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Abstract
Biomimetic materials have become a rapidly growing and enormously promising field,
as they are cost-effective, easy to prepare, relatively stable.
The main goal of this multidisciplinary Ph.D. project is to fabricate biomimetic materials
that are structurally or functionally similar to their biological equivalents and use them to
solve real-life science problems. The work presented in the thesis includes two parts: the
Molecularly Imprinted Polymers (MIPs) and pseudo-Extracellular Vesicles (pseudoEVs). MIPs-based projects focus on employing of MIPs as a tailor-made synthetic
biomimetic receptor to replace the biological receptors (e.g., antibody, enzyme, etc.)
either in biosensor platforms or in enzyme inhibition, as they are cheaper, more stable,
and exhibit high affinity. The Pseudo-EVs project aims to develop a new biomimetic drug
delivery carrier, to prolong the drug half-lives, reduce side effects, and enhance the
circulating time during the drug delivery process.
In conclusion, this thesis has been shown the advantages of employing biomimetic
materials to solve life science problems. We expect our developed approaches can
contribute to biosensing, enzyme inhibition, and drug delivery.
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Dansk resumé
Biomimetiske materialer er et hurtigt voksende og enormt lovende felt, da biomaterialer
er omkostningseffektive, lette at fremstille og relativt stabile.
Hovedmålet med dette tværfaglige ph.d. projekt, er at fremstille biomimetiske materialer,
der strukturelt eller funktionelt ligner deres biologiske ækvivalenter og bruge dem til at
løse virkelige videnskabelige problemer. Arbejdet præsenteret i specialet kan opdeles i
den MIP-baserede del og den pseudo-EVs baserede del. De MIP-baserede projekter
fokuserer på at anvende MIP'er, som en skræddersyet syntetisk biomimetisk receptor, til
at erstatte biologiske receptorer (f.eks. Antistof osv.) enten i biosensorplatforme eller
enzymhæmning, da de er billigere, mere stabile, og udviser høj affinitet. På den anden
side

sigter

Pseudo-EVs-projektet

mod

at

udvikle

nye

biomimetiske

medikamentleveringsbærere for at forlænge lægemidlernes halveringstid, reducere
bivirkninger, øge cirkulationstiden og dermed forbedre lægemiddeldistributionen til
kroppens celler.
Konklusionen på denneafhandling viser fordelene ved at anvende biomimetiske
materialer til at løse life science problemer. Vi forventer, at vores udviklede teknologier
kan undersøges yderligere og anvendes inden for biosensering, enzyminhibering og
lægemiddeladministration.
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Thesis structure
During the past few decades, biomimetic materials have become a rapidly growing and
enormously promising field. The main goal of this multidisciplinary Ph.D. project is to
synthesize biomimetic materials that are structurally or functionally similar to their
biological equivalents and use them to solve real-life science problems. This was achieved
through:


The use of molecularly imprinted polymers, as tailor-made synthetic biomimetic
receptors, to replace the biological receptors (e.g., antibody, enzyme, etc.) either
in biosensor platforms or in enzyme inhibition, as they are cheaper, more stable,
and exhibit high affinity.



The use of pseudo-EVs, as a biomimetic drug delivery carrier, to prolong the drug
half-lives, reduce side effects, and enhance the circulating time, during the drug
delivery process.

Overall, the thesis is divided into four chapters, which describe the research work carried
out during the past three years. Chapter 1 is an overview of the development in the field
of molecularly imprinted polymers. In this chapter, the basic concepts are presented; the
factors affecting polymerization and an overview of the imprinting methods are
introduced; the applications are described. In Chapter 2, three papers focusing on the
molecularly imprinted polymers are summarized. Chapter 3 discusses a promising
finding, that is, the possibility of generating pseudo-extracellular vesicles via nanoneedles
modulated endocytosis. In this chapter, the methodology, results, and discussions are
presented. Chapter 4 discusses the findings of this thesis and evaluates perspectives for
future developments. Finally, the Appendix contains the publications discussed in this
thesis.
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CHAPTER

1

Molecularly Imprinted Polymers
Objective In this chapter, the basic concepts of molecularly imprinted polymers (MIPs) are
presented, including the factors for controlling polymerization methods; the applications of
MIPs are discussed.

1.1

Why Molecularly Imprinted Polymers?

To date, sophisticated biological receptors, such as enzymes and antibodies have been
exclusively used as chemical or biochemical recognition elements in the development of the
biosensors, diagnostic systems, and separation systems.1–4 There is no doubt that the biological
receptors possess high specificity and binding affinity. However, they face several impediments.
For example, they are expensive, suffer from poor reproducibility, and are inherently unstable.5,6
A promising route to overcome the limitations of natural receptors is to use tailor-made synthetic
biomimetic receptors, which are produced by a generic and cost-effective technique called
“molecular imprinting technique (MIT).” The molecularly imprinted polymers (MIPs), which are
prepared by co-polymerization of functional monomers and cross-linkers in the presence of template
molecules, can form the binding sites that are functionally and structurally complementary to their
1

“substrate” molecule (template).7,8 The obtained MIPs can mimic the molecular recognition of
biomolecules with similar specificity and sensitivity, as a template key (antigen) to its
corresponding MIP lock (antibody).9,10 Table 1 – 1 compares the nature biomolecules and MIPs,
where the advantages of MIPs over nature biomolecules are easily visible. Natural biomolecules
typically require a physiological condition for the storage and working process. Nonphysiological conditions can alter the recognition properties of biomolecules and shorten their
shelf-life. In contrast, MIPs can tolerate a much wider temperature and pH range. They are
compatible with organic solvents and can retain their recognition ability even for years.11,12 In
addition, the antibodies are typically derived from animals that have high cross-reactivity, high
batch-to-batch variation, and cannot be produced against the templates that are not
immunogenic. Whereas, MIPs can be produced for almost any small molecule targets at a much
lower production cost.13,14
Table 1 - 1 Comparison of nature biomolecules and MIPs. 11–14
Nature biomolecules

MIPs

Application condition

Physiological condition

Organic and aqueous media

Cost

€100’s for µg quantities

€10’s for g quantities

Production

months

2-3 days

Reusability

Not usually

100 times

Stability

Low stability
(Narrow temperature and pH range)

high stability
(Wide temperature and pH range)

Storage time

Limited

Stable over years

Since their beginnings in the 1970s, MIPs have been successfully applied to imprint targets
ranging from the small molecules (molecular weight (MW) < 1500 Da), such as
pharmaceuticals, pesticides, amino acids, to the biological macromolecules (MW > 1500 Da ),
e.g., proteins, virus, and cells.15–20 MIPs have become a new generation of affinity tools suitable
for broad applications.21–25
1.2

Principal methodologies of assembling recognition site functionality

Based on the nature of the interactions between a chosen template and the complementary
functional monomers, three main types of imprinting strategies, namely, the covalent approach,
non-covalent approach, and semi-covalent approach were established, as illustrated in Figure
1 – 1.26 This section focuses on the introduction of these three approaches.
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Figure 1 - 1. Schematic demonstration of the molecular imprinting process via different interactions
between the template and the functional monomers that are (a) reversible covalent bond(s) (b) covalently
attached polymerizable binding groups that are activated for non-covalent interaction by template
cleavage, (c) electrostatic interactions, (d) hydrophobic or van der Waals interactions or (e) coordination
with a metal center — adapted from ref. 26.

1.2.1

Covalent approach

Wulff and colleagues pioneered the covalent imprinting approach in 1972.27 It is one of the
classic imprinting methods in which the template is covalently bound to the functional
monomers through either boronate esters, Schiff bases, or ketals/acetals to form the readily
reversible bonds. After polymerization, the covalent bond is broken typically by hydrolysis or
reduction, and binding sites are formed upon removal of the template. Owing to the covalent
interaction, which occurs between the template and functional monomers, this method usually
gives homogeneous binding sites, which significantly enhances the imprinting efficiency and
reduces the non-specific interactions.28 However, it requires a free functional group on the
template for prior derivatization, which limits the formation of reversible covalent bonds
between the template and functional monomers.29 Additionally, thermodynamic equilibrium is
hard to obtain since the disruption and the re-establishment of covalent interactions can result
in slow binding and dissociation kinetics.26 Therefore, this method is regarded as a less versatile
method.
1.2.2

Semi-covalent approach

The group of Sellergren introduced the semi-covalent approach.30 In this approach, the
imprinting process is carried out through the polymerization of the covalently attached
3

functional monomer-template complex with the cross-linker. After the polymerization, the part
of the template monomer is removed by hydrolysis to form the “sacrificial spacer.” The
subsequent rebinding steps take place by the non-covalent interactions, in particular, hydrogen
bonds and electrostatic interactions, between the analyte and formed recognition cavities
containing “sacrificial spacer.”Unfortunately, it turns out that the advantages of the semicovalent approach are not that obvious. As occurred in the covalent imprinting approach, the
prior chemical derivatization of the template is still an issue. Additionally, harsh reaction
conditions are required for template removal.26
1.2.3

Non-covalent approach

Non-covalent imprinting, in which the interactions between the template and the functional
monomers only rely on the non-covalent interactions, such as ionic interactions, hydrogen
bonding, van der Waals forces, and π-π stacking, was first proposed by Mosbach and coworkers back in 1981.31 Attributed to the simplicity of operation, faster template removal
/rebinding steps, and flexibility of selecting functional monomers (either commercially
available or tailor-made monomer for the specific template), non-covalent imprinting is still the
most versatile approach to create imprinted polymers.9
Nonetheless, due to the nature of self-assembly between the template, functional monomers,
and crosslinker, the excess amount of functional monomers and crosslinkers are usually
required in the polymerization to form a rigid polymer matrix. Consequently, a broad
distribution of heterogeneous binding sites and higher non-specific binding are obtained.32
1.3

Factors affecting the polymerization imprinting process

The ultimate goal of the imprinting process is to generate MIPs with high molecular recognition
ability that is comparable with nature biological receptors. Several factors, such as template,
functional monomer, cross-linker, polymerization initiator, and solvent (porogen), need to be
considered since they all have particular effects on the polymerization reaction and can alter
the properties and performance of the formed three-dimensional (3D) MIPs network structure.
In the following section, the significant elements of MIP synthesis based on the non-covalent
approach will be discussed.
1.3.1

Template

An ideal template should be inert and must not contain any functional groups that potentially
inhibit or retard the polymerization. Besides that, the template should have high chemical
4

stability to withstand elevated temperatures, UV exposure, pH, and organic solvents during the
polymerization reaction. Moreover, the template should consist of functional groups which are
amenable to form non-covalent interactions with functional monomers.33,34 To date, MIPs have
been successfully applied to a diverse range of analytes, such as small organic molecules, metal
ions, and biological macromolecules.35–37 Among them, small organic molecules (e.g.,
pharmaceuticals, pesticides, amino acids, nucleotide bases, steroids, and sugars) are the most
well-studied templates.14 Furthermore, with the development of MIT, multiple templates have
been used to form hybrid MIPs that allow the

extraction/detection of several targets

simultaneously without cross-contamination.38,39
Apart from the small molecules, MIPs can also imprint biological macromolecules, namely,
proteins, viruses, and cells.21,40,41 However, the imprinting procedure is challenging. The
underlying reason is probably that biomacromolecules are always less rigid and contain
complicated 3D structures. The well-defined recognition sites are therefore not easy to be
imprinted in the cross-linked polymer matrix, especially in a changing temperature
environment.33 Moreover, owing to the nature of biomacromolecules, the imprinting condition
of biomacromolecules should be close to their natural environment (for instance, biological
fluids). Water-compatible functional monomers, therefore, are required. However, until now,
only limited water-compatible monomers have been developed.42
1.3.2

Functional monomer

Functional monomers, which are responsible for the binding interactions in the imprinted
binding sites, are crucial for the polymerization reaction.43 Typically, a functional monomer
consists of two units, a polymerizable unit and a recognition unit.13 The recognition unit is
utilized to form the complementary interactions, either by covalent or non-covalent bonds with
the template before the polymerization. The more stable the donor-receptor complexes are, the
more selective the MIPs will be. Whereas the functional groups, such as vinyl double bonds,
silicon, hydroxyl, etc., are used to polymerize with the crosslinker, in order to form the 3D
polymer matrix cavity.44 The candidate functional monomers should simultaneously satisfy
those two criteria, which limit the choice of available functional monomers for a specific
template.
Typical functional monomers used in the non-covalent approach are displayed in Figure 1-2.
Among them, methacrylic acid (MAA), which acts as a hydrogen-bond donor and acceptor, is
recognized as a “universal” functional monomer. It is worth noting that, due to the weak
5

interactions between the template and functional monomer (e.g., hydrogen bonding,
electrostatic, or π-π stacking interactions) in non-covalent imprinting, an excess amount of
functional monomer is typically required (template to functional monomer ratios of 1:4 or
higher) in order to form solidly assembled functional monomers/template complexes and thus
to generate the highly specific binding sites. The optimal template /monomer ratio is obtained
by tedious trial-and-error.45 Whereas, for covalent and semi-covalent imprinting, the functional
monomers are covalently attached to the template, and therefore, adding an excess amount of
functional monomer and varying the molar ratio between the functional monomers and template
are not essential.

Figure 1 - 2. Typical functional monomers used in non-covalent molecular imprinting procedures.

In order to avoid these tedious trial-and-error experiments, optimal functional monomer
screening as well as to optimal molar ratios between functional monomer and template can be
predicted using several experimental strategies, such as spectroscopic measurement (e.g.,
nuclear magnetic resonance, UV-vis, Fourier-transform-infrared spectroscopy)43, isothermal
titration calorimetry (ITC)46, differential scanning fluorometry (DSF)47, as well as
computational methods such as in silico screening48,49. For example, computer simulation can
rapidly and effectively select the monomers and adjust the relative amounts of functional
monomer/template to the synthesized MIPs despite that it cannot fully simulate the interactions
between functional monomers and the template in solution.49 NMR allows determining the
interaction between functional monomers and template even though the actual structure of the
resultant complexes is generally unclear.50
1.3.3

Cross-linker

Cross-linker, which is used to fix the spatial conformation of the template and functional
monomer during the polymerization, helps to form the rigid recognition sites (resistant to
further template removal) and determines the mechanical stability as well as the morphology
6

(e.g., gel-type, macroporous) of the MIPs.51 The type of cross-linker and ratio of crosslinker to
the template are the important imprinting parameters. In general, polymer structures with low
crosslinking result in unstable mechanical properties of the MIPs, whereas highly cross-linked
structures cause the reduced feasibility of the recognition site. Thereby a roughly 1:4 crosslinking ratio is generally accepted for the synthesis of the MIPs with adequate mechanical and
recognition ability.52 Some of the cross-linkers, such as Pentaerythritol triacrylate (PETIA) and
Poly(ethylene glycol) diacrylate, have a profound influence on the MIP application, as they can
render the MIP more water-compatible and make them favorable in biological systems.53,54
Commonly used cross-linkers for imprinting include ethylene glycol dimethacrylate (EGDMA),
trimethylolpropane trimethacrylate (TRIM), PETIA, etc.. Their chemical structures are shown
in Figure 1-3. Among them, EGDMA, which combines the flexibility of its chain structure and
rigidity, is the most commonly used crosslinker in imprinting. So far, the availability of
commercial cross-linkers is still limited due to the specific rigid requirements for the molecular
structures. Therefore new types of cross-linkers are urgently required to progress the MIP
technology field.

Figure 1 - 3. Chemical structures of commonly used cross-linkers.

1.3.4

Initiator

Several azo and peroxy compounds can be used as initiators for free radical polymerization.
Azobisisobutyronitrile (AIBN), which can be decomposed by thermolysis (at the temperature
range of 50 oC to 70 oC), is the most commonly employed initiator.55 Generally, the choice of
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initiator largely depends on the properties of the template. For example, if the template is photo
or thermal unstable, then the photoinactive initiator, which can initiate the polymerization under
the room temperature (RT), is preferred.
Moreover, the inert atmosphere, which is a prerequisite for the free polymerization to ensure
the successful initiation of the polymerization reaction, is essential. Typically, the inert
atmosphere is formed by purging an inert gas such as nitrogen or argon into the reaction mixture
solution, as it will: (1) degas the reaction mixture; (2) let the N2 fulfill the reaction container, to
avoid oxygen degrade the initiator. The chemical structures of several commonly used initiator
are displayed in Figure 1-4.

Figure 1 - 4. Chemical structures of commonly used cross-linkers.

1.3.5

Porogen

There are two roles of the porogen in the polymerization. One is to act as dispersion media and
bring all the components (i.e., template, functional monomer, and initiator) into the same phase.
The other one is to act as a pore-forming agent and create the pores in the macro-porous
polymers.56 The nature of the porogen influences pores volume, adsorption properties (affecting
the interactions between the template and functional monomer), and morphology of the MIPs,
especially in the non-covalent approach. Therefore, non-polar or less polar organic solvents
(e.g., chloroform, acetonitrile, toluene) exhibiting low hydrogen bond donor/acceptor
capabilities are often used for non-covalent imprinting. It should also be noted that due to the
effect of the so-called “solvent memory,” the MIPs synthesized in organic solvent exhibit poor
recognition properties in aqueous media. Water /polar solvents can be used as the porogen if
the hydrophobic forces are used to drive the complexation between the functional monomer
and the template. Moreover, the highly solvated systems (precipitation polymerization) or low
solvated systems (bulk polymerization) are decided by the amount of solvent employed in the
polymerization reaction, and the existence of solvent can reduce the chances of side reactions,
which will further improve the imprinting efficiency.
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1.4 MIPs: synthesis
The selection of a desirable strategy to fabricate MIPs is essential. The simplest and most
general method to generate MIPs is by using bulk imprinting, as there is no additional
requirement for sophisticated instruments and purification steps. This method was initially the
only method available for MIP synthesis for a very long time. However, this method requires
crushing, grinding, and sieving the monolithic polymer to the desired size (typically 5-50 μm).
Other drawbacks include: (a) it is time-consuming and causes losing up to 80% w/w material,
which limits their application in standard industrial manufacturing; (b) it has the potential to
destroy the binding site cavities, which decreases the binding affinity of the MIPs; (c) it is
uncontrollable because particles of irregular shape and size are formed, leading to poor
reproducibility and complicates their applications in chromatography or solid-phase extraction
(SPE). Additionally, the full removal of the template from the bulk polymer is a challenge. It
has the potential to cause the template leakage (i.e., the template extraction is not complete
during preparation of the MIPs, resulting in the entrapped templates gradually release from the
MIPs) from the matrix, thus hindering their adoption in a variety of practical applications,
especially when detecting a trace amount of analytes.57–59
In order to overcome these drawbacks, a variety of attractive MIPs synthesis strategies such as
precipitation polymerization, core-shell imprinting, and solid-phase imprinting have been
employed to offer more controllable pre-defined structural format, which can enhance their
properties and make them more suitable for different applications.
1.4.1

Precipitation Imprinting

In 1999, Li et al. first proposed the use of precipitation polymerization to synthesize MIPs.
Precipitation polymerization is a simple one-step method resulting in good yields.60 It requires
a large volume of the polymerization medium (the monomer represents only 2% of the total
volume of the reaction mixture) to make the monomers more soluble initially. During the
polymerization, the growing polymers continuously capture the soluble monomers and
oligomers in the reaction medium, and then the resulting polymers can be precipitated out from
the solvent once they reach a specific threshold size and become insoluble in the porogen
(Figure 1-5).61–63
It has been shown that the binding affinity, size, and uniformity of MIPs is controllable by
adjusting the parameters such as type of solvent and crosslinkers, concentration and temperature.
For example, Ye et al. investigated the effect of the cross-linking density and the amount of
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template on the binding affinity of the formed MIPs in 2000.64 They pointed out, TRIM exhibits
better binding properties compared to EGDMA, especially when the molar ratio between the
template and functional monomer was 1:2.3. Moreover, when more template was added, a
decrease in the binding affinity and binding capacity was observed. In 2003, Li et al. examined
the effects of the monomer concentrations, polymerization temperature, and the type and
amount of initiator on the size and uniformity of the resultant MIPs.65 The results demonstrated
when less monomer and initiator were added at the lower reaction temperatures (in the
temperature range of 50 oC to 95 oC), a uniform spherical particle was obtained.

Figure 1 - 5 Principle of the precipitation imprinting

Precipitation imprinting does suffer from some disadvantages. The requirement of highly
diluted monomers in the solution tends to decrease the binding interaction between the template
and the functional monomers, which reduces the affinity of the MIPs. Meanwhile, the
temperature and UV light that are used to initiate the polymerization also harm the strength of
the template-monomers interactions.
1.4.2

Suspension and emulsion polymerization

Besides precipitation polymerization, MIPs also can be prepared by suspension polymerization
or emulsion polymerization.
In suspension polymerization, water is typically used as a continuous phase to suspend a droplet
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of pre-polymerization mixtures in the presence of a stabilizer or surfactant. The excellent heat
transfer properties of the polymerization make it suitable for industrial scale-up. However, not
unexpectedly, poor recognition cavities of the MIPs may be obtained due to using water or polar
solvents as the continuous phase because the polar solvent can disturb the non-covalent
interactions between the template molecule and functional monomers. In order to solve this
problem, liquid perfluorocarbon and mineral oil have been utilized to act as the continuous
phase in suspension polymerization, respectively.66–68 Although the synthesized MIPs exhibited
good selectivity and binding capacity, this technique still suffers from different drawbacks. For
example, the common porogen, namely, chloroform, dichloromethane and toluene, could not
be used in the mineral oil system, as these solvents are miscible with mineral oil; the specialized
liquid perfluorocarbon, as well as perfluoro polymeric surfactant, is expensive, which limits
their applicability and practicality to the liquid perfluorocarbon system.
As for emulsion polymerization, it can produce the monodispersed MIPs particles in the
submicrometer scale, either in oil-in-water (O/W) or in water-in-oil (W/O) system. The most
common type is O/W emulsion, where functional monomers, template, and crosslinker are
emulsified (with surfactant) in a continuous water phase. The resultant MIPs always possess
high binding site homogeneity. However, the presence of the remaining detergents is
unfavorable for the rebinding process, as it can also disturb the interaction between the template
and the recognition cavities, which gives rise to the low binding capacity. Also, the multiple
washing steps are always required to remove the detergents, which are time-consuming.69,70
1.4.3

Solid-phase imprinting

Another method used for preparing MIPs is the so-called solid-phase polymerization, which
has been pioneered by Piletsky’s group in 2013.71 In the protocol, the template was firstly
immobilized on the surface of the solid support, either on glass beads or silica gel (>1 µm),
followed by adding functional monomer and cross-linker. Next, the polymerization was
initiated under certain conditions (e.g., persulfate-initiated or UV-triggered), and the MIPs were
formed around the immobilized template. The monomers, oligomers, and low-affinity polymers
were removed after washing at the low temperatures, in which the MIPs with high affinity still
adhere to the solid phase and were subsequently collected by applying a high-temperature wash
(Figure 1-6). Because of the affinity purification step in the solid-phase approach, the
synthesized high-affinity MIPs can be collected in 2-3 hours, whereas the traditional methods
needed up to 3-day dialysis to remove the template from the MIPs. To date, Piletsky’s group
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has used this method to imprint small molecules (MW <500) as well as the biological
macromolecules (MW > 1500 Da).72–74 Additionally, by using the automated reactor, the
automation of the MIP synthesis and subsequent affinity purification are realized, which can
further reduce the time and the need for personnel and open up the commercialization of highaffinity nanoMIPs.
On the other hand, Haupt’s group used a similar method to synthesize the thermos-responsive
trypsin MIPs. The trypsin template molecules were orientated in the same direction on the solid
phase by linking it with its corresponding inhibitor p-aminobenzamidine (PAB) on the solid
phase. 75 Thanks to the oriented trypsin, the binding sites of the synthesized MIPs have the same
orientation, which improves binding site homogeneity. Apart from enzyme inhibitor, the same
group also reported in 2016 the use of a metal chelate to bind the histidine present on template
protein76. This method could be widely used to orient the immobilize his-tagged proteins to the
solid phase, and the resultant MIPs always displayed good binding site homogeneity and
accessibility.

Figure 1 - 6 Principle of the solid-phase imprinting

The glass beads have been widely used as the support material since the solid-phase imprinting
technique was proposed. However, the use of glass beads did cause several disadvantages. For
example, the size of glass beads is always quite large (around 75µm) and leads to a low surface12

to-volume ratio, which causes the low amount of template immobilized per particle, and a large
number of glass beads (20–80 g) therefore is required per reaction.77 Moreover, the reaction
could not be stirred as the glass beads tend to be abrased, which could affect the interaction
between the template and the functional monomer due to the proximity of glass beads and
results in the lower binding affinity of the nanoMIPs. 72 To solve these problems, more recently,
Ashley et al. from my group proposed to fabricate trypsin nanoMIPs via solid-phase imprinting
by using the in-house synthesized magnetic microspheres (600-700nm) as the support
material.78 The proposed new strategy which can: (1) increase the yield of the nanoMIPs, as the
high surface-to-volume ratio of the magnetic microspheres can result in more templates to be
immobilized per particle; (2) enhance the binding affinity of the nanoMIPs, as the magnetic
microspheres will not be abrased under the stirring so that the reaction mixture can be stirred
during the polymerization; (3) simplify the sample separation, as the nanoMIPs can be collected
by a magnet.
Even though there are numerous advantages to use solid-phase imprinting to fabricate
nanoMIPs, especially after the new support material was developed, this technique still faces
challenges. For example, only one recognition-binding site is typically generated per
nanoparticle, which leads to low binding capacity. Besides, the low-affinity MIPs and unreacted
monomer need to be washed away during the purification step, and this causes the low polymer
yields compared to traditional imprinting methods.
1.4.4

Core-Shell imprinting

The core-shell approach has been developed based on the deposition of a thin layer of the MIPs
on the surface of a support core material, such as silica, polystyrene beads, magnetite, quantum
dots, etc., which can incorporate additional functionality into the imprinted system such as,
fluorescence, magnetism, etc. (Figure 1-7). Due to the unique structure of core-shells, i.e., the
large surface area of the core (increased access of target molecules to the recognition sites) and
imprinted sites situated at or close to the surface of MIPs (fast binding kinetics), such coreshell MIPs exhibit a significant increase in mass-transfer efficiency, which primarily benefits
for imprinting large target molecules, such as proteins.79,80 For example, Qian et al. (2015)
succeeded in imprinting bovine serum albumin (BSA), forming an MIP layer on the surface of
silica nanoparticles81. The results demonstrated the excellent selectivity and recognition ability
for the protein template. Besides, the regular shaped core can decrease the batch-to-batch
variation and thus increase the reproducibility. Ever since Pérez and co-workers proposed to
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synthesize MIPs via core-shell imprinting strategy in 2000, the core-shell MIPs have aroused
significant interest. 70
Recently, the researchers also show significant interest in synthesizing magnetic MIPs, as it
allows molecular binding and magnetic separation simultaneously. For example, Liu et al.
synthesized Fe3O4@MIPs to enrich and separate the herbicides in water.82 The thermal
decomposition of ferric chloride synthesized the superparamagnetic iron oxide nanoparticles,
and a thin MIP layer was then formed on the pre-vinyl group-functionalized Fe3O4 through a
two-step polymerization, whereby the AAm was employed as the functional monomer, and the
EGDMA acted as the crosslinker. The formed core-shell MIPs could be used to quickly and
selectively separate herbicides (i.e., 2,4-Dichlorophenoxyacetic acid ) from the suspension
under an applied external magnetic field. However, there is an apparent aggregation caused by
the anisotropic dipolar attraction of unmodified magnetic NPs. Therefore, in the late study, the
additional protection TEOS layer, without the influence of magnetic properties of the final
product within a specific thickness, was introduced on the surface of the core Fe3O4 by sol-gel
methods.83–85

Figure 1 - 7 Principle of the core-shell imprinting.

Subsequently, with the development of core-shell polymerization, multifunctional materials
have been proposed. In 2015, Han et al. synthesized Fe3O4@CdTe/CdS MIPs, which combine
the fast separation property of Fe3O4 and high sensitivity of CdTe/CdS QD, demonstrating their
usage in separating and enriching p-t-octylphenol from the water samples.86 More challenges,
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such as minimizing the degree of nanoparticle aggregation, obtaining size controllable particles,
etc., need to be conquered.
1.5

Highlighted applications

The MIPs have shown a wide range of potential applications. In this section, the representative
applications of MIPs are highlighted and discussed.
1.5.1

Solid-phase extraction (SPE)

The applications of the MIPs in the solid-phase extraction (SPE), namely, molecularly
imprinted SPE (MISPE), have attracted particular attention and become a favorite topic in the
area of food87,88, biological51,89 and environmental90,91, etc.. In order to achieve separation
through SPE, the SPE column is filled with MIPs materials, which act as the sorbents and
require excellent binding capacity, high selectivity, and stability. In the following paragraphs,
typical applications of MIPs sorbents fabricated through various synthetic methods are
discussed.
Niu et al. proposed an example of MISPE to extract tetracycline in the milk sample prior to
HPLC analysis by using 3- methacryloxypropyl trimethoxysilane (APTES) functionalized
silica particles as the carrier material, MAA as the functional monomer and ethylene glycol
diglycidyl ether as the cross-linker, through the core-shell polymerization.92 The average
recovery rate of spiked samples was about 81.1%, with a limit of detection (LOD) of 25 µg L−1.
The results proved that the proposed method could detect a trace amount of tetracycline in milk
samples. Meng et al. synthesized chlortetracycline MIP as enrichment sorbents, coupling with
HPLC for simultaneous extraction and analysis of residues of four different tetracycline drugs
in animal-derived food. The MIPs were synthesized through the precipitation polymerization
by employing MAA as the functional monomer and EGDMA as the cross-linker.93 The
chlortetracycline MIPs were packed into the SPE column to extract tetracycline,
oxytetracycline, chlortetracycline, and doxycycline from the milk, egg, and pork, respectively,
and then analysis by HPLC. Good LOD (in a range of 20-40 ng g-1), recoveries (74–93%) and
reproducibility (RSDs < 4.2%, n = 3) were obtained. The reported data indicated that MISPEHPLC could be specific, sensitive, and accurate for monitoring of tetracycline residues in
animal-derived foods.
Recently, magnetic MIPs (MMIPs) have emerged, where a thin layer of MIPs was deposited
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on the surface of a superparamagnetic double bond modified core-shell Fe3O4@SiO2. Chen et
al. reported an MMIP for selective recognition and effective extraction of erythromycin from
pork and milk samples.94 In this study, the superparamagnetic core-shell was applied as the
“stationary phase,” which allows for efficient and straightforward magnetic separation of the
sample from the complex mixtures by a simple magnet, prior to an HPLC analysis. The obtained
erythromycin MMIPs exhibited high adsorption capacity and selectivity with the recoveries in
the range of 85.5% to 94.0%. Moreover, the LOD (5 µg mL -1) obtained by this method was far
lower than the maximum residue limit (MRL, 40 µg kg -1) established within the European
Union. A similar approach was used by Qin et al. to extract chloramphenicol residue from
marine sediments. 95 In this study, the LOD of 0.1 µg L-1and recoveries in the range of 77.9%
to102.5% were obtained, suggesting that the proposed method was suitable for the
determination of chloramphenicol in complex samples.
Overall, the MIP composites possess high sensitivity and selectivity and can act as excellent
adsorbents in the SPE column to separate and enrich the trace amount of analytes in the complex
sample systems.
1.5.2

Biosensor

The biosensor consists of the biointerface, recognition element, transducer, and the signal
output. Improvement in the recognition elements in biosensing can significantly increase the
performance of the sensor. Examples of MIP-based biosensors involve optical sensors, surface
plasmon resonance (SPR), quartz crystal microbalance (QCM), etc. MIPs have shown excellent
advantages, such as excellent chemical/physical stability, robustness, appreciable affinity, high
selectivity, and cost-effectiveness, compared to nature bioreceptors, e.g., antibodies and
enzymes. 96–99
MIP-based fluorescence biosensors, which consist of a MIP-receptor and a fluorophore (e.g.,
quantum dots or fluorescent derivatives), have combined the advantages of the high selectivity
of MIP recognition and the high sensitivity of fluorescence detection.

Chullasat et al.

synthesized photoluminescence amoxicillin MIP nanocomposites based on a facile and
versatile sol-gel process with (3-aminopropyl) ethoxysilane (APTES) as the functional
monomer and tetraethoxysilane as the crosslinker.100 In this work, based on the fluorescence
quenching through the template analyte (amoxicillin) rebinding into the recognition cavities on
the polymer matrixes, the MIPs@CdTe QD successfully detected trace amounts (down to 0.14
µg L-1) of amoxicillin in complex food matrix (e.g., egg, milk). The critical role of MIPs for
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optical sensing is also highlighted in the paper by Chen et al., where the dual emission MIPs
were employed by combining one single response fluorophore (red CdTe QDs) with one
reference fluorophore (blue carbon QDs) into the fluorescence resonance energy transfer-based
MIPs system to detect the sulfadiazine in aqueous media.101 This ratiometric fluorescence
sensor can be more effective in eliminating the background noise, leading to a detection limit
of 0.042 µmol L-1. The fluorescence intensity of red CdTe QD in the ratiometric fluorescence
MIPs system decreased with an increased concentration of sulfadiazine, which was much more
pronounced than the NIPs, indicating the ratiometric fluorescence MIPs system provided a
specific binding to sulfadiazine.

Figure 1 - 8 Schematic representation of the integration of MIPs in various types of biosensors. Ref.
adapted from 99.

In addition to the commonly used optical biosensor, SPR based sensors that detect small
quantities of analytes based on the changes in the refractive index of a medium near a metal
surface is also of great interest. The recognition-sensing materials, e.g., antibodies and enzymes,
can be replaced by “plastic” antibody MIPs either by depositing a thin layer of MIPs on a
surface plasmon resonance chip (typically made by Au, as the transducer) via surface-initiated
atom transfer radical polymerization (ATRP) or by coupling the synthesized nanoMIPs on the
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Au surface via peptide coupling reaction. For example, Sari et al. integrated the nanoMIPs into
an SPR sensor to detect ciprofloxacin in aqueous solution.102 The nanoMIPs were firstly
synthesized by single-step mini emulsion polymerization with a size of around 90 nm and then
conjugated on the surface of the Au chip. The results showed that the nanoMIP- based SPR
systems were capable of detecting ciprofloxacin down to nM range (9.71nM) with the minimal
response to its analogs, such as tetracycline and enrofloxacin, which indicated the high
sensitivity and selectivity of nanoMIPs as the recognition element. Zhao et al. synthesized the
selective ametryn-imprinted sensing film on a surface plasmon resonance chip by using MAA
as the functional monomer and EGDMA as the cross-linker through the ATRP reaction.103 The
SPR sensing with thin MIP film showed a promising sensitivity of SPR sensing
analysis, i.e., the sensor was capable of measuring ametryn down to 3.51 × 10−8 M and 6.19 ×
10−8 M in the soybean and white rice, respectively, suggesting that it is a promising method for
detection of ametryn.
The fabrication of MIPs-based QCM sensors is similar to the MIPs-based SPR sensor, where
recognition elements, i.e., MIPs film or MIPs NPs, are directly synthesized/physical absorbed
on the surface of the transducer, allowing dynamic monitoring of the mass changes of the
analytes down to ng range.104,105 For example, Dai et al. proposed to use a histamine MIPs
based QCM sensor to detect histamine in spiked fish products rapidly.106 The histamine MIPs
were firstly synthesized via sol-gel polymerization and then suspended in PVC-DCM (0.7 wt%
solution) before interfacing with QCM transducer. The sensor exhibited linear behavior for
histamine concentrations of 0.11 × 10−2 to 4.45 × 10−2 mg L−1 with a detection limit of 7.49 ×
10−4 mg kg−1, showing comparable results detected by HPLC. Ebarvia et al. prepared the
tetracycline MIPs through the traditional precipitation polymerization, and then a small amount
of the MIPs was dropped onto the center of the piezoelectric transducer (Au) surface, where the
interface between them was used to determine the binding kinetics of the tetracycline.107 In this
method, a highly sensitive sensor with a linear response in the range of 1 × 10-6 to 1 × 10-3 µg
mL-1and a LOD of 3 × 10-7 µg mL-1 was developed.
1.5.3

Enzyme inhibitor

The applications of enzyme inhibitor are of significant interest, as the enzyme inhibition is one
of the principles for the control of metabolic reactions and thus for the regulation of biological
processes. In general, factors, such as pH, ionic strength, temperature, and addition of
denaturants can inhibit the enzyme activity. However, these methods lack specificity and may
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cause other undesired effects. Small molecules could also be used to combine with the enzymes
to block their activity, but mostly the combination is not reversible. Therefore, MIPs could be
employed as an alternative option to enzyme inhibitors, as it is chemically and physically stable,
easily available, and binding with high binding affinities. However, until now, only a few papers
demonstrated the usage of MIPs as a synthetic inhibitor and mostly related to trypsin. Here, a
small summary of MIP application in enzyme inhibition is presented in Table 1-2. 76,108–110
Table 1 - 2 A few recent and relevant MIP applications in enzyme inhibition.
Target Proteins

Method

Reference

Trypsin

precipitation imprinting

Cutivet et al. 2009

Deoxyribonuclease I

Core-shell imprinting

Liu et al. 2013

Trypsin

Solid-phase imprinting

Guerreiro et al. 2014

Trypsin / kallikrein /RNase

Solid-phase imprinting

Xu et al. 2015

Cutivet et al. pioneered the application of MIPs as an enzyme inhibitor in 2009.109 The
nanoMIPs were synthesized through precipitation polymerization, where benzamidine
functional monomer (N-methacryloyl-4-aminobenzamidine) was employed as the anchoring
monomer to the trypsin and ethylene bisacrylamide acted as the cross-linker. The obtained
nanoMIPs showed a competitive inhibition constant of 79 nM, which is almost three orders of
magnitude stronger than the low molecular-weight competitive inhibitor benzamidine. The
results demonstrated the potential usage of the synthetic tailor-made inhibitor as a blocking
reagent for the target enzyme. Later in 2013, Liu et al. synthesized magnetic core-shell MIPs
to specifically and reversibly block the activity of deoxyribonuclease I (DNase I) in cell
lysates.108 The DNase I, which was captured by the MIPs, was easily isolated from complex
biological samples via a magnet. The following release under mild conditions with high activity
was demonstrated. The results of this study provided new approaches for enzyme activity
regulation. More recently, Xu et al. immobilized metal chelates onto a solid phase, as the
enzyme anchor, to synthesize high-affinity nanoMIPs for different proteins, such as trypsin,
kallikrein, ribonuclease A (RNase A). The synthesized MIPs exhibited high binding affinity
and binding capacity, which demonstrates the potential usage of MIPs as enzyme inhibitors.
For example, RNase MIPs could prevent RNA degradation in routine biological experiments.
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1.6

Conclusions

In recent years we have witnessed a growth of activity in the development of MIPs. In this
chapter, a general overview of MIPs with particular emphasis on imprinting methods and
diverse applications was presented. In particular, I discussed the pros and cons of each
imprinting method that were used in this project and recent advances concerning the use of
MIPs as selective receptors in the areas of biosensing and enzyme inhibition. The following
chapter will deal with the details concerning synthetic strategies and the application of these
MIPs in biosensing and enzyme inhibition.
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CHAPTER

2

Summary of included papers
Objective In this Chapter, the concepts and results of the development of MIPs as the plastic
receptor in biosensing and as the enzyme inhibitor in RT-PCR are elucidated. The original
papers can be found in the Appendix.

Paper 1: A facile molecularly imprinted polymer-based fluorometric assay for detection
of histamine
Presented in this section are some of the critical highlights work in the paper “A facile
molecularly imprinted polymer-based fluorometric assay for detection of histamine,” which
was published in RSC advances. The article describes a new MIP-based fluorometric assay for
the rapid detection of histamine in food samples. My contribution to this work lies both in the
performance of the experiments, data analysis, and writing the first draft of the manuscript. I
performed all experiments under the supervision of Dr. Jon Ashley and Assoc. Prof. Yi Sun.
This work aimed to use the MIPs to replace the nature receptor to routinely monitor the level
of histamine in food for food safety control. Histamine is a biogenic amine involving in the
immune response and regulation of physiological functions. The overdose of histamine can
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cause a series of diseases, e.g., itchy eyes, asthma, eczema, and in extreme cases, death from
anaphylactic shock.111–113 There is, therefore, a great need for developing a facile and costeffective method to measure the histamine level in food samples. Among different current
detection techniques, such as high-performance liquid chromatography (HPLC), gas

Figure 2- 1 Flow chart for Paper 1. (a) synthesis of histamine molecularly imprinted polymer
nanoparticles; (b) utilized histamine MIPs based OPA fluorometric assay to detect histamine.
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chromatography (GC), thin-layer chromatography (TLC), etc., which require expensive
instrument as well as time-consuming sample preparation, biosensing, has been paid great
attention, as it is fast, simple, and easy to operate.114–116 As mentioned in Chapter 1, section
1.1, sophisticated biological receptors, such as enzymes and antibodies, have been exclusively
used as chemical or biochemical recognition elements in the development of the biosensor, as
it possesses high specificity and affinity.1 However, it is expensive and inherently unstable.5,6
To overcome the limitation of these nature receptors, MIPs, as a “plastic antibody,” which are
cheap, thermally stable, and robustness have been widely used.
Based on their unique applications, the MIPs, as the tailor-made synthetic receptor, can be
synthesized by different imprinting strategies. As detailed in Chapter 1, section 1.4.3, the
solid-phase imprinting strategy has shown advantages dramatically in leading to form high
binding affinity MIPs, as it can generate the polymer with a uniform size distribution. It might
not be suitable for sample preparation applications as the yield is low, and only one binding site
is available per nanoparticles. Nonetheless, it is acceptable for this developed biosensors, since
the nanoMIPs obtained from one batch is sufficient for 50 reactions. A brief overview of the
workflow for paper one is shown in Figure 2-1, which divided into the following procedure:
1. Synthesize the histamine nanoMIPs via a UV light initiated solid-phase approach.
2. Immobilize the nanoMIPs on the wells of 96-well plate by physical absorption.
3. Pour the histamine-spiked samples into the wells of 96-well plate and incubate for four
h, where the free histamine in sample solution was capture by the immobilized
nanoMIPs.
4. Wash the remaining samples away and then add o-phthaldialdehyde (OPA) (containing
2-mercaptoethanol as sulfhydryl moiety), which results in generating a fluorescent
signal that is associated with the reaction between OPA and the histamine. The formed
OPA@histamine complex is fluorescent, in contrast, the OPA itself is non-fluorescent.
5. Finally, the 96-well plate is ready for the plate reader to record the fluorescent intensity,
and the amount of histamine can be derived from the obtained calibration curve.
More details about the synthetic strategy, characterization of nanoMIPs, optimization of the
binding procedure, and analysis of histamine in milk samples can be found in the full paper in
Appendix A.
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What I have achieved in this work


I have successfully synthesized high-affinity histamine nanoMIPs with the dissociation
constant KD of 0.89 nM, in which the KD is similar to the anti-histamine antibody.



Utilized OPA for fluorescence assay.



The LOD of this method to detect histamine is 1.8 µM (0.2 mg L-1), which is better than
the reported SERS and UV-Vis method. Moreover, it is much below the reported MRLs
of histamine in beverages (about 2-20 mg L-1).



I successfully used the histamine nanoMIPs to detect histamine in spiked dairy milk
with a recovery rate of more than 85%. The recovery rate for the non-spiked milk sample
was nearly zero, which indicates minimal interfering by the matrix effects from the milk
proteins and fats to the nanoMIPs and suggests this method could eliminate the need for
sophisticated sample preparation. It can be used to routine screening of histamine in
complex sample matrices.



The detection time and price of nanoMIPs-based OPA fluorometric assay is faster and
cheaper than the commercially available kit and a so-called “pseudo-ELISA” developed
by the Piletsky’s group.117

To the best of our knowledge, this is the first time that nanoMIPs-based OPA fluorometric assay
is reported.
Paper 2: Fluorometric determination of doxycycline based on the use of carbon quantum
dots incorporated into a molecularly imprinted polymer
Presented in this section is the paper titled “Fluorometric determination of doxycycline based
on the use of carbon quantum dots incorporated into a molecularly imprinted polymer,” which
published in Microchimica Acta. The section presented below provides some of the key
highlights of this work. My contribution lies in the design of the study, the performance of the
experiments, data analysis, and writing the first draft of the manuscript. I performed the
experiments under the supervision of Assoc. Prof. Yi Sun.
This project aims to develop a biosensor to detect trace amounts of doxycycline in the real
samples. This study is comprised of two sequential parts, in the first part the Nitrogen-doped
carbon quantum dots (NCQDs) was synthesized and optimized by the fluorescence quenching
to the doxycycline, and then the second part focuses on synthesizing Nitrogen-doped carbon
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quantum dots (NCQDs) embedded molecularly imprinted polymers (NCQD@MIPs) and
studied their effect on the detecting of doxycycline in real pig serum samples (Figure 2-2).
Doxycycline is one of the tetracycline derivatives, and overdose the doxycycline residue in
foodstuff can provoke side effects such as liver damage, allergic reactions, and gastrointestinal
disturbance. 118–121 So far, HPLC, TLC, and capillary electrophoresis are the universal tools to
detect doxycycline.122–126 However, they are time-consuming, require complicated sample
preparation, and trained personnel for operation. More recently, Carbon quantum dots (CQD)
has been used as the probe to detect doxycycline, as the electron transfer from the donor CQD
to the acceptor (doxycycline), resulting in fluorescence quenching and achieving high
sensitivity. Nevertheless, the CQD based sensor lacks selectivity. Therefore, the combination
between the MIPs (good selectivity) and the CQD (high sensitivity) has been of great interest,
as it offers high selectivity and high sensitivity for the detection analytes simultaneously.
18,127,128

Herein, NCQDs were incorporated into MIPs via the precipitation Imprinting (Chapter

1, section 1.4.1), as it offers a simple one-step method with good yields.
More details about the synthesize and optimize NCQD, synthesis, and characterization of
NCQD@MIPs, optimization binding condition of NCQD@MIPs to doxycycline (e.g., pH,
incubation time), analysis of doxycycline in pig serum samples can be found in the full paper
in Appendix B.
What I have achieved in this work


I thoroughly investigated the effects of the functional groups on the surface of NCQDs
on the fluorescence quenching, i.e., the carboxyl groups on NCQDs helped to enhance
the fluorescence quenching as the increased electron transfer from NCQD to
doxycycline, which has seldom been studied.



I confirmed that the quenching mechanism between NCQDs and doxycycline is
dynamic.



I have successfully synthesized NCQD@MIPs via precipitation strategy with the
imprinting factor (IF) of 3.5. By employing NCQD@MIPs to detect doxycycline, the
LOD is 86.9 nM (38.6µg kg-1), which is far below the MRLs of doxycycline set by the
EU.
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I successfully used the NCQD@MIPs to detect doxycycline in spiked pre-treatment pig
serum, which endows an excellent accuracy and low detection limit with minimal
sample pre-treatment.

(a)

(b)

Figure 2- 2 Flow chart for Paper 2. (a) synthesis of the nitrogen-doped carbon quantum dots; (b)
incorporated the nitrogen-doped carbon quantum dots into the molecularly imprinted polymers

Summarizing, this NCQD@MIPs based method reveals its great potential in advanced
analytical applications
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Paper 3: Molecularly imprinted nanoparticles for inhibiting ribonuclease in reverse
transcriptase-polymerase chain reaction
The studies presented in this paper, “Molecularly imprinted nanoparticles for inhibiting
ribonuclease in reverse transcriptase-polymerase chain reaction” were published in RSC analyst
and reported to use the plastic enzyme inhibitor, i.e., RNase nanoMIPs, to replace the
commercial inhibitor, such as enzyme/small molecules/metal ions, in RT-PCR assay, in order
to block the active site of RNase and avoid the degradation of RNA. My contribution was the
performance of most of the experiments, data analysis, and writing the first draft of the
manuscript. The corresponding author, Yi Sun, has contributed to the RT-PCR assay. I
performed the experiments under the supervision of Dr. Jon Ashley and Assoc. Prof. Yi Sun.
Reverse transcriptase-polymerase chain reaction (RT-PCR) is considered as the gold standard
in quantifying RNA.

129,130

However, the existence of RNase will degrade RNA and

compromise RNA integrity. 131 Commercially, small molecules, metal ions, and natural proteins
are used as the enzyme inhibitor. Nevertheless, they all suffer from different drawbacks, such
as the small molecules have susceptible to hydrolysis, the metal ions have potential bind with
RNA, and natural proteins are inherently unstable.132,133 Therefore, MIPs, as the “plastic
antibody,” showing high thermal stability, robustness, and high affinity can be used instead.134
As detailed in Chapter 1, section 1.5.4, the nanoMIPs has already demonstrated the potential
application as the new class of enzyme inhibitor. However, until now, the exploration of MIPs
as enzyme inhibitors is only limited to proof-of-concept, and their application in real biological
reactions has seldom been demonstrated.
As the same as Paper 1, the nanoMIPs was synthesized by solid-phase imprinting strategy,
where the template molecule was immobilized on the solid phase, and high-affinity nanoMIPs
was obtained around the solid phase. The effect of interaction regarding the commonly used
functional monomers on the inhibitory potency of nanoMIPs towards RNase was studied. The
functional monomers take responsibility for the binding interactions in the imprinted binding
sites. The more stable of the functional monomer-template complexes is, the more selective of
MIPs will be (Chapter 1, section 1.3.2). After that, the optimized RNase nanoMIPs can interact
with the active site of RNase, which blocks the enzymatic activity of RNase and avoid RNA
degradation in RT-PCR assay. A brief overview of the workflow of this method is shown in
Figure 2-3, which divided into the following procedure:
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(a)

(b)

Figure 2- 3 Flow chart for Paper 3. (a) synthesize RNase molecularly imprinted polymers; (b) applied
RNase molecularly imprinted polymer to RT-PCR assay.
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1. Synthesize the RNase nanoMIPs via a persulfate-initiated solid-phase approach.
2. Perform the RT-PCR assay by using RNase nanoMIPs as the RNase inhibitor, and the
accumulation of the fluorescence signal monitored the reaction.
More details about the synthetic strategy, optimization of the inhibition efficiency of nanoMIPs
towards RNase, characterization of the nanoMIPs, and using RNase nanoMIPs in RT-PCR
assay can be found in the full paper in Appendix C.
What I have achieved in this work


RNase nanoMIPs were successfully synthesized with good inhibition efficiency to
RNase, based on screening the molar ratio between the commonly used functional
monomers, via the solid-phase imprinting strategy.



The “plastic RNase inhibitor,” i.e., nanoMIPs, have successfully applied into the RTPCR assay and manage to inhibit 10 ng of RNase without interfering with other enzymes
such as RNA reverse transcriptase and DNA polymerase, which indicates these tailormade nanomaterials are very promising for use in routine biological assays

To the best of our knowledge, this is the first time that nanoMIPs were used as RNase inhibitor
in RT-PCR assay.
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CHAPTER

3

Pseudo Extracellular Vesicles
Objective In this Chapter, one method of generating pseudo-extracellular vesicles via
nanoneedles modulated endocytosis is discussed; the methodology, results, and discussions are
given.

3.1 Introduction
Recent advances in using macromolecular compounds such as peptides, proteins, and nucleic
acids as drugs (e.g., hormones, monoclonal antibodies, vaccines) for therapeutic purposes are
of great interest, as it exhibited powerful and selective therapeutic activity.135–137 However,
directly transporting peptides/proteins/nucleic acids drugs in the body still faces the challenges.
For example, these macromolecular compounds require adequate protection from degradation
outside the cell, owing to immunogenic reactions or poor bioavailability. 138,139 To solve the
problems, macromolecular compounds can be delivered efficiently by encapsulating in a vast
range of nanomaterials, including polymer-, metal- and semiconductor-based nanoparticles,
and more recently nanowires.140–143 In this aspect, The free drugs can encapsulate into
nanoparticles, which can prolong the drug half-life, improve its site-specific targeting, reduce
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side effects, and enhance therapeutic efficacy without requiring alterations to the chemistry of
the drug.144
Nevertheless, particle-based drug delivery has not reached its full therapeutic potential. The
opsonization happens, and the use of “mask” material such as PEG cannot wholly prevent
particle clearance by the mononuclear phagocyte system.145,146 Some biomimetic materials,
such as red blood cells hybrid material, LeukoLike Vectors (LLV), protocell-based nanocarrier,
vesicle-based carrier, etc., where natural cell materials coated outside of the drug delivery
particles, have been proposed as potential drug delivery carrier for overcoming these
problems147–149. One type of vesicle-based carrier, the so-called pseudo-extracellular vesicles
(Pseudo-EVs), has drawn considerable attention. Nature EVs, which are secreted from all cell
types, are considered as the promising foreign object carriers owing to their unique
properties, e.g., signal transduction, membrane fusion, abundant biomarkers, etc.. They can
avoid opsonization, delay uptake by the mononuclear phagocyte system, and improve
extravasation through tumor vasculature.150–152 Pseudo-EVs, by combing the cell biology to
nanotechnology, have shown significant advantages such as reduced side effects and broader
therapeutic capacity.153,154 Typically, there are two main strategies, i.e., semi-synthetic and
fully-synthetic method, to synthesize Pseudo-EVs. Compared to the fully-synthetic method, the
semi-synthetic method that follows the natural mechanism of generating EVs by the cellular
machinery itself is more straightforward. Several methods, such as electroporation, extrusion,
click chemistry, etc. have been demonstrated the formation of semi-synthetic EVs, but none of
them mentioned about nanoneedles (nNs) induced method.
The nNs are arrays of conical needles in the nanometer size range, and the nNs-mediated
delivery has displayed potential in mediating the delivery biologicals through direct access to
the cell cytoplasm, which leads to high delivery efficacy, elevated biocompatibility, and less
side effects when compared to passivation delivery or electroporation delivery.155–157 So far,
the nNs have been demonstrated successful delivery of nucleic acids, proteins, metabolites, and
cell-impermeable nanoparticles into the cells.158–160 More recently, Gopal et al. discovered the
mechanism that high-aspect-ratio nNs could deliver the biological cargos (e.g., nucleic acid)
into cells via the concurrent endocytosis of caveolae-mediated endocytosis, clathrin-mediated
endocytosis as well as macropinocytosis.155 The nucleic acid is still active in the cytosol,
perhaps resulting from the endosomal escape or concurrent delivery mechanisms that bypass
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the endolysosomal system. Therefore, we hypothesized that delivering the bio-cargos to cells
using the nNs endocytosis would form a new strategy to synthesize pseudo-EVs.
This project aims to use nNs to modulate endocytosis and fabricate pseudo extracellular vesicles
as the potential drug delivery carrier. In detail, the Alexa Fluor 488 (green fluorescence) was
firstly conjugated with mesoporous silica nanoparticles (MSNs) (Figure 3-1 (a)) then loaded
onto the nNs (Figure 3-1 (b)). The nNs were applied to the red dye-labeled cells and release
the green fluorescent MSNs at the cell membrane-needle interface (Figure 3-1 (c)). Afterwards,
the green fluorescent MSNs were endocytosed and then exocytosed bypassing the
endolysosomal system (Figure 3-1 (c)). The excreted red phospholipid bilayer and numerous
membrane proteins wrapped green fluorescent MSNs were harvested, purified, enriched, and
investigated (Figure 3-1 (d)). To the best of our knowledge, this is the first study of using nNs
to generate pseudo-EVs. We believe the obtained biomimetic material has the potential to
become a new generation of drug delivery carriers in nanomedicine.

Figure 3 - 1 The flow chart of this project

3.2 Results and Discussion
In the experiment, we firstly fabricated the Alexa Fluor 488@MSNs (AF 488@MSNs). The
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Figure 3 - 2 (a) The calibration curve of AF 488 intensity versus concentration; (b)The calculation of
the number of AF 488 labels per particle; The zeta potentials of (c) MSN and AF 488@MSNs in H2O
and (d) AF 488@MSNs in different pH buffer solutions.

silane 3-aminopropyltriethoxysilane (APTES) that act as the intermediate medium, can
covalently conjugate the AF 488 carboxylic acid succinimidyl ester with the MSNs (diameter:
50nm). A detailed fabrication procedure is presented in section 3.4.2. The concentration
changes of free AF 488 in the supernatant proved the successful attachment of AF 488 on MSNs.
The number of AF 488 labels per particle were roughly 25, as calculated according to a standard
curve of AF 488 intensity versus concentration (Figure 3-2 (a-b)). The Zetasizer (Malvern
Instruments, UK) was used to investigate the zeta potential of AF 488@MSNs in pH buffer
solutions with the pH in the range between 3 to 7 (Figure 3-2 (c-d)). The zeta-potential of AF
488@MSNs in H2O (pH roughly around 6) was -14.92 ± 1.21 mV. The negative charges were
due to the presence of terminal SO3- and COO- groups on the surface, indicating the MSNs
could be attached to the modified positively charged nNs surface via electrostatic interaction in
H2O. The zeta-potential then increased to positive value when pH was above 4.5. This was due
to the protonated of SO3- and COO- groups at acidic condition, which indicated the isoelectric
point (PI) value of AF488@MSNs is around 4.5.
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After confirming the successful fabrication of AF488@MSNs, the next step was to find out the
optimized conditions for efficiently load and rapidly release AF488@MSNs on nNs. This was
achieved based on modifying the surface properties of the nNs and varying the loading
strategies. Firstly, to optimize the loading amount of AF 488@MSNs onto 8X8mm nNs, 5µg

Figure 3 - 3 (a) The SEM images of loaded 5 µg of MSNs on the nNs; Fluorescence microscopy images
(b) and analysis (c-d) showing the relative concentration of AF488@MSNs present on nNs following
loading (b-c) and the release in PBS buffer (d). (e) A zoomed-in fluorescence image of AF488@MSNs
loaded on APTES functionalized nNs via dry loading strategy; Data shown as mean ± s.e.m., n = 2.
Differences tested by ANOVA with Bonferroni’s multiple comparisons test, ****p<0.0001 among
shown pairs
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of AF 488@MSNs was used. The SEM images (Figure 3-3 (a)) showed that the
AF488@MSNs have fully covered the surface of the nNs, suggesting 5 µg was sufficient for
nanoparticle loading and could be used for all the following experiments. Then the AF
488@MSNs were loaded on either APTES-functionalized or pyridine-functionalized nNs via
dry loading strategy and wet loading strategy, respectively. Based on the previous work from
Bouwstra’s group, pyridine-functionalized nNs was pH-sensitive, where the payloads were
absorbed to the surface at suitable pH (1 mM EDTA, pH 5.5) when the surface of nNs was
charged.161 Then the payloads were released, as the electrostatic interaction is broken when the
surface of nNs became uncharged at the physiological environment (pH 7.4). Unlike the
pyridine-functionalized surface, the APTES functionalized nNs was pH-independent and
positively charged. The loading of payloads on nNs was based on the electrostatic interaction,
whereas the release was because the interaction was disturbed by the polar solvent (e.g., H2O).
Besides, there were two loading strategies, namely, dry loading strategy and wet loading
strategy. Dry absorption, where drop cast the particles’ solution and left to dry on the bench,
can load a large number of particles regardless of interaction between the substrate and the
payload based on the previously published papers by Chiappini’s group.157 However, this
process induces a steep non-uniformity in the distribution of the payload across the chip. In this
way, the wet absorption, where the loading is primarily based on the electrostatic interaction
between the payloads and the substrate can be used. However, it always leads to low loading
efficiency. Herein, in this work, both loading strategies have been tested. Moreover, the porous
nNs was used for all the experiments, as it exhibited faster biodegradation property, resulting
in faster release of the nanoparticles.157
Since the AF488@MSNs exhibited strong green fluorescence emission visualized by Leica
microscope images, it allows the loading and release of AF488@MSNs from the nNs to be
easily tracked by fluorescent images. As seen in Figure 3-3 (b), the nNs loaded and retained
AF488@MSNs, and released them over 5 min – 24 h. The residual fluorescence on each chip
decreased with time. In order to quantify the relative concentration of AF488@MSNs present
on nNs following loading and the release in PBS buffer (the same pH as cell culture medium),
the average mean fluorescent intensity of each image was calculated and plotted in Figure 3-3
(c-d). As expected, the dry loading strategy yielded higher binding efficiency comparable to
the wet loading strategy for both types of functionalized chips. This is because the wet
absorption is induced by the electrostatic interaction, whereas dry absorption is induced by
physical absorption. Surprisingly, the APTES modified nNs showed sharper release profile
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compared with the pyridine modified nNs. This was perhaps due to the fact that the polar
solvent was easier to disturb the interaction between AF@MSNs and the nNs, while by using
the pH-sensitive coating, the surface charge of pyridine was not neutral enough at pH 7.4 to
break the interaction with AF@MSNs, especially when the loading was conducted in the H2O
(pH around 6), not in the pH buffer (pH 5.5, 1 mM EDTA), which was suggested for loading
proteins by Bouwstra’s group. Interestingly, Figure 3-3 (e) showed a zoomed-in fluorescence
image of AF488@MSNs loaded on APTES functionalized nNs via dry loading strategy,
indicating a homogenous distribution of the nanoparticles on the nNs. This indicated that the
dry loading strategy could offer uniform distribution of nanoparticles across the chip, like the
wet loading strategy. Herein, AF488@MSNs could be efficiently loaded and rapidly released
on APTES functionalized nNs via dry loading strategy. The optimized condition was used for
the remaining study.
To recognize the cell membrane and identify the pseudo-EVs from the AF488@MSNs and the
nature EVs, the cell’s membrane was stained by a far-red dye, 1′-dioctadecyl-3,3,3′,3′tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD). The DiD dye belongs to
a family of lipophilic fluorescent stains for labeling membrane, where the fluorescence intensity
is highly enhanced when incorporated into membranes or bound to lipophilic biomolecules.
Nanoinjection was performed by seeding breast cancer cells MDA--MB-231 over an array of

Figure 3 - 4 Leica fluorescence micrograph of cells nanoinjected with AF 488@MSNs after 2 days.
Control represents cells grown on bare nNs.
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AF488@MSNs@nNs. The cells were cultured on the AF488@MSNs@nNs for 2 days and then
fixed and studied under the Leica microscope. As shown in Figure 3-4, the cells on
AF488@MSNs@nNs displayed dense green staining, which suggested the successful delivery
of AF 488@MSNs into cells. Previous reports showed that the nNs could efficiently load
biocargos (size < 5nm) directly in the cytosol, negotiating local biological barriers, i.e.,
endolysosomal system.162 Here, it is proved the method also worked for nanoparticles with a
bigger size. The bare nNs without AF@MSNs loading showed no green staining of the cells,
which demonstrated that the autofluorescence of the nNs was very weak, and DiD dye did not
cross-contaminate the green channel.
In order to find out the influence of cell culture medium on the release of pseudo-EVs, we
cultured the cells that have uptake the AF 488@MSNs (AF488@MSNs@cells) through
nanoinjection either in standard cell culture medium (with 10% fetal bovine serum (FBS)) or
in starvation culture medium (without FBS). Based on the previous report, the serum-free
medium could likely cause significant stress to cells and lead to more EV secretion.163 As shown
in Figure 3-5 (a), the stronger green fluorescence signal was observed for the cells cultured in
the standard culture medium, which means fewer pseudo-EVs were secreted. However, the cells
grow better than those cultured in the starvation culture medium, as the FBS was the essential
nutrients and growth factor to facilitate cell survival and proliferation. Since we wished to
isolate the “health” pseudo-EVs, we selected the standard cell culture medium for the rest of
the study. In the next step, the cell supernatant from the standard culture medium was collected.
The pseudo-EVs mixture was obtained by centrifuging through the Amicon® Centrifugal Filter
(30 kDa) and then checked under the Leica Microscope. Labeling the cell membrane by DiD
dye enabled pseudo-EVs to be easily distinguished from the AF 488@MSNs (green signal) and
nature EVs (far-red signal), as it contained both green signal (from the AF 488@MSNs) and
the far-red signal (from the cell membrane). Besides, the unbound DID dye is eliminated
directly during the cell washing step, thus avoiding cross-contaminate of the nature EVs which
directly secreted from the cells afterwards. According to the observations in fluorescence
microscopy (Figure 3-5), the control, which represents AF@MSNs, did not show any far-red
signal, indicating no cross-contaminations of AF488@MSNs in the far-red channel. In contrast,
the obtained particles exhibited the fluorescence in the green channel, far-red channel, and a
mixture of those two, suggesting the cell supernatant was a mixture of pseudo-EVs, nature EVs
and the AF 488@MSNs. Further purification step was needed to sort the pseudo-EVs out.
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The pseudo-EVs were sorted by fluorescence-activated cell sorting (FACS), BRC ARIA 2 (BD),
equipped with 488nm and 633nm laser and 530/30 and 670/14 filter. AF 488 has a peak
excitation of 490 nm and peak emission of 525 nm, which was ideally measured using 488-nm
(blue) laser excitation and 530/30 bandpass filter (Fluorescein isothiocyanate (FITC)) for
detection, whereas for DiD dye (excitation: 644 nm/emission: 665nm), the 488-nm (blue) laser
excitation and 670/14 nm bandpass filter (Allophycocyanin (APC)) was suitable for detection.
The gates corresponding to pseudo-EVs were set based on the acquisition of the DiD dye
(unbound to EVs), AF 488@MSNs, and non-labeled EVs (Figure 3-6 (a)). Herein, the pseudoEVs were identified as FITC+/APC+, the nature-EVs were identified as FITC-/APC+, and the
AF488@MSNs were recognized as FITC+/APC- (Figure 3-6 (c)). The particles with
FITC+/APC+ signal were sorted for further analysis.

Figure 3 - 5 (a) Leica fluorescence micrograph of AF 488@MSNs cells that cultured either in standard
culture media or starvation culture media. (b) Leica fluorescence micrograph of collected particles from
the supernatant of the cells that cultured in the standard culture medium. Control represents bare
AF@MSNs.
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Figure 3 - 6 (a) representative plots of fluorescence detection on pseudo-EVs, nature EVs control, DiD
dye control and AF@MSNs control, analyzed by flowJo, where x-axis stands for fluorescence (FITC,
APC), y-axis presents the number of events; (b) Forward and side scatter comparison of concentrated
cell supernatant, the events in the black gate were considered as the single dispersed particles and
subsequently gated further analysis. Background noise in filtered PBS was minimal; (c) the doublepositive vesicles, which stands for pseudo-EVs, were flow-sorted.

In order to ensure the successful isolation of EVs, the immunostaining of pseudo-EVs was
conducted by employing mouse anti-human CD 81 as the primary antibody, which acts as the
specific surface marker proteins expressed in nature EVs. The goat Alexa Fluor 350 anti-mouse
IgG antibody was used as a fluorescent secondary antibody directed. As seen in Figure 3-7, the
pseudo-EVs, after incubating with both primary and secondary antibodies, exhibited strong blue
fluorescence. Whereas, there was no blue signal for all the controls, which indicated the
successful collection of pseudo-EVs i.e., the green fluorescent AF 488@MSNs coated with
membrane enriched with CD 81. Moreover, Fiji-ImageJ software was used to calculate the size
of pseudo-EVs and found that it was around 1µm, which is larger than the nature EVs (around
100 nm). This might be caused by the aggregation of the nanoparticles, as the 50 nm
AF488@MSNs are typically hard to present as the single nanoparticle due to the high surface
energy level.
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Figure 3 - 7 Leica fluorescent image of pseudo-EVs labeled with CD 81 antibodies and visualized using
Alexa 405 species-specific antibodies. The pseudo-EVs without incubation with either primary antibody
or secondary antibody as the controls. The immunostaining without pseudo-EVs acts as the control.

Since the aim of this study was to present a new strategy to generate pseudo-EVs, further
analysis of membrane proteins, drug loading and release was beyond our scope. Still, more
experiments need to be conducted, for examples:


SEM images need to be acquired to confirm the structure of pseudo-EVs. Ideally, we
could see the membrane coated outside of the particle, AF 488@MSNs.



The obtained pseudo-EVs need to be re-cultured with other types of cells (e.g., breast
cancer cells, MCF 7) to evaluate the delivery efficiency, as the pseudo-EVs should act
as a universal delivery tool.
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3.1 Conclusions
In this project, we validated a strategy to efficiently load and rapidly release AF@MSNs on
nNs into cells to generate pseudo-EVs. The obtained results (flow cytometer and
immunostaining) showed a proof of concept that the high aspect ratio nNs could modulate
endocytosis of the cells to generate pseudo-EVs. With further development, we believe this
biomimetic material can serve as a useful carrier for the drug delivery platform. However, this
proposed material also poses some limitations:


The generation efficiency of pseudo-EVs is very low, far less than 1%, compared with
the initial loaded amount of AF 488@MSNs.



The synthesis procedure is quite complicated and time-consuming, including harvest,
purification, enrichment, which makes it hard for commercialization.

3.2 Experiments
3.4.1

Materials

(3-aminopropyl) triethoxysilane (APTES, 99%), 4-pyridinecarboxaldehyde (97%), sodium
cyanoborohydride (95%), Hoechst 33342, Amicon® Centrifugal Filter (30 kDa) were
purchased from Sigma-Aldrich (UK). Alexa Fluo 488 ester, Roswell Park Memorial Institute,
fetal bovine serum, Penicillin/Streptomycin, Vybrant™ DiD Cell-Labeling Solution were
obtained from Thermo Fisher Scientific (UK). Mouse anti-human CD 81, Alexa Fluor 350 antimouse IgG antibody, and Alexa Fluor 647 goat anti-mouse IgG antibody were bought from
Abcam (US). 0.05% v/v trypsin-EDTA were obtained from Invitrogen (UK). Mesoporous silica
nanoparticles with a size of around 50nm were purchased from HiQ-Nano (Italy). All the
reagents were used as received. Millipore Milli-Q grade water was used in all the experiments.
3.4.2

Synthesis of Alexa Fluor 488-functionalized MSNs

Mesoporous silica nanoparticles with a size of around 50nm were purchased from HiQ-Nano
(Lecce, Italy). First, Alexa Fluor 488 (AF 488) ester was conjugated to APTES as follows. One
hundred μL of 1 mM Alexa Fluor 488 ester (in DMSO) and 10 μL of APTES was mixed into 1
mL of ethanol. The mixture was shaken for 2 h. at RT to allow the reaction. Then, Alexa Fluor
488-functionalized MSNs (AF488@MSNs) were synthesized by dropwise 200 μL of
APTES@AF488 into 4 mL of MSNs (0.75 mg mL-1) in ethanol, followed by adding 200 μL of
H2O and stirring in the dark at RT for 16 h. After the reaction, the mixture was transferred into
5 mL Eppendorf tube and centrifuged for 30 min to collected AF488@MSNs with repetitively
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washing with ethanol to remove excess APTES@AF488. Finally, the AF488@MSNs were
suspended in 0.6 mL of ethanol (5mg/mL) and kept it in the refrigerator (4 oC) until required.
3.4.3

Nanoneedles surface modification

Davide from Chiappini’s group fabricated the porous nNs with a tall of 3.4-µm, tip size of 50
nm, and base size of 600nm for this project, based on the previously published paper from the
same group.162 In order to coat negatively charged particles on the porous nN, the nN were
functionalized either by amine groups or by pyridine groups. The nN was firstly washed by
methanol for several times, and then the surface of the nNs was subjected to oxygen plasma
treatment for 20 min to increase the hydrophilicity of the surface (Diener Zepto-W6) at an
oxygen pressure in between 0.3mbar-0.4mbar. Later, the nNs were functionalized with 3aminopropyltriethoxysilane (APTES) by liquid-phase conjugation in an ethanolic solution of
2% v/v APTES to form amine-modified nNs (AP@nNs). Further functionalize amine-modified
surface with 4-pyridine carboxaldehyde (100 mM) in anhydrous isopropanol with acetic acid
(1%,v/v) at room temperature, before incubating in NaBH3CN (50 mM) in isopropanol for 2 h
can form the pyridine-modified nN (py@nNs). Both types of nN were using methanol to wash
three times and dry under the N2 gas.
3.4.4

Alexa 488@MSNs loading optimization

The Alexa Fluo 488@MSNs was diluted in water (20μL, 5μg in total) and either drop cast and
left to dry on the bench (dry method) or incubated inside a humidified chamber (wet method)
for 30min for both types of nN to allow the Alexa Fluo 488@MSN absorb onto the chips. For
the wet loading method, the Alexa Fluo 488@MSNs@nNs were washed once in the water and
dried by the N2 gas before imaging, whereas for the dry loading method, Alexa 488@MSN@nN
does not need further clean process. The loading efficiency images were acquired at this point
under the DMi8 Leica Microscopy. For the release experiments, the Alexa 488@MSN@nN
chips were incubated in PBS for 30 s, 5 min, 30 min or overnight. Following the incubation,
the chips were dried under the N2 stream and imaged with DMi8 Leica Microscopy (life science)
while maintaining constant acquisition parameters across all chips and at all times. For each
chip at each time point, five images were acquired in random positions, ensuring to represent
both the central and peripheral regions of the chip.
3.4.5

Cell Culture

MDA-MB-231 cells were used throughout the study and were a gift from the lab of prof. Agi.
(King’s College London), and were originally purchased from ATCC. MDA-MB-231 cells
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cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium, supplemented with 10%
v:v fetal bovine serum (FBS) and 1% v:v Penicillin/Streptomycin(P/S). Cells were maintained
in a 5% CO2 incubator at 37 °C throughout the culturing period. Cell cultures were passaged
following the vendors’ manuals.
3.4.6

Nanoinjection: Nanoneedles on bottom

Five µg of AF 488@MSNs was added on the 8 X 8mm chip using the dry method (AF
488@MSNs@nNs) and then placed at the bottom of a 24 well plate. The cells were labeled by
DiD dye (based on the vendors’ manuals), and when reaching 80% confluent, the cells were
detached with trypsin-EDTA (0.05%, v/v) and seeded onto nNs with the desired density
(typically around 1 x 105 cells), and the well plate was returned to the incubator. After 2 days,
the cells were split and reseed into two wells of the 24-well plate in the standard culture medium
to allow the cells to attach on the plate surface. Once the cells attached, change the medium of
one well to (1) standard medium (with FBS) and the other to (2) starvation medium (without
FBS). For both conditions, the cell supernatant was collected after 2 days and centrifuged at
500 g for 10 min to remove the cell debris and then concentrated down by Amicon® Centrifugal
Filter (30 kDa) at 4000 g for 30 min to obtain the pseudo-EVs mixture. Finally, the pseudoEVs mixture was kept at -80oC until required.
3.4.7

Flow cytometer sorting of pseudo-EVs

The collected mixture of pseudo-EVs from 3.4.6 was sorted by BRC ARIA 2 (BD) equipped
with 488nm and 633nm laser and 530/30 and 670/14filter. The particles, which identified as
FITC+/APC+, were collected for further use. Raw data were analyzed with FlowJo.
3.4.8

Immunostaining of pseudo-EVs

The collected pseudo-EVs was mixed with 2% PFA (v/v) in PBS and applied on a coverslip for
20 min, followed by washing twice with PBS. Then the Pseudo-EVs were blocked with 10%
goat serum of the same species as the secondary antibody for 30 min and washed with PBS
before being treated with mouse anti-human CD 81 at 2 μg/ml (in blocking solution) for 30 min
at RT. After three times washing by PBS, Pseudo-EVs were treated with goat Alexa Fluor 350
anti-mouse IgG antibody at 4 μg/ml in blocking solution for 30 min at RT. PBS washed the
plate for 3 times, then check under the Leica Microscope using a 63X oil immersion objective.
Pseudo-EVs were either untreated or treated only with Alexa 350 anti-mouse IgG antibody
served as the control.
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3.4.9

Statistical analysis

Statistical analysis was performed with Graphpad Prism. Two-way ANOVA was utilized using
the geometric mean of each separate experiment. Significance was specified as ***p<0.001,
****p<0.0001.
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CHAPTER

4

Conclusions and outlook
Objective In this Chapter, all the findings discovered in this thesis and evaluated perspectives
for future developments are discussed.

The main goal of this multidisciplinary Ph.D. project is to synthesize biomimetic materials that
are structurally or functionally similar to their biological equivalents and use them to solve
problems in the field of biosensing, enzyme inhibition, and drug delivery.
One of the sub-goals of this project was to develop the MIPs-based biosensor to detect the food
contaminants, such as histamine, doxycycline, with similar specificity and sensitivity as the
nature antibody. The synthesis approaches, namely solid-phase imprinting approach and
precipitation imprinting approach, have been successfully used to fabricate the histamine
nanoMIPs and doxycycline NCQD@MIPs, respectively. The optimized MIPs resulted in high
sensitivity. The LOD of histamine was 1.8 µM, and doxycycline was 87 nM (38.6 µg kg -1),
which were far below the MRLs of histamine (18 µM) and doxycycline (0.1 mg kg -1) set by
the EU. Moreover, the MIPs showed less response to the target analogs, which revealed the
MIPs great potential of MIPs in the advanced analytical application.
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Another sub-goal of this project was to develop the MIPs-based enzyme inhibitor to block the
active site of RNase and avoid degradation of RNA in RT-PCR assay, instead of using the
existing commercial inhibitors. By screening a small library of nanoMIPs synthesized by
various monomer ratios, the optimized nanoMIPs enzyme inhibitor has been developed and
resulted in inhibiting 10 ng of RNase in a 10 µL reaction in RT-PCR assay without interfering
with other enzymes. It was comparable with commercial protein inhibitor that can inhibit 20 ng
of RNase under the same condition. The obtained results revealed the MIPs have great potential
in biological and biomedical applications.
A third sub-goal of this project was to develop the nNs induced pseudo-EVs as the drug delivery
carrier. A systematic approach has been adopted to investigate the loading and release of AF
488@MSNs from nNs, generation of pseudo-EVs, and the characterization of pseudo-EVs. The
obtained result (immunostaining of pseudo-EVs) has proved the generation of pseudo-EVs
from the cells, which revealed the nNs modulated endocytosis had the potential to control the
payloads to escape endolysosomal entrapment and get secreted from the cells. However, we
need to keep in mind that further optimization needs to be done with a specific cell type, as the
different cells have different biological behavior.
In summary, by the end of this project, all the main goals have been achieved. I have: (1)
addressed the challenge of biosensing histamine and doxycycline in a facile and cheap way; (2)
explored the application of tailor-made biomimetic enzyme inhibitors in RT-PCR reactions; (3)
investigated the feasibility of generating pseudo-extracellular vesicles as s new type of drug
delivery carrier via nanoneedles modulated endocytosis.
Despite the tremendous progress that has been made in the MIPs in the area of the biosensor,
to replace the nature bioreceptors in commercial scale, several challenges such as the difficulties
in imprinting biological macromolecules, template leakage, low binding capacity, remain to be
addressed. Further progress in improving the sensitivity, selectivity, and homogeneity of
binding affinity is essential, as MIPs are hard to detect ultra-trace amount of analytes in complex
sample matrix compared to that of the well-established biosensor, due to the restriction of their
sensitivity and binding affinity. Besides, in order to commercialize the MIPs, they should be
able to be synthesized on a large scale.
Substantial progress has been made in preparing cell membrane-derived nanoparticles as the
drug delivery carrier, where nanoparticles are coated by the natural lipids and additional
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proteins. This type of biomimetic nanoparticles can delay their uptake by the mononuclear
phagocyte system and improve the extravasation through tumor vasculature, which exhibited a
longer blood circulation time and higher tumor accumulation compared with polymer
functionalized nanoparticles. However, these biomimetic nanoparticles are still in their
development stage, further study, especially to investigate how to enhance the circulation time
of these biomimetic nanoparticles, is required, as their half-life in vivo ranges from several
hours to 40 h, which is still far less than that of the original natural cells, such as, blood cells
(e.g., red blood cells, leukocytes) and stem cells.
Overall, future work relevant to my Ph.D. project is listed in the following:


Some properties, such as binding capacity, binding affinity, and binding selectivity of
the biomimetic MIPs (i.e., histamine-, doxycycline-, and RNase- MIPs) need to be
further optimized based on the requirement of the applications.



The properties of the pseudo-EVs, Such as the structure morphology, re-uptake ability
by the other type of cells, etc., still need to be further investigated.
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