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ARTICLE INFO ABSTRACT

Keywords: Micro-nano hydrogel is a novel functional material that has attracted extensive attention in various fields. Due to
H}’dr0231 the size of micron and nano level, high water content and high specific surface area, the micro-nano hydrogels can
B‘f’p"lymers achieve minimally invasive repair and are considered as promising agents in tissue repair engineering. In this
Microgels review, we summarize the design and development of micro-nano hydrogels for biomedical applications, first
Nanogels ’ g P ydrog pp 5

introduce biopolymers for the synthesis of hydrogels, then introduce the preparation technologies of microgels
and nanogels respectively, and systematically summarize the application characteristics and forms of different
preparation technologies. Finally, the latest application progresses of microgels in local drug delivery, bone tissue
repair, soft tissue repair and immunomodulation are introduced in detail, as well as the latest application progress
of nanohydrogels in cartilage repair, antibacterial, antitumor/cancer nerve repair and prevention and diagnosis of
diseases, and the key research directions of micro-nano hydrogel preparation technologies in the future are

Tissue engineering

clarified.

1. Introduction

Hydrogel is a highly hydrophilic soft material, due to its internal 3D
cross-linked network structure similar to extracellular matrix, and at the
same time has the characteristics of high swelling, excellent biocom-
patibility and unique shape plasticity. Hydrogel has been widely used as
drug delivery carriers, tissue engineering scaffolds, tissue patches, wound
dressings, etc. [1-4]. However, conventional bulk hydrogels often face
the risk of infection due to implantation trauma, thus their clinical use is
increasingly limited, especially when specific sizes are required. Inject-
able hydrogels have excellent self-healing properties and can even gel in
situ, which allows them to achieve point-based implantation of irregular
three-dimensional structures in a minimally invasive manner [5]. How-
ever, there are still some unavoidable disadvantages here, first of all, due
to the uneven shape and large size of the hydrogel, a relatively high and
uneven injection force is inevitably generated during injection [1]. In
addition, the release rate of encapsulated drugs in bulk injectable gels is
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difficult to be controlled, often leading to rapid failure of drug activity.
Due to faster gelation, the process may lead to package failure and
leakage prior to delivery [6].

Microgel refers to a polymer particle dispersion system with a
diameter in the range of 1-1000 pm, which has great application po-
tential in biomedical applications as an advanced microcarrier. Among
them, hydrogel microspheres or microcapsules are currently the most
common manifestations of microgels, and non-specific interactions in
vivo can be reduced by modifying biomolecules such as antibodies on
their surface. They are small enough to be injected through small needles
and catheters, and most popularly used hydrogels are 100-300 pm in
diameter, which facilitates minimally invasive delivery of stable cells and
biologics [7,8]. And they often have a variety of controllable properties
to allow the controlled release of drugs or active molecules, greatly
improving the treatment efficiency while alleviating patient suffering. On
the other hand, the microspheres are also large enough to provide sites
for the adhesion growth of cells. At present, a variety of means have been
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developed for the preparation of microgels. Among them, the hydrogel
particles prepared by spray drying have uniform particle size, low yield,
and low flexibility in designability, usually the internal and external
structure is relatively simple, which limits its further application in
clinical practice [9]. In order to better match the needs of tissue engi-
neering, microfluidics have been developed, which are highly tunable
and can enable the preparation of hydrogel particles with multiple
functional responses [9]. Moreover, the emergence of 3D bioprinting
technology has made it possible to prepare highly homogeneous
multi-layer, multi-functional microgels.

Nanogels are dispersions of polymer particles formed by chemical or
physical crosslinking of polymer chains, with an internal three-
dimensional network structure, and particle sizes typically ranging
from 1 to-200 nm, making them an advanced nanodelivery carrier [10].
Compared to microgels, nanogels have a smaller particle size and a larger
specific surface area, which is beneficial for further biocoupling. In
addition, nanogels can overcome in vivo physiological barriers more
effectively, and remain stable in the internal circulation, have high
bioavailability, and can effectively concentrate bioactive substances in
vivo [11]. Especially in the administration of special sites such as carti-
lage, nanogels can overcome the cartilage barrier and effectively achieve
drug delivery [12]. Notably, the most important property of nanogels,
that is the response to external stimuli (such as temperature or pH
changes), makes it promising as an intelligent delivery system. Moreover,
because the nanoscale size, it is easier for nanogels to interact with cells
and even be internalized, showing good application prospects in
biomedicine.

In this review, we systematically summarize the previous research
results, discuss the preparation methods of biomedical micro-nano
hydrogels, and emphasize the great advantages of micro-nano struc-
tures in tissue engineering from the perspective of minimally invasive
functional repair (Fig. 1). Firstly, we introduce common materials used to
prepare biohydrogels, which are mainly divided into two categories,
natural polymers and synthetic polymers. We then discussed the means
of preparing technologies for micro hydrogels, including spray drying,
electrohydrodynamic spraying, microfluidics and 3D bioprinting. Sec-
ondly, methods for preparing nanohydrogels are described, including
microemulsion, dispersive polymerization, precipitation polymerization,
physical self-assembly, and supramolecular host-guest interaction.
Finally, we investigate the main biomedical applications of microgels,
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Fig. 1. Schematic diagram of the preparation method of microgels
and nanogels.
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including topical drug delivery, bone tissue repair, soft tissue repair, and
immunomodulation, as well as nanogels for tissue repair, including
cartilage repair, anti-infection, anti-tumor/cancer, nerve repair and
prevention and diagnosis of diseases. In summary, this review summa-
rizes the principles and methods of micro-nano hydrogel preparation,
with the aim of introducing the application potential of these materials in
biomedicine and providing new opportunities for the design and devel-
opment of advanced biomaterials in the future.

2. Materials used for the fabrication of biomedical hydrogels

A rich library of polymers have been used for the design and fabri-
cation of biomedical hydrogels. These polymers can be broadly catego-
rized into natural polymers and synthetic polymers. According to the
preparation method and mechanism, the method of forming hydrogel is
mainly divided into chemical method and physical method, chemical
method includes covalent crosslinking and dynamic covalent cross-
linking, such as free radical polymerization, Schiff base reaction, etc.,
physical methods include peptide self-assembly, host and guest left and
right, polymer chain entanglement, hydrogen bonding, etc. In this sec-
tion, we will briefly discuss the commonly used natural polymers and
synthetic polymers (Table 1).

2.1. Natural polymers

2.1.1. Cellulose

Cellulose is a linear polysaccharide composed of repeating disac-
charide D-glucose units linked by p-1,4 linkage [13]. Cellulose is the
main component of plant cell wall and is considered to be the most
abundant organic polymer on earth [14]. In addition, seaweed, fungi and
some species of bacteria can also produce cellulose, that is, bacterial
cellulose [15]. Microbial cellulose film can accelerate the healing process
of acute, so it is often used clinically to treat chronic wounds (e.g. burns)
[16]. Cellulose-based hydrogel preparation methods are divided into
chemical crosslinking (formation of covalent bonds, e.g. free radical
polymerization, grafting copolymerization) and physical methods (e.g.
ionic interaction, hydrogen bonding) and the products are often high
strength and high toughness and are promising candidates for repairing
bone defects [17]. Cellulose has also been extensively researched in
nanotechnology (e.g. nanofibrillated cellulose) [18,19].

2.1.2. Chitin and chitosan

Chitin is a linear polysaccharide composed of (1-4)-linked 2-acet-
amido-2-deoxy-p-D-glucopyranose units [20]. Chitin is the second most
abundant polysaccharide after cellulose and has similar structure to
cellulose except that the hydroxyl group is replaced with an acetamide
group (-NHCOCH3) [21]. Chitin is a primary constituent not only in
exoskeletons of crustaceans, but also in the arthropod cuticle in general.
It is also found in fish scales and fungal cell walls [21,22]. In terms of
bio-hydrogel applications, since chitin is almost insoluble in common
solvents, it is often converted to water-soluble deacetylated derivatives
[23].

Chitosan is prepared by either chemical or enzymatic deacetylation of
chitin [24]. The deacetyl degree of chitosan is generally in the range from
30% to 95% [25]. Chitosan is often combined with electrospun fibers and
has been broadly applied in tissue repair because of its excellent
biocompatibility, antibacterial and antifungal properties, and
anti-adhesion properties, as well as abundant sources and low price [26,
27]. Clinically, chitosan has been used in skin wound healing and he-
mostatic dressings [28], as well as approved as a dietary supplement for
obesity and hyperlipidemia [29].

2.1.3. Hyaluronic acid

Hyaluronic acid (HA) is a glycosaminoglycan (GAG) that is consisted
of alternating disaccharide units of d-glucuronic acid and N-acetyl-d-
glucosamine, connected specifically by p-linkages [30]. HA is found in
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Table 1
Biopolymers for the preparation of hydrogels.
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Materials Source Feature

Geling methods Refs

Cellulose Natural polysaccharides from plants or bacteria

Biocompatibility
Biodegradability
High strength

Form covalent bond by chemical method; Reversible physical
interactions

[17]

High toughness

Chitin Natural polysaccharides from fish scale or
Crustacean exoskeketons

Chitosan Chitin

Hyaluronic acid Natural component of the extracellular matrix

Insoluble

Biocompatibility
Antibacterial
Anti-adhesive
Biocompatibility
Biodegradability

[22,
23]
[30]

converted to water-soluble deacetylated derivatives

Heat or pH responsive crosslinking; Enzymatic crosslinking

Exist multiple chemically active sites and is often Modified by [33]

Methacrylic anhydride to HAMA

Anti-inflammatory
Lubrication

Alginate Natural polysaccharides from seaweed or

bacteria

Biocompatibility
Biodegradability
Temperature

dependency

Gelatin Main components of connective tissue

Biocompatibility
Biodegradability
Temperature

dependency
Support for cell

adhesion
Biocompatibility
Non-toxic

Polyvinyl alcohol -

Bioadhesive

Polyethylene glycol -
Poly(N-isopropyl -
acrylamide)

Thermal

Amphiphilic polymers

Chelated with divalent cations [41]

Cooling physical crosslinking;
Modified by Methacrylic anhydride to GelMA

[43,
471

Physical or chemical cross-linking [57]

Light or radiationinduced free radical polymerization
Physical crosslinking or free radical covalent crosslinking

[59]
[64]

responsiveness

extracellular tissue in many parts of the body including cartilage, muscle,
skin and it is also a natural component of the extracellular matrix (ECM)
[14]. HA is degraded by enzymes such as hyaluronidase produced by
cells and it is also subject to degradation under oxidizing conditions [31].
For the preparation of hydrogel, HA is structurally rich in carboxyl and
hydroxyl groups, which provide many active sites for multiple chemical
modifications. For example, hyaluronic acid can be modified by meth-
acrylic anhydride or glycidyl methacrylate to have a reactive methacrylic
acid moiety [32]. In addition, HA can also be modified with thiol, hal-
oacetate, diacylhydrazide, aldehyde and tyramine groups through addi-
tion or condensation reactions [33].

Hyaluronic acid was first proposed by Karl Meyer in 1934 [34]. Due
to its unique properties, it has been widely studied in bioengineering. For
example, in organisms, HA can regulate cellular behavior by interacting
with cell surface receptors (e.g CD44) [35]. HA is a signaling molecule
and has a wide range of applications in biomedicine, such as tissue en-
gineering scaffolds, drug delivery carriers [36,37]. Currently in clinics,
HA is often injected as an intra-articular mucus supplement for the
treatment of bone and joints Inflammation [38].

2.1.4. Alginate

Alginate is composed of blocks of (1,4)-linked p-d-mannuronate (M)
and o-I-guluronate (G) residues. According to its source, typically, a block
consists of three different forms of polymer segments: continuous G
residues, continuous M residues, and alternating MG residues [39].
Alginate is a naturally occurring anionic polymer, usually extracted from
brown seaweed and bacteria [39]. The most common method for pre-
paring alginate hydrogels is to combine alginate with divalent cations
and ionic crosslinkers (such as Ca%*, Mg?*, Fe?*, Ba>" or Sr?*) [40]. For
biomedical applications, alginate has a wide range of application pros-
pects in minimally invasive and topical treatment for it is often used to
encapsulate drugs, cells, and growth factors, among others [41]. In
addition, as a polymer approved by the U.S. Food and Drug Adminis-
tration (FDA), alginate has been extensively used in the food industry as a
stabilizer [40,42].
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2.1.5. Gelatin

Gelatin is a fibrous protein with a unique sequence of amino acids
which is obtained from hydrolyzed collagen [43]. Collagen is the major
component of connective tissue such as skin, tendons and bones [44].
According to the treatment method, it is usually divided into acid-treated
gelatin and alkali-treated gelatin [45]. Currently, the gelatin on the
market is mainly derived from porcine, bovine, fish tissues [45]. In vivo,
gelatin can be degraded by proteases, such as collagenase and metal-
loproteinases [46]. Gelatin chains contain arginine-glycine-aspartic acid
(RGD) sequences which is a cell adhesion site [46]. Thus, adding gelatin
has been an effective method to improve the biological behavior over
polymers that lack these cell-recognition sites. In addition, Gelatin is also
considered as a generally-regarded-as-safe (GRAS) material by FDA [47].

Gelatin can be gelled by various physical or chemical crosslinking. For
example, the aqueous gelatin solution can be physically crosslinked into a
gel under cooling condition [48]. For chemical cross-linking, some co-
valent cross-linkers have also been used to react with gelatin such as
glutaraldehyde [48]. In addition, gelatin modified with methacrylamide
is normally cross-linked by radical polymerization via photoinitiationto
[49]. For practical applications, gelatin has been widely used in many
industries including food, pharmaceuticals, and tissue engineering [50,
511].

2.2. Synthetic polymers

2.2.1. Polyvinyl alcohol

Polyvinyl alcohol (PVA) is a linear synthetic polymer obtained by
partial or complete hydrolysis of ethyl polyacetate [52]. PVA is recog-
nized as one of the very few vinyl polymers that are soluble in water, but
almost insoluble in organic solvents [53]. PVA can form stable and elastic
hydrogels through either physical or chemical cross-linking, such as ra-
diation crosslinking, freezing-thawing, chemical reaction with glyoxal
and glutaraldehyde [54-56]. PVA hydrogels have been extensively
studied and used in biomedical applications such as articular cartilage
replacement and regeneration [57].
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2.2.2. Polyethylene glycol/polyethylene oxide

Polyethylene glycol (PEG) is a water-soluble synthetic viscous
amphiphilic polymer, and is usually obtained from the anionic or cationic
polymerization of ethylene oxide [58]. There are various methods to
cross-link PEG polymers into hydrogels. The most common approach to
make PEG hydrogels is photopolymerization, which utilizes light to
convert liquid PEG macromer solutions into solid hydrogels at physio-
logical temperature and pH [59]. PEG can also form hydrogels by elec-
tron beam irradiation via radiation-induced free radical processes. PEG
hydrogels typically exhibit minimal or no intrinsic biological activity due
to the nonadhesive nature of PEG chains [59]. Thus, for biomedical ap-
plications, PEG hydrogels can also be modified with various bioactive
conjugations such as growth factors and cell-adhesive peptides [60,61].

2.2.3. poly(n-isopropyl acrylamide)

Poly(N-isopropyl acrylamide) (PNIPAm) is a well-known stimulus-
responsive copolymers, and is composed of amide (-CONH-) and propyl
(-CH(CH3)5) moieties in the monomer structure [62]. The PNIPAm can
be covalently cross-linked by cross-linkers such as bis-acrylamide de-
rivatives through the radical polymerization process [63]. The PNIPAm is
a thermoresponsive hydrogel, when temperature is low, the hydrophilic
amide group is solvated by the water molecules thus the polymer is
soluble [62]. While if the temperature is elevated, it becomes insoluble
because of the strengthening of hydrophobic groups. The reversible
thermoresponsive behavior happens at a critical temperature of at
around 34 °C [63]. The thermoresponsive PNIPAm hydrogels can be
used as actuators for soft robotics, injectable scaffolds for tissue engi-
neering, and thermoresponsive substrates for on-demand detachment of
cell sheets and have a wide range of applications in smart responsive drug
release [64].

3. Preparation techniques for micro hydrogels

Microgel diameters are typically in the range of 1-1000 pm and they
can encapsulate various active factors for tissue regeneration or self-
assemble in situ to form irregular structures. In this section, we
describe the methods usually used to prepare micro hydrogels, including
spray drying, electrohydrodynamic spraying, microfluidics and 3D-
bioprinting.

3.1. Spray drying

Spray drying method involves the use of a spray dryer, mainly con-
sisting of an atomizer and drying chamber. Solutions and suspensions of
drugs, polymers, and particles are atomized to fine droplets. A stream of
hot air induces quick evaporation of solvent from the droplets in the
drying chamber, resulting in the formation of microspheres or microgels
with a diameter of 1-10pm [65]. Chemical crosslinking during spray
drying offers great potential for the preparation of hydrogel micro-
spheres. Compared with other methods for preparing microspheres,
spray drying technology has the advantages of low cost and green envi-
ronmental protection. Through further modifications, spray-dried
hydrogel microspheres can be used to encapsulate a variety of drugs
and cells. For example, E-Sherbiny et al. prepared special PLGA nano-
particles loaded with curcumin and then encapsulated these unique
nanoparticles into amphiphilic hydrogel microspheres through spray
drying based on a PEG-chitosan graft copolymer [66]. The PLGA nano-
particles and the hydrogel microspheres encapsulating the
curcumin-loaded PLGA nanoparticles showed average size of
221-243nm and 3.1-3.9pum, respectively. Another example, a composite
hydrogel was prepared by combining a chitosan-alginate hydrogel with
microspheres composed of a hydrophobic polymer PLGA and a hydro-
philic drug DFO [67]. The results showed that the particles contained in
the gel were monolithic and spherical in shape with no collapse. Upon
dissolution, crystals were found in the hydrogel, indicating that the
composite hydrogel was able to trap the drug released from the
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microspheres and further delay its release. Although spray drying tech-
nology has shown excellent promise for the preparation of
microsphere-loaded drugs, the low yield of products and the low effi-
ciency of preparation have always been challenging problems.

3.2. Electrohydrodynamic spraying

Electrohydrodynamic spraying is an advanced method of liquid at-
omization in which a high electric field is used to overcome the surface
tension of the liquid. In brief, the polymer solution is extruded through a
metal needle tip/nozzle with a high voltage, under the influence of a high
electrostatic field, the droplets in the needle connected to the high-
voltage generator are transformed into Taylor cones, and subsequent
formed micron-sized capsules through cross-linking [68,69]. Here,
common droplet formation include dripping, pulsating, cone-jet and
multi-jet modes. Since the droplets formed are highly charged, they are
generally collected by ring electrodes or grounded solutions [69].
Therefore, it is commonly used for rapid gelation procedure based on
ionic cross-linking mechanisms, such as alginate particles [70]. For
example, Xu et al. fabricated sodium alginate microspheres embedded
with magnetic carbon-copper nanoparticles by combining electrostatic
droplet (ESD) with copper ions as crosslinking agents [71]. Notably, this
method can be implemented under ambient conditions without the need
to add additional reagents, which can protect cell viability, especially,
the structural integrity of the protein [72]. It is therefore a promising
technology for the preparation of microcapsules for minimally invasive
tissue repair. In addition, in this method, the size of the final droplet can
be changed by adjusting the voltage, the distance between the collection
device and the syringe pump, the inner diameter of the injection needle
and the pushing speed, etc.

3.3. Microfluidics

Droplet microfluidics is an ideal platform for the synthesis of hydrogel
microspheres and are developed on the basis of emulsion methods. In the
microfluidic emulsion system, two or more immiscible fluids are con-
nected through geometric channels (such as T-shaped and Y-shaped
connections) (Fig. 2 a-d) and then droplets are formed [73]. After for-
mation, the droplets are crosslinked and cured by physical or chemical
induction methods to construct micron-sized hydrogel microspheres [9].
This method is relatively simple and can prepare relatively homogeneous
microspheres, which are mainly divided into glass capillary microfluidics
and soft lithography [9]. Capillary microfluidic device regulate droplets
via the capillary effect, is less expensive, easy to manufacture, and
operate. Large-scale homogenous device preparation, on the other hand,
remains a challenge. Soft lithography is used to create microfluidic chips
(Fig. 2 e-f), which allows for greater flexibility and resolution (to the
micron level). Microfluidic chips frequently include complex internal
channels that can be constructed, allowing three-dimensional systems to
be transformed rather than being constrained to two dimensions [74].
And in the lithography method, photopolymerization is used to template
the production of hydrogel microspheres on a microscale. However, the
lithography method limits the complexity of the external or internal
structure of hydrogel microspheres, and the yield is low [9,75]. In
practice, the suitable preparation process can thus be selected based on
the unique needs. Common microfluidic techniques are shown in Fig. 2.

Compared to other microsphere preparation methods, droplet
microfluidic methods have the following advantages: 1) By adjusting the
device channel size and fluid flow rate, products often have high mon-
odispersity and a wide range of size adjustment which is benefit for the
release and degradation behavior of the microgel. 2) By regulating the
flow rate of the microfluidic oil aqueous phase and channel geometry,
high-throughput, multi-variety, uniform size hydrogel particles can be
prepared. 3) The mild manufacturing condition will not destroy the drug
activity, which is suitable for in situ encapsulation of bioactive mole-
cules. 4) It is promising to prepare novel multi-functional smart hydrogel
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Fig. 2. Common droplet microfluidic devices. a) Flow patterns of liquids in microfluidic devices. Reprinted with permission from Ref. [73], Copyright 2018,
Wiley-VCH. b-d) Original figures showing capillary microfluidic devices. Reprinted with permission from Ref. [80], Copyright 2020, Wiley-VCH. Reprinted with
permission from Ref. [77], Copyright 2016, Wiley-VCH. Reprinted with permission from Ref. [78], Copyright 2020, Elsevier B.V. e-f) Original figures showing
microfluidic chips. Reprinted with permission from Ref. [74], Copyright 2015, Springer. Reprinted with permission from Ref. [82], Copyright 2018, Springer.

with multi-structured and multi-component through the precise
improvement of microfluidic devices [9,76]. For example, Zhao et al.
prepared an injectable hydrogel microsphere loaded with mesenchymal
stem cells and growth factors, this gentle gelling condition minimizes
damage to the incorporated cells and proteins [77]. Similarly, Wu et al.
[78] created injectable homogeneous porous microspheres with a parti-
cle size of 300 pm and a pore size of 50 pm using a microfluidics
simultaneous cross-linked technique. Crosslinking strength was
controlled using synchronous crosslinking, which avoided fusion and
inhomogeneous crosslinking. One recent study showed that the re-
searchers prepared spherical and rod-shaped particles respectively by
appropriately adjusting the microfluidic channel [79]. Here, they studied
the effect of particle shape on hydrogel performance and cell invasion
conditions, and the results showed that anisotropic rod-shaped particle
hydrogels exhibited better cell growth behavior. In another example,
inspired by the super-lubricity of ball bearings and the adhesion of
mussels, Yang et al. [80] prepared ultra-lubricating microspheres in
microfluidics with an average diameter of 100 pm (70-140 pm), which
are well in line with the knee joint space of the rat and can be used in
alleviating osteoarthritis. Han et al. [81] fused 3D printed stents and
microspheres for drug delivery. The micropore diameter of the 3D
printed stent was 452 + 51 pm, and the diameter of the microspheres was
200 + 30 pm. Therefore, the microspheres of suitable diameter can
evenly penetrate the pores of the scaffold through injection, effectively
constructing a composite scaffold with a biomimetic lotus structure and
promoting bone regeneration. Moreover, microfluidics techniques have
promising potential for bionic applications. A parallel droplet micro-
fluidic device for high throughput cell encapsulation has been reported
[82]. Blood vessels play an important role in tissue repair because they
can transfer nutrients to cells. Inspired by the rapid angiogenesis of
natural microvessels in vivo, researchers design engineered customizable
microtubes (ECMTs) through coaxial microfluidics (Fig. 3 a) [83]. ECMT
can be introduced into the implants by combining with techniques such
as injection to form daughter vascular networks for desirable tissue repair
(Fig. 3 b). All in all, microfluidics technology has provided great con-
venience in tissue engineering.

35

3.4. 3D-bioprinting

As we all know, the efficient and convenient preparation and
collection of homogenized microspheres has always been a great chal-
lenge. 3D-bioprinting technology is based on pre-designed structures that
is, computer-aided patterning and assembly of living and non-biological
materials with defined 2D or 3D architectures to prepare tissue-like
structures for bioengineering [84]. Generally speaking, materials are
crosslinked into a pre-gel by various physicochemical methods, sheared
and deposited on the substrate layer by layer, and then solidified under
the stimulus of light or heat. The advantage of this technology is the high
precision, therefore, 3D bioprinting technology is often widely used in
tissue engineering as a good solution to the problem of different tissue
defect models, such as multilayered skin, bone, vascular grafts, tracheal
splints, heart tissue and cartilaginous structures [85].

Due to its high stability, excellent flexibility and the high degree of
manipulability 3D bioprinting is also a very promising technology for the
preparation of homogeneous microspheres (Fig. 4 a), especially as a
loading medium for active substances such as stem cells.

For example, Xie et al. [86] innovatively developed an electro-assisted
bioprinting method to rapidly prepare uniform GelMA droplets of about
100 pm in size. By regulating the printing parameters (e.g., voltage, gas
pressure, nozzle size, etc.), they designed several different printing states,
including microdripping, taylor jet, oscillating jet, and shaking spindle
(Fig. 4 b). Notably, in bioprinting, bioink are mixtures of synthetic or
natural materials with cells or biomolecules for tissue reconstruction and
they can seal cells well and provide support to avoid damage from
physical stimuli during printing, so bioinks often require a degree of
bioreactivity and rheological properties. And depending on the deposi-
tion method, bioprinting processes can be typically divided into three
categories: extrusion-based bioprinting, inkjet/droplet-based bioprinting
and laser-based bioprinting [87].

Although the microspheres prepared by 3D bioprinting technology
have the advantages of high efficiency and controllable deposition po-
sition, there are still some inevitable defects, such as high cost and non-
negligible damage to cells caused by transient high temperature or high
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pressure in the process. Recently, laser-based bioprinting technology has donor layer that responds to laser stimulation, and during the printing
a wide range of applications due to its ability to maintain high cell via- process, under the stimulation of the laser pulse, a part of the donor layer
bility(above 95%) [88]. In this project, a crucial part of the system is the evaporates, creating high-pressure bubbles at the interface of the bioink
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layer and thrusting suspended bioink droplets which are collected on the
receiving substrate and subsequently crosslinked [88]. However, laser
bioprinting often requires high equipment costs and is complex to
operate, and many parameters (such as influencing droplet size and
quality) have not yet been researched definitely. Moreover, the selection
of bioinks for the preparation of stem cell spheroids is still very limited,
and there is also a lack of a more complete preparation system.

4. Preparation techniques for nano hydrogels

Nanogels are physical or chemically crosslinked polymer particles
(usually recognized as spherical) that have attracted widespread interest
in multidisciplinary fields such as nanotechnology and biotechnology
due to their excellent stability, viscoelasticity, and high loading and
adjustability. In this section, we describe the methods usually used to
prepare nano hydrogels, including microemulsion, dispersion/precipi-
tation polymerization, physical self-assembly and supramolecular host-
guest reaction.

4.1. Microemulsion

The microemulsion method is one of the most commonly used
methods for preparing nanogels. The system generally consists of four
components: oil phase, water phase, surfactant and co-surfactant,
sometimes also containing an initiator or crosslinker. Most of the
commonly used surfactants are either lipophilic Span or hydrophilic
Tween or a mixture of both. The hydrogel particle prepared by this
method is generally between tens and hundreds of nanometers in size,
the operation is simple, and the size and morphology of the nanogel can
be regulated by changing the microemulsion structure parameters (such
as the type of initiator, the molar ratio of the aqueous phase to the sur-
factant) and the emulsification method (such as mechanical stirring, ul-
trasound), and the prepared hydrogel particle has good monodisperse
and dispersion [89]. In addition, the nanogel surface is similar to an
active membrane and can be modified with various functional groups to
achieve the desired properties [90]. According to the distribution
structure of the system, there are two types, oil-in-water and water-in-oil.
If the oil phase is the continuous phase and the water phase is the
dispersed phase, then it is the oil-in-water type; conversely, it is the
water-in-oil type. If in the system, in the presence of a large amount of

Inverse

Microemulsion

b
—
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oil-soluble surfactant, the aqueous phase is dispersed in a
hydrocarbon-based continuous phase, it forms an inverse microemulsion
(Fig. 5 a). Nanogels prepared by the inverse microemulsion method are
typically less than 100 nm in diameter [91].

Depending on the mechanism of gel preparation, there are generally
two methods: microemulsion polymerizsation and microemulsion cross-
linking. For microemulsion polymerizsation, an initiator is added to a
microemulsion system and the polymerizsation reaction takes place
under chemical or light initiation [89,92]. For microemulsion
cross-linking, the cross-linking agent is introduced on the basis of a
microemulsion system, cross-link water-soluble polymers, which are
modified with reactive groups to obtain a stable gel-like nano-network
[93]. Hydrogel particles produced by the microemulsion method have a
uniform particle size and are often used as nano-drug carriers in
biomedical applications. However, because the emulsification condition
often requires vigorous agitation, which affects the loaded drug activity,
the final treatment effect is reduced in many cases.

4.2. Dispersion polymerization and precipitation polymerization

Reversible addition-fragmentation chain transfer (RAFT) dispersive
polymerization is considered as a universal strategy for synthesizing
thermally responsive nanogels with controlled composition, function,
and structure. This system usually includes monomers, initiators, stabi-
lizers (dispersants) and sometimes cross-linking agents and surfactants
according to the needs. Simply, when polymerization begins, the polymer
chains begin to grow until they reach an insoluble critical chain length
and eventually result in the formation of a stable distribution of polymer
nanogels (Fig. 5 b) [94]. It is worth noting that the RAFT dispersion
polymerization method is commonly used to prepare nucleating poly-
mers with specific responsiveness, such as PNIPAm, and corresponding
preparation strategies can be designed for the response performance of
different polymers [95]. On the other hand, this method also has limi-
tations, that is, water-soluble polymers other than reactive polymers
cannot be used for nanogel synthesis, which limits its further
applications.

Similarly, precipitation polymerization is the same homogeneous
nucleation mechanism and is a common method for preparing mono-
disperse nanogels. Under the action of the initiator, the monomer begins
to polymerize to form low radicals, and the subsequently grown polymer
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Fig. 5. Schematic diagram of the formation of nanogels by polymerization reactions. a) Inverse Microemulsion. b) Dispersion Polymerization. c¢) Precipitation
Polymerization. Reprinted with permission from Ref. [94], Copyright 2021, Elsevier B.V.
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chains subsequently collapse and form precursor particles when they
reach critical lengths (Fig. 5 ¢). And the formed precursor particles can be
formed by aggregating with other precursor particles to form larger
colloidal particles, which can be grown by depositing onto the surface of
existing particles or by further addition of monomers [94]. When the
nanogel particles reach a critical size, the polymer chains precipitate out
of the continuum to form homogeneous particles. Recently, modified
precipitation polymerization methods including distillation precipitation
polymerization and reflux precipitation polymerization have also been
studied [96]. There are some advantages to the preparation of aqueous
nanogels by precipitation polymerization: 1) There have less impurities
and no additional surfactants or stabilizers are needed to obtain pure
polymer nanogels; 2) The size of the nanogel is controllable; 3) High
adjustability, the required performance and complex structure can be
obtained by adjusting the formula; 4) The particle size of nanogels is
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relatively uniform. However, there is still a huge challenge in terms of
how to increase productivity.

4.3. Physical self-assembly

Physical self-assembly is undoubtedly one of the simplest and most
commonly used methods on synthesizing nanogels. In brief, hydrophilic
polymers self-assemble in aqueous systems through electrostatic in-
teractions or hydrophobic or molecular chain hydrogen bonds.
Compared with chemical crosslinking, nanogels prepared by this physical
crosslinking exhibit new functions due to their dynamic and reversible
non-covalent interaction properties, with potential for processing, re-
covery and self-healing [97]. In general, physical self-assembly is carried
out under mild conditions of aqueous media. The size of the nanogel is
controlled by polymer concentration, amphiphilia, functional groups,
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pH, ionic strength, and temperature [98]. For example, the researchers
successfully developed two kinds of poly(ethylene giycol)-based tele-
chelic polymers Cy-PEG and UrCy-PEG (Fig. 6 a), with double and
quadruple hydrogen bonds, respectively, that can self-assemble directly
into spherical nanogels in water [99].

4.4. Supramolecular host-guest reaction

Recently, the use of supramolecular host-guest reaction is a relatively
novel method for preparing nanogels. Because of its simple synthesis and
preparation, and the multifunctional modification of side groups, it is
often used to prepare intelligent functionally responsive nanogels.
Common supramolecular host molecules include cyclodextrins, crown
ethers, and hyperbranched polymers [100]. For example, the researchers
successfully prepared supramolecular polymer nanogels using the
host-guest interaction between the conjugated groups pillar arene and
alkyl chains on the hyperbranched polyglycerol (hPG) backbone (Fig. 6
b) [101]. Here, the host polymer is used as the main chain (arene) and the
guest part (alkyl chain) based on the hPG backbone is the guest.
Compared to traditional radical polymerization nanogels, it is easier to
improve the chemical or physical properties of supramolecular nanogels
by adjusting the proportion of raw material formulations or introducing
different stimulatory response groups. Moreover, supramolecular nano-
gels are often characterized by dynamic and reversible non-covalent
action [101]. We have also summarized techniques about the prepara-
tion of micro-nano hydrogels in Table 2.

5. Biomedical applications of micro-nano hydrogels

Traditional bulk hydrogels often lack precise control of the micro-
environment around the incorporation of cells. And for tissue engineer-
ing, very few biological clues, such as growth factors, are required. To
overcome these challenges, microgels and nanogels can provide more
elegant solutions. They can intelligently release the payload in response
to light or thermal or electrical or magnetic stimulation through simple
modifications. In this section, we describe the biomedical applications of
microgels and nanogels, respectively.

5.1. Biomedical applications of microgels

Generally, hydrogel particles with a diameter of microns are defined
as microgels. Due to its small size, it can be injected, and it is soft enough
to adhere to the surface of the tissue by modifying its surface. With large
specific surface area and high loading rate, it has great application po-
tential in local delivery of therapeutic agents or partially assembled into a
granular structure scaffold. Here, we provide an overview of microgels
for biomedical applications, including topical drug delivery, bone
regeneration, soft tissue repair, and immunomodulation.

5.1.1. Microgels for topical drug delivery
Hydrogels are widely used as delivery vehicles for drugs and various
bioactive agents due to their excellent porosity, biocompatibility and high-

Table 2

Common means of preparation of micro-nano gels.
Methods Structural Form Refs

precision
Spray drying 1-10 pm Microgel  [65]
Electrohydrodynamic spraying 249-3000 pm Microgel  [68,69]
Microfluidics 50-500 pm Microgel [78-81]
3D-bioprinting 90-2200 pm Microgel  [86]
Microemulsion 50-500 nm Nanogel [126]
Dispersion/precipitation 100-1000 nm Nanogel [126]
polymerization

Physical self-assembly 40-200 nm Nanogel [99]
Supramolecular host-guest reaction 4-45 nm Nanogel [101]
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water content. Traditionally, however, block hydrogels usually have a
large external size and may not be ideal for applications where injection or
smaller sizes are required. Injectable bulk hydrogels, on the one hand, are
often unevenly injected due to their uneven shape and large size. On the
other hand, they often require special methods, including in situ and shear
thinning crosslinking, because gel formation is a rapid process, which can
cause drug molecules to leak during gelation and results in fail delivery
[6]. Microgels are an advanced delivery vehicle for drugs and proteins
because of their high specific surface area and, unlike conventional
hydrogels, they offer significantly enhanced injectability due to their
relatively uniform size, avoiding uneven injection. And the drug molecules
can also be encapsulated in microgel and prepared in the form of micro-
capsules. This microcapsule can also encapsulate cells, which protects
them from environmental stress and thus better supports cell viability and
function. Depending on the mechanism of action, therapeutic molecules
are generally incorporated into microgel in three ways: The drug mole-
cules are physically or chemically (covalently coupled) bound to the
surface of the microgel (Fig. 7 a); or encapsulated directly in microgel
(Fig. 7 b); or the drug molecules are first bound to nanoparticles and then
encapsulated in microgel, forming a “nano-micron” structure (Fig. 7 c).
Similarly, the means by which spheroids load cells are mainly divided into
four types [9]: a) suspension deposition, where a cell suspension is added
to a solution containing hydrogel microspheres; b) active fundraising, that
is the recruitment of surrounding cells to migrate into the microspheres by
encapsulating and continuously releasing certain biologically active sub-
stances; ¢) aqueous phase mixing, that is cells are mixed directly in the
microfluidic aqueous phase, producing cell-loaded microspheres through
the cleavage of the oil phase and the aqueous phase. d) swelling absorp-
tion, i.e., dropping the cell suspension onto lyophilized hydrogel micro-
spheres, which efficiently absorb cells in solution by absorbing water and
swelling.

Multiple loading means have been investigated for drug delivery in
vivo. For example, enlightened by the adhesion of mussels and the limi-
tations of inner ear anatomy, Chen et al. [102] constructed viscous
injectable hydrogel microspheres that can be locally adhered to the in-
jection site to achieve topical administration by grafting polydopamine
(PDA) on the surface of methacrylonitrile-encapsylated gelatin micro-
spheres (GM) and then loading eboselenoline liposomes into GelMA
microspheres by physical adsorption. Prinda et al. [93] prepared an
enzymatically degradable PEG-peptide microgel for the delivery of
intracellular drugs to the deep lung by Michael addition reaction using
four-arm-poly(ethylene glycol)-acrylate as a cross-linking agent, and this
drug carrier exhibited rapid enzyme-triggered release, to avoid long-term
clearance by macrophages. However, due to problems such as instability
and rapid degradation of the drug molecules, repeated dosing is required
to achieve a therapeutic dose, but this can sometimes have toxic side
effects which can affect the effectiveness of the treatment [9]. Therefore,
how to ensure the precise release of drug molecules at the target location
and thus improve drug utilization is a key issue in current research. To
overcome this problem, Zhao et al. [103] prepared a pH-sensitive com-
posite hydrogel-loaded apigenin by water-in-oil microemulsion method
to achieve drug release by regulating pH conditions. Similarly, Su et al.
[104] developed a dextran-based microgel via the Schiff base reaction
between aldehyded dextran and ethylenediamine, the results show that
microgels containing Schiff bases exhibit significant pH dependence and
can be used as promising drug delivery systems for biomedical applica-
tions. Considering the degradation and cytotoxicity of polymers, some
natural polymers (such as dextran) have also been used to prepare
hydrogel particles in the microemulsion method. Vashist et al. [90]
synthesized auto-fluorescent micro/nano hydrogel particles of chitosan
and hydroxyethyl cellulose by water-in-oil emulsion polymerization
technique and modified hydrophobically with linseed oil-based polyol.
These features can make it possible to be a potential theranostic tool for
image-guided therapy. Additionally, to prolong drug activity and achieve
sustained release, the incorporation of drug-laden nanoparticles into
hydrogel particles is a novel promising strategy to avoid rapid drug
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clearance in vivo, thus ensuring drug activity. For example, a copolymer
(PEG-g-PHCs) was prepared by grafting polyethylene glycol onto
phthaloyl chitosan and then self-assembled with ciprofloxacin to form
drug-loaded nanoparticles, which were encapsulated in alginate microgel
particles along with free drug molecules [105]. The results show that
drug-loaded nanoparticles with a particle size of 218 nm are encapsu-
lated in 3.9 pm micro-hydrogel particles. The dried nano-micron
hydrogel particles exhibited rapid initial swelling and showed sus-
tained drug release within 2 min minutes. In summary, the multiple drug
loading methods of microgels have greatly enriched the development of
biological microcarrier technology, and further pushed minimally inva-
sive treatment to the climax of research.

5.1.2. Microgels for bone regeneration

Microcarriers with osteogenic properties have shown great potential
in facilitating the repair of bone defects, which can be implanted into the
body in a minimally invasive manner, minimizing the patient's pain. Due
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to its micro-nano size, it is also very effective in filling irregularly shaped
bone defects. For example, Zhao et el [106]. constructed
bisphosphonate-functionalized injectable hydrogel microspheres (Gel-
MA-BP-Mg) that can effectively capture Mg?* to promote cancellous
bone reconstruction in osteoporotic bone defects. And the microspheres
have the characteristics of minimally invasive injection, sustained
release, and bone targeting, realizing “integrated multi-purpose”. More-
over, combining microgels with other materials (such as porous scaf-
folds) to form composite systems is also a promising repair strategy. For
example, a research group has reported a porous bioceramic scaffold with
a “lotus seed pod” structure, which achieves both internal vascularization
and osteogenesis by using DFO-loaded hydrogel microspheres as “lotus
seeds” (Fig. 8 a) [81]. In this study, the 3D printed scaffold provides
mechanical support and has a large porosity to provide a
three-dimensional plastic structural space for bone reconstruction, while
the hydrogel microspheres inside the pore can control the release of DFO
for vascularization and stable osteogenesis (Fig. 8 b-c).
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5.1.3. Microgels for soft tissue repair

Soft tissue remodeling is a complex process that requires the provision
of a variety of dynamic physical and chemical signals to guide cell
behavior [107,108]. Especially in the reconstruction of loose soft tissues,
balancing the functional and mechanical properties of the material has
been a challenging clinical problem. It has been shown that for implant
materials, providing the necessary nutrient and oxygen supply to the cells
is prerequisite for tissue repair [109]. Blood vessels transport oxygen and
nutrients for cell growth and without them, cells may lose their intrinsic
function and consequently fail in tissue repair engineering. Zhang et al.
[110] used hydrogels of corresponding shapes to create micro hollow
tubules (MHTSs) with various ductal structures, and then co-cultured
MHTs with HUVECs to prepare bionic microvessels of 50-500 pm in
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diameter. Studies showed that they performed well in promoting
microcirculation and improving the survival rate of random flaps. ECM
provides the mediator for cell behavior and is essential for tissue repair
engineering. However, disruption of ECM homeostasis can lead to a va-
riety of degenerative changes in the soft tissues, including cardio-
sclerosis, skin disease and tumour metastases [111]. Jin et al. [111]
developed a gene therapy for ECM regeneration. Here, they prepared
pLOXL1-Lipo@PLCL-HA by loading pLOXL1 into nanoliposomes via
microfluidic chips and then encapsulated it into the core layer of
core-shell nanofibers via microsolvated electrostatic spinning (Fig. 9 a).
And the results reveal that pLOXL1-Lipo@PLCL-HA plays a balancing
function in controlling ECM degradation/remodeling, which makes it
possible to repair ECM defects as cleverly as a “patch” (Fig. 9 b-c).
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5.1.4. Microgels for immunomodulation

There are complex biological signaling pathways between cells and
cells and between cells and biomaterials, numerous specific mechanisms
and the change of cell function activated by biomaterials have been
investigated. By modulating the signal network, changes in the micro-
environment can be regulated in vivo, which helps to improve the effi-
ciency of damage repair and functional recovery. Because the
preparation method of microgel is relatively mild, researchers can effi-
ciently load active molecules (such as probiotics, etc.), and prepare a
variety of modes of action (oral or injection), e.g. to the immune
microenvironment in vivo. For example, Bian et al. [112] prepared GelMA
microspheres by microfluidics and then covalently coupled APETx2 on
the surface of the microspheres and further loaded myeloid cells to
construct an injectable “peptide-cell-hydrogel” structure for the regula-
tion of local inflammation. The intestine is the largest immune organ of
the human body and contains a rich and diverse intestinal flora, which
has a non-negligible role in the entire immune system. Liu et al. [113]
innovatively designed a colon-targeted adhesive core-shell hydrogel
microsphere (HAMs) for the regulation of the intestinal immunobiome to
achieve drug delivery by oral administration (Fig. 10 a). In this study, the
core-shell hydrogel microspheres protect the drug from premature
exposure, can collapse in a specific location, and accurately release HMs
(Fig. 10 b). And the results showed that released HMs accumulate in the
inflamed colonic mucosa, modulating intestinal inflammation by inhib-
iting the secretion of pro-inflammatory cytokines and inducing M2 dif-
ferentiation to dominate the immune response (Fig. 10 c). In conclusion,
microgels have shown great advantages in immunomodulation and the
combination of microgels with immunomodulatory properties has
become an important novel platform for tissue repair engineering.

Biomedical Technology 2 (2023) 31-48

5.2. Biomedical applications of nano hydrogel

Due to the advantages of stable size, superior hydrophilicity and
biocompatibility and responsiveness to specific environments, in partic-
ular, the low non-specific interaction of nanogels with blood proteins,
which avoids the occurrence of immune responses, nanogels are
considered to be potential candidates for biomedicine. In this section, we
briefly introduce the latest applications of nanogels in cartilage repair,
antibacterial anti-tumor/cancer, nerve repair and prevention and diag-
nosis of diseases.

5.2.1. Nanogels for cartilage repair

Osteoarthritis due to cartilage damage remains a major clinical repair
challenge because it has no structures such as blood vessels and cells, and
is often difficult to cure. Due to its high water content and strong lu-
bricity, hydrogels show good application potential in cartilage repair.
Among them, nano-gels, as the most advanced nanocarriers, show
excellent application prospects. The nanoencapsulation system has
strong tissue permeability and can achieve good targeted release in some
structurally complex tissues or organs, which is conducive to improving
drug utilization. For example, Qi et al. [114] reported a novel dynamic
nanocomposite microgel system for the repair of articular cartilage. In
this system, they first prepared cyclodextrin nanogel particles loaded
with kartogenin (KGN) and further wrapped a “protective shell” on their
surface by droplet microfluidics. Finally, the formed microgel component
is injected into the articular cartilage defect by minimally invasive
treatment. The results showed that this microgel nanocomposite system
showed good tissue adhesion to natural cartilage/bone tissue, and
significantly promoted articular cartilage repair in vivo. However, the
high density of extracellular matrix around the cartilage and the negative
electrostatic barrier effect are the main reasons for the difficulty in drug
penetration. To solve this issue, Lin et al. [12] prepared injectable
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Fig. 10. The microgel complex regulates in-
S~ testinal inflammation in vivo. a) The HA-SH-Ag
hydrogel microsphere (HMs) with uniform size is
fabricated through The gas-shearing technology.
b) Schematic of the principle of action of oral HA-
SH-Ag/alginate-Ca microspheres (HAMs). HMs
released by HAMs accumulate in inflamed colon
mucosa, regulate gut inflammation by suppress-
ing the secretion of pro-inflammatory cytokines
and inducing type 2 (M2) macrophage differen-
tiation dominated immune response. ¢) Immu-
nofluorescence analysis of macrophages in
3 colonic tissue (Type 1 macrophages: iNOS red,
CD68 green, and DAPI blue and type 2 macro-
phages:CD163 red, CD68 green, and DAPI blue);
Colonic mRNA expression and serum concentra-
tions of the tissue repair-associated cytokines
transforming growth factor-f (TGF-p) and pro-
inflammatory cytokines (including IL-6, IL-1p
and TNF-a). Reprinted with permission from
Ref. [113], Copyright 2021, Wiley-VCH.
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mucoadhesive microspheres using positively charged nanoliposomes
containing drugs as the secondary structure of hydrogel microspheres
using microfluidic technology (Fig. 11 a-b). In this study,
dopamine-modified structures on the surface of microspheres can firmly
attach beads to the surface of cartilage, while charge-guided nano-
liposomes can carry drugs to effectively penetrate the cartilage matrix
and release drugs stimulated by reactive oxygen species, acting on
chondrocytes (Fig. 11 c).

5.2.2. Nanogels for antibacterial
The formation of bacterial biofilms is currently one of the biggest
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causes of implant failure in clinical practice, leading to multiple com-
plications and even death. Due to the advantages of stability and drug
targeting, the nanogel carrier can achieve local high concentration
release, and has great application potential in antibacterial and anti-
infection. For example, Liu et al. [115] designed and synthesized silver
thiolide nanoclusters (AgNCs) and further impregnated them in chitosan,
successfully preparing multifunctional nanogels. Compared with unen-
capsulated AgNGCs, it exhibits enhanced antimicrobial activity (approxi-
mately > 10-fold). Similarly, the researchers encapsulated thymol in a
nanogel through UV-induced crosslinking for antifungal applications in
the oral cavity [116]. And the permeability and bioavailability of thymol
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are significantly enhanced due to the nano-size of the nanogel. In addi-
tion to acting as an antibacterial microcarrier, the nanogel has also
shown satisfactory results on antibacterial coatings.

5.2.3. Nanogels for anti-tumor/cancer

As a nanoscale delivery carrier, nanogel effectively prolongs the
blood circulation time of the drug and avoids the immune response due
to its excellent biocompatibility and hemocompatibility, which is
currently an effective way to deliver chemotherapy drugs to cancer sites
to improve the effect of chemotherapy [117]. Moreover, its high load and
stability characteristics also effectively enhance the anti-tumor activity of
the drug, in addition to improving the tumor microenvironment, it also
shows great application potential in imaging diagnosis. For example, Lin
et al. [118] developed a novel multifunctional hyaluronic acid nanogel
(mHA-GC) by encapsulating gold clusters and DOX for early diagnosis
and treatment of tumors. Here, mHA-GC nanogels can exhibit specific
release to the glutathione (GSH) tumor microenvironment with a high
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reducing agent concentration. And thanks to the introduction of gold
nanoclusters, mHA-GC nanogels can be used for in vivo and in vitro im-
aging under the influence of near-infrared light. More importantly, the
fluorescence signal of the hybrid nanogel increases with the increase of
GSH concentration, which further improves the accuracy and targeting of
tumor diagnosis and treatment. On the other hand, photodynamic and
photothermal therapy (PTT) are currently recognized as effective means
of treating tumors, and satisfactory progress has also been made by
further combining with nanogels to form a composite system. Li et al.
[119] have for the first time developed a PTT-induced, oleanolic acid
(OA) -based self-assembled nanoregulator ORM for remodeling the
tumor microenvironment (TME) and delivering drugs to deep tumor
tissue. Under the action of near-infrared light, physical “thermal” treat-
ment of the tumor can remodel the ECM to allow further penetration of
the released target drug. And the results show that this “hot” immune
microenvironment has the anti-tumor efficacy of long-term immune
memory. Additionally, in order to achieve a good treatment of tumors, an
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effective simulation model is indispensable. Smart nanogel drug carriers
have similarly demonstrated superior therapeutic efficacy in multicel-
lular spheroid tumor models in vitro [120].

5.2.4. Nanogels for nerve repair

Due to the complexity of the underlying disease mechanisms and the
unique biological microenvironment, the current clinical treatment of
the central nervous system remains extremely limited. Nanogels have
also shown promise in repairing nerve damage for their unique micro-
structure and mechanical properties. A recent study showed that using
nanogels as a carrier can effectively deliver various active molecules
(especially peptide drugs) into dorsal root ganglia intracellularly,
significantly enhancing axon regeneration after CNS injury [121].
Moreover, the researchers prepared heat-sensitive nanogels that trig-
gered drug release through external near-infrared light stimulation for
prolonged nerve block [122]. And because of the reversible nature of
heat-sensitive nanogels, the in vitro release of drugs can be repeatedly
triggered to achieve controlled pulse release of drugs, so as to achieve the
effect of spatiotemporal control. In summary, due to the characteristics of
high loading, targeting and prolonging the duration of drugs, nanogel
carriers also have outstanding application advantages in neural repair.

5.2.5. Prevention and diagnosis of diseases

Recently, more and more researchers have focused on nano-
diagnostics. Due to their excellent biocompatibility, large specific surface
area and intelligent response, nanogels have also shown great application
potential in cancer diagnosis, such as phototriggered imaging (including
fluorescence imaging (FLI), photoacoustic imaging (PAI), photothermal
imaging (PTI)) and magnetic resonance imaging (MRI) contrast agents
[123]. For example, recently, the researchers prepared ultra-small size
nanogels (5-20 nm) for MRI contrast agents using gelatin as the matrix,
and confirmed the non-cytotoxicity and effective relaxation of the
nanogels in vivo experiments [124]. Similarly, Zhang et al. [125] used
emulsion polymerization to prepare magnetic nanogels (MNLs) as
multifunctional carriers for breast cancer MRI imaging and chemo-
therapy. The results show that MNLs with high magnetic content have a
potential advantage in MRI for breast cancer diagnosis.

6. Conclusion and outlook

Micro-nano hydrogels overcome the limitations of traditional
hydrogels to enable a wider and more far-reaching delivery of drugs or
biomolecules. In the past two decades, the technical means and engi-
neering design of micro-nano hydrogel preparation have made signifi-
cant progress, and adapted or realized a variety of biomedical
applications, opening up a world full of possibilities for tissue repair
engineering.

Although many studies have fully demonstrated the great advantages
of micro-nano hydrogels in biomedical applications, there are still some
key issues to be solved, especially in the realization of scale and indus-
trialization, the diversity and richness of structural design, and the
interaction between biomaterials and cells, need to be explored more
deeply through more research. Here, we briefly describe some of the
challenges that need to be addressed in order to better inform future
research:

(1) Production and industrialization are essential for the widespread
use of micro-nano hydrogels in tissue engineering. Efficient and
rapid homogenization of microparticles remain a great challenge.
Therefore, the future research direction should be committed to
designing more convenient preparation methods, reducing the
technical cost of equipment, and achieving yield production.

Research and design of micro-nano hydrogels are limited. For
example, at present, the preparation of hydrogel microspheres is
mainly based on droplet microfluidic preparation technology,
which has low throughput and is difficult to achieve mass
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production; Moreover, due to the influence of mechanical effects
in the device, spherical particles are usually generated, and other
geometries are difficult to achieve. Therefore, future research
should focus on the design of particle shapes, developing novel
techniques to simulate the effects of different shapes of hydrogel
particles on cell behavior. These simulations may have important
implications for the rational design of biomaterials that promote
endogenous remediation.

(3) Attention should be paid to the interaction between biological
materials and tissues in the body. When current materials enter
the body to function, they still do not match normal physiological
functions well. In the future, while developing new and excellent
biomaterials, we can also focus on the design of dynamic mate-
rials, and design biomaterials that can simulate natural physio-
logical processes and thus respond to the release according to the
differences in the microenvironment at different stages in the
body.

(4) The overall preparation procedure of materials used in bioengi-
neering is relatively complex. At present, the mainstream of tissue
engineering generally requires materials to be carefully designed
and combined with a variety of active molecules, layer by layer,
and finally achieve the purpose of treatment. The preparation
process is cumbersome, and the release of active molecules and
the maintenance of cell activity in the process are difficult to
control, and for some special drugs, there is even a threat of drug
resistance. Therefore, in the future, we can focus on the devel-
opment of new materials and truly realize the “integration” of
material functions.
Tissue repair is a complex process that involves multiple signal
interactions. Nerves play an important role in signaling, but
research designs for neural repair are still relatively limited.
Therefore, future research can combine advanced micro-nano
manufacturing technology to make “true efforts” in the prepara-
tion of intelligent functional neural repair micromaterials.
Finally, tissue engineering research needs to be accompanied by
technological developments. Several studies have been reported
on the use of hydrogel microactuators for biomimetic applica-
tions. In the future, it is believed that micro-nano hydrogels can be
more combined with electricity or magnetism to act as “intelli-
gent” biomimetic devices, opening up new ways for biosensors,
drug diagnosis, targeted drug delivery, etc.
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