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Abstract: Hydrogels have been widely used in many fields including biomedicine and water treat-
ment. Significant achievements have been made in these fields due to the extraordinary properties of
hydrogels, such as facile processability and tissue similarity. However, based on the in-depth study of
the microstructures of hydrogels, as a result of the enhancement of biomedical requirements in drug
delivery, cell encapsulation, cartilage regeneration, and other aspects, it is challenge for conventional
homogeneous hydrogels to simultaneously meet different needs. Fortunately, heterogeneous multi-
layer hydrogels have emerged and become an important branch of hydrogels research. In this review,
their main preparation processes and mechanisms as well as their composites from different resources
and methods, are introduced. Moreover, the more recent achievements and potential applications are
also highlighted, and their future development prospects are clarified and briefly discussed.

Keywords: multilayer hydrogels; composites; fabrication process; mechanisms; application

1. Introduction

Hydrogel is a kind of hydrophilic material with a three-dimensional crosslinked net-
work structure, which is infiltrated with water [1]. It can absorb water quickly and retain
water for a certain period without dissolving in water. The properties of hydrogels are sim-
ilar to those of biological tissues and their excellent biocompatibility makes them extremely
suitable for biomedical research [2—4]. According to different formation mechanisms and
molecular structures, hydrogels can be generally divided into chemically crosslinked hy-
drogels and physically crosslinked hydrogels [5]. Chemically crosslinked hydrogels are
formed through crosslinking with chemical bonds, which is an irreversible permanent
crosslinking, and show extraordinary chemical stability with good properties such as good
solvent resistance. Physically crosslinked hydrogels are noncovalently crosslinked and usu-
ally exhibit excellent properties such as reversibility, repairability, and high responsiveness
to external stimuli, which can be modified further to endow them with other properties as
“intelligent” materials [6,7]. It has been noted that hydrogels are widely used in different
fields of drug delivery, tissue engineering, medical implants, wound dressings, and various
mechanical and electronic devices due to their extreme mechanical properties, such as high
degrees of toughness, robustness, elasticity, stickiness, and fatigue resistance [8-14].

The research and design of polymer-based hydrogels are mainly based on the overall
consideration of their properties, and the resultant hydrogels are usually homogeneous
materials [15]. However, it is challenging for these homogeneous hydrogels to simul-
taneously meet the needs of further microstructure control and different applications,
including precise drug delivery and release of different drugs, bone repair and regen-
eration, and carriers of different cells. As a kind of heterogeneous hydrogel, multilayer
hydrogels have emerged and become an important and novel branch of hydrogels. Multi-
layer hydrogels exhibit many excellent properties such as high ductility, unique complex
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internal structure, and excellent response to stimuli [16-18]. Moreover, multilayer hy-
drogels exhibit a variety of different shapes, such as spherical, cylindrical, spindle-like,
and multilayer tubular, to satisfy different applications [19-22]. The internal structure of
multilayer hydrogels is complex, which could exhibit cavities between each layer (namely
inter-layer space) for the storage of drugs, microorganisms, and cells. Different layers
can be prepared from different substances or methods to independently exhibit different
physical and chemical properties [23].

In this review, we summarize the recent progress of the multilayer hydrogels and
their composites. Particularly, we review the preparation processes and mechanisms of
multilayer hydrogels and their innovative applications in different fields, especially in the
biomedical field, including drug delivery, cell carrier or encapsulation, wound dressings
(coatings), and bone repair. Finally, we provide a brief perspective on the future develop-
ment of multilayer hydrogels, hoping to provide some theoretical guidance on broadening
hydrogels” application.

2. Preparation Methods and Mechanisms of the Multilayer Hydrogels

Many different preparation methods for multilayer hydrogels have been developed
in recent years according to different raw materials, crosslinking structures (chemical or
physical), and potential applications. These methods can be generally divided into two
pathways according to the formation direction of hydrogel layers: from the inside to the
outside and from the outside to the inside.

More recently, the preparation of multilayer hydrogels from inside to outside has been
widely studied, and its main preparation technology is as follows: First, suitable materials
are selected to prepare inner gel cores (generally agarose) with special shapes according
to application requirements. Then, a first gel layer is formed on the gel core by different
crosslinking or coagulation methods through pretreating the gel core with subsequent
soaking in certain solutions. Finally, the fabrication process is repeated several times to
generate multilayer hydrogels with the desired number of layers. The volume of multilayer
hydrogels continues to grow until the preparation process of the multilayer structure is
completed by gradually wrapping or covering the gel cores with gel layers.

Compared with the pathway from inside to outside, the preparation of multilayer
hydrogels from outside to inside has been studied much less, although this form appeared
earlier. The main preparation process is as follows: First, suitable raw materials are selected
to prepare the hydrogel shells, which can wrap the solutions corresponding to the following
gel layers. Second, a first gel layer is formed on the inner wall of the shell by different
coagulation or crosslinking methods. Finally, the above fabrication process is repeated
several times to generate multilayer hydrogels with the desired number of layers. The total
volume of multilayer hydrogels prepared from outside to inside cannot increase after the
formation of the shells. All the gelation processes occur inside the shells and move from
the shell to the center of the gel with a gradual layer-by-layer (LBL) formation.

Detailed preparation methods are commonly used for the above two pathways,
which can be roughly divided into the ILBL method and non-LBL method, as follows.

2.1. LBL Assembling Methods for Multilayer Hydrogels

At present, LBL assembly is the most widely used method for the preparation of
multilayer hydrogels from different polymers such as polysaccharides. LBL assembly can
be used to prepare multilayer structures by different driving forces or crosslinking types.
Different LBL assembly methods are suitable for the preparation of multilayer hydrogels
with different performances and application requirements. In the following discussion, sev-
eral commonly used LBL methods are analyzed from the aspects of preparation principle,
advantages, and application prospects.
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2.1.1. LBL by Chemical Crosslinking

Chemical crosslinking is a common method of preparing homogenous hydrogels via
the use of crosslinking agents. Interestingly, multilayer hydrogels with arbitrary shapes,
including onion-like, tubular, and star-like, can be readily prepared using the chemical
crosslinking method (Figure 1a—d) through the LBL process. As an example, the prepara-
tion process of a chitosan multilayer hydrogel from Xiong’s group is roughly shown in
Figure le [24]. First, suitable raw materials (e.g., agarose) were selected to prepare a gel core,
which was immersed in the crosslinker solutions (such as glutaraldehyde, terephthalalde-
hyde, and epoxy chloropropane) for an appropriate time to load the crosslinker. Second,
the agarose gel core loaded with the crosslinker was soaked in the chitosan solution for a
required time to crosslink the neighboring chitosan chains for the formation of the first chi-
tosan gel layer. Third, the obtained gel core with the first chitosan gel layer was immersed
in the crosslinker solution again for the desired time to ripen the chitosan gel layer and
load the crosslinker for the formation of the second chitosan gel layer, followed by soaking
in the chitosan solution. Onion-like CS multilayer (multi-membrane) hydrogels with the
desired layers can be prepared by repeating the above-mentioned process. The chitosan
layers were covalently crosslinked with chemical crosslinkers to endow them with good
solvent resistance and pH sensitivity.
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Figure 1. Chitosan multilayer hydrogels with various shapes: column (a), star (b), and tubular (c,d), and scheme of the
preparation process of chitosan multilayer (multi-membrane) hydrogels by the LBL assembly method (e). (Reproduced
with permission from [24]. Royal Society of Chemistry, 2013).
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For chemically crosslinked multilayer hydrogels by the LBL process, reasonable and
rapid crosslinking is essential for successful preparation. The formation and growth of
each gel layer are related to the diffusion of the crosslinker. The inter-layer space canbe
adjusted by changing the crosslinking degree of gel layers. Moreover, the chemically cross-
linked chitosan multilayer hydrogels have a unique sub-layer structure [24]. The chitosan
multilayer hydrogels have pH sensitivity and can disintegrate layer by layer, thus showing
promise for applications in different fields, including drug delivery and tissue engineering,
due to their unique structure.

2.1.2. LBL by Ion Crosslinking

In addition to common crosslinking agents, such as organic dibasic acids and poly-
ols, metal ions can also be used as special crosslinking agents to promote the gelation of
polymer solutions. Moreover, the introduction of different metal ions has different effects
on the hydrogel structure [25-27]. For example, the preparation process and mechanism
of an alginate multilayer hydrogel from Xu’s group [25] is roughly shown in Figure 2.
First, an egg-box structure gel core of sodium alginate crosslinked by Ca?* was prepared
by diffusing Ca®* into the sodium alginate solution to crosslink alginate molecule chains.
Second, the above gel core was immersed in the sodium alginate solution for a given
time to prepare a hydrogel layer, which was further cured in the Ca®* solution. Finally,
alginate-based multilayer hydrogels with the desired layers could be prepared by repeating
the above-mentioned process. In addition, carboxymethyl cellulose and other polyanions
can be crosslinked by Ca2*, Al**, and other polyvalent inorganic cations to form hydro-
gels [27]. This LBL assembly method can also be used to prepare carboxymethyl cellulose
multilayer hydrogels using AICl3 aqueous solution as a crosslinking agent, showing good
versatility [24].
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Figure 2. Schematic illustration of the preparation of alginate multilayer hydrogels. The partly crosslinked layer (membrane)
formed with the egg-box structure in the sodium alginate solution (a). The completely or incompletely crosslinked hydrogels
(b). The second layer formed at the periphery of either completely or incompletely crosslinked hydrogel (c). The finally
obtained double-membrane hydrogel with or without inter-membrane space (d). Photographs of the multi-membrane
alginate hydrogels without (e) and with (f) inter-layer space. (Reproduced with permission from [24]. Royal Society of
Chemistry, 2009).
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For multilayer hydrogels from the ion crosslinking method, complete or incomplete
crosslinking is essential for the successful preparation of inter-layer spaces. Complete or
incomplete membrane crosslinking can be readily controlled by adjusting the crosslink-
ing time (Figure 2). A hydrogel with an inter-membrane space can be obtained by
fully crosslinking incompletely crosslinked alginate hydrogel layers in CaCl, solution
(Figure 2d). Every ion-crosslinked layer is independent of other layers in the hydrogels.
Therefore, these multilayer hydrogels produced using the ion crosslinking method are ex-
pected to be used in investigating the co-culture of multiple cells, drug delivery, and tissue
engineering due to their unique structure.

2.1.3. LBL by Electrostatic Interaction

In addition to the introduction of crosslinking agents to prepare multilayer hydro-
gels, polyelectrolyte-based multilayer hydrogels can also be facilely prepared through
simple electrostatic interactions [28,29]. Figure 3 shows the scheme for the formation
of a multilayer hydrogel by electrostatic interaction. Positively and negatively charged
polyelectrolytes can form hydrogel layers alternately on the substrate through electrostatic
interaction. The key to electrostatic interaction is the mutual adsorption and surface charge
reversal of positive and negative polyelectrolyte-based hydrogels. The concentration, pH,
and temperature of polyelectrolytes are the most important factors affecting the formation
and stability of multilayer hydrogels [28]. As the most commonly used LBL deposition
strategy, electrostatic interaction has been widely studied and applied. Because electrostatic
LBL assembly can be carried out in aqueous solutions, it is convenient to prepare LBL
multilayers automatically using a LBL deposition machine [29]. These multilayer hydrogels
produced using the electrostatic interaction method are widely used in different fields,
including surface modification.
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Figure 3. The scheme for formation of multilayer hydrogel from electrostatic LBL. (Reproduced with permission from [28].

John Wiley & Sons, 2020).

2.1.4. LBL through Acid-Base Neutralization

Neutralization is an effective pathway to fabricate hydrogels, especially for acid-
dissolved chitosan, by converting NH;* in low pH solution to NH, with the addition of a
base solution. This can weaken the ionic repulsions between chitosan chains, resulting in
physical cross-links through hydrogen bonding, hydrophobic interactions, and crystallite
formation [30]. As early as in 2008, Alain Domard’s group reported a chitosan multilayer
hydrogel using the interrupted neutralization process (Figure 4a). A chitosan physical
alcohol gel was prepared by adding 1,2-propanediol aqueous solution to chitosan/HCl
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solution and the subsequent evaporation process. Then, NaOH aqueous solution was
used to neutralize acid in the chitosan alcohol gel and form the first chitosan layer and
inter-layer space for a given time. Finally, onion-like chitosan multilayer hydrogels with
the desired layers (Figure 4b) were prepared by repeating the above-mentioned process
(namely LBL).

In contrast to the above chitosan multilayer hydrogel, Shi’s group fabricated algi-
nate/chitosan composite multilayer hydrogels via the interrupted neutralization of the
as-prepared fluid-filled capsules with a polyelectrolyte shell layer [31]. First, a single drop
of a chitosan solution was added to an alginate solution, which was further incubated to
form a fluid-filled capsule with a chitosan/alginate layer through electrostatic attraction
effect. Then, the capsule was neutralized with alkaline solution for some time to form a
chitosan layer through the gelation of chitosan solution in the capsule. The correspond-
ing multilayer hydrogels could be fabricated layer by layer through the repeating of the
intermittent neutralization.

1st*membrane 279 membrane 39 membrane

1 ‘ onion-like
Y

multi-membrane

Filter paper architecture
or water

Iron oxide particle with

complex internal structure ﬂ

Figure 4. Process diagram of the preparation of chitosan multilayer hydrogel by LBL process through neutralization (a) and

the photograph of the corresponding chitosan multilayer hydrogel (b). Schematic illustrating the iron oxide templating

procedure (c) and photographs revealing the internal structure of iron oxide particles generated from the multilayer template)
(d). (Reproduced with permission from [30,31]. Nature publishing group, 2008 and American Chemical Society, 2014).

From the microscopic perspective, the semi-permeable polyelectrolyte complex shell
layer from chitosan and alginate can retain chitosan solution inside the capsule, and the
chitosan hydrogel layers cannot block the movement of OH" in the alkaline aqueous so-
lution to the inner chitosan solution. The OH™ group can convert NH3" in the chitosan
solution into NHj, resulting in the further formation of the chitosan hydrogel layer [32].
The quantity, thickness, and microstructure of multilayer hydrogels can be controlled by the
concentration of alkali and contact time [30-32]. Interestingly, the prepared multilayer hy-
drogels can be used as templates to create hard particles with a complex internal structure,
such as iron oxide particles (Figure 4c,d), and composite multilayer hydrogels consisting of
organic-inorganic substances can be formed accordingly. Moreover, multilayer hydrogels
prepared using the neutralization method have the advantages of uniform drug bearing,
controllable inter-layer space, and good biocompatibility, showing potential application in
the fields of cell culture and drug delivery.

As shown above, the general method to manufacture multilayer hydrogels from
outside to inside was to utilize an interrupted chain condensation and contraction of an as-
prepared hydrogel to form gel layers (namely LBL). However, this method is usually time-
consuming and cannot readily load drugs [33]. To solve the above problems, the acid-base
neutralization interaction can also be generalized to form hydrogel layers from the inside
to the outside using gel-cores and other raw materials. As an example, the preparation
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process of a cellulose multilayer hydrogel from our previous work [34] is roughly shown in
Figure 5. First, the as-prepared agarose gel rod was immersed into an acetic acid solution
to load acetic acid as a coagulant. Subsequently, the gel rod loaded with acetic acid was
immersed in a NaOH/urea dissolved cellulose solution to prepare the first cellulose layer.
The gel rod with the first layer was immersed again in the acetic acid solution, so the new
gel rod loaded with acetic acid again could be used to form the second cellulose layer.
Finally, the cellulose multilayer hydrogels were fabricated by repeating this process (LBL).

Gel rod loaded
a with acid

I

2

1st layer 2nd layer

“ 1

Cellulose solution  Acetic acid Cellulose solution Multi-layered tubular
hydrogel

NaOH

Cellulose IC

10‘\ }an layer
oo} Space
LIEFM 1st layer

Urea Cellulose chain . ‘1' . o ° ° °°
Acetic acid

Cellulose solution Gel rod loaded with acid

Figure 5. Preparation process of a cellulose multilayer hydrogel by a multi-step interrupted gelation (a) and the correspond-

ing schematic model to describe the formation process (b). (Reproduced with permission from [34]. American Chemical

Society, 2014).

Interestingly, a water-soluble inclusion complex (IC) associated with cellulose, NaOH,
urea, and water occurs in the NaOH /urea solvent system at low temperature, which leads
to cellulose dissolution [35]. When the cellulose IC was destroyed with acetic acid through
the contact of acetic acid in the gel core and the cellulose solution, the strong inter-chain
interactions of the exposed cellulose chains led to the rapid self-aggregation of cellulose and
the formation of the first cellulose layer along the gel core (namely gelation or coagulation).
Subsequently, the first cellulose layer was cured by re-immersion in acetic acid solution to
load acetic acid, which could be used for the regeneration of the next cellulose hydrogel
layer. Moreover, the inter-layer space was formed with the progress of the curing process.
The fabrication process is facile and rapid, and the thickness and inter-layer spacing of the
hydrogel can be controlled by adjusting the cellulose concentration, the diameter of the
gel core, and the contact time. Multilayer cellulose hydrogels showed high compressive
strength due to the dense packing of cellulose chains. The multilayer hydrogels prepared
by the LBL process through acid-base neutralization have the advantages of stable gel
structure, controllable shape, size, and thickness, and good biocompatibility, which are
expected to be applied in cell culture and tissue engineering scaffolds [34].



Gels 2021, 7,172

8 of 22

Moreover, the electrochemical method can also be used to fabricate multilayer hydro-
gel through broadly defined acid-base neutralization interaction. Briefly, electrochemical
synthesis is based on the use of electrochemical workstations to generate multilayer hy-
drogels through programming input electrical signals. The chitosan-based multilayer
hydrogel from Shi’s group is used as an example [36] and its preparation process is shown
in Figure 6a. First, a chitosan solution was prepared with the pH of 5 [37]. Secondly, a
stainless-steel wire was adopted as the working electrode to immerse in the above chitosan
solution, and a platinum wire was adopted as the counter electrode to connect the elec-
trochemical workstation. Finally, chitosan multilayer hydrogels with different layers and
thicknesses could be fabricated layer by layer using a pulsed electrical signal under the
On-Off model.

(a) Schematic: Multi-layer Formation (b) Off Signals Code for Interface

Input Sequence: jvs t

1 ] i} iv
On | Off | On Off

i On->layer — R

ii Off - Interface

iii On - Layer I

iv Off - Interface

Output: Multilayer Structure One Film Layer Three Layers
{ (On=305s)

On(30s)
Off (2s)

(c) Multi-layer Formation
Eight Layers (On=30s)

Interfaces

Eight Layers (On=60s)

On (305s)
Off (2s)

On (60 s)
Off (2s)

Figure 6. Chitosan multilayers generated by input sequences of “on-steps” (0.5 mA) and “off-steps” (0 mA). Schematic

illustrating how electrical input controls the output multilayer structure (a). Off-steps (interruptions) code for interfaces

(b). The left images of b show one layer and its enlarged photo on the wire by biasing a 30 s electrical input; the right

images of b show a three-layered gel on a wire by three successive on—off sequences. The duration of on-steps controls the

layer thickness (c). Images show eight layers with different thicknesses controlled by 30 s and 60 s on-steps, respectively.
(Reproduced with permission from [36]. Royal Society of Chemistry, 2013).

This method enabled the assembly of the chitosan hydrogel in the cathode by a
neutralization mechanism through the input of electrical signals [38,39]. Electrolysis can
control the local pH [40], and the generation of OH" at the cathode is believed to neutralize
acidic chitosan solution and induce its localized sol-gel transition [41]. Physical crosslinks
of the deposited chitosan hydrogels occurred in the crystalline regions [42]. Obviously,
each interruption (off-step) generates an interface and a multilayer structure can be
generated by an input sequence with multiple interrupts (Figure 6b). The duration of the
on-step can control the thickness of the individual layers (Figure 6¢). The above images
demonstrate that the controllable multilayer hydrogels can be created using electronic input
signals. Moreover, the simple inputs of the electrical signal do not change the solution
compositions, making it more convenient to control and adjust [43]. Thus, this work
provides an initial proof of principle that electronic codes and can be used to guide the
assembly and control the hydrogel structure. Multilayer hydrogels prepared by this method
provided new possibilities for tissue regeneration, multifunctional coating, and controlled
drug delivery.
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2.1.5. LBL by Compound Methods

It is well known that the blood vessel is a tri-layered substance with different com-
ponents for each layer [44]. Layers from different raw materials are expected to have
different properties for varied requirements; thus, mimicking blood-vessel like multilayer
hydrogels is important and attractive. However, the fabrication of multilayer hydrogels
with different layer components is difficult using a single method, as mentioned above,
and the combination of several methods can be used during the LBL process to solve this
problem. As an example, in one of our previous studies, alternate layered chitosan/alginate
composite hydrogels (CACH) were fabricated successfully using the LBL process with the
combination of acid-base neutralization for the formation of the chitosan layer and ion
crosslinking for the alginate layer (Figure 7a) [45]. The CACH was constructed by repeating
the alternate formation of chitosan and alginate gel layers. All the tubular CACH exhibited
good appearance and controllable layers (Figure 7b—d). The layer thickness increased with
the increase in chitosan or alginate concentrations and soaking time. Moreover, the CACH
exhibited good architectural stability and biocompatibility towards endothelial cells, thus
showing significant potential as a cell culture carrier and a matrix for the controlled release
of molecules.

A Inner gel rod loaded Gel core loaded

Chitosan layer

with alkaline solution with Ca?* Alginate layer

|

@~

Chitosan solution CaCl, solution

[ 1
s W

a6~
-

Alginate solution Alternate Layered
hydrogel

Figure 7. The preparation process of spherical alternate layered chitosan/alginate composite hydrogels (CACH) through

acid-base neutralization and ion crosslinking (a), and photographs of the tubular CACH fabricated from different chi-

tosan/alginate concentrations and soaking time (b—d). (Reproduced with permission from [45]. Elsevier, 2017).

2.2. Non-LBL Methods for Multilayer Hydrogels

As mentioned above, LBL has been predominantly used to prepare multilayer hydro-
gels in recent years. Non-LBL methods (traditionally) have also been developed to prepare
multilayer hydrogels. Two non-LBL assembling methods are described in the following.

2.2.1. New Concept Welding

New concept welding is a method used to prepare anisotropic multilayer hydrogels
by an ion-induced interfacial reconfiguration. Taking anisotropic cellulose multilayer hy-
drogels by Jeon’s group as an example [46], the design principle is shown in Figure 8a.
First, cellulose was dissolved in a lithium chloride/N,N’-dimethylacetamide (LiCl/DMAc)
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mixed solution to obtain a cellulose solution, which was then cast on a mold to form an
organogel layer through intermolecular hydrogen bonds (H-bonds). The resulting cellulose
organogel was transformed into an isotropic cellulose hydrogel by immersion in water.
The anisotropic cellulose hydrogel film was formed using axial force on the above isotropic
hydrogel sheet, where the highly aligned polymer chains were fixed by H-bonds. Ion-
induced welding by adding a LiCl/DMAc mixture was then used between the adjacent
hydrogel layers through the realization of the intermolecular H-bond exchange at the inter-
face. Finally, anisotropic cellulose multilayer hydrogels with different morphologies were
prepared accordingly. Four different forms of anisotropic multilayer hydrogels (parallel
laminated (PL), orthogonally laminated (OL), axially rolled (AR), and concentrically rolled
(CR) multilayered hydrogels) were prepared through the hierarchical programming of
cellulose chain orientation in hydrogels (Figure 8b,c), indicating the versatility of new
concept welding.

Stretch

b

\ Aligned
polymer

Bound organogel Bound hydrogel

Figure 8. Design of weldable anisotropic cellulose multilayer hydrogels (a), POM images (taken in cross-polarized mode; A:
analyzer; P: polarizer) (b) and SEM images (c) of the cross-section of 6PL, 60L, AR, and CR multilayer hydrogels, and AFM
images of the cross-section of 6PL hydrogel (d). (Reproduced with permission from [46]. Royal Society of Chemistry, 2019).

In this method, a thin layer of cellulose/LiCl/DMAc solution was trapped at the
interface of the two thin layers, and the interfacial LiCl gradually diffused into the hydrogel
layer over time due to the concentration gradient, and reassembled the cellulose interface
through the exchange of H-bonds. Highly aligned microfibers appeared in the bulk of a
layer from 6PL gel, and the fibers in the interfacial regions of two layers were randomly
distributed (Figure 8d). The hydrogel layers were completely integrated by an isotropic
interfacial region with the possible occurrence of a full reconfiguration of the polymer
chains. This facile method achieved the interface reconfiguration of hydrogels through
ion-induced welding without an adverse effect on the highly aligned polymer orientation
and the common adoption of covalent crosslinking, shedding light on the design of novel
hydrogels used in the engineering and biomedical fields.



Gels 2021, 7,172

11 0f 22

2.2.2. Metal Ions Modulation

Many polymers such as chitosan (CS) have functional groups including -NH;, which
can coordinate with numerous metal ions through the chelation effect. Metal ions modu-
lation can be used to prepare multilayer hydrogels through strong chelation interaction.
A copper-chitosan composite multilayer hydrogel using Cu?* modulation was fabricated
by Wang’s group (Figure 9a) [47]. In this work, a Cu®*-CS solution was prepared first
by adding CuCl, powder to pure CS solution. Then, the above solution was filled in a
single opening mold and immersed in an alkaline coagulation bath to complete the gelation
process (Figure 9a). Finally, the resultant copper-CS multilayer hydrogel was formed and
unloaded from the mold, which was repeatedly washed with deionized water to be neutral.

a b

‘ ‘ ‘ o—— OH- diffusion

‘I
v o—— mold

—r—gel

. gelation front

. solution

Figure 9. Schematic illustration of the formation of CS hydrogel (a), photograph of a CS multilayer
hydrogel (b), and schematic illustration of the typical morphology of the copper-CS multilayer
hydrogel (c). (Reproduced with permission from [47]. Nature publishing group, 2016).

Pure CS could form a multilayer hydrogel through the addition of OH™ to the CS so-
lution (Figure 9a,b) as mentioned above [48]. By comparison, the mechanism for copper-CS
multilayer hydrogel formation with the structural transition differs and is summarized in
the following. CS chain entanglement existed on the gel-sol interface (Figure 9c). Cu?*and
CS can form a strong complex due to their strong affinity, resulting in the increased tendency
of the volume of polymer zones to shrink. The gelation rate depends on the proximity
of the gelation front to the system—coagulation interface. The introduction of Cu* ions
increases the volume shrinkage of the CS bands, which causes a contraction at the gel-sol
interface and enhances the disentanglement of macromolecules, resulting in the formation
of a “clear space”. Two layers can be created with the gelation process by further diffusion
of OH™ (Figure 9c). Thus, the copper-CS multilayer hydrogel can be fabricated accord-
ingly, which had potential value in applications including copper-based fungicides, redox
catalysts, and urea uptake.

3. Achievements and Practical Applications of Multilayer Hydrogels

Multilayer hydrogels with internal cavities and a complex internal structure have been
widely applied in biomedical fields, including drug delivery, cell carrier or encapsulation,
bacteria delivery, wound dressings (coatings), and bone repair. The achievements and
practical applications of multilayer hydrogels have mainly focused on the biomedical field.
Moreover, multilayer hydrogels have also been used in other fields, such as tuning ice
nucleation and propagation, dye adsorptions, and forward-osmosis (FO) desalination,
due to their unique structure, modifiable properties, and higher surface area.
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3.1. Drug and Bioactive Substances Delivery

Natural polymer-based multilayer hydrogels usually have excellent biocompatibility,
and multilayer hydrogels in the forms of microspheres or capsules can effectively encapsu-
late and release drugs and bioactive substances. Inspired by biologic lipid bilayers [49],
the development of multilayer hydrogels further deepened the study of drug delivery
through the homogenization of the drug release in different layers, and by restricting the
migration and diffusion of different drugs. The outer layer without drugs can effectively
isolate the external environment and prevent the drug precipitating from the hydrogel
surface, or the burst release of the drugs, which can prolong the drug release [50-52].
After arriving at the targeted sites, multilayer hydrogels can be induced to degrade by
different stimuli-response pathways to achieve the precise drug release. Table 1 shows
several kinds of multilayer hydrogels from different resources for the precise delivery and
release of drugs by different pathways.

Table 1. Precise delivery and release of drugs by different multilayer hydrogels.

Drug Carriers Drug Species Release Pathways Advantages Reference
Poly(methacryhc Ultrasound- Higher effective loading capacity
acid)/poly(N- S : .
. : . Nucleic acids triggered and controlled delivery of [53]
vinylpyrrolidone) multilayer .o -
release sensitive biomolecules
hydrogel capsules
Poly(N-vinylcaprolactam) . . Increase in . .
multilayer hydrogels Sodium diclofenac temperature Multiple drug delivery [54]
Chitosan multilaver Significant inhibition of the burst
hvdrogel ly Doxorubicin Adjustment of pH release and good [55]
yeroge: capsties biocompatibility,
Polycarboxymethyl-3-
cyclodextrin o
(polyCM-f3- Ofloxacin Adjustment of pH Controllable ;féilﬁe in different [56]
CD)/polyetherimide (PEI)
multilayer
- . Long-term storage, combination
(PJAOK)(Tniﬂizrygfhajﬁ ol dZL(bfl?g?llaﬁlorllggffZ_- Redox-triggered of well-regulated drug release [57]
cube}sl yaros yerory " release and shape-modulated drug

de]quinolin-8(1H)-one delivery

Wound healing is a dynamic and complex process that comprises several sequential
phases, for which a number of drugs are effective. However, most of the current drug
delivery systems were designed to treat only one phase of wound repair, ignoring the
fact that every stage plays a critical role in the wound healing process. In an inspiring
study, Maet al. reported that an injectable sodium alginate/bioglass (SA/BG) composite
hydrogel can be used to carry SA microparticles containing a conditioned medium (CM)
of cells (SAcm) [58]. Inside the SAcy microparticles, poly(lactic-co-glycolic acid) (PLGA)
microspheres containing pirfenidone (PFD) were encapsulated (PLGAPFD). This multilayer
injectable hydrogel system (SA /BG-SACM-PLGApgp) was designed to sequentially deliver
bioactive molecules for satisfying the bioactivity requirement and timeline of each wound-
healing stage (Figure 10).
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Figure 10. Scheme of a multilayer injectable hydrogel system that sequentially delivers bioactive substances for each

wound-healing stage. (Reproduced with permission from [58]. American Chemical Society, 2020).

3.2. Cell Encapsulation (Carrier or Bioreactors) and Bacteria Delivery

The formation of multilayer hydrogels can sequentially and heterogeneously control
the organization of cells, and the cavities between the layers can serve as good cell carriers
or bioreactors [59]. The fast diffusion-induced gelation method was used by Sun’s group
to fabricate multilayer hydrogels with controllable layer thickness for the encapsulation
of viable cells [60]. Five layers of cells marked with alternate green/red fluorescence
were assembled in a LBL fashion into a tubular structure by immersing the core gel
into alternating solutions of each labeled cell (Figure 11A). The cells in each layer were
separated by distinct boundaries, indicating limited mixing of the gel components at each
step. Heterogeneous cell-laden multilayer hydrogel tubes were fabricated with HUVECs,
SMCs, and fibroblasts, which were distributed from the inside to the outside of tubes
to mimic native blood vessels (Figure 11B). Moreover, all the layers from the multilayer
hydrogels exhibited high cell viability (>90%) according to the live-dead staining result
(Figure 11C).

It is well known that the strong acid environment of the stomach is harmful to probi-
otics, and oral delivery of probiotics is a significant challenge. To address this challenge,
Chen’s group prepared multilayer alginate hydrogel beads (MAHBs) by an emulsion
method via ionic crosslinking between calcium ions and the carboxylic group of alginates,
which can be used as an encapsulating material for oral delivery of a model probiotic
bacterium B. breve [61]. MAHBs can be widely used as a carrier for probiotics oral delivery
because they can significantly promote the viability of a variety of bacteria (including B.
breve, S. aureus, and E. coli) at a low pH environment similar to that stomach, thus retaining
the activity of the probiotics in the stomach. MAHBs can be utilized in the fermentation
process, which is needed to release metabolite continuously and to avoid the burst release,
and have been shown to be an excellent encapsulating material for oral administration.
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Figure 11. Cell encapsulation with multilayer hydrogels. (A) Images of a five-layer multilayer hydrogel tube embedded

with fluorescence-tracked C2C12 cells of alternating color. (B) Cross-sectional (top) and longitudinal section (bottom)
images of a three-layer tube embedded with HUVECs (red), SMCs (green), and fibroblasts (blue) in different layers. (C) 3D
reconstruction (left) and cross-sectional (right) images of C2C12 cell-laden multilayer hydrogel walls stained for live (green)

and dead (red) cells. Scale bar: (A—-C) 500 um. (Reproduced with permission from [60]. American Chemical Society, 2018).

3.3. Cartilage Repair

The need for bone repair materials has increased due to the complications associated
with population aging. Hydrogels are often used as temporary fracture internal fixation
materials due to their good mechanical properties, biocompatibility, and biodegradabil-
ity [62]. Moreover, hydrogels are expected to treat cartilage diseases by mimicking the
structural and functional characteristics of the natural extracellular matrix (ECM). It has
been noted that multilayer hydrogels exhibit more advantages than ordinary single-layer
hydrogels due to their unique structure, and layers with different and modifiable proper-
ties. Multilayer hydrogels can not only simulate the overall structure of cartilage, but also
allow chondrocytes to migrate in the best form of tissue [63,64]. The internal structure of
multilayer hydrogels can provide an appropriate microenvironment for the proliferation
and differentiation of cells and microorganisms [65].

Recently, Nasr-Esfahani’s group successfully constructed a chitosan/polycaprolactone
multilayer hydrogel as a sustained Kartogenin (KGN) delivery system for cartilage en-
gineering [66]. KGN was released from the hydrogels by three different mechanisms
consisting of diffusion, swelling and erosion, or degradation (Figure 12a). KGN-conjugated
multilayer materials (MLS + K) showed lower swelling ability and higher compressive
modulus with gradual release of KGN in a longer retention time, which not only facilitated
the effective treatment, but also provided a suitable mechanical structure for cartilage
engineering and osteoarthritis treatment. Multilayer systems capable of simultaneous
dual tissue formation were crucial for the regeneration of the osteochondral (OC) unit.
Pereira et al. developed bi-layered hydrogel composites (BHCs) via the combination of
two structurally stratified layers from nature-derived gellan-gum (GG) and hydroxyapatite
(HAp) [67]. Either low acyl GG (LAGG) alone or in combination with high acyl GG (HAGG)
were used for the fabrication of cartilage-like layers, and LAGG incorporating different
ratios of HAp were used to prepare bone-like layers. GG-based layers and HAp rein-
forcement created a resilient bilayered structure with an interfacial region, which was not
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only able to integrate dissimilar zones, but also provided good stability during the degra-
dation process. The BHC had good integration with surrounding tissues, and provided
support for cartilage and bone-like tissue formation (Figure 12b), showing its feasibility as
a osteochondral substitute with unique features for osteochondral regeneration.
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Figure 12. Schematic illustration of conjugation and mechanisms of KGN release from a MLS + K sample, showing three
possible mechanisms (diffusion, swelling, and erosion or degradation) that are responsible for KGN release (a). Macroscopic
images of the explants after implantation of (LAGG/LAGG-HAp 20%) hydrogels (H) in the dorsum of the mice for 2 weeks
and 4 weeks (b). (Reproduced with permission from [66,67]. Elsevier, 2021, 2018).

3.4. Medical Dressings or Coatings

As mentioned above, wound healing remains a challenge in the biomedical field,
which can be primarily be addressed by adopting appropriate wound care management.
Wound dressings cannot only protect the wound from external damage, but also pro-
vide a suitable microenvironment for tissue regeneration. Hydrogels are suitable for the
fabrication of medical dressing due to their excellent physical and chemical properties.
Compared with monolayer or homogenous hydrogel wound dressings, multilayer hydro-
gel wound dressings can better promote wound healing because different layers can exhibit
varied properties, which can satisfy different requirements of the top layer (barrier for
bacterial transition and control of moist environment), middle layer (supply of controlled
drug release for a long time and mass transfer limitations for drug molecules), and lower
layer (absorption of the excess exudate, adhesion onto the wound surface, and support for
new tissue formation) [68-71].

Recently, Tamahkar and others fabricated a new type of four-layered hydrogel (ML)
antibacterial wound dressing using carboxylated polyvinyl alcohol (PVA-C), gelatin (G),
hyaluronic acid (HA), and G (Figure 13a,b) [72]. The PVA-C and G upper layers provided
the most control and a physical barrier for microorganisms. The HA-based middle layer
served as an antibiotic-loaded layer. The G lower layer was able to be used to release
antibiotics and provide the removal of excess exudate from the wound site. ML hydro-
gels showed unique antibacterial performance against S. aureus and E. coli (Figure 13c,d).
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Moreover, the ML hydrogels showed antibacterial activity against oxacillin sensitivity,
indicating that the novel wound dressings were an effective option for selective treat-
ment of bacterial infections. Shokrollahi et al. prepared biocompatible electrospun multi-
layer nanofibrous dressings using PCL nanofibers as the first layer, hybrid nanofibers of
chamomile/CECS/PVA and PCL as the second layer, and chamomile-loaded CECS/PVA as
the third layer [73]. This multilayer dressing exhibited sufficient mechanical and swelling
properties, and had excellent antibacterial efficiency due to the loading of chamomile,
and could potentially be used for wound healing.

Figure 13. Photograph of a multilayer hydrogel as a wound healing dressing (a); the correspond-
ing cross-sectional morphology (b); antimicrobial activities of ampicillin disc, ampicillin-loaded
multilayer hydrogels (ML-D), and ML against oxacillin sensitive S. aureus (c); and antimicrobial
activities of ampicillin disc, ML-D, and ML against E. coli (d). (Reproduced with permission from [72].
Elsevier, 2020).

Tiirkoglu et al. fabricated a wheat germ oil (WGO)-loaded multilayer hydrogel
dressing by cross-linking sodium alginate (SA) with poly(ethylene glycol) diglycidyl ether
(PEGDGE) on textile nonwovens [74]. This multilayer hydrogel showed rapid and positive
swelling properties with an interconnected network of pores, and the resultant product was
able to support the treatment of burns and wounds with medium to high exudate, and thus
may be a promising alternative to conventional products in the wound healing field.

In addition to dressings, coatings from organic and inorganic materials can also be
considered an excellent strategy to prevent bacterial adhesion, bacterial infection, and sub-
sequent biofilm formation [75]. Multilayer hydrogels are able to extend the application of
multifunctional biomedical coatings with a long use time due to their unique structure.
Zhao et al. prepared an antibacterial and biocompatible multilayer biomedical coating
by alternate deposition of chitosan (CS) and sodium carboxymethyl cellulose (CMC),
which can be used to heal damage [76]. This multilayer coating exhibited high antibacte-
rial properties by adsorbing the negative charge on the surface of bacteria, and fast and
efficient self-healing properties through H-bonds and electrostatic attraction under specific
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stimuli. These features enabled the CS/CMC multilayer polyelectrolyte coating to have an
extended lifespan, showing potential as a novel functional biomedical material.

Shi’s group fabricated a chitosan/silver nanoparticle (AgNP) multilayer hydrogel
coating via the combination of in situ synthesis of AgNPs on a pre-deposited chitosan mul-
tilayer hydrogel [77]. The coating conferred antibacterial properties by embedding AgNPs
into the chitosan hydrogel network, using the ability of chitosan to adsorb and stabilize
metal salts and sterilization by silver ion diffusion. The nanocomposite multilayer hydrogel
coating exhibited a staged release behavior of AgNPs based on acidic triggered dissolu-
tion of chitosan hydrogel layer by layer due to its unique layered structure (Figure 14a).
The obtained AgNPs with a narrow size of ~15 nm were evenly distributed throughout the
hydrogel matrix to confer the multilayer hydrogel with excellent antibacterial properties
(Figure 14b). This antibacterial multilayer hydrogel showed significant potential either
to be used as a new coating material for the interfacial improvement of implants or as a
wound dressing.

Hydrogel First-staged
with AgNPs release

a Hydrogen bonding

Electrochemically
synthesized T @ l

R > . Completely Second-staged
Acidic triggered dissipation  gi 1o selokie

S. aureus

4

Figure 14. Schematic illustration of the staged release processes of AgNPs from a chitosan multilayer
hydrogel based on acidic triggered dissolution of the hybrid coating layer by layer (a). Antibacterial
activities of chitosan hydrogels with distinct compositions (b). i, bare 1-layer chitosan; ii, 1-layer
chitosan loaded with AgNPs; iii, 3-layer chitosan loaded with AgNPs. (Reproduced with permission
from [77]. Elsevier, 2021).
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3.5. Other Fields

In addition to the large number of achievements and applications in the biomedi-
cal field, multilayer hydrogels can also be used in other fields. Three selected different
application fields are introduced in the following.

The tuning of both ice nucleation and ice propagation via a simple anti-icing coating
method is an important research topic, and was first investigated by Guo et al. using multi-
layer hydrogels [78]. Figure 15a shows the fabrication of poly(methacrylic acid) (PMAA)n
multilayer hydrogels (n is the bilayer number). They first prepared a hydrogen-bonded
multilayer of PMAA /poly(N-vinylpyrrolidone) (PVPON) at pH = 2.5 based on a LBL
deposition approach. The neighboring PMAA layers were crosslinked with ethylenedi-
amine (EDA), followed by the removal of the sacrificial template layers of PVPON at
pH = 8.0. The ice nucleation and subsequent ice propagation on PMAA hydrogels with
different counterions were investigated accordingly. The removal of dyes from effluents
is also an important and urgent area of research, and hydrogels are important adsorp-
tion materials due to their advantages of low cost, high efficiency, and easy handling.
Multilayer structures can increase the adsorption area for dyes such as methylene blue.
In previous work, Chen et al. fabricated a novel multilayer composite hydrogel bead using
alginate, acrylamide, and attapulgite for dye adsorption (Figure 15b) [79]. The multilayer
hydrogels effectively adsorbed methylene blue and the maximum adsorption capacity
reached 155.7 mg/g. (Figure 15c). These hydrogels are a promising adsorption material
for dye-contaminated water treatment. Moreover, multilayer hydrogel capsules were also
reported to load and release solutes including dyes via controlling temperature [80].
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Figure 15. Schematic illustration of the fabrication of (PMAA)n-R multilayer hydrogels with different counterions (“R”
denotes the type of counterion) and illustration of ice nucleation and ice propagation on (PMAA)n hydrogel surfaces (a);
a photograph of the cross-section for the SAA2 multilayer hydrogel bead in methylene blue solution after adsorption of
72 h (b); and the corresponding effect of initial concentration of methylene blue on its adsorption capacity (c). Multilayer
hydrogels with different configurations of layers along the direction of water transport; the inserted figures represent the
ML-1 sample at t = 0 (top left) and t = 900 min (bottom right), respectively (d), and multilayer design with gradual reduction
of SA concentration along the water transport pathway (e). (Reproduced with permission from [78,79,81]. American
Chemical Society 2018, Tech Science Press 2019, Elsevier 2019).

To solve the bottleneck of the lack of suitable draw agents in the development of
FO desalination, Zeng et al. developed a multilayer temperature-responsive hydrogel on
the basis of poly(N-isopropylacrylamide-co-sodium acrylate) (P(NIPAAm-co-SA)) [81].
The multilayer hydrogel was completely dry and white before the test (t = 0), which then
swelled and became transparent (Figure 15d, inserts). The corresponding swelling curves
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were delineated into the initial fast swelling stage and the subsequent steady stages after
150 min (Figure 15d), indicating that the multilayer configuration did not affect the intrinsic
swelling property of the P(NIPAAm-co-SA). The multilayer hydrogels showed a favorable
performance for water storage with a reasonable mass transfer rate. The multilayer hydro-
gels consisted of a drawing layer with a high SA concentration for high osmotic pressure
in the FO process, a releasing P-NIPAAm layer for fast water release, and intermediate
layers for the reduction of the mass transfer resistance (Figure 15e). After dewatering
and then cooling below the LCST, the P-NIPAAm releasing layer was expected to draw
the water molecules from the intermediate layer more easily when compared with the
bi-layer hydrogels. The multilayer hydrogel yielded a high capacity of water absorption
and high permeable flux, which was very important for the development of hydrogel-based
energy-efficient FO desalination.

4. Conclusions and Prospects

As a result of the continuous improvement in people’s living standards and the deep-
ening of research in various fields, hydrogels have been widely developed and studied.
Although many homogenous hydrogels with different excellent properties have been de-
veloped and improved continuously in recent decades, significant room remains for further
development of hydrogels, because it is a challenge for these homogeneous hydrogels to
simultaneously meet different needs due to the restrictions of their structure. Fortunately,
novel multilayer hydrogels from different resources have emerged as required and become
a new branch of hydrogels. Multilayer hydrogels have attracted significant attention and
been studied and utilized in various fields due to their unique structure and excellent
properties, as outlined above. Most preparation techniques (roughly classified as LBL
and non-LBL) and related mechanisms of different multilayer hydrogels were cited and
systematically discussed in this review. These impressive works will not only have a
significant impact on the construction of multilayer hydrogels in the future, but also shed
light on industrial processing for exploiting multilayer hydrogels in daily life.

However, in general, recent research and applications of multilayer hydrogels remain
insufficient and lack maturity. Moreover, commercial products have not yet emerged
because the existing methods for the production of multilayer hydrogels are relatively
complex and difficult to apply in industrial settings. In addition, it is a challenge to
implement the main biomedical applications, particularly in the clinical phase, because
caution is needed in the evaluation of biomedical materials. Thus, further effort is required
to develop novel methods and accelerate the evaluation of the long-term biocompatibility of
multilayer hydrogels as implants. As a result of the continuous development of science and
technology, prolific creativity, and effective cooperation, we believe that the preparation
process of multilayer hydrogels will be optimized, and their properties will be continuously
improved. Therefore, the issues relating to industrialization and biomedical applications of
multilayer hydrogels may be solved based on the in-depth study of abundant resources,
modifiable layers, and advanced technologies, and multilayer hydrogels can be eventually
applied to every aspect of our lives.

Author Contributions: Conceptualization, M.H., JW., W.Y. and C.W.; writing—original draft prepa-
ration, L.J., ].X.,, and M.H.; writing—review and editing, M.H., Y.X. and X.Z.; supervision, M.H.,
M.E. and C.W.; funding acquisition, M.H., M.F. and C.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China under the
grant numbers of 51903127 and 51503177, the Natural Science Foundation of the Jiangsu Higher
Education Institutions of China under the grant number of No. 20K]JB430032.

Conflicts of Interest: The authors declare no conflict of interest.



Gels 2021,7,172 20 of 22

References

1.  Wichterle, O.; Lim, D. Hydrophilic gels for biological use. Nature 1960, 185, 117-118. [CrossRef]

2. Xue, K; Wang, X,; Yong, PW.; Young, D.J.; Wu, Y.L,; Li, Z.; Loh, X.J. Hydrogels as emerging materials for translational biomedicine.
Adv. Ther. 2018, 2, 1800088. [CrossRef]

3. Correa, S.; Grosskopf, A.K.; Lopez Hernandez, H.; Chan, D.; Yu, A.C; Stapleton, L.M.; Appel, E.A. Translational applications of
hydrogels. Chem. Rev. 2021, 121, 11385-11457. [CrossRef] [PubMed]

4. Zhang, Y.S.; Khademhosseini, A. Advances in engineering hydrogels. Science 2017, 356, eaaf3627. [CrossRef] [PubMed]

5. Maitra, J.; Shukla, VK. Cross-linking in hydrogels—A review. Am. |. Polym. Sci. 2014, 4, 25-31.

6.  Webber, M.].; Appel, E.A.; Meijer, EW.; Langer, R. Supramolecular biomaterials. Nat. Mater. 2016, 15, 13-26. [CrossRef]

7. Lim, ].Y.C; Lin, Q.; Xue, K,; Loh, X.J. Recent advances in supramolecular hydrogels for biomedical applications. Mater. Today Adv.
2019, 3, 100021. [CrossRef]

8.  Peppas, N.A,; Bures, P; Leobandung, W.S.; Ichikawa, H. Hydrogels in pharmaceutical formulations. Eur. |. Pharm. Biopharm.
2000, 50, 27-46. [CrossRef]

9.  Qiu, Y,; Park, K. Environment-sensitive hydrogels for drug delivery. Adv. Drug Deliv. Rev. 2001, 53, 321-339. [CrossRef]

10. Peppas, N.A,; Hilt, ].Z.; Khademhosseini, A.; Langer, R. Hydrogels in biology and medicine: From molecular principles to
bionanotechnology. Adv. Mater. 2006, 18, 1345-1360. [CrossRef]

11. Li, J.; Mooney, D.J. Designing hydrogels for controlled drug delivery. Nat. Rev. Mater. 2016, 1, 16071. [CrossRef] [PubMed]

12.  Liu, Y,; Liu,J.; Chen, S.; Lei, T.; Kim, Y,; Niu, S.; Wang, H.; Wang, X.; Foudeh, A.M.; Tok, ].B.H.; et al. Soft and elastic hydrogel-based
microelectronics for localized low-voltage neuromodulation. Nat. Biomed. Eng. 2019, 3, 58-68. [CrossRef] [PubMed]

13. Lu, B; Yuk, H,; Lin, S;; Jian, N.; Qu, K,; Xu, J.; Zhao, X. Pure pedot: Pss hydrogels. Nat. Commun. 2019, 10, 1043. [CrossRef]

14. Gao, Y,; Song, J.; Li, S.; Elowsky, C.; Zhou, Y.; Ducharme, S.; Chen, Y.M.; Zhou, Q.; Tan, L. Hydrogel microphones for stealthy
underwater listening. Nat. Commun. 2016, 7, 12316. [CrossRef]

15.  Elisseeff, J. Structure starts to gel. Nat. Mater. 2008, 7, 271-273. [CrossRef]

16. Wu,].; Ren, Y; Sun, ].; Feng, L. Carbon nanotube-coated macroporous poly (N-isopropylacrylamide) hydrogel and its electrosen-
sitivity. ACS Appl. Mater. Interfaces 2013, 5, 3519-3523. [CrossRef]

17.  Johnson, L.M.; DeForest, C.A.; Pendurti, A.; Anseth, K.S.; Bowman, C.N. Formation of three-dimensional hydrogel multilayers
using enzyme-mediated redox chain initiation. ACS Appl. Mater. Interfaces 2010, 2, 1963-1972. [CrossRef]

18. Zarzar, L.D.; Kim, P; Aizenberg, J. Bio-inspired design of submerged hydrogel-actuated polymer microstructures operating in
response to pH. Adv. Mater. 2011, 23, 1442-1446. [CrossRef]

19. Kozlovskaya, V.; Chen, J.; Zavgorodnya, O.; Hasan, M.B.; Kharlampieva, E. Multilayer hydrogel capsules of interpenetrated
network for encapsulation of small molecules. Langmuir 2018, 34, 11832-11842. [CrossRef] [PubMed]

20. Nie, J; Lu, W,; Ma, J; Yang, L.; Wang, Z.; Qin, A.; Hu, Q. Orientation in multi-layer chitosan hydrogel: Morphology, mechanism
and design principle. Sci. Rep. 2015, 5, 7635. [CrossRef] [PubMed]

21. Sun, L.; Wu, W,; Yang, S.; Zhou, J.; Hong, M.; Xiao, X.; Ren, E; Jiang, C. Template and silica interlayer tailorable synthesis of
spindle-like multilayer o-Fe,O3/Ag/SnO, ternary hybrid architectures and their enhanced photocatalytic activity. ACS Appl.
Mater. Interfaces 2014, 6, 1113-1124. [CrossRef] [PubMed]

22. Chiriac, A.P; Nistor, M.T.; Nita, L.E. An investigation on multi-layered hydrogels based on poly (N, N-Dimethylacrylamide-co-3,
9-Divinyl-2, 4, 8, 10-tetraoxaspiro (5.5) undecane). Rev. Roum. Chim. 2014, 59, 1059-1068.

23. Dhanasingh, A.; Groll, J. Polysaccharide based covalently linked multi-membrane hydrogels. Soft Matter 2012, 8, 1643-1647.
[CrossRef]

24. Duan,].; Hou, R;; Xiong, X.; Wang, Y.; Wang, Y.; Fu, J.; Yu, Z. Versatile fabrication of arbitrarily shaped multi-membrane hydrogels
suitable for biomedical applications. J. Mater. Chem. B 2013, 1, 485-492. [CrossRef]

25. Dai, HJ,; Li, X.F; Long, YH.; Wu, ].].; Liang, SM.; Zhang, X.L.; Zhao, N.; Xu, J. Multi-membrane hydrogel fabricated by facile
dynamic self-assembly. Soft Matter 2009, 5, 1987-1989. [CrossRef]

26. Liu, L; Wu, F; Ju, XJ.; Xie, R.; Wang, W.; Niu, C.H.; Chu, L.Y. Preparation of monodisperse calcium alginate microcapsules via
internal gelation in microfluidic-generated double emulsions. J. Colloid Interface Sci. 2013, 404, 85-90. [CrossRef]

27. Mohammadi, G.; Barzegar-Jalali, M.; Shadbad, M.S.; Azarmi, S.; Barzegar-Jalali, A.; Rasekhian, M.; Adibkia, K.; Danesh-Bahreini,
M,; Kiafar, F.; Zare, M.; et al. The effect of inorganic cations Ca?* and AI** on the release rate of propranolol hydrochloride from
sodium carboxymethylcellulose matrices. DARU 2009, 17, 131-138.

28. Seidi, F; Zhao, W.; Xiao, H.; Jin, Y.; Zhao, C. Layer-by-layer assembly for surface tethering of thin-hydrogel films: Design
strategies and applications. Chem. Rec. 2020, 20, 857-881. [CrossRef]

29. Zhang, X.; Chen, H.; Zhang, H. Layer-by-layer assembly: From conventional to unconventional methods. Chem. Commun. 2007,
14, 1395-1405. [CrossRef] [PubMed]

30. Ladet, S.; David, L.; Domard, A. Multi-membrane hydrogels. Nature 2008, 452, 76-79. [CrossRef] [PubMed]

31. Xiong, Y.; Yan, K,; Bentley, W.E.; Deng, H.; Du, Y.; Payne, G.F,; Shi, X.W. Compartmentalized multilayer hydrogel formation using
a stimulus-responsive self-assembling polysaccharide. ACS Appl. Mater. Interfaces 2014, 6, 2948-2957. [CrossRef] [PubMed]

32. Li, B,;Gao, Y,; Feng, Y.; Ma, B.; Zhu, R.; Zhou, Y. Formation of concentric multi-layer chitosan hydrogel loaded with isoniazid.

J. Control. Release 2011, 152, e45—e47. [CrossRef] [PubMed]


http://doi.org/10.1038/185117a0
http://doi.org/10.1002/adtp.201800088
http://doi.org/10.1021/acs.chemrev.0c01177
http://www.ncbi.nlm.nih.gov/pubmed/33938724
http://doi.org/10.1126/science.aaf3627
http://www.ncbi.nlm.nih.gov/pubmed/28473537
http://doi.org/10.1038/nmat4474
http://doi.org/10.1016/j.mtadv.2019.100021
http://doi.org/10.1016/S0939-6411(00)00090-4
http://doi.org/10.1016/S0169-409X(01)00203-4
http://doi.org/10.1002/adma.200501612
http://doi.org/10.1038/natrevmats.2016.71
http://www.ncbi.nlm.nih.gov/pubmed/29657852
http://doi.org/10.1038/s41551-018-0335-6
http://www.ncbi.nlm.nih.gov/pubmed/30932073
http://doi.org/10.1038/s41467-019-09003-5
http://doi.org/10.1038/ncomms12316
http://doi.org/10.1038/nmat2147
http://doi.org/10.1021/am400927d
http://doi.org/10.1021/am100275n
http://doi.org/10.1002/adma.201004231
http://doi.org/10.1021/acs.langmuir.8b02465
http://www.ncbi.nlm.nih.gov/pubmed/30188139
http://doi.org/10.1038/srep07635
http://www.ncbi.nlm.nih.gov/pubmed/25559867
http://doi.org/10.1021/am404700h
http://www.ncbi.nlm.nih.gov/pubmed/24369679
http://doi.org/10.1039/C1SM06603J
http://doi.org/10.1039/C2TB00067A
http://doi.org/10.1039/b821363a
http://doi.org/10.1016/j.jcis.2013.04.044
http://doi.org/10.1002/tcr.202000007
http://doi.org/10.1039/B615590A
http://www.ncbi.nlm.nih.gov/pubmed/17389973
http://doi.org/10.1038/nature06619
http://www.ncbi.nlm.nih.gov/pubmed/18322531
http://doi.org/10.1021/am405544r
http://www.ncbi.nlm.nih.gov/pubmed/24471467
http://doi.org/10.1016/j.jconrel.2011.08.113
http://www.ncbi.nlm.nih.gov/pubmed/22195917

Gels 2021,7,172 21 of 22

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Li, B.; Gao, Y,; Feng, Y.; Ma, B.; Zhu, R.; Zhou, Y. Formation of concentric multilayers in a chitosan hydrogel inspired by Liesegang
ring phenomena. J. Biomater. Sci. Polym. Ed. 2011, 22, 2295-2304. [CrossRef]

He, M.; Zhao, Y.; Duan, J.; Wang, Z.; Chen, Y.; Zhang, L. Fast contact of solid-liquid interface created high strength multi-layered
cellulose hydrogels with controllable size. ACS Appl. Mater. Interfaces 2014, 6, 1872-1878. [CrossRef]

Cai, J.; Zhang, L.; Liu, S.; Liu, Y.; Xu, X.; Chen, X.; Chu, B.; Guo, X.; Xu, J.; Cheng, H. Dynamic self-assembly induced rapid
dissolution of cellulose at low temperatures. Macromolecules 2008, 41, 9345-9351. [CrossRef]

Yan, K.; Ding, E; Bentley, W.E.; Deng, H.; Du, Y.; Payne, G.E,; Shi, X.W. Coding for hydrogel organization through signal guided
self-assembly. Soft Matter 2013, 10, 465-469. [CrossRef]

Wei, X.Q.; Payne, G.F,; Shi, X.W.; Du, Y. Electrodeposition of a biopolymeric hydrogel in track-etched micropores. Soft Matter
2013, 9, 2131-2135. [CrossRef]

Wu, L.Q.; Gadre, A.P; Yi, H.; Kastantin, M.].; Rubloff, G.W,; Bentley, W.E.; Payne, G.F; Ghodssi, R. Voltage-dependent assembly
of the polysaccharide chitosan onto an electrode surface. Langmuir 2002, 18, 8620-8625. [CrossRef]

Pang, X.; Zhitomirsky, I. Electrodeposition of composite hydroxyapatite—chitosan films. Mater. Chem. Phys. 2005, 94, 245-251.
[CrossRef]

Maerten, C,; Jierry, L.; Schaaf, P.; Boulmedais, F. Review of electrochemically triggered macromolecular film buildup processes
and their biomedical applications. ACS Appl. Mater. Interfaces 2017, 9, 28117-28138. [CrossRef]

Cheng, Y.; Luo, X,; Betz, J.; Buckhout-White, S.; Bekdash, O.; Payne, G.F,; Bentley, W.E.; Rubloff, G.W. In situ quantitative
visualization and characterization of chitosan electrodeposition with paired sidewall electrodes. Soft Matter 2010, 6, 3177-3183.
[CrossRef]

Cheng, Y.; Gray, K.M.; David, L.; Royaud, I.; Payne, G.F.; Rubloff, G.W. Characterization of the cathodic electrodeposition of
semicrystalline chitosan hydrogel. Mater. Lett. 2012, 87, 97-100. [CrossRef]

Jin, Z.; Harvey, A.M.; Mailloux, S.; Haldmek, J.; Bocharova, V.; Twiss, M.R.; Katz, E. Electrochemically stimulated release of
lysozyme from an alginate matrix cross-linked with iron cations. J. Mater. Chem. 2012, 22, 19523-19528. [CrossRef]

Javanmard, S.H.; Anari, J.; Kharazi, A.Z.; Vatankhah, E. Invitro hemocompatibility and cytocompatibility of a three-layered
vascular scaffold fabricated by sequential electrospinning of PCL, collagen, and PLLA nanofibers. ]. Biomater. Appl. 2016, 31,
438-449. [CrossRef]

He, M,; Zhang, X.; Yao, W.; Wang, C.; Shi, L.; Zhou, P. Construction of alternate layered chitosan/alginate composite hydrogels
and their properties. Mater. Lett. 2017, 200, 43—46. [CrossRef]

Mredha, M.T.L; Le, H.-H.; Trtik, P.; Cui, J.; Jeon, I. Anisotropic tough multilayer hydrogels with programmable orientation.
Mater. Horiz. 2019, 6, 1504-1511. [CrossRef]

Nie, J.; Wang, Z.; Hu, Q. Chitosan hydrogel structure modulated by metal ions. Sci. Rep. 2016, 6, 36005. [CrossRef] [PubMed]
Droz, M. Recent theoretical developments on the formation of Liesegang patterns. J. Stat. Phys. 2000, 101, 509-519. [CrossRef]
Mito, K.; Haque, M.A.; Nakajima, T.; Uchiumi, M.; Kurokawa, T.; Nonoyama, T.; Gong, J.P. Supramolecular hydrogels with
multi-cylindrical lamellar bilayers: Swelling-induced contraction and anisotropic molecular diffusion. Polymer 2017, 128, 373-378.
[CrossRef]

Zhao, Q.; Han, B.; Wang, Z.; Gao, C.; Peng, C.; Shen, J. Hollow chitosan-alginate multilayer microcapsules as drug delivery
vehicle: Doxorubicin loading and in vitro and in vivo studies. Nanomed. Nanotechnol. 2007, 3, 63-74. [CrossRef]

Nita, L.E.; Chiriac, A.P; Nistor, M.T.; Tartau, L. Upon some multi-membrane hydrogels based on poly (N, N-dimethyl-acrylamide-
co-3, 9-divinyl-2, 4, 8, 10-tetraoxaspiro (5.5) Undecane): Preparation, characterization and in vivo tests. J. Mater. Sci. Mater. Med.
2014, 25, 1757-1768. [CrossRef]

Veronovski, A.; Knez, Z.; Novak, Z. Preparation of multi-membrane alginate aerogels used for drug delivery. J. Supercrit. Fluids
2013, 79, 209-215. [CrossRef]

Alford, A.; Tucker, B.; Kozlovskaya, V.; Chen, J.; Gupta, N.; Caviedes, R.; Gearhart, J.; Graves, D.; Kharlampieva, E. Encapsulation
and ultrasound-triggered release of G-quadruplex DNA in multilayer hydrogel microcapsules. Polymers 2018, 10, 1342. [CrossRef]
Zavgorodnya, O.; Carmona-Moran, C.A.; Kozlovskaya, V.; Liu, F; Wick, T.M.; Kharlampieva, E. Temperature-responsive nanogel
multilayers of poly (N-vinylcaprolactam) for topical drug delivery. J. Colloid Interface Sci. 2017, 506, 589-602. [CrossRef]

Zhang, W,; Jin, X,; Li, H.; Wei, C.X,; Wu, C.W. Onion-structure bionic hydrogel capsules based on chitosan for regulating
doxorubicin release. Carbohyd. Polym. 2019, 209, 152-160. [CrossRef]

Chen, P.; Wang, X.; Pang, J.; Dong, Y.; Ma, X.; Hu, X. Drug release behaviour from drug loaded LBL multilayer on hydrogel.
Mater. Technol. 2015, 30, 159-161. [CrossRef]

Xue, B.; Wang, W.; Qin, J.].; Nijampatnam, B.; Murugesan, S.; Kozlovskaya, V.; Zhang, R.; Velu, S.E.; Kharlampieva, E. Highly
efficient delivery of potent anticancer iminoquinone derivative by multilayer hydrogel cubes. Acta Biomater. 2017, 58, 386-398.
[CrossRef]

Ma, Z.; Song, W.; He, Y.; Li, H. Multilayer injectable hydrogel system sequentially delivers bioactive substances for each wound
healing stage. ACS Appl. Mater. Interfaces 2020, 12, 29787-29806. [CrossRef] [PubMed]

Ladet, S.G.; Tahiri, K.; Montembault, A.S.; Domard, A.].; Corvol, M.T. Multi-membrane chitosan hydrogels as chondrocytic cell
bioreactors. Biomaterials 2011, 32, 5354-5364. [CrossRef] [PubMed]

Ouyang, L.; Burdick, J.A.; Sun, W. Facile biofabrication of heterogeneous multilayer tubular hydrogels by fast diffusion-induced
gelation. ACS Appl. Mater. Interfaces 2018, 10, 12424-12430. [CrossRef]


http://doi.org/10.1163/092050610X538425
http://doi.org/10.1021/am404855q
http://doi.org/10.1021/ma801110g
http://doi.org/10.1039/C3SM52405A
http://doi.org/10.1039/c2sm26898a
http://doi.org/10.1021/la020381p
http://doi.org/10.1016/j.matchemphys.2005.04.040
http://doi.org/10.1021/acsami.7b06319
http://doi.org/10.1039/c0sm00124d
http://doi.org/10.1016/j.matlet.2012.07.075
http://doi.org/10.1039/c2jm32008h
http://doi.org/10.1177/0885328216652068
http://doi.org/10.1016/j.matlet.2017.04.093
http://doi.org/10.1039/C9MH00320G
http://doi.org/10.1038/srep36005
http://www.ncbi.nlm.nih.gov/pubmed/27777398
http://doi.org/10.1023/A:1026489416640
http://doi.org/10.1016/j.polymer.2017.01.038
http://doi.org/10.1016/j.nano.2006.11.007
http://doi.org/10.1007/s10856-014-5205-5
http://doi.org/10.1016/j.supflu.2013.01.025
http://doi.org/10.3390/polym10121342
http://doi.org/10.1016/j.jcis.2017.07.084
http://doi.org/10.1016/j.carbpol.2019.01.028
http://doi.org/10.1179/1753555714Y.0000000233
http://doi.org/10.1016/j.actbio.2017.06.004
http://doi.org/10.1021/acsami.0c06360
http://www.ncbi.nlm.nih.gov/pubmed/32515577
http://doi.org/10.1016/j.biomaterials.2011.04.012
http://www.ncbi.nlm.nih.gov/pubmed/21546080
http://doi.org/10.1021/acsami.7b19537

Gels 2021,7,172 22 of 22

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Li, Y,; Feng, C.; Li, J.; Mu, Y,; Liu, Y.; Kong, M.; Cheng, X.; Chen, X. Construction of multilayer alginate hydrogel beads for oral
delivery of probiotics cells. Int. ]. Biol. Macromol. 2017, 105, 924-930. [CrossRef]

Hu, Q.; Li, B.; Wang, M.; Shen, ]. Preparation and characterization of biodegradable chitosan/hydroxyapatite nanocomposite
rods via in situ hybridization: A potential material as internal fixation of bone fracture. Biomaterials 2004, 25, 779-785. [CrossRef]
Ohashi, K.; Yokoyama, T.; Yamato, M.; Kuge, H.; Kanehiro, H.; Tsutsumi, M.; Amanuma, T.; Iwata, H.; Yang, J.; Okano, T.; et al.
Engineering functional two-and three-dimensional liver systems in vivo using hepatic tissue sheets. Nat. Med. 2007, 13, 880-885.
[CrossRef] [PubMed]

Bae, H.; Puranik, A.S.; Gauvin, R.; Edalat, F,; Carrillo-Conde, B.; Peppas, N.A.; Khademhosseini, A. Building vascular networks.
Sci. Transl. Med. 2012, 4, 30-34. [CrossRef] [PubMed]

Sill, T.J.; Von Recum, H.A. Electrospinning: Applications in drug delivery and tissue engineering. Biomaterials 2008, 29, 1989-2006.
[CrossRef] [PubMed]

Houreh, A.B.; Masaeli, E.; Nasr-Esfahani, M.H. Chitosan/polycaprolactone multilayer hydrogel: A sustained Kartogenin delivery
model for cartilage regeneration. Int. J. Biol. Macromol. 2021, 177, 589-600. [CrossRef]

Pereira, D.R.; Canadas, R.F; Silva-Correia, J.; da Silva Morais, A.; Oliveira, M.B.; Dias, LR.; Mano, J.E; Marques, A.P.; Reis, R.L,;
Oliveira, ].M. Injectable gellan-gum /hydroxyapatite-based bilayered hydrogel composites for osteochondral tissue regeneration.
Appl. Mater. Today 2018, 12, 309-321. [CrossRef]

Ding, L.; Shan, X.; Zhao, X.; Zha, H.; Chen, X.; Wang, J.; Cai, C.; Wang, X.; Li, G.; Hao, ].; et al. Spongy bilayer dressing composed
of chitosan—Ag nanoparticles and chitosan-Bletilla striata polysaccharide for wound healing applications. Carbohydr. Polym. 2017,
157,1538-1547. [CrossRef]

Shemesh, M.; Zilberman, M. Structure—property effects of novel bioresorbable hybrid structures with controlled release of
analgesic drugs for wound healing applications. Acta Biomater. 2014, 10, 1380-1391. [CrossRef]

Priya, S.G.; Gupta, A.; Jain, E.; Sarkar, J.; Damania, A.; Jagdale, PR.; Chaudhari, B.P.; Gupta, K.C.; Kumar, A. Bilayer cryogel
wound dressing and skin regeneration grafts for the treatment of acute skin wounds. ACS Appl. Mater. Interfaces 2016, 8,
15145-15159. [CrossRef]

Guo, Y;; Pan, S;; Jiang, F.; Wang, E.; Miinea, L.; Marchant, N.; Cakmak, M. Anisotropic swelling wound dressings with vertically
aligned water absorptive particles. RSC Adv. 2018, 8, 8173-8180. [CrossRef]

Tamahkar, E.; Ozkahraman, B.; Siiloglu, AK,; Idil, N; Percin, I. A novel multilayer hydrogel wound dressing for antibiotic release.
J. Drug Deliv. Sci. Technol. 2020, 58, 101536. [CrossRef]

Shokrollahi, M.; Bahrami, S.H.; Nazarpak, M.H.; Solouk, A. Multilayer nanofibrous patch comprising chamomile loaded
carboxyethyl chitosan/poly (vinyl alcohol) and polycaprolactone as a potential wound dressing. Int. J. Biol. Macromol. 2020, 147,
547-559. [CrossRef]

Tirkoglu, G.C,; Sariisik, M.; Karavana, S.Y.; Kose, F.A. Production of wheat germ oil containing multilayer hydrogel dressing.
Carbohydr. Polym. 2021, 269, 118287. [CrossRef]

Syafiuddin, A.; Salim, M.R.; Beng Hong Kueh, A.; Hadibarata, T.; Nur, H. A review of silver nanoparticles: Research trends,
global consumption, synthesis, properties, and future challenges. J. Chin. Chem. Soc. 2017, 64, 732-756. [CrossRef]

Zhao, Y.; Liang, Y.; Zou, Q.; Ma, L.; Wang, Y.; Zhu, Y. An antibacterial and biocompatible multilayer biomedical coating capable
of healing damages. RSC Adv. 2020, 10, 32011-32015. [CrossRef]

Yan, K.; Xu, E; Wei, W,; Yang, C.; Wang, D.; Shi, X. Electrochemical synthesis of chitosan/silver nanoparticles multilayer hydrogel
coating with pH-dependent controlled release capability and antibacterial property. Colloids Surf. B 2021, 202, 111711. [CrossRef]
[PubMed]

Guo, Q.; He, Z,; Jin, Y;; Zhang, S.; Wu, S.; Bai, G.; Xue, H.; Liu, Z,; Jin, S.; Zhao, L.; et al. Tuning ice nucleation and propagation
with counterions on multilayer hydrogels. Langmuir 2018, 34, 11986-11991. [CrossRef] [PubMed]

Chen, X.; Zhu, J. Alginate composite hydrogel bead with multilayer flake structure for dye adsorptions. . Renew. Mater. 2019, 7,
983-996. [CrossRef]

Zarket, B.C.; Raghavan, S.R. Onion-like multilayered polymer capsules synthesized by a bioinspired inside-out technique. Nat.
Commun. 2017, 8, 193. [CrossRef] [PubMed]

Zeng, ].; Cui, S.; Wang, Q.; Chen, R. Multi-layer temperature-responsive hydrogel for forward-osmosis desalination with high
permeable flux and fast water release. Desalination 2019, 459, 105-113. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2017.07.124
http://doi.org/10.1016/S0142-9612(03)00582-9
http://doi.org/10.1038/nm1576
http://www.ncbi.nlm.nih.gov/pubmed/17572687
http://doi.org/10.1126/scitranslmed.3003688
http://www.ncbi.nlm.nih.gov/pubmed/23152325
http://doi.org/10.1016/j.biomaterials.2008.01.011
http://www.ncbi.nlm.nih.gov/pubmed/18281090
http://doi.org/10.1016/j.ijbiomac.2021.02.122
http://doi.org/10.1016/j.apmt.2018.06.005
http://doi.org/10.1016/j.carbpol.2016.11.040
http://doi.org/10.1016/j.actbio.2013.11.025
http://doi.org/10.1021/acsami.6b04711
http://doi.org/10.1039/C7RA13764H
http://doi.org/10.1016/j.jddst.2020.101536
http://doi.org/10.1016/j.ijbiomac.2020.01.067
http://doi.org/10.1016/j.carbpol.2021.118287
http://doi.org/10.1002/jccs.201700067
http://doi.org/10.1039/D0RA04457A
http://doi.org/10.1016/j.colsurfb.2021.111711
http://www.ncbi.nlm.nih.gov/pubmed/33773171
http://doi.org/10.1021/acs.langmuir.8b02106
http://www.ncbi.nlm.nih.gov/pubmed/30203979
http://doi.org/10.32604/jrm.2019.07325
http://doi.org/10.1038/s41467-017-00077-7
http://www.ncbi.nlm.nih.gov/pubmed/28779112
http://doi.org/10.1016/j.desal.2019.02.002

	Introduction 
	Preparation Methods and Mechanisms of the Multilayer Hydrogels 
	LBL Assembling Methods for Multilayer Hydrogels 
	LBL by Chemical Crosslinking 
	LBL by Ion Crosslinking 
	LBL by Electrostatic Interaction 
	LBL through Acid-Base Neutralization 
	LBL by Compound Methods 

	Non-LBL Methods for Multilayer Hydrogels 
	New Concept Welding 
	Metal Ions Modulation 


	Achievements and Practical Applications of Multilayer Hydrogels 
	Drug and Bioactive Substances Delivery 
	Cell Encapsulation (Carrier or Bioreactors) and Bacteria Delivery 
	Cartilage Repair 
	Medical Dressings or Coatings 
	Other Fields 

	Conclusions and Prospects 
	References

