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Abstract

Amperometric biosensors have been widely utilized for the cost-effective and rapid analysis of various bioanalytes, for example glucose.
However, a lack of standardization and validation procedures remains a major limitation in biosensor development. Therefore, despite
rapid advances in material science driving the development of amperometric biosensors, to date only a few biosensors, detecting a
limited range of analytes, are available on the market. It is believed, once this issue is addressed, it can significantly facilitate the next
step in the overall concept “go to the market” production and implementation of amprerometric biosensors for a large industrial scale.
Herein, we report on the use of laser desorption ionization mass spectrometry (LDI-MS) for the standardization of amperometric
biosensors, based upon a complete and non-destructive characterization and validation of layer by layer (LbL) biosensors at each
fabrication step. We reveal that specific ionization pathways of mediators, polymers and enzymes from the biosensor surface allows for
robust quality control during LbL biosensor manufacture. Furthermore, this LDI-MS approach can also be used to monitor, and therefore
ensure, the encapsulation of enzymes in one-step designed nanobiosensors. Specifically, we show that LDI-MS can be used for the rapid
chemical profiling of LbL biosensors and one-step synthesized nanobiosensors, as well as to assess their synthesis quality and to monitor
for batch-to-batch and intra- and inter- day changes in their function and behavior. Our novel approach will thus contribute to the
future development, improved design and fine tuning of both conventional LbL-fabricated amperometric biosensors and one-step

designed nanobiosensors.

1. Introduction

Progress in material science in general and specifically in the development of organic-inorganic (O-I) hybrids has driven rapid advances
in many areas, including point-of-care measurement systems, biosensors, nanoreactors and metabolic analysis." Notably, in metabolic
analysis, the targeted biomolecules are often present at very low concentrations (i.e. ng/uL level). Furthermore, detection can be
impeded by the presence of interfering species. Therefore, there has been increasing interest in the use of laser desorption ionization
mass spectrometry (LDI-MS), together with novel O-l materials, which can promote desorption-ionization, as a powerful new approach

for metabolic analysis.

O-I hybrids are self-assembled systems consisting of inorganic (metal/semiconductor/dielectric particle or bulk component) and organic
components, such as polymers, enzymes, antibodies, DNA or amino acids. Such O-I materials come in numerous forms including porous,

micro- and nano-structured substrates. In principle, LDI-MS, utilizing O-I| substrates, enables high-sensitivity, high-resolution, high-
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throughput, accurate and easy-to-perform analyses, for example in hospitals.>® However, to date, this approach has not been widely
accepted in routine laboratories due to a range of problems including high background, as well as low sample-to-sample and spot-to-

spot reproducibility.

Remarkably, similar problems also beset biosensors based upon O-I hybrids. Thus, only a few biosensor designs have left the research
laboratory and been introduced on the market. One explanation for this situation is a lack of standardization procedures as well as poor
validation and metrology of the O-I hybrid materials used for biosensor development. For example, without the use of robust
nanoanalytical methods for the characterization of O-I hybrids, the percentage of each ligand present in the organic component can
only be estimated based upon the material ratio used in the synthesis reaction. In addition, modern biosensors regardless of the read-
out platform (amperometric, potentiometric or photoluminescence detection) suffer from low sensor-to-sensor and batch-to-batch

synthesis and signal reproducibility. *>%"°

A wide spectrum of quality control methods can be used to characterize the individual organic bio-receptor, or inorganic components of
O-1 hybrids."® However, none of the existing analytical methodologies, used in isolation, allow for the complete characterization of O-I

hybrids, i.e. amperometric biosensors.

In this study we adapted an LDI-MS- based approach, originally developed and widely used in the context of bioanalytical chemistry, as
a tool for standardization of layer-by-layer (LbL) designed amperometric biosensors and one-step fabricated nanobiosensors (as a case
study). We demonstrate rapid and non-destructive characterization of amperometric LbL biosensors at each fabrication step, including
monitoring of mediator (Prussian Blue), immobilization of enzyme (glucose oxidase, GOx) and Nafion layer formation used to protect

bioreceptor (GOx) from elution.

In addition, by utilizing LDI-MS as a biochemical scanner, we demonstrate the possibility for ensuring the encapsulation of GOx in one-
step designed nanobiosensors produced from multicomponent electrolyte solution contained palladium nanoparticles (Pd-NPs), Nafion
and enzyme. This study is expected to improve our understanding of the surface chemistry of amperometric biosensors and also will

provide an opportunity to improve their design and fine tune their performance.

2. Materials and Methods

2.1 Materials

H,PdCls, (NH4);HPO4 and Na,HPO412H,0 used for Pd-electrolyte preparation were of 99 % purity (Sigma Aldrich), Flavin adenine
dinucleotide disodium salt hydrate (FAD, 99.7%), BSA (5% v/v), Glucose oxidase (GOx) from Aspergillus niger (EC 1.1.3.4, type VII, 248 U/g
solid) were obtained from Merck (Darmstadt, Germany). Glutaraldehyde solution (25% (v/v)), ethanol (UV HPLC gradient, 99.9%), H,0.
solution (30% (v/v)), potassium hexacyanoferrate (lll) (ACS reagent, 299.0%), iron (lll) chloride (anhydrous, 99.99%), D-Glucose
(anhydrous) and Nafion®117 solution (~5% (v/v) in a mixture of aliphatic alcohols and water) were obtained from Merck (Darmstadt,
Germany). The DRP-110DGPHOX screen printed electrodes (SPEs) were provided by DropSens (Llanera, Spain). The electrodes were
printed on ceramic substrate and each sensor consists of a carbon working electrode (WE) modified with graphene oxide (GO) layer, a
carbon counter electrode and a silver reference electrode. All the solvents were of HPLC quality. Organic-free, deionized (DI) water was

generated by an Elga PureLab (Celle, Germany) water purification system.
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2.2 Prussian blue (PB) film preparation

The preparation of Prussian Blue (PB) films used for biosensing applications was described in previous studies."" Briefly, 10 ul of freshly
prepared precursor solution, containing 0.1 M potassium ferrocyanide (Ks[Fe(CN)e]) in 10 mM HCl was mixed with 0.1 M ferric chloride
(FeCls) solution in 10 mM HCI (1:1 proportion (v/V)) directly over the WE surface (GO) of the SPEs electrodes. To stabilize the formed PB
layer, the sensors were placed in an oven at 100 °C for 2 h. All the PB modified GO/SPEs were stored in the dark with humidity < 60%

prior to the subsequent microscopic, electrochemical and mass spectrometry studies.

2.3 Layer-by-layer (LbL) biosensor fabrication (approach 1 and approach 2)

The LbL procedure for biosensors fabrication was reported earlier with some modification implemented here." Briefly, on a PB modified
GO/SPE electrode a 2.5 pL droplet of freshly prepared glutaraldehyde solution (1% (v/v) was placed and left to dry at the ambient
conditions for 20-30 min. Afterwards, individual GOx and Nafion layers were deposited in a multi-step manner according to the
following procedure: 3ul of GOx dissolved in phosphate buffer and BSA (5% v/v) was placed over the PB and glutaraldehyde modified
GO/SPE followed by deposition of 3 pL of Nafion®117 (2.5% v/v in EtOH). The finalized biosensors consisted of 4 layers which were
referred to as approach 1.

To compare the analytical merit of the above described 4 layered biosensors (approach 1) and one-step nanobiosensors (see below),
freshly mixed GOx solution dissolved in phosphate buffer and BSA was mixed with Nafion®117 (2.5% v/v in EtOH) in a 1:1 ratio and
deposited over the PB and glutaraldehyde modified GO/SPE electrode with a volume of 3 uL. The finalized biosensors consisted of 3
layers and were referred to as approach 2. All the prepared biosensors were placed to dry overnight in a climate chamber at 40%

humidity and 8 °C regardless of the employed preparation protocol.

2.4 One-step designed nanobiosensors (approach 3)

One-step fabrication of nanobiosensors with encapsulated GOx and Nafion®117 was carried out at room temperature 20+2°C directly
over the surface of GO/SPE according to the previously reported protocol.”” The synthesis was performed in one-step from the multiple
electrolyte solution (containing Pd-electrolyte, Nafion®117 (2.5% v/v in EtOH) and GOx dissolved in phosphate buffer and mixed in the
ratio of 1:1:1 v/v/v) in chronopotentiometric mode on the one-channel biologic Potentiostat PalmSens4 (PalmSens, Utrecht,
Netherlands) at the current density of 2.5 mA and deposition time of 30 sec. The process results in the formation of the hybrid Nafion-
doped Pd-NPs with encapsulated GOx. This preparation route was fully controlled by the PSTrace Software (PalmSens, Utrecht,
Netherlands). The fabricated one-step designed nanobiosensors (referred to as approach 3) were washed with DI water and stored in the

dark.

2.5 Electrochemical characterization of LbL biosensors and one-step designed nanobiosensors

The electrochemical response of PB-modified electrodes, LbL biosensors (approach 1 and approach 2) and one-step designed
nanobiosensors (approach 3) were recorded in cyclic voltammogram (CV) mode on the one-channel biologic Potentiostat PalmSens4
(PalmSens, Utrecht, The Netherlands) at the scan rate of 20 mV/sec. The amperometric response during calibration of nanobiosensors
(approach 3) was recorded using the same type of potentiostat in the microanalytical range of glucose from 0 to 40 pM at the applied

voltage equal to —0.08 V. All measurements from the same nanobiosensor were recorded at least in triplicate.
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2.6 Laser desorption ionization mass spectrometry (LDI-MS)

LDI-MS investigations of the fabricated PB-based biosensors, LbL biosensors (approach 1 and approach 2) and one-step designed
nanobiosensors (approach 3) were carried out on a Bruker Esquire 3000+ESI-ion trap MS (Bruker Daltonics, Bremen, Germany) operated
by Bruker esquire control 5.3 software equipped with atmospheric pressure AP-MALDI ion source and Nd:YAG solid-state laser (355 nm,
Frequency 200 Hz, 3 ns, laser fluence 45%, 12000 laser shots per spot). The studied sensors were adapted directly onto the conventional
MALDI plate followed by subsequent analysis according to the algorithm of LDI-MS, Figure S1. Mass spectra were recorded in both

positive and negative detection modes in the range of m/z 100-1000. TIC and EIC chromatograms were used for data analysis.

2.7 PB biosensor performance by oxygen release studies

To estimate the impact of PB layer homogeneity on the biosensor performance, the dynamic response of the oxygen release rates
following the reaction between H,O, and PB was measured. To this end, an OXR430 retractable needle-type fiber-optic oxygen
minisensor (Pyro Science GmbH, Aachen, Germany) coupled to a FireStingO2 fiber-optic meter (Pyro Science GmbH, Aachen, Germany)
was used.” The oxygen minisensor was controlled by the Pyro Oxygen Logger software. The response of the fiber-optic oxygen

minisensor was recorded in oxygen release mode (umol/L) based on (1):

PB(red) + H202 — PB(oy) +H20+0,1 M

2.8 Enzyme activity measurements prior and after LDI-MS studies

To verify the enzyme activity (GOx as a case study) during immobilization in biosensor layer before and after LDI-MS studies (see above),
an OXR430 retractable needle-type fiber-optic oxygen minisensor (Pyro Science GmbH, Aachen, Germany) was utilized. The response of

the minisensor was recorded in the oxygen consumption mode (umol/L) according to the sequences (2-3):
Glucose + GOx(ox) »GOX(req) + Gluconic acid 2)
GOX(red) + Oz = GOX(ox)+H202 3)
To measure the enzyme activity in a droplet after immobilization, the tip of the optical minisensor was placed perpendicular to the WE of
GO/SPE electrodes. The stable signal of the dissolved oxygen was obtained and recorded when simultaneously 150 pL of analyte
(glucose solution in phosphate buffer, pH=7) was placed over all three electrodes and the potential of the redox reaction was applied

(i.e. amperometric characterization) to the synthesized LbL biosensors (approach 1 and approach 2) or one-step designed

nanobiosensors (approach 3) connected to a single Potentiostat PalmSens4 (PalmSens, Utrecht, The Netherlands).

2.9 Scanning Electron Microscopy (SEM)

SEM images were captured on a Quanta 400 FEG system (Hillsboro, OR, USA) equipped with an EDAX (Mahwah, NJ, USA) Genesis V 6.04

X-ray spectral analysis system, at an accelerating voltage of 10 keV.
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3. Results and Discussion

3.1 Non-destructive screening of film chemical homogeneity

Quantification of hydrogen peroxide (H.O,) within biological or clinical samples is a challenging analytical task. The conventional H,0.
detection methods such as colorimetry, spectrophotometry, chromatography, chemiluminescence suffer from poor reliability,
reproducibility, low selectivity and sensitivity."* In addition, the above mentioned techniques can be very time consuming. Biosensors

have overcome these limitations due to their simplicity, high sensitivity, selectivity and rapidity.

Prussian Blue (PB) is one of the most studied sensitive layer which has been successfully employed in layer by layer (LbL) designed
biosensors due to its selective ability towards H,O, decomposition.” A wide spectrum of approaches with different rates of success was
used to prepare PB films on the surface of working electrodes. However, regardless of the fabrication protocols used, in order to

maintain reliable H,0, quantification, it is highly important to control the entire PB preparation route."'®"’

Remarkably, numerous techniques can be employed to investigate the properties of PB on an electrode surface. For example, the
morphology of PB films is characterized by scanning electron microscopy coupled with X-ray analysis (SEM/EDX) and the surface
roughness is routinely studied using atomic force microscopy (AFM). To investigate the electrochemical response obtained from PB-
based biosensors, cyclic voltammetry (CV) or amperometry (AM) can be used. Nonetheless, appropriate methods for evaluating the
chemical homogeneity and for visualizing the chemical profile of PB have been lacking. This is important as the chemical homogeneity of
PB can dramatically affect biosensor performance, i.e. intensity and reproducibility of the obtained response as well as signal-to-noise

ratio.

Whilst several mass spectrometry-based assays for the detection of PB in historical pigments and artworks have previously been

developed'®"

these approaches required destructive preparation steps, for example pre-treatment of the PB containing layer with NaOH
or suspension in either water or linseed oil resulting in the detection of ion species that are mostly attributable to the matrix. Therefore,
the development of alternative mass spectrometry-based approaches for analysis of PB layer in its pristine form would be highly
desirable. The usage of a “soft” ionization mass spectrometry approach, viz. laser desorption ionization mass spectrometry (LDI-MS) for

non-destructive testing of PB on an electrode surface can be considered as a possible solution to the problem.

Usually, in LDI-MS development, the targeted analyte is spotted on the surface of the functional substrate (including porous silicon,

graphite, graphene nanoparticles, metal nanoparticles or nanostructured coatings, etc.?%*'?*?%)

. This is followed by its desorption,
jonization and subsequent MS analysis . In this case, the surface of the substrate serves as a donor of H*, Na*, K* ions (positive
ionization mode) or electrons (negative mode) which are necessary to provide an effective ionization of the analyte. Notably, the
working electrode (WE) of a SPE is covered by graphene oxide (GO) as a sensitive element responsible for the transport of electrons. GO
has been approved as a promising substrate for LDI-MS analysis of numerous bioanalytes, i.e. carbohydrates, long-chain fatty acids,
triacylglycerols, flavonoids and phenylpropanoids. In this regard, it can be hypothesized that similar to biomolecules, the efficient laser

induced desorption and ionization of the PB layer from the surface of a GO modified SPE can occur. Once this hypothesis is confirmed it

will allow to use of LDI-MS screening of PB-based biosensors.

First, as a proof-of-principle, we screened the chemical homogeneity of PB films directly on the surface of a GO/SPE, without any sample
pretreatment procedure. The general concept for estimating of the chemical homogeneity is illustrated in Figure 1, AB. Thus, a
chromatogram obtained from a chemically uniform layer during laser shot will give rise to equal intensity analytical signals (Figure 1, C).
In contrast, sufficiently different MS-signal intensities with “spike-like” effect (Figure 1, D) extracted from the chromatograms can be
used to infer a chemically heterogeneous profile. The underlying principle is similar to the “sweet spot” phenomenon usually seen in

MALDI-MS and caused by formation of non-homogenous and different polymorphous crystal structures by a dried-droplet preparation
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method. Thus, as a result of macrocrystal formation, different efficiency of analyte ionization followed by large variation in MS-signal
intensity can be established.**** With regards to our concept towards estimating the chemical homogeneity of the biosensor layer, the
“spike-like” effect is minimized or less pronounced in case of a chemically uniform layer (Figure 1, C). Therefore, to distinguish the
uniform and non-uniform film formation, the absence of a clear “spike-like” effect in chromatogram profile can be readily used as

criteria.

Remarkably, the degree of the chemical homogeneity/inhomogeneity of PB film and the defined acceptable threshold values can be
readily found on the next step (if necessary) depending on the synthesis protocol used (drop casting or electrodeposition of PB) or

customer product requirements.
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Figure 1 — Schematic illustration of LDI-MS platform applied for validation of PB-based biosensors with uniform (A) and non-uniform (B)
chemical profiles (top). TIC chromatograms received from biosensors with uniform (C) and non-uniform/spiked (D) (bottom) profile.

Dash line (C, D) — acceptable thresholds values (defined upon the requirements of analytical task, viz. linearity range, LOQ, LLOQ, etc).

However, to achieve this ambitious goal, the identification of characteristic ionic species obtained from PB modified GO/SPE is a first step
towards visualization of the film chemical homogeneity. In previous studies employing mass spectrometry-based approaches (ESI-MS)
for the analysis of PB layer in historical pigments and artworks, the extensive decomposition of PB seen at m/z 107.9 ([Fe(CN).]-), m/z
133.9 ([Fe(CN)s]-) and m/z 159.9 ([Fe(CN)4]-) was reported.”"®'9% Nonetheless, in our experiments utilizing “soft” ionization technique
(LDI), the decomposition of PB was not confirmed. Thus, the most stable and abundant peaks for PB layer were found at m/z 165.8,
189.7 and 241.7 which were attributed to the presence of Fe(OCN),(CN)-, Fe-(CN);~ and Fe,(CN)s~, respectively (Figure 2 A,C). Moreover,
LDI mass spectra obtained from PB modified GO/SPE biosensors in negative ionization mode mostly exhibited by repeatable adducts
with a mass of 26 Da (replacement of CN-) and 24 Da (CN-2¢). We hypothesize that the formation of these unusual patterns can be

attributed to the specific electron transfer between the GO and PB layer.
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Figure 2 — LDI mass spectra (A,C) obtained from uniform (A) and non-uniform/spiked (C) PB modified GO/SPE in negative ionization
mode. (C,D) — dependency of extracted signal intensity (monitored at m/z 189.7) obtained from PB/GO/SPE on shot number. Note: The

measurement shown in (B,D) were repeated in triplicate.

Next, the defined ionization pathway for PB layer formed on the surface of GO/SPE was used to test the homogeneity/inhomogeneity of
a PB-based biosensor. To this end, the most environmentally stable peak at m/z 189.7 was extracted from the chromatogram and
monitored (Figure 2B,D). We studied two independent PB films prepared by a conventional drop casting approach (see Experiment).
Surprisingly, different LDI-MS readout signals were recorded highlighting a different distribution of PB from the two films despite the
use of identical Prussian Blue solutions and identical synthesis conditions. As a consequence, different analytical performance of these
PB-based biosensors might be expected a priori resulting in the low sensor to sensor signal reproducibility. This expectation was
confirmed by oxygen minisensor studies based on the testing of PB films with peroxide. We observed that the catalytic activity of PB-
biosensors towards peroxide decomposition for the uniform film was much higher as compared to the non-uniform film (Figure 3). This
can be explained in terms of improved transport phenomenon within the uniform PB film resulting in the superior interaction between
H,0, and PB layer. In contrast, the formation of non-uniform PB islands (see Figure 1,B) can significantly impede the penetration of H,0,

through the sensitive mediator layer and limit the overall decomposition of analyte.
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The results of the oxygen minisensor studies performed for these PB-films can be used as indirect evidence for their different chemical
profiles previously revealed by LDI-MS. Notably, this oxygen minisensor assay can also be considered as a crucial and informative
approach towards control of PB preparation route. At the same time, the testing of PB-based biosensors employing peroxide and an
oxygen minisensor was destructive in nature (non-destructive “no’/informative tool “yes”). This was confirmed by subsequent
electrochemical and LDI-MS studies (Figure S2). Thus, a significant lost in electrochemical activity of the PB film, as well as a strong
difference in mass spectra as compared to non-tested films was established. This indicates a complete degradation of PB layer after
contact with peroxide (ESI, Figure S2, bottom). However, non-destructive SEM studies of the PB layer before and after the testing with
peroxide did not reveal any changes in the surface morphology of the film (Figure S3). Therefore, SEM cannot be considered as a crucial

and informative approach towards screening of PB layers (non-destructive “yes"/informative tool "no”).

A B
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% 500 < 500 A Y 2
=EL 400 § 400
g 300 8. 300
200 200
100 100
0 0
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
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Figure 3 — Dynamic response of the oxygen release rates (dissolved oxygen, DO, umol/L), during the reaction between uniform (A) and
non-uniform (B) films of PB with 10 mM of peroxide. Note: the experiments were performed at room temperature, 20+2 °C.

In contrast to the oxygen minisensor profiling of PB-biosensors , the optimized LDI-MS assay and the defined pattern route applied for
the screening of chemical homogeneity of PB films was non-destructive in nature. Furthermore, no differences were recorded from
PB/GO/SPE in CV experiments allowing us to rule out possible melting or sintering effects caused by the laser ,* which were previously
reported for metal-based micro- and nano- dimensional structures after laser irradiation, , Figure S4. This result confirms a “soft”
ionization of PB layer from the surface of GO/SPE and preservation of its pristine form (non-destructive “yes"/informative tool "yes"). In
contrast, CV studies usually used for biosensors characterization, whilst a powerful and informative analytical tool, has been reported as

a destructive approach (non-destructive "no”/informative tool ”yes’).”

We next utilized LDI-MS to monitor the changes in PB-based biosensor storage conditions. Different top ionic species were recorded
from PB-biosensor kept with exposure to ambient light for 5 days indicating the degradation of the intact sensitive layer, see ESI, Figure

S5.

In summary, we revealed a novel pathway of PB ionization in LDI-MS and showed that this data can be utilized to monitor changes in a
preparation route of PB-biosensors as well as during their experimental use (see Figure S2,B) or storage conditions (Figure S5).
Remarkably, LDI-MS used for the screening of PB-based biosensors offers several advantages over alternative mass-spectrometry

techniques, for example (i) the possibility to analyze the biosensor surface in its pristine form, (i) the received ion species can be



272
273

274

275

276
277
278
279
280
281
282
283
284
285
286
287
288

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303

304
305
306
307
308
309
310

exclusively attributed to the targeted layer of biosensor instead of the used template/target (Au-plate, paper) or matrix (ie. linseed

oil)'®" (iii) the assay is non-destructive in nature and therefore allows further usage of biosensor.

3.2 Towards imaging the chemical profiles of biosensors

Nafion® 117 (further referred to as Nafion) is frequently used in biosensors to protect water soluble enzymes from elution. Typically, ,
Nafion is employed as the last/top layer in LbL designed biosensors. To fabricate the Nafion protective membrane, several physical (drop
casting) and electrochemical approaches resulting in the formation of layers with a different thickness can be used."" Remarkably, the
thickness of the polymer layer can dramatically affect the permeability of Nafion-based membrane, its diffusion properties, transport
behavior and thus, the entire LbL biosensor response and its analytical performance. For example, a significant difference in the
biorecognition mechanism between several Nafion multi-layered biosensor architectures by oxygen and glucose monitoring in a droplet
was reported.'" In addition, different performance (limit of detection, standard deviation, storage time, etc) and mechanical stability of
“two" and “four” Nafion-based layered biosensors were revealed by tandem of several methods, viz. inductively-coupled plasma mass
spectrometry (ICP-MS), liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) and electrochemical
studies (AM)."" Although, the above-mentioned tandem monitoring used for tracking of the impact of biosensor design on its analytical
performance is a promising and comprehensive analytical approach, it can be very time consuming. Moreover, once the optimal design
is established, the quality control of the biosensors at the development stage to facilitate the overall concept “to the market” production

would be highly desirable."

To further explore the possibilities of LDI-MS as a crucial quality test, we were thus interested to apply this approach to screen the
Nafion layers on the surface of biosensors dependent of their architecture. To this end, LbL biosensors (prepared according to approach
1 and approach 2; see Experiment) and one-step designed nanobiosensors (approach 3) were tested without any sample pretreatment
procedure. Surprisingly, we detected different ionic species from LbL biosensors depending upon their fabrication protocol (approach 1

or approach 2) (Figure 4).

Thus, for LbL biosensors fabricated according to approach 1, a clear release of repeatable C4Fs™ species was observed, regardless of the
ionization mode (see also Figure S6). In contrast, LDI-MS spectra obtained from LbL biosensors prepared by approach 2 exhibited CF2°
repeatable ions. This result can be explained by a different thickness of the Nafion membrane/film (approach 1 involves a 4-layered
design; approach 2 involves a 3-layered architecture). Remarkably, determination of the top ion peaks associated with a certain tested
layer is the main challenge with respect to the imaging of LbL biosensors. For instance, different types of reference ions can be
generated from LbL biosensors employing Nafion-based membrane and tested in a liquid state, i.e. CF3COO, (m/z 112.9870), CgHF1,0,
(m/z 394.9780), CF3(CF,)4CFsCFCF,COO, (m/z 424.9921), CF3(CF;)4CF(COOH)COO0, (m/z 388.9697) species.28 However, the usage of the
wrong characteristic species for standardization of biosensors, i.e. evaluation of their preparation routes, can be fatal in terms of

metrology.

Interestingly the unusual pathway of Nafion ionization from the surfaces of GO/SPE following the release of repeatable characteristic
small monomers from the polymer framework was in line with previously reported dependency found by LDI-MS for Triton X-100
deposited on the solid surface with silver nanoparticles. Briefly, release of repeatable characteristic fragments (-[C;H4O] units) by 44
atomic mass units according to their degree of ethoxylation corresponding to Triton X-100 was detected.' Thus, the application of LDI-
MS methodology and obtained knowledge on laser desorption/ionization routes for a wide range of polymers employed as protective
membranes in biosensor development followed by formation of the specific database can significantly gain the quality test during

production of amperometric biosensors with different architecture and type of the protective membrane.



311

312

313
314
315

316

317
318
319

1250 1 3223

178.5 F F ¥

100 200 300 400 500 600 700 800 900 m/z

[ [C,HF,;0,5-H]- B
4000 + 442.8
[C:HF0sS-H]-

3000 [CsHF,0:S-H]-
3428

10002 . : . +(CF2)2
4 642,

PRI
Y3l
X
-
]
~=
w
(%]
+
(g
o
hal
aI
=

16584897 = | @ ¥ 1TiC e T P pnims Ty __-___-___h._.lll
100 ' ‘ 800 900 i

1.25 3428

—(CF2)2 | —(CF2)2 —(CF2)2  —(CF2)2

0.75 4

0.50 +
276.7

0.25 176.7 L
-.nLLLA_ Ao " JlI‘I
LB e S S N A y
2

Todllnhoup ooy M e i i e e
00 300 400 500 600 700 800 900 m/z

IR, [C,HF,,0.5-H]-
442.6
800

600 4211 C:HF.,0sS

400

200 2347 4

—T

o m/z

— — T T——— T
100 200 300 400 500 600 700 800

Figure 4 — TIC mass spectra (A-C) obtained in negative detection mode from LbL biosensors produced by approach 1 (A), approach 2 (B),
and one-step designed nanobiosensor, approach 3 (C). (D) MS? spectra of m/z 542.8 recorded from (C). Note: all experiments were
performed at least in a triplicate with the same results.

Importantly, the fact that we detected various Nafion species from differently prepared LbL biosensors by LDI-MS was essential because
the thickness of the polymer membrane film and its distribution over the surface of GO/SPE results in the different transport behavior of

analyte and therefore, affects the overall sensor response. Thus, this parameter (polymer distribution, thickness and homogeneity of the
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layer) should be particularly controlled during LbL biosensor fabrication. However, CV investigations revealed almost no change in
behavior of these LbL biosensors (Figure S7). At the same time, despite the similarity of CV responses obtained from tested LbL
biosensors (Figure S7), the biorecognition mechanism in these multi-layered structures can be very different.”’ In summary, CV studies
might be not such an informative tool towards screening of the design and preparation routes of LbL biosensors, i.e. membrane
architecture and thickness. In contrast to CV investigations, LDI-MS assay allowed reliable and visible tracking of LbL biosensors

preparation routes (see Figure 4,A,B).

To further validate our results, we performed similar LDI-MS experiments to screen the Nafion architecture on the surface of one-step
designed nanobiosensors (approach 3). Surprisingly, almost identical top ionic species were found in the mass spectra received from
nanobiosensor as recorded from the surface of LbL biosensor prepared by approach 2 (Figure 4C). It was unexpected because such a
different one-step preparation route should result the formation of Nafion-doped nanoparticles (approach 3) with a thinner and single

layer as compared to three layered architecture (approach 2).

To clarify this question, quantification of the deposition rates of Nafion layer formed by approach 2 (layered architecture) and by
approach 3 (NPs-based architecture) was performed. For this goal, a series of Nafion calibration solutions in the range of 200 — 20000
ppm were prepared and deposited over GO/SPEs surfaces followed by LDI-MS analysis based on m/z 542.8 as the most stable peak
(Figure 4D). Notably, the deposition of Nafion by approach 3 was only possible in the presence of Pd-electrolyte resulting in the
formation of Nafion-doped Pd-NPs. The concentration of calibrants for deposition of Nafion (approach 3) has been adjusted to take
into account the presence of Pd-electrolyte (in the same range as for approach 2). Each calibrant solution was individually dropped
(approach 2) or electroplated (approach 3) on the surface of GO/SPEs resulting in the formation of 10 biosensors and 10 nanobiosensors

followed by their subsequent analysis according to algorithm of LDI-MS.

Interestingly, we observed a strong quantitative difference in the top ion species corresponding to Nafion for these tested systems,
Table 1. The efficiency of Nafion deposition rates by means of approach 2 (layered architecture) was found to be very low as compared
to approach 3 (NPs-based architecture), i.e. 11% versus 78%, respectively. The low deposition value (an approx. 11%) of Nafion
membrane prepared by means of dropping over the surface of GO/SPE (approach 2) also explains the similarity in mass spectra received
from this LbL biosensor and mass spectra obtained from one-step designed nanobiosensor (approach 3). We assume, that low
deposition rates of Nafion for biosensor prepared by approach 2 can be explained by chemicals solubility difference, spreading and
evaporation effects which take place during dropping of Nafion solution over surface of GO modified SPEs. These effects can be

minimized by electroplating in one-step designed nanobiosensors (approach 3), see Experiment.

Table 1 — Assay data (n = 10) for Nafion deposition rates (laser fluence 45%). Data extracted from full scan spectra

Fabrication approach Calibration formula R? DR*, ng/spot E**, %

LbL biosensor, approach 2 y =2.7681x + 10423 0.9803 350117 11.29

(layered architecture)

One-step designed y = 0.052x —3.3333 0.9995 67623 78.07
nanobiosensor, approach 3

(NPs-based architecture)

*DR — deposition rates found based on calibration curve; **E — efficiency of deposition.
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Besides different deposition rates of Nafion, diverse EIC chromatograms from LbL biosensor (approach 2) and one-step designed
nanobiosensor (approach 3) were obtained as well (ESI, Figure S8). The continuous chromatographic peaks in EIC negative ionization
mode with a similar distribution over the scanned period from nanobiosensor (approach 3) as compared to non-regular zigzag shapes
recorded from LbL biosensor (approach 2) for Nafion characteristic species were received. Moreover, the chromatographic peak quality
(frequency of the repeatable characteristic peaks, S/N ratio) supplied by one-step designed nanobiosensor (NPs-based architecture) was
much higher as compared to LbL analogues. The observed result can be readily explained in terms of homogeneously distributed hybrid
O-I nanoparticles contained Nafion (Nafion-doped Pd-NPs) over the surface of nanobiosensor. Thus, the presence of NPs in the
nanobiosensor design can result into the advanced desorption/ionization of Nafion during interactions with UV-laser.”® Therefore, EIC
chromatograms recorded from the biosensor prepared by approach 2 (layered design) and approach 3 (NPs-based architecture) can
significantly help to establish even a minor qualitative or quantitative difference in their design, validate their preparation routes,
improve the quality control tests at the development stage and permit rational design. This opens up the possibility for fine imaging and

tuning of the studied systems.

In conclusion, LDI-MS profiling of Nafion layer performed directly on the surface of GO/SPE allows completely avoiding the chemical
usage and waste generation. Moreover, this methodology can be readily extended to non-enzymatic biosensors based on the usage of

polymer-based membranes to circumvent electroactive interferents frequently seen in environmental and medical samples.

Based on the LDI-MS results obtained above, the term “LDI-MS scanner” applied for validation of biosensors and nanobiosensors will be

further used.

3.3 LDI-MS scanner to ensure enzyme encapsulation in nanobiosensors

To test whether a LDI-MS used as a ‘scanner’ can support the entire preparation route in biosensors and nanobiosensors development,
including the screening of bio-receptor, we applied the above described experiments for analysis of the enzymatic layer. Regardless of
the preparation approach (LbL or NPs-based architecture), only presence of the specific bio-receptor (enzyme) can guarantee a reliable,
sensitive and selective response of biosensor. Thus, numerous of non-enzymatic biosensors with a low cost, high stability, quick
response, and low detection limit via direct electrochemical oxidation of electroactive bioanalytes (glucose, lactate, dopamine, choline,
serotonin, acetylcholine, etc.) were introduced.***'***3* However, non-enzymatic biosensors are unsatisfactory with regards to the
targeted analyte selectivity in real samples. Moreover, they suffer from matrix interference and show quick loss of activity during
reaction. Therefore, selective detection of electroactive bioanalytes in real matrices is still possible only by means of employment of the

specific enzymatic reaction.

Remarkably, the manufacturing of a one-step designed nanobiosensor (approach 3) relies on a simultaneous encapsulation of enzyme
(GOx) with Nafion and Pd-NPs from a phosphate multiple electrolyte on top of the sensor surface (see Experiment). However, to the best
of our knowledge, there is still no analytical technique which can be used to ensure the successful enzyme co-deposition/encapsulation
from the complex electrolyte solution. Thus, AM studies exclusively based on the obtained calibration curves cannot always be
considered as a helpful tool to guarantee the presence of the dropped or encapsulated enzyme in biosensor architecture. The obtained
AM response can be simply generated as a result of a direct electrochemical oxidation occurred in a manner similar to non-enzymatic
biosensors behavior, for example, due to the presence of Pd-NPs. In this regard, LDI-MS ‘scanner’ can serve as a desirable alternative to
ensure enzyme encapsulation via co-deposition or to get closer insights into the functionality of one-step designed nanobiosensors

(approach 3).
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To address this question, we studied LDI-MS response obtained from the bio-receptor component in nanobiosensor( approach 3).
Primarily, it was important to find out the top ions species which could be associated with GOx. Surprisingly, mass spectra recorded from
the surface of nanobiosensor exhibited by numerous water clusters (18 amu), see Figure 5 A. This observation was important because
the amount of the water retained in the enzyme structure can directly correlate with its catalytic activity. Moreover, the presence of water
in the enzymatic nets determines the environmental stability of biosensors, their storage and shelf time. This fact was highlighted in
several studies.*®*® In other words, with LDI-MS scanner we visualized and approved the presence of water in one-step designed hybrid

nanobiosensors (approach 3) that can explain their previously observed advanced analytical performance.™
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Figure 5 — TIC spectra obtained in positive ionization mode from (A) one-step designed nanobiosensor with encapsulated GOx (approach
3); (B) one-step designed nanobiosensor with encapsulated FAD (250 ng/pL) in the presence of interfering Nafion species. Note: all
experiments were performed at least in triplicate with the same results.

Another important result observed in this set of experiment was a high similarity of the obtained LDI-MS spectra with a spectrum typical
for the individual flavin adenine dinucleotide (FAD) employed as a co-factor in GOx preparation route (Figure 5). In contrast to the large
proteins (~ 80 kDa) present in GOx, FAD is a small molecular weight organic compound which can be readily desorbed and ionized in

LDI-MS similar to the process which occurs in ESI-MS or matrix assisted laser desorption ionization mass spectrometry (MALDI-MS).*’

Next, to verify the obtained ionic species from one-step designed nanobiosensor to encapsulated GOx/FAD, a droplet of pure GOx was
spotted on the surface of GO/SPEs and analyzed by LDI-MS. Interestingly, the same types of characteristic ionic patterns were recorded
from the dropped GOx-modified GO/SPEs which were received from the nanobiosensor (approach 3), see Figure S9. This simple
experiment can be considered as a proof for successful encapsulation of GOx (monitored as a co-factor) in one-step designed

nanobiosensor (approach 3).
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Furthermore, the encapsulation of the individual FAD molecule from multicomponent (FAD, Nafion, Pd-electrolyte) solution was
performed. This experiment allows us for a better visualization and identification of the ionic species recorded from the hybrid one-step
nanobiosensor. Interestingly, FAD was reduced in positive-ion resulting in the formation of abnormal spectral behavior on LDI-MS. That
is, in addition to the expected [M+H]+, [M+Na]+, the unusual [M-H+Na]+, [M-H+Na+1]+, [M-H+Na+2]+., [M-2H+2Na]+, [M-
2H+2Na+1]+, [M-2H+2Na+2]+ species were detected, Figure 5B. Moreover, the formation of the similar ion species of the smaller
flavins, i.e. flavin mononucleotide (FMN) and riboflavin (RbF) with water clusters and clear transfer of even numbers of electrons was
observed. It is assumed that the mechanism behind this reaction is similar to what occurs in the biological redox systems, rather than

the transfer of hydrogen.

Further, due to the complexity of the resulting mass spectra received from the hybrid nanobiosensor (approach 3) the most important
step was to correctly determine the top ion peaks associated with Nafion and encapsulated GOx. To define all the observed species to
the certain substance, encapsulation of the individual GOx and Nafion with Pd-NPs was carried out. Figure S10 shows the individual
accessory of the observed multiple ion species in Figure 5A. Thus, a simple comparison of these individual mass spectra allowed to

clearly identifying the top characteristic peaks received from the hybrid one-step designed nanobiosensor (approach 3).

In addition, as we mentioned at the begging of this section, the difference in responses of non-enzymatic (pure Pd-NPs or Nafion-doped
Pd-NPs nanobiosensors) and enzyme-based nanobiosensors (approach 3) is not always clearly seen by means of AM studies. In other
words, pure Pd-NPs (without encapsulated GOx) can also lead to the transformation of glucose to gluconic acid via electron transfer
resulting in the current (AM signal) appearance in a substrate (glucose) concentration dependent manner. To exclude these speculations,
we need to guarantee encapsulation of enzyme with Pd-NPs and Nafion during fabrication of one-step designed nanobiosensors. This is
readily possible to perform by means of comparison of the reference mass spectra obtained from pure Pd-NPs or Nafion-doped Pd-NPs
and mass spectra recorded from one-step designed nanobiosensor (see ESI, Figure S10). Therefore, LDI-MS screening allows to avoid
time and chemicals consuming CV and AM studies which can only indirect approve the presence of enzyme by performing of series

reproducible calibrations in a specific concentration range (UM-mM) of the substrate.

To conclude, LDI-MS scanner allowed visualization of each layer of the conventional LbL-designed biosensors: from PB film distribution
(inorganic component) and Nafion layer (organic component) screened in negative detection mode to GOx (bioreceptor) monitored in
positive ionization mode. Each layer produces very different mass spectra, TIC or EIC chromatograms with the characteristic ion species.
In this regard, LDI-MS scanning can be readily considered as a quality test for fabrication of conventional LbL biosensors and one-step
designed nanobiosensors. More importantly, the discovered here ionization pathway of enzyme from the surface of one-step

nanobiosensor represents a new route for quality control in their manufacturing.

3.4 Towards the guidelines for the standardization of biosensors and nanobiosensors

Last, the impact of laser treatment on the electrochemical response of one-step nanobiosensor (approach 3) and its enzymatic activity
was evaluated. Notably, CV studies did not reveal any changes in nanobiosensor potential and its electrochemical behavior if the laser

was applied to the surface no longer than 45 sec (Figure 6).

Note that even a longer laser treatment during 180 sec applied to nanobiosensor surface did not result in a significant loss in enzymatic
activity (Figure 7). Thus, even at these non-optimal experimental conditions (180 sec vs 45 sec, was applied to make the trend
pronounced) more than 75% from the intact enzyme activity retained preserved. At the same time, the treatment of the surface during
45 sec was enough to distinguish the difference between the chemical profiles of nanobiosensors and LbL analogues. Thus, the

continuous chromatographic peaks in EIC mode with a similar distribution over the scanned period from nanobiosensor surface as
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compared to non-regular zigzag shapes recorded from LbL-designed biosensor were received (Figure S11). In addition, the
chromatographic peak quality with respect to its location in the chromatogram and reported analytical information supplied by the

nanobiosensor was much higher versus LbL analogues. This phenomenon can be attributed to the presence of Pd-NPs in the

architecture of one-step designed nanobiosensors.?
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Figure 6 — Cyclic voltammograms recorded in phosphate buffer at 20 mV/sec scan rates from nanobiosensor based on Pd-NPs
(approach 3) with encapsulated Nafion and GOx before (blue line) and after LDI-MS studies: pink (dash line) — laser was applied for 45
sec; red — laser applied for 60 sec; green line — laser applied for 120 sec; black — laser applied for 180 sec. A slight shifting in a potential

(green and black lines) is explained by possible melting/sintering effect of Pd-NPs” which can occur after the laser treatment.
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Figure 7 — Dynamic response of the oxygen consumption rates (dissolved oxygen, DO), expressed as the numbers of moles (umol/L)
produced during reaction between analyte (glucose solution, 1T mM) and one-step fabricated nanobiosensor (approach 3) before and

after LDI-MS studies performed during 180 sec. Laser fluence 45 %.
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To this end, such informative chromatograms recorded from the nanobiosensors during only 45 sec can help to establish even a minor
qualitative or quantitative difference in their design. Remarkably, the industrial nanometrology requires rapid both qualitative and
quantitative (see section "Towards imaging the chemical profiles of biosensors”, Table 1) measurements with a minimal number of the
controlled parameters. In this regards, the screening of one-step designed nanobiosensors by LDI-MS scanner during only 45 sec would

be a possible solution.

Further, evaluating the potential of LDI-MS platform as a rapid tool/scanner for the validation of one-step nanobiosensors, i.e. sensor to
sensor behavior was studied. Despite a very similar chemical profile recorded in TIC mode during first 45 sec (Figure 8) for two
nanobiosensors from the same batch, a clear difference in EIC mode was detected, Figure S12. This result can be readily interpreted in

terms of a minor difference in a surface chemistry of one-step fabricated nanobiosensors (approach 3).
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Figure 8 — AM calibration curves (A,B) received from nanobiosensor 1 (A) and nanobiosensor 2 (B) from the same batch at pH=7. Insert -
TIC spectra ( obtained in positive ionization mode from the same batch of nanobiosensors (approach 3): (A) nanobiosensor 1; (B)
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nanobiosensor 2 (sample to sample behavior). The laser was applied for 45 sec and laser fluence was set at 45%. Arrow shows the
increase of the applied glucose from 0 uM to 40 uM.

In addition, LDI-MS allowed a rapid estimation of inter-daily behavior of nanobiosensors and their inter-daily stability, Figure S13. The
clear visible change in LDI-MS profile was established for nanobiosensor after their direct fabrication and after usage during 8 days,

Figure S13, A,C. The obtained by LDI-MS dependencies were confirmed by AM investigations, Figure S13, B,D.

Thus, the comparison between LDI-MS chemical profiles and formation of a product specification database makes the standardization of
fabrication process of one-step designed nanobiosensors readily possible. General schematic routes for the usage of LDI-MS scanner

and the workflow of this approach are summarized in Figure S14.

4. Conclusions

In conclusion, a facile strategy for the standardization of biosensors based upon LDI-MS was presented. A complete characterization of
LbL biosensors can be achieved in a non-destructive and informative manner at each fabrication step. Thus, this approach allows both
qualitative and quantitative readout of each layer of biosensor. Furthermore, the novel pathways of mediator, polymer and enzyme
ionization reported here, represent new routes for quality control during biosensor manufacture. In addition, for the first time, we have
shown that LDI-MS scanner can be used to monitor the efficiency of enzyme encapsulation in one-step designed nanobiosensors.
Moreover, by means of LDI-MS we visualized and approved the presence of water molecules in one-step hybrid nanobiosensors that can
explain their advanced analytical performance. The diversity of capabilities of LDI-MS scanner towards standardization of LbL biosensors

and one-step fabricated nanobiosensors can be summarized as follows:

~ non-destructive nanoanalytical tool for the screening of surface functionality;

~ monitoring of surface purity/impurity;

2

monitoring of biochemical homogeneity;

13

imaging of chemical roughness;

2

possibility for sensor-to-sensor and batch-to-batch comparison;

~ evaluation of the chemical composition of the individual layers of LbL biosensors;
~ verification of enzyme and polymer encapsulation in nanobiosensors;

~ can assist the formation of a reliable product specification database;

~ getting qualitative and quantitative information of the end-product;

~ permits the rational design of biosensors/nanobiosensors;

~ rapid run, simple measurement set-up and high throughput;

~ allows completely avoiding the chemical usage and waste generation.

This study is expected to contribute to future discovery, improved design and fine tuning of performance of O-I hybrids, i.e. conventional
LbL biosensors and one-step designed nanobiosensors which have broad medical, point-of-care and biotechnological applications. The
obtained knowledge on general desorption/ionization mechanism of mediators, polymers and bioreceptors for a wide range of the
reagents used in biosensor development will significantly gain the quality test in the production of biosensors with various

architectures. However, this would require the formation of a product specification database on the next step. With regards to the future
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perspectives, LDI-MS used as a biochemical “scanner” can be adapted for the screening of optimal design and validation of wide-range

of O-1 hybrids, viz. nanozymes and non-enzymatic biosensors.
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1. LDI-MS-based approach applied for the standatdin of amperometric biosensors was
optimized.

2. Specific ionization pathways of mediators, podysiand enzymes for robust quality control
during biosensor manufacture were established.

3. LDI-MS can be used to monitor and ensure the@gsuation of enzymes in one-step
designed nanobiosensors.

4. The approach assesses the synthesis qualitylebiosensors and one-step designed
nanobiosensors.

5. The assay allows monitoring for batch-to-batetl mtra- and interring- day changes in
biosensor’s function and behavior.
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