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ABSTRACT

lon-selective electrodes are employed in technological important fields, such as medical diagnosis,
or water quality evaluation. Plasticized polymeric membranes containing ionophores are typically
used in these devices. However, the low mechanical hardness and limited robustness of these
electrodes combined with their low selectivity limit their use in high precision applications. In the
present work, PVVC-functionalised silica nanoparticles incorporated in a plasticized PVVC film have
been integrated into ion sensors for the first time applied to the detection of K* in solution. This
approach was used for the design of highly specific and mechanically robust systems using a
fluidic chamber. The device presented a hardness in the range of 5.2 GPa, being 2 orders of
magnitude higher than the one reported for plasticized PVVC (0.059 GPa), and could measure the
concentration of K* with high specificity when compared to Ca?* and Na* ions compared to the
conventional approach. The interactions of the sensing films with the ions in solution were
systematically studied for different degrees of PVC functionalisation to allow the rational design
of a robust and selective sensor. The final device exhibited one of the lowest signal drift ever
reported, with 1.3 uV h'. The system operated under fluid pressure and shear stress conditions of
45 mbar for at least 8 h while the control experiment, fabricated using the conventional
composition without nanoparticles showed a significantly higher noise (circa 115.6 uV h?) and
degraded after 4 h of continuous measurements. The sensors here reported could also be used for
the accurate determination of the concentration of K™ inside complex mixtures of ions such as
simulated body fluids and human serum, leading to a plethora of applications in healthcare for the

diagnosis and monitoring of diseases.
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1. INTRODUCTION

lon-selective electrodes (ISEs) are currently employed in multiple fields including [1], medical
diagnosis [2], or water quality assessment [3]. In addition, potassium ions are essential in the cell
homeostasis, neuronal function [4] and audition [5] among others. Thus, its measurement
represents a powerful diagnostic tool for the detection of multiple conditions such as dehydration
[6] and cardiovascular diseases [7], which are some of the most common affections within the

grown population [8].

Despite the severity of this condition, there is not a universally accepted definition for dehydration,
and no clinical methods are currently employed for its evaluation. In fact, the number of people
affected by electrolyte unbalances is expected to increase due to high dietary potassium [9], and
the increasing use of certain drugs, including Acetylcholinesterase (ACE) inhibitors [10], which
affects the hormones responsible for the excretion of diluted ions by the kidneys. Thus, a system

for the continuous measurement of electrolytes, especially potassium ions, is highly desirable.

The determination of the concentration of ions in solution can be accomplished by the use of
materials and nanomaterials that can selectively bind ions such as bismuth terephthalate metal-
organic frameworks, for the detection of Pb?* and Cd?* [11] or iridium oxide, which can be used
for the measurement of pH [12]. To date, a plasticized PVC film where one or more ionophores
are embedded represents the preferred option for the fabrication of ion sensors [13]. These sensors
have been adapted to wearable technologies, allowing the real-time monitoring of physiological
markers [14], and implanted devices [15]. However, the signal noise of these approaches is high
due to the susceptibility to mechanical stress and the presence of interference electrolytes present
in most biological samples [14]. Although PVC has a good biocompatibility, being employed in

multiple medical devices such as catheters and peritoneal dialysis bags [16], it can degrade over



time, releasing CI" and oxygen radicals [17]. The integration of biopolymers such as gelatin
hydrogels with incorporated silver nanoparticles, and Poly(acrylonitrile-co-acrylic acid)
Composites have been proven to enhance the biological applications of nanocomposites by
improving their antibacterial properties [18, 19], these materials have not been applied to ion
sensing yet. However, multiple alternatives to PVC have been adapted within recent years such as
polyacrylate [20], polyurethane [21] and organosilicon compounds [22], showing a Nernstian
sensitivity. However, due to the limited ionic diffusion inside these polymeric membranes, the
equilibration times are high, up to months or years, than the conventional PV C-based membranes,

which normally reaches an equilibrium after 12 h [23].

Typical ion sensors employ a plasticizer such as bis-(2-ethylhexyl) sebacate or o-nitrophenyl octyl
ether that not only increases the ionic conductivity [24], but also improves the elasticity of the
films, and avoids the spontaneous formation of cracks in PVC. However, the use of plasticizers
also reduces the hardness and robustness of the films, which becomes an impediment when
employing the sensors for specific applications such as in wearable technologies due to the friction
with the skin [25] or their use in implanted devices because of the high shear stress of the
circulating blood [26]. Nevertheless, there is limited literature on the improvement of hardness and
mechanical resilience of ion sensors. To date, only some early work in the field have been
performed, modifying the composition of the films by incorporating plasticizers such as

didecylphosphoric acid to increase the hardness [27, 28].

The performance of ISEs is determined by the ionic exchange capabilities of the polymeric films.
Therefore, both sensitivity and ionic interferences effects are highly dependent on the composition

of the films, especially regarding the selected plasticizer, the polymer, as well as the ionophore.

The current advances in nanotechnology have allowed a rapid expansion of the field of ion sensors
by enhancing the surface properties of the polymer films through the formation of nanocomposites.

Such nanocomposites have allowed the fabrication of anti-flammable [29] and high-performance



dielectric materials [30] among others. Such nanomaterials could reduce the charge transfer
resistance of the sensing films, improving the performance of the sensors. In the field of ion-
selective electrodes, a few examples using metal oxide-based nanoparticles can be found, such as
TiO2 in a plasticized PVC matrix for the measurement of Cr3* [31] and platinum nanoparticles in
a polyacrylate film for the detection of K*, with improved stability due to the lower electrical
resistivity of the films [32]. This device incorporating platinum nanoparticles exhibited a standard
deviation of the potentiometric signal in the range of 2 mV. In addition, the implementation of
gold nanoclusters inside the plasticizer PVC films reduced the noise levels of the sensors to 10.2
1V ht for the detection K*, one of the lowest reported values for signal stability in the literature

[33].

The incorporation of silica nanoparticles could represent a step further in the field, since they are
chemically stable and biocompatible, and they can be easily functionalised with multiple chemical
groups to tailor their surface properties [34]. Silica nanoparticles can be functionalised to enhance
its surface properties by increasing the hydrophobicity and preventing the diffusion of corrosive
substances [35]. In addition, functionalised silica nanoparticles with polybenzimidazole groups
have been incorporated in pure polybenzimidazole polymers to form nanocomposites to improve
the tensile strength and adsorption capabilities of 40-60 um thick ion-exchange membranes for the
extraction of protons in aqueous media [36]. Such functionalisation could potentially not only
increase the selectivity, but also the mechanical properties of the sensing films. Furthermore, the
use of functionalised nanoparticles has been demonstrated to lead to a better pore interconnectivity
in polymer and increase the number of ionic sites. This has been demonstrated by Tong et al. [37],
employing sulfate-functionalised silica nanoparticles incorporated in sulfonated poly(phenylene

oxide) for the adsorption of protons in water.

In particular, the field of polymer-functionalised silica nanoparticles incorporated into

mechanically resilient nanocomposite films for ion exchange and water decontamination is raising



a great interest in the recent years due to their improved mechanical properties and
biocompatibility [38]. The mechanical properties of the silica nanoparticles are a consequence of
the improved interaction strength of the functionalised silica nanoparticulate fillers with the
polymeric matrix in the nanocomposite. As a consequence, their dispersion in nanocomposites and
mechanical robustness increases [39]. Silica nanoparticles covalently grafted to the matrix of
poly(ethylene oxide) by using 3-glycidoxypropyltrimethoxysilane as a linker have been
demonstrated to improve the ionic conductivity and the electrochemical performance of solid
polymer electrolytes when using a poly-ethylene oxide matrix [40]. As such, it represents a
promising approach for the design of highly friction resistant ion-selective electrodes due to the
possibility of obtaining a better surface compatibility between the nanoparticles and the polymeric
film. However, to the best of our knowledge, no studies have been reported on the effects of the
nanocomposite consisting of functionalised silica incorporated into PVC-based inside ion-

selective electrodes to improve the selectivity and mechanical robustness of the devices.

Within the present work, the impact of the incorporation -functionalised silica nanoparticles in
plasticized PVC films on the mechanical stability and structural properties of the films as well as
the sensing performance was determined for the first time. Different amount of PVC covalently
attached on the surface of the silica nanoparticles were tested by reducing the concentration of the
EDC/NHS cross-linker. These silica nanoparticles functionalised with PVVC were incorporated into
a plasticized PVC-based sensing film. The improvement in the mechanical hardness and elasticity
as well as the sensing performance of the films in terms of sensitivity, selectivity and background
noise were determined. In addition, the interactions between the nanocomposite sensing films and
the electrolytes in solution were characterised. This study of the impact of different degree of
grafting of PVC onto the silica nanoparticles in the sensing performance was also used to unveil
the influence of the interface interactions between nanoparticles and polymers on the ion sensors,

thus allowing the rational design of mechanically robust nanocomposites that could be used as



potassium ion-selective electrodes. Such robust nanocomposites could be incorporated into low-
cost fluidic chambers fabricated by additive manufacturing techniques which could be used to test
the resilience of the sensors. The selectivity of the sensors was finally tested by using simulated

body fluids and human plasma, as a proof-of-concept for their integration in diagnostic devices.

2. MATERIALS AND METHODS

2.1 Materials

All the reagents were purchased from Sigma Aldrich unless specified; 7 nm fused silica
nanoparticles, carboxylated PVC (1.8 % carboxyl basis), high molecular weight PVC (Mw
~80000), bis (2-ethyl-hexyl) sebacate (>97.0% purity), 1-ethyl-3-(3 dimethyl aminopropyl)
carbodiimide hydrochloride (EDC, commercial grade), N-hydroxysuccinimide (NHS, ~98%
purity), silica glass slides, cyclohexanone (99% purity), dimethyl formamide (DMF, >99% purity),
human serum (from human male AB plasma). Polydimethylsiloxane (PDMS, standard purity
grade) was purchased from Dow Corning and Valinomycin was from MP Biomedicals (>93%

purity). Simulated body fluids were purchased from Xi'an Hat Biotechnology Co.

2.2 Functionalisation of silica nanoparticles

Commercial as-received 7 nm silica nanoparticles were first functionalised with amine groups by
dispersing these nanoparticles (100 mg) into a solution of methanol (10 mL) containing
aminopropyl triethoxysilane (APTES, 30 mM). This solution was stirred overnight, and the
nanoparticles were washed twice with DMF by centrifuging the dispersion at 4000 rpm for 20

mins.

A standard EDC/NHS chemistry was employed to graft the polymeric chains of carboxylated PVC
onto the functionalised silica surface. In this case, 1.8% carboxylated PVC (100 mg) was diluted
in DMF (10 mL) containing the APTES-functionalised silica nanoparticles, and 0, 16, 32, 49, 65,

and 81 mM of both crosslinkers (EDC and NHS) were mixed into the solution under constant



stirring to induce the grafting. These concentrations were calculated based on the total amount of
carboxyl groups present on the PVC, and were labelled as 0, 20, 40, 60, 80, and 100%. Here, 100%
of grafting corresponds to a concentration of cross-linker equal to the number of carboxylic groups

in solution, and in the case of 0%, no EDC/NHS cross-linker was employed.
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Figure 1. Schematic representations of a), b) and c) of the functionalisation process of PVC
grafted onto silica nanoparticles, and the associated explanation with relevant chemical formulae
in d), e) and f) a) Pristine silica nanoparticles are dispersed in methanol. b) APTES is then added
into the dispersion in a) to functionalise the silica nanoparticles. APTES contains amine groups
that would allow the subsequent attachment of carboxylated PVC. ¢) Carboxylated PVC is grafted
on the surface of the amine functionalised silica nanoparticles by the use of EDC/NHS cross-
linkers. d) The pristine silica nanoparticles need to be pre-treated with APTES to work as a linker
for the grafting of carboxyl PVC. e) After functionalisation of the silica nanoparticles with APTES,
amine groups are present on the surface of the nanoparticles, allowing the grafting of carboxyl
PVC. f) Schematic representation of the final PVC polymer-grafted silica nanoparticles using the

APTES as a linker for the covalent attachment of carboxylated PVC.



2.3 Characterisation of nanoparticles

The presence of polymeric chains of PVC onto the functionalised silica nanoparticles was
determined by FTIR (L160000A Perkin Elmer, US). The characteristic peaks of silica and PVC
were observed and compared with the patterns found in the reagents. In addition, the theoretical
surface energy of the nanoparticles was established by functionalising silica glass slides with PVC
using the same procedure as the nanoparticles. The contact angle of these flat surfaces was then
measured using an optical tensiometer (Attension, Biolin Scientific, Sweden). The mean particle
size of the PVC-functionalised silica in the cyclohexanone precursor solution was measured by
using DLS (Zetasizer, Malvern Panalytical, UK) by dispersing 2 mg of nanoparticles in 1 mL of solution and

measuring the particle size by triplicates.

2.4 Sensing device fabrication

For the fabrication of the sensing devices, gold electrodes with 50 nm thick were first deposited
onto silica glass by sputtering (Q150R ES, Quorum technologies, UK). A polymeric film
containing a solution with high molecular weight PVC (33 mg ) and bis (2-ethylhexyl) sebacate
(DOS, 66 mg), valinomycin (2mg) and tetraphenylborate (2mg) were then deposited by Aerosol
Assisted Chemical Deposition (AACD) using a pneumatic nebuliser, adapted from the Aerosol
Assisted Chemical Vapour Deposition technique [41]. This technique was used as an alternative
to the conventional drop cast technique due to its versatility, low-cost, and potential mass
production of the sensors with well-controlled film uniformity, structure, composition and

thickness.

For the deposition of sensing films, the carboxylated PVC grafted onto functionalised silica
nanoparticles were incorporated into PVC (5 wt%) and DOS (diluted in cyclohexanone) and
deposited by AACD to form nanocomposite films (circa. 10 um thick) onto gold coated glass

substrates. AACD allowed the fabrication of uniform and smooth films with well controlled



surface dimensions and a low roughness. The deposition was carried out at a substrate temperature

of 40 °C.

2.5 Nanocomposite characterisation

The thickness of the nanocomposite film was measured by stylus profilometer (Dektekxt, Bruker,
UK), AFM (Cypher S, Oxford Instruments, UK) and SEM (EVO LS15, ZEISS, Germany) were
used to characterise surface morphology of the films. The porosity of the nanocomposite films was
evaluated using BET (NOVA Touch, Quantachrome, UK) by drying the samples at 100 °C for 12h
using liquid nitrogen for the measurements. In addition, thermal characterisation of the
nanocomposites was performed to study the interface between the PVVC-grafted nanoparticles and
the polymeric films. Differential Scanning calorimetry (DSC) (N5370212, Perkin Elmer, US) was
conducted to establish the glass transition temperature of the nanocomposite sensing films. Such
analysis was conducted between 40 and 200 °C at a rate of 10 °C/min. Thermogravimetric analysis
(TGA) (N5370210, Perkin Elmer, US) was employed to confirm the grafting of the carboxylated
PVC onto the functionalised silica nanoparticles. In this case, the nanocomposite sensing films
were subjected to a temperature between 30 — 650 °C at a rate of 10 °C/min and the weight change
was monitored. Nanoindentation (NanoTest Vantage, Micromaterials, UK) was employed to test
the hardness of the nanocomposites with different degrees of cross-linker. A maximum force of
100 mN was applied onto the surface of the films using a Berkovich tip and a hardness map was
then generated by performing a matrix of indentations with each point being separated by 2 pum.
The results were represented in the form of a microhardness map, showing local aggregation of

nanoparticles.

2.6 Study of the ionic exchange of the nanocomposite sensing film.

The ionic absorption was quantitatively determined using a quartz microbalance (Q-sense, Biolin

Scientific, Sweden). This technique allows the quantification of the total mass change associated



with the ion diffusion from the water sample inside the nanocomposite sensing films. In this case,
10 um thick nanocomposite sensing films were deposited onto gold electrodes by AACD under
the abovementioned conditions. The films weight was then monitored after immersion in water
and KCI for 2h. To determine the relative ion intake, the differences in the weight after
equilibration in water for 2h and immersion in 0.1 M KCI for 2 h were calculated and divided by

the original weight (equation 1).

R] = Wion—W ritm) (1),
Writm

Where RI is the relative ion intake, Wion the weight after equilibration in 0.1 M KCI for 2h and
Wrim the weight after equilibration in water for 2h. The measurement was repeated for the

immersion of the film in CacCl,. for 2h
2.7 Electrochemical characterisation of the devices

The measurement of the potentiometric response was conducted by using an AUTOLAB. In all
cases, the open circuit potential (OCP) was recorded after subjecting the sensors to different
concentrations of KCI and CaCl, independently in the range of 10° up to 10"t M. Firstly, films
containing PVC-grafted silica nanoparticles with the use of different amount of EDC/NHS
crosslinkers during their synthesis with and without valinomycin ionophores were characterised.
This study allowed the determination of the effects of the PVVC-grafted silica nanoparticles on the
ion intake of the PVC polymeric films alone. The sensitivity towards both electrolytes employed
in this study was determined by measuring the slope of the calibration curves. In addition, the
sensitivity after the use of ionophores was recorded to evaluate the performance of the full sensing

device.



2.8 Continuous testing of the sensing devices in a fluidic chamber setup

To further test the implications of mechanical resilience of the nanocomposite sensing films due
to the higher hardness, a custom-made fluidic chamber was fabricated using additive

manufacturing so that pressure and shear stress could be continuously applied via continuous flow.

In this case, a model was generated using Sketchup for the 3D printing of a fluidic with a channel
of 2 x 7 cm, and 300 um height by a Ultimaker 2+ using polylactic acid. A peristaltic pump was
used to provide a continuous water stream. After the sealing of the sensors deposited onto silica
glass using PDMS, a flow rate of 60 mL min™* was employed, corresponding to a pressure of 45
mbar, and the open circuit potential signal was recorded continuously using an AUTOLAB

(PGSTAT128N, Metrohm, UK) for 8h.

To test the feasibility of the system for measuring the concentration of electrolytes in biological
environments, the sensors were immersed in a solution containing simulated body fluids. Such
solution is commercially available and contains a known concentration of ions. This solution was
spiked with 500 uM KCI and the OCP of the sensors was determined and used to calculate the
concentration of potassium ions by extrapolation. Finally, the sensors were immersed in human
serum and the concentration of electrolytes was then determined similar to the case of the

simulated body fluids.
3. RESULTS AND DISCUSSION
3.1 Characterisation of the functionalised nanoparticles

Initially, the grafting of carboxylated PVC polymer onto amined functionased fused silica
nanoparticles (circa 7nm) was characterised using FTIR and TGA to confirm the presence of the
grafted polymers and study their surface properties. Nanoparticles were grafted with 100 mg of
carboxylated PVC (containing 1.8 wt% of carboxylic groups) using different amounts of

EDC/NHS crosslinkers during the synthesis. Different concentrations (e.g. 16, 32, 49, 65, and 81



mM) of both EDC/NHS were added for the reaction, and the samples were labelled as 0, 20, 40,
60, 80 and 100% grafting degree since such concentrations were calculated from the amount of
carboxylic groups present on the molecular structure of the employed PVC (Figure 2.a)). In this
case, 100% grafting degree indicated a ratio of 1:1 of carboxylic groups to EDC/NHS crosslinkers.
The EDC/NHS reaction with carboxylated PVVC allowed the formation of a covalent bond between
the silica nanoparticles and the PVVC polymers mediated by the APTES functional groups present
on the surface of such silica nanoparticles. The success of such grafting was confirmed by FTIR,
showing the characteristic peaks of PVC at 2900 cm™ and 1500 cm™ due to the presence of -CH;
groups in the PVC structure. In the case of functionalised nanoparticles, the amide stretches in due
to the EDC/NHS cross-linking were present in the range of 1650 cm™ [42]. Such peak position
was a consequence of the influence of the carbonyl group (-C=0) also observed in multiple
biopolymers [43, 44]. In addition, the stretches at 470 and 1100 cm™ due to the siloxane Si-O-Si
bridges were observed in the polymer-grafted silica samples [45, 46] (Figure 2.b)). In addition, the
use of TGA allowed the confirmation of the presence of PVC polymeric chains on the silica
nanoparticles by allowing a calculation of its relative mass after heating. Here, mass losses were
obtained at 650 °C that were attributed to degradation of the PVC on the surface of the
nanoparticles due to the high thermal stability of the silica as compared to this polymer at such
temperature (Figure 1.c). A 6.8% weight loss was observed when silica nanoparticles that only
contained an amine APTES functionalisation with no PVC polymers were studied, which is
indicative of the presence of these aminated APTES groups and no anchoring of PVC chains. On
the contrary, an 83.4% of weight loss was measured for 100% polymer-grafted nanoparticles after
testing in the same conditions, indicating a high presence of PVC chains on the surface of these
nanoparticles. A non-complete grafting reaction was found in the 20% polymer-grafted
nanoparticles, which only showed a weight loss of 43%, due to the lower amount of cross-linker

being employed.



The hydrophobicity of the polymer-grafted silica nanoparticles changed as a consequence of the
functionalisation. Here, the theoretical hydrophobicity of the surface of the PVC polymer-grafted
silica nanoparticles was calculated by applying the same functionalisation process onto a flat silica
surface as a reference material. Similar models with flat silica for the study of the surface properties
of the nanomaterials have been previously used for the optimisation of surface reactions of
silanization using APTES [47]. The water contact angle of the silica surface after functionalisation
was found to increase as the degree of polymer functionalisation was higher (Figure 2.d)), from
43.3£1.4° in the case of the 0% PVC grafted silica, containing aminated APTES, up to 79.6+1.6 °

when glass with 100% degree of PVC grafting.
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Figure 2. a) Schematic representation of the carboxylated PVC grafting onto APTES
functionalised silica nanoparticle, where carboxylated PVC was used as a capping agent. The
degree of grafting varied depending on the concentration of EDC/NHS, from 0 to 81 mM. b) The
FTIR spectrum for 100% PV C grafted on silica nanoparticles as compared with the one obtained
from its pure components, confirming the grafting of PVC by the presence of 100% degree of
functionalisation. c) Mass variation of the polymer-grafted silica after subjecting them to 650 °C,
where the mass increases as the degree of grafting was higher. A maximum grafting was obtained
at 40% of grafting of carboxylated PVVC onto aminated silica nanoparticles, while the weight loss
was similar from 60 — 100%. d) Contact angle measurement of flat silica glass surface after grafted

with carboxylated PVC using different quantities of EDC/NHS linkers.
3.2 Study of the effects of silica nanoparticles on the nanocomposite films

The surface morphology of the nanocomposite films was characterised to establish the suitability

of the AACD deposition process for the development of nanocomposite sensors with well



controlled structure, composition and thickness. The deposited nanocomposite sensing films were
uniform and exhibited a high surface homogeneity as shown in the AFM image, with a low surface
roughness, in the range of 9.6 nm (Figure 3.a)). In all cases, films with a typical thickness of circa.
5 um were deposited. This high degree of homogeneity was essential for the systematic study of
the electrochemical and mechanical properties of different nanocomposite films here, as this would
allow a reduction of the errors derived from the interfacial resistance of the electrodes [48], which

can limit the sensitivity of the sensors.

For the evaluation of the physical-chemical effects of PVC grafting on silica nanoparticles in the
polymeric electrodes, two fundamental properties of the materials were studied: the glass transition
temperature; and hardness of the films. The glass transition temperatures of polymers and
nanocomposites affect the mechanical properties and the interaction of nanoparticles with the
polymers. In general, a high glass transition temperature leads to elevated hardness values [49].
Such increase in the hardness is a consequence of the interaction strength between the
nanoparticles and the polymers [50, 51], with a high glass transition temperature being indicative
of a high interfacial energy [50]. Thus, the limitations in the mechanical hardness of the films due
to the use of plasticizer PVC were circumnavigated by the integration of polymer-grafted
nanoparticles that increased the glass transition temperature of the blends (Figure 3.b)).
Consequently, the hardness of the sensing films and the Young modulus increased with the degree

of grafting (Figure 3.c) and Figure 3.d)).
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Figure 3. a) AFM image of the nanocomposite sensing films containing 100% PVC grafted onto
silica nanoparticles and deposited by AACD. b) DSC plot of the nanocomposites with different
degree of PVC grafting. ¢) Mechanical hardness of polymeric nanocomposites using variable
degree of PVC functionalisation. In all cases, a higher hardness value was obtained as compared
to the control pristine sample, where no silica nanoparticles were incorporated into the plasticized
PVC. Due to the local aggregations, a high heterogeneity on the surface hardness was obtained in
the nanocomposite sensing films due to the formation of nanoparticle aggregates, which was
reflected in the obtained errors. d) Young Modulus of the nanocomposite sensing films measured

by micro indentation.

The hardness and elasticity of the sensing films decreased within the 20-60% range, However, it
increased at higher degrees of functionalisation, reaching 5.2+0.5 GPa when 100% polymer
functionalisation was employed. The effect of nanoparticles on the glass transition temperature of

the nanocomposite was attributed to the local interaction between the grafted PVC polymer



anchored onto the functionalised silica nanoparticles and the PVC polymeric matrix, which
became stronger as the degree of grafting increased. In fact, a similar observation of a higher
transition temperature of nanocomposite containing more polymer-grafted nanoparticles has been
demonstrated by Hu et al. [52] using polymide-grafted silica nanoparticles in a hanocomposite
containing poly(amic acid) matrix. On the contrary, the differences observed in the hardness upon
the use of different functionalisation were attributed to the presence of nanoparticle aggregates.
This effect has been reported for multiple polymer/spherical nanoparticle systems, where the
presence of aggregates resulted in deleterious effects on the hardness of the films [53]. In our case,
a good dispersion of nanoparticles was obtained at 0 and 20%. However, at such functionalisation
degrees, a non-complete attachment of PVC chains onto the nanoparticles was obtained, reducing
the interaction strength between the nanoparticles and the polymeric matrix. When a complete
functionalisation was achieved, the nanoparticles aggregated, decreasing the hardness of the films.
Silica is a ceramic material with a high hardness as compared to PVC polymers. However, the
interaction of silica with the PVC polymeric chains present in the sensing film is relatively weak
compared to the strong dipole-dipole interactions of PVC (Figures 4.a) and 4.b)) [54]. Thus, the
functionalisation with PVC could enhance such interaction and increase the hardness of the films.
However, the formation of aggregates can weaken this interaction, leading to suboptimal
mechanical properties of the films. The effect of the formation of such aggregates could be
observed by performing successive indentations with a spacing of 2 um, creating the

microhardness map (Figure 4.c-i)).
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Figure 4. a) Schematic representation of the silica-PVC interaction on the surface of the
nanoparticles. b) PVC-PVC interaction taking place at the surface of the functionalised
nanoparticles grafted with carboxylated PVC. ¢) Hardness mapping of pristine plasticized PVC
films. d-i) Micro hardness mapping of films incorporated with 5 w.t% of 0, 20, 40, 60, 80, and
100% polymer grafted silica nanoparticles. The presence of nanoparticulate aggregates is

indicated.

The indentation map allowed a visualization of the hardness homogeneity across the surface of the
films, which was influenced by the presence of nanoparticle aggregates. A homogeneous
dispersion of polymer-grafted silica nanoparticles was observed at a high degree of grafting due
to the better dispersion of these nanoparticles in the precursor solution. However, the presence of
large aggregates was observed reduce the hardness of the films as reflected in the indentation maps.

This result of the effects of functionalisation on the size of the aggregates was corroborated by



DLS (Figure 5.a)), where a maximum size of 837+83 nm was observed in the case of 60%
functionalised nanoparticles, which was the film with the lowest hardness. Such dispersion was
driven by the higher presence of PVC polymeric chains. This effect has previously observed in
other polymer-grafted materials (e.g. carbon nanotubes), where the grafting of polymeric chains

can improve their dispersion inside a polymeric matrix [39].

The presence of silica nanoparticles not only had an impact on the hardness of the films, but also
it could be used to tune the microstructure of the sensing films. In order to determine how the
sensing films were influenced by the microstructure y of the nanocomposites, SEM imaging was
conducted on the cross-section of the plasticized PVC films (Figure 5.b)), and compared with the

100% PVC grafted silica nanoparticles reinforced PVC nanocomposite (Figure 5.c)).
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Figure 5. a) Mean particle size of the PVC-functionalised silica nanoparticles dispersed in
cyclohexanone as the precursor solution calculated from DLS. A higher presence of particle
aggregates was observed in the case of 60% functionalised silica nanoparticles. Results were taken
by triplicates. b) Cross-sectional SEM image of the standard plasticized PVC polymeric film. c)
Structure of the nanocomposite sensing film containing 100% PVC grafted onto silica

nanoparticles.

In the case of the standard plasticized PVC polymeric film, a 10 um thick dense polymer film was

observed. This dense microstructure was a product of the combination of the PVC and the



plasticizer, that created a compact layer with low porosity and a pore radius in the range of
1.33+£0.07 nm as measured by BET. In addition, the presence of small striations due to the presence
of plasticizer was observed by SEM. On the contrary, a higher presence of interconnected channels
was evidenced when the films contained 5 w.t% of 100% PVC grafted silica nanoparticles. Such
increase in porosity was a consequence of the presence of the nanoparticles as confirmed by BET.
In this case, the pore radius of the nanocomposite sensing varied from 1.66+0. 8 nm using 20%
PVC grafted silica nanoparticles up to 42 nm when 100% PVC grafted silica nanoparticles were
incorporated into PVC matrix. This increase in the porosity of the films improved the
electrochemical performance of the ion-selective electrodes by facilitating the diffusion of

potassium ions as observed in section 4.3.
3.3 Electrochemical characterisation of nanocomposites

The impact of the silica nanoparticles in the ionic diffusion of the nanocomposites and
electrochemical interferences due to secondary electrolytes was determined by measuring the
potentiometric response of the electrodes without the use of ionophores. Concentrations from
108 up to 10"t M of both KCI and CaCl, were employed and the open circuit potential of the
sensors was measured. A calibration plot was obtained and the sensitivity was determined by

measuring the slope of this plot within the linear range (Figure 6.a).

In this case, the sensitivity of the films towards K* ions decreased from 18.7+0.2 mV Log[K*]
when 0% of PVC grafting up to 2.3+1.0 18.7+0.2 mV Log[K*]* at 100% of PVC grafting. On the
contrary, the potentiometric response towards Ca?* ions remained constant, from 15.2+4.1 mV
Log[Ca?*]™* at 0% polymer grafting up to 12.3+1.4 18.7+0.2 mV Log[Ca?*]* at 100% of polymer
grafting. Such phenomenon could initially be caused by 2 factors: a limitation of the ionic transfer
from the sample into the nanocomposite, which could decrease the amount of positively charged

cations diffusion to the polymeric films, thus reducing the sensitivity of the sensors; or an improved



diffusivity of counterions. The co-diffusion of negatively charged chloride ions could also reduce

the sensitivity by countering the charges of the cations [55].

To determine the true nature of the changes in sensitivity upon different degree of grating of silica
nanoparticles, the ion intake of the nanocomposite films in terms of mass absorption of the sensors
was quantitatively assessed by using a quartz microbalance (Figure 6.b). This test allowed the
evaluation of the total mass variations within the polymer film which could vary due to the co-
diffusion of the target ions with their counterions (CI°), which are charged ions that can reduce the
sensitivity of the films since they balance the potential increase due to the retention of cations
(Figure 6.b). A positive correlation between the degree of grafting and the intake of KCI as
measured by quartz microbalance was observed. On the contrary, the diffusion of CaCl, was
reduced with the grafting of polymer which was evidenced by a lower relative ion intake. Thus,
the use of 100% grafting of polymer onto amine functionalised silica nanoparticles in the
plasticized PVC films improved the permeability of K™ along and with the CI" anions, increasing
the total mass but reducing the potentiometric sensitivity since such chloride anions can counter
the charge of the potassium cations. However, when valinomycin ionophores were integrated in
the sensing films, a reproducible Nernst sensitivity response was obtained, with a limit of detection
in the range in the range of 10 M. Such sensitivity was corroborated by fabricating 3 different
electrode batches and calibrating the films against different concentrations of KCI (Figure 6.c).
The effect of the porosity on the performance of ion-selective electrodes was a consequence of the
improved porosity of the films and the higher hydrophobicity of the nanoparticles as compared to

the pristine films (Figure 6.d and Figure e).

Hydrophobic nanochannels have been proven to favour the selectivity of ion sensors selective
towards large ions such as K* due to their low hydration energy, in the range of -372 kJ mol™* as
compared with bivalent ions such as Ca*, with -1656 kJ mol [56]. Consequently, the ion transfer

of K* from the sample solution to the sensing film requires less energy than the transfer of Ca?*



ions [57]. In this case, the bigger pore radius of the films, 72 nm when 100% PVC polymer
grafted silica nanoparticles were incorporated into the P\VC matrix, also increased the diffusion of
Cl ions. As a consequence, the sensitivity of the electrodes towards calcium ions was reduced.
However, such effect did not alter the sensitivity of the devices towards KCI after the use of
ionophores. This was demonstrated by comparing the performance of a conventional device
containing a plasticized PVC film with valinomycin as the ionophore, and a different device with
100% polymer grafted silica nanoparticles and valinomycin ionophore. In both cases, the sensors
showed a standard Nernstian response (Figure 6.f). To determine the stability of the measurements
and the response of the sensing devices under different concentrations of electrolytes, the sensors
were subjected to a hysteresis test. In this case, the devices were first stabilised in a solution
containing 10 mM KCI for at least 10 mins. The devices were then immersed in a solution
containing 1 mM CacCl,. As a consequence of the no presence of KCI in such solution, the OCP of
the sensors decreased. After re-immersing the sensors in the solution containing 10 mM KClI, a
OCP signal similar to the one obtaining during the stabilisation was obtained, indicating a good

performance of the sensing devices (Figure 6.9).
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Figure 6. a) Potentiometric sensitivity of ion-selective electrodes where 5 wt% of functionalised
nanoparticles were incorporated into a plasticized PVC film. b) Relative mass absorption of the
nanocomposite sensing film containing the PVVC-grafted silica nanoparticles, measured by a quartz
microbalance after exposure to potassium and calcium ions. ¢) Reproducibility testing of the ion
sensors by measuring the sensitivity of 3 devices fabricated in 3 different batches. d) lon diffusion
model inside the polymeric films with no nanoparticle incorporation. When no nanoparticles are
present, only the diffusion of cations is favoured. Only one of the ionic species can diffuse from
the aqueous sample to the polymer film in this case. €) When polymer-grafted silica nanoparticles
are incorporated into the PVC film, the diffusion of smaller counterions from the aqueous sample
to the polymer film is favoured due to the larger pore size within the nanocomposite. f) Sensitivity
of the sensors towards potassium and calcium ions of the conventional pristine (i.e. standard
electrode) and nanocomposite sensing films. g) hysteresis effect study of the ion-selective

electrodes incorporating 100% PVC functionalised nanoparticles.

After the calibration of the final devices using valinomycin as K*-selective ionophore inside the

plasticized PVC film, a sensitivity of 59+11 mV Log[K*]* was observed in the case of sensing



films with no nanoparticles. This value was aligned with the Nernst-sensitivity, which is the
standard of performance of ion-selective electrodes, and has been reported by multiple studies in
the field [14, 58]. This value was comparable to the one found in the films with 100% polymer-
grafted silica nanoparticles inside the ion sensors, where 58+4 mV Log[K*]* was obtained, as
measured by triplicates using 3 different batches of sensors. However, an improved selectivity
towards K* as compared to Ca®* was obtained in the case of 100% polymer-grafted silica
nanoparticles inside the ion sensors. These sensors showed a sensitivity of 6+2 mV Log[Ca?*]*
towards Ca?* ions while the pristine version with no nanoparticles incorporated presented a

sensitivity of 177 mV Log[Ca?*]™.

The high porosity and hydrophobicity of the sensing nanocomposite films due to the presence of
100% polymer-grafted nanoparticles was then showed to be a promising element to reduce the
interferences, decreasing the sensitivity towards calcium ion, by almost 3 times respect to the
traditional approach while maintaining a comparable sensitivity towards potassium ions. The
lower errors in the case of sensing nanocomposite films also indicated a lower electrochemical;

noise compared to the conventional polymer-based approach.

The selectivity coefficients of the sensing devices were additionally determined by the fixed
interference method as reported elsewhere [59]. In this case, 0.1 M of the interference electrolyte

was employed, and the concentration of KCI was increased (Figure S.1). This test could be used

to calculate the selectivity towards Na* (kbS', + = —2.35) and Ca®* (kP%' .+ = —3.6). The

selectivity of the devices towards potassium when compared to sodium was comparable to the

results obtained by Sanggil et al. [60], employing similar film compositions without the addition
of polymeric nanoparticles. Such selectivity was in the range of k25, , = —2.5. In the case of

K* Nat

calcium ions, the selectivity was higher than the reported values in the literature for valinomycin



ionophores (k2% = —2.6) [61, 62]. Thus, the benefits of the implementation of PVC-

K+,Ca2+ -

functionalised silica nanoparticles could were demonstrated.

4.4 Performance evaluation of sensing nanocomposites under dynamic testing conditions

using a 3D printed fluidic chamber configuration

To date, typical ion-selective electrodes based on pristine plasticized PVC are tested under static
conditions, with no movement of the aqueous electrolyte solution, being unrepresentative of their
use in real-world situations such as marine environments or wearable technologies, where there is

an effect of friction due to the continuous fluid flow or contact of the sensors with the skin.

The present approach using polymer-grafted nanoparticles can tackle this challenge, by improving
the mechanical resilience of the films through a higher hardness. To further demonstrate the
performance superiority of the nanoparticle incorporation in terms of electrochemical performance
and mechanical resilience, a custom-made fluidic device was designed to test the performance of
the sensors (Figure 7.a). This device was developed by using additive manufacturing techniques
and applied a pressure of 45 mbars in the fluidic channels. Such pressure is similar to the one
commonly found in human capillaries, which is in the range of 46.6 mbar [63]. As such, it

represented a good model for the testing of the ion sensors in these environments.

Microfluidics represent a promising alternative for the development of fast high-performance
sensors due to the improve diffusivity of analytes [64]. Consequently, they have been employed
in multiple sensing modalities for the determination of biomarkers and electrolytes in solution [65,
66]. However, their use in combination with ion-selective electrodes sensors have been hindered
by the mechanical constraints, due to the low hardness of the plasticized PVC films, and the high
thicknesses achieved by the traditional drop casting technique, typically in the range of 100 um

[67]. Whereas the present work the use of polymer-grafted silica nanoparticles can improve the



hardness to address this limitation. Here, a fluidic chamber was used as an objective test for the
study of the degradation of the electrodes over time during high pressure and shear stress. The
nanocomposite sensing films were shown to increase the lifespan of these sensors for at least 8 h
under a continuous 60 mL min* flow conditions of 0.1M of KCI by improving the physical
stability of the nanocomposite sensing films. The electrochemical performance of the pristine
sensing films was then compared to the nanocomposite sensing films using 100% polymer grafted

nanoparticles (Figure 7.b).

One of the potential application of the robust sensing device reported within the present work is
related with the diagnosis of diseases. Given the high relevance of potassium ions in biological
processes, small fluctuations on its concentration in serum could be indicative of cardiovascular
diseases [68] or bad outcomes during chronic kidney disease [69]. To test the feasibility of the
developed sensor for the evaluation of potassium concentrations in biological solutions, the
devices were immersed in a commercially available simulated body fluid (SBF) solution (Figure
7.¢)). The composition of such SBF is detailed in Table S1, and contained 5 mM of K*. When the
concentration of K* was estimated by extrapolation of the sensor signal with the obtained response,
a concentration of 5.3+1.4 mM was obtained, being consistent with the concentration reported by
the commercial suppliers. Upon spiking this solution with 500 uM of KCI, such concentration
increased up to 5.7£1.4 mM. Thus, these results demonstrate the possibility of integrating the
potassium-selective electrodes for the determination of potassium in biological solutions. A proof-
of-concept of the implementation of this sensing device as implantable sensors was then conducted
by measuring the concentration of potassium in human serum. The standard concentration of
potassium ions in serum is comprised between 3.3-5.5. mM [70]. As a consequence of the narrow
concentration range of this ion, highly accurate devices need to be designed. When using the ion
sensors incorporating PVC-functionalised nanoparticles, a concentration of 6.6+1.3 mM was

measured (Figure 7.d)). Such concentration was in the range of the normal levels in human serum.



Similar to the previous case with the SBF solution, the samples were spiked using 500 uM of KClI,
and a concentration of 7.0+1.2 mM was obtained, being consistent with the added concentrations.
As such, these results indicated a good performance of the developed sensors inside biological

environments.
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Figure 7. a) Schematic representation of the fluidic chamber employed. A 2 x 7 cm cavity with
300 pm thickness was fabricated by additive manufacturing, where the electrodes were placed and
sealed using PDMS resin. An electrolyte solution was then pumped using a peristaltic pump at a
flow rate of 60 mL/min. b). Potentiometric response of nanocomposites (red) and pristine (black)
polymeric films subjected to a continuous flow of 60 mL min* containing 0.1 M of KCI for 8 h.
The signal noise increased upon the film damage (as indicated with arrows). ¢) Concentrations
measured in a SBF solution by the potassium-selective electrode with incorporated PVC-
functionalised silica nanoparticles before and after spiking using 500 pM. The reported
concentration by the manufacturers is also indicated. d) Concentrations measured in human serum

by the potassium-selective electrode before and after spiking using 500 puM.



Regarding the stability of the sensing devices, in both cases, the potentiometric response remained
constant within the initial time period. In the case of pristine films, the signal within the first hour
presented a background noise of 115.6 puV h* while in the case of the sensor based on
nanocomposite film it was 1.2 uV ht, one of the lowest values reported in the literature. This value
is in the range of the stability as reported by Jinbo et al. [71], who holds the record of higher
stability achieved in an ion-selective electrode of 1.3 = 0.3 pV h* for up to 72 h. This value greatly
increased in the pristine films after 4 h under 45 mbar of pressure, achieving 5.7 mV within the
last tested hour. This is indicative of a damage in the film, resulting in an increase on the
background noise due to the effect of water in the electrodes. Although some peaks can be
observed in the case of nanocomposites sensing films after 5 h followed by a higher noise level,
which is also indicative of a small degradation of the films due to the desorption of polymers from
the film. However, the average drift after 8h of testing was 22.6 pV h’, significantly lower than
the pristine ion-selective electrodes. These results indicated the higher time-stability and drift of
these sensors compared to the pristine ion-selective electrodes, which is the standard approach in

commercial devices.
5. CONCLUSIONS

Within the present work, the influence of the incorporation of polymer (e.g. PVC) grafted onto
silica nanoparticles into the ubiquitously employed PV C-based ion-selective electrodes have been
evaluated systematically, especially their impacts on the electrochemical and mechanical
properties of the nanocomposite films. A novel and non-vacuum fabrication method, AACD, was
employed for the development of highly homogeneous and smooth pristine PVC and
nanocomposite films. A preferential intake of K* ions followed by a better specificity of the sensors
towards this electrolyte as compared to Ca®" was observed in the case of films with silica
nanoparticles containing 100% polymer grafting as compared to the pristine films. The higher

performance of these sensors was attributed to a higher porosity, where the mean pore radius



increased from 1.38+0.07 nm in the case of pristine sensing films up to 7£2 nm for 100% polymer
grafted nanoparticles, and better selectivity of the films towards K*. In addition, the use of
polymer-grafted silica nanoparticles improved the harness of the films that allowed their
integration within a fluidic configuration for the testing under dynamic conditions. This approach
allowed the development of a highly robust in PVC nanocomposite sensing device with PVC-
functionalised silica nanoparticles incorporated. Such device showed one of the lowest noise levels
reported in the literature that could be integrated within a fluidic configuration for the monitoring
of electrolytes for more than 8h under 45 mbar pressure. In addition, this sensor could accurately
determine the concentration of K* inside complex mixtures of electrolytes, making it suitable for
real-world applications. Such sensors were subjected to simulated body fluids, which presented a
well-known concentration of electrolytes, and human serum, being able to accurately determine
the concentration of K* in both cases, being in the range of 5 mM. This discovery will pave the
way for the design of miniaturised wearable devices that can be used for the continuous monitoring
of electrolytes with a minimum signal drift by tailoring the pore size and characteristics through

different functionalised nanoparticles.
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