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Abstract

Tissue engineering has emerged as an important research area that provides numerous research 

tools for the fabrication of biologically functional constructs that can be used in drug discovery, 

disease modeling, and the treatment of diseased or injured organs. From a materials point of view, 

scaffolds have become an important part of tissue engineering activities and are usually used to 

form an environment supporting cellular growth, differentiation, and maturation. Among various 
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materials used as scaffolds, hydrogels based on natural polymers are considered one of the most 

suitable groups of materials for creating tissue engineering scaffolds. Natural hydrogels, however, 

do not always provide the physicochemical and biological characteristics and properties required 

for optimal cell growth. In this review, we discuss the structure and properties of widely used 

natural hydrogels. In addition, we present methods of modulation of their physicochemical and 

biological properties using soft nanoparticles as fillers or reinforcing agents.
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1 Introduction

Tissue engineered constructs have now found various new applications, which are beyond 

the initial goal of their use for replacing damaged or diseased tissues. Tissue engineered 

constructs are emerging as research tools that could improve our understanding of biological 

processes[1–3] and pathophysiology of diseases.[4,5] In addition, the use of patient-specific 

cells and biological factors is expected to facilitate the development of personalized 

therapies.[6–8]

More complex, yet functional tissues or organoids can be fabricated by combining the 

advances in biology, on-chip technologies, biomanufacturing, biomaterials, and drug 

delivery.[9–15] Despite recent progress, there are still many challenges that remain to be 

addressed.[16–20] For example, the formation of a niche that supports cellular growth, 

differentiation, and function is still the subject of many research studies. The natural 

extracellular environment is comprised of a highly defined microarchitecture formed from 

various proteins, polysaccharides, and glycosaminoglycans (GAGs); resulting in modulation 

of cell-level and tissue-level physical and chemical properties.[21–23]

The presence of a cocktail of factors affecting biological processes at different stages of 

tissue development and maturation combined with proper oxygenation, as well as nutrient 

transport result in the development and function of different tissues and organs in the human 

body.[24,25] As discussed extensively by Clegg et al. mimicking these properties in 

engineered tissue constructs, although desirable, is not trivial.[26]

To facilitate the formation of functional tissues, advanced biomaterials with controlled 

physical, chemical, biological, and electrical properties should be designed.[2,27–30] 

Hydrogels are one of the few biomaterials that possess properties required for tissue 

engineering applications.[25,31] Hydrogels are crosslinked three-dimensional (3D) 

hydrophilic polymer networks, which form matrices with a high water content of up to a 

thousand times their dry weight.[32] They possess tunable physical and biological properties, 

native extracellular matrix (ECM) similarity, high biocompatibility, and robustness in 

biofabrication.[14,33,34] With these combined characteristics, hydrogels are excellent 

candidates for biomedical applications,[35–37] drug delivery,[38–41] as well as tissue 

engineering and regenerative medicine.[33,42–44]
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Nonetheless, the majority of existing hydrogels cannot properly mimic all the physical, 

chemical, and biological properties of native ECM at the same time. Thus, the idea of 

developing hybrid and composite systems in which nano/micro-features are incorporated to 

modulate some of these properties have drawn noticeable attention.[2] Soft and hard 

nanoparticles can be incorporated as fillers in the hydrogel matrix, to yield 

nanofunctionalized hydrogels with tailored properties.[45,46] Here, we review hybrid and 

composite hydrogel systems produced from natural polymers that are functionalized with 

soft nanoparticles. We initially discuss the properties of different types of natural hydrogels. 

The effects of soft nanoparticles on the physical and biological properties of natural 

hydrogels will also be highlighted. The challenges and potential opportunities in the field are 

also outlined.

2 Hydrogels from Natural Polymers

Hydrogels are formed from natural or synthetic polymers or their mixtures. Each of the two 

classes offers a set of advantages and disadvantages, listed in Table 1. In this section, we 

briefly introduce some of the natural hydrogels frequently used in tissue engineering. The 

readers are referred to several reviews for a more comprehensive overview of natural 

hydrogels.[47–53]

2.1 Polysaccharide-based hydrogels

Polysaccharides are carbohydrate polymers which can break into physiological breakdown 

upon degradation. Polysaccharides are biocompatible, usually degradable, and possess 

tunable mechanical properties. In addition, polysaccharides are a major constituent of native 

ECM. Thus, hydrogels formed from different polysaccharides have been widely used in 

tissue engineering, regenerative medicine, and drug delivery. The most common 

polysaccharide-based hydrogels that have been utilized for tissue engineering scaffolds are 

alginate,[56] chitosan,[57] hyaluronic acid,[58] and cellulose.[59] Although, hydrogels formed 

from other polysaccharides such as chitin, gellan gum, etc. have also been utilized for tissue 

engineering applications.[60,61]

In a recent study, alginate was used to carry platelet-rich plasma (PRP) that can release a 

cocktail of biological factors essential for tissue healing and growth (Figure 1d, e). The 

utilized hydrogels could facilitate vascularization and stem cell migration. In addition, the 

fabrication of an interpenetrating network of polymers from alginate and a protein-based 

hydrogel with cell binding sequences has also been shown to significantly improve the 

biological activity of the hydrogels (Figure 1a–c). Key reasons for the popularity of alginate-

based hydrogels in tissue engineering applications are its stability, ease-of-handle, and fast 

crosslinking process.

2.2 Protein-based hydrogels

Proteins are a major constituent of ECM and they are responsible for the biological and 

mechanical characteristics of native tissues. Collagen by far is the most abundant protein in 

the human body. However, other proteins such as fibronectin, elastin, and laminin are also 

found in noticeable quantities in specific tissues. It is now widely accepted that the 
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composition and physical properties of the environment significantly affect cellular fate and 

function. Thus, to mimic the native ECM, many research studies have focused on 

engineering scaffolds from various proteins or a combination of them in ECM. In 

comparison to different natural protein-based hydrogels, those that are formed from collagen 

or its denatured form (gelatin) have been extremely popular in tissue engineering.[53,63] 

Fibronectin-, elastin-, laminin-based hydrogels have also been utilized in tissue engineering. 

Each of these hydrogels offers unique and interesting properties, which make them suitable 

for engineering specific tissues.

In one study, the effect of hydrogel composition on the growth pattern of endothelial cells 

was studied (Figure 2a–d).[64] In this study, fractal-like dense cultures of endothelial cells 

with different dimensions were generated and covered by a layer of hydrogel. The results 

showed a distinct growth and migration pattern within the fabricated protein-based 

hydrogels. In that study, only hydrogels formed from Type I collagen could support the 

formation of vessel-like structures. Fibronectin-based gels have also shown superior support 

in the growth of endothelial cells and are being utilized for engineering constructs which 

require rapid vascularization.[65] In another noticeable example, an elastin-based hydrogel 

was extremely resilient against mechanical stretch and torsion (Figure 2e,f).[66] As the 

presence of each protein is expected to affect the function of cells, efforts have been made to 

utilize the whole ECM to form hydrogels.

While hydrogels offer high porosity, favorable transport properties, and tunable mechanical 

properties, they do have various limitations affecting the possibility of creating a tissue 

biomimetic environment. For example, hydrogel systems lack factors that can initiate or 

facilitate physiological and biological processes crucial for tissue formation and maturation. 

Thus, modulating their properties to become more biomimetic has been the subject of 

numerous researches. Engineering nanocomposite hydrogels with the use of suitable 

nanomaterials have shown to be effective in addressing these challenges and will be 

discussed in the following sections.

3 Nanofunctionalized Hydrogels

The physicochemical properties of biomaterials and their biological activity affect the 

response of cells or tissues embedded within or interfaced with them. The physical 

properties of natural hydrogels including their mechanical and electrical properties can 

deviate from those observed in native tissues. In addition, the presence of various biological 

factors and proteins play a key role in the growth and maturation of the engineered tissue-

like constructs. There have been various ways for modulating the physical and biological 

properties of the environment of natural hydrogels; this includes creating composite fibers 

and constructs, forming double or multiple interpenetrating polymer networks,[67] and 

incorporation of nano/micro-features. These strategies have been used for modulation of the 

mechanical and electrical properties at the cellular or tissue level providing topography for 

guiding cellular morphology and growth, as well as the slow release of various growth 

factors.[53]
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Among different strategies, the incorporation of nanoparticles has drawn conspicuous 

attention due to their high surface-area-to-volume ratio, ease-of-delivery, and the ability to 

target cellular components rather than an entire cell or tissue.[68] Additionally, the use of 

nanoscale particles enables a bottom-up approach for engineering the hydrogel niche. For 

example, similar to the formation of reinforced bricks from mud and straw, nanoparticle 

incorporation in the hydrogel matrix will strengthen and reinforce the hydrogel structure, 

while adding new functionalities.

These properties have led to the widespread use of nanoparticles of various biomaterials in 

biomedical applications, such as controlled drug and gene delivery,[69] tissue engineering 

and regenerative medicine,[70] biosensors,[71,72] bioimaging,[73] and bioseparation.[74]

Nanoparticles can be generally classified as hard and soft nanoparticles.[75] Hard 

nanoparticles typically are referred to those with a compressive modulus that is significantly 

different from the value for natural hydrogels. Hard nanoparticles can be fabricated from 

materials such as silica and gold, quantum dots, carbon nanotubes, graphene sheets, and 

polymeric nanoparticles. Whereas soft nanoparticles with mechanical properties comparable 

to hydrogels include liposomes, dendrimers, polymeric micelles, and nanogels.[76–78]

Hard nanoparticles possess various intrinsic functionalities, highly ordered structures, and 

are usually stable during their circulation and storage. On the contrary, they can cause an 

adverse inflammatory response and can induce toxicity upon their accumulation in different 

tissues.[79,80] Another major concern associated with the use of inorganic hard nanoparticles 

has been their carcinogenicity. On the other hand, soft nanoparticles (Table 2) manifest non-

conducting, insulator-type properties associated with covalent, flexible, organic-like 

structures and assemblies.[75] Moreover, these nanoparticles are typically biodegradable and 

are considered more biocompatible in comparison to their hard inorganic counterparts. Thus, 

in biomedical applications especially in tissue engineering, the use of soft organic 

nanoparticles should be prioritized. In this review, we mainly focus on soft nanoparticles and 

how they can modulate various properties of natural hydrogels. A number of reviews on the 

use of hard nanoparticles in tissue engineering and drug delivery have recently been 

published.[2,81]

3.1 Nanoliposomes

Liposomes are continuous, closed, and round-shaped vesicles formed from one or several 

phospholipid bilayers dispersed in an aqueous medium.[82] Phospholipids are amphiphilic 

molecules, composed of a hydrophobic lipid soluble tail segment and a hydrophilic water-

soluble head segment. Liposomes have been widely used in drug and gene delivery,[83–86] 

and in tissue engineering.[87,88] Liposomes with submicron sizes are called nanoliposomes. 

They are around 50–200 nm in size and are extensively used for the encapsulation and 

controlled release systems of bioactive agents in the food, cosmetic, and pharmaceutical 

industries.[89–92] Nanoliposomes are natural soft nanoparticles, biocompatible, 

biodegradable, easy-to-fabricate, easy-to-decorate, and possess low toxicity.[93–95] 

Nanoliposomes can be prepared by sonication, extrusion, or microfluidization method.
[92,96,97] Nanoliposomes provide more surface area than liposomes and have the potential to 

significantly improve the controlled release, enhanced bioavailability, increased solubility, 
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and enabled precision targeting of the encapsulated material.[92] Being amphiphilic, 

nanoliposomes are able to increase the in vivo and in vitro stability of hydrophobic drugs or 

molecules by embedding them in the lipid bilayer or encapsulating them in the central 

aqueous cavity.[94,98]

3.2 Dendrimers

Medical and pharmaceutical properties of the various star and star-shaped polymers have 

attracted considerable attention by researchers interested in the development of various 

polymeric systems with architectures other than linear systems. Polymeric systems with 

such architectures include ladder, star and comb polymers, which have some degree of a 

three-dimensional character. Star and star-shaped polymers are molecules of hyperbranched 

structures that emanate from a central core and consist of a large number of terminal groups 

with a definite geometrical growth.

Dendrimers are highly branched and symmetrical polymeric molecules composed of 

numerous perfectly branched monomers that originate from a central core.[99] A dendrimer 

molecule is composed of an interior core, several layers composed of repeating units called 

dendrons, and multiple active terminal groups.[100] Dendrimers are generally synthesized by 

the divergent and convergent methods (Figure 4a, b). In the first approach, synthesis is 

initiated at the center of the star polymer, whereas in the second approach, synthesis starts in 

the outside of the dendrimer.

Dendrimers are widely used in the biomedical field, especially in nanomedicine because it is 

possible to control their molecular weight and chemical composition.[99,101] Thereby, it is 

possible to control their polyvalency properties, biocompatibility, bioactivity, and 

pharmacokinetics. Dendrimers provide the ability to develop drug-loaded biomaterials by 

simple functionalization of their external groups, and increase the efficiency of drug loading 

or increase electrostatic interaction with the anionic bioactive agent.[102] Moreover, they 

provide sustained drug release, and the ability to enhance the solubility of hydrophobic 

drugs. Polyamidoamine (PAMAM) dendrimers, the most common class of dendrimers, were 

used for bioimaging,[103] as drugs,[104] drug carriers,[105] and gene carriers.[106] Polypeptide 

and polyester dendrimers were used as scaffolds for tissue repair,[107,108] as well as drug 

carriers.[109,110]

3.3 Polymeric micelles

Polymeric micelles are self-assemblies (10–200 nm in diameter) of amphiphilic polymers 

(hydrophobic core and hydrophilic shell) in an aqueous environment with remarkable 

therapeutic potential. They are formed through self-assembly into a core-shell micellar 

structure (hydrophilic shell and hydrophobic core) of block copolymers comprising two or 

more polymeric chains with different hydrophobicity.[111] These polymers are chemically 

different and covalently attached to each other. Since one of the polymers is hydrophobic 

and the other is hydrophilic, when they are present in an aqueous solution, many unfavorable 

interactions between the hydrophobic polymer and water molecules will occur. Thus, at a 

specific and narrow concentration range of amphiphilic polymers in aqueous solution, called 

the critical micelle concentration, the amphiphilic block copolymers will self-assemble into 
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colloidal-sized particles or micelles. Resulting in the removal of the hydrophobic polymer 

from solution.

Preparation methods for drug-loaded polymeric micelles are dependent on the solubility of 

the copolymer being used. Direct dissolution or film casting methods may be employed if 

the copolymer is relatively water soluble, whereas dialysis method or oil in water emulsion 

procedure may be employed if the copolymer is not readily soluble in water.[112] On account 

of their small size, controlled release of drugs, aqueous solubility enhancement of carried 

drugs, and simple sterilization; polymeric micelles are an ideal carrier for hydrophobic 

drugs.[113]

3.4 Nanogels

Nanogels are nanometer-sized (<100 nm) crosslinked colloidal particles that may also 

respond to environmental changes (pH, temperature, ionic strength, presence of molecules or 

ions, light) and to external fields (magnetic and electric) by changing their volume 

significantly.[114] Nanogels can be chemically crosslinked using covalent bonds or 

physically crosslinked using non-covalent bonds.[115–117] This response can be used to 

control the release of encapsulated bioactive compounds such as drugs, proteins, DNA, and 

RNA [115]. Nanogels preparation methods can be divided into four categories: template-

assisted nanofabrication of nanogels particles, polymerization of monomers in homogeneous 

or heterogeneous environments, physical self-assembly of interactive polymers, and 

chemical crosslinking of preformed polymers [118]. Due to their encapsulation stability, 

biocompatibility, water solubility, control of drug release rate, and reduction of toxicity; 

nanogels have been used in drug delivery as drug delivery vehicles[119] and in tissue 

engineering as scaffolds.[120–122]

In general, among all soft nanoparticles, nanoliposomes offer superior biocompatibility, ease 

of surface modification, favorable pharmacokinetic profile, and long circulation time.[123] 

However, liposomes suffer from the disadvantages of fast elimination from the blood and the 

capture by the cells of the reticuloendothelial system.[124] On the other hand, polymeric 

nanoparticles (dendrimers, micelles, and nanogels) are superior in terms of controlled 

release capability, versatile drug loading, improved stability in biological fluids, desired 

pharmacokinetics, and high cellular internalization efficiency.[125] Overall, different 

techniques, presented in Figure 3, can be used to incorporate nanoparticles into the hydrogel 

matrix and they can be divided into 5 groups.[46] Even though the examples presented are 

for hard nanoparticles, the same techniques can be used to incorporate soft nanoparticles.

1. The gelation of a hydrogel-forming monomer solution, in which pre-formed 

nanoparticles are suspended, is the easiest method. However, if the crosslink 

density is low, the risk of the leaching nanoparticles out of the hydrogel matrix 

may exist.[134,135] Liu et al. synthesized photo-modulable thermo-responsive 

hydrogels using unilamellar titania nanosheets as photocatalytic crosslinkers 

(Figure 3a).[136]

2. Distinct gelator molecules can be used to crosslink polymers incorporating 

nanoparticles into a hydrogel matrix. This method has been used to create 3D 

porous silicon nanoparticles/conductive polymer hydrogel composite electrodes 
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by encapsulating the silicon nanoparticles within a conductive polymer surface 

coating and connecting them to a highly porous hydrogel framework (Figure 3b).
[137]

3. Crosslinking groups present on the nanoparticle surface can be used to form a 

hydrogel matrix.[138] One recent example of this approach is the synthesis, by 

Zhang et al., of semiconductor nanoparticle-based hydrogels by self-initiated 

polymerization using light irradiation (Figure 3c).[139] Semiconductor 

nanoparticles were used here to initiate monomer polymerization under sunlight 

and to crosslink it to form nanocomposite hydrogels with the help of clay 

nanosheets.

4. Physical incorporation of nanoparticles can occur after the polymerization 

formation of the hydrogel. The physical incorporation can be achieved by either 

the “breathing” method or by centrifugation/thermal annealing method. The 

“breathing” consists of placing the swollen hydrogel into a solvent which causes 

it to get rid of entrapped water and shrink, then in an aqueous solution containing 

nanoparticles where it causes the hydrogel to swell and “breath in” the 

nanoparticles. Even with extra “breathing out” cycles the nanoparticles 

concentration in the hydrogel remains intact due to physical entanglement and to 

hydrogen bond interactions. This method was used to construct a gold-

nanoparticle/hydrogel composite at the electrode interface (Figure 3d).[140] The 

other approach consists on incorporating the nanoparticles into the hydrogel 

matrix by repeated heating, centrifugation and re-dispersion followed by 

annealing. This was used by Jones and Lyon to co-assemble poly-N-

isopropylacrylamide hydrogel particles and nanosized colloidal Au into colloidal 

crystals.[141]

5. In-situ formation of nanoparticles, in which nanoparticle precursors can be 

loaded into the matrix before gelation, followed by nanoparticles formation 

supported by the hydrogel network, was developed by Langer’s group.[142] This 

method produces mechanically strong composite hydrogels without an external 

reducing agent. Saravanan et al. used this method to synthesize silver 

nanoparticles containing polyacrylamide hydrogel composites by free-radical 

cross-linking polymerization of acrylamide monomer in an aqueous medium 

containing Ag+ ions (Figure 3e).[143] In a more recent example, Marcelo et al. 
used redox active catechol side chain in acrylamide-NIPAAm hydrogels to 

produce gold nanoparticles from precursors already incorporated and in the 

absence of any external reducing agent (Figure 3e).[144]

4 Properties of Soft Nanoparticle-Functionalized Hydrogels

The effectiveness of the scaffolds in tissue engineering applications depends on how closely 

they can mimic native tissues. It has been shown that physical properties (mechanical and 

electrical), chemical composition, pore size distribution, and biological activity affect 

cellular growth, alignment, differentiation, and function. On the contrary, some natural 

hydrogels resembling the structure and in some cases the composition of native ECM fail to 
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offer suitable mechanical and electrical properties, both at cellular and tissue levels. In 

addition, biological factors essential for cellular functions including phenotyping, 

differentiation, and maturation are typically not available in natural hydrogels. The 

incorporation of soft nanoparticles is a promising method for modulating the properties of 

scaffolds made of natural hydrogels, inherently affecting the response of incorporated cells. 

As the evaluation of biomaterial biocompatibility/biological response continues to be a 

challenge,[145] the use of biocompatible soft nanoparticles is favored in comparison to their 

hard counterparts. In this section, we highlight how the incorporation of soft nanoparticles 

within natural hydrogels can improve the physical and biological outcome for various tissue 

engineering applications.

4.1 Hydrogels with modulated physical properties

Physical specifications of hydrogel constructs, such as mechanical properties and electric 

conductivity, play a vital role in maintaining their 3D architecture, in mechanical interaction 

with cells, and in inducing cell-to-cell signaling.[146] Providing high tensile strength to the 

fragile hydrogels while mimicking the electrical stimulations that occur naturally in the 

body, is extremely important when engineering load-bearing or electrophysiologically active 

tissues.[147] While imitating the electrical conductivity in tissues remains work in progress, 

functionalizing hydrogels to reinforce their soft structures to mimic the elastic moduli of 

native tissues is essential. The elastic modulus of bone has been found to be directly 

correlated to specimen size, however, it has been previously reported that trabecular and 

cortical bone have an averaged modulus around 4.59 and 5.44 GPa, respectively.[148] In 

comparison, muscle and connective tissue can range on average from 12 – 134 kPa.[149] 

Myocardial tissue also has a wide range of elastic modulus, which is dependent on the 

beginning and end of diastole; ranging from tens of kPa to several hundred.[150] More 

recently, dynamic loading was used to determine the shear and bulk modulus of soft tissues: 

liver (37 – 340 kPa, 0.28 GPa), heart (60 – 148 kPa, 0.49 GPa), stomach (8 – 45 kPa, 0.48 

GPa), and lung (10 – 54 kPa, 0.15 GPa).[151] Physical properties can be improved with the 

incorporation of predominantly hard nanoparticles within the hydrogel network,[152] 

however, there are a few examples that have demonstrated changes in mechanical properties 

of hydrogel constructs with the incorporation of soft nanoparticles.

For example, Xiao et al. created an amphiphilic block copolymer that self-assembled into 

micelles of 21 nm diameter and incorporated them in poly(acrylamide) hydrogels.[153] By 

varying the block copolymer micelle concentration, the mechanical properties of these 

highly elastomeric block copolymer micelle crosslinked hydrogels were able to be 

controlled. The increase in micelle concentration from 7.5 to 15 mg.mL−1 achieved a 4-fold 

increase in Young’s modulus and a 2-fold increase in tensile stress.

Soft nanoparticles can interact with the polymer chains or can help with the further 

crosslinking of the hydrogel network to improve its mechanical properties. In one study, 

Duan and Sheardown used polypropyleneimine octaamine dendrimers to crosslink a highly 

concentrated collagen solution (2–4%) using the water-soluble carbodiimide EDC.[154] 

When compared with the natural human cornea, as well as EDC and glutaraldehyde cross-

linked collagen, the dendrimer crosslinked collagen showed better optical transparency, 
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mechanical properties, adhesion ability, and glucose permeability. This was due to an 

increase in free amine groups that react with activated carboxylic acid groups to crosslink 

the collagen hydrogel. The presence of dendrimers did not adversely affect the 

biocompatibility of the gels, which was confirmed by the in vitro culture of human corneal 

epithelial cells on dendrimer cross-linked collagen gels. Human corneal epithelial cell 

growth and adhesion were supported in these dendrimer crosslinked collagen gels with no 

cell toxicity; implying that they might be suitable scaffolds for corneal tissue engineering.

Rahali et al. functionalized GelMA hydrogels with naturally derived nanoliposomes and 

reported that the incorporation of nanoliposomes enhanced the mechanical stability of the 

functionalized GelMA hydrogels; proven by their higher resistance to twist and shear.[155] 

Similarly, it was also demonstrated that the incorporation of nanoliposomes within alginate/

GelMA hydrogels affected the rheological properties of the formed hydrogels, as well as 

their mechanical properties.[156] This observation was related to the ability of the alginate-

gelatin mixture to tune the mechanical properties of refined architectures.

Overall, modulating the physical properties of hydrogels is important in optimizing the 

cellular response. The incorporation of soft nanoparticles can moderately modulate the local 

and global mechanical properties; however, they are generally electrically non-conductive 

and cannot positively affect global conductivity. Despite their moderate effects in 

comparison to hard inorganic particles; soft nanoparticles offer better biocompatibility, along 

with superior drug transportation abilities, and factors further assisting the modulation of the 

cellular environment.

4.2 Hydrogels with enhanced availability of biological factors and drugs

It is very important for tissue engineering scaffolds to possess strong mechanical properties 

similar to native tissues, a well-defined 3D microstructure with interconnected pores, and a 

suitable biodegradability rate. Another key factor is the presence of biological factors within 

the scaffolds to facilitate tissue regeneration and growth.[157] Be that as it may, usually 

natural hydrogels lack sufficient growth factors essential for cellular functions. To address 

this challenge, the field of drug delivery goes hand-in-hand with tissue engineering to design 

an ideal scaffold. Scaffolds have evolved from releasing single molecules within simple 

hydrogel systems to releasing multiple molecules in a sequential manner from advanced 

systems.[158–162] Many drug delivery and tissue engineering applications, summarized in 

Table 3, are based on soft nanoparticles. These nanoparticles have also been incorporated 

within hydrogels as carriers for controlled or on-demand release of necessary drugs and 

growth factors. As a result, scaffolds produced from hydrogels formed from natural 

polymers functionalized with natural soft nanoparticles are highly desirable.

The addition of bioactive molecules to biomaterial scaffolds, such as growth factors, can 

significantly enhance regenerative scaffolds.[163] However, larger pore sizes of natural 

hydrogels in comparison to the size of active compounds reduce their residence time within 

the hydrogel limiting their effectiveness. Thus, nanoparticles that can prolong the release 

time of active compounds could potentially overcome this challenge. Liposomes could be 

used as carriers for delivery systems by covalent conjugation of carboxyl groups of HA to 

amine groups of liposomes. This has the potential to increase the circulation time in the 
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body and accumulation of encapsulated drugs in the intended site. Taetz et al. used 

conjugated liposome as a siRNA carrier to lung cancer cells.[164] Furthermore, one example 

of this involves a minimally invasive bone reconstruction system was created by Pederson et 
al., which consisted of a combination of calcium and phosphate-loaded liposomes with an 

acid-soluble collagen solution.[165] This liposome/collagen precursor fluid forms a 

mineralized collagen gel when heated from room temperature to body temperature (37 °C). 

Self-assembling collagen contained within a liposome-encompassing suspension was then 

shown to be integrated into an injectable mineral/collagen biomaterial. In another instance, 

Samadikuchaksaraei et al. employed nanoliposomes as the nucleation site for the synthesis 

of nano-hydroxyapatite particles under hydrothermal conditions.[166] A nano-

hydroxyapatite/gelatin nanocomposite scaffold was conditioned with osteoblasts and showed 

an increase in biocompatibility, biodegradation, and osteoinduction. These findings suggest 

that this method can be used to develop a variety of bone tissue engineering scaffolds.

Ochi et al. introduced a new technique for tissue-engineered cartilage transplantation, 

illustrated in Figure 4c, with a minimally invasive procedure.[167] The novel scaffold was 

composed of a collagen hydrogel (Atelocollagen) embedded with human chondrocytes. The 

group also suggested that integrating magnetic liposomes for controlled release of cytokines 

or growth factors (FGF or TGF-α) can ameliorate cell proliferation and ECM synthesis 

during cultivation. In this study, magnetic liposomes were successfully concentrated and 

maintained within the defect area to further improve the bioavailability of the incorporated 

factors.

Stem cells are able to generate mature cells of a particular tissue upon proper differentiation.
[169] Transforming growth factor-beta 1, TGF-β1, is a mammalian protein that plays a role in 

stem cells differentiation,[170] proliferation,[171] and metabolic activities. [172] In one study, 

Dostert et al. tested the effect of TGF-β1 encapsulated in salmon-derived nanoliposomes on 

human mesenchymal stem cells (hMSCs).[173] The group reported that TGF-β1 

encapsulated in nanoliposomes had a higher impact on cellular proliferation in comparison 

to free TGF-β1. In addition, the studied concentrations of nanoliposomes, free TGF-β1, and 

TGF-β1 encapsulated in nanoliposomes did not induce any inhibitory effects.

Nanogels-functionalized hydrogels have also been utilized as drug carriers. Cholesterol-

bearing pullulan nanogel-crosslinking hydrogel (CHPA/hydrogel), prepared by Michael 

addition, were used as a scaffold to deliver low amounts of bone morphogenetic proteins 

(BMP), which stimulated osteoblasts and induced bone formation.[158] Fujioka-Kobayashi et 
al. used cholesteryl and acryloyl group-bearing pullulan (CHPOA) nanogels to prepare fast-

degradable hydrogels (CHPOA/hydrogels) for the controlled delivery of two growth factors: 

recombinant human bone morphogenetic protein 2 (BMP2) and recombinant human 

fibroblast growth factor 18 (FGF18), as seen in Figure 4d, e.[168] This study concluded that 

the CHPOA/hydrogel system was able to efficiently deliver BMP2 and FGF18 to a bone 

defect site and induce effective bone repair, which suggests that this system can be 

successfully used for bone tissue engineering. Joo et al. created a novel formulation of a 

hybrid liposome-based hyaluronic acid-chitosan nanogel using a self-assembly process.[174] 

This hydrogel was successfully used to encapsulate and release recombinant human bone 

morphogenetic protein 7 (BMP7), also known as osteogenic protein-1.
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The addition of soft nanoparticles to natural hydrogels addresses the need for growth factors 

that natural hydrogels alone cannot provide. Tissue regeneration and growth are key 

concerns for current and future development of bioengineered scaffolds in bone, cartilage, 

and muscle tissues. Considering that it is essential for tissue-engineered scaffolds to mimic 

native tissues, the ability to have controlled the release of growth factors and drugs 

encapsulated in soft nanoparticles is pertinent.

4.3 Hydrogels with enhanced cell-cell signaling

Intercellular communication can occur via extracellular vesicles known as exosomes. They 

behave as a vectorized signaling method that originates within a donor cell and is received at 

the periphery, cytosol, or nucleus of a target cell.[175] Exosomes derived from stem cells 

provide an alternative approach to culturing cells in vitro. Scaffolds employing exosomes 

have the advantage of providing the extracellular signaling needed without the difficulty of 

retaining the multipotent properties of mesenchymal stem cell.[176,177] In one experiment, 

led by Liu et al., exosomes were isolated from stem cells and integrated into a photoinduced 

imine crosslinking hydrogel glue.[176] The result was an acellular tissue patch used to 

regenerate articular cartilage. In another experiment, conducted by Shi et al., exosomes were 

isolated from GMSCs and combined with a chitosan/silk hydrogel, for the treatment of 

diabetic ulcers in rat models.[178] Nonetheless, further research is still required on how these 

mechanisms work.[179]

4.4 Scaffolds capable of gene and plasmid delivery

Biological factors can direct cellular growth, differentiation, and maturation. However, 

biological factors typically possess low half-lives and can get deactivated, both in the 

presence of other chemokines or cytokines. Nevertheless, recent advancements in biology 

have enabled cellular reprogramming through the use of plasmids and gene editing tools. 

Moreover, adverse side effects caused by the burst release of supraphysiological quantities 

of recombinant proteins can be prevented by the delivery of genes-encoding growth factors, 

rather than the protein itself. As soft nanoparticles possess excellent cell affinity and can be 

internalized once interfaced with cells, they have emerged as attractive tools for plasmid 

delivery and cell transfection.

Gene-activated matrix (GAM) is a gene transfer technology that also provides a structural 

template for cell proliferation and ECM synthesis. Peng et al. coupled this technology with 

soft nanoparticles to create a porous scaffold for periodontal tissue regeneration.[180] The 

GAM was composed of chitosan/plasmid DNA nanoparticles, encoding platelet-derived 

growth factors, embedded in a porous chitosan/collagen composite scaffold. This GAM was 

used to culture periodontal ligament cells, which achieved high proliferation, formed a 

periodontal connective tissue-like structure after 2 weeks, and maintained a fibroblast figure. 

In another study, Raftery et al. developed and optimized chitosan–pDNA nanoparticles that 

facilitated MSC transfection via incorporation into collagen-based scaffolds.[181]

The incorporation of soft nanoparticles in many studies has shown that functionalized 

natural hydrogels offer the necessary biodegradability, biocompatibility and support native 
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tissue proliferation. Consequently, soft nanofunctionalized hydrogels are the preferred 

choice for biomaterial scaffolds, that can perform enhanced functions of native ECM.

5 Conclusions and Future Directions

Conventional and novel applications of tissue engineering require the design of scaffolds 

that are biocompatible and biodegradable, facilitate cellular growth and nutrient transport, 

and mimic the architecture and physical properties of native tissues.[47] The utilized 

biomaterial in the fabrication of scaffolds plays a key role in achieving this goal. Natural 

hydrogels have been widely used as scaffolds for tissue engineering due to their excellent 

biocompatibility, tunable biodegradability, and low cytotoxicity.

To improve their biological activity, these hydrogels can be functionalized by soft 

nanoparticles. Although soft nanoparticles are highly biocompatible and do not negatively 

impact cellular functions, they cannot significantly modulate the physical properties of the 

functionalized scaffolds. Thus, the development of soft nanoparticles that can improve the 

electrical and ionic conductivity of the hydrogels would be an important step towards 

engineering scaffolds for the culture of neural, muscular, and cardiac tissues.

An emerging area in the field of drug delivery is the development of smart systems for on-

demand administration of active compounds.[190] This concept is also important in tissue 

engineering applications where different spatial and temporal concentrations of biological 

factors are needed at different stages of tissue formation. Towards this end, engineering soft 

nanoparticles that can respond to external and internal stimuli would be a major step 

forward. The use of bioresorbable electronics for forming electrically enabled scaffolds in 

which the drug delivery can be triggered using embedded electronics is another possibility.

One of the areas that are expected to achieve significant attention is the development of 

scaffolds that can direct cellular fate during tissue growth. Soft nanoparticles are excellent 

choices for delivering plasmids or factors into cells and thus can be used for engineering 

such biologically active scaffolds. The biofabrication of hydrogels functionalized with 

different soft nanoparticles and controlling their spatial distribution could potentially enable 

directing the spatial organization of cells during tissue maturation.

It has become evident that hydrogels for wound care applications and drug delivery systems 

have substantial potential to be utilized in pharmaceutical applications. In recent years, a 

number of materials attributed to hydrogels have been approved by the Food and Drug 

Administration (FDA).[191] Hydrogels can be considered a Class I, II, or III medical devices 

dependent upon added biologics and drugs.[192] Their approval process, therefore, begins 

with a 501(k) premarket notification. Commercialization of hydrogel products has a bright 

future, the demand for patient-specific treatments and healing processes continues to grow.
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Figure 1. 
Alginate-based hydrogels in tissue engineering applications. (a) The use of alginate for 

engineering IPN hydrogels with various materials or its use as a sacrificial network for 

creating fibers from polymers and protein-based hydrogels. (b) SEM image of IPN fibers of 

GelMA and alginate (left) and the removal of alginate from the construct to fabricate pure 

GelMA fibers (right). (c) Cellular morphology shown by F-actin staining in IPN fibers of 

GelMA and alginate (left) and GelMA fibers after the removal alginate from the network 

(right). Reproduced with permission.[62] Copyright 2015, John Wiley and Sons. (d) The use 

of alginate for carrying PRP as a source of biological factors in tissue engineering. The 

hydrogel fibers could be printed in the presence of CaCl2 mist on dry substrates. (e) The 

effect of PRP encapsulated in alginate in releasing angiogenic factors facilitating 

vascularization. Reproduced with permission.[6] Copyright 2018, John Wiley and Sons.
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Figure 2. 
Protein-based hydrogels as scaffolding materials for tissue engineering. (a-c) The growth of 

endothelial cells cultured in vascular-like organizations in different protein-based hydrogels 

including Matrigel (a), GelMA (b), Collagen (c). The patterns of cellular migration into the 

hydrogel constructs were fundamentally different. Among them, only collagen supported the 

formation of tubular sprouts. Reproduced with permission.[64] Copyright 2016, John Wiley 

and Sons. (d) The density of cells within the original patterns was also dependent on the 

material. (e,f) The fabrication of highly elastic hydrogel networks from photocrosslinkable 

methacrylated tropoelastin (MeTro). The fabricated hydrogel showed excellent torsional 

resilience. Reproduced with permission.[66] Copyright 2015, John Wiley and Sons.
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Figure 3. 
Five main nanofunctionalization techniques with their relative examples (Adapted from [46]): 

1. hydrogel formation in a nanoparticle suspension, 2. gel formation using nanoparticles, 

polymers, and distinct gelator molecules, 3. cross-linking using nanoparticles to form 

hydrogels, 4. physical incorporation after gelation of nanoparticles into the hydrogel matrix, 

and 5. formation of reactive nanoparticle within a preformed gel. (a) Schematic of the usage 

of the photo catalyst, titania nano sheets, for gelation. Reproduced with permission.[136] (b) 

Schematic illustration of 3D porous silicon-nanoparticles/conductive polymer hydrogel. 

Reproduced with permission.[137] (c) Cross-linking using semiconductor nanoparticles, 

monomer, and clay nanostructure to form nanoparticle-hydrogel composites with enhanced 

mechanical properties. Reproduced with permission.[139] (d) The switch between its swollen 

and shrunken states resulting in the construction of a gold-nanoparticle/hydrogel composite. 

Reproduced with permission.[140] (e) Preparation of Ag/PAAm hydrogel composite without 

using thiols. Reproduced with permission.[143] Hydrogel nanofunctionalization with gold 

nanoparticles resulting in catalytic hydrogels. Reproduced with permission.[144] Copyright 

2014, American Chemical Society.
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Figure 4. 
The schematic representation of (a) convergent and (b) divergent synthesis of dendrimers. 

(c) Schematic of autologous bone marrow mesenchymal stem cell–liposome complex. 

Reproduced with permission.[167] (d) Synthesis of the CHPOA/hydrogel block by Michael 

addition. (e) Schematic representation of nanogels releasing FGF18 and BMP2 after 

disintegration. Reproduced with permission.[168] Copyright 2009, American Chemical 

Society.
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Table 1.

Advantages and disadvantages of using natural or synthetic polymers for the preparation of hydrogels.[54,55]

Natural Hydrogels Synthetic Hydrogels

Advantages • Non-toxic
• Biocompatible
• Biodegradable
• Promote cells adhesion
• Promote cells growth
• Promote cells proliferation
• Promote cells differentiation
• Promote cells ECM secretion

• Controllable microstructure
• Controllable degradation
• Long shelf life
• Tailored functionality
• Strong mechanical properties
• Wide varieties of raw chemical resources

Disadvantages • Low mechanical strength
• Batch variation
• Risk of disease transmission (ECM-based hydrogel)

• Low biocompatibility
• Risk of inflammatory response
• Risk of immunological response
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Table 2.

Comparing the characteristics of four soft nanoparticles: nanoliposomes, dendrimers, polymeric micelles, and 

nanogels. Images reproduced with permission.[126,127]

Type Nanoliposomes Dendrimers Polymeric Micelles Nanogels

Nature • Natural • Synthetic • Synthetic • Natural
• Synthetic

Size • ~50 nm • 2–15 nm • 10–100 nm • <100 nm

Preparation 
methods

• Microfluidization
• Extrusion
• Sonication

• Convergent
• Divergent

• Direct dissolution
• Film casting
• Dialysis
• Oil in water emulsion

• Physical self-assembly of 
interactive polymers
• Chemical synthesis in 
colloidal environments
• Chemical crosslinking of 
preformed polymers
• Template-assisted 
nanofabrication

Adv. • Biocompatible
• Biodegradable
• Non-toxic
• Non-immunogenic
• Controlled and targeted 
drug delivery
• Sustained release
• Increase drug efficacy and 
stability
• Many administration routes

• Biodegradable
• Very small size
• Well-defined and flexible 
structure
• Precise controllability
• High deformability
• Stimuli-responsiveness
• Surface functionality

• Small size
• Narrow distribution
• Easy sterilization
• High structural stability
• Low toxicity
• Excellent blood stability
• High water solubility
• Controlled release functions

• Biocompatible
• Large surface area
• Stimuli sensitivity
• High water content/
swellability and 
hydrophilicity
• Tunable nanoparticle size
• Site targeting
• Controllable release
• Increased drug stability

Disadv. • Low solubility
• Short half-life
• High production cost
• Difficult sterilization
• Lysosomal degradation
• Low efficacy active 
targeting

• Low biocompatibility
• Significant liver 
accumulation
• Material’s homogeneity 
deterioration
• Great batch-to-batch 
variability

• Low biocompatibility
• Difficult synthesis
• Difficult to scale-up
• Limited choice of 
monomers
• Concerns over nanotoxicity 
and storage stability

• Challenging optimization of 
degradation mechanism, 
biodistribution, and 
component toxicity
• Drug instability and rapid 
degradation in the 
bloodstream

REF. [92,96,128] [101,129] [128,130–132] [114,127,133]
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Table 3.

Biomedical applications of functionalized natural hydrogels by soft nanoparticles. Images reproduced with 

permission.[126,127]

Nanoparticle Natural Hydrogel Application Properties REF.

Nanoliposomes • Alginate • Bone tissue engineering
• siRNA delivery
• Protein delivery system

• Physical
• Biological
• Biological

• [182]

• [183]

• [184]

• Collagen • Cartilage tissue engineering
• Bone tissue engineering
• Wound healing

• Biological
• Biological
• Biological

• [167]

• [165]

• [185]

• Chitosan • Cancer • Biological • [186]

• Hyaluronic acid • Bone tissue engineering
• Ocular pathologies

• Physical
• Physical

• [166]

• [187]

Dendrimers • Collagen • Corneal tissue engineering
• Gene delivery system

• Physical
• Biological

• [154]

• [188]

Polymeric Micelles • Hyaluronic acid • Cartilage tissue engineering • Physical • [189]

Nanogels • Cholesterol-bearing pullulan • Bone tissue engineering • Biological • [168]

• Chitosan • Bone tissue engineering • Biological • [174]
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