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Chapter 13
Challenges and future prospects of carbon-
based molecularly imprinted polymers

Abstract: Molecularly imprinted polymers (MIPs) are a hot topic in science because
they excel at grabbing and holding onto specific molecules. These man-made recep-
tors are like tiny, custom-designed gloves, perfect for applications ranging from deliv-
ering medicine to speeding up chemical reactions. Scientists are particularly excited
about MIPs made with carbon. These “carbon-based MIPs” offer advantages over tra-
ditional MIPs, such as being tougher in extreme temperatures and resistant to harsh
chemicals. This resilience makes them ideal for use in challenging environments. Car-
bon’s versatility is another win. Whether it’s using carbon nanotubes, graphene, or
activated carbon, scientists can tweak the physical and chemical properties of carbon-
based MIPs. This fine-tuning creates a better “mold” for target molecules, leading to
more effective binding. However, even carbon-based MIPs have hurdles to overcome.
The limited attachment points on carbon’s surface can make it tricky to create strong
bonds with the target molecules, potentially reducing the number of available binding
sites. Additionally, carbon’s rigid structure can sometimes make it difficult for the tar-
get molecules to reach those binding sites. Researchers are actively searching for sol-
utions to these challenges. One approach is to modify the carbon surface to increase
its reactivity, while another focuses on refining the production process to improve
binding efficiency. Scientists are also exploring hybrid materials, combining carbon
with other polymers or inorganic materials to enhance performance. The future of
carbon-based MIPs is bright. As research progresses, we can anticipate exciting dis-
coveries of new materials and techniques that will further enhance their selectivity,
sensitivity, and versatility. These advancements will pave the way for their wide-
spread use in various industries, from purifying chemicals and detecting pollutants to
delivering drugs with pinpoint accuracy.
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13.1 Introduction of molecularly imprinted polymers
and their history

Molecularly imprinted polymers (MIPs) are synthetic materials engineered to mimic
the recognition abilities of biological macromolecules like antibodies and enzymes [1].
The concept of molecular imprinting was first introduced in the 1930s, but gained sig-
nificant attention in the 1970s. The key principle underlying MIPs is the creation of
specific binding sites within a polymeric matrix that are complementary in size,
shape, and functionality to a target molecule of interest.

The process of producing MIPs typically involves three main steps: forming a
complex between a template molecule and functional monomers, polymerizing this
complex within a cross-linking matrix, and subsequently removing the template to
leave behind binding sites specific to the target molecule. These binding sites can then
selectively recognize and bind the target molecule, even in complex mixtures.

MIPs have been explored for a wide range of applications, including drug deliv-
ery, sensing, separation, and catalysis [2-4]. In the biomedical field, they have shown
promise for controlled drug release, diagnostic assays, and tissue engineering. One in-
novative application is their use in contact lenses, where researchers have developed
silicone hydrogel materials with MIP binding sites to control the release of therapeu-
tic agents that may improve contact lens comfort. Another area of interest is the use
of MIPs for the localized and on-demand inhibition of matrix metalloproteinases,
which are involved in extracellular matrix degradation and various diseases [5].

The development of MIPs has been influenced by the growing interest in biomimetic
and bioinspired materials, with researchers drawing inspiration from natural systems
like the adhesive properties of mussels to create enhanced polymeric materials.

MIPs have garnered significant attention in the scientific community due to their
remarkable selectivity and affinity towards target analytes [6]. These synthetic recep-
tors have found applications in diverse fields, from drug delivery to catalysis [7]. One
particular research focus is the development of carbon-based MIPs, which hold prom-
ise for addressing various challenges associated with traditional imprinted polymers.

The enhanced thermal and chemical stability of carbon-based MIPs makes them
suitable for applications in harsh environments [8]. Furthermore, the versatility of car-
bon materials, such as carbon nanotubes (CNTs), graphene, and activated carbon, al-
lows for the tailoring of their physical and chemical properties to optimize the imprint-
ing process and improve the recognition capabilities of the resulting polymers [9, 10].

However, the development of carbon-based MIPs is not without its challenges.
The limited number of functional groups on the carbon surface can hinder the forma-
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tion of strong interactions between the template molecule and the functional mono-
mers, leading to a decreased number of recognition sites. Additionally, the accessibil-
ity of the imprinted cavities to the target analyte can be compromised due to the in-
herent rigidity and structural complexity of carbon materials.

To address these challenges, researchers have explored strategies such as the in-
corporation of additional functional groups or the optimization of the imprinting pro-
cess to enhance the recognition capabilities of carbon-based MIPs. Furthermore, the
integration of carbon-based materials with other polymeric or inorganic materials
has been investigated to create hybrid systems with improved performance.

Looking to the future, the continued development of carbon-based MIPs holds
great promise for advancements in areas such as selective separation, sensing, and
drug delivery. As research in this field progresses, we can expect the emergence of
novel materials and strategies that will further enhance the selectivity, sensitivity,
and versatility of these synthetic receptors, ultimately leading to their widespread ap-
plication in various industries and scientific domains.

13.2 Synthesis and characterization of molecularly
imprinted polymers

MIPs have emerged as a promising class of materials with significant applications in
various fields, including analytical chemistry, drug delivery, and biosensing. The syn-
thesis of these polymers involves the creation of specific molecular cavities within a
polymeric matrix, which can selectively bind to a target analyte [1]. The scheme for
molecular imprinting is shown in Figure 13.1.

13.2.1 Templates and monomers

The process of synthesizing MIPs typically starts with the selection of a template mole-
cule, which is the target analyte that the polymer is designed to recognize. The template
molecule is then combined with functional monomers, which can interact with the tem-
plate through covalent or non-covalent interactions. Some most common structures of
monomers are shown in Figure 13.2, which is used for molecular imprinting.

13.2.2 Polymerization

The functional monomers are then cross-linked using a cross-linking agent, forming a
rigid polymeric structure that retains the shape and binding sites of the template mol-
ecule. Some cross-linking agents (structures) are displayed in Figure 13.3.
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Figure 13.1: Schematic representation of molecular imprinting. Adapted from [9].

13.2.3 Template removal

After the polymerization is complete, the template molecule is removed, leaving be-
hind the imprinted cavities that can selectively bind to the target analyte.

The design and optimization of the molecular imprinting process is crucial for the
successful synthesis of these polymers. Factors such as the choice of template molecule,
functional monomers, cross-linking agent, and polymerization conditions can all impact
the performance of the final polymer. Additionally, the controlled fabrication of hierar-
chical morphologies, such as dendrites, can enhance the surface area and improve the
applicability of these polymers in advanced industrial applications [10].

The unique properties of MIPs, such as their optical and photothermal character-
istics, have also been explored for various applications. For instance, the functionali-
zation of light-responsive polymer gels with photo-responsive chromophores can en-
able shape reconfiguration and motion, making them promising candidates for a
range of applications. Furthermore, the development of biomimetic surface modifica-
tions, such as mussel-inspired polydopamine coatings, can enhance the water disper-
sibility, low cytotoxicity, and controlled drug release properties of these polymers,
making them highly desirable for biomedical applications.

Additionally, the sequence-controlled synthesis of polymers, such as polyurethane
block copolymers, has shown the ability to influence the adsorption of specific pro-
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Figure 13.2: Common monomer structures used for molecular imprinting. Adapted from [9].

teins, which is important for the design of immunomodulatory biomaterials [11]. This
highlights the importance of understanding the role of monomer sequence.

13.3 Synthesis of carbon-based molecularly
imprinted polymers

The synthesis of carbon-based MIPs typically involves three main phases: template se-
lection, monomer selection, and polymerization [12]. The choice of template molecule
is critical, as it dictates the specific binding sites and recognition capabilities of the
imprinted polymer. Catechol derivatives, both non-phytogenic and phytogenic, have
emerged as promising templates due to their versatile adhesive properties and struc-
tural features [13].

In the present study, a catechol-based compound was selected as the template
molecule. The choice of monomer is equally important, as it must have the ability to
interact with the template and form a stable complex during the polymerization pro-
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Figure 13.3: Cross-linking structures that are commonly used in molecular imprinting. Adapted from [9].

cess. Various monomers, such as acrylic acid, methacrylic acid, and vinylpyrrolidone,
have been explored in the synthesis of carbon-based MIPs [11, 15].

The polymerization step involves the formation of a cross-linked polymer net-
work around the template molecule. This is typically achieved through a radical poly-
merization process, which can be facilitated by initiators or organocatalysts [14]. After
polymerization, the template molecule must be removed from the polymer matrix to
create the desired imprinted binding sites. This can be accomplished through various
extraction methods, such as solvent extraction or thermal treatment.

The synthesized carbon-based MIPs are characterized using a range of techniques,
including Fourier-transform infrared spectroscopy, scanning electron microscopy, and
nitrogen adsorption-desorption analysis. These characterizations provide insights into
the chemical composition, morphology, and porosity of the imprinted polymers [15].

The developed carbon-based MIPs can be applied in various fields, such as sensor
development, adsorbent materials, and catalysis [16]. Their high specificity and selec-
tivity towards target analyses make them attractive candidates for numerous indus-
trial and environmental applications.
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13.3.1 Synthesis of carbon-imprinted polymers: a comprehensive
approach

Carbon-imprinted polymers are a versatile class of materials with diverse applications,
ranging from water purification and gas separation to catalysis and sensor develop-
ment. The synthesis of these polymers follows a systematic approach that integrates the
principles of molecular imprinting and carbon materials engineering [10, 14, 17, 18].

The first step in the synthesis process is the selection of a suitable carbon precur-
sor, such as phenolic resins, furfuryl alcohol, or sucrose, and a cross-linking agent like
epoxy resins, divinylbenzene, or ethylene glycol dimethacrylate. The choice of these
components depends on the desired properties of the final polymer, including pore
size, surface area, and mechanical stability.

Next, the imprinting template is prepared by incorporating a target molecule,
which can be a small organic molecule, a metal ion, or even a macromolecule, into
the polymer matrix during the synthesis.

The polymer is then subjected to a carbonization step, typically at high temper-
atures under an inert atmosphere, resulting in the formation of a highly porous car-
bon structure with well-defined pore size and distribution.

The final step involves the removal of the imprinting template, which can be
achieved through various methods such as solvent extraction, thermal treatment, or
chemical etching, depending on the nature of the template [19].

The resulting carbon-imprinted polymer exhibits a high degree of specificity to-
wards the target molecule, making it a valuable tool for a variety of applications, in-
cluding selective adsorption, catalysis, and sensing. The versatility of this synthesis
approach allows for the tailoring of the polymer’s properties to meet the specific re-
quirements of the desired application.

The synthesis process begins with the selection of a suitable carbon precursor,
such as sucrose, glucose, or phenolic resins, which is then subjected to carbonization,
typically through pyrolysis, to produce a carbon-based material. The next stage in-
volves the imprinting process, where the carbon material is exposed to a target mole-
cule or template, which serves as the imprinting agent. During this step, the template
interacts with the carbon surface, creating specific binding sites that can selectively
recognize and bind the target molecule.

13.3.2 Use of carbon in molecularly imprinted polymers

MIPs have garnered substantial attention in the scientific community due to their re-
markable ability to selectively recognize and bind target molecules [20, 21]. A critical
component in the design and development of these polymers is the incorporation of
diverse carbon-based materials, such as CNTs, graphene, and activated carbon [22-24].
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The utilization of carbon in MIPs serves several vital purposes. Carbon materials
exhibit high surface areas, excellent adsorption capabilities, and exceptional mechan-
ical and thermal stability, rendering them ideal for enhancing the performance of
these polymers. CNTs, in particular, possess unique structural and electronic proper-
ties that can significantly improve the sensitivity, selectivity, and response time of
MIP-based sensor. Similarly, graphene’s high surface area and exceptional electrical
conductivity have been employed to enhance the charge transfer and electrochemical
performance of MIPs. Activated carbon, on the other hand, is a versatile form of car-
bon that can be tailored to have specific pore sizes and surface functionalities, allow-
ing for the optimization of MIP adsorption and recognition properties.

The incorporation of these diverse carbon materials into MIPs has led to the de-
velopment of highly efficient and selective sensing devices for a wide range of appli-
cations, including environmental monitoring, biomedical diagnostics, and pharmaceu-
tical analysis.

13.3.3 Carbon nanotubes

CNTs are cylindrical structures made of carbon atoms arranged in a hexagonal lattice,
much like a rolled-up sheet of graphene. They are incredibly small, with diameters
typically measuring in nanometers (one billionth of a meter) [25].

13.3.3.1 Types of carbon nanotubes

There are two main types of CNTs:

1. Single-walled CNTs: These consist of a single layer of graphene rolled into a tube.

2. Multi-walled CNTs: These are made up of multiple concentric layers of graphene,
resembling a stack of rolled-up tubes [25].

13.3.3.2 Remarkable properties and applications

CNTs possess a unique combination of properties that make them highly desirable for

various applications [32]:

- Exceptional strength and stiffness: CNTs are significantly stronger and stiffer
than steel, making them ideal for reinforcing composite materials [34].

- High electrical conductivity: Depending on their structure, CNTs can exhibit metallic
or semiconducting properties, making them suitable for electronics and sensors [32].

— Excellent thermal conductivity: CNTs can efficiently conduct heat, making
them useful for thermal management applications.

— Large surface area: Their high surface area-to-volume ratio makes them suitable
for applications like catalysis and energy storage [26].
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13.3.3.3 Potential applications

The remarkable properties of CNTs have sparked interest in a wide range of fields,

including:

— Electronics: CNTs can be used to create transistors, sensors, and other electronic
components.

— Materials science: They can reinforce composites, enhance the strength of poly-
mers, and create lightweight, high-performance materials [33].

— Energy storage: CNTs show promise for use in batteries, supercapacitors, and
fuel cells [26].

— Biomedical applications: Their unique properties make them attractive for drug
delivery, biosensing, and tissue engineering.

13.3.3.4 Challenges and future directions

Despite their potential, challenges remain in realizing the full potential of CNTs, in-

cluding:

— Controlled synthesis: Producing CNTs with specific properties and chirality re-
mains a challenge.

—  Cost-effective production: Scaling up production to meet commercial demands
while maintaining affordability is crucial.

— Toxicity concerns: Research is ongoing to understand the potential environmen-
tal and health impacts of CNTs.

Despite these challenges, research on CNTs continues to advance, driven by their ex-
traordinary properties and the promise of revolutionary applications [27]. CNTs, in
particular, have unique structural and electronic properties that can significantly im-
prove the sensitivity, selectivity, and response time of MIP-based sensors [23].

13.3.4 Graphene

Graphene is a two-dimensional material consisting of a single layer of carbon atoms
arranged in a hexagonal lattice [40]. This unique structure gives graphene an array of
remarkable properties that have captivated scientists and engineers alike.

13.3.4.1 Exceptional properties

— Exceptional strength: Graphene is considered the strongest material ever mea-
sured, surpassing even diamond in terms of intrinsic strength [40].

— High electron mobility: Electrons can move through graphene with remarkable
ease, exhibiting exceptionally high electron mobility at room temperature [40].
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- Excellent thermal conductivity: Graphene conducts heat more efficiently than
any other known material, surpassing even diamond and copper [40].

— Optical transparency: Despite its atomic thinness, graphene absorbs a surpris-
ingly small amount of light, making it nearly transparent [40].

— Impermeability: Graphene acts as a perfect barrier to gases, even the smallest
atoms like helium cannot penetrate its tightly packed structure [40].

13.3.4.2 Potential applications

Graphene’s extraordinary properties have sparked immense interest in various fields,

including:

- Electronics: Graphene’s high electron mobility makes it a promising material for
high-speed transistors, flexible electronics, and advanced sensors [28].

— Energy storage: Its large surface area and excellent electrical conductivity make
it suitable for applications in batteries, supercapacitors, and solar cells [29].

— Materials science: Graphene can be used to reinforce composites, create ultra-
strong and lightweight materials, and develop advanced coatings [35].

- Biomedical applications: Graphene’s unique properties make it attractive for
drug delivery, biosensing, and tissue engineering [30].

13.3.4.3 Challenges and future outlook

Despite its immense potential, challenges remain in realizing the full-scale commer-

cialization of graphene:

- Cost-effective production: Producing high-quality graphene on a large scale at
an affordable cost remains a challenge [38].

— Integration into devices: Integrating graphene into existing manufacturing pro-
cesses and devices presents technical hurdles.

- Environmental concerns: Research is ongoing to understand the potential envi-
ronmental impact of graphene production and disposal.

Despite these challenges, graphene remains a material of intense research and devel-
opment. Its exceptional properties continue to inspire scientists and engineers to ex-
plore its full potential and drive innovation across various fields [38].

Similarly, graphene, with its high surface area and exceptional electrical conduc-
tivity, has been employed to improve the charge transfer and electrochemical perfor-
mance of MIPs [24].

13.3.5 Activated carbon

Activated carbon is a form of carbon that has been processed to create a highly po-
rous structure with an incredibly large surface area [39]. This unique characteristic
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makes it exceptionally effective at adsorbing a wide range of substances, both in lig-
uid and gaseous phases.

13.3.5.1 Production process

Activated carbon can be produced from various carbonaceous materials, including:
- Coconut shells

— Nutshells

- Coal

- Peat

- Wood

The production process typically involves two main steps:

1. Carbonization: The raw material is heated to high temperatures in the ab-
sence of oxygen, removing volatile components and leaving behind a carbon-
rich char.

2. Activation: The char is treated with oxidizing agents, such as steam or carbon
dioxide, at elevated temperatures. This process creates a network of pores within
the carbon structure, significantly increasing its surface area.

13.3.5.2 Adsorption mechanism

Activated carbon’s remarkable adsorption capacity stems from its porous structure
and the presence of various surface functional groups. These features create a large
surface area for interactions with other molecules.
The adsorption process occurs through two main mechanisms:
— Physical adsorption: Weak van der Waals forces attract and hold molecules to
the surface of the activated carbon.
— Chemical adsorption: Stronger chemical bonds form between the adsorbate
molecules and the surface functional groups of the activated carbon.

13.3.5.3 Applications

The unique properties of activated carbon make it a versatile material with a wide

range of applications, including:

— Water treatment: Removing impurities from drinking water and wastewater,
such as chlorine, pesticides, and organic compounds.

—  Air purification: Filtering out volatile organic compounds, odors, and pollutants
from air streams.
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— Gas separation and purification: Separating and purifying gases in industrial
processes, such as natural gas processing and hydrogen production.

— Medical applications: Treating drug overdoses and poisoning by adsorbing tox-
ins in the digestive system.

- Food and beverage industry: Decolorizing sugar solutions, removing unwanted
flavors and odors from beverages, and purifying edible oils.

13.3.5.4 Types and characteristics

Activated carbon is available in various forms, including:
Powdered activated carbon

Granular activated carbon

Extruded activated carbon

Impregnated activated carbon

The choice of activated carbon type depends on the specific application and the prop-
erties required, such as pore size distribution, surface area, and surface chemistry.

Activated carbon, on the other hand, is a versatile form of carbon that can be tai-
lored to have specific pore sizes and surface functionalities, allowing for the optimiza-
tion of MIP adsorption and recognition properties [20, 21].

The incorporation of these various carbon materials into MIPs has led to the develop-
ment of highly efficient and selective sensing devices for a wide range of applications, in-
cluding environmental monitoring, biomedical diagnostics, and pharmaceutical analysis.

13.4 Carbon in MIPs: enhancing performance for
tailored recognition

Because of their special qualities, carbon-based materials such as CNTs, graphene,
and activated carbon can be included into MIPs with considerable advantages.
The reasons are described further.

13.4.1 Increased surface area for enhanced binding

— The problem: The quantity of binding sites that are available for the target mole-
cule has a significant impact on MIP performance. More surface area means that
there are more possible binding sites.

— Carbon’s solution: CNTs [25], graphene [40], and activated carbon [39] all have
extremely high surface area-to-volume ratios.
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— The impact: Integrating these materials into the MIP matrix significantly boosts
the available surface area for imprinting, resulting in higher binding capacity
and sensitivity.

13.4.2 Improved selectivity through tailored interactions

—  The problem: MIPs must be highly selective for their target molecule, even when
similar compounds are present.

— Carbon’s solution: The surface chemistry of carbon materials can be easily al-
tered, allowing for the addition of specific functional groups that interact more
selectively with the target molecule.

— The impact: This precise tuning of interactions improves the selectivity of the
MIP, making it more effective at distinguishing between the target and other mol-
ecules.

13.4.3 Enhanced electrical properties for sensor applications

— The problem: Many MIP applications, especially in sensing, depend on detecting
changes in electrical signals upon target binding.

— Carbon’s solution: CNTs and graphene are excellent electrical conductors [32].

— The impact: Incorporating these materials into MIPs can enhance conductivity
and signal transduction, leading to more sensitive and responsive sensors.

13.4.4 Mechanical and thermal stability for durability

— The problem: MIPs need to endure various conditions, particularly in real-world
applications.

— Carbon’s solution: Carbon materials are renowned for their excellent mechani-
cal strength and thermal stability [34].

— The impact: Adding carbon to MIPs can improve their durability, making them
suitable for harsh environments and extending their operational lifespan.

Incorporating carbon-based materials into MIPs is akin to adding secret ingredients to
a recipe. They enhance the sensitivity, selectivity, responsiveness, and durability of
MIPs. This opens up exciting possibilities for applications in various fields, such as
catalysis, separation, and sensing.
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13.5 MIP applications: tailored recognition for
various fields

MIPs selectively bind to specific target molecules, similar to synthetic antibodies. This
unique capability makes them highly beneficial across various fields. Applications of
MIPs in various fields are shown in Figure 13.4.
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Figure 13.4: Applications of MIPs in various fields. Adapted from Cabaleiro-Lago [41].

13.5.1 Sensors: detecting with specificity

— Environmental monitoring: MIP-based sensors can detect pollutants like pesti-
cides [21], heavy metals, and pharmaceuticals in water and soil samples with high
sensitivity and selectivity.

— Food safety: These sensors are capable of identifying contaminants, toxins, and
allergens in food products, ensuring consumer safety.

— Medical diagnostics: MIPs have the potential to create quick and affordable diag-
nostic tools for diseases by detecting biomarkers in bodily fluids.
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- Security applications: MIP-based sensors can identify explosives, drugs, and other
hazardous substances.

Main constituents of sensing device are shown in Figure 13.5.
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Figure 13.5: Main constituent of sensing device. Adapted from Preda [42].

13.5.2 Separation science: precision purification

- Solid-phase extraction: MIPs can selectively extract target compounds from com-
plex mixtures, such as isolating pharmaceuticals from plant extracts or removing
pollutants from water samples [31].

— Chromatographic separations: Using MIPs in chromatographic columns allow
highly specific separations of complex mixtures, such as chiral compounds or bio-
molecules.

There are four steps in molecular imprinting separation phase extraction shown in
Figure 13.6.

13.5.3 Drug delivery: targeted therapeutics

—  Controlled release: MIPs can be designed to deliver drugs in a controlled manner
at specific target locations, improving drug effectiveness and reducing side ef-
fects [36].

—  Stimuli-responsive delivery: MIPs can be engineered to release drugs at the target
site in response to specific stimuli, such as changes in pH or temperature.
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Figure 13.6: Steps of molecular imprinting separation phase extraction. Adapted from Vasapollo et al. [9].

13.5.4 Catalysis: mimicking nature’s enzymes

— Catalytic MIPs: MIPs can be engineered with catalytic sites that mimic natural
enzyme activity, allowing them to catalyze specific chemical reactions [37].

— Biomimetic catalysis: MIPs provide a durable and cost-effective alternative to
natural enzymes for various industrial and biotechnological applications.

13.5.5 Other emerging applications

- Anti-counterfeiting: MIPs can be used to create unique tags and markers for au-
thentication and anti-counterfeiting purposes.

— Membrane technology: Incorporating MIPs into membranes can enhance their
selectivity for specific molecules, enabling efficient separations and purifications.

Future directions: The field of MIPs is rapidly evolving, with ongoing research un-
covering new applications and expanding their potential. As the technology advances
and production costs decrease, MIPs are expected to become increasingly integral to
various aspects of our lives. Despite their great promise, MIPs also present certain
challenges that researchers are actively working to overcome.
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13.6 MIP challenges: hurdles on the path to wider
adoption

Despite their remarkable capabilities, MIPs face several challenges that hinder their
widespread application.

13.6.1 Template-related challenges

—  Getting the right template: Finding enough of the pure target molecule to act as a
mold for the MIP can be costly and time-consuming, especially for large, complex
molecules found in living things.

— Removing the template: After the MIP is formed, getting rid of every trace of the
original template molecule can be tricky. Leftover template can mess up the bind-
ing sites and make the sensor less effective.

— Template durability: Some target molecules, especially those from living organ-
isms, are delicate. The harsh conditions needed to create MIPs can damage or de-
stroy these sensitive molecules.

13.6.2 Synthesis and optimization hurdles

—  Creating consistent binding sites: It’s difficult to make all the binding sites within
the MIP exactly alike. Variations in their ability to attract and hold onto the target
molecule can impact how well the MIP performs.

— Finding the perfect recipe: Figuring out the best combination of ingredients and
conditions (like the ratio of starting materials, the liquid used, and the tempera-
ture) for a specific target molecule is a complex puzzle that takes time to solve.

— Scaling up production: Taking a process from small-scale lab experiments to
large-scale industrial production while ensuring each batch is identical is a major
challenge.

13.6.3 Performance obstacles

— Unwanted binding: Sometimes MIPs can bind to molecules other than the in-
tended target, which reduces their accuracy and selectivity.

— Limited capacity: MIPs may not be able to hold as much of the target molecule as
natural receptors or antibodies, especially if the target has a strong attraction to
the MIP.
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—  Shape-shifting: Changes in the surrounding liquid or its acidity can cause MIPs to
swell or shrink, altering their binding ability and stability.

13.6.4 Proving MIP’s work as intended

— Understanding the binding sites: Figuring out exactly how the binding sites
within a MIP work — how strongly they attract the target, how picky they are, and
how many there are — is still tricky.

— Real-world testing: To gain approval for widespread use, scientists need to de-
velop reliable ways to prove that MIPs perform well in real-world situations, not
just in the lab.

Researchers are actively searching for ways to overcome these obstacles, including:

— Thinking outside the template box: Instead of using the full target molecule,
scientists are exploring smaller, sturdier molecules that resemble parts of the tar-
get as templates.

— Improving polymerization: New and improved methods for creating MIPs are
being developed to make more consistent binding sites and control the overall
shape and structure of the MIP.

—  Customizing MIP design: By tweaking the chemical makeup and physical struc-
ture of MIPs, researchers aim to boost their capacity to hold the target, improve
their selectivity, and make them more stable.

As scientists continue to tackle these challenges, MIPs are moving closer to fulfilling

their promise of revolutionizing various fields by mimicking nature’s remarkable
ability to recognize and interact with specific molecules.

13.7 MIPs: emerging trends and a bright future

The field of MIPs is dynamic and rapidly evolving. Here are some exciting emerging
trends and future prospects:

13.7.1 New frontiers in material design

13.7.1.1 The next generation of MIPs

- Smart MIPs: Imagine MIPs that can change their behavior on demand! These
“stimuli-responsive” MIPs can adjust how strongly they bind or how easily mole-
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cules pass through them when triggered by things like temperature changes, acid-
ity levels, light, or magnetic fields. This technology opens up possibilities for pre-
cisely controlling drug delivery, creating super-sensitive sensors, and developing
adaptable systems for separating molecules.

- MIPs Go Nano: Shrinking MIPs down to the nanoscale, creating things like tiny
particles or ultra-thin fibers, dramatically increases their surface area [36]. This
boost translates to a greater capacity to capture target molecules, faster response
times, and enhanced sensitivity.

— Hybrid power: Combining the unique abilities of MIPs with other materials like
metal nanoparticles, quantum dots, or CNTs creates powerful hybrid materials.
These combinations unlock synergistic properties, leading to superior perfor-
mance in sensing, speeding up chemical reactions (catalysis), and targeted drug
delivery.

13.7.2 Expanding applications in biomedicine

Targeted drug delivery: MIPs are being investigated for their potential to deliver
drugs directly to cancer cells or other disease sites, enhancing therapeutic effec-
tiveness and reducing side effects.

Biosensing and diagnostics: MIP-based sensors are promising for early disease
detection, personalized medicine, and point-of-care diagnostics due to their high
sensitivity, selectivity, and affordability.

Bioimaging and theranostics: MIPs can be tailored to target specific tissues or
cells for imaging purposes or for combined imaging and therapeutic applications
(theranostics).

13.7.3 MIPs for a sustainable future

Environmental remediation: MIPs can help clean up the environment by re-
moving pollutants like heavy metals, pesticides, and pharmaceuticals from water
and soil.

Resource recovery: MIPs can selectively extract valuable substances, such as
precious metals or rare earth elements, from industrial waste streams, supporting
resource recovery and circular economy practices.

Food safety and security: MIP-based sensors can ensure food safety by detecting
contaminants and toxins, and they can also help maintain food security by moni-
toring food quality and freshness.



370 —— Dr. Smrita Singh, Tanzeel Ahmed, and Ashutosh Singh Chauhan

13.7.4 Advancements in characterization and modeling

Computational modeling: Computational methods are increasingly used to de-
sign MIPs with better binding properties and to predict their performance, speed-
ing up the development process.

Advanced characterization techniques: New techniques are emerging to gain a
deeper understanding of the structure and properties of MIPs at the molecular
level, allowing for more rational design and optimization.

13.7.5 Commercialization and industrial adoption

- Cost-effective production: With advancements in research and production techni-
ques, the cost of manufacturing MIPs is anticipated to drop, enhancing their com-
mercial viability.

- Regulatory approval: Initiatives are in progress to create standardized protocols
for characterizing and validating MIP performance, facilitating regulatory ap-
proval and broader adoption across various industries.

13.7.6 A bright future ahead

The outlook for MIPs is promising, fueled by their adaptability, precision, and custom-
izable nature. As scientists keep advancing the design and applications of MIPs, we
can anticipate the emergence of these extraordinary materials.

13.8 Conclusion: carbon-based MIPs - navigating
challenges toward a brighter future

Carbon-based MIPs are at an exciting juncture, with the potential to transform vari-
ous fields despite facing significant obstacles to widespread adoption. The integra-
tion of CNTs, graphene, and activated carbon into MIPs has led to notable improve-
ments in sensitivity, selectivity, and mechanical properties. However, challenges
such as template synthesis, binding site heterogeneity, and performance optimiza-
tion remain.

Nevertheless, the future of carbon-based MIPs is promising. Innovations in ma-
terial design, including stimuli-responsive MIPs and nanostructured composites,
are expected to overcome current limitations and unlock new capabilities. As re-
search advances, addressing issues related to cost-effective production, standardi-
zation, and regulatory approval will be essential to fully realize the potential of
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these materials. With ongoing innovation and a focus on applying laboratory suc-
cesses to real-world scenarios, carbon-based MIPs are poised to address critical
challenges in areas such as environmental remediation, biosensing, drug delivery,
and beyond.
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