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Abstract

This review explores the evolution of the use of hydrogels for craniofacial soft tissue engineering,
ranging in complexity from acellular injectable fillers to fabricated, cell-laden constructs with
complex compositions and architectures. Addressing both /n situand ex vivo approaches, tissue
restoration secondary to trauma or tumor resection is discussed. Beginning with relatively simple
epithelia of oral mucosa and gingiva, then moving to more functional units like vocal cords

or soft tissues with multilayer branched structures, such as salivary glands, various approaches
are presented toward the design of function-driven architectures, inspired by native tissue
organization. Multiple tissue replacement paradigms are presented here, including the application
of hydrogels as structural materials and as delivery platforms for cells and/or therapeutics. A
practical hierarchy is proposed for hydrogel systems in craniofacial applications, based on their
material and cellular complexity, spatial order, and biological cargo(s). This hierarchy reflects
the regulatory complexity dictated by the Food and Drug Administration (FDA) in the United
States prior to commercialization of these systems for use in humans. The wide array of available
biofabrication methods, ranging from simple syringe extrusion of a biomaterial to light-based
spatial patterning for complex architectures, is considered within the history of FDA-approved
commercial therapies. Lastly, the review assesses the impact of these regulatory pathways on the
translational potential of promising pre-clinical technologies for craniofacial applications.

Statement of Significance—While many commercially available hydrogel-based products are
in use for the craniofacial region, most are simple formulations that either are applied topically
or injected into tissue for aesthetic purposes. The academic literature previews many exciting

"Correspondence: Daniel Harrington Daniel.Harrington@uth.tmc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Trubelja et al. Page 2

applications that harness the versatility of hydrogels for craniofacial soft tissue engineering.

One of the most exciting developments in the field is the emergence of advanced biofabrication
methods to design complex hydrogels systems that can promote the functional or structural repair
of tissues. To date, no clinically available hydrogel-based therapy takes full advantage of current
pre-clinical advances. This review surveys the increasing complexity of the current landscape of
available clinical therapies and presents a framework for future expanded use of hydrogels with an
eye toward translatability and U.S. regulatory approval for craniofacial applications.
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1. Introduction

Hydrogels are three-dimensional (3-D) assemblies of a hydrophilic network (e.g., polymers,
proteins, or self-assembled small molecules), swollen with a high proportion of water.
These systems retain their physical structure through physical or chemical crosslinking of
the network, but remain in a dynamic equilibrium between the solid and liquid phases

[1-4]. While they have been used commercially for several decades in a broad range of
applications, the use of hydrogels for tissue engineering is rapidly growing, with a projected
global market size of over $1.1 billion by 2022. [5] Regeneration of lower-modulus tissues
below 10 kPa [6] remains an unmet need, as these tissues often have irreplaceable functions,
and could be served well by the tunable modulus range of soft hydrogels. In the case of
craniofacial tissues, needs exist both for simple agents that provide structural reinforcement,
and for complex whole soft organs such as salivary glands that provide essential lubrication
to the entire oral cavity.

Craniofacial applications have been a unique proving ground for simpler hydrogel-based
therapies, in particular those used cosmetically as external creams or injectable fillers. As
technological breakthroughs emerge to create more precisely structured hydrogel-based
tissue constructs, opportunities arise in parallel to generate higher-order craniofacial
neotissues with architectures that mimic those of human tissues. Such needs span a spectrum
from primarily structural to functional/secretory, but in all cases, recent advances in
biofabrication enabled new methods to create multilayer, 3-D tissues with spatial hierarchy.
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[7] Over the past decade, a new cadre of researchers has emerged with training in advanced
biofabrication methods such as 3-D printing, and commercially-available manufacturing
tools have emerged in parallel, advancing such efforts beyond homegrown systems. Such
methods have captured the imaginations of clinical investigators [8,9]. Yet, there remains a
chasm between research success in proof-of-concept studies and true commercial translation
and clinical adoption. Currently, no 3D-printed soft tissue devices or implants exist on the
market in the United States for any craniofacial application. One study analyzed the FDA
internal database and found 80 3D-printed devices that received 510(k) clearance so far,
with a majority of these intended for orthopedic (hard tissue) applications. [10] Broadly, the
tissue engineering market as a whole generated an estimated $9 billion in U.S. sales in 2017.
[11]

Craniofacial applications are an inviting beachhead use, particularly within the oral cavity,
as it is an easily accessible region, with regenerative/reconstructive needs across the human
lifespan: congenital malformations at birth, trauma throughout life, and progressive decay/
dysfunction in later life. Although the field has a primary foundation in tooth and bone
restorations, advances in soft tissue regeneration are equally necessary and potentially
within reach through today’s technologies. But can they advance to the clinic? In the
present review, we highlight needs for craniofacial soft tissue engineering and identify

the potential of hydrogels to address those needs. We stage these needs across levels of
complexity, identify the solutions that have advanced through FDA approval, and consider
future opportunities for developing complex, multifunctional soft craniofacial tissues.

2. Craniofacial soft tissue needs — issues in disease, trauma, and repair

Craniofacial soft tissue spans a broad range of tissue types with different mechanical
properties and moduli ranging from 1 kPa in the case of brain to tens of kPa for skeletal
muscle, and hundreds of kPa in the case of skin. [1,12] Here, soft tissue is defined broadly
as human tissue that is not mineralized and has a maximum stiffness of approximately 1
MPa. Many living tissues, including craniofacial soft tissue, behave simultaneously as an
elastic material and as a viscous fluid, and therefore are characterized as viscoelastic. In
an important recent study, it was shown that cells encapsulated in 3D hydrogels respond
not only to the elastic but also the viscoelastic properties of their surrounding matrix.

[13] This has an important implication for designing synthetic hydrogels, particularly for
craniofacial soft tissue applications. Soft tissue injuries are among the most common
traumatic craniofacial injuries and account for nearly 10% of all emergency department
visits. [14] Recent reports within specific contexts (e.g., electric scooter use [15-17],
professional sports [18]) identify soft tissue lacerations as the most common injuries
requiring expert repair. The tools available for such repairs vary, both with the urgency
(i.e., emergent vs. planned reconstruction) and the extent of the correction. As one example,
autologous fat grafting (AFG) has emerged as a common surgical method to optimize
long term aesthetics, symmetry, and functional outcomes such as volume supplementation
for improved facial contouring [19,20]. However, these and other tissue-based approaches
face limitations in the predictability of their stability/shrinkage, while more traditional flap
transfers provide a more stable tissue result at the expense of longer surgical time with

a potential aesthetic mismatch. While autologous fat grafting is the current gold standard
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for liposuction and lipofilling, the long-term results of fat grafting are often disappointing.
[21] Similarly, issues of craniofacial muscle loss or dysfunction because of congenital
abnormalities or trauma can be corrected v/a autologous muscle grafts, but at the expense
of donor site scarring or morbidity [22]. Finally, in the clinical care of patients with severe
burn injuries, autologous split thickness skin grafting is still the gold standard, because no
skin substitute has proven successful to date. [23,24] In all levels of soft tissue repair, the
extent to which clinical intervention can recreate and restore the complex 3D structure that
is unique to each patient and procedure could be enhanced by a more predictable suite of
off-the-shelf products.

In more complex cases, advanced biomanufacturing methods could reconstruct muscle,
glands, and other tissues that might be unavailable from donors, or inaccessible by other
means. In many of these types of cases, there is no widely accepted gold standard

method, and this presents an opportunity for the use of hydrogels to facilitate personalized
regenerative approaches that can more accurately mimic native geometry of soft tissues by
using patient image-guided scaffold design to achieve desirable outcomes. [25] Craniofacial
congenital defects, such as cleft lip and palate, represent one such opportunity, as these
affect 1 in 1,000 children born each year in the United States and are among the most
common birth defects. [26] The cleft lip and palate is a combination of soft and hard tissue
defects involving the lip and the maxilla. Surgical correction of these defects often involves
bone grafting and multiple surgical procedures and requires extensive healing time for the
child. Novel hydrogel solutions continue to have great potential in this use, as they are the
best suited to space-filling needs, when used around a stable high modulus bone or polymer
support and offer the necessary bridge from hard to soft tissue through the combination

of hard scaffold and soft hydrogel. A recent thorough review describes craniofacial tissue
engineering applications that span the interface of soft and hard tissue, as well as the
spectrum of tissue engineering approaches, beyond hydrogels. [27]

3. Use of hydrogels for craniofacial soft tissue restoration

The application of hydrogels in craniofacial soft tissue repair can be divided into several
different use-cases: delivery of fillers for tissue repair or broad cosmetic “repair”, delivery
of restorative agents post trauma or for congenital defects, and delivery of biologics for
regenerative medicine treatments.

For drug delivery applications, hydrogels are used widely, both as transdermal delivery
systems and as vehicles for localized sustained release to anatomic sites, particularly in the
temporomandibular joint. [28-30] The shear-thinning behavior of some hydrogel systems is
particularly attractive, as it enables these delivery vehicles to be spread across skin for easy
application.

Within the tissue restoration paradigm, hydrogels have been integral to the development of
craniofacial soft tissue therapies, ranging from acute treatment to long-term regeneration.
Hydrogels are particularly well-suited for soft tissue applications because of their
mechanical properties (elastic modulus and viscoelasticity) that can be tuned to align
closely with those of native soft tissue. [31] As they are viable extracellular matrix
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(ECM) surrogates, hydrogels can serve as scaffolds for multiple tissue types required

for clinical applications, namely skin, muscle, blood vessels, and nerves, all needed in
craniofacial repair applications. As noted above, hydrogel scaffolds used in congenital defect
applications can fill irregular contours in the interface between bone and soft tissue, and

can serve as delivery vehicles for encapsulated cells and/or cytokines. [32-36] Substantial
advancements in bioprinting technologies over the past decade offer far greater control over
geometric placement of cells and cargo, particularly for advance laboratory preparation of an
implant [37]. Bioprinting of hydrogels has lagged efforts with thermoplastics and resins, due
to inherent challenges in creating stable, self-supporting structures from low-modulus gels.
However, multiple solutions were commercialized recently, through innovations in printing
hardware or hydrogel crosslinking chemistry [38-40], Although such innovations may not
have originated in the craniofacial space, they offer great potential to pattern more closely
the complex architecture of native soft tissues and expand the slate of options for engineered
tissue replacements. While the bioprinting of skin and other soft tissues is still at an early
stage of development, multiple promising studies have employed hydrogels as scaffolds for
advanced biofabrication of soft tissues for craniofacial applications. [41]

Because of this broad range of hydrogel-based applications in craniofacial therapies, we
apply a similarly broad definition to “tissue engineered” therapies in this review while
maintaining a focus on the materials and material combinations. Whether employed as a
base for a lotion, a substrate for an injectable particulate-laden filler, or a scaffold for cell-
based therapies, the same hyaluronic acid (HA) or poly(ethylene glycol) (PEG) hydrogel
might be selected. From the perspective of a therapeutic developer, the goals of delivering
a drug, protein, or cell to a tissue site might favor the use of an off-the-shelf hydrogel

with a known FDA master file, rather than the considerable time and expense of developing
a new material. Similarities in materials across applications require a recognition that the
simplest use cases often resemble the most complex. In that sense, we continually return

to the hydrogel itself in this review and demonstrate the versatility of our current array of
options. The subsections below provide some recent literature examples of tissue engineered
elements, of increasing complexity, that have relevance to restoration of the structure or
function of craniofacial soft tissues. Later, in Section 4, we turn our focus to commercial
examples, also categorized by their levels of complexity.

Recent advances in hydrogel chemistry produced a new generation of hydrogel-based
biomaterials that can better mimic the behavior (mechanical, chemical, biological) of
native tissues in the body. [1] Four important design criteria for hydrogels for biological
applications include: 1) composition, 2) cross-linking strategy, 3) delivery methods, and 4)
biological agents. Each of these four design criteria include multiple factors to consider in
the engineering design process, and inform, or in certain instances, dictate, the fabrication
method. Additionally, further considerations might be more relevant to clinicians, such

as the degradation profile once implanted, the surface/bulk properties of the material,

and release kinetics for conventional drugs (e.g., analgesics, antibiotics, and so forth).
Some common methods for fabricating hydrogels for regenerative medicine applications
include microscale photo-patterning, 3D bioprinting, photo-crosslinking, self-assembling or
self-integrating hydrogels, and microfluidic-based fabrication. [42] Often, the target tissue/
organ and end use case can best inform the fabrication method. The types of craniofacial
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soft tissue discussed here include dermal fillers, gingiva, facial muscle, ocular, and glandular
tissue. Instead of serving as an exhaustive list of tissue types, this highlights a broad range of
applications with some exciting commercial examples. Furthermore, these five tissue types
showcase the diversity of hydrogels, given the large range of stiffness and other design
parameters.

3.1. Fillers for tissue repair

Soft tissue lesions, caused by either trauma or disease, present an opportunity for hydrogels
to be used as soft tissue fillers, both for structural integrity and replacement of tissue

that was damaged or lost. Biologically derived fillers have a long history of use, both as
facial fillers and in a variety of soft tissue applications and include collagens and other
extractable ECM components. In a recent example, decellularized porcine ECM hydrogel
was used in a rat model of stroke to preserve brain tissue. [43] The ECM gel was injected
into the brain and formed a hydrogel /n situ. The injected hydrogel decreased brain tissue
cavitation and was retained /n situ over the course of 12 weeks. For aesthetic applications,
similar methods are used in adipose tissue engineering as a filler material. The design
specifications of biomaterials for adipose tissue regeneration involve mimicking the soft
and rubbery characteristics of native tissue, and its ample cytokine production. Another
study recently described the modification of collagen hydrogels to affect adipocyte gene
expression through tuning of elastic modulus, with subsequent impacts on intracellular actin
organization and reprogramming toward a fibrotic phenotype. [44] This manuscript, and
another describing adipocyte-endothelium crosstalk [45], serve to improve both /n vitro
models of adipose regeneration, and /n vivo applications. The wide range of hydrogels in
development for adipose tissue regeneration is highlighted in a thorough recent review. [46]

A notable division in options exists for contemporary dermal fillers, and this is reflected
below in the description of FDA-approved products in Section 5. Broadly, these categorize
as hydrogels intended for near-complete resorption, and those that carry particulates or fibers
that drive local collagen production in response. A report by Li et al. describes a system

in the latter category: electrospun poly(e-caprolactone) (PCL) fibers were incorporated

into a HA polymer hydrogel to chemically mimic native ECM. [47] The porosity of the
hydrogel was intended to encourage cellular infiltration of macrophages and endothelial
cells, while the PCL fibers impart mechanical structure independent of hydrogel crosslink
density. In a rat model, the authors demonstrated that this composite promoted infiltration
of host macrophages, association with the PCL fibers, and induction of a “pro-regenerative”
phenotype. Unlike current models of particulate-hydrogel facial fillers, this work focused
primarily on influencing cell invasion, rather than collagen deposition, and targeted larger
space-filling needs (e.g., mammary tissues). However, such a system matches the design of
particulate-hydrogel facial fillers, and with an analogous tissue-level response, has a similar
end-result to translate to craniofacial applications where a localized increase in collagen is
desired.

3.2. Gingiva

Wound healing in the periodontal space presents an important need for novel therapeutic
approaches, since periodontal disease is a major public health issue and the periodontal
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wound healing process for gingiva is different than that of cutaneous wound healing in
several ways, namely the lack of significant scar formation. [48] Oral epithelium also

heals much faster than dermal skin [49,50] These factors, combined with the warm, moist
environment with copious oral flora, present unique opportunities for tissue engineering
and developing bridge materials. Gingiva, also referred to as gums, is the soft tissue that
surrounds the base of the tooth, and gingiva recession is a major health concern and

active area of research. [51] Through a greater understanding of periodontal wound healing,
the treatment of periodontal disease has gradually shifted away from resective surgical
procedures to regenerative options. [48] Here, hydrogel-based therapies provide some
promising examples. In a recent pre-clinical study, alginate gelatin methacrylate (GelMA)
hydrogels were used to encapsulate gingival mesenchymal stem cells and demonstrated
expedited wound healing in a mouse model. [52] In a clinical study of intraoral grafting,
lab-produced tissue-engineered human oral mucosa equivalents (EVPOME) were used to
assess efficacy in producing a well-integrated surface epithelium. AlloDerm® was used as
the base substrate onto which cells were seeded. The clinical end use case, where the grafts
were to be surgically implanted and sutured into place underneath a flap of skin, necessitated
a stiff ECM matrix that could maintain its integrity after threading with a needle and suture.
[53]

3.3. Facial muscle

Dysfunction of facial muscle can result from injury to facial nerves and can be a disfiguring
condition with both aesthetic and functional impacts. Transplantation of a peripheral muscle
to the dysfunctional site is a common treatment but risks poor reinnervation at the new

site. Within the broad scope of craniofacial soft tissues, skeletal muscle occupies the higher
end of both mechanical potential and observed phenotype preference for its constitutive
cell, the myocyte. This range, typically >10 kPa, spans an interface between the upper
limits of hydrogels and the lower limits of biodegradable thermoplastics and elastomers;
synthetic material choices are therefore often hybrid models, employing both categories

of materials [54]. Decellularized biologically derived extracellular matrices span a similar
range of mechanical properties and are a preferred muscle regeneration substrate by some
investigators. For this soft tissue, hydrogels may serve either as a primary substrate for
myofiber restoration, or a secondary support that encourages necessary vascular or nerve
integration.

In a recent study, Raimondo ef a/. demonstrated the use of ionic-crosslinked alginate
hydrogels to deliver vascular endothelial growth factor (VEGF) and insulin-like growth
factor-1 (IGF-1) in a rabbit model of facial nerve damage. [55] Cytokine-laden alginate gels
were spaced periodically along the length of a transplanted gracilis (thigh) muscle, at the
time of transplantation to the recipient site, and were reinforced every 3-4 weeks with further
injections. Over the course of 3 months, the cytokine treatment from the hydrogel carrier
demonstrated significant functional improvements in the response of the transplanted facial
muscle.

In a separate study of muscle regeneration, photo-crosslinked chitosan hydrogels were
used to deliver re-programmed stem cells to promote myogenic differentiation /in vitro.
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[56] A methacrylated chitosan framework enabled blue light-based photo-crosslinking via
a riboflavin initiator, mitigating cell viability concerns inherent in UV-based crosslinking
systems using the Irgacure® 2959 initiator. Incorporation of type | collagen further
improved cell viability, and the hybrid chitosan/collagen hydrogel ultimately provided an
optimal microenvironment to promote differentiation of the encapsulated cells toward a
myogenic lineage. Increased expression of phenotypic myogenic genes over time, as well as
assembly into structures resembling myotubes, indicated strong potential for reconstituting
these tissues with high relevance to craniofacial use.

Furthermore, in considering tissue engineering approaches for generating functional skeletal
muscle, the generation of intrafusal muscle fibers is highly relevant as is the interaction with
sensory neurons /n vivo. A recent excellent review discusses this in depth. [57]

While not strictly considered craniofacial, many ocular applications of hydrogels are
informative for other soft tissues in the craniofacial space. Ocular interventions require
some of the softest hydrogel materials to match native tissue mechanics. As with oral

and other maxillofacial applications, ocular uses span from transient contact-based delivery
of therapeutics (e.g., eyedrops, now often containing dilute amounts of common hydrogel
components) to extended-use removable devices (e.g., daily-wear contact lenses, one of

the broadest use cases for hydrogels [58] over the past several decades). Intraocular lenses
(IOLs) are one of the few exceptions, as these tend to be sourced from comparatively rigid
and hydrophobic polymers. [59] Extending this use to tissue engineering and 3D bioprinting
of cells within hydrogels, a recent detailed review of the challenges and achievements in
ocular bioprinting and tissue engineering was contributed by Fenton, et a/. [60]

Of the current FDA-approved injectable hydrogel-based systems, the majority employ either
HA, PEG, or collagen as a hydrogel base. [61,62] For the present review, we highlight one
example of a hydrogel system that is less frequently used in oral/craniofacial applications,
but has been described recently for multiple ocular uses. Poly(N-isopropylacrylamide)
(pNIPAAmM) has been the subject of extensive research in biotechnology, for its self-healing
properties, as a drug-delivery system, and as a sensor and actuator. It is particularly well-
suited to biomedical applications because its lower critical solution temperature (LCST)

is very close to body temperature, meaning that it can be delivered as a liquid at room
temperature, and at approximately 32 deg C it undergoes a volume phase transition, becomes
hydrophaobic, and stiffens into a gel. [63-65] In addition to leveraging the versatility of
hydrogels in delivering cells or bioactive compounds, the hydrogel system can be engineered
to reversibly change viscosity in response to temperature. Because of these properties, and
the ease of placement and removal if necessary, pNIPAAm is particularly well-suited for
craniofacial applications.

A recent implementation of pNIPAAM as an ocular sealant applied to the eye sclera after
cataract surgery was described. [66] In this composition, pNIPAAmM was crosslinked with
butylacrylate to match the LCST to local physiologic temperature and improve mechanical
resilience. This preliminary study demonstrated basic safety and efficacy in preserving
intraocular pressures after injury and led to early-stage commercialization efforts of similar
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technology by AesculaTech. In their envisioned use, this hydrogel system can be used to
treat dry eye, by injecting as a plug into a tear duct, restricting tear drainage from the eye
surface. Although still early-stage, this technology has potential for other ocular uses, such
as extended drug delivery.

3.5. Glandular

The salivary gland has been an area of clinical need for functional tissue replacement

for some time, as highlighted in past reviews. [67,68] Previous strategies combined cell
transplantation and gene transfer with engineered scaffolds to generate an artificial salivary
gland substitute. [69-74] Scaffold selection takes cues from materials used for surgical
replacements of other tubular structures in the body, namely intestine, vasculature, ureter,
and trachea. Previously tested materials include poly(L-lactic acid) (PLLA), poly(glycolic
acid) (PGA), PEG derivatives, chitosan, and collagen/Matrigel®. [75,76] Our own lab has
used HA-based hydrogels to support 3D culture of primary human salivary derived cells
[77-79], with customizations to enable gradient delivery of growth factors [80] or hydrogel
tuning to promote spheroid assembly. [81] In a study by Miyake et a/., a gelatin-based
hydrogel was used in a rat model of submandibular gland (SMG) resection to demonstrate
regeneration of newly formed acinar cells. [82] A particularly elegant study from the Okano
and Baker groups used temperature responsive pNIPAAm polymer to form cell sheets of
mouse SMG cells, which were able to polarize and differentiate /n7 vitro [83]. Furthermore,
the authors demonstrated that double layer cell sheets form a glandular-like appearance /n
vitro, offering a promising new therapeutic strategy.

3.6. Focus on the transition to commercial implementations

Of course, these and many other discoveries can only have an impact on human life if

they can transition out of laboratories and into the hands of oral surgeons, dentists, and
other clinical practitioners. Which technologies advance to commercial translation? How
does new research cross the chasm to clinical use? In the following sections, we consider
these questions, and suggest that the answer may lie in a combination of market demand,
interdisciplinary education of clinically focused faculty within tissue engineering curricula,
and ease of regulatory approval by governing agencies like FDA. As new technologies
mature within laboratories, the need to translate these to clinical use remains paramount.

4. Proposal for a hierarchical categorization of hydrogel-based therapies

In this review, we propose a hierarchy for describing hydrogel systems with increasing
degrees of complexity, from simple hydrogel-based delivery vehicles with minimal internal
order, to complex structures with intricate internal order and/or multiple biological

cargos, as graphically depicted in Figure 1. These range from the simplest applications,
designated as 0 order systems, to the most complex use cases, termed 2" order systems.
(Table 1) Contributing factors used for classification include composition, spatial order,
clinical translatability and efficacy, manufacturing considerations, and ultimately, regulatory
categorization. Progressive complexity from the simplest 0 order hydrogels also represents
the progression through the complexity of the regulatory pathway, from topically applied
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gels that are not FDA regulated to products appropriate for the Biologic License Application
(BLA) designation. [84]

The hierarchical framework and the regulatory considerations in this review are focused on
the U.S. market and the U.S. FDA in order to provide examples of regulatory processes and
pathways that may be expected to be similar in other markets worldwide. We acknowledge
that there are significant differences in regulatory processes worldwide, particularly as

it relates to regenerative medicine therapies. The FDA is organized into 9 center-level
organizations, of which three are particularly relevant in the context of this review:

the Center for Biologics Evaluation and Research (CBER), the Center for Devices and
Radiological Health (CDRH), and the Center for Drug Evaluation and Research (CDER).
CDRH is primarily focused on medical devices, such as those marketed through the 510(Kk)
pathway. CBER has offices within it that focus specifically on biologics quality, blood
research, vaccines research, and tissues and advanced therapies, representing the major
categories of novel products that would be routed through CBER for regulatory approval.
CDER is responsible for therapeutic drugs in product classes that include chemically
synthesized molecules, antibiotics, hormone products, and bioactive proteins.

Historically, as the production of biologics (such as small molecule inhibitors) became more
standardized and commonplace, the interagency agreement and jurisdiction for the review of
certain biologic agents transferred from CBER to CDER. [85] More often than not, CBER
reviewed applications involving novel agents with mechanisms of action that were poorly
understood. Furthermore, CBER reviewers historically tended to focus more on clinical
outcomes as primary endpoints, and as part of a BLA, assess for safety, purity, and potency,
as compared to a New Drug Application (NDA) routed to CDER that would merely need to
show safety and efficacy. [85] Notably, a BLA can be directed to either CBER or CDER for
review. Biologics including cell and gene therapy products, as well as vaccines and blood
products, would be directed to CBER, while most bioactive proteins, such as antibodies,
growth factors, cytokines, and enzymes, would be reviewed by CDER. Given the added
complexity in the BLA versus the NDA, the proposed hierarchical categorization indexes on
the requirement for a BLA, as well as the number of active biologics in the product.

Beyond the center-level classification, many commercial examples discussed in this review
may receive one or more other notable designations: HCT/P and/or RMAT. Human cells,
tissues, and cellular and tissue-based products (HCT/P) are subject to specific requirements
in 21 CFR 1271, largely related to public health, avoidance of disease transmission, and
quality controls. HCT/Ps can receive a primary classification either through CBER or
CDRH, depending on the specific tissue type that is employed, and whether or not it is

a combination product. The majority of these HCT/Ps are classified under CBER, and
FDA provides multiple Guides and other tools to assist manufacturers in determining their
product’s likely designation. [86] Certain HCT/P categories are also exempt from a PMA
or BLA,; that exemption hinges largely on whether the HCT/P is considered “minimally
manipulated” and intended for “homologous use,” concepts which are described well in

a recent review. [87] Conversely, HCT/P sources which exceed these boundaries, either
through extraordinary processing (e.g., decellularization, ECM digestion, lyophilization,
etc.) or a non-homologous use (e.g., bladder-derived matrix as a wound therapy) require
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additional FDA approval for safety and efficacy. The relevance of this provision will be more
apparent below, when considering human-derived ECM.

The Regenerative Medicine Advanced Therapy (RMAT) designation was introduced in 2016
as part of the 215t Century Cures Act, as a means to expedite the development, review, and
ultimate approval of novel regenerative medicine therapies. Qualifying RMAT therapies are
either a cell-based therapy, therapeutic tissue engineering product, human cell and tissue
product, or any combination of these. Furthermore, the therapy has to be intended to treat a
serious or life-threatening disease, and preliminary clinical evidence has to indicate that the
therapy has potential to address unmet clinical needs for that condition. RMAT designation
includes all of the benefits of the Fast-Track and Breakthrough Therapy designations,
particularly more frequent interactions with the FDA. [88] A tissue engineering product,
Humacyl, received one of the earliest RMAT designations in 2017. [89]

Alternatively, there is another commercialization pathway for simple, topically applied
hydrogel creams and lotions, which are commonly marketed in the cosmetic category.
Because they are not classified as Class 111 products and include components that are
substantially equivalent to an existing legally marketed device, they are subjected to fewer
regulatory controls. The Federal Food, Drug, and Cosmetic Act (FD&C Act) and the Fair
Packaging and Labeling Act (FPLA) are two major statutes pertaining to cosmetics on the
market in the United States. The FD&C defines cosmetics by their intended use, which

is a product intended to be topically applied to the body for cleansing or altering the
appearance. The item becomes a ‘drug’ if it is intended to treat or prevent disease. This is
the legal mechanism by which many products containing hydrogel formulations avoid the
FDA approval process and are merely FDA regulated (rather than “approved”), to ensure
they are not making a therapeutic claim. The FPLA, on the other hand, is responsible for
regulations requiring that all consumer commaodities be labeled to disclose the net contents
(the ingredients), the name of the distributor, and the net quantity of contents. Therefore,
aside from regulations that restrict the use of certain hazardous chemicals and require
warning statements for others, there is no requirement for specific tests to demonstrate safety
or efficacy of these products. The distinction between a topical treatment that requires a
prescription and one that is available over the counter could be the concentration of the
active ingredient, or sometimes, the decision of the manufacturer to apply for a 510k filing.
[90]

Many of the most popular hydrogels for clinical use are synthetic (e.g., PEG), or derived
from non-mammalian sources (e.g., alginate, HA). These all are viewed reasonably as
injectable “devices” within which drugs or biologics can be added. However, ECM-derived
hydrogels serve as a notable exception, due to their inherent content of potentially active
structural and signaling proteins, and therefore cannot be classified as a monolith. If the
hydrogel is derived from human cells or tissues (i.e., HCT/P), it would be CBER-regulated
(except for a select few tissues that are CDRH-regulated), and is classified in this review as
a 1%t order product. Alternatively, if the ECM is derived from a non-human animal tissue,
and does not contain any human biologics, then it typically would be regulated by CDRH.
Fine intermediate divisions remain in these cases; for example, secreted human products are
not HCT/Ps, but an organized ECM matrix deposited by human cells onto a scaffold may
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begin to resemble a “combination” device, and require review by both CDRH and CBER.
In all cases, the addition of human cells to the hydrogel would automatically classify the
product as CBER-regulated. Therefore, ECM-derived hydrogels could conceivably range in
complexity from 0t order to 2" order, depending on whether human cells are present, and
whether or not the matrix itself requires a BLA.

In the Sections 5-7 that follow, we describe examples in each category of our proposed
hierarchical organization (Table 1), with intentional focus on commercialized products. In
the more complex cases, there may be no example of a tissue engineering product that
has been transitioned successfully from the lab to the clinic; for these, we offer the closest
pre-clinical examples for soft tissues in the craniofacial space. Section 8 considers the
outlook for all of these potential therapies, given the above regulatory requirements.

5.0 order applications: Hydrogels with simple structure and composition

0 order hydrogels are those with no deliberate molecular orientation, macroscale design, or
embedded CBER/CDER-regulated biologics. These acellular hydrogels can be applied non-
surgically, either topically as transdermal lotions and creams, or via injection, commonly as
fillers. [91] For example, Juvederm® and other similar dermal fillers would be classified

as 0 order systems. 0 order hydrogel systems encompass seminal contributions in the field
of craniofacial tissue engineering and provide examples of some of the earliest clinically
approved engineered substances, like HA. Examples highlighted here as 0 order systems
have a more immediate clinical translatability because of their ease of application and broad
use cases.

5.1. Topical lotions and creams

The most fundamental examples of hydrogel systems for soft tissue applications involve
topical lotions and creams, which are non-invasive and have a quicker pathway to global
commercialization. For example, certain dermal fillers and creams that require a prescription
in the US can be legally obtained without a prescription in the UK. As noted in Section 3,
these represent the very simplest examples of tissue engineering/restoration, yet their use

of very similar hydrogels to those in traditional tissue engineering scaffolds warrants their
inclusion here. Some relevant design criteria for a manufacturer of topical hydrogel-based
formulations are highlighted in Figure 2. Figure 2A describes examples of absorption

rates of hydrogel components (e.g., multiple molecular weights of HA) through the skin,
which have relevance to the target layers for treatment. Although hydrogel properties vary
widely, based on composition, charge, and total amphiphilicity, multiple studies found that
hydrogels enable deeper penetration and increased absorption of drug compounds into more
layers of the skin as compared to other formulations, such as oil-based emulsions and
ointments. [92-94] One possible explanation for this is that compounds in hydrogels are
immediately available for diffusion into the skin, compared to oil-based formulations, where
the compound must first release from the lipid phase before it can penetrate through the
skin. Figure 2B demonstrates the broad range of types of skin diseases that can be treated
with hydrogel creams topically applied to the face. These include most commonly acne,
mycosis, and psoriasis, and represent an important precursor to current tissue engineering
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approaches. Acne represents the biggest commercial opportunity as it accounts for the
second-highest global disease burden among all skin disorders (second only to eczema).
[95] Figure 2C depicts improvement in acne vulgaris symptoms following application of

a hydrogel delivering a combination of therapeutics. In two multi-center clinical trials,
patients demonstrated significant improvement in total lesion counts at 12 weeks using

a hydrogel based tretinoin gel. [96] Finally, Figure 2D demonstrates the broad range of
potential formulations for topical products, including gels, ointments, emulsions, films,
creams, pastes, lotions, and patches. [28,29,96-107] As shown in Figure 2C and described in
([106],[108]) and other reviews, the “simplicity” of 0 order hydrogel systems reflects only
their path to commercial use, and not the effort involved in deriving acceptable features in
the marketplace. [103] Fine adjustments in the balance among base polymers, emulsifiers,
and water content can greatly impact key elements, such as perceived “feel” on the skin
and long-term shelf stability. These formulations are the product of decades of industry
expertise. However, the availability of hydrogel precursors with existing FDA Master Files
simplifies their implementation in final formulations, and their ultimate approval.

Beyond these design considerations, some examples of hydrogel formulations that are used
for very specific applications include tazarotene, which is available in a gel under the
brand name TAZORAC® and as a lotion under the brand name ARAZLO™. While there
exist slight differences in the formulations that are beyond the scope of this review, it

is noteworthy that retinoids, which are a class of compounds related to vitamin A, have
been used commercially in hydrogel formulations for the treatment of acne for over 20
years, and are a classic example of a topical 0 order hydrogel system. [109] However,

an important distinction with tazarotene derivatives such as ARAZLO™, as compared

to other topically applied products mentioned previously, is that ARAZLO™ underwent
CDER approval because of the active drug ingredient, tazarotene. A key inactive ingredient
in these formulations is carbomer homopolymer type B, which is produced by Lubrizol

for pharmaceutical applications under the brand names Carbopol, Pemulen, and Noveon.
Specifically, Carbopol homopolymers are polymers of acrylic acid crosslinked with allyl
sucrose or allylpentaerythritol. The networks swell 1000x when exposed to water to form
a hydrogel, and can be tuned to provide the following functionality for clinical use:
controlled release properties, bioadhesion in buccal and ophthalmic applications, rheology
modification to provide a wide array of viscosities for end use as a lotion, cream, or gel,
and suspension of insoluble active ingredients. [110] Interestingly, MuGard® represents a
different application of Carbopol - this loose hydrogel solution is used as an oral swish for
management of oral mucositis and all types of oral wounds. [111]

In contrast to the small molecule delivery paradigms used in ARAZLO™ and TAZORAC®,
the company NOVAN has a proprietary technology for binding a nitric oxide precursor to

a polymer (berdazimer sodium), co-delivered with carboxymethylcellulose hydrogel, for the
purpose of using NO release to treat acne vulgaris and other skin conditions. [112,113] A
final notable commercial example of a 0 order hydrogel systems is Geliperm, a semi-rigid
hydrogel patch for use in corneal protection during general anesthesia for nonocular surgery
[114,115]. Although this material is not used as either a lotion or cream for drug delivery
and stretches or exceeds the category of “soft tissue craniofacial engineering,” its simple
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composition addresses a key clinical need and demonstrates the utility of such materials
across the spectrum of use.

5.2. Dermal fillers

Acellular absorbable dermal fillers in the cosmetic market began with bovine collagen
formulations in the 1970s, with Allergan products (Zyderm and Zyplast) capturing a
significant portion of the overall market over the last few decades. The approval of
Restylane, brought to market by Medicis, in 2003, marked the first FDA-approved dermal
filler made from biodegradable HA from non-animal sources. [116,117] With reduced
immunogenicity and an /n7 vivo lifespan of up to 18 months, it demonstrated superior results,
and Allergan and Anika quickly followed with Juvederm® and Elevess™, respectively.
[118,119] Of note, Elevess™ contains 0.3% lidocaine, but none of the products contained
any other types of biological materials, such as cells or growth factors. [120]

0 order injectable hydrogel formulations are presented in Figure 3. In a second category
of FDA approved dermal fillers, represented with a demonstrative academic example

in Figure 3A, similar hydrogels include suspended microparticles that augment volume
by inducing collagen accumulation. Sculptra Aesthetic consists of poly(L-lactic acid)
(PLLA) microparticles suspended within a carboxymethylcellulose support. The PLLA
microparticles initiate a foreign body response, which in turn results in collagen type |
deposition in the ECM. [121] Other similar agents used for these aesthetic purposes include
poly(e-caprolactone) (PCL) (used in Sinclair Ellansé) [122], poly(methyl methacrylate)
(PMMA) (used in Bellafill, formerly Artefill) [122,123] and calcium hydroxyapatite (used
in Merz Radiesse), [124] all suspended within injectable hydrogels, and all with the same
intended mechanism of collagen production at the injection site.

Another example of an injectable hydrogel for soft tissue use is PuraMatrix™, by 3D-
Matrix, as shown in Figure 3B. PuraMatrix™ is a synthetic 16-amino acid peptide with
alternating charged residues and is characterized by a stable beta-sheet structure that enables
its pH-triggered self-assembly into hydrogels in agqueous conditions. In the presence of
physiological concentrations of cations, it forms nanofibers with a mesh size similar to
native ECM and provides a suitable scaffold for encapsulated cells. [125,126] Its analogous
clinical products, PuraStat® and PuraSinus®, are approved for some soft-tissue applications,
and are in multiple clinical trials for several others. [127,128] PuraSinus® is of particular
interest for craniofacial use, as it has been approved by the FDA as a Class 11 medical

device for use in both hemostasis and adhesion prevention in otorhinolaryngeal applications.
[129] Outside of the United States, PuraStat® has been used for hemostasis in multiple
similar applications, in gastrointestinal, colorectal, hepatic, and other resections. By our
definitions above, both PuraSinus® and PuraStat® would be classified as 0 order hydrogels.
PuraMatrix™ is more often described in the literature as a support matrix for cells in tissue
regeneration, and would be considered as a 15t order product; however, it is not yet marketed
for clinical use. [130-134]

Osmotic tissue expanders are examples of 0 order hydrogels that are self-inflating and
eliminate the need for repeated injections in the process of soft tissue reconstruction.
Highlighted in Figure 3C, Osmed™ hydrogel soft tissue expanders consist of a cross-linked
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hydrogel of methyl-methacrylate (MMA) and N-vinylpyrrolidone co-polymers, enclosed
within a thin silicone shell. The hydrogel is engineered to swell at a predetermined,
controlled rate and maintenance by the surgeon is not necessary. [135-139]

5.3. Ocular sealants

Other hydrogel systems have found valuable use as sealants, particularly in ocular
applications, which is depicted in Figure 3D. [140] In 2014, FDA provided Premarket
Approval (PMA) through CDRH for ReSure® (Ocular Therapeutix), a poly(ethylene glycol)
(PEG)-based sealant for use in closing incisions resulting from cataract surgery. The two-
part compound consists of an amine-functional tri-lysine, and a 4-arm PEG, terminated

in amine-reactive N-hydroxysuccinimide (NHS). The two components are reconstituted

in sterile water and mixed at the time of use, reacting to form a stable hydrogel in

under a minute. This system offers advantages over cyanoacrylate sealants, which are
comparably fast and mechanically robust, but overly rigid for ocular use, non-biodegradable,
and inflammatory. Ocular Therapeutix has other PEG-based hydrogel systems in clinical
trials now, as dehydrated injectable fibers that enable sustained release of small molecules
(e.g., tyrosine kinase inhibitor axitinib [141], prostaglandin analog travoprost [142], or
cyclosporine [143] for dry eye). Another interesting ocular application includes Vitargus®,
which is a vitreous gel substitute for the eye. [144] The natural vitreous gel is composed
of collagen and HA, and Vitargus® is similarly based on chemically-modified HA,
functionalized with either aldehyde or hydrazide groups. [145] These react quickly when
mixed, enabling a self-supporting gel to form, with appropriate refractive index to match
the native vitreous, while maintaining low cytotoxicity /n vitro. In practice, Vitargus® sets
as a stable semisolid gel adhering to the retina. There remains an ongoing need for such
vitreous substitutes within the field of ophthalmology, [146] and Vitargus® is among other
comparable engineering substitutes (e.g., Healaflow) in the field. [147]

5.4. ECM-based hydrogels

Another approach relies on the production of ECM-derived hydrogels from decellularized
animal tissues. [148] In this case, the ECM would not be an HCT/P or a CBER/CDER-
regulated biologic since it is animal tissue-derived. This approach has seen some early
success in Phase | clinical trials and because animal tissue can easily be sourced and
processed, manufacturing processes can be optimized and performed in GMP facilities.
The process involves two key steps: 1) solubilization of the ECM source material into its
constitutive protein components, and 2) temperature and pH-controlled neutralization to
ensure spontaneous reformation into a hydrogel. [148-150] Protein components are obtained
through enzymatic digestion of the ECM in a dilute acid solution. After neutralizing to
physiologic pH and adding salt buffers, the ECM digest forms a gel in a process dominated
by collagen kinetics.

The most prominent examples of these hydrogel systems have used ECM derived from
bladder tissue or small intestine, but these have not yet reached a critical commercial
application in craniofacial use. A recent alternate example of how such hydrogels could be
employed in other tissue systems is found in Ventrigel, an injectable, porcine myocardium-
derived hydrogel. Ventrigel is intended for injection near the site of cardiac muscle injury in

Acta Biomater. Author manuscript; available in PMC 2023 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trubelja et al.

Page 16

myocardial infarction patients. Its creators suggest that its derivation from myocardial tissue
yields a tissue-specific ECM composition that uniquely mimics the native tissue, and could
better support repair than non-matched ECM. It has successfully completed phase I trials
and was demonstrated safe in a first-in-human study of treatment. [149]

5.5. Cosmeceuticals

In contrast to these examples, some hydrogel-based products may contain biologics, but still
would be considered 0 order, as they are not CBER/CDER-regulated. Cosmetic products
that contain bioactive ingredients, but are not marketed to generate a biologically-driven
response, have been dubbed “cosmeceuticals,” as they are subject to fewer regulatory
controls. [103,105,151] AIVITA Biomedical is testing a technology to deliver epidermal
growth factor (EGF) and other human cell secreted growth factors in a serum or lotion
format with the use of filler-grade HA to significantly improve skin morphology and
collagen type | content. [152,153] Cosmeceuticals are not recognized by current legislation
governing the regulation of other products, such as the Federal Food, Drug, and Cosmetic
Act. Therefore, while claims of efficacy are strictly limited by law, the FDA does not
require approval for topically applied products intended for aesthetic purposes or to alter
appearance. In this case, the more challenging consideration is the ability to manufacture
pure, bioactive recombinant growth factors at scale for improved scientific analysis, which
could provide safety and efficacy data and lay the groundwork for injectable, therapeutic
uses in the future.

6. 1st order applications: Hydrogels with a single level of function-driven

complexity

In our hydrogel categorization, 1st order systems are positioned at a higher level of
complexity than 0 order systems. As shown in Table 1, we define 1st order hydrogel systems
as those that add a single level of function-driven complexity, either as a specific internal
organization (alignment, orientation, etc.) that is required to drive a function, or through
inclusion of a CBER/CDER-regulated biologic (e.g., living cells or cell products). We
further subcategorize these into groups 1A and 1B: 1B systems have the same characteristics
as 1A, however they are produced using 3D bioprinting, or a similar manufacturing method
that requires independent validation. [8,37] Presently, the overwhelming majority of 15t
order systems belong to subcategory 1A; however, we identify the 1B subcategory as an
outlook to future technologies, and their need for additional validation.

Because of their added complexity and potential for cell incorporation, the hydrogel
selection criteria for 1A order applications are likely different than those for 0 order uses.
These 1A order systems are more likely to be implanted or injected, and therefore their
skin penetration profile is less of a concern than /n situ aspects, such as: native support
for the encapsulated cell type, tailored degradation profiles, desired local response (tissue
integration, angiogenesis, etc.), cargo release if applicable (e.g., cytokines) and all at a
site-specific timescale. We highlight these elements throughout the examples that follow.
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1A and 1B order hydrogel systems build complexity with the addition of a CBER/CDER-
regulated biologic, or with a function-driven structure. Significant progress was made
recently in the regulatory approval of products in this category, however significant hurdles
remain to be overcome before these types of products gain widespread clinical use in the
United States.

6.1. Hydrogels delivering cells

Craniofacial injury and trauma were major sources of motivation for developing early tissue
engineering approaches to regenerate damaged tissues as an alternative to reconstructive
surgeries. Mesenchymal stem cells (MSCs) have been widely studied for craniofacial
applications, because they are multipotent and have the capacity to differentiate into multiple
soft-tissue types that are damaged in craniofacial disease, including fat, bone, and muscle.
[154] Various types of natural and synthetic hydrogels were designed to serve as delivery
vehicles for MSCs and serve as prominent early academic examples of this category of
therapy. This approach is described in detail in a review by Salinas et a/. [154]

As an example of a novel product that builds complexity upon an already approved earlier
technology, DuraGen® is a commercial product designed for the repair of dura mater

and to limit cerebrospinal fluid (CSF) leakage. [155] Figure 4A depicts the location in
which the collagen matrix could be used for duraplasty in an effort to repair CSF leakage.

In this application, the material essentially serves as collagen sponges, which would be
classified as a 0 order material, and it has been used in this manner for several decades.
However, there remains some residual CSF leakage with this approach, so further studies
are underway to assess strategies to improve outcomes. Currently a clinical trial is underway
to assess the effect of an adipose stem cell (ASC)-seeded DuraGen® hydrogel on CSF leak
rates following skull base surgery. [156] Depending on the extent of external cell/tissue
manipulation, this potentially would advance the therapy to a 1A order use. According to
official FDA guidance, adipose tissue is considered structural tissue, and using adipose stem
cells would not meet the definition of minimal manipulation if the processing of the tissue
alters an original relevant characteristic of the tissue. [157] It is difficult to exactly determine
the level of manipulation based on the information provided in the clinical trial. Based on
previous published work from the sponsor of the clinical trial [158,159], it can be inferred
that adipose stem cells need to be expanded, enriched, and otherwise processed. This would
lead that product to be classified as a biologic and fall under CBER/CDER BLA regulations,
thus classifying it as a 1A order hydrogel system.

Another prominent example in clinical development is Renevia® (Premvia in the US) by
Lineage Cell Therapeutics, formerly BioTime [160]; this is shown in Figure 4B. In 2019,
Renevia® received a Conformité Européenne (CE) mark from the European Union as a
Class Il medical device intended for use in adults for the treatment of facial lipoatrophy.
In its final form, Renevia® is a crosslinked HA-gelatin hydrogel, based on the HyStem
platform and intended to mimic extracellular matrix for the delivery of adipocytes to
augment facial soft tissue volume secondary to HIV lipodystrophy. [161] However, unlike
the above example of DuraGen®, Renevia® is reconstituted as a solution of hydrogel
components, which are mixed with a cell fraction and injected as a suspension. These
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hydrogel precursors solidify /n situ, with cells suspended within the resultant matrix.
Lineage Cell Therapeutics has 510k clearance in the US for a very similar product, named
Premvia®, for wound management. The thiolated carboxymethyl HA developed by BioTime
effectively mimics ECM and enhances viability and engraftment post-injection. [162]

6.2. Hydrogels delivering other biologics

NangioTx is commercializing angiogenic peptide self-assembling hydrogels with a
nanofiber architecture that mimics native ECM. One of their clinical indications is dental
pulp revascularization. Shown in Figure 4C is a depiction of a preclinical study using a
very similar hydrogel system to promote angiogenesis /7 vivo in a canine model. [163] This
self-assembling shear-thinning hydrogel has an ECM-mimetic ultrastructure by virtue of the
nanofibers that form, as well as a vascular endothelial growth factor (VEGF)-mimicking
bioactive domain. The authors report a low materials synthesis cost, a potential benefit for
widespread clinical use, particularly for patients who do not have access to stem-cell based
and transplant therapies. It is noteworthy that a VEGF-mimicking peptide sequence was
designed specifically to avoid introduction of whole growth factor, which in the setting of a
hydrogel delivery system faces a more complex regulatory pathway. [164] Therefore, while
the product currently described by NangioTx would not classify as a 15t order system, earlier
work by this group where pro-angiogenic placental growth factor (PIGF-1) was loaded as
cargo in peptide hydrogels leads to the conclusion that NangioTx gels have the potential to
be 1A hydrogel systems in the near future. [165] While it is not intended for craniofacial
use and is outside this scope of this review, REGRANEX® gel, which is a sodium
carboxymethylcellulose-based (CMC) hydrogel containing Becaplermin (a human platelet-
derived growth factor), has a noteworthy regulatory history and serves as a key example for
future hydrogel products containing growth factors, especially when administered to cancer
patients. [166] Briefly, it was the first FDA-approved recombinant platelet-derived growth
factor therapy for the treatment of the lower extremity diabetic neuropathic ulcers. A boxed
warning was added to the label in 2008 following a post-marketing retrospective cohort
study due to reports of an increased rate of mortality secondary to malignancy in cancer
patients. Ultimately, 10 years later, the FDA removed the boxed warning after multiple
post-market studies demonstrated no increased safety risk with use of the gel.

6.3. 3D printed cellularized hydrogels

In each of the above examples, the final hydrogel solution does not rely on specific
manufacturing or assembly techniques to achieve its final form. As we noted in Section

6 above, one of the most common current examples of these methods is 3D bioprinting,
and we separate out such examples in this review. The field of tissue engineering is rife
with examples of hard polymeric scaffolds for repair and regeneration of hard tissues such
as bone. Thermoplastics and resins compatible with 3D printing are readily available to
manufacture complex porous scaffolds for hard tissues. However, for soft tissue, far fewer
hydrogel analogues exist. When considering therapeutic solutions that are in preclinical
development and are manufactured using advanced biofabrication (1B systems), only

a select few solutions address craniofacial needs. One example currently undergoing
clinical testing is AuriNovo™ for auricular cartilage reconstruction. [167] Developed by
3DBio Therapeutics, AuriNovo™ is a 3D-printed collagen hydrogel scaffold encapsulating
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autologous auricular chondrocytes. The construct is indicated for patients with congenital
microtia, a deformity where the external ear is underdeveloped. A proprietary, therapeutic
grade bioink (ColVivo™) is used to print the constructs. While little is publicly available

on the specifics of ColVivo™, the use of ECM-derived bioinks for auricular cartilage tissue
engineering has been explored by other groups, notably in Visscher et al. [168] Figure

4D is a schematic diagram of the bioink development process referenced here. In this

study, a collagen-based hydrogel was formed into a bioink by processing cartilage-derived
decellularized ECM into a photo-crosslinkable hydrogel using methacrylation. This specific
type of hydrogel is useful in this application because prior to crosslinking, constructs can
be printed that are fitted to each patient, and after photo-crosslinking, the constructs provide
structural integrity and mechanical stability.

Of note, Precise Bio is an early-stage start-up that is seeking to commercialize similar
techniques for 3D printed corneal grafts, based on a recent patent application. [169] Based
on this published application, the hydrogel crosslinked collagen/gelatin. The corneal graft
is comprised of a support layer of either collagen methacrylate, poly(ethylene glycol)
diacrylate (PEGDA), or gelatin methacrylate, and a second hydrogel layer encapsulating
human endothelial cells. These polymers are subsequently crosslinked using UV light and a
photo-initiator such as Irgacure®. In terms of the 3D printing technique, it is based on Laser
Induced Forward Transfer (LIFT), wherein a microfluidic chip is used as the print head to
deposit droplets of hydrogel, in some cases with encapsulated human corneal endothelial
cells, based on previous published work. [170,171] While no clinical trials are currently
listed for this company, Precise Bio recently partnered with Lineage Cell Therapeutics
(formerly BioTime) for the development of a bio-retinal patch. [172]

Outside of these examples, there is one promising proof-of-concept academic example for
3D-printing craniofacial soft tissue, in developing a corneal stroma equivalent [173]. In this
study, sodium alginate-based bioinks were used, with primary human corneal keratocytes
as the cell type used. A noteworthy aspect to this study was the digital corneal model that
enabled patient-specific 3D molds.

6.4. 3D printed hydrogels containing other biologics

Finally, decellularized ECM (dECM), when resolubilized, can also serve as a bioink for

3D bioprinting. Furthermore, there is a recent trend toward using tissue-specific dECM for
3D-printed bioinks [174] and away from more generic dECM scaffolds that were used in
earlier applications. [175] Since recent applications are leveraging the growth factors and
cytokines already present in the dECM to develop more tailored therapeutics, this would
classify these types of therapies as 1B hydrogel systems, because the human-derived ECM
would be an HCT/P, and most likely a CBER-regulated biologic. Some of the challenges that
face expanded use of ECM in regenerative medicine include preserving the original ECM
composition and developing decellularization methods without the use of harsh chemicals.
Furthermore, scaling up for larger tissues and organs remains a challenge currently. [176]
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7. 2nd order applications — Hydrogel systems with multiple levels of

function-driven complexity

As a parallel to 15t order systems, 2" order systems can be subdivided similarly into 2A

and 2B. 2A hydrogel systems employ multiple mechanisms of action, with any combination
of cells, cell components, and drugs, or one of those and a structural mode of action
(orientation, channels, gradient, etc.). 2B hydrogel systems, on the other hand, include any
system from 2A that relies upon a manufacturing method that requires further independent
validation, like 3D bioprinting. Notably, both 2A and 2B systems are the targets of many
imaginative laboratories, and the research literature contains many examples from the past 2
decades of so-called combination therapies. Conversely, rare examples exist, if at all, in the
commercial realm. We propose that the challenges of regulatory approval, despite the advent
of Regenerative Medicine Advanced Therapy (RMAT) designations, may be a key reason.

7.1. Hydrogels supporting multiple types of biologics

In 2012, Organogenesis received a landmark FDA approval for GINTUIT™, which was the
first approved regenerative medicine product for dental care. It was approved for topical
application to a surgically created vascular wound bed in the treatment of mucogingival
conditions in adults. The regulatory pathway was aided by long-term safety data on
Apligraf®, an identical product approved for wound healing in 1998 as a Class 111 medical
device. GINTUIT™ (and Apligraf®) consists of allogeneic cultured keratinocytes and
fibroblasts, derived from neonatal foreskin, delivered on a bovine collagen scaffold. It is
intended for topical use (but still sutured into place) in a surgically created vascular wound
bed in the treatment of mucogingival conditions in adults. [177] Of note, despite over two
decades of clinical studies, there remains a dearth of guidelines on how the age of patients,
their general health conditions, and co-morbidities may affect the success of these therapies.
Furthermore, a lack of studies persists to demonstrate the mechanism of action, the fate

of transplanted cells, and dose response of transplanted cells. These factors will be just as
important in a dental application with GINTUIT™, given it is packaged as a small construct,
identical in size to Apligraf®, only a 75mm diameter circular construct with 0.75 mm
thickness. [178,179] Considering that GINTUIT™ was approved in 2012 and was promoted
in a large amount of press releases given its historic status as the first biologic of its kind
approved through CBER [84], it is noteworthy that no recent studies have been published
on the clinical efficacy of GINTUIT™. While the financial and business details of these
decisions are beyond the scope of this review, according to Organogenesis’ 10-K filing in
2018, the company made a business decision to stop commercializing GINTUIT™ in 2014,
and is seeking to continue marketing GINTUIT™ in the future v/aa partnership in the

oral surgery market. [180] As a relevant aside, sponsors of products for which the FDA

has approved a BLA are obligated by the Pediatric Research Equity Act (PREA) [181] to
conduct clinical trials in pediatric patients post approval unless a waiver is granted, which
was not granted in the case of GINTUIT™. This is noteworthy because GINTUIT™ was
never intended to be used in pediatric populations, and it was denied (upon appeal) a waiver
for the requirement to comply with PREA. While the final denial for the waiver ultimately
came in 2017, after the company had already suspended commercialization of GINTUIT™,
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it is possible the product could face further regulatory hurdles due to PREA that could limit
its future clinical use.

In contrast to GINTUIT™, which is intended for topical use on a surgical mucosal defect,
not as a permanent tissue graft, another example of a 2A hydrogel is the development

of tissue-engineered, full-thickness gingiva equivalents comprising a fibroblast-populated
collagen hydrogel. [182] In Figure 5, several demonstrative examples of 2A hydrogel
systems are depicted. Figure 5A depicts a histological comparison of full-thickness tissue
engineered skin and gingiva, illustrating the different representative characteristics of skin
and gingiva equivalents. [183] Similar to GINTUIT™, immortalized human donor cell
lines are used, and immunohistological analysis with keratin 10 demonstrates the different
representative characteristics of skin and gingiva equivalents. Furthermore, cytokine
secretion showed differential proinflammatory secretion from skin and gingiva-derived
fibroblasts. A start-up called A-SkinBV has attempted to commercialize this technology
with a product called Tiscover. It is an autologous full thickness skin graft cultured

from 3mm biopsies from the patient’s own healthy skin. [184,185] The authors of these
studies were shareholders in A-SkinBV. In a very similar regulatory pathway to that which
Organogenesis pursued, A-SkinBV first pursued approval for chronic wound healing in the
extremities, and previously enrolled patients in a phase Il trial in Europe. [186] While the
company ceased to exist in its original form in 2019, the original co-founders are still active
in the field of reconstructed human skin (RhS), recently publishing a study demonstrating
a RhS model containing neopapillae. [187] In another contrast to GINTUIT™, Figure 5B
depicts EVPOME, a tissue-engineered human ex vivo-produced oral mucosa equivalent
intended for periodontal soft tissue augmentation. [53,188] Unlike GINTUIT™, which uses
fibroblasts and keratinocytes, EVPOME uses keratinocytes alone (seeded onto an Alloderm
construct) and is meant to be a permanent tissue graft. The construct upon implantation
exhibits a function-driven structure through a well-differentiated epidermis on the outer
surface of the construct. This, combined with the single cell type, classifies it as another
example of a 2A hydrogel system, alongside GINTUIT™. This group continues to work
on co-cultures of oral and skin keratinocytes, for use in tissue-engineered products, applied
at delicate interfaces. As noted in Section 3.2, oral epithelium and epidermal skin heal
differently, and efforts at these interfaces merit increased attention.

A different potential approach involves the use of human cells embedded in a human tissue-
derived ECM-based hydrogel, which has recently been demonstrated with the use of dental
pulp matrix. [189] Decellularized pulp matrices were adapted to regenerative endodontic
applications where acellular pulp bioscaffolds and MSCs were examined for their ability

to promote mineralization needed for repair of bony defects. Given the presence of human
cells and a human tissue-derived ECM hydrogel, this would be categorized as a 2A hydrogel
system.

Beyond the above examples that have reached either clinical trials or full commercial use,
the following examples are in a similar vein, and represent other craniofacial soft tissues
with strong pre-clinical evidence. Figure 5C illustrates an engineered vocal fold mucosa
using a polymerized type I collagen hydrogel that supports two different cell types, human
focal fold fibroblasts and epithelial cells. [190] Hundreds of proteins have been identified
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in vocal fold lamina ECM, and yet most synthetic biomaterials consist of only a few types
of macromolecules, which could limit therapeutic efficacy. Nevertheless, several examples
of synthetic hydrogels are in use for vocal cord therapy, including thiol-modified HA and
electrospun nanofibrous scaffolds that are a combination of thermoplastic polyurethane and
poly(glycerol sebacate). These materials effectively mimic the vocal fold lamina propria
ECM in terms of mechanical properties. [191-193] Finally, hybrid hydrogels can be well
suited for muscle myofiber fabrication as well. Figure 5D is a schematic representation

of the procedure used to produce and electrically stimulate C2C12 myotubes, which
originate from an immortalized mouse myaoblast cell line. [194] The hybrid hydrogels
were composed of vertically aligned carbon nanotubes (CNTs) with methacrylated gelatin
(GelMA) hydrogels. GeMA hydrogels provide a suitable milieu for the alignment of CNTs
due to its low ion concentration and viscosity.

In summary, notable examples of 2A hydrogel systems range in application from oral
mucosa and vocal fold regeneration to muscle myofiber formation, and range in degree of
clinical translation from early-stage translational studies in the case of myofiber regeneration
to FDA approved products as in the case of GINTUIT™.,

7.2. 3D printed hydrogels containing multiple biologics

In contrast to 2A hydrogels, the additional defining characteristic of a 2B system is its

implementation of a manufacturing method that requires further validation (such as 3D
printing). Given that, to date, no examples of 2B hydrogels are in clinical trials, Figure
6 highlights promising examples in development with translational potential, to give an
indication of what a future 2B hydrogel in clinical development could resemble.

Regeneration of the periodontium complex is one application in which 2B hydrogels are
described in the literature. In a study by Lee et al., PCL/HA scaffolds were fabricated

by additive extrusion-based deposition using a 3D-Bioplotter® printer (EnvisionTec), and
the fabricated scaffold consisted of three phases with different channel sizes; amelogenin,
connective tissue growth factor, and bone morphogenetic protein-2 (BMP-2) were spatially
tethered to their respective phase and underwent sustained release. [195] These findings
illustrate a strategy for the regeneration of multiphase periodontal tissue by spatiotemporal
delivery of multiple biologics.

In a similar application, Athirasala et a/. targeted the regeneration of soft, dental pulp

tissue, using a bioink composed of demineralized and digested dentin ECM from human
molars and sodium alginate solution. [196] These blends were crosslinked with CaCl, to
encapsulate human stem cells from the apical papilla (SCAP) as well as OD21 cells, a
mouse odontoblast-like cell line. Furthermore, the dentin matrix used also contains growth
factors, which the authors claim could provide an additional mechanism of action through
their osteogenic/odontogenic differentiation potential. Flow rate through the 3D printing
extrusion nozzle and cross-linking time were modulated to optimize fiber formation. This
blended material yielded desirable physical and biological properties and sustained high cell
viability. This bioink leverages 3D bioprinting to precisely control the spatial presentation of
signaling factors to engineer a physiologically relevant pulp dentin complex.
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Beyond regenerative dentistry, 2B hydrogel systems provide a compelling way to design
engineered skin tissues, with 3D printing enabling fabrication of a multi-layer composite
that mimics native skin layers. Figure 6A depicts a schematic of this approach, with
fibroblasts and keratinocytes embedded in layers of a 3D printed collagen hydrogel. [197]
Type | collagen from rat tail was used as the hydrogel precursor, and upon deposition,
sodium bicarbonate was nebulized. Crosslinking was achieved via surface coating of the
newly printed layer. This process was repeated for the second cell type, with up to 8 layers
printed in this fashion.

A clinical application that is particularly suited for biofabrication of cell-laden hydrogels
with internal architecture is for exocrine glands. These secretory glands release substances
onto an epithelial surface through a duct, have a complex structure with various cell

types along the length of the gland, and cannot be easily recapitulated with standard
methods of gel casting and patterning. Figure 6B depicts a recent study by Yao ef al.

and highlights the translational potential of a 3D-printed alginate hydrogel for guiding stem
cell differentiation toward functional sweat gland regeneration. In this study, the authors
combined MSCs with a specific sweat gland ECM containing growth factors to generate
3D-printed microenvironments that promote sweat gland differentiation of MSCs. [198]

Figure 6C depicts another recent study, which developed tissue-engineered human airway
epithelium that was 3D-printed using a collagen gel embedded with human bronchial
epithelial cells and human bronchial fibroblasts. [199] In this study the authors employed an
indirect method of fabrication by 3D printing sacrificial molds that incorporated thermally
induced phase separation (3D-TIPS), allowing for controlled porosity and hierarchically
interconnected pores.

In another compelling example that holds promise for craniofacial applications, Hu ef al.
developed a bio-conduit for peripheral nerve regeneration consisting of a cryopolymerized
gelatin methacryloyl gel cellularized with adipose-derived stem cells (ADSCs). [200] The
authors suggest that neurotrophic factors also are released from these scaffolds, which
provides another mechanism of action through a secondary biologic. Depicted in Figure
6D, the conduit is biodegradable and supported significant re-innervation in a small animal
model. The nerve conduits were customized through the integration of magnetic resonance
neurography with computer-aided design (CAD) models and subsequent 3D bioprinting.
Through this fabrication technique the authors were able to incorporate relatively low doses
of cells and complex geometries, with bifurcating structures unique to each patient.

Finally, a noteworthy proof-of concept study recently demonstrated 3D printing of patient-
specific nasal cartilage. [201] In this study, primary human adipose-derived stem cells were
used, and the bioink was derived from human cartilage-decellularized ECM. Given that the
human-derived bioink itself as well as the human cells used are both CBER regulated, this
is a 2B hydrogel system that is also noteworthy for using 3D facial models to generate
custom-designed implants to mimic native facial features.

In summary, multiple exciting examples of 2B hydrogel systems exist in early-stage
development, a snapshot of which is provided here, some of which could form the basis
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for a RMAT designated tissue engineered product in the future. Beyond the technical and
biological challenges in recapitulating native ECM and growth factors, the broader industry
challenge involves regulatory hurdles, since advanced biofabrication methods often are
customized and require validation prior to regulatory approval. The regulatory requirement
for manufacturing validation of engineered tissues inevitably adds complexity to an already
challenging path to commercialization.

8. Conclusion and Future Outlook

The history of the use of hydrogels as regenerative or tissue engineering tools for
craniofacial applications is a cross-section of all levels of complexity in terms of hydrogel
composition, bioactive components, and internal vascular structure and hierarchy. Early
work initiated several decades ago began with topically applied animal-derived proteins

for purely cosmetic purposes. Since then, the field has evolved tremendously. Current
state-of-the-art is to use 3D printing and/or other advanced fabrication methods to design
multiphase, spatially oriented structures that closely mimic native tissues and can restore
functions. Another promising area of research in regenerative medicine is the development
of hydrogel microparticles, or granular hydrogels [202], as a platform for tissue repair and
drug delivery that has greater porosity and easier delivery through a syringe compared to
bulkier hydrogel scaffolds. Given its complex hierarchical structure, the salivary gland is

a prime clinical target for the application of 3D printed hydrogels. Recent work in the

field of salivary gland tissue engineering has increased our understanding of the dynamic
assembly and differentiation of salivary gland components and could inform future work in
biofabrication. [79,203,204] Recent work in our group has highlighted the importance of HA
based hydrogels in recapitulating intact eccrine gland structure for preclinical testing as well
as regenerative medicine applications. [205]

A key consideration is that no FDA-approved and clinically available 3D printed
hydrogel-based products exist for tissue engineering applications. While many promising
developmental and pre-clinical examples of hydrogel systems exist that leverage the
advantages of 3D-printing for tissue engineering and regenerative medicine applications,
most of these are recent developments that have not progressed through the long process

of regulatory approval. Beyond that, however, structural challenges in the current regulatory
landscape remain, where current regulations require independent validation of each step

in the manufacturing process, and declaration of one primary mode of action (e.g., as a
device, drug, or biologic). Current regulations are not optimized to assess the complexity
and synergistic effects of the latest-generation of 3D printed, cell laden hydrogels with a
function-driven structure, or a secondary biologic embedded. Of note, of the more than

50 and counting currently approved therapies with RMAT designations [206], only a
handful appear to integrate traditional tissue engineering, that is, have a scaffold or employ
hydrogel-based delivery of biologics. These include AmnioFix (a dehydrated, injectable
human amnion/chorion membrane allograft), Avance (nerve guide comprising decellularized
human cadaveric peripheral nerve allograft [207]), Humacy! (deposited ECM from human
vascular cells seeded onto a PLGA scaffold), StrataGraft (allogeneic cultured keratinocytes
and dermal fibroblasts in a murine collagen scaffold), and TTAXO02 (cryopreserved human
umbilical cord tissue). Many of the currently approved RMATSs are cell therapy agents,
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which could be partially explained by the fact that RMAT is intended for the potential

to address a serious life-threatening disease or condition, such as cancer, which is the
target indication for most of the RMATSs currently in clinical use. A notable example

of an RMAT-designated cellular therapy for regenerative medicine is Cook Myosite, an
injectable, autologous muscle derived cell (AMDC) therapy. Current Myosite applications
include clinical trials for AMDC-mediated sphincter repair in cases of stress urinary
incontinence [208], and treatment of tongue dysphagia [209]. The current disposition of
RMAT designees toward cell-only therapies suggests that, despite the availability of a
combination therapy designation, the technology of combination therapy development still
outpaces its application to clinical use. Future regulatory efforts could require additional
streamlining to improve time to market or reduce burden in clinical trials.

In summary, this review assesses hydrogel systems based on the various regulatory hurdles
a given therapy might encounter on the way to FDA approval. As each technology builds
in complexity from 0 order to 2"d order systems, the regulatory process also increases

in complexity. Simultaneously, the number of clinically approved, commercially available
products declines significantly. On an optimistic note, the pipeline of 15t and 2" order
hydrogels in later stages of preclinical testing and development continues to grow, and
outcomes from those trials foster future development of even more advanced tissue
engineering therapies.
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Figure 1.
In this figure, the categories of hydrogel systems for craniofacial applications are classified

by manufacturing processes, structure and composition, and mechanism of action. In each
case, complexity builds from left to right.
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Figure 2.
The set of design criteria for a manufacturer of topical hydrogel-based formulations are

highlighted. Panel (A) is a schematic of the proposed mechanisms for the skin permeability
of hyaluronic acid. [106] High MW HA primarily interacts with the stratum corneum
through hydrophobic interactions, while some low MW HA can even permeate into dermis
This greatly informs design choices for topical facial applications. (B) is a schematic
illustration of the effects of hydrogels in the treatment of selected skin diseases that

affect the head and face. [107] These treatments are commercially available as hydrogel
formulations that can be topically applied. (C) is a depiction of a typical patient before and
after treatment with a combination clindamycin/tretinoin hydrogel for acne vulgaris [96] (D)
is a depiction of a range in the apparent viscosity and appearance of lipid-based systems and
emulsion for cosmetic applications. Apparent viscosity increases from a water-like liposome
solution to a dehydrated film of a stiff gel. [97]
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Figure 3.
0th order hydrogel systems are summarized. (A) depicts a nanofiber-hydrogel composite

that mimics soft tissue ECM through covalent interfacial bonding between electrospun PCL
fibers and a HA hydrogel. [47] (B) Self-assembling peptide gels represent an injectable
option [134], and have been used for mucosal regeneration and are sold commercially under
the name PuraStat and PuraSinus. [126] C) Depicts Osmotic tissue expanders, sold under
the trade name OSMED, which have been used for soft tissue expansion of the palate cleft.
[138] (D) Outlines the design of a thermoresponsive gel for use in patients with ocular
trauma. [66]
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Figure 4.
1st order hydrogels, which contain a CBER/CDER-regulated biologic, or a function-driven

structure, but are manufactured using previously validated methods. (A) Depicts the
surgical placement of a collagen patch for dura repair, an early example motivating

the need for a current clinical trial for the use of Duragen seeded with ASCs for

skull base surgery [155,156] (B) Depicts the mode of action of Biotime’s Renevia®,
demonstrating how a living tissue graft is established /n vivo. [160] (C) A schematic
depicting supramolecular peptide-based hydrogels for dental pulp revascularization. [163]
(D) Outlines the development of a decellularized ECM based bioink for auricular
reconstruction, a variation of which is currently in clinical trials [167,168]
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Figure 5.

2A hydrogel systems, which have a secondary mechanism of action and no need for
manufacturing validation, are summarized. (A) depicts stained sections of tissue engineered
skin and gingiva formed using collagen gels [183] (B) depicts a biopsy specimen harvested
from the mucosa inside a patient’s mouth, as well as the EVPOME construct pre-grafting,
which consists of an Alloderm construct seeded with oral keratinocytes. [53] (C) outlines

a tissue-engineered human vocal-fold mucosa using a collagen scaffold and demonstrates
similarity to native tissue. [190] (D) Depicts GelMA hydrogels infused with vertically
aligned carbon nanotubes to support skeletal muscle differentiation and myofiber formation.
[194]
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Figure 6.
2B hydrogel systems, which have a secondary mechanism of action, and need manufacturing

validation, are summarized. (A) This schematic outlines an extrusion-based method of
collagen 3D printing with alternating layers of keratinocytes and fibroblasts. [197] (B)

A schematic of the approach to alginate-based 3D printing of MSCs along with sweat

gland ECM containing growth factors for sweat gland regeneration. [198] (C) This study
develops a 3D printed human airway epithelium using thermoresponsive collagen hybrid gel
embedded with human bronchial epithelial cells and human bronchial fibroblasts. [199] (D)
This depicts 3D-printing of GeIMA along with ASCs that secrete neurotrophic factors in a
secondary mechanism of action as nerve guidance conduits that promote peripheral nerve
regeneration. [200]
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Proposed hierarchical categorization of hydrogel-based therapies

(e.g., dermal fillers)

0 Order Systems: Hydrogels that have no deliberate molecular orientation, macroscale design, or CBER/CDER-regulated biologics embedded

15t Order Systems:

1A: Hydrogel systems that include a single CBER/CDER-regulated biologic,
either living cells or cell products, or a function-driven structure (alignment,
orientation, etc.) (e.g., injectable HA gel with stem cells)

1B: Hydrogel systems from 1A that rely on a manufacturing
method that requires further validation (e.g., 3D bioprinting)

2nd Order Systems:

2A: Hydrogel systems that employ multiple mechanisms of action, any
combination of cells, cell components, and drugs, or one of those and a
structural mode of action (orientation, channels, gradient, etc.) (e.g., allogeneic
cellularized scaffold)

2B: Hydrogel systems from 2A that rely on a manufacturing
method that requires further validation (e.g., 3D bioprinting)
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