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8

9 Abstract

10 This study presents, for the first time, a direct quantitative comparison between the binding 
11 affinities and selectivity of antibodies and their molecularly imprinted polymer (nanoMIP) 
12 counterparts for a target protein antigen. NanoMIPs were synthesized upon protein 
13 functionalised magnetic nanoparticle (MNP) using bovine haemoglobin as target protein. This 
14 solid-phase synthesis process gave nanoMIP yields of 10 ±2 mg produced in less than 1 hr.  
15 Physical characterization of nanoMIPs by dynamic light scattering (DLS) revealed an average 
16 particle diameter of 121 ± 53 nm, consistent with nanoparticle tracking analysis (NTA) results, 
17 confirming uniform particle formation and comparable concentrations to antibody 
18 preparations. Antibody and nanoMIP affinities were characterized using surface plasmon 
19 resonance (SPR) the current gold-standard technique as well as using a newly developed 
20 electrochemical method based on electrochemical impedance spectroscopy (EIS). This dual 
21 approach enables direct comparison and standardization of nanoMIPs as synthetic 
22 alternatives to conventional antibodies. NanoMIP binding affinities of 34.7 pM ± 2 pM (EIS) 
23 and 3.06 pM (SPR) were obtained, with selectivity factors of 130:1 and 1000:1 (target : non-
24 target), respectively. In contrast, the corresponding polyclonal antibody for haemoglobin 
25 (pAb) demonstrated contrasting affinities of 51.9 pM ± 0.74 pM (EIS) and 48.7 nM (SPR) and 
26 with substantially lower selectivity ratios of 14:1 and 10:1. These results indicate that whereas 
27 the two sensor techniques are ideal for nanoMIP characterisation, further harmonisation is 
28 required for antibody binding characterisation. We demonstrate that the developed 
29 nanoMIPs not only match but can surpass traditional animal-derived antibodies in both 
30 affinity and molecular discrimination.  Overall, these findings highlight nanoMIPs to be a 
31 robust and reproducible alternative to antibodies, offering superior selectivity and 
32 comparable affinity for next-generation bioanalytical and diagnostic applications.

33

34 Keywords

35 solid-phase polymer synthesis; nanoMIPs; antibody; immunodiagnostics; surface plasmon 
36 resonance; electrochemical biosensor; animal-friendly affinity reagents
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38 Highlights

39 • Direct quantitative comparison of antibody and nanoMIP binding performance was 
40 achieved for the first time using bovine haemoglobin as a model protein, enabling 
41 rigorous benchmarking of synthetic recognition elements against biological 
42 antibodies.
43 • Rapid solid-phase synthesis on protein-functionalised magnetic nanoparticles yielded 
44 nanoMIPs at 10 ± 2 mg in under 1 h, with physical characterisation (DLS, NTA) 
45 confirming uniform particles (~121 ± 53 nm) at concentrations comparable to 
46 antibody preparations.
47 • Dual-platform affinity assessment using SPR and a newly developed EIS method 
48 showed that nanoMIPs exhibit picomolar binding affinities (3.06 pM by SPR; 34.7 ± 2 
49 pM by EIS) and exceptional selectivity (up to 1000:1), outperforming polyclonal 
50 antibodies which displayed lower affinity (48.7 nM by SPR) and reduced selectivity 
51 (10–14:1).
52 • NanoMIPs surpass traditional antibodies, demonstrating superior molecular 
53 discrimination and highly reproducible synthesis, positioning them as robust synthetic 
54 alternatives for next-generation bioanalytical and diagnostic technologies

55
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56 Introduction

57 Animal-derived antibodies are heavily used in the biomedical field for research, diagnostic 
58 and therapeutic purposes given their molecular recognition capability, high selectivity and 
59 affinity11111. Despite being a well stablished technology, the use of monoclonal and polyclonal 
60 antibodies does not come without drawbacks. They have a narrow stability range of 
61 temperature and pH, can take months to be produced, rely on animal immunisation, 
62 culminating in high cost that can vary from $ 10 to $100 per gram2 (at the time of writing this 
63 paper). Moreover, concerns with batch-to-batch variability, especially in the case of 
64 polyclonal antibodies3, have contributed to the need for replacement alternatives, been even 
65 strongly emphasized by regulatory agencies, healthcare authorities4 and the EU directive EU 
66 Directive 2010/63/EU5. To this end, molecularly imprinted polymers (MIPs) have gained 
67 traction over the past 25 years due to their antibody-like affinity and selectivity towards target 
68 molecules, stability, low cost and time of production6, 7 becoming the most studied 
69 biomimetic material8.

70 MIPs are synthetic affinity reagents produced typically by the self-assembly of functional 
71 monomers around a template, for example a protein9 or virus10, driven mostly by hydrogen 
72 bonding but also van-der-Waals forces and π-π interactions. In the presence of initiators and 
73 cross-linker, a polymeric matrix is formed surrounding the template11. When removed, the 
74 template leaves behind cavities (binding sites) complementary in size and shape capable of 
75 selective recognition of the target. Acrylamide-based polymer hydrogels have been widely 
76 researched producing MIPs capable of protein recognition12. They can be rapidly produced in 
77 large (mg to gramme) quantities using inexpensive reagents in less than a day in a one-pot 
78 synthesis, and as demonstrated by our recent work.6 

79 Historically, MIP synthesis has consisted of a top-down approach obtaining a polymeric 
80 hydrogel monolith (bulk) using acryloyl-based monomers such as acrylamide, acrylic acid and 
81 N-hydroxymethylacrylamide (NHMA). The hydrogel monolith was further broken down by 
82 sieving or grinding producing micron-sized particles exposing target-specific cavities on each 
83 particle surface13,14. In addition to being a laborious process and demanding high amounts of 
84 template protein, the rudimentary nature of bulk MIP production resulted in a limited control 
85 over physical characteristics such as particle size and cavity density, leading to the production 
86 of random nanoscale features in addition to the desired binding sites. MIPs produced in this 
87 way therefore have little homogeneity and are prone to non-specific binding, resulting in 
88 lower binding affinities for the target. Recent methods have focused on forming nanoscale 
89 MIPS (nanoMIPs), making use of a bottom-up approach to form MIPs particles with similar 
90 dimensions to the target, resulting in higher affinity as binding sites are one-to-one with the 
91 target protein. Two approaches have been explored to obtain these high affinity nanoMIPs: 
92 solid-phase6, 15 and solution-phase7, 16, 17. However, the integration of nanoMIPs obtained by 
93 either method to conventional surface plasmon resonance (SPR) sensing platforms does not 
94 reflect their high affinities. The immobilization of nanoMIPs onto SPR sensor surfaces requires 
95 chemical modification, for example by a coupling procedure using 1-ethyl-3-(3-
96 dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS)18, constituting a 
97 significant challenge and also increasing time and cost of the process.

98 As an alternative, MIPs can be electrochemically synthesized directly on the surface of screen-
99 printed electrodes where a polymeric hydrogel thin-film layer is formed (E-MIPS)9, 10, 12, 

100 making use of a monomer solution containing the target template. After removal of the 
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101 target, the resulting cavities are exposed on the surface of the thin-film, and the rebinding 
102 can be detected by electrochemical (EC) methods such as electrochemical impedance 
103 spectroscopy (EIS).  E-MIPs have been demonstrated to be a straightforward, cheap and 
104 versatile biosensing method for detecting biomarkers. Combining the high affinity of 
105 nanoMIPs with the simplicity of electrosynthesized E-MIPs, our group recently developed a 
106 sensing platform by physically entrapping nanoMIPs to electropolymerized thin-film layer (E-
107 layer) on the surface of a screen-printed electrode (SPE) using cyclic voltammetry (CV)6,7. 
108 Advantages of the developed system include fine control over the layer deposition9, inherent 
109 polymeric compatibility between nanoMIPs and the E- layer facilitates seamless integration, 
110 and no requirement for chemical coupling reagents or blocking steps.

111 The application of MIPs to biosensing have been explored using different techniques including 
112 quartz crystal microbalance (QCM)9, 19, 20, electrochemical9, 10, 12, 21, 22 and optical sensors7, 23-

113 25 with a focus on real-life and point-of-care application26, 27. SPR has emerged as the gold 
114 standard technique for investigation of interactions between antibody and antigens and 
115 detection of biomarkers28. The characterization of nanoMIPs using surface plasmon 
116 resonance (SPR) has gained attention as a comparative tool to antibodies. The technology is 
117 based on the optical phenomenon occurring when a polarized light interacts with a metal 
118 layer (e.g. gold) that is deposited on a prism with high refractive index. When the light is at a 
119 critical angle of incidence, the energy is transferred to the metal electrons generating a 
120 surface plasmon. Changes on the metal surface, for example adsorption of biomolecules and 
121 antibody-antigen interaction, causes variation in the refractive light intensity and angle of 
122 reflection, allowing real-time characterization of binding and unbinding events with high 
123 sensitivity29. The kinetics of the interaction are expressed in terms of affinity (KD), association 
124 (Kon) and dissociation constants (Koff). Although SPR has been applied to characterize both 
125 MIPs and antibodies, they are essentially distinct biomaterials, one being synthetic and the 
126 other being biological in nature with differences in size, structure and orientation of the 
127 binding sites. Such characteristics are key for a critical step of sensing by SPR, the 
128 immobilization of the ligand (antibody or nanoMIP) onto the surface of a sensor chip (usually 
129 made of gold), commonly by covalent and irreversible amine coupling via EDC/NHS 
130 chemistry29. Another factor is the imprinting method for producing MIPs, where the entire 
131 template (protein) is used, likely leaving behind, after its removal, cavities that are 
132 complementary to multiple binding sites found at the surface of the protein structure, 
133 contrasting to the specific epitope region available for antigen binding on antibodies (Fab: 
134 fragment antigen-binding). Additionally, the penetration depth of commonly used SPR chips 
135 is approximately 216 nm24. Antibodies have an average hydrodynamic diameter of 9 to 12 
136 nm30 while nanoMIP sizes range from 50 to 200 nm7. As a result, interactions with materials 
137 that approximate or exceed the penetration depth are unable to generate detectable results, 
138 limiting the applicability of SPR to nanoMIPs.

139 To date, there has been no direct comparison between nanoMIPs and antibodies using SPR. 
140 Such an approach enables the evaluation of binding kinetics and affinities under identical 
141 experimental conditions, providing a more rigorous assessment of their relative performance. 
142 While previous comparisons have been made using techniques such as ELISA31, 32, these 
143 methods offer only limited insights into the nature of molecular interactions. In contrast, SPR 
144 provides real-time monitoring of binding events, allowing for a detailed analysis of association 
145 and dissociation processes. This makes SPR particularly well-suited to determine whether 
146 nanoMIPs and antibodies differ in how they recognise and interact with their target 
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147 molecules. In this paper, we use an in-house developed EC method for characterising 
148 nanoMIPs6, 7, 33 in addition to the gold standard for SPR to obtain affinity and selectivity results 
149 for both antibody and nanoMIP, using haemoglobin as antigen/template model. The affinity 
150 of the produced nanoMIPs was confirmed by both techniques to match that of high affinity 
151 monoclonal antibodies (KD values in the nanomolar range34). We demonstrate the impact of 
152 differences in physical characteristics of nanoMIPs and antibodies on each technique. 
153 Importantly, EC offers a less complex, cheaper and faster method for characterizing nanoMIPs 
154 compared to SPR. Nonetheless, by directly comparing natural and synthetic counterparts this 
155 work validates the produced nanoMIPs as appropriate alternatives for replacing polyclonal 
156 animal derived antibodies in immunodiagnostics and biological extraction with potential to 
157 also replace monoclonal antibodies.

158

159 2. Experimental

160 2.1 Materials

161 N-hydroxymethylacrylamide (NHMA, 48% w/v), N,N′-methylenebisacrylamide (MBAm), 
162 ethylene glycol, iron chloride (FeCl3ˑ6H2O), methylhydroquinone (MHQ), sodium acetate 
163 (NaOAc), phosphate buffered saline tablets (PBS, 10 mM, pH 7.4 ± 0.2), potassium 
164 ferricyanide (K3Fe(CN)6), potassium chloride (KCl), sodium nitrate (NaNO3), ammonium 
165 persulphate (APS), potassium peroxydisulfate (KPS), sodium dodecyl sulphate (SDS), 1-ethyl-
166 3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), acetic acid 
167 (AcOH),  bovine haemoglobin (BHb), bovine serum albumin (BSA), Tween® 20 and 
168 glutaraldehyde (25% v/v) were used as received from Merck. Haemoglobin polyclonal 
169 antibody (Hb pAb) was purchased from Invitrogen (Thermo Fisher Scientific, UK). Buffers were 
170 prepared in MilliQ water (resistivity 18.2 ± 0.2 MΩ.cm). DropSens disposable screen-printed 
171 electrodes (Au-BT) comprising a gold working electrode (0.4 cm diameter), a platinum counter 
172 electrode and silver reference electrode were purchased from Metrohm (Runcorn, Cheshire, 
173 UK). Carboxymethyl dextran hydrogel gold sensor slides were purchased from ATG Scientific 
174 Ltd (Oxford, UK).

175 2.2 Instrumentation

176 The Anton Paar monowave 200 microwave oven for MNP synthesis was purchased from 
177 Anton Paar Ltd Hertfordshire, UK. An SLS Lab Basics centrifuge (Scientific Laboratory Supplies, 
178 Nottingham, UK) was used to separate MNP/nanoMIPs from supernatants. A Zetasizer Ultra 
179 (Malvern Panalytical, Worcestershire, United Kingdom) was used to determine nanoMIP 
180 particle hydrodynamic diameter and particle concentration. The Reichert 2 SPR system 
181 (Reichert Technologies, Buffalo, USA) and TraceDrawer software were used for kinetic 
182 analysis.

183 2.3 MNP Production

184 Bare and aldehyde functionalised magnetic particles were produced following our previously 
185 published solvothermal microwave method35-37. Briefly, 0.5 g of FeCl3ˑ6H2O and 1.8 g of 
186 NaOAc were dissolved in 15 mL of ethylene glycol in a 30 mL Anton Parr G30 microwave 
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187 reaction vial (MRV). Glutaraldehyde (3.5 mL) was then added to the resulting solution with 
188 stirring for a further 5 min. The stirrer bar was then removed and the MRV was placed into an 
189 Anton Paar monowave 200 microwave oven and the reaction was heated up to a temperature 
190 of 200 °C with a ramp time of 18 °C/min (over 10 min). The reaction was held at 200 °C for 20 
191 min under pressure (9 bar). The resulting composite products were allowed to cool for 10 
192 min, washed five times with deionised water followed by two washes of ethanol, and then 
193 isolated with a neodymium magnet and then resuspended in deionised water and stored at 
194 4 °C.

195

196 2.4 BHb Functionalization of MNPs

197 A suspension (1 mL) equivalent to 0.010 g of the produced aldehyde functionalised magnetic 
198 nanoparticle (MNP@CHO) was placed in an Eppendorf centrifuge tube. A neodymium magnet 
199 was placed on the side of the tube to rapidly pull the magnetic nanoparticles from the solution 
200 (10 minutes). The supernatant was removed and replaced with 1 mL of a 1 mg/mL of the 
201 lyophilised BHb in PBS. The Eppendorf was then sonicated for 2 minutes followed by vigorous 
202 shaking and vortexing to ensure the nanoparticles were fully dispersed.  The reaction mixture 
203 was left undisturbed at room temperature (22 °C) for 30 minutes allowing the protein to 
204 conjugate with the MNP@CHO. After 30 minutes, the particles were once again separated 
205 from the solution and the supernatant exchanged with fresh buffer in triplicate to remove 
206 any non-conjugated protein. The resulting MNP@CHO@BHb particles thus produced were 
207 stored wet at 4 °C until further use.

208

209 2.5 NanoMIP Production using MNP@CHO@BHb

210 With sonication followed by vigorous shaking and vortex mixing, the magnetic nanoparticles 
211 (0.011 g) were resuspended in 906 µL of PBS (pH7.4) and transferred to a 15mL falcon tube.  
212 The tube was then placed into the thermo-mixer and set to mix at 400 rpm at room 
213 temperature. The sample was then degassed using nitrogen for 15 minutes with stirring. The 
214 nitrogen line was then removed and 37 mg of NHMA monomer (77 µL of 48% v/v solution) 
215 and MBAm (6 mg) were immediately added to the reaction mixture, followed by 40 µL of a 
216 solution containing 10% (v/v) TEMED and 5% (w/v) APS. A nitrogen headspace was then 
217 created, and the falcon tube sealed with the cap and then wrapped in parafilm. The solution 
218 was left to mix at 400 rpm for 15 minutes to allow nanoMIP particles to be produced at the 
219 surface of the MNP@CHO@BHb particles.

220 At 15 minutes, the reaction was rapidly quenched with 1mL of 10 mM MHQ. The reaction 
221 solution was exchanged three times with fresh PBS to remove any unreacted monomers and 
222 quencher. The solution was then resealed, and the tube placed on its side on a neodymium 
223 magnet (2 minutes). The supernatant was then removed. The MNP@CHO@BHb~nanoMIP 
224 particles were dispersed in 600 µL of e-pure water and placed in a sonicator (using a VWR 
225 ultrasonicator (600W, 45kHz) for 5 minutes at 37 °C. The falcon tube was then once again 
226 placed on a neodymium magnet and the supernatant now containing the released nanoMIPs 
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227 were placed in a 1 mL volume Eppendorf and lyophilized at -76.3 °C and 0.0010 mbar using a 
228 CHRIST Alpha 2–4 LSCbasic freeze-dryer.

229

230 2.5 Physical Characterization of NanoMIP and Antibody by Dynamic Light Scattering (DLS) 
231 and Nanoparticle Tracking Analysis (NTA) 

232 The hydrodynamic diameter and particle concentration of NanoMIPs were determined by DLS 
233 and MADLS (multi angle dynamic light scattering) using a Zetasizer Ultra and confirmed by 
234 NanoSight Pro (Version 1.1) NTA. Lyophilized NanoMIPs were resuspended in PBS, and 
235 measurements were performed in triplicate using a disposable cuvette (refractive index 1.32). 
236 For the NTA analysis, nanoMIPs were resuspended and diluted 50 times in particle free PBS. 
237 A low volume flow cell (LVFC) was mounted onto a 488 nm laser module and light scattering 
238 recorded by a high-sensitive sCMOS camera. 5 captures (750 frames) were recorded for each 
239 measurement The samples were equilibrated for 60 s prior to measurement. Size and 
240 concentration of Hb pAbs were assessed by DLS and MADLs respectively, in a similar way of 
241 that for nanoMIPs.

242

243 2.7 Integration of NanoMIP and Antibody to Electrochemical Sensor

244 All electrochemical experiments were performed using a Metrohm Autolab PGSTAT204 
245 pontentiostat and NOVA2.1.6 software. NanoMIPs were eluted using sonication and were 
246 then entrapped within an electropolymerized layer (E-layer). E-Layers were fabricated directly 
247 onto BT-Au screen-printed electrodes (SPEs; Metrohm) using cyclic voltammetry (CV) largely 
248 following the procedure in 38. Briefly, a 50 μL solution in PBS comprising 0.1 mg of nanoMIP, 
249 641 mM of NHMA as the functional monomer, 41.5 mM MBAm as the cross-linker, 0.29 M 
250 NaNO3, 48.15 mM KPS was deposited onto the SPE. The potential was then cycled between 
251 −0.2 V and −1.4 V for 7 cycles at 50 mV s-1 (10 min, RT, 22 ±2 °C) to produce the E-layer with 
252 entrapped nanoMIP. Haemoglobin polyclonal antibodies were entrapped to the E-layer in the 
253 same fashion, using 0.1 µg from a 0.5 mg/mL solution instead of nanoMIP.  E-layers in the 
254 absence of nanoMIP or antibodies were also produced as a control. 

255 2.8 Electrochemical Studies of NanoMIP and Antibody

256 The E-layer comprising entrapped nanoMIP islands (E-NMI) or entrapped Hb pAb were 
257 exposed to varying concentrations of target protein (BHb) template solutions over a wide 
258 concentration range (100 fM - 100 µM) for a period of 5 minutes at each concentration.

259 Selective protein binding was tracked using either cyclic voltammetry or electrochemical 
260 impedance spectroscopy (EIS) of an external 5 mM potassium ferricyanide solution in PBS 
261 containing 0.5 M KCl as supporting electrolyte.  Electrochemical impedance spectroscopy (EIS) 
262 measurements were conducted at a standard potential of 0.1 V (± 0.01 V) with 10 scans of 
263 frequencies, and a sinusoidal potential peak-to-peak with amplitude 0.01 V in the 0.1 - 100000 
264 Hz frequency range. A Randles equivalent circuit was fitted for all EIS experiments using the 
265 FRA32 module9.
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266 2.9 Surface Plasmon Resonance Studies

267 Using a Reichert 2 SPR system (Reichert Technologies, Buffalo, USA) SPR, experiments were 
268 performed using an adapted methodology, to provide accurate binding affinities of the 
269 imprinted materials. A carboxymethyl dextran hydrogel coated Au chips were installed as per 
270 the manufacturer’s instructions. A running PBST (PBS pH 7.4 and 0.01% Tween 20) was flowed 
271 over the sensor surface at 10 µl min−1 until the baseline was stable, with this flow rate of 10 
272 µl being maintained throughout the immobilisation process. For the immobilisation of the 
273 nanoMIP, a fresh solution of EDC (40 mg) and NHS (10 mg) dissolved in 1 ml water was 
274 injected onto the sensor chip surface for 6 min, this enables the activation of carboxyl groups 
275 contained within the carboxymethyl dextran layer. Next the nanoMIP (1mg) dissolved in 1 ml 
276 of 10 mM sodium acetate (0.82 mg ml-1, pH 5.2) was injected only to the left channel of the 
277 activated surface for 10 min. To deactivate the surface a quenching solution (1 M 
278 ethanolamine, pH 8.5) was then injected for 8 min enabling the deactivation of the carboxyl 
279 groups. This provide a sensor surface with nanoMIP immobilised onto the left channel as the 
280 working channel, while the right channel is used as a reference control.

281 Binding kinetic analysis performed using an existing methodologies 39-41 at a flow rate of 
282 25µl/min. and initiated by injection of the running buffer PBST (blank) onto the nanoMIP 
283 immobilised sensor surface with a 2 min association, followed by a 7 min dissociation41, 42. 
284 The binding kinetics of the individual nanoMIPs towards the analyte (BHb) was determined 
285 from the association of analyte between 4–64 nM of BHb in PBST. After dissociation a 
286 regeneration buffer (20 mM HCl, pH 2) was used to remove the analyte from the nanoMIP, 
287 thus renewing the sensor surface.

288 Signals from the working channel (left) were subtracted with those of the respective 
289 reference channel (right), to reveal the specific binding of the nanoMIP. The SPR responses 
290 were fitted using a 1:1 Langmuir bio-interaction (BI) model using TraceDrawer Software. 
291 Association rate constant (kon), dissociation rate constant (koff), and maximum binding (Bmax) 
292 were fitted globally, whereas the BI signal was fitted locally. The equilibrium dissociation 
293 constant (KD) was calculated from koff/kon. The experiment was repeated by replacing BHb 
294 target protein with BSA non-target to assess degree of non-specific binding and nanoMIP 
295 selectivity. 

296 In a similar method to nanoMIP immobilisation, BHb polyclonal antibodies (BHb pAbs) were 
297 immobilized on the sensor surface using an a2µg/ml solution from an 0.5 mg/mL stock BHb 
298 pAbs solution and analysed in the same manner as immobilised nanoMIPs.  

299  

300 3. Results and Discussion

301 3.1 DLS and NTA Analysis of NanoMIPs and pAb

302 High affinity nanoMIPs for bovine haemoglobin (BHb) were prepared using a new and scalable 
303 method resulting in 10 ± 2 mg of nanoMIP being produced in less than 1 hr 36. The nanoMIPs 
304 (1 mg/mL) were characterised using dynamic light scattering (back scatter) (Fig. 1a) and 
305 nanoparticle tracking analysis (Fig. 1b) to obtain particle hydrodynamic diameter distribution 
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306 and particle concentration. It should be noted that samples needed to be diluted by a factor 
307 of 10 for DLS analysis to minimize error due to multiple scattering of aggregates. DLS showed 
308 that particles were monodisperse with a diameter of 121 ± 53 nm with a yield concentration 
309 of 2.39 x 1010 particles/mL obtained by MADLS. NTA demonstrated particles concentrations 
310 of 1.4 x 1010 particles/mL demonstrating good agreement with MADLS results. The 
311 hydrodynamic diameter determined using NTA gave a value of 180 ± 15 nm with the lower 
312 standard deviation giving higher confidence in size measurement.

313

314 Figure 1: Particle size analysis of BHb nanoMIPs using dynamic light scattering (DLS; Fig. 1a) 
315 and particle concentration analysis using nanoparticle tracking analysis (NTA; Fig. 1b).

316
317 The observed differences in standard deviation can be attributed to the distinct modes of 
318 operation employed by NTA and DLS. In NTA, samples are analysed using a flow-based system 
319 in which individual particles pass through a detection cell, where they are imaged, tracked, 
320 and measured on a particle-by-particle basis. This approach provides a more accurate 
321 assessment of particle size distributions, as it minimizes aggregation and is particularly well-
322 suited for polydisperse samples. In contrast, DLS measurements are performed under 
323 quiescent conditions, where particles remain stationary during analysis. Under these 
324 conditions, particle aggregation and sedimentation are more likely to occur, resulting in the 
325 measurement of ensemble-averaged scattering signals. Consequently, the apparent particle 
326 size often increases over the course of the measurement, leading to greater variability and a 
327 larger standard deviation compared with NTA.

328 The DLS spectrum (see supplementary Figure S1) for the bovine haemoglobin polyclonal 
329 antibody (BHb pAb) shows a monodispersed particle distribution with a hydrodynamic 
330 average diameter of 87 ± 20 nm. Average hydrodynamic size of antibodies typically ranges 
331 from 9 to 12 nm30, thus possibly the result is representative of antibody aggregates which 
332 tends to happen when in solution. Particle concentration obtained by MADLS was found to 
333 be 4.28 x 1010 particles/mL, similar to the concentration found for the nanoMIPs.

334

335

Fig. 1a Fig. 1b
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336

337 3.2 SPR Analysis of BHb pAb vs BHb NanoMIP

338 By virtue of the solid-phase imprinting process, the binding cavities formed in nanoMIPs 
339 inherently represent a heterogeneous population of recognition sites. These sites can arise 
340 from interactions with different regions and conformations of the target protein during 
341 synthesis. As such, the binding sites of the nanoMIPs are more analogous to that of a 
342 polyclonal antibody, which similarly recognises multiple epitopes of the same antigen. 
343 Although the affinity of individual nanoMIP binding sites can approach that of monoclonal 
344 antibodies, the collective nature of the of the nanoMIP binding sites more closely mirrors the 
345 multi-epitope variable regions of polyclonal antibodies. Figure 2 shows the surface plasmon 
346 resonance sensorgrams for association (kon) and dissociation (koff) of BHb to an SPR chip pre-
347 modified with either BHb nanoMIP (Fig. 2a) or BHb pAb (Fig. 2b) respectively.  The unfitted 
348 data for Fig 2a is shown as an example in supplementary Figure S2 before blank subtraction 
349 for each concentration studied. As can be seen each raw dataset closely follows what is shown 
350 in the fitted data and therefore should be considered a very good fit. Subsequent to 
351 association, we see that there is slow dissociation of protein from nanoMIP compared with 
352 the relative ease of protein unbinding (fast dissociation) from pAb. This in turn is reflected in 
353 the corresponding equilibrium binding constants (KD = koff/kon) determined for each giving a 
354 KD value of 3.06 pM for BHb nanoMIP, a value more typical for a monoclonal antibody (mAb), 
355 and a value of 48.7 nM for BHb pAb a value typical for a polyclonal antibody43. This confirms 
356 the high affinity of the nanoMIPs for the target protein. The calculated kon and Koff  rates for 
357 both the nanoMIP and antibody are shown in supplementary Table S1.

358

359 Figure 2: Surface plasmon resonance (SPR) sensorgrams for target BHb protein binding to 
360 SPR chips modified with BHb NanoMIPs (Fig. 2a) and BHb pAbs (Fig. 2b) with two lowest 
361 concentrations shown as a singular blue line demonstrating no notable response.

362 Figures 3a and 3b show the SPR responses of binding a non-target protein, bovine serum 
363 albumin (BSA) to BHb nanoMIP and BHb pAb, respectively. The SPR sensorgram for BHb 
364 nanoMIP with non-target BSA demonstrates an affinity profile with rapid association and slow 
365 dissociation kinetics but the dissociation with the non-target is notably faster than for the 
366 target BHb (Fig. 2a). The generated signals for non-target are on average x4 smaller than for 
367 target binding to nanoMIP. The SPR sensorgram for the binding interactions of five 
368 concentrations of non-target BSA to the immobilized Hb pAb shows slower association and 
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369 dissociation compared to the target, which could be attributed to the sticky nature and some 
370 non-specific binding of BSA44. However, the changes in the refractive index are significantly 
371 smaller for non-target indicating high selectivity of Hb pAb to BHb over BSA and lower affinity. 

372

373 Figure 3: Surface plasmon resonance (SPR) sensorgrams for non-target BSA protein binding 
374 to SPR chips modified with BHb nanoMIPs (Fig. 3a) and BHb pAbs (Fig. 3b).

375

376 3.3 Electrochemical Impedance Spectroscopy Analysis of BHb pAb vs BHb NanoMIP

377 EIS analysis is demonstrating to be a valuable technique in analysing small concentration 
378 changes and binding characteristics of polymer adlayers on an electrochemical electrode. The 
379 nanoMIPs were physically entrapped within an electrochemically grown hydrogel film using 
380 a previous method6. The nanoMIPs present on the surface as a homogeneous distribution9 
381 making them ideal for subsequent protein binding analysis using EIS when the electrode is 
382 interrogated with a fixed concentration of a model redox marker such as ferrocyanide. Using 
383 the Randles model circuit7, 38, 45, 46, we could determine the change in charge transfer 
384 resistance (RCT) which serves as a useful indicator of the extent of target and non-target 
385 protein binding to nanoMIP particles.

386 Figure 4 shows the RCT values obtained for target protein (BHb) and non-target (BSA) binding 
387 to the BHb nanoMIP (4a and 4b) and pAbs (4c and 4d) modified electrodes. For the target, 
388 data from three independent electrodes were averaged across a wide concentration range 
389 (10⁻¹³ to 10⁻⁸ M). The data from the target binding to the BHb nanoMIP (Fig. 4a) shows there 
390 is no detectable response at 100 fM, followed by a linear response between 1 pM and 100 
391 nM (R2 = 0.927; see supplementary figure S3 for regression line), and reaching saturation at 1 
392 µM. The BHb nanoMIP sensor exhibits changes ranging from 10 to several hundred ohms 
393 within this concentration range. The results indicate proportional changes in charge transfer 
394 resistance (RCT) with target protein binding. Using the Hill-Langmuir equation we determined 
395 the KD to be 34.7 pM ± 2 pM which is in good agreement with SPR analysis. 

396

Fig. 3a Fig. 3b
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397

398

399 Fig. 4: Comparison of RCT values obtained of target (BHb; Fig. 4a) and non-target (BSA; Fig. 
400 4b) protein binding respectively to the BHb nanoMIP modified electrode. Comparison of 
401 the RCT values obtained for target (BHb; Fig. 4c) and non-target (BSA; Fig. 4d) protein binding 
402 respectively to the Hb pAb modified electrode over similar range of protein concentrations. 
403 Data represents mean ± S.E.M., n = 3

404

405 The differing levels of non-specific binding observed for nanoMIPs and pAbs across SPR and 
406 EIS stem primarily from the degree to which each platform is inherently optimised for the 
407 respective recognition elements. SPR instruments and their associated surface chemistries 
408 (e.g. EDC-NHS immobilisation and ethanolamine passivation of unused surface) are highly 
409 optimised for protein-based assays, particularly antibodies. The immobilisation and assay 
410 conditions used here therefore favour pAbs, resulting in negligible non-specific binding in 
411 the SPR format. In contrast, these same conditions are not highly tailored for nanoMIPs, 
412 leading to the higher apparent non-specific binding observed for the nanoMIP under SPR. 
413 With the nanoMIP particles having sizes ranging 100-120 nm, they are a factor of 10 larger 
414 than the corresponding antibody which could lead to less dense packing of affinity reagent 
415 at the SPR surface. Additionally, there is no control of orientation of these nanoMIP 
416 particles, which could lead to non-uniform packing and distribution of nanoMIP on the SPR 
417 surface compared with the corresponding antibody. However, there is good KD agreement 
418 between EIS and SPR for nanoMIP suggesting that there is an equivalence in binding 

Fig. 4a Fig. 4b

Fig. 4c Fig. 4d
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419 capacity of surface immobilised nanoMIP on both electrochemical electrode and SPR chip 
420 surfaces.

421 Conversely, the EIS platform used in this study has been specifically optimised for nanoMIP-
422 based sensing. In our system, the nanoMIPs are uniformly entrapped within an 
423 electrochemically grown polymer thin film formed directly on the electrode surface, 
424 creating a stable and selective environment that suppresses non-specific binding.45 In recent 
425 work using AFM imaging of nanoMIPs were shown them to be uniformly distributed and 
426 presenting as protruding islands in a sea of electrochemically grown surface fixing polymer. 
427 Under these optimised conditions, nanoMIPs exhibit excellent specificity. In contrast, pAbs 
428 being less than 1/10th of the size of nanoMIPs are likely being buried within the growing 
429 polymeric surface and therefore a large proportion become inaccessible for affinity binding 
430 to target, which is potentially leading to higher levels of non-specific binding with pAbs on 
431 the electrochemical system. The lack of agreement in KD for pAbs between SPR and 
432 electrochemical determinations is likely suggesting that only a small concentration of 
433 antibody binding sites are available with the electrochemical system (due to most antibody 
434 being immersed within the polymer thin film layer and therefore inaccessible) compared to 
435 the chemically immobilised antibody on the SPR system.
436

437 In contrast when non-target protein BSA (at 1nM and 10 nM) is analysed on the BHb nanoMIP 
438 sensor (Fig. 4b), there is no significant change in RCT, with a signal of only 5 Ω at 10 nM, 
439 indicating that non-specific binding is negligible. This is further supported by previous studies 
440 where the nanoMIP specificity was tested in foetal calf serum inherently comprising albumin 
441 which could potentially interfere with target protein detection9. Selectivity here was retained 
442 after a simple 1:10 dilution of the serum. No dilution of the sample was required to minimise 
443 interference from synthetic urine27.

444

445 Figures 4c and 4d compare the change in RCT obtained following target protein (BHb) and non-
446 target (BSA) binding respectively to the Hb pAb modified electrode over a similar range of 
447 protein concentrations. Interestingly, the concentration profile demonstrates a saturation 
448 phase (steady-state signal) between 10-10 M and 10-9 M followed by a subsequent increase in 
449 RCT at higher protein loading (see Supplementary Figure S4). We understand the saturation to 
450 be due to homogeneous (1:1) binding of target protein to the pAb. However, with increased 
451 target concentration we observe a heterogenous binding phase due to significant protein-
452 protein interaction occurring. This effect was recently reported by Sherer and Cho 47 in their 
453 biolayer interferometry studies of protein (TRIM25) to receptor (NS1) binding interactions.

454 The KD for Hb pAb was subsequently determined using Hill- Langmuir equation as 51.9 pM ± 
455 0.7 pM demonstrating a higher selectivity compared with SPR results. The difference could 
456 be attributed to more antibodies being electrochemically entrapped in a polymeric layer per 
457 unit area than is chemically immobilized (using EDC/NHS coupling) on the SPR sensor chip. 
458 Added to that, the small size of the pAb could also contribute to an increased antibody 
459 concentration on the polymeric E-layer.
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460 Table 1 provides a summary of affinity constants, and protein target molecules for antibodies 
461 or nanoMIPs which were studied in isolation. We include the results for our combined study 
462 of pAb vs nanoMIP. The comparison demonstrates that the method presented in this study 
463 yields binding affinities consistent with those obtained using established antibody standard 
464 characterization techniques such as biolayer interferometry (BLI), confirming the validity and 
465 reliability of our SPR and electrochemical approaches.

466

467 Table 1. Summary of detection techniques, affinity constants, and target molecules for 
468 antibodies or nanoMIPs studied in isolation compared with our Ab vs nanoMIP combined 
469 study. 

Detection 
techniques

Affinity 
reagent

Average KD Target Ref.

Bio-layer 
interferometry
(BLI) and titration 
kinetic (TK) assays

mAb  10-8 - 10-10 M (BLI)
10-8 - 10-10 M (TK) 

A range of proteins (21- 145 
kDa)

48

Bio-layer 
interferometry
(BLI)

Manose 
nanoMIP

10-10 M Wild-type SARS-CoV-2 
pseudovirus

49

Fluorescence-
activated cell 
sorting (FACS) flow 
cytometry and 
Kinetic Exclusion 
Assay

mAb 10-10 M (FACS)
10-11 M (kinetic 

exclusion assay)

CD 20 50

Piezoelectric 
Quartz Crystal

mAb 3.21 × 10−10 M Alpha fetoprotein (AFP) 51

Piezoelectric 
Quartz Crystal

MIP thin film 3.17 x 10-9M Glycoprotein 41 52

EIS mAb 5.3 x 10-11 M p-tau181 53

EIS NanoMIP 3.74 x 10-11 M Bovine haemoglobin 6

SPR mAb 9.0 x10-10 M β2-Microglublin 54

SPR pAb 4.87 x 10 -8 M Bovine haemoglobin This 
paper

SPR NanoMIP 3.06 x 10-12 M Bovine haemoglobin This 
paper

470

471 Table 2 shows a direct comparison of nanoMIPs and polyclonal antibodies for BHb including 
472 relative size of each of the particles, their concentration as used to make layers on either the 
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473 electrochemical electrode or SPR chip surface and subsequent impact on equilibrium 
474 dissociation constant (KD) and selectivity factor (SF) when tested against BSA non-target 
475 protein. It should be noted that the selectivity factor was calculated using EIS data by taking 
476 the signal ration of target : non-target at 10nM.  

477  
478 The electrochemical method works in a static mode meaning the analyte samples are 
479 introduced to the sensor for a fixed period as a droplet before being removed and sensor 
480 rinsed to remove non-specifically bound analyte. Then any specific binding is determined 
481 using EIS. We subsequently add further analyte at increasing fixed concentrations in the same 
482 fashion until EIS signal saturation is reached. There is clearly a strong linear dependency 
483 between concentration and EIS signals (over a wide dynamic concentration range) as seen in 
484 fig. 4a and supplementary figure S3) allowing us to use signals at a particular concentration 
485 of analyte (eg 1nM or 10 nM) for target: non-target selectivity determination. 

486

487 In contrast to the EIS approach, SPR is a kinetic, flow-based technique that enables direct 
488 determination of both association (“on,” binding) and dissociation (“off,” unbinding) rates. 
489 However, SPR exhibits lower sensitivity at low target concentrations compared with the EIS. 
490 As a result, assessing selectivity factor based solely on raw association data can introduce 
491 substantial error. SPR was therefore used as way to directly compare KD values of antibodies 
492 to nanoMIPs, and not intended as a biosensor for accurate analyte detection.

493

494 Table 2 Summary of physical (size and particle concentration) and binding affinity 
495 characterization and selectivity factor (SF) determination for nanoMIP and antibody.

Affinity 
reagent 

Size (nm) Particle 
concentration 
(particles/mL)

KD (EIS) KD (SPR) SF (EIS)
Based on 

target:non-
target 

signal at 
10nM

nanoMIP 121 2.39 x 1010 34.7 pM 3.06 pM 130:1
pAb 86.94 4.28 x 1010 51.9 pM 48.7 nM 1.0:1.1

496

497 The difference of several orders of magnitude in the apparent KD for the pAb obtained by 
498 SPR versus EIS (Table 2) arises from fundamental differences in how the antibody is 
499 immobilised on each platform. SPR provides highly controlled antibody immobilisation and 
500 preserves access to the antigen-binding regions. In contrast, the EIS sensing surface used in 
501 this work involves entrapment of the recognition elements within a polymer thin film. For 
502 antibodies, this lack of control over molecular orientation means that a portion of the 
503 binding sites is likely to be partially or fully occluded by the polymer layer. Because the 
504 thickness of the film can approach the dimensions of an IgG (~10–15 nm), the effective 
505 number of antibody binding sites available for analyte interaction is reduced compared to 
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506 SPR, where no such overlay exists. An additional consideration with the electrochemical 
507 method is that the crosslinking density of the immobilising polymer film is insufficient to 
508 immobilise the polyclonal antibody. The pAb could therefore have leached out of the thin 
509 film leaving a highly nanoporous, thin film layer, thus allowing subsequent non-specific 
510 binding of both target and non-target protein alike and resulting in poor selectivities for the 
511 electrochemical pAb system.

512 This reduced accessible binding capacity caused by either a very low concentration of 
513 antibody binding sites presenting on the surface of the entrapping polymer layer or 
514 antibody being lost by leaching, presents two important consequences for the extracted KD 
515 when fitting EIS data using the Hill–Langmuir model. First, because the antibody saturates at 
516 a lower apparent surface occupancy, the fitted maximum signal (Bmax) is underestimated. 
517 Second, since the EIS-based calculation relies on the relationship KD = ½ Bmax, an 
518 underestimated Bmax artificially lowers the calculated KD, giving the appearance of an 
519 unrealistically high affinity. This effect is much more pronounced for antibodies than for the 
520 nanoMIPs: the MIPs are ~150 nm in size, contain multiple binding sites per particle, and are 
521 therefore far less affected by partial surface occlusion within the thin film.

522 These observations indicate that while the Langmuir model is appropriate for the nanoMIP 
523 data under EIS conditions, it is not fully suitable for the antibody data given the reduced 
524 binding-site accessibility and lack of optimisation of the electrochemical platform for pAb 
525 immobilisation. The discrepancy could be mitigated by further optimisation such as reducing 
526 the film thickness through cycle-level optimisation of the CV deposition step and/or 
527 increasing the crosslinking density of the thin film.

528

529 4. Conclusions

530 We have demonstrated for the first time a direct comparison of binding affinities of a 
531 biologically sourced polyclonal antibody (pAb) versus synthetic nanoscale molecularly 
532 imprinted polymer (nanoMIP) for a common protein target, bovine haemoglobin (BHb). We 
533 used two analytical methods of determining equilibrium dissociation constants (KD) and 
534 selectivity. Our results show that nanoMIPs display a higher monoclonal-like affinity to the 
535 target compared with pAb. Additionally, whereas the response to non-target protein (BSA) is 
536 negligible for the BHb nanoMIP, there is some cross-selectivity displayed by the Hb pAb using 
537 our electrochemical approach. Our nanoMIPs technology is generic and can be applied to a 
538 range of protein targets. The nanoMIPs can be produced at low-cost and at scale and speed. 
539 In addition to being an animal-friendly affinity reagent, nanoMIPs offer a realistic and 
540 commercially viable alternative to antibodies.

541 Data Availability

542 All data are available within the article and its Supplementary Information files and from the 
543 authors upon request.

544
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