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A method of making a molecularly imprinted polymer sensor

Technical Field

The present invention relates to a method of making a molecularly imprinted polymer
sensor and a method for detecting and/or quantifying a target molecule using the

molecularly imprinted polymer sensor.

Backaround
Currently, molecularly imprinting is through an in-situ but diffusion-dependent inclusion

of template molecules into polymers during polymerisation. During the polymerization
process, the dissolved monomers become solid phase polymers while the template
molecules are in aqueous solution (liquid phase). Template molecules in the liquid
phase may have difficulty to diffuse and be entrapped into the solid polymer phase.
Accordingly, many template molecules may still remain in the solution while only a few
of them are in the matrix of polymer. This limits the available imprinted molecular

cavities in the prepared MIP sensor.

There is therefore a need for an improved method of making a molecularly imprinted

polymer sensor.

Summary of the invention

The present invention seeks to address these problems, and/or to provide an improved
method of making a molecularly imprinted hydrophilic polymer sensor.

In general terms, the invention relates to a method of making a molecularly imprinted
hydrophilic polymer sensor which is highly selective to hydrophilic and acidic analytes.
The hydrophilic polymer-based molecularly imprinted polymer sensor may include
some non-covalent interactions, electrostatic interactions such as ion-ion, ion-dipole
and/or dipole-dipole interactions, hydrogen bonding and n-rt interactions between the
hydrophilic polymer comprised in the sensor and the target molecules. The advantage
of the molecularly imprinted hydrophilic polymer sensor made from the method of the
present invention is that it has good selectivity, reliability and high sensitivity to the
target molecules. Further, the molecularly imprinted hydrophilic polymer sensor made
from the method of the present invention also allows for fast detection of the target
molecules. The method is also a low-cost and simple preparation method for making

the molecularly imprinted hydrophilic polymer sensor.
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According to a first aspect, the present invention provides a method of making a
molecularly imprinted polymer (MIP) sensor comprising:

- preparing a molecularly imprinted polymer solution comprising a hydrophilic
monomer host, template molecules and a first solvent, wherein the template
molecules are hydrophilic and/or acidic and the first solvent is water or a
non-aqueous solvent;

- providing the molecularly imprinted polymer solution onto a surface of a
sensing substrate to form a molecularly imprinted polymer film;

- exposing the MIP film to a gas to initiate gas phase polymerisation of the
hydrophilic monomer host;

- annealing the MIP film; and

- removing the template molecules from the MIP film, wherein the removing
comprises extracting the template molecules from the MIP film using a
second solvent to form cavities in the MIP film, wherein the monomer host
when polymerised is insoluble in the second solvent, and wherein the

template molecule is soluble in the second solvent.

The hydrophilic monomer host may be any suitable hydrophilic monomer. For example,
the monomer host may comprise one or more monomers or a combination of a
monomer with other co-monomers. For example, the monomer host may comprise a
monomer with a functional group selected from the group comprising, but not limited to,
amine, imine, amide, carboxyl, hydroxyl, carbonyl and thiol. According to a particular
aspect, the hydrophilic monomer host may comprise dopamine (DA). According to
another particular aspect, the hydrophilic monomer host may comprise dopamine (DA)
and its co-monomer. For example, the co-monomer may be diethyl phosphoramidate
(DEPA).

The template molecule may be any suitable hydrophilic and/or acidic template
molecule. For example, the template molecule may be selected from the group
consisting of, but not limited to: 2,4,5-trichlorophenoxyacetic acid (TCPAA), 2-(2,4,5-
trichlorophenoxy)propionic  acid,  2,4-dichlorophenoxyacetic  acid, 2-(2,4-
dichlorophenoxy)propionic acid, 4-(2,4-dichlorophenoxy)butyric acid, 4-
chlorophenoxyacetic acid, Fenoxaprop-P, Fluazifop, Fluazifop-P-butyl, Haloxyfop, 2-
methyl-4-chlorophenoxyacetic acid (MCPA), Mecoprop, 4-(4-chloro-2-
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methylphenoxy)butanoic acid (MCPB), Fluroxypyr, Trichlopyr, 2-naphthoxyacetic acid,
bromoxynil, loxynil, clopyralid, dicamba, imazapyr, imazaquin, imazethapyr, quinmerac,
picloram, bentozone, fomesafen, imazosulfuron, trifensulfunon-methyl, metsulfuron-
methyl, metosulam, cycloxydim, fludioxonil, and combinations thereof. According to a

particular aspect, the template molecule may be TCPAA.

The first solvent may be water or any suitable non-aqueous solvent for the purposes of
the present invention. For example, the first solvent may be, but not limited to, water,
methanol, ethanol, 1-propanol, 2-propanol, n-butanol, 2-butanol, 2-methyl-2-propanol,
2-metyhl-1-propanol, 1-pentanol, isomers thereof, dimethylformamide (DMF),
dimethylacetamide (DMAc), tetrahydrofuran (THF), methyl ethyl ketone (MEK),
acetonitrile, tetramethyl urea, dimethyl sulfoxide (DMSO), butanone, trimethyl

phosphate, or a combination thereof.

The sensing substrate may be any suitable sensing substrate for the purposes of the
present invention. For example, the sensing substrate may be one which is capable of
indicating changes in at least one of: resistance, capacitance, mass, colour, resonance
frequency and surface plasmon resonance shift. In particular, the sensing substrate

may indicate changes in mass.

According to a particular aspect, the MIP film formed during the providing may
comprise a self-assembled film of the hydrophilic monomer host and the template
molecules. In particular, the MIP film formed during the providing may be a dry film.
The MIP film formed may have a suitable thickness. For example, the thickness of the
MIP film formed may be 0.01-10 um.

The exposing may be under any suitable conditions. For example, the exposing may
be carried out at a suitable temperature and for a pre-determined period of time.
According to a particular aspect, the exposing may be at a temperature < 90°C. The
gas to which the MIP film is exposed to during the exposing may be any suitable gas
for the purposes of the present invention. In particular, the gas may be any suitable gas
to initiate polymerisation of the hydrophilic monomer host. Even more in particular, the
gas may be ammonia vapour or amine vapour. The ammonia vapour or amine vapour

may be from any suitable source.
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The annealing may be under any suitable conditions. For example, the annealing may
comprise annealing the MIP film for a pre-determined period of time at a pre-
determined temperature. According to a particular aspect, the pre-determined period of
time may be > 5 minutes. According to a particular aspect, the pre-determined
temperature may be > 35°C. In particular, the pre-determined temperature may be

110°C and the pre-determined period of time may be 72 hours.

The removing may be under any suitable conditions for the purposes of the present
invention. The second solvent used in the removing may be any suitable solvent. For
example, the second solvent may comprise an alcohol, a liquid organic acid, a
surfactant, DI water or the like. In particular, the second solvent may comprise a
solvent selected from the group consisting of, but not limited to: methanol, dilute acetic

acid, sodium dodecyl sulphate, DI water, and a combination thereof.
According to a particular aspect, the method may further comprise:
- drying the MIP film following the providing;
- rinsing the MIP sensor following the removing; and/or
- drying the sensor following the rinsing.

The drying following the providing and the drying following the rinsing may be
performed under any suitable conditions. For example, the drying may comprise air-
drying or nitrogen-drying. The drying may be at a suitable temperature, such as < 60°C.

In particular, the drying may be at room temperature.

The rinsing following the removing may be by using any suitable solvent. According to

a particular aspect, the rinsing may be by using deionised water.

According to a second aspect, the present invention provides a molecularly imprinted
polymer (MIP) sensor made according to the first aspect. In particular, the MIP sensor
may be suitable a molecularly imprinted hydrophilic polymer sensor suitable for
detecting and/or quantifying the presence of hydrophilic and/or acidic target molecules.
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According to a third aspect of the present invention, there is provided a method for
detecting and/or quantifying a target molecule using the molecularly imprinted polymer

sensor. The method comprises:

- exposing the molecularly imprinted polymer sensorto a sample of fluid
containing or thought to contain the target molecule, thereby allowing the
target molecule, if present, to be received within cavities of the sensor; and

- detecting the presence of and/or quantifying the amount of the target
molecule bound to the cavities of the sensor using electrochemical,
acoustical, spectroscopic, optical or indirect chromatographic techniques,

wherein the target molecule is a hydrophilic and/or acidic molecule.

Brief Description of the Drawings

In order that the invention may be fully understood and readily put into practical effect
there shall now be described by way of non-limitative example only exemplary
embodiments, the description being with reference to the accompanying illustrative

drawings. In the drawings:

Figure 1A shows the non-cavalent interactions between dopamine and TCPAA
molecules and Figure 1B shows the non-cavalent interactions between dopamine

cations and TCPAA anions;
Figure 2 shows the general principle of dopamine polymerisation;

Figure 3 shows the response of non-imprinted PDA polymer (NIP) sensor to 3.40ppm
TCPAA. F3 represents the 3™ overtone frequency of the NIP sensor and D3 represents

the 3" overtone dissipation of the NIP sensor. F3 was used for the AF calculation;

Figure 4 shows the response of PDA MIP sensor with 25% imprinted TCPAA molecular
cavities when contacted with 3.40ppm TCPAA for 70 minutes. F3 represents the 3™
overtone frequency of the MIP sensor (PDA/TCPAA=4/1) which was used for the AF

calculation;

Figure 5 shows the low response (line F3) of PDA MIP sensor when the annealing was

before the exposing but not after the exposing;
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Figures 6 shows the low response (line F3) of PDA MIP sensor when surface ammonia

after ammonia exposure process was washed away by DI water;

Figure 7 shows the low response (line F3) of PDA MIP sensor when the sensor was

made from simultaneous polymerization and template inclusion in aqueous solution;

Figure 8 shows the low response (line F3) of PDA MIP sensor when DEPA was used

as template and target molecules;
Figure 9 shows the selectivity of the PDA MIP sensor to different analytes;

Figure 10A shows interactions between PDA chains and TCPAA target molecules and
Figure 10B shows interactions between PDA and TCPAA analyte anions;

Figure 11 shows the sensitivity of the PDA MIP sensor; and

Figure 12 shows the response of PDA/PDEPA co-polymer based MIP sensor to 3.0
ppm 4-CPA at (a) Day 1 and (b) Day 7.

Detailed Description
As explained above, there is a need for an improved method of making a molecularly

imprinted hydrophilic polymer sensor.

The present invention provides a method of making a hydrophilic polymer-based
sensor. In particular, the sensor made from the method of the present invention is a
molecularly imprinted hydrophilic polymer sensor which shows good response in
detecting hydrophilic analytes. Further, the sensor made also exhibits a fast response
time in detecting target analytes, a low limit of detection, which is comparable to limits
of detection using other sensors which may be more difficult to make or which require a
longer time to detect the analytes. It is also more cost-effective to make the sensor of
the present invention, as well as using a scalable and a reproducible method since the

method is based on molecular imprinting.

In particular, the method of the present invention provides a pre-assembly approach to
allow template molecules and monomers to interact with each other for a sufficient
period of time and lock such interactions in a dry film before polymerization to

maximize the inclusion of the template molecules within the film and align the template
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molecules well with the monomers so that the imprinted molecular cavities are more
precise. The method also provides for a gas phase post-polymerization of the dry film
of the template molecules and monomers so that the molecular pre-assembly is
disturbed during the polymerization process. In this way, the maximum cavities may be

achieved from the template molecules, thereby forming a better sensor.

Molecular imprinting is a technique to produce molecule specific receptors analogous
to those receptor binding sites in biochemical systems. A molecularly imprinted
polymer (MIP) is a polymer that is formed in the presence of a template or target
analyte molecule producing a complementary cavity that is left behind in the MIP when
the template is removed. The MIP demonstrates affinity for the original template

molecule over other related and analogous molecules.

According to a first aspect, the present invention provides a method of making a
molecularly imprinted polymer (MIP) sensor comprising:

- preparing a molecularly imprinted polymer solution comprising a hydrophilic
monomer host, template molecules and a first solvent, wherein the template
molecules are hydrophilic and/or acidic and the first solvent is water or a
non-aqueous solvent;

- providing the MIP solution onto a surface of a sensing substrate to form a
MIP film;

- exposing the MIP film to a gas to initiate gas phase polymerisation of the
hydrophilic monomer host;

- annealing the MIP film; and

- removing the template molecules from the MIP film, wherein the removing
comprises extracting the template molecules from the MIP film using a
second solvent to form cavities in the MIP film, wherein the monomer host
when polymerised is insoluble in the second solvent, and wherein the

template molecule is soluble in the second solvent.

For the purposes of the present invention, hydrophilic monomer host may comprise a
hydrophilic monomer unit which is capable of polymerising into a hydrophilic polymer.

The hydrophilic monomer host may comprise co-monomers. According to a particular
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aspect, the hydrophilic monomer may be a combination of a monomer unit and a co-

monomer unit.

The hydrophilic monomer host may be any suitable hydrophilic monomer. For example,
the hydrophilic monomer host may comprise one or more monomers, a co-monomer,
or a combination of a monomer with other co-monomers. For example, the monomer
host may comprise a monomer with a functional group selected from the group
comprising, but not limited to, amine, imine, amide, carboxyl, hydroxyl, carbonyl and
thiol.

According to a particular aspect, the hydrophilic monomer host comprises dopamine
(DA). According to another particular aspect, the hydrophilic monomer host comprises
dopamine (DA) and its co-monomer. For example, the co-monomer may be diethyl
phosphoramidate (DEPA).

The template molecule may be any suitable hydrophilic and/or acidic template
molecule. For example, the template molecule may be selected from the group
consisting of, but not limited to: 2,4,5-trichlorophenoxyacetic acid (TCPAA), 2-(2,4,5-
trichlorophenoxy)propionic acid (Fenoprop), 2,4-dichlorophenoxyacetic acid, 2-(2,4-
dichlorophenoxy)propionic acid (Dichloroprop), 4-(2,4-dichlorophenoxy)butyric acid
(2,4-DB), 4-chlorophenoxyacetic acid, Fenoxaprop-P, Fluazifop, Fluazifop-P-butyl,
Haloxyfop, 2-methyl-4-chlorophenoxyacetic acid (MCPA), Mecoprop, 4-(4-chloro-2-
methylphenoxy)butanoic acid (MCPB), Fluroxypyr, Trichlopyr, 2-naphthoxyacetic acid,
bromoxynil, loxynil, clopyralid, dicamba, imazapyr, imazaquin, imazethapyr, quinmerac,
picloram, bentozone, fomesafen, imazosulfuron, trifensulfunon-methyl, metsulfuron-
methyl, metosulam, cycloxydim, fludioxonil, and combinations thereof. According to a

particular aspect, the template molecule may be TCPAA.

The template molecule may also comprise homologous molecules, homologs, of the
target molecule which the sensor is going to be used for detecting and/or quantifying.
Homologs of the target molecules may include molecules that are similar to the target
molecule in various attributes such as, but not limited to, size, electrostatic potentials,
electronegativity, charge density, chemical bonding potential, and molecules that have
similar shapes to the target molecule. Homologs may include isomers and

stereoisomers of the target molecule.
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The first solvent may be any suitable solvent for the purposes of the present invention.
According to a particular aspect, the first solvent may be water or a non-aqueous
solvent. In particular, the first solvent may be an alcohol. Examples of the first solvent
include, but is not limited to, water, methanol, ethanol, 1-propanol, 2-propanol, n-
butanol, 2-butanol, 2-methyl-2-propanol, 2-metyhl-1-propanol, 1-pentanol, isomers
thereof, dimethylformamide (DMF), dimethylacetamide (DMAc), tetrahydrofuran (THF),
methyl ethyl ketone (MEK), acetonitrile, tetramethyl urea, dimethyl sulfoxide (DMSO),
butanone, trimethyl phosphate, or a combination thereof. Even more in particular, the

first solvent is methanol.

The preparing may comprise mixing the hydrophilic polymer host, the template
molecules and the first solvent. According to a particular aspect, various orders of
addition and mixing of the hydrophilic polymer host, template molecule and first solvent
may be used. The amount of hydrophilic polymer host, template molecule and first
solvent added to the MIP solution may depend on the hydrophilic polymer host, the
template molecule and the first solvent being used. In particular, the amounts of
hydrophilic polymer host, template molecule and first solvent added to the MIP solution
is also selected such that the thickness of the MIP film formed from the MIP solution is
<10 um.

The providing may comprise using any suitable method to place a suitable amount of
the prepared MIP solution onto a surface of a sensing substrate. In particular, the
providing may comprise immobilising a suitable amount of MIP solution onto a surface
of the sensing substrate. The sensing substrate may be any suitable sensing substrate
for the purposes of the present invention. For example, the sensing substrate may be
one which is capable of indicating changes in at least one of: resistance, capacitance,
mass, colour, resonance frequency and surface plasmon resonance shift. In particular,

the sensing substrate may indicate changes in mass.

Accordingly, the sensing substrate may be any suitable sensing substrate for the
purposes of the present invention. In particular, the sensing substrate may be selected
such that the sensing substrate is suitable for being able to indicate the change in a
measureable property of the polymer host during the detection or target molecules. For
example, the sensing substrate may be a quartz crystal substrate, a metal-based

substrate, an oxide-based conductive glass substrate, and the like.
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According to a particular aspect, the sensing substrate may be a quartz crystal
substrate. The quartz crystal substrate may be coated, for example with silver, gold, or
the like. The quartz crystal may be suitable for quartz crystal microbalance.
Alternatively, the sensing substrate may be a metal-based substrate. The metal-based
substrate may be suitable for surface plasmonic resonance (SPR). Another example of
a suitable sensing substrate may be indium tin oxide (ITO) or fluoride-doped tin oxide

(FTO) conductive glass substrate suitable for electrochemical sensing systems.

The providing may comprise coating the MIP solution onto a surface of the sensing
substrate. The coating may be by any suitable coating method. For example, the
coating may be by electrospinning, dip coating, laser deposition, spin casting, dipping,
direct dropping or a combination thereof. Even more in particular, the coating
comprises quantity controlled dropping of the MIP solution onto a surface of a sensing

substrate.

According to a particular aspect, the surface of the sensing substrate onto which the
MIP solution is provided may be cleaned prior to the providing. The cleaning of the
surface may be by any suitable method using any suitable solvent. For example, the

solvent may be methanol.

Following the providing, the MIP film formed on the surface of the sensing substrate is
allowed to dry. The drying may be under any suitable conditions. According to a
particular aspect, the MIP film formed during the providing may comprise a self-
assembled film of the hydrophilic monomer host and the template molecules.
Therefore, the drying may be under suitable conditions to enable the hydrophilic
monomer host and template molecules to self-assemble. The drying may be at a
suitable temperature. For example, the drying may be at a temperature of < 60°C. In
particular, the drying may be at 15-60°C, 20-55°C, 25-50°C, 30-45°C, 35-40°C. Even
more in particular, the drying may be at 20-25°C. According to a particular
embodiment, the drying may be by air drying or nitrogen drying.

The hydrophilic monomer host and template molecules may self-assemble due to the
interactions between them. For example, the interactions may be as shown in Figures
1A and 1B. In particular, TCPAA molecules may have hydrogen bonding (bond energy

5-30 kd/mol) and n-nt interactions (0-50 kJ/mol) with dopamine as shown in Figure 1A.
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TCPAA molecules may also dissociate to TCPAA anions and protons which may be
captured by dopamine molecules to become dopamine cations. TCPAA anions may
have hydrogen bonding, n-n interactions and electrostatic interactions (5-350 kJ/mol;
ion-ion, ion-dipole, dipole-dipole) with dopamine cations as shown in Figure 1B. It is
because of these non-covalent interactions that dopamine molecules/ions and TCPAA
molecules/ions are able to self-assemble to form a MIP film with well-organised

molecules/ions.

The MIP film formed during the providing may be a dry film. The MIP film formed may
have a suitable thickness. For example, the thickness of the MIP film formed may be
0.01-10 ym. In particular, the thickness of the MIP film formed may be 0.1-9.5 uym, 0.5-
9.0 ym, 1.0-8.5 ym, 1.5-8.0 ym, 2.0-7.5 ym, 2.5-7.0 ym, 3.0-6.5 ym, 3.5-6.0 ym, 4.0-
5.5 ym, 4.5-5.0 pm. Even more in particular, the thickness of the MIP film formed may
be 0.4 um.

Once the MIP film is formed, the MIP film may then be exposed to a gas to initiate gas
phase polymerisation of the hydrophilic monomer host. The exposing may be under
any suitable conditions. For example, the exposing may be carried out at a suitable
temperature and for a pre-determined period of time. The pre-determined period of
time may be = 5 minutes (min). For example, the pre-determined period of time may be
5 — 1440 min, 10-1140 min, 15-960 min, 20-840 min, 30-720 min, 45-600 min, 60-480
min, 75-360 min, 90-120 min, 100-110 min. In particular, the pre-determined period of

time may be 120 min.

According to a particular aspect, the exposing may be at < 90°C. For example, the
exposing may be at 20-90°C, 25-85°C, 30-80°C, 35-75°C, 40-70°C, 45-65°C, 50-60°C.

In particular, the exposing may be at room temperature.

The gas to which the MIP film is exposed to during the exposing may be any suitable
gas for the purposes of the present invention. In particular, the gas may be any suitable
gas to initiate polymerisation of the hydrophilic monomer host. For example, the gas
may be ammonia vapour, ammonia gas, monoethanolamine, diethanolamine,
triethanolamine, or any other suitable amine vapour. The gas may be with or without
the addition of water vapour. Even more in particular, the gas may be ammonia vapour.

The ammonia vapour may be from any suitable source. For example, the ammonia
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vapour may be from aqua ammonia liquid or ammonia gas with or without moisture. In

particular, the ammonia vapour is from aqua ammonia.

The exposing may comprise sealing the MIP film and the ammonia vapour for the pre-
determined period of time at a pre-determined temperature. The sealing may be by any
suitable method. For example, a paraffin film or any other suitable material may be
used for the sealing. After the pre-determined time has passed, the seal may be
removed. The MIP film may show some brown spots, indicating that polymerisation of
the hydrophilic monomer host may have initiated. The ammonia vapour is then

removed.

After the ammonia vapour has been removed, the MIP film is then annealed. The
annealing may be under any suitable conditions. For example, the annealing may
comprise annealing the MIP film for a pre-determined period of time at a pre-
determined temperature. In particular, the annealing enables further polymerisation of
the MIP film. The annealing also enhances the adhesion of the MIP film to the surface
of the sensing substrate. Without the annealing, the MIP fiim may be flushed away

during the removing step.

The complete polymerization of the hydrophilic monomer host is critical for the good
stability of the MIP sensor. This is because any residue of the hydrophilic monomer
host may cause further polymerisation after the template molecules are removed and

may therefore cause a change in the imprinted molecular cavities.

According to a particular aspect, the pre-determined period of time for the annealing
may be > 5 minutes. For example, the pre-determined period of time may be 0.5-120
hours, 1-100 hours, 5-80 hours, 10-80 hours, 15-75 hours, 20-70 hours, 25-60 hours,
30-55 hours, 35-50 hours, 40-45 hours. In particular, the pre-determined period of time

may be 72 hours.

According to a particular aspect, the pre-determined temperature for the annealing may
be > 35°C. For example, the pre-determined temperature may be 35-150°C, 50-130°C,
60-120°C, 70-115°C, 80-110°C, 90-100°C. In particular, the pre-determined

temperature may be 110°C.
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According to a particular aspect, the annealing may be carried out at 110°C for up to 72

hours.

Figure 2 shows a general polymerisation scheme of dopamine. In particular, dopamine
molecules are first oxidised to dopaminequinone, which further forms 5,6-
dihydroxyindole through cyclization and rearrangement. 5,6-dihydroxyindole is then

further polymerised to PDA.

Following the annealing, the MIP film may be allowed to cool to room temperature.
Once the MIP film has cooled, the template molecules are removed from the MIP film.
The removing may be under suitable conditions for the purposes of the present
invention. When the template molecule is removed, it may leave behind a MIP film with
cavities complementary in shape and functionality to the template molecule, which can
rebind, in the cavities, a target identical to the original template molecule. For example,
the removing may be by extraction with a second solvent. The imprinted molecular
cavities may be on the surface of the MIP film and inside of the MIP film. In particular,
the second solvent is selected such that the polymer host is insoluble in the second

solvent and the template molecules are soluble in the second solvent.

According to a particular aspect, the extracting may comprise soaking the sensing
substrate with the MIP film on the surface of the sensing substrate in the second
solvent for a pre-determined period of time. The second solvent may be any suitable
solvent. For example, the second solvent may comprise an alcohol, a liquid organic
acid, a surfactant, DI water or the like. In particular, the second solvent may comprise a
solvent selected from the group consisting of, but not limited to: methanol, dilute
aqueous acetic acid, sodium dodecyl sulphate, DI water, and a combination thereof.
For example, the dilute aqueous acetic acid may be 1% acetic acid. Alternatively, the
template molecule may be evaporated from the MIP film if the second solvent has a

lower boiling point than the template molecule.

Once the template molecules have been removed from the MIP film, the MIP sensor
may be rinsed and dried. The rinsing may be by using any suitable solvent. For

example, the rinsing may be by using deionised water.

The drying following the rinsing may be performed under any suitable conditions. For
example, the drying may comprise air-drying or nitrogen-drying. The drying may be at a
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suitable temperature, such as < 60°C. In particular, the drying may be at room

temperature.

According to a second aspect, the present invention provides a molecularly imprinted
polymer (MIP) sensor made according to the first aspect. In particular, the MIP sensor
may be suitable a molecularly imprinted hydrophilic polymer sensor suitable for

detecting and/or quantifying the presence of hydrophilic and/or acidic target molecules.

The MIP sensor may be a device that simultaneously monitors one or more target
molecules. According to a particular aspect, the MIP sensor may be read visually.
According to another particular aspect, the MIP sensor may be coupled to electronics
that read the MIP film on the sensing substrate and report wirelessly to a central
facility. Alternatively, the MIP sensor may be incorporated into a portable and/or
handheld device for measurement and processing onsite. The polymer host and the
synthesis of the MIP film for each target molecule may be determined by the physical
and/or chemical characteristics of the target molecules. For example, the MIP sensor
may comprise one or more MIP films, wherein each MIP film within the MIP sensor,

such as a test strip, may be specific to a single target molecule.

According to a third aspect of the present invention, there is provided a method for
detecting and/or quantifying a target molecule using the molecularly imprinted polymer

sensor. The method comprises:

- exposing the molecularly imprinted polymer sensorto a sample of fluid
containing or thought to contain the target molecule, thereby allowing the
target molecule, if present, to be received within cavities of the sensor; and

- detecting the presence of and/or quantifying the amount of the target
molecule bound to the cavities of the sensor using electrochemical,
acoustical, spectroscopic, optical or indirect chromatographic techniques,

wherein the target molecule is a hydrophilic and/or acidic molecule.

The interaction between a polymer host and a target molecule in a MIP may involve
associations between the polymer host and the target molecule. The binding interaction
may exploit other various forces in conjunction with shape recognition, but the
interaction between polymer host and the target molecule can include any interactions

between the target molecule and the polymer host. According to a particular aspect,
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the target molecule may be as described above. In particular, the target molecule may
be TCPAA.

According to a particular aspect, the detecting using electrochemical, acoustical,
spectroscopic or optical techniques may comprise measuring a change of a
measurable property of the MIP film, wherein a change comes about when the target
molecule is detected in the MIP film. The change of the measureable property may be
a change in capacitance, resistance, colour, mass, resonance frequency, surface

plasmon resonance shift or the like.

The present invention will be exemplified by the following non-limiting examples.
Example 1

Preparation of PDA MIP sensor

The MIP method was used to prepare a PDA-based sensor and 2,4,5-trichlorophenoxy
acetic acid (TCPAA) was used as template molecules. 20 uL of a prepared solution
comprising 1 mL of methanol, 0.01 g of PDA, and 0.0025 g of TCPAA, was coated onto
a gold-coated quartz crystal chip (Au surface diameter 9.5 mm; bare chip base
frequency 4.98 MHz). The resulted film had a thickness of 0.4 um, which was suitable
for use on the QSense Quarts Crystal Microbalance (QCM) platform.

For QCM, the mass change of the MIP sensor with and without the adsorption of target

molecules follows the QCM mass-frequency effect, Sauerbrey equation (Eq. 1):

Am _ 2f,'Am

4 A

AF =-2.26x10°x F?x (Eq. 1),

where AF is the measured frequency change (Hz), F & f, — fundamental resonance
frequency (MHz), Am — mass adsorbed, A — area coated by MIP film, p - shear

modulus of quartz, p - density of quartz.
The general procedure used for the preparation of the PDA MIP sensor was as follows:

1) clean Au-coated quartz chip with methanol flush;
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2) prepare methanol solution of dopamine and TCPAA,;
3) place 20-200 pL of solution onto chip Au surface;

4) air dry the sample at room temperature;

5) expose the chip to ammonia vapour,;

6) remove the ammonia vapour;

7) anneal the chip in an oven;

8) wash/soak the chip with methanol; and

9) dry the chip to obtain the PDA MIP sensor.

When the above method was repeated without the addition of PTM, the PVDF film

formed was a non-imprinted polymer (NIP) film. The method formed a NIP sensor.

Both the PDA-based MIP sensor and the NIP sensor were then exposed to TCPAA to
test how well the sensors detected the TCPAA molecules. As explained above, the
frequency change AF was measured as a correlation of the amount of TCPAA

molecules detected by the sensor.

The NIP film of the NIP sensor absorbed only very limited amounts of TCPAA as can
be seen in Figure 3. In particular, the frequency change AF of the NIP sensor was 8.0
Hz in 70 minutes when contacted with 3.40 ppm (13.31 uM) PDA.

When the original PDA/TCPAA ratio was 4/1 and the annealing time in a 60°C oven
was 19 hours, the prepared MIP sensor had AF of 249.0 Hz when contacted with 3.40
ppm TCPAA for 70 minutes (see Figure 4). The MIP sensor had a much higher (31.1
times) value of AF compared to the NIP sensor, which made the sensor sensitive for

the detection of the targeted analyte.

Annealing the MIP film has two functions: (i) to promote polymerization of dopamine;
and (ii) enhance adhesion of the film to the substrate. annealing before the exposure to
the ammonia vapour only enhanced the adhesion between the MIP fiim and the

sensing substrate surface. If the annealing was done before the exposure to the
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ammonia vapour, but not after it, the prepared PDA MIP sensor had a low response of
17.0 Hz to the 3.40 ppm TCPAA solution as seen in Figure 5. The ammonia at the
surface after exposure was critical for the further polymerization of dopamine during the
annealing. If the surface ammonia after exposure was washed away by deionised
water followed by the annealing, the prepared PDA MIP sensor also had a low
response of 11.0 Hz to the 3.40 ppm TCPAA solution (see Figure 6).

Simultaneous polymerisation and template inclusion was also tried in aqueous solution,
but the PDA sensor chip had a low response of 2.5 Hz to 3.40 ppm TCPAA as shown
in Figure 7.

PDA sensor was also tested using another amine-based molecule, diethyl
phosphoramidate (DEPA). DEPA was used as template and target molecule. The
sample preparation process was kept the same as for TCPAA. PDA/DEPA ratio was
4/1. The resulted PDA sensor had a low response of 8.5 Hz to 1.53 ppm DEPA as
seen in Figure 8. When the methanol solution was replaced by aqueous solution during

the sensor preparation, the PDA sensor also had a low response to DEPA.
Optimisation of polymerisation conditions

Dopamine polymerisation time during the annealing step was optimised as shown in

Table 1. The annealing temperature was set at 60°C.

Baking time (hr) AF (Hz)
0.5 97.0, 46.0, 54.0 (bad stability)
1 30.0 (x2)
2 37.0 (£2)
16 38.0 (+2)
72 249.0 (+5)

Table 1: Annealing time and 3.40 ppm TCPAA analyte response for the
PDA/TCPAA film (4/1; 60°C)

When polymerisation (annealing) time was short as 30 minutes, the PDA sensor had
high response but low stability as the performance decayed within a week. The reason
for this was mainly the unpolymerised dopamine monomer residue which continued to
polymerise after the annealing process and template removal process, causing big

changes to the molecularly imprinted cavities. The longer the annealing time, the more
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stable the PDA sensor was. With 72 hours annealing, the PDA sensor was stable and

had a high response to the TCPAA target molecules.
Optimisation of template removal

For TCPAA template removal, methanol, 1% acetic acid, DI water and some other
solutions were effective by flushing or soaking. 1% acetic acid soaking time was

optimised as shown in Table 2.

1% acetic acid AF (Hz)
soaking time (h)

2 40, 43

15 46 (+2)

24 46 (+2)

Table 2: Optimising 1% of acetic acid soaking time for the PDA sensor
(PDA/TCPAA film (4/1; annealing time 0.5 hours at 60°C)

It can be seen that for 1% acetic acid, soaking for 2 hours was sufficient. The soaking
time may be longer or shorter than 2 hours and it did not affect the PDA sensor

performance.
Optimisation of PDA/TCPAA ratio

Different PDA and TCPAA template molecule ratios were also optimised as shown in
Table 3.

PDA/TCPAA AF (Hz)
ratio
8:1 66.0 (£3)
4:1 249.0 (£5)
2:1 135.0 (£3)
1:1 134.0 (£3)

Table 3: Optimising PDA/TCPAA ratios for PDA sensor performance (annealing
time 19 hours)

It can be seen that 4/1 of PDA/TCPAA was found to perform the best. Other ratios like
2:1 and 1:1 also performed quite well. PDA/TCPAA less than 1:1 could also be
possible. The more template molecules, the more possible cavities will be created.
However, the imprinted cavities may collapse over the time due to insufficient PDA

polymer.
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Sensor selectivity

PDA sensor selectivity was also studied. It was highly selective to TCPAA, while had
low response to other pesticide molecules such as parathion methyl, diethyl
phosphoramidate and dicrotophos (see Figure 9). The good selectivity of PDA to
TCPAA was due to the imprinted TCPAA molecular cavities and non-covalent
interactions between PDA and TCPAA target molecules. The interactions between
PDA polymer chain and TCPAA molecules include hydrogen bonding, n-nt interaction,
and van der Waals force (Figure 10A). Van der Waals force is not shown in the Figure
9. In aqueous solution, TCPAA could also dissociate into TCPAA anions and protons
which bind to nitrogen atoms of PDA chains forming positively charged ammonium
cations. TCPAA anions and ammonium cations in PDA also have strong electrostatic
force (Figure 10B).

Sensor sensitivity

The PDA sensor preparation conditions for the sensitivity test were PDA/TCPAA 4/1,
annealing at 60°C for 19 hours, soaking time 2 hours for removal of TCPAA template
molecules using in 1% of acetic acid and aging 7 days of the ready-to-use PDA sensor.
The calibration curve had a R? of 0.99998 and slope 16.4920 (Figure 11). Limit of
detection (LOD) of 15.1 ppb and limit of quantitation (LOQ) of 45.7 ppb were achieved

from the prepared PDA sensor.
Example 2
Characterisation of PDA copolymer MIP sensor

The co-polymers of dopamine (DA) and diethyl phosphoramidate (DEPA) were
synthesized using the method as described in Example 1 with the exception being the
monomer host added in the MIP solution. The weight ratio of DA to DEPA may be 20:1
to 1:20, preferably 5:1 to 1:5. The co-polymerization also be done by pH adjustment,
addition of oxidizing agents, or exposure to ammonia or oxidizing gases.

The fabricated PDA/PDEPA co-polymer MIP was evaluated with 3.0 ppm of 4-CPA as
the target molecule using QCM, which showed 20 Hz and 18 Hz of response in 15
minutes at Day 1 and Day 7, respectively (Figure 12). This demonstrated the feasibility
of PDA co-polymer MIP sensor.



10

WO 2018/160132 PCT/SG2017/050340

20

The present examples show that the molecularly imprinted polydopamine-based or
polydopamine copolymer based sensors have good selectivity, stability, reliability and
high sensitivity. In particular, the preparation method of the MIP sensors is unique in
that it comprises pre-self-assembly of monomer and template molecules, gas phase
initiation of polymerization, and post-self-assembly polymerization. Advantages of the
method of the present invention include the making of MIP sensors with good
selectivity, stability, reliability, high sensitivity, unique PDA sensor film, unique sensing
of hydrophilic and acid analyte molecules, fast analysis, easy preparation of sensors,

low sensor cost and analysis cost.

Whilst the foregoing description has described exemplary embodiments, it will be
understood by those skilled in the technology concerned that many variations may be

made without departing from the present invention.
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Claims
1. A method of making a molecularly imprinted polymer (MIP) sensor comprising:

- preparing a molecularly imprinted polymer solution comprising a
hydrophilic monomer host, template molecules and a first solvent,
wherein the template molecules are hydrophilic and/or acidic and the
first solvent is water or a non-aqueous solvent;

- providing the molecularly imprinted polymer solution onto a surface of a
sensing substrate to form a molecularly imprinted polymer film;

- exposing the MIP film to a gas to initiate gas phase polymerisation of the
hydrophilic monomer host;

- annealing the MIP film; and

- removing the template molecules from the MIP film, wherein the
removing comprises extracting the template molecules from the MIP film
using a second solvent to form cavities in the MIP film, wherein the
monomer host when polymerised is insoluble in the second solvent, and

wherein the template molecule is soluble in the second solvent.

2. The method according to claim 1, wherein the MIP film formed during the
providing comprises a self-assembled fiim of the monomer host and the template

molecules.

3. The method according to claim 1 or 2, wherein MIP film formed during the

providing is a dry film.

4. The method according to any preceding claim, wherein the gas to which the

MIP film is exposed during exposing is ammonia vapour or amine vapour.

5. The method according to any preceding claim, wherein the exposing is carried
out at < 90°C.
6. The method according to any preceding claim, wherein the annealing

comprises annealing the MIP film for a pre-determined period of time at a pre-

determined temperature.
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7. The method according to claim 6, wherein the pre-determined period of time is

2 5 minutes.

8. The method according to claim 6 or 7, wherein the pre-determined temperature

is =2 35°C.

9. The method according to any of claims 6 to 8, wherein the pre-determined

temperature is 110°C and the pre-determined time is 72 hours.

10. The method according to any preceding claim, wherein the thickness of the MIP
film is 0.01-10 ym.

11. The method according to any preceding claim, wherein the hydrophilic
monomer host comprises a monomer with a functional group selected from the group

comprising amine, imine, amide, carboxyl, hydroxyl, carbonyl and thiol.

12. The method according to claim 11, wherein the hydrophilic monomer host
comprises dopamine (DA) or a co-polymer of DA and diethyl phosphoramidate (DEPA).

13. The method according to any preceding claim, wherein the template molecules
comprise: 2,4,5-trichlorophenoxyacetic acid (TCPAA), 2-(2,4,5-
trichlorophenoxy)propionic  acid,  2,4-dichlorophenoxyacetic  acid, 2-(2,4-
dichlorophenoxy)propionic acid, 4-(2,4-dichlorophenoxy)butyric acid, 4-
chlorophenoxyacetic acid, Fenoxaprop-P, Fluazifop, Fluazifop-P-butyl, Haloxyfop, 2-
methyl-4-chlorophenoxyacetic acid (MCPA), Mecoprop, 4-(4-chloro-2-
methylphenoxy)butanoic acid (MCPB), Fluroxypyr, Trichlopyr, 2-naphthoxyacetic acid,
bromoxynil, loxynil, clopyralid, dicamba, imazapyr, imazaquin, imazethapyr, quinmerac,
picloram, bentozone, fomesafen, imazosulfuron, trifensulfunon-methyl, metsulfuron-

methyl, metosulam, cycloxydim, fludioxonil, and combinations thereof.

14. The method according to any preceding claim, wherein the template molecule is

2,4,5-trichlorophenoxyacetic acid.

15. The method according to any preceding claim, wherein the first solvent
comprises water, methanol, ethanol, 1-propanol, 2-propanol, n-butanol, 2-butanol, 2-
methyl-2-propanol, 2-metyhl-1-propanol, 1-pentanol, isomers thereof,
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dimethylformamide (DMF), dimethylacetamide (DMAc), tetrahydrofuran (THF), methyl
ethyl ketone (MEK), acetonitrile, tetramethyl urea, dimethyl sulfoxide (DMSQ),

butanone, trimethyl phosphate, or a combination thereof.

16. The method according to any preceding claim, wherein the second solvent
comprises a solvent selected from the group consisting of: alcohols, liquid organic

acids, surfactants, DI water, and a combination thereof.

17. The method according to any preceding claim, further comprising drying the

MIP film following the providing.

18. The method according to any preceding claim, further comprising rinsing the

MIP sensor following the removing.

19. The method according to claim 18, further comprising drying the sensor

following the rinsing.

20. A molecularly imprinted polymer (MIP) sensor made from the method of any of

the preceding claims.

21. A method for detecting and/or quantifying a target molecule using the
molecularly imprinted polymer sensor according to claim 20, the method comprising:

- exposing the molecularly imprinted polymer sensor to a sample of fluid
containing or thought to contain the target molecule, thereby allowing
the target molecule, if present, to be received within cavities of
the sensor formed by the template molecules; and

- detecting the presence of and/or quantifying the amount of the target
molecule bound to the cavities of the sensor using electrochemical,
acoustical, spectroscopic, optical or indirect chromatographic
techniques,

wherein the target molecule is a hydrophilic and/or acidic molecule.
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