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Albumin is a globular protein which plays a pivotal role in maintaining plasma pressure and the nutritional bal-
ance. Different compounds are transported by binding to albumin in the blood. Also, human health is closely re-
lated to the serum albumin concentration in blood plasma or other biological fluids. Due to the high structural
similarity with human serum albumin (HSA), bovine serum albumin (BSA) has been widely investigated as a
model protein in different fields. Importantly, albumindetection has recently gained huge interest, as this protein
serves as an important indicator of cow health, and its milk and meat quality. Also, it is also known as an aller-
genic and a carrier protein. As a result, it is highly essential to determine bovine albumin in various industries,
such as medicine, pharmaceutical, clinical and food. Therefore, the development of new, efficient, fast and
straightforward methods for selective detection of BSA is critical. This review seeks to highlight different charac-
teristics of BSA and its importance. Then, by focusing on recent developmentsmade in the last two decades in BSA
biosensing and determination methods, the use of different biomaterials/nanomaterials is discussed.
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Fig. 1. The structure ofHSA as displayed in the cartoon imagewhich ismainly composedof
three main domains namely as domains I, II and III, and each domain contains two
subdomains A and B. There are two main binding sites on BSA namely as sites I and II
which are located in the subdomains IIA and IIIA, respectively.
1. Introduction

Since proteins perform a myriad of functions such as transporter,
building blocks, and pathogens in biology, the recognition of thesemac-
romolecules is essential [1]. For biological studies and clinical diagnosis,
the detection and determination of different proteins is of great impor-
tance, requiring highly sensitive and selective detection methods. It is
necessary to determine the amounts of albumin protein in biochemis-
try, pathology, and clinical diagnosis, as it is often used to quantify
other constituents in living systems. Different methods are used to de-
termineprotein concentration, includingBiuretmethod, Lowrymethod,
Bradford method and Bromocresol Green method [2]. However, these
methods suffer from several constraints such as dynamic range, limited
sensitivity, sample treatment or unsatisfactory detection limit. The low
sensitivity and selectivity, as well as the complicated measurement
stages, are the significant disadvantages of the Lowry method. Also, a
poor linearity between the protein concentration and the dye absor-
bance of Coomassie Brilliant Blue G-250-protein complex and the oper-
ational troubles are the main problems of the Bradford method.
Likewise, the Bromocresol Green method is susceptible to turbidity dis-
ruption and is not sufficiently sensitive to trace analysis [3]. Today, these
limitations are attempted to be overcome by developing newmethods.

Experimental biochemical assays are commonly used to determine
albumin concentration because the amount of this macromolecule has
a significant effect on the biological systems. Hence, the development
of fast, simple and highly sensitive diagnostic methods is required for
the accurate analysis of albumin in biological samples/fluids.

Herein,we first overview albumin structure and highlight the signif-
icance of its detection. Then, recent trends in BSA recognition and bio-
sensing using different biomaterials/nanomaterials are presented.

2. Serum albumins

Serum albumins are the most abundant (52–62%) total water-
soluble fraction proteins in the blood plasma [4,5]. Generally, they
have a single polypeptide chain composed of ~585 amino acid residues.
Circulatory, nutritional and physiological functions of serum albumins
make them as essential bio-macromolecules acting as a transporter for
carrying, distributing and deliveringdifferent exogenous or endogenous
substances, ions, fatty acids, small molecules such as pharmaceuticals in
the body [4]. HSA and BSA are the most appreciated serum albumins
used in different research fields.

2.1. HSA

HSA is themain protein present abundantly in the human blood cir-
culatory system. It is a globular single chain polypeptidewith themolec-
ularweight of 66.8 kDa [6–8]. The structure of this heart-shaped protein
is composed of 586 amino acids folding in 3 dimensions (3D) structure
with three homologous domains (I, II and III), each domain containing
two subdomains called subdomains A and B (Fig. 1). There are two
main binding sites on albumin which are commonly known as Sulow's
sites I and II or the binding sites I and II positioned in the subdomains IIA
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and IIIA, respectively. Most of the small molecules and therapeutic
chemicals have been reported to bind to these regions of albumin, but
recently, other sites are recognized for the binding of such molecules
to HSA, as well [9–12]. HSA has a wide range of physiological functions
related to the binding, transport, and delivery of steroids, fatty acids, bil-
irubin, porphyrins, etc. [9]. Importantly, special focus has been placed on
the development and fabrication of albumin-based nanoparticles (NPs)
for the efficient delivery of various substances/biomolecules to target
cells/organs. Such that, Abraxane can be considered as the characteristic
example of albumin-based NPs approved in 2005 by the U.S. Food and
Drug Administration (FDA). It was developed to surmount the low
water solubility problem of anticancer agent paclitaxel with the mean
particle size of 130 nm. The formulation of Abraxane is mainly used
for the treatment of patients suffering from metastatic breast cancers
[13].

2.2. BSA

As BSA structure is very similar to HSA, it has been widely used as a
model protein instead of HSA. Similar to HSA, BSA is composed of a sin-
gle polypeptide chainwhich includes 583 amino acids residues [14]. The
cross-linked 17 disulfide bridges of cysteine (Cys) amino acid residues
stabilize the structure. Its molecular weight is approximately 66.8 kDa,
and the heart-shaped structure has three homologous domains I-III
and each domain consists of two subdomains, A and B, with unique
binding properties [6]. In the subdomain IB and subdomain IIA, BSA con-
tains two Tryptophan (Trp) amino acid residues as Trp-134 and Trp-
212, respectively [4].

3. Determination of BSA

In the sense of medical applications and enzymatic reactions, BSA
has many uses, as it is used as a protein reagent tomeasure the concen-
tration of a protein in a solution, such as the Bradford test. BSA is also
used as a standard protein in the design of new immunochemical
tests. Moreover, albumin can be consumed as a dietary protein
[15,16]. The method for protein analysis should be accurate, fast, sensi-
tive and reproducible. There are currently very sensitive methods for
the detection and determination of BSA concentration, including elec-
trochemical impedance spectroscopy, near-infrared diffuse reflectance
spectroscopy, capillary electrophoresis (CE), and light scattering tech-
nique. Although these approaches have reasonable selectivity and sen-
sitivity, they suffer of several disadvantages such as the incorrect
results, the complexity of the procedure, poorly reproducible and
time-consuming. Therefore, the detection of minimal amounts of bo-
vine albumin in the shortest time, using a biosensing tool with simple
design and a high precision, is very desirable and is now under active
research.

3.1. BSA quantification by CE

Decades ago, CE was utilized for the establishment of a fast and sen-
sitive method for BSA quantification. Back then, a highly sensitive laser-
induced fluorescence (LIF) scheme for the detection of native, Trp or Ty-
rosine (Tyr)-containing proteins by CE method was demonstrated in
1992 [17]. Hopefully, the presence of aromatic amino acids including,
Trp, Tyr and Phenylalanine (Phe) in the structure of proteins has en-
abled the development of different fluorescent-based techniques with
an acceptable limit of detection (LOD) [4]. It is worth to mention that
in analytical chemistry, the lowest quantity of a substance is defined
as LOD, the detection limit, or the lower limit of detection, which is dis-
tinguished from the absence of that substance as a blank value at a spec-
ified confidence level (commonly 99%) [18]. Accordingly, in this study
the wavelength of 275.4 nm was used from an argon-ion laser source
for exciting the intrinsic fluorescence of proteins, which recorded LOD
of 1 × 10−10 M for conalbumin showing a 140-fold enhancement in
the fluorescence intensity. With stacking at injection, the LOD was re-
corded to be 3 × 10−12 M. Linear dynamic ranges of at least 5 and 4 or-
ders of magnitude were reported for Trp and BSA, respectively.
Additional merits of the CE-LIF detecting platform include the design
of a simply assembled, effective performance, compact, rugged and
user-friendly design.

In another study, Pande, Nellore and Bhagat [19] tried to optimize
and validate a reproducible, accurate and quick CE method for BSA
assay. The effects of different factors such as the concentration of buffer,
pH, capillary dimensions, additives such as surfactants and proteins,
solubilizers and the use of coated capillaries were considered. The addi-
tives or thin coatings gave no advantage in reducing BSA's surface ad-
sorption on the capillary walls. Borate buffer with the concentration of
150 mM and pH 8.5, a 27 cm capillary with an aperture window of
100 × 200 μm represented the optimal detection conditions reported
for the proposed method. At BSA concentrations of 25–1000 μg/ml,
the validated BSA detection method for the inter-day and intraday var-
iation coefficient was not N7.59%.

As an additional technique for protein analysis, gel electrophoresis
(GE), shows some drawbacks of being labor-intensive, time-
consuming, and unsuitable for the quantification of various protein
samples. For the rapid separation and analysis of charged molecules
such as proteins and peptides, capillary zone electrophoresis (CZE)
has been recommended as a compelling novel technique to address
the problems associated with the GE method. As proof of principle,
CZE equipped with a carbon fiber micro disc array electrode was
employed to BSA analysis in bovine serum samples using an end-
column amperometric detector [20]. In this research, the optimum con-
ditions for separation and detection of BSA were 0.025 mol/l KH2P04,
0.02 mol/l NaOH as a buffer solution, 20 kV, 5 kV and 10 s as separation
voltage, injection voltage and the injection time, respectively and 0.90 V
vs. SCE for the potential of detection. The obtained LODwas reported to
be 4 × l0−7 mol/l (0.7 fmol).

Recently, an automated Western blot called Simple Western based
on CE was also described. This CE-basedWestern offers the advantages
of fully automated operation except for sample preparation and a coef-
ficient variation of below 10% compared to the standard enzyme-linked
immunosorbent assay (ELISA) technique [21]. To analyze and detect the
amounts of residual BSA in an attenuated virus vaccine, Loughney, Lan-
caster, Ha and Rustandi [22] reported the use of SimpleWestern tech-
nology to develop a novel improved method. The method is based on
automated CapillaryWestern and had two logs linearity, N80% spike re-
covery or precision, intermediate accuracy of variation coefficient b15%,
and the quantitation limit of 5.2 ng/ml. The developedmethodwas then
used to determine BSA concentration in four lots of bulk vaccine prod-
ucts and was used to monitor the clearance of BSA during the purifica-
tion process of the vaccine.

3.2. BSA recognition using fluorescent materials

The emission of the absorbed light or other electromagnetic radia-
tion by a material is known as fluorescence. In most samples, the emis-
sion light goes to a higher wavelength, and hence its energy is lower
than that the absorbed light radiation. The most remarkable instance
of fluorescence happens when the absorbed light is in the ultraviolet
range of the spectrum, and thus is not visible by the human eye, but
the emission light is in the visible region, which produces a distinct
color for fluorescent material [23]. It has been shown that different or-
ganic, inorganic or organometallic substances can exhibit fluorescence
properties. Aromatic hydrocarbons (naphthalene, anthracene, phenan-
threne, pyrene, perylene, etc.), fluorescein, rhodamines, coumarins,
oxazines, polyenes, diphenylpolyenes, amino acids (Trp, Tyr, Phe), etc.
are themain types of organic compounds, while uranyl ion (UO+2), lan-
thanide ions (e.g. Eu3+,Tb3+), doped glasses (e.g. with Nd, Mn, Ce, Sn,
Cu, Ag), crystals (ZnS, CdS, ZnSe, CdSe, GaS, GaP, Al2O3/Cr3+ (ruby)),
etc. are known as the inorganicfluorescence substances. Organometallic
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compounds include ruthenium complexes (e.g. Ru (biPy)3), complexes
with lanthanide ions, complexes with fluorogenic chelating agents (e.g.
8-hydroxyquinoline, also called oxine), etc. [24]. In fluorescence spec-
troscopy, the fluorescence resulting from a sample is analysed. Being
fast, practical, highly sensitive and selective renders fluorescence tech-
nique a desirable detecting method than others. Likewise, this tech-
nique is the most useful method for studying biomolecular
interactions, as it is sensitive to low concentrations and friendly to the
physiological environment [23].

3.2.1. Fluorescent probes

3.2.1.1. Diketopyrrolopyrrole and its derivatives. In aqueous solution with
neutral pH, the isoelectric point of BSA is about 4.7. Thus, it is known as
an acidic protein with the negative charges located in hydrophobic
pockets inside the molecule [25]. Consequently, some dyes containing
cationic groups such as ammonium and imidazolium can form aggre-
gates induced by BSA through electrostatic and hydrophobic interac-
tions. Based on these mechanisms and by utilizing the variations in
their photophysical properties, different fluorescent bioprobes for BSA
assay have been recently developed [26–29]. Commonly, when the tra-
ditional fluorescent dyes are in aqueous media or bound to analytes in
high concentration, they exhibit aggregation-caused quenching (ACQ)
behaviors. For the first time, aggregation-induced emission (AIE) as a
unique photophysical phenomenon has been described by Wang,
Qian, Qin, Qin, Tang and He [30]. Then, a wide variety of fluorescent
‘light-up’ sensors have been developed based on the AIE mechanism
[31–40]. However, since the emission wavelength of most AIE-active
probes induced by analytes is usually located in the Ultraviolet-visible
(UV–vis) region, their application in in vivo imaging is limited.

Due to excellent red and strongly fluorescent emission and brilliant
light, weather, and heat stability,1,4-diketo-3,6-diphenylpyrrolo[3,4-c]
pyrrole (DPP) and its derivatives have been extensively used in the fab-
rication of polymer solar cells (PSCs) [41–44], organic light-emitting di-
odes (OLEDs) [45], field effect transistors (FET) [46–48], fluorescent
probes [49–56], two-photon absorption [57–59], and dye sensitizing
solar cell applications [60–65]. DPP derivatives functionalized with
electron-donating methoxytriphenylamine groups were AIE-active
and can exhibit red to near-infrared (NIR) emission and significant
Stokes shift, which can be advantageous in biological applications [66].

In this way, a new NIR emissive fluorophore DPPAM dye based on
DPP molecule with ammonium groups as bioprobe and cell staining
has been developed by Hang, Yang, Qu and Hua [67]. It was shown
that this bioprobe was ‘turn-on’ response for BSA with high sensitivity
and the NIR of its emission ranged from 600 to 850 nm. AIE-assisted
bioimaging also exhibited the clear NIR signals in some special region
where the dye-aggregates attached. The synthesis of the target com-
pound DPPAM is shown in Fig. 2A. In the first step, 1, 4-
dibromobutane was attached to the core of DPP to form compound 2.
Then, it was followed by Suzuki's palladium-mediated cross-coupling
reaction between compound 2 and 4-(bis (4-methoxyphenyl)-amino)
phenylboronic acid [Pd (PPh3)4], to produce compound 3. The treat-
ment of compound3with trimethylamine (TMA) in anhydrous tetrahy-
drofuran (THF) subsequently resulted in DPPAM. The synthesized
DPPAM is nearly nonemissive in aqueous solution, but it shows AIE-
active properties and its sharp increase in NIR emissions around
703 nm is due to the aggregation and the complexation of DPPAM am-
monium groups with BSA stabilizing by electrostatic interactions
(Fig. 2B). This DPPAM can be used as a fluorescent light-up bioprobe
for the successful detection of BSA. Besides, the introduction of ammo-
nium groups has improved the water solubility of the DPPAM, which
has increased its application in bioimaging.

In another study, the fluorescence properties of two new synthe-
sized DPP-based compounds were investigated, where p-
cyanobenzaldehyde was used as starting material, and 2,5-dioctyl-3,6-
bis (4′-formylphenyl) pyrrolo[3,4-c] pyrrole-1,4-dione (compound
5) was prepared in five steps (Fig. 3). The quaternization of compound
5was used to produce the salt of DPP2with trimethylamine, and the re-
action of diethylamine with compound 5 gave DPP1 bioprobe. In this
study, DPP1 with two diethylamino groups had a specific AIE property.
That, under alkaline conditions DPP1 begins to aggregate due to the AIE
effect and the chemical reactivity of the diethylamino group to H+ ions
(pH=10.59). This is confirmed by the observation that at pH 12.36, the
DPP1 emission intensity was 6.67 times higher than that at pH 2.53 in-
dicating the fluorescent pH sensor function of DPP1. Meanwhile, given
that DPP2 is an ammonium compound in the form of salt, it showed
noAIE activity in solution. However, in a solid state, its emission showed
considerable enhancement when the viscosity of the system is in-
creased. Accordingly, in the presence of albumin, DPP2 can bind
strongly to BSA, and thus, its fluorescence emission enhancement am-
plifies with 7.65-fold. Therefore, for the detection of BSA, DPP2 could
be considered as a “turn on” biological fluorescent probe. As in cellular
imaging of HeLa cells treated with DPP2, the appearance of red fluores-
cence in the cytoplasmof the cells indicated the application of DPP2 as a
fluorescent probe because of its low cytotoxicity [68].

3.2.1.2. Chemically converted graphene (CCG)-dye complexes. Over the
last hundred years, cyanins as classical dyes are widely used in the de-
termination of amino acids, protein research, as well as the identifica-
tion of cancer cells, among others [69]. Since CCG sheets are
negatively charged in aqueous dispersion, organic molecules bearing
positive charge can be absorbed via weak interactions such as electro-
static and π-π stacking on the surface of CCG. The positively charged
Cyanin 3 (Cy3) dye is a suitable candidate for strong noncovalent bind-
ing to the CCG with a negative charge (Fig. 4). In aqueous solution, CCG
could effectively quench the fluorescence emission of Cy3, and thus, the
emission intensitywas reduced to 1/38 of 1 alone, because of the hybrid
formation between CCG and dye. CCG was synthesized using hydrazine
hydrate with partial reduction of graphene oxide (GO) to remove oxy-
gen atoms which restored the extent of aromatic double-bonded car-
bons and forms a colloidal dispersion. In the presence of a certain
amount of BSA, the observed fluorescence intensity enhancement for
the CCG–Cy3 hybrid systemwas about 60 times, rendering it highly ap-
plicable for the discrimination of BSA. The recorded fluorescence emis-
sion intensity was proportional to the concentration of added BSA in
the range of 0 to 8 × 10−6 M, and the LOD of BSA was reported to be 5
× 10−8 M [70].

Squaraine (SQ) is one of the most appealing dyes, owing to it's the
positive charge which represents a strong absorption and fluorescence
spectra characteristics in the red to near-infrared region. Its chemical
structure is illustrated in Fig. 5A. CCG was reported to significantly in-
crease the fluorescence intensity of SQ dyes in the presence of BSA.
Though in absence of CCG a weak response of SQ toward BSA is re-
ported, 80 fold enhancement in the fluorescence turn-on intensity can
be obtained upon the addition of BSA to the solution of SQ–CCG aggre-
gate affording quantification of bovine albumin [71].

3.2.1.3. Dye-metal complexes. The complex of dye probe and metal has
advantages in terms of high sensitivity and selectivity compared to the
metal ion or dye probe alone. Consequently, quantitative analysis
method based on the complex formation between protein and dye-
metal probe is rapidly developed. However, several limitations such as
poor photostability, lower excited state lifetime and absorption wave-
length hindered the broad applications of organic fluorophores. As an
additional limitation, the fluorescence spectra of the molecule as a
probe compound should not overlap with the fluorescence spectra re-
gion of proteins. In this respect, the use of transition metal complexes
with luminescent attributes as sensors attracted considerable attention
because they exhibit a high absorption wavelength and long lifetime in
comparison to the corresponding pure organic. Correspondingly, lumi-
nescent transition-metal complexes of rhenium (I), ruthenium (II),
and osmium (II) with d6 electronic configurations have increasing



(A)

(B)

Fig. 2. Synthesis of the target compound DPPAM (A). Attachment of 1, 4-dibromobutane to DPP core and the formation of compound 2. Cross-coupling reaction between compound 2 and
4-(bis(4-methoxyphenyl)-amino) phenylboronic acid and preparation of compound 3. Treatment of compound 3 with TMA in THF and obtainment of DPPAM. Illustration of the
fluorescence turn-on sensor for BSA detection based on the AIE properties of the synthesized DPPAM (B). DPPAM showed a sharp increase in NIR emissions due to electrostatic
interactions between the ammonium groups of DPPAM and BSA [39].
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applied in imaging of biomolecules and development of luminescent
probes. The complexes of ruthenium (II)-polypyridine represent advan-
tages such as long-lived luminescence, high photostability, and low-
energy absorption [72]. In this context, Babu, Mareeswaran,
Singaravadivel, Bhuvaneswari and Rajagopal [73] described a lumines-
cence sensor using two deep-red emissive ruthenium (II)-polypyridine
complexes for the detection of BSA showing particular label-free prop-
erties. The chemical structures of both complexes are shown in Fig. 5B.
In this investigation, interactions between BSA and ruthenium (II) com-
plexes were explored using spectroscopic techniques such as fluores-
cence emission, excited state lifetime, Ultraviolet (UV) absorption and
circular dichroism (CD) spectroscopy. The detection of albumin was
based on the enhanced luminescence intensity of both ruthenium (II)
complexes (I and II) at 602 and 613 nm with a considerable
hypsochromic shift of 18 and 5 nm, respectively, in the presence of
BSA. Meanwhile, the high affinity of the probes to bind BSA and hydro-
phobic interactions were the main forces stabilizing the formed com-
plexes. Based upon the calculated values for binding constant, the
strong binding of the complex I compared to complex II was deducted
to be related to the high hydrophobicity of complex I.

Rhodanine is a high-value reagent and ismainly used in the determi-
nation of metal ions and the spectroscopic determination of proteins. 4-



Fig. 3. The chemical structures of DPP1 and DPP2 probes and their synthesis route. Compound 5 was synthesized in five steps using p-cyanobenzaldehyde as starting material.
DPP1andDPP2 probes were synthesized by the reaction of diethylamine and trimethylamine with compound 5, respectively [68].
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chloro-(2′-hydroxylophenylazo) rhodanine-Titanium (IV) [CIHARP–Ti
(IV)] complex as a fluorescence probe was used in a novel developed
method for the determination of four types of proteins, including BSA,
HSA, ovalbumin, and γ-globin under optimal conditions. The chemical
structure of CIHARP is represented in Fig. 5C, which is reported to dis-
play the wavelengths of excitation and emission of 335 nm and
376 nm, respectively. Detection was based on the enhancement of
Fig. 4. Schematic illustration of BSA detection using the hybrid of Cys3 dye and CCG. Cy3 dye fluo
of BSA, the fluorescence intensity of Cy3 enhances which is proportional to the albumin conce
fluorescence, and in the presence of bis (2-ethylhexyl) sulfosuccinate
sodium salt microemulsion, the sensitivity of the system was signifi-
cantly increased, with LOD of 0.182 mg/ml for BSA and 0.0788 mg/ml
for HAS, respectively. Also, the linear calibration was in the range of
0–12.0 and 0–10.0 mg/ml, respectively. Further, this method showed
satisfactory results when applied for analysis of protein in cornmeal
and milk powder with good selectivity and high sensitivity [74].
rescence intensity is considerably reduced due to its interactionwith CCG. In the presence
ntrations [70].
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Fig. 5. The chemical structures of SQ (A), ruthenium (II) complexes I and II (B), CIHARP (C), 9, 10-anthraquinone (D), Nile blue (E), DISA alongwith its preparation route (F), and enoxacin
(G).
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3.2.1.4. Other fluorescent probes. The improvement of photochemical re-
activity can be used with a simple In situ photochemical kinetic fluori-
metric method for the sensitive detection of labeled BSA. In an earlier
study, labeling BSA with 9, 10-anthraquinone (AQ) (Fig. 5D) showed a
considerable improvement in its photochemical fluorimetric activity
compared to free AQ. Further studding the spectral characteristics of
the conjugated AQ photoreduction product revealed significant blue
shifts in the excitation and emission bands in comparison with those
of free AQ. The calibration graph was a linear range over the 0-l.8
× 10−7 M for BSA determination with the LOD of 1.2 × 10−10 M [75].

In other experiments, Nile blue (Fig. 5E) as a cationic dyewith a rigid
and planar structurewas used as a ligand to bind BSAmolecule (635 nm
excitation, and 670 nm emission). The enhancement of Nile blue fluo-
rescence at 670 nmwas used for the development of a new fluorimetric
technique for the determination of BSA concentrations at the micro-
gram level. The method is based on the binding of Nile blue to BSA
and producing a stable complex which is soluble in water. Moreover,
the addition of Triton X-100 enhanced the increment of fluorescence
emission intensity. The increased fluorescence intensity was linearly re-
lated to BSA concentration in the range of 0.5–12.0 μg/ml, and under the
optimal conditions, the obtained LODwas 0.2 μg/ml, reporting a little in-
terference among amino acids, sugars and most of the metal ions [76].

2,4-Dihydroxyl-3-iodo salicylaldehyde azine (DISA) is another turn-
on synthesized fluorescent probe which has been used in a novel
fluorescence-basedmethod for thedetection of HSA and BSA in aqueous
solutions. The synthesis of DISA starts with the 3-iodation of 2,4-
dihydroxylbenzaldehyde, in which K2CO3 and I2 were added to a solu-
tion of 2,4-dihydroxylbenzaldehyde in CH3CNAs (Fig. 5F). Then, the ob-
tained product is allowed to react with hydrazine hydrate in ethanol at
room temperature to produce DISA. At a wavelength of 529 nm, a fluo-
rescence turn-on effect after the addition of DISA to the solutions of
HSA/BSA can be observed with a significant Stokes shift of ~129 nm
which is based on the hydrophobic binding mode of the synthesized
dye to albumins. Under the optimal condition, the linear ranges of fluo-
rescence intensity for BSA were 0.1–30 g/ml and the LODwas 50 ng/ml
[77].

Enoxacin (ENX) is an antibacterial fluoroquinolone antibiotics drug
containing carboxyl and carbonyl active functional groups (Fig. 5G).
Due to a high-energy transfer from ligand to the metal ions, ENX is rec-
ognized as a suitable compound forming complexes with high stability.
Accordingly, ENX-aluminium(Al3+) is reported as another fluorescence
probe for the determination of BSA concentrations. This
spectrofluorimetricmethod is claimed to be simple, sensitive, and selec-
tive. The detection is based on the fluorescence intensity enhancement
of ENX upon the addition of Al3+ ions to the solution of ENX. The pro-
posed reaction involves the charge transfer to form a binary complex
of ENX-Al3+. In Briton-Robinson buffer (pH= 5.8) and in the presence
of BSA, the fluorescence intensity of the ENX-Al3+ complex was further
increased. Also, it was found that under the optimum condition, the en-
hanced fluorescence intensity was linear for the BSA concentrations in
the range of 0.13 to 10.0 ng/ml. The LOD was calculated to be
0.03 ng/ml. The suggested fluorescence-based method provided a sim-
ple, less expensive, highly sensitive and wide linear range for determi-
nation of BSA compared to other described techniques [78].

3.2.2. Fluorescence resonance energy transfer (FRET)
FRET is recently accepted as a more sensitive and powerful spectro-

scopic technique which has been widely used in structural biology and
analytical chemistry [9,14]. Generally, the FRET is a distance-dependent
phenomenon and the nonradiative energy of onemolecule in an excited
state as donor or fluorophore transfers to another molecule as acceptor
without the emission of a photon. The efficiency of FRET fluorescence
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energy transfer mainly depends on the overlap region between the
emission spectra and absorption spectra of donor and acceptor, respec-
tively, which is higher than 30% and the distance below 10 nm. The de-
veloped methods based on FRET for BSA detection has been recognized
to be sensitive, adaptable, and fast responding [79]. As proof of concept,
a convenient, rapid and susceptible FRET method has been reported for
the determination of BSA [80]. In this investigation, Rhodamine-6G
(R6G) and gold nanoparticles (AuNPs)were used as donor and acceptor
molecules, respectively. The developed method is advantageous be-
cause the employed AuNPs have high quenching efficiency, so the ab-
sorption spectra changes from 521 to 635 nm when AuNPs are
aggregated. Besides, when R6G was electrostatically adsorbed on the
surface of the citrate-stabilized AuNPs, the fluorescence intensity was
eliminated. After the addition of BSA, the fluorescence intensity of the
R6G recovered as BSA induced aggregation of the AuNPs and the
adsorbed R6G was released to the solution (Fig. 6A). The intensity re-
covery showed a linear relationship with the concentration of BSA in
the range of 0.8 × 10−11 M to 5.6 × 10−11 M. The LOD for BSA was
(A) 

(B) 

Fig. 6. Schematic representations for BSA determination using the energy transfer between R6G
addition of BSA, the interacted dyes are released from the surface of AuNPs, and the fluorescen
CdTe QDs and NR dye as illustrated in a schematic image (B). The interaction of CdTe QDs and
energy transfer, and BSA addition recovered the fluorescence emission upon releasing the inte
reported to be 4.58 × 10−11 M. This FRET-based method presented
rapid analysis for BSA determination with high selectivity in serum
and urine samples.

The efficiency of FRET can be improved in the presence of
cetyltrimethylammonium bromide micelles, as it can considerably de-
crease the distance between the donor and acceptor [81]. Such that,
using neutral red (NR) and Cadmium telluride quantum dots (CdTe
QDs) as acceptor and donormolecules, respectively, FRET-basedmolec-
ular sensor is reported to effectively recognize BSA protein in micelles
(Fig. 6B). Results showed that the addition of the albumin quickly
quench the fluorescence emission of CdTe QDs-NR due to the formation
of CdTe-albumin complexes. In the presence of BSA, NR dyes affinity to
CdTe QDs is weak and thus, repels from the surface of CdTe QDs. With
increasing the concentration of albumin, however, the quenching of
fluorescence intensity of the CdTe QDs sensor was enhanced which
was proportional to the linear range from 0.4 × 10−3 to 11.00
× 10−3 g/l of albumin. The results of these experiments revealed a
good sensitivity for BSA detection with a LOD of 0.13 g/l.
and AuNPs (A). The fluorescence of R6G dyes is quenched by AuNPs. However, upon the
ce intensity is proportional to the amount of the added albumin [80]. BSA detection using
NR in micelles caused to decrease the fluorescence intensity resulting from FRET-based

racted dyes from the surface of QDs [81].
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4. Nanomaterial-based sensors

4.1. Magnetic nanoparticles (MNPs)

MNPs have recently attracted a growing interest in biological appli-
cations due to their excellent biocompatibility. Notably, they can only be
separated and purified from different samples using a magnetic field.
Therefore, additional complicated steps such as centrifugation are not
required. The direct use of MNPs for the detection of BSA has not been
reported so far in the literature, and the available research is mostly re-
lated to their employment in combinationwith other nanomaterials for
the fabrication and development of new tools for the sensing of trace
amounts of BSA. For example, the fabrication of a surface imprinting
biosensor is reported based on molecularly imprinted polymers
(MIPs) method [82] and MNPs were coated with chitosan (CS) and as-
sembled on the modified multi-walled carbon nanotubes (MWCNTs)
on a carbon electrode (CE) (MIPs/MNPs/CS-MWCNTs/CE). MNPs along
with CS and MWCNTs acted as signal amplifier, enhancing the sensory
function of the biosensor. In a recently published paper by Guoning,
Pengqi, Yan, Lu, Hua, Yunzhe, Wanghui, Chun and Qiang [83], a biomi-
metic ELISA was developed in which Fe3O4 NPs was used as a magnetic
core. Fe3O4 was also successfully employed in the synthesis of surface-
imprinted magnetic polymer which was based on atomic transfer radi-
cal polymerization (ATRP) method [84].
4.2. Nanomaterials based on gold

4.2.1. AuNPs
Acceptable biocompatibility, high surface area, good conductivity,

electrical and catalytic activities of AuNPsmake thema suitablematerial
for different applications [85,86]. Recently, the operation of a simple and
reproducible method is reported to obtain surface-enhanced Raman
scattering (SERS) substrate using the efficiently guiding localized sur-
face plasmon resonance (LSPR) field of the trapped AuNPs in the
nanochannels of a blu-ray digital versatile disc (BRDVD) [87]. LSPR is
known as an optical phenomenon created by a light wave trapped
within conductive NPs smaller than the light wavelength. The phenom-
enon is the result of the interactions between the incident light and sur-
face electrons in a conduction band [88]. In this report, the trapped
AuNPs generated guided mode resonance (GMR) field in the BRDVD
channel. The suggested SERS substrate produced reasonably stable sig-
nal intensity over 45 days. Raman signal intensities of three clinically es-
sential biomolecules, namely albumin, creatinine, and urine, have been
measured and quantified reliably with the designed substrate. 0.1 μg/
ml, 0.2 μg/ml and 0.6 μg/ml were the minimum concentrations of
Fig. 7. A graphic schemes for the fabrication of the proposed electrode usin
albumin, creatinine, and urea, respectively measured by Raman spec-
trometer [87].

AuNPs can also be employed for the fabrication of a modified gold
electrode (GE) coated with two dimensional (2D) silica network/
citrate-capped AuNPs-poly diallyl dimethyl ammonium chloride (GE–
2DSN-CAuNPs-PDDA) which has been successfully used for the ultra-
trace determination of BSA protein [89]. Due to the presence of insu-
lated silica network, PDDAwas used as themain component of the sen-
sor for electrode modification which provided high impedance and
increased the electrode surface area. Further, electrochemical imped-
ance spectroscopy (EIS) was used to evaluate the analytical properties
of the developed sensor. In this work, 2D silica network via twice In
situ hydrolysis of 3-mercaptopropyl-tri-ethoxy silanewas covalently at-
tached on the surface of the GE. CAuNPswere then adsorbed chemically
in the silica cage. PDDAwas then linked to CAuNPs through the electro-
static interaction of thepositively charged polymer, and the CAuNPs sta-
bilized with negative charges. The measured BSA detection limit was
reported to be 8.4 × 10−13 mol/l, and the fabricated sensor showed a
linear concentration in the range of 9.9 × 10−12 - 1.6 × 10−10 mol/l of
protein. Additionally, it produced acceptable results with selectivity
and excellent stability in some tested samples for BSA determination
(Fig. 7).

Equally, AuNPs has been found as usefulmaterials in the preparation
of a 3Dmolecularly imprinted electrochemical sensor based on AuNPs@
Ti based metal-organic frameworks with application in ultra-trace BSA
detection [90]. The fluorescence turn-off properties of AuNPs make
them a suitable nanomaterial in the development of biosensors based
on the FRET phenomenon. In these types of biosensing devices, AuNPs
act as acceptor molecules and quench the fluorescence emission inten-
sity of the donor molecules [80].

4.2.2. Gold nanorods (Au NRs)
Due to the excellent radiative andnonradiative properties, AuNRs as

one dimensional (1D) anisotropic nanomaterials have developed for a
wide range of application in different areas such as biomedicine and bi-
ology. Au NRs are usually chosen as the nanocarrier for loading different
objects to fabricatemultifunctional nanoprobeswith a high specific sur-
face area [85]. In this respect, the development of a simple label-free
fluorescent biosensor based on Au NRs for the assay of BSA and calf thy-
musDNA(ctDNA)was reported [79]. The coated AuNRs bymesoporous
silica (Au@SiO2) were then loaded with acridine orange (AO) using the
one-pot synthesis method and the detection of BSA was based on the
quenching of fluorescence intensity signal. Under the optimal condi-
tions, the values of the fluorescence quenching intensity obtained
from the biosensor were proportional to various concentrations of BSA
(0.75–33.86 mol/l), and the obtained LOD was 0.25 mol/l. A good
g Au NPs and the sensing processes for the determination of BSA [89].
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selectivity for both BSA and ctDNA samples was proposed for this
method which can be used in the analysis of the analytes in real sam-
ples. The preparation strategy of Au NRs@SiO2-AO complex was sug-
gested as a novel way to develop fluorescent-based sensors.

4.3. Nanomaterials based on zinc oxide (ZnO)

4.3.1. Zinc oxide microwires
Due to recent technological achievements, the application of ZnO

nanomaterials for the design of biosensors is of considerable interest
[91], as they are biologically compatible, and non-toxic with a high
chemical stability [92]. In this view, fabrication of a customized
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Fig. 8. The proposed reaction mechanism for EDC/sulfo-NHS/BSA-NH2. Interaction of only bi-d
electrodes (A); the formation of an electrical double layer on the electrode and increase the cap
creation of amine-reactive intermediate compounds after the addition of BSA via the EDC/sulfo
with ZnO amine groups and BSA binding via carboxyl group to the ZnOmicrowire (D); continua
electronic platform is demonstrated for biosensing, by integrating a sin-
gle functionalizedmicrowire between goldmicroelectrodes as a sensing
element, including a custom microelectronic chip for signal readout
[93]. The platform was validated as a proof of concept for the real-
time detection of BSA binding onto an NH2-functionalized zinc oxide
(ZnO-NH2) microwire. The ZnO-NH2 microwire was deposited with
dielectrophoresis (DEP) technique between two gold electrodes. A
quasi-digital impedance converter (QDIC) was designed to read ZnO
microwire impedance continuously and immediately and to transmit
data to a laptop. Further, for a better reductionof noise and the function-
ality of the device, a QDIC, microelectrodes, a DEP generator, and data
analysis were incorporated in a stacked-card PCB configuration. The
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proposed system in this study was capable of differentiating between
different BSA concentrations and provided real-time information on
the binding process (Fig. 8).

4.3.2. ZnO nanospheres
An electrical detection method based on solution-processed zinc

oxide nanosphere for ultra-low BSA detection has been demonstrated.
The developed device worked with different BSA concentrations based
on the variation in the conductance of the ZnO nanosphere displaying
the sensitivity of 0.126 nA/pM, LOD of 10 pM and the fast response
time about 5 s. Authors claimed that they achieved the highest sensitive
detection sensor for BSA so far. The basis of the sensingmechanismwas
charge transfer between ZnO and BSA [94].

4.3.3. Al2O3/ZnO nanolaminates
As an extra platform for BSA detection, Al2O3/ZnO nanolaminates

have been assessed for possible use in optical immunosensor design
[95]. To this, optical response of the prepared nanolaminates that was
pre-modified with an N-(3-aminopropyl) triethoxysilane (APTES)
layer during the formation of BSA monolayer on the surface of Al2O3/
ZnO sensor was studied using the total internal reflection ellipsometry
(TIRE) technique. Results demonstrated a significant contribution of
multiple reflections from the interfaces between ZnO and Al2O3 to the
improvement of the optical response in the total internal reflection con-
figuration. Furthermore, Al2O3/ZnO nanolaminates with a total thick-
ness of 200 nm based on four alternating Al2O3 and ZnO layers with a
thickness of 50 nm showed a higher sensitivity than nanolaminates
with two 100 nm oxide layers.

4.4. Nanomaterials based on silver

4.4.1. Silver nanoparticles (AgNPs)
Recently, a wide range of analytical applications has been reported

for AgNPs due to their unique optical properties in the LSPR. AgNPs of
various sizes and shapes display different colors depending on their
LSPR absorption in the visible spectral range. Therefore, tremendous re-
search is focused on the preparation of AgNPs of various shapes and
sizes, such as nanotubes, nanowires, nanorods, nanodiscs/nanoplates,
nanoprisms, triangular silver nanoplates (TAgNPs), and so on [96]. In
an investigation by Pan, Tao, Mao, Zhu and Liang [97], a new method
for preparing a series of functionalized silver sulfide nanoparticles
(Ag2S NPs) with different amino polycarboxylic acids is proposed.
That, based on the resonance light scattering (RLS) spectra intensities
enhanced byBSA-inducedAg2SNPs aggregation, a sensitive RLSmethod
for the BSA detection was realized at nanogram detection levels. The
LOD for BSA was 8.6 and 112.6 ng m/l, which was dependant on the
used capping agents. Also, LOD was affected by the stability constant
(log KMY) for the complexes of silver and aminopolycarboxyl agents.

In addition, quantitative analysis of SERS studies shows that the SERS
intensity of BSA adsorbed on the AgNPs substrate deposited at 300 °C is
higher than that of BSA adsorbed on the active substrates of SERS at any
other substrate temperature (Ts) [98]. In one experiment, AgNPs thin
films were produced on glass substrates by pulsed laser deposition at
0.1 mbar pressure, and different applied Ts in a controlled Argon atmo-
sphere and the effect of Ts on electrical conductance, surface plasmon
resonance (SPR), and SERS activity of AgNPs thin films is described. Re-
sults indicated the film deposited at room temperature has an SPR peak
of 460 nm, and its wavelength increases first until Ts reaches 300 °C and
then decreases with further increase in Ts.

4.4.2. TAgNPs
An extra method for BSA quantification can be envisaged using

TAgNPs. In this way, interactions of TAgNPs and BSA in the Britton–
Robison buffer solution (BR), is reported as a fast, simple, and ultra-
sensitive spectrophotometric technique Zhang, Ma, Kuang, Cheng,
Long and Xiao [99] for BSA detection. In the reported work, in BR buffer
solution (pH = 2.56), the maximum absorption wavelength (λmax) of
TAgNPs showed a red shift in the presence of BSA molecules and the
color solution changed from blue to light blue. It was demonstrated
that at pH 2.56, hydrogen bonds (H-bonds), van der Waals forces, elec-
trostatic forces, and hydrophobic effects are themain interactions stabi-
lizing BSA molecules on the surface of TAgNPs, causing the TAgNPs
aggregation. Further, the change of λmax corresponding to LSPR ob-
tained fromUV–vis spectrophotometry wasmeasured for BSA determi-
nation. Results showed that the shift value in the maximum absorption
wavelength (Δλ, the difference in the λmax of the TAgNPs/BR in the
presence and absence of BSA) was proportional to the BSA concentra-
tion in the range of 1.0–100.0 ng /ml. The LOD for BSA was found to
be 0.5 ng/ml.

4.4.3. Silver nanostructures (AgNSs)
AgNSs has also been examined in the detection of BSA by Devi,

Berchmans and Mandal [100]. They demonstrated a new protein test
using the voltammetric method in the presence of AgNSs, which were
electrochemically formed on gold substratesmodifiedwith amonolayer
of self-assembled thioctic acid. The fabricated AgNSs possessed
voltammetric response characteristic of Ag, and under physiological
pH, they displayed near Nernstian response. In comparison to the con-
ventional protein assays, the authors claimed that themodified electro-
chemical method shows some advantages including the wide linear
range for BSA concentration (104–1011 g/ml) and low level of LOD
(50 pg/ml). Additionally, long term stability and high sensitivity were
reported for the developed electrode.

4.5. GO-based nanomaterials

In recent decades, GO has been gained much-increasing interest
since the first report in 2004, as it is a 2D unique graphitic carbon
nanomaterial with only one atom thickness. It can be directly trans-
formed into monolayer sheets and is capable of preparing highly stable
dispersions in water. These properties are primarily attributed to their
oxygen containing functional groups, such as alcohols, carboxylic acid,
and epoxides. GO shows various specific characteristics such as electron
confinement effects, extremely high theoretical surface area, electrome-
chanical modulation, good optical transparency, excellent thermal/
chemical stability and high mechanical flexibility [101]. In the context
of protein detection, the interaction of GO, 10-hydroxy camptothecin
(HCPT) as amedicinal anticancer drug, and BSAwas explored for thede-
velopment of a method for serum albumin analysis [102]. It was shown
that HCPT binding and loading on GO surface was due to π-π stacking
interaction, and in the presence of GO, the delivery of HCPT to BSA
was improved (Fig. 9). Thus, GO could facilitate the binding interaction
between HCPT and BSA. Moreover, GO was found to enhance HCPT's
fluorescence response to BSA and thus, a low-cost biosensing platform
for fluorescence turn-on BSA detection based on GO was developed.
The structure and electronic properties of GOwere attributed to the sat-
isfactory analytical performance of this biosensor for BSAdiscrimination
and further quantification.

4.6. Carbon nanotubes

In the last decade, considerable effort has been made to use
MWCNTs as new biosensing nanomaterials. MWCNTs-based sensors
with a high specific surface area are expected to show high sensitivity
and rapid response [103]. MWCNTs have been extensively used in the
construction of sensing devices for selective and sensitive BSA detection
and quantification. In this regard, numerous MIPs have been prepared
and reported in the literature for the recognition of bovine albumin.
Chen, Zhang, Luo and Yao [82] usedMWCNTs for the fabrication of a dif-
ferent sensing device composed of surface-imprinted chitosan-coated
MNPs modified MWCNTs for the detection of BSA. In another research
reported by Zhang, Huang, Yu and Chen [104], the surface of MWCNTs



Fig. 9. The interactionmechanismof HCPT, BSA, andGOwhichhas been considered for the
determination of BSA [102].
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was used for the development of a new protein molecularly imprinted
membranes (MIMs) for BSA recognition. For the ultra-trace detection
of BSA, theMWCNTs bearing vinyl exposed groups on ceramic electrode
were modified to fabricate MIPs with high substrate-selective proper-
ties [105]. Likewise, in an investigation reported by Zhang, Huang, Yu
and Chen [104], the surface of MWCNTs was used for the preparation
of MIMs, and the adsorption characteristics of the prepared MIMs to-
ward BSA were evaluated.

4.7. QDs

Organic dyes are the common chemicals used for the sensing of dif-
ferentmolecules and cell imaging based on fluorescencemethods. In re-
cent years, QDs asmonodispersed colloidal semiconductor nanocrystals
have attracted significant attention and have also attracted considerable
research efforts over conventional fluorophores due to their excellent
optical properties such as high quantum yields, strong resistance to
photobleaching, broad absorption spectra, size-tunable, symmetric
and narrow emission bands (30–50 nm), high photostability, and high
photoluminescence efficiency [106].

For detection of BSA using CdTe QDs and neutral red, Ge, Lu, Yan, Yu,
Yu and Sun [81] developed a FRET-based sensor. In this investigation,
using CdTe QDs and NR as energy donors and acceptors, respectively,
BSA in micelles was effectively sensed by a FRET-based molecular sen-
sor. Results proposed a new technique for BSA determination, which
was based on the electrochemiluminescence (ECL) of BSA with CdTe
QDs films. Firstly, the substrates were dipped into the toluene solution
of 3-aminopropyltrimethoxysilane (APS) to obtain an APS layer. Then,
stable water-soluble QDs with intensive anodic ECL emission were ob-
tained using thioglycolic acid (TGA) to cap CdTe colloidal solutions on
an electrode of indium tin oxide (ITO). The modified ITO glass with
CdTe QDs was prepared by the layer-by-layer (LbL) self-assembly pro-
cedure (Fig. 10A). The ECL intensity was reported to be linear with
BSA content in the concentration range of 1.0 × 10−9–1.0 × 10−6 g/ml
and 1.0 × 10−6-1.0 × 10−5 g/ml, and the calculated LOD was 5.48
× 10−10 g/ml. A good reproducibility for ECL analysis was accomplished
using this sensitive and straightforward method [107]. Also, for the
quantitative determination of BSA, a novel method is presented by Yu,
Lai, Zheng, Wu, Long and Liang [108]. In this study, a new type of func-
tionalized CdTe/CdS QDs was synthesized for quantitative and selective
sensing and determining of BSA. Fluorescence intensity with maximum
excitation and emissionwavelengthswere detected at 336 and 524 nm,
respectively at pH 6.83. Under optimal conditions, the concentration of
BSAwere in the range of 0–1.2 × 10−6mol dm−3 and the obtained fluo-
rescence intensity was reported to be linear, with LOD of 5.4
× 10−8 mol dm−3. In addition to its reliable fluorescence signaling
and intrinsic sensitivity, other benefits of this method included its sim-
plicity, highly resistant to chemical andmetabolic degradation, rapidity,
significant Stokes shift, and goodwater-solubility. Similarly, silica nano-
spheres surface surrounded CdTe QDs were prepared in a new epitope-
based molecular imprinting polymers (EMIPs) for the recognition of
BSA [109]. In this attempt, the CdTe QDs were directly modified by the
sol-gel reaction with NH3.H2O as a catalyst to accelerate the reaction
with a silica shell, and the synthetic peptidewas used as a templatemol-
ecule from the C-terminus of BSA. Compared to MIPs coating CdTe QDs
using BSA as the template, the direct fluorescence quantification of BSA
for the MIPs coating CdTe QDs nanospheres using epitope as the tem-
plate was affordable.

Further, InGaP/ZnS core-shell biocompatible functionalized QDs
were bioconjugatedwith polyclonal anti-BSA antibody and used asfluo-
rescent probes for BSA detection. The characterized absorption and
emission spectra blue shifting around 40 and 30 nm, respectively
showed strong bioconjugation reactions. The conjugation was per-
formed using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
as a crosslinker to create a peptide bond between the amide group of
QDs and the carboxyl group of anti-BSA (Fig. 10B). SPR spectrometry
exploited to study the affinity of QDs-anti-BSA probes for BSA detection,
corroborating that the developed probe is capable of the
photoluminescence quenching of BSA [110].

5. Other related works of interest

For the quantification of BSA inmilk products, an automated biosen-
sor immunoassay using SPR has been described [111]. The LOD of the
suggested method was 0.02 mg/g in milk and at least for 400 cycles, a
single flow cell was stable. This technique was used to estimate the
BSA content of bovine milk, colostrum, whey protein fractions and for-
mulae for infants. SPR sensitivity enabled the reduction of non-specific
interactions and high sample dilution. A label-free, real-time quantita-
tion of BSA is proposed with the development of automated biosensor
immunoassay in bovine milk products and pediatric formulae, which
is sensitive, precise, rapid, and accurate, providing data comparable to
the high-performance liquid chromatography (HPLC). For highly sensi-
tive quantitation of BSA, its iron-binding properties were considered in
the report by Kukkar, Sharma, Kumar, Kim and Deep [112], which de-
scribes the application of a new molybdenum disulfide (MoS2) based
on an electrochemical platform. Authors modified the screen-printed
gold electrodes with MoS2 nanoflakes and subsequently bioconjugated
it with anti-BSA antibodies. The constructed bioelectrode exhibited a
linear response with the LOD of 0.006 ng/ml. Themethod showed a sig-
nificant improvement in the signal during the electrochemical sensation
of a protein. The applicability of the developed strategy in this research
can also be extended to the sensing of several other protein molecules
with iron-binding properties, such as HSA, transferrin, ferritin, and
lactoferrin. The attachment of antibody on the surface of MoS2
nanoflakes was claimed to be simple, which achieved by hydrophobic
interactions. It is reported that the direct protein oxidation peaks
could be observed by H-terminated boron-doped diamond (BDD) elec-
trodes. Further, BDD enabled hydrogen production by reduction treat-
ment. The pH dependence of BSA oxidation suggested that the
oxidation involved at least three redox-active amino acid residues
(Trp, Cys, and Tyr). A linear concentration range of 5 to 3000 mg/dl
with a lower LOD of 5 mg/dl was determined for BSA. A good reproduc-
ibility was also accomplished, suggesting that BDD electrodes can be
used for direct electrochemical detection with a high sensitivity, stabil-
ity, and simplicity [113]. Moreover, near-infrared diffuse reflectance
spectroscopy (NIRDRS) is considered as a powerful method for analyz-
ing samples components with complex matrices. However, the use of
this method for microanalysis still presents certain obstacles to be
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Fig. 10. Schematic diagram of LbL self-assembled processes of multilayer QDs films. The preparation procedure can be shown in three main steps: preparation of APS layer using APS;
fabrication of capped CdTe QDs on an ITO by TGA; LbL self-assembly of CdTe QDs on the modified ITO glass (A) [107]. EDC-NHS mediated bioconjugation of anti-BSA with InGaP QDs
(B) [110].
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overcome, such as low sensitivity and spectral overlapping. Using
NIRDRS with sample spots and chemometric techniques, a method for
the fast determination of BSA in micro-volume samples was studied.
For spectral measurements, only 10 μl of the spotted sample on a filter
paper substratewas used and suggested that themethodhad thepoten-
tial to quickly detect proteins in low volume solutions [114]. Equally,
monitoring of BSA using piezoelectric quartz crystal impedance (QCI)
method with the precipitation of BSA in the presence of Cu2+iones
was reported [115]. For BSA determination, the linear range of 4
× 10−3 to 4 × 10−1 g/l with the LOD of 1.9 × 10−4 g/l was achieved.
This method is simple since no additional reagent is required. Also, it
is suitable for determining other proteins and can be used to study the
dynamics process.

The conjugated polydiacetylenes (PDAs) polymers with the unique
intrinsic ability to respond to various stimuli undergo the transition of
blue to red. Some PDA-based systems have been designed to detect bac-
teria, enzymes, viruses, surfactants, solvents and so on using colorimet-
ric changes. These chromic properties of PDA makes it a suitable
material for application in sensor systems with several advantages,
such as fast and straightforward detection, easy color change recogni-
tion by the naked eye and label-free detection. In an attempt, nano-
aggregates formed by a mixture of two polymers (PDA and triblock
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copolymer L64) was used to overcome the limitations of PDA vesicles
and used for detection of BSA. This work describes the properties of
the synthesized polydiacetylene-triblock copolymer (L64) nanosensors,
for easy detection of BSA. The function of nanosensor composition,
polydiacetylene chemical structures, BSA conformation, and hydropho-
bic domain availabilitywas considered to evaluate the sensor efficiency.
The developed nanosensors were sensitive to the average BSA concen-
tration in milk and dairy products. Moreover, it has been discriminated
by naked eye blue to red transition the native and denatured BSA. Dis-
criminating between free/bound and native/denatured protein as the
main property of the constructed PDA-L64 nanosensor has the potential
to be used as an inexpensive sensor for rapid BSA detection [116].

6. Conclusions

Bovine albumin is the main protein in products obtained from cows
such as milk and meat, and its detection and quantification is of great
importance due to increasing the consumption of such foods in recent
decades. Additionally, BSA is a vital protein widely used in different bio-
medical assays, and thus, it has been attempted to sense and quantify
this biomolecule using differentmethods. Because of considerable accu-
racy, high sensitivity, efficiency, and high-speedmeasurement, modern
nanotechnology-based detection methods have been successfully ap-
plied as superior alternatives to the conventional biosensing methods
in recent years. Due to their unique features, different types of metallic
or non-metallic NPs including AuNPs, MNPs, QDs, and so on have
attracted particular attention. The combination of different
nanomaterials with sensitive spectroscopic techniques such as fluores-
cence and SPR can provide the ultra-amounts detection of albumin.
The fluorescence turn-on properties of some molecules make them a
suitable candidate in the robust recognition of BSA. Though the recent
two decades have witnessed a considerable achievement in BSA detec-
tion methodologies, nonetheless, none of the developed methods has
paved theway to the industrial/market uses. Thus, it seems that the cur-
rent knowledge and the reported methods and the constructed devices
on albumin recognition is not adequate and the improvement and de-
velopment of novel methods for real uses in different fields is
indispensable.
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