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Abstract: Protein analysis and quantification are required daily by thousands of laboratories
worldwide for activities ranging from protein characterization to clinical diagnostics. Multiple factors
have to be considered when selecting the best detection and quantification assay, including the
amount of protein available, its concentration, the presence of interfering molecules, as well as costs
and rapidity. This is also the case for lysozyme, a 14.3-kDa protein ubiquitously present in many
organisms, that has been identified with a variety of functions: antibacterial activity, a biomarker of
several serious medical conditions, a potential allergen in foods or a model of amyloid-type protein
aggregation. Since the design of the first lysozyme aptamer in 2001, lysozyme became one of the
most intensively-investigated biological target analytes for the design of novel biosensing concepts,
particularly with regards to electrochemical aptasensors. In this review, we discuss the state of the
art of aptamer-based electrochemical sensing of lysozyme, with emphasis on sensing in serum and
real samples.
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1. Introduction

1.1. Properties of Lysozyme and Its Importance for Daily Life

Discovered by Laschtschenko in 1909 [1] and named by Fleming in 1922 [2], lysozyme is
a remarkable protein. Also called muramidase or peptidoglycan N-acetylmuramoyl-hydrolase,
lysozyme is a ubiquitous enzyme (EC 3.2.1.17) present in various organisms [3-5], where it plays
a vital role (Figure 1). Next to some of its physico-chemical features, such as a high isoelectric point
of 10-11, a positive charge at neutral pH, excellent heat stability and stability in acid media [3], its
antibacterial activity plays an important role in the defense system in the human body [6], lysozyme
being suggestively called the body’s own antibiotic.

Lysozyme was also the first enzyme whose tridimensional structure was solved [7], showing
a globular structure with dimensions of 4.5 x 3.0 x 0.3 nm and a relatively small molecular weight
of approximately 14.3 kDa (human lysozyme is 14.6 kDa). It is found as a single polypeptide chain
consisting of 129-130 amino acid residues, in which lysine is the N-end amino acid and leucine the
C-end one. All of this together has made lysozyme a good model to study enzyme catalysis, protein
structure and interactions [8-11] or amyloid-fibrillation formation [12-14]. Lysozyme from hen egg
has become also a model protein for the pharmaceutical industry when it comes to the development of
new drug delivery systems or the design of innovative treatment strategies [15-17] (Figure 1).
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Figure 1. The relevance of lysozyme for protein science, medicine and industrial applications.

A rich and easily available source of lysozyme is the egg white of birds. In the hen egg white,
lysozyme accounts for 3.5% of the total egg white proteins. Hen egg lysozyme, considered as a safe
product by authorities in different countries (Austria, Australia, Belgium, Denmark, Finland, France,
Germany, Italy, Japan, Spain and the United Kingdom) with antibacterial action, has been used for many
years as a food preservative [4]. A major commercial use of lysozyme is in the production of some types
of hard cheese, where its addition prevents the growth of butyric bacteria [18,19]. In the wine industry,
lysozyme partially replaces sulfites and is added at doses of 250-500 mg/L to inhibit malolactic
fermentation and to stabilize the wine afterwards [20,21]. Residual levels of 0.06-327 mg/L were found
in lysozyme-treated wines [22,23], while in commercial cheeses, concentrations of 30.8-386.2 mg/kg
were found to be present [24]. Lysozyme has also been used as an antibacterial agent during beer
production [25], to extend the shelf-life of meat [26] and shrimp [27], as an alternative to antibiotics [28,29]
in veterinary medicine or as anti-inflammatory drug in the treatment of wounds and infections [4,30].

Despite its proven utility, lysozyme can potentially trigger allergic reactions in sensitive
individuals, even in trace amounts [21]. Consequently, appropriate labeling rules have been
established by regulatory agencies for products containing egg white lysozyme. The importance
of lysozyme sensing in real samples is furthermore associated with human lysozyme being identified
as an important biomarker for several diseases [31].

In the human body, lysozyme is indeed widely distributed in tissues and body fluids with the
lowest levels found in urine (1.7-123 ng/mL) [32] and cerebrospinal fluid (7.7-84 pg/L) [33] and the
highest in gastric juice or mothers” milk (300 mg/L) [34] and tears (1267 + 58 mg/L) [35]. In the serum
of healthy people, concentrations in the range of 0.462-2.958 mg/L have been reported [33,35].

Increased levels of lysozyme in serum are an expression of monocyte/macrophage activity [36]
and were identified in various diseases, such as AIDS [37], pulmonary tuberculosis [38], sarcoidosis [39],
rheumatoid arthritis [40] and Crohn’s disease [41]. Additionally, the concentration of lysozyme in
cerebrospinal fluid helps distinguishing between viral and bacterial meningitis, with high lysozyme
levels pointing towards bacterial meningitis [33]. Urinary lysozyme levels have become an indicator of
damage to renal tubular cells with diagnostic value in monocytic or myelomonocytic leukemia [42,43].
However, only a few reports show the sensitivity and selectivity required for sensing in real biological
samples, achieved using different signal amplification strategies [44—47].

1.2. Quantification Methods

The classical method for determining lysozyme is based on the ability of lysozyme to clear
a suspension of Micrococcus lysodeikticus cells [31]. The activity of lysozyme in promoting the
dissolution of the cell wall depends on its ability to catalyze the hydrolysis of the 3-(1,4)-glycosidic
linkage between N-acetyl-D-glucosamine in the polysaccharide component of the bacterial cell wall.
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The decrease in turbidity correlates with the lysis of the cell wall and is recorded either by the
‘lysoplate” method or by turbidimetric assays [31]. These approaches allow the quantification of <1 ng
lysozyme. However, the evaluation of the enzymatic activity needs a strict control of temperature,
pH and ionic strength; moreover, it is time consuming. The sensitivity of this method is strongly
dependent on the assay conditions and the presence of other substances in the samples that affect
the interaction of lysozyme with the medium. More recently, we developed a novel assay to sense
lysozyme in serum using Micrococcus lysodeikticus-modified graphene oxide-coated surface plasmon
resonance (SPR) interfaces [48]. In this approach, graphene oxide (GO) is integrated onto gold interfaces
using layer-by-layer deposition of a polycationic polymer and GO. Adsorption of whole cells of
Micrococcus lysodeikticus onto GO and blocking remaining GO sites with BSA (3%) gave a reproducible
non-fouling surface for the sensing of lysozyme in serum samples. The detection mechanism is based
on a sensitive monitoring of lysozyme-dependent desorption of Micrococcus lysodeikticus cells from the
sensor surface. This desorption, together with a significant change in morphology of the bacterial cell,
causes a characteristic decrease of the SPR signal with a limit of detection of 0.05 pg- mL~! [48].

Other methods based on the quantification of the protein amount and not its enzymatic activity
have been reported, including electrophoretic [49], chromatographic [50,51] and immunoenzymatic
methods [52]. The ELISA technique is particularly promising for its high sensitivity, high specificity
and convenience, especially for the analysis of a large number of samples [53,54] with a detection limit
around 0.2 ug lysozyme/L.

Next to these approaches, in recent years, a few aptamer-based analytical methods have been
developed towards lysozyme recognition and detection [47,55-63]. Aptamers are small single-stranded
oligonucleotides (DNA or RNA) that are selected in vitro to bind with high affinity and specificity any
selected target of choice, from small-sized, such as metal ions [64], to large ones, such as cells [65].
Since aptamers possess numerous advantages over antibodies, such as high stability, resistance to
denaturation and degradation, as well as easy modification possibilities, they have found widespread
uses for bioanalysis [56,66,67]. One of the particularities of aptamers is the fact that their affinities
are not affected by labeling, offering thus generous opportunities for protein sensor designs with
improved analytical performances.

The ionic charge of lysozyme renders the protein suitable for the specific binding to DNA aptamers.
The first publications dealing with anti-lysozyme aptamers, selected by systematic evolution of
ligands by exponential enrichment (SELEX) are from Ellington and co-workers [68-70] (Table 1).
Based on these results, Kirby et al. [70] have developed a reusable bead-based electronic tongue
sensor arrays of anti-lysozyme aptamers for the detection of proteins, where fluorescence labeling
is involved. Using capillary electrophoresis-SELEX, a new lysozyme aptamer characterized by
an order of magnitude increased affinity was selected (Table 1) [71]. Based on these new bioreceptors,
electrochemical sensors emerged as alternative devices able to offer alternative lysozyme sensing
strategies. Electrochemical biosensors represent a commercially-proven concept, capable of delivering
sensitive, miniaturized and cost-effective detection of relevant analytes. Together with thrombin,
lysozyme is widely used as a model analyte for developing new electrochemical aptasensor assays.
The opportunities brought by electrochemical aptasensors for the bioanalysis of lysozyme are discussed
in this review, putting emphasis on their use for practical applications, particularly for lysozyme
analyses in serum.

Table 1. DNA sequence of different lysozyme aptamers.

DNA Sequence Kyg/nM Reference
5'-ATCAGGGCTAAAGAGTGCAGAGTTACTTAG-3’ 31 [68]

5'-GGGAATGGATCCACATCTACGAATTCATCAGGGCTAAAGAG
TGCAGAGTTACTTAGTTCACTGCAGACTTGACGAAGCTT-3

5-GCAGCTAAGCAGGCGGCTCACAAAACCATTCGCATGCGGC-3' 2.8 +0.3 [71]

29+5 [70]
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2. Aptamer-Based Electrochemical Lysozyme Sensors

The main characteristics of the aptamers used in lysozyme biosensors are summarized in
Table 1, starting from the first examples proposed by Ellington and co-workers [68,69], followed
by Tran et al. [71]. By using electrochemical impedance spectroscopy (EIS) on screen-printed carbon
electrodes [63], it was demonstrated that the lowest detection limit and wider linear range can be
achieved using the aptamer proposed by Tran et al. [71]. More recent studies showed that using
a mixture of two aptamer sequences with different affinities allows an improved control of the
sensitivity and linear range of aptasensors [72]. Taking into account these developments, future
aptasensors should include parallel experiments with more than one aptamer sequence present on the
biosensor surface for achieving optimized sensing.

Various electrochemical aptasensors, based on different assay formats, aptamer construction
strategies and detection methods have been developed for lysozyme sensing in samples, such as egg
white, wine, saliva, urine, serum and cancer cells, as summarized in Table 2 (see also the relevant
abbreviations’ list at the end of the paper).

Table 2. Electrochemical aptasensors developed for lysozyme sensing.

Sample Material Method LoD * Linear Range Comments Reference
Direct Assays
2.5% decrease in signal after
Serum VANCNT/NA/LBA DPV 100 ftM 0.1-7 pM 2 weeks at 4 °C in buffer; [73]
RSD: 2.3%
- 90% of initial signal after
Egg white I‘;‘j/ /Tﬁosi/ 3D-1GO/ DPV 55pM  0.007-35nM 1 month; [74]
4 RSD: 5.45%
Egg white ~ Au/TiO,@PPAA/LBA EIS 1.04 pM 3.5 pM-7nM - [75]
Egg white ~ SPCE/AuNPs/LBA SWv 21 fM 0.07-3.4 pM RSD: 4.2% [60]
84% of the original signal after
Egg white ~ Au/AuNPs/LBA EIS 0.01 pM 0.1-500 pM 1 month in buffer at 4 °C; [76]
RSD: 2.11% (n = 3)
Stable several days stored dry
Wine SPCE/LBA1 and LBA2 EIS 25nM 0.025-0.8 uM at4°C; [63]
RSD: <3.8%
Chickenegg 50 /ehitosan-GR/LBA EIS 6 fM 001-05pM - [77]
+ saliva
Saliva + 96.5% of initial activity after
urine + Au/CuO@rGO@PpPG Drv pM 0.1-200 nM 15 days in buffer; [78]
plasma RSD: 4.8%
Eoo white + 7.7% decrease in signal after
88 GCE/THH AuNCs/APT  SWV 01pM  01pM-10nM storage in buffer at 4 °C for [79]
serum 23 days
PGE/chitosan-GO/ Stable 1 week at 4 °C;
N/A LBA [1] EIS 28.53 nM - RSD% = 9.6% [61]
N/A ITO/PABA/SA/LBA EIS 14 nM - - [80]
18 nM 0.06-1.4 uM
(adenine) (adenine) RSD: 5.1% (guanine) and 6.8%
N/A CPE/LBA swv 36 nM 0.11-1.4 uM (adenine) [81]
(guanine) (guanine)
N/A MWCNT-SPE/LBA EIS 862 nM - - [82]
4.55% decrease in signal after
N/A GR-GCE/LBA [2] DPV 0.08nM  0.2nM-1040nM  storage at 4 °C for 10 days; [83]
RSD: 4.23%
4.48% decrease in signal after
N/A Fep,O3-GR-GCE/LBA EIS 11.1 pM 35pM-350nM  storage at 4 °C for 10 days; [84]
RSD: 4.23%
N/A GCE/O-GNs/LBA DPV 1pM 5.0pM-0.7nM - [85]

N/A MB/LBA ** CPSA 7nM - - [86]
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Table 2. Cont.
Sample Material Method LoD * Linear Range Comments Reference
N/A Au/LBA cv - 35nM-35uM - [87]
7.5% decrease after 24 days at
ITO/(Fc-PEI/CNTs/ room temperature in air; 2.25%
N/A Fc-PEI/LBA); brv 11.8pM 139 pM-116nM increase after 21 days in (881
distilled water at 4 °C
Sandwich Assay
. SPCE/LBA/Lysozyme/ Stable 2 weeks at 4 °C;
Wine B-AB/SA-ALP DPV 43 fM 5 fM-5 nM RSD: 5.5% [44]
Competitive Assays
Serum Au/CD/DLAP1 + DLAP2 DPV 64 pM 100-1000 pM - [89]
Stable 3 weeks at 4 °C;
Serum Au/MeB-cDNA/LBA SWV 16.4 pM 0.1-100 nM RSD: <5% [90]
. 7.7% decrease after storage in
Urine Au/LBA-(DNA-Fc) SWV 0.45 nM 7-30 nM buffer at 4 °C; for 23 days [91]
84% of the original signal after
Egg white ?SIG]ABA/TCA/AuNPS/ Ccv 0.1 pM 5 pM-1nM one month at 4 °C; [46]
RSD: <4.3% (n =5)
Egg white  Au/cDNA/LBA LSW 1pM 1.0pM-1.1nM  RSD <4.2% (n=5) [92]
Ramos DNA machine, o _
cancer cells  CdS NP-DNA /LBA ** DPASV 0.52 pM 1 pM-80 nM RSD < 6.1% (n = 3) [93]
75% signal
Au/TBA and LBA/
N/A SWV - decrease for - [94]
(PbS-Lys and CdS-Thr) 0.07 nM
Au/DNA1/BiDNA/ Stable for 2 weeks in distilled
N/A DNA3-AuNPs cv 0.7nM B water at 4 °C RSD: 4.6% [95]
15% decrease in original
N/a  Au/pATP-AuNPs/ SWV  01pM  01pM-1nM signal after I-month in [47]
(LBA/Fc-cDNA) .
buffer solution
N/A Au/cDNA/LBA EIS 70 pM 0.2-4.0 nM RSD: 3.7% [62]
N/A GCE/Au/(Fc-cDNA/ SWV 0.2 nM 0.2-100 nM Ion and Io¢ decreased by 7.9% [96]

LBA TWJ)

and 18.5% after 2 weeks

* A molecular weight of 14.3 kDa for lysozyme was used to convert concentration units from g/L into M; ** not
an aptasensor, but an aptamer-based assay with electrochemical detection; N/A: measurements done with
lysozyme standard solutions in buffer.

2.1. Surface Immobilization of Aptamer Ligands

The immobilization of the analyte-specific ligand on the sensing interface is a key step to

achieve selective detection [97]. The use of an efficient immobilization method is crucial to ensure
adequate stability and optimum surface coverage, however, carefully avoiding lowering the affinity
of the aptamer for its target. To ensure that Ky is not affected upon aptamer immobilization, the
effective dissociation constant of the immobilized aptamer-lysozyme complex should remain constant.
For instance, in [90], for the immobilized aptamer, a K4 value of 30 nM was measured, which compared
well with that measured in solution, namely 31 nM [68].

The immobilization strategies used for aptamers for lysozyme are the following:

1.  adsorption or -7 stacking interactions between the DNA bases of the lysozyme aptamer and
graphene oxide-modified interfaces (Figure 2A) [83-85]

2. covalent linkage of the aptamer to carboxylic-acid functions present on the electrode surface
(Figure 2B) [44,63,77]

3.  binding of thiolated aptamers to gold electrodes or particles (Figure 2C) [46,62,76,87,94]

4. click chemistry between azide-modified gold particles and alkyne-terminated aptamers (Figure 2D) [60]

5. electrostatic interactions between the negatively-charged phosphate backbone of the
aptamer and positively-charged materials (Figure 2E), such as polypyrrole, Fe,Os and
ferrocene-appended poly(ethyleneimine) (Fc-PEI) in a layer-by-layer approach or amine-rich films
of plasma-polymerized propargylamine in a CuO@rGO@PpPG-modified gold electrode [74,78,84,88]
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6.  affinity binding based on biotin-avidin [80] or host-guest interactions [89] (Figure 2F)
7. hybridization to a partially complementary DNA strand, previously immobilized on the electrode
surface (Figure 2G) [96]
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Figure 2. Schematic illustration of different strategies for the modification of electrical interfaces
with aptamers.

For Case (1), polarization of carbon paste electrodes (CPE) at +0.5 V for 2 min [81] or
modification via drop casting with reduced graphene oxide (rGO) [83], rGO/Fe;O3 or rGO/Orange
II nanocomposites [84,85] results in interfaces with the ability to strongly interact with aptamers via
-7 stacking.

For Strategy (2), an appropriate number of carboxylic functional groups can be introduced on
the electrode surface by modification with nanocomposites of graphene oxide-chitosan [61,77], or
reduction of diazonium salts of p-aminobenzoic acid on carbon electrodes [44,63], or by attaching
vertically-aligned nitrogen-doped carbon nanotubes (VA-NCNTs) [73]. Rohrbach et al. modified
screen-printed graphite electrodes with multi-walled carbon nanotubes (MWCNTs) containing about
5% carboxylic acid groups [82]. Another strategy relied on covering a Au electrode with hollow TiO,
spheres and a film of polyacrylic acid [75], where polyacrylic acid provided the carboxyl groups for
aptamer immobilization, while the hollow TiO, spheres enabled increased surface area for higher
aptamer loading and improved electrical characteristics.

The majority of electrochemical aptasensors for lysozyme used thiolated aptamers on gold
electrode, that is following Strategy (C) [46,62,87,91,94]. To increase the aptamer loading, a popular
approach relies on modifying the electrodes with Au nanoparticles [47,76].

By using click chemistry (Strategy D), Xie et al. used AuNDPs electrodeposited on screen-printed
graphite electrodes and modified with a self-assembled monolayer of 10-azidodecane-1-thiol [60], to
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form a “clickable” interface with alkyne-terminated lysozyme aptamers (see Figure 3A). Compared to
direct immobilization of thiolated aptamers on the AuNPs-coated electrode, this approach allowed
a 3.4-fold increase in the analytical signal for a concentration of 10 pg/mL lysozyme, so increasing
the sensitivity of the sensor. The higher aptamer coverage (3.3 x 10! molecules cm~? for aptamer
“clicked” on SAM versus 2.2 x 10'! molecules cm~? for simple chemisorption of thiolated aptamer) was
claimed to be the origin of the improved performances [60]. The potential of the “clickable” interface
as generic support for an aptasensor array was further illustrated by efficient immobilization of three
different aptamers (for lysozyme, cocaine and thrombin) [60].

Gold nanoparticles
SPCEs modified SPCEs
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Figure 3. Cont.
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(D)

Figure 3. (A) Schematic of screen-printed electrodes modified with gold nanoparticles and
subsequent surface modification (reprinted with permission from [60]); (B) schematic of
TiO, /3Dgraphene/polypyrrole aptasensor for lysozyme detection together with SEM and TEM images
of the nanocomposite (reprinted with permission from [74]); (C) surface modification of the VA-NCNT
electrode through electroreduction of 4-carboxyphenyl diazonium salt formed in situ followed by
covalent immobilization of neutravidin and interaction with the biotinylated lysozyme aptamer;
(D) HRTEM image of modified VA-NCNTs (scale bar 2 nm) [73].

More recently, electrodes modified with a TiO, /3D graphene/polypyrrole nanocomposite [74]
proved to be an interesting alternative for lysozyme sensing. The aptamer was immobilized via
a combination between 7-7 stacking interactions with 3D graphene (Figure 2A) and adsorption onto
the positively-charged polypyrrole (Figure 2E). The hollow TiO, spheres provided a large surface,
porous support for 3D-graphene and polypyrrole, acting synergistically with these two materials to
facilitate the immobilization of significant amounts of aptamer (Figure 3B).

Affinity interactions (Case F) were exploited for attaching a labeled lysozyme aptamer to
an electrode either firmly, by taking advantage of strong biotin-avidin binding (Figure 2F) or more
loosely via host-guest interactions. In the case of VA-NCNTs, a detection limit as low as 100 fM
with a linear range up to 7 pM could be achieved by first grafting 4-carboxyphenyl radicals to the
VA-NCNTs using a standard procedure involving the reduction of 4-carboxybenzenediazonium cations
to generate aryl radicals (Figure 3C), followed by neutravidin linking and integration with biotinylated
lysozyme aptamers. Interestingly, this strategy results in a functionalized layer both on the lateral
sides and tip (Figure 3D) of the carbon nanotubes, suggesting that VA-NCNTs are uniformly modified
throughout their length, which might be one of the reasons for their high sensitivity towards lysozyme.

A weaker binding between a dabcyl-labeled aptamer and a 3-cyclodextrin-modified electrode
via host-guest interactions (Figure 2G) laid the basic principle for a multiple use aptasensor, where
easy regeneration of the aptasensor surface was achieved simply by re-incubation with dabcyl-labeled
aptamer after each lysozyme measurement [89].

2.2. Electrochemical Assay Formats: Direct, Sandwich and Competitive Assays

In order to translate the lysozyme-aptamer binding event into a measurable electrochemical
signal, various techniques have been employed, including cyclic voltammetry (CV), differential pulse
voltammetry (DPV), square wave voltammetry (SWV) or electrochemical impedance spectroscopy (EIS)
using direct, sandwiched or competitive assays (Figure 4). Indeed, the formation of a lysozyme-aptamer
complex leads to changes in the electrical properties at the sensor/solution interface, which translate
into either an improvement or a hindered access of a reporter probe to the electrode surface. This is
reflected quantitatively in a change in the charge transfer resistance at the interface, which can be
determined by EIS, or a change in the magnitude of the oxidation/reduction current of the reporter
probe, measurable by voltammetric methods (Figure 4). Voltammetric methods, such as SWV or DPV,
are generally more sensitive [47]. They have also the advantage of delivering a unique “signature” of
the electroactive species used as reporters based on their oxidation/reduction potential. Provided that
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their oxidation/reduction potentials are separated enough so that their electrochemical signals can be
resolved, several electroactive labels have been used to detect multiple proteins with the same sensor.
For instance, aptasensors for dual detection of lysozyme and interferon gamma [90] or thrombin [89,94]
have been developed based on this principle.

4 @
e @ ’ Lysozyme
WS <
+ S : * [Ru(NHg)e**
®-
\ E(V) Lysozyme aptamer
/ \ & Anti-lysozyme antibody tagged
- a with ALP
= N
> N Thrombin aptamer
Z(Q) * Thrombin
Pbs
Cds
’Alwaphlo\ i(,
5 =

E(V) Y,

Figure 4. Electrochemical aptasensors’ detection schemes of lysozyme: (A) direct assay by recording the
conformational changes of surface-linked aptamers upon lysozyme binding, which results in a decrease
in electrostatically-bound Ru(NH;3)g]?* detectable by CV (e.g., as illustrated in [87]); (B) formation
of the aptamer-lysozyme complex creates a barrier for the electron transfer of (Fe(CN)g]*~/3~ in
solution proportional to lysozyme concentration and detectable by EIS [63]; (C) sandwich assay for
lysozyme analysis using amplification with a lysozyme antibody labeled with alkaline phosphatase [44];
(D) competitive assay where free lysozyme in solution displaces quantum dot-tagged lysozyme,
previously bound to surface-immobilized aptamer (e.g., as illustrated in [94]).

Positively-charged ruthenium hexamine used in [87] (Figure 4A) and negatively-charged
ferricyanide are widely investigated for reporting on aptamer recognition events. Ruthenium hexamine
binds electrostatically to the negatively-charged phosphate backbone of DNA. The magnitude of the
reduction peak of [Ru(NHj3)6]3* can be used to determine the amount of surface linked aptamer [87]
and additionally can be a direct measure for lysozyme: the difference in current intensity due
to [Ru(NHj3)s]3* reduction before and after sensor incubation with lysozyme correlates with the
concentration of lysozyme in the sample. Figure 5A shows one example of the direct detection of
lysozyme on aptamer-modified interfaces using EIS [63]. The change in the electrical properties
at the sensor/solution interface was exploited for a comparison of the analytical performances of
two aptamers and quantitative detection with detection limits of 25 nM for the aptamer selected by
Tran ef al. [71] and 100 nM for that reported by Cox and Ellington [68]. To assemble the aptasensors,
screen-printed graphite electrodes were modified with diazonium salts produced in situ in order to
introduce carboxylic groups on the electrode surface. Next, amine-ended aptamers were covalently
immobilized on the surface. A comparison of the aptasensors revealed that both can be applied to
lysozyme analysis in wine. However, somewhat improved sensitivity and a wider linear range were
observed using the aptamer selected by Tran ef al. [71] (linear range: 0.025-0.8 uM) with respect to the
aptamer selected by Cox and Ellington [68] (linear range: 0.1-0.8 uM).
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Figure 5. (A) Surface modification scheme and Nyquist plots for bare electrode (a), modified with
diazonium salt (b), after EDC/NHS (c), functionalization with aptamer (d), after ethanolamine/BSA
blocking (e) and after interaction with lysozyme (f) using PBS solutions containing [Fe(CN)g]* /3~
(2 mM) [63]; (B) surface modification and DPV signal after incubation with anti-lysozyme antibody
and avidin-ALP coupling via biotin-avidin affinity for lysozyme sensing (reprint with permission
from [44]).

Although simple, practical and label-free, these aptasensors lack the required sensitivity for more
demanding applications, such as the detection of lysozyme in biological samples or of trace amounts of
lysozyme in wine. Moving forward from the above direct assay, a sandwich between the surface linked
aptamer, the captured lysozyme and a biotinylated anti-lysozyme antibody has been recently proposed
to enhance the sensitivity of the sensor (Figure 4C) [44]. Labeling the assembly with avidin-modified
alkaline phosphatase (“ALP”) and the addition of the enzyme specific substrate 1-naphtyl phosphate
(“1-NPP”) (Figure 5B) allow the indirect quantification of lysozyme, by recording the current response
upon the formation of the electrochemically-active product, 1-naphtol. This assay exhibited a detection
limit of 4.3 M [44], a substantial improvement from the limit of detection of 0.1 uM reported previously
for the direct assay by EIS [63]. This improvement was due mainly to the power of signal amplification
based on enzymatic labels, but also to the higher sensitivity of DPV compared to EIS. The gain in
sensitivity comes with a cost in complexity, price per assay and inconvenience associated with limited
enzyme stability; these should be all considered before choosing the “right” aptasensor design for
a particular application.

Next to the direct and sandwich assays, competitive detection schemes (Figure 4D) allowed
sensitive lysozyme sensing. The sensing principles applied rely on:

1.  displacement of partially complementary and labeled DNA (ferrocene, AuNPs, efc.) from surface
linked lysozyme binding aptamer (LBA) by lysozyme (signal-off sensor) [46,47,91,98]

2. displacement of dabcyl and metallic NPs-labeled lysozyme binding aptamers forming
a host-guest complex with cyclodextrin in the presence of lysozyme and subsequent release
of NPs in solution [89]

3. displacement of LBA from its methylene blue-tagged DNA complex in the presence of lysozyme,
resulting in a conformational change of methylene blue-tagged DNA into a hairpin structure;
this brings methylene blue closer to the electrode surface, leading to an increase of its signal
(signal-on sensor) [90]
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4. displacement of LBA from its complex with DNA upon lysozyme addition (signal-off sensor) [46,62,95]

5. electrochemical stripping of lysozyme/quantum-dots complex [94]

6. desorption of lysozyme aptamer from rGO/Orange II-modified GCE, reversing the blocking
effect and reestablishing efficient electron transfer from graphene-adsorbed aromatic dye Orange II [85]

Competitive detection schemes are typically used with regenerable sensors, where in order to
revert to the characteristics of the original interface, the aptasensor needs simply to be re-incubated
in fresh aptamer solution at the end of each measurement [62,89]. An ingenious detection
strategy for multiple protein detection relied on immobilization of dabcyl-labeled-aptamer-modified
metal nanoparticles (DLAPs) on a 3-cyclodextrin-modified electrode by host-guest affinity [89].
Thrombin and lysozyme aptamers were labeled at the 3’ end with dabcyl, which is a typical “guest” for
the B-cyclodextrin “host”. At the 5 end, the thrombin and lysozyme aptamers were labeled with CdS
and PbS nanoparticles, respectively. The aptamers were captured at the electrode surface by host-guest
interaction through their dabcyl label. Upon binding the target proteins, the aptamers were released
from the B-cyclodextrin-coated surface. The detection of bound proteins was done through dissolution
and electrochemical analysis of nanoparticle labels. Successful regeneration of initial aptasensing
surface was demonstrated for eight regeneration cycles with no loss in activity, simply by incubating
the sensors in 0.1 mM DLAP solution for 30 min. Moreover, the applicability of the aptasensor in the
biomedical field was demonstrated by the analysis of human serum samples.

Note that competitive assay formats are particularly useful for devising generic interfaces that
could be adapted to various analytes, allowing one to exploit generic amplification/detection schemes.
All multi-analyte detection schemes developed so far that include lysozyme detection are based on
competitive testing [89,90,94,95]. One of the most interesting approaches makes use simultaneously of
both a “signal-on” and a “signal-off” mechanism for dual detection of lysozyme and interferon gamma
(IFN-y) [90]. The aptasensor is intended as an analytical tool in the diagnosis of acute leukemia and is
built by immobilizing on a Au electrode two reporter DNA probes, one labeled with ferrocene (Fc) and
the other one with methylene blue (MB). The Fc-probe and the MB-probe are designed to specifically
hybridize with the IFN-y and lysozyme aptamer, respectively. In the presence of target proteins IFN-y
and lysozyme, the aptamer is released from the respective DNA duplex, and the reporter probes suffer
conformational changes, leading to decreased oxidation current for Fc and increased oxidation current
for MB, according to a “signal-off” and a “signal-on” mechanism, respectively.

Sensor arrays with hybridized DNA probes allow fulfilling the requirements of high-throughput
and multi-analyte testing in the biomedical field. Consequently, starting from the aptasensors for
dual analyte detection of lysozyme and adenosine, thrombin and interferon gamma [89,90,94,95],
the development of novel sensor arrays in conjunction with competitive detection schemes can be
anticipated for the near future for the simultaneous electrochemical detection of various analytes,
including lysozyme.

2.3. Evaluation of Selectivity, Reproducibility and Storage Stability

The selectivity of the electrochemical aptasensors was proven by challenging them with
excess quantities of other proteins (e.g., bovine serum albumin, thrombin, immunoglobulin G,
hemoglobin, myoglobin, casein, cytochrome C) tested either in individual solutions or in mixtures with
lysozyme [44,46,61,74,76,77,79,82,84,89-91]. Some authors went further and proved also the selectivity
of the lysozyme aptamer sequence by performing measurements with an identical sensor in which the
aptamer was replaced by a scrambled DNA sequence [81,82,87]. For example, the current decrease in
the adenine oxidation signal, taken as the analytical signal in the aptasensor developed by Rodriguez
and Rivas [81], was only 2.7% with a scrambled sequence as compared to 87.6% for the lysozyme
aptamer [81].

Most sensor platforms reported in the literature showed a good repeatability. In a typical
example, the relative standard deviation of the determined charge transfer resistance was 4% for
six replicate measurements of 5 ng/mkL lysozyme, using the same impedimetric aptasensor [80].



Chemosensors 2016, 4, 10 12 of 20

Aptasensors’ reproducibility was also good as proven by an RSD of around 5% for several sensors
fabricated in parallel [80]. These results are particularly important for complex sensors involving
nanomaterials/nanocomposites and manual steps of preparation. For example, an RSD of 4.23%
(n = 6) was reported for sensors based on GCE modified with graphene/Fe,O3 and aptamer [84],
while an RSD of 5.45% (n = 10) was obtained for Au electrodes modified with a nanocomposite
of hollow titanium dioxide nanoballs, three-dimensional reduced graphene oxide and polypyrrole
(TiO,/3D-rGO/PPy) [74].

Moreover, most aptasensors reported satisfactory storage stability with less than a 16% decrease
in the analytical signal at 4 °C over 2 weeks—1 month [44,47,74,76,91]. While in some cases, sensor
development targeted single-use [63], there were a few aptasensors for which multiple regeneration
cycles were performed without affecting the magnitude of the analytical signal (less than 10%
decrease for 3-5 regenerations) [46,62,89,90]. The reproducibility, storage stability and regeneration
figures advanced in the literature for lysozyme aptasensors support their further development for
commercial applications.

2.4. Comparison of Electrochemical Lysozyme Sensors to Other Detection Schemes

To put the performance of electrochemical aptasensors for lysozyme into perspective, Table 3
summarizes the sensing characteristics of other lysozyme biosensing platforms. When compared
to all of the different electrochemical assays (Table 2), it is clear that electrochemical platforms are
complementary to optical methods, such as SPR and even MALDI-TOF analysis. Surface-enhanced
Raman spectroscopy (SERS) has currently the lowest reported detection limit, being 1 aM. The best
performing electrochemical sensor showed a detection limit of 4.3 fM [44] and is based on a sandwich
format (Figure 3C). Interestingly, DPV on GCE modified with AuNPs and an iminodiacetic acid ligand
proved to be also highly sensitive [98].

Table 3. Sensitivity of methods besides aptamer-based electrochemical ones for the detection

of lysozyme.

Detection Method Ligand Limit of Detection Reference

SPR Aptamer 0.5nM [55]

DPV IDA—-Cu complex 60 M [98]

MALDI-TOF MS Aptamer 1nM [99]

RLS Aptamer 1pM [100]

ELISA Antibody 0.1 nM [32]

SERS Aptamer 1aM [101]

Turbidimetry Micrococcus lysodeikticus 0.13nM [102]

HPLC-FLD - 10 nM [103]

3. Applications of Current Electrochemical Aptasensors for Lysozyme Sensing

Choosing the optimum electrochemical detection for a particular practical application requires
consideration of lysozyme levels typically encountered in the targeted type of sample, in conjunction
with aptasensor simplicity, stability and any requirement for sensor regeneration. For clinical
applications [73], testing the performance of the different sensors on real samples is of ultimate
necessity. Approximately half of the electrochemical aptasensors for lysozyme developed so far were
applied for real sample analysis (Table 2). Interestingly, all of these examples were reported in the
last five years, in line with the general trend of increased focus on applications of electrochemical
aptasensors observed, among others with aptasensors devoted to food safety. It is important to
note that the levels of lysozyme in various types of real samples vary over a wide range, which are,
however, within the detection range of aptasensors (Table 4). This proves the general applicability of
the lysozyme aptasensing concept for a variety of samples.
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Table 4. Level of lysozyme determined using electrochemical aptasensors.

Sample Analyzed Lysozyme/uM Reference
serum 0.62-0.66 [90]
serum (healthy patient) 0.22 [73]
serum (IBD patient) 0.78 [73]
saliva (3 patient samples) 5.17 [77]
urine 0.01-0.03 [91]
egg white 218 [60]
egg white 239 [77]
egg white 263 [46]

In most cases, egg white was the preferred matrix to prove the aptasensor’s real-life applicability.
Only two recent studies include the detection of lysozyme in spiked serum [89,90], while other
reports concern saliva [77], urine [91], Ramos cancer cells [93] or wine [44,63]. This is linked to
the complexity of samples: besides possible interfering compounds evaluated at an early stage
during aptasensor development in buffer solutions, other challenges encountered in real matrices
concern non-specific adsorption of sample components to the sensor surface; moreover, the high
ionic strength of some samples can affect negatively the binding between lysozyme and aptamers.
Various solutions have been devised for circumventing such problems. Efficient blocking of nonspecific
adsorption is typically performed by incubation of Au-based aptasensors with short hydroxylated
thiols, such as 6-mercapto-1-hexanol [60,87,90], while, for carbon-based interfaces, blocking with
0.1%-1% solutions of BSA [44,63,88] or IgG [81] is preferred. Moreover, a washing step with buffer
(sometimes containing 1% Tween-20, [87,95]) performed after incubation of the aptasensor with the
sample solution further alleviates problems due to non-specific binding [44,46,60]. To ensure reliable
and quantitative determination of lysozyme in real samples, the simplest approach is to dilute samples
with suitable electrolyte buffer in order to match the linear range of the aptasensor. However, this comes
at the expense of possible errors associated with huge dilution factors. For example, many authors
claimed high sensitivity for lysozyme detection, using egg white as the test sample. However, one could
note that egg white contains the highest amount of lysozyme among all samples summarized in Table 3,
namely around 240 uM (3.4 mg/mL). Considering an aptasensor for which the upper linearity limit
is set to 0.5 pM [77], the estimated sample dilution factor required for lysozyme analysis is 4 x 10°.
Zhang et al. [75] compared the results obtained for several dilutions of egg white across the linear
range of the aptasensor. Non-specific binding was observed for samples diluted to 50 ng/mL or higher
concentrations, while diluting the sample to 1 or 10 ng/mL (dilution factor of 3 x 10° or higher) led to
agreement between aptasensor responses for egg white and standard lysozyme solutions, respectively.
As per the available literature data, dilution with buffer does represent an appropriate sample
preparation step for serum, saliva or urine prior to analysis with the electrochemical aptasensors [78].
Instead, in wines, lysozyme binds to phenolic compounds [104], and a pre-treatment of wine with
salt and surfactant was required to dissociate the complex. In another example, Ramos cancer cells
analyzed by an aptamer-based electrochemical assay required trypsinization, centrifugation, washing,
lysis and filtration through a 0.22-um membrane before lysozyme analysis [93]. What is still lacking
to make these sensors accepted by clinicians and analytical laboratories is that besides some notable
exceptions [78,91], the studies did not include any comparison to standardized procedures, such as
ELISA or HPLC, to confirm the results and validate the assay, and the accuracy was estimated solely on
spiked samples and by comparison with levels reported in the literature for various types of samples.

4. Conclusions and Perspectives

Since the first aptamer for lysozyme had been proposed in 2001, a large amount of different
electrochemical-based aptasensors have been developed over the years. Routinely, such sensors
achieve a picomolar detection limit, with some even reaching the low femtomolar concentration range.
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There is an urgent need for moving beyond research by developing new concepts for achieving even
better sensitivity and selectively, in order to bring some of the current sensors into real biomedical
applications. Clearly, next steps in this direction might include:

(i) Sensor designs and use of materials compatible with large-scale manufacturing technologies for
producing commercial aptasensors. The good analytical characteristics and reproducibility of
lysozyme aptasensors produced by manual, multiple step procedures is promising. Several types
of electrodes modified with proteins, mediators and nanomaterials, produced by screen-printing
and ink-jet printing, are already available commercially and could be used as a generic basis for
lysozyme and other aptasensors;

(ii) Experimental confirmation of the appropriate storage stability of the aptasensors for commercial
purposes. Aptamers are inherently more stable compared to antibodies, for example; however,
with the lysozyme aptasensors developed so far, storage stability beyond one month remains to
be investigated;

(iii) Generic approaches appropriate for high throughput, multi-analyte testing. Lysozyme analysis
might prove highly beneficial in the context of the multiplexed sensing of various disease
biomarkers. Going in this direction, electrochemical aptasensors have been developed for
dual detection of lysozyme and interferon gamma, aiming to diagnosis acute leukemia [90].
An illustration of the potential of generic platforms was provided by an aptasensor array
based on eight screen-printed electrodes modified with AuNPs, coated with azide-ended
thiols, onto which three different aptamers (for lysozyme, cocaine and thrombin) were
immobilized by click-chemistry [60]. Reconciling the need for a short analysis time with the
simultaneous demand for a high sensitivity of detection could come from new signal amplification
strategies. Among others, recent approaches based on nanomaterials, such as graphene [105] or
nanoceria [106], show promising potentialities;

(iv) Validation of novel aptasensors in comparison with methods currently used in clinical and
analytical laboratories, such as ELISA and HPLC. So far, only three studies reported comparative
results obtained with the aptasensor and by classical methods [73,78,91]. In the particular case of
lysozyme, a comparison with other methods should be made with caution, since some methods
measure the amount of enzymatically-active lysozyme, while others determine the total amount
of protein. Moreover, differences between results provided by methods based on very different
principles, e.g., chromatographic separation and affinity, are not uncommon [107].

Although many of the studies regarding lysozyme as a disease biomarker date back to the
1970s-1980s, currently, lysozyme analysis is not routinely performed in biochemical laboratories.
Moreover, the most widely-used tests rely on ELISA analysis. Recent developments in biosensing
research illustrate the applications of aptasensors for the dual detection of lysozyme and other
important analytes, such as adenosine [95], thrombin [89,94] and interferon gamma [90]. The usefulness
of aptasensors for serum analysis of patients with inflammatory bowel disease was recently
demonstrated [73]. Consequently, new studies focused on the parallel analysis and correlations
between disease biomarkers and lysozyme levels in biological samples are expected to boost research
efforts tapping into the applicative potential of electrochemical aptasensing of lysozyme in the
biomedical field.
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AuNPs

B-AB

BiDNA
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CPE
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Cu,0@rGO@PpPG
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DLAP
DPASV
DPV
DIT
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EIS
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IFN-y

LBA
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MeB-cDNA
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NHS
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p-ATP

PABA

PEI

PGE
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SA-ALP

SERS

SPCE

SWV

TBA
TCA/AuNP/ssDNA
(THH) AuNCs
TiO,@PPAA
TiO, /3D-rGO/PPy

TPA

TW]J
VANCNT
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