
The lung is a complex organ both structural and functional. Be-
ing externally exposed, the lung requires a synchronous activ-

ity of both innate and acquired immune systems in order to react 
to various insults and injury. About 40 different cell populations 
are involved in this metabolism [1]. Almost 20 years ago, Beers 
and Morrisey described, in a programmatic review, the three Rs of 
lung health and disease: repair, remodeling, and regeneration [2].

The delicate balance between injury and repair is pivotal to-
ward disease development or disease recovery. The repair pro-
cess requires multiple pools of progenitor cells that are residents 
of specialized niches within the lung parenchyma [3].

Lung embryonal and postnatal development is strictly reg-
ulated. The processes of repair, remodeling, and regeneration 
following injury are not fully understood pathways. Develop-
mental processes are recapitulated in injury repair of some adult 
lung diseases [4] and evidence of adult lung growth in humans 
has been shown following pneumonectomy [5]. 

A default in regulation of repair mechanisms is conceptually 
attractive and it is described in many debilitating lung diseases, 
such as chronic obstructive pulmonary disease (COPD) mainly 
emphysema, interstitial lung disease and fibrosis (IPF), cystic 
lung disease (Birt-Hogg-Dube syndrome), and late-phase of 
acute pulmonary injury (ARDS).This concept was further ex-
tended to pulmonary vascular diseases [6].

Current treatment of chronic lung disease is directed toward 
reducing the rate of functional disability and improving quality 
of life by easing symptoms. Important progress has been made 
in drug therapy of both parenchymal and vascular lung chronic 
disorders. However, a definitive therapeutic solution requires 
diseased organ replacement by transplant. A more practical ap-
proach is to be able to engineer functional lung tissues. 

During the last two decades, lung remodeling and regenerative 
medicine have contributed to improving the quality of life of pa-
tients presenting with chronic pulmonary diseases. Procedures for 
surgical and non-surgical lung volume reduction (remodeling) in 
patients diagnosed with emphysema have been developed. 

Regeneration of lung tissue for normal function restoration 
became a holy grail of pulmonary biology [7]. Our team devel-
oped a dual approach to lung therapy by engineering a platform 
dedicated to both remodeling pulmonary architecture (broncho-



scopic lung volume reduction) and regeneration of lost respira-
tory tissue (scaffold). 

In this article we describe the main concept of our in vitro 
experience using injectable hydrogels based on gelatin, which 
was developed for this dual target. The remodeling effect was 
designed for sealing diseased areas in heterogeneous emphy-
sematous lungs while the regeneration effect was designed as a 
3D scaffold for future cell engraftment.

Tissue engineering is a field that combines the principles of en-
gineering, life science, and material science to develop biologi-
cal substitutes that regenerate, maintain, or improve the function 
of diseased tissue [8]. Scaffolds for tissue engineering can be 
based on decellularized tissues, synthetic materials, and natural 
materials [8].

The tissue engineering paradigm is to isolate specific cells 
through a small biopsy from a patient; to seed the cells under con-
trolled culture conditions to grow artificial tissue that becomes 
interconnected porous structures called scaffolds, which are ca-
pable of supporting three-dimensional tissue formation; to deliver 
the construct to the desired site in the patient's body; and to direct 
new tissue formation into the scaffold, which may be absorbed 
over time [9]. Cells can either be seeded on top of the scaffold in 
vitro before implantation or infiltrate the implanted scaffold in vi-
vo [10]. This field of medicine holds great promise for improving 
the health and quality of life for millions of people by developing 
functional substitutes for damaged organs and tissues, including 
bone repair, cardiac tissue, cartilage, and lung tissues.

Porosity is an important characteristic for scaffolds because 
cellular networks rely on interconnected pathways for nutrient 
transportation, cell signaling, and proliferation, which mimics 
the native extracellular matrix (ECM) environment in structure. 
However, the porosity and surface-to-volume ratio of a scaf-
fold should be not too large, so as not to weaken its mechanical 
strength [11]. Therefore, it is critical to tailor each scaffold in a 
way that optimizes its intended application. Scaffolds may also 
be used as vehicles for the controlled and targeted release of 
therapeutic agents such as drugs and growth factors [12].

The role of scaffolds in tissue regeneration and repair is criti-
cal, as they are designed to perform some or all of the following 
functions: promote cell- biomaterial interactions, cell adhesion, 
and extracellular matrix (ECM) deposition; permit the sufficient 
transport of gases, nutrients, and regulatory factors to allow cell 
survival, proliferation, and differentiation; in most cases be bio-
degradable at a controllable rate that approximates the rate of 
tissue regeneration under the culture conditions of interest; and 
provoke a minimal degree of inflammation or toxicity in vivo 
[13]. These key scaffold characteristics can be tailored to the 
application by the careful selection of the polymers, additional 
scaffold components, and the fabrication technique. Recently, 
decellularized human lung tissue was engineered to form a hy-

drogel matrix for mesenchymal stem cells engrafting [14]. The 
rationale behind the method was that a natural hydrogel based 
on the chemical and physical properties of extracellular matrix 
ECM will be better able to tolerate stem cells (immune toler-
ance). This approach has to be proven.

In addition to these conditions, the biomaterials used in scaf-
folds should meet the bulk mechanical and structural needs of 
the target tissue and permit molecular interactions with cells that 
promote tissue healing [15]. Synthetic polymers may be suitable 
candidates for many applications due to their high flexibility, the 
ease to control their mechanical properties, and the fact that they 
are readily available and relatively cheap to produce. However, 
synthetic materials lack the biological cues inherent in many 
natural polymers that can promote desirable cellular responses. 
Therefore, our primary focus has been on natural polymers. 

Natural polymers are proteins (e.g., collagen and gelatin) or 
complex sugars (e.g., hyaluronic acid and alginate). Their main 
advantages include biocompatibility, ability to promote healing 
by providing an ideal proliferating ground and nutrient deg-
radation products for cells, properties which closely resemble 
those of the extracellular matrix, and bioavailability. Their main 
disadvantages are low to moderate mechanical properties and 
batch-to- batch variations. The scaffold materials chosen for our 
study were gelatin and alginate.

Gelatin is a water-soluble natural polymer that is irreversibly hy-
drolyzed from collagen. It is widely used in food, pharmaceuti-
cals, cosmetics, and medical applications [16]. Gelatin contains 
inherent peptide sequences that facilitate cell adhesion and en-
zymatic degradation [17]. It is one of the most extensively in-
vestigated materials for tissue engineering applications due to its 
biocompatibility and biodegradability. Unlike its collagen prede-
cessor, gelatin is non-immunogenic. Moreover, gelatin is relative-
ly cheap to produce and has a proven safety record in medical 
applications. Therefore, it has been used in various biomedical 
applications, such as bio-adhesives, sealants, and microspheres 
for drug delivery, and was also chosen as the main material in our 
novel technology, described here. As gelatin alone may not be 
strong enough for certain applications, it should be cross-linked 
before use in order to increase its mechanical properties and lower 
its solubility and degradation rate in aqueous solutions. 

Alginic acid, or alginate, is a high molecular weight polymer 
that can be found within the cell walls and intercellular spaces 
of brown algae. As it is non-toxic, alginate has been extensively 
used as a food additive and a thickener in salad dressings and 
ice creams. Alginate is known to be biocompatible, non-immu-



nogenic, and relatively cheap to obtain [18]. Therefore, it is one 
of the most studied and applied polysaccharidic polymers in tis-
sue engineering and drug delivery systems. In addition, its high 
functionality makes alginate a prime candidate in biomedical 
applications.

Alginate was chosen to be the polymeric additive for the 
scaffold in the current research because of its high concentration 
of carboxylic groups, which are essential for the cross-linking 
reaction of carbodiimides. This enables to create a three-dimen-
sion cross-linked network of gelatin-alginate structures. The 
relative quantities of the three components (gelatin, alginate, 
and cross-linker) enables to control the mechanical and physical 
properties of the scaffolds, and together with controllable po-
rosity, make them most suitable for the lung tissue support and 
regeneration applications.

The combination of these two natural biomaterials–gelatin and 
alginate–together with a carbodiimide cross-linker, were studied 
as a new concept for various applications in the field of bio-ad-
hesives medical sealants and scaffolds [19-22]. After gaining ex-
cellent experience with this combination of materials, we started 
to investigate them for our new catheter injectable technology. 

The principle of catheter injection biocompatible materials is 
clinically validated [23]. For lung applications, there is a need for 
injectable scaffolds that may be injected via catheters to reach the 
diseased site. Unlike tissue engineering approaches that use pre-
fabricated scaffolds, injectable systems are a unique therapeutic 
method for areas that are difficult to reach in the body, as they 
have the ability to conform to any desired shape. Another advan-
tage is that cells and bioactive molecules can be easily incorporat-
ed in the scaffold solution by mixing them prior to injection or by 
simultaneously injecting the cells/bioactive molecules together 
with the scaffold, making a homogeneous distribution within the 
scaffold matrix. Moreover, the minimally invasive procedure of 

injection may reduce patient discomfort, risk of infection, scar 
formation, treatment cost, and hospitalization time. 

Catheter delivery of hydrogel-based scaffolds provides 
unique challenges and design parameters for the biomaterial. 
Low-viscosity solution before administration is required for 
injectable hydrogel scaffolds. The gelation process following 
cross-linking should begin shortly after injection to allow easy 
flow through the catheter. The scaffolds materials and their deg-
radation products should be biocompatible. The created hydro-
gel structures should exhibit desired mechanical properties suit-
able for the specific application's requirements. These scaffold 
structures should be porous to enable suitable cell growth inside 
and formation of new tissue.

To meet all these requirements we developed and studied 
novel hydrogel scaffolds, based on natural polymers–gelatin and 
alginate–and cross-linked by carbodiimide. These polymers were 
designed to be injected through a delicate, long catheter together 
with air and used as porous scaffolds for lung tissue regeneration. 
The four steps of the process of hydrogel preparation and injec-
tion to form a porous scaffold are presented in Figure 1.

As shown in Figure 1D, a typical unique structure is creat-
ed at the end of the process, which exhibits a three-layer po-
rous structure: a low porosity bottom layer, a medium porosity 
middle layer, and a high porosity upper layer. The almost dense 
bottom layer gives the hydrogel its strength, while the highly 



porous upper layer allows molecule diffusion, cell migration, 
and suitable pore size for cell proliferation. The medium porosi-
ty middle layer is expected to smoothly bridge between the two 
other layers [Figure 2].

In our study we investigated the effects of the formulation 
parameters (gelatin, alginate, and cross-linker concentrations) 
on the relevant mechanical and physical properties to find the 
optimal polymeric formulations for catheter-based injection into 
the lung. The effects of the polymer-to-air formation and the 
effect of injection through long catheter were studied as well. 
The main mechanical and physical properties that we studied 
are shown in Figure 3. The mechanical properties of the cross-
linked hydrogel are extremely important and should be similar 
to those of the lung tissues. These properties were measured in 
tension mode to determine the strength of the hydrogel material. 
The most important physical parameter of the aqueous solution 
is its viscosity, which indicates the resistance to flow. A rela-
tively high viscosity will not enable the solution to be inject-
ed through a thin catheter, while a relatively low viscosity will 
result in the hydrogel spreading on large surfaces rather than 
having the hydrogel occupy a desired area. Another important 
physical property of the hydrogel with regard to this specific ap-
plication is its gelation time, which is the time it takes to convert 
a gelatin-alginate aqueous solution to a hydrogel. An optimal 
gelation time is needed for proper handling by the physician. 
If the gelation time is too short, it will be difficult to perform 
the procedure. An additional physical property is the swelling of 
the hydrogel due to water penetration into the porous structure. 
A relatively low swelling degree is desired to avoid losing the 
mechanical properties of the scaffold.

We defined a working range of gelatin, alginate, and cross-
linker concentrations, which enables injecting the scaffolds 
through thin catheters (2 mm diameter) of 40 and 100 cm to 
achieve the desired properties. Foamed formulations with ratios 
of 1.25:1 and 1:1 (polymer-to-air) displayed optimal mechani-
cal properties. A decrease in both physical properties–viscosity 
and gelation time–and an increase in the mechanical strength 
were achieved with an increase in the gelatin concentration of 
the scaffold. We also concluded that injection via catheters had 
no significant effect on any mechanical or physical properties, 
proving the potential of this therapy. 

In addition to the mechanical and physical properties of the 
hydrogel scaffolds, their biocompatibility was studied on hu-
man fibroblasts and mouse-isolated mesenchymal cells. Good 
biocompatibility results were obtained for samples injected at 
low, medium, and high injection rates. This finding means that 
our formulations are not cytotoxic and that the injection of cells, 
together with the hydrogel, does not affect their viability even 
at high injection rates. Viability of at least 70% was obtained 
for all samples for at least 7 days. At advanced stages of this 
research we also injected the hydrogels with cells through thin 
catheters of 100 cm in length and obtained excellent results of 
at least 70% cell viability and adhesion to the scaffold for all 
studied samples [Figure 4].

This study presents a proof of concept of a technology using 
gelatin-alginate hydrogels as catheter injectable biosealants and 
scaffolds. This finding may represent the basis for future in vivo 



studies. The bronchoscopic lung volume reduction technologies 
are remodeling the lung architecture at two levels: peripheric (ter-
minal bronchiole and alveoli) and central (major airways). The 
central area technologies use mainly metallic devices (valves, 
spigots, and coils) and the peripheric area technologies use foamy 
materials or steam. Our engineered hydrogel may be used as a pe-
ripheric lung area technology. Unlike the other tissue engineering 
approaches that use prefabricated scaffolds, injectable hydrogel 
through a catheter to the lung area is a unique therapeutic method, 
which can be performed without the addition of cells or by mixing 
cells simultaneously with the hydrogel. Moreover, the minimal-
ly invasive procedure of injection is designed to reduce patient 
discomfort, risk of infection, scar formation, treatment cost, and 
hospitalization time. The in vitro part of this study showed the 
relationships between formulation parameters, the process pa-
rameters, and the structure and resulting relevant properties [24].

The clinical applications of this synthetic matrix are twofold: 
pulmonary architecture remodeling by bronchoscopic lung vol-
ume reduction and lung regeneration as a 3D scaffold for cellu-
lar or organoid implants. 

Natural hydrogels, convenient to use and not expensive to engi-
neer, have potential for clinical applications due to the ability to 
serve as an excellent alternative to the currently available solutions. 
Our matrix may be also used for any 3D bioprinting technologies. 
Future studies will require animal studies to verify this concept.


