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Bio-based stimuli responsive materials have been widely studied as highly versatile materials in
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biomedical applications. In this review, different types of bio-based stimuli-responsive materials are
introduced (most of them are carbohydrate polymers). The response mechanisms are explained and the

advantages/drawbacks of the materials are discussed. Particularly in bio-based stimuli-responsive drug
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delivery and in bio-based drug anticounterfeiting fields, the response mechanisms and advantages are
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1. Introduction

Bio-based materials refer to a material prepared by using
biomass as raw materials. It is considered environmentally
friendly and is suitable for sustainable development to replace
oil-based products. Among the bio-based materials, the poly-
mer materials encompass a large proportion, and include
bioplastics, water-soluble polymers and other carbon-based
lubricants (Fig. 1). These materials play an important role in
the bio-carbon cycle, which is important for circular economy.’

Bio-based polymer materials can be classified into three
types: natural polymers, synthetic polymers and composite
polymers (a mixture of multiple bio-based polymers). Among
them, natural polymers mainly include natural polysacchar-
ides, such as xylan-containing hemicellulose from wood, chitin
and chitosan obtained from crabs and shrimps, as well as
curdlan from the physiological activities of microorganisms.
The synthetic polymers include polylactic acid (PLA), which can
be synthesized by lactic acid (fermented corn starch) through
chemical reaction,” and polycaprolactone (PCL), which can be
formed by the ring-opening polymerization of a caprolactone
monomer in the presence of gas atmosphere and catalyst.® Due
to its excellent biological/sustained drug release properties,
PCL is widely used in tissue engineering and biomedical fields.
In addition, PCL can combine with a variety of natural fillers to
prepare biodegradable composite materials. For example, it can
be mixed with starch to prepare composite biodegradable
materials with lower cost.*
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discussed, and the shortcomings are also mentioned.

With the development of science and technology, it is
increasingly difficult for traditional bio-based materials to
fulfill the needs of people. For this reason, many researchers
have paid increasing attention to explore bio-based polymer
materials, which is stimuli-responsive. A stimuli-responsive
material refers to a type of material, of which physical and
chemical properties can change upon exposure to external
signals.”” 1t exhibits a response to stimuli, such as pH,®
temperature,” mechanical force,'® small molecules,'* and elec-
tric/magnetic field.">™** In order to obtain specific functions, a
variety of bio-based stimuli-responsive materials are prepared.
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Fig. 1 Different types of bio-based polymers.
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Table 1 Overview of bio-based stimuli-responsive materials for biomedical applications

Strategies

Types

Applications Ref.

pH response

Protonation and aprotonation; chemical cleavage bonds

Biodegradable oral drug delivery system; inhibition 21 and
of bacterial growth 24

Temperature Phase change Drug-controlled release system; injectable gel 33 and
response 37
Magnetic Incorporated with magnetic-responsive materials, such as Implantation and positioning of the material in the 42 and
response Fe;04, Ni body; cell engineering 48
Electric response Undergoes a reversible redox reaction with voltage Drug release system 50 and
54
Ultrasound Affects material directly; secondary effect of ultrasound Drug release system 56,58
response irradiation and 59
Light response Photoisomerization; photodegradation of polymer; photo- Drug release system; wound dressing 64 and
thermal and photochemical effect 68
Mechanical force The materials have a response to compression, tension, and  Sensors; electronic devices; medicine 80-83
response shear
Ion response Forms crosslinking; affects the osmotic pressure Self-healing; to detect heavy metal pollutants 89 and
92
Enzyme response Incorporation with substrate molecules that have specific Drug release system; cell engineering 97 and
domains 101

For example, chitosan is pH-responsive due to protonation and
deprotonation of its amino terminal. Chitosan hydrogels could
swell or collapse when the pH and ionic intensity of the external
environment change. The hydrogels have tunable physico-
chemical properties, especially for mechanical properties (e.g:,
elasticity and viscoelasticity) that can provide specific functions
(e.g., guiding cell behavior and fate).">'® Furthermore, the drug
molecules contained in the hydrogel could be triggered to
release due to the volume change of the hydrogel. Compared
with traditional stimuli responsive materials, the main advan-
tage of a bio-based stimuli responsive material is that it can
simulate natural physical and chemical conditions, and endow
the materials with excellent biocompatibility. Therefore, it is
widely used in food, medicine, tissue engineering and other
fields (Table 1).

2. Different types of bio-based stimuli
responsive materials
2.1 pH-responsive bio-based materials

pH-responsive bio-based materials have attracted increasing
attention in the field of medicine. For example, due to the
higher aerobic and anaerobic glycolysis efficiency, the pH value
in the tumor extracellular environment is lower than that in the
extracellular environment of a healthy cell. The difference of pH
value between the tumor cell and healthy cell is the basis for the
preparation of tumor-targeted pH-responsive drug delivery
systems.””*® The drug contained in the materials can be
released with the change of pH value, thus achieving a ther-
apeutic effect.”® Such materials are usually prepared from
polymers that containing carboxylic acid groups or amine
groups. Due to the protonation and aprotonation effects of
these functional groups, the polymer structure can change
upon pH change. In addition, there might be acid cleavage
bonds in such materials, such as acetal groups or hydrazone
groups, so that the structure can cleave in a low pH environment

© 2023 The Author(s). Published by the Royal Society of Chemistry

and the drug molecules contained within the materials can be
released. For example, alginate is an anionic copolymer that is
composed of mannuronic acid and guluronic acid residues. It is
non-toxic and biodegradable, so it is often used in the prepara-
tion of oral drugs. In an acidic environment, the carboxylic acid
group in the structure converts to -COOH and a hydrogen bond
can form between a hydroxyl group and -COOH. The formation
of a hydrogen bond limits the swelling of the hydrogel structure,
and then the polymer structure shrinks.”* Researchers® mixed
polyvinyl alcohol and sodium alginate to prepare an ionic cross-
linked alginate porous film. The immiscibility caused the algi-
nate and polyvinyl alcohol phase separation to occur. Calcium
chloride was used to dissolve the polyvinyl alcohol phase, leaving
the alginate phase, and the alginate was crosslinked with calcium
ions to form a porous alginate film. The pore size of the porous
membrane could be controlled upon pH change. It showed that
the porous membrane was pH responsive. The study also showed
that these porous hydrogel membranes could be transferred to
conventional commercial filtration substrates without damage to
the membrane. This enables the porous membrane to have the
potential for use as a separation membrane or a controlled drug
release system.

Due to the high water content of conventional hydrogels, the
mechanical strength is generally weak and the burst release
often occurs when the hydrogel is applied as a drug release
system. Some researchers tried to enhance the mechanical
strength of pH-responsive bio-based hydrogels by increasing
the degree of crosslinking. However, the crosslinking agents are
sometimes toxic, which limits the application of the hydrogel.
Other researchers introduced different materials into stimuli
responsive materials to prepare composite materials, so that
the materials are not only stimuli-responsive, but also have a
certain mechanical strength, which is convenient for practical
application. For example, some researchers mixed calcium
hydrogen phosphate and alginate to prepare calcium hydrogen
phosphate-alginate hydrogels.>® The dibasic calcium phosphate
could form hydrogen bonds with alginate. Furthermore, the
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hydrogen bonds could make the composite hydrogel structure
more compact, which enhances the mechanical strength of the
hydrogel to a certain extent. Since alginate is pH-responsive,
when the hydrogel is in an acidic environment, the structure
shrinks (drug cannot release), and the hydrogel swells under
alkaline conditions (drug release). Due to the existence of
hydrogen bonds in the structure, the swelling of the hydrogel
is limited. In this way, the burst release could be avoided during
the swelling, and an ideal drug release profile could be
obtained.

Different from a passive diffusion-based drug release sys-
tem, the release profile of a pH-responsive drug release system
is more controllable. A biodegradable pH-responsive drug
release system was prepared by the researchers,> and amino-
glycoside was applied as crosslinking agent to connect with
oxidized polysaccharides (such as dextran, carboxymethyl cel-
lulose, alginate, and chondroitin). By changing the concen-
tration of aminoglycoside during gel preparation, the
degradation rate and the release kinetics of the material could
be tunable. The growth of bacteria may induce an acid environ-
ment. Due to the existence of acid cleavage bonds, the acid
environment could promote the bond cleavage. The drug (such
as an antibacterial drug) encapsulated in the material could
then be released, and show therapeutic effects (Fig. 2(A)).

In the field of stimuli-responsive materials, after the mate-
rial is exposed to an external stimulus, the response efficiency
of the material usually depends on the rate at which the
stimulus is transmitted into the material, and the feedback to
the response mainly depends on the diffusion process of the
stimulus within the material. The response efficiency is usually
inversely proportional to the thickness of the material.*® It is
logical that a response that is too slow will limit the practical
application of materials. Therefore, compared with thick hydro-
gels, many researchers have paid increasing attention to the
fiber structure, which is pH-responsive. Poly(styrene-co-maleic
anhydride) and cellulose acetate were used to prepare compo-
site fibers by electrospinning. The composite fiber has good
mechanical strength and pH-responsiveness. The composite
fiber could absorb a large amount of water and swell at pH
values above 8. This is because the ~-COOH group in maleic acid
is ionized into a -COO group in an alkaline environment, which
makes the fiber generate a higher density negative charge. The
higher negative charge density makes the fiber form a greater
electrostatic repulsion. This increases the size of the fiber,
making the polymer chain more relaxed to promote the absorp-
tion of water. When the fibers were added to a high Na'
concentration environment, sufficient electrostatic repulsion
could not be generated due to the neutralization of the charge,
which weakens the water absorption capacity of the fiber.
Similar to the hydrogels mentioned above, some researchers
introduced acid-labile acetal groups into the main chain of a
bio-based block copolymer composed of polylactic acid and
polyethylene glycol.*® The acid-labile polymer fibers were
obtained by electrospinning. When the fibers were immersed
in a neutral solution, the morphology did not change. However,
the acetal group could be cleaved when the fibers were added to
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an acidic environment, which led to the disintegration of the
polymer backbone. Thus, the drugs and other substances
contained within the fibers could be released. In our previous
work,?” cellulose acetate phthalate (CAP) was used to prepare
CAP/PU coaxial fibers by electrospinning. When in an acidic
environment, the fiber mainly contains hydrophobic groups,
which can maintain a hydrophobic state, and the fiber struc-
ture is stable. However, when the fiber is placed in an alkaline
environment, the functional group of CAP becomes hydrophi-
lic. The fiber is dissolved immediately, and the drug molecules
can be released. In this way, the pH-responsive drug release
system can be obtained.

In addition to micro/nano fibers, micro/nano particles with
pH-responsiveness are also notable. The basic mechanism is
similar to that of pH-responsive hydrogels. The structure of the
micro/nano particles expands or collapses during the deproto-
nation or protonation of anions or cations. For anionic micro/
nano particles, when the pK, value of the material is higher
than that of an external environment, the electrostatic repul-
sion in the internal grid structure of the material will decrease,
and then the micro/nano particles will collapse. Meanwhile, for
cationic micro-nano particles, if the pK, of the material is
higher than that of the external environment, the -NH, group
can be converted to -NHj;', thereby increasing the hydrophili-
city of the material and causing the material to swell. To a
certain extent, we could say that this pH-responsiveness
includes hydrophilic-hydrophobic phase transition.?*”*" Aspar-
tic acid, which is a bio-based polymer derivative, was also
applied to prepare pH stimuli-responsive materials (Fig. 2(B)).
The material made by the polyaspartic acid block polymer
could be protonated when the pH value was below 7.*? The
material will swell due to the protonation. When the particles
are taken up by lysosome, the material will swell immediately
because the pH of lysosome is lower than 5. The change in the
volume of the particles can damage the lysosomal membrane
and make the enzymes (such as phosphatase, protease and
nuclease) leak from lysosome. These enzymes can kill sur-
rounding host cells, and thus play an important role in killing
tumor cells. Meanwhile, small-molecule drugs or proteins/
genes could be encapsulated in the pH-responsive particles,
and lysosome escape could be achieved to avoid the degrada-
tion of the bioactive compounds by lysosome. By changing the
content of the block polymer, the particles could swell to a
certain level in an acidic environment, resulting in the instabil-
ity of the lysosomal membrane and enhancement of the drug
release rate.

2.2 Temperature-responsive bio-based materials

Temperature is one of the most studied factors in the field of
stimuli-responsive materials. Researchers have prepared a vari-
ety of bio-based temperature-responsive materials by doping or
chemical modification. The researchers® selected natural fatty
acids to prepare a temperature-responsive drug-controlled
release system. Natural fatty acid is a type of phase change
material. The phase change means that the material can
undergo a reversible transition between liquid and solid under

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) pH-responsive bio-based materials. Mechanism of the pH-responsive aminoglycoside hydrogel®* (reproduced with permission®* Copyright
2017 Elsevier B.V. All rights reserved); (B) pH-responsive co-polymer micelles®? (reproduced with permission®? Copyright 2012 Elsevier B.V. All rights
reserved); (C) temperature-responsive bio-based materials made by surface modification®® (reproduced with permission®® from the Royal Society of
Chemistry); (D) water permeability of the temperature-responsive cellulose nanofibril film*® (reproduced with permission®® Copyright 2016 American
Chemical Society); (E) bio-based magnetic-responsive materials. Bio-based polyurethane material with both magnetic response and shape memory.*
(Reproduced with permission** Copyright 2018 Published by Elsevier B.V.); (F) magnetically responsive cobalt ferrite—cellulose nanocrystal composite
film. a: cellulose nanocrystals; b: cobalt ferrite; c: ferrite—cellulose nanocrystal composite film?® (reproduced with permission*® Copyright 2017 Elsevier,

Ltd. All rights reserved).

external stimulation (temperature). By changing the ratio of
different types of natural fatty acids, the phase transition
temperature could be tuned to 37 °C,>**7® which has great
potential in the field of biomedical application. For example,
lauric acid and stearic acid were mixed in a certain ratio to
prepare a phase transition material. The phase transition

© 2023 The Author(s). Published by the Royal Society of Chemistry

temperature of the eutectic mixture was 39 °C. Then, the nerve
growth factor was packaged in the phase transition mixture by
electrospray technology, and the mixture was combined with an
electrospinning polycaprolactone fiber. The nerve cells were
seeded onto the composite fiber membrane. At room tempera-
ture, nerve growth factor was encapsulated in the solid mixture,

Mater. Adv., 2023, 4, 458-475 | 461


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma01011a

Open Access Article. Published on 21 December 2022. Downloaded on 12/5/2025 11:35:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

and no obvious growth of the nerve protrusion was observed.
When the temperature exceeded the melt point of the phase-
change material, the nerve growth factor was released from the
liquid mixture, resulting in obvious growth and differentiation
of nerve synapses. In addition, the researchers®” prepared
temperature-responsive nanoparticles made by bio-based poly-
lactic acid (PLA) and polyethylene glycol (PEG) block copoly-
mers. The experimental results showed that when the
temperature was 20 °C, the mixture presented a sol state. When
the temperature increased to 37 °C, the mixture turned into a
gel state, and the mechanical strength of the material could be
significantly enhanced. The temperature response mechanism
of the nanoparticle can be described as follows. At low tem-
peratures, the hydrophobic PLA segment is wrapped by the
hydrophilic PEG segment, and the PLA and PLA segments are
isolated from each other. With increasing temperature, the
hydrophobicity of the PLA segment is weakened. Then, the
segment can mix with the outside hydrophilic layer, so that
the PLA chains are intertwined and mixed, and the degree of
crystallinity is increased. Thus, the material is transformed
from the sol state to the gel state, and the results showed that
the phase transition material could be used to prepare an
injectable gel.

Bio-based temperature-responsive materials are not only
determined by the structural properties of the bio-based mate-
rial itself. It could also be obtained by surface modification of
the bio-based material. The researchers®® poured thermochro-
mic materials, polyvinyl alcohol and cyclodextrin onto the
surface of wood to prepare thermochromic wood (Fig. 2(C)).
The natural porous structure of wood provides many anchor
points for the thermochromic material. Polyvinyl alcohol and
dextrin make it possible to form more hydrogen bonds within
the structure, so that the thermochromic material can be
closely attached to the wood surface. At room temperature,
the wood shows its initial texture color. When the temperature
increase, the wood surface gradually shows a red color. The
mechanism of color change is because of the organic dyes
anchored on the wood surface. When the temperature exceeds
the transformation temperature, the crystal phase and struc-
ture of the dyes will undergo a reversible transformation,
resulting in a transformation of their color. As mentioned
above, the researchers® grafted thermo-responsive poly(N-
isopropylacrylamide) onto the surface of cellulose nanofibrils
(CNF) (Fig. 2(D)). As we know, natural CNF is hydrophilic. In
order to facilitate grafting, a layer of polyvinyl alcohol film was
coated onto the CNF surface as a crosslinking agent, and
poly(N-isopropylacrylamide) was subsequently grafted onto it.
The results showed that with increasing temperature, the
efficiency of water permeation significantly increased. The
mechanism of its temperature response is that when the
temperature is lower than the phase transition temperature of
poly(N-isopropylacrylamide), the polymer chains are in a
stretched state and form a physical protective layer on the
CNF film, which hinders the permeation of moisture. When
the temperature is higher than the phase transition tempera-
ture, the polymer chains will fold, and the physical barrier
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hindering the water permeation disappears. Therefore, the water
permeability will be significantly enhanced. In addition to hydro-
gels, there are many fibers with stimuli response. For example,
researchers™® presented a strategy to produce an electrospinning
smart fiber based on a copolymer with a cellulose acetate (CA)
backbone containing grafted temperature-responsive polymer
chains of MEO,MA and OEGMA. The stimuli-responsive polymers
with a temperature-triggered volume phase transition (VPT)"" could
transform from a hydrophilic to hydrophobic state. The study
showed that the copolymer of 2-(2-methoxyethoxy) ethyl methacry-
late and oligo (ethylene glycol) methacrylate, p(MEO,MA-co-
OEGMA), also exhibited a VPT. Thus, if the temperature is above
LCST, the temperature-responsive polymer grafted CA fibers can
transform from a hydrophilic to hydrophobic state.

In addition to surface modification,”” bio-based temperature-
responsive materials can be prepared by doping. Researchers®
dissolved thermal responsive methyl cellulose (MC) in an aqueous
dispersion of cellulose nanocrystals (CNC) to prepare a viscoelastic
dispersion at room temperature. The composite material is
temperature-responsive due to the existence of MC. When the
temperature rises to 60 °C, its mechanical strength is significantly
enhanced. The mechanism of its temperature response is because
of the reversible gelation behavior of MC. With increasing tempera-
ture, the single MC chain loses part of its affinity with the
surrounding water. Then, the MC chain shrinks into a fibril
structure with the size of 14 nm. The physical cross-grid within
the fibril structure and the rod-shaped CNC enhance the mechan-
ical strength of the material. This method provides a new idea for
the preparation of CNC hydrogel materials by doping.

2.3 Magnetic-responsive bio-based materials

Magnetic-responsive materials have attracted increasing atten-
tion due to their non-contact response and low costs. They have
been widely used in the medical imaging and industrial fields.
In order to obtain ideal magnetic responsiveness during the
preparation of bio-based magnetic-responsive materials, the
bio-based materials are usually incorporated with magnetic-
responsive materials. For example, Fe;O, nanoparticles are
most commonly used because of their low cost, non-toxicity,
and excellent magnetic responsiveness. Fe;O, nanoparticles
were doped with hyperbranched polyurethane (PU), which
was modified by sunflower oil (Fig. 2(E)).*> The results showed
that the Fe;0, nanoparticles could be uniformly distributed in
the hyperbranched PU. Because of the magnetic Fe;0O,4, the
thermomechanical property and shape memory property of the
material were improved. Furthermore, the material showed
magnetic responsiveness. The magnetic response mechanism
is because of the uniform distribution of Fe;O, nanoparticles in
the material, allowing for more hydrogen bonds to be intro-
duced into the material. It might be due to the carbamate
complex, which was formed between the oxygen in Fe;0, and
the -NH group, or the interaction between the carbonyl group
of the carbamate and the trace hydroxyl groups on the surface
of the nanoparticles. Introducing hydrogen bonds affects the
phase separation in the material segment.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma01011a

Open Access Article. Published on 21 December 2022. Downloaded on 12/5/2025 11:35:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

The magnetic responsiveness provides a certain convenience for
the implantation and positioning of the material in the body.
Similarly, some researchers** mixed bio-based polyurethane with
magnetic Fe;O, nanoparticles to prepare bio-based magnetic-
responsive materials. The Fe;O, nanoparticles impart magnetic
responsiveness to the material. Meanwhile, the Fe;O, nanoparticles
could reduce the crystallinity of the polymer, and increase the shape
fixity of the material due to its interaction with the polymer hydroxyl
groups. Also, Fe;O, nanoparticles could heat the material to soften
the polymer segment in the presence of a magnetic field. It shows
the function of shape memory.

Other metal ions are also used in combination with Fe;O,
nanoparticles to give the material additional properties (not
only magnetic response). For example, researchers’® mixed
cellulose nanocrystals (CNC) and Fe;O, nanoparticles to pre-
pare composite materials. The copper ions were also added to
form complexes, so that the composite showed responsiveness
to external magnetic fields. Meanwhile, the formation of com-
plexes also provided attachment sites for proteins. Thus, the
adsorption and separation of proteins could be achieved. Other
researchers”® doped cobalt ferrite nanoparticles with CNC, as
well as glucose to prepare a homogeneous and crack-free CNC
film (Fig. 2(F)). The film showed excellent magnetic response,
and the incorporation of cobalt ferrite further increased the
dielectric constant of the film. The results indicated that the
material had the potential to be applied as a green bio-based
functional material. The cobalt ferrite was chosen because of its
high magnetostriction (200 ppm) and high magnetization
compared with ordinary ferrite.

Magnetic nanoparticles could be coated onto the surface of
bio-based materials to prepare bio-based magnetic responsive
materials. The bio-based material could also be coated onto the
surface of magnetic nanoparticles. The researchers*” anchored
the lignin and its derivatives onto the surface of Fe;O, nano-
particles to prepare bio-based magnetic-responsive materials.
Different from the doping method mentioned above, the
researchers mixed iron salt with lignin here, which has amine
groups. The lignin was anchored onto the surface of the Fe;0,
nanoparticles after the reaction. The prepared material showed
a strong adsorption capacity for dyes in sewage. Because of its
magnetic responsiveness, the dyes absorbed by the nano-
particles could be easily separated from the solution. Due to
the protonation and deprotonation of the material, the pre-
pared magnetic material also had pH responsiveness, so the
adsorption and desorption between lignin and dyes could be
realized by tuning the pH of the solution.

In addition to Fe3O, other metal elements were used to
prepare magnetic-responsive materials. Researchers*® designed
bio-based magnetic responsive materials prepared by collagen
hydrogel, GeIMA hydrogel and nickel beads. For cell engineer-
ing, the synergy between the extracellular matrix and the
mechanical stimulation is important. A 3D magnetically actu-
ated collagen hydrogel platform was developed and could
realize combined control of the ECM architecture and mechan-
ical stimulation, which shows great promise for regulating cell
behavior and fate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4 Electric-responsive bio-based materials

Compared with pH and temperature response, electric
response has its unique advantages. The electric field could
be precisely controlled by tuning the voltage, current or time.
This is convenient for the development of a high-precision
portable device. As we know, the main component of an electric
stimuli-responsive material is a conductive polymer. The con-
ductive mechanism is that the alternating single and double
bonds of the polymer chain could generate n-bonded deloca-
lized electrons in the polymer, and the electrons can move
freely on the polymer chain, so that the transfer of electric
charge could be achieved.” When a voltage is applied, the
polymer undergoes a reversible redox reaction, causing the
conformational change of the polymer. Currently, the electric
stimuli-responsive materials in the medical field mainly
include: electric stimuli-responsive hydrogels, electric stimuli-
responsive layer-by-layer self-assembled films, and others. The
electric response mechanism is that the hydrogel undergoes a
series of structural changes, such as swelling, bending, and
contraction when the external electric field is applied. Due to
the structure change, drug molecules could be released from
the hydrogel. In addition to the simple electric stimuli
response, some more complicate electric stimuli responsive
bio-based materials have been prepared. For example,
researchers® have encapsulated a drug in the copolymer of
methyl methacrylate and methacrylic acid (Fig. 3(A)). The
copolymer is insoluble in water when the pH value is below
7, and is soluble when the pH is above 7. Chitosan was cast
onto the copolymer as a protective layer. When an electric field
is applied with the protonation of the copolymer, the pH value
increases above 7 and the copolymer becomes water-soluble.
Then, the drug encapsulated in the copolymer could be
released. Interestingly, the release amount of drug is positively
correlated with the intensity of the electric field. Without an
electric field stimulation, the drug is only released with a small
amount, which means that the electric stimuli responsive
system can realize the pulse release of drugs. Another
researcher®® also used chitosan as a cationic material, and
combined it with ionic liquids to prepare a drug delivery film
with electric stimuli responsiveness. The results showed that
the incorporation of the ionic liquid significantly improved the
conductivity of the film, and the sensitivity to electric stimula-
tion under a weak electric field was enhanced. This indicates
that the material can be used in drug delivery and other fields.

In addition to chitosan, some researchers®® have used other
materials such as an agarose hydrogel to prepare electric
stimuli responsive bio-based materials. The agarose hydrogel
was prepared by solvent casting, and the internal physical
cross-linking of hydrogen bonds formed a 3D hydrogel network
structure (Fig. 3(B)). The experiment showed that with the
electric stimulation, the polarizable molecules in the agarose
structure were aligned to form a dipole moment. The hydrogel
was conductive and the dielectric constant of the hydrogel
increased with increasing hydrogel concentration. The large
amount of hydroxyl groups in the hydrogel structure could
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(A) Electrical field response bio-based materials. Electrically responsive methacrylic acid—chitosan composite materials for controlled drug

release®® (reproduced with permission®® from the Royal Society of Chemistry); (B) electro-responsive agarose hydrogel®? (reproduced with permission®?
Copyright 2020 Elsevier, Ltd. All rights reserved); (C) ultrasound-responsive bio-based materials. Schematic diagram of ultrasonic-responsive cellulose-
based hydrogel film experiment®® (reproduced with permission®® Copyright 2016 Elsevier B.V. All rights reserved); (D) ultrasound-responsive hydrogel for
pulsed drug delivery.%® Dye release before (left) and after (right) ultrasound pulse (reproduced with permission®® Copyright 2010 Elsevier, Ltd. Al rights

reserved).

promote the responsiveness to the electric field, and make it
easier to expand and contract. Under electric stimulation, the
dielectrophoresis force generated by the non-uniform electric
field and non-uniform distribution of the electric dipoles inside
the agarose hydrogel bends the hydrogel. This electric stimula-
tion response has broad application prospects in biological
actuators and other fields. Some other researchers® used bio-
based polyurethane blends (PCL/PU) and graphene nanosheets
to prepare bio-based actuators with electric stimulation
response and self-driving capabilities. The graphene
nanosheets have a certain impact on the crystal structure of
the polyurethane blends, and give the material a certain infra-
red light responsiveness. Under the infrared light irradiation,
the graphene absorbs the light energy and converts it into heat.
With the increasing local temperature, the mobility of the
polymer segment is promoted, thereby achieving bending.
Agarose and alginate are also often used to prepare electric
stimuli responsive bio-based materials. The researchers® com-
bined agarose/alginate with an aniline tetramer to prepare a
hydrogel with an electric stimulation response for drug release
system. Since the mechanical strength of the aniline tetramer
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alone is weak, the agarose and alginate could improve its
mechanical strength. In this research study, bio-based materi-
als were used as a scaffold of the hydrogel system. It provided a
certain amount of mechanical strength for the hydrogel, and
made it more suitable for practical application. Meanwhile, it
also improved the biocompatibility of the hydrogel system.

2.5 Ultrasound responsive bio-based materials

Bio-based ultrasound-responsive materials refer to materials, in
which the structure or physical and chemical properties could
change and exhibit specific functions under ultrasound irradia-
tion. It is widely used in the medical field. There are mainly two
types of ultrasound response mechanism. One is that the
ultrasound could directly affect the material. For example,
ultrasound could destroy the hydrogen bonds within the mate-
rial, and change the structure of the material to release drugs
encapsulated in the material or enable the material to achieve
specific functions. Another response mechanism is the second-
ary effect of ultrasound irradiation. It means that the material
could convert the energy into heat under ultrasound irradia-
tion, so that the local temperature of the material will increase,
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and then the material could exhibit some specific functions
with increasing temperature. One of the most important sec-
ondary effects of ultrasound response is called cavitation.” It
includes bubble nucleation, growth and cavitation. In the
process of bubble generation or rupture, the bubble will
produce corresponding changes to the structure of the mate-
rial. In this way, the material could exhibit certain specific
functions.

Due to its good mechanical strength, suitable viscoelasticity
and excellent biocompatibility, the hydrogel is also often used
to prepare bio-based ultrasound responsive materials. For
example, researchers prepared a cellulose-based hydrogel film,
which exhibited a response to ultrasound irradiation, and the
ultrasound-triggered drug release®® was obtained (Fig. 3(C)).
Results showed that the hydrogen bonds between the cellulose
and the drug molecule in the hydrogel were broken. Therefore,
it achieved the drug release from the hydrogel. The drug release
efficiency of the hydrogel with ultrasound treatment was six
times higher than that of the hydrogel without ultrasound
treatment. Furthermore, with increasing ultrasonic power,
more drug was released. Like cellulose, researchers®” prepared
a chitin hydrogel loaded with gallic acid. Under ultrasound
irradiation, the hydrogen bonds between chitin and gallic acid
were broken so that the drug release was accelerated. In
addition to the breakage of hydrogen bonds, ultrasound can
facilitate the breakage of ionic bonds in the material. For
example, the researchers®® prepared a chemotherapeutic
loaded sodium alginate hydrogel. The experiment showed that
pulse chemotherapeutic drug delivery could be achieved by
tuning the ultrasound on and off. The efficacy of therapy with
ultrasound treatment was much better than without the ultra-
sound treatment group. The ultrasound response mechanism
of this system is that the calcium ion cross-linking structure in
the hydrogel is broken. The breakage could destroy the grid
structure within the hydrogel, causing the small molecules of
chemotherapeutic release from the hydrogel. When the ultra-
sound is turned off, the free calcium ions in the hydrogel will
spontaneously form crosslinking, and the crosslinking could
repair the hydrogel grid structure to trap the drug molecules
inside the hydrogel.

In addition to forming hydrogen bonds or other groups in
bio-based materials, bio-based ultrasound responsive materials
could be obtained by the combination of bio-based materials
and ultrasound-responsive materials. The researchers®® com-
bined dextran hydrogels with gas microbubbles to prepare
ultrasound responsive bio-based hydrogels (Fig. 3(D)). The
dextran could protect the microbubbles from collapse. When
ultrasound is applied to the hydrogel, the structure of the
hydrogel changes as the microbubbles collapses under the
shock of ultrasound, so that the drug is released and
the controlled release could be realized. In addition, the drug
release efficiency of the hydrogel could be improved by increas-
ing the drug loading or microbubbles concentration.

As mentioned above, bio-base materials include natural bio-
based and synthetic bio-based materials. In addition to natural
bio-based materials such as sodium alginate and dextran,
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bio-based raw materials were used as monomers to synthesize
bio-based polyamides.®® The polymer chain changed from a
crosslinked structure to a non-crosslinked structure. Then, the
aromatized structure was transformed into a linear structure,
and the glass transition temperature of the material decreased
due to the polymer free volume increasing after decrosslinking.
The method could provide a new idea for the preparation of
bio-based stimuli-responsive materials.

2.6 Light-responsive bio-based materials

In a stimulus response system, another kind of material that
has attracted increasing attention is the light-response mate-
rial. When stimulated by an external light source, the structure
of these materials may undergo a certain change in conforma-
tion, polarity, amphiphilicity, electric charge, optical chirality
or conjugation. This mainly depends on specific groups that are
responsive to light, such as spiropyran, azobenzene, diary-
lethane and coumarin, which can realize reversible isomeriza-
tion under light irradiation. There are also irreversibly
transformed o-nitrobenzyl photo-unstable protective groups,
of which the groups can be dissociated with polymer chains
after light illumination. Compared with the pH response,
temperature response, electrical response and magnetic
response systems, the advantage of light responsiveness is its
non-contact response, and the long-term or long-distance
response could be realized. Meanwhile, it can achieve the
required response at a low dose level. The light response system
can precisely control the light intensity, wavelength, irradiation
time and irradiation area to achieve specific functions, such as
changing the color of the material appearance or pulsed drug
release. Many different types of light irradiation have a broad
application prospect in the field of non-invasive surgery.®!

The response mechanisms of light-responsive materials can
be classified as follows: (1) molecular structure transformation
by photoisomerization effect under light irradiation; (2) photo-
degradation of the polymer main chain; (3) damage to the
material structure due to the photothermal effect; (4) chemical
degradation through photochemical effects. Among these,
photoisomerization is related to the chemical bonds of limited
rotation, mainly double bonds. This is a reversible change
(intramolecular rearrangement), such as the trans double bond
in azobenzene, which has a reversible cis-trans isomerization to
the light irradiation. In addition, photoisomerization can be
accompanied by the cleavage of the chromophore, which is
attributed to the light-induced structural transformation, and
the transformation is irreversible. The photodegradation of the
polymer backbone causes the release of the drug molecules
contained within the structure. The polymer structure is locally
destroyed by heat through the photothermal effect, so that the
molecules loaded in the polymer matrix could be released.
When the polymer containing the o-nitrobenzyl group is
exposed to light, the group can be cleaved, thereby releasing
the drug from the polymer.®*

The chromophore plays an important role in the light
response system.®® These groups are designed to respond to a
variety of light sources, such as UV light, visible light, near-
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infrared and even laser. UV light, due to its high energy, easily
breaks chemical bonds. Thus, UV light is applied as the main
response stimulation in light response systems.®*®> Due to the
advantages of UV light, many photo-crosslinkable materials have
been developed to prepare light responsive systems for tissue
engineering. The researchers®>®” used photo-crosslinkable gela-
tin methacrylate (GelMA) to prepare hydrogels. Periodontal liga-
ment stem cells (PDLSCs) were encapsulated in the hydrogel. The
designed hydrogel systems could promote regeneration of func-
tional tissue, and it could also be a good platform to study the
extracellular matrix. For wound management and repairing, an
in situ imine crosslinking-based photoresponsive chitosan hydro-
gel was prepared by the researchers.”® Upon UV exposure, o-
nitrobenzene could be converted to o-nitrosobenzaldehyde
groups, which could form crosslinking on the tissue surface.
Compared with recently developed hydrogel-based tissue adhe-
sives, the photoresponsive chitosan hydrogel possessed a more
effective, suitable, and promising property for future trauma
emergency treatment.

However, there are some drawbacks to using UV light.
Tissue permeability that is too low will limit the application
of UV light.®® It only penetrates the shallow tissue and cannot
reach the deep tissue. In addition, UV light is highly toxic, and
free radicals are produced during UV light irradiation. The free
radicals may cause progressive damage to human skin,”
destroy the structure of vitamin A”' and vitamin C,””> damage
the structure of collagen,”® and even lead to more serious
genetic damages.”* There is no doubt that visible light is less
toxic than UV light,”® and the visible light can penetrate deeper
tissue. Therefore, researchers are trying to use visible light to
replace UV light as the response stimulation source in the light
response material field. The researchers® prepared a nano-
drug carrier system, which is sensitive to singlet oxygen. The
system could release the loaded drug under visible light irra-
diation. The nano-structure carrier nanoparticles are composed
of porous silica nanoparticles, and a porphyrin cap that is
sensitive to reactive oxygen species (ROS) is grafted onto the
silica pore. With visible light irradiation, active oxygen is
generated by the porphyrin structure. The active oxygen could
break the chemical bonds, which is sensitive to active oxygen.
The porphyrin cap on the pore could then be damaged, and the
drug molecule loaded inside the nanoparticles is exposed to the
surrounding environment. Then, the light responsive drug
release could be realized.

In addition to visible light, another stimulation source is the
two-photon near-infrared light. There are many advantages to
this system, including the high anti-interference ability, low
energy, deep penetration and high 3D spatial resolution.”® A
composite hydrogel with polydopamine nanoparticles and
polyethylene glycol was prepared by researchers.”” Since poly-
ethylene glycol is a synthetic bio-based material with excellent
biocompatibility and hydrophilicity, it is widely used to prepare
bio-based hydrogels. It has been reported that the molecules
containing sulfhydryl or amine groups could bind with poly-
dopamine molecules through n-n bonds or hydrogen bonds.
Due to the binding, the molecules could be trapped in the
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hydrogel. Under infrared light irradiation, polydopamine could
absorb near-infrared light and convert its energy into heat. The
heat can destroy the chemical bond interaction between the
target molecule and the polydopamine molecule. Thus,
the target molecules could be released. The near-infrared
responsiveness of the bio-based material depends on the
stacking of n-m bonds and the strength of hydrogen bonds.

2.7 Mechanical stimulus response bio-based material

Mechanical response bio-based material refers to bio-based
materials that can give feedback to external mechanical stimuli
and show specific functions. The external mechanical stimuli
can be divided into three types: compression, tension, and
shear. There are a variety of specific materials corresponding to
each stimulus. The researchers’® prepared a mechanical sti-
muli response hydrogel, and investigated the application for
controlled drug release (Fig. 4(A)). Sodium alginate-bio-based
material was applied as a raw material, and was mixed with the
target molecules to form a hydrogel. Two different types of
hydrogels were prepared. One only contained free target mole-
cules, while the other one contained both free target molecules
and the molecules that were anchored to the hydrogel network
structure. The results showed that when the hydrogel was
compressed, the free target molecules could be released from
the squeezed hydrogel, but the release profile was not control-
lable. Meanwhile, in the presence of the anchored molecules
group, under the periodic compression, controlled drug release
could be realized. A plausible release mechanism is described
as follows. Without compression, the target molecules
remained anchored inside the hydrogel. When a compression
force was applied, the force damaged the anchoring structure
between the hydrogel and the target molecule. Then, the pulse
release profile could be achieved. B-Cyclodextrin was also
combined with sodium alginate to prepare a compression
response hydrogel.”® The results showed that sodium alginate
hydrogel alone had no response to compression force. The
reason might be that with calcium ion crosslinking, the hydro-
gel could be stable even under the compression. When
B-cyclodextrin was incorporated, the mechanical strength of
the hydrogel mesh was decreased, so that the hydrogel mesh
structure could be deformed under the compression force,
resulting in the release of drug molecules from the hydrogel.
Bio-based tension response materials are widely used in
sensors,?”®! electronic devices,®*®** medicine and other
fields.®* Usually, the tension response material contains elas-
tomers. For example, the researchers® prepared a composite
hydrogel containing sodium alginate, acrylamide and enzyme.
The enzyme molecules were uniformly distributed in the hydro-
gel. When the hydrogel was stretched, the tension could
increase the surface area of the hydrogel structure and reduce
the thickness of the hydrogel. More enzymes could be exposed
onto the surface of the hydrogel, which made it easier for
the enzyme to make contact with the substrate. In this way,
the catalytic efficiency could be accelerated. Furthermore, the
increase in the specific surface area of the hydrogel was
positively correlated with increasing enzyme activity. The
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increase in the specific surface area of the hydrogel under the
tension could also be used to control the release profile of the
drug molecules. The researchers®® placed drug-loaded sodium
alginate microspheres in an elastomer substrate (Fig. 4(B)).
When an external tension stimulus was applied, the surface
area of the sodium alginate microspheres was changed. This

© 2023 The Author(s). Published by the Royal Society of Chemistry

change could promote the release and diffusion of the loaded
drug, and the system could be reused several times.

The response to shear force depends on the reversible
deformation and disaggregation of the material since the
narrowing of blood vessels increases the shear force of blood
flow by more than ten times.®””®® Therefore, the shear force
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response materials have been widely used in cardiovascular
system therapy. The researchers prepared a bio-based drug-
loaded microaggregate composed of polylactic acid and glycolic
acid nanoparticles. The aggregates remained stable under the
condition of normal blood flow shearing force. In an embolized
blood vessel, however, the increased shear force could cause
microaggregate disaggregation. The concentration of free nano-
particles would then increase. With the increasing surface area
of the drug-loaded nanoparticles, the drug utilization rate
could be improved.

Although mechanical stimulus response bio-based materials
are easy to prepare and can be used in a wide range of
applications, it still faces the following problems during the
late development process. For example, the mechanical stimu-
lus needs to reach a certain range to achieve the feedback of the
material. Thus, the sensitivity of the response should be
improved. After the stimulation is given, it also takes a certain
period for the material to recover. This means that even if the
stimulation is removed, the material could still show certain
functions, such as the release of drugs. For a biomedical
system, a complete controllable response is necessary. Other-
wise, the leakage of drug molecules contained within the
material may occur. These problems mentioned above need
to be further developed and improved.

2.8 Ion-responsive bio-based materials

As we mentioned above, a variety of kinds of stimuli-responsive
materials are prepared, and many of them are hydrogels. For
these hydrogels, metal ions is very important. Because the
metal ions could form a crosslinking structure in the hydrogel.
For example, one of the most widely used bio-based hydrogels
is the sodium alginate hydrogel. The calcium ions are added
during the hydrogel preparation process to form crosslinking
with the polymer network. In addition to the crosslinking
during hydrogel preparation, metal ions can be used as a
source of stimulation. In order to prove that the metal ions
could be used as a stimulation source (Fig. 4(C)), the
researchers® prepared two kinds of hydrogels: one containing
N,N-methylenebisacrylamide/polyacrylamide  (modified by
B-cyclodextrin and metal ion stimuli-responsive ligand);
another type is methylene bisacrylamide/ter¢-butyl modified
polyacrylamide. In the absence of metal ions, cyclodextrin
binds to the ligand, which is metal ion-responsive. The ligand
is inserted into the cyclodextrin cavity, and it causes the
stickiness of the hydrogel to disappear. Then, the hydrogels
cannot be adherent with each other. Once the metal ions are
added, the metal ions release the ligand from the cyclodextrin
cavity, and the exposed cyclodextrin cavity can be combined
with the tert-butyl group of polyacrylamide. Subsequently, the
adhesion of the hydrogel materials is recovered and the self-
healing is achieved.

Metal ions not only combine with the corresponding groups
to realize the stimuli response, but also affects the osmotic
pressure to achieve the response. As shown in the literature,”
quaternized cellulose (QC) and carboxymethyl cellulose (CMC)
were crosslinked to prepare composite hydrogels (Fig. 4(D)).
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When the hydrogel was placed in the solution containing metal
ions, the swell occurred. The swelling mechanism is because
the hydrogel absorbs a large amount of water to increase its
volume. During swelling, metal ions can affect the osmotic
pressure inside the hydrogel and in the solution. Thus, the
change of osmotic pressure makes the hydrogel expand and
shrink. For instance, in the presence of a high concentration of
metal ions, the hydrogel shrinks due to the osmotic pressure,
resulting in a low swelling rate. In addition, by tuning the ratio
of cellulose to carboxymethyl cellulose, the swellable rate of the
hydrogel can be controlled.

Biological materials, such as DNA, are also widely applied in
the preparation of ion-responsive hydrogels. A Ag" responsive
hydrogel containing DNA was prepared by the researchers.’®
Specifically, the hydrogel contains Y-type nucleic acid subunits
or acrylamide chains, which is functionalized with nucleic
acids. In the presence of silver ions, the hydrogel undergoes a
reversible transition between gel and liquid. The response
mechanism is that silver ions can combine with cytosine bases
to form a polymer grid crosslinking structure. Cysteine can
form complexes with the silver ions. Thus, when cysteine is
added into the hydrogel, the silver ions used as the crosslinking
agents would be taken away by cysteine due to the complex
formation. With the disappearance of the crosslinking agents,
the hydrogel structure collapses. Therefore, the material con-
verts from a solid to a liquid.

Some researchers have combined ion-responsive materials
with non-ion-responsive cellulose to prepare ion-responsive
cellulose films. The researchers® coated the surface of the
cellulose fiber membrane with titanium dioxide so that the
surface of the cellulose fiber was evenly coated with a titanium
dioxide film. The ruthenium dye molecules were then anchored
on the titanium dioxide film. When the cellulose film is placed
in a solution containing mercury ions, the mercury ions com-
bine with the isothiocyanate group in the ruthenium dye to
form complexes. The formation of complexes makes the fiber
membrane color significantly change. This could be applied to
detect heavy metal pollutants in water. The high surface area of
the cellulose film improves the efficiency and sensitivity of
the test.

2.9 Enzyme-responsive bio-based materials

Enzymes are biomolecules that act as catalysts for chemical
reactions, and participate in almost all intracellular metabolic
processes. It can selectively incorporate with substrate mole-
cules that have specific domains.”® This highly selective and
specific enzyme-substrate interaction is the basis of enzyme-
responsive materials. Based on this interaction, a series of
applications have been developed.’ There are two main routes
to prepare enzyme-responsive bio-based materials. One route is
to use enzyme-responsive materials as substrates, such as
peptides or sugars. These molecules could be cleaved under
the enzyme interaction specifically.”® Another route is to mod-
ify the surface of non-enzyme-responsive materials with
enzyme-responsive groups. Due to the existence of enzymatic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reaction groups, the enzyme-responsive materials could be
obtained.”®

A layer-by-layer self-assembled method was applied by the
researchers®” to prepare hollow nanocapsules with dual enzyme
response. Doxorubicin was loaded in the cavity of the nano-
capsules (Fig. 4(E)). The results showed that there was no drug
release from the nanocavity in the absence of enzymes. Mean-
while, if the trypsin or hyaluronidase was added, the concen-
tration of free drug molecules in the solution increased
significantly. This is because the main component of the
nanocapsule wall is protamine. If the enzyme is applied, the
protamine will be catalyzed by trypsin or hyaluronidase, lead-
ing to degradation. Furthermore, because of the protamine
degradation, the nanocapsule wall is cracked. The degraded
nanocapsules can release drug molecules from the cavity. The
results also showed that if the nanocapsules surface is modified
by the folate receptor, then the nanocapsules can be selectively
internalized by cancer cells, thereby achieving the targeted drug
delivery. In addition to using a material that is directly respon-
sive to enzymes, the researchers®® synthesized a polymer-
peptide hybrid block amphiphilic copolymer by combining
N-carboxy anhydride ring-opening polymerization technology
and controlled peptide synthesis technology. The copolymer
also showed an enzyme response. The hydrophobic segment of
the copolymer is polystyrene chain, and the hydrophilic seg-
ment is a polyglutamic acid polypeptide chain, which contains
alanine. The amphiphilic copolymer can form self-assembled
nanoparticles and is stable in solution. When the elastase or
thermophilic protease is added to the solution, the polypeptide
chain segment is degraded. This results in the disintegration of
the copolymer and the performance of the corresponding
functions. Similar to the previous literature, the researchers®
prepared a triblock peptide-containing composite polymer
micelle composed of poly(oligoethylene glycol monomethyl
ether methacrylate) (POEGMA), peptides and temperature-
responsive poly(N-isopropylacrylamide) (PNIPAM). The micelle
is composed of PNIPAM as the core and POEGMA/peptides as
the outer layer. The structure has a dual response of tempera-
ture and enzyme. When the metalloprotease is added, the
specific sequence in the peptide chain could be cleaved. As a
result, the shell layer of the micelles will be removed and the
micelles collapse.

From the above, we already know that polymer nanoparticles
could be degraded by enzymes. However, the polymer could
also be crosslinked under catalysis of the enzyme. The
researchers'® prepared an enzyme-responsive tyrosinated dex-
tran hydrogel. The swelling and degradation occur under
enzyme catalysis. In the presence of horseradish peroxidase,
the modified glucan chains could be quickly crosslinked to
form a hydrogel. The crosslinking makes the polymer structure
transfer from liquid to solid. The response mechanism is that
under the catalysis of horseradish peroxidase, the carbon-
carbon bond of the modified glucan chain, or the carbon-
oxygen bond between the carbon and the phenoxy group is
coupled. Then, the hydrogel is formed by polymer grid cross-
linking. In the presence of enzymes, the hydrogel could be
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crosslinked and is transformed from sol to gel. Meanwhile, due to
the existence of enzymes, the hydrogel could be depolymerized, and
the hydrogel is then transformed from gel to sol. For example,
Huisgen cycloaddition reaction was applied by the researchers'® to
prepare a polyethylene glycol-peptide composite hydrogel (Fig. 4(F)).
The peptide chains in the structure could be used to tune the
internal crosslinking structure of the hydrogel. When the hydrogel is
placed in the solution with metalloprotease, the peptide chains are
degraded, thereby changing the internal grid structure of the
hydrogel from compact to loose. Then, the cells could diffuse and
migrate within the hydrogels.

3. Advanced technologies for
preparing bio-based stimuli responsive
materials

Electrospinning is a simple and versatile technique to prepare
nanofibers from multifarious polymers and composite
materials.'% It is rather attractive in biomedical fields due to
its high loading efficiency, flexibility in surface functionalities,
versatility of drug incorporation, simple procedure, feasible
mass production and low cost.'®® Many bio-based polymers
are suitable for electrospinning, such as PLA, PCL, and
chitosan.’® Connecting electrospinning technology with
stimuli-responsive materials can control and manage the
release of drugs from nanofibers.'® It is well known that
electrospinning fibers have a high surface area-to-volume ratio.
Thus, its structures mimicking the ECM have shown great
potential for tissue ingrowth and cell migration.'®® Microfluidic
chip precisely controls and manipulates micro scale fluids,
especially for submicron structures, and is also known as
Lab-on-a-Chip technology. The technology is suitable to pre-
pare nanoparticles. For the biomedical field, these drug-
loading nanoparticles could achieve targeted delivery'®” and
controlled drug release.’®® The procedure has been used to
synthesize monodisperse core-shell chitosan based meso-
porous silica nanoparticles with pH-sensitive characteristics
for drug release.'®® The physicochemical property of the nano-
particles has been well studied. Compared with electrospin-
ning, it could produce more uniform products. However, the
drawback of the microfluidic method is its low efficiency and
high cost. Due to the use of microfluidic chips, channel
blockage could often occur during the preparation process,
which limits its further application. Bioprinting is an advanced
technology for constructing three-dimensional multicellular
system in vitro. This technology is a combination of rapid
prototyping technology and biological manufacturing technol-
ogy, which can solve the problems that are difficult to solve in
traditional tissue engineering. Compared with electrospinning
and microfluidic methods, the bioprinting method shows
greater advantages especially in tissue engineering and cell
delivery fields®®'%® because bioprinting technology could rea-
lize complex and organized structures in 3D.'*""'! Meanwhile,
for electrospinning, it fails to recapitulate the realistic 3D
microenvironment of the native system.*®
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4. Emerging biomedical applications
of bio-based stimuli-responsive
materials

4.1 Drug delivery

Drug delivery refers to the technology in which specific drug
molecules are transferred to target locations in the
organism.""? It is a comprehensive system that could control
the spatial and temporal distribution of specific drugs in the
organism. The concentration of the drug is maintained at a
certain level by the system, so that the drug could have specific
effects on the organisms and achieve therapeutic goals in
related diseases. Moreover, since the drug delivery system is
controllable and tunable, the therapeutic efficiency of the drugs
could be effectively promoted. Meanwhile, the system can
reduce the cost and side effects of the drugs.'*®

Although the drug delivery systems have the abovementioned
advantages, the current traditional drug delivery systems still face
many problems. Sometimes, the release profile of the drug is less
than satisfactory. Some drugs are released too quickly after entering
the body and fail to realize the therapeutic effects, or some drugs are
not effectively delivered to the target site of the organism. For
example, after entering the body, some drugs are enriched and
are decomposed in the liver before reaching the target site without
any therapeutic effects. In addition, some drugs have a certain
potential side effect. For this reason, the spatial and temporal
controlled drug release is one of the most critical properties of drug
delivery systems. Researchers are working on how to achieve a
personalized and customized drug delivery. The side effects of the
drugs could be further reduced through more precise and targeted
administration.*

However, conventional drug delivery systems such as
micelles'"® and nanoparticles'*® mainly rely on the circulation
of body fluids, in which the drug-loaded polymer matrix is
“passively” transported to the target site and release drugs to
achieve therapeutic effects. Generally, the release mechanisms
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of drugs from the polymer matrix mainly includes two types: (1)
release drugs with the polymer matrix degradation, where the
rate of drug release depends on the rate of polymer degrada-
tion; (2) release drugs from the polymer matrix by diffusion,
where the release rate depends on the structure of the polymer
matrix and the mobility of the polymer chains. Based on the
mechanisms mentioned above, the release of drugs would be
very slow and the programmed release cannot be achieved.

With the development of this research field, the stimuli-
responsive drug delivery system has attracted increasing atten-
tion. The system can release drugs at a specific target location
based on the specific disease of patients or chemical reactions
of the body.'"” The goal for the stimuli-responsive drug delivery
system is to build a real-time linkage between the location of
the drug delivery (or the rate of drug release) and the physio-
logical activities of patients (or other disease-related condi-
tions). In contrast to no response drug delivery system, a
stimuli-responsive drug delivery system could provide each
patient with the optimal individual drug delivery strategy based
on their specific physiological activity. As is known to all, the
preparation of stimuli-responsive drug delivery systems relies
on the polymers that have specific responses to relevant sti-
muli. The drug release could be achieved through related
reactions. Furthermore, the response to the stimulation is
reversible. Therefore, controlled drug release is obtained. Com-
pared with the traditional drug delivery system mentioned
above, the stimuli-responsive drug delivery system has many
advantages. The system maintains the blood concentration in a
relatively constant level. The dose of drug administration could
also be reduced to improve the curative effect. The targeted
delivery of drugs reduces the side effects of drugs as much as
possible. Furthermore, the duration of administration is shor-
tened, and the patient compliance is improved.

A bio-based pH-responsive drug loaded hydrogel was pre-
pared using chitosan and acrylic acid through free radical
polymerization."'® The system was then applied for cancer
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Fig. 5 Bio-based responsive materials for drug release. (A) Chitosan-based pH-responsive drug release hydrogel*® (reproduced with permission®®

from the Royal Society of Chemistry); (B) drug release from pH-responsive hydroge
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treatment (Fig. 5(A)). The results showed that the controlled
release of 5-fluorouracil loaded in the hydrogel could be
achieved by tuning the environmental pH. This system, to a
certain extent, could reduce the toxic and side effects of the
drugs. In addition to chitosan, carboxymethyl cellulose was
used to prepare a stimuli-responsive drug delivery system.'*®
The hydrogel combined carboxymethyl cellulose with gelatin.
The results showed that a gel-sol transition could be realized
near the temperature of the human body condition. Thus, the
controlled release was obtained. In addition, the researchers?°
developed a pH-responsive drug delivery system by crosslinking
cyclodextrin-grafted gelatin with oxidized dextran. The con-
trolled release of 5-fluorouracil was also achieved (Fig. 5(B)).

In addition to a small molecule drug delivery, bio-based
materials could be applied to macromolecular drugs such as
mRNA. Cholesterol is primarily vital for maintaining the cell
membrane integrity, and it could be prepared from nature. For
example, a mRNA drug carrier was prepared by using ionizable
lipid, cholesterol, DSPC and DMG-PEG."?* The delivery system
was pH responsive. The drug carrier could maintain a neutral
charge while in systemic circulation (pH 7.0), and it could
become positively charged in the endosome (pH 5.0), facilitat-
ing the membrane fusion and subsequent cytosolic release. The
results showed that the modified cholesterol could improve the
intracellular uptake and retention of the drug carrier, resulting
in a dramatic improvement in efficacy.

4.2 Drug anticounterfeiting

Drug counterfeiting is an increasingly serious problem, which
has also attracted increasing attention.'*” Currently, the meth-
ods to prevent drug counterfeiting mainly focus on the packa-
ging of drugs (such as bar codes, fluorescent trademark.).
However, the repackaging of drug packaging by distributors
may invalidate the security marks on the packaging, thus
resulting in the circulation of counterfeit drugs in the market.
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Based on this situation, in situ labeling technology has been
developed to label the tablet itself.

Cellulose acetate phthalate and polylactic acid fibers were
obtained by electrospinning (Fig. 6(A)).'** The fibers were
applied to prepare in situ anti-counterfeiting labels of drugs.
By doping the fluorescent molecules in the polymer, the fibers
exhibited strong green fluorescence. The fibers were cut into
micron-sized fragments by laser. Then, a specific area on the
fiber fragments was bleached by laser irradiation. During laser
irradiation, the fluorescence molecules in the irradiation area
would be quenched. The pattern of the quenched fluorescence
molecules and fluorescence molecules could form bar codes.
These fiber fragments (containing the bar codes) were coated
onto the tablet surface to achieve in situ drug anti-
counterfeiting. The drug information could be decoded from
the bar codes by fluorescence microscope, enabling the identifi-
cation of drug authenticity.

In addition to conventional polymers, DNA as a bio-based
stimuli-responsive material has been applied for drug anti-
counterfeiting. Due to its strong coding capacity and security
(only in the presence of correct enzymes and other conditions,
the sequence of the base-pairs could be decoded), the oligo-
nucleotide is applied to prepare anti-counterfeiting labels suita-
ble for solid and liquid formulation.'**™*® For example, plant-
based DNA has been applied to prepare anti-counterfeiting
labels."®” The labels were mixed with tablet coating materials to
track a single tablet. By using a portable DNA sequence reader,
the DNA sequence can be decoded, and then people could
identify the authenticity of the tablet (Fig. 6(B)). Researchers'*®
also combined light-responsive molecules with DNA to prepare
drug anti-counterfeiting labels. The light-responsive molecules
could be detected by an optical device, and then the DNA strands
combined with light-responsive molecules could be extracted
from the surface of the tablet or from the solution. The drug
information stored inside the DNA sequence could be decoded by
DNA polymerase chain reaction (PCR). However, PCR technology
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Fig. 6 Bio-based responsive materials for drug anticounterfeiting. (A) Photobleaching PLA fluorescent barcode for anticounterfeiting

122 (reproduced

with permission?? Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim); (B) schematic diagram of DNA sequence to storage information
for tablet anti-counterfeiting®?” (reproduced with permission'?” Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).
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is complicated and not easily popularized. For this reason, a
more convenient DNA-based drug anti-counterfeiting system was
prepared.'* There are two parts in the system: drugs labeled by
DNA, and an ink containing the complementary DNA sequence.
If the tablet contains the correct DNA label, the ink will show
fluorescence when it comes in contact with drugs labeled by the
correct DNA sequence. No fluorescence would be observed if the
ink encounters the wrong DNA label. Similarly, a DNA-based
molecular beacon was prepared. Once the molecular beacons
encounter the complementary DNA sequence, the fluorescence
signal could be detected and the signal can be presented by
secondary photoelectric tubes.

With the development of anti-counterfeiting technology,
drug anti-counterfeiting technology has been gradually transi-
tioned from the packaging of drugs to the drugs themselves. At
present, most of the in situ anti-counterfeiting technologies of
drugs are mainly concentrated on solid preparation. However,
the injectable formulation also deserves attention. In many
areas, the proliferation of counterfeit and inferior injectable
formulation has attracted increasing attention. For example, it
has been reported'®° that in 2007, someone used fake and
shoddy heparin on dialysis, resulting in an allergic reaction. In
addition, the WHO reported™" that 21 patients in Iranian
hospitals were injected with fake and inferior bevacizumab,
causing serious vision problems. Other examples, including
counterfeit vaccines, fake insulin and other counterfeit inject-
able formulations, have been recently reported in China.

5. Conclusion and outlook

Bio-based stimuli-responsive materials offer many advantages
for a wide range of applications in a variety of fields. The mainly
advantage of bio-based stimuli-responsive materials is their
biodegradability and biocompatibility. Especially for biomedi-
cal applications, this feature could enhance the safety of
biomedical applications and reduce the cost. Bio-based
stimuli-responsive materials also show more environmental-
friendly properties compared with oil-based stimuli-responsive
materials. Herein, we introduce the types of bio-based stimuli-
responsive materials and their preparation methods, as well as
the response mechanisms. In this chapter, we mainly focus on
the applications in drug delivery and drug anti-counterfeiting.
We explain the release mechanism of a traditional drug delivery
system. We also show the defects of the system. Compared with
a traditional drug delivery system, the advantage of the bio-
based stimuli-responsive material is significant. Some
hydrogel-based stimuli-responsive drug delivery systems are
introduced.

However, we still need to face the problems of bio-based
stimuli-responsive materials for drug delivery and for drug
anticounterfeiting. It is not easy to prepare stimuli-responsive
drug delivery systems. The preparation usually needs to go
through a complex design, which makes potential drugs more
difficult to develop, especially in terms of the quality control
and repeatability of drugs. Meanwhile, it is necessary to
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improve and optimize the bio-based stimuli-responsive materi-
als in order to make them transfer from an experimental model
to clinical application. In particular, the preparation of systems
that have a response to endogenous stimuli is more difficult to
control because the in vivo environment is different from
patient to patient (such as the pH of tumor cells or metabolites
in the blood circulation). Despite the great potential of drug
delivery systems that respond to exogenous stimuli, there are
still some problems that need to be solved: (1) the penetration
depth to the organism needs to be enhanced; (2) the sensitivity
of the response needs to be improved (to avoid healthy tissues
damage). At present, there are two types of stimuli-responsive
drug delivery systems that have been applied at the clinical
stage, temperature response system and magnetic response
system. The commodity names are thermoDox and NanoTherm,
respectively. The former is being used in clinical trials for stage
2 breast cancer and stage 3 liver cancer, while the latter has been
approved for the treatment of glioblastoma. The development of
materials, especially for the bio-based materials, greatly pro-
motes the design of stimuli-responsive drug delivery systems.
Nowadays, the design of stimuli-responsive drug delivery sys-
tems tends to focus on how to prepare a system that is suitable
for clinical application. In the future, a more sensitive stimuli-
responsive system that has a stronger response to the stimuli is
expected.

For drug anticounterfeiting, there is no doubt that more
advanced and more powerful technologies are always needed to
prevent drug counterfeiting. Due to the lack of security of
package labeling for drug anti-counterfeiting, in-tablet and in-
capsule labeling, instead of drug packaging labeling, is becom-
ing a powerful tool to protect drugs from counterfeiting. During
the preparation, the toxicological safety and the compatibility
of the anti-counterfeiting label should be the first factor to be
considered. Owing to the advantages in biocompatibility and
safety, bio-based stimuli-responsive materials are expected to
have wide potential applications in the field of in situ drug anti-
counterfeiting. In addition to the drug, closer cooperation and
supervision among various agencies are of great significance to
combat counterfeit and substandard drugs. At the same time,
we should not overlook that patients should be fully aware of
the threats by the black drug market.

Owing to all these features and many applications, we could
expect that bio-based stimuli-responsive materials will become
increasingly important tools that can open a new area to benefit
mankind.
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