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Abstract

:

Nanogels are a prominent research topic in biomedical and drug delivery applications. The versatility of their chemistry allows them to be tailored both to carry and release a wide range of active molecules, and to target specific tissues or cell types. Within a vast field of possible chemical designs, nanogels based on hyaluronic acid seem particularly interesting from the standpoint of dermatological and cosmetic applications, due to the well-known involvement of hyaluronic acid in several fundamental processes related to skin health and ageing. In spite of this, relatively few studies about these nanocarriers and their potential skin-related benefits have appeared so far in the literature. With the aim to stimulate further interest in the topic, in this review, we provide information on hyaluronic acid-based nanogels, including their key physicochemical properties, their typical drug release behavior, and the main synthetic methodologies. The latter include: approaches based on spontaneous self-assembly of polymer molecules; approaches based on chemical cross-linking, where nanogel formation is promoted by covalent bonds between polymer chains; and hybrid approaches that leverage a combination of the above two mechanisms. We believe this body of information, which we collected by going through the relevant literature from the past 10–15 years, offers cosmetic formulators plenty of options to design innovative products.
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1. Introduction


In recent years, nanogels have been a key biomedical research topic, particularly in the context of drug delivery applications [1,2,3]. These materials have the ability to behave like spongy nanoparticles, which can absorb a broad range of pharmaceutical actives and can slowly release them in the physiological environment, where a certain therapeutic effect is desired. Their name—nanogels—is linked to the fact that they share several properties with macroscopic hydrogels, both in terms of absorption/drug loading capacity and from a microscopic structure standpoint. However, a key difference versus bulk hydrogels is the huge surface area deriving from their nanoparticle nature, which makes mass transfer processes much more efficient and enables the systemic administration of nanogels, whereas the applicability of bulk hydrogels as drug carriers is limited to local treatment.



The choice of the building blocks is a key issue to fine-tune the formation and the physicochemical features of the polymeric networks. Both natural and synthetic polymers are eligible for nanogel synthesis: the former are generally proteins (such as albumin, fibroin, collagen, gelatin, soy-derived proteins), oligosaccharides, or polysaccharides (including hyaluronic acid, chitosan, alginate, chondroitin sulfate, agarose, cellulose, and heparin), whereas the synthetic counterparts can be polyethylene glycol (PEG), polyamines, polylactic acid (PLA), poly( ϵ -caprolactone), or customized polymers, synthesized through different radical polymerization strategies. Examples are controlled radical polymerization (CRP), reversible addition–fragmentation chain transfer (RAFT) polymerization, and atom transfer radical polymerization (ATRP), which ensure the conjugation of monomers/oligomers characterized by different chemical motifs to obtain specific physicochemical features, such as amphiphilic, zwitterionic, and stimuli-resposive behavior, or to meet biocompatibility criteria by grafting biomolecules on the polymer backbone [4,5,6].



Beyond a wide range of building blocks and synthetic strategies, several manufacturing procedures have been developed or reapplied to produce nanogels, including emulsion/evaporation [7,8], nanoprecipitation [9,10], and microfluidics [11,12,13].



Additionally, nanogels can be designed in order to target specific cell types, for instance, cancer cells. This has led to the synthesis of nanogel particles based on the cross-linking of a relatively broad range of polymers, as well as to the so called “decoration” of the nanogel surface with suitable functional groups. For example, nanoscaffolds based on hyaluronic acid, either alone or copolymerized, have been synthesized with the objective to selectively target the hyaluronan receptor CD44, which is overexpressed on the surface of several tumor cells.



From the standpoint of potential dermatological and cosmetic applications, nanogels based on hyaluronic acid are particularly interesting, due to the involvement of this ubiquitous mucopolysaccharide in several physiological processes, many of which are highly relevant to the skin. As is well-known, hyaluronic acid (chemical structure shown in Figure 1) is a predominant component of the skin extracellular matrix and plays a fundamental role in skin hydration. Its progressive decrease in the epithelial tissues of elderly people has been shown to correlate with a loss of elasticity, wrinkle appearance, and other visible signs of skin ageing [14]. Therefore, the use of nanogels based on hyaluronic acid as drug carriers in a dermatological or cosmetic context offers an opportunity to combine the advantages of sustained drug release with the known biocompatibility, non-immunogenicity [15], and skin health benefits of hyaluronic acid. As a consequence, the latter, from a formulation efficiency point of view, has the potential ability to perform several functions at the same time.



In what follows, we will review the key physicochemical properties of these materials, the main synthetic routes described in the literature from the past 10–15 years, and the most studied drug release applications, with the objective to help assess their potential applicability in the dermatological and cosmetic field. While a few studies on dermatological applications of hyaluronic acid-based nanogels have been published over the past 2–3 years and will be reviewed in a dedicated section of the present work, the topic seems to still be relatively unexplored compared to the large amount of papers concerning both the use of “plain” hyaluronic acid in skin care, and the evaluation of nanogels obtained from a variety of polymer systems for systemic drug delivery.



Consequently, among a multitude of nanogel systems described in the literature, we will focus on nanogels that are based on hyaluronic acid only or a combination of hyaluronic acid with other polymers. Therefore, even when using the term “nanogel” without specifying its chemical composition, it is intended that our discussion and cited references will mainly concern the above mentioned subclass of the materials. In addition, we will focus on hyaluronic acid-containing nanogels that have been designed and studied with the main objective to obtain a drug delivery system, as opposed to other potential therapeutic or diagnostic applications. Finally, since our aim is to highlight hyaluronic acid-based nanogels that can be used in both dermatological and cosmetic products, we will disregard nanogel formulations that do not lend themselves well to either application, for instance, due to toxicity or other limitations, or where hyaluronic acid is present but is not one of the main constituents. Figure 2 shows the evolution of the number of publications and citations over the past 15 years on the topic of nanogels based on hyaluronic acid.




2. Physicochemical Properties of Nanogels


Nanogels are made of a 3D network obtained from the physical or chemical cross-linking of one or several polymers [2,16]. Nanogel particles usually have a spherical shape; however, recent nanoparticle fabrication techniques make it possible to obtain nanogels with specific shapes [17,18,19,20]. The average size of nanogel particles can range from about 100 nm up to about 500 nm, depending on the nanogel composition and synthetic procedure.



A peculiar feature of these 3D networks, containing hydrophilic polymers, is the swelling behavior, which is magnified in the transition from a dry to a hydrated state. This has been documented for several nanogel systems. For instance, Fasiku et al. [21] compared the weight of a completely dried hyaluronic acid-based nanogel sample to that of the same sample after equilibration with a PBS solution at room (25 °C) and body temperature (37 °C). They found a sample weight increase after hydration of up to more than   50 %   at RT, and up to more than   40 %   at 37 °C. Nanogel swelling has also been quantified by particle size measures in the dry versus hydrated state. Limiti et al. [7] demonstrated this in the case of a hyaluronic acid/polyethyleneimine nanogel by determining the nanogel particle diameter in the dry state through AFM and SEM measures, and comparing this data to DLS particle size results after dispersing the nanogel in a PBS solution. They found their nanogel particles to exhibit an average hydrodynamic diameter of about 220 nm when fully hydrated (measured by DLS), whereas the same particles had an average diameter of only about 114 nm in completely dry conditions, measured by TEM.



This swelling behavior can be advantageously exploited as a release trigger: in dry or anhydrous conditions, the 3D polymer network is more shrunk and has a smaller mesh size, which tends to keep payload molecules trapped inside the nanoparticle. Instead, when the polymer chains constituting the nanogel become hydrated and, therefore, more elongated, the internal mesh size of the nanoparticle increases, favoring the payload release.



Thanks to their hydrophilic character, nanogels based on hyaluronic acid have been used to deliver hydrophobic therapeutic agents, for example, curcumin [22,23,24] and asiatic acid [25], which otherwise tend to have a rather poor water solubility and bioavailability.



Release kinetics data obtained from various nanogel systems shows that the release mechanism is essentially Fickian diffusion. In most cases, drug release curves in a PBS solution or water can be satisfactorily modeled by Fick’s second law. For spherical particles, the corresponding equations can be analytically solved under the assumption of “perfect sink” initial and boundary conditions, resulting in an exponential time dependence of the released payload fraction [26,27]:


        M t   M  i n f    = 1 −  6  π 2    ∑  n = 1  ∞   1  n 2   exp  (   − D  n 2   π 2  t   r 2   )  ,      



(1)




where   M t   is the total mass of drug released at time t,   M  i n f    is the total mass of drug released at infinite time, n is a dummy variable, D is the diffusion coefficient, and r is the nanoparticle radius. It has been shown that Equation (1) can be approximated by the empirical expression [26]:


        M t   M  i n f    = k  t n  .      



(2)







Here, k is a constant determined by the nanoparticle composition and n is related to particle geometry and the transport mechanism. For Fickian diffusion and spherical particles, by setting   n = 0.432  , Equation (2) provides a good approximation of Equation (1) for the first 60% of the release curve [26] and has been successfully used to interpolate an experimental drug release data [7,13].



Another significant feature of nanogels, which is of relevance for dermal applications, is their softness. As recently discussed by Scotti et al. [28], nanogel softness plays a crucial role in the adsorption of nanoscaffolds to cells, the production of platelet-like structures for the augmentation of haemostasis [29], and the controlled drug delivery performance. Softness is defined by multiple parameters linked to the energetic variation of deformation, swelling, osmotic deswelling, faceting, and interpenetration. Each parameter provides a specific equation to quantify softness, as reported in Table 1.



The most common approach to quantify nanogel softness is by comparing the elastic free energy of deformation with the thermal energy of a particle, as described in Equation (3). In this case,   Δ E   can be estimated by the Young’s modulus (Y) and the radius (R) of the particle, according to the following equation:


        Δ E ( c )  ≃  Y  R 3    .      



(7)




  Δ E ( c )   depends on the nanogel concentration c. Furthermore, the nanogel softness can be modulated by the synthetic route: the crosslinker content affects the spatial distribution and entanglement of the polymeric chains leading to a more or less packed nanoscaffold. The lower the cross-linker amount, the higher the swelling capability of the polymeric network. Additionally, the use of linear or branched polymers can play a key role in determining the final physical features of the nanoscaffold: generally, polymer backbones with pendant groups or side chains are characterized by a distinct steric hindrance, which decreases the ability of the chains to be tightly packed and reduces the flexibility and elasticity of the final structure [30]. In particular, a branching unit structure containing an “X”-type crosslinkage with four chains radiating out gives rise to a more rigid nanogel with a lower swelling ratio, compared to a “T”-shaped linkage enabling a more deformable structure [31,32]. Recently, the fabrication of nanogels using branched hyaluronic acid, i.e., through conjugation of the polysaccaride with oligomeric hyaluronic acid or with biomolecules, glycosidic structures, or polymers, is proposed for topical dermal delivery targeting skin dendritic cells [33] or therapeutic activity [34].



The variables involved in the aforementioned equations can be experimentally estimated through different techniques. Generally, dynamic or static light scattering (DLS or SLS), and small-angle neutron or X-ray scattering (SANS or SAXS) are selected to collect data on the characteristic lengths (e.g., hydrodynamic diameter, radius of gyration, molecular weight, thickness of the external layer in a core-shell configuration) and atom force microscopy (AFM) for compressibility/deformation studies.



Additionally, due to their high surface-to-volume ratio, nanogels can be classified as highly interfacial-active nanomaterials. When deposited at a liquid–liquid or air–liquid interface, they deform but preserve their mobility, which can lead to agglomeration or the formation of monolayers, whereas at a solid–liquid interface, nanogels tend to stretch at the interfacial plane. In both cases, the nanoscaffolds are characterized by elastic modulus gradients. For these reasons, a further definition of nanogel softness at the interface is provided by Scotti et al. [28]:


       S  i n t   =   R  2 D    R H        



(8)




where   R  2 D    is the radius of the nanogel at the interface and   R H   the hydrodynamic radius in solution. The higher the value of   S  i n t   , the softer the nanogels, i.e., the higher the deformation upon adsorption. Computer simulations are developed to study in-depth and predict nanogel behavior at the interface [35,36].



A third important feature of nanogels for topical applications is their degradation [37]. The hydrolysis of ester bonds, chemically labile crosslinkers, and enzymatic cleavage are the main mechanisms of erosion of the nanoscaffolds. Furthermore, a controlled degradation can be introduced through the rational choice of chemical crosslinking between the polymeric chains and the modification of the polymer backbone. Hyaluronan-based nanogels can be degraded by hyaluronidase after binding to specific cell membrane receptors [38]; however, the presence of ester, amide, or sulphide linkages between the polymer chains (both as neat hyaluronic acid or a combination of the polysaccharide with other polymers) promotes a modulated degradation of the network, driven by the surrounding environment (i.e., pH variations, enzymes, aminoacids, oxidants) [39,40,41].



Additionally, the choice of the molecular weight (MW) of the hyaluronic acid can affect nanogel performances, in particular, adhesive, rheological, and stability properties, and transdermal drug delivery [42,43]. The two most common production processes for hyaluronic acid, i.e., extraction from animal tissues and bacterial fermentation, both provide different chain lengths of the biopolymer. Hyaluronic acid characterized by a MW in the range 10–500 kDa exhibits good viscoelasticity, moisture retention, mucoadhesion, and anti-angiogenic activity, which are desirable features in cosmetics, wound healing, ophthalmology, and orthopedic applications. Below 4 kDa, the polysaccaride promotes angiogenesis, inducing the expression of inflammatory mediators and inhibiting tumor growth; instead, a MW higher than 500 kDa corresponds to hyaluronic acid that has anti-angiogenic activity, natural immunodepressant properties, and is also eligible as a inert space-filler for dermal application and tissue regeneration [44,45,46].



The shear-thinning behavior and softness of hyaluronic acid are related to intramolecular hydrogen bond breaking and chain deformation, which trigger a hydrophobic effect from the aliphatic rings; a higher MW leads to an increase of the zero-shear viscosity of the biopolymer in solution [47].



The MW of hyaluronic acid also impacts the cytotoxicity of nanogels and their time-dependent cellular uptake, as mentioned by Zhong et al. [48]. Nanoscaffolds synthesized with lower MW hyaluronic acid are internalized in larger quantities compared to those prepared with a higher MW biopolymer. On the other hand, a higher MW hyaluronic acid exhibits a greater affinity to CD44 receptors thanks to the multivalent binding interactions.



Skin penetration and transdermal delivery are affected by hyaluronic acid MW: the use of longer biopolymer chains in the nanogel formulation results in less effective skin penetration, which may be due to a lower mechanical strength of the nanoscaffold, insufficient to cross the dermal layer. In terms of sustained drug release, a clear trend associated to the increase/decrease of hyaluronic acid MW is not detectable; however, at intermediate MW values (order of magnitude 100 kDa), drug release seems to be longer lasting due to an optimal balance between the mechanical properties of the nanogel and the polysaccharide-drug physicochemical interactions [42].



The aforementioned properties are, as a matter of fact, parameters that can be tuned to produce new nanogel formulations eligible for skin applications.




3. Highlights in the Nanogel-Mediated Release of Therapeutics


The principles of controlled drug release can also be applied in the dermatological and cosmetic field. Minor scrapes, burn wounds, aging, and skin diseases require the use of different types of therapeutics to avoid worsening of the condition and prevent the spread of infections. Anti-inflammatory drugs, coenzymes, antioxidants, and polyphenols represent the main classes of used therapeutics [49,50,51]. The delivery of the nanoencapsulated molecules and their controlled release is aimed to (Figure 3):




	
provide a continuous and sustained availability of the curative effect on the target area;



	
maintain the drug concentration within therapeutic values, avoiding under- and overdosing, for a prolonged period of time;



	
reduce the number of administrations, increasing the patient’s compliance.








Drug delivery by topical route is challenging due to the multi-layered structure of the skin. In particular, the stratum corneum of the epidermis, due to its composition in proteins and lipids, limits the penetration of therapeutics up to the dermis and hypodermis and controls the exchange of water, oxygen, and chemicals. For these reasons, the formulation of nanocarriers is of great interest [52]. Nanogels can be used to momentarily overcome the skin-barrier functions and enhance drug delivery. In particular, tuning the polarity and the hydrophilic–hydrophobic balance of the nanonetwork can be carried out thanks to the conjugation of hyaluronic acid with other motifs. Additionally, in this context, a significant plus of nanogels is related to their sponge-like behavior, which makes it possible to decouple their synthesis from the drug encapsulation phase. Indeed, nanogels (in dry state) can be stored for several months, preserving their structural integrity, and picked up when needed, obtaining a ready-to-use drug delivery system.



Not only therapeutics but also pigments and inorganic compounds can be encapsulated in nanogels, extending the considerations made above to cosmetic applications. In this case, any systemic absorption that may occur is in principle undesirable, to avoid the risk of systemic effects. Temperature gradients, skin pH, enzymatic concentrations, or redox potentials are the studied parameters to trigger the release of the payload in the desired dermal region [52].




4. Nanogel Synthetic Approaches


The synthetic approaches used to make nanogels can be divided into three large categories (Figure 4):




	1.

	
Approaches based on self-assembly, where nanogel formation is driven by physical interactions (ionic or van der Waals’ forces) between polymer molecules that self-aggregate spontaneously. Such polymer molecules may all have the same chemical structure or, more frequently, two or several different polymers may participate in nanogel particle formation.




	2.

	
Approaches based on chemical cross-linking, where nanogel particle formation is promoted by covalent bonding between the constituting polymer molecules.




	3.

	
Hybrid approaches, where a combination of the above two methods is used.









4.1. Approaches Based on Self-Assembly


One of the earliest works describing nanogel synthesis concerns a core-shell nanogel system, where liposomal vesicles are coated with alternating layers of hyaluronic acid and chitosan using a purely physical process, which provides nanogels of <300 nm diameter [53]. Another approach leading to core-shell nanogel particles is based on hyaluronic acid grafted with PEG, which is used as a shell for deacetyl mycoepoxydience (DM) nanocrystals [54].



Various methods based on physical self-assembly utilize the modification of hyaluronic acid with hydrophobic groups. For instance, hyaluronic acid can be modified with colesteryl groups, obtaining a derivative that in water or PBS solution spontaneously produces nanogel particles with a diameter ranging from about 50 to about 150 nm, depending on the degree of substitution of the cholesteryl groups [55]. The topic of hyaluronic acid modification through the introduction of various types of steryl groups, to obtain derivatives that can spontaneously form complexes with various drugs, is also discussed in some recent patents [46,51]. The self-assembly properties of cholesteryl–hyaluronic acid can be exploited by further functionalizing the modified polymer through its esterification with hydrophobic drug molecules, such as curcumin, which carries hydroxyl functionalities able to react with the carboxylic groups of hyaluronic acid [56,57].



The self-assembly of hyaluronic acid has also been induced by its modification with relatively long hydrophobic alkyl chains, such as C11 or C16, resulting in the formation of amphiphilic hyaluronic acid conjugates that spontaneously aggregate into nanogels [23,58].



Another interesting example is the one-pot synthesis of a conjugate between PVA grafted with doxorubicin and hyaluronic acid, modified with pyrene ligands, which is enabled by the functionalization of hyaluronic acid with orthogonally reactive aldehyde and thiol groups. The resulting conjugate self-assembles in an aqueous medium, yielding nanoparticles with an average diameter of ≈200 nm [59].



An approach where hyaluronic acid is used without chemically modifying it consists in obtaining ionic complexes of the mucopolysaccharide with a PEG-polylysine–polyalanine (PEG-PK-PA) triblock copolymer. By varying the weight ratio between hyaluronan and the PEG-PK-PA copolymer, one can obtain self-assembled nanogels with zeta potential values ranging from −47 mV to +47 mV, which exhibit different cell internalization efficiencies and different degrees of cytotoxicity [60].



Water and coworkers describe a nanogel system where the self-assembly, facilitated by the use of microfluidics, occurs between the active species to be released, which is the peptide novicidin, and hyaluronic acid modified with octenyl succinic anhydride. This allows the decrease of the systemic toxicity and improves the chemical stability of novicidin [61]. It is also possible to make “ternary” nanogels based on the self-assembly of three different molecules, one of which is a chemotherapeutic agent [62].



Agnello et al. use microfluidics to make self-assembled nanogels from a hyaluronic acid derivative, functionalized with octadecyl and ethylene diamine groups, which is precipitated by the ionic strength of a DPBS (Dulbecco’s phosphate-buffered saline) solution [63].



An approach that presents interesting features also from a manufacturing process standpoint, is described by Simonson et al., who obtain non-chemically cross-linked nanogels by spraying nanodroplets of hyaluronic acid onto a solution containing  ϵ -poly-L-lysine (PLL). The hyaluronic acid nanodroplets are produced by electrospray ionization. In these conditions, hyaluronic acid and PLL form nanogel particles by self-assembly due to electrostatic interactions. The incorporation of small molecules and proteins into the nanogel phase is achieved by simply co-dissolving the above actives into the PLL solution where the nanogels are formed [64].



Win and coworkers synthesize hyaluronic acid grafted with poly(N-isopropylacrylamide) (pNIPAM), which then self-assembles in water, generating nanogels under sonication. The resulting nanoparticles can be easily loaded with a natural triperpene like asiatic acid [25].



Xu et al. make a conjugate between hyaluronic acid and selenocystamine, which is then used to obtain a nanogel via physical crosslinking through a water-in-oil emulsification approach. The resulting nanogel particles are characterized by a CD44-targeting ability, thanks to hyaluronic acid, and free radical scavenging/anti-inflammatory properties, thanks to the presence of diselenide bonds (Se-Se) [65].



Duan and coworkers describe a nanogel obtained from the self-assembly of polyethylenimine with  β -cyclodextrin-conjugated hyaluronic acid, which forms the nanoscaffold skeleton through eletrostatic interactions. This is then followed by the addition of cisplatin molecules, which provide crosslinking junctions inside the nanogel via coordination bonds between Pt and the carboxylic groups in the  β -cyclodextrin-hyaluronic acid conjugate [66]. Another approach based on  β -cyclodextrin-conjugated hyaluronic acid is presented by Kaewruethai et al., who make a coupling reaction between amine-terminated poly(N-isopropylacrylamide) and  β -cyclodextrin-functionalized hyaluronic acid. The resulting polymer is used to prepare a self-assembled nanogel by sonication in water, where  β -cyclodextrin provides an additional drug loading capacity [67].



A few studies by various research groups describe the properties of nanoparticles obtained from the coacervation of chitosan and hyaluronic acid [68,69,70].




4.2. Approaches Based on Chemical Crosslinking


Among synthetic approaches that do not rely on self-assembly, Messager et al. describe nanogels obtained from photoinduced polymerization of hyaluronic acid modified with polymerizable methacrylate groups. The polymerization is conducted by dissolving the modified hyaluronic acid in the aqueous phase of a water-in-oil nanoemulsion, followed by irradiation. By varying the nanoemulsion droplet size, irradiation time, and degree of methacrylation, one can control both the final nanogel particle size and swelling behavior, which is a consequence of the degree of crosslinking [71]. Methacrylated hyaluronic acid can be copolymerized with di(ethylene glycol) diacrylate to provide enzyme-sensitive, crosslinked nanogels, using potassium dipersulfate as a radical initiator [40]. Methacrylated hyaluronic acid can also be used to prepare pH-sensitive, acid-degradable nanogels, by employing 2,2-dimethacroyloxy-1-ethoxypropane (DMAEP) as a pH-labile crosslinker [72].



Yu and coworkers present a method to make nanogel particles that are synthesized inside cancer cells by the in situ crosslinking of methacrylated hyaluronic acid, which has been adsorbed on inorganic nanoparticles containing a crosslinker and a photoinitiator. The crosslinking occurs by irradiation, after internalization of the inorganic nanoparticles into cancer cells. The obtained nanogels show a significantly better internalization efficiency versus hyaluronic acid nanogels prepared by other methods [73].



To further strengthen the tumor targeting ability of hyaluronic acid, in some works, the latter is combined with other molecules that are also overexpressed in cancer cells. For instance, Lin et al. make a conjugate of hyaluronic acid with doxorubicin via a legumain substrate peptide bridge. Legumain is upregulated in several solid tumors. This conjugate is subsequently crosslinked to obtain nanogel particles with a polygonal shape [74].



It is also possible to make pH-responsive nanogels, which exhibit a slow release at an acidic pH (e.g., pH = 5) and a minimal release at a neutral pH. This behavior is shown, for instance, by nanogels obtained through a Michael addition-type reaction between thiol-modified hyaluronic acid and a diacrylated EO-PO-EO block copolymer [75]; by nanogels synthesized from the reaction between methacrylated hyaluronic acid and a crosslinker containing ortho ester groups [76]; and by nanogels obtained from the crosslinking between (a) boronic acid-conjugated lactose-modified chitosan and (b) dopamine- and nitric oxide-conjugated partially carbonized hyaluronic acid [77]. The mild acidity of the cancer cell microenvironment is also exploited as a release trigger in Zhu et al. Using cholesteryl methacrylated hyaluronic acid, they synthesize crosslinked nanogels that entrap acid-activatable hyaluronidase. The latter enzyme promotes the payload release, by degrading hyaluronic acid in response to a pH shift towards the acidic range [78].



In some works, the same conjugating agent has been used both to bind a certain compound to the hyaluronic acid backbone, and to cause crosslinking of the hyaluronic acid chains. This is done, for instance, in Choi et al., where the compound conjugated to hyaluronic acid is dihydroxyflavone, a polyphenolic species with strong antioxidant activity, and the conjugating agent is 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) [79].



Tian and coworkers fabricate nanogels through a first crosslinking between a poly(ethylene glycol) diglycidyl ether and hyaluronic acid, followed by a second crosslinking that results from the introduction of cystamine in the nanogel network [80]. The glycerol diglycidyl ether is used as a crosslinker by Suner et al. to make nanogels based on both plain hyaluronic acid, and a hyaluronic acid:sucrose copolymer [81]. Like in the work by Tian et al., cystamine is also used as a crosslinker in a study by Chen et al. However, in this case, the polymer that becomes conjugated with hyaluronic acid is poly(N-isopropylacrylamide) (pNIPAM), allowing nanogels to be synthesized that are at the same time thermoresponsive and capable of glutathione-triggered drug release [82]. Thermoresponsiveness is achieved by Xu and coworkers by making cysteine-modified hyaluronic acid, which is then grafted with pNIPAM [83].



Cao and coworkers make a crosslinked nanogel based on hyaluronic acid and  β -cyclodextrin, which are linked together by amide bonds, exploiting the hydrophobic cyclodextrin cavity to encapsulate a pharmaceutical active like auraptene, while hyaluronic acid performs the “usual” function of promoting targeted delivery [84].



Yang et al. bind folic acid and hyaluronic acid onto the surface of peptide dendrimers’ nanogels, obtaining an anti-inflammatory drug for osteoarthritis treatment. Suitable modifications of this approach may have potential for other applications, e.g., in the dermatological field [85].



Zhang and coworkers synthesize a PEGylated hyaluronic acid nanogel, showing hypoxia-responsive drug release [86].



Limiti et al. make nanogels from the crosslinking of hyaluronic acid with polyethylenimine, obtained via a water-in-oil, mixed emulsion approach. The mixed emulsion strategy has the advantage, versus previous emulsion/evaporation methods, of enabling the construction of nanoscaffolds based on two (or more) polymers that are both hydrophilic [7]. The same approach can also be implemented by leveraging microfluidics for more precise particle size control [13].



Fu and coworkers prepare nanogels by conjugating hyaluronic acid with monomethoxy poly(ethylene glycol). This conjugate is then reticulated by a cross-linker based on 4,4’-(diazene-1,2-diyl)dibenzoic acid (AzDC) and 1,1’-carbonyldiimidazole (CDI), which is claimed to make drug release from these nanogel particles hypoxia-responsive [87].



In a study by Gao et al., nanogels based on cholesterol-grafted methacrylated hyaluronic acid are surface-decorated with biotin, to obtain nanoscaffolds that have the ability to target both CD44 and biotin receptors [88].



Liwinska and coworkers synthesize a nanogel based on di(ethylene glycol) methyl ether methacrylate, poly(ethylene glycol) methyl ether methacrylate, and hyaluronic acid methacrylate, crosslinked with di(ethylene glycol) diacrylate using a precipitation polymerization method [89].




4.3. Hybrid Approaches


A synthetic strategy that has been adopted by several investigators consists of two steps: first, a self-assembled nanogel is obtained from a suitably modified version of hyaluronic acid or from the association of hyaluronic acid with another polymer. Then, a crosslinking reaction is used to increase the stability of the nanogel particles previously formed by self-assembly.



In line with the above scheme, Yang et al. promote the self-assembly of hyaluronic acid by hydrophobically modifying the polymer with the attachment of pyrene moieties to its backbone. This enables the formation of physically associated nanoparticles, which are then stabilized via chemical cross-linking, resulting in the synthesis of hydrophobic core–hydrophilic shell nanoparticles with a ≈400 nm size [90].



Novoa-Carballal et al. describe a synthetic approach where a block copolymer of hyaluronic acid with polyethylene glycol spontaneously forms nanogel complexes with poly-L-lysine. This is followed by crosslinking with carbodiimide to produce highly stable nanogel particles [91].



An example of the association of unmodified hyaluronic acid with another polymer is presented by Aswinkumar et al., who make a composite nanogel based on hyaluronic acid and chitin, which is then crosslinked with cystamine dihydrochloride [92].



In a few papers by Pedrosa and various coworkers, a modified amphiphilic hyaluronic acid, obtained from its conjugation with a thiolated hydrophobic molecule, provides self-assembled nanoparticles in water with an average diameter of ≈80 nm. The nanogel particles in this system are then reticulated by a suitable crosslinker, with the result that the crosslinked nanogel shows better stability upon dilution as well as higher drug payload capacity than the parent, non-crosslinked material [23,93,94].



Ohta et al. and Amano et al. show the possibility to conjugate hyaluronic acid with chelating ligands, such as iminodiacetic acid or malonic acid. These conjugates can then be mixed with transition metals (cisplatin in the cited papers) to obtain the spontaneous formation of a nanogel that is crosslinked by the coordination of the above ligands with the metal [95,96,97].





5. Existing Studies on Hyaluronic Acid Nanogels for Skin Treatment


In the previous section, we reviewed the literature about nanogel systems based on hyaluronic acid and their synthetic methods, regardless of the specific applications discussed in each study. In most cases, the applications concern drug delivery for the systemic treatment of cancer or a range of inflammatory diseases.



On the other hand, as mentioned in the Introduction, a few studies on dermatological applications of hyaluronic acid-based nanogels have appeared over the past 2–3 years (see Table 2) and, given their relevance to the present work, they will be separately reviewed in this dedicated section. Clearly, the main objective of these studies is to use hyaluronan-based nanocarriers to enhance the skin penetration of some drug or active ingredient and, at the same time, maximize its retention in the skin.



Wei et al. make nanocrystals of baicalin, which is a naturally occurring flavonoid with anti-inflammatory, antimicrobial, and antifungal properties. Being lipophilic and poorly water soluble, it is difficult to effectively use baicalin in topical formulations. By dispersing baicalin nanocrystals into a hyaluronic acid hydrogel, the authors show very good in vitro transdermal permeation data and also the evidence that the hyaluronic acid hydrogel prevents the aggregation of baicalin nanocrystals, which would decrease their ability to penetrate skin [98].



Chen and coworkers prepare nanoethosomes (these are nanoscopic liposomes made using both water and ethanol as solvents) containing 5-aminolevulinic acid, which are embedded into hyaluronic acid meshes. The resulting drug vehicle system exhibits very good in vitro and in vivo transdermal delivery performance, showing potential as a therapeutic strategy for hypertrophic scars and other skin diseases [99]. This may also be an interesting concept to explore in the cosmetic field.



Soriano et al. make a nanogel based on poloxamer 407, chitosan, and hyaluronic acid as the main ingredients, which is loaded with melatonin and shown to deliver significant wound healing benefits [100].



Kim et al. [33] proposed the chemical crosslinking between ovalbumin-conjugated hyaluronic acid-methacrylate and schizophyllan-methacrylate via photopolymerization and ultrasonication. The resulting HA- β -glucan nanogels exhibited improved skin penetration, thanks to the amphiphilicity and hydrating properties of HA [101], and were internalized in dendritic cells. The nanocarriers were suitable for the delivery of the immunomodulator (i.e., ovalbumin) for the definition of an innovative transdermal immune therapy (Figure 5A,C).
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Table 2. Summary of key literature references concerning skin applications of hyaluronic acid nanogels.






Table 2. Summary of key literature references concerning skin applications of hyaluronic acid nanogels.





	Authors
	Composition
	Hyaluronic Acid Molecular Weight
	Key Features/Benefits





	Wei et al. (2018) [98]
	Baicalin nanocrystals obtained by homogenization and spray-drying, then dispersed in hyaluronic acid hydrogel
	800–1000 kDa
	Effective transdermal delivery of poorly soluble drugs



	Chen et al. (2020) [99]
	Nanoethosomes containing 5-aminolevulinic acid (ALA), embedded into hyaluronic acid meshes
	10 kDa
	Effective transdermal delivery of ALA



	Soriano et al. (2020) [100]
	Melatonin-loaded nanogels made of poloxamer 407, chitosan, and hyaluronic acid
	1.46 MDa
	Wound healing



	Kim et al. (2020) [33]
	Ovalbumin-conjugated hyaluronic acid-methacrylate (HAMA-OVA) and schizophyllan-methacrylate (SPGMA) hybrid nanogels
	29 kDa
	Topical delivery carrier for immunomodulation



	Luckanagul et al. (2021) [22]
	Hyaluronic acid-grafted poly(N-isopropylacrylamide) nanogel
	47 kDa
	Improved delivery/bioavailability of curcumin and other hydrophobic drugs



	Niu et al. (2022) [24]
	Silk peptide-hyaluronic acid based nanogels
	<10 kDa
	Enhanced topical delivery of curcumin



	van Gent et al. (2023) [102]
	Octenyl succinic anhydride-modified hyaluronic acid nanogels, loaded with antibacterial peptide
	50 kDa
	Improved treatment of skin wound infections










A hyaluronic acid-grafted poly(N-isopropylacrylamide) nanogel synthesized by Luckanagul et al. [22] shows good potential for the delivery of hydrophobic bioactive compounds such as curcumin. In addition, using an artificial skin model, the authors were able to demonstrate a slight skin protection effect (Figure 5B,D).



Nanogels made of octenyl succinic anhydride-modified hyaluronic acid (OSA-HA) are prepared by van Gent and coworkers to encapsulate a synthetic antibacterial and antibiofilm peptide (SAAP)-148 for the treatment of skin wound infections. The nanogels are produced by a microfluidic chip, where a OSA-HA solution and a SAAP-148 solution are injected in different microfluidic streams [102].



In another recent work, hyaluronic acid conjugated with octadecylamine is further conjugated with a silk peptide, to produce a nanogel loaded with curcumin. Evaluation of the in vitro transdermal penetration and skin retention shows a strong improvement compared to the results obtained with free curcumin. This results in significant analgesic and anti-inflammatory benefits [24].




6. Conclusions


In this review, after providing some background information about hyaluronic acid and nanogels, we summarized the literature specifically concerning nanogel systems based on hyaluronic acid as a key constituent.



Our analysis shows that hyaluronic acid is, chemically, a very versatile biopolymer, which can be functionalized to yield a wide range of derivatives that allow various nanogel synthetic strategies to be pursued, based on either physical self-assembly or chemical cross-linking, or a combination of both.



Most of the existing studies about hyaluronic acid nanogels are focused on drug delivery applications and are mainly targeted at cancer therapy, by exploiting the biopolymer affinity for the CD44 receptor. Very few papers are aimed at exploring the potential of these nanocarriers in a dermatological or cosmetic context, although there seems to be a recent, growing trend over the past 2–3 years to look more closely into these applications.



However, it should appear from our analysis that the richness of synthetic methods and nanogel particle compositions described in the literature is such that, in principle, numerous options would be available to the cosmetic formulator who wanted to build on this approach to design innovative products. It should also be clear that nanogel carriers originally synthesized for the delivery of a certain therapeutic agent can work equally well for the release of different types of actives, provided that the latter have sufficient affinity with the nanogel pore environment.



Therefore, we hope this review will stimulate further interest in assessing the potential of this versatile chemistry in the dermatological and cosmetic field, providing formulators with useful perspectives through a structured overview of some of the most relevant literature.
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Figure 1. Chemical structure of hyaluronic acid, showing two disaccharide repeating units. Each disaccharide unit is made of  β 4-glucuronic acid and  β 3-N-acetylglucosamine, which are linked together by an ether bond. The repeating units are connected to one another by an ether bond. The carboxyl, hydroxyl, and amine groups eligible for chemical reactions with other polymers or molecules are highlighted. 
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Figure 2. Yearly number of publications and citations regarding the topic of nanogels based on hyaluronic acid between January 2009 and June 2023. [Data from Web of Science, provided by Clarivate. Web of Science and Clarivate are trademarks of their respective owners and used herein with permission]. 
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Figure 3. Scheme of the main drug release profiles: a controlled and sustained release over time (black line) meets the criteria of a prolonged therapeutic effect, resulting in the best option compared to a fast release (green line) and a pulsatile administration of the drug in free form (red line). Putative representation of nanogel adhesion and controlled release of the encapsulated drug over a dermal layer is reported in A and B, respectively. 
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Figure 4. Main approaches in nanogel synthesis. (A) Self-assembly via ionic interactions. (B) Self-assembly through hydrophilic (red/blue lines) and hydrophobic (yellow motifs) interactions. (C) Chemical crosslinking. (D) Hybrid strategy. 
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Figure 5. Representation of two different strategies to synthesize hyaluronan-based nanogels and examples of their cell internalization. (A) Functionalization of HA hydroxyl groups with aldehyde motifs and subsequent conjugation to ovalbumin; (B) Conjugation of HA with pNIPAM (poly(N-isopropylacrylamide)); (C) Internalization of ovalbumin-conjugated nanogels in JAWSII cells to achieve transdermal immunomodulation; the arrows indicate the formation of dendrites, implying cell maturation, after nanogel treatment (D) Internalization of HA-pNIPAM nanogel in NIH-3T3 cells for controlled release of curcumin. [(A,C): Reprinted from Kim et al. [33] with permission from Elsevier, copyright (2021). (B,D): Readapted and reprinted from Luckanagul et al. [22] with permission from MDPI, copyright (2021)]. 
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Table 1. Definition of different kinds of softness linked to nanogels and corresponding equations. For a generic variable x, the expression x(c) means that the variable is a function of the nanogel concentration c.
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	Softness Evaluated as:
	Variables
	Equation





	Deformation
	elastic free energy of deformation (  Δ E  ), thermal energy of a nanogel (   k b  T  )
	

        S E   ( c )  =    k B  T   Δ E ( c )         



(3)







	Deswelling
	nanogel size at infinite dilution (R) and in a reference state (  R  r e f   )
	

        S D  =   R  c  ↪ 0     R  r e f          



(4)







	Interpenetrability
	radius (R) of colloid (sphere) in concentrated sample and the corresponding nearest neighbor distance (  d  n n   )
	

        S I   ( c )  =   2 R ( c )    d  n n    ( c )    − 1       



(5)







	Faceting
	nanogel sphericity ( Ψ ), volume (V), surface area (A)
	

       Ψ =    π  1 / 3     ( 6 V )   2 / 3    A        



(6)
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