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Abstract

This article provides the review of the medical use of pH- and temperature-sensitive polymer hydrogels. Such polymers are
characterised by their thermal and pH sensitivity in aqueous solutions at the functioning temperature of living organisms
and canreact to the slightest changes in environmental conditions. Due to these properties, they are called stimuli-sensitive
polymers. This response to an external stimulus occurs due to the amphiphilicity (diphilicity) of these (co)polymers. The
term hydrogels includes several concepts of macrogels and microgels. Microgels, unlike macrogels, are polymer particles
dispersed in a liquid and are nano- or micro-objects. The review presents studies reflecting the main methods of obtaining
such polymeric materials, including precipitation polymerisation, as the main, simplest, and most accessible method for
mini-emulsion polymerisation, microfluidics, and layer-by-layer adsorption of polyelectrolytes. Such systems will undoubtedly
be promising for use in biotechnology and medicine due to the fact that they are liquid-swollen particles capable of binding
and carrying various low to high molecular weight substances. It is also important that slight heating and cooling or a slight
change in the pH of the medium shifts the system from a homogeneous to a heterogeneous state and vice versa. This provides
the opportunity to use these polymers as a means of targeted drug delivery, thereby reducing the negative effect of toxic
substances used for treatment on the entire body and directing the action to a specific point. In addition, such polymers can
be used to create smart coatings of implanted materials, as well as an artificial matrix for cell and tissue regeneration,
contributing to a significant increase in the survival rate and regeneration rate of cells and tissues.
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1. Introduction

Inrecent decades,a new scientific direction has
emerged at the intersection of polymer chemistry,
nanotechnology, biology, pharmaceuticals,
biotechnology, medicine, and it is constantly
attracting increased attention, associated with the
so-called «smart» or «intelligent» materials [1].
Smart materials based on water-soluble polymers
attract significant scientific and practical interest.
This is due to the fact that they have a number of
unique properties: temperature-, pH-sensitivity,
structure diphilicity, etc. In this regard, they are
called stimuli-sensitive polymers, since they can
respond to external environmental influences
[2-5]. The reaction to external influence occurs
due to the amphiphilicity (diphilicity) of the (co)
polymers. Usually, monomers with a structure
containing both hydrophilic and hydrophobic
segments are used. Such substances are now
being actively used as dispersants, emulsifiers,
solubilisers, in cosmetology, for the isolation of
drugs, etc. [6, 7].

Among smart polymers there are represen-
tatives that can respond to changes in tempe-
rature, pH, ionic strength, the content of
inorganic, organic substances and high molecular
weight compounds of various natures, light
intensity, electric field strength, etc. Methods
for the synthesis of such hydrogels (precipitation
polymerisation, emulsion polymerisation) are
often simple and extremely easy to scale up to
pilot production, and the synthesized particles
obtained by these methods will have a rather
narrow size distribution.

These systems will undoubtedly be promising
for their use in biotechnology and medicine. They
are a very simple tools for managing systems.
Slight heating and cooling or a slight change
in the pH of the medium leads to a transition
from a homogeneous system to a heterogeneous
one and vice versa, significantly changing the
swelling capacity of the hydrogels. Such polymers
are already used for the concentration and
purification of biologically active substances or
for the fixation of biocatalysts.

Recently, methods have been developed
for the preparation of such hydrogels from
biodegradable and non-toxic polymers [8]. The
term hydrogels includes both macro- and
microgels. The latter differ in that the polymer
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particles are dispersed in a liquid and are nano-
or micro-objects. Due to the fact that the microgel
is a liquid-swollen particle, they can bind and
transport inside various substances of low to
high molecular weight. This fact suggests that
such systems are ideal for the delivery of drugs.
It is possible to create a system with precisely
specified parameters at which it will operate
effectively, achieving accurate drug delivery to
the affected cells and tissues by adjusting the size
of particles during synthesis or by the external
action of the environment (temperature, pH),
and by introducing various monomers, regulating
the sensitivity and decomposition rate into
the composition of the microgel. Additionally,
hydrogels also offer great opportunities for
regenerative medicine: surfaces coated with
such polymers can be used for the growth of cells
with the formation of tissues, which can be used
either as external coatings for biomaterials for
implantation, or for use in the regeneration of
various parts of the body.

2. Drug delivery systems

Due to the cross-linked structure of hydrogels
containing up to 90% liquid in their pores, they
represent a new class of delivery systems for a
wide range of different drugs [9]. The indisputable
advantages of microgels include the ability to
control their composition and properties during
synthesis by using various approaches. Microgels
with similar chemical compositions can often be
obtained in a wide range of sizes from several tens
of nanometres up to hundreds of micrometers
(depending on the preparation method or the
composition of the reaction mixture). By varying
the degree of cross-linking of microgels, it is
possible to change the pore size inside them,
which can be used for the controlled release of
the drug loaded into the microgel.

The use of numerous bioconjugation reactions
allows the functionalisation of microgels, which
is necessary for the transition from “passive” to
“active” delivery [10].

The cross-linked structure of microgels
provides opportunities for the creation of
hybrid nanobiomaterials capable of combining
such important biomedical applications as
targeted delivery and visualization (the very
popular «theranostics» principle [11], derived
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from the combination of the words therapy
and diagnostics) or targeted delivery and the
possibility of local warming up (which is used for
hyperthermia therapy with tumours).

In contrast to liposomes, which have been
well studied over the past decades and are now
widely used in targeted drug delivery therapy,
microgels are a less studied and broader class
of delivery containers. The most popular
are microgels based on polysaccharides:
chitosan, dextran, cellulose, and others. [12,
13]. The use of protein-based microgels for
targeted delivery is less preferable, since they
are more immunogenic; in turn, the use of
microgels based on human (albumin) or non-
immunogenic proteins (collagen, gelatin) opens
up possibilities for the simple synthesis of
biodegradable drug carriers [14]. Microgels based
on natural polymers have high biocompatibility
and extremely low toxicity, but they can be
recognised by the components of the immune
system and excreted from the body. In turn,
synthetic polymers, especially those containing
hydrophilic polyethylene glycol or polyglycerol
macromonomers have extremely high stability in
solution and reduced sorption of proteins, which
makes them analogues of «stealth’-liposomes.
Among synthetic polymers, the overwhelming
majority of studies were devoted to microgels
based on poly(N-isopropylacrylamide) PNIPAAm
[15]. The reasons for this are the ease of
preparation and monodispersity of microgels
synthesized by the precipitation polymerisation
mechanism in an aqueous solution. Among other
polymers of targeted delivery using microgels,
polymers based on 2- hydroxyethyl methacrylate
(HEMA) and oligoethylene glycol methacrylate
(OEGMA) are widely used [14].

The possibility to load significant amounts
of drug into a microgel and the efficient and
controlled release of the loaded drug is important
for drug delivery. This requires the binding of the
drug to the microgel. This is usually achieved
due to hydrophobic interactions (low solubility
of the drug in water), but it has been shown that
hydrophobic interactions are not enough for
the achievement of high (20% or more) degrees
of loading with the drug and other types of
interactions, hydrogen bonds or electrostatic
attraction are required [16].
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In most studies, microgels are used to
deliver cytostatics: doxorubicin, daunorubicin,
cisplatin, and methotrexate [9]. In these studies,
microgels are analogues of the liposomal
formulations of the mentioned drugs, and
the effects observed during their use is often
similar. However, the use of microgels open up
a wider range of possibilities for the delivery
of hydrophilic drugs with a significant number
of charged groups. In this case, the binding
between the drug and the microgel is carried out
due to numerous ionic interactions between the
opposite charges of the drug and the hydrogel.
This approach was successfully applied in studies
based on the delivery of nucleotide triphosphate
analogues [17].

The use of ionic interactions for the production
of drug-microgel complex is extremely important
for biomolecules: nucleic acids and proteins.
Microgels can very effectively act as containers
for the delivery of biomolecules such as proteins
and peptides [18], which makes their use a very
promising direction for the delivery vector of
drugs.

The use of microgels allows avoiding the
side effects of cytostatics, reducing their general
toxicity and nephrotoxicity, and contributing to
the improvement of the condition of animals in
in vivo models. Now, the study of targeted drug
delivery is one of the most rapidly developing
directions and obviously, other drugs will be used
for introduction via microgels.

The release of the drug is also crucial for the
effective action of the microgel. In many cases,
the release of the drug occurs spontaneously,
due to diffusion or ion exchange. The use of
temperature-sensitive, photosensitive, pH-
sensitive polymers allows the controlled release
of the drug, providing the selectivity of action on
tumours [19].

The environment of a tumour often has
a more acidic pH, due to its high metabolic
activity and poor development of its lymphatic
vessels. pH-dependent swelling of microgels is
a universal mechanism of drug release from a
microgel, which has been widely investigated
in numerous studies. An interesting approach
is also pH-dependent swelling leading to the
release of functional groups on the microgel
surface, which are hidden at a normal pH of 7.4.
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In this case, functional groups can be both ligands
to receptors on the surface of cancer cells and
viral peptides (TAT peptide, etc.), providing an
effective pH-dependent penetration of microgels
into cells [20].

There are several methods used for the
production of biodegradable microgels (8). First,
degradable polymers can be used. One example
is certain natural biopolymers: polysaccharides
and their derivatives, collagen cross-linked with
glutaric dialdehyde and many others, as well
as widely used polymers based on a copolymer
of lactic and glycolic acid (PLGA) or their
derivatives. On the other hand, the degradation
of the microgel into monomers in the body
is not necessary. The polymer itself may be
indestructible, but contain crosslinks that can
decompose in the body spontaneously (often
contain bonds unstable in the acidic pH range,
observed in cell lysosomes): B-thiopropionate
bonds, methacrylic esters of PLGA, orthoesters,
or under the action of certain enzymes. The
latter can be based on derivatives of peptides
specifically recognised by metalloproteinases.

One of the simplest and most well-studied
methods for achieving the degradability of a
polymer is the introduction of a crosslinking
agent containing a disulphide bond. Often, the
synthesis reaction is a radical polymerisation —
RAFT polymerisation (Reversible Addition-
Fragmentation chain Transfer) [21]. The use
of RAFT allows more precise control over the
composition and properties of synthesised
microgels. Disulphide bonds can be easily reduced
in a cell’s cytoplasm due to the presence of a
reduction system, using the glutathione reductase
enzyme and the tripeptide glutathione substrate
that is present in cells at a concentration of about
5 mM. This system effectively reduces -S-S- bonds
due to the disulphide exchange.

Microgels in a swollen state in aqueous
solutions are of particular interest. This group of
microgels is also often referred to as hydrogels.
Hydrogels attract great interest due to their
unique physicochemical properties and the huge
number of practical applications from photonic
crystals and microlenses to containers for drug
delivery [22]. Thus, microgels represent an
extremely wide class of materials with various
compositions, sizes, and morphologies.
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According to their method of preparation
and the nature of the crosslinking, microgels
are often subdivided into physically and
chemically crosslinked types [23]. The physical
microgels include gels, represented by polymer
networks interconnected due to the interlacing
of individual macromolecules and/or numerous
non-covalent interactions existing between
polymer chains. The attractive forces, holding
the chains together are hydrogen bonds, van der
Waals, electrostatic, or hydrophobic interactions.
Thus, such microgels can be reversibly dissolved
under certain conditions that weaken these
interactions (changes of pH, ionic strength, or
the addition of chaotropic reagents).

Another class of hydrogels are chemically
crosslinked gels. These microgels are highly stable
due to the presence of covalent bonds connecting
polymer chains in the microgel network. The
main method for obtaining such microgels is
polymerisation using polyfunctional crosslinking
monomers. At the moment, microgels include a
huge variety of polymer particles with different
properties. The differences in properties lead to
the possibility of classifying certain microgels by
their type of sensitivity. Sensitivity is the ability
to change physical and chemical properties under
the influence of various external parameters.

The most common of these parameters are
temperature, pH, ionic strength, light intensity,
electromagnetic radiation, and even some simple
organic molecules [24]. Most often, microgels
undergo a change in their volume, which can
be used in many fields of science, such as
biotechnology and biomedicine [25].

In addition to the classification according
to the sensitivity type, there is a classification
according to the method of production. At the
moment, there are many different methods with
their own advantages and disadvantages. Mini-
emulsion copolymerisation of water-soluble
monomers in immiscible organic solvents in the
presence of surfactants allowing strictly control
the composition of the obtained microgels. Using
this method it is easy to synthesize microgels with
water-soluble macromolecules (proteins, etc.)
included in them, as well as nanoparticles (Fe,O,,
Pd, Ag, CdSe). The disadvantages of the mini-
emulsion polymerisation method [26] include the
need to use an external dispersing action, which
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often leads to the destruction of biomolecules
included in the microgel network.

Microfluidics is a unique method for the
synthesis of microgels, which allows the synthesis
of polymer particles from 1 to 200 um, with the
narrowest possible size distribution. This is
achieved due to the controlled disintegration of
the jet of one phase in the medium of the other
phase. The special geometry of the channel and
the ability to generate different types of drops
allow obtaining particles of various shapes,
and the channel cross-section diameter strictly
determines the range of admissible particle sizes
[27]. The particle size of such microgels also
depends on the flow rate of the dispersion phase.
The advantages of this method include control
over the morphology and structure of the resulting
particles. Microfluidics allows synthesizing Janus
particles (a type of multifunctional micro- or
nanosized particles consisting of two or more
parts of different chemical composition and/
or shape, with different properties) under very
mild conditions [28], microgels with particles of
various shapes, as well as layered structures by
polymerisation of drop-in-drop structures [29],
which, in turn, makes it possible to obtain hybrid
particles, including those containing living cells
inside [30]. The disadvantages of this method
include very low productivity, high cost, and the
size range of synthesized microgels from few to
hundreds of micrometres.

A fundamentally different approach, similar
to microfluidics, was developed by De Simone.
This method is unique, since it allows obtaining
polymer particles ranging in size from several
tens of nanometres to several microns. This
method [31], named “PRINT” (Particle Replication
In Non-wetting Templates), is a variant of imprint
lithography using elastomeric moulds coated
with a hydrophobic perfluoropolymer. A solution
of monomers or macromonomers in water is
placed between two hydrophobic surfaces, a
polymerisation or polycondensation process is
carried out, after which the surfaces can be easily
separated from each other, and the particles can
be removed from the mould. This method has
undeniable advantages such as strict control of
particle size, shape, and composition, and surface
functionality. The mild synthesis conditions allow
the introduction of unstable compounds and
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biomolecules into the microgel system without
losing their functionality.

Layer-by-layer adsorption of a polyelectrolyte
is one of the most common methods for producing
capsules and microgels. Decher created the
generation of multilayer films on the surface by
successive adsorption of cationic and anionic
polyelectrolytes [32]. This approach can be
used to coat microgels or nanoparticles with
polyelectrolytes. For instance, Sauzedde [33,
34] described an interesting procedure in
which anionic iron oxide nanoparticles (about
10 nm) were adsorbed by cationic microgels.
Furthermore, the polymer containing carboxyl
groups formed a coating on the surface of the
initial microgels, surrounding them with its
shell. The approach combining two processes:
controlled self-assembly of polymer micelles
with the subsequent covalent crosslinking, which
provides tremendous opportunities for large-
scale production of microgels with a controlled
structure. This method allows obtaining a wide
range of microgels with various structures by
simple selection of solvents and counterions.
Using this method spheres, ellipses, and even
toroids were obtained [19]. The disadvantages of
this method include the need to use monodisperse
polymers with a strictly controlled structure and
molecular weight, as well as the multi-stage
synthesis from monomers to final products.

One of the most attractive approaches to the
synthesis of microgels is the use of precipitation
polymerisation [35]. The indisputable advantages
of this method include the single-stage operation,
ease of scaling, high productivity, and the use
of water as a solvent («green chemistry»). The
composition can be controlled by introducing
various monomers capable of providing the
desired properties to the microgels. A feature of
this process is that during the polymerisation,
using a monomer forming a temperature-
sensitive polymer, nucleus particles are formed
almost simultaneously throughout the volume.

This, in turn, leads to an unusually high
monodispersity of microgels for free radical
polymerisation. The disadvantages of this
reaction include the need to carry out the
reaction under heat (usually about 70 °C) and in
the presence of free radicals, which excludes the
possibility of the direct introduction of sensitive
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reagents and biomolecules into the reaction;
however, this can be effectively carried out after
the synthesis and purification of microgels.

3. Functional biomaterials

The most obvious application of temperature-
sensitive hydrogels is culture dishes with layers
of PNIPAAm of various thickness and density
on the bottom [36], allowing to the adhesion
and detachment of cells to be controlled by
changing the temperature, forming a cell
monolayer detachable from the substrate. One
of advantages is that the temperature-sensitive
hydrogel remaining on its basal surface [37]
acts as a cell glue at body temperature, and the
cell layers can be easily transplanted by simply
placing the cell layer on the affected area without
sutures or other methods of fixation. In addition,
cell layers remain in place after transplantation,
while cells transplanted as part of an injectable
cell suspension have a tendency to migrate [38].

Various types of culture dishes were
investigated for the efficient production of
cell layers, which led to the emergence of new
biomedical technologies (Table 1).

In addition, the cellular activity of monolayers
separated from the substrate by simply lowering
the temperature can exceed that of cells mobilised
by digestive enzymes (trypsin) and emulsifiers
(EDTA/EGTA). Thus, the secretion of certain
cytokines by the cells of the cell layer may be
higher than that of the cell suspension, which
can have therapeutic effects.

While exploring the potential use of microgels
as coatings for biomaterials, Gan and Lyon
investigated temperature-sensitive PNIPAAm
nanoparticles grafted with polyethylene glycol
(PEG), obtained by free radical precipitation
copolymerisation with PEG monomethyl ether
monomethacrylate (M, = 1 kDa) [48]. The
solution to the problems of a wide particle size
distribution, expansion of the volumetric phase
transition of microgels, and a shift in the phase
transition temperature to a higher temperature
range due to the presence of PEG, was determined
to be a two-stage method of precipitation
polymerisation. As a result, PEG chains were
localised at the outer boundary of the particles.
Consistent with numerous previous studies
on PEG grafting on both macroscopic surfaces
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and particles/macromolecules [49, 50], it was
found that protein adsorption on the microgel is
suppressed by the incorporation of PEG into the
particles, especially when these chains are located
in the microgel shell.

Both protein adsorption studies and 'H NMR
showed that the PEG side chains stretch outward
from the surface of the particles and that the
particles break down at temperatures above the
phase transition temperature. Interestingly,
similar effects were observed for particles where
PEG chains are localised in the particle core.
This suggests that PEG grafts could penetrate
through the PNIPAAm shell when it is in its
phase-separated state.

Similarly, Nolan et al. investigated the
phase transition and protein adsorption for
PNIPAAm microgel particles cross-linked with
PEG diacrylates with different ratios and different
chain lengths [51]. Based on the method of light
scattering, an increase in the temperature and
the magnitude of the phase transition with
an increase in the concentration of the PEG
crosslinking agent included in the microgels
was found. Qualitative differences in particle
density using centrifugation showed that the
obtained microgel networks are denser with a
higher PEG concentration. Based on the studies
of NMR spectroscopy, it was concluded that the
longer cross-links of PEG protrude from the
dense globular network, leading to a decrease in
non-specific protein adsorption with increasing
chain length and PEG content. Similarly, surface-
bound microgels containing longer PEG chains
showed the absence of fouling and resistance to
cell adhesion in serum-containing media.

A similar suppression of protein adsorption
and cell adhesion was observed by Scott et al. for
microgel aggregates formed by octavinyl sulfone,
modified by PEG and bovine serum albumin
[52]. Considering the geometry-independent
surface modification, PEGylated microgels are
of potential interest in areas of science requiring
antifouling coatings.

South et al. investigated the use of centrifugal
aggregation of microgel films for further
improvement of the performance of microgel-
based coatings by increasing their surface density
[53]. In this case, films formed from microgel
particles were obtained either by centrifugation
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Table 1. Typical threads of cell sheets in restorative therapy implementation

Review

Therapeutic Uses Cells Method for creating cell layers Sources
Corneal plastic Oral mucosa Using temperature-sensitive well plate inserts [39]
epithelium for culture plates and 3T3 feeder cells treated

with mitomycin C.
Elimination of Dermal fibroblasts Using temperature-sensitive culture dishes, [40]
intraoperative air leak transplantation of bilayer cell layers.
syndrome
Periodontal Periodontal ligament |Using temperature-sensitive culture dishes, [41]
regeneration derived cells three-layer cell layers with the addition of

woven polyglycolic material; bone defects are

filled with porous B-tricalcium phosphate.
Treatment of dilated |Myoblasts of striped | Using temperature-sensitive culture dishes, [42]
cardiomyopathy muscles transplantation of cell multilayers
Prevention of stricture |Epithelial cells of the |Using temperature-sensitive well plate inserts [43]
formation after oral mucosa for culture plates and endoscopic applications.
endoscopic excision of
the esophageal
submucosa
Cartilage restoration |Chondrocytes from Using temperature-sensitive culture dishes,| [44,45]

knee joints transplantation of cell multilayers.

Prevention of Epithelial cells of the |Using temperature-sensitive well plate inserts [46]
intrauterine adhesions | oral mucosa for culture plates and NIH-3T?3 feeder cells.
Postoperative Epithelial cells of the |Using temperature-sensitive well plate inserts [47]
reconstruction of the |nasal mucosa for culture plates.
middle ear mucosa

(“active” method) or by submerged adsorption
(“passive” method). It was found that microgels
actively deposited on the surface have smaller
imprints and are more densely packed, compared
to the reduced surface spread of globular proteins
at strong deposition from the flow. Using this
advantage, “active” deposition was demonstrated
for the production of polyelectrolyte multilayer
materials containing anionic microgels and
a cationic linear polymer. Such multilayer
microgels have been shown to effectively block
the underlying substrate for the adhesion of
macrophages, which is interesting, for example,
for the modulation of the inflammatory response
to implanted biomaterials.

Additionally, Wang et al. studied the use of
self-assembling microgels for the suppression
of bacterial colonisation of synthetic surfaces
[54]. In this case, two antimicrobial mechanisms
were investigated, namely: 1) modulation of
cell surface adhesion; and 2) local storage/
release of antimicrobial substances. For this,
PEG-based microgels and a copolymer of PEG
with acrylic acid (PEG-AA) were synthesized by
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the suspension photopolymerisation method,
and the obtained microgels were deposited on
silicon coated with poly-L-lysine, forming a
submonolayer coating. After deposition, a cationic
antimicrobial peptide (L5) was introduced into
the microgel, and the peptide content was
significantly higher in PEG-AA microgels than
in pure PEG microgels due to the electrostatic
factor. Coating a peptide-free silicon substrate
with a PEG-AA microgel significantly reduced
surface colonisation by S. epidermidis and the
degree of inhibition increased with the decrease
in the average distance between microgels and
surface bonds. The introduction of an L5 peptide
into microgels after deposition further reduced
coating colonisation with S. epidermidis to the
low value observed for the control macroscopic
PEG gel.

Wang and Libera investigated the surface
deposition of microgels formed by the suspension
polymerisation of AA and PEG on silicon surfaces
modified with polylysine and the effect of their
granular nature on protein adsorption [55].
Surface-bound PEG-AA microgels effectively
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prevented the adsorption of fibronectin. In
contrast, unprotected polylysine between
adhered microgel particles (subconfluent coating)
readily adsorbed this protein, thereby creating
a disordered array of submicron-sized non-
adhesive regions on the adherent cell surface.
It has been found that compared to completely
adhered surfaces, microgel coatings lead to
rapid distribution and proliferation of cells,
while the direction of differentiation does not
change. Scanning electron microscopy (SEM)
studies demonstrated that osteoblasts grow
above the surface of the microgel, adhering to
the surface areas exposed to polylysine, while
optical microscopy with temporalsm resolution
demonstrates higher cell mobility on the surface
covered with microgel. These findings correspond
with numerous studies of biomaterial surfaces
structured in different ways and are consistent
with the concept of intercellular interactions on
the surface, regulated by the spatial distribution of
cell adhesion sites. In addition, they suggest that
microgel adsorption may represent an interesting
way to control cellular processes involved in
healing after biomaterial implantation.

Similar Tsai et al. investigated PNIPAAm
microgels deposited on polystyrene substrates
by immersion [56]. As the substrate removal rates
were changed, surface structures were formed.
Stripes of densely packed PNIPAAm microgels
separated by intervals containing sparsely
distributed microgels were clearly visible on these
surface structures. It was found that NIH-3T3
cells plated on such micropatterned substrates,
are fixed predominantly in the spaces, forming
cell agglomerates. The cells formed confluent cell
layers three days after plating. The extraction of
fibroblast cell layers from substrates was carried
out by lowering the temperature due to the
temperature-sensitivity of the underlying layer
of PNIPAAm microgel, similar to other modified
PNIPAAm layers or differently reacting surfaces
for collecting cell layers.

Considering the problem of interaction of
cells with various surface features of granular
microgel films, Lynch et al. studied the production
of polymer coatings with controlled surface
topography on a micrometre scale using microgel
particles [57]. By changing the interaction
between the microgel particles, the particles
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were phase-separated into dense and particle-
depleted domains, which remained on the
surface after evaporation of the solvent. When
the particle size changes, the size of the formed
pores and their distribution in the film also
change. It was shown that such systems can be
formed into various structures, even obtained
from microgel particles of the same size and
the same composition. For HeLa cells grown on
the surfaces of microgel based on 200 nm tert-
butylacrylamide/isopropylacrylamide, cells could
either grow in the pores of the microgel, where
their distribution was limited by the pore size, or
they could grow along dense domains between
the pores, in this case, the cells had an elongated
shape.

Li et al. focused on controlled surface
heterogeneity, combining the assembly with
control of surface wettability by microdroplets
using embossing with polydimethyldisiloxane
and subsequent fixation for the assemblage of
thousands of heterogeneous three-dimensional
microenvironments for cells with precise control of
individual shapes, sizes, chemical concentrations,
cell density, and three-dimensional spatial
distribution of many components [58].

The biological reactions on surfaces coated
with a microgel have been most fully described in
the studies of Bridges et al. devoted to the biological
response of thin films formed by PNIPAAm
microgels crosslinked with polyethylene glycol
diacrylate [59]. These particles were grafted
onto a conformally coated PET substrate, which
was found to significantly reduce fibrinogen
adsorption as well as adhesion and proliferation
of primary human monocytes/macrophages. It
was also found that microgel coatings lead to a
decrease in the adhesion of leukocytes, as well as
anti-inflammatory cytokines (TNFa, IL-1b, MCP-
1) after intraperitoneal implantation.

Evaluating the biological response of a
microgel-coated surface in vivo, Bridges et al.
investigated chronic inflammatory reactions
to microgel coatings consisting of PNIPAAm
microparticles crosslinked with polyethylene
glycol diacrylate applied on PET [60]. At the
same time, unmodified and microgel-coated PET
discs were implanted subcutaneously in rats for
4 weeks, and the explants were analysed using
histology and immunohistochemistry. Microgel
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coatings have been found to reduce chronic
inflammation and result in thinner fibrous
capsules that contain 40% less cells compared to
unmodified PET discs. In addition, the microgel
coated samples contained significantly higher
levels of macrophages (80%) than unmodified
PET. These results demonstrate that microgel
coatings reduce chronic inflammation caused by
implanted biomaterials.

However, there are also reports that microgel
coatings do not provide improved performance
and biological response to biomaterials. Thus,
considering that the effectiveness of neural
electrodes implanted in the brain is often
limited by host responses in the surrounding
brain tissue, including astrocytic scar formation,
neuronal cell death, and inflammation. Gutowski
et al. investigated the host response to silicon
neural electrodes with surface coatings formed
by PNIPAAm-co-acrylic acid-PEG microgels and
without them [61]. The adhesion of astrocytes
and microglia for microgel-coated electrodes
compared to uncoated controls was significantly
reduced in vitro. In addition, the microgel
coatings reduced the array of astrocytes around
the implant for electrodes implanted in a
rat’s cerebral cortex. However, the microglia
response indicated persistent inflammation, and
the density of neurons around the implanted
electrodes was lower for both groups of implants
in comparison with the intact sample. Thus, it
was concluded that microgel coatings did not
significantly improve host response to implanted
neural electrodes.

Although the main focus in the context
of biomaterials has been on implant-related
issues, the use of microgel coatings offers great
opportunities, for example, for cell differentiation
and growth, which can be used either as coatings
for the surface of biomaterials or for applications
in regenerative medicine.

Similarly with surfaces modified by grafting
or adsorption of PNIPAAm or other temperature-
sensitive polymers [62], cell adhesion improves
at elevated temperatures (e.g. when bonds
are broken due to deterioration of dissolution
conditions), while cell detachment occurs when
the temperature decreases or the solubility of
PNIPAAm chains increases, causing the swelling
of chains. By examining these effects, Schmidt
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and co-authors demonstrated that PNIPAAm
microgel films can be used for the controlled
separation of adsorbed cells using temperature-
sensitivity [63]. In this case, the properties of the
microgel in the adsorbed state, as well as their
changes with a change in temperature, were
studied using the atomic force microscopy (AFM)
method. Analysis shows that water content,
surface adhesion, and nanomechanical properties
change dramatically when the polymer film
reaches a critical temperature, thus creating the
basis for the rapid response of cells to temperature
changes, both in terms of the number of fixed cells
and their morphology. Similar results were also
presented by Uhlig et al. [64].

4. Conclusions

The study of pH- and temperature-sensitive
copolymers for medical use is a very promising
area. This conclusion can be made after the
analysis of a significant number of studies
devoted to the use of such materials both as
containers for delivery of medicinal substances,
and as functional biomaterials, using which it
is possible to create coatings for implants, as
well as an artificial matrix for cell and tissue
regeneration. Such smart polymers allow
the flexible adjustment of the properties required
in each specific case under the conditions in
which they will perform their functions as
efficiently as possible. This can be done by varying
the composition of the copolymer, the degree
of crosslinking of macromolecules, the use of
various stabilising and initiating systems, as well
as different methods of synthesis. Thus, pH- and
temperature-sensitive polymer and copolymer
materials provide researchers with a powerful tool
that can change the approach to the treatment of
many serious diseases.
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