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11 Abstract: An interdigitated electrode sensor was designed and microfabricated for measuring the
12 changes in the capacitance of three phosphate selective molecularly imprinted polymer (MIP)
13 formulations, in order to provide hydroponics users with a portable nutrient sensing tool. The
14 MIPs investigated were synthesised using different combinations of the functional monomers

15 methacrylic acid (MAA) and N-allylthiourea, against the template molecules diphenyl phosphate,
16 triethyl phosphate and trimethyl phosphate. A cross-interference study between phosphate, nitrate

17 and sulfate was carried out for the MIP materials using an inductance, capacitance and resistance
18 (LCR) meter. Capacitance measurements were taken applying an alternating current (AC) with a
19 potential difference of 1 V root mean square (RMS) at a frequency of 1 kHz. The cross-interference
20 study demonstrated a strong binding preference to phosphate over the other nutrient salts tested
21 for each formulation. The size of template molecule and length of the functional monomer side
22 groups also determined that a combination of a short chain functional monomer in combination
23 with a template containing large R-groups produced the optimal binding site conditions when

24 synthesising a phosphate selective MIP.

25 Keywords: Hydroponics, interdigitated electrodes, molecularly imprinted polymer, nutrient
26 monitoring, phosphate, polymer sensor, precision agriculture.
27

28 1. Introduction

29 Within the field of precision agriculture, the accurate in-field measurement of the
30 macronutrients nitrate, phosphate and potassium in soils and hydroponic growth media is a vital
31  component to controlling crop yields and plant disease levels [1, 2]. The role of phosphate is
32  particularly important in cellular metabolism and the production of nucleic acids, with a
33 phosphorous (P) deficiency resulting in the stunted growth of plants and poor development of root
34 systems [3]. However, an overdosing of the nutrient through phosphate rich fertilisers leads to
35  significant leaching of labile phosphate into the local water table. This leads to a population
36  explosion in species of blue algae, and subsequently the eutrophication of nearby ponds and water
37  supplies [4]. As such, the control of phosphate content in the environment is crucial.

38 Yet, a significant challenge within the research and development community has been the
39  determination of a portable sensor design that can selectively measure the concentration of inorganic
40  phosphate present within a growth media. Phosphate displays cross-interference with other
41  common nutrient cations such as NOs> when measured using conventional electrochemical sensors

42 based on electro-conductivity (EC) measurements or ion selective electrodes (ISEs) [5]. This is due to
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43 the structure of the orthophosphate ion, with the central P atom covalently bonded to four oxygen
44 atoms, creating a hydrophilic sphere around the anion and resulting in a high enthalpy of hydration,
45  making it difficult to detect. Another challenge to detection is that the structure of the phosphate
46  molecule present is highly dependent on the pH of the environment, where it exists as H:.POs and
47 HsPO: in acidic environments, whereas it takes the forms of PO and HPOs> in alkaline
48  environments [5]. Both of these factors combine to result in phosphate occupying a low position on
49  the Hofmeister Selectivity Series for anions in salts. This produces a selectivity order of
50  ClOs>I>NOs>Br>Cl>F>H2POs>S042 in electrode measurements of nutrient growth media [6-8].

51 A solution to the challenges associated with cross-interference is the introduction of a
52 molecularly imprinted polymer (MIP) as a selective sensor recognition element. MIPs are
53  biomimetic materials that contain three-dimensional binding sites similar to those of enzymes used
54 in biosensors [9]. A MIP consists of three key components: a crosslinked hydrocarbon polymer
55  network that provides structure to the material; a functional monomer containing side groups that
56  allow for non-covalent bonding interactions at the binding sites; and a template molecule around
57  which the binding site forms [10].

58 The MIP structure is synthesised by means of a molecular imprinting process, where the
59  binding site is created. The template molecule acts as a coordination centre in a complex formation,
60  with the functional monomers acting as ligands due to them containing functional groups that allow
61  for dipole interactions and hydrogen bonding with the template molecule. The ligand structure is
62  then fixed in place by polymerising the functional monomers with a second, crosslinking monomer
63  component. This completes the imprinting process (Figure 1), creating a complimentary binding site

64  to the template molecule.
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65
66 Figure 1. The molecular imprinting process, where functional monomer ligands form a coordination
67 complex around the template molecule and are polymerised in place to create a complimentary
68 binding site.
69 Kugimiya et al has successfully demonstrated the ability to imprint phosphate in a series of

70 papers where a MIP was created using an diphenyl phosphate template with a binding site based on
71  N-allylthiourea for applications water remediation and phosphate recovery [11-14]. More recently,
72 Quint et al further established the suitability of phosphate selective MIPs for use as sensing elements
73 Dby using carbon nanotubes as a method for electrical transduction to detect the binding event of a
74 phosphate MIP using dipentyl phosphate as the template molecule and methacrylic acid (MAA) as
75  the functional monomer [15].

76 For this investigation three MIP formulations were synthesised from combinations of

77  N-allylthiourea and MAA as the functional monomers, with diphenyl phosphate, triethyl phosphate
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78  and trimethyl phosphate selected for testing as the template molecules (Figure 2).
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80 Figure 2. Chemical structures for the functional monomers (methacrylic acid - MAA, and
81 N-allylthiourea) and the template molecules (diphenyl phosphate, triethyl phosphate and trimethyl
82 phosphate) for this study.
83 The transduction of the MIPs was carried out using a non-destructive electrical technique, using

84  an array of interdigitated electrodes to measure the change in capacitance of the MIP sensing
85  materials [16]. This provides a measurement of the MIP binding to the analyte by observing a change
86  in the dielectric constant of the material as binding sites become occupied within the MIP structure,
87  resulting in the capacitance shift. The system was designed with the ultimate aim of integration of
88  the MIP sensor within an in-line unit that could be connected to a recirculating hydroponics setup.
89  This would allow for the real time monitoring and dosing of individual macronutrients in response
90  to the variation in plant nutrition requirements during their individual growth and development

91  stages prior to harvest.

92 2. Materials and Methods

93 The aim of this investigation was produce an interdigitated electrode array for the application
94 of measuring a phosphate responsive MIP based sensor.

95 2.1. Reagents and Apparatus

96 The following reagents were used for this study and purchased from Sigma-Aldrich, including
97  the following solvents: acetone, propan-2-ol, methanol, toluene and diglycol methyl ether (diglyme),
98  all of analytical grade. 3-(trimethoxysilyl)propyl methacrylate, 98%, was purchased as a silanisation
99  source. For the MIP formulations, poly(methyl methacrylate) (PMMA), with a molecular weight of
100 996,000, and trimethylolpropane trimethacrylate (TRIM) were used for the network and
101  crosslinking monomers. Bis[4-(dimethylamino)phenyl]methanone (known by the trade name
102 Michler’s Ketone) was selected as the photoinitiator for polymerisation. For the MIP functional
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103 monomers, N-allylthiourea 98% and MAA 99% were selected, whilst diphenyl phosphate, triethyl
104  phosphate and trimethyl phosphate were selected for the template molecule. For the nutrient salts,
105 sodium dihydrogen phosphate (NaH2PO4), sodium nitrate (NaNO3) and sodium sulfate (Na2504).
106  The deionised water used for producing the aqueous phosphate, nitrate and sulfate salt solutions
107 was produced in-lab using a Millipore Direct-Q 3 Smart water purification system.

108 Polymerisation was carried out using an OmniCure LX400+ LED spot curing system to deliver
109 9.5 Wem-2 source UV radiation at a wavelength of 365 nm via an optical fibre cable. Spin coating of
110 substrates with the polymer formulations used a Laurell Technologies WS-400 series spin coater
111 with micro controller.

112 Inductance, capacitance and resistance (LCR) testing was carried out using a Hewlett Packard
113 4284A Precision LCR Meter (20 Hz — 1.0 MHz). The chromium-quartz photomask used in the
114  electrode production was built to order based on a design specification sent to third-party
115 manufacturer Compugraphics International Ltd.

116 2.2. Photopolymerisation and Spin Coating of MIP/NIP Materials

117 A spin coating method was devised to allow for several MIP formulations to be created,
118  allowing for interchangeable functional monomers and template molecule components. This was
119  adapted from a procedure published by Schmidt, Mosbach and Haupt [17] that allowed for the
120 photopolymerisation of smooth, thin and porous MIP films using a porogen agent. Diglyme was
121 selected as both the suspension solvent for the monomer mixture, and as the porogen. PMMA and
122 TRIM were selected for the polymer’s network and crosslinking monomer components, with
123 MiIchler’'s Ketone selected as the photoinitiator for the UV induced free radical polymerisation
124 reaction. These were used to produce three stock solutions prior to spin coating, which would allow
125 for the functional monomers and templates in be interchanged. These included: a network polymer
126  solution (NPS), an initiator solution (IS) and a functional monomer & template solution (FMTS)

127  (Table 1).

128 Table 1. MIP Formulation Pre-Spin Stock Solutions
Stock Abbreviation Content
Solution
Network NPS 1.6 mL of 10 % wt PMMA
Polymer in diglyme, and 1.115 mL
Solution TRIM.
Initiator 1S 112.5 mg Michler’s
Solution Ketone dissolved in 10
mL diglyme.
Functional FMTS 1.6587 mol dm of
Monomer functional monomer and
& Template 0.1668 mol dm of
Solution template molecule in 5
mL of diglyme.
129
130 A final spin coating mixture was then prepared from the three stock solutions (Table 2),

131  producing a 2 mL solution that contained 0.311 mol dm-3 of functional monomer and 0.0313 mol
132 dm-3 of template molecule. This is a result of a dilution factor of 0.1875 being applied to the FMTS as

133 itisadded to the spin coating mixture.
134
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135 Table 2. Final Spin Coating Solution

Solution ~ NPS (uL) IS(uL)  FMTS (uL) Diglyme (uL)

Spin

Coating 500 1000 375 125

Mixture
136
137 The spin coating solution was passed through a polytetrafluoroethylene (PTFE) filter with a

138  pore size of 45 um to provide a particulate free solution. This method was followed for each of the
139 three MIP formulations produced with varying binding site structures, and were labelled MIP1,
140  MIP2 and MIP3 (Table 3) to differentiate between the functional monomer and template
141  combinations used.

142 Table 3. Functional Monomer and Template Combinations
Polymer Template Molecule Functional Monomer
MIP1 Diphenyl phosphate Methacrylic acid
MIP2 Triethyl phosphate Methacrylic acid
MIP 3 Trimethyl phosphate N-allylthiourea
143
144 Spin coating of the MIP formulations took place within a nitrogen glove box using a Laurell

145  Technologies WS-400 series spin coater. The substrate electrode device was secured in place using a
146 vacuum chuck within the spin coater, and 200 uL of the filtered spin coating mixture was dispensed
147  onto the electrodes in the centre of the substrate (Figure 3a). The substrate was then spun for 180
148  seconds at a speed of 3000 rpm, with an Omnicure LED wired into the lid of the spin coater (Figure
149 3b) and simultaneously triggered to emit UV radiation at a wavelength of 365 nm and intensity of 9
150 W cm? for 180 seconds.

a.) b) [ c.)

151
152 Figure 3. A schematic showing the spin coating method where a.) the monomer solution is applied to
153 the substrate, b.) the simultaneous spinning and photopolymerisation and c.) the finished, flat

154 polymer film.
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155 Upon completion of the curing cycle, the LED and vacuum chuck were deactivated and the
156  polymer-coated substrate removed from the spin coater for storage and subsequent testing. A
157  control polymer was also produced, known as a non-imprinted polymer (NIP), consisting purely of
158  the polymer network components (PMMA and TRIM) in diglyme and polymerised using the same
159  photoinitiator. This allowed for a baseline to be produced to act as a control material that all
160  imprinted materials compared to throughout the testing process.

161  2.3. Microfabrication of Interdigitated Electrode Substrate

162 The electrode devices for measuring the capacitance of the MIP layer were constructed with
163 quartz glass as the insulating substrate and chromium for the conducting electrode tracks. The
164  devices were designed in-house at the University of Manchester and then microfabricated externally
165 by third party contractor Compugraphics International Limited. They were produced using the
166  same photoresist and etching fabrication process as a chromium-quartz photomask used in
167  photolithography. This produced a 6 inch by 6 inch by 0.12 inch photomask with a chrome layer
168  thickness of 100 nm, containing 15 identical electrode designs. The photomask was then cut into 15
169  separate devices by another third-party contractor, Loadpoint, using a diamond tipped saw.

170 The interdigitated electrode design consisted of 500 electrode lines of 100 nm thick chromium, 1
171 cm long and 1 ym wide, with a separation of 1 um between individual electrode digits. The two
172 electrode combs were separated connected to a pair of contact pads (Figure 4) that allowed for
173 interfacing with the connectors for an LCR meter.

<——___ Contact pad for ohmic

connection

\ Interdigitated electrodes

for measuring
capacitance of dielectric

layer
174
175 Figure 4. Schematic of the chromium-quartz interdigitated electrode device, with a central electrode
176 array connected to four ohmic contact pads for interface to an LCR station.
177 Following the microfabrication of the devices, scanning electron microscopy (SEM) was used to

178  inspect the devices to ensure that the electrodes tracks were free of defects and inter-electrode
179  bridging, as well as ensuring that the tracks were uniform (Figure 5). Prior to spin coating, the
180  chromium-quartz substrates then underwent a cleaning process to remove any dust or organic
181  contaminants from their surface. Each device was cleaned using ultrasound whilst submerged
182  sequentially in solutions of acetone, propan-2-ol and methanol for 30 minutes per solvent, and then
183  dried off using a nitrogen gun in a clean environment.
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184 The patterned chromium-quartz substrates were then silanised by immersion in a solution of
185  3-(trimethoxysilyl)propyl methacrylate and toluene for 24 hours, to allow for bonding between the
186  spin coated polymer and the substrate during photo-polymerisation of the MIP film.

AccV  Spol Magn  Del WD —— 2ym
10.0kY 3.0 7566x SE 199

187 a

G B
188 Figure 5. Secondary electron SEM images of the interdigitated electrode array at a) low, and b) high,
189 magnification. The images show that the device to be free of defects and manufactured to a feature
190 size of 1 um..

191  2.4. Template / Analyte Extraction

192 Extraction of the template molecule from the MIP binding site was carried out via a diffusion
193 based method using multiple solvent washes. Methanol was used to remove the organophosphate
194 templates, with each MIP coated substrate submerged in 25 mL of methanol, with the solvent media
195  being removed and changed 3 times over a 72 hour period (i.e. solvent changes every 24 hours). This
196  ensured that the template would be removed via a diffusion concentration gradient.

197 For the extraction of the nutrient salt analytes (phosphate, nitrate or sulfate) during the
198  cross-interference study, D.I. water was used to extract the analyte, following the same procedure
199  described previously for methanol. This was change in solvent was due to the ionic analytes being
200  insoluble in an organic solvent.

201 2.5. Capacitance Measurements

202 Capacitance measurements of the MIP coated, planar interdigitated electrode array was carried
203 out using a Hewlett Packard 4284A Precision LCR meter. Measurements was taken at an AC
204  potential of 1.0 V root mean square (RMS) and a frequency of 1.0 kHz. An average of 100 recorded
205  measurements were taken per sample and repeated in triplicate to provide error analysis. The LCR
206  meter was connected to the electrode device contact pads using clips that were attached to four
207  coaxial cables interfacing into the meter to provide analysis using the high potential, low potential,
208  high current and low current ports on the LCR terminal.

209  2.5. Thickness Measurements of Spin Coated Polymer

210 Surface profile measurements for the polymer samples were carried out using a Bruker
211  Dektak-XT profilometer to determine the thickness of the MIP and NIP films. Separate substrates
212 were prepared for surface profile measurement using the same 0.12 inch thick quartz substrate, but
213 coated entirely on its top surface with a uniform, 100 nm of chromium and contained no electrode
214 design. These were then spin coated with the NIP, MIP1, MIP2 and MIP3 formulations following the
215  same method as the electrode devices.

216 A ‘defect’ was introduced to the polymer films using a rounded stainless steel needle with a
217 1 mm diameter to mark a line transversely across the surface of the spin coated substrate. This
218  removes a thin strip of polymer, exposing the chromium beneath, but without marking the substrate
219  itself. This allowed for the profilometer stylus to be dragged across the introduced gap and measure
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220  the change in height from the base (bare substrate) to the top of the film. Averages were taken over
221  three samples per polymer formulation, with each sample measured in triplicate.

222 3.Results

223 3.1. Thickness of Polymer Film Results

224 By examining the thickness of the various polymer films produced from spin coating, it was
225  possible to observe the effect that altering the functional monomer and template pairing would have
226  on the viscosity of the solution being spin coated, and therefore the thickness of the film produced.
227  The plotted results shown in Figure 6 show a decreasing trend in MIP layer thickness moving from
228  MIP1 to MIP3.
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230 Figure 6. A comparison of the spin coated NIP and MIP layer thicknesses produced using a Bruker
231 profilometer.
232 This decreasing trend in film thickness shown in figure 6 follows the decrease in template mass

233 as the side groups move from the heaviest in MIP1 (diphenyl phosphate) to the intermediate in MIP2
234 (triethyl phosphate) to the lightest in MIP3 (trimethyl phosphate. As the spin coating conditions
235  were kept constant (3000 rpm for 180 seconds), the decrease in template mass has resulted in a less
236  viscous solution that spreads more rapidly across the substrate during the initial spinning before the
237  polymerisation process prevents any further spreading.

238 Another significant factor is the much greater film thickness observed in the NIP sample (818.1
239  nm), showing a profile height at over double that of MIP1 (388.9 nm). This is due to the NIP spin
240  coating solution consisting purely of the PMMA and TRIM network components dissolved in
241  diglyme, along with the Michler’s Ketone photoinitiator.

242 3.2. Capacitance Changes in MIP/NIP Samples in Response to Phosphate Nitrate and Sulfate

243 The cross-interference study was carried out with the purpose of determining how specifically
244 the three MIP formulations would bind to phosphate, and to what extent they would experience
245  inference from other similarly sized nutrient anion. As such the phosphate (POx) targeting MIPs
246  were tested against the macronutrient nitrate (NOs) and micronutrient sulfate (SOx).
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247 Capacitance measurements were carried out with an applied potential of 1 V RMS at 1 kHz after
248  each of the following stages:

249 1. Bare Electrodes — untreated with no polymer or silanisation process applied.
250 2. Spin Coated — measurements taken following spin coating of the electrodes with a MIP or NIP

251 formulation.

252 3. Methanol Wash - sample bathed in methanol to extract the template molecule from the
253 polymer.

254 4. Phosphate — sample bathed in a 0.1 M solution of NaH2POs@q to provide exposure to the POs
255 anion.

256 5. D.I Water Wash - sample bathed D.I water to extract PO4- anion from the polymer.

257 6. Nitrate — sample bathed in a 0.1 M solution of NaNOsaq to provide exposure to the NOs anion
258 from the polymer.

259 7. D.I Water wash — sample bathed in D.I. water to extract the NOs anion from the polymer.

260 8. Sulfate — sample bathed in a 0.1 M solution of Na25Osaq to provide exposure to the SO+ anion.

261 The devices were dried with a nitrogen gun immediately following removal from both the D.I.
262  water and salt solutions in order to prevent a build-up of salt crystals. Each measurement was taken
263 in triplicate across each device, with three devices used per MIP formulation, e.g. three devices
264  coated in MIP A each measured three times, for a total of nine measurements per stage. Following
265  this the MIP capacitance measurements were plotted against the NIP results (Figure 7) to provide
266  comparison, with standard deviation used to produce the error bars.
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270 Figure 7. The MIP vs NIP capacitance measurements at 1 V, 1 kHz for a) MIP1-diphenyl phosphate
271 and methacrylic acid), b) MIP2-triethyl phosphate and methacrylic acid and c¢) MIP3-trimethyl
272 phosphate and N-allylthiourea.
273 All three MIP formulations displayed a significant binding preference to phosphate over the

274  nitrate and sulfate salts tested, as seen in Table 4 when examining the capacitance measured in pF.
275  MIP1 consisting of diphenyl phosphate paired with methacrylic acid displayed the largest shift in
276  capacitance in the presence of phosphate, with an average of 1610 pF (figure 7a). This was
277  significantly above the capacitance observed for MIP2 (triethyl phosphate & methacrylic acid) at
278 1345 pF (figure 7b), and for MIP3 (trimethyl phosphate & N-allylthiourea) at 1317 pF (figure 7c).

279
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280 Table 4. Summary of the measured capacitance (pF) at 1.0V RMS, 1kHz for the MIP and NIP samples
281 during the cross-interference
Bare Spin Methanol D.I. Water D.I. Water
Sample Electrod Phosphate Nitrate Sulfate
cetrodes Coated Wash Wash Wash

NIP 869.7 1154 1143 1171 1314 1321 1322 1258
MIP1 874.9 1143 1163 1610 1219 1286 1286 1212

MIP2 868.3 1112 1134 1345 1132 1205 1188 1145
MIP 3 855.8 1184 1131 1317 1184 1195 1165 1184

282

283 It was also observed that the NIP showed an increase in capacitance following exposure to the
284  D.I. water wash. This is likely due to the increased thickness of the polymer layer following spin
285  coating, with the largely PMMA based film displaying a hydrogel-like swelling behavior, resulting
286  in the shift in capacitance.

287 Both MIP1 (figure 7a) and MIP2 (figure 7b) containing methacrylic acid displayed a greater
288  capacitance than that observed for MIP3 based on N-allylthiourea (figure 7c). This implies that
289  methacrylic acid is a slightly better binding site monomer, likely due to the smaller length of the
290  molecule allowing for a more constrained binding site and a better fit for the target analyte
291  molecule’s geometry and anchor points i.e. the groups within the molecule responsible for hydrogen
292  bonding and dipole interactions.

293 Another significant trend is the observed effect of increasing the size of the template molecule’s
294 side groups (increasing from trimethyl phosphate to triethyl phosphate and finally to diphenyl
295  phosphate) appears to produce an increase in the binding of the MIP. This is demonstrated by the
296  significant decrease in capacitance between MIP1 and MIP2, despite the same functional group
297  (methacrylic acid) being present in both.

298 4. Discussion & Conclusions

299 The three MIP formulations tested during the cross-interference test against other nutrients
300  successfully demonstrated a specific binding affinity for phosphate, with the greatest capacitance
301  increase observed for the MIP1 formulation based on a methacrylic acid functional monomer and
302  diphenyl phosphate template combination. A trend was observed whereby decreasing the length of
303  the functional monomer used for the binding site formation, and increasing the size of the side
304  groups of the organic template molecule when spin coating the MIP led to an increase in the binding
305  site response to the target analyte.

306 It was also observed that the thickness of the polymer film, whilst not having a large initial
307  effect on the capacitance film measurements, did lead to a significant change in the mechanical
308  properties of the polymer network, as seen by the swelling behaviour in the NIP following exposure
309  toD.L water.

310 Further work to refine this sensor for full integration into a hydroponics system would be
311  valuable, particularly targeting the further optimisation of the spin coating process through a
312 rheology study of the pre-spun monomer solutions to produce films of a uniform thickness across
313 formulations.

314 The further refinement for the specification of the cross-interference testing would also help to
315  prepare the sensor for a real world application, specifically to test the MIP in a pH 6 environment
316  containing multiple nutrients in one solution. This would replicate the testing conditions expected
317  within a recirculating hydroponics growth media, as opposed to the best-case scenario (i.e. high
318  concentrations of individual nutrients) used for this study.

319 Finally the introduction of a chemical olfaction setup for array processing, similar to those used
320  in electronic nose systems [18] would further remove any potential cross-interference, creating the


http://dx.doi.org/10.20944/preprints201801.0054.v1
http://dx.doi.org/10.3390/s18020531

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2018 d0i:10.20944/preprints201801.0054.v1

12 0f 13

321  possibility for an array of tailored MIP sensors to provide a complete nutrient breakdown in real

322  time.
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