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ARTICLE INFO ABSTRACT

Keywords: Fully inkjet-printed electrochemical sensors, based on a graphene electrode coated with cross-linked poly(N-
Inkjet printing isopropylacrylamide) (PNIPAAm), are presented. The PNIPAAm coating is realized by combined inkjet printing
Hydrogel

and simultaneous photopolymerization using an inkjet printer with integrated UV light source. The inkjet ink
composition and printing parameters are both optimized to polymerize the PNIPAAm pre-cursors as rapid as
inkjet printing, while guaranteeing at the same time the fulfilment of rheologic ink requirements, such as surface
tension and viscosity. In order to achieve reproducible and homogeneous PNIPAAm coverage, the surface of the
graphene electrode is modified by introducing cavities of an inkjet-printed dielectric grid. The electrochemical
performance of the PNIPAAm/graphene electrodes is tested with standard redox couples of positive, neutral and
negative charges. A filtering effect of negatively charged redox species in near neutral pH electrolyte solutions is
obtained. PNIPAAm is a well-known thermo-responsive polymer, but the variation of solution and sensor tem-
perature does not influence the filtering properties of the thin PNIPAAm hydrogel obtained herein by inkjet
printing. A switching of the filter characteristics of the material is observed at pH 2, at which the PNIPAAm
hydrogel becomes permeable for negatively charged and impermeable for positively charged redox species.
Finally, the filtering characteristics of the PNIPAAm/graphene electrode are evaluated for the electrochemical
detection of the positively charged analyte dopamine in the presence of the negatively charged interferent
ascorbic acid.

Surface modification
Charged redox species
Electroanalysis

1. Introduction

Electrode surface modification is a widely used method to improve
the functionality of amperometric sensors. Amperometric sensors are
electrochemical devices and electrodes, which record as a response to a
potential pulse, as well as, to a potential scan, the Faradaic current,
generated by one or more heterogeneous electron transfer reactions. The
scope of electrode surface functionalization of amperometric sensors is
very diverse. It ranges from improvements of general electrochemical
phenomena, such as thermodynamics, kinetics (overpotential reduc-
tion), real (effective) surface area and mass transport characteristics, to
more specialized effects that include selectivity, sensitivity and dura-
bility [1]. Selectivity is often realized by introducing biorecognition
elements, e.g., antibodies and aptamers. These receptors are frequently
combined with mediators, either immobilized on the electrode surface
or dissolved in solution, such as in electrochemical biosensors [2,3].
Alternatively, selectivity can be achieved by considering overpotentials
and appropriate electrocatalysts [4,5], such as for enzyme-less glucose
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sensing [6,7]. In such cases, the target is to separate the overpotential of
an analyte from those of the interferents. Another common surface
functionalization approach is based on coating the electrode surface
with polymeric layers, which can be membranes or hydrogels, or even
layered clay minerals [8]. Very common are polymeric layers containing
covalently bound redox mediators, known as redox polymers, that are
frequently used in biosensors, such as those for glucose [9,10]. Polymers
and co-polymers are used in order to implement one or more different
functions to the initially bare amperometric electrode, in particular
electrode surface protection and stabilization [11-13]. For instance,
polyacrylamide (PAAm), also as co-polymer, is an often used hydrogel
that can be obtained by chemical or photochemical polymerization of
acrylamide with and without cross-linkers, such as N,
N'-methylenebisacrylamide, and, optionally, co-monomers [14]. Poly-
acrylamide coatings on amperometric electrodes can reduce electrode
contamination when the electrodes are used in complex matrices that
are rich in electrode fouling species [15-18]. Polyacrylamide hydrogels
can also be used to entrap and thus immobilize enzymes and proteins
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close to the electrode surface as needed for biosensing [19]. In poly-
acrylamide hydrogels, especially when they are rather thick, the diffu-
sion coefficients of redox-active species appear to be lower than in
solution [20]. As a result, peak-to-peak separations of reversible and
quasi-reversible redox couples increase while their respective peak
currents decrease. However, when made thin the PAAm-coated elec-
trodes respond with very little difference to their non-coated counter-
parts. Recently, PAAm hydrogels demonstrated significant
pre-concentration of the analyte carbendazim for its detection,
enhancing therefore significantly the sensor sensitivity [21]. Using
acrylamide derivatives can significantly change the hydrogel charac-
teristics and functionalities. For instance, replacing acrylamide by
N-isopropylacrylamide results in Poly(N-isopropylacrylamide) (PNI-
PAAm), which is a well-known thermo-responsive hydrogel [22,23].
Below its lower critical solution temperature (LCST) of about 32 °C,
PNIPAAm hydrogels are swollen with enlarged pores while above the
LCST water is removed from PNIPAAm resulting in shrinking and pore
size reduction. As a consequence, PNIPAAm hydrogels can be used as
temperature-controlled filter for the transport of species in water [24,
25]. In combination with electrochemical sensors, it has been reported
in details how sensor performance can be switched with temperature
[26-31].

Hydrogels based on acrylamide or common acrylate derivatives, and
thus acrylic-based polymers in general, are attractive materials in terms
of large scale fabrication abilities, in particular related to easiness and
low cost. Thin hydrogel layers can principally be fabricated directly on
an electrode surface by reactive screen printing or inkjet printing ap-
proaches, in which the hydrogel precursors, i.e., the monomer(s) and
cross-linker(s), are deposited in form of an ink or paste that is poly-
merized by means of photochemical, chemical or thermal approaches
[32]. However, production challenges are faced in terms of ink stability,
pattern resolution and rapid as well as complete polymerization. Inkjet
printing of nanometer-thin hydrogel layers has been demonstrated by
Lesch et al. for polyacrylamide-coated carbon nanotube electrodes [33].
The hydrogel layers were reproducible, stable and provided surprising
matrix-elimination effects for the detection of antioxidants in wine and
orange juice. The combination of inkjet printing of particle-free metal,
metal oxide or polymer precursor inks with light-induced metal and
metal oxide reduction or polymerization reactions is indeed a powerful
approach towards stable low cost production of electrodes and devices
in general [34,35].

In this work, the fabrication of fully inkjet-printed cross-linked
PNIPAAm-coated graphene electrodes is presented. We present the
formulation of the inks, the optimization of printing and a thorough
electrochemical characterization of the electrodes for electroanalytical
applications. Surprisingly, inkjet-printed PNIPAAm-coated graphene
electrodes showed different blocking of charged redox species, which
was dependent on pH. We demonstrate several efforts to try to under-
stand the origin of this observation that to the best of our knowledge has
not been reported elsewhere.

2. Experimental section
2.1. Materials

N-Isopropylacrylamide (NIPAAm, Acros Organics, 99% purity),
acrylamide/N,N’"Methylenebisacrylamide 37.5:1 (40%, Acros Or-
ganics), N,N’Methylenebisacrylamide (Alfa Aesar, >99%), Riboflavin
(Sigma-Aldrich, >98%), N,N,N’,N’-Tetramethylethylenediamine
(TEMED, Sigma-Aldrich, 99%), Triton™ X-100 (Sigma-Aldrich), potas-
sium hexacyanoferrate (K3[FeIH(CN)6], Riedel-de Haén, puriss. p.a.),
ferrocenemethanol (FcMeOH, Sigma-Aldrich, 97%), hexaammine
ruthenium chloride ([RHHI(NHg)G]Clg, Sigma-Aldrich, 98%), r-ascorbic
acid (Sigma-Aldrich, 99%), potassium nitrate (KNOs, Sigma-Aldrich,
>99%) and potassium phosphate monobasic (KHyPOg4, Sigma-Aldrich,
>99%) were used as received. DI water was produced by using an
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ionic exchange resin filter. The pH of solutions was measured by using
an AMEL Instrument 338 pH meter.

Polyimide (PI) sheets (150 pm thickness) were obtained from Dr.
Dietrich Miiller GmbH (Germany) and served as substrates for inkjet
printing. A graphene dispersion (graphene ink for inkjet printing with
ethyl cellulose in cyclohexanone and terpineol, Sigma-Aldrich) and
SunTronic UV curing jettable insulator ink (Sigma-Aldrich) were used as
commercial inkjet inks and used as received.

2.2. Ink formulation and inkjet printing

Stock solutions of 12% (w/v) NIPAAm/MBIS with 2.6% C and
riboflavin (77 mg/L) were prepared in DI water. Different ratios of the
stock solutions and different additions of TEMED have been tested for
the pre-polymerization step, specifically developed and applied i) to
increase the ink viscosity to values necessary for inkjet printing and ii) to
obtain with simultaneous UV photopolymerization the full hydrogel film
just within the printing time. The pre-polymerization was carried out in
a glass vial under stirring (stirring rates were varied between 600 rpm
and 1500 rpm), using the OmniCure S2000 Spot UV Curing System
(Excelitas, 200 Watt). The lamp outputs were up to 30 W/cm? and
regulated by changing the UV lamp iris level between 1% and 3%. It
must be noted that the pre-polymerization step depends on vial diam-
eter, distance as well as position of the light source, and the type and
dimension of the stirrer bar as well as the stirrer rotation rate. Ink
composition details are given in the results section. The ink viscosities
and surface tensions were measured using a viscometer SV-1A (A&D
Weighing, Japan) and the Dropometer pendant droplet analyzer
(Droplet Lab, Canada). The polymerization of the ink components for
hydrogel formation is furthermore influenced by oxygen acting as
scavenger, thus lowering the process efficiency. However, all procedures
were carried out under ambient atmosphere. The inks for PAAm printing
were prepared as described in detail in our previous work [33].

A Dimatix Materials Printer DMP-2831 (Fujifilm) was used for drop-
on-demand inkjet printing. The UV light from the Omnicure lamp was
transferred into the printer by using a liquid UV light guide, whose
opening (the output diameter was 5 mm) was mounted next to the
printhead using a customized holder. This enabled quasi-simultaneous
inkjet printing and light irradiation of the as-deposited ink. For inkjet
printing, DMC-11610 cartridges (Fujifilm Dimatix) were employed,
which operate under piezoelectric actuation. With these printheads,
nominal droplet volumes of 10 pL are generated using up to 16 indi-
vidually addressable nozzles. As conductive electrode support layer, the
commercial graphene ink was printed and thermally cured at 400 °C for
30 min using a heating ramp of 2 °C/min in a Thermolyne (Thermo-
Fisher scientific) muffle furnace. The UV curable dielectric ink was
printed and quasi-simultaneously photo-polymerized into a well-defined
insulation pattern in order to determine the active, geometric electrode
area and to deposit an insulating grid on the WE surface with the aim to
obtain more homogeneous hydrogel layers (vide infra). Conventional
inkjet printing parameters, such as the piezoelectric actuation pulse and
jetting frequency, were optimized for each ink (graphene, UV photo-
polymerizable hydrogel precursor and UV curable insulator inks). For
hydrogel and insulation layer inkjet printing, the maximum UV lamp
intensity was used.

2.3. Characterizations of the electrodes

A Leitz Laborlux D (Leitz) in combination with conventional smart-
phone cameras and a digital microscope model AM4133T (Dino-Lite)
were employed for the visual inspection of the electrodes.

Electrochemical measurements, i.e., cyclic voltammetry, were car-
ried out using a potentiostat VersaSTAT 3F (Ametek — Princeton Applied
Research) and a CHI-900 potentiostat (CH Instruments). Bare graphene
electrodes and graphene electrodes coated with PNIPAAm or PAAm
were used as working electrodes (WEs) in a conventional three electrode
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arrangement. Either a saturated calomel electrode (SCE) or a Ag/AgCl/
1 M KCl electrode was used as reference electrode (RE) and a platinized
platinum mesh with significantly larger surface area compared to the
WE was used as counter electrode (CE). All potentials herein are referred
to these REs as stated in the figure captions. All measurements were
carried out without compensating the uncompensated resistance and CV
data are shown as measured. The distance between the electrodes was
about 1 cm.

3. Results
3.1. Inkjet printing of the gel-coated electrodes

In order to print PNIPAAm hydrogels by using inkjet printing, the ink
composition was optimized with the prior aim to identify the proper
concentrations and ratios of all ingredients for both their rapid and
complete photopolymerization and to fulfil the rheologic requirements
for inkjet printing. The latter addresses in particular the ink viscosity
and surface tension. The ideal ink composition contains the hydrogel
monomer, cross-linker, catalyst and photo-initiator, using just water as
solvent. As it had been demonstrated in our earlier works, the addition
of a certain amount of pre-synthesized polymer to the ink increases ink
viscosity, but hinders rapid photopolymerization. In such cases, printed
patterns are not fully polymerized and cross-linked so that they dissolve
when immersed in solution. Therefore, we followed the approach of a
two step inkjet ink synthesis, which was based on the initial preparation
of a solution containing reduced amounts of photoinitiator and catalyst,
but already the final amounts of monomer and cross-linker. With this
pre-ink a controlled pre-polymerization step can be performed. In this
way, individual PNIPAAm particles were generated increasing the ink
viscosity from 0.9 mPa s (not printable) to about 1.8 mPa s (printable).
This was achieved by adding for instance to 4 mL of the 12% (w/v)
NIPAAM/MBIS with 2.6% C stock solution 90 pL of the Riboflavin stock
solution and 7.5 uL of TEMED. For inkjet printing, the surface tension
was decreased from 70 mN/m (not printable) to about 30 mN/m
(printable) by adding to the pre-polymerized ink a little amount of
Triton-X, i.e., 2.4 uL. Additional catalyst (20 pL of TEMED) and photo-
initiator (600 pL of the Riboflavin stock solution) were then added to the
pre-polymerized ink in increased quantities, in order to realize rapid
“final” photopolymerization simultaneously to printing, thus the com-
plete formation of the hydrogel layer on the target substrate. The scope
of this work was to polymerize the hydrogel precursors with a yield as
close as possible to 100%. Successful polymerization was rapidly veri-
fied by comparing the hydrogel patterns as-printed before and after
immersion into water. In case of incomplete or partial polymerization
the hydrogel pattern dissolved entirely or in part and was, consequently,
not usable as electrode modification layer. Microscopic hydrogel in-
stabilities were tested electrochemically (vide infra). The substrates for
hydrogel printing were inkjet-printed graphene electrodes on polyimide
foils (Fig. 1a and b). The active graphene electrode area was defined by
simultaneous inkjet printing and photopolymerization of a UV curable
dielectric ink, which generated a solid, solution impermeable insulator.
The active geometric area of the bare graphene electrodes was generally
about 1 mm?. Differently to our previous PAAm inkjet printing works,
PNIPAAm did not generate a homogeneous hydrogel layer on the gra-
phene pattern, even after printing six inkjet printed layers (IJPLs)
(Fig. 1c). Several zones of the graphene area remained uncoated, while
others were coated with excess of PNIPAAm. This suggests that there
was a clear mismatch between graphene surface and ink/polymer
characteristics, resulting in an unfavourable ink-substrate interaction.
As demonstrated in a previous work [36], the graphene electrode is
relatively hydrophilic due to the presence of ink stabilizing agents, while
the formation of PNIPAAm under UV light exposure seemed to generate
a hydrophobic polymer layer. In order to obtain full coverage of the
graphene electrode, 12 IJPLs had to be printed, generating however still
relative inhomogeneous hydrogel patterns. Nevertheless, the
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Insulated
graphene

Fig. 1. a) Three fully inkjet-printed graphene electrodes with insulation layer
and PNIPAAm hydrogel layer on polyimide with size comparison to a 1 Euro
Cent coin. b) Detailed view on the active surface before hydrogel printing, i.e.,
the bare graphene “window” to be coated. ¢) 1 mm? graphene electrode coated
with 6 IJPLs (left panel) and 12 IJPLs (right panel) of PNIPAAm hydrogel. d)
Grid-coated graphene electrode (graphene array units of 185 um x 170 um size)
before (left panel) and after (right panel) deposition of 6 IJPLs of PNIPAAm
hydrogel. e) Grid-coated graphene electrode (graphene array units of
305 pm x 235 um) before (left panel) and after (right panel) deposition of 6
1JPLs of PNIPAAm hydrogel.

PNIPAAm/G electrodes can be individually re-used and analyses can be
performed by repetitive one-sensor measurements (vide infra). However,
in case of disposable use for monitoring or calibration measurements in
complex matrices, electrode production must be made more reproduc-
ible. In order to reach reproducibly a homogeneous PNIPAAm layer, the
electrode dimension was first reduced to a smaller circle (Supporting
Information SI-1). However, this approach was unsuccessful. Thereafter,
a larger bare graphene electrode was first covered with a grid of insu-
lator, forming an array of smaller squared bare graphene patterns,
appearing as cavities (185 uym x 170 ym and 305 um x 235 um,
respectively). This approach turned out to be successful, as much more
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homogeneous PNIPAAm hydrogel layers on graphene were obtained
(Fig. 1d and e). By the implementation of the grid cavities, the spreading
of the polymerizing ink was reduced, generating hole-free PNIPAAm
patterns and thus a much more effective coating. The thicknesses of
inkjet-printed hydrogel layers, such as the previously reported PAAm
and the herein presented PNIPAAm layers, generally range from nano-
meters to very few micrometers for one printed pattern and 2 IJPLs [33].
In line with this, the PNIPAAm layers shown in Fig. 1d and e demon-
strated thicknesses between ~1 um and ~14 ym for a single electrode
with 6 IJPLs (SI-2). This thickness variation can be explained by the ink
spreading and polymerization dynamics on the graphene surface inside
the polymer grid cavities as described above.

3.2. Electrochemical performance of the gel-coated electrodes

Thereafter, the as-printed PNIPAAm/G electrodes were tested for
their electrochemical properties, in particular to evaluate whether and
how the hydrogel layer affects the shape of CVs using standard electro-
active species in aqueous electrolytes. CVs were first recorded in 0.1 M
KNOj solution containing either [Fe(CN)g] 3 or FcMeOH as typical redox
species for the amperometric characterization of the electrodes. The
analyte concentration was in both cases 1 mM. The bare graphene
electrode showed the typical redox peaks of these redox species, as ex-
pected for this inkjet-printed thin film graphene electrode, deposited
without underlying conductive support layers on a plastic foil (Fig. 2a).
For [Fe(CN)G]S', the electrode kinetics were rather slow, while for
FcMeOH they appeared much faster, even though the same WE electrode
material was used. In addition, the currents recorded with the bare
graphene electrode showed a noticeable capacitive contribution, in line
with what we reported previously [36]. In fact, the characteristics of the
inkjet-printed bare graphene electrodes, and the negative and positive
influences of various fabrication process parameters, such as thermal
treatments post-printing, have been discussed in detail in our previous
work [36]. The commercial graphene ink contained as a second
important component, apart from graphene, which was ethyl cellulose.
Ethyl cellulose acted on the one hand as an ink stabilizer. On the other
hand, after thermal treatment of the printed ink patterns, ethyl cellulose
degraded and converted into a binder, stabilizing the graphene layer and
promoting adhesion to the plastic support. As a secondary effect, the
electrochemical properties, such as capacitive currents and slowed
electrode kinetics for electro-active species, in particular for [Fe
(CN)6]3', were compromised. The CVs for [Fe(CN)6]3’, recorded with
PNIPAAm/G electrodes, did not show redox peaks, but capacitive cur-
rents of similar intensity as for the non-coated graphene electrode. The
presence of similar capacitive currents suggests that the hydrogel layer
did not insulate the graphene electrode surface underneath and that
graphene was in contact with the electrolyte solution. In fact, when
using FcMeOH, for both the coated and non-coated graphene electrodes
the redox peaks were clearly observed, indicating a quasi-reversible
system (Fig. 2b). The reduction peak for FcMeOH™" in the reverse scan
was reduced, as a result of the graphene electrode characteristics, as
previously analyzed and reported [36]. The two peak currents for bare
graphene were slightly higher and the two peak potentials closer on the
bare graphene electrode compared to the PNIPAAm/G electrode, indi-
cating a slightly sacrificed graphene electrode performance in presence
of the hydrogel. This might be explained by slower diffusional mass
transport inside the PNIPAAm coating and superimposed reduced elec-
trode kinetics. Comparing both redox couples, ie., [Fe(CN)6]3'/ 4 and
FcMeOH™° using the PNIPAAm/G electrodes (Fig. 2c), it is evident that
[Fe(CN)gl 3-/4 pecame undetectable when using the same CV parame-
ters. One reason could be significantly reduced electrode kinetics, but as
the redox peaks entirely disappeared when adding the hydrogel, another
redox species-selective exclusion mechanism should be dominant.
Indeed, the negatively charged redox couple [Fe(CN)6]3'/ 4 seems to be
blocked from reaching the graphene electrode surface by processes
occurring inside the several micrometer thick PNIPAAm layer or at the
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Fig. 2. CV shape comparisons with 1 mM of two different electro-active species
in 0.1 M KNOj3 using PNIPAAm/graphene and bare graphene inkjet-printed
electrodes. a) [Fe(CN)6]3' for PNIPAAm/graphene electrode (Grid-2, 6 IJPLs;
black curve) and bare graphene electrode (red). b) FcMeOH for PNIPAAm/
graphene electrode (no grid, 12 IJPLs; black) and bare graphene electrode (red).
¢) Direct analyte comparison: [Fe(CN)]> (black) and FcMeOH (blue) for two
PNIPAAm/graphene electrodes from (a) and (b). RE: SCE.

graphene-PNIPAAm interface. For the FcMeOH™"° redox couple, the
electrode surface was accessible. Indeed, as discussed vide infra, the [Fe
(CN)61>/* redox peaks start to appear at the expected potentials (i.e.,
similar to the ones for bare graphene) when the hydrogel is immersed for
extended times in solution, suggesting that the reason of the observa-
tions is mass transport-based and not kinetically driven.

Before going more into mechanistic details, the general performance
of the PNIPAAm/G electrode during electrochemical measurements was
evaluated. The hydrogel-coated electrodes could be used as printed or
after storing at air. This demonstrates that the hydrogel layer exhibits
immediate permeability for the redox species of interest once the
hydrogel-coated electrodes have been immersed into the solution.
However, a dried PNIPAAm/G electrode required some minutes to swell
until a steady-state behaviour was reached (SI-3). Once the steady-state
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swelling was reached, the PNIPAAm/G electrode response was relatively
stable over time. However, with extended immersion times, the swollen
hydrogel started to become slightly permeable for [Fe(CN)g]>”.
Indeed, the appearance of small, but slightly increasing redox peaks for
the [Fe(CN)g] 3/4 redox couple was observed after 10 and 20 CV cycles,
respectively, while total analyte blocking was achieved with the dry
PNIPAAm/G electrode (SI-4). This could have been caused by contin-
uous hydrogel swelling, extending the hydrogel pores and enabling also
the mass transport of initially non-favoured species. However, the
inkjet-printed PNIPAAm/G electrodes are considered for rapid and
disposable use, thus not for usage over extended time periods in solu-
tion. This minor peak appearance over time is herein reported for the
sole purpose of providing a complete sensor performance characteriza-
tion. Furthermore, the PNIPAAm hydrogel did not detach from the
graphene surface, as the hydrogel appearance on graphene before and
after tests in solution was the same, and as electrodes could be reused
without noticed limitations.

Thereafter, the electrochemical detection of [Fe(CN)g] 3 for the
PNIPAAm/G electrode was compared with the results obtained using a
PAAm/G electrode. This means that the monomer N-iso-
propylacrylamide of PNIPAAm was replaced by acrylamide (AAm) to
generate PAAm. All other hydrogel and inkjet ink components were kept
the same. The primary amide of acrylamide is converted into a sec-
ondary amide in N-isopropylacrylamide where one H was replaced by an
isopropyl group. This substitution induces hydrophobic properties in
PNIPAAm. However, whether and how much this change in hydropho-
bicity contributes to the observed selectivity for electroanalysis, which
indeed was not observed for PAAm, remains so far unclear. As it can be
seen clearly from the CVs, polyacrylamide did not block [Fe(CN)e]l*
(Fig. 3a). For the PAAm/G electrode, the redox peaks are clearly visible.
However, the CV does not represent a reversible system due to the slow
graphene electrode kinetics as discussed vide supra.

PNIPAAm is a well-known thermo-responsive polymer so that PNI-
PAAm hydrogels are often used as switchable filters for dissolved
electro-active species. When operated at solution temperatures above
the Lower Critical Solution Temperature (LCST), ie., 32-34 °C. the
material expels water, shrinks and reduces its hydrophilic characteris-
tics. In such state, the material in general blocks redox species. Cooling
the PNIPAAm layer in solution below the LCST, the hydrogel turns back
into its original structure by the uptake of water and switches to a more
hydrophilic hydrogel. In that condition, redox species can pass better the
PNIPAAm layer. Reversible swelling and compressing was also observed
for the macroscopic version of the PNIPAAm hydrogel in this work,
prepared by bulk synthesis in a vial instead of using the thin film syn-
thesis with inkjet printing (SI-5). All ingredients remained identical for
the bulk synthesis. In order to exclude that temperature-controlled
swelling and compressing affects the electrochemical performance of
the PNIPAAm/G electrodes of this work, experiments were carried out at
different solution temperatures. Fig. 3b shows three CVs using one
PNIPAAm/G electrode in the same electrolyte containing 1 mM [Fe
(CN)el 3 at two different temperature regimes: below the LCST (i.e., RT
and 4 °C) and above the LCST (80 °C). Relevant signal changes were not
observed, suggesting that the well-known swelling/shrinking of the
PNIPAAm hydrogel did not occur or did not have an impact on the
electrochemical performance for the thin film PNIPAAm/G electrodes.
Therefore, it might be that the PNIPAAm layer was too thin for inducing
the different levels of swelling, well known for bulk PNIPAAm. There-
fore, the PNIPAAm material synthesized herein behaved in bulk form as
reported in the literature and as expected, but it showed different
characteristics when printed as a thin layer on graphene.

PNIPAAm is known to be a non-ionic polymer without ionizable
groups (i.e., a neutral polymer). However, it was decided to acidify the
solution and thus to reduce the solution pH. The electrolyte was changed
from 0.1 M KNOs to phosphate buffered solutions. It was noticed, that at
a solution pH of 3.5, the redox peaks for [Fe(CN)g]>"* started to appear
(Fig. 4a). Reducing the pH further, i.e., to pH 2, the redox peaks for [Fe
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Fig. 3. CVs in 1 mM [Fe(CN)e]S' and 0.1 M KNOs. Scan rate 100 mV/s. a)
Comparison of a PNIPAAm/graphene electrode (Grid-3, 6 IJPLs; black curve)
with a PAAm/graphene electrode (red). b) One PNIPAAm/graphene electrode
(Grid-3, 6 1JPLs) at different hydrogel temperatures: RT (black), 80 °C (red) and
4 °C (blue). RE: SCE.

(CN)6]3'/ 4 clearly appeared (Fig. 4b), suggesting that a change from
0.1 M KNOs to phosphate buffered solution with pH 2 caused a change
inside the thin layer PNIPAAm layer or at its interfaces with graphene or
the electrolyte solution. At pH 2, [Fe(CN)6]3'/ 4 eventually reached the
graphene electrode surface and became detectable. Moreover, compared
to bare graphene, the electrode kinetics appeared much faster for the
PNIPAAm/G electrode in phosphate buffered solution at pH 2, because
the two redox peaks were much closer to each other and much better
resolved compared to bare graphene (Fig. 4c). Thereafter, a positively
charged electro-active species, i.e., 1 mM [Ru(NHz3)e] 3+ was selected for
CV analysis. In 0.1 M KNOs, the redox peaks for ruthenium™" were
clearly observable. The relatively slow electrode kinetics for the gra-
phene electrode used herein has been reported elsewhere [36]. At pH 2,
however, [Ru(NH3)5]2+/ 3+ became undetectable (Fi g. 4d). Reducing the
solution pH, in general, can protonate protonable groups and generate a
positively charged electrode surface. At pH 2, a positive surface charge
could have electrostatically blocked the positively charged redox spe-
cies, thus [Ru(NH3)6]3+, and attracted the negatively charged ones, i.e.,
[Fe(CN)e] 3/ 4', instead. However, to the best of our knowledge, this ef-
fect is unusual for PNIPAAm, as the material does not contain protonable
groups. In the literature, only in case of co-polymers, where for instance
the ionizable co-monomer acrylic acid is introduced, surface charge
effects are understandable [37]. At pH 2, in the PNIPAAm layer, the
secondary amide group might have been slightly protonated as previ-
ously reported for poly(N-isopropylmethacrylamide) [38]. However, the
origin of the observed analyte selectivity remains unclear at this point.
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Fig. 4. CVs at different pH values. Scan rate 100 mV/s. a) 1 mM [Fe(CN)g]* in
0.1 M KNOj3 (black curve) and in PB pH 3.5 (red) using one PNIPAAm/graphene
electrode (no grid). b) 1 mM [Fe(CN)6]3' in 0.1 M KNOj; (black curve) and in PB
PH 2 (red) using two different PNIPAAm/graphene electrodes (Grid-3, 6 IJPLs).
¢) [Fe(CN)e]®> detection in PB pH 2 for one PNIPAAm/graphene electrode
(Grid-3, 6 IJPLs; black) and one bare graphene electrode (Grid-3; red). d) 1 mM
[Ru(NH3)6]3* in 0.1 M KNO; (black curve) and in PB pH 2 (red) using one
PNIPAAm/graphene electrode (no grid, 12 IJPLs). RE: SCE.

Electrochimica Acta 576 (2026) 149649

3.3. Application example: filtering of ascorbate as potential interferent in
physiological solutions

A typical interferent during the detection of analytes in physiological
solutions is ascorbic acid. Therefore, it was evaluated whether the
inkjet-printed PNIPAAm/G electrode can eliminate or reduce signal
contributions from ascorbic acid during the electrochemical determi-
nation of analytes. At physiological pH, ie., 7.4, ascorbic acid
(pKa = 4.1-4.2) is present in solution mainly in its deprotonated,
negatively charged form, hence as the ascorbate anion. Ascorbate is
often present as an interferent in relevant concentrations and causes
overlapping analytical signals. Generally, ascorbate is electro-oxidised
at relative low potentials compared to biologically relevant redox spe-
cies to be detected.

Instead of developing complicated biosensors or sample pre-
treatment methods to separate the analyte from the solution matrix
and/or from ascorbate, it could be interesting and promising to intro-
duce a simple-to-realize ascorbate filter, such as the thin film PNIPAAm.
In line with the observations and assumptions made vide supra, 5 mM of
the negatively charged ascorbate ion was hardly detectable at pH 7.4
using the inkjet-printed PNIPAAm/G electrode (Fig. 5a). Compared with
the PNIPAAm-free graphene electrode, the signal suppression of ascor-
bate by the PNIPAAm layer is clearly evident (Fig. 5a). It must be noted,
in line with the discussions in the previous section, that hydrated PNI-
PAAm seems to block a bit less efficiently the ascorbate ion (details in SI-
6). However, the PNIPAAm-modified graphene electrode can offer new
opportunities for the selective electrochemical detection of neutral and/
or positively charged species, which are present in solutions of nearly
neutral or slightly acidic pH. One typical analyte of general interest,
which is also often used as a model analyte, is dopamine. Due to similar
electro-oxidation potentials, dopamine itself or the signal for dopamine
detection must be separated from ascorbate. The primary amine of
dopamine has a pKa of ~8.9, thus at pH 7.4 dopamine will majorly be
present as cation and should therefore pass the PNIPAAm layer. To
verify this hypothesis, dopamine was added to the PB solution with
5 mM ascorbate to reach a dopamine concentration of 1 mM. As a result,
and as expected, a clear oxidative wave correlated to the presence of
dopamine was seen in the CV in Fig. 5b. The figure shows the CVs for the
same PNIPAAm/G electrode in the analyte-free PB solution, the CV after
adding ascorbate and then the CV after adding also dopamine. For
comparison, a PB solution with only 1 mM dopamine was analysed and
as well added to the graph. The blocking effect of the PNIPAAm layer for
ascorbate was already described and is here clearly seen again. How-
ever, the current increased more than expected for a mixture of ascor-
bate and dopamine. Even though ascorbate was nearly completely
blocked, the oxidation currents for dopamine in the ascorbate-dopamine
mixture were significantly higher than for a solution of dopamine alone
and for summing up the oxidative waves of the individual ascorbate and
dopamine solutions (Fig. 5b, further details in SI-6). The second oxida-
tion peak for dopamine (very weak in ascorbate-free solution) is much
more pronounced. This suggests that ascorbate could have acted as a
mediator for dopamine regeneration. Ascorbate could chemically react
with the oxidized form of dopamine reducing the oxidized form of
dopamine back to dopamine. As a consequence, the increased local
availability of dopamine can result in higher currents and thus into
signal enhancement. Following this strategy, indeed, there could be the
possibility to detect ascorbic acid on demand, without changing the
solution pH for thin film PNIPAAm switching, and without changing the
protonation degree and thus the charge of ascorbic acid. Optionally, a
redox mediator for ascorbate detection, such as FcMeOH, can be added
[39,40]. FcMeOH is electro-oxidized at lower potentials than ascorbate,
and, as demonstrated vide supra, passes the thin film PNIPAAm and
reaches efficiently the electrode surface. FcMeOH is further known for
the fact that its oxidized form FcMeOH™ is rapidly reduced back to
FcMeOH by ascorbate causing a positive effect for anodic ascorbate
detection (1 mM), even though ascorbate does not reach the electrode
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Fig. 5. a) Reduction of the interference of 5 mM ascorbic acid for the detection
of 1 mM dopamine using a hydrated PNIPAAm/graphene electrode (Grid-3, 6
1JPLs). Comparison of PNIPAAm-coated (dashed lines, Grid-3, 6 IJPLs) and non-
coated (solid lines, Grid-3) graphene electrodes in PB (pH 7.4) solutions in
presence (black curves) and in absence (red curves, blanks) of 5 mM ascorbate.
b) Detection of dopamine in presence of ascorbic acid using one hydrated
PNIPAAm/graphene electrode (Grid-3, 6 IJPLs). 1 mM dopamine and 5 mM
ascorbic acid in PB with pH 7.4 (blue curve), 5 mM ascorbic acid in PB with pH
7.4 (black), only PB with pH 7.4 (red) and 1 mM dopamine in PB with pH 7.4
(green). c) Switching between the elimination and FcMeOH-mediated detection
of 1 mM ascorbic acid under physiological pH (i.e., 7.4), using a PNIPAAm/
graphene electrode (Grid-2, 6 IJPLs). 1 mM ascorbic acid + 1 mM FcMeOH in
PB with pH 7.4 (black curve) in comparison to 1 mM ascorbic acid in PB with
pH 7.4 (red) and 1 mM FcMeOH in PB with pH 7.4 (blue). Scan rate in all cases
100 mV/s. RE in (a) and (b): Ag/AgCl/1 M KCl. RE in (c): SCE.

surface due to its blocking by the PNIPAAm layer at pH 7.4 (Fig. 5c).
4. Conclusions

To conclude, graphene electrode modification with ultrathin layers
of a cross-linked PNIPAAm hydrogel through inkjet printing has been
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presented. PNIPAAm inkjet printing has been realized by adopting a
photopolymerization approach using N-isopropylacrylamide as mono-
mer, N,N-methylene bisacrylamide (bis-acrylamide) as cross-linker,
TEMED as catalyst and riboflavin as photoinitiator. First, the ink
composition was modified in order to obtain a stable and rapid inkjet
printing process. While the surface tension could be decreased using a
small addition of a surfactant, the viscosity was increased by performing
a well-controlled, limited pre-polymerization to increase the ink vis-
cosity to the printable range. With the optimized ink, and optimized
printing parameters, hydrogel formation was as fast as inkjet printing.
However, inkjet printing under parallel UV light irradiation resulted in
the shrinking of the PNIPAAm thin film during printing and an inho-
mogeneous surface coverage of the graphene electrode underneath was
the outcome. Hydrogel stabilizing, fully inkjet-printed acrylate-based
polymer grids eventually enabled the printed PNIPAAm thin film layers
to be reproducible and homogeneous. The PNIPAAm/G electrodes were
ready-to-use and demonstrated remarkable electrochemical stability
during voltammetric testing in solution. Interestingly, switchable pH
dependent filtering of charged electro-active species was observed,
which, to the best of our knowledge, has not been reported elsewhere
previously. The negatively charged ferri-/ferrocyanide redox couple has
been blocked by the PNIPAAm thin layer at near neutral pH values,
while the hydrogel responded well, even better than bare graphene, to
the ferri-/ferrocyanide redox couple at pH 2. The opposite was observed
for positively charged redox species, such as the ruthenium hexaammine
cation, which was detectable at near neutral pH, but became invisible to
the electrode at pH 2. This suggests that the inkjet-printed cross-linked
PNIPAAm thin film undergoes switching of their surface charges to
cause repulsion or attraction of oppositely charged redox species,
respectively, even though this is unexpected for PNIPAAm without
combination with pH-responsive co-polymers. Finally, it was demon-
strated how the PNIPAAm/G electrodes might be operated for the
filtering at physiological pH of the ascorbate anion, a well-known
interfering antioxidant anion. This work demonstrates how inkjet
printing of classical materials in new forms and dimensions can lead to
the discovery of new electrode functionalities, even though the mech-
anistic origin has yet to be disentangled. PNIPAAm is a well-known
thermo-responsive hydrogel that can be switched between perme-
ability and blocking based on solution temperature. It was tested and
excluded that the thermosensitivity of PNIPAAm had an influence on the
results. The observations presented herein suggest the possibility to use
the inkjet-printed PNIPAAm thin layers for electroanalytical applica-
tions where filtering of charged species is a major requirement, in
particular to eliminate the influence of interfering ions, typically present
in complex matrices, such as food and beverages, for the final analytical
applications.
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