed [119]. It involves
encapsulating curcumin into chitosan–triphosphate nanoparticles, which are then loaded
into a nanosystem consisting of mesoporous silica, chitosan, and gold, targeted by an
aptamer. The nanosystem enables targeted imaging and drug delivery, with the aptamer
triggering drug release upon binding to MUC-1 receptors. The system shows selective
toxicity towards MUC-1-positive cells and it is proposed for cancer diagnosis, imaging, and
therapy. However, to form the highly sensitive biosensor, optimization of the threshold
concentration of the aptamer is needed.

Another paper presents a reverse-phase microemulsion synthesizing method for ob-
taining silica nanoparticles and incorporating chitosan and the fluorescent dye lucigenin
during the reaction [118]. Chitosan addition enhances nanoparticle porosity and facili-
tates lucigenin molecule integration, increasing fluorescence quantum yield compared to
lucigenin/silica NPs without chitosan. Target DNA/miRNA was hybridized with biotin-
labeled probe DNA fixed onto the surface of the magnetic beads. Target DNA/miRNA de-
tection relied on the distinct fluorescence responses observed between single-stranded DNA
(ssDNA) and double-stranded DNA (dsDNA). The composite nanoparticles exhibit discrim-
inative fluorescence intensity based on the charge difference between single-stranded DNA
(ssDNA) and double-stranded DNA (dsDNA), enabling direct detection of let-7a in human
gastric cancer cell samples without enzymes, labeling, or immobilization. The method
demonstrates a detection limit of 10 fM and selectivity, with lucigenin/chitosan/silica
composite nanoparticles serving as efficient DNA hybrid indicators. These composite
nanoparticles amplify fluorescence signals through mass transfer nanochannels, resulting
in enhanced sensitivity for let-7a detection in tumor cells compared to existing methods.
Additionally, by modifying the probe DNA on magnetic beads, the composite nanoprobes
can detect other biomolecules. Dendritic-large MSNs are synthesized to improve antibody
and horseradish peroxidase (HRP) immobilization used for two-step detection of CEA [122].
Namely, HRP is involved in CL intensity enhancement of luminol only in the presence of
CEA, which is achieved by magnetic separation of Fe3O4@SiO2-Ab2 microspheres conju-
gated to MSN-HRP/Ab1 through the antibody 2-CEA-antibody 1 bridge.

MSNs are employed to amplify the SERS signal for methyltransferase activity determi-
nation [128]. Here, MSN pores are loaded by a loading DNA and capped by a specifically
designed dsDNA, which can be opened by a trigger DNA produced upon the presence of
the target enzyme and nicking endonuclease. The loading and trigger DNAs are released,
where trigger DNA can repeat the uncapping cycle (amplification step), and the loading
DNA undergoes further SERS signal development. For that, functionalized magnetic beads
(MBs) with capture DNA and functionalized AuNPs with reporter DNA having a SERS
probe (rhodamine-based) are used. The loading DNA is hybridized to both capture and re-
porter DNAs, which is then separated, and the Raman spectra are recorded. The 0.02 U/mL
detection limit of the target enzyme is reached using the novel principle of this method.

A biosensor for the determination of L-lactic acid (LA) has also been developed [88].
The biosensor uses a flow injection analysis (FIA) system with a lactate oxidase (LOx)-
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based mini-reactor connected to a silver amalgam screen-printed electrode (AgA-SPE) for
detection. The mini-reactor contains mesoporous silica (SBA-15) coated with covalently
immobilized LOx, enabling a large enzyme loading of approximately 270 µg. This setup
ensures high stability, with 93.8% of the initial signal retained after 350 measurements and
96.9% after 7 months. The detection principle is based on the amperometric monitoring of
oxygen consumption due to LA oxidation, measured by the four-electron reduction of oxy-
gen at −900 mV vs. Ag pseudo-reference electrode. This method avoids interference from
common oxidizing substances like ascorbic and uric acid. The biosensor was tested for LA
quantification in saliva, wine, and dairy products, showing high selectivity, stability, and
sensitivity, with a limit of detection of 12.0 µmol/L. The design allows for easy replacement
of the mini-reactor or reuse of the electrode, making it versatile and practical for clinical
diagnostics and food quality control. In another study, an electrochemical aptasensor
for detecting lysozyme (Lys) was developed using a nanocomposite of amino-reduced
graphene oxide (Amino-rGO), an ionic liquid (1-Butyl-3-methylimidazolium bromide),
and amino-mesosilica nanoparticles (Amino-MSNs) [93]. This nanocomposite, integrated
into a screen-printed carbon electrode, offers thermal and chemical stability, conductivity,
surface-to-volume ratio, cost efficiency, biocompatibility, and bioelectrocatalytic properties.
Anti-lysozyme aptamers (anti-Lys aptamers) were covalently coupled to the nanocompos-
ite using glutaraldehyde as a linker, enhancing the electrochemical signal and sensitivity.
The aptasensor’s performance was characterized by CV, DPV, and EIS. The presence of
lysozyme increased charge transfer resistance in EIS and decreased DPV peak currents, pro-
viding analytical signals for lysozyme detection. Two calibration curves were established,
demonstrating LOD of 2.1 and 4.2 fmol/L.

5. Perspectives and Outlook

Due to the outstanding properties of MSNs, they have substantial benefits in sensing
cancer biomarkers (Table 4).

Table 4. The impact of the physicochemical properties of MSNs on their performance as detection materials.

Properties Benefits Challenges Applications Related to Sensing
Cancer Biomarkers

High surface area Surface functionalization with
different molecules.

Controlling the amount and
distribution of surface
functional groups.

High amount of receptors for
interaction with analytes or for
attachment to sensing surfaces for
optical or electrochemical detection
with low LOD.

Porosity

Uniform distribution of pores
with small diameter (2–3 nm),
which can be used to load and
entrap cargo molecules.

Optimization of porous structure
to enhance the capacity for
storing and entrapping molecules.

Loading signaling molecules
(analytes) and their controlled release
for optical or electrochemical sensing.

High stability

Facile formation of stable
covalent linkages in reaction
with organosilanes. Stability
in testing media.

Achieving enhanced degradation
for in vivo applications.
Long-term stability in weakly
alkaline media can present a
challenge to achieving sensors for
prolonged operation.

Formation of stable sensing surfaces
for possible reusable detection.

Biocompatibility
Due to its biocompatibility,
the use of silica is approved
for cosmetics use.

Achieving approvement for
in vivo diagnostics.

Possible construction of
wearable biosensors.

Low costs

Highly scalable synthesis with
cheap reactants and does not
require high purity
of chemicals.

The need for the use of expensive
recognition elements in
post-synthesis modification for
specific and selective sensing.

Possible application for affordable
POCT detection.
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A novel generation of biosensors employing the use of MSNs is on the rise. Besides
the high surface area, which is typical for nanoparticles, MSNs offer several unique at-
tributes that bring substantial benefits for devising biosensors. One of these properties is
the possibility of stable (covalent) functionalization of their surface. Hence, different types
of functional groups, such as thiol, amine, hydroxyl, halogen, and others are easily grafted
on the silica surface in a one-step reaction with different alkoxysilanes, which is typically
performed in organic solvents and dry conditions, preferably at elevated temperatures to
stimulate the evaporation of as-formed nus products (alcohols). Further modification of
the surface is subsequently achieved through different possible covalent coupling reactions,
such as click reactions (e.g., thiols with maleimide groups [130] or hydroxyl groups with
isocyanates), carbodiimide-catalyzed coupling reactions (between amines and carboxy-
lates [131]), or substitution reactions (e.g., the substitution of halogen with nucleophiles
such as amine groups [132]). This feature allows the employment of versatile functionaliza-
tion strategies for achieving the desired final functionalization on the NP surface. Moreover,
each functionalization step can be performed through heterogeneous reactions, and hence
the modified NPs can be isolated and washed by simple centrifugation. The same covalent
functionalization strategies can be used for attaching the desired NPs to the desired 2D
surfaces, thus yielding stable biosensing platforms.

The ordered porosity of MSNs is another unique property that brings substantial
incentive to their use in devising biosensors. The pores can be loaded with signaling
molecules such as dyes or electroactive species for devising optical or electrochemical
biosensors, respectively. More importantly, the release of the loaded cargo molecules can
be governed by surface-functionalization and pore-blocking species. Thus, large molecules
or nanoparticles have been demonstrated for successful capping of the pore entrances
and entrapping cargo molecules [133,134]. Furthermore, the on-desire release of cargo
molecules can be achieved by binding the pore-blocking species to the MSNs through
stimuli-cleavable linkers. For this purpose, the employed linkers contain functional groups
within their structure that can be cleaved upon reaction with specific reagents (such as
disulfide groups for cleavage by reduction agents, e.g., glutathione), change in pH (such
as hydrazone or acetal linkages for cleavage by acidification), or upon exposure to other
incentives such as magnetic field or light irradiation.

The advantage of using the loaded MSNs for triggering the release of signaling
molecules lies in the possibility of releasing a substantial amount of the loaded molecules
per cleavage event, which could lead to highly sensitive detection. Thus, a substantial
amplification factor is expected as one cleavage-triggering agent (analyte) could release
an abundance of the pore-loaded signaling molecules. It can be envisioned that such
a property would be beneficial for releasing dyes or electroactive species for optical or
electrochemical sensing platforms, respectively. The fact that MSNs are not optically active
and non-conductive without the loaded signaling molecules is also beneficial for enhancing
the signal/noise ratio. Nevertheless, the non-conductive nature of these nanoparticles may
limit their applicability in some electrochemical sensors. To address this issue, surface
modifications with conductive species (polymer, graphene, or noble metal layers) should
be considered. In this case, having the MSNs on the surface of the electrodes would be ben-
eficial for the sensing process by enhancing the surface roughness and hence the sensitivity
of the sensor.

The development of biosensors for cancer biomarkers based on MSNs is also promis-
ing from the aspect of the known procedures for their affordable large-scale produc-
tion [135–137]. However, the use of expensive recognition elements such as antibodies
or aptamers could increase the cost of the final products. Nevertheless, the condition
of heterogenous post-modification could allow the reuse of the non-reacted recognition
elements after centrifugation of MSNs, which could decrease the final costs of biosensors.

Finally, even though silica is known for its stability, such as its low degradability
in neutral or acidic conditions, its hydrolysis and dissolution in the presence of basic
molecules could limit its applicability in such environments. Thus, the long-term stability
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of MSNs could be an issue for reusable or prolonged detection of cancer biomarkers in
the weakly alkaline physiological environment of blood (pH 7.4) or in urine (pH up to 8).
Hence, the development of standard protocols is still needed for suitable functionalization
and passivation of the MSNs to increase their stability in weakly basic conditions.

6. Conclusions

In general, the unique characteristics of MSNs warrant their vast potential for the
construction of efficient optical and electrochemical sensors, which is yet to be realized
in full measure through further research. The porosity of MSNs allows loading of the
signaling molecules and their possible release triggering in the presence of desired analytes.
The formation of stable covalent bonds on the surface of MSNs and between the MSNs
and the sensing substrates offers opportunities for the construction of stable biosensing
structures. However, the limiting factor in the case of the electrochemical sensors could be
their low conductivity, while the low stability of MSNs in alkaline environments could limit
their use for prolonged and reusable sensing in weakly alkaline blood and urine samples.
Nevertheless, the exceptional capabilities for covalent functionalization of the MSNs surface
could enhance their conductivity as well as their stability in alkaline conditions and hence
allow the construction of affordable and efficient POCT sensors in the future.
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Knežević, N.Ž. MRI-Based Sensing of pH-Responsive Content Release from Mesoporous Silica Nanoparticles. J. Sol-Gel Sci.
Technol. 2024. [CrossRef]
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