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1. Introduction

Prostate cancer (PCa) is currently the most 
diagnosed cancer and the second leading cause 
of cancer death among men, with the exception 
of melanoma skin cancer, in North and South 
America, Europe, Australia, and the Caribbean. 
An estimated 268,500 men were diagnosed with 
PCa in 2022, and approximately 34,500 died 
from it.1 The disease occurs mainly in elderly 
individuals with risk factors, including age, 
family history, and genetic predispositions, and 
the incidence rate gradually increases with age, 
reaching its highest level in those in their 70s.2 
PCa refers to an epithelial malignant tumour 
that occurs in the prostate. Adenocarcinoma 
accounts for more than 95% of the pathological 
types. PCa is a slow-progressing cancer that is 
easily overlooked in the early stages of the disease 
due to inconspicuous symptoms, and most 
people in China are consequently diagnosed in 

the middle and late stages. For early diagnosis 
of primary PCa with active surveillance and 
intervention, the rate of mortality at 15 years 
is 0.1%, and the risk of metastasis is less than 
1%, whereas patients with aggressive biology 
or metastasis at initial presentation typically 
have a shorter overall survival.3 Therefore, 
early diagnosis and identification of PCa is 
particularly essential in the clinical treatment 
and prognosis of patients.

The clinical diagnosis of PCa depends mainly on 
digital rectal examination, serum prostate-specific 
antigen (PSA), transrectal prostate ultrasound 
and pelvic magnetic resonance imaging (MRI).4 
Because of the high bone metastasis rate of PCa, 
radionuclide bone scanning is usually performed 
before the treatment plan is formulated. 
Pathological examination by prostate biopsy 
is the gold standard for the diagnosis of PCa.5 
The Gleason Grade Group (GGG) system is 
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commonly used to evaluate the degree of malignancy of PCa 
histologically and is divided into 2 to 10 points according to the 
sum of the scores of the main and secondary structural areas in 
cancer tissue.

PSA was approved by the U.S. Food and Drug Administration 
in 1984 as a marker for PCa because of its specificity for the 
prostate gland.6 Its normal function is to liquefy semen, but it is 
significantly overproduced in PCa. A serum PSA concentration 
above 4.0 ng/mL is considered a positive indicator for PCa, 
but this standard is increasingly considered arbitrary. Other 
conditions, such as ageing, benign prostatic hyperplasia and 
prostatitis, can also lead to elevated PSA levels, so the possibility 
of false-positives is very high.7 In addition, the PSA values of 
some PCa patients are less than 4 ng/mL, so the test is not 
always reliable and does not distinguish between PCa stages. 
Traditional diagnostic methods for PCa seem insufficient for 
early and accurate cancer diagnosis, prompting global efforts 
to develop new biomarkers and instruments for precise early 
detection.

Recently, nanotechnology, with key elements less than 100 
nm in diameter, has emerged as a promising diagnostic 
strategy for tumour detection and screening. Owing to 
the low cost, high efficiency and targeting specificity of 
nanomaterials, nanotechnology-based detection methods 
provide opportunities and candidates for the early diagnosis 
of PCa.8 This approach not only compensates for the 
limitations of traditional biochemical detection and the 
singleness of detection methods but also realises multimodal 
scene applications for screening or recurrence monitoring. 
In addition, the fabrication of nanostructured probes is well 
realised in imaging detection, which may become an ideal 
platform for high-precision imaging improvement.9 Given 
the superior binding capacity of functionalised nanoparticles 
to PCa biomarkers, we summarise the advancements in the 
nanotechnology-assisted detection of PCa. In this review, 
we first emphasise the progress of nanotechnology-assisted 
PSA detection and then illustrate the development status of 
nanomaterials or nanosensors combined with other non-PSA 
PCa biomarkers, as well as their breakthroughs in imaging 
technology optimisation (Figure 1). Finally, we anticipate 
the ever-evolving future and explore the possibility of using 
nanotechnology in the early diagnosis of PCa.

This review investigates the integration of biological 
nanomaterials and clinical medicine, offering an in-depth 
comprehension of current nano-engineering research focused 
on the early diagnosis of PCa. A systematic literature search 
was conducted in PubMed using the keywords “nanomaterial”, 
“diagnosis”, “prostate cancer”, and “prostate-specific antigen”. 
The search was limited to studies published in English 
language peer-reviewed journals. The primary selection 
criteria emphasised the relevance of nanomaterial-based 

probes, sensors, and imaging contrast agents specifically for 
PCa diagnosis and screening. Only articles directly pertinent to 
this study’s focus were included, excluding commentaries and 
unrelated research.

2. Auxiliary enhancement of prostate-specific 

antigen detection

Currently, biochemical detection of PSA is still the most 
commonly used tool for PCa screening.10 The widespread  
implementation of PSA testing has contributed to the 
increased detection rate of PCa in China. Higher PSA levels are 
directly associated with cancer risk and PCa stage. However, 
some patients with new-onset PCa still have serum PSA levels 
below 4 ng/mL, and those with low PSA levels also have a 15% 
chance of developing PCa.11,12 Therefore, the free/total PSA 
ratio stratifies risk within the clinically ambiguous range (PSA 
4-10 ng/mL) as per European Association of Urology (EAU) 
guidelines. For more accurate detection of PSA and subsequent 
diagnosis, strategies for applying various nanotechnologies 
to help optimise PSA testing procedures have played an 
indispensable role in PCa health care decisions (Table 1).

2.1. Gold nanoparticles

The most distinctive feature of noble metal nanoparticles, 
such as gold nanoparticles (AuNPs), is their localised surface 
plasmon resonance (LSPR) property. Specifically, when 
incident light irradiates AuNPs and the frequency of incident 
photons coincides with the vibration frequency of AuNPs, it 
will exert a vigorous absorption effect on the photon energy. 
This LSPR absorption phenomenon is one of the principal 
bases for the application of AuNPs in the detection field.

Funari et al.13 introduced a compact opto-microfluidic sensor 
featuring a substrate of gold nanospikes with enhanced 
sensitivity. This nanomaterial enables the precise and 
concurrent measurement of PSA, with a limit of detection 
(LOD) of 0.22 ng/mL. Yeh et al.14 presented a biopolymer-
preserved plasmonic biosensor with improved stability for the 
sensitive detection of PSA, which was characterised as a yolk–
shell plasmonic nanomaterial consisting of solid AuNPs as the 
core and a gold/silver nanocage as the shell. The biosensor 
was proven to achieve a limit of PSA detection of 10 pg/mL. 
Gao et al.15 prepared a core-satellite nanoprobe, polydopamine 
(PDA)-Au, by using cysteine (Cys) as the linker to assemble PDA 
nanospheres and Au seeds. Specifically, Cys was employed to 
modify gold seeds by facilitating the formation of Au–S bonds, 
which occur through the interaction of the –SH group in Cys 
with the Au atoms on the surface of the Au seeds. The –NH2 
group in Cys subsequently forms a bond with PDA via a Michael 
addition reaction, resulting in a stable core-satellite structure 
known as PDA-Au. On the basis of the observed remarkable 
dual-mode responses, a colourimetric and photothermal 
immunoassay was developed for detecting PSA. The LSPR 
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Figure 1. Schematic illustration of the application of emerging nanomaterials in the detection and diagnosis of PCa. 
Abbreviations: ACP: Acid phosphatase; Ag: Argentum; AGGP: AG-Gd@PSMA1 NPs; SPCE: Screen-printed carbon electrodes; Au: Gold; 
CGQD: Carboxyl graphene quantum dot; EpCAM: Epithelial cell adhesion molecule; FGC: The fast colony line, a derivative of LNCaP cell line; 
GNP: Gold nanoporous; IL-6: Interleukin-6; MB PAA: Methylene blue polyacrylamide; MMP-2: Matrix metalloproteinase 2; mNP: Magnetic 
iron oxide nanoparticle; MWCNT: Multi-walled carbon nanotubes; NF: Nanoflower; NP: Nanoparticle; OCDs: S-doped carbon dots; 
PCa: Prostate cancer; PDA: Polydopamine ; CNF: Carbon nanofibers; PSA: Prostate-specific antigen; PSMA: Prostate specific membrane 
antigen; PTHrP: Parathyroid hormone-related protein; QD: Quantum dot; SP: Supraparticles; STEAP1: Six-transmembrane epithelial antigen 
of the prostate 1; TBNP: Targeted bovine serum albumin with PSMA-11-HBED peptide; TDNP: Targeted carboxymethylated dextran with 
PSMA-11-HYNIC peptide; UCNPs: Upconversion nanoparticles.

peak of PDA-Au redshifted from 520 to 580 nm as the PSA 
concentration increased, and the colour of the solution changed 
from pink to purple, as measured by immunoassay. Moreover, 
the LOD of PSA was reduced to 6.71 pg/mL, which is below 
the threshold of 4 ng/mL in clinical practice. This dual-mode 
immunoassay combined with colourimetric and photothermal 
methods could provide more reliable, convenient and accurate 
screening of potential PCa (Figure 2). Felici et al.16 presented 
a portable and reusable microfluidic platform integrated with 
a carbon nanofibre-decorated gold nanoporous sensing device 
for serum PSA quantification with a detection limit of 5 pg/mL 
and a linear range of 0.01 to 50 ng/mL. Additionally, Turan 
et al.17 introduced a novel analytical method with magnetic 
molecularly imprinted polymers as an antibody-free capture 
probe and labelled it with anti-PSA-modified AuNPs and an 
enhanced Raman reporter, ensuring both high selectivity and 
sensitivity for the determination of PCa.

To detect PSA in a small sample and in a short time, He et al.18 
prepared a nanosensing electrode by regulating the wrinkles of 
the sensor with a 200 nm thick gold film, which was validated by 
a label-free immunoassay in 20 μL of serum within 35 minutes. 
It exhibited not only a LOD of 0.38 fg/mL, the lowest among 
those of label-free PSA sensors, but also a high sensitivity to 
PSA, almost 3.9 times that of a planar electrode. Furthermore, 
to overcome the shortcomings of AuNPs resulting in 
false-positive results in biological systems, Au–Se-bonded 
nanoprobes were designed and constructed on the basis of the 
fluorescence resonance energy transfer (FRET) effect with 
extraordinary anti-interference ability and a detection range 
of 1–40 ng/mL.19 Dou et al.20 constructed a carbon interface 
modified with gold nanoflowers, which increased the number 
of PSA capture antibodies and further improved the signal-to-
noise ratio of detection. In particular, Alnaimi et al.21 proposed 
an electrochemical biosensor functionalised with multiwalled 
carbon nanotubes modified with AuNPs to detect PSA, which 
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Table 1. Recent advances in the development of NP-based nanosensors or nanoprobes assisting in PSA detection
NP Final compound Detection approach LOD Linear range References

AuNPs Gold nanospikes Opto-microfluidic sensor 0.22 ng/mL 0–200 ng/mL 13

Au@Ag nanocubes Biopolymer-preserved plasmonic biosensor 10 pg/mL 10–100000 pg/mL 14

PDA-Au nanostars Colourimetric and photothermal immunosensor 6.71 pg/mL 0.05–100 ng/mL 15

CNFs-GNP nanocomposite Microfluidic electrochemical immunosensor 5 pg/mL 0.01–50 ng/mL 16

Anti-PSA@DTNB@Au Plasmonic sensor 0.9 pg/mL 0.5 pg/mL–1 μg/mL 17

Gold film Shrink polymer based electrochemical sensor 0.38 pg/mL 10 fg/mL–1000 ng/mL 18

Au–Se Au–Se bonded nanoprobe – 1–40 ng/mL 19

SPCE/Au NFs EIC biosensor 0.28 ng/mL 0–100 ng/mL 20

MWCNT/AuNPs Label-free electrochemical biosensor 1 pg/mL 1–100 ng/mL 21

Lectin@AuNPs Biolayer interferometry sensor 0.04 μg/mL 0–0.4 μg/mL 23

UCNPs Hexagonal NaYF4:Yb3+,Er3+-based 
UCNPs

MTP based and MB-based ULISA 0.46 pg/mL 0.08–2.06 ng/mL 27

UCNP-COOH Fluorescence lateral flow test strip 0.1 ng/mL 0.1–100 ng/mL 28

QDs OCDs@PSAAbHRP Electrochemical immunoassay 38 pg/mL for ECIA,
55 pg/mL for FIA

0.1–100 ng/mL,
5–120 ng/mL

31

Aptamer-CGQDs/FL-V2CTx Fluorescence aptasensor 0.03 ng/mL 0.1–20 ng/mL 32

Dual-colour QDs nanobeads Flow cytometry 45 pg/mL for c-PSA,
22 pg/mL for f-PSA

0.2–50 ng/mL,
0.64–80 ng/mL

33

Abbreviations: Ag: Argentum; Au: Gold; AuNP: Gold nanoparticle; CGQDs/FL-V2CTx: Carboxyl graphene quantum dots/few-layer vanadium carbide; CNF: Carbon nanofibers; 
c-PSA: Complexed prostate-specific antigen; DTNB: 5,5′-dithiobis-(2-nitrobenzoic acid); ECIA: Electrochemical immunoassay; EIC: Electrochemical immunochromatography;  
FIA: Fluorescence immunoassay; f-PSA: Free prostate-specific antigen; GNP: Gold nanoporous; LOD: Limit of detection; MB: Magnetic microbead; MTP: Microtiter plate;  
MWCNT: Multi-walled carbon nanotubes; NF: Nanoflower; NP: Nanoparticle; OCDs@PSAAbHRP: The S-doped carbon dots bioconjugated with HRP-conjugated PSA 
antibody; PDA: Polydopamine; PSA: Prostate-specific antigen; QD: Quantum dot; Se: Selenium; SPCE: Screen-printed carbon electrodes; UCNP: Upconversion nanoparticles;  
ULISA: Upconversion-linked immunosorbent assays.

further shortened the detection time to approximately 5 
minutes.

It is well known that glycoforms can indicate the pathogenesis 
state. Changes in the glycosylation patterns on the PSA protein 

backbone can indicate whether PCa is aggressive. Lectins 
have been reported to be superior biorecognition elements 
or detection probes for glycosylated cancer.22 On this basis, 
lectin@AuNPs were manufactured for sensitive detection and 

Figure 2. (A) Schematic illustration of the preparation of the core-satellite nanoprobe PDA-Au using cysteine as a linker. (B) TEM image of 
PDA-Au. Scale bar: 100 nm. (C) HRTEM image of PDA-Au. Scale bar: 50 nm. (D) Size distribution histograms for the Au seeds on PDA. (E) 
TEM image of PDA-Au after enzyme-mediated Au seed growth. Scale bar: 100 nm. (F) HRTEM image of PDA-Au after enzyme-mediated 
Au seed growth. Scale bar: 50 nm. (G) Size distribution histograms for the Au nanostars on PDA. (H) UV–Vis absorption spectra of the 
PDA-Au nanoprobe exposed to various concentrations of PSA. (I) Linear correlation of the redshift of the LSPR peak (Δλmax) with the PSA 
concentration (inset: corresponding photographs). (J) Temperature curves for PDA-Au upon the addition of different concentrations of PSA. 
(K) Linear relationship between the temperature increase (ΔT) and the PSA concentration (inset: corresponding photographs obtained via the 
infrared imager). Reprinted with Gao et al.15 Copyright 2023, Elsevier B.V. 
Abbreviations: AA: Ascorbic acid; Au: Gold; HAuCl4: Chloroauric acid; HRTEM: High resolution transmission electron microscope; 
LSPR: Localised surface plasmon resonance; PDA: Polydopamine; PSA: Prostate-specific antigen; TEM: Transmission electron microscope;  
UV–Vis: Ultraviolet-visible light detector; ΔT: Temperature increase.
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discrimination of PSA glycoforms with signal enhancement 
capacity.23 This system could detect specific glycoforms of 
PSA down to 0.04 mg/mL and was easily automated with 
quantitative data output. This approach is complementary to 
certain low-cost methods, such as lateral flow immunoassay 
(LFIA) or conventional enzyme-linked immunosorbent assay 
(ELISA) analysis, and could also be applied in the identification 
of other glycoform-related diseases.

2.2. Upconversion nanoparticles

Upconversion nanoparticles (UCNPs) are nanomaterials that 
are capable of generating high-energy photons by means of an 
upconversion process subsequent to the absorption of lower-
energy photons. This type of material possesses high light 
conversion efficiency, low excitation energy, and excellent 
photostability, thereby rendering it extensively applicable in 
fields such as optoelectronics, theranostics and, particularly, 
PCa detection.24-26

The sensitivity of conventional immunochemical analysis 
applied in the clinic is often not satisfactory for early diagnosis, 
so novel detection methods are needed. Makhneva et al.27 
reported that, compared with horseradish peroxidase and 
carboxyfluorescein, photon-UCNPs achieved the highest 
signal-to-background ratios (97.5) and the lowest LOD 
(0.46 pg/mL) for PSA. Hu et al.28 developed a novel UCNP-
based fluorescence lateral flow test strip for qualitatively 
and quantitatively detecting PSA. Specifically, UCNPs were 
synthesised using a conventional solvothermal method. The 
UCNPs subsequently underwent modification through a one-
step process involving a carboxylated polymer to yield UCNP-
COOH. Finally, they conjugated the corresponding anti-PSA 
antibodies to UCNP-COOH utilising a modified 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 
N-hydroxysuccinimide (NHS) coupling strategy to prepare the 
UCNP probe (Figure 3). The dose-dependent luminescence 

enhancement showed good linearity in the PSA concentration 
range from 0.1 to 100 ng/mL. In addition, the test strip showed 
excellent accuracy, anti-interference ability and stability, with 
consistency between the serum and fingertip blood samples, 
especially in the clinical grey zone. Therefore, UCNP point-
of-care testing strips can achieve accurate detection of 
low-abundance PSA in serum and post-operative monitoring 
of PCa.

2.3. Quantum dots

Quantum dots (QDs) represent a type of semiconductor 
nanocrystal with distinctive electronic properties. The 
exceptionally high surface area/volume ratio bestows 
outstanding optical characteristics that are distinct from those 
of traditional luminescent materials. Owing to the diverse 
physical effects of QDs, such as the quantum size effect and 
surface effect, their advantages in terms of photostability, 
narrow emission spectra, low toxicity, and biocompatibility 
render them ideal candidates for applications in bioimaging, 
diagnosis, and biosensing.29,30

The bimodal assay via fluorescence immunoassay and 
electrochemical immunoassay helps to verify the feasibility of 
the clinical translation and application of QD nanomaterials. 
A nanoprobe was designed to detect PSA by biocoupling 
S-doped carbon dots with an antibody (OCDs@PSAAbHRP), 
which widened the linear range of 0.1 to 100 ng/mL for 
electrochemical immunoassay and 5 to 120 ng/mL for 
fluorescence immunoassay.31 The newly developed paper-
based and smartphone-integrated fluorescence immunoassay 
relying on the OCDs@PSAAbHRP probe provided effective and 
rapid detection, whereas the electrochemical immunoassay 
enabled high sensitivity and a low limit of 38 pg/mL for 
PSA detection (Figure 4). The carbon QD-based bimodal 
bioanalytical system is expected to be a promising alternative 
for traditional biochemical analysis. Zhu et al.32 fabricated a 

Figure 3. (A) Schematic diagram of the fluorescence lateral flow immunochromatographic assay strips (upper panel). Synthetic route of the 
UCNP-probe (lower panel). (B) TEM images of the hydrated particle size and zeta potential analysis results for the UCNP-probe and UCNP-
probe after 30 days of storage. Scale bars: 0.5 μm. Reprinted with Hu et al.28 Copyright 2023, Elsevier Inc. 
Abbreviations: EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; NHS: N-hydroxysuccinimide; PMAO: Poly(methyl 
acrylate); PSA: Prostate-specific antigen; TEM: Transmission electron microscope; UCNP: Upconversion nanoparticles.
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novel graphene QD-based fluorescence aptasensor of PSA 
using a few-layer vanadium carbide (FL-V2CTx) nanosheet 
as a quencher, providing a linear detection range from 0.1 to 
20 ng/mL with a limit of 0.03 ng/mL. Min et al.33 developed a 
novel suspension microarray system based on dual-colour QD 
nanobeads as fluorescence labels for simultaneous detection of 
free prostate-specific antigen (fPSA) and complexed prostate-
specific antigen (cPSA) with sensitivities of 45 and 22 pg/mL, 
respectively, showing excellent reliability in the grey zone.

Notably, the advancement of nanostructure-based PSA sensors, 
conversely, has an optimising impact on the supporting 
analytical approaches. This two-way, synergistic influence 
of integrating the analytical method and hardware structure 
further enhances the efficiency of detection. Alternatively, the 
existing analytical methods can be enhanced and supplemented 
with specific nanoprobes, and ultimately, a more stable and 
efficient detection instrument can be attained. The LFIA 
system has been used for cost-effective and rapid detection in 
recent decades and has become an ideal candidate for the point-
of-care testing of PSA.34 However, traditional LFIA methods 
have the drawbacks of low sensitivity and specificity. Gong 
et al.35 designed an antibody-modified dendritic mesoporous 
silica@Prussian blue (DMSN@PB) nanozyme that served as an 
immunological probe in an enzymatic-enhanced colourimetric 
and photothermal dual-signal LFIA for PSA detection. 
DMSN was synthesised via the Stöber sol-gel method, 
subsequently reacted with the coupling agent triethoxysilane 
and modified with -NH2 groups to produce the intermediate 
DMSN-NH2. The surface -NH2 groups can capture Fe3+ 
ions. Concurrently, Fe3+ and [Fe(CN)63– were assembled in 
situ to form PB nanocrystals, ultimately yielding DMSN@PB 
nanocomposites. The colourimetric signal amplification and 
excellent photothermal conversion properties improve the 
anti-interference ability and sensitivity of LFIA, resulting in 
a wide linear range of 1−40 ng/mL and a low LOD of 0.202 

ng/mL. The DMSN@PB-based LFIA provides a more accurate 
and reliable analysis for early PCa diagnosis. The combination 
of resonance Raman scattering and photoluminescence 
helps in the development of an accurate and sensitive dual-
mode immunosensor strategy for PSA detection (Figure 5). 
Wang et al.36 developed ZnS:Mn2+ nanoprobes on the basis of 
resonance Raman scattering and photoluminescence with an 
LOD of 113 ag/mL, indicating high sensitivity and potential 
for application in clinical practice.

3. Diagnostic biofunctionalised nanomaterials

To date, conventional methods such as ELISA have been 
widely used for PSA detection. However, these methods are 
time-consuming and usually involve specialised and expensive 
equipment or complicated sample pre-treatment. Most 
importantly, the high positive rate of the existing PSA test leads 
to excessive diagnosis and treatment of PCa to a certain extent, 
which indirectly increases the social and economic burden and 
the unfriendly experience of patients. In addition, traditional 
PSA detection cannot identify the stage and malignancy of PCa. 
Therefore, the development of reliable, rapid, and selective 
methods with non-PSA or multiple targets combined with 
PSA is highly important. As cancer research has progressed, 
certain non-PSA tumour markers have been identified as 
reliable tools for predicting the behaviour of PCa and helping 
clinicians specify the molecular mechanisms of tumourigenesis 
(Table 2). The sensitivity and specificity of these markers have 
gained broader attention with the use of various biofunctional 
nanomaterials for the early detection and staging of PCa.

3.1. Cytokines and proteins

Matrix metalloproteinase 2 (MMP-2) is a zinc-dependent 
secreted endopeptidase, and its overexpression is related 
to PCa tumourigenesis.37,38 Detection of the MMP-2 
protein level is beneficial for the early diagnosis of PCa. To 

Figure 4. (A) Schematic representation of sandwich immunosensor fabrication for PSA detection depicting signal amplification by OCDs 
during an electrochemical immunoassay. (B) Schematic representation of smartphone paper-based optical sensors for the detection of PSA 
biomarkers. Reprinted with Korram et al.31 Copyright 2023, Royal Society of Chemistry. 
Abbreviations: BSA: Bovine serum albumin; OCDs: S-doped carbon dots; OCDs@PSAAbHRP: The S-doped carbon dots bioconjugated with 
HRP-conjugated PSA antibody; PSA: Prostate-specific antigen; PSAAbCap: A capture antibody conjugated PSA; PNPs: Polyaniline nanoparticles; 
SPE-PANI: Polyaniline nanofiber-modified screen-printed electrode; UV: Ultraviolet.
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overcome the shortcomings of the time-consuming and 
complicated operation of traditional ELISA detection, Ghosh 
et al.39 fabricated vanadium disulfide nanosheets linked with 
biofunctionalised anti-MMP-2 monoclonal antibodies as a 
label-free electrochemical biosensor for the detection of the 
MMP-2 protein. The electrochemical impedance spectrometry 
results confirmed the excellent sensitivity of the sensor as well 
as its LOD.

Six-transmembrane epithelial antigen of the prostate 1 
(STEAP1) is a cell surface protein that functions in cell 
proliferation or intercellular communication and is usually 
considered a promising biomarker due to its overexpression 
in PCa.40-42 Carvalho et al.43 developed molecularly imprinted 

polymers on a screen-printed electrode (C-SPE) whose surface 
was modified with a special nanocomposite and then formed 
specific template cavities for further STEAP1 detection after an 
electropolymerisation and enzymatic removal step, resulting 
in a linear range from 130 pg/mL to 13 μg/mL (Figure 6). 
Overall, the synthesis of the biosensor involves the following 
four sequential steps: (1) electrochemical activation of C-SPE; 
(2) immobilisation of the CNT-PAH/PtD complex on the 
biosensor surface; (3) electropolymerisation of the MIP and 
NIP materials; and (4) removal of STEAP1.

Glycoproteins such as interleukin-6, which are secreted 
by diverse kinds of cells, are vital to the PCa process. The 
overexpression of serum interleukin-6 is linked to the 

Figure 5. (A) Microstructure of DMSN@PB and pure PBNPs and antibody modification process of the DMSN@PB-Ab2 probe. (B) Principle of 
the DMSN@PB-based LFIA with dual signals for PSA detection. (C, D) Calibration curve and LFIA photos (C) and dynamic linear range using the 
photothermal signal (D). (E) Comparison of different methods for detecting PSA. Reprinted with Gong et al.35 Copyright 2024, American Chemical Society. 
Abbreviations: Ab: Antibody; DMSN: Dendritic mesoporous silica; EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; 
ECL: Electrochemiluminescence; LFIA: Lateral flow immunoassay; NC: nitrocellulose; NPs: Nanoparticles; oxTMB: Oxidizing 
3,3′,5,5′-tetramethyl-benzidine; PB: Prussian blue; PSA: Temperature increase; POD: Peroxidase; TMB: 3,3′,5,5′-tetramethylbenzidine;  
ΔT: Temperature increase.
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proliferation and metastatic potential of PCa through androgen 
receptor activation. Madhu et al.44 presented a flexible 
electrochemical immunosensor platform integrated with an 
Au nanoflower structure for detecting interleukin-6. This 
developed immunosensor could achieve a dynamic detection 
range of 1 fg/mL to 1 μg/mL with a limit of 0.05 fg/mL and a 
sensitivity of 62.17 μA/fg/mL after optimisation when verified 
in clinical PCa patients at stages T3b and T4.

Because acid phosphatase is commonly used as a diagnostic 
marker of PCa, Chen et al.45 electrostatically assembled N-acetyl-
L-Cys-capped copper nanoclusters (NAC-CuNCs) into three-
dimensional (3D) mesoporous silica particles (M-SiO2) and 
finally constructed an enhanced emission platform for “turn 
off-on” detection of acid phosphatase with a limit of 0.47 U/L. 
The completed M-SiO2@NAC-CuNCs can be prepared within 
2 minutes, so they are highly valuable for practical applications.

Table 2. Functionalised nanomaterial-based platforms targeting non-PSA biomarkers for the detection of PCa.
Category Analytic target Nanoplatform Sample LOD Linear range Reference

Cytokine/
protein

MMP-2 2D vanadium disulfide nanosheets Urine 0.138 fg/mL 10 fg/mL–1 μg/mL 39

STEAP1 MIP and CNTs PAH/Pt LNCaP extracts – 130 pg/mL–13 μg/mL 43

IL-6 Au/CF electrode Serum 0.056 fg/mL 1 fg/mL–1 μg/mL 44

ACP M-SiO2@NAC-CuNCs Serum 0.47 U/L 0.5–28 U/L 45

PTHrP Poly(diallyl)dimethylammonium 
polycations/GSH-AuNPs

Serum 0.3 fg/mL – 46

Metabolite Tryptophan and folate 
metabolites

Surface-carbonized AgNWs Urine 1.45 nM – 47

Sarcosine Cu3(PO4)2:Ce@SOX nanoflowers

Ce-CPNs
SOx/AuNPs
NA@Ni‐LDH NSs 

Urine

Urine
Serum, urine
Serum

0.226 μM
0.12 μM
0.14 μM
0.032 nM
1.6 pM

0.5–60 μM
0.18–60 μM
0.26–33.33 μM
10–40 nM
5 pM–100 nM, 100 nM–7.9 μM

54

55
56
57

Citrate Nano-PIM-1/N-CQDs Urine 2.2×10−8 M 1×10−7–5×10−4 M 61

miRNA miRNA-375, miRNA-148a CdTe QDs and CDs Urine 30 aM, 25 aM 0.1–1000 fM 64

miRNA-183, miRNA-346, 
miRNA-429, miRNA-484

SOI-NR Plasma 1.1×10−17 M 10−18–10−15 M 65

miR-21, miR-375, miR-141 DNA-AuNPs Serum 3 pM 0–200 pM 70

miRNA-143 AuNP/HECA PC cells, urine 100 aM 1×102–1×106 aM 71

Exosome LNCaP.FGC-derived exosome Ag/IO-GRP Culture media 134.32 NPs/mL 1×102–1×106 NPs/mL 73

PSMA+ Peptide-templated AgNPs
Au@4-MBA@Ag
Fe3O4@SiO2@TiO2

Cell supernatant, serum
Cell supernatant, serum
Cell supernatant, serum

37 particles/μL
19 particles/μL
500 particles/μL

1×102–1×108 particles/μL
1.2×102–2.4×103 particles/μL
0.05–1×104 particles/μL

74
75
76

CD81/PSMA/EpCAM+ 3D-SiO2 porous chip Cell supernatant, serum 2.2×102, 1.1×103 particles/μL 1×105–1×109 particles/μL 77

Abbreviations: 2D: Two dimensions; 3D-SiO2: Three dimensions-silicon dioxide; ACP: Acid phosphatase; Ag/IO-GRP: Ag/iron oxide NP-decorated 
graphene; AgNWs: Silver nanowire; Au: Gold; Au@4-MBA@Ag: Au@4-mercaptobenzoic acid@Ag; AuNP: Gold nanoparticle; CDs: Carbon dots;  
CdTe QDs: Cadmium telluride quantum dots; Ce-CPNs: Cerium-based coordination polymer nanoparticles; CF: Carbon fibre; CNT: Carbon nanotube; 
Cu3(PO4)2:Ce@SOX: SOX-inorganic hybrid nanoflowers; DNA-AuNPs: DNA-linked gold nanoprobes; EpCAM: Epithelial cell adhesion molecule; 
HECA: Hyperbranched rolling circle amplification enhanced CRISPR/Cas12a-based assay; IL-6: Interleukin-6; LNCaP: Lymph node carcinoma of the 
prostate cells; LNCaP.FGC: The fast colony line, a derivative of LNCaP cell line; MIP: Molecularly imprinted polymers; MMP-2: Matrix metalloproteinase 
2; M-SiO2@NAC-CuNCs: mesoporous silica particles@N-acetyl-l-cysteine capped-copper nanoclusters; NA@Ni‐LDH NSs: Nanostructures based on natural 
asphalt coated with nickel-layered double hydroxide nanosheets; Nano-PIM-1: Nano-polymers of intrinsic microporosity; PAH/Pt: Dendritic platinum 
nanoparticles; PCa: Prostate cancer; PSA: Prostate-specific antigen; PSMA: Prostate specific membrane antigen; PTHrP: Parathyroid hormone related protein; 
SOI-NR: Nanoribbon biosensor system based on “silicon-on-insulator” structures; SOx: Sarcosine oxidase; STEAP1: Six-transmembrane epithelial antigen of 
the prostate 1.

Figure 6. (A) Schematic illustrating the different steps in the construction of an electrochemical biosensor based on a molecularly imprinted 
polymer for the detection of the STEAP1 protein. (B) Raman spectra for different immobilisation steps. Reprinted with Carvalho et al.43 
Abbreviations: C-SPE: Screen-printed electrode; CNTs: Carbon nanotubes; ID/IG: Intensity ratio of D-band to G-band; MIP: Molecularly 
imprinted polymer; PAH/Ptd: Dendritic platinum nanoparticles; STEAP1: Six-transmembrane epithelial antigen of the prostate 1.
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Furthermore, early identification of whether PCa is invasive 
has important guiding significance for clinical treatment 
and prognosis prediction. With this aim, Dhanapala et al.46 
reported an ultrasensitive microfluidic assay for a novel prior 
biomarker panel including parathyroid hormone-related 
peptide, which is related to bone metastasis and hypercalcaemia 
in aggressive PCa. The immunoarray is characterised by the 
use of a screen-printed carbon sensor electrode, which is 
covered with 5 nm glutathione-AuNPs and attached to target 
antibodies. Further studies revealed 83−91% clinical sensitivity 
and 78−96% specificity for distinguishing between aggressive 
and indolent PCa and indicated a better predictive effect when 
the nanoparticles were combined with vascular endothelial 
growth factor-D.

3.2. Metabolites

Studies have confirmed that specific aromatic metabolites 
are more present in PCa patients than in healthy individuals. 
Yu et al.47 presented a novel 3D surface-enhanced Raman 
spectroscopy (SERS) sensor with a surface-carbonised 
silver nanowire-stacked filter membrane. Compared with 
those of normal controls, enhanced SERS intensity derived 
from semipolar aromatic metabolites including tryptophan 
metabolites (kynurenine, quinaldic acid, N-acetyltryptophan, 
N-methyltryptamine and indole-3-acetic acid) and folate 
metabolites (dihydrofolate and tetrahydrofolate) were 
observed in PCa urine samples.

Sarcosine (Sar) is commonly considered a biomarker for PCa.48-50 
In the past, many sensors for detecting Sar have emerged, 
but their practical application was limited by sensitivity, 
specificity, cost-effectiveness and portability until the advent of 
nanomaterials and the rapid development of medical combined 
material cross-research.51-53 Liu et al.54 introduced organic‒
inorganic self-assembled nanoflowers (Cu3(PO4)2:Ce@SOX) 
with inherent fluorescent properties and excellent peroxidase 
activity. The synthesis of Cu3(PO4)2:Ce@SOX was achieved 
through a one-step complexation reaction. Initially, enzymes 
(proteins) form coordination complexes by interacting the 
amide groups on their backbone with Cu2+ and Ce3+. This 
interaction facilitates the gradual aggregation of protein 
molecules, which in turn initiates the formation of primary 
crystals. The proteins function as nucleation inducers for 
metal phosphate crystals, providing a structural framework for 
petal-like morphology and effectively serving as an adhesive 
to bind these structures together. Moreover, they developed 
a dual-mode multienzyme cascade nanoplatform combining 
fluorescence and colourimetric methods for the detection of 
Sar as well as an intelligent smartphone sensor system using 
cotton swabs for real-time analysis, which was suitable for 
urine samples (Figure 7). Similarly, Wang et al.55 established a 
tandem dual-mode fluorescence and colourimetric sensor based 
on Ce(III)-CPNs with regulatable fluorescence and oxidase-
like activity for Sar detection. Moreover, Khachornsakkul 
and Leelasattarathkul56 presented a photothermal biosensing 
system integrated with a microfluidic paper-based analytical 
device to quantitatively detect Sar in urine, plasma, and serum 
samples. The device uses AuNPs as both a peroxidase-like 
nanozyme and a photothermal substrate and has a linear range 

between 10 and 40 nM and an LOD of 32 pM, contributing 
to its affordability, sensitivity, and user-friendliness. To 
increase the sensitivity, Farokhi and Roushani57 synthesised a 
flower-like core‒shell nanostructure based on natural asphalt 
coated with nickel-layered double hydroxide nanosheets 
(Ni-LDH NSs) and successfully reduced the calculated LOD of 
Sar to 1.6 pM.

Citrate is one of the major intermediates in the tricarboxylic 
acid cycle and is present at lower concentrations in serum 
and seminal fluid samples from healthy men than in those 
from PCa patients.58 It closely participates in the characteristic 
metabolism of PCa related to the Warburg effect and is widely 
detected as a complementary biomarker together with PSA.59 
In the work of Afshary et al.60,61 a fast electrochemiluminescence 
sensor employing a polymer of intrinsic microporosity-1 
nanoparticles/nitrogen-doped carbon QDs (nano-PIM-1/N-
CQDs) was developed on the basis of the original designed 
PIM-1 structure to synergistically detect and analyse citrate in 
urine. The results revealed that the electrochemiluminescence 
signals were negatively correlated with the concentration of 
citrate in a certain range from 1.0 × 10−7 M to 5.0 × 10−4 M, with 
an LOD of 2.2 × 10−8 M.

Linh et al.62 introduced a label-free surface-enhanced 
Raman scattering sensor based on a 3D plasmonic coral 
nanoarchitecture with high absorption properties for biofluids 
followed by direct one-step gold reduction. Through deep 
learning analysis, the representative SERS spectra of urine 
from normal men and those from men with PCa were shown 
to exhibit distinct peak patterns in the regions ranging from 
500 to 800 cm−1 and 1100 to 1800 cm−1 and at 2100 cm−1. 
This phenomenon is likely caused by the release of different 
components of metabolites; thus, metabolites can serve as 
spectral metabolite biomarkers for the detection of PCa. The 
3D plasmonic coral nanoarchitecture was further fabricated as 
a urine test strip, and its integration with a portable handheld 
Raman system may be a fundamental biofluid detection 
platform for PCa in the future.

3.3. MicroRNA

Increasing evidence has recently shown that multiple 
microRNAs (miRNAs) are more sensitive and specific for 
PCa diagnosis.63 Differentially expressed miRNAs are essential 
regulators and indicators of PCa progression biologically.

Jiang et al.64 reported a nanoarchitectonics detection strategy 
with dumbbell-shaped “C–Ag+–C” and “T–Hg2+–T” hairpin 
structures targeting miRNA-375 and miRNA-148a in urine, 
which could be recognised and quantified simultaneously by 
fluorescent CdTe QDs and carbon dots selectively (Figure 8). 
The system consists of three dumbbell structures (HP1, HP2 
and HP3) and two stable hairpin structures (helpers 1 and 2). 
The dumbbell-shaped hairpin structure that binds C-Ag+-C 
and T-Hg2+-T is called HP1, which can hybridise with the target 
miRNA. When the solution contains miRNA-375 and miRNA-
148a, these two miRNAs can be recognised by the HP1 ring, 
Ag+ and Hg2+ are released, respectively, and then CdTe QDs 
and carbon dots are detected. The linear range was from 0.1 
to 1000 fM, and the LOD reached 30 and 25 aM, respectively, 
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with preferable sensitivity (75% and 71%, respectively, versus 
50%) and specificity (100% and 94%, respectively, versus 94%) 
identified in 45 clinical urine samples, demonstrating superior 
diagnostic value in this cohort compared with serum PSA.

Similarly, Ivanov et al.65 employed silicon-on-insulator 
structures in a nanoribbon biosensor system for the real-
time detection of PCa-associated miRNAs, including 

miRNA-183, miRNA-346, miRNA-429 and miRNA-484.66-69 
In contrast to antibodies, the DNA oligonucleotide probes 
used to complement the target miRNAs are more stable 
and durable chemically, with a detectable concentration of 
1.1 × 10−17 M, than conventional ELISA, which can typically 
detect concentrations of 1 × 10−12 M. Kshirsagar et al.70 also 
implemented a signal amplification approach combining a 

Figure 7. (A) Schematic illustration of the dual-mode fluorescence and colourimetric principle for Sar detection based on self-assembled 
Cu3(PO4)2:Ce@SOX. (B) Preparation process of portable cotton swabs (inset: catalytic mechanism) and the smartphone-based visual detection 
platform. (C, D) Correlation between the grey value and the various concentrations of Sar (the concentrations represented by numbers 1–13 
range from 1250 to 2.44 μM). (E) Multiple batches of test swabs prepared for Sar sensors to assess the stability of the RGB value. (f) Stability of 
the test swabs after storage. (G) Photograph of test swabs with various common ions and small molecules. Reprinted with Liu et al.54 Copyright 
2024, Elsevier B.V. 
Abbreviations: Ala: Alanine; Arg: Arginase; ATP: Adenosine triphosphate; Ce3+: Cerium(III); Ce4+: Cerium(IV); CO3

2–: Carbonate; Cu3(PO4)2:Ce@
SOX: SOX-inorganic hybrid nanoflowers; Cu3+: Copper(III); Fe3+: Iron(III); FL/UV-VIS: Fluorometer/ultraviolet-visible spectrophotometry; 
Glu: Glucose; Gly: Glycine; H2O2: Hydrogenperoxide; NaOH: Sodium hydroxide; PO4

3–: Phosphate; Sar: Sarcosine; SO4
2–: Sulfate; SOX: Sarcosine 

oxidase; TMB: 3,3′,5,5′-tetramethylbenzidine; TMBox: Oxidizing 3,3′,5,5′-tetramethyl-benzidine.
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DNA-linked gold nanoprobe (DNA-AuNPs) and duplex-
specific nucleases for the detection of miR-21, miR-375 and 
miR-141, which are significantly more common in the serum 
of PCa patients.

Innovatively, Jiang et al.71 combined CRISPR-associated 
protein 12a (CRISPR/Cas12a)-assisted hyperbranched rolling 
circle amplification with AuNPs to develop a visual assay 
for the detection of miRNA-143, which can be observed at 

Figure 8. (A, B) Schematic diagram of homogeneous analysis of dual miRNAs assisted by multiple signal amplifications (A) and qRT‒PCR 
analysis (B). (C) Test results for urine miRNA-375 obtained by this method. (D) Results for urine miRNA-148a obtained via this method. 
(E) Analysis of the serum PSA concentration obtained via a clinical ECL-IA kit. (F–H) Scatter diagrams for urine miRNA-375 (F), urine 
miRNA-148a (G), and serum PSA (H) in different groups of patients. Reprinted with Jiang et al.64 Copyright 2023, American Chemical Society. 
Abbreviations: CDs: Carbon dots; ECL: Electrochemical luminescence; ECL-IA: Electrochemiluminescence immunoassay; FL: Fluorometer; 
HP: Dumbbell structure; QDs: Quantum dots; qRT‒PCR: Quantitative real-time polymerase chain reaction.
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the 1 fM level by the naked eye or with a ultraviolet-visible 
light (UV–Vis) detector  instrument. Moreover, they can also 
change the padlock probe and crRNA to detect other miRNAs 
or mRNAs, resulting in outstanding specificity, sensitivity and 
flexibility.

3.4. Exosomes

Most approaches for the in vitro diagnosis of PCa-targeting 
exosomes first capture all the exosomes in body fluids and then 
export the signal. This model inevitably fails to distinguish 
between normal exosomes and cancer-associated exosomes, 
thereby confusing the actual detection results.72 Therefore, its 
specificity and sensitivity need to be further improved.

Lee et al.73 used silver NP (AgNP)- and magnetic iron oxide NP 
(IONP)-decorated GRPs as biosensing platforms for detecting 
PSA+ exosomes and successfully isolated PCa exosomes from 
samples.

Prostate specific membrane antigen-positive (PSMA+) 
exosomes can serve as sensitive biomarkers for PCa detection 
because of their ability to target PCa cells effectively. To 
overcome the above drawbacks, Cheng et al.74 constructed 
an electrochemical biosensor targeting PCa-derived PSMA+ 
exosomes on the basis of a peptide-templated AgNP 
nanoprobe. The functionalised peptide probes displayed 
a wider detection range from 1 × 102 to 1 × 108 particles/μL 
and a lower detection limit of 37 particles/μL, as verified by 
clinical samples. Furthermore, Cun et al.75 reported a detection 
platform comprising PSMA aptamer-modified magnetic beads 
by combining alkaline phosphatase-induced SERS signal 
enhancement and hybridised chain reaction amplification. The 
alkaline phosphatase-induced Ag shell nanostructure acted as 
an amplifier once the magnetic beads captured the PCa-derived 

exosomes, and the detection results were obtained within 40 
minutes, with a limit of 19 particles/μL (Figure 9). To shorten 
the detection interval, a dual-function platform with off-on 
signal responses based on Fe3O4@SiO2@TiO2 particles was 
developed to capture PSMA+ exosomes and quantify them in 
20 minutes. Almost half of the detection time was saved, but 
the sensitivity was lower than that of the above platform, with 
a detection limit of 5 × 102 particles/μL.76

In some cases, exosome detection is constrained by the low 
binding efficiency and reduced sensitivity of individual 
markers, such as single-targeting PSMA. Li et al.77 developed 
a 3D-SiO2 nanoscale porous chip for detecting PCa exosomes 
that targets multiple tumour-specific markers to remarkably 
improve the sensitivity for biosensing. Moreover, the 
adoption of CD81, PSMA, and EpCAM exosomal markers 
synchronously distinguished benign lesions, early-stage PCa, 
and advanced PCa and even contributed to tumour staging.

4. Optimising visualisation and imaging 

technology

Imaging, especially magnetic resonance (MR), is an essential 
part of PCa diagnostic procedures. To overcome the limitations 
of traditional imaging strategies for PCa, various types of 
nanoparticles, ligands and radionuclides free of toxic side 
effects have been synthesised to selectively target PCa cells.9

PSMA is emerging as a prominent imaging biotarget and 
helps facilitate accurate screening and prognostic prediction 
of PCa in the imaging field. Wang et al.78 designed a novel 
noninvasive magnetic resonance/computed tomography/ 
near-infrared fluorescence (MR/CT/NIRF) multimodal 
contrast agent (AG-Gd@PSMA1 NPs, AGGP) that effectively 
targets PSMA by superimposing ample Au and Gd motifs into 

Figure 9. (A) Schematic of the aptamer-induced HCR for the rapid SERS immunoassay of exosomes. Clinical samples detected by the proposed 
assay. (B) Red bars represent data from prostate cancer patients, white bars represent data from healthy individuals. (C) Purple dots represent 
the results from prostate cancer patients, and black squares represent the results from healthy controls. (D) SERS spectra of exosomes at different 
concentrations. Exosome concentrations in curves 1−9: 120, 200, 600, 1200, 2400, 100,000, 300,000, 600,000, and 1,000,000 particles/μL. (E) 
Linear relationship between the SERS intensity and exosome concentration (120−2400 particles/μL). Reprinted with Cun et al.75 Copyright 
2023, American Chemical Society. 
Abbreviations: AA: Amino acid; AAP: 2-phospho-L-ascorbic acid trisodium salt; ALP: Alkaline phosphatase; Au@4-MBA: Au@4-
mercaptobenzoic acid; Au@4-MBA@Ag: Au@4-mercaptobenzoic acid@Ag; HCR: Hybridized chain reaction; LNCaP: Lymph node carcinoma 
of the prostate cells; MBA: Mercaptobenzoic acid; MBs: Magnetic beads; PSMA: Prostate-specific membrane antigen; SA-ALP: Streptavidin-
labelled alkaline phosphatase; SERS: Surface-enhanced Raman scattering; ΔI: Intensity increase.
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a glutathione scaffold, which results in formidable tripe-modal 
signal augmentation and high security. Liolios et al.79 proposed 
a proof-of-concept study describing 68Ga-magnetic iron oxide 
nanoparticles that target PSMA and gastrin-releasing peptide 
receptor (GRPR) as potential tools for the diagnosis of PCa. 
The expression of PSMA and GRPR varies among different 
PCa cell lines. In androgen-independent PC-3 cells, the GRPR 
gene is highly expressed. Conversely, in androgen-sensitive 
LNCaP cells, the GRPR gene was negative, and the expression 
of PSMA was reversed. In this context, the complementary role 
of the two pharmacophores can address the heterogeneity issue 
of PCa tumour detection to a certain degree. Cells expressing 
PSMA or GRPR exhibited specific time-dependent binding, 
high avidity and high internalisation rates for 68Ga-magnetic 
iron oxide nanoparticle-NH2. Moreover, toxicity studies of 
PCa cells revealed low toxicity and minimal haemolysis of red 
blood cells. Therefore, it is expected to be suitable for PET/MR 
multimodal imaging.

Iron oxide nanocrystals (IONs) are approved as negative 
MRI contrast agents; however, their application has been 
limited because of their low relaxation rate and coherent 
ferromagnetism. Xie et al.80 reported that Zn-doped 
IONs possessed optimal T2 MRI contrast performance 
and significantly enhanced the T2-weighted MRI signal 
intensity of PCa in a low-toxicity manner. The biosafety 

of transition-metal-doped IONs was comprehensively 
assessed through cell viability tests, haemolysis assays, and 
haematoxylin-eosin (H&E) staining analyses. Ghorbani et al.81 
developed potential specific nanomolecular probes by using 
specific IONPs with PSMA-11 peptides that are clinically 
used as PCa ligands in imaging. The enhanced contrast in 
the T2-W images suggests that targeted carboxymethylated 
dextran (DNP) with PSMA-11-HYNIC peptides (TDNPs) 
and targeted bovine serum albumin with PSMA-11-HBED 
peptides (TBNPs) are promising new agents for PSMA+ 
PCa and the early detection of PCa (Figure 10). The most 
remarkable disparity was observed at 6 hours for PSMA-11-
HBED and at 4 hours for PSMA-11-HYNIC. The relative 
signal enhancement indicated 88.6 ± 3.1% and 80.7 ± 3.2% 
enhanced contrast between the tumour and muscle regions 
for TBNPs and TDNPs, respectively, on T2*-W images. The 
targeted nanoprobes containing PSMA-11 peptides reduced 
the number of bovine serum albumin and DNP injections by 
three and two times, respectively. IONPs were coated with 
bovine serum albumin and carboxymethylated glucan, which 
significantly reduced their cytotoxicity. Thus, TBNPs offer 
increased targeting capacity.

Chiral nanomaterials have gained general interest and 
importance in imaging detection. Li et al.82 fabricated chiral 
iron oxide supraparticles (Fe3O4 SPs) that acted as high-quality 

Figure 10. (A) Schematic illustration of the methods used, the chemical structure of targeted and nontargeted IONPs and the active targeting 
of the targeted IONPs. (B) The mean signal intensity ratio after and before the injection of IONPs presented for the targeted and nontargeted 
IONPs at both intervals. The bars and the balls indicate the ROI and 3D-driven data, respectively. (C) SIintervals (%): The ratio of signal intensities 
after 6 hours to those after 4 hours (%). A SIintervals value lower than 100% indicates a greater decrease in the SI after 6 hours than after 4 hours 
because more iron oxide nanoparticles are taken up. Reprinted with Ghorbani et al.81 Copyright 2023, International Society for Magnetic 
Resonance in Medicine. 
Abbreviations: %ID Fe/g: The injected Fe dose per gram of tissue; 3D: Three dimensions; BNP: Bovine serum albumin; CK: Cytokeratin; DNP: 
Carboxymethylated-dextran; H&E: Haematoxylin-eosin; IONPs: Iron oxide nanoparticles; LNCaP: Lymph node carcinoma of the prostate cells; 
PBS: Phosphate buffered saline; Perl: Prussian blue staining; PSMA-11-HBED: A small molecule ligand targeting prostate-specific membrane 
antigen; PSMA-11-HYNIC: A small molecule ligand targeting prostate-specific membrane antigen; ROI: Regions of interest; RSE: Relative signal 
enhancement; SI: Signal intensity; TBNP: Targeted BNPs with PSMA-11-HBED peptide; TDNP: Targeted DNPs with PSMA-11-HYNIC peptide.
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MRI contrast agents. They reported that D-Fe3O4 SPs 
presented a twofold lower contrast ratio than L-Fe3O4 SPs 
did in MR images, which enhanced targeted enrichment in 
PCa tissues and a 7.7-fold greater affinity for the tumour cell 
surface receptor CD47. Good biocompatibility is a prerequisite 
for clinical application. The biosafety of chiral Fe3O4 SPs was 
evaluated in vitro in 4T1 cells and 1640 cells, and the results 
revealed high stability and low cytotoxicity.

The precise identification of aggressiveness is crucial for 
determining the prognosis of PCa when it is first diagnosed. 
Jo et al.83 used methylene blue polyacrylamide nanoparticles 
to label PCa cells in transgenic adenocarcinoma mouse 
prostate (TRAMP) models. An in vivo study revealed that 
methylene blue polyacrylamide nanoparticles can specifically 
target proliferating cancer cells as contrast agents, allowing 
photoacoustic imaging to better assess the aggressiveness of 
PCa. Furthermore, the polyacrylamide nanoparticles utilised 
in this study are nontoxic, which facilitates their potential 
clinical application. Martin et al.84 reported that the expression 
of claudin-3 (CLDN-3) and claudin-4 (CLDN-4) was greater in 
higher-grade PCa biopsies than in lower-grade PCa biopsies. 
On the basis of these findings, they designed a dual-loading 
fluorescent and iron oxide NP-based MRI detection tool with 
the natural ligand Clostridium perfringens enterotoxin (C-CPE) 
and achieved a 2-fold increase in tumour specificity. This 
nanoparticle system exhibited minimal toxicity, as evidenced 
by negligible NP accumulation in the liver and no significant 
changes in body weight compared with those of untreated 
mice.

In addition to optimising PCa imaging by applying nanoparticles 
to enhance lesion-normal tissue contrast or improve cancer cell 
targeting, a pioneering imaging model for tumour-associated 
specific flora has recently emerged owing to the definite 
correlation between the microbiome and PCa.85, 86 Escherichia 

coli and Staphylococcus are the main bacteria that promote 
prostatitis, and long-term chronic inflammation has been 
proven to be one of the high-risk factors for PCa.87-89 Therefore, 
imaging based on the differential uptake effect of target bacteria 
on nanoparticles is highly important for the early diagnosis and 
warning of PCa. Ncapayi et al.90 synthesised ternary AgInSe/
ZnS QDs as probes for dual bacterial and cancer bioimaging 
by near-infrared emission. The QDs were shaped as uniform 
spheres that accumulated in Staphylococcus aureus and 
consequently in PCa cells with a diameter of 4.5 ± 0.5 nm and a 
photoluminescence maximum at 705 nm.

While nano-biomaterials demonstrates promising outcomes, 
several challenges hinder its clinical translation. Key 
obstacles include process complexity, cost-effectiveness, and 
accessibility, which must be addressed to facilitate broader 
application. Moreover, enhancing the long-term safety and 
biocompatibility of nanomaterials is crucial, as these factors 
are fundamental to large-scale clinical implementation, 
particularly in injectable imaging contrast agents.

5. Conclusions and perspectives

Over the years, clinical methods for PCa screening have mainly 
focused on PSA detection, digital rectal examination, and 

imaging, such as ultrasound and MRI. Among them, PSA, as 
a relatively simple, rapid and noninvasive examination item, is 
still the most widely used indicator in clinical practice, although 
it cannot provide highly reliable diagnostic results and cannot 
be used to accurately determine the degree of malignancy or 
aggressiveness of PCa.91 The emergence of nanotechnology 
has modulated the standard modes of clinical testing, especially 
in cancer screening and diagnosis. Relying on its unique 
characteristics, it has successfully improved the effectiveness of 
various indicators. With the assistance of several well-designed 
functional nanomaterials, a new paradigm of detection and 
imaging with ultra-high sensitivity and specificity background 
has been successfully realised.

At present, nanostructured materials utilised in the detection 
of PCa are primarily employed to fabricate nanoprobes, 
nanosensors, and nanosized contrast agents for imaging. The 
objective is to increase sensitivity, specificity, and stability. 
While enhancing detection performance, it is essential to 
prioritise noninvasive operation principles and subsequently 
consider detection cost, time, operational complexity, 
and integration capabilities. For example, precious metal 
nanomaterials such as gold, silver, and platinum are widely used 
because of their unique properties.92 Among these materials, 
AuNPs have been extensively researched for PCa detection.93 
Leveraging their LSPR characteristics allows for the display 
of varying scattering/absorption features by altering the size, 
morphology, structure and environmental refractive index of 
AuNPs, and their colloidal solutions also exhibit diverse colours. 
Furthermore, the absorption effect of LSPR demonstrates a 
certain correlation with the quantity of substance added to the 
test, which manifests as a corresponding change in solution 
colour enabling visual quantitative detection.

Moreover, the development of composite nanomaterials such 
as gold-silver bimetals and nanosandwich structures endows 
them with enhanced catalytic activity, biocompatibility, and 
stability, making them an exciting avenue for future nanosensor 
research. In recent years, studies have reported that optimised 
nanosensors can reduce the detection limit to 0.38 fg/mL or 
even lower, whereas other methods have successfully shortened 
the detection time to 5 minutes, resulting in significantly 
improved efficiency. Additionally, novel nanomaterials, 
including QDs, UCNPs, magnetic nanomaterials, and carbon/
silicon-based nanomaterials, leverage their specific physical 
properties, such as magnetic, optical, catalytic, and electronic 
attributes, after integration with PCa-related biomarkers, 
thereby advancing traditional detection processes.94

Notably, targeting diverse markers of PCa represents another 
trajectory for novel nanodevice development. Owing to 
recent exploration of new tumour markers coupled with 
advancements in precision medicine, a wider array of 
PCa markers has emerged as targets for detection. This 
serves to enhance specificity within PCa screening from 
an alternative perspective. For example, tumour-derived 
exosomes containing specific ribonucleic acids, such as 
PSA, can be utilised as fresh contents for clinical diagnosis, 
including miRNA and circulating tumour DNA (ctDNA). 
Although these innovative markers have are promising for 
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preclinical trials aimed at specific diagnoses, their extremely 
low concentration in blood or urine, along with challenges 
related to their stability following isolation or purification, 
increases the difficulty of sampling and detection. Importantly, 
ensuring safety remains a prerequisite prior to large-scale 
clinical testing. The nanoparticles employed in sensors or 
probes that serve as hardware components within detection 
equipment typically do not come into direct contact with 
the human body; hence, concerns about their biological 
toxicity are relatively minimal. However, some nanosized 
imaging contrast agents intended for intravenous injection, 
especially those comprising metal nanomaterials, necessitate 
evaluation of their biological toxicity accumulation kinetics 
and pathophysiological interactions alongside normal cells.

Surprisingly, several markers not mentioned, such as PCA3, 
are efficient and have been approved in preclinical studies for 
PCa detection.95 The discovery of new biomarkers and the 
development of detection nanotechnologies have facilitated the 
clinical evaluation of PCa diagnosis. In particular, we pursue 
the use of fewer samples and noncomplicated processing 
steps to obtain a higher detection range and a lower detection 
limit. However, some technical obstacles still hinder the 
practical application of nanomaterials. A definite expression 
profile characterising the PCa subtype and stage has still not 
been fully identified. More perfect detection devices with 
matched bioassays and uplink systems are needed before the 
initial application of these biomarkers. In addition, the lack of 
validation with a large cohort of clinical samples is one of the 
setbacks in most sensors.

Through this review, we hope to shed light on current 
nanotechnology-based strategies to design sensors and probes 
or serve as amplifiers that target PCa biomarkers. We provide 
new insights for developing more precise nanoformulation-
assisted strategies for early PCa detection and diagnosis.
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