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Bailey KE, Floren ML, D’Ovidio TJ, Lammers SR, Stenmark KR, Magin
CM. Tissue-informed engineering strategies for modeling human pulmonary dis-
eases. Am J Physiol Lung Cell Mol Physiol 316: L303–L320, 2019. First published
November 21, 2018; doi:10.1152/ajplung.00353.2018.—Chronic pulmonary dis-
eases, including idiopathic pulmonary fibrosis (IPF), pulmonary hypertension (PH),
and chronic obstructive pulmonary disease (COPD), account for staggering mor-
bidity and mortality worldwide but have limited clinical management options
available. Although great progress has been made to elucidate the cellular and
molecular pathways underlying these diseases, there remains a significant disparity
between basic research endeavors and clinical outcomes. This discrepancy is due in
part to the failure of many current disease models to recapitulate the dynamic
changes that occur during pathogenesis in vivo. As a result, pulmonary medicine
has recently experienced a rapid expansion in the application of engineering
principles to characterize changes in human tissues in vivo and model the resulting
pathogenic alterations in vitro. We envision that engineering strategies using
precision biomaterials and advanced biomanufacturing will revolutionize current
approaches to disease modeling and accelerate the development and validation of
personalized therapies. This review highlights how advances in lung tissue char-
acterization reveal dynamic changes in the structure, mechanics, and composition
of the extracellular matrix in chronic pulmonary diseases and how this information
paves the way for tissue-informed engineering of more organotypic models of
human pathology. Current translational challenges are discussed as well as oppor-
tunities to overcome these barriers with precision biomaterial design and advanced
biomanufacturing techniques that embody the principles of personalized medicine
to facilitate the rapid development of novel therapeutics for this devastating group
of chronic diseases.
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INTRODUCTION

Chronic pulmonary diseases, including idiopathic pulmo-
nary fibrosis (IPF), pulmonary hypertension (PH), and chronic
obstructive pulmonary disease (COPD), account for tremen-
dous morbidity and mortality worldwide and impact the lives

of hundreds of millions of people daily. In fact, these diseases
alone account for 10% of all disability-adjusted life-years
globally, a metric that estimates the amount of active and
productive life lost due to a condition (160). Unfortunately,
many chronic pulmonary diseases are considered irreversible
and progressive, resulting in nearly four million premature
deaths every year (44). Lung transplantation is currently the
only established therapeutic option for all end-stage pulmonary
disease, with over 4,000 procedures reported annually (190).
Although donor organ shortages have been addressed by inno-
vative approaches to increase the number of available donor
lungs, it remains one of the major limitations to treating
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chronic pulmonary diseases, leading to mortality rates of up to
16% per year for patients currently on waiting lists (190).
Preclinical animal models, particularly in rodent species, have
been used to study pulmonary disease pathogenesis and to
evaluate mechanisms and potential therapeutic interventions.
Although certainly informative, it has become increasingly
clear that these models alone may not be adequate for provid-
ing a complete window into mechanisms of pulmonary disease
in humans or for determining drug safety and effectiveness
(163).

Current bioengineering approaches propose to address these
limitations through the use of mimetic physiological models of
human tissue for study of disease progression. In particular,
emerging research in lung regeneration is focused on better
understanding and characterizing changes in the structure,
mechanics, and composition underlying human pulmonary
diseases and using this information to inform the development
of in vitro models that can be used to identify novel therapeutic
strategies (160). Toward achieving this goal, we propose an
integrated framework (Fig. 1) that incorporates outputs from
advance tissue characterization into engineering tissue-in-
formed disease model platforms using precision biomaterials
and advanced biomanufacturing techniques to create more
organotypic models of disease. Once verified and validated, the
translation of these models into the commercial drug discovery
sector could be a gateway to new precision medical treatments.

Likewise, the outcomes of these treatments can be evaluated by
using the same advanced characterization tools, giving this
iterative approach the potential to transform patient care in
pulmonary medicine. Here, we review the microenvironmental
changes in pulmonary tissue that are key drivers of disease
progression, recent developments in engineered models of
chronic pulmonary diseases, and opportunities to leverage
state-of-the-art precision biomaterials and biomanufacturing
techniques to enhance our ability to recapitulate human patho-
physiology in vitro.

ADVANCED CHARACTERIZATION OF
MICROENVIRONMENTAL CHANGES IN CHRONIC
PULMONARY DISEASES

In vivo, cells within the lung are precisely organized into
specialized structures that are adapted to the particular function
of the tissue through interactions with the extracellular matrix
(ECM), a heterogeneous, composite network of soluble and
insoluble proteins (73), growth factors (165), and polysaccha-
rides. Structurally, cell-secreted proteins, such as collagens and
elastins, provide a mechanical framework to facilitate cell
anchorage, cell-cell interactions, and tissue formation. Al-
though, the ECM has historically been viewed as a simple
structural support for cells, it is now increasingly recognized as
a critical contributor to not only the maintenance of healthy

Fig. 1. Integrated framework for guiding the
development and implementation of tissue-
informed engineering strategies for modeling
human pulmonary disease. 1) Biomaterial de-
sign parameters and requirements are eluci-
dated via advanced characterization tech-
niques. 2) These inputs inform and guide the
engineering process, resulting in patient- and
disease- specific in vitro models. 3) The result-
ing models can be incorporated into preclinical
evaluations to provide greater predictive power
for potential therapeutic success in humans. 4)
Successful translation of outcomes to innova-
tive patient care builds the foundation for pre-
cision medicine. The power of this model lies
in its potential for iterative evaluation and
continuous improvement.
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tissue but also to the pathology of disease states (130). It has
become clear over a large number of studies that the structure,
mechanics, and composition of the microenvironment influ-
ence several cellular events, most notably cell adhesion (61,
153), migration (121, 172), proliferation (7, 81), protein ex-
pression (87, 185), gene regulation (81), and differentiation
(34, 41, 114). While the ECM exerts critical influence over
cellular behavior, cells also have the capacity to modify their
microenvironment by dynamically synthesizing, degrading,
and remodeling the ECM. This elegant cell-ECM connection
creates a reciprocal relationship between cells and the bio-
chemical and biomechanical properties exhibited by the sur-
rounding matrix, which when dysregulated is a fundamental
contributor to the pathogenesis of many chronic pulmonary
diseases (51, 58) (Fig. 2). Advanced characterization of the
structure, mechanics and composition of lung and pulmonary
vasculature ECM has revealed the complexities of chronic
pulmonary disease phenotypes. This knowledge has the poten-
tial to revolutionize our understanding of disease etiology and
progression and provides a foundation for engineering tissue-
informed models of pulmonary disease.

Lung Structure Characterization

Lungs are a uniquely complex organ comprising a network
of airway branches and vasculature that exhibit hierarchical
structure to optimize oxygen exchange in a dynamic environ-
ment that expands and contracts during cycles of respiration
(123). Macroscale characterization using stereological analysis
of microscopic images or computed tomography (CT) imaging
has enabled scientists and clinicians to visualize and quantify

the complex structures that make up the lung and pulmonary
vasculature. Airways decrease in size along this hierarchy and
terminate with the smallest, most numerous portion of the
respiratory track, alveoli. Stereological analysis of lung tissue
sections have revealed that these structures are numerous
(274–790 million per lung) and approximately spherical, with
an average diameter of 200 �m (123). Similarly, there are 15
orders of arteries between the main pulmonary artery and the
capillary beds that surround the alveoli. Clinical CT images
and stereological analyses show that these vessels range in size
from ~0.02 to 15 mm in diameter (67) within the lung and up
to 25 mm in the main pulmonary artery (170). Although CT
imaging is a power tool for clinicians to image lung structure
in real-time, the lack of resolution at the cellular level limits its
practice for investigating detailed mechanisms contributing to
pulmonary disease, where the onset and progression of patho-
genesis often begins at the cell-ECM interface.

Advances in imaging technology and computing power have
enabled 3D tissue reconstructions with micro- and nanoscale
resolution to become powerful tools for measuring heteroge-
neities in pulmonary tissue microarchitecture. For example,
fibrotic foci in IPF were traditionally considered to form a large
interconnected fibrotic reticulum (35). Recently, however, in-
tegrating micro-CT with traditional immunohistochemistry-
based histology to create 3D reconstructions of fibrotic lung
sections have revealed that fibrotic foci are spread, independent
structures lacking interconnection (75). Micro-CT measure-
ments have been further employed to assess narrowing and
disappearance of small conducting airways before the onset of
emphysematous COPD (113, 178).

Fig. 2. Microenvironmental changes observed in chronic pulmonary diseases: idiopathic pulmonary fibrosis (IPF), pulmonary hypertension (PH), and chronic
obstructive pulmonary disease (COPD). Highlighted here are distinct structural, mechanical, and compositional signatures revealed by advanced tissue
characterization. A comprehensive understanding of pathological extracellular matrix properties is critical to informing the design of engineered in vitro models
of pulmonary disease.
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Similarly, second-harmonic generation imaging (SHG) is
emerging as a complementary method to traditional widefield
and confocal microscopy techniques for evaluating macromo-
lecular changes in the ECM without the requirement for anti-
genic stains (31). This method employs two-photon micros-
copy to identify nonlinear structural characteristics such as
collagen and elastin fiber organization. Images of fibrillar
collagen obtained with SHG have confirmed increased ECM
deposition in fibrotic regions in human IPF lung tissues (131).
Likewise, changes in collagen fibril organization have also
been confirmed by SHG in emphysematous COPD lung tissues
when compared with healthy donors (1). These advanced
imaging techniques will allow clinicians, scientists, and engi-
neers to observe microscale structural changes that evolve
during disease progression.

Lung Mechanics Characterization

Lung ECM also provides the mechanical stability and elastic
recoil necessary to support stretch and relaxation that must
occur during normal respiration. In fact, normal respiratory
cycles result in linear distention of 0 to 5% (143) on the tissue
level and an astounding 5–25% on the cellular level (143).
Thus, the mechanical nature of pulmonary tissues requires both
an elastic (energy preserving) and a viscous (energy dissipa-
tive) response to mechanical loads (71). One mechanical prop-
erty that is critical when discussing lung tissue mechanics or
materials for disease modeling applications is the stiffness of
the material, which is often described as the Young’s or elastic
modulus (E). The modulus value for a tissue or biomaterial is
calculated by applying stress to a sample and measuring the
proportional deformation (strain). Here, we will use the terms
modulus and stiffness interchangeably.

Tissue (macroscale) and ECM (microscale) mechanics change
with time. Mechanical loads experienced in short time scales (e.g.,
inflation and deflation of the lung) are generally elastic in nature,
meaning the tissue will stretch and recover completely after the
mechanical load has been removed. Forces generated over longer
time scales (e.g., sustained tissue strain) are met with more
viscous behavior, i.e., deformation of the tissue remains after the
mechanical load has been removed. Early attempts to measure
lung tissue viscoelasticity relied on rheological experiments
where small strains were applied in shear to evaluate both the
elastic and viscous components of the tissue (48). These same
rheological tests are still employed to study the mechanical
properties of biomaterials used to recapitulate human tissues in
vitro (6). Similarly, to better simulate lung mechanics at higher
strain levels, measurements of lung tissue strips under tension
have been developed. In these experiments, large tensions have
been applied to lung tissues to elucidate the roles of collagen
and elastin in the mechanical properties of lung ECM (186).
Although these mechanical tests have revealed a wealth of
information on lung mechanics, such macroscale measure-
ments fail to describe tissue properties at a scale relevant to
cell-ECM interactions.

The introduction of microscale elasticity measurements,
such as atomic force microscopy (AFM) (106), has redefined
the contributions of tissue mechanics to disease progression at
length scales that are relevant to regional changes in ECM and
resulting adaptations in cellular function. The average elastic
moduli for healthy and fibrotic human lung tissue have been

measured to be 2 and 17 kPa, respectively, by AFM (18).
These results demonstrate how changes in ECM composition
during fibrosis increase average matrix stiffness dramatically.
Lui et al. (105) combined AFM with immunohistochemistry to
further define the heterogenous lung tissue landscape that
develops throughout fibrotic pathogenesis (105). Results de-
rived from healthy and bleomycin-injured rat lungs demon-
strated that regions rich in collagen I displayed an overall
increase in stiffness from 1.4 to 8.7 kPa, with localized regions
as high as 22 kPa.

Similarly, the evaluation of intact lung slices with AFM
provides the ability to probe microscale elasticity in distinct
regions with complex tissue architecture such as the microves-
sels commonly indicated in the pathogenesis of PH. This
technique has enabled researchers to measure the modulus of
pulmonary arteries from healthy and diseased patients with PH.
The stiffness of pulmonary arteries was determined to be 2 and
10 kPa, respectively, representing nearly a 10-fold increase in
vessel modulus (103). This detailed mapping of microscale
elasticity revealed that pulmonary artery stiffening first arises
distally in arteries �100 �m, followed by stiffening of more
proximal vessels (103). It is clear from both macro- and
microscale measurements that pulmonary tissue mechanics
change both dynamically and heterogeneously during patho-
genesis.

Lung Composition Characterization

The predominant ECM components in the lung are collagens
I, III, and IV, elastin, and proteoglycans (25, 188). Collagen I
confers tensile strength; collagen III facilitates flexibility; elas-
tin provides recoil properties; and proteoglycans/glycosamino-
glycans (GAGs) impart a viscoelastic character to the ECM
(167). Insoluble matrix proteins such as collagen and elastin
provide the mechanical framework for cell anchorage through
integrin binding and support tissue-specific mechanics such as
the nonlinear viscoelasticity characteristic of the lung. GAGs
reversibly bind and sequester soluble chemical mediators in-
cluding growth factors and cytokines (12). Traditionally, his-
tological (133) and immunohistochemical (49) methods have
identified key biochemical components of lung and vascular
ECMs. However, these techniques are limited by availability of
antigenic stains as well as optical resolution (76). Emerging
mass spectrometry-based proteomic techniques have provided
invaluable information on the precise composition of several
tissues, greatly increasing the number of uniquely identifiable
ECM components (26, 27, 120, 152). Utilizing quantitative
mass spectrometry, Gocheva et al. (52) profiled the ECM
composition of normal lung, fibrotic lung, primary lung tu-
mors, and lung metastases to the lymph nodes, revealing
distinct signatures associated with each tissue and disease (52).
In a more recent study, human lung tissues from patients with
end-stage COPD or IPF were evaluated using mass spectrom-
etry proteomic analysis. There, researchers discovered unique
matrisome signatures for each disease, such as upregulation of
ECM-modifying enzymes like matrix metalloproteinases
(MMPs) for COPD lungs and impairment in cell communica-
tions defined by alterations in cell adhesion laminins for IPF
lungs (3).

The lung is a highly organized tissue with unique charac-
teristics apparent at both macroscale and microscale. The

L306 TISSUE-INFORMED ENGINEERING FOR MODELING PULMONARY DISEASES

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00353.2018 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung (136.158.011.167) on February 20, 2023.



ability to study pulmonary disease with both spatial and tem-
poral resolution is critical in understanding disease progression
to tailor therapeutic intervention for personalized medicine.
Advances in the characterization of tissue structure, mechanics,
and composition have allowed researchers to describe pulmo-
nary diseases at a level once unachievable by traditional
techniques. It is imperative that this information be incorpo-
rated into the design criteria for tissue-informed engineering to
create disease models with improved efficacy and predictive
strength.

CURRENT TISSUE-INFORMED ENGINEERING STRATEGIES
FOR MODELING CHRONIC PULMONARY DISEASES

Until recently, much of our understanding of the mecha-
nisms of pulmonary disease has been acquired by studying
cells grown on supraphysiologically stiff tissue culture plates
or in animal models where it is difficult to isolate specific
cell-matrix interactions (28, 82, 117, 155, 183). Since changes
in ECM structure, mechanics, and composition occur dynam-
ically over time, existing in vitro models based on uniform, 2D
monolayer culture systems do not adequately reproduce key
aspects of pulmonary pathology and the spatiotemporal heter-
ogeneity observed in disease tissue. This disparity between
basic research endeavors and clinical observations highlights a
critical need to better recapitulate the native ECM in 3D
models of study to discover novel mechanistic insights into
disease prevention and intervention. Increasingly, researchers
have begun to recognize the limitations of traditional preclin-
ical model systems and are now taking advantage of sophisti-
cated engineering strategies to model chronic pulmonary dis-
eases in vitro. Next, we will highlight the synthetic precision
biomaterials and biomanufacturing techniques that have im-
proved the physiological relevance of engineered models over
the past decade (Table 1).

Modeling IPF

IPF is a chronic, progressive interstitial lung disease with a
median survival rate of only 2–4 years from diagnosis (140).

IPF is a diagnosis of exclusion in patients, who usually present
with nonspecific shortness of breath or cough, with restriction
on pulmonary function testing and radiographic evidence of
usual interstitial pneumonia by CT scan. This disease currently
impacts approximately three million patients worldwide with
an annual incidence that is predicted to continue rising (111).
Given the severity of IPF, surprisingly few therapeutic treat-
ments are currently available to manage symptoms, and none
have been shown to improve survival rates (83, 141). The
pathophysiology of IPF is known to be based on a dysregulated
reparative response characterized by uncontrolled myofibro-
blast proliferation and activity, including replacement of func-
tional lung tissue with compositionally and mechanically al-
tered ECM with significant spatial and temporal heterogeneity
(25, 57, 64, 182, 188).

Emerging evidence indicates that these changes in ECM
composition and mechanical properties are not simply a result
of fibrotic remodeling but are actually drivers of disease
progression, profoundly and continuously altering cell pheno-
type, function, survival, and fibrotic activity (45, 57, 63, 107,
171). Over the past decade, researchers have become increas-
ingly interested in studying the mechanotransductive mecha-
nisms involved in these cell-matrix interactions as a process
that may be amenable for therapeutic intervention. The devel-
opment of engineered cell and tissue models of pulmonary
fibrosis to more closely emulate human lung structure, me-
chanics, and composition is a promising way to bridge the gap
between preclinical animal model results and human clinical
trial outcomes. This topic has been reviewed in detail by
Sundarakrishnan et al. (164); however, herein we explore the
application of precision biomaterials to studying the cellular
and molecular mechanisms of IPF.

Researchers began to design experiments to interrogate
mechanosensing in pulmonary fibroblasts by using a biomate-
rial that was both familiar and readily available in cell biology
laboratories: polyacrylamide. Polyacrylamide has been widely
used in biochemistry and molecular biology to separate large
macromolecules, such as proteins, for visualization and quan-

Table 1. Summary of biomanufaturing techniques currently used to model chronic pulmonary diseases

Material Biomanufacturing Technique Pathology to Be Modeled Last Author (Reference)

Human lung tissue Decellularization Pulmonary fibrosis White (18); Bitterman (130);
Weiss (177)

Human lung tissue 3D precision-cut lung slices Pulmonary fibrosis Wagner (5)
Polyacrylamide Casting Pulmonary fibrosis Tschumperlin (104, 106, 110); Zhou (68); Barker (20)
Polyacrylamide, cell-derived

ECM
Casting Pulmonary fibrosis Gonzalez (151)

PDMS Casting Pulmonary fibrosis Hinz (10, 101)
Collagen Casting, 3D encapsulation Pulmonary fibrosis Sime (42, 125); Mailleux (74); Rosas (173), Erler (36);

Monk (144); Hagood (107)
Collagen-functionalized

alginate
Electrostatic droplet generation Pulmonary fibrosis Gomperts (181)

PEG (norbornene) Emulsion polymerization, 3D
encapsulation

Pulmonary fibrosis Anseth (99, 100)

Polyacrylamide Casting Pulmonary hypertension Fredenburgh (103)
PEG (norbornene) 3D encapsulation Pulmonary hypertension Akins (154)
Matrigel 3D encapsulation COPD Davies (22)
Human lung tissue 3D precision-cut lung slices COPD Koenigshoff (158)
Human lung tissue Decellularization COPD Weiss (180)
Gelatin-modified poly

(ε-caprolactone)
Casting COPD Stam (94)

PDMS Microfluidic device COPD Ingber (13)

ECM, extracellular matrix; PDMS, polydimethylsiloxane; PEG, polyethylene glycol; COPD, chronic obstructive pulmomary disease.
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tification since 1959 (138). Coincidentally, this class of mate-
rials, known as hydrogels, were also well suited for mimicking
the physiological microenvironment in healthy and diseased
lung tissue due to their ability to simulate the high water
content and mechanical properties of pulmonary tissues. Hy-
drogels, highly cross-linked polymer networks, absorb large
volumes of water while retaining the ability to be created in
specific shapes with precise mechanical properties, decorated
with cell-adhesive ligands and/or tethered signaling factors,
and tuned to degrade on demand. Such platforms can be
fabricated from a vast library of natural and synthetic materi-
als, offering a broad array of precision and tunability for
pulmonary disease modeling.

To investigate the influence of variations in lung tissue
stiffness on fibroblasts, Liu et al. (105) fabricated polyacryl-
amide hydrogels with a one-dimensional (1D) stiffness gradi-
ent with modulus values ranging from healthy tissue levels
(E � 1 kPa) to beyond fibrotic tissue (E � 67 kPa) by using
photopolymerization to control the level of cross-linking
within the hydrogel. Increased light exposure during the po-
lymerization process resulted in higher cross-linking levels and
thus higher stiffness values across the material. Liu and col-
leagues used these techniques to demonstrate that increasing
matrix stiffness strongly suppresses expression of cyclooxy-
genase-2 (COX-2) and production of an autocrine inhibitor of
fibrogenesis, prostaglandin E2 (PGE2) in human lung fibro-
blasts (105). This pioneering work is one of the first studies to
suggest a feedback relationship between matrix stiffening and
fibroblast activation. Liu and colleagues also used this system
to reveal a connection between matrix stiffness and yes-
associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ), which influences fibroblast prolif-
eration, ECM production, and fibrosis (104). Marinković et al.
(109) used the same polyacrylamide hydrogel and a simple
casting method to show that matrices with normal physiolog-
ical lung tissue stiffness (E � 1 kPa) reduced the proliferative
and contractile response of IPF fibroblasts to normal levels and
that these responses could be modulated through inhibition of
the Rho kinase pathway. Using similar techniques, Sava et al.
(151) functionalized polyacrylamide hydrogels with deceullar-
ized IPF ECM to decouple cellular responses to matrix com-
position from matrix mechanics. Human microvascular peri-
cytes grown on these human lung ECM-conjugated hydrogels
with tunable mechanical properties exhibited phenotypic tran-
sition quantified by expression of �-smooth muscle actin (�-
SMA) in response to increases in local substrate stiffness
independent of receptor-ligand interactions with IPF ECM.
Further, the use of Nintedanib, a tyrosine-kinase inhibitor
approved for IPF treatment, reduced the expression of the
�-SMA and detection of crosslinked collagen by in pericytes
(151). 2D polyacrylamide hydrogels have also been used to
indicate that the serum response factor megakaryoblastic leu-
kemia 1 (MKL1) activation plays a role in transducing me-
chanical stimuli from the ECM to the fibrogenic program that
promotes fibroblast activation to the myofibroblast phenotype
(68) and that increased epithelial cell contraction on stiff,
fibronectin-coated surfaces leads to integrin-mediated trans-
forming growth factor-�1 (TGF�1) activation (20).

Polydimethylsiloxane (PDMS) elastomers, commonly known
as silicones, are hydrophobic, cross-linked biomaterials that have
been widely used in medicine for over 60 years. The unique

and tunable chemical and physical properties of silicones result
in excellent biocompatibility and durability for a variety of
applications. Balestrini et al. (10) took advantage of this
versatile material to show that fibrotic activity as measured by
proliferation, cell contractility, expression of �-SMA, deposi-
tion of ECM, and secretion of TGF�1 was low on 2D castings
of soft substrates and high on pathologically stiff substrates, as
predicted. Further experiments then revealed that explanting
and culturing lung fibroblasts for 3 weeks on stiff substrates
resulted in sustained myofibroblast activation even after cells
were subsequently cultured exclusively on soft substrates for 2
weeks, suggesting that fibroblasts retain a mechanical memory
of substrate mechanical conditions over time (10). A succes-
sive study using the same PDMS platform supported the
concept that fibroblasts exhibit mechanical memory and iden-
tified the microRNA miR-21 as a long-term memory keeper of
fibrogenic activity (101).

It is clear from these studies that changes in the physical
microenvironment impact gene and protein expression as well
as signal transduction during disease progression. Therefore,
exploiting precision biomaterials and advanced biomanufactur-
ing techniques to elucidate the mechanisms that control the
process of mechanosensing is crucial for translation to preci-
sion therapeutic interventions for IPF. Although 2D substrates
and conventional polymer casting techniques have been tradi-
tionally used as the primary model for studying mechanosens-
ing in IPF, researchers recognize that cellular responses are
both dimension dependent and structure dependent (40). In
vitro models of pulmonary fibrosis have, as a result, moved
toward 3D microenvironments to fully recapitulate cellular
responses to heterogeneous changes in the local physical en-
vironment. A few studies have used a variety of natural
materials, including collagen (36, 42, 74, 125, 144, 173),
decellularized tissues (177), and functionalized alginate bead
templates (181). Wilkinson et al. (181) fabricated alginate
beads approximately the size of a single alveolus (~180 �m) by
using a custom electrostatic droplet generator. These templates
were then coated with fetal lung fibroblasts or induced pluri-
potent stem cell-derived mesenchymal stem cells and aggre-
gated within a bioreactor to form 3D engineered models of
distal lung architecture. This templating system is an example
of how advanced biomanufacturing techniques can be applied
to create 3D models of disease; however, it is still limited by
the use of natural materials. Although natural materials such as
collagen (36, 42, 74, 125, 144, 173), complex mixtures of
ECM, and growth factors like Matrigel (32, 66, 98) and
alginate (181) have provided key insights into pulmonary
disease in vitro, these materials are not conducive to controlled
modification, systematic testing, and iterative improvement,
tools that are crucial in understanding the mechanisms of
dynamic disease onset and progression.

Lewis et al. (99) have used polyethylene glycol (PEG)-based
hydrogel systems as a complementary approach to designing
precision models of pulmonary fibrosis. Photodegradable PEG-
based microsphere templates were used to recreate the 3D
architecture of the alveolar epithelium by first seeding the
microspheres with either a tumor-derived alveolar epithelial
cell line (A549) or primary mouse alveolar epithelial type II
(ATII) cells, embedding the cell-coated templates into a syn-
thetic PEG-based biomaterial platform to control local mi-
croenvironmental cues and then degrading the templates to
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create open cyst-like structures. This system has been subse-
quently used as a 3D coculture platform to demonstrate that
fibroblasts in the surrounding matrix respond to changes in
epithelial cells by increasing proliferation, migration, and
MMP activity when cocultured with cancerous cells (100).
Over the past decade, in vitro models of pulmonary fibrosis
have evolved from 2D substrates with uniform stiffness to
precisely designed 3D models that incorporate dynamic spa-
tiotemporal control over local microenvironmental cues. These
precision biomaterials in combination with advanced biomanu-
facturing techniques exhibit the potential to allow researchers
to study cellular responses to pulmonary diseases with higher
control and resolution than ever before (188).

Modeling PH

Similar to pulmonary fibrosis, PH, and in particular pulmo-
nary arterial hypertension (PAH), is a deadly disease charac-
terized by profibrotic remodeling of pulmonary vasculature.
This condition usually presents with nonspecific dyspnea, par-
ticularly with exertion, and is definitively diagnosed through
direct measurement of pulmonary artery pressures on right
heart cauterization. Progressive increases in pulmonary arterial
pressure (PAP) and vascular stiffness ultimately culminate in
right ventricular (RV) failure and premature death (72). Al-
though the exact prevalence is unknown, it is estimated that
one in 200,000 adults in the United States (U.S.) has PH (166).
The fibrotic remodeling cascade seen in PH upon vascular
injury is driven by dysregulation of normal cellular processes
in the pulmonary vasculature such as changes in proliferation,
differentiation, inflammation, and cell death programs involv-
ing endothelial cells (EC), smooth muscle cells (SMC) and
fibroblasts (162, 175). Many studies, including our own, have
revealed that the activated vascular cell phenotypes observed in
PH are highly dependent on cues from the surrounding mi-
croenvironment, including structure, stiffness, and composition
(18, 39, 103, 136, 154).

On the cellular level, several in vitro studies have elucidated
the role of matrix stiffness as a critical regulator of cellular
activity and/or metabolism in PH. For instance, pulmonary
artery SMCs and pulmonary artery ECs cultured on 2D poly-
acrylamide substrates approaching fibrotic stiffness exhibited
increased proliferation and excessive ECM production (103).
Building on this work, Bertero et al. (15) have presented
evidence that matrix remodeling induces YAP/TAZ-miR-130/
301 early in PH, which promotes a mechanoactive feedback
loop that drives pulmonary vascular cellular activation by
using collagen-coated hydrogels (Matrigen) with varying stiff-
nesses (1–50 kPa). Likewise, a study by Kudryashova et al.
(95) showed how inactivation of large tumor suppressor 1
(LATS1), a central component of the Hippo pathway that is in
part driven by increased ECM stiffness, promoted a YAP-
fibronectin-integrin-linked kinase-1 signaling loop providing
self-sustaining proliferation and resistance to apoptosis in pul-
monary arterial vascular smooth muscle cells. Recently, the
role of matrix stiffness in 3D hydrogels, a system more rele-
vant to studying cellular mechanosensing, was investigated for
human aortic adventitial fibroblasts. Culturing adventitial fi-
broblasts in soft (5–10 kPa) 3D PEG-based hydrogels elicited
greater proliferation, elevated monocyte chemoattractant pro-
tein-1 secretion (MCP-1), and enhanced monocyte recruitment

compared with stiff 3D hydrogel analogs (154). Surprisingly,
many cellular events reported in these 3D microenvironments
deviated from the commonly accepted results observed in 2D
model systems, suggesting that cellular mechanics in 3D are
complex and unresolved and highlighting the need for high-
fidelity in vitro models to study the cellular and molecular
mechanisms underlying PH.

Modeling COPD

COPD is a group of progressive, debilitating respiratory
conditions, including chronic bronchitis and emphysema, that
will rise to the third leading cause of death in the U.S. by 2020
(23, 139). It is characterized clinically by the presence of
persistent respiratory symptoms and chronic airflow limitation
on pulmonary function testing due to airway and/or alveolar
abnormalities (139). COPD is thought to be secondary to
innate and adaptive immune responses to long-term exposure
to noxious particles and gases, in particular cigarette smoke
domestically or biomass fuel exposure used in indoor cooking
internationally (54, 108). These exposures drive chronic in-
flammation that affects the proximal and distal airways, lung
parenchyma, and pulmonary vasculature in different ways.
There are also noted imbalances between oxidants and antiox-
idants (oxidative stress) and proteases and antiproteases in the
ECM compartment observed in COPD patients (108). These
heterogeneous effects account for the large clinical spectrum
seen among patients (23). The pathological changes in COPD
ECM are primarily due to extensive destruction of elastin fibers
by ECM-degrading enzymes released by inflammatory cells,
mainly macrophages, neutrophils, and T cells (25). There is
also evidence to suggest abnormal collagen remodeling and
alterations in production of proteoglycans (60). This combina-
tion of tissue destruction and ECM remodeling leads to disor-
ganization and reduced matrix cross-linking, causing signifi-
cantly decreased tissue stiffness and increased tissue compli-
ance in the lung parenchyma. Currently there are no therapies
available for patients that stabilize or reverse progression of
COPD.

Several human tissue or cell-based models have been ap-
plied to studying COPD, including ex vivo tissue explants
(142), lung slices (176), decellularization (180), and in vitro
cultures of primary cells (116). Bucchieri et al. (22), for
example, showed that bronchial tissue embedded in Matrigel
could form outgrowth cultures with multicellular sheets includ-
ing motile cilia that were viable for more than one year in
culture. Repetitive exposure to cigarette smoke extract re-
vealed epithelial damage, loss of cilia, and ECM remodeling
within these platforms. Similarly, as highlighted in the work of
Shronska-Wasek et al. ex vivo 3D lung tissue cultures (lung
slices) showed that reduced frizzled receptor 4 expression in
COPD prevents WNT/�-catenin-driven alveolar lung repair.
Although these models show promising utility for drug discov-
ery and preclinical testing of airway remodeling in COPD,
insufficient viability post-dissection, reduced preservation of
essential structural integrity, and degradation of cell-cell and
cell-matrix interactions for longer duration experiments are
significant limitations (22, 158). Protocols for decelluarlization
of pulmonary tissues through the application of a variety of
detergents have been developed and implemented by several
research groups to investigate cell-matrix interactions ex vivo
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(135, 174). Interestingly, many studies have demonstrated the
ability to recellularize these scaffolds derived from healthy
tissue, and recently, one of these bioengineered lungs was
proven to maintain functionality upon implantation into a
porcine model (122). Unfortunately, recellularization of tissues
derived from COPD patients has yet to be realized but could be
an important ex vivo model (180). To overcome these limita-
tions, bioengineered synthetic cell culture platforms (94) have
recently emerged as alternatives for creating COPD scaffolds
in vitro. Poly(ε-caprolactone) (PCL), for example, is a widely
used, biodegradable material that is known to produce fewer
acidic products after hydrolysis than other commonly used
substrates. This feature makes PCL an attractive biomaterial
for tissue engineering. Kosmala et al. (94) demonstrated for the
first time the ability to modify the relatively hydrophobic
nature of PCL by grafting gelatin to the surface to improve
attachment of lung epithelial cells with the goal of modeling
COPD in vitro. While PCL may not be the ideal material for
this application, this study is one of the very few reports that
highlight the application of synthetic biomaterials to study
COPD and thus leads the way to explore precision biomaterials
in the development of more biomimetic models of this chronic
pulmonary disease.

Given the complex interplay between genetic and environ-
mental stimuli that drive disease progression in COPD, mod-
eling of the air-liquid interface has been shown to be particu-
larly important. Organ-on-chip technology allows for integrat-
ing multiple interdependent cell lines present in human tissues
within a controlled environment (19, 129, 168). Organ-on-chip
systems are most often based on microfluidic fabrication tech-
niques that create fluid channels within PDMS, an optically
transparent and biologically inert polymer. Cells can be cul-
tured and maintained within the micropatterned features either
directly on PDMS or on ECM coatings that preferentially allow
for attachment of specific cell lines. In this way, multiple cell
types can be patterned within single flow channels of organ-
on-chip systems by templating ECM for cell attachment (16,
47, 78). This soft-lithographic technique was used to create the
first lung-on-chip device in 2010 (70), which is probably the
best known bioengineered lung analog to date. The membrane
within this system supports human alveolar epithelial cells and
microvascular endothelial cells attached to opposing sides and
is flexible, allowing for cyclic straining of the adhered cell
layers. After cells were seeded and grown to confluence, the
epithelial channel was perfused with air, placing the cells in
direct contact with the gas. The epithelial cells secreted sur-
factant, as they do in vivo. In subsequent studies, this lung-on-
chip technology was used to investigate lung inflammation and
drug responses (14), including the impact of smoking on
alveolar membranes (13). The entire system was exposed to
whole cigarette smoke to study ciliary micropathologies,
COPD-specific molecular signatures, and epithelial responses
to smoke generated by electronic cigarettes (13). Although this
system has been used to study a number of airway-related
pathologies, it is also somewhat limited by its reliance on a
relatively thick porous polymer membrane and PDMS to
mimic the lung ECM (69). Recently, Horvath et. al. (65)
published an engineered air-blood barrier that was fabricated
using a Matrigel basement membrane that more closely mimics
in situ physiology. These engineering approaches demonstrate
the significant progress that has been made in modeling the

complexity of COPD; however, these microenvironments still
lack many of the hallmarks of COPD ECM. Ultimately, incor-
porating a variety of human cell types into the models de-
scribed here could bridge the gap between preclinical testing
and human clinical trial outcomes.

Even though current engineered models of pulmonary dis-
eases exist at the leading edge of technology, a tremendous
amount of work remains to be accomplished in integrating the
outputs of advanced characterization with precision biomate-
rials and biomanufacturing to create the next generation of
more organotypic reproductions of human disease in vitro.
Next, we explore the challenges and opportunities on the road
toward translation of tissue-informed engineering strategies
into precision medical treatments.

CHALLENGES AND OPPORTUNITIES FOR ENGINEERING
TISSUE-INFORMED MODELS OF CHRONIC PULMONARY
DISEASES

There is compelling evidence that microenvironmental
changes in pathological ECM play a key role in disease
progression. Advanced characterization techniques have re-
vealed that the cellular and microenvironmental remodeling
events that alter pulmonary tissue structure, mechanics, and
composition during the development of chronic pulmonary
diseases are inherently heterogeneous and dynamic. While
engineered in vitro models of human pulmonary diseases have
been essential to studying the cellular and molecular mecha-
nisms underlying these conditions, lungs are formidable to
recapitulate in vitro, and several key challenges remain. Look-
ing forward, there are equally many opportunities to further
tissue-informed engineering that will facilitate the realization
of the full potential of these models to serve as the foundation
for precision medical treatments (17, 77).

Challenge I: Recreating Microenvironmental Changes in
Chronic Pulmonary Diseases

It is widely recognized that the ECM not only provides
structural support for cells but is also a critical mediator of
cellular phenotype and function (18, 24, 57, 171, 188). Al-
though this framework is critical for guiding cell shape and
orientation to form specialized structures that are adapted to the
particular function of the tissue (137), it is not static. Instead,
the ECM is dynamically degraded, synthesized, and remodeled
by cells in both healthy and diseased tissues (179). Although it
has been particularly challenging to recreate the dynamic
biophysical and biochemical changes that occur in ECM during
disease progression, there are several promising precision bi-
omaterial-based strategies that have been proven in other
healthcare applications to overcome this barrier to progress.

Opportunity: precision biomaterials for controlled modifi-
cation of microenvironmental mechanics. Modern polymer
chemistry technologies provide the foundation for unprece-
dented control over biomaterial structure, mechanics, and com-
position, which is crucial for creating more physiologically
relevant models of human disease. Dynamic responsiveness
within these sophisticated biomaterials can be initiated by user-
or cell-controlled mechanisms through incorporation into the
hydrogel backbone, into the crosslinking macromers, or as
pendant functional groups. User-controlled stimuli, such as
light (147), temperature, ultrasound, and magnetic fields,
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can be exploited to improve our understanding of how cells
interact with and receive information from the extracellular
microenvironment, while materials that respond to endoge-
nous signals from cells (e.g., enzyme secretion, pH changes,
protein interactions, and cell-generated forces) provide a
framework for observing how cells remodel the extracellular
space. The ability to trigger these responses affords tempo-
ral and spatial control over microenvironmental mechanics
and composition (85).

One design criterion that is particularly important for control
within in vitro models of chronic pulmonary diseases is the
microenvironmental modulus. Multiple studies have linked IPF
and PH with ECM stiffening (20, 103, 109), while others have
associated COPD with decreased matrix stiffness in regions of
the lung parenchyma (96, 148). Dual-stage polymerization
systems are emerging as a novel way to recreate ECM stiffen-
ing in vitro. Guvendiren et al. (56) implemented one of the first
protocols for in situ hydrogel stiffening in the presence of cells.
Briefly, a hyaluronic acid (HA) polymer backbone was first
reacted with a short dithiothreitol (DTT) cross-linker to create
a soft hydrogel (~3 kPa) for cellular encapsulation. Next,
excess materials were sequentially cross-linked and stiffened
(~30 kPa) by light-initiated polymerization. Rosales et al. (146)
recently advanced this technology by adding in light-sensitive
moieties that allow researchers to reverse the stiffening process
through either photodegradation of a cross-linker or photoi-
somerization of reversible binding pairs connected to a HA
backbone (145). Human mesenchymal stem cells cultured on
these dynamic substrates were shown to activate or deactivate
mechanosensitive pathways as measured by YAP/TAZ nuclear
localization and differentiation in response to temporal stiffen-
ing and softening (56, 146). Light-initiated reactions represent
a valuable class of biomanufacturing techniques that, when
controlled using two-photon lithography, can achieve submi-
cron resolutions (62).

Likewise, Anseth and colleagues [Kloxin et al. (89)] have
developed a fully synthetic photocleavable PEG cross-linker
that provides spatiotemporal control over microenvironmental
softening and have established its use in developing photode-
gradable hydrogels that can be created with initially high
stiffness (~32 kPa), mimicking fibrotic tissue and softened on
demand to values that recapitulate healthy tissue (~3 kPa) (84,
88, 99, 100, 146). These materials have become invaluable in
studying the mechanosensitive pathways that lead to the acti-
vation of valvular interstitial cells during the progression of
heart valve disease and have revealed key insights into the
mechanical memory of cells cultured on supraphysiologically
stiff substrates (184). Although the biomaterials highlighted
here facilitate dynamic control over matrix mechanics, user-
controlled initiation of modulus changes may limit the viscous
behavior of materials that is ultimately necessary to emulate
pulmonary tissue mechanics.

To better recapitulate the mechanical properties of native
tissues such as lung, the Mooney laboratory recently developed
an alginate-based biomaterial system for probing the influence
of viscoelastic parameters on cell function and/or the impact of
cell-generated forces on the surrounding microenvironment.
The natural polymer alginate is a polysaccharide derived from
seaweed, which can be cross-linked covalently or ionically.
Due to the reversible nature of ionic bonds, the application of
stress can unbind and rebind these cross-links, producing

hydrogels that demonstrate viscous behavior; by comparison,
the covalently cross-linked alginate hydrogels exhibit near-
elastic response under stress. Interestingly, when fibroblasts
were cultured on soft alginate hydrogels with viscous behavior,
cell spreading was increased compared with that observed on
elastic substrates of the same modulus (29). Later, using a
similar alginate-based hydrogel platform, the authors demon-
strated fate control of human mesenchymal stem cells, which
formed a mineralized, collagen I-rich matrix similar to bone
ECM in hydrogels with rapid stress relaxation (viscous behav-
ior) and initial elastic modulus of 17 kPa (30). Although these
studies demonstrate the power of transient mechanics to direct
important cellular processes, the natural polymer networks
utilized are often limited by lack of tunability and precise
modification.

Recently, a completely synthetic approach to designing
PEG-based hydrogels with precisely defined mechanics and
viscoelastic properties has been reported. The authors (21)
introduced thioester-containing cross-linkers into a PEG-thiol-
ene network to impart adaptable covalent cross-linking into the
fully synthetic biomaterial system. Control of stress relaxation
and thus the viscoelastic properties of these materials was
demonstrated by uncaging a thiol ester exchange catalyst via
light exposure (21). These results highlight for the first time the
ability to produce material platforms with control over the
transient mechanical properties that capture the dynamic com-
plexities observed in ECM mechanics.

Opportunity: precision biomaterials for controlled modifi-
cation of microenvironmental composition. Dynamic control of
the microenvironmental composition is also a fundamental
design criteria for precision biomaterial platforms. Arguably
one of the most significant advantages of utilizing synthetic
networks is the capability to incorporate and release biochem-
ical cues with spatiotemporal fidelity. Growth factors (112,
161), peptide sequences (37), protein fragments (150), and
other soluble mediators (91) can be conjugated to the extracel-
lular environment via a thiol-containing cysteine group termi-
nating the sequence or by attachment to an enzyme-cleavable
linker (55). Thiol-containing biochemical mediators can be
reacted into the network via a photoinitiated reaction (58, 59)
to achieve precise spatial presentation. Alternatively, light can
be used to present biochemical cues that have been prereacted
into the network. This is usually achieved by conjugating the
biochemical cue to the network with a photoisomerizable or
photodegradable molecule (43, 102) or by uncaging cues
through ultraviolet (UV) cleavage of a protective group (124,
132).

Recently, the Kloxin group (159) developed a method to
conjugate complete ECM proteins to PEG hydrogels by incor-
porating amine-bearing peptide tethers during hydrogel forma-
tion. Using a pendant CGGGK peptide sequence, free amines
could be introduced into the hydrogel matrix and subsequent
reaction with sulfo-SANPAH [sulfosuccinimidyl 6-(4=-azido-
2=-nitrophenylamino)hexanoate] in the presence of UV light
renders the hydrogel reactive to amine-containing proteins
such as common ECM components like collagen I and fi-
bronectin. Using this approach, the authors compared the
integrin binding of human primary fibroblasts to PEG hydro-
gels functionalized with complete ECM proteins (collagen I or
fibronectin) or respective peptide mimics (GFOGER or RGD).
Interestingly, the authors demonstrated that, on the collagen
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I-mimicking peptide GFOGER, activated clusters of fibroblasts
were observed to form over time, reminiscent of fibroblast foci
and which were not observed when cultured on the full-length
protein collagen I. Such systems highlight the necessity to
design precise hydrogel systems to investigate the effects of
integrin binding on cell behavior, where the effects of compo-
sition can be decoupled from other significant parameters such
as matrix structure and stiffness.

An attractive alternative to photomediated ligand presenta-
tion is the dynamic release of biochemical signaling factors
through cell-controlled, enzymatically mediated cleavage of
covalently bound signals such as growth factors (50), ligands
(149), or full proteins (4). In vivo liberation of matrix-bound
growth factors occurs in a highly localized manner. In an effort
to replicate this native cell-growth factor interaction, seminal
work from the Hubbell research group exploited the natural
proteolytic programs of tissue repair, i.e., MMP secretion, to
release vascular endothelial growth factor retained in a syn-
thetic PEG matrix (189). Upon implantation into murine mod-
els, these matrices were remodeled with vascularized tissue in
areas of cell-initiated growth factor release (189). In a similar
study, the fibronectin-derived cell-adhesive peptide sequence
RGD was incorporated into a PEG-based hydrogel network
through attachment to an MMP-13 cleavable linker (149).
Human mesenchymal stem cells encapsulated in these hydro-
gels exhibited a 10- fold increase in glycosaminoglycan pro-
duction compared with cells encapsulated in a non-cleavable
RGD containing network (149). Precision biomaterials in
which bioactive chemical mediators are retained until local
release is triggered by cells are powerful tools for mimicking
the reciprocal cell-ECM interactions that drive ECM remodel-
ing in the context of disease. Collectively, these state-of-the-art
biomaterial systems are examples of promising candidates that
can be verified for tissue-informed engineering of disease
models to uncover cellular and molecular mechanisms under-
lying chronic pulmonary diseases such as IPF, PH, and COPD.

Opportunity: multiresponsive biomaterial systems. The dy-
namic biomaterials described above are quickly evolving into
sophisticated systems that are increasingly biomimetic in their
responses to physiological or externally applied stimuli (90).
By employing a modular chemical framework, researchers are
imparting hydrogels with precise responsiveness to multiple
microenvironmental cues to trigger both biochemical and bio-
physical reactions that are critical for emulating pathogenesis
in disease modeling. To further improve specificity to disease-
associated biochemical hallmarks found in vivo, the DeForest
research group has produced multi-stimuli-responsive hydro-
gel biomaterials that are able to perform biocomputation, i.e.,
simultaneously sense multiple inputs (enzyme, reductant, and
light) and follow a user-programmed, Boolean logic-based
algorithm to produce a functional output (degradation and
therapeutic release) (8). The 17 distinct biomaterial systems
created in this work represented all of the possible YES/OR/
AND logic outputs from input combinations of three stimuli.
By controlling the molecular connectivity of multiple stimuli-
responsive chemical moieties, Badeau et al. (8) demonstrated
the first sequential and spatiotemporally varied delivery of
multiple cell lines from a single biomaterial in response to
physiological changes within the microenvironment.

Recently, the Anseth group took a completely synthetic
approach to designing multi-stimuli-responsive PEG-based hy-

drogels with viscoelastic properties that respond to both light
and cell-generated forces over several orders of magnitude.
Combining PEG-thiol-ene click chemistry with adaptable co-
valent thiol ester exchange (reversible cross-links), the authors
demonstrated stress relaxation of these synthetic networks with
the capacity to control the viscoelastic properties by uncaging
the thiol ester catalysts via light exposure (21). The benefits of
such an approach highlight the ability to produce highly tun-
able material platforms with transient mechanical parameters
mediated by multiple inputs. Platforms with such control of
viscoelastic matrix properties will undoubtedly provide the
necessary material parameters to capture the complex transient
mechanics of lung ECM in both normal and diseased states.
The user-programmable and high-resolution tuning of these
multiresponsive biomaterials classify them as ideal candidates
for tissue-informed design of chronic pulmonary disease mod-
els with increasing complexity (8, 90).

Challenge II: Biomanufacturing, Scalability, and Translation

Realizing the full potential of engineered models of chronic
pulmonary diseases presents both technical and translational
challenges. As mentioned previously, pulmonary tissue is a
complex arrangement of cells and ECM that results in a
hierarchical macroscopic structure (75, 157). Therefore, mod-
els must span a broad length scale from the cell-ECM interac-
tions at the submicrometer level to the spatiotemporal irregu-
larities seen at the tissue level. Manufacturing techniques that
recapitulate not only the spatiotemporal heterogeneity but also
the vascularization found in pulmonary tissues are critical to
the success of future engineering strategies (Fig. 3). Another
significant technical challenge involves the standardization and
automation of the highly variable advanced manufacturing
techniques currently used to model pulmonary diseases that
were originally conceived for laboratory research and devel-
opment. Manufacturing and scalability limitations can be ad-
dressed through advances in biomanufacturing procedures,
while standardization and translation will be achieved only
through collaborations with both industrial and regulatory
partners.

Opportunity: biomanufacturing techniques to mimic tissue
structure and vascularization. Additive manufacturing of bio-
logical materials allows for construction of complex 3D archi-
tectures impossible to realize with other methods. Electrospin-
ning and bioprinting are promising additive manufacturing
technologies for the precise stereotactic placement of bioma-
terials for engineering in vitro models of disease. Hydrogels,
including collagen, chitosan, alginate, fibrin, HA, PEG, Matri-
gel, and methylcellulose (79, 119, 156, 187), are the most
commonly used materials (127) for electrospinning (2) and
bioprinting engineered tissues. While some materials are better
suited to particular applications than others, all are biocompat-
ible and provide an engineered matrix suitable for supporting
living cells. These biomanufacturing techniques can be used to
fabricate hierarchical macroscale models of pulmonary disease
with microscale resolution of microenvironmental changes
ranging from 5 to 50 �m (118).

Mimicking larger vascular tissue requires integrating both
the fibrous nature of the ECM and anisotropic mechanical
properties with compartmentalized cellular regions. One ap-
proach to producing these fibrous ECM substrates is electro-
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spinning, a method by which a polymer solution is drawn from
an extrusion source, typically a syringe, by an electrical po-
tential (2, 169). This technique allows for control of fiber
parameters, including structure (geometry and size), mechanics
(material modulus and fiber orientation), and composition,
which can all be tuned to fabricate structures with physiolog-
ically relevant scale and architecture (2, 9). Electrospun scaf-
folds not only have utility in tissue engineered vascular grafts
(2, 80), but their application toward achieving complex cellular
or disease models is compelling as well. Recently, Cheng et al.
(33) prepared a multi-cell-laden tubular structure comprised of
electrospun PCL and poly(lactic-co-glycolic acid) that retained
their 3D structure after implantation. These tubular vessels
with distinct cellular regions (intima, media, and adventitia)
represent a step toward emulating the complex macroscale
tissue organization of native vessels. Although the authors

proposed these engineered vessels for vascular regeneration in
vitro or in vivo, translation of such advanced biomanufacturing
methodologies could pave the way for the development of
high-fidelity vascular disease models.

Functional vascularization of microscale engineered tissue
constructs is essential to further improve our ability to model
pulmonary disease (92, 93, 97, 115). Multiple research groups
have developed novel ways to embed an active vasculature in
3D constructs by use of bioprinting (93, 97). Bioprinting
encompasses three main technologies: extrusion-, inkjet-, and
laser-based bioprinting. Extrusion-based bioprinting, the most
frequently used technique of the three, employs a robotically
controlled syringe tip that extrudes a thin, continuous bioink
filament (127, 128). Pioneering work by Kolesky et al. dem-
onstrated a method to bioprint pluronic F127 as a sacrificial
material to recreate blood vessels within a cell-laden hydrogel.

Fig. 3. Depiction of the spatial resolution capabilities of selected biomanufacturing techniques with representative product images. A: fluorescently labeled
polyethylene glycol (PEG)-based hydrogels patterned using two-photon lithography (reproduced in part from Ref (86), with permission of John Wiley & Sons).
B: scanning electron microscopy image of electrospun PEG thiol-ene fibers. C: fluorescently-labeled PEG thiol-ene hydrogel microsphere synthesized via inverse
emulsion polymerization. 3D bioprinted, fluorescent PEG thiol-ene hydrogel (D), decellularized mouse lung (E), and an immunofluorescently stained image of
collagen IV (F) visualizing microstructure of decellularized lung tissue (E and F, courtesy of the Wagner Laboratory).
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The sacrificial pluronic F127 material was printed as interpen-
etrating tubes of 200 �m diameter within a gelatin methacry-
late (GelMA) bioink, and the whole construct was cast in pure
GelMA. Once cured, the pluronic F127 was removed by
cooling the device to 4°C to liquify and eliminate the sacrificial
material. The blood vessels thus created were endothelialized
using a suspension of human umbilical vein endothelial cells,
which remained viable and continued to proliferate while being
cultured for 7 days (93). The integration of high-resolution
biomanufacturing techniques with innovations in multi-
stimuli-responsive polymer chemistries will likely drive the
realization of vascularized disease models that recapitulate
the macro- to-microscale organization of pulmonary vascu-
lature and lung tissues.

Opportunity: collaboration with industry and regulatory
agencies. Although animal studies can emulate a variety of
physiologically complex interactions that occur during disease
pathogenesis, the scientific validity and translatability of these
results to humans has been inconsistent over the years (126).
Engineered models of chronic pulmonary diseases have the
potential to enable safety and efficacy testing for new drug
candidates as well as identification of novel therapeutic targets
in vitro. Incorporating these innovative technologies early in
the research and development pipeline for commercial drug
discovery may increase the likelihood of success of subsequent

clinical trials. High-throughput screening (HTS) is an example
of a process traditionally employed in pharmacological studies
that can be applied to narrow design criteria for biomaterial
(53) and microenvironment specification (11) in cases where
the level of tunable parameters is large enough to prohibit
performing the same experiments with conventional tech-
niques. Indeed, in our hands we have employed a HTS method
to successfully interrogate engineered microenvironments,
with tunable matrix structure, mechanics, and composition,
against EC and SMC (38, 39) as well as various other cell lines
(46, 156). In doing so, we have identified specifications that
produce ideal microenvironments for endothelial integrity (38),
smooth muscle contractility (39), and vascular differentiation
of stem cells (46). Application of HTS technologies early in
disease model development will enable efficient identification
of design and process parameters necessary for scale-up of
well-defined model systems that emulate complex phenomena
in pathogenesis.

Furthermore, successful translation of in vitro models of
chronic pulmonary diseases from proof of concept on the
benchtop to commercial screening platforms at the bedside will
require assays to be reliable, robust, and compliant with regu-
latory guidance. Achieving this milestone will require basic
translational researchers to form partnerships with leaders in
industry as well as regulatory agencies. Together, these part-

Fig. 4. Application of the integrated framework for engineering more organotypic models of idiopathic pulmonary fibrosis (IPF) in vitro. 1) advanced
characterization reveals localized regions of fibrotic activity, distinguished by increased extracellular matrix (ECM) deposition and matrix stiffness. 2) dynamic
multiresponsive biomaterial systems impart photo-controlled spatiotemporal stiffening and release of soluble factors to emulate disease progression. 3 and 4)
Preclinical verification and clinical validation expedite the translation and commercialization of precision therapeutic interventions for IPF.
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nerships will streamline the commercialization process. Incor-
porating design and process controls, as well as analytical,
bench, preclinical verification, and clinical validation testing
recommended by regulatory agencies into research and devel-
opment plans at an early stage will expedite the commercial-
ization of these much-needed advanced technologies (134).

OUTLOOK

Over the past three decades, advances in tissue character-
ization and in vitro modeling have revealed substantial insight
into the structure, mechanics, and composition of the ECM as
well as the critical roles it plays in morphogenesis, tissue
homeostasis, and disease progression (188). Consider the case
of IPF, for example. Diagnosis of this disease is based on
recognition of aggregate structures of proliferating fibroblasts
and myofibroblasts surrounded by unusually dense ECM,
called “fibroblast foci”, on high-resolution chest CT or surgical
lung biopsy. Historically, these lesions were proposed to have
been linked in a complex, highly interconnected reticulum that
extends from the pleura into the underlying parenchyma (35).
In 2016, Jones et al. (75) presented state-of-the-art 3D charac-
terization results that suggested that fibroblast foci form a
constellation of heterogeneous structures with large variations
in size, geometry, and volume that change over time and with
no apparent connectivity. To illustrate the power of the oppor-
tunities currently available for engineering more organotypic
models of human pulmonary diseases, we propose that multi-
stimuli-responsive biomaterials capable of spatiotemporally
controlled stiffening and release of soluble factors like TGF�
could be combined with advanced biomanufacturing tools
(two-photon lithography) to emulate progression of IPF in vitro
(Fig. 4). Many of the precise biomaterials and biomanufactur-
ing techniques described as opportunities in this review are
either relatively new or not yet used at all in the field of
pulmonary disease research but have the potential to initiate a
transformative shift in the preclinical translational research
efforts underway in this area. Future tissue-informed designs
will benefit from the ability of precision biomaterials and
advanced biomanufacturing techniques to increase the com-
plexity of our models, adding dynamic microenvironments,
high-resolution control of structure, and improved cellular
diversity. The ability to translate complex in vivo events into in
vitro models, investigate subsequent cell-matrix interactions,
and use these findings to elucidate mechanisms underlying
pathogenesis will have transformative effects in pulmonary
regenerative medicine. These efforts are fundamental in our
progress to overcome current translational barriers with inno-
vative solutions that embody the principles of precision med-
icine.
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