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Utilisation of molecularly imprinting technology for the detection of 
glucocorticoids for a point of care surface plasmon resonance (SPR) device 
Chester Blackburn , Mark V. Sullivan , Molly I. Wild , Abbie J. O’ Connor , Nicholas W. Turner * 

Department of Chemistry, University of Sheffield, Dainton Building, 13 Brook Hill, Sheffield, S3 7HF, UK   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The generation of four novel synthetic 
recognition nanomaterials via molecular 
imprinting technology. 

• Affinity studies were performed, and 
materials displayed nanomolar affinities 
(15.9–62.8 nM) towards their target, 
with excellent selectivity. 

• Theoretical LODs in both PBS and Sur-
ine™ were calculated and materials 
displayed very low limits of detection as 
a SPR sensing device (1.3–6.5 nM). 

• These materials have the potential to 
replace chromatographic methods for 
the rapid detection of synthetic gluco-
corticoids in biological media.  

A R T I C L E  I N F O   

Handling Editor: Prof Rebecca Lai  

A B S T R A C T   

Herein, we describe the synthesis and characterisation of four synthetic recognition materials (nanoMIPs) se-
lective for the glucocorticoid steroids – prednisolone, prednisone, dexamethasone, and cortisone. Using a solid- 
phase synthesis approach, these materials were then applied in the development of a surface plasmon resonance 
(SPR) sensor for the detection of these four targets in doped urine, to mimic the routine testing of agricultural 
waste for possible environmental exposure. The synthesised particles displayed a range of sizes between 104 and 
160 nm. Affinity studies were performed, and these synthetic materials were shown to display nanomolar af-
finities (15.9–62.8 nM) towards their desired targets. Furthermore, we conducted cross-reactivity studies to 
assess the materials selectivity towards their desired target and the materials showed excellent selectivity when 
compared to the non-desired target, with selectivity factors calculated. Furthermore, through the use of 3D 
visualisation it can be seen that small changes between structures (such as a hydroxyl to ketone transformation) 
there is excellent selectivity between the compounds in the ranges of 100 fold plus. Using Surine™ doped 
samples the materials offered comparable nanomolar affinities (10.7–75.7 nM) towards their targets when 
compared to the standardised buffer preparation. Detection levels in urine for all compounds was in the nano-
molar range. The developed sensor offers potential for these devices to be used in the prevention of these 
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pharmaceutical compounds to enter the surrounding environment through agricultural waste through moni-
toring at source. Likewise, they can be used to monitor use in clinical samples.   

1. Introduction 

Endocrine disruptors (EDs) are listed as pharmaceutical contami-
nants of emerging concern (CECs), and whilst most discussion is focused 
on sex hormones such as testosterone and estradiol glucocorticoid ste-
roids are also becoming prevalent in nature [1,2]. Structurally, the 
glucocorticoid class of compounds generally consist of a tricyclic 
structure of cyclohexane and cyclopentane rings (Fig. 1) with molecular 
weights ranging between 300 and 400 Da. Additionally, the 
anti-inflammatory activity of this class of compounds has seen them in 
widespread use for a variety of different ailments, such as: asthma [3,4], 
arthritis [5] and inflammatory bowel disease (IBS) [6] for example. 
However, the incomplete removal of these compounds from pharma-
ceutical wastewater, sewage, agricultural and residential runoff presents 
a risk to both aquatic and terrestrial fauna that utilise these water 
sources [7,8]. 

Aquatically, the introduction of these substances generally stems 
from their use a pharmaceutical. For the life that inhabit the water 
where their introduction occurs it has been reported that there have 
been adverse effects, especially in the fish populations [9–11]. 

Terrestrially, their use in animal husbandry has also been attributed 
to meat quality and quantity in veal and have been previously known to 
be administered illegally in tandem with anabolic steroids as growth 
promoters [12]. Furthermore, in veterinary science their use is not dis-
similar to their use in human medicine, due to their anti-inflammatory 
properties [13,14]. Additionally, these substances are more likely to 
be found in the aqueous phase rather than in sludge or soil for example 
owing to, in general, their preference for this environment as suggested 
by their soil adsorption coefficient (Koc) and their n-octanol/water 
partition co-efficient (kow) [15]. 

Currently, there are a variety of different methods for the detection 

of glucocorticoids that have the potential to be released into the envi-
ronment such as tandem liquid or gas chromatography coupled with 
mass spec (LC-MS/GC-MS) on animal faeces [16], urine [17] and 
wastewater [15,18]. For their use in humans numerous detection 
methods have been established due to their status as an illegal perfor-
mance enhancing drugs, when administered by an oral, injectable or 
rectal route [19]. Nevertheless, detecting these compounds remains a 
time-consuming process, and, depending on hardware available and the 
form of the acquired sample, may require laborious steps before analysis 
can be performed. There has also been reported uses of glucocorticoid 
derivatives being detected via Enzyme-Linked Immunosorbant Assay 
(ELISA), however this technique has generally been made redundant by 
the advancements in chromatographic techniques that offer a much 
more sensitive platform. The current methods for detection of gluco-
corticoids (GCs) are surmised in Table 1. 

Ideally, the opportunity to rapidly monitor urine sources in situ will 
allow for legal entities to be able to test on farm or slaughterhouse. 
Detecting the source compounds before they are released into the 
environment is advantageous as facilities can be well placed to ensure 
measures to limit their release into the environment [30]. 

Likewise, these compounds are vitally important in the clinical 
sphere. Monitoring of patients receiving systemic steroid therapy, for 
example in cases of asthma, is not new [31]. However, the users of such 
medication may present symptoms of disease such as Cushing syndrome 
[32] due to the side effects of using such medication. Therefore, to 
accurately quantify the root cause of cushingoid features, glucocorticoid 
screening may be performed with LC-MS as previously mentioned. 
However, as mentioned previously these methods are time consuming 
and may require laborious steps before analysis. Furthermore, acute and 
potentially life-threatening complications may arise from Cushing syn-
drome, for example cardiovascular complications [33]. Therefore, it is 

Fig. 1. The structures of: (A) Cortisone, (B) Dexamethasone, (C) Prednisolone, and (D) Prednisone – common glucocorticoids used in both therapeutic and agri-
cultural settings. 
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Table 1 
Examples of available detection methods for glucocorticoid steroids.  

Sample Technique Sample Prepa Separationa Detectiona Matrix Sensitivity (LOD, 
LOQ) 

Cross-Reactivityb Reference 

GCs ELISA – – – Urine, Liver, 
Milk and 
Animal Feed 

0.1 ppb (0.1 μg/L) Dexamethasone 
(100%) 

[20] 

Betamethasone, 
Dexamethasone, 
Cortisone, Cortisol, 
Prednisone, 
Prednisolone 

UHPLC-MS/MS Filter 1.2 μm glass filter, filter 0.45 μm 
nylon, acidify to pH 2. SPE “pre- 
concentration” in MeOH (Oasis HLB 
sorbent) 

Zorbax Eclipse XDB-C18. Solv A ternary 
mobile phase with a gradient elution 
Solvent A water/acetonitrile (78:22 v/v) 
with formic acid (0.1%) solvent B 
methanol/acetonitrile (78:22 v/v) with 
formic acid (0.1%). The gradient of 0.8% 
B increased to 5% in 5 min, 15% in 6.5 
min, 50% in 0.5 min, kept constant for 
1.5 min, increased to 99.9% in 0.5 min, 
kept constant for 0.5 min, and finally 
returned to 0.8% B in 0.5 min. 50 ◦C flow 
rate was 1 mL/min and the injection 
volume was 50 μL. 

ESI -ve mode River Water Matrix dependant 
(0.5–7.5 ng/L) 

– [21] 

GCs LC-MS/MS Filter samples with 1 μm glass filter, 1 L 
of surface water (2000:1 conc factor) or 
500 mL of effluent (1000:1 conc factor). 
Spike with mix (1 ng). pH adjustment to 
pH 7. 

MN Nuceloshell RP 18Plus column, 0.3 
mL/min 10 μl injection volume. 25 ◦C 

ESI + ve/-ve and 
ESI -ve 

Wastewater 
effluent and 
surface water 

Matrix Dependant 
Effluent (N/A, 
0.02–0.5 ng/L) 
Surface Water 
(0.05–5 ng/L) 

– [22] 

GCs GC-MS Extraction of samples from urine via 
SPE. Microwave assisted derivatization 

Phenyl-methylsilicone column. He carrier 
gas 0.8 mL/min. Injection mode: 1:10, 
Injection volume 2 μl, 280 ◦C. Program 
200 ◦C, 2 min, 15 C/min, final temp 
300 ◦C 40 min, 20 ◦C/min final temp 
320 ◦C 6 min, transfer line 290 ◦C. 

EI Urine sample, 
gaseous 
analyte 

(3–25 ng/L) – [23] 

GCs Ion mobility-high 
resolution 
mass 
spectrometry 

1 mL of blank urine spiked with mixture 
of doping agent in water. Enzymatic 
hydrolysis and liquid-liquid extraction 
(10 fold pre-concentration) 

UPLC oven 40 ◦C. Waters acquity UPLC 
BEH C18 column. Solvent A H2O and 
solvent B ACN with 0.1% formic acid. 
Gradient 2% B increasing to 98% B in 6 
min. Decrease to 2% in 0.1 min follow by 
4 min equilibrium. Flow rate 0.4 mL/min. 

ESI Spiked urine 
sample 

Analyte dependent, 
not explicitly 
specified 

– [24] 

Cortisol Electrochemical 
Impedance 
Spectroscopy (EIS) 

Saliva filtered using 
polyvinylideneflouride membrane. 
Centrifuge at 3500 rpm for 15 min. 

Sample incubated on biosensor for 12 min 
and then EIS over 1 Hz to 10 kHz 

Electrochemical Human saliva 0.87 pM – [25] 

Cortisol Paper based 
microfluidic, screen 
printed electrode 

Competitive assay of monoclonal 
antibody, AChE-labeled cortisol and 
cortisol 

N/A Electrochemical PBS 10–140 ng/mL – [26] 

Cortisol Aptamer- 
functionalised 
nanoparticles – 

electrochemical 
device 

Biological media spiked with known 
amount of target. 

N/A Electrochemical Serum and 
Saliva 

10 pg/mL – [27] 

GCs Poly(L-arginine)/ 
PSSA/QD modified 
sensor 

Stand wastewater in fridge for 7 days 
and then collect supernatant. Filter with 
0.45 μm filter. Dilute 100 fold with 0.1 
mol/L CBS solution (pH 8). 

N/A Electrochemical Wastewater Analyte dependant 
9–114 nm/L 

– [28] 

GCs Prism-Coupler 
MIP based 

Targets spiked into biological medium of 
choice 

N/A Surface Plasmon 
Resonance 

Urine, Plasma 5–11 ppb – [29]  

a : applicable only to chromatographic techniques (LC and GC). 
b : only applicable to ELISA technique. 
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vitally important that a rapid, point of care device is available without 
the restrictions of pre-analytical work up, allowing the clinician to gain a 
rapid understanding of the patient’s symptoms and assess whether 
glucocorticoid dosage requires tailoring for example. 

In all the examples discussed above, the detection of levels of these 
synthetic steroids, is needed from complex matrices, and is beneficial at 
the point of analysis, rather than the need for lab testing. Thus, biosensor 
is a clear consideration. 

Biological recognition bodies, such as antibodies are well known for 
their suitability of use in sensing devices due to their high affinity and 
excellent selectivity [34]. When utilised within a sensing device these 
biological recognition molecules offer a sensitive platform for detection 
with high selectivity towards the desired target [35]. However, this 
comes with drawbacks such as: inflated cost and they are time 
consuming to produce, sensitivity to environmental stimuli such as pH 
and temperature, short shelf life and in some cases the need for storage 
conditions which may be inaccessible to low GDP countries. These 
drawbacks have led to researchers to focus on synthetic recognition 
materials that can be used in lieu of their biological counterparts. 

Molecularly imprinted polymers (MIPs) are synthetic recognition 
materials that have garnered both commercial and academic interest 
due to the potential of matching the performance of biological recog-
nition molecules, without encountering the drawbacks previously 
mentioned [36,37]. The basic principles behind the MIP construction 
are simplistic whereby a template (target) molecule is complexed with 
functional monomers via non-covalent bonding such as Van-Der-Waals 
forces and hydrogen bonding [38]. These monomers are then poly-
merised entrapping the template in a highly cross-linked polymer 
network, after removal of this template molecule, the synthesised 
polymer retains cavities sterically and functionally complimentary to 
the extracted template, rebinding of this template is then facilitated 
through these formed cavities [39]. 

The progression of research into MIP technology has further led to 
the development of MIP nanoparticles (nanoMIPs) in which perfor-
mance has been improved by the reduction in binding site heterogeneity 
and has opened the door for the possibility of these materials to take an 
active role in biological systems [40], as opposed to passive sensor 
systems. Furthermore, through the synthetic method developed for 
these nanomaterials there is a wider range of compatible templates than 
with a traditional bulk MIP for example. In addition, through the syn-
thetic methods employed a 1:1 binding model can be used to easily 
model MIP recognition elements much like the modelling employed for 
their biological counterparts [41,42]. 

Surface Plasmon Resonance (SPR) is an optical sensor platform 
commonly employed to assess the affinity of biological recognition 
materials towards a specific ligand [43,44]. There have been a variety of 
different methodologies used to try and incorporate MIPs as the syn-
thetic recognition material in SPR assays, through either thermal or 
electro-polymerisation onto the surface of the gold chip or, through 
click-chemistry to immobilise MIPs onto the surface of the chip bearing 
complimentary groups required for immobilisation (COOH for 
example). Due to the excellent sensitivity of the hardware and the ca-
pabilities to detect affinities in the nanomolar range SPR has seen itself 
rise to the forefront of researchers minds when it comes to sensor design 
and development [45,46]. 

Furthermore, SPR has the potential to be used in multiplexed 
detection systems, such as “eSPR” in which using an electrochemical 
flow cell the gold chip conventionally used for optical sensing can also 
act as a working electrode, generating both an optical and electrical 
signal for the detection of analytes. This method has been employed to 
obtain multidimensional data analytes such as H2O2 [47], Immuno-
globulin G [48] and the influenza virus [49] to name a few examples. 
Furthermore, other researchers have exploited the potential for SPR 
based imaging techniques namely “SPRi”. For instance SPRi has been 
applied for a smartphone based biodetector [50] whilst also being 
applicable for high throughput screening of multiple analytes through 

microarray technology [51,52] Additionally, there has been further 
work in fibre optic based SPR systems for the multiplexed detection of 
both PCR and affinity signals for applications such as DNA melt analysis 
[53]. 

Of course, such multiplexed systems offer numerous advantages 
against monomodal detection systems, as multiple signals can aid the 
researcher or clinician in achieving greater sensitivity in detection, 
whilst also offering corroborating data points. However, this can often 
come at a trade-off requiring more complex equipment due to the 
multiple signals/data streams being acquired and often higher operating 
costs due to the enhanced complexity of the systems overall. Further-
more, such systems require a much more technically adept operator, as 
thorough understanding of both methodologies being employed is 
required. Although this higher cost may in some cases be justified, in 
cases where such multiplexing is necessitated. This work synthesises 
nano-MIPs via the solid phase approach initially developed by the 
Piletsky group [54] and analysis was performed via Dynamic Light 
Scattering and Surface Plasmon Resonance. Once the performance of the 
polymer as a recognition material was ascertained, the sensor was 
exposed to doped Surine™ so that the performance at the point of 
possible exposure of these materials into the environment could be 
attained, whilst also confirming that the SPR based device can be used at 
the point of sample collection and no further derivatization or lab work 
up is required. 

2. Experimental 

2.1. Materials 

Acrylic acid (AA), 3-aminopropyltrimethyloxy-silane (APTMS), 
ammonium persulfate (APS), 1-Ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC), glutaraldehyde (GA), glycine, N-(3-aminopropyl)meth-
acrylamide hydrochloride (NAPAm), N,N′-methylenebisacrylamide 
(BIS), N-hydroxysuccinimide (NHS), N-isopropylacrylamide (NIPAm), 
sodium dodecyl sulphate (SDS), N-tert-butylacrylamide (TBAm), and 
tetramethylethyldiamide (TEMED) were all purchased from Sigma- 
Aldrich (Poole, Dorset, UK). 

Acetone, acetonitrile (dry), dipotassium phosphate, disodium phos-
phate, ethanolamine, ethylenediaminetetraacetic acid (EDTA), meth-
anol, potassium chloride, sodium hydroxide, Tween 20 Cortisone, 
Dexamethasone, Prednisolone and Prednisone were all purchased from 
Fisher Scientific UK (Loughborough, Leicester, UK). 

Glass beads (75 μm diameter) were purchased from Microbeads AG, 
(Brugg, Switzerland) and used as found. 

Cerilliant Surine™ Negative Urine control was purchased from 
Merck, UK (Gillingham, Dorset) 

All chemicals and solvents were analytical quality or high- 
performance liquid chromatography (HPLC) grade and were used as 
found without further purification. 

2.2. Methodology 

2.2.1. Preparation of template-derivatized glass beads as affinity media 
The preparation of the glass beads was as described in our prior work 

[55] Before template attachment, these were activated by boiling in 4 M 
NaOH (24 mL) for 15 min, washed with reverse-osmosis water (8 × 100 
mL for 30 g of beads), until the resultant solution was pH 7. They were 
then subjected to 100 mL acetone wash and dried at 80 ◦C for 3 h. 

The beads were placed into 12 mL solution of APTMS (3%, v/v) in 
anhydrous toluene for 24 h at 60 ◦C under a positive N2 atmosphere, 
then further washed (8 × 100 mL acetone; (2 × 100 mL methanol). 
Finally, after draining, the beads were placed into an oven (150 ◦C for 
30 min). 

Afterwards, the beads that are now NH2 surface functionalised were 
incubated in 15 mL of a 7% (v/v) aqueous solution of glutaraldehyde for 
2 Hrs. The chosen template (either Cortisone, Dexamethasone, 

C. Blackburn et al.                                                                                                                                                                                                                              



Analytica Chimica Acta 1285 (2024) 342004

5

Prednisolone or Prednisone) was then dissolved in 15 mL of a phosphate 
buffered saline solution (PBS, 10 mM, pH 7.4) and subsequently intro-
duced to the glass beads and allowed to incubate overnight (16 Hrs) at 
room temperature (ca. 14 ◦C). The template derivatized beads were then 
filtered from solution and washed thoroughly with double distilled 
water (at least 1 L/10 × 100 mL washes) and dried. Afterwards, the 
beads were used immediately for the synthesis of the imprinted nano 
materials without further washing or characterization. 

2.2.2. Solid-phase synthesis of glucocorticoid imprinted materials 
Synthesis of the nanoMIPs was performed using a solid-phase 

method, scaled to 30 g of beads. 
In summary, a 50 mL aqueous solution bearing 2.2 μL AA, 1 mg BIS, 

7 mg NAPAm, 20 mg NIPAm, and 10 mg TBAm (dissolved prior in 250 
μL ethanol) was generated. This was degassed via sparging with N2 (20 
min). 

The 30 g of beads were placed in a 100 mL round bottom flask sealed 
with a rubber septum, which was purged with N2 (10 min) before the 
addition of the polymerisation solution. To this mixture 12.5 μL TEMED 
and 15 mg APS dissolved in 250 μL were added to start the polymeri-
sation reaction. The reaction was then swirled gently by hand and 
polymerisation was allowed to commence for 3 h at RT (ca. 14 ◦C) under 
a positive nitrogen environment. 

To stop the reaction, the rubber septum was pierced exposing the 
mixture to the atmosphere and the beads were gravity filtered through 
11 μm paper, and in-situ washed (8 × 30 mL water) at RT to removed 
unwanted materials and unused reactants. This step also washes off low 
affinity nanoMIPs. The beads were then collected and heated to 60 ◦C in 
40 mL water then filtered through 11 μm paper with the filtrate 
collected. A series of water washes at 60 ◦C were carried out until 
approximately 150 mL of eluted high-affinity nanoparticles was 
collected. This solution was allowed to cool naturally to the ambient 
temperature, then stored at 4 ◦C (Fig. 2) 

2.2.3. Characterization of nanoparticles 
A 3 mL aliquot of the solution was oven-dried at 60 ◦C and the mass 

of the particles measured using a 6-point balance, allowing for a con-
centration (in μg mL−1) of the initial solution to be calculated. Particle 
size at 25 ◦C (effective hydrodynamic diameters (dh) was measured 
using dynamic light scattering (Brookhaven NanoBrook Omni 

spectrometer using Particle Solutions v 3.5) with n = 6, in backscatter 
mode and CONTIN algorithm. Data was then exported, and graphs were 
reconstructed through OriginPro (OriginLab corporation, Northampton, 
USA) 

Affinity and specificity of the imprinted nanoparticles for the 
different targets were studied using a Reichert 2 SPR system (Reichert 
Technologies, Buffalo, USA) with attached autosampler. 

2.2.4. Immobilisation of NanoMIPs onto the SPR sensor surface 
A carboxymethyl dextran hydrogel coated Au chip was precondi-

tioned by a PBS pH 7.4 and 0.01 % Tween 20 running buffer (referred as 
PBST) at 10 μL min−1 within the SPR. 1 mL of aqueous solution con-
taining 40 mg EDC and 10 mg NHS was passed over the chip (6 min at 
10 μL min−1). 

300 μg of nanoMIPs in 1 mL of PBST and 10 mM sodium acetate, was 
injected over the left channel (working channel) of the chip for 1 min. 
The amine functionality of the nanoMIPs react with the functionalised 
surface leading to particle immobilisation. An 8-min injection over both 
channels (working and reference) of quenching solution (1 M ethanol-
amine, pH 8.5) was added; to “cap” any unreacted dextran on the surface 
followed by a continuous flow of PBST at 10 μL min−1 All injections were 
taken from a stable baseline. 

2.2.5. Kinetic analysis using SPR 
Kinetic analysis in rebinding of analyte (target and cross-reactivity) 

to the nanoMIP was performed in set pattern of 2-min association 
(PBST with analyte concentrations 4, 16, 32, 64 nM), 5-min dissociation 
(PBST only) and a regeneration cycle (regeneration buffer 10 mM 
Glycine-HCl, pH 2 for 1 min) followed by a final stabilisation cycle 
(PBST for 1 min). An initial injection of blank PBST was used as the first 
run with increasing analyte concentration for subsequent runs. After the 
analyses were completed, signals from reference channel were sub-
tracted from signals from the working. In all cases rebinding was studied 
in triplicate. 

The SPR responses were fitted to a 1:1 Langmuir git bio-interaction 
(BI) model using the Reichert TraceDrawer software. Association rate 
constants (ka), dissociation rate constants (kd), and maximum binding 
(Bmax) were fitted globally, whereas the BI signal was fitted locally. 
Equilibrium dissociation constants (KD) were calculated by kd/ka. For 
each nanoMIP/analyte combination a calibration curve was generated 

Fig. 2. Representative cartoon schematic of solid phase synthesis of nanoMIPs. i. Addition of hydroxy groups to silica bead. Ii. Addition of amino silane – func-
tionalisation. Ii. Addition of linking group (e.g. glutaraldehyde). Iv: Addition of template (epitope, drug, protein etc) v: Build imprinted polymeric scaffold around the 
template (addition of monomer mixture) vi: Cold wash removes low-affinity materials followed by hot wash to realise nanomaterials. 
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across the concentration 4 nM–64 nM taking n = 3 average. From this, a 
theoretical LOD was calculated. Where signal saturation was observed a 
natural logarithmic trendline was applied for the calculation. 

3. Results and discussion 

3.1. MIP synthesis and particle size 

Using a solid-phase suspension polymerisation approach imprinted 
recognition materials were produced utilising an adapted methodology 
based composition and reaction conditions suggested by Canfarotta 
et al. [41,42,54], The synthetic recognition materials (nanoMIPs) were 
synthesised for the target glucocorticoids: prednisolone, prednisone, 
dexamethasone and cortisone. The incorporation of stimuli responsive 
NIPAm [56] in the polymer chain allows for relatively simple removal of 
the material post polymerisation, using a hot wash, whilst also affording 
maintenance of site structure and imprinted cavities. 

The concentrations of nanoMIPs for the glucocorticoids alongside 
particle size assessments can be found in Table 1. Briefly, post poly-
merisation a 150 mL sample of nanoMIPs is recovered, we deduce the 
concentration of this solution by drying a 3 mL aliquot (n = 3) and from 
this concentration our overall yield of material can be inferred. For 
analysis, generally around 1 mg of material will suffice for both SPR 
(300 μg per chip) and DLS (ca. 100 μg mL−1), hence the expected yield 
from our synthesis is more than sufficient for these studies. While this is 
consistent with our previous work [41,42], we are actively researching 
methods to further improve this yield, without negative implications to 
the synthetic recognition material. 

The nanomaterials were characterised via Dynamic Light Scattering, 
were aggregation of the nanoMIPs (within 20 s) was discovered and as 
such the data obtained via intensity of scattered light was converted into 
number distribution to negate the aggregation effects. These are pre-
sented in Table 2 and are in good agreement with one another. 
Furthermore, the size distribution graphs can be found in the supple-
mentary information (Fig. S1) where aggregation can be clearly seen 
and that through transformation the nanoMIPs can be much more 
readily visualised. 

3.2. KD affinity measurements and sensor performance 

The incorporation of amine functionality within the nanoMIP poly-
mer scaffold allows for conventional click chemistry via NHS/EDC 
Steglich-type esterification [57,58]. This allows for covalent linkage of 
the nanoMIPs to the surface of a SPR chip was facilitated through this 
chemistry, with the SPR chips used in this study composed of carbox-
ymethyl dextran hydrogel coated gold. Thus, presenting –COOH on the 
surface of the chip and allowing for the relatively simple and well un-
derstood Steglich-type reaction to proceed [57]. Additionally, the use of 
ethanolamine post immobilisation allowed for any residual functionality 
on the surface of the SPR chip to be “capped” thus, preventing subse-
quent reactions during the kinetic studies, removing the potential for 
false recognition readings. 

Using this workflow, a monolayer of recognition material is expected 
to be deposited on top of the SPR chip, as the nanoMIP functionality 

dictates, through design, they are inclined to react and link with the 
activated –COOH groups on the surface of the chip as opposed to 
reacting with themselves. The nanoMIP material is flowed across the 
chip in an excess, to ensure that maximum coverage on the chip surface 
is obtained. All immobilisation curves can be found labeled with the 
appropriate stage of the surface functionalisation in the supplementary 
information (Fig. S2) 

Furthermore, by having maximum receptor (binding population) 
allows for standard models for ligand/receptor interactions to be applied 
and as such a 1:1 kinetic model can be used for ligand/receptor in-
teractions. Given the nature of the imprinting process this is a widely 
accepted model for their analysis and allows for comparisons be drawn 
towards their biological counterparts. 

SPR is not the only optical sensing technology that can be employed 
today, however. Other methodologies such as electro-
chemiluminescence and photonic crystal devices could be considered for 
the detection of these molecules, as a label free technique comparable to 
the use of SPR described in this paper. 

However, due to the lack of fluorescent activity of the steroid’s 
fluorescence-based sensing could not be used in a comparable label free 
technique. Additionally, due to protein content in the surine, the matrix 
itself would induce interference that would lend fluorescence-based 
techniques redundant, or at the very least extremely cumbersome and 
time consuming. 

An excellent alternative device would be the use of a photonic crystal 
device for the detection of these molecules, with the integration of 
template specific nanoMIPs incorporated into the sensing device itself. 
However, further work is required in the field of photonic crystals before 
these can become a reliable alternative, at least in the two- and three- 
dimensional space. Regarding crystals in just one-dimension high 
sensitivity and stability can be afforded [59–62]. Indeed, it is because of 
these properties that researchers have begun work fabricating photonic 
crystal sensors utilising SPR technology [63–65]. This is something that 
is worth considering, however a great deal of work is required in the 
space of molecular imprinting before MIPs may be used in such a device 
[66]. 

A further consideration would be the use of quantum dot (QD) 
technology. QDs have been used within SPR technology before, due to 
their excellent optical properties are prime candidates for the amplifi-
cation of signals, such as from antibodies for example [67]. However, 
despite the advantages these nanomaterials offer, they are applied in 
this space as a label. Therefore, in this work quantum dot technology has 
been omitted, as the scope of the work was to produce a label free 
biosensor that could be used readily and rapidly with a raw sample, with 
little to no work up required. 

Additionally, it must be noted that the benefits of SPR technology are 
that a MIP can be readily immobilised onto a gold slide and through 
proper regeneration and removal of the template can be used repeatedly, 
reducing cost. It must be stated that within this work each chip under-
went at least 15 cycles of rebinding and regeneration with no observed 
degradation, suggesting a robust, reusable, and cost-efficient approach 
to sensing. For these reasons and the reasons discussed above therefore 
an SPR based sensor was decided upon as the most appropriate appli-
cation for these nanoMIPs. 

The nanoMIP immobilised SPR chips (MIP-Chips) were then used in a 
series rebinding and selectivity studies for the corresponding target and 
non-target glucocorticoids. 

The solid phase synthesis approach was chosen against bulk or 
hydrogel type MIPs for numerous reasons for example, MIP is removed 
from template and is facilitated via a hot wash in which the intermo-
lecular forces and pure nanoMIPs can be collected relatively easily, and 
without the need for grinding (as seen in bulk MIPs) or sieving (as seen 
in hydrogel MIPs) providing a facile approach to synthesis of recognition 
agents, whilst maintaining homogeneity. Furthermore, the analytical 
instrument of choice was a SPR machine, and the penetration depth of 
the laser is estimated to be around 400 nm, therefore, it is imperative 

Table 2 
Calculated concentration and particle size for the glucocorticoids imprinted 
nanoparticles (nanoMIPs). All experiments were performed under ambient 
conditions. Number of repeats = 3.  

Template Concentration (μg 
mL−1) 

Diameter 
Intensity (nm) 

Diameter Number 
(nm) 

Prednisolone 120 (±20) 104 (±4) 104 (±5) 
Prednisone 130 (±27) 160 (±12) 160 (±12) 
Dexamethasone 100 (±30) 127 (±6) 126 (±9) 
Cortisone 190 (±3) 133 (±14) 133 (±14)  
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that a nanoMIP was synthesised, the solid phase approach consistently 
yields nanoMIPs, that are appropriate for this technique. 

The SPR sensorgraphs presented in Fig. 3, show the interactions with 
the five different interactions of the target glucocorticoids (Cortisone, 
dexamethasone, prednisolone, and prednisone), with their correspond-
ing nanoMIPs (Fig. 2A, B, C, and D, respectively), immobilised onto the 
surface of the gold SPR chip surface. From these curves and application 
of the 1:1 kinetic model we can deduce and overall equilibrium disso-
ciation constant (KD) for the targets interacting with their nanoMIPs 
(Table 3). 

The recognition of the imprinted nanomaterials with the glucocor-
ticoid molecules and their corresponding nanoMIPs were calculated 
with the KD values shown to be 15.9 nM, 24.9 nM, 62.8 nM, and 29.7 nM 
for the Cortisone, Dexamethasone, Prednisolone, and Prednisone 
nanoMIPs, respectively. These nanomolar values are consistent with 
those of other nanoMIPs, imprinted for similarly small molecular weight 
targets [68]. Our previous work producing nanoMIPs imprinted for 
SARMs molecules and antibiotic targets also produced KD values within 
the nanomolar range [41,42]. 

To explore the specific recognition and selectivity of the imprinted 
nanomaterial, cross-reactivity was studied by loading non-target 
glucocorticoid molecules onto the nanoMIP SPR gold chip. The affin-
ity towards the non-targets is represent in Table 3, with the dissociation 
constants (KD values) shown and the corresponding SPR curves pre-
sented in Figs. S3–S6. Dexamethasone, Prednisolone and Prednisone 
was used to evaluate the Cortisone nanoMIP (Fig. S3), Cortisone, 
Prednisolone and Prednisone was used to test the Dexamethasone 
nanoMIP (Fig. S4), Cortisone Dexamethasone, and Prednisone was used 
to test the Prednisolone nanoMIP (Fig. S5), and Cortisone Dexametha-
sone, and Prednisolone was used to test the Prednisone nanoMIP 
(Fig. S6). All experiments were performed in triplicate with an average 
produced and with the KD values for the non-target glucocorticoid 
molecules interacting with the nanoMIPs estimated via the TraceDrawer 
software, presented in Table 3. Furthermore, the selectivity factor of the 
materials can be found in Table 4 and towards their true target the 
nanoMIPs are highly selective. The use of the SF was decided up as the 
use of a non-imprinted polymer (NIP) is traditionally used as a control to 
generate an imprinting factor (IF). This factor is used to measure the 
strength of interactions of a target towards MIP [69]. However, it is 

widely accepted that the use of a selectivity factor (SF) gives a better 
indication of the binding ability of a MIP towards their desired target 
[70–72]. The recent development of the nanoMIP technology in 2016, 
via a solid phase synthesis approach requires a nucleation site, in this 
case a covalently affixed template to glass bead, for the synthesis of such 
recognition materials to proceed. However, because of this the synthesis 
of a NIP is not possible in the same way [54,68], due to this both NIP and 
IF are redundant in this study. Therefore, through cross reactivity and 
selectivity factors the selectivity of these synthesised nanoMIPs has been 
quantified. 

Fig. 3. Representative SPR curves showing rebinding of the target glucocorticoids to their corresponding immobilised nanoMIPs. Five concentrations of analyte in 
PBST. (A) Cortisone binding to Cortisone-imprinted nanoMIPs; (B) Dexamethasone binding to Dexamethasone-imprinted nanoMIP, (C) Prednisolone binding to 
Prednisolone-imprinted nanoMIP, and (D) Prednisone binding to Prednisone-imprinted nanoMIP. 

Table 3 
Calculated equilibrium dissociation constants (KD) of the nanoMIPs from the 
data presented in Fig. 2 and S2-5. All experiments were performed under 
ambient conditions. Number of repeats = 3.   

KD (nM) 
Cortisone Dexamethasone Prednisolone Prednisone 

Cortisone 
nanoMIP 

15.9 ( ±
0.5) 

7600 (±380) 8040 (±760) 6020 
(±540) 

Dexamethasone 
nanoMIP 

2580 
(±270) 

24.9 ( ± 1.6) 6980 (±390) 1670 
(±20) 

Prednisolone 
nanoMIP 

8530 
(±600) 

6430 (±410) 62.8 ( ±
4.3) 

8090 
(±570) 

Prednisone 
nanoMIP 

2280 
(±40 

7440 (±470) 4430 (±240) 29.7 ( ±
1.7)  

Table 4 
Calculated Selectivity Factors (SF) of the nanoMIPs from the data presented in 
Fig. 2 and S2-5. All experiments were performed under ambient conditions. 
Number of repeats = 3.   

Selectivity Factor (SF) 
Cortisone Dexamethasone Prednisolone Prednisone 

Cortisone nanoMIP ———— 478 506 379 
Dexamethasone 

nanoMIP 
104 ———— 280 67 

Prednisolone 
nanoMIP 

136 102 ———— 129 

Prednisone 
nanoMIP 

77 250 149 ————  
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These values were calculated using the following formula (eq. 1). 

(eq.1)SF =
affinity of target

affinity of nontarget 

When the nanoMIPs were loaded with non-target molecules, recog-
nition significantly decreased with KD values observed in the μM range, 
demonstrating target specificity towards their desired target with the 
Cortisone nanoMIP displaying the best selectivity. Furthermore, to 
showcase the power of the imprinting process and the selectivity the 
technique affords, we have 3D modelled the target molecules in BIOVIA 
Discovery Studio so that the steric effects the MIP recognises can be 
appreciated. It is shown through this modelling that the oxidation of the 
prednisolone hydroxyl into a ketone and the reduction of the double 
bond present in cortisone into a more flexible alkane in prednisone ef-
fects the selectivity of the MIP significantly, thus showcasing the power 
of the technique as no derivatization was required pre-analysis (Fig. 4). 

Furthermore, we have calculated theoretical limits of detection for 
the nanoMIP sensors, however, due to high saturation the data points 
observed displayed a logarithmic trend (Supplementary Information 
Fig. S7). This is common in complex matrices such as these. There is 
potential for pre-clean-up of the sample in question to attempt to alle-
viate these issues however, this was beyond the scope of this study, in 
which the aims were to produce a synthetic recognition agent capable of 
performing as a selective sensor. Therefore, by using a natural loga-
rithmic trendline for the calculations it is shown that during our ex-
periments we were working close to the theoretical limit of detection, 
but never below, giving further confidence in the obtained KD values. 
The values obtained from the calculations can be seen in Table 5. 

The glucocorticoid molecules used with this study are widely used 
for the treatment of inflammation, autoimmune diseases, and cancer, 
amongst others, and as such long-term use could cause significant health 
problems [73]. As such, there is a necessary requirement for being able 
to demonstrate detection of these molecules within biological matrices. 

Therefore, detection from a synthetic urine was explored as a mimic for 
testing urine samples. Surine™ was spiked with the target analytes at 
concentrations between 4 and 64 nM and tested with the modified 
sensor surface. 

Fig. 5 shows the representative SPR curves for the interactions of the 
glucocorticoid molecules in Surine™, and their corresponding nanoMIP 
loaded SPR sensor chip, with the equilibrium dissociation constant (KD) 
for the targets shown in Table 3. 

When compared with the data in Figs. 3 and 5 shows a noticeable 
difference with the overall size of the signal intensity. This is due to a 
significant matrix effect within the sample that is observed and is to be 
expected especially with the substantial differences in the density and 
optical properties of the Surine™ and PBST. This is a frequent experi-
ence, and a known architect of SPR which utilises optical phenomenon 
to monitor changes in refractive index and has also been seen in our 
previous work using spike foetal calf serum, spiked milk, and spiked 
river water samples [41,42]. 

The KD values shown in Table 6, are consistent with those shown in 
Table 3, 15.9, 24.9,62.8, and 29.7 nM, compared with 10.7, 45.6, 75.7, 
59.0 nM for Cortisone, Dexamethasone, Prednisolone, Prednisone 
nanoMIPs, respectively. These slight differences in KD values are to be 
expected, especially given the differences in optical effects caused by the 
changes in the matrices and environments between samples dissolved in 

Fig. 4. 3D representation of steroid targets in lowest energy conformation via BIOVIA Discovery Studio, showing chemical and structural changes between the 
similar structures affording the selectivity of the NanoMIPs. Comparison A: Prednisolone vs Prednisone and Comparison B: Cortisone vs Prednisone. 

Table 5 
Theoretical LODs for nanoMIPs loaded with their desired target 
in PBST.  

NanoMIP Theoretical LOD (nM) 
Cortisone 1.6 
Dexamethasone 2.4 
Prednisolone 3.6 
Prednisone 2.6  
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PBST compared with Surine™, in terms of pH, ionic strength etc., all of 
which will affect binding interactions. With the data shows that the 
detection of glucocorticoid molecules is possible from biological samples 
(Surine™) using a synthetic recognition material (nanoMIP). Table 5 
displays the theoretical LODs of the desired targets in the Surine™ 

media in which the same method, as previously used for PBST LODs, was 
used due to high saturation of the samples (the urine sample has a 
significantly different optical density to the PBST, which affects the 
signal obtained by the SPR) a natural logarithmic curve was obtained 
(Fig. S8) (see Table 7). 

4. Conclusions and future direction 

This work highlights the developments and benefits of molecularly 
imprinted nanoMIP technology in the design and creation of synthetic 
recognition materials, and their subsequent advantages over biological 
counterparts. Four different glucocorticoid steroids were used as 

molecules of interest as templates to demonstrate the effectiveness for 
the imprinting process, utilising the benefits of a solid-phase synthetic 
approach. This method further demonstrates that KD values ranging 
from 15 to 63 nM are achievable using this nanoMIP approach, thus 
showing that the production of high functioning synthetic recognition 
materials that can produce biological level recognition, but with the 
added benefit of custom design and resistance to extremes of pH and 
temperature. 

Using SPR as a sensing apparatus we have shown that there is no 
need for derivatization or hydrolysis of these compounds as required in 
other methodologies for glucocorticoid testing, such as GC-MS and LC- 
MS. Furthermore, whilst this current research highlights the advan-
tages of these materials as a recognition element for sensing, we are 
interested and look to study the engineering of devices, such as mem-
brane filters so that imprinted materials can offer more cost benefit to 
the end users, through both sensing applications and removal and 
remedial applications, such as water treatment. 

However, there have been some drawbacks observed that must be 
noted. Firstly, due to saturation effects observed in Surine, it is suggested 
that calibration curves are prepared for these complex matrices each 
time a new matrix is used, which can be time consuming. Furthermore, 
biofouling can affect the sensor’s response. Additionally, whilst deriv-
atization is not required, there may be a need for a pre-work up step on 
the sample itself, such as dilutions to mitigate the effects of saturation on 
the nanoMIPs. Finally, this work has not been produced at a commercial 
scale (1 Kg+) and therefore, the effects of such scale up on both the 
nanoMIP itself and batch to batch variability is not well understood. Our 
studies in this are continue and we are exploring ways to improve the 
sensor performance, especially around sample preparation. 

The particle size range does highlight some key queries within the 
imprinting process however, despite consistent sizes throughout the 
study, we have seen variations in ours and other researchers’ studies 
depending on the template used. We are actively looking at methodol-
ogies and optimisations that will both reduce time needed to synthesise 
these materials, whilst also affording control over the final particle size 
of the materials. It is believed that through the control of the size of the 
particle itself, we would be able to fine tune these recognition materials, 
to better optimise the synthetic process to suit variations in template. 

Fig. 5. Representative SPR curves showing rebinding of the target glucocorticoids to their corresponding immobilised nanoMIPs. Five concentrations of analyte in 
Surine™. (A) Cortisone binding to Cortisone-imprinted nanoMIPs; (B) Dexamethasone binding to Dexamethasone-imprinted nanoMIP, (C) Prednisolone binding to 
Prednisolone-imprinted nanoMIP, and Prednisone binding to Prednisone-imprinted nanoMIP. 

Table 6 
Calculated equilibrium dissociation constants (KD) of the target analytes binding 
to their corresponding nanoMIPs, from Surine™ using the data presented in 
Fig. 5. All experiments were performed under ambient conditions. Number of 
repeats = 3.   

KD (nM) 
Target reloaded from spiked Surine™ 

Cortisone nanoMIP 10.7 (±1.3) 
Dexamethasone nanoMIP 45.6 (±3.0) 
Prednisolone nanoMIP 75.7 (±5.3) 
Prednisone nanoMIP 59.0 (±5.7)  

Table 7 
Theoretical LODs for nanoMIPs loaded with their desired target 
in Surine.  

NanoMIP Theoretical LOD (nM) 
Cortisone 1.76 
Dexamethasone 0.52 
Prednisolone 0.56 
Prednisone 1.61  
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