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Prostate cancer is one of the most dangerous and deadly cancers in elderly men. Early diagnosis using prostate-
specific antigen (PSA) facilitates disease detection, management and treatment. Biosensors have recently been
used as sensitive, selective, inexpensive and rapid diagnostic tools for PSA detection. In this review, a variety of
PSA biosensors such as aptasensors, peptisensors and immunesensors are highlighted. These use aptamers,
peptides and antibodies in the biorecognition element, respectively, and can detect PSA with very high sensi-

tivity via electrochemical, electrochemiluminescence, fluorescence and surface-enhanced Raman spectroscopy.
To improve the sensitivity of most of these PSA biosensors, different nanostructured materials have played a

critical role.

1. Introduction

Prostate cancer, as one of the most common diseases, is considered
as a major cause of death in men [1,2]. Prostate-specific antigen (PSA),
a serine protease, is the most important, reliable and preferred bio-
marker for early diagnosis of prostate cancer [3,4]. PSA is secreted from
normal prostate glandular cells and prostate cancer cells [5]. This
glycoprotein biomarker (33-34 KDa) is also known as kallikrein-3 and
can be used for evaluating healthy individuals or patients wherein
normal serum concentration should be lower than 4 ng mL™?! (cutoff
value) in men. When prostate cancer occurs, this biomarker increases in
serum. In addition to prostate cancerous cells, this biomarker also in-
creases in breast cancer (with a median level of 0.31 ng mL™1). Early
detection of prostate cancer through clinical and novel bioanalysis
platforms will impact survival. Therefore, finding improved diagnostic
tools with high selectivity, sensitivity and stability is necessary. Up to
now, several antibody-based methods such as radioimmunoassay [6],
enzyme-linked immunosorbent assay (ELISA) [7], surface plasmon re-
sonance (SPR) immunoassay [8] and fluorescence immunoassay [9]
have been used for detection of this biomarker. The most important
limitations of these methods include high cost, complicated technology,
limitations of laboratory tests, lack of portable devices and role of in-
terfering factors. On the other hand, biosensors are designed and pro-
duced with lower costs and can detect appropriate analytes with high
sensitivity and specificity [3,10].

An increased ratio of surface area to volume and introducing special
physicochemical properties including higher (re)activity and quantum

behaviors have led to huge applications of nanostructured materials in
design of the biosensor transducers. Nanostructured materials (i) in-
crease the surface area of the transducer leading to higher surface
concentration of the biorecognition element; (ii) provide more suc-
cessful and stable immobilization of the biorecognition element on the
transducer surface [11,12]; (iii) participate in the detection process
through conjugation with the biorecognition element [13,14]; (iv)
change the way to generate the output signal [15,16]; (v) represent
synergism effects (e.g. when employed as nanocomposites); (vi) are
employed as tags or labels [14,17,18]; and (vii) provide multiple ana-
lyte detection [19]. These factors lead to amplified signals generation
followed by an increment in sensitivity and selectivity [20,21].

The biosensors have hitherto been reported for the detection of PSA
and are categorized as aptamer- (aptasensors), peptide- (peptisensors)
and antibody-based (immunosensors) biosensors. Based on the type of
biorecognition element, the PSA biosensors are discussed in the fol-
lowing part. The main details of each designed biosensor are also
provided in several tables. The results of this review may be considered
to define new related researches, applicable for the production of
commercial PSA diagnosis devices and also can provide optimized ex-
perimental procedures for early diagnosis of prostate cancer.

2. PSA aptasensors
For diagnosis, aptamers have several advantages over antibodies

such as in vitro production, smaller size, reversible conformation
against temperature changes, non-immunogenicity, functionalization
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Fig. 1. Schematic representation of a PSA aptasensor fabrication using Au NPs and a 11-amino alkanethiol (Permission No: 4540250617264).

capability, and stability [22,23]. The systematic evolution of the li-
gands by exponential enrichment (SELEX) process was followed toward
the glycosylation site of the glycoprotein as a case of PSA and an im-
portant sign for cancer growth [24]. Here, a PSA aptamer was elec-
trochemically used in a sandwich form against PSA [25]. Another
sandwich sensing platform was established where a capturing aptamer
was immobilized on the surface of an Au screen-printed electrode.
Another detecting aptamer was applied that in the presence of PSA, a
sandwich structure was formed. This aptasensor had a linear range of
PSA detection in serum from 0.66 to 62.5 ng mL™! with a limit of
detection (LOD) of 0.66 ng mL~ L Magnetic NPs@gold NPs (Au NPs)
were applied in another SERS PSA aptasensor [26]. The used core-shell
NPs consisted of a core of magnetic NPs with a size of 500 nm and a
gold shell of 30 nm. PSA aptamer was bound on the magnetic NPs and
an aptamer-complementary sequence was bound on the Au NPs surface.
In the absence of PSA, the aptamer and its complementary sequence
provided a double strand. In the presence of PSA and due to the higher
affinity of PSA into the aptamer, the complementary sequence was re-
leased. This event led to changes in SERS signals and subsequently
detection of PSA in a range of 1 to 50 ng mL~' with a LOD of
5 pg mL™ . Exciton-plasmon interaction between CdS quantum dots
(QDs) functionalized with mesoporous TiO, and Au NPs led to de-
signing a photoelectrochemical PSA aptasensor [27]. Firstly, a fluorine-
doped tin the oxide electrode was modified with CdS QDs/TiO, na-
nostructure and subsequently, a thiolated capturing DNA was con-
jugated on the surface by Cd-S bond. In the next step, a thiolated PSA
aptamer was conjugated with Au NPs. In the presence of PSA, the
sandwich structure formed between the aptamer, capturing DNA was
broken, and the aptamer captured PSA with a good affinity. This ap-
tasensor was able to determine PSA in the range of 1 pg mL™' to
8 ng mL ™! with a LOD of 0.52 pg mL ™. A fluorescence PSA aptasensor
was designed based on metal-organic frameworks and Au nanoparticles
in a core-shell structure [28]. A high-affinity aptamer was bound with
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Au nanoparticles that quenched the fluorescence of the frameworks. In
the absence of PSA, aptamer represented a protective role against the
aggregation of Au nanoparticles leading to fluorescence quenching.
This mechanism created an aptasensing platform against PSA with a
LOD of 0.36 ng mL.™'. An innovative PSA detection route was reported
in a fluorescent aptasensor using anionic tetraphenylethylene deriva-
tive of 1,2-bis[4-(3-sulfonatopropoxyl)-phenyl]-1,2-diphenylethene so-
dium salt 3 (TPE3), as an aggregation-induced emission agent [29].
Here, positively charged silica nanospheres with an average diameter of
80 nm absorbed the negatively charged PSA aptamer and TPE3, sepa-
rately. In the presence of PSA, the conformation of aptamer was
changed upon binding with PSA. This event led to the destruction of
binding between the aptamer and silica nanospheres; TPE3 was ag-
gregated on the surface of the silica nanospheres and the fluorescence
signals were changed. The linear range of this aptasensor was 0.5 to
50 ng mL~' and LOD was 0.5 ng mL™'. Colloidal MoS, nanosheets
were applied in another fluorescent PSA aptasensor [30]. A single-
stranded DNA (ssDNA) aptamer was firstly immobilized on the surface
of MoS, nanosheets (as a high fluorescence-quenching agent), and the
aptamer was labeled with a fluorescent agent from 5’ end. In the pre-
sence of PSA, the aptamer underwent conformation changes followed
by release from the surface of MoS, nanosheets. This aptasensor was
able to detect PSA in a range of 0.5 to 300 ng mL~' and LOD was
0.2 ng mL™'. A PSA aptasensor was developed based on guanine-rich
DNA aptamer-conjugated 6-carboxyfluorescein [31]. Free guanine-rich
DNA aptamer-conjugated 6-carboxyfluorescein emitted bright light due
to chemiluminescent resonance energy transfer between 6-FAM and
high-energy intermediate formed from the reaction of 3,4,5-tri-
methoxylphenylglyoxal and guanine of guanine-rich DNA aptamer.
After PSA binding, it acted as a strong interference in chemiluminescent
resonance energy transfer, and light emission turned off. This apta-
sensor was able to detect PSA in the range of 1.9 to 125 ng mL ™ with a
LOD of 1 ng mL~ 1. A modified gold electrode with Au NPs (20 nm) was
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used to design a PSA aptasensor [32]. The increased surface of the gold
electrode provided a high surface concentration of the aptamer. As
shown in Fig. 1, in the first step, the surface of the gold electrode was
modified with 11-amino alkanethiol to prepare a high-density mono-
layer. In the next step, unwanted thiol fragments were removed and
mercaptohexanol was immobilized in the remaining uncovered gold
sites. Subsequently, the electrode was modified with Au NPs, and ap-
tasensor was prepared after binding thiolated aptamer from 5’ end to
Au NPs. Finally, PSA detection was separately followed by electro-
chemical impedance spectroscopy (EIS) and SWV. This signal-off ap-
tasensor could detect PSA by EIS in a range of 0.01 to 10 ng mL ™! and a
LOD of 0.01 ng mL™!, and SWV in a range of 1 to 100 ng mL ™~ and a
LOD of 0.1 ng mL ™%,

In another research, Ag NPs were synthesized and applied for
binding with an amine functionalized PSA aptamer [33]. In this apta-
sensor, three thiolated DNA aptamers were bound with the surface of
the gold electrode, followed by Ag NPs binding into the aptamers.
When PSA molecules did not exist, the amine-functionalized aptamer
was able to create a double-stranded couple with the other remained
free aptamers. In the presence of PSA, amine-functionalized aptamer
showed a higher affinity toward PSA molecules for binding against free
aptamers. This property led to the detection of PSA in a range of
1 pg mL™! to 160 ng mL~! with a LOD of 0.11 pg mL™'. A screen-
printed carbon electrode was used in a PSA aptasensor where Au NPs
(15-25 nm) were electrodeposited to enhance the surface area and
improve the electron transfer rate [34]. In this biosensor, a mercap-
toalkane was bounded with Au NPs, and carboxyl groups of 16-mer-
captohexadecanoic acid reacted with the amine group of a PSA ap-
tamer. Then, the aptamer captured the PSA and was detected by EIS in a
range of 0 to 10 ng mL™'; also, LOD was reported as 1.95 ng mL™'. In a
research, four ssDNA including a thiolated PSA aptamer, a cDNA-
primer, a rolling circle amplification (RCA) template, a thiolated probe,
and Fe304 core-gold shell NPs were employed for electrochemical de-
tection of PSA [35]. The thiolated PSA aptamer was immobilized on the
NPs surface followed by hybridization with a part of cDNA-primer. The
other part of the cDNA-primer was then hybridized with the RCA
template. This structure underwent interaction with MB and im-
mobilization on the thiolated probe; the thiolated probe was already
immobilized on the Au NPs-covered electrode. In the presence of PSA,
less aptamer-cDNA-primer hybridization occurred and less MB inter-
acted. This aptasensor was able to detect PSA in a linear range from 100
fmol L™ to 10 nmol L™}, and the LOD was reported as 22.3 fmol L%, A
summary of the working principle of this aptasensor is presented in
Fig. 2.

An aptasensor was designed based on graphene modified electrodes
for PSA detection [36]. A carbon surface was modified with graphene to
enhance surface concentration of an immobilized amine-aptamer. This
was followed by hybridization with a complementary sequence. In the
presence of PSA, most of the established double-stranded DNA was
broken to bind with PSA. Using the intercalator methylene blue, PSA
binding was followed. An electrochemical PSA aptasensor was devel-
oped based on RCA and Cu NPs [37]. This aptasensor could detect PSA
in a range of 0.05 to 500 fg mL~! and with a LOD of about
0.020 fg mL ™. Mesoporous silica provided an enhanced surface area of
a gold electrode for capturing PSA in another study [38]. The trans-
ducer surface was prepared by aptamer binding with 3-glycidylox-
ypropyl trimethoxysilane through amine groups. Fig. 3 shows a sche-
matic presentation of this PSA aptasensor.

In the presence of PSA, aptamer captured PSA molecules with a high
affinity, and the redox marker could not attain the transducer surface.
In our research group, a PSA aptasensor based on a hairbrush-like gold
nanostructure was developed [39]. The nanostructure was electro-
deposited in the presence of cadaverine as a shape and size controlling
agent. Covering a gold electrode surface with the hairbrush-like gold
nanostructure led to increment in the real surface area by 1.6 times,
leading to an enhanced aptasensing sensitivity. We also developed a
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PSA aptasensor based on a PSA aptamer immobilized on the surface of
gold nanospears prepared by electrodeposition in the presence of ar-
ginine in the synthesis solution [40]. Binding of PSA changed the
conformation of aptamer strands leading to changes in the rate of
electron transfer of MB, as the redox marker. This aptasensor was able
to detect PSA in a range of 0.125 to 200 ng mL™' and a LOD of
50 pg mL ™. An ECL PSA aptasensor was introduced [41]. To fabricate
this aptasensor, we firstly synthesized a signal nanocomposite com-
prising graphene oxide (GO), gold nanorods (NRs), streptavidin (STP)
and a biotin-labeled DNA. To synthesis the nanocomposite, Au NRs
were deposited on GO based on the electrostatic interaction of GO
(negatively charged) and cetyltrimethylammonium bromide (CTAB)-
capped Au NRs (positively charged). STP was then conjugated with
GO@Au NRs by mixing. After that, a biotin-labeled ssDNA that was
complementary with the head of a PSA aptamer was immobilized on
the previously prepared mixture. In a parallel manner, a thiolated
ssDNA sequence that was complementary with the tails of the PSA
aptamer was hybridized with the aptamer followed by immobilization
on the surface of a gold-covered carbon electrode. The signal nano-
composite was finally hybridized with the modified electrode surface.
In the presence of PSA, it's binding with the aptamer led to the release
of the signal nanocomposite that catalyzed the production of hydrogen
peroxide; hydrogen peroxide thereafter converted (electrochemically
formed) the luminal radical to 3-aminophthalate by Au NRs catalytic
effect and produced light. This ECL PSA aptasensor quantified PSA in a
range of 0.5 pg mL™! to 5 ng mL~ ' and LOD was 0.17 pg mL™%. A
quinone-based conducting polymer was used as a transducer to im-
mobilize an amine-functionalized PSA aptamer, and PSA detection with
a LOD of 0.25 ng mL ™! [42]. Amine-functionalized PSA aptamer was
also immobilized on carboxylic acid-functionalized carbon nanotubes
that adhered to a glassy carbon electrode by chitosan by themselves
[43]. Multiple layers of electropolymerized polydopamine, as a scaf-
fold, were prepared by molecular imprinting for fixing the aptamer
strands [44]. This scaffold provided some specified binding locations
for selective attachment of PSA, and other proteins could not bind into
these sites. Electrochemical measurements were then employed for PSA
detection. GO and carboxylated multiwall carbon nanotubes
(MWCNTs) were dropped on the surface of the glassy carbon electrode,
GO was electrochemically reduced, and finally, Au NPs were electro-
deposited. This substrate was used to immobilize a thiolated aptamer
for PSA sensing. This aptasensor could detect PSA (0.005-100 ng mL ™ 1)
and the reported LOD was 1 pg mL ™ [45]. Au NPs-mesoporous carbon
modified with STP was also applied to immobilize a biotinylated PSA
aptamer followed by electrochemical detection [46].

The first PSA electrochemical aptasensor based on memristive effect
was developed in 2016 [47]. Hysteretic properties of memristive silicon
nanowires functionalized with biotin-DNA aptamers provided a LOD of
23 amol L™'. Upon PSA binding with the aptamers, extra charges
surrounded the device, created an all-around bio-gate effect and in-
duced a voltage gap in the current-voltage characteristics. Two apta-
mers were used as a sandwich format in a PSA immunosensors, and an
immunocomplex was established among the antibody, PSA and the
aptamers [48]. An amine-functionalized aptamer was applied to fabri-
cate a PSA immunosensor [49]. The details about these immunoassays
will be discussed in Section 4.

Analytical aspects and features of major PSA aptasensors are col-
lected and compared in Table 1. The functional groups of aptamers
included thiol, biotin, and amine. In most of these PSA aptasensors, the
usage of nanostructures led to the enhancement of sensitivity.

3. PSA peptisensors

Peptides are naturally or artificially synthesized through the poly-
merization of amino acids by desired peptide bonds between the car-
boxyl groups [57]. Fast and low-cost production, easy functionaliza-
tion, high stability and the same genus against most of the disease
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Fig. 2. Schematic representation of a PSA aptasensor based on four strands of a thiolated PSA aptamer, a cDNA-primer, a RCA template and a thiolated probe, and
gold shell-Fe;04 core NPs were employed for electrochemical detection of PSA (Permission No: 4643450320566).

biomarkers are some of the advantages of peptide sequences application
in biosensors fabrication [58,59]. We have introduced the term “pep-
tisensor” for peptide-based biosensors for the first time [60]. In all of
the peptide sequences hitherto employed to design PSA peptisensors, a
sequence of KLQ was present. This is due to the breakdown of the
peptide in this region.

So far, peptides have been used in the structure of some PSA bio-
sensors. A fluorescence PSA peptisensor was designed based on site-
specific enzymatic-cleavage-reaction [61]. In this peptisensor, Au NPs
(60 nm) were conjugated with a specific peptide already bound with
fluorescein isothiocyanate (FITC). The peptide included three parts: six
cysteine residues that were conjugated the peptide into Au NP, an a-
isobutyric acid residue that maintained the rigidity of the peptide, and a
PSA cleavage sequence. In the presence of PSA, an enzymatic-cleavage-
reaction occurred, the peptide sequence broke, and the bound fluores-
cence was released and emitted light. Another fluorescent PSA pepti-
sensor was designed using a FITC-labeled peptide and 1-nm thick GO,

Fe(CN)>/Fe(CN)* Fe(CN)/Fe(CN)*

as a nanoquencher [62]. The working principle of this peptisensor was
similar to the previous reference.

As for electrochemical peptisensing of PSA, a thin layer of Au NPs
was firstly electrodeposited followed by modification with dithiobis
(succinimidyl propionate) [63]. A PSA specific peptide was im-
mobilized on the modified surface from one side, and Au NPs were
bound into the other side of the peptide. These atop Au NPs were then
integrated with (positively charged) CTAB to make Au NPs to carry a
positive charge. Adsorption of the negatively charged [Fe(CN)6]>~/*~
probe led to its electron transfer with the underlying surface. Upon PSA
binding, a serine protease specifically hydrolyzed and cleaved the
peptide, and the positively charged Au NPs were released from the
electrode surface; this later led to high electro-transfer resistance. This
peptisensor was able to quantitatively detect PSA in a range of
0.2 pg mL™ " to 45 ng mL~! and LOD was 0.06 pg mL~'. A schematic
presentation of this PSA peptisensor is shown in Fig. 4.

In other researches [64,65], PSA led to cleavage of a specific peptide

Fe(CN)¢*>/Fe(CN)s* Fe(CN)¢*/Fe(CN)s*

CALAG K’)Q Q" QV

= ; NH ) NH
s } ; ; ?" S w8, NH
— 1) PSA Aptamer S "
<
/) GPTMS p DTS y R ;
//' —_— —_ > g P D —— /
2) Ethanolamine PSA

Fig. 3. Fabrication and working principals of a PSA aptasensor based on mesoporous silica and an amine-functionalized aptamer (Permission No: 4541811332818).



Clinica Chimica Acta 504 (2020) 43-55

M. Negahdary, et al.

‘Anjowrureyjoa asem arenbg :AMS

‘saqnioueu UoqIe) :ILND

‘'sdN uoqied snoiodosawr pazniydeln sHND
‘3ur1ayeds Y31 2duRUO0SY ST

*AI}PWIWRI[0A DI[24D :AD

‘Anouwrurejjoa Surddins asmnd renuaiayig :ASdA
*Adodsorydads sduepadur [edTWAYI01I3[H SIH
‘Anoururejjoa doams 1eaury :AST

SUOTIRIARIqQY

‘paie[oryl sem aduanbas a1} Jo pus JeyMm JeY) Iedd Jou ST I ‘T

Josuas

[9s] - - [_Tw 3u QT (o Tw 3 1w 8u Q1 9ABM-DAO] DIPIMJOIIA - DDVIVVVOLVODDILIDOVVV.LLY->(*HD)-HS

[£€] gr/umidg - 1 Tur 8§ 0200 1 Tw 8§ 005-S0°0 ASda SdN nD LLIDOV.LVYVOLYDDDDLOOVVV.LLVYVILVLLV.LL-HS

[2v] - - _Tw 3u 00Z-S2'0 1T 8 Qr-; _Tur 8u | AMS - LLLDOV.LVVVOLYDIDDIIDOVVVLLYVLLLLL-°(CHD)-*HN

[ss] - - (_Tu 8u 800 _Tuw 8u 00T-80°0 AMS - GIN-D9HDDLIDV.ILVVVILVIIDILIDOVVVLLYVLLLLL-HS
sdN

[sel - - _Towyegg T owu OT-; T [0wy 00T AMS/SI4/AD rofad@NY/Y 04 LLLDOV.LVVVOLVIOODIIOVVV.LLYY-2(°HD)-HS

[ze]  g/umidg - 1-Tw 3d o1 (- Tur u or-; _ur 8d o1 AMS/SIH SdN NV LLLDOV.LVVVILVIIDIIIOVVVLILVV.LLLLL-°(*HD)-HS

[v€] - - 1 Tw 3u G6'1 1_Tw 3u 1-0 SId SAN NV LLLDOV.LVVVDILYDDODILOOVVV.LLYV.LLLLL-2(°HD)-*HN

[¥S] - - (- Tur Su T - Tw 8u QI-T SIa - LLLOOV.LVVVOLYDDDDLIOOVVV.LLVV.LLLLL-2(°HD)-HS
sdN

[6¥]  p/wmisg - (_Tw3dy {_Tw 34 00T-500°0 SId ny/INOMIN/OD LLLDOV.LVVVDLVIDDDIOOVVVLLYVLLLLL->(*HD)-HS

[¥¥] - - pTwddp | qu8uoor-,_Tw 3d 001 SIa - LLLOOV.LVVVOLYDIDDIOOVVVLLVV.LLLLL-2(°HD)-HS

Bursuas
[L¥] - - (—Tlowe gz | _T[owy 0gg-; T [OWe €€ SATISLILISUI [BILNIA]F SOIIMOURU IS LLIDOVIVVVYDLYDDODIOOVVV.LLVV.LLLLL-UROIg
INVA-9-D9DDD1IIDVIVVVILYIDIDIIOVYVLLVVLLLLL

[1€] - - r_Tw 3u 1 (- Tw 8uGZI-6'1 JURDSIUTWN[IUWYD LNDMIN "Ofod ZLLLDOVIVVVDILYIDDIIIOVYVLLVVLLLLL-NVA-9 :T

[1¥]  g/wnig - (-Tw3d £1°0 (-Twdu g quddgo k| SUN VD 0D DOV.IVVVOLVIIDIIIOVVVILYVLL

[og]  g/wmidg - _Tw3ugoQ 1 _Tw 3u 00€-5°0 JuadsaIon]y 199YsoueU SO DOHVIVVVILYIDOIIIOVYVLLV.LL-NVA

[62]  g/wmidg - _Tw 8u g - Tw 8u 06-G'0 JusdsaI0N[] SdN OIS DOVIVVVILYIOOIILOOVVV.LLV.LL
€OLL/sa0
ursuas SpD “199ysouru

[£g]  g/umidg - ;- Tw 3d g0 (- Tu 8ug- Tu3d( [E2TWAY201193[20)0Yd suaydeId/sqN ny DOVIVVVDILYIDDIIIOVYVLILYV.LL-HS

[ee]  9/wmidg - -Tw3d 11°0 ;- Tw 3u 091-; _Tw 3d | AST sdN 8 VV.LODIOOVIVVVILVOIODIIDOVVVLLY-*(CHD)-*HN

[zs]  Sr/wmisg - _Tu 8u 200 1_Tw 8u QIT-€T°0 ST SdN Ny DDVIVVVOLVODDILIOVVV.LLY->(*HD)-HS

[ey]  g/umisg Tw | 3U YW 9z00'0 1 Tw 3u 620 1 Tw 3u §'Z1-68°0 Add UeSOIYI-SIND DDDDDLLIIOVIVVYILYIOODIIOVYVLLVVLLLLL

[o¥]  or/umisg - 1T 8d og 1 Tur 8u 00Z-STT0 Add s1eadsoueu ny LLIDOV.LVYVOLYDDIDDIOOVVVLLVV.LLLLL-*(°HD)-HS

[9¥] - - 1T 3u Gg°0 - Tw 8u 00Z-S2°0 Add SDINDDSAN NV LLLDOVLVVVDLYIDODIDOVVVLLVV.LLLLL-UBoIq
aInjonisoueu

[6€] Or/wmisg - 1T 3d g 1 Tur 8u 8ZT-GTT°0 Add ny aYI[-ysniqireH AN-LLIDOVIVVYDLVIOODIDOVVVILYVLLLLL-(*HD)-HS

-

[ge]  g/wmidg (- 8u Ty €01 1T 3d 08z 1T 8u 00g-T Ada eoI[Is sno1odosa| LLLOOVLVVVOLVIIDDLIDOVVVLLVVLLLLL-(CHD)-*HN

[es]  Tg/umisg - (Twddor | Tu 8u gog-,_Tw 3d 500 Add 09D/SdN NV DOVLVVVOLYIIDDLIDVVVLLY (PRIeoIyL)

[8y]  g/umidg - 1-Tw 8§ 01 1—Tuw 8u g6~ _Tw 8d 1°Q Add 09D/SdN NV unoiq-DOVIVVVILYIDDDLIDVYVILY-2(*HD)-HN

[zs]  ST/wmieg (_Tu 8u ggo0 (_Tw 8u QIT-€T°0 ST SdN Y ,€-DDVIVVVILVIDDILIOVVV.LLY->(*HD)-HS
sdN

[15]  9/umidg - (-1 oure geo'0 1T [owe 1-Q SYHS uors12Au0ddn ny DHIDDHOLODDHY.IVVVYILYIDIODLIDVVV.LLYIVIIOLYDD
sdN

[oz]  g/wmidg - Twddg 1T 8u 06-1 SYdS  NV@SAN dnauSeiN DDIIOV.ILVVVILVIIDDLIOVVVLLY.LLLLLLLLLL-°HN

[os]  9/umidg - 1T owe g 1—T10Wy S-10°0 SyHS sdN 3vony ,£-DD1DDVIVVVILVIDDDLIDVVV.LLYO L-HS

Ioqumu
‘o9 /ordures  Lypyroads £AnIsuag aotl a3uer uonddleg anbruypa) uonoaleg INJONIISOUBN (,£<,S) 9ouanbas oureydy

‘s1osuaseide ysd snorrea jo uosrredwod y
1 3IqelL

47



M. Negahdary, et al.

DepAu
GCE

AN

_—
Peptide

AuNPs

PSA

Clinica Chimica Acta 504 (2020) 43-55

Fig. 4. A PSA peptisensor fabrication steps by Au NPs, CTAB and a 11-mer peptide sequence (Permission were obtained from Royal Society of Chemistry).

sequence, and produced current due to redox transition of a ferrocene
(Fc) label [65] or deposited Ag NPs [64] with nearly the same LODs. In
another electrochemical PSA peptisensor, 4-azidoaniline covalently
immobilized an ethynyl-functionalized peptide probe by click coupling,
and 2-[(4-aminophenyl)sulfanyl]-8-hydroxy-1,4-naphthoquinone
played the role of an electrochemical transducer of the peptide-protein
recognition [66]. The peptide with a sequence of HSSKLQL was cleaved
in the presence of PSA, and the output signal was changed. This bio-
sensor could determine PSA in a linear range of 1 x 10 '2to1 x 10™°
mol L™%, using CV and SWV techniques. A modified glassy carbon
electrode with chitosan-lead ferrocyanide-(poly (diallyldimethy-
lammonium chloride)-GO), as a porous and conductive substrate, was
prepared [67]. To improve the sensitivity, they bound bovine serum
albumin (BSA) molecules on the peptide, and then various concentra-
tions of PSA were determined via SWV and EIS. The presence of PSA led
to the cleavage of the immobilized peptide and increment in the elec-
trochemical current.

In an ECL-based PSA peptisensor, tris (2,2’-ripyridine) di-
chlororuthenium (II) (Ru(bpy)32+, as an ECL emitting species), was
absorbed on a film of Au NPs and Nafion followed by immobilization of
a ferrocene carboxylic acid (as an ECL signal quencher) labeled-peptide
sequence [68]. All of these components were placed on a glassy carbon
electrode surface. When PSA was present, it specifically cleaved the
peptide sequence, left the ECL signal quencher and resulted in an in-
crease in the ECL intensity. This biosensor represented a LOD of
8 x 107 g mL™!. In another PSA peptisensor based on ECL, the
peptide employed in the aforementioned study was labeled with ru-
thenium bis(2,2’-bipyridine) (2,2’-bipyridine-4,4’-dicarboxylic acid)-N-
hydroxysuccinimide ester and immobilized on a gold electrode surface
[69]. Similar to the previous study, PSA specifically cleaved the pep-
tide, and the ECL signal decreased. However, the LOD value was larger
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and equal to 3.8 x 107! g mL™".

In a study, the wells of a 96-well plate were modified with Au NPs to
provide a surface for immobilization of biotin functionalized peptide
[70]. Then, magnetic beads with coats of both STP and invertase were
bounded with the peptide. The presence of PSA led to peptide cleavage
and release of the beads that then catalyzed the conversion of fructose
and glucose. The concentration of glucose was monitored as the PSA
concentration and determined by a glucometer.

According to the results summarized from all designed peptide-
based PSA biosensors, it should be noted that all of them were based on
the cleavage of a peptide used as biorecognition element in the presence
of PSA, and so far, it has not presented any PSA peptisensor based on
capturing the PSA as a biorecognition element. Another point is that
most of the reviewed PSA peptisensors evaluated the serums as the real
samples and only one research used spiked PSA in the urine samples to
evaluate the performance of the related biosensor in real conditions.
Details about all the designed PSA peptisensor are presented in Table 2.

4. PSA immunosensors

Although antibodies have similar constructional features, they show
a wide variety and significant differences in their binding regions
against antigens [71,72]. Because of the high specificity and affinity,
antibodies are considered as ideal biological diagnostic elements. An
electrochemical PSA immunosensor was designed based on molecularly
imprinted polymer (MIP) and a nanocomposite containing Fe;O,4 na-
noparticles, graphene oxide, multi-walled carbon nanotube and a PSA
antibody [73]. Impedimetric signals of this immunosensor led to PSA
determination with a LOD of 5.4 pg mL ™. PA@Au@Pt nanocomposites
were electrodeposited on COOH-terminated reduced GO followed by
immobilization of an anti-PSA on the graphene surface through 1-ethyl-
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Table 2

Main details of PSA peptisensors.
Peptide sequence Nanostructure Detection Detection range LOD Real sample type/ Ref.

technique number
N’-CCCCCCGLAIbAAGGHSSLKQGK-FITC-C’  Au NPs Fluorescent 10 pmol L~ '-100 nmol L™* 10 pmol Lt - [61]
FITC-EHSSKLQLAK-NH, GO Fluorescent 0.5-3 nmol L™! 0.3 nmol L™'  Urine/3 [62]
CEHSSKLQLAK-NH, Au NPs CV/EIS 0.2 pg mL™'-45 ng mL ™! 0.06 pg mL™!  Serum/4 [63]
HSSKLQ Fe;0,@Au DPV 0.001-30 ng mL ™! 0.78 pg mL™'  Serum/4 [65]
nanocomposites

CEHSSKLQLAK-NH, MWCNTs LSV 0.001-30 ng mL ™! 0.7 pgmL™'  Serum/5 [64]
HSSKLQL - CV/SWV 1x107'%21 x 10" °mol L™ - - [66]
CEHSSKLQLAK-NH, - SWV/EIS 1 fg mL~'-100 ng mL ™! 1 fg mL™! Serum/15 [671
CHSSKLQK Au NPs ECL 5pg mL™'-5 ng mL™* 0.8pgmL™'  Serum/8 [68]
CHSSKLQK - ECL 0.1-8 ng mL ! 38 pgmL~! Serum/3 [69]
Biotin-EHSSKLQKC Au NPs A glucometer 80 pg mL~'-7 ng mL ™! 30 pgmL™'  Serum/5 [70]

3-(3-(dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide
(EDC/NHS) system and electrochemical detection [74]. Graphene itself
was drop-cast on an Au/Ti (150/30 nm) coated Si/SiO, substrate. An
intrinsic reduction peak of the trimetallic nanocomposites (appearing in
the cyclic voltammograms recorded in phosphate buffer solution
0.1 mol L%, pH 7.4) that had the highest current, compared to the
bimetallic or monometallic NPs and was affected by PSA binding into
the immobilized anti-PSA, was employed for quantitation of PSA. In the
trimetallic system, geometrical structure (i.e. reduced Pt-Pt bond dis-
tance) and electronic (i.e. an increased Pt d-electron vacancies) al-
terations would be dominated. EIS technique was used in order to de-
termine PSA by another immunosensor [75]. Here, the working area of
a gold screen-printed electrode was firstly covered with cystamine
through Au-S bond. Then, Fc and polyamidoamine dendrimer
(PAMAM) were prepared and attached on the surface by glutaraldehyde
(as a cross-linker). Subsequently, a PSA antibody was covalently im-
mobilized on the surface that could capture PSA molecules. To create a
sandwich PSA immunosensor, another PSA antibody that was tagged
with horseradish peroxidase was applied. The presence of PSA led to
the capture of more PSA and also the creation of more sandwich forms
between the two antibodies. The schematic presentation of this PSA
immunosensor is shown in Fig. 5. Electrochemical immunosensing of
PSA was also followed using multi-walled carbon nanotube and Au NPs
[76]. This biosensor transducer comprised functionalized multiwall
carbon nanotubes decorated with Au NPs and its biorecognition ele-
ment was a mouse monoclonal PSA antibody. In another electro-
chemical PSA immunosensor, a modified glassy carbon electrode with
GO and chitosan film was used as a transducer [48]. Sandwich im-
munoreaction among the PSA, PSA antibody and an aptamer was fol-
lowed. PAMAM encapsulated Au NPs were applied as a covalent elec-
trochemical attachment label to increase sensitivity. This
immunosensor could detect PSA in two separate ranges and LOD based
on detection method; a detection range of 0.1 pg mL ™' to 90 ng mL ™!
and a LOD of 10 fg mL~! were attained by DPV, and up to to35 ng
mL ™! with a LOD of 5 pg mL~ ! were obtained by EIS.

An ECL PSA immunosensor was introduced based on CdWS nano-
crystals integrated onto Ag* @UIO-66-NH, to create an Ag™ @UIO-66-
NH,@CdWS ECL nanoprobe [77]. In this immunosensor, a glassy
carbon electrode was modified with reduced GO and Au NPs, leading to
an enhanced surface area and also improved sensitivity. Then, a spe-
cified PSA antibody was immobilized on the surface of the modified
electrode. To accelerate the ECL signal in the presence of PSA, another
antibody was conjugated with Ag*@UIO-66-NH,@CdWS nanos-
tructure that could capture the PSA from the other side to form a
sandwich structure. The schematic details of this immunosensor are
presented in Fig. 6. Another ECL PSA immunosensor was presented
based on luminol functionalized platinum NPs loaded on the graphene
sheets [78]. Luminol played the roles of both a reducing agent to syn-
thesize Pt NPs on the surface of graphene sheets and a luminescence
reagent. Pt NPs supplied active sites for the immobilization of PSA
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antibodies and enhanced the ECL signals of luminol by catalyzing the
luminol-H,0, reaction. LOD for this immunosensor was 0.3 pg mL ™.
In another research, Au NPs functionalized Fe,O5; nanodendrites were
employed to immobilize a PSA antibody. Separately, Pd NPs functio-
nalized graphene aerogel (FGA-Pd) supported Fe;04 as a 3D carrier,
and Ru(bpy)32+ combined with FGA-Pd as an ECL emitter was as-
sembled to label a secondary antibody, which generated strong ECL
signals. Tripropylamine was also employed to react with Ru(bpy)s>*
and generate ECL signals [79]. Nanomagnetic beads were applied in a
florescent PSA immunosensor based on DNAzyme [80]. In this im-
munosensor, a gold electrode was covered with activated carboxyl
groups followed by immobilization of an amine-functionalized PSA
antibody. After PSA capturing by this antibody, a separately synthe-
sized probe comprised magnetic beads-loaded a DNAzyme and another
antibody was bound to form a sandwich structure. A hairpin substrate
probe was separately designed with a fluorophore and a quencher at
each end. In the presence of Zn?" as a cofactor, DNAzyme cleaved the
hairpin substrate probe which was released into the solution and
fluorescence emission. In another research, a sandwich immunoassay
structure with fluorescence detection was introduced [81]. A PSA
capturing antibody was immobilized on a reaction plate modified with
NHS esters. Another antibody was labeled with Alexa Fluor 647 and
provided a sandwich formation in the presence of PSA. In another de-
tection method, at the first step, a protein was immobilized on the
surface of the reaction plate modified with NHS esters and then the
capture antibody was immobilized on the protein; the other steps were
similar to the other mentioned previous method [81]. In a chemilu-
minescence PSA immunosensor, PSA antibodies were firstly im-
mobilized on a nitrocellulose membrane and similar to other mentioned
sandwich immunoassay methods for the detection of this biomarker, a
capture, and a detection antibody were applied [82]. In the presence of
PSA, specified capturing and detecting of this tumor marker was eval-
uated through chemiluminescence by a charge-coupled device. This
immunosensor could determine PSA in the range of 0.02 to
125 ng mL ™! and the LOD was about 0.007 ng mL ™.

In a sandwich immunosensing route for determination of PSA,
phosphorescent dihydrolipoic acid capped Mn-doped ZnS QDs were
applied as a label [83]. Herein, microplate wells were modified with
rabbit PSA capturing antibody, and then, unwanted reactive sites were
blocked by BSA. To produce the sandwich form, a PSA detection anti-
body was matched with a capture antibody in the presence of PSA.
Finally, the bioconjugated nanostructure with antibody was added into
the microplates. This phosphorescent immunosensor was able to detect
PSA in the range of 0.05 to 240 ng mL™!, while the LOD was
17 pg mL™ L.

In a photoelectrochemical PSA immunosensor, Au NPs decorated
dopamine-melanin nanospheres (Au NPs-Dpa-melanin CNSs) were ap-
plied as a signal quencher based on CdSe-sensitized TiO, as a photo-
electrochemical matrix [84]. Dpa-melanin CNSs were conjugated with
Au NPs, PSA and BSA. In the absence of PSA, PSA-Au NPs-Dpa-melanin
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Fig. 5. Design of a PSA immunosensor using Fc and PAMAM (Permission No: 4554381130432).

CNSs could bind with the antibody. However, in the presence of PSA,
due to the high affinity of the antibody against PSA, the amount of
bound PSA-Au NPs-Dpa-melanin CNSs on the electrode was sig-
nificantly reduced. This behavior led to the production of different
output signals. In another photoelectrochemical PSA immunosensor, a
modified surface of indium tin oxide by SnS,@mesoporous graphite-
like carbon nitride (SnS,@mpg-C3N,4) nanocomposite was applied [85].
The nanocomposite generated transcendent photocurrents under
visible-light irradiation, compared to SnS, or mpg-C3N, alone, due to
the low recombination rate of photoexcited electron-hole pairs. A PSA
antibody was immobilized on the nanocomposite surface, and PSA was
detected in a manner that decrement in photocurrent resulted from the
increased steric hindrance of the immunocomplex.

Triangular-shape Au NPs was applied in a PSA colorimetric sand-
wich immunosensor [86]. A capture antibody (Ab1)-conjugated Au NPs
bounded PSA in one hand, and formed a sandwich immunoassay plat-
form with another antibody (Ab2)-conjugated Fe;O4 NPs. This platform
was separated by the magnetic tag, and unbounded Ab1-conjugated Au
NPs was determined. This immunoassay platform could detect PSA in a
range of 0.01 to 20 ng mL~! with a LOD of 0.009 ng mL~'. A similar
approach was applied in another research using near-infrared absorbing
Cu,S nanocrystals in a PSA photothermal immune-imaging assay [87].
A sandwich assembly was prepared that upon PSA capturing, an am-
plified photothermal signal was generated and analyzed by mobile
phone-based digital image processing. This visual immunosensor could
detect PSA in the range of 1 to 200 ng mL™!, and LOD was
0.2 ng mL™'. A multicolor and photothermal dual-mode immunosensor
was fabricated by immobilization of a platform into 96-well plates [88].
The wells were coated by streptavidin followed by immobilization of a
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biotinylated PSA aptamer. Separately, a GO/Fe30,4/prussian blue na-
nostructure was synthesized and modified with a (aminated) ssDNA
sequence, and served as a signal probe. Without PSA, the signal probe
was captured upon hybridization of ssDNA and PSA aptamer. With PSA,
this double-stranded structure was broken, and the signal probe was
released. The released signal probe was quantified either by tempera-
ture measurement upon near-infrared laser irradiation of the prussian
blue NPs or naked eye upon mixing with potassium ferricyanide. GO
was an enrichment carrier for Fes0, NPs as well as an enhanced ac-
cumulator for prussian blue NPs resulting in signal amplification. This
immunosensor could detect PSA in a range of 1 to 128 ng mL™ !, and
LOD was 0.31 ng mL™".

A SERS sandwich immunosensing platform for the determination of
PSA was introduced based on two separate antibodies [89]. Firstly, the
capture antibody was immobilized on a glass substrate. Then, PSA was
captured when it existed. The other antibody was conjugated with SERS
dots that included silica shell (30 nm), silver NPs (10 nm), silica core
(170 nm), and a Raman label. The presence of PSA led to the estab-
lishment of a sandwich form between the two antibodies and resulted in
a Raman shift. Another SERS-based PSA immunosensor was introduced
based on antibody-conjugated SERS nanotags [90]. Here, two types of
Raman reporter molecules including malachite green isothiocyanate
(MGITC) and X-rhodamine-5-(and-6)-isothiocyanate (XRITC) were
used. These molecules were separately immobilized on the surface of
Au NPs. At the next step, SH-PEG-COOH was applied to provide con-
jugated antibody and subsequently this form of antibody was im-
mobilized on the surface of Au NPs via EDC/NHS coupling. The third
antibody was immobilized on the surface of carboxylic acid-functio-
nalized magnetic beads by EDC/NHS. It should be noted that, as a
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Raman reporter, the surface that employed MGITC was applied for the
determination of free PSA, the surface with XRITC was used for the
determination of complexed PSA, and the surface of carboxylic acid-
functionalized magnetic beads was applied for the determination of
total PSA. This immunosensor was able to detect PSA in the range of 4
to 10 ng mL ™! and a LOD was reported as 0.012 ng mL~*. The figure of
merits of PSA immunosensors is summarized in Table 3.

5. Other PSA biosensors

In addition to the previous discussed PSA biosensors, those which
were based on aptamer, peptide or antibody, several PSA biosensors
have been introduced so far that employed other materials as bior-
ecognition elements. Our research team designed an electrochemical
biomimetic PSA biosensor based on a molecularly imprinted polymer
[169]. In this biosensor, a thin film of polypyrrole was electro-
polymerized as an artificial antibody. In this study, the transducer was a
gold screen-printed electrode that is not reusable and many electrodes
are needed for routine analysis. On the other side, PSA is preliminary
needed for fabrication of this biosensor following by its washing. An-
other PSA imprinted SPR biosensor was designed, using methacrylic
acid and ethylene glycol dimethacrylate as a functional monomer and
cross-linker, respectively [170]. This biosensor could detect PSA via
SPR microcontact imprinting method in the range of 0.1 to 50 ng mL ™%,
and the related LOD was 91 pg mL™ 1. In this research, an imprinted
chip was manufactured by microcontact imprinting technique and ap-
plied as a transducer. The obtained detection range and LOD were
weaker than some other studies. In addition, employment of a nanos-
tructure(s) would be improved the sensitivity and shortened the re-
sponse time of this biosensor.
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6. Conclusion

Given that the early diagnosis of prostate cancer is very important,
various types of PSA biosensors were investigated in three main cate-
gories of aptasensors, peptisensors and immunosensors. Inmunosensors
have the disadvantages of time-consuming and expensive production,
temperature sensitive and limited functionalization of the antibodies,
and immunogenicity effects. In the aptasensors, rapid degradation by
nucleases, renal filtration from bloodstream, interaction with some in-
tracellular targets, and cross-reactivity of the aptamers are the limita-
tions. Because the peptides can be selected from only known sequences,
there are also some disadvantages for the peptisensors. The detection
methods of the reviewed PSA biosensors were based on SERS, electro-
chemical, photoelectrochemical, fluorescence and chemiluminescence.
Most of these biosensors have used different nanostructures to increase
the sensitivity.

7. Perspectives

Functionalizing biodegradable components with materials that can
form more stable bonds with the transducer as well as utilizing more
efficient biorecognition elements in the structure of PSA biosensors can
be one of outline of the future researches. It seems that the use of na-
nostructures as signal transducers, and biorecognition elements with
high affinity, stability and specificity to bind PSA can propel the bio-
sensors to higher sensitive diagnostic tools. Nanostructures with higher
biocompatibility, greater stability and lower synthesis cost are favor-
able. Multiple biorecognition elements and multiple nanomaterials will
allow simultaneous detection of multiple biomarkers; this would pro-
vide more comprehensive medical diagnosis routes. It is hoped that in
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Table 3
Main details of PSA immunosensors.
Nanostructure Detection technique Detection range LOD Sensitivity Specificity Real Ref.
sample
type/
number
Pt NPs ECL 1.0 pg mL™'-150 ng mL ™! 0.6 pg mL™* - - - [91]
CdWS nanocrystals ECL 0.0001-10 ng mL~?! 0.038 pg mL~?! - - Serum/5 [77]
Pd@Au@Pt/COOH-rGO ECL 3 pg mL~'-60 ng mL ™! 2 pgmL~! 0.099 pA ng - Serum/5 [74]
nanocomposites mL™
CdS nanocrystals/Silica nanospheres ECL 0.1 fg mL™'-1 pg mL™* - - - Serum/5 [92]
MWCNTSs ECL 2.25-11.3 ng mL~* 0.88 ng mL ™! - - Cell [93]
lysate/*
Pt NPs loaded on graphene sheets ECL 1 pg mL~'-10 ng mL~! 0.3 pgmL~! - 97.3% Serum/1 [78]
Au NPs@Bi,S; ECL 0.005-5 ng mL~* 3 pgmL~! - - Serum/1 [94]
MWCNTSs/Nafion ECL 0.1 pg mL™'-20 ng mL™* 35 fg mL™! - 97.4% Serum/1 [95]
EuPO,4 nanowires ECL 0.0005-80 ng mL ™! 177.33 fg mL ™! - - Serum/1 [96]
Ag NPs ECL 0.001-50 ng mL~* 0.34 pg mL~* - - Serum/1 [971
mpg-CsNy ECL 0.001-15 ng mL~* 0.927 pg mL™* - - Serum/1 [98]
Graphene QDs ECL 1 pg mL~*-10 ng mL ™! 0.29 pg mL~* - - Serum/1 [99]
Pt/Ag@BSA core-shell NPs ECL 0.001-200 ng mL~?! 0.0003 ng mL ™! - - Serum/5 [100]
Pd NPs ECL 0.0001-50 ng mL~* 0.056 pg mL~* - 98.6% Serum/4  [79]
Fe;0,@Mn0O, nanocomposite ECL 0.0001-10 ng mL ™! 5 fg mL~! - - Serum/1 [101]
QDs Fluorescent 1-40 ng mL~? 0.4 ng mL™! - - Serum/3 [102]
Silica nanospheres and Au@Ag NPs  Fluorescent 5 pg mL~*-10 ng mL ™! 0.95 pg mL~* - - Serum/6 [103]
- Fluorescent 0.1 pg mL™'-10.269 ng mL ™! 0.1 pgmL~! 0.027% - - [104]
Nanomagnetic beads Fluorescent 0.05-100 ng mL ™! 0.05 ng mL™! - - Serum/3 [80]
Graphene oxide QDs@Ag core-shell ~ Fluorescent 1 pg mL™'-20 ng mL ™! 0.3 pg mL™! - - Serum/5 [105]
nanocrystals
- Fluorescent 0-10 ng mL ™! 1.2 ng mL™! 10 pg mL™! - Serum/1 [81]
CdTe QDs Fluorescent 1-40 ng mL~* 0.3and 0.4 ngmL™! - - Serum/3 [102]
QDs Fluorescence resonance 0.01-100 ng mL~? 1 pg mL™! - - Serum/4 [106]
energy transfer
- SPR/Fluorescent 10 pmol L™ '-50 nmol L™! 10 pM - - - [107]
CdSe/ZnS QDs/cysteine capped Mn-  Phosphorescent 0.05-240 ng mL~* 17 pg mL™? - - Serum/* [83]
doped ZnS QDs
- Chemiluminescence 0.02-125 ng mL ™! 0.007 ng mL™* - - Serum/40  [82]
- Chemiluminescence 0.01 ng mL~1-50 ng mL~?! - - - - [49]
Hierarchical ZnO nanocolumns Photoluminescence 0-15 ng mL~?! 0.25 ng mL~?! - - - [108]
arrays
Ag NPs SERS 0.001-1000 ng mL~* 0.11 pg mL™* 0.11 pg mL™? - Serum/1 [89]
Au NPs SERS 4-10 ng mL ™! 0.012 ng mL™* - - Serum/30  [90]
Au@1,4-benzenedithiol @Au SERS 10 pg mL™*-10 ng mL™* 2 pgmL~! - - Serum/4 [109]
core-shell
ZnO nanosphere/CoFe,0,@Au SERS 1 pg mL~'-10 ng mL~* 0.65 pg mL ™! - - Serum/5 [110]
nanocomposite/Ag NPs
Metal organic frameworks UV-vis 0.1-100 ng mL~* 0.06 ng mL™? 1.5mA ppb ! - Serum/5 [111]
Iron oxide-to-prussian blue NPs UV-vis 1-64 ng mL~?! 1 ng mL~?! - - Serum/3 [112]
Mesoporous silica NPs Colorimetric 0.5-8000 pg mL~* 0.36 pg mL ™! - - - [113]
immunoassays
Au NPs Photoelectrochemical 1x10 "gmL™%1.0x107g 27 pgmL~! - - Serum/9  [84]
mL~?!
SnS,@mpg-C3N,4 nanocomposite Photoelectrochemical 50 fg mL~*-10 ng mL™* 21 fg mL™! - - Serum/3 [85]
ZnCdHgSe QDs and Au NRs Photoelectrochemical 1 pg mL~'-50 ng mL ! 0.1 pgmL~! - - Serum/4 [114]
GO-Ca:CdSe nanocomposite Photoelectrochemical 5pg mL~'750 ng mL~* 2.6 pg mL~! - - Serum/1 [115]
CdS:Mn/g-C3N,4 nanohybrids Photoelectrochemical 0.01-20 ng mL™* 3.8 pg mL™! - - Serum/6 [116]
Au NPs/CdS NRs Photoelectrochemical 0.005-50 ng mL~? 1.8 pgmL~? - - Serum/6 [117]
- DPV 0.01-100 ng mL™" 0.001 ng mL ™! - - Serum/* [118]
Au NPs/GO DPV 0.001 fg mL~*-0.02 pg mL~* 5.4 fg mL~! 5.4 pA fgmL™' - Serum/1 [119]
TiO, NPs DPV 0.10-5.0 ng mL ™! 200 pg mL ™! - 5.62 pA Serum/3 [120]
- DPV 0.01-100 ng mL~* 3 pgmL~! - - Serum/3 [121]
Au NPs/MWCNTs DPV 15 pg mL™'-8 ng mL™* 1.7 pg mL™?! - - - [122]
Au NPs/GO DPV 0.1 pg mL™'-90 ng mL ™! 10 fg mL™*! - - Serum/5 [48]
Au NPs/PdPtCu nanospheres DPV 10 fg mL~'-100 ng mL~* 3.3 fgmL™! - 97% Serum/4 [123]
Core-shell Au@Pt nanocrystals DPV 0.1-50 ng mL~* 0.018 ng mL™* - - Serum/1 [124]
Au NPs/MWNTs DPV 10 pg mL~*-100 ng mL~* 5.4 pg mL~! - - Serum/3 [125]
CdTe@SiO, core-shell NPs/Fe;0, DPV 0.01-5 ng mL™? 0.003 ng mL™! - - Serum/4 [126]
NPs
Hydroxyl pillar[5]arene@Au NPs@  DPV 0.0005-10 ng mL~* 0.12 pg mL~* - - Serum/5 [127]
g-C3Ny4 hybrid nanomaterial
Au NPs DPV/EIS 0.5 pg mL~'-50 ng mL ™! 0.17 pg mL™* - - Serum/3 [128]
Au NPs/GO DPV/EIS 0.003-1000 ng mL~* 1 pg mL™! - - Serum/4 [129]
Au@mesoporous carbon DPV/EIS 0.01-100 ng mL™* 3 pgmL~?! - - Serum/5 [130]
nanocomposites
- cv up to 10 ng mL™* 0.5 ng mL™! 0.5 ng mL~! - [131]
Au NPs cv 0-100 ng mL™* 7.8 ng mL~! - - - [132]
Silica NPs cv 4-10 ng ml ! 2 pgmL~! 49pAng~'ml  83% - [133]
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Table 3 (continued)

Nanostructure Detection technique Detection range LOD Sensitivity Specificity Real Ref.
sample
type/
number
Nano Au cv 10-50 fg mL ™! 4.7 fgmL™! - - - [134]
AuPtAg alloyed nanocrystals cv 0.05-50 ng mL ™" 0.017 ng mL~? - - Serum/* [135]
- CV/DPV 3.0-15.0 ng mL™* 0.093 ng mL™* - - Serum/2 [136]
Au NPs-Poly(3,4- CV/DPV/EIS 0.0001-50 ng mL ™! 0.03 pgmL ™! - - Serum/4 [137]

ethylenedioxythiophene)-
graphene aerogel

nanocomposite
rGO@Au NPs CV/DPV/EIS 0.1-100 ng mL ™! 0.08 ng mL™! - - Serum/17  [138]
Core-shell AuPd@Au nanocrystals CV/DPV/EIS 0.1-50 ng mL~* 0.078 ng mL~? - - Serum/1 [139]
Mesoporous CeO,,Au-CoS/graphene  CV/DPV/EIS 0.5 pg mL~! -50 ng mL~* 0.16 pg mL~* - - Serum/1 [140]
Gold-coated magnetic NPs CV/EIS 0-25 ng mL™! 0.085 ng mL™! - - Serum/4  [141]
Cu NPs CV/EIS 0.01-100.0 ng mL~? 0.003 ng mL~? - - Serum/3 [142]
Pd@Cu,0/Au NPs CV/EIS 0.0001-100 ng mL~! 2 fg mL~! - - Serum/1 [143]
Pd NPs CV/EIS 100 fg mL™'-50 ng mL ™! 0.03 pg mL™? - - Serum/1 [144]
Au NPs CV/EIS 1.0 fg mL~'-100 ng mL ™! 0.09 fg mL~?! 973.01 Q (Iglng - Serum/10  [145]
mL~ )~
Pt-Cu hierarchical trigonal CV/EIS 0.0001-5 ng mL™* 0.03 pgmL ! - - Serum/5 [146]
bipyramid nanoframes/GO
Au@Ag-Cu,0 NPs CV/EIS 0.01 pg mL™* -100 ng mL~* 0.003 pg mL ™! - - Serum/3 [147]
Au@thionine/GO nanocomposites CV/EIS 50 fg mL~*-40 ng mL~* 16.6 fg mL™* - - Serum/1 [148]
Au NPs/GO CV/EIS 0-10 ng mL~! 0.59 ng mL~? - - - [149]
Au NPs CV/EIS 1-100 ng mL~?! 0.68 ng mL~?! - - Serum/4 [150]
Pt NPs CV/EIS 1-30 ng mL ™! 0.03 ng mL™* - - - [151]
Graphene and Ag hybridized EIS 0.01-10 ng mL™* 2 pgmL~! - - Serum/5 [152]
mesoporous silica
- EIS 0.01-100 ng mL~? 0.1 pgmL~! 0.283 mAng~! - - [75]
Pd nano-octahedrons/MWCNTs EIS 0.1 pg mL™'-30 ng mL™! 0.03 pg mL~! - - Serum/1 [153]
Cu,0@Ce0,-Au nanocomposites EIS 0.1 pg mL~'-100 ng mL ™! 0.03 pg mL ™! - - Serum/1 [154]
Pd@Pt-APTES-Cu,0@C030,4 EIS 0.01 pg mL~*-100 ng mL ™! 2 fg mL™! - - Serum/3 [155]
- EIS 100 ag mL~*-1 ug mL ™! 100 ag mL™* - - Serum/6 [156]
Au NPs EIS 1-500 ng mL~* 1 ng mL™! - - - [157]
Au NPs SWV 0.2-200 ng mL ! 0.01 ng mL~*! - - - [158]
Au NPs SWV 0.1-50 ng mL~* 0.08 ng mL ™! - - Plasma/*  [159]
Au NPs SWV/EIS/CV 1-18 ng mL ™! 0.001 ng mL™* - - Serum/1;  [160]
urine/1;
plasma/1
Halloysite nanotubes with SWV/EIS 0.0001-25 ng mL ™! 0.03 pg mL~* - - Serum/3 [161]
polypyrrole shell and Pd NPs
- Bridge-shaped PZT 10 pgmL ™'~ 100 ng mL~* 10 pgmL~* - - - [162]
resonator
Au nanohole Localized surface 0.3 pmol L™-3 nmol L™! 140 fmol L~! - - - [163]
plasmon
Au NPs Potentiometric 0.05-20 ng mL™* 13.6 pg mL~* - - Serum/6 [164]
Graphene quantum/Au NPs Chronoamperometry 2-9 pgmL™?! 1.8 pgmL™! - - Whole [165]
blood/1
- Magnetic field sensing 0.1-10 ng mL™* 0.1 ng mL™? - - - [166]
Au NPs Microfluidics real time 0.2-25 ng mL~?! 0.2 ng mL~?! - - - [167]
electrochemical Profiling
- ELISA 25-100 ng mL~* 0.43 ng mL ™! - - - [168]
* The number of analyzed samples not reported.
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