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Enzymes-based electrochemical biosensors require the immobilisation of the enzymes on the electrode surfaces
as well as their storage in aqueous environments to maintain the enzymatic activity. Herein, we described an
enzyme-based electrochemiluminescence biosensor fabricated by incorporating oxidase enzymes (horseradish
peroxidase, HRP; glucose, GOx, lactate, LOx, and cholesterol oxidases, ChOx) within poly(ethylene glycol)dia-
crylate (PEGDA) cryogels, which retain their activity when stored in dry conditions. The redox reactions between
the oxidase enzymes and their corresponding substrates produce hydrogen peroxide that can be detected in the
presence of a layer of polyluminol deposited on the electrode surface. These oxidases PEG-based cryogels were
characterized using cyclic voltammetry and electrochemiluminescence (ECL) to assess the redox reactions be-
tween the enzymes and the corresponding substrates. The proposed biosensors were characterised by good
stability and repeatability with a calculated limit of detections (LODs) in the micromolar concentration range.
The performances of PEG cryogels over the time evidenced the stability of the as-prepared materials up to 30
days in dry conditions, confirming good retention of the encapsulated enzymes. Furthermore, the biosensors
were tested in the presence of interferent species showing good selectivity. Finally, these oxidases-PEG cryogels
were tested in real samples (commercial contact lenses, artificial sweat and commercial milk) confirming the
suitability of such material for the detection of hydrogen peroxide with calculated LoDs as 10.37 + 0.4 uM for
HRP/contact lenses liquid; 3.87 + 0.3 uM for GOx/artificial sweat; 1.09 + 0.6 uM for LOx/artificial sweat; and
6.59 + 0.5 for ChOx/milk.

1. Introduction enzymes show optimum activity when they are in solution, however, for

practical electroanalytical applications, the immobilization of the

Since the first example of enzyme-based electrochemical biosensor
developed by Clark and Lyons in 1962 [1] with glucose oxidase as a
recognition element for the detection of glucose, the use of enzymes has
seen considerable technological advancements. Such enzymatic elec-
trochemical biosensors allow fast analysis of important parameters
applicable is several fields such as clinical diagnosis [2-4], environ-
mental monitoring [5,6], food industry [7,8] and water treatment [9,
10].

Enzymatic electrochemical biosensors are characterized by the great
advantage of high specificity towards the substrate, fast response time,
and ability to operate using small amount of volumes [11]. Typically,

enzyme on the electrode surface is required, as it allows the use of
minimum amounts of expensive enzymes. However, the immobilisation
of the enzyme on the electrode surface is associated with steric hin-
drance that limits the activity of the enzyme by preventing the access of
the substrate to the active sites of the enzyme.

Over the years several immobilization strategies have been devel-
oped. In general, four methods of immobilization have been developed
during the years: (i) adsorption; (ii) covalent bonding, (iii) bio-
conjugation, and (iv) physical entrapment [12]. Adsorption and depo-
sition are non-covalent strategies which involve the use of electrostatic
interactions with the electrode surfaces [13]. The covalent methods
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instead, allow a more stable attachment of the protein to the electrode
forming a covalent bond [14]. For example, one of the most popular
covalent methods is the cross-linking of glutaraldehyde with arrays
containing amino groups to immobilize enzymes on electrode surfaces.
The bio-conjugation approach consists in the formation of an interface
between a biomolecule and another molecule or material characterised
by a covalent bond [15]. Finally, the physical entrapment is one of the
most used immobilization methods, as it avoids the modification of the
structure of the enzymes which are very fragile. This technique is
applicable for most of enzymes, and antibodies and it is widely used for
the development of biosensors as the matrices used for the encapsulation
protect the enzymes from the external environmental changes such as
pH and temperature [16,17].

All these strategies aimed at maximising the anchoring of the en-
zymes on various electrode surfaces such as screen-printed electrodes
[18], glassy carbon electrodes [19], carbon nanotube electrodes [20,21]
that require the storage of the enzyme-functionalised electrode in buffer
solutions to preserve the enzymatic activity. The properties of the matrix
used for the immobilisation process are crucial for the determination of
the enzyme performance. The matrix needs to be inert toward the hosted
enzyme, biocompatible, resistant to the external environment (espe-
cially temperature and pH changes), hydrophilic, and porous to allow
the diffusion of the substrate and ions [22].

Hydrogels have been widely used as an immobilisation matrix due to
their hydrophilicity and biocompatibility [16,23-26]. However, these
hydrogels are problematic in terms of storage and ease-of-use, as they
require to remain hydrated to work. Recently, macroporous hydrogels
obtained at sub-zero degrees Celsius temperatures, also known as cry-
ogels, have received special attention in tissue engineering applications
due to their highly macroporous interconnected structure and ability to
be dried, sterilised and stored prior to re-hydration and use [27-29].
Cryogels are used in bio-scaffolding as their porous three-dimensional
structure allows easy cellular ingrowth and free diffusion of solutes
[30-32]. The use of cryogels as a matrix for enzyme immobilization are
widely reported in literature. Examples include poly(vinyl alcohol)
(PVA)-cryogels [14,33], albumin-chitosan cryogel [34], poly
(2-hydroxyethyl methacrylate) p(HEMA)-cryogels [35], oligoethylene
glycol (OEG)-cryogels [36], apatite (ACGs)-cryogels [37], glycosami-
noglycans (GAGs) cryogels [38], synthetic poly(ethylene glycol) (PEG)
in combination with other materials such as collagen, agarose and
heparin [39-42] but also stand-alone [43,44]. Nonetheless, none of
these materials have been used so far to develop ECL-based biosensors.
ECL is an analytical method that is attracting strong interest in elec-
troanalysis in virtue of its high sensitivity, reproducibility, and
simplicity of the apparatus [45-49].

In this work, we report the first example of ECL biosensor based on
poly (ethylene glycol) (PEG)-based-cryogels with incorporated oxidase
enzymes (glucose oxidase, lactate oxidase, horseradish peroxidase and
cholesterol oxidase) and using electropolymerized luminol (poly-
luminol) as the luminophore probe. Both the oxidases-PEG-based-
cryogels and the luminophore are confined on the electrode surface.
Also, we have estimated the activity of the oxidases enzymes by
measuring the ECL emission from polyluminol in the presence of the
hydrogen peroxide produced during the redox reaction between the
immobilized enzyme and the corresponding substrate. Interestingly, the
enzymes encapsulated within the cryogels were characterised by high
stability (up to months) and, crucially, can be stored in dry conditions
and at room temperature still preserving the enzymatic activity.

2. Materials and methods
2.1. Materials
Poly(ethylene glycol) diacrylate (PEGDA, M,=700 g/mol) and

2-hydroxy-2-methylpropiophenone (HMPP) for the synthesis of the
cryogels, phosphate-buffered saline (PBS), sodium chloride (NaCl, >99
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%), potassium chloride (KCl, 99 %), potassium hydroxide (KOH, >85
%), luminol (97 %), sodium hydroxide (NaOH, >98 %), p-(+)-glucose
(>99.5 %), cholesterol (>99 %), i-lactic acid, horseradish peroxide
(HRP), glucose oxidase (GOx), lactate oxidase (LOx), and cholesterol
oxidase (ChOx), bovine serum albumin (BSA) conjugated Rhodamine
were purchased from Merck; Triton X-100, and ethanol (EtOH, 99 %)
were purchased from Fisher Scientific; hydrogen peroxide (H203, 35 %)
was purchased from SAFC. All the solutions were prepared using MilliQ
water with resistivity at 18 MQ cm at 25 °C. Polystyrene templates for
cryogel synthesis were produced with the dimensions of 0.5 mm thick-
ness and 1 mm diameter as previously described [50].

2.2. Synthesis of PEG-based cryogels and encapsulation of enzymes
procedure

The enzymes were encapsulated within the cryogels using photo-
chemical crosslinking in polystyrene templates with one side covered by
Scotch Magic™ Tape (Maplewood, Minnesota, USA). The PEGDA
aqueous precursor solution was prepared by mixing 70 mg/mL of
PEGDA monomer and 1 % (wt/vol) of the photoinitiator HMPP. The
enzyme stock solutions (0.1875 mg/mL) were added to the PEGDA so-
lution obtaining a final volume of 4 pL. 0.25 pL of the solution were
added to each cavity of the template and then placed in the freezer at -20
°C for 20 min. Then, the templates were exposed to the UV light (365 nm
wavelength) for 1 min whilst still in the freezer at -20 °C and 1 min
outside the freezer at the same wavelength. After the photochemical
crosslinking the tape was removed from the polystyrene template and
then the cryogels were removed from the cavity with a pipette tip, then
washed twice with ethanol and MilliQ water. Finally, the cryogels were
dried at the temperature of 27 °C for 30 min.

2.3. SEM and confocal microscopy analysis of cryogels

SEM images were recorded using a Zeiss Evo LS25 SEM (Zeiss,
Cambridge, UK) utilising the controlled pressure mode set to a target
value of 30 Pa. This allowed for the non-conductive cryogels to be
imaged without the need for coating. Confocal microscope images were
taken using the SP5 confocal microscope (Leica) using the 10x lens, with
a projected average image over a 40 um z-length with a 5 um gap be-
tween images. Cryogels were synthesised as described above, but with
the addition of iFluor 647 maleimide (Stratech Ltd) at 0.001% wt/vol-
ume in the precursor solution. This wavelength is not photo-bleached by
the UV initiated crosslinking. Bovine serum albumin (BSA) conjugated
Rhodamine was used a fluorescent model of the enzyme encapsulation
and encapsulated using the above protocol at the same concentrations as
the enzymes.

2.4. Electrochemical and ECL characterisation of cryogel-modified GCE

Prior to the electrode modification, GCEs were cleaned by mechan-
ical polishing of the surface with different grades of alumina powders
(0.1 and 0.05 pym), sonication in MilliQ water for 5 min and finally dried
with compressed air to remove any residues. The electropolymerization
of luminol was carried out using the procedure developed by Sassolas
et al. with some modifications [51]. Briefly, the electrochemical poly-
merization of luminol was performed using a CH Instrument potentio-
stat model 705E. A three-electrode configuration electrochemical cell
with a Ag/AgCl reference electrode, a Pt wire as counter electrode, and a
3 mm glassy carbon electrode as working electrode all purchased from 1J
Cambria (UK). Differently from the reported method of Sassolas’ group,
the electrolytic solution was composed of 0.1 M NaH,PO4 and 0.1 M KCl,
pH 8.0 with the addition of 1 mM of luminol from the stock solution of
50 mM luminol/1 mM KOH. The electropolymerization was performed
in the potential range 0-1 V vs. Ag/AgCl using a scan rate of 0.05 Vs !
and operating multiple cycles of cyclic voltammetry. For the ECL tests, a
cholesterol bulk solution was prepared dissolving 0.2 g of cholesterol in



L.S. Ferraraccio et al.

PEG-cryogel

Electrochimica Acta 483 (2024) 144007

Fig. 1. The PEG based-cryogels exhibit a macroporous structure. (A) SEM images of the cryogel disc in the dehydrated state showing the pore and strut morphology.
Scale bars = 100 um. (B) Confocal laser scanning fluorescence microscopy (CLSM) images showing the PEG-based cryogels visualised via the incorporation of iFluor
within the polymer structure (left) and after the addition of rhodamine-labelled bovine serum albumin (BSA)(right). Scale bars represent 100 pum.

5 mL of Triton-X-100 and 5 mL of isopropanol by heating at 50 °C. The
solution was then diluted in 0.01 M PBS at pH 7.4 obtaining a 2 mM
stock solution which was stored in the fridge at 4 °C. The analysis of the
GOx and LOx-cryogels biosensors in real samples was performed using
an artificial sweat solution obtained by mixing 300 mM NaCl, 40 mM
urea, 100 mM r-lactic acid, 100 mM p-(+) glucose, in 100 mL distilled
water. The stock solution was diluted in 0.01 M PBS and adjusted at pH
7.4 and stored at 4 °C. The HRP-cryogel was tested with a commercial
contact lenses solution and dilute in 0.01 M PBS obtaining a stock

solution of 20 mM concentrations and stored at 4 °C. Finally, the
ChOx-cryogel was tested in commercial milk and diluted in 0.01 M PBS
at pH 7.4 obtaining a 1 mM stock solution stored at 4 °C.

3. Results and discussion

3.1. Microscopic characterization

Scanning electron microscopy (SEM) (Fig. 1A) images show the



L.S. Ferraraccio et al.

Electrochimica Acta 483 (2024) 144007

A) HRP B) Q)
27 27 571y =0.05x-0.10
1.8 R?=0.99
16 154 /'
1.4
14
3 12 = 3 -
s 4] ;; 14 E . (]
-
Q o8 g g 05 .
06 054 > ~
o /
024 o4 i 1
04 04 = -
0 02 04 06 08 1 0 10 20 30 40 S50 60 2 4 6 8 10 12 14 16 18 20 22
Potential/V vs Ag/AgCI [Hydrogen Peroxide)/ uM [Hydrogen Peroxide)/ uM
D) GOx E) F)
1.4+ 19
1] y=0.25x-0.11
1.2 R?=0.98 s
ol —— 0.8
08 14
-
3 06 - -
3 06 5084 1 5061
< 6.72 uM s s -
0 o4 t 3061 3 ~
o 04 8 o4 ~
0.4 /,
0.2
0.672 uM 0.2 0.2 .
04 0+ n/
o o2 o4 08 o8 1 o 1 2 3 4 5 & 7 05 1 15 2 25 3 35
Potential/ V vs Ag/AgCl [Glucose)/ uM [Glucose]/ uM
G) LOx H) )
14+
1.4 0|y =005%-028
1.24 8|2 =
1.2 . R?=0.98 I
14 : 1
_ 1] _ 0.6 _~
E 08] ; 0.84 ;:, //
- d 0.4 4 1
g osl ﬁ 06 3 -
w //
0.4 044 - -
0.2 /
0.2 0.2 P
/
o 04 04 =
0 02 04 06 08 1 5 10 15 20 25 30 6 8 10 12 14 16
Potential/V vs Ag/AgCI [L-Lactic Acid)/ uM [L-lactic acid)/ pM
J) ChOx K) L)
44 35 -
o] 0 0357 1 = 0.013x-0.04
' 03 R?=099 .
354
0.3 e
34 ' 0.25
Elad 3 ' 3 o2 t
= 2 ©0.24 &
5] a3 3 0.15
W5 8 2 1
14 0.1 0.1+
-
0.5 0.054
04 0 o]

02 04 06 08 5 10 15

Potential/ V vs Ag/AgClI

20

[Cholesterol)f uM

10 12 14 16 18 20 22 24 26
[Cholesterol]/ uM

25 30 35 40 45 4 6 8

Fig. 2. ECL response of PEG-cryogels loaded with oxidases on polyluminol-modified GCE. (A) HRP-cryogel and (B) calibration curve of ECL response vs. concen-
tration of hydrogen peroxide; (D) GOx- cryogel and (E) calibration curve vs. concentration of glucose; (G) LOx- cryogel and (H) calibration curve vs. concentration of
1-lactic; (J) ChOx-cryogel and (K) calibration curve vs. concentration of cholesterol. The ECL experiments were performed at scan rate of 0.05 V s ! in 0.01 M PBS
supporting electrolytes for all enzymes, pH 9.0 (HRP, GOx, ChOx), and pH 7.4 (LOx). Inset plots (C, F, I, and L) represent the linear range. The error bars represent the

standard deviation from three repetitions.

macroporous structure of the dehydrated materials, which is typical of
cryogelated biomaterials. This pore structure was further visualised in
the hydrated state via confocal laser scanning fluorescence microscopy
(CLSM) (Fig. 1B).

Fig. 1B evidence the porous structure of PEG-cryogels. These pores
look highly interconnected and in agreement with literature [52]. This
porosity confirms an efficient flow of the luminophore into the PEG
matrix, which suggests ease of diffusion also for the substrates for the
redox reactions to occur.

3.2. Electrochemical and ECL characterisation of cryogels

An important aspect in the development of ECL-based biosensors is
the immobilization of the luminophore on the electrode surface. The
presence of the luminophore in the solid state rather than in solution is
very advantageous as the use of the expensive luminophore is minimized
and allows the possibility of reusing the same electrode multiple times. A
typical example is the immobilisation of tris(2,2' -bipyridyl)ruthenium
(II) in polymer matrices [53]. Here, we deposited a polyluminol film on
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Table 1
Comparison of the PEG-Cryogel/Polyluminol biosensors performances with others in literature.
Enzyme Encapsulation Detection technique LOD molarity Linear range molarity Refs.
HRP HRP/PGN/GCE Amperometric 0.0267 nM 0.08 nM-835 uM [62]
HRP HRP/peptide EIS, CV, CA 0.03 uM 0.1 uM - 0.1 mM [63]
HRP HRP/Cu3(PO4)2 UV-VIS - 100 nM - 100 uM [64]
HRP NH,-CDs Ccv 1.8 nM 5 uM - 590 nM [65]
HRP Absorption Hydrodynamic voltammetry 0.2 M 20 pM -2.5 mM [66]
HRP Sol-gel CL 0.67 uM 0.1 pM —3.0 mM [67]
HRP HRP-dsDNA/GO-QDs/GCE ECL 0.5 pM 1.0 pM -0.1 uyM [68]
HRP Alginate hydrogel ECL 5.38 + 0.05 yM 4.4 uM - 22 yM [26]
HRP PEG-cryogel ECL 1.9 uM 2.2 pM -22 yM This work
GOx Absorption Hydrodynamic voltammetry 20 uM 20 uM -160 pM [66]
GOx polyNiTSPc/MWNTs ECL 0.08 uM 1.0 yM -1 mM [69]
GOx PtNFs/GO/GODx ECL 2.8 yM 5 pM -80 uM [70]
GOx Covalent binding ECL 0.3 mM 0-10 mM [71]
GOx Cu-MOFs/GOx BP-ECL 0.05 pM 0.1 pM -0.1 uM [72]
GOx Entrapment in NanoPANi cv 0.3 £0.1 pM 0.01 uM -5.5 mM [73]
GOx GOx-graphene/GC Voltammetry 10+2 pM 0.1 uM -10 mM [74]
GOx Alginate hydrogel ECL 0.84 uyM 0.56 uM -4.2 uM [19]
GOx PEG-Cryogel ECL 0.58 pM 0.672 uM - 4.2 uM This work
LOx Immobilised in Nafion Amperometric 1uM Up to 0.8 mM [75]
LOx LOx/PB-modified SPE Amperometric 0.005 mM 0.005 pM - 5.000 mM [76]
LOx MN-PEGDA/LOx Ccv 1M 0-4 mM [77]1
LOx Immobilised eggshell Amperometric 8.6 UM 0.00-0.48 mM [78]
LOx MWCNT-polypyrrole/LOx Chronoamperometry 51 uM 1uM —15 mM [79]1
LOx H,Ti307/TNT/LOx CV,amperometry 0.2 mM 0.5 uM —14 mM [80]
LOx Alginate hydrogel ECL 0.50+0.03 uM 2.6 M —9.7 uM [26]
LOx PEG-Cryogel ECL 3.51 uM 5uM —15 pM This work
ChOx Chit/ChOx/TizCyTx SEM, CV, EIS, DPV 0.11 nM 0.3 uM - 4.5 nM [81]
ChOx Free Direct amperometry 1 nM 1uM -7 mM [82]
ChOx Agarose hydrogel Calorimetric 3.5uM 10 uM — 100 uM [83]
ChOx Fused-silica capillary Amperometric 12.4 yM 50 uM —1.0 mM [84]
ChOx Adsorption Optical, gravimetric, CV - 0-1 mM [85]
ChOx AuNPs/ChOx CV, EIS 34.6 yM 0.04 uM - 0.22 mM [86]
ChOx CdSeTe/ZnS QDs-chitosan-ChOx ECL - 1.5 uM - 4.5 mM [56]
ChOx Free Calorimetric 8.36 yM 50 uM - 6 mM [87]
ChOx PEG-Cryogel ECL 4.65 pM 5 uM —25 pM This work

the GCE using the method developed by Sassolas et al. with some
important modifications [51,54,55]. For instance, the electro-
polymerization was carried out at much more alkaline values of pH (pH
8 here vs. pH 6 reported in the Sassolas’ method) which allowed to
maximize the ECL emission of polyluminol, which is well established to
occur at high value of pH (from pH 8 and above). Three peaks were
observed during the polymerization of luminol: peak I registered at
~0.3 V representing the luminol monomer oxidation which decreases
during the polymerisation process as the monomer is consumed; peak II
and peak III observed at ~ 0.55 V and ~ 0.25 V represent the oxidized
and reduced forms of polyluminol, respectively (See S1). The observed
peaks agree well with work from Sassolas et al. [54]. The results re-
ported in the Supporting Information S1-S3 allowed us to optimize the
conditions for the polyluminol formation on GCE. We found that 20
cycles lead to the formation of a polyluminol layer with the highest ECL
signal (see S1, Table 1). Also, despite the optimum pH were found to be
pH 9, we selected pH 8 as the working pH for the polymerization. In fact,
the ECL signal at this pH provides a more stable value (lower error bars
on repetitions), see S2. Finally, the optimum concentration of luminol
for the polymerization of luminol was found to be 1 mM (see S3). To
assess the electroactivity of the as prepared polyluminol film towards
hydrogen peroxide detection, CVs and ECL of empty PEG-cryogels
deposited onto these polyluminol films were recorded. This study was
performed in 0.01 M PBS at pH 8.0 and scan rate 0.05 Vs~! with the
addition of different concentrations of hydrogen peroxide (see Fig. S4).
The results highlighted that both the anodic peak currents (measured
using CV) and light emission (measured using ECL) increase with the
concentration of hydrogen peroxide indicating the electroactivity of the
polyluminol film and that the deposition of cryogels onto the
polyluminol-modified GCEs do not hinder the diffusion of hydrogen
peroxide to the electrode surface. This is not surprising considering the
porous structure of the cryogels. In addition, a study to select the

optimum working pH for each enzyme (HRP, GOx, LOx, and ChOx) on
the polyluminol-modified GCE was performed. Fig. S5 illustrate the
related ECL response obtained with the four oxidases. As expected, the
ECL signal is strongly dependent on the pH. The highest ECL signal for
HRP, GOx and ChOx is obtained at pH 9, whereas for the LOx the highest
ECL signal is recorded at pH 7.4, which is in agreement with data re-
ported in literature [16]. Based on these results, we selected pH 9 for
HRP, GOx and ChOx, and pH 7.4 for LOx in all subsequent experiments.

Furthermore, to ascertain whether the oxidases encapsulated within
cryogels are suitable as an enzymatic biosensor platform, we deposited
the oxidase-loaded cryogels on polyluminol-modified GCEs using the
conditions selected from the preliminary experiments. The choice of
such enzymes is due to the fact that these oxidases catalyse the reaction
of hydrogen peroxide to water and oxygen (HRP) or produce hydrogen
peroxide as a by-product of the enzymatic reactions with their corre-
sponding substrate (GOx, LOx, and ChOx) [56-58]. The ECL analysis
was performed in 0.01 M PBS by adjusting the pH with 0.1 M NaOH
according to the optimum pH of each enzyme (see Fig. 2) in the presence
of different concentrations of the substrates, e.g. hydrogen peroxide (A),
glucose (D), t-lactic acid (G), and cholesterol (J). The calibration curves
reported in Fig. 2 (B, E, H, and K) depict the ECL response obtained vs.
the concentration of the various substrates. These results evidence good
sensitivity of the ECL sensor for low concentrations of substrates added
to the solution with sensitivity values of 0.46 pA mM ' cm™2 for
HRP-hydrogen peroxide, 3.11 pA mM~! cm ™2 for the GOx-glucose, 0.83
uA mM~‘em ™2 for LOx-1-lactic acid, and 0.19 uA mM~! ecm ™2 for the
ChOx-cholesterol systems. The sensitivity values were calculated as the
slope of the calibration curve for different concentrations of analytes
added to the electrolytic solution [59]. The inset plots reported of Fig. 2,
describe the linear range of each system and the corresponding corre-
lation coefficient showing a linear dependence of the ECL signal with
respect of the substrate concentrations.
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We performed additional experiments using the same aforemen-
tioned conditions, however, rather than polyluminol we used luminol in
solutions. The results reported in Fig. S6 show higher ECL response for
the luminol in solution. This result is expected as the concentration of
the luminophore on the electrode surface is higher when the luminol is
in solution rather than in the polyluminol film. Nonetheless, the ECL
responses recorded with the polyluminol depict the same trend as those
recorded with luminol in solution. Table 2 reported in the Supporting
Information section (see S6) reports the ECL values, the linear range,
limit of detection, limit of quantification, and the correlation coefficients
obtained for the various oxidases encapsulated within the cryogels.
These values were compared with the analogous systems analysed using
luminol in solution. The limit of detection was obtained by applying the
30y /slope formula where o, represents the standard deviation of the
intercept and indicates the lowest concentration at which the substrate
can be detected [60]. The limit of quantification instead was calculated
with the 100y /slope criteria [61]. These results show that the ECL
detection enables the quantification of low concentrations of hydrogen
peroxide with high sensitivity. The calculated LoDs, LOQs and linear
range values are all within the micromolar range and comparable with
other system reported in literature (see Table 1 below). Note that the
concentrations of the substrates (hydrogen peroxide, glucose, r-lactic
acid, and cholesterol) are expected to be in the micromolar range in the
real samples herein considered such as contact lenses solutions and milk.

3.3. Kinetic study of oxidase-cryogels deposited on polyluminol-modified
GCE

The estimation of the enzymatic activity within the cryogel deposited
on polyluminol-modified GCE was carried out using the Michaelis-
Menten method by studying the reaction rate vs. the substrate of the
enzyme analysed. As previously reported [16,88], the enzymatic activity
is analysed through the oxidation peak of the CV and the ECL emission at
increased concentrations of substrate. Fig. 3 depict the ECL plots vs. the
substrate concentrations of the various oxidase-PEG-cryogels, underly-
ing the values of I(ECL)max and the Kji? which correspond to 50 % of the
maximum obtainable ECL intensity.

Table 3 (see S7) summarizes the values of Kj’and I(ECL)pax Ob-
tained for the four oxidases demonstrating both the ability of the sub-
strate to diffuse through the pores of the material as well as good
retention of the enzymes within the cryogel matrix. A comparison is also
shown with the ECL values obtained with the luminol in solution on the
same table (see S7). The kinetic evaluation of the oxidase enzymes
entrapped in the cryogels offers a prediction of the catalytic activity
correlated with the emission of light that, in turn, is dependent from the
substrate concentration. The parameters reported in Table 3, S7
demonstrate high affinity of the enzyme for the corresponding substrate,
therefore the retention of the enzyme within the cryogels matrix.
Furthermore, the structure, selectivity and catalytic properties of the
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dopamine, 0.1 mM ascorbic acid, 0.1 mM glucose, and 0.1 mM lactic acid. The pH was adjusted to pH 9 for HRP, GOx, and ChOX, and pH 7.4 for LOx. Error bars

represent the standard deviation from a triplicate data point.

oxidases is preserved. From the Michaelis-Menten equation, lower
values of Ky? correspond to high affinity of the enzyme towards the
substrate. As formerly, we compared these values with those obtained
with luminol in solution. The best values, as expected, were obtained
with luminol in solution, however, it is remarkable that the values of
K obtained with polyluminol e.g. 17.71 & 0.37 for HRP, 2.72 £ 0.44
for GOx, 13.62 + 0.54 for LOx, and 18.013 + 0.68 for ChOx are very
close to the corresponding values obtained with luminol (see Table 3,
S7) as an indication of the preserved enzymatic activity. Note that the
values obtained here with the oxidase-cryogels deposited on poly-
luminol modified GCE are lower than the values obtained with other
immobilization methods reported in literature, as an indication that the
enzymes remain active within the PEG- cryogels [89]. Also noticeable,
the K3 constants are slightly higher than the ones reported in our
previous work with alginate hydrogels which were 7.71 + 0.62 and 8.41

+ 0.43 uM for HRP and LOx, respectively [16]. This is expected, as the

concentration of the luminophore (polyluminol), which is also
consumed during the ECL reactions, is lower than the concentration of
luminol in solution utilized in our previous work [16].

3.4. Interferences study of oxidase-cryogels

The selectivity of the oxidase encapsulated within the cryogels was
investigated in the presence of common interferent species to determine
the extent at which the ECL detection of hydrogen peroxide could be
affected (see Fig. 4). ECL tests were performed in 0.01 M PBS at the
corresponding optimum pH of each enzyme. The interferent species
considered were ascorbic acid, dopamine, glucose, and t-lactic acid,
each with a concentration of 0.1 mM, whereas the concentration of each
enzyme substrate was 22 uM of Hy0», 3.36 uM of glucose (for the GOx
interference study in Fig. 4B), 20 uM of 1-lactic acid (Fig. 4C), and 25 uM
of cholesterol (Fig. 4D). The results reported in Fig. 4 evidence that the
oxidase encapsulated within the cryogels were not affected by the
presence of these interferents, indicating both high selectivity and
sensitivity towards low concentrations of the corresponding substrates.

3.5. Stability of the oxidase encapsulated within cryogels

A crucial aspect for the development of a biosensor is the preserva-
tion of the enzymatic stability, which in turn effects their efficiency and
overall performances. Cryogels, contrary to the conventional hydrogels,
can be stored in dry conditions, so they do not need to be constantly
hydrated to maintain their properties. Moreover, the stability of the
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enzymes encapsulated within the cryogels was evaluated by studying
the ECL signal over a 30-day time. The oxidases encapsulated within
cryogels showed a remarkable stability when stored in dry conditions for
30 days before being hydrated and tested (see Fig. 5). This demonstrates
the ability of such cryogels to preserve the catalytic activity of the
enzyme over long time and up to several months. In contrast, the highly
interconnected matrix of the cryogel recorded a loss of ca. 80 % of the
enzyme activity when the cryogels were stored in aqueous solutions. As
a model, we assessed the stability of HRP-cryogel with samples stored in
0.01 M PBS. The ECL signal measured in 15 days period drastically
decreased after the first measurement (see Fig. S8).

3.6. Validation of the ECL-biosensor: analysis of real samples

The suitability of the sensors proposed here was finally tested for
potential clinical investigations of important physiological parameters
such as, glucose, lactic acid, and cholesterol. This validation is per-
formed throughout the ECL response obtained in real samples from the
production of hydrogen peroxide derived from the various enzymatic
reactions of the four oxidases. For the HRP-cryogel, a commercial con-
tact lenses solution was used, whereas for the GOx and LOx-cryogels,
artificial sweat solution was prepared according to the work of Garcia-
Rey et al. [16,90], and commercial milk for the ChOX- cryogel sensor.
All real sample solutions were diluted in 0.01 M PBS to obtain a stock
solution of 20 mM concentrations and added in different concentrations
to the electrolytic solution. The ECL signals related to HRP (Fig. 6A),
GOx (Fig. 6D), and LOx (Fig. 6G), and ChOx (Fig. 6J) evidence linear
dependence with the corresponding concentration of the real sample.
Noticeably, the HRP-cryogel presents a linear range between 15 and 45
uM of contact lenses solution with a correlation coefficient R? = 0.99
(Fig. 6C). As expected, the calibration curve (Fig. 6B) presents a
dependence of the ECL from the different concentrations of contact
lenses leading to a detection limit LoD = 10.37 + 0.4 uM and LoQ = 31.4
+ 0.2 uM. For the GOx- cryogel the linear dependence of the ECL signal
is over a range of 2.68-6.72 uM in artificial sweat solution added to 0.01
M PBS pH 9.0 (Fig. 6F). The calculated LoD is 3.87 + 0.3 uM and LoQ as
11.74 + 0.5 uM. (Fig. 6E). The LOx- cryogel was tested with different

aliquots of sweat solution in 0.01 M PBS pH 7.4 finding a linear range in
the range 2.2-20 uM (Fig. 61), a correlation coefficient R2 = 0.99, LoD =
1.09 + 0.6 pM and LoQ = 71.7 + 0.7 uM (Fig. 6H). Finally, the ChOx-
cryogel was tested with different concentrations of commercial milk in
0.01 M PBS at pH 9.0 (Fig. 6J), giving a linear range of 10-30 pM with R?
= 0.99 (Fig. 6L), LoD = 6.59 % 0.5 yM and LoQ = 19.96 + 0.3 uM
(Fig. 6K).

The reproducibility and repeatability of the four oxidases-systems
was tested in 0.01 M PBS (see S9) by studying the mean and standard
deviation of six repetitions (n = 6) of six different modified GCEs. The
results pointed out to a good reproducibility and repeatability high-
lighting further the suitability of the enzymes encapsulated within PEG-
based cryogel platform for ECL-based sensing applications.

The accuracy of the ECL sensors was tested by studying the recovery
of the substrates. The real samples solutions were spiked with known
concentrations of the substrates and the% of recoveries reported in
Table 2 highlights a high degree of accuracy of all the ECL analysed in
this work.

4. Conclusions

In this work we proposed a novel biosensor based on the encapsu-
lation of oxidases within cryogels synthesised from PEGDA to enhance
their applicability over other systems such as hydrogels. These PEG
cryogels were deposited onto polyluminol-modified glassy carbon
electrodes for ECL analysis. We have demonstrated the versatility of the
encapsulation of oxidase enzymes into PEG-based cryogels showing high
selectivity and selectivity in the presence of interferent species and in
the analysis of real samples. We showed that the use of PEG-cryogels as a
matrix for the encapsulation is advantageous due to the high inter-
connected porous structure which allow the diffusion of the substrate for
the redox reaction to the immobilized enzyme. For the first time, the
oxidase enzymes were incorporated into cryogels and were tested using
ECL detection of hydrogen peroxide. The results reported herein show
high sensitivity and selectivity, with the calculated limit of detection for
the four enzymes as LoD = 10.37 + 0.4 uM for HRP system, LoD = 3.87
+ 0.3 uM for GOx, LoD = 1.09 + 0.6 uM for LOx, and LoD = 6.59 + 0.5
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systems analysed containing the correlation coefficient R% Error bars represent the standard deviation from a data point of six repetitions.

Table 2

Concentrations and% of recoveries for hydrogen peroxide, glucose, 1-lactic acid,
and cholesterol from the ECL analysis of the corresponding spiked real samples.

uM for ChOx. We highlight several advantages of the cryogel-based
system over previously reported hydrogel systems. For example, they

can be stored in dry conditions with a retention of the enzymatic activity
up to 30 days (maximum time tested), and benefit from an easy and fast
fabrication process. In conclusion, the oxidase PEG-based cryogels here
proposed represent a promising platform for detection of physiological

parameters such as glucose, 1-lactic acid, and cholesterol with versatility

Sample Avg concn % Recovery
Calced (uM)
H,0, spiked contact lenses solution 19.02 98 %
Glucose spiked artificial sweat solution 2.37 99 % for real-word use.
L-lactic acid spiked artificial sweat solution 9.02 98 %
Cholesterol spiked milk solution 9.03 97 %
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