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Abstract: This review is focused on the biosensing assay based on AuNPs (AuNPs) modified by
proteins, peptides and nucleic acid aptamers. The unique physical properties of AuNPs allow
their modification by proteins, peptides or nucleic acid aptamers by chemisorption as well as other
methods including physical adsorption and covalent immobilization using carbodiimide chemistry
or based on strong binding of biotinylated receptors on neutravidin, streptavidin or avidin. The
methods of AuNPs preparation, their chemical modification and application in several biosensing
assays are presented with focus on application of nucleic acid aptamers for colorimetry assay for
determination of antibiotics and bacteria in food samples.

Keywords: AuNPs; aggregation; colorimetry; (-casein; trypsin; chymotrypsin, DNA aptamers;
antibiotics; bacterial pathogens

1. Introduction

Nanoparticles (NPs) are structures with dimensions typically less than 100 nm; how-
ever, larger nanoparticles are also reported. The properties of these nanoparticles depend
on their size, shape and metal composition, but also on the solvents and chemical mod-
ifications. High degree of NPs reactivity is particularly due to large surface to volume
ratio. The unique optical properties of metal NPs including their high molar extinction
coefficient are attributed to the localized surface plasmon resonance (LSPR) phenomenon.
These properties preclude the nanoparticles to be efficiently used for the development of
biosensing assays [1].

AuNPs (AuNPs) are most frequently used in biosensing applications. Their size
varies from 1 nm to hundreds of nm. AuNPs are mostly synthesized in liquid suspension
and therefore are called “colloidal gold”. Colloidal gold has been known since ancient
times as a method for staining glass. In the Middle Ages, colloidal gold was used also in
medicine [1,2]. AuNPs have unique physical, mechanical, electrical and optical properties
that can be adjusted via changes in shape, size and dielectric constant. These features make
them suitable for sensing and imaging applications [3,4]. AuNPs can be applied in different
configurations for optical detection based on colorimetric [5], dual-mode colorimetric and
fluorometric [6] and fluorescence resonance energy transfer (FRET) [7]. A colorimetric assay
is a technique adapted to detect the analyte of interest rapidly by providing a visual color
change. In colorimetric sensor applications, AuNPs are most widely used due to their high
stability, facile synthesis, excellent biocompatibility and strong LSPR [5,8]. Colorimetric
sensors have attracted tremendous attention due to their easy readout (often with the
naked eye) with no requirement for expensive instrumentation and sophisticated operation
and potential for high throughput formats [9]. Depending on the surface modifications,
the NPs can tend to aggregate. The aggregation of NPs can be affected by various analytes
of interest such as proteins, enzymes or even viruses and bacteria.
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This review describes the methods of preparation of AuNPs and their modifications by
proteins, peptides and nucleic acid aptamers. Several examples of exploitation of AuNPs
modified by proteins and peptides for detection proteases and other enzymes is presented.
Special focus is on the analysis of the publications that report on the application of nucleic
acid aptamers for detection of antibiotics and bacteria, which is important for the food and
dairy industry. The most recent works in this respect are described and analyzed.

2. Preparation and Properties of AuNPs
2.1. Preparation of AuNPs

The methods of AuNPs synthesis varied over the years. One of the first reports on the
synthesis of AuNPs can be traced to 1941 when Hauser et al. reported the reaction of gold
chloride with trisodium citrate [10]. Later in 1951, Turkevich et al. presented a detailed
method of the preparation of AuNPs, which now is a cornerstone for nanotechnology [11].
In both methods, a reduction of gold ions into gold atoms was used to prepare AuNPs.
AuNPs in solution have different stability and tend to aggregate depending on the sus-
pension and surface modification [12,13]. AuNPs can be stabilized electromagnetically
or sterically. Electromagnetic stabilization is produced by charge of the surface ligands
of AuNPs, either positive or negative. In either case, it is assumed that the Z-potential
should be at least +20 or —20 mV, respectively, for the AuNPs to be stable. Another way to
stabilize AuNPs is steric stabilization, which is commonly achieved by using surfactants,
for example Tween-20, Tween-80, sodium dodecyl sulfate (SDS) and others [14]. In the
synthesis of the AuNPs by reduction method, it is necessary to use chemicals for the
reduction of Au* and Au'* ions to Au’, as well as a corresponding stabilizing agent [11].

The Turkevich method is an easy, efficient and relatively precise method for synthesis
of AuNPs and therefore it is most widely used [15-17]. In short, this method consists of
heating the solution of gold chloride (HAuCly) to a boil and adding sodium citrate and
is based on a seed-mediated process. The Turkevich method essentially goes through
four steps [18]. In the first step, there is a high rate of Au reduction and the clusters of
nanoparticles with a dimension of 1-2 nm are formed. In the second step, reduction of
Au continues but more slowly, and these nanoparticles, due to their lower stability, merge
together which resulted in a decrease in their number. After this nucleation step, the
nanoparticles do not further merge and their total number does not change. In the third
step, the AuNPs slowly grow. The reason of this process is the existence of a double electric
layer around the nanoparticles, and the gold ions are incorporated in the seed particles.
When particles grow to 4-5 nm, they undergo the last phase. In this fourth step, a fast
reduction consumes the remainder of the 70-80% gold ions. The color during the synthesis
of AuNPs changes as follows. After the addition of citrate, at approximately 12 s, there
is a change from the yellow color of gold chloride to deep blue/violet color. After 5 min
of boiling the solution, the color changes to a deep red color. It is assumed that the dark
blue/violet color is associated with formation of nanowires during the synthesis of AuNPs.
The AuNPs synthesized by this method are spherical in shape. However, depending on
the method used it is possible to obtain different shapes of AuNPs, for example nanorods,
nanocages, stars and so on [19-21]. The Turkevich method has been largely analyzed
and there exist several variations of this method. Frens further modified this method and
noted that changing the citrate concentration can modify the size of the nanoparticles [22].
The Turkevich method produces AuNPs with a diameter in the range of about 4-50 nm.
However, AuNPs of around and above 100 nm can also be produced, but they are much
more polydisperse in comparison with those obtained by concentration of reagents that
result in 4-50 nm size. The resulting size of AuNPs depends on the concentration of
the gold chloride and sodium citrate (or their ratio), pH of the respective solutions and
temperature control of the synthesis. In different variations of the Turkevich method, the
water solution of sodium citrate is boiled, and gold chloride is added to the boiling citrate.
This usually produces smaller nanoparticles (4 nm), as has been shown by Yang et al. [23].
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One of the modifications of the Turkevich method is based on NaBH, (sodium boro-
hydride) to reduce the gold ions instead of citrate [24-28]. This method produces AuNPs
with diameter in the range of 7-30 nm. This reaction does not require boiling of the solu-
tions. However, NaBH, reduces Au ions too quickly and it is usually added dropwise and
ice-cold to the solution of gold chloride, which can also be kept in an ice-bath.

Another type of AuNPs synthesis is the Burst-Schiffrin method [29]. AuNPs made
by the Turkevich method are very susceptible to thiol-based molecules and these would
produce irreversible aggregation of the AuNPs. Thiol ligands during synthesis are also
able to prevent the growth of nanoparticles, which generally leads to a synthesis of smaller
AuNPs. In order to produce AuNPs soluble in organic solvents, this method uses two-phase
synthesis. One of the main compounds used in this method is a solution of tetraoctylammo-
nium bromide (TOAB) in toluene. This solution is mixed vigorously with gold chloride in
aqueous solution until all the gold chloride is transferred into the organic layer. Dodecane
thiol is then added to the solution. After that, sodium borohydride in aqueous phase is
added slowly with vigorous stirring. The solution is then left to stir for 3 h and then using
rotary evaporator is mixed with high volume of ethanol to remove excess of thiols. The
solution is then left at —18 °C for 4 h. This produces a dark brown precipitate that is filtered
off and washed in ethanol and then dissolved in toluene and ethanol. In variations of
this method, also other thiols were used such as penthathiol, chlorobenzenemethanethiol,
1-hexanethiol and others [30-33]. This method generally produces smaller particles than
Turkevich method of around 2-30 nM in diameter.

In order to obtain less polydisperse solutions of AuNPs it is possible to use the seed-
mediated method. This most used method has been described in detail by Jana et al. [34]. It
is based on application of two solutions—seed solution and growth solution. Seed solution
consists of gold chloride, trisodium citrate and ice-cold sodium borohydride. The growth
solution consists of gold chloride and cetyltrimethylammonium bromide (CTAB). The next
step consists of mixing of the seed solution and growth solution with ascorbic acid. With
these seed and growth solutions, Jana et al. [34] obtained 5.5 nm spherical AuNPs. Further,
they also used these AuNPs as a seed and growth solutions. This resulted in various sizes
of AulNPs in the range of 5.5-37 nm. The shape of the AuNPs was different depending on
the growth and seed solutions used.

Since AuNPs can be used in biomedical applications, it is important to prepare them
in a “green way” in order to be non-toxic for the recipient and to avoid environmental
pollution by the used chemicals. These environment-friendly methods are also relatively
simple and produce stable AuNPs [35-39]. In principle, the biological systems should
be capable to produce different chemicals which should be able to reduce the gold ions,
for example proteins, enzymes, phenols, flavonoids and others. These chemicals are
commonly found in plants. However, microorganisms such as bacteria [40-42], yeast [43]
and fungi [44] can be also used. In order to obtain these biochemicals, usually a part of
a plant is chopped, cleaned and boiled in distilled water. These parts can be leaf, bark,
stem, root, seeds and so on. The extract is then simply added to gold chloride solution.
For microorganisms, the biosynthesis can either be done intracellularly or extracellularly;
however, the extracellular way is usually easier on post-processing of the AuNPs. For the
extracellular way, a culture of microorganisms is left to grow for 1-2 days after which the
biomass is centrifuged, and the supernatant is then mixed with the gold chloride at the
same way as for plant extracts [45]. In order to obtain AuNPs in water solution without the
plant or microorganism extracts, the final solution is usually centrifuged at higher speed
and the remaining pellet with AuNPs is washed with water or another desired solvent.
Different sizes of AuNPs can be produced with these methods, ranging from 2.4 to 200 nm.
The shapes of these AuNPs can be from spherical to cubical, hexagonal, triangular or
rod-shaped. The process with which the different extracts work is not yet fully known. It
is possible that in the reduction of gold ions and capping of AuNPs, an important role is
played by several different chemicals present in plants or produced by microorganisms.



Chemosensors 2021, 9, 281

4 0f29

Among more recent methods of AuNPs synthesis are radiolytic and photolytic ones.
These methods use UV-light or gamma radiation (usually from ®°Co) in order to reduce the
gold chloride [46,47]. These methods produce typically “naked” AuNPs which should be
then stabilized during or after synthesis. These methods promise a better control over the
shape and size distribution of AuNPs. In a similar manner, ultrasound was used in order
to assist and modify the resulting size and shape of AuNPs [48].

The above-mentioned methods were mostly chemical and belong to a class of methods
called bottom to top approach. In these methods, AuNPs are synthesized from the precursor
containing gold ions (usually gold chloride). There is another pathway of AuNPs synthesis
that is usually based on physical methods. These methods are called top to bottom and
consist of physically or chemically altering the bulk material (usually a solid gold). These
methods are based on laser ablation, lithography or milling methods [49-51]. Laser ablation
produces small AuNPs with the dimensions 3-13 nm depending on the time of ablation.
The methods of preparation of AuNPs are summarized in Table 1.

Table 1. Most common methods used for the preparation of AuNPs.

Method Reduction Agent Stabilization Agent [Snl Izne] References
Bottom to top (from HAuCly)
Turkevich method Sodium citrate Citrate ions 5-40 [11]
Modified Turkevich method Sodium borohydrate Citrate ions 7-30 [24-28]
Burst-Schiffrin Sodium borohydrate Thiols 2-30 [30-33]
Plant extracts . .
Bacteria Various chemicals
”Green” methods Funed present in plants and 2.4-200 [35-45]
Y & microorganism
east
Radiolytic method Gamma radiation Tonic liquid 10-50 [46]
Top to bottom (from bulk gold)
Laser ablation N/A Surfactants 3-13 [49]
Lithography N/A Thiols 2-4.5 [50]
Milling method N/A Thiols 24-36 [51]

2.2. Properties of AuNPs

AuNPs are photosensitive, and visible light can induce their aggregation. Depending
on the stabilization agent, they can also be sensitive to concentration of different ions
and irreversibly aggregate. Freezing of AuNPs without a special treatment also leads to
irreversible aggregation [52]. Therefore, it is advised to store the AuNDPs in the fridge at
4 °C in dark. AuNPs possess several optical, electrochemical, catalytic and antibacterial
properties [53]. Unmodified AuNPs are also largely inert in the body and are non-toxic [54].
One of the main optical property of AuNDPs is surface plasmon resonance (SPR) and the
ability of quenching of the fluorescence. The unique optical properties of AuNPs arise
from collective oscillations of the electrons. The interaction of light of a resonant frequency
resulted in electrical polarization of AuNPs and light absorption. This phenomenon
is known as a localized surface plasmon resonance (LSPR) already mentioned above
(Figure 1) [55]. AuNPs possess also different optical properties such as resonance Rayleigh
scattering and surface-enhanced Raman scattering (SERS) [56].
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Figure 1. The scheme of interaction of electromagnetic wave with the surface electrons of AuNP to
induce the LSPR effect.

The incident photon can excite the oscillation of the electron cloud, which gives rise to
a localized surface plasmon band. In these wavelengths, AuNPs absorb visible light, which
gives rise to their red to violet/blue colors (Figure 2). The absorption maximum of the
LSPR effect depends on various factors like size of the nanoparticles, their modifications
by ligands, solvent, temperature, pH, core charge or their shape [55].

Figure 2. Color changes of AuNPs depending on their size.

By means of absorbance spectra it is possible to estimate the size and concentration of
AuNPs. AuNPs of size 10-100 nm have maximum of absorbance between 520 and 550 nm.
The relationship between the size and absorption maximum is linear for the same concen-
tration of AuNPs [57]. The absorbance also linearly depends on the concentraton of the
AuNPs of the same size. The AuNPs can be modified by various compounds and this also
affects their absorption spectra. As an example, Figure 3 shows the absorption spectrum
of AuNPs (15 nm in diameter) prepared by the Turkevich method. After modification of
the nanoparticles with 3-casein, a slight increase in absorbance and shift of its maximum
position can be seen. This is caused by different electromagnetic properties of the AuNPs
modified by casein in comparison with naked gold. Further modification of the AuNPs with
1-mercaptohexanol (MCH) resulted in a higher red shift of the absorption maximum. This is
caused by different electromagnetic properties of the ligands. However, it is also due to the
aggregation of the NPs because MCH removes the charge and destabilizes the AuNDPs.

Another important optical property of AuNPs is Surface Enhanced Raman Spec-
troscopy (SERS) effect. Raman scattering is usually a very small portion of the scattered
light and therefore it can hardly be detected. The unique optical properties of the AuNPs
can increase the Raman signal by 10° or 107 times [58]. This effect also depends on the
shape of the nanoparticles and therefore does not work in bulk gold.
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Figure 3. Absorption spectra for AuNPs prepared by the Turkevich method: unmodified (black),
modified by p-casein (red) and further modified by MCH (blue) [59].

Other important properties of AuNPs are their high surface-to-volume ratio. This
enables the nanoparticles to increase the active surface in the case of their modification
with different ligands. NPs also exhibit enzyme-like activities or increase the activity of
bound or present enzymes [60]. One of the most famous nanozyme property of AuNPs
is its peroxidase-like activity. It is important to note that the unmodified AuNPs also
exhibit this activity and their catalytic properties can even be stronger in comparison
with modified NPs. AuNPs are considered as non-toxic; however, some toxicity can arise
from leftover synthesis reagents or from size-dependent reactivity [61]. AuNPs are also
able to spontaneously penetrate the blood-brain barrier [62]. This is coupled with the
ability to encapsulate different chemicals and the possibility to modify the surface of the
AuNPs in order to use them as drug carriers. AuNPs also exhibit anti-bacterial properties.
For example, chitosan-modified AuNPs are positively charged and can interact with the
negatively charged membrane of bacteria, where they aggregate and help in the lysis of
the membrane [63].

3. Methods of Modification of AuNPs by Nucleic Acid Aptamers and Proteins

The AuNPs can be modified by proteins, peptides or nucleic acid aptamers. This
allows their use in the specific recognition of various analytes, such as toxins, antibiotics,
proteins, enzymes, viruses or bacteria.

3.1. Modification of AuNPs by Nucleic Acid Aptamers

Among specific receptors the nucleic acid aptamers (RNA or DNA) are of special
interest. Aptamers are selected in vitro through Systematic Evolution of Ligands by EX-
ponential Enrichment (SELEX) [1]. Aptamers have a similar pattern of recognizing target
as the antibodies. In addition to high affinity and specificity, aptamers have several ad-
vantages compared to antibodies, well-reproducible production, good stability, desirable
biocompatibility and flexible chemical modification [2]. For development of aptamer-based
biosensing assay, proper immobilization of aptamers at the surface is important. This in-
cludes also optimal surface density for providing conformational flexibility of the aptamers
for folding that is necessary for formation of binding site for corresponding target [64].

The introduction of terminal thiol groups allows for the straightforward immobi-
lization of aptamers on gold surfaces via the strong Au-S bond [64]. This, in turn, may
give rise to a large number of functionalized AuNPs with different sizes and recognition
moieties, thereby satisfying the need for a wide range of biomedical and bioanalytical ap-
plications [65]. Therefore, the interaction of aptamers containing thiol terminal groups with
AuNPs and their possible utilization in bioanalysis have been extensively studied [66—68].
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Polymeric NPs modified by nucleic acid aptamers for therapeutic applications are also
of a considerable interest. In addition to the simple physical adsorption of the aptamers onto
the NDPs, several methods of chemical modification have been developed for their strong
binding to the surface of metal or polymer NPs such as: (i) thiol group (SH) (immobilization
by chemisorption, Figure 4a); (ii) biotin (immobilization through strong binding of biotin
to avidin, streptavidin or neutravidin, Figure 4b); (iii) amino group (NH;) (conjugation
though activated carboxylic group using carbodiimide chemistry, Figure 4c); (vi) thiol
maleimide conjugation; (v) modification of aptamers by cholesterol or lipids, allowing
their immobilization at polymer nanoparticles. PEGylation of the supporting part of the
aptamers is also useful for providing better conformational flexibility. In a complex biologi-
cal liquid, the aptamer stability can be improved also by various chemical modifications
such as phosphate backbone of oligonucleotides, replacement of oxygen by sulfur on the
ribose, etc. (see [69,70] for more details). The most common methods of immobilization of
aptamers at the surface of AuNPs are schematically shown in Figure 4.

~ J)
a R 7
(@) \SH SH
@ Thiolated aptamer C—sH SH—
o\ SH S SH_
< SHSH
6
)
4
2¥
(b)
24«  Biotinylated aptamer
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b " Linker
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)
3
]
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5 %,
S %
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Figure 4. Scheme of the most common methods of AuNPs modification by DNA aptamers.
(a) chemisorption of thiolated aptamers; (b) adsorption of biotinylated aptamers onto avidin covered
NPs; (c) conjugation of amino-modified aptamers onto the surface of NPs covered by carboxylic
groups activated by carbodiimide method. EDC-N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride, NHS—N-Hydroxysuccinimide.

3.2. Modification of AuNPs by Proteins

To date, relatively little is known about the effect of the surface chemistry of nanopar-
ticles on the interaction with biomolecules, particularly proteins. In most cases, proteins
undergo some structural changes at the surface of nanoparticles. However, proteins can sta-
bilize the NPs and provide additional functionality for further biomedical applications [71].

AuNPs serve as excellent candidates for protein bioconjugation, because they readily
react with the amino and cysteine thiol groups of proteins [72]. The mechanism of the pro-
tein immobilization onto the surface of the AuNPs mainly consists in a physical adsorption.
The pH plays an important role since changes in its value give rise to a variation in the
charge of the formed complex which consequently affects their adsorptive properties [71].
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Another well-established method for protein immobilization employs classical covalent
carbodiimide cross coupling (EDC/NHS) [72,73]. This approach applies carbodiimide
chemistry to form amide bonds between carboxylic acid—coated AuNPs and amino groups
of protein (Figure 5). Chirra and co-workers [72] reported coupling of protein catalase
to AuNPs which involved the biotinylation of both the AuNPs and proteins and then
coupling them together using a streptavidin cross-linker (Figure 5). This method provides
high stability of AuNPs—protein complexes due to strong affinity of biotin to streptavidin.

MUA
HANNANAAA Biotin
. OH
3% : 4 X
)5\’\,( Biotin-HPDP Streptavidin ‘ ; Biotinylated Catalase
X e 3

-0 — <@ JP}—

[ B (=
v N
+ X + Catalase
Conjugated GNP
‘ 2 N,
BAAAAAA ——
o EDC/NHS
0.

Catalase
MUA .
-COOH groups ‘\\ i
s/\((:Hz)g O/N
o]

Figure 5. Scheme of two approaches involved in the coupling of protein (catalase) to AuNPs.
Reprinted with permission from ref. [72]. Copyright 2011, Elsevier. GNP—gold nanoparticle,
MUA—I11-mercaptoundecanoic acid, biotin-HPDP- (N-(6-(biotinamido)hexyl)-30-(20-pyridyldi-
thio)-propionamide, EDC-N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, NHS—
N-Hydroxysuccinimide.

4. Colorimetric Assay Based on AuNPs Modified by Proteins and Peptides

AuNPs modified by proteins or peptides are relatively large complexes in the biosens-
ing assay. Among the most common is the enzymatic assay [31,74-77]. The typical targets
are proteases and other enzymes such as phosphatases [78,79], kinases [80-82] and others.
Modification of AuNPs by peptides or proteins is an alternative to the enzyme substrates
with a good specificity. Thus, the enzymatic reaction can be observed at conditions close
to the natural. These AuNPs—protein/peptide complexes can be easily prepared and
are usually biocompatible. One of the first assays based on AuNPs was reported by
Guarise et al. [83]. They described the modification of AuNPs by peptide sequences com-
posed of two cysteine terminals. Cysteine contains thiol group and its mixing with AuNPs
resulted in NPs aggregation (see Section 2.2). However, the aggregation of NPs do not
occur if the peptides were cleaved prior addition to the NPs suspension and if only one
cysteine terminal was available. Thus, after incubation of the peptide with protease, the
subsequent addition of the peptide to the AuNPs does not produce aggregation, which
allows detection of the protease in the sample. This method, although not too sensitive,
is relatively fast and easy to use because it does not need any modification of the AuNPs.
The result can be interpreted by the naked eye just by seeing the change of the color. The
authors used a specific sequence for detection of thrombin and “lethal factor” enzyme from
Bacillus anthracis. In both cases, 60 min incubation of the enzyme with peptides was used,
after which the resulting suspension was added into the AuNPs solution. If the color of
the AuNPs suspension did not change, it was a confirmation of presence of protease in the
sample. Using this assay, it has been possible to detect thrombin at the concentrations as
low as 5 nM and those for “lethal factor” such as 25 nM. Ding et al. [84] applied a similar
principle for the detection of trypsin with LOD of 0.5 nM.
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Chandrawati and Stevens [85] used a colorimetric assay with AuNPs for the study of
blood coagulation at presence of Factor XIII with limit of detection (LOD) of 0.01 U/mL.
In this assay the AuNPs were modified with two types of peptide substrates containing
either glutamyl or lysine residues. At presence of Factor XIII, a covalent crosslink between
glutamyl and lysine was catalyzed, which resulted in NPs aggregation. This aggregation
then produced visible change in the absorbance spectra.

In a work by Chen et al. [86] the peptide sequences used stabilized AuNPs by intro-
ducing bigger charge on the surface of the NPs. If the peptide was cleaved by protease, the
stabilizing properties were lost and aggregation of AuNPs occurred. This method allowed
detection of trypsin and MMP-2 (metalloproteinase-2) at concentrations as low as 5 nM.
In a similar work by Chuang et al. [87], the AuNPs were modified with gelatin, which
is a natural substrate for trypsin and MMP-2. However, cleavage of the gelatin was not
sufficient to produce aggregation of AuNPs. Therefore, the NPs were additionally modified
with MCH. After this modification, cleavage of gelatin produced NPs aggregation, which
was observed by colorimetry.

Liu et al. [88] used colorimetry for the detection of Botulinum neurotoxin light chain
toxin with assay time of 4 h and LOD of 0.1 nM. In this work, the biotinylated peptide was
used to modify AuNPs covered by neutravidin. NPs aggregated only without neurotoxin
but not in its presence.

AuNPs modified by specific proteins can be used also for the detection of bacteria by
colorimetry. This has been demonstrated by Liu et al. [89], who developed a method of
detection bacterial pathogen Staphylococcus aureus. In this assay the specific fusion protein
isolated from phage monoclone was used for modification of cysteamine-stabilized AuNPs.
At presence of bacteria, the aggregation of AuNPs occurred, which was monitored by
changes in color or the absorbance at the wavelength of 525 nm. Using this approach, it
was possible to detect with high specificity the bacteria with LOD of 19 colony forming
units (CFU)/mL in only 30 min.

In our recent work we showed that it is possible to use a similar method to those reported
by Chuang et al. [87] for the detection of chymotrypsin [59] and trypsin [90]. However,
instead of gelatin, the AuNPs were modified with (3-casein, and with MCH (see Figure 6).
The aggregation of the AuNPs was observed after the addition of proteases with LOD of
0.15 + 0.01 nM for chymotrypsin and 0.42 £ 0.03 nM for trypsin, respectively, within a
relatively short time of only 30 min. This approach allowed also study of the properties of
enzyme cleavage by means of reverse Michaelis-Menten model. Figure 7 shows an example
of a calibration curve obtained using this colorimetric method to observe change in absorbance
after addition of trypsin and the modeling of reverse Michaelis-Menten model [90].

o % B-cgin

% 0.1 mg/ml -

e

2h

Y o

ot Try;)sin
i %

Figure 6. The scheme of modification of AuNPs by (3-casein and by 6-mercapto-1-hexanol (MCH) as

well as the cleavage of f-casein by trypsin. Before enzymatic digestion, functionalized AuNPs were
stable due to steric stabilization. After the AuNPs were subjected to protease cleavage, the casein
was removed from the surface of AuNPs/MCH/ 3-casein. This caused the destabilization of the NPs,
followed by their aggregation. Reproduced from [90].
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Figure 7. Calibration plots of colorimetric assay. (a) Changes in relative values of absorbance after (3-casein and MCH

functionalized AuNPs (AuNPs/MCH-3-casein) exposure to trypsin (Ap—exposure time 0 min, Ajs—exposure time 15 min.) vs.

concentration of trypsin (Ctry). Black squares are experimental data, and the red line is the best fit of reverse Michaelis-Menten
model (b) Linear part of the calibration curve for calculation of the limit of detection (LOD). Values are means & SD (n = 3). Red
line is the linear regression fit. Reproduced from [90].

We also compared the colorimetric assay of detection protease activity based on
AuNPs with those using acoustic thickness-shear mode (TSM). In short, the gold layer
of the quartz crystal resonator was modified by {3-casein. At presence of the trypsin
the increase of resonant frequency took place due to cleavage of casein and removal of
the protein fragments from the quartz crystal surface. It was also possible to use the
Michaelis-Menten model to compare the reverse Michaelis-Menten constants Ky for both
methods [90]. While both acoustic and colorimetric methods were able to detect trypsin in
sub-nanomolar range, the lower Ky value for colorimetric method has been attributed to
better access of the enzyme to (3-casein in a volume. The results of comparative analysis
are summarized in Table 2.

Table 2. Comparison of TSM biosensor and AuNPs platform (colorimetric biosensor) used for the
detection of trypsin [90].

Parameters TSM Biosensor AuNPs Assay
Detection time 30 min 30 min
Km 0.92 + 0.44 nM 0.56 £+ 0.10 nM
Limit of detection 0.48 £+ 0.08 nM 0.42 £+ 0.03 nM
Acoustic wave UV-vis absorbance in a

Signal detection
at surface volume

AuNPs modified with peptides and proteins can be also used in other assays. For
example, Sajjanar et al. [91] showed the possibility of the detection of viruses using AuNPs
modified by specific virus protein. With presence of the Newcastle disease virus, the NPs
aggregate, which is possible to observe by the naked eye and quantitatively by UV-vis
spectroscopy. The sensitivity of this assay was better in comparison with a standard
hemagglutinating (HA) test. This assay allowed detection of minimum viruses in the
sample with LOD of 0.125 HA units.

Shinde et al. [92] showed that AuNPs modified with specific peptides are sensitive to
the presence of AI®* ions. This method allowed detection of AI** ions at concentration as
low as 67 pM in less than a minute. In subsequent works, it has been reported the detection
also of Co?*, Hg2+, Pb?*, Ag2+ and other ions in nM concentrations [93-97].
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Zhao et al. reported the detection of sulfate based on the inhibition of peroxidase-like
activity of the AuNPs [98]. Using this approach, it has been possible the detection of sulfate
with LOD of 0.16 uM by UV-vis method or with LOD of 4 uM by the naked eye.

AuNPs modified by casein have also been used for the detection of catalytic activity
of type I protease from bovine pancreas [99] with LOD of 44 ng/mL in 90 min.

In the most recent works by Chen et al. [100], N-acetylcysteine modified AuNPs
were used to recognize histidine in biological samples. The assay was highly selective to
histidine in between 18 different amino acids. LOD of 176 pM of histidine within only 10 s
detection time was reported.

In addition to enzymes and metal ions, through using peptide- or protein-modified
AuNPs it is also possible to detect different larger molecules and proteins such as hu-
man carbonic anhydrase II or antibodies [101,102]. Table 3 summarizes the nanoparticle
colorimetric assay for detection of various enzymes and proteins.

Table 3. Determination of enzymes and proteins by colorimetric methods based on AuNPs.

Protease Modification of AuNPs LOD Detection Time References
MMP-7 Peptide 5nM 30 min [74]
MMP-7 carboxy-PEG-thiol 10 nM 2h [77]
Thermolysin peptide 90 zg/mL 2h [75]
Phosphatase peptide 34 nM 4 min [78]
Kinase peptide 1.5 nM 2h [81]
Kinase peptide 0.125 mg/mL 60 min [82]
Thrombin peptide 5nM 60 min [83]
Lethal factor of Bacillus anthracis peptide 25 nM 60 min [83]
Blood coagulation factor XIII peptide 0.01 U/mL 2h [85]
MMP-2 peptide 5nM 10 min [86]
MMP-2 gelatin 20 ng/mL 30 min [86]
Botulinum neurotoxin peptide 0.1nM 4h [88]
Chymotrypsin [3-casein 0.15 £ 0.01 nM 30 min [59]
Trypsin peptide 0.5 nM 30 min [84]
Trypsin gelatin 1.25 x 1072 U 10 min [87]
Trypsin [3-casein 0.42 £+ 0.03 nM 30 min [90]

As can be seen from Table 3, the detection of trypsin by AuNPs modified by (3-casein
or short peptides resulted in similar LOD. However, [3-casein as a substrate for enzyme
cleavage is more advantageous due to easy modification of AuNPs.

Figure 8 summarizes different approaches to colorimetric biosensors. The aggregation
of AuNPs is generally an easy and low-cost method with high sensitivity.

However, selectivity of the colorimetry method can be affected by the presence of
metal ions or other impurities, which also induce AuNPs aggregation. Enzyme and
mimetic nanozyme biosensors consist of molecules that exhibit enzyme-like properties,
mainly peroxidase and glucose oxidase activity. Nanozymes have higher stability and
lower cost than natural enzymes. With addition of the 3,3,5,5'-tetramethylbenzidine (TMB)
to the system, which donates hydrogen in peroxidase reaction and turns blue in the pro-
cess, the nanozyme activity can be detected spectrophotometrically [103]. In comparison
with nanoparticles, these colorimetric sensors have high selectivity due to specific inter-
action between TMB and H;O,. The other types of colorimetric biosensors are based on
the ligands-receptor/analyte interactions. The specific interaction of analyte and ligand-
receptor can produce shift in emission spectra that can be measured spectrophotometrically.
The most common ligand-receptors are Schiff bases and the most common analytes are
metallic anions and cations [104].
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Figure 8. Summary of different approaches to colorimetric biosensors and brief explanation of
their mechanism.

Another type of colorimetric biosensor exploits different properties of organic dyes and
fluorescent material (polymers, quantum dots, carbon dots, etc.) to quench the fluorescence
in presence of the analyte. This produces an on—off response of the biosensors. Ligands-
receptor/analyte biosensors and biosensors based on quenching of fluorescence exhibit
properties highly specific to the probe used and are mainly useful for detection of metal ions.
The colorimetric sensors based on dye molecules use mobile phone, microscope, scanner,
computer, etc. to improve sensitivity and specificity of the assay. They are, however, more
difficult to use and more expensive [104].

It is important to note that the colorimetric assay is mostly based on the measurement
of the changes in optical properties of the solutions using spectrophotometry. There are,
however, other optical methods that can improve detection of the size and aggregation of
the nanoparticles. For example, resonance elastic light scattering (RELS) can detect with
high sensitivity the changes in size and shape of the particles as well as particle aggrega-
tion [105]. RELS has already been applied to study of the interactions of nanoparticles
with glutathione [105] as well as for the study of the changes of the size and shape of
mitochondria during the flux of K* ions mediated by valinomycin [106]. In particular,
RELS allowed detection of valinomycin with LOD of 30 pM. This detection was based on
the changes of the light scattering due to valinomycin-induced flux of K* ions that caused
swelling of mitochondria.

One can mention also a new technique for detection proteins using gated resonance
energy transfer (gRET) developed by Stobiecka [107]. The principle of the method is as
follows. It is known that AuNPs are good quenchers of fluorescence due to resonance
energy transfer (RET). When fluorophore, for example fluorescein isothiocyanate (FITC),
is in contact with AuNPs, the fluorescence is quenched. However, when the AuNPs are
fully covered by the protein monolayer, the RET is hindered and the fluorescence increases.
However, if AuNPs are not fully covered by proteins, the RET is gated. This is called the
gated-RET effect (gRET). The intensity of fluorescence is thus related to the concentration
of the proteins. This method allows the detection of albumin, cytochrome c, surviving and
programmed death protein ligand 1 with sensitivity as low as nM [107-110].



Chemosensors 2021, 9, 281 13 of 29

5. Colorimetric Assay Based on AuNPs Modified by Nucleic Acid Aptamers
5.1. Detection of Small Molecules, Proteins, Cancer Markers and Cells by Colorimetry

The detection of analytes based on AuNPs modified by aptamers in combination
with colorimetric technique is a well-established method in biosensing. So far, a variety
of aptamer-based colorimetric assays have been developed for detection of proteins and
other organic molecules [3,5,111,112]. Lee and co-workers [113] designed an AuNPs-
based colorimetric aptasensor for detection of bisphenol A (BPA), an endocrine disrupting
compound found commonly in consumer products such as baby bottles, food and beverage
containers, and thermal papers. For this purpose, AuNPs have been conjugated with
BPA-specific aptamers. The AuNP-aptamer complex maintained a colloidal stability even
in a high-salt solution. It is well known that addition of salt results in destabilization of
AuNP suspensions due to masking of negative charges of the citrate layer that stabilize the
AuNPs, leading to AuNPs aggregation. Modification of AuNPs surfaces with aptamers
eliminates this effect. Moreover, owing to the negative surface charge of aptamers, the
conjugation of AuNPs with aptamers enhance a colloidal stability of the complex. Addition
of BPA resulted in binding with aptamers and detachment of BPA-aptamer complexes
from AuNPs surface. Subsequent aggregation of AuNPs resulted in color changes from
red to blue (Figure 9). This assay allowed BPA detection by spectrophotometry at sub-ppb
sensitivity. The corresponding visual limit of detection of BPA was as low as 4 pM.

. (Salt-lnductlon) - . Gold nanoparticles (AuNP)
. ‘ E )i & % Aptamer

Aggregation of AuNP | [ ;\Q'BV'SPheHOIA(BPA)

AuNP i in NaCl

I+ Aptamer
/(0 %7 % ; % .-
+BPA, . + NaCl \ I
T @ ol T 28
go.'AuNP-aptamer complex_.g Aggregation of AuNP
"-..,'..Aptamer binding to BPA in NaCl

+ NaCl o 3

. i : 3 ' + NaCl é) -
analogs : - e ;
Colloidal dispersion of No 'aptamer bindingﬂ Colloidal dispersion of
*, AuNP-aptamer in NaCl,/ “._ to BPA analogs AuNP-aptamer in NaCl ¢

Figure 9. Scheme of the colorimetric aptasensor for the detection of bisphenol A (BPA) via salt-induced aggregation.
(a) Colloidal dispersion of the AuNPs (AuNPs). (b) Electrolyte (NaCl)-induced aggregation of AuNPs. (c) Formation
of AuNPs—-aptamer complexes. (d) Dispersion of AuNP-aptamer complexes despite the addition of NaCl. (e) Aggrega-
tion of AuNP-aptamer complexes resulting from the binding of aptamer to BPA and the subsequent addition of NaCl.
(f) Dispersion of AuNP-aptamer complexes in the presence of NaCl resulting from the low binding affinity of the aptamer
to BPA analogs. Inset photographs of each box are the corresponding solutions. Reprinted with permission from ref. [113].
Copyright2019, Elsevier.
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Another study of detection of BPA by a label-free colorimetric method was carried out by
Zhang et al. [114]. The principle of the sensitivity and selectivity for BPA detection was based
on the gradual aggregation of AuNPs controlled by the specific interactions among BPA-
specific aptamer, BPA and cationic polymer. The biosensor enabled sensitive and selective
detection of BPA with a linear range of 1.5-500 nM and a detection limit of 1.5 nM.

Peng et al. [115] reported a colorimetric assay based on AuNPs for detection thrombin.
They used aptamers that bind to both fibrinogen and heparin binding sites at thrombin.
Thus, the addition of thrombin caused AuNPs aggregation due to the bridging effect. This
resulted in direct color change observed by the naked eye as the optical properties of
AuNPs are highly distance dependent. The concentration of thrombin was determined by
measurements of the absorbance at 520 nm with sensitivity of 5 pM (Figure 10). Moreover,
except for low detection limit, this approach demonstrated advantages such as detection
by the simple “mix and detect” mode, which greatly decreases the operating difficulty. In
contrast with conventional methods, this assay does not need any organic solvents, heavy
metal ion, enzymatic reactions or light-sensitive dye molecules.

a

S
O gold nanoparticleé & ﬂ aptamer * thrombin

Figure 10. Schematic representation of the detection mechanism of thrombin by AuNPs modified by
DNA aptamers: (a) monodispersed AuNPs and (b) AuNPs modified with aptamers. The aggregation
of aptamer-AulNPs in the presence of thrombin at: (c) lower concentration and (d) higher concentra-
tion. Aggregation of the Apt—AuNPs occurred at lower concentration of thrombin, but the AuNPs
aggregates dispersed at higher concentration. Reprinted with permission from ref. [115]. Copyright
2013, Elsevier.

In recent years, the colorimetric method has been used extensively to detect cancer, as
it is less expensive when compared to conventional techniques that is applied in cancer
diagnostics [8]. To date, most of the assays are based on the application of specific antibodies
for detection of the cancer. However, thanks to the achievements in the selection of aptamers
to the cancer markers and even to cancer cells, the increased interest is on aptamer-based
assays for cancer diagnostics.

Shayesteh et al. [116] developed a colorimetric assay for the detection of prostate-
specific antigen (PSA), which is an important cancer marker in prostate cancer. The princi-
ple of this assay is presented in Figure 11. It is based on the aggregation of AuNPs controlled
by the interactions of PSA with PSA sensitive aptamer and poly(diallyldimethylammonium
chloride) (PDDA). Briefly, water-soluble cationic polymer (PDDA) was employed to control
the aggregation of AuNPs. First, the PSA specific DNA aptamers were physically adsorbed
on a surface of AuNPs. The aggregation of aptamer—-AuNPs complexes has been prevented
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(A)

Aptamer

at presence of PDDA. Addition of PSA resulted in the release of aptamer—PSA complexes
from the surface of AuNPs as well as release of PDDA, which caused aggregation of naked
AuNPs. This assay allowed detection of PSA with LOD of 20 pg/mL and in the linear range
of 0.1-100 ng/mL. The assay was validated in the spiked human serum with recovery of
96.80-103.75%.
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Figure 11. (A). Schematic representation of aptamer binding to PSA depending on structure formation. After the adjustment

of the binding conditions, the aptamer folds into a 3D structure, upon which it interacts with the PSA molecule resulting

in a stable PSA-aptamer complex. (B). Schematic diagram of the colorimetric aptasensor for PSA detection based on
PDDA-induced aggregation of AuNPs. In the absence of PSA, aptamers are adsorbed on the surface of AuNPs by specific
noncovalent nucleotide adsorption. In the presence of PSA, the aptamer interacts with the PSA and free PDDA caused

aggregation of the AuNPs. Reprinted with permission from ref. [116]. Copyright 2020, Elsevier.

Borghei et al. [117] reported a colorimetric assay for the detection of breast cancer
cells (MCF-7) based on aptamer—cell interactions. They used DNA aptamers (AS 1411)
that selectively bind to the protein receptors (nucleolin) inside the cells. Incubation of the
aptamers with the cancer cells resulted in its uptake and binding to the nucleolin. AuNPs
modified by single stranded DNA (ssDNA) complementary to AS 1411 aptamers were
used as a probe. After aptamer uptake and addition of AuNPs—ssDNA complexes, the
solution remained red, because the nanoparticles did not aggregate. However, without
target cells or at presence of normal, control cells, aptamers did not uptake and hybridize
with the ssDNA probe at AuNPs. As a result, aggregation of nanoparticles caused a purple
color of the solution. The detection limit of this method was 10 cells/mL.

For food and especially the milk industry, it is important to develop fast and easy-to-
use methods for detection of antibiotics and bacterial pathogens. Therefore, in the next two
parts, we will discuss the recent advances of the application of colorimetric methods using
AuNPs modified by DNA aptamers for detection antibiotics and bacteria in food samples.
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5.2. Colorimetric Assay Based on AuNPs and DNA Aptamers for Antibiotic Detection

The control of food quality and safety is important for human health. Therefore,
the development of a biosensing assay for the detection of food contaminants such as
pathogens, heavy metals, mycotoxins, pesticides, herbicides and veterinary drugs such as
antibiotics which are widely used in animals for treating or preventing diseases [118] is
among urgent issues. The extensive use of antibiotics for treatment of animals results in
drug infiltration in the milk and other food products. As a result of the consumption of
antibiotic-contaminated product, there is increased risk of antibiotic resistance to microbial
infections. Therefore, the maximum permissible contamination of food by antibiotics has been
established by corresponding authorities [119]. Colorimetric assays based on AuNPs and
DNA aptamers provide a promising platform for detecting more than one type of antibiotics.

To achieve the simple and efficient detection of antibiotics without application of
sophisticated instruments, Wu et al. designed a colorimetric platform for the detection of
multiplex antibiotics [119]. Chloramphenicol (CAP) and tetracycline (TET) were selected
as the model antibiotics. When one kind of antibiotic was added, it removed the fragment
of aptamers from the AuNPs surface. Unbalanced AuNPs aggregates result in colloidal
color changes, which was detected by UV-vis spectroscopy and a Smartphone analysis. The
aptasensor exhibited remarkable selectivity and sensitivity for separate detection of TET
and CAP, and the detection limits were estimated to be 14.62 and 2.26 ng/mL, respectively.
An alternative approach for CAP detection was suggested by Javidi et al. [120]. A simple
and sensitive colorimetric aptasensor was applied for analysis of CAP in food samples
using the aptamers with terminal-lock (ATL). This construct was composed of the target-
specific aptamer and a base pairing locker probe (LSP). At presence of the target the LSP was
released and adsorbed on the surface of AuNPs, leading to the AuNPs’ stabilization against
salt-induced aggregation. A limit of detection as low as 0.01 ng/mL was obtained with high
selectivity for CAP detection. The working principle of the assay is illustrated in Figure 12.
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Figure 12. Schematic description of the chloramphenicol (CAP) detection based on colorimetric
assay. In the absence of a target, the aptamer and LSP are coupled and a blue color as a result of the
accumulation of AuNPs appears. In the presence of CAP, the aptamer and LSP are disassembled,
and a red color is observed. Reprinted with permission from ref. [120]. Copyright 2018, Elsevier.

Oxytetracycline (OTC) has been also extensively used in veterinary applications for
treatment of bacterial infections. However, due to the side effect, the application of this
antibiotic is prohibited. A lateral flow colorimetric assay for detection of OTC in milk
was proposed by Birader et al. [121]. In this competitive assay, the supporting strip was
divided into 3 main parts. The first part contained AuNPs modified by DNA aptamers;
in the second part, OTC conjugated with 7 kDa carrier proteins were immobilized at
nitrocellulose membrane; in the third part, the biotinylated aptamers were immobilized
onto the surface of streptavidin. Addition of the sample containing OTC in a flow stream
resulted in formation of the complexes of OTC with AuNPs-aptamers. The flow of these
complexes continued to part 2, where only a small fraction of aptamer-modified AuNPs
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interacted with OTC—protein conjugates and resulted in a weak intensity red color band.
The continued flow to the third part resulted in an intensive red color band. If the sample
did not contain OTC, then only one intensive red color band appeared at the second part of
the strip that contained OTC—protein conjugates This competitive assay allowed selective
detection of OTC in milk visually within 10 min with LOD of 5 ng/mL (see [121] for a
detailed description).

Kanamycin (KAN) is another powerful aminoglycoside antibiotic that causes serious
adverse effects on human, including antibiotic resistance, ototoxicity and nephrotoxicity
in complex samples. The colorimetric detection of KAN by means of target-triggered
catalytic hairpin assembly (CHA) was recently reported by Zou et al. [122]. In this assay,
three DNA aptamers in hairpin conformation specific to KAN were used together with
AuNPs modified by thiolated ssDNA. At absence of KAN, the aptamers hybridized with a
complementary part of ssDNA at the surface of AuNPs. This maintained NPs dispersed
and resulted in a wine red color of the sample. At presence of KAN, the interaction with
aptamers induced formation of aggregated AuNPs structure that caused a shift of the color
to blue-purple. This method allowed detection of KAN with LOD of 10 pM in a linear
range of 20 pM to 5 nM. The recovery of 96-106% was achieved in several samples (milk,
honey, blood serum and river water) spiked by KAN.

The colorimetric method was applied also for detection of the aminoglycoside an-
tibiotic, tobramycin (TOB), that has been widely used in human medicine and veterinary
applications for treatment of bacterial infections. The TOB-specific DNA aptamers were
physically adsorbed at AuNPs and preserved them from aggregation in the concentrated
salt solutions. At presence of TOB, the aptamers were detached from NPs aggregated,
which resulted in the color change from red to purple-blue. This assay allowed the de-
tection of TOB with LOD of 23.3 nM in a linear range of 40-200 nM. The assay has been
validated in milk and egg samples with recovery ranging 97.7-105.1% and 93.1-104.3%,
respectively [123]. Here, we described most recent works on the AuNPs-based colorimetric
assay for detection of antibiotics using aptamers that were published in the period of
2016-2021. The basic characteristics of these assays are summarized in Table 4 together
with other earlier works.

Table 4. Representative examples of the colorimetric assay for antibiotic detection and maximal permissible contamination

values according to European Union regulations. Partially adopted from Majdinasab et al. [124] with permission of Elsevier,
copyright 2020. NA—not available.

Permissible . .
Antibiotic Detection Strategy Contamination Lmeal} R;nge LODL T[')etectu?n R Sample/o/ Ref.
(ng/mL) (ng/mL) (ng/mL) ime (min) ecovery (%)
g/m
. . Milk, chicken
Chloramphenicol AuNPs aggregation 0.3 16.16-581.63 2.26 10 /96.1-109.98 [119]
Chloramphenicol AuNPs aggregation 0.3 0.03-3.23 0.01 5 Milk/NA [120]
. AuNPs/hemin/G- 3 Milk, honey, river
Chloramphenicol quadruplex/DNAzyme/cDNA 0.3 0.001-100 0.13 x 10 60 water/96.0-106.0 [125]
Tetracycline AuNPs aggregation 100 22.22-1333.31 14.62 10 M/ﬂlkégf‘é?;“ [119]
Tetracycline Cysteamine-stabilized AuNPs 100 200-2000 39 14 Milk/91.28-100.87 [126]
Oxytetracycline AuNPs aggregation 100 NA 5 10 Milk/NA [121]
. . Milk, honey, river ;
Kanamycin AuNPs aggregation 145 0.002-2.42 0.005 60 water/96.0-106.0 [122]
. . s as - _ Cow and goat
4 4
Kanamycin Platinum NPs, nicking enzyme 145 5 x 107*-200 2 x 10 60 milk/95.3-104.2 [127]
. . Milk, chicken egg
Tobramycin AuNPs aggregation 200 18.70-93.50 10.89 20 [123]
/93.1-105.1
Porous SiO; beads/
Streptomycin enzyme linked 200 0.003-20 0.001 N/A Milk/90-112 [128]
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As it can be seen from Table 4, the LOD of this assay is in ng/mL range with a good
recovery following applications in real samples. In all cases, the LOD is better than the
maximal allowable contamination level in food. The advantage of this assay is its rather
simple principle and easy detection, which can be performed even by the naked eye. The
sensitivity of this assay is comparable with those using electrochemical aptasensors. For a
recent review, please see Majdinasab et al. [124] and Yue et al. [129].

5.3. Colorimetric Assay Based on AuNPs and DNA Aptamers for Detection of Pathogenic Bacteria

The contamination of food by pathogens is also a serious problem that causes over
200 types of diseases. According to the World Health Organization (WHO), around
600 million people are affected by bacterial infection, which causes mortality of ap-
proximately 400,000 people annually [130,131]. The most common foodborne bacte-
rial pathogens are Salmonella, Staphylococcus aureus, Campylobacter, Listeria monocytogenes,
Shigella flexneri and Escherichia coli O157:H7. Traditional methods of bacterial detection are
rather laborious and time consuming. Therefore, the development of effective low-cost and
rapid methods of detection is urgently needed [130,131]. Below, the representative exam-
ples of detection pathogenic bacteria by AuNPs-based colorimetric method are presented.
The description is restricted by papers published in the period 2016-2021. Additional
information can be found in recent reviews [131-133].

Staphylococcus aureus (S. aureus) belongs to dangerous bacterial pathogens. Food
contamination by this bacteria and toxins that are produced cause serious illness such as
pneumonia, endocarditis, osteomyelitis, arthritis and sepsis. Yuan et al. [134] proposed a
colorimetric assay for S. aureus detection using amplification strategy mediated by catalase.
In this method, the biotinylated aptamers were immobilized at the microliter plates covered
by avidin. Formation of aptamer—bacteria complexes at the microplates took place after
addition of S. aureus. The same biotinylated aptamers were then added. The biotin at
the aptamer terminal served for complexation with streptavidin conjugated horse radish
peroxidase (HRP). The addition of the complexes composed of avidin—catalase and biotin—
tyramine conjugates at presence of H,O, resulted in catalytic reaction that after addition
of gold (III) chloride trihydrate produced color signal at 550 nm that served for bacteria
detection. This method allowed detection of S. aureus with LOD of 9 CFU/mL in a range
of 10-10° CFU/mL [134].

Shigella flexneri (Sh. flexneri) is another dangerous pathogen that causes severe diarrhea
and dysentery. Feng et al. [135] reported colorimetry assay based on AuNPs and DNA
aptamers for detection this bacterium. In this assay the aptamers were coated on the
surface of AuNPs that could prevent AuNPs from NaCl-induced aggregation. Sh. flexneri
would break this protection effect due to preferable binding to aptamers, leading to the
dissociation of aptamers from the surface of AuNPs. This process was reflected by color
changes in the solution (Figure 13). The detection limit was 80 CFU/mL. The assay allowed
detection of the bacteria in real samples of smoked salmon within 20 min and changes in
the color can be observed even by the naked eye.
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Figure 13. Scheme of the colorimetric detection of Sh. flexneri. Reprinted with permission from
ref. [135]. Copyright 2019, Elsevier.

Listeria monocytogenes (L. monocytogenes) belongs to the most virulent Gram-positive
bacterium. It has been detected by colorimetry using flower-shaped AuNPs that were
synthesized by antioxidant plant extracts and modified with single-stranded DNA (ssDNA).
The limit of detection for hlyA gene and genomic DNA of L. monocytogenes were 48.4 ng
and 100.4 ng, respectively [136].

Xie and co-workers reported colorimetric assay using AuNPs modified by thiolated
DNA aptamers for detection of Escherichia coli O157:H7 [137]. The interaction of aptamer—
AuNPs with E. coli O157:H7 has been initiated by various pH-dependent triggers ranging
from acid to alkaline. This interaction resulted in aggregation or disaggregation of the
complexes that were detected spectrophotometrically. This method is an alternative to
NaCl-induced aggregation. This assay triggered by HCl could detect the bacteria with
LOD of 40.5 CFU/mL. The replacement of HCI on the NaOH trigger resulted in LOD of
147.6 CFU/mL.

Novel trends in colorimetric assay involve nanozymes (artificial enzymes) with perox-
idase activity. Among nanozymes, those based on Fe3O4 nanoparticles are of increased
interest. They are non-toxic and have superior peroxidase-like activity. The catalytic ac-
tivity of Fe3O4 based NPs can be substantially improved by coating with metal catalyst,
for example, gold. At presence of hydrogen peroxide (H,O;) these nanozymes catalyze
oxidation of some compounds, for example, 3,3',5,5’ -tetramethylbenzidine (TMB). This
oxidation is accompanied by changes of the color of the solution that can be detected by
spectrophotometry (see [138] and reference herein). Zhang et al. [138] used this peculiarity
for development of aptamer-based colorimetric sensor for detection of Staphylococcus aureus
(S. aureus). In this work, the Fe;04 NPs were decorated by AuNPs onto which the thiolated
aptamers that selectively bind the bacteria were chemisorbed. At presence of TMB and
H,O, the catalytic oxidation of TMB resulted in the dark blue color of the solution. The
binding of S. aureus to the aptamers caused shielding of the catalytic sites at the surface
of Fe304 NPs/AuNPs nanocomposite and the color shifted to light blue depending on
the concentration of bacteria. The scheme of detection is presented in Figure 14. This
method allowed the detection of S. aureus by measuring optical density (OD) of the solu-
tion, which decreased linearly with increasing of the concentration of bacteria in a range of
10-10° CFU/mL and LOD as low as 10 CFU/mL. The colorimetric assay was validated in
spiked water, milk and urine samples with a rather short detection time of approximately
12 min.
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Figure 14. The scheme of colorimetric detection of S. aureus using peroxidase-like activity of FezO4
NPs/AuNPs nanocomposite modified by thiolated DNA aptamers (apt-SH) at presence of TMB and
H;,0;. Hexadecyl trimethyl ammonium bromide (CTAB) has been used for decoration of Fe3O4 NPs
by AuNPs. Reprinted with permission from ref. [138]. Copyright 2021, Elsevier.

Representative examples of the colorimetric assay based on AuNPs for bacteria de-
tection and maximal permissible contamination values according to European Union
regulations are presented in Table 5.

Finally, let us briefly compare the sensitivity of colorimetric method with other biosens-
ing approaches based on DNA aptamers. For instance, electrochemical methods demonstrate
the sensitivity of detection of various bacteria ranging from 2 to 2 x 103> CFU/mL depending
on the detection strategy and aptamer affinity [131]. Piezoelectric quartz crystal microbal-
ance (QCM) enables the detection of Salmonella typhimurium with LOD 10 CFU/mL [139],
Listeria innocua with LOD of 1.6 x 103 CFU/mL [140] and E. coli O157:H7 with LOD of
1.46 x 103 CFU/mL [141]. The LOD of optical chemiluminescence method was achieved
as low as 5 CFU/mL [133]. As it can be seen, the sensitivity of the colorimetric method is
comparable with the electrochemical, optical and acoustic sensors discussed above.

However, in certain, optimized colorimetric methods, the LOD of 1 CFU/mL has been
achieved. The advantage of colorimetry is its relatively simple protocol and not expensive
instruments. In some case, changes in color can be detected at relatively low bacteria
contamination (less than 100 CFU/mL) even by the naked eye. This simple approach can
be used for fast pre-screening of the food samples even in the remote food laboratories and
dairy farms.
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Table 5. Representative examples of the colorimetric assay for detection of bacterial pathogens and maximal permissible contamination values according to European Union regulations.
NA-—not available.

Permissible Linear Ran Detection Tim Sample/
Bacteria Detection Strategy Contami-Nation (CeFaU /n?L)ge LOD (CFU/mL) ¢ eimci’n) ¢ Reczvep e(o/) Ref.
(CFU/mL) ry (%
Staphylococcus aureus AuNPs aggregation 100 10-10° 9 <240 Milk/NA [134]
Staphylococcus aureus Au-coated iron oxide/nanozyme 100 10-10° 10 12 Milk, urine/86.5-122.3 [138]
Immunomagnetic 6 i
Staphylococcus aureus separation/ AuNPs/ peroxidase catalysis 100 10-10 10 65 Pork, milk/88.2-119.8 [142]
. . . Spiked salmon/
2_106 P

Shigella flexneri AuNPs aggregation NA 10°-10 80 20 88.51-110.20 [135]
o . 100.4 ng

Listeria monocytogeneses Flower-shaped AuNPs aggregation 10-100 NA (genomic DNA) 20 NA [136]

. . A trigger-based AuNPs aggregation using 2 3 Spiked tap water/

E. coli O157:H7 HCl-NaOH-MgCl, 20-100 1.2 x 109 x 10 40.46-147.6 60 90.2-120 [137]

E. coli O157:H7 AuNPs/MWCNT/carbonyl iron powder 20-100 NA 5.24 x 102 60 Milk/NA [143]

E. coli O157:H7 Fe304/MnO,/ Au nanorods/ catalysis 20-100 NA 1.3 40 NA [144]

Coconut water, litchi
E. coli O157:H7 AuNPs-coated by graphene oxide 20-100 10-10° 10 60 juice/ [145]
NA
E. coli O157:H7 Cu-MOF/ Catalyssﬁbosftf:::ﬂess peroxidase 20-100 16~1.6 x 10° 2 NA Milk/96.0-102.6 [146]
Campylobacter jejuni Peroxidase activity of Au@Pd NPs/TMB 500< 102-10° 100 NA Milk/98.0-113.0 [147]
S Hetero-sandwich 6 .

Campylobacter jejuni platform-Antibody/HRP-modified aptamer 500< 17-1.7 x 10 10 NA Milk/NA [148]

Campylobacter jejuni AuNPs aggregation induced by MgCl, 500< 10°-108 7.2 x 10° 30 Chicken/NA [149]

Vibrio fischeri Aptamer sandwich assay Non pathogenic 4 x 104 x 10° 10%~10* 10 Buffer [150]

Salmonella typhimurium AuNPs, catalase mediated Absence in 25 g of food 10-10° 10 NA Chicken/92.0-109.0 [151]

Salmonella typhimurium Mlcr"ﬂmdlc'a%‘;ryezztrgf and AuNPs Absence in 25 g of food 60-60 x 10° 60 NA Salad/91.68-113.76 [152]

Salmonella typhimurium  Separation of aptamer-modified magnetic NPs. ~ Absence in 25 g of food 15-1.5 x 10° 15 NA Milk/96.7-99.8 [153]

— Colorimetry / microfluidic .

Salmonella typhimurium chip,/SBSE /(TMB)-H, 0, Absence in 25 g of food N/A 100 NA NA [154]

Salmonella typhimurium AuNPs aggregation/long ssDNA Absence in 25 g of food 2.04 x 10%-2.04 x 10° 2.56 NA Lettuce/91.84-110.20 [155]

Salmonella typhimurium Colorimetry /microfluidic chip/MDE/hemin ~ Absence in 25 g of food 102-108 100 3 1\/;111k7,_v1v§;e;/ [156]

Salmonella typhimurium aptamers@BSA-AuNCs/TMB Absence in 25 g of food- 10-10° 1 NA Eggs/92.4-110 [157]

BSA-AuNCs—albumin stabilized-gold nanoclusters; MDE—magnetic DNA encoded-probe; MOF—metal-organic framework; MWCNT—multi-walled carbon nanotubes; SBSE—stir bar sorptive extraction;
TMB—3,3',5,5'-Tetramethylbenzidine.



Chemosensors 2021, 9, 281

22 of 29

250 A

Number of articles

Bacteria

[ Biosensors (b) 16+ .
I Colorimetry I Bacteria
I AuNPs 144 [ Antibiotics

In Sections 5.2 and 5.3, we presented several examples of application DNA aptamers
for colorimetric detection of various compounds, mostly cancer cells, bacteria and an-
tibiotics. It should be noted that the largest number of articles based on aptamer-based
biosensors was so far focused on detection of proteins (1281 articles according to Scopus
database, www.scopus.com, accessed on 15 September 2021), of which 230 were articles
dealing with colorimetric assays of proteins. After discovery of the SELEX in 1989, the first
DNA aptamer has been developed for detection thrombin in 1992 by Bock et al. [158], which
then followed by selection of aptamers for other proteins significant for medical diagnos-
tics. At the same time, after discovery of the CELL-SELEX [159], that allowed selection of
aptamers also to cells, including bacteria, a large number of aptamers have been developed
with high affinity to various cancer cells and bacteria. In addition to the development of
biosensors, the colorimetry based on DNA aptamers and metal nanoparticles (mostly gold)
has been of substantial interest, especially since 2012. Figure 15 demonstrates the statis-
tics of the publications according to the Scopus database (www.scopus.com, accessed on
25 September 2021) comparing the number of articles published on aptasensors and those
based on colorimetry for detection of bacteria, antibiotics and cancer cells.

I Cancer cells
121

101
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6

Number of articles
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Figure 15. The statistics based on the Scopus database on the number of articles focused on (a) aptamer-based biosensors,

colorimetric assay and colorimetric assay based on AuNPs for the detection of bacteria, antibiotics and cancer cells.

(b) Aptamer-based colorimetric assay for the detection of bacteria, antibiotics and cancer cells (according to the Scopus

database, www.scopus.com, accessed on 25 September 2021).

From Figure 15, it is evident that colorimetry represents almost 30% of aptamer-based
assays of these compounds. In the case of antibiotics, almost 46% of colorimetric assays
used AuNPs. (Figure 15A). From Figure 15B, there is also a clear tendency in the increasing
number of publications dealing with colorimetry. This trend is obvious considering that
colorimetry is a very effective and cheap method. Moreover, the detection of various
compounds can be performed according to the color changes, observed even by the naked
eye. We believe that aptamer-based colorimetry can be rather useful especially in the case
of rapid detection of food contamination, which is urgently needed for providing control
of food safety.

6. Conclusions

The analysis of the current state of the art clearly evidences that AuNPs-based colori-
metric assays is a rather effective tool for the detection of the protease activity, study of
the mechanisms of enzyme reactions as well as for the detection of various compounds.
Modification of AuNPs by nucleic acid aptamers opens a new field of application of these
receptors for easy detection of small molecules, proteins, cancer markers, antibiotics, cancer
cells or pathogenic bacteria. Colorimetric assays have many advantages over conventional
techniques and can be effectively applied for detecting food contaminants by bacterial
pathogens and veterinary drugs in food samples. The colorimetric aptasensors have simi-
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lar or lower detection limits than well-established immunosensing techniques. Recently
published papers redirected the attention on the improvement of the limit of detection to
aptamer-based biosensors.

Despite the development of several colorimetric assays, there are certain limitations
that should be addressed in further research. For instance, naked-eye detection is compli-
cated in the case of lower concentration of the analyte, and therefore signal amplification
strategies can be designed to enhance the detection and overcome this limitation. The
colorimetric assay cannot be used in not transparent liquids. Therefore, the methods of
signal amplification should be further improved in order to provide enough sensitivity
of detection in diluted samples. Rather promising are also nanozyme properties of metal
nanoparticles and especially magnetic NPs covered by a gold shell. These NPs can help in
pre-concentration of the target in complex food samples simply by using the magnets.

Optimization of colorimetric detection system is crucial for successful implementation
of this method. Application of the right concentration of each component of colorimetric
biosensor is essential for improving the sensitivity, but also for preventing false positive or
negative results. One challenge is also the competitive interaction influencing the detection
of the analyte. The affinity of the aptamer towards the target must be stronger than the
aptamer—AuNPs and target-AuNPs interactions. Furthermore, the stability of the system
should be improved toward environment conditions such as pH, temperature, viscosity
and ionic strength that can affect binding of the target. Much attention should be put into
aptamer selection and immobilization and modification strategies, as it might affect the
recognition ability of sensors. Despite the existence of SELEX and CELL-SELEX, also post
SLEX modification and molecular modeling can improve the selectivity of the aptamers
to the target molecules. However, little is known about the structure of the aptamer
binding sites. Therefore, further effort is expected in the optimization and improvement of
AuNPs-based colorimetric aptasensors for the detection of antibiotics and bacteria.

The overall and growing trend in the development of colorimetric assays capable of
multiple analyte analysis is also a challenge for further developments.
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