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The micrometer scale sac-like alveoli are the most important and essential unit for gas exchange in the lung. Thus, design and
fabrication of scaffolds for alveoli regeneration by tissue engineering approach should meet a few topography and functional
requests such as large surface area, flexibility, and high gas permeability to their native counterpart. Testing the gas
permeability of scaffolds through a fast and simple technique is also highly demanded to assist new scaffold development. This
study fabricated alveolus-like scaffolds with regular pore shape, high pore connectivity, and high porosity produced by inverse
opal technique alongside randomly distrusted porous scaffolds by salt leaching technique from two different materials
(polyurethane and poly(L-lactic acid)). The scaffold surface was modified by immobilization of VEGF. A facile and new
technique based on the bubble meter principle enabling to measure the gas permeability of porous scaffolds conveniently has
been developed specifically. The cellular response of the scaffolds was assessed by culturing with bone marrow mesenchymal
stem cells and coculturing with lung epithelial NL20 and endothelial HUVECs. Our results showed that the newly designed gas
permeability device provided rapid, nondestructive, reproducible, and accurate assessment of gas permeability of different
scaffolds. The porous polyurethane scaffolds made by inverse opal method had much better gas permeability than other
scaffolds used in this study. The cellular work indicated that with VEGF surface modification, polyurethane inverse opal
scaffolds induced alveolus-like tissues and have promising application in lung tissue engineering.

1. Introduction

The prevalence of lung diseases has been increasing because
of smoking, air pollution (high dust and chemical particles
in air), and genetic disorders [1]. Chronic obstructive
pulmonary disorder (COPD), acute lung injury/acute respi-
ratory distress syndrome (ALI/ARDS), pulmonary hyperten-
sion (PH), cystic fibrosis (CF), and lung cancer are among
the lung diseases with high mortality [2–6]. However,
human lungs have very limited capacity to regenerate. Once
the lung is subjected to damage or degeneration, the func-
tion of the lung will undergo irreversible impairment. Lung
tissue transplantation is the gold standard for treating dam-
aged lungs and helping to save lives. It is an effective and safe
therapy for the patients suffering from a variety of end-stage

pulmonary diseases. Meanwhile, more than 50,000 adult
lung transplants have been entered into the International
Society of Heart and Lung Transplantation Registry by
2014 [7]. However, this treatment faces big challenges:
shortage of donor organs, expensive surgery, and short
transplant life due to chronic lung allograft dysfunction,
along with the recurrence of the underlying pathology in
some cases [8]. The late mortality following lung transplan-
tation presents in approximately 50% of patients at 5 years
after transplantation [7]. Therefore, tissue engineering
approach which is able to generate biologically compatible
substitutes to restore and support lung tissue functions [9]
becomes a very promising therapy.

Good gas permeability is the key feature of the lung.
Alveoli are the basic and essential unit of gas exchange.
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Scaffolds for alveoli regeneration through tissue engineering
approach should have multiple connective pores and excel-
lent gas permeability in the pore wall. Many scaffolds, such
as decellularized, Gelfoam sponge, and collagen microcap-
sule [10–12], have been explored to fabricate tissue engineer-
ing lung with growing lung cells such as epithelial and
endothelial cells in them. Previously, inverse opal scaffolds
with uniform and controllable pore size, high pore connec-
tivity, and thin pore wall were employed to investigate the
blood vessel infiltration [13]. The structural features of
inverse opal scaffolds can mimic topographic alveoli of the
lung and make itself a promising scaffold candidate for lung
tissue engineering.

To characterize whether a scaffold is suitable for alveoli
production, gas permeability tests should be undertaken. A
few reliable gas permeability testers for food packaging,
textiles, and papers are available based on the manometer
principle and ASTM standards, for example, the Permeance
Testing Device, type GDP-C; Differential Pressure Air
Permeability tester, Frazier; and ASTM 1434-82 and ASTM
D737 [14, 15]. However, they are not suitable for testing
the gas permeability of porous scaffolds in tissue engineering
due to their small bulk size, relatively large pore, and unique
architecture [16, 17]. Considering the high gas permeability
of porous scaffolds, the high-precision flowmeter of gas is
needed in gas measurement of the test. Levy reported the
bubble meter technique as a simple but reliable method of
measuring the volume flow rate of gases in application
[18]. The aim of the current study is to fabricate and com-
pare multiple alveolus-like scaffolds used for lung tissue
engineering and design a convenient and facile device
capable of testing the gas permeability of these produced
scaffolds in order to guide better fabrication of alveolus-
like scaffolds.

2. Materials and Method

2.1. Fabrication of Alveolus-Like Scaffolds. Two types of
porous scaffolds with different architectures were fabricated.
One type was gelatin-based inverse opal scaffolds with uni-
form pore structures, denoted as IOS, and the other one
was salt leaching porous scaffolds with randomly distributed
pore structures, denoted as SLS. Two types of polymers,
polyurethane (PU) (Sigma-Aldrich, US) and poly(L-lactic
acid) (PLLA) (Purac BV, Gorinchem, the Netherlands) have
been used to fabricate the scaffolds.

IOS scaffolds were generated following the established
protocol with slight modification as shown in Figure 1
[13]. Firstly, uniform gelatin microspheres with sizes rang-
ing from 180μm to 430μm through altering experimental
parameters (flow rate of toluene and gelatin solution and
diameter of capillary) (Table 1) were produced using a
microfluidic device shown in Figure 1(a). Secondly, the tem-
plate moulds with multilayered hexagonally packed gelatin
microspheres were formed (Figure 1(b)). Then 15% (w/v)
PU solution in 1,4-dioxane (Sigma-Aldrich, US) was
dropped into the moulds (Figure 1(c)). The compounded
moulds were frozen at -20°C for 6 hours and then lyophi-
lized overnight in a freeze-dryer to remove the solvent.

Finally, the gelatin microspheres were removed through
immersing the moulds in a water bath at 43°C with gentle
stirring overnight (Figure 1(d)). PU-IOS scaffolds with
5mm height and 5mm diameter were obtained.

To generate SLS scaffolds, sodium chloride (NaCl) parti-
cles with the diameter between 250μm and 350μmwere col-
lected by sieves and then mixed with 15% PU solution or 6%
(w/v) PLLA solution (in chloroform, Sigma, UK) for PU and
PLLA scaffolds, respectively, with the weight ratio of poly-
mer solution and NaCl at 1 : 9. The salt and polymer com-
posites were kept in a cylinder-shaped mould for 3-5 days
to evaporate the organic solvent, after which the composites
were immersed in a water bath to leach out the salt particles
thoroughly. The SLS scaffolds with diameter of 5mm and
height of 5mm were collected.

2.2. Device Design for Gas Permeability Test. The convenient
and simple device to assess gas permeability of porous scaf-
folds based on the bubble meter principle was designed [18,
19]. The device consisted of 4 parts as schematically drawn
in Figure 2. The part 1 was used for gas transportation; it
was composed a syringe pump (KD Scientific) and a 50mL
syringe (Norm Ject). The part 2 was utilized for sample hold-
ing. The porous scaffolds with defined dimension and a
larger surface area than that of the vent of the 50mL syringe
were placed against the vent stably. The part 3 was the dis-
playing component consisting of a flow direction changer
via a three-way adaptor, a 2mL syringe (Norm Ject) without
plunger, and a floater which was made by the detergent film
generated from a mixture viscous solution of detergent and
distilled H2O at the ratio of 4 : 1. A digital camera recorded
the floater movement as the part 4. After the detergent film

Toluene
with span 80

(a)
(b)

(c)(d)

Gelatin
solution Gelatine particles

PU scaffold

Gelatin template

PU with 1, 4-dioxane

80°C, 30min

Methanol

Tolune with span 80

dH2O, 45°C, 24h

Freeze drying

Filter paper

Figure 1: The schematic of 3D porous scaffold fabrication by
inverse opal method. (a) Gelatin particle generation by the
microfluidic device; (b) gelatin template formation in methanol
atmosphere at a 80°C oven for 30 minutes; (c) PU solution
penetration through gelatin template and filling the gaps between
each gelatin particle; (d) PU scaffold collection after freeze drying
for 6 hours and removal of gelatin particles by immersing in a
water bath at 45°C for 24 hours.
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was placed near the bottom of the 2mL syringe, the syringe
pump was set up to push the air inside the syringe through
the scaffold by various flow rates. The movement rate of
the floater was used as the readout of the different types of
gas permeability of the scaffolds.

2.3. Characterization of Alveolus-Like Scaffolds

2.3.1. Observation of Scaffolds. The morphology of IOS and
SLS scaffolds made by PU and PLLA, gelatin microspheres,
and hexagonally packed gelatin moulds was observed by
bright field microscope (Olympus, US) and SEM (FEI Teneo
VS, US).

2.3.2. Gas Permeability. The gas permeability of PU-IOS
scaffolds with various pore sizes and SLS scaffolds made
from PLLA and PU was measured by the designed device.
Firstly, the scaffolds (ϕ 5 × 5mm) were placed inside the
50mL syringe with stable attachment. The flow rate of the
syringe pump was set up as 5, 10, 20, 30, and 40mL/min,
for each sample. For each flow setting and test, the move-
ment distances of floater indicating as the initial height, H0
, and the final height, H1 , corresponding to initial time, T0 ,
and final time, T1 , respectively, were recorded by the camera.
The movement rate of the floater (v) was calculated by the
following formula:

v = H1 −H0
T1 − T0

: ð1Þ

Each experiment was repeated at least three times. The
gas permeability between the scaffold samples was compared
by the floater movement rate.

2.3.3. Mechanical Property. The mechanical property of IOS
and SLS scaffolds (ϕ 5 × 5mm) was measured by mechanical
testing machine (BOSE Electro Force 3200 Series, UK) at a
speed of 10mm/min under the compression mode. The
stress and strain were plotted from original force-
deformation curves according to the following formulas.
Young’s modulus was calculated accordingly.

Stress = Force applied
Area of specimen surface ,

Strain = Original height − Final height
Original height ,

Young’smodulus = Stress
Strain :

ð2Þ

2.4. Fabrication of Tissue-Engineered Alveoli

2.4.1. Surface Modification. In order to enhance the cell
attachment to PU-IOS, surface modification was conducted
through introduction of vascular endothelial growth factor
(VEGF) to scaffolds covalently [20]. Firstly, ammonia plasma
treatment was applied to introduce the amine group to PU
scaffolds. To do so, PU scaffolds were put into the plasma reac-
tion chamber whose pressure was increased from 21mbar to
50mbar with ammonia gas pumping. The plasma treatment
lasted for 5 minutes. Scaffolds were immersed into 70% etha-
nol for 2 hours for sterilization. Secondly, heparin was intro-
duced onto the scaffold surface through crosslinking reaction
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) andN-hydroxysulfosuccinimide (Sulfo-NHS).
Ammonia plasma-treated PU scaffolds were immersed into
the solution of EDC (2mM), Sulfo-NHS (5mM), and heparin
(1mg/mL) in 2-(morpholino)ethanesulfonic acid (MES)
buffer and incubated for 2 hours at room temperature to bind
heparin. After washing three times with PBS, the scaffolds
were immersed into 100μL of VEGF solution (100ng/mL)
for grafting at 4°C overnight. The grafted scaffolds were
washed with PBS and kept at 4°C for further application.

2.4.2. MSCs Culture.MSCs isolated from rat bone marrow as
described in our previous study [21] were used in this study.
In brief, bone marrow in tibias and femurs from 4-week-old
Sprague−Dawley rats was flushed with 10mL of cell culture
medium and transferred into two T25 culture flask (NUNC,
US) and incubated by α-MEM medium (Hyclone, USA)
supplemented with 10% fetal bovine serum (FBS, BI, Israel)
and 1% antibiotics (Hyclone, USA) at 37°C with 5% CO2.
The medium was replaced every 3 days until cells reached
confluence. Cells were subcultured at a 1 : 2 plate ratio.
Passage 3-5 MSCs were seeded onto the VEGF-modified
alveolus-mimicking porous scaffolds with cell seeding den-
sity of 104/mm3. Neat PU-IOS scaffolds seeded with MSCs
were used as the control group. The constructs were cultured

Table 1: Experimental parameters to control different diameters of
gelatin particles.

Diameter of
gelatin
particles (μm)

Flow rate of
toluene solution

(mL/h)

Flow rate of
gelatin solution

(mL/h)

Diameter of
capillary
(mm)

180 ± 18 24 4.8 0.5

250 ± 25 24 3.6 1

310 ± 45 24 6 0.5

430 ± 51 24 6 1

1 Gas transportation part

2 Sample fixation part

3 Displaying part

4 Recording part

Part 4

Camera

Part 1

Syringe
pump

Syringe

Scaffold

Floater

�ree-way
valve

Part 3

Part 2

Figure 2: Schematic of designed gas permeability test device with
four parts. 1: gas transportation part composed of a syringe pump
and a syringe; 2: sample fixation part, enabling samples against
the vent stably; 3: displaying part which uses a detergent film as
the gas floater; 4: recording part composed of a digital camera.
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by the above-mentioned α-MEM medium at 37°C with 5%
CO2, and the medium was changed every two days.

2.4.3. Coculture. Human umbilical vein endothelial cells
(HUVECs, Lonza) and human bronchial epithelial cell lines
(NL20, ATCC) were cocultured to observe the localization of
the two types of cells in the alveolus-like scaffolds. The
media for NL20 contained Ham’s F12 (Lonza, UK), with
4% FBS, 1.3% of 1.5 g/L NaHCO3, 1% of 2mM L-glutamine,
1% of 0.1mM nonessential amino acids, 1% of antibiotic
antimitotic, and 0.05% of 0.5μg/mL hydrocortisone. The
media for HUVECs was composed of Media 200 (M200,
Thermo Fisher) with 2% low serum growth supplement
(LGSS, Thermo Fisher). The NL20 and HUVECs with the
ratio of 4 : 1 and cell density of 105/mm3 were seeded onto
scaffolds with a dimension of 50mm3. NL20 were labelled
with the PKH26 cell linker (Red, Sigma-Aldrich) following
the product instruction before cell seeding, and HUVECs
were identified by staining with CD31 after termination of
the culturing. The cell-scaffold constructs were cultured in
a mixed medium (with the ratio of 1 : 1), and the medium
was changed every 2 days.

2.5. Characterization of Tissue-Engineered Alveoli

2.5.1. CCK-8 Assay. The viability and proliferation of MSCs
on VEGF modified and nonmodified PU-IOS scaffolds were
tested by cell counting kit-8 (CCK-8, Dojindo, Japan) as
described in our previous study [20]. Briefly, at 1, 3, and 5
days after cell seeding, CCK-8 solutions at a dilution of
1 : 10 with media were added to each sample and cultured
at 37°C with 5% CO2. Two hours later, 100μL of media were
transferred into a 96-well plate to measure the absorption
value at a wavelength of 450nm using a microplate reader
(Symergy HT, BioTek, USA).

2.5.2. Confocal Observation of Cell Viability and Morphology.
The viability of MSCs cultured on VEGF modified and non-
modified PU scaffolds at day 7 was determined by live and
dead staining assay according to the product manual (Via-
bility/Cytotoxicity Kit, Invitrogen, USA). Confocal micros-
copy (Leica, Germany) was used to observe the live and
dead MSCs on PU scaffolds. Live cells were imaged as green
color at an excitation of 488nm and dead cells as red at an
excitation of 535 nm. The three-dimensional (3D) images
were reconstructed by z-stacking two-dimensional images
with 10μm steps.

After 21 days of coculturing, the location and distribu-
tion of NL20 and HUVECs within the scaffolds were exam-
ined by expressed fluorescence; NL20 was displayed as red
color by labelling with the PKH26 cell linker dye, whilst
the HUVECs were stained with CD31 antibody. To stain
the CD31 marker, the constructs were fixed by 4% parafor-
maldehyde (PFA) first at room temperature for 30 minutes.
After removal of PFA, the constructs were washed with PBS
twice, put into 1% BSA blocking solution, and incubated for
one hour. After washing twice with PBS, the CD31 primary
antibody (goat-antihuman, Santa Cruz, UK), diluted with
1% BSA with the ratio of 1 : 100, was added and incubated
for at least 16 hours at 4°C. Constructs were washed with

PBS three times and incubated with secondary antibody
(FITC-donkey antigoat, 1 : 100, Santa Cruz, UK) at 37°C
for 3 hours. Finally, constructs were washed 3 times with
PBS and counterstained by DAPI for the nucleus, then
observed by confocal microscopy.

2.6. Statistical Analysis. All quantitative results were
expressed as mean ± standard deviation. At least 6 replicates
were used for each group. Statistical analysis was carried out
using one-way ANOVA and t-test for each two-group com-
parisons to determine significance. A value of P < 0:05 was
considered to be statistically significant.

3. Results

Figure 3 shows the images of porogen particles and formed
pores in the scaffolds. It can been seen that the microfluidic
device generated uniform gelatin microspheres with diame-
ter of 180 ± 18, 250 ± 25, and 310 ± 45μm (Figures 3(a)–
3(c)) compared with the sieving method (250-350μm,
Figure 3(d)). Figures 3(e)–3(g) show the PU porous scaffolds
with uniform pores, and Figure 3(h) shows the PLLA SLS
scaffold with irregular pores.

Figure 4 shows the multilayered hexagonally packed
gelatin microspheres (Figure 4(a) and PU-IOS scaffolds
(Figures 4(b) and 4(c) used for MSC culturing. It can be seen
that the gelatin microspheres we obtained had uniform
diameters and the packed microspheres formed a hexagonal
connection. Figure 4(C1) shows the cross-section of PU-IOS
scaffolds with uniform pores and pore connection, and
Figure 4(C2) shows the morphology of PU-IOS scaffolds
with small pores inside big pores, indicating that the PU
material did not cover the full surface of gelatin micro-
spheres and tightly packed gelatin microspheres created the
pore connections.

The reliability of the gas permeability testing device we
designed was assessed by analyzing the relationship of the
gas flow rate and the floater movement rate. We tested the
device without scaffolds by setting the flow rate of the
syringe pump at 5, 10, 20, 30, and 40mL/min and found that
the detergent film as a floater of device went up at a constant
rate under the corresponding pump rate condition and was
reproducible (data not shown). Figure 5 shows the results
of gas permeability measurements of IOS and SLS scaffolds
under different gas transportation rates. PU-IOS with pore
size of 180, 310, and 430μm, PU-SLS, and PLLA-SLS with
pore size of 250-350μm were used to validate the designed
device. It can be seen from Figure 5 that there was no dis-
tinct difference between each groups when the gas transpor-
tation rate was 5, 10, and 20mL/min. Whereas when the
flow rate was increased to 30mL/min, the gas permeability
of PLLA-SLS was also obviously lower than the other
groups, which indicated that PU had better gas permeability
than PLLA. By closely monitoring the floater moving rate
between 28 and 32mL/min (Figure 5(b)), it was found that
the PU-IOS had better gas permeability than PU-SLS.
Furthermore, the gas permeability of PU-IOS increased
gradually along with the increase of pore size. These results
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indicated that the type of material, pore morphology, and
size contributed significantly to gas permeability.

The mechanical properties of PU-IOS and PU-SLS and
PLLA-SLS are shown in Figure 6. It was clear that PU-IOS

with a pore size of 310 and 430μm had similar stiffness,
while the stiffness of PU and PLLA porous scaffolds pro-
duced by the salt leaching method was much higher than
that of inverse opal scaffolds. Compared with PLLA, PU salt

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3: Visible images of porogens and the pores within scaffolds. Gelatin particles generated by the microfluidic device with different
diameters (a–c), NaCl particles (d), and porous scaffolds (e–h). Gelatin particles with diameter of 180 ± 18μm (a), 250 ± 25 μm (b), 310
± 45μm (c), and NaCl particle with size of 250-350 μm (d). Scaffolds produced from inverse opal technique (e–g) and from salt leaching
method (h).

5Stem Cells International



leaching-formed scaffolds were softer. Figure 6(b) shows that
PLLA-SLS scaffolds had the highest Young’s modulus com-
pared with PU scaffolds.

In Figures 7(a) and 7(b), the live and dead staining
images show more live and less dead MSCs on VEGF-
modified PU scaffolds Figure 7(b) than on neat PU scaffolds
Figure 7(a) at day 7. Furthermore, it can be seen that MSCs
spread well on VEGF-modified PU-IOS scaffolds instead of
the round shape on PU neat scaffolds. Figure 7(c) shows
the CCK-8 results of MSCs cultured on PU-IOS scaffolds

at days 1, 3, and 5. It is evident that MSCs on VEGF-
modified PU-IOS scaffolds had better cell compatibility than
those on unmodified PU scaffolds (P<0.05). From the 3D
images, we can see that MSCs grew along the wall of the
pores and formed alveolus-like structures on VEGF-
modified PU-IOS scaffolds (Figure 8(b).

Figure 9 shows the NL20 attachment on day 3 and colo-
calization of NL20 and HUVECs on day 21 after being
seeded. The red fluorescence in Figures 9(a) and 9(b)
showed the NL20 cell tracking by PKH26 and the green

(a)

(b)

(c)

Figure 4: Images of gelatin microspheres packed moulds and formed scaffolds. Multilayered hexagonally packed gelatin microspheres (a)
(A1, A2) and PU-IOS scaffolds (b) (B1, B2) from bright field microscopy. (c) (C1, C2) The formed PU scaffold observed by SEM.
Arrows showed the smaller pores within big pores, which were created through connected gelatin microspheres.
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color from the HUVEC stained by CD31 antibody
(Figure 9(c)). In the merged image of Figure 9(d), we can
see the yellow color which meant the colocalization of
NL20 cells and HUVECs.

4. Discussions

Chronic lung diseases, such as COPD, CF, PH, and cancer,
have no cure apart from lung transplantation. However,
the critical shortage of donor lungs as well as the potential

immunorejection limits the usage of lung transplantation.
Generation of functional lung tissue through tissue engi-
neering approach already demonstrates high promise to
meet the clinical demands. Replication of the complex
three-dimensional architectural structure and function of
alveolar units becomes a challenge for successful tissue engi-
neering of the lung. In this study, we adapted the inverse
opal fabrication technique to produce porous scaffolds using
highly elastic polyurethane (PU-IOS) in comparison to
scaffolds made from the salt leaching technique by stiff
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Figure 5: Gas permeability results of polyurethane scaffolds (IOS) made by inverse opal technique with different pore diameters and PLLA
scaffolds (SLS) made from salt leaching method. (b) is the magnified image of the square part in (a).
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polylactic acid with focus on the gas permeability and
cellular attachment capacity between the scaffolds. PU-IOS
scaffolds with VEGF modification generated consistent
superior outcomes than other types of scaffolds. The new
gas permeability test device demonstrated reliable measure-
ment outcomes of various scaffolds.

Gelfoam as a hemostatic surgical material has been
widely used in clinics for decades. As the temporal scaffolds,
Gelfoam will be completely degraded or absorbed in vitro

and in vivo quickly. Its porous structure and appropriate
pore size similar to alveoli have been used in tissue engineer-
ing of the lung including us [11, 22–24]. Andrade et al. used
Gelfoam sponge and fetal rat lung cells to regenerate an
alveolus-like structure and explored the potential application
for lung regeneration [11]. Gelfoam made from gelatin has
low stability in an aqueous solution and enzyme environ-
ment. Compared with Gelfoam sponge, using the inverse
opal fabrication technique can generate scaffolds with
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Figure 7: Confocal 2D images of the live and dead MSCs cultured in PU-IOS scaffolds for 7 days. (a) (A1–A3) Neat PU scaffolds; (b) (B1–B3)
VEGF-modified PU-IOS scaffolds. Green color: live cells; red color: dead cells; (A3, B3) merged images. The quantitative cell viability cultured in
the two types of scaffolds on days 1, 3, and 5 assessed by CCK-8 kit is presented in (c).

8 Stem Cells International



uniform and controllable pore size and regular pore connec-
tion, which mimics the alveolar cluster better and is there-
fore appropriate for lung tissue engineering.

Because of the elastic and permeability properties, PU
and its family members have been used as an airway stent
in bronchotracheal cancer and dynamic culture chamber in
lung tissue engineering [25, 26]. To improve the biocompat-
ibility, PU was modified by VEGF in this study, which can
enhance the attachment and proliferation of MSCs. The
results of CCK-8 at days 1, 3, and 5 and live and dead stain-
ing at day 7 showed that the modification of VEGF was very
effective, which was also verified in our previous study [20].
Interestingly, when coculturing endothelial cells, HUVEC,
with epithelial cells, NL20, colocalization of the two types
of cells was clearly visible (Figure 9), which indicated that
the inverse opal-fabricated scaffolds supported multiple cell
populations on the alveolus-like structure.

We successfully grew MSC in PU-IOS scaffolds aiming
to explore new cell sources for lung regeneration. It is clini-
cally difficult to obtain autologous lung cells (endothelial,
epithelial, fibroblasts) to treat patients with the aforemen-
tioned lung diseases. Induction and differentiation of MSC
or lung progenitor cells [27] represent a promising and real-
istic direction to generate alveolar tissues by the lung tissue
engineering approach. Figures 7 and 8 show that MSCs pro-
liferated along with the wall of pores; it can still be found
that MSCs cannot form a whole pore structure like alveoli,
which was probably due to the short culture time enabling
to form the cell sheet and also the static culture method. This
is a limitation of our study. A longer culture time and
dynamic culture method should be used to form an alveolar
structure in future studies.

Gas permeability is one essential feature of lung tissue.
However, there were few studies to test the gas permeability

(a)

(b)

Figure 8: Confocal 3D images of the live and dead MSCs cultured in PU-IOS scaffolds for 7 days. (a) (A1, A2) Neat PU scaffolds; (b) (B1,
B2) VEGF-modified PU IOS scaffolds; (A1, B1) top view; (A2, B2) side view. Green color: live cells; Red color: dead cells.
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of 3D lung porous scaffolds [26], although the mature
methods for permeability testing in the food packaging field
have already been established [17]. In this study, we
designed a facile device to evaluate gas permeability of
porous scaffolds for lung tissue engineering with a syringe
pump as the gas transportation component and detergent
film. According to Levy’s research, the bubble meter method
showed an accuracy of 99.75% in the measurement [18]. We
conducted three sets of experiments to confirm the
feasibility and accuracy of our device. The testing results
without scaffolds showed the linear relation of the gas flow
rate and the movement rate of the detergent film. Then,
the scaffolds’ pore morphology and materials on gas perme-
ability were analyzed.

We fabricated PLLA salt leaching porous scaffolds, PU
salt leaching porous scaffolds, and PU inverse opal scaffolds
with different pore sizes for gas permeability tests. It has
been reported that various techniques including solvent

casting/particulate leaching, gas foaming, and phase separa-
tion technology could produce porous scaffolds (with poros-
ities of ~35-60%) but with limited interconnectivity between
pores [28]. Zhang et al. demonstrated that inverse opal
scaffolds (porosity of ~74%) with higher interconnectivity
(window size of 60-70μm) had a higher diffusion rate of
macromolecules (FITI-dextran, Mw ≈ 20k), in comparison
to scaffolds with nonuniform pores and a window size of
30μm [29]. Our results of gas permeability were consistent
with these reports. With a higher pore connection rate, PU
inverse opal scaffolds had higher permeability than PU salt
leaching scaffolds, which indicated the reliability of our
device for gas permeability testing.

Next, we compared the materials’ effect on gas perme-
ability. We found that the PU salt leaching scaffolds had bet-
ter gas permeability than PLLA scaffolds produced by the
same technique, which demonstrated that PU has a better
gas permeability property and is much more suitable for

(a) (b)

(c) (d)

Figure 9: Confocal images of coculturing NL20 cells and HUVECs on VEGF modified PU-IOS scaffolds. NL20 cells were imaged live with
labelling by PKH26 cell tracker (red color) on day 3 and day 21, whilst HUVECs were identified by CD31 staining (green color) on day 21.
(a) Confocal live z-stacking 3D images of the construct cultured for 3 days. Yellow circle showed the cells attached onto the pore surface. (b)
Confocal live 2D image of the construct cultured for 21 days; (c) confocal 2D image of the construct cultured for 21 days with CD31 staining
showing the location of HUVECs cells; (d) merged images.
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lung tissue engineering in comparison to PLLA. Bao et al.
reported that the O2 and CO2 permeation of PLLA used
for packaging was 0.14 Barrers (at 22.8°C) and 1.1 Barrers
(at 30°C), respectively [30], while the O2 and CO2 perme-
ation of PU reported by Turan and colleagues was 5.17
Barrers and 78.69 Barrers at 25°C, respectively [31]. Overall,
considering our gas permeability results and previous
studies, we conclude that the gas permeability of scaffolds
was determined not only by the fabrication methods but also
by the characteristics of the materials used. Our new gas
permeability device accurately detected the individual and
combinational factors for the gas permeability.

The applied flow rate of gas can also affect the detection
results. We set up the flow rate as 5, 10, 20, 30, 40, and
50mL/min to observe the floater’s movement and noticed
that it was hard to distinguish the permeability property of
scaffolds when the rate was lower than 20mL/min. The
lower gas flow rate might not generate sufficient pressure.
Because of the delicate detergent bubble, the flow rate cannot
set higher than 50mL/min as this would have led to the
breaking of the detergent film. Therefore, the gas flow rate
set at 30 or 40mL/min was suitable for testing permeability
of the porous scaffolds. This is a limitation of the new device.
A more durable and sensitive floater needs to be discovered.

5. Conclusions

In the current work, we presented a useful strategy for fabrica-
tion of scaffolds for lung tissue engineering and designed a gas
permeability tester to assist the fabrication. The polyurethane
scaffolds produced by the inverse opal technique resulted in
highly connective pores and elastic property and demon-
strated high cellular attachment and colocalization of epithe-
lial and endothelial cells on them into alveolus-like tissues.
VEGF-modified scaffolds enhanced the outcomes. The
designed gas permeability tester with the detergent film floater
can distinguish the gas permeability in scaffolds with different
pore morphologies and made from different materials.
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Spider silks are increasingly gaining interest for potential use as biomaterials in tissue engineering and biomedical applications.
Owing to their facile and versatile processability in native and regenerated forms, they can be easily tuned via chemical
synthesis or recombinant technologies to address specific issues required for applications. In the past few decades, native spider
silk and recombinant silk materials have been explored for a wide range of applications due to their superior strength,
toughness, and elasticity as well as biocompatibility, biodegradation, and nonimmunogenicity. Herein, we present an overview
of the recent advances in spider silk protein that fabricate biomaterials for tissue engineering and regenerative medicine.
Beginning with a brief description of biological and mechanical properties of spidroin-based materials and the cellular
regulatory mechanism, this review summarizes various types of spidroin-based biomaterials from genetically engineered spider
silks and their prospects for specific biomedical applications (e.g., lung tissue engineering, vascularization, bone and cartilage
regeneration, and peripheral nerve repair), and finally, we prospected the development direction and manufacturing technology
of building more refined and customized spidroin-based protein scaffolds.

1. Introduction

Spider silk has attracted much attention for thousands of
years due to its resilience, toughness, and biocompatibility.
Since ancient Greeks, natural spider silks have been well
documented in medical applications as bandages owing to
their outstanding hemostatic performance [1, 2]. The anti-
bacterial phenomena and hypoallergenic properties have
also been found from natural spider silks [3], which indicate
spider silk material’s great potential in biomaterial and tissue
engineering areas. In nature, spiders produce various types
of silk fibers from separate glands for multiple purposes of
creating shields for protection from predators, encasing their
eggs, and weaving webs. As shown in Figure 1, up to seven
types of silk-producing glands extrude proteins through
spinnerets to produce spider silks, e.g., dragline/major
ampullate silk, minor ampullate silk, flagelliform silk, tubuli-
form silk, aciniform silk, aggregate silk, and piriform silk.

Each type of silk fiber presents unique mechanical proper-
ties, internal structure, and composition, all determined by
their functions [4, 5]. Among these kinds of spider silks,
the major ampullate silk (also called dragline silk) has been
extensively investigated due to its excellent comprehensive
mechanical properties [6, 7]. Compared with natural fibers
and synthetic materials, spider silks exhibit a well-balanced
combination of stiffness and elasticity, which perfectly sat-
isfies scaffold biomaterial’s mechanical and biological
requirements for tissue engineering. However, the natural
sources of spider silks and processing methods are limited.
Therefore, technological strategies in genetic engineering
have long been used to integrate specific genes and recombi-
nantly engineered natural spider silk proteins.

Spider silk is a protein biopolymer that varies in physico-
chemical and biological properties due to a variation in
structure and composition. Based on this processability,
researchers manage to use natural or recombinant spider silk
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proteins as raw material to manufacture tailor-made scaf-
folds with controllable structures and outstanding properties
for diverse tissues or applications.

As an essential part of tissue engineering, scaffolds are
usually used for functional reconstruction of damaged
organs and defective tissues, including promoting cell adhe-
sion and proliferation, extracellular matrix regeneration, and
recovery of vessels and nerves around newly generated
tissues, which requires that scaffold materials should be
processible to be manufactured into different forms and
structures to provide sufficient space for substance and
information interexchange between tissue and cells. In addi-
tion, scaffolds should also have good biocompatibility to
reduce inflammation and cytotoxicity. As the center of tissue
regeneration and carrier of stem cells and cell signals, the
corresponding mechanical strength of scaffold materials
should be also guaranteed to maintain the complex structure
of the scaffold during tissue regeneration [8, 9]. For many bio-
medical applications, spidroin has been modified to form spe-
cific structures, including thin films, fibers, hydrogels,
microspheres, and sponges. And the further understanding
of the internal characteristics of spider silk protein structure-
function will also help to design new polymer materials
inspired by nature.

In this review, we will discuss spidroin-based scaffolds
with different dimensions and their applications in tissue
engineering and regenerative medicine as shown in
Figure 2, to demonstrate the great potential of spidroin-
based material in the biomedical engineering field. Because
of the complexity of lung tissue regeneration, there is a lack

of research on the application of spidroin-based materials to
lung tissue repair. What is exciting is that we still see the
great possibility of using spidroin-based biomaterials for
lung tissue engineering from many researches on spidroin-
based scaffolds, and they are also summarized in this review.
Meanwhile, we also make an outlook about the development
of the next-generation multifunctional spidroin-based scaf-
fold through the manufacturing process, genetic engineer-
ing, and molecular biology.

2. Spider Silk as a Matrix for
Tissue Engineering

2.1. Extracellular Matrix (ECM) and Requirement for
Scaffold Design. The extracellular matrix (ECM) is the
tissue-specific three-dimensional network architecture on
or between cells. It is mainly composed of cell secretory
products in each tissue and organ, including collagen, fibro-
nectin, laminin, glycosaminoglycan, and growth factor. Each
component has its own role and function. As the most abun-
dant protein in ECM, collagen provides the connection
between ECM and actin cytoskeleton to promote the
exchange of nutrients and information. In general, ECM
not only offers the necessary structural strength required
for common tissue activities but also adjusts the cell living,
apoptosis, proliferation, differentiation, shaping, and migra-
tion through growth factors and cytokines [10–13].

For scaffold design in tissue engineering, many factors
should be carefully considered to mimic the ECM function
and create a favorable living environment for tissue and
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organ regeneration [11]. Firstly, biocompatibility and bio-
safety are particularly important to scaffold material. There
should be no cytotoxicity and immunoreaction when scaf-
folds are implanted into the human body [14, 15]. Secondly,
the appropriate mechanical properties of scaffolds also need
to be emphasized. During treatment, most scaffolds need to
temporarily bear tension or pressure to remodel and induce
the differentiation of stem cells, so their mechanical proper-
ties are preferred to be similar with surrounding tissues [16].
Thirdly, the processability of biomaterial is also necessary,
which allows biomaterials to be precisely designed and proc-
essed into various effective structures. In order to simulate
the ECM function mentioned above, porous or fibrous
architecture is more suitable for intercellular communica-
tion and nutrient transport. On the one hand, this scaffold
architecture has relatively high specific surface area, which
offers more connecting sites for fibronectin proteins to
adhere to stem cells. On the other hand, a porous structure
scaffold with appropriate porosity provides space for neovas-
cularization and the nervous system and reconstructs meta-
bolic and information channels between new tissues and
their surrounding [11, 17, 18]. Finally, the degradation rate
of the scaffold should match the rate of secretion and gener-
ation of new ECM and tissue, and this processing rate can be
adjusted through modifying scaffold composition, structure,
etc. Meanwhile, the degradation products must also be non-
cytotoxic to ensure that there will be no secondary damage
due to degradation in the process of tissue regeneration.
With the development on the research about tissue engi-
neering and interaction between biomaterials and tissues,
higher and higher requirements are put forward for scaffold
design, which is both a challenge and an opportunity to pro-
vide better scaffolds for tissue engineering [19, 20].

2.2. Interactions between Spider Fibroin and Cells. Over the
past years, researchers have generated extensive evidence
that biochemical cell-matrix interactions can improve cell
survival and function. Many approaches, including chemical
modification of the primary structure of spidroin, gene mod-
ification with cell-binding motifs, and the change of the
material surface topographies, have been adapted to improve
cell behaviors (e.g., cell attachment, proliferation, and differ-
entiation) to scaffolds made of spider silk proteins [21–24].

Chemical coupling techniques rely on certain chemicals
that are not always biocompatible with cells, and the effi-
ciency of this nonspecific adhesion on in vitro culture is rel-
atively low for some types of cells [25]. To further improve
the interactions between cells and biomaterials, the cell-
binding peptide motif, such as RGD (Arg-Gly-Asp), has
been extensively incorporated in materials. Widhe et al.
demonstrated the viability of fibroblast-cultured RGD films
using a two-color fluorescence viability assay. Adhered cells
were found on all matrices after 24 h, with almost no dead
cells. Additionally, at an early time point of 3 h, the cells
on the RGD membrane showed many distinct focal adhe-
sion points and well-organized actin stress fibers, which
were similar to those on fibronectin, indicating an excellent
cell attachment activity [26]. However, the cell types and
their sensitivity to growth conditions should certainly be
considered with respect to the evaluation of RGD-based
materials for adhesion [27].

To explore the interaction between cells and morphol-
ogy/topology of various forms of spider silk-based materials,
Aldo et al. characterized the films, hydrogels, and electro-
spun nonwoven meshes made of the recombinant spider silk
protein eADF4(C16) on the adhesion and proliferation of
fibroblasts. The films and hydrogels had high hydration
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Figure 2: Schematic diagram of scaffold preparation using recombinant spidroins manufactured by transformed E. coli and their
applications in the tissue engineering area. Reproduced from S. Salehi et al., 2020, under the Creative Commons Attribution License.
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and a low contact angle. They produced a thin layer of water
on their surface, which inhibits proteins’ adhesion, reducing
cell attachment. In comparison, the nonwoven meshes dis-
played a defined surface topology of high surface area, which
is conducive to the filopodia protrusion and the posterior
spreading around the fibers. This phenomenon usually
occurs in the absence of specific binding sequences/ligands
to enhance cell adhesion. With the increase in fiber diame-
ter, the distance between fibers also increases, making the
filopodia protrude more efficiently [28].

2.3. Mechanical Properties of Spider Silk: From Sequence to
Structure. Natural spider silk, especially the major ampullate
silk, has impressive comprehensive mechanical properties,
including high tensile strength (0.9~1.4GPa) and excellent
extensibility (25%~40%), which endow spider silks with

excellent toughness (colored area under the curve in
Figure 3(a)), 160~250MJ cm−3) which is even higher than
that of steel and Kevlar fibers [7, 29, 30]. In addition to the
excellent comprehensive mechanical properties, the fine
hierarchical structure of spider silk has also been widely
researched. The well-known dragline silk is mainly com-
posed of two fibrous proteins MaSp1 and MaSp2, which
are secreted from the major ampullate silk gland. According
to the amino acid sequence, the dragline spidroin molecular
chain is composed of three blocks, including two nonrepeti-
tive domains N-/C-terminals and repetitive regions made of
poly-alanine stretches (An, n = 4-10 for MaSp1 and n = 3-9
for MaSp2) and glycine-rich blocks (GGX (X = A, Q, or Y)
and GX (X =Q, A, or R) for MaSp1 and GPX (X =G or S),
QQ, GGX (X is usually A), and GSG for MaSp2) [31–33].
During the natural spinning process, N-/C-terminals perform
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Figure 3: (a) The strain-stress curve of different fiber materials including Kevlar 46, dragline fiber of N. edulis, Nylon 6,6, and cocoon silk
fiber from B. mori; the toughness of N. edulis dragline fiber is illustrated by a colored area. Reproduced from C. Fu et al., 2009, Copyright ©
2009, Royal Society of Chemistry. (b) Hierarchical organization of spider silk nanocrystals and deformation profiles of β-sheet crystals at
different sizes. Reproduced from S. Keten et al., 2009, Copyright © 2021, Nature Publishing Group. (c) Hierarchical structure of spider
silk fiber and nonfiber spidroin materials. Based on the nanofibril network topology and internanofibril interaction strength, silk fibers
and nonfiber silk materials are of different fibril arrangements: among silk fibers, silk nanofibrils are bundled along the fibrous axis,
while for nonfiber silk materials, silk nanofibrils are interconnected in a nearly random manner. Reproduced from S. Ling et al., 2018,
Copyright © 2021, Macmillan Publishers Limited and W. Qiu et al., 2019, Copyright © 2021, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

4 Stem Cells International



a response to pH gradient, dehydration, ion exchange, and
shear stress, thereby inducing the assembly of aligned protein
molecular chains and the elongation of silk fibers [34].

On the molecular scale, poly-alanine (An) stretching
compounds are pressed together and tightly connected
through H-bonds to form the hard β-sheet nanocrystals
with high modulus. Poly-alanine stretching compounds
commonly include 4-12 Ala with 1-3 nm in length (h = 1
~3nm in Figure 3(a)), and the nanocrystal size is precisely
controlled at a critical length about 2-4 nm (Figure 3(c)).
When nanocrystals of this size are tensioned, the molecular
chains begin to slip stickily due to the hydrogen bonds
breaking down and regeneration in this process. These phe-
nomena not only dramatically increase the total dissipated
energy of fibril deformation but also prevent the internal
defects of nanocrystals from being exposed to the surround-
ing water and finally result in high strength, stiffness, and
toughness. For nanocrystals with length larger than critical
length, nanocrystals tend to be in bending mode rather than
the favorable slipping mode during tension. The crack
caused by unbalanced stress will be attacked by surrounding
water, which leads to large-scale breaking down of hydrogen
bonds followed by fiber failure [35, 36]. As shown in
Figure 3(c), glycine-rich (GGX) blocks of each protein
molecular chain have α-helix and random coil structure act-
ing as the amorphous region within spider silk nanofibrils
and established elastic connections between β-sheet nano-
crystals. When the fiber is stretched, the amorphous region
will deform due to its low modulus, and the interlocking
between molecular chains effectively limits the crack propaga-
tion. Therefore, the amorphous regions composed of α-helix
and random coil are generally regarded as the main contribu-
tion to the elasticity and ductility of spider silks [37].

The complex β-sheet nanocrystal and amorphous region
network form spider silk nanofibrils, and the crosslinking
ways of these nanofibrils will ultimately determine the prod-
uct formation. For natural and artificial spider silks, fibers
are spun from silk glands or artificial spinning facilities.
Under the traction of the spinning process, bundles of nano-
fibrils are orderly aligned along the long axis of the fiber. A
large number of interlocking structures between nanofibrils
further strengthen the toughness of the nanofibril network
and the whole spider silk fiber. Furthermore, the self-
healing outer layers of natural spider silks made of lipid
and glycoprotein act as shields that protect core fibers from
the invasion of water, protease, and environmental microor-
ganisms [38, 39]. As for the 2D and 3D formation of spider
silk-based biomaterials, various preparation methods can be
utilized via controlling the distribution and self-assembly
behavior of randomly crimped spider silk nanofibers,
thereby adjusting the mechanical properties to satisfy the
requirement of tissue regeneration in different locations.

3. Spidroin-Based Biomaterials in
Different Dimensions

3.1. One-Dimensional (1D) Spidroin-Based Biomaterials
(Fiber). The spider silk fiber is a unique biomaterial with
excellent mechanical properties. Compared with silk from

the silkworm, spider silk shows better biocompatibility due
to the lack of sericin coating, which is a kind of high immu-
nogenic protein that may cause serious hypertensives
[40–43]. In tissue engineering, natural spider silk is usually
collected from living spiders. More researchers also use
recombinant spidroins to prepare recombinant spider silks
through artificial spinning methods. Additionally, spider silk
fibers are usually orientated in parallel as a scaffold to guide
the regeneration of fibrous tissues and cells along the fiber
direction [44, 45]. According to the research from Fredriks-
son et al., the implanted recombinant 4RepCT spider silk
fiber illustrated better ability that promotes ingrowth of
fibroblasts and formation of new capillaries in rats compared
to the commercial medical implant Mersilk™ fiber, which
shows the great potential for spider silk fiber as scaffold
material in tissue engineering [46].

The strain-stress curve of spider silk illustrates a similar
variation tendency like that of the tendon, and the curve
has both low-strain modulus and high-strain modulus
stages. Interestingly, spider silk also shows the shape mem-
ory effect which allows it to recover the initial form after
deformation, such as tendon [47, 48]. Hennecke et al.
reported their study of using bundles braided from natural
spider silk single fiber (from female adult Nephila spiders
ranging in age from 6 to 15 months) as sutures for tendon
surgery and characterized the mechanical properties of these
sutures produced using different braiding methods. Com-
pared with conventional sutures, spider silk sutures demon-
strated an excellent fatigue response and maintained high
tensile strength compared to conventional ones even after
1000 fatigue cycles without any reduction [49].

Due to the outstanding tensile strength, good elasticity
and long-term biodegradability of natural spider silk, espe-
cially the favorable quick adhesion of cultivated Schwann
cells on silks, spider silk has become an ideal biomaterial
for the construction of nerve scaffolds [50]. Radtke et al.
reported their research about sheep tibial nerve defect repa-
ration using nerve constructs composed of decellularized
vein grafts and spider silk fibers. The experiment results
exhibited that spider silk fibers can promote nerve tissue
regeneration, axon regeneration, remyelination, and poten-
tial Schwann cells recruitment ability [51]. Roloff et al. firstly
described in detail the adhesion and growth condition of
human (NT2) model neurons on crossed spider silk fiber
scaffolds in vitro. Human neurons cultured on spider silk
arrays were grown along fiber direction due to the increased
migration and adhesion. The newly extending neurites
bridged gaps between single fibers and were elongated on
neighbor fibers. Within three to four weeks, the neuron clus-
ter and ganglion-like cell structures were observed, suggest-
ing that the spider silk could be an excellent candidate
biomaterial for enhancing neural repair in the injured cen-
tral nervous system because of the neuron affinity and non-
immunogenicity of the spider silks [52]. The research from
Millesi et al. demonstrated a similar result that native spider
silk fibers possess excellent adhesive properties and promote
cell alignment, proliferation, and migration, as shown in
Figure 4(a). Native spider silk fibers provide framework
SCs to form Bungner bands for regrowing axons by
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supporting the repair of the inherent properties of SCS,
replacing the basal laminar tube as a terrain guiding struc-
ture [53]. To further explore the potential of spider silk in
tissue regeneration of the nervous system, Hafner et al. eval-
uated the response of human dental pulp stem cells (DPSCs)
to spider dragline silk fibers, and the result is illustrated in
Figure 4(b). The outcomes implied that the spider silk fiber
substrate may induce stem cells to differentiate into more
extended cell morphology lineages for subsequent neural
differentiation applications [44].

The study from Naghilou et al. partially explained the
induction mechanism of spider silk fiber on cells. They col-
lected natural dragline silk and cocoon silk from N. edulis
and the connecting and attaching silk from A. avicularia,
investigated the material characteristics of each kind of silk
samples, and correlated their ability to act as a guiding struc-
ture for rat Schwann cells (rSCs) during in vitro experi-
ments. Compared to other three kinds of spider silk fibers,
the β-sheet content of attaching silks decreased significantly,
which led to severe adhesion of fibers in the medium and the
production of cell aggregates. Meanwhile, the successful
guiding behaviors of rSCs on dragline silk, cocoon silk, and
connecting silk are observed, as shown in Figure 4(c). The

experiment result exhibited the necessity of higher β-sheet
content in spider silk fiber for fabricating nerve guidance
conduits by guaranteeing the fiber to be straight and stiff
in the medium [54].

Kornfeld et al. repeated the sheep tibial nerve defect
reparation experiment using the similar spider silk-based
implant, quantified the axonal regeneration rate, and
determined the in vivo degradation mechanism and rate of
spider silk fibers. Surprisingly, the axonal regeneration rate
occurred on a spidroin-based implant with a directional
velocity of 1.309mm/d, close to that of autologous nerve
transplant (1.57mm/d, the ideal axonal regeneration rate).
The implanted spider silks could be fully degraded through
the photoimmune response mainly mediated by Langerhans
giant cells within 3 months, so that the constructs could be
replaced by an autologous matrix [55].

3.2. Two-Dimensional (2D) Spidroin-Based Biomaterials

3.2.1. Nonwoven Mesh. Electrospinning is widely used in tis-
sue engineering and usually has good compatibility with bio-
logical tissues. Unlike the weaving method, electrospinning
can produce ultrathin nonwoven textile with a large specific
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Figure 4: Adhesion of different cells on spider silk fibers. (a) Representative phase contrast versus confocal and immunostaining images of
(A) rSCs, (B) rFBs, and (C) rDRG neurons cultured on spider silk. The merged channels of rSCs were S100 (green), VIME (grey), and DAPI
(blue); the merged channels of rFBs were NGFR (magenta), THY1 (cyan), and DAPI (grey); and the merged channels of rDRG neurons were
TUJ1 (beta-3-tubulin) (green), NGFR (magenta), and DAPI (blue). Arrows (left) indicate elongated rDRGs along the silk fibers, and arrows
(right) indicate rFBs and rDRG neuron bodies. Reproduced from F. Millesi et al., 2021, under the Creative Commons Attribution License.
(b) Images showed the proliferation and alignment of DPSCs on the spider silk over time (10x magnification). Reproduced from K. Hafner
et al., 2017, Copyright © 2021, Elsevier B.V. All rights reserved. (c) Immunostaining images of rSCs cultured on (A and B) PLL/laminin-
coated dishes and (C) dragline, (D) cocoon, (E) connecting, and (F) attaching silk showing S100 (green) and DAPI (blue) staining. The
white arrow points towards the single silk strands that were barely perceivable. Reproduced from A. Naghilou et al., 2020, under the
Creative Commons Attribution License.
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surface [56, 57] and even mimic the histological structures
through electrospinning process design [58]. Limited by
the yield of natural spidroin, the recombinant spidroin pro-
duced by genetically engineered bacteria (e.g., Escherichia
coli) or yeasts (e.g., Pichia pastoris) is adopted as raw mate-
rial [59]. In order to inhibit the self-assembly of spidroin
molecular chains, the strongly polar solvent hexafluoroiso-
propanol (HFIP) and formic acid are generally selected for
distributing purified spidroins [60]. However, a more mild
and biocompatible Tris/HCl buffer plus PEO400 is suggested
as a solvent for biomedical use nonwoven mesh to avoid the
tissue irritation brought from polar solvent [61]. After spin-
ning, posttreatment is also required, such as methanol or
ethanol steam bath, since they can transform α-helix struc-
tures into β-sheet structures to endow mesh with better
water resistance and water stability [60, 62].

Leal-Egaña et al. examined nonwoven mesh, film, and
hydrogel scaffolds made of eADF4(C16) and evaluated the
cell adhesion and proliferation on these substrates. Among
the three candidate materials, the nonwoven mesh showed
the highest potential on fibroblast adhesion and prolifera-
tion, which was attributed to the higher availability of cell
attachment surface in the daedal surface structure of
nonwovens, allowing faster production of filaments around
fibers. Furthermore, their experiment also described the
proper fiber diameter ranges, i.e., ideal cell adhesion of
500~1500 nm and good proliferation of 1000~2000 nm
[28]. This research provides valuable information for the
surface design of nonwoven mesh. The research about using
pNSR16/PVA nonwoven mesh as a wound dressing to accel-
erate wound healing was reported by Zhao et al. [63]. During
the healing period, the nonwoven mesh could effectively
promote cell adhesion, proliferation, and migration, and fas-
ter formation of granular groups and wound contraction
were also observed in the experimental group.

In addition, the recombinant spidroin-based nonwoven
mesh also has broad application prospects in the field of
nerve repair. In the study of Pawar et al., aligned collagen
fibers were packaged with eADF(C16) nonwoven mesh to
prepare a nerve catheter, and the spidroin shell was also
chemically modified to enhance its cellular accessibility. In
this research, the aligned fibers caused no cell toxicity during
the 3-week incubation period. The surface structure of spi-
droin mesh provided ideal attaching sites for cells required
for nerve regeneration. This porous shell also maintained
the transportation of nutrition, gases, and waste metabolites
around nerve defects [64].

3.2.2. Film. Spidroin films can be manufactured through the
conventional film-forming methods, e.g., casting and spin
coating, and the choice of solvent will significantly influence
secondary structure change in the film; for instance, the
films made from formic acid or aqueous solution demon-
strate higher β-sheet concentration, while using HFIP as sol-
vent will lead to high α-helix concentration in the film after
solvent evaporation and posttreatments are required [60, 65,
66]. Generally, the water annealing (121°C hot steam treat-
ment), salt solutions (e.g., 1M K2PO4 solution), and primary
alcohol solution or steam are used to transform part of α-

helix into β-sheet to enhance the water stability and
mechanical properties of films [18, 67, 68].

Various physical-chemical and genetic modifications can
be applied to the film’s surface structure to achieve better cell
adhesion and cell fate control or to import specific proper-
ties. Micropatterns could improve cell adhesion and adjust
cell orientation on the film surface [28, 69]. Meanwhile,
micropatterns on the film surface can also prevent microbial
infestation as antibacterial layers [70]. Commonly, micro-
scale patterns are created through capillary transfer lithogra-
phy (CTL) and solvent-assisted microcontact molding
(SAMIM) using a PDMS mold as shown in Figure 5(a)
[70, 71], and Figure 5(b) illustrates the research from Molina
et al., where they reported a technology utilizing the direct-
ing ability of complementary DNA strands and spidroin
self-assembly induced by phosphate ions to form nanoscale
patterns on the inorganic surface [72].

Besides surface micropatterns, different kinds of cell
bonding peptides were also researched to promote the cell
adhesion capability of the spidroin molecular chain. The
integrin-binding motif RGD from fibronectin was firstly
investigated and connected to the spidroin sequence through
genetic editing. The RGD-modified film surface demon-
strated enhanced cell adhesion, which may be due to the
interaction of nonspecific cells in protein molecules with
charged residues [26, 73, 74]. Furthermore, different cells
also illustrated various responses on different motif-
modified films. For example, Schwann cells have been shown
to adhere to matrices with IKVAV motifs, with dispersed
morphology and improved viability [26, 75]. Silk materials
can also be functionalized with oligosaccharides, acrylates,
and other synthetic polymers to improve cell adhesion
[76]. The alkyne-capped-PMAGal derivatives were linked
with the azidopropylamine-modified eADF4(C16) film,
showing up to 80% cell attachment compared with 69% of
the unmodified membrane [77].

3.3. Three-Dimensional (3D) Spidroin-Based Biomaterials

3.3.1. Hydrogel. Hydrogels are three-dimensional (3D) cross-
linked polymer networks with high water content (above
95% w/w) and high adsorption capacity [78, 79]. Various
natural and synthetic-derived polymers, such as sodium
alginate, collagen, hyaluronic acid, chitosan, silk, gelatin,
polyvinyl alcohol (PVA), and polyacrylic acid (PAA), have
been processed into hydrogels via physical or chemical
crosslinking for a wild range of biomedical applications
[45, 80]. Due to the excellent mechanical properties and sim-
ilarity to ECM, hydrogels based on spider silk proteins have
been widely explored and utilized, especially in the fields of
tissue engineering, drug delivery, and biomanufacturing.

The hydrogel structure can be generated from spider silk
protein solutions through a sol-gel transformation. In the
process of gelation, spider silk proteins are driven by hydro-
phobic interactions and hydrogen bonds to self-assemble
into β-sheets [81–83]. Generally, adjusting physical cross-
linking conditions, such as the concentration of the spidroin
solution and additives, pH value, ionic composition of the
solution, or shear force, can control the gelation time and
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enhance the stability of the hydrogel [84]. Schacht and
Scheibel explored a duplicable approach for hydrogel forma-
tion of engineered and recombinantly produced the spider
silk protein eADF4(C16), in which the low-concentration
protein was denatured in 6M GdmSCN and then dialyzed
against 10mM Tris/HCl (pH7.5). With increasing protein
concentration, the formation of β-sheet-rich nanofibrils of
eADF4(C16) is accompanied by gelation [85].

The use of chemical crosslinkers is also an effective
method to stabilize the three-dimensional structure of
hydrogels. To prevent hydrogel from being damaged by agi-
tation or shearing, Rammensee et al. treated the surface of
C16 hydrogels with ammonium peroxodisulfate (APS) and
tris(2,2′-bipyridyl)dichlororuthenium (II) (Rubpy) to con-
nect the tyrosine side chains of the spidroins. The shear
modulus of the noncrosslinked C16 silk hydrogel and cross-
linked hydrogel was about 38Pa and 820Pa, respectively
[86]. Neubauer et al. demonstrated the recombinant spider
silk protein eADF4(C16) assembly into fibrils in the pres-
ence of DMSO/DMF in water-soluble organic cosolvents.
The tris-hydrogels and gels in DMSO blend exhibited the
highest β-sheet content (39 ± 1%), whereas the gels in the
presence of water and DMF blends showed far fewer β-
sheets of 24 ± 5% and 22 ± 4%, respectively. In addition,
the above-mentioned recombinant spider silk hydrogel
exhibited excellent shear-thinning characteristics with
respect to the protection of encapsulated cells or drugs from
corrosive shear stress. The authors further used the 3D
printing method to fabricate multilayer scaffolds with high

shape stability, which could be applied to a 3D printing drug
storehouse [87]. The addition of nanoparticles has recently
been proven to be an important factor in enhancing hydro-
gels’ adhesion and mechanical properties [88]. Liu’s group
reported on artificial spider silks produced by the water
evaporation-induced self-assembly of hydrogel fiber consist-
ing of polyacrylic acid and silica nanoparticles. The mechan-
ical properties of the ultimate fiber were comparable to those
of spider silk, presenting a tensile property of 44.3%, a tensile
strength of 895MPa, a toughness of 370MJm−3, and a
damping capacity of 95% [89].

3.3.2. Porous Sponge.Matrix stiffness is increasingly appreci-
ated as a critical mediator of cell behavior to regulate cell sig-
naling, with effects on growth, survival, and motility [90, 91].
Hydrogel showed poor stability in cell and tissue culture,
whereas the 3D scaffolds with a particular content of stiff-
ness can promote cell adhesion and proliferation, generate
a new extracellular matrix, promote tissue growth, and pro-
mote the transport of nutrients and metabolites. Although a
number of methods have been used to prepare silk-based
scaffolds [17, 92–95], the salt leaching method is widely used
due to its effectiveness, efficiency, and ease of the process.
NaCl crystals allowed the production of β-sheet-rich scaf-
folds with a high porosity without the need of additives or
crosslinkers for mechanical stabilization, as well as leaving
a gap in practicability for some soft tissues. Therefore,
choosing a porous and mechanically stable silk salt-leached
matrix to match the stiffness of soft tissue will provide
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additional options for developing spider silk biomaterials in
soft tissue regeneration.

In Agapov’s study, the three-dimensional scaffold based
on recombinant protein 1 was produced by leaching. After
24 h of cultivation, the cells were mainly distributed on the
surface of the scaffold, and only a few cells were detected
at depths over 200μm from the scaffold surface. The cell
density averaged for all layers was 355 ± 64 cells per 1mm
of the scaffold. After 4 days of cultivation, fibroblast nuclei
were detected in the deep pore wall of the scaffold, indicating
that the scaffold had good compatibility and could provide
efficient cell adhesion and proliferation over a long time
period [96]. Moisenovich et al. have previously generated
porous scaffolds from a genetically engineered protein, an
analog of N. clavipes spidroin 1 known as rS1/9. The salt
leaching technique was used to make the rS1/9 scaffolds of
interconnected porous structures with spontaneously
formed micropores. The 3T3 fibroblasts proliferated in the
rS1/9 scaffold and distributed uniformly between the surface
and deeper layers (about 27% and 33%, respectively),
whereas the initial distribution was about 58% and 11%,
respectively [97]. In the 8-week subcutaneous transplanta-
tion experiment, compared with the control group, the nerve
fibers on rS1/9 scaffolds showed deeper penetration in the
process of vascularization and regeneration of connective
tissue in BALB/c mice [98].

Surface modification of various biomaterials is a promis-
ing method to endow the biofunctionality at the material-
tissue interface to modulate biological responses [99, 100].
Schacht et al. fabricated highly porous foams made of the
recombinant spider silk protein eADF4(C16) containing an
RGD-binding motif to prepare highly porous foam through
the salt leaching method, thereby obtaining mechanically
robust scaffolds. The results showed an improved adhesion
and proliferation of fibroblast on eADF4(C16)-RGD foam,
indicating the potential applications in soft tissue engineer-
ing and tissue repair [101]. These studies confirmed that
the combination of salt leaching and spidroins pretreatment
was a practical approach to tune the scaffolds to produce a
mechanical system closer to softer natural tissues.

4. Spidroin-Based Biomaterials for
Regenerative Therapies

The existing knowledge of spidroin-based biomaterials in
terms of structure and function provides a theoretical basis
for the design and synthesis of new spider silk protein bio-
materials. In addition, genetic engineering techniques can
also be used to add gene sequences of new peptides or
domains to the coding sequence of spider silk proteins to
endow new functions. In this section, we discussed the
potential of genetic engineering of spider silk protein in the
preparation and drug delivery of lung tissue engineering
and also discussed the application status of combining stem
cells and spider protein-based biomaterials in the field of tis-
sue engineering.

4.1. Lung Tissue Engineering. An effective strategy for the
development of the tissue-engineered lung is to simulate

the architecture of capillary conduits in the lung tissue,
which are covered with monolayer epithelial cells and have
a large surface area conducive to gas diffusion between the
external environment and blood [102]. The spider silk mem-
brane (thickness > 3 μm) has been extensively investigated
for the replacements of the retinal pigment epithelium, bone
grafts, and corneal implants due to its biocompatibility,
degradability, and molecular permeability, but this micro-
scaled structure is not suitable for the replacement of ultra-
thin alveoli tissue. Bearing in mind such limitations,
Gustafsson et al.’s group fabricated ultrathin nanofilms
(~250 nm) based on the self-assembly of recombinant spider
silk proteins at the liquid-air interface of a standing aqueous
solution (as shown in Figure 6(a)). The nanomembrane dis-
played a high elasticity and toughness, contributed to the
permeability of human plasma proteins, and promoted cells
to form a confluent monolayer within three days [103]. In
addition, the thickness of nanofilms could be tightly con-
trolled by adjusting silk concentration, and those well-
designed structures show encouraging prospects in terms
of the cocultured system with the different types of cells,
which opens the door to develop an in vitro lung tissue
model based on the coculturing cells upon the ultrathin
membrane [104].

Pulmonary surfactant (PS) is a surface-active lipoprotein
complex with hydrophilic and hydrophobic properties,
which reduces the expansion force by adsorbing on the liq-
uid and air interface of the alveoli, thereby avoiding the alve-
oli collapse. Nowadays, the lack of PS has been proven to be
the leading cause of neonatal and pediatric respiratory dis-
eases, so the research and development of PS artificial prep-
aration have become a research hotspot. However, PS is
prone to aggregate due to the unstable secondary structure
[105], which may severely impede the production of recom-
binant PS proteins. In the process of producing high-
viscosity spider silk proteins, spiders will separate protein
regions with aggregation tendency into micellar structures,
and the shell of micellar structure is the N-terminal domain
(NT) of protein. Inspired by this idea, Kronqvist et al.’s
group designed a mutant spider silk protein domain, NT ∗,
exhibiting markedly increased solubility, stability, and
refolding capacity. They further developed the recombinant
PS with an NT ∗ fusion tag, which showed low cost, high
yield, and few purification steps. By comparing the synthetic
PS with the analog biological products on the market, it is
found that it can effectively reduce the lung surface tension
of the animal model of infant respiratory distress syndrome,
which provides a promising prospect for the artificial pro-
duction of low-cost PS for the treatment of various lung
diseases [106].

Compared with tissue engineering scaffolds for other
organs, besides the conventional requirements for scaf-
folds, lung tissue engineering puts forward higher needs,
such as sufficient mechanical strength and elasticity to
provide tensile stress similar to the natural lung, thereby
offering the necessary distensibility of the lung when
breathing. Meanwhile, an appropriate microcirculation
structure is also required to achieve gas and nutrition
exchange. Surprisingly, the research of Gustafsson et al.’s
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and Kronqvist et al.’s groups has achieved partial functions
that scaffolds for lung tissue engineering need, including
recombinant pulmonary surfactant and cell proliferation
at the air-liquid interface, which indicates the great possi-
bility of using a spidroin-based scaffold for lung tissue
engineering.

4.2. Vascularization. The investigation of tissue-engineered
vascular constructs (TEVs) is being vigorously pursued by
converging multidisciplinary approaches in recent years.
The goal of producing engineered blood vessels is to con-
struct a living neovessel with similar architecture and biolog-
ical functions to the native blood vessel. However, the

Cell proliferation at air-liquid interface

Cell seeding Cell growthRecombinant spidroin
self-assembly

Nanomembrane
formation

Air

Liquid

Vascularization

Co-culture Differentiation

Bone and cartilage regeneration

Biomineralization Differentiation

Peripheral nerve repair

Nerve conduit Differentiation

Endothelial cells Calcium deposition Pre-osteoblasts

Neurons Human keratinocytes
Signaling factors
(BMP-4/Wnt3a)

(a)

(b)

(c)
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Figure 6: Schematic illustration of spidroin-based biomaterials for various tissue engineering applications. (a) For lung tissue engineering,
FN-4RepCT silk protein forms a layer of nanofibrils via self-assembling at the liquid-air interface. The membrane enables the rapid
formation of a confluent cell layer of human keratinocytes on either side. (b) For vascularization, the endothelial cells (ECs) and
mesenchymal stem cells (MSCs) were cocultured on the recombinant spider silk (4RepCT) foams, and it was found that MSCs grew
millimeter long branched sprouts in the foam within two weeks. (c) For bone and cartilage regeneration, the bone marrow mesenchymal
stem cells (hMSCs) cultured on recombinant protein films can promote osteogenic differentiation by enhancing biomineralization. (d)
For peripheral nerve repair, the neural stem cells (NSCs) cultured on the 4RepCT matrices differentiated efficiently into neurons after
processing the recombinant protein including the extracellular signaling factor BMP4 or a combination of BMP4 and the signaling factor
Wnt3a.
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artificial blood vessels in the early phase generally exhibited
instability due to the lack of vascular resistance and poor
mechanical strength of the vessel walls. Spider silks have
been shown in various studies due to their improved
mechanical properties, inherent biocompatibility and biode-
gradability, relative ease of processing [49, 107], and weaker
immunological reactions compared to other materials (e.g.,
PLA and collagen) [108]. These features recommend spider
silk-based scaffolds as suitable alternatives for the develop-
ment of vascular tissue engineering. Although a variety of
cell types have been utilized to fabricate TEVs, approaches
to using stem cells can overcome the limitations of using dif-
ferentiated vascular phenotypes and reduce the preparation
time of TEVs. Johansson et al. developed 3D foams based
on a recombinant spider silk protein (4RepCT; consisting
of the C-terminal domain and four tandem repeats of the
major ampullate spidroin-1). The pluripotent and multipo-
tent stem cells were seeded on the 3D culture to investigate
their applicability for efficient differentiation. The out-
comes demonstrated that the human embryonic stem cells
(hESC) were aggregated and integrated within the 3D
structure of silk foam after culturing 48 h. Endodermal dif-
ferentiation was further examined by the mRNA expres-
sion experiment, confirming robust upregulation of the
endodermal progenitor marker SOX17 and downregulation
of pluripotency (NANOG). Figure 6(b) shows a further
examination of organizational capacity for generating
microvessels; the endothelial cells (ECs) and mesenchymal
stem cells (MSCs) were cocultured, and it was found that
MSCs grew millimeter long branched sprouts in the silk
within two weeks [109].

4.3. Bone and Cartilage Regeneration. The mechanical
strength, resilience, and flexibility of spider silk are superior
to those of other natural polymers and most synthetic mate-
rials, exhibiting even high-performance fibers such as
Kevlar, holding great promise for the development of a
bone-related functional scaffold [110]. Many studies have
focused on enhancing bone regeneration of spider silk-based
composite materials by improving the mineralization of the
bone matrix. Dinjaski et al. fused the hydroxyapatite-binding
domain VTKHLNQISQSY (VTK) separately to the N-, C-,
or both terminals of the spider silk to investigate the effect of
VTK position on the properties of biomaterials and biomin-
eralization. The hMSCs were cultured on the surface of the
silk-VTK fusion protein films to verify the effect of the
recombinant protein membrane on promoting osteogenesis
in vitro. As shown in Figure 6(c), the elongated morphology
of hMSCs was observed on all test surfaces after 14 days,
indicating that hMSCs grew healthily and an absence of
cytotoxicity to the recombinant silk-VTK proteins. The out-
comes also showed that the recombinant fusion harboring
VTK domains on both the N- and C-termini produced the
highest amount of bone sialoprotein deposition and calcium
deposition, indicating the potential to induce hMSC differen-
tiation [111]. Hardy et al. fabricated films consisting of
poly(butylene terephthalate) (PBT) or poly(butylene tere-
phthalate-co-poly(alkylene glycol) terephthalate) (PBTAT)
and an engineered spider silk protein (eADF4(C16)). The

calcium phosphate mineralized films possessed multiple car-
boxylic acid moieties capable of binding calcium ions, which
can facilitate biomineralization with calcium carbonate or
calcium phosphate. Qualitative analysis of alkaline phospha-
tase (ALP) activity showed that hMSCs on the membrane
could differentiate into osteoblasts [112]. The authors further
explored the effect of photochemical modification on spider
silk protein-based films. The eADF4(C16) films were firstly
immersed in pure monomers (e.g., allylamine, acrylic acid,
and methacrylic acid), exposed to ultraviolet light for 48h,
and then washed and dried in a vacuum. This approach
led to the generation of free radicals on the silk protein back-
bone and produced a functional polymer coating after graft-
ing the synthetic polymers, thereby further enhancing the
mineralization of calcium carbonate [113].

4.4. Peripheral Nerve Repair. In the clinical management of
nerve gap repair, the treatment effect of injured patients is
not as good as expected. Effective repair also becomes pro-
gressively more difficult with the increase in the nerve gap.
To overcome these limitations, nerve conduit strategies
based on spider silk scaffolds were proposed to meet the
clinical demands and requirements of large-gap nerve repair.
Lewicka et al. proved that the recombinant spider silk pro-
tein 4RepCT offered a suitable substrate for the culture of
rodent cortical neural stem cells (NSCs). These cells can pro-
liferate, survive, and efficiently differentiate into a variety of
cell types on the 4RepCT-based membrane structure with-
out any additional coating or animal-derived components
[114]. They further processed recombinant proteins with
the extracellular signaling factor BMP-4 or a combination
of the signaling factor Wnt3a and BMP-4. As shown in
Figure 6(d), it was found that cultured cortical NSCs in
4RepCT foam-like structures could be effectively and effi-
ciently differentiated into neurons responsive to glutamate
receptor agonists (such as AMPA) [115]. Astrand et al. cre-
ated a centimeter-sized foam as an ideal stem cell niche by
using recombinant spider silk protein modifying fibronec-
tin- (FN-silk-) binding motif and a human recombinant
laminin 521 (LN-521). In this 3D structure, human pluripo-
tent stem cells (hPSC) developed into 3D cell constructs sup-
ported by a microfibrillar network. After the initial
expansion, neurons will be induced to differentiate into a
continuous layer of neuroectodermal tissue and further dif-
ferentiate into neuronal subtypes [116].

Another ideal source of stem cells proposed for neural
regeneration is DPSCs because of their close relationship
with the embryonic origin of neurons and easily available
properties. Hafner et al. explored the effects of dragline silks
on cellular attachments and proliferation of DPSCs. The
outcomes demonstrated that the spider silk fibers have good
biocompatibility and are free of an immunogenic sericin coat
[117]. The in vitro cell experiment results showed that DPSCs
had a larger tendency of arrangement and extension on the
spider silk matrix, while fibroblasts and osteoblasts had a
smaller tendency of arrangement and extension, suggesting
that these fibers may also be recognized as an effective matrix
for DPSCs to differentiate along more elongated cell morphol-
ogy under appropriate growth environment [44].
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5. Conclusion and Perspective

Good biocompatibility, nonimmunogenicity, biodegradabil-
ity, and comprehensive mechanical properties endow spi-
droin material with great potential in tissue engineering. At
present, a small amount of spidroin can be obtained directly
from nature. The use of genetically modified bacteria or
fungi is still the primary way to produce recombinant spi-
droin on a large scale. Recombinant spidroin can be proc-
essed into materials of different dimensions to meet the
requirements of different tissue morphology, structures,
and mechanical properties. This review briefly introduced
the characteristics of spidroin materials, the preparation
methods of different dimensional scaffolds, and their appli-
cations in lung tissue engineering, vascular tissue engineer-
ing, bone tissue engineering, and nerve repair tissue
engineering. Although there are few in vivo studies of spi-
droin materials in the lung tissue engineering area, we still
make a brief overview and summary. For the spidroin-
based scaffold used for different tissue engineering, there
are still a lot of functions and characteristics to be realized,
such as the complex multilevel structure and stability and
selective permeability under certain mechanical properties.
We still firmly believe that these goals can be achieved by
applying new manufacturing methods and further under-
standing the relationship between the structure, component,
and properties of spidroin-based biomaterials.

The ECM of each organ possesses a very complex and
unique structure, components, and unique cell regulatory
mechanism. Therefore, in order to fully simulate the struc-
ture and function of the engine control module, it is neces-
sary to design a multidimensional framework structure to
realize the multilevel regulation of cell growth, differentia-
tion, and migration. The framework material can respond
to multiple fields (such as force, heat, light, electricity, and
magnetism) to enhance the interaction between scaffold
and tissue cells. In the future, a variety of processing
methods can be conjunctively used to realize the precision
manufacturing of complex structures, which is conducive
to the preparation of complex structures with performance
gradients and anisotropy [118, 119]. For example, 4D print-
ing technology can make the scaffold respond to stimulation
and provide more ways for cell fate regulation, which
involves a full understanding and fine control of various
components of spider silk protein.

In addition, the ultrahigh production cost of recombi-
nant spidroin may become the major obstacle to the industrial
production and large-scale application of the recombinant
spidroin-based fiber or scaffold. As AMSilk [120] (a German
company specializing in high-performance spidroin-based
biopolymer) claimed in 2011, the cost of per-kilogram of
recombinant spidroin is around €100,000 (~$137,500) if there
is no complete reinvention on production processes, and it is
also close to the estimation from Kraig Biocraft Lab [121] in
2018 that the high yield of 20 grams of protein per liter of fer-
mentation broth is $35,000~$37,500. Meanwhile, the envi-
ronmental and health impacts and costs 5of solvents in the
manufacturing process cannot be ignored. The corrosive,
irritant, and environmentally harmful solvents (e.g., HFIP

[28, 64], GdmSCN [74, 122], and formic acid [63]) are
frequently adopted to dissolve recombinant spidroins for
subsequent procedures due to their excellent ability to anti-
self-assembly of spidroins, which definitely increases the
operational risk and environmental issues. Fortunately, there
is a new trend that uses gentle and environmentally friendly
aqueous solvent when preparing a spidroin-based film or
scaffold used for tissue engineering [57], such as Tris-HCl,
SDS, and PEO400. Correspondingly, increasing the protein
concentration within these solvents becomes a new chal-
lenge. Based on the above reasons, preparing polymers to
simulate the various characteristic components and hierar-
chical structure of natural spider silk through chemical syn-
thesis methods will also become a research hotspot, which
is expected to reduce the production cost of preparing artifi-
cial spider silk significantly [123, 124]. However, the biocom-
patibility, degradation performance, immunogenicity, and
processability of artificial spider silk protein prepared by
chemical methods still need to be further studied.
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There is a population of p63+/Krt5+ distal airway stem cells (DASCs) quiescently located in the airway basal epithelium of
mammals, responding to injury and airway epithelial regeneration. They hold the ability to differentiate into multiple
pulmonary cell types and can repopulate the epithelium after damage. The current study aims at gaining further insights into
the behavior and characteristics of the DASCs isolated from the patient lung and exploring their clinical translational potential.
Human DASCs were brushed off through the bronchoscopic procedure and expanded under the pharmaceutical-grade
condition. Their phenotype stability in long-term cell culture was analyzed, followed by safety evaluation and tumorigenic
analysis using multiple animal models including rodents and nonhuman primate. The chimerism of the human-mouse lung
model indicated that DASC pedigrees could give rise to multiple epithelial types, including type I alveolar cells as well as
bronchiolar secretory cells, to regenerate the distal lung. Taken together, the results suggested that DASC transplantation could
be a promising therapeutic approach for unmet needs in respiratory medicine including the COVID-19-related diseases.

1. Introduction

The lung is a complex organ that takes responsibility for gas
exchange, including filtering and delivering inhaled and
exhaled air [1]. Lung diseases constitute a serious threat to
human public health worldwide, with high morbidity and
mortality [2–6]. Despite that mitigating therapies contribute
to control deterioration, it remains limited to repair and
recover the pulmonary function of lung disease particularly
such as bronchiectasis, idiopathic pulmonary fibrosis (IPF)
[7], and chronic obstructive pulmonary disease (COPD) [8,
9], which involves the progressive and inexorable destruction
of oxygen exchange surfaces and airways.

Multiple stem/progenitor populations [10–15] in the
lung with the capability to reconstruct lung epithelium have
been identified in the last decade, which can be regarded as a
potential candidate for therapeutic strategies targeted to
damages of airway and alveolar tissues. Previously, we
showed that a rare population of distal airway stem cells

(DASCs) identified coexpressing p63+/Krt5+, quiescently
located at the airway basal epithelium of mammals, respond-
ing to injury and airway epithelial regeneration [16–21].
They hold the ability to differentiate into multiple pulmo-
nary cell types and repopulate the epithelium after damage.
DASCs undergo a proliferative expansion and migration in
response to influenza-induced or bleomycin-induced lung
damage and assemble into nascent alveoli at sites of intersti-
tial lung inflammation [17, 20, 21]. Human DASCs can be
cloned in vitro and xenotransplanted into the murine lung,
giving rise to “human-mouse chimeric lung” [16].

In the current study, to gain further insights into the
behavior and character of the DASCs isolated from the
patient lung, we first analyzed their stability in cell culture
under the pharmaceutic-grade condition as a cell therapeuti-
cal candidate, followed with valuation of their safety and effi-
cacy using multiple animal models, including a rodent
model and nonhuman primate model. Taken together, we
provide an all-around evaluation of human DASCs for
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further clinical trials utilizing autologous lung stem/progeni-
tor cells as a therapeutic intervention in multiple respiratory
diseases.

2. Method

2.1. Animals. Cynomolgus macaque (M. fascicularis), aged
60 months and originating from Guangdong Qianyan Bio-
logical Science and Technology Co. Ltd., was used in this
study. Macaque was housed in JOINN Laboratories infra-
structure facilities (Suzhou) in compliance with Animal
Welfare Act and Regulations (Public Law 99-198) promul-
gated by USDA. The protocols were approved by the institu-
tional ethical committee under statement number ACU18-
959. NOD-SCID mice (6–8 weeks old) purchased from
Shanghai SLAC Laboratory Animal Co. Ltd. (China), main-
tained in SPF animal facilities, were used for human DASC
transplantation.

2.2. Isolation and Culture of Human Distal Airway Stem
Cells. Patients diagnosed with or without chronic lung dis-
eases (COPD, bronchiectasis, and ILD), through the
ATS/ERS guideline, were recruited. All individuals went
through thorough medical examination before sampling.
Human distal airway stem cells located were brushed off
through bronchoscopic procedure performed by board-
certified respiratory physicians using a flexible fiberoptic
bronchoscope (Olympus, Japan) [16]. Briefly, after oropha-
ryngeal and laryngeal anesthesia, the bronchoscope was
advanced through the vocal cords with 2mL 2% lidocaine
solution instilled into the trachea and both main bronchi.
A disposable 2mm brush was advanced through the work-
ing channel of the bronchoscope and used to collect lung
epithelial samples by gently brushing back and forth 1–2
times in the 4~6th-order bronchi. Samples were digested,
passed through a 70μm cell strainer, and washed with cold
DMEM medium supplemented with clinically approved
antibiotics. The cell suspension was plated onto irradiated
3T3 fibroblast feeder cells from ATCC CCL‐92 and cultured
in pharmaceutical-grade culture medium, including
DMEM/F12, 10% FBS (HyClone, Australia), Pen/Strep,
amphotericin, and growth factor cocktail as previously
described [16] with 7.5% CO2 for DASC-selective growth
and expansion. DASCs were grown in primary cultures with
antibiotics and continuously propagated in the following
feeder-free cultures in the absence of antibiotics. Then, cells
were harvested, washed, and suspended in clinically
approved 0.9% w/v of NaCl. The harvested cells were
directly used for preclinical experiments.

2.3. In Vitro Monolayer Differentiation. The monolayer dif-
ferentiation system in vitro was described previously [20].
Cells from two donors were first cultured in culture medium
for 1 day and then transferred to serum-free DMEM/F12
medium supplemented with FGF10 (50ng/mL, PeproTech,
USA), transferrin (5μg/mL, PeproTech, USA), HGF
(20ng/mL, PeproTech, USA), and 5% BSA for 5 days to
induce distal lung differentiation [22].

2.4. Immunofluorescence. Fresh tissue was fixed in 4% para-
formaldehyde (PFA) overnight at 4°C and then settled by
30% sucrose before embedding into the Tissue-Tek O.C.T.
compound (Sakura, Japan). All the samples were sliced into
5–7μm thickness using a microtome (Leica Microsystems,
Germany).

Immunofluorescence staining was conducted by the
standard protocol described previously [16]. Cells attached
on a plate or tissue sections were fixed by 3.7% formalde-
hyde and then incubated with 0.2% Triton X-100 to improve
the cell permeability for 10min. Tissue slices were subjected
to antigen retrieval in citrate buffer (pH6.0, Sigma, USA) in
the microwave oven for 20min before staining. Primary
antibodies were incubated overnight at 4°C, following 10%
donkey serum blocking for 2 h at RT. Antibodies used in
the current study were anti-KRT5 (1 : 200, EP1601Y,
Thermo Fisher Scientific, USA), anti-P63 (1 : 500, 4A4,
Abcam, USA), anti-Ki67 (1 : 500, B126.1, Abcam, USA),
anti-SCGB1A1 (1 : 200, T-18, Santa Cruz Biotechnology,
USA), anti-human specific Lamin A+C (1 : 200, ab108595,
Abcam, USA), anti-AQP5 (1 : 500, EPR3747, Abcam, USA),
anti-HOPX (1 : 200, ab230544, Abcam, USA), anti-PDPN
(1 : 200, 18H5, Santa Cruz Biotechnology, USA), anti-GFP
(1 : 200, ab290, Abcam, USA), and anti-GFP (1 : 500,
ab6673, Abcam, USA). Alexa Fluor-conjugated 488/594
(1 : 500, Life Technologies, USA) antibodies were used as
secondary antibodies.

2.5. Tumorigenic Assay. For anchorage-independent growth
assay, 0:75 × 104 cells from 2 donors were seeded in 1mL of
a 0.375% upper agar (Sigma) layer on a 0.5% under agar layer
in the DMEM supplemented with 10% FBS. Cultures were
usually maintained for 14 days, and then, gels were stained
by crystal violet-methanol solution (SolarBio) [19, 23].

A total of 15 male NOD-SCID mice (6–8 weeks old)
were used for in vivo tumorigenic assay. Mice were equally
divided into 3 groups and received a subcutaneous injection
of either 107 DASCs from 2 donors, 107 human embryonic
lung fibroblast cell line MRC-5, or 106 HeLa cells. Tumor
sizes were measured with a caliper at the injection site on
indicated time points. The tumor volume was calculated using
the formula volume = 0:5 × length ðmmÞ × ðwidth ½mm�Þ2.
Mice that had tumors with the longest diameter of 20mm or
with a sign of physiological decondition were euthanized,
necropsied, and subjected for gross observation and histopath-
ological examination. The last measurement was carried for-
ward for the mice euthanized on day 112.

2.6. DASC Transplantation Experiment. NOD-SCID mice
(6–8 weeks old) purchased from Shanghai SLAC Laboratory
Animal Co. Ltd. (China), maintained in SPF animal facili-
ties, were used for human DASC transplantation. The mouse
lung was injured by intratracheally instilling with bleomycin
(3U/kg body weight, SelleckChem, USA) 8 days before cell
transplantation. Then, mice were anesthetized by intraperi-
toneal injection of 1.25% avertin and rested on a stand ges-
ture. One million DASCs suspended in 50μL of PBS were
intratracheally instilled into the injured lung. On indicated
day posttransplantation, mice were euthanatized and the
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lung samples were harvested for immunofluorescence analy-
sis. Bright-field and direct fluorescence images of the trans-
planted lung were acquired under the fluorescence
stereomicroscope (MVX10, Olympus, Japan).

In Vivo Safety Assay of hDASCs
To test the potential acute toxicity of cells in vivo, a pre-

clinical short-term safety assay was conducted by single
intratracheal administration of hDASCs from 2 donors, con-
taining at least 35-fold higher than the intentional clinical
dose in male mice (8–9 weeks old). In detail, 20 mice were
equally divided into the three hDASC groups, which
received cell transplantation at a dose level of 6 × 106 cells/kg
(low dose), 3 × 107 cells/kg (medium dose), and 1:5 × 108
cells/kg (high dose), and a control group received normal
saline. The morbidity, mortality, abnormal behavior, and
toxic reactions, if any, were observed for 14 days after the
transplantation. After the 14-day observation period, all

mice were euthanized, necropsied, and subjected for gross
observation and histopathological examination.

For the preclinical long-term safety assay, a total of 80
male mice were equally divided into two groups: a cell
treatment group that received hDASCs from 3 donors or
a control group that received normal saline. Mice in the
cell treatment group received two deliveries of hDASCs
at a dose level of 6 × 107 cells/kg/delivery on day 0 and
day 28. Changes in fur, skin, limbs, mouth, nose, and eyes;
abnormal behavior in physical, physiological, or neurolog-
ical activities; and changes in reactivity to handling or sen-
sory stimuli, if any, were recorded daily. Bodyweight and
food/water intake were recorded weekly. Twenty mice
from each group were necropsied and subjected to multi-
ple examinations by the end of the administration period
(day 30), and the left mice were necropsied and subjected
for examination by the end of the observation period (day

Pharmaceutical-grade condition Animal modelBrushing-off cells

(a)

KRT5 TP63

(b)

AQP5 HOPX

(c)

Figure 1: Bronchoscopic isolation of hDASCs from the patient lung. (a) Schematic illustrating the process of clonogenic hDASC isolation
and expansion. (b) Clonogenic cells immunostained with hDASC markers KRT5 and P63. (b1) Bright-field imaging. (b2)
Immunofluorescence imaging. Scale bar, 100 μm. (c) Differentiation culture of hDASCs in the monolayer on day 7. (c1) Bright-field
imaging. (c2) Immunofluorescence imaging. Scale bar, 50μm.
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57). A whole set of the examination includes hematologic
profiling, lymphocyte subset counting, blood coagulation
test, serum biochemistry analysis, and quantification of
serum immunoglobulin, complement, and inflammatory
cytokines. The gross necropsy and histopathological exam-
ination of organs, which included the brain, heart, lungs,
trachea, kidneys, liver, spleen, testis, and bone marrow,
were carried out.

2.7. Nonhuman Primate Model for Transplantation. One
macaque was pretreated by the electron linear accelerator
radiation (3.12Gy and 1.55Gy/min) [24] 7 days prior to
cell transplantation, using ketamine (10mg/mL) and pen-
tobarbital sodium (15mg/mL) as anesthesia. Cell suspen-
sion (107 cells/mL and 5mL/kg) was infused into lobes
through bronchoscopy performed by respiratory physi-
cians. Seven days posttransplantation, Macaque was
euthanatized and all organ samples were harvested for
immunofluorescence analysis. During the experiment, food
intake and general clinical observation were daily moni-
tored and detailed clinical observation, such as limbs,
breathing, and skin, was weekly examined. Bright-field
and direct fluorescence images of the transplanted lung
were acquired under the fluorescence stereomicroscope
(MVX10, Olympus, Japan).

2.8. Statistics. Continuous data are presented as mean ±
standard deviation and categorical data as an absolute num-
ber and percentage of patients in each category. Preclinical
data were first assessed by Levene’s test for normality. Com-
parison between groups was assessed through unpaired t
-test or Mann–Whitney U-test according to normality.
Changes in tumor volume in the tumorigenic assay were
analyzed by repeated measurement ANOVA, with a p value
showing the significance of between-subjects effects.

3. Results

3.1. Bronchoscopic Isolation and Stable Expansion of hDASC
from Patient Lung. The distal airway stem/progenitor cells
(DASCs), expressing Krt5+/P63+, have been shown to have
a potent regenerative capacity [16, 20, 25]. Here, we isolated
human P63+/KRT5+ DASCs (hDASCs) from the 6th-order
airway of lung disease patients by bronchoscopic brushing
and then expanded in a culture system as previously
described [16] (Figure 1(a)). Briefly, the brush-off sample
was dissociated and digested into single-cell suspension that
is successfully cloned and propagated under the irradiated
3T3 feeder system with the expression of KRT5+ and P63+

(Figure 1(b)).
Furthermore, to explore the differentiation potency of

hDASCs in vitro, they were transferred into a feeder-free

P4 P5 P6 P7

DAPI

KRT5

P63

Merge

(a)

DAPI

KI67

Merge

P4 P5 P6 P7

(b)

DAPI

AQP5

Merge

P4 P5 P6 P7

(c)

P4 P5 P6 P7

DAPI

HOPX

Merge

(d)

Figure 2: Expansion of hDASCs under the pharmaceutical-grade condition. (a) Clonogenic cells immunostained with hDASC markers
KRT5 and P63 among P4 to P7. Scale bar, 100μm. (b) Clonogenic cells immunostained with proliferative markers KI67 among P4 to
P7. Scale bar, 100μm. (c, d) Immunostaining of indicated AEC1 markers AQP5 and HOPX on monolayer-differentiated DASCs. Scale
bar, 100μm.

4 Stem Cells International



20

22

24

26

28

30

Bo
dy

 w
ei

gh
t (

g)

Day
–1 147

Control
hDASCs

(a)

20

22

24

26

28

30

Bo
dy

 w
ei

gh
t (

g)

–1 7 14 21 28 30 35 42 49 56 57
Day

Control
hDASCs

(b)

D30 D57
25

30

35

40

45
NS NS

D30 D57

D30 D57 D30 D57

10

15

20

25

30

CD
4+

 ce
ll 

fre
qu

en
cy

 (%
) NS NS

5

10

15

20

25

CD
8+

 ce
ll 

fre
qu

en
cy

 (%
) NS NS

1.0

1.2

1.4

1.6

1.8

CD
4+

/C
D

8+
 ra

tio

NS NS

Control
hDASCs

CD
3+

 ce
ll 

fre
qu

en
cy

 (%
)

(c)

D30 D57 D30 D57 D30 D57
–0.2

0.0

0.2

0.4

0.6

0.8

Se
ru

m
 im

m
un

og
lo

bu
lin

 (g
/L

)

IgG IgM IgA

NS NS NS NS NS NS

Control
hDASCs

(d)

D30 D57 D30 D57

0.00

0.05

0.10

0.15

 S
er

um
 co

m
pl

em
en

t l
ev

el
s (

g/
L)

C3 C4

NS NS NS NS

Control
hDASCs

(e)

Figure 3: Safety evaluation of hDASC transplantation in mice. (a) Changes in mouse body weight at indicated days in short-term safety assay.
n = 10 in each group. (b) Changes in body weight at indicated days in long-term safety assay. n = 20 in each group. (c) Quantification of
lymphocyte subsets (CD3+, CD4+, and CD8+) and CD4+/CD8+ ratio on day 30 and day 57 in long-term safety assay. n = 5 in each
group. (d, e) Quantification of serum immunoglobulin and serum complement levels on day 30 and day 57 in long-term safety assay. For
each test, n = 5 in each group.
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monolayer differentiation system and gave rise to a few
alveolus-like structures lined by thin, highly elongated cells
exhibiting AQP5 and HOPX expression, consistent with
their type I alveolar epithelial cell (AEC1) identity
(Figure 1(c)). To evaluate their clinical potential, isolation,
expansion, and quality control of hDASCs were performed
under the pharmaceutical-grade condition with all the
related components in the culture medium replaced with
GMP-grade ones. We have serially monitored the expression
of KRT5 and KI67 from passage 4 (P4) to passage 7 (P7)
in vitro. Among diverse passages, the gross morphology of
hDASCs appeared similar and the capacity to express critical
identity markers was generally maintained (Figures 2(a) and
2(b)). Consistent with this, amplified human DASCs pre-
served differentiation potency among serial passage
(Figures 2(c) and 2(d)). The above data indicated that the
current pharmaceutical-grade DASC expansion system is
able to produce an autologous cell population from the lungs
under pathophysiological conditions, which maintains
robust differentiation capacity.

3.2. Safety Evaluation of hDASC Transplantation in Mice.
Our contracted third-party collaborators performed short-
term and long-term safety preclinical studies of DASCs
according to Good Laboratory Practice (GLP) regulations.
A 14-day short-term safety assay showed no mortality or
morbidity in NOD-SCID mice after single intratracheal
administration of human DASCs at various dose levels
(6 × 106 – 5 × 108 cells/kg). There were no obvious abnor-
malities in the physical, physiological, or neurological activ-
ities of mice. Bodyweight and food/water intake
demonstrated weekly fluctuations within the range of con-
trol animals (Figure 3(a)).

For the long-term safety study, during the entire 57-day
observation period, no mortality was seen in the cell treat-
ment group. Daily recording in physical, physiological, or
neurological characteristics demonstrated no appreciable
changes in treated animals. Bodyweight demonstrated no
significant differences compared to control animals
(Figure 3(b)). Quantification of lymphocyte subpopulation,
serum immunoglobulins, and complement demonstrated
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Figure 4: Evaluation of the tumorigenic potential of hDASCs. (a) Soft agar assay of melanoma and hDASCs. Scale bar, 200μm. (b) Growth
curves of subcutaneous tumors in NOD-SCID mice formed by inoculation with either 107 human embryonic lung fibroblast cell MRC-5, 106

HeLa cells, or 107 hDASCs. The blue arrow indicates that 2 mice of the MRC-5 group were euthanized for gross observation and
histopathological examination. The red arrow indicates that 2 mice of the hDASC group were euthanized for gross observation and
histopathological examination. Grey arrows indicate that 4 mice and 6 mice of the Hela group were euthanized on day 70 and day 84,
respectively, because the longest tumor diameter exceeded 20mm. n = 5 in each group. (c) Representative H&E staining of different
subcutaneous grafts. Scale bar, 100 μm.
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comparable levels in control and experimental groups
(Figures 3(c)–3(e)).

3.3. Evaluation of the Tumorigenic Potential of hDASC. To
evaluate that whether the hDASCs were tumorigenic in vitro,
we assessed the anchorage-independent growth potential of
these cells. The data showed that human DASCs were unable
to grow in soft agar medium, in contrast that mouse melanoma
cells (B16) exhibited robust colony-forming efficiency under
identical conditions (Figure 4(a)).

To confirm the tumorigenicity of human DASCs in vivo,
cells were subcutaneously injected into NOD-SCID mice.
The normal human fetal lung fibroblast cell line MRC-5 and
cervical cancer cell line HeLa were also injected as the negative
and positive controls, respectively. During the 16 weeks of the
observation period, all mice implanted with HeLa cells that
developed tumors at the injection site, including 4 mice and
6 mice in this group, were euthanized on day 70 and day 84,
respectively, due to the chest compression from their large
tumors. 8 mice (80%) in the hDASC-implanted group devel-
oped subcutaneous nodules with a spontaneous regression
by the end of the observation period (Figure 4(b)). Mice with
the nodules were sacrificed and histopathological examination
confirmed that they were cyst lesions, but not tumors
(Figure 4(c)). Altogether the above data indicated that human
DASCs produced in the pharmaceutical-grade condition facil-
ities under current protocol are nontumorigenic and safe to be
tested in human patients.

3.4. Alveolar Regeneration by Intrapulmonary
Transplantation of hDASCs. To determine whether cloned
hDASCs could contribute to lung tissue regeneration
in vivo, we labeled the cultured cells by GFP-expressing len-
tivirus and transplanted them into immune-deficient NOD-
SCID mouse lungs. Bleomycin was intratracheally instilled
to mouse lungs prior to the transplantation. 21 days after
the cell transplantation, large-scale GFP+ cell incorporation

was observed in parenchymal areas of mouse lungs
(Figure 5(a)). Meanwhile, lungs without bleomycin injury
showed no incorporation of GFP+ cells posttransplantation,
indicating that damage of the lung parenchyma is one of the
prerequisites of exogenous hDASC incorporation
(Figure 5(a)). After transplantation, the chimerism was fur-
ther confirmed by human-specific Lamin A/C Ab costaining
with GFP in mouse lungs (Figures 5(b) and 5(c)) [26]. The
identity of KRT5 expression was also maintained in some
engrafted cells 7 days posttransplantation (Figure 5(d)).

Next, we directly assessed the differentiation status of the
hDASCs and their progeny by performing immunofluores-
cence detection of functional lung epithelial cells. 21 days
posttransplantation, mature AEC1 markers AQP5 and
RAGE [27, 28] were extensively expressed in engrafted
human cells, which occupied bleomycin-denuded areas of
existent alveoli and formed structures analogous to air sacs
in the mouse lung parenchyma (Figures 5(e) and 5(f)). Since

(f) (g)

Figure 5: Alveolar regeneration by intrapulmonary transplantation of hDASCs. (a) Bright field and direct fluorescent images of the chimeric
lung after GFP+ hDASC transplantation. (a1) Mock-transplanted. (a2) Uninjured lung. (a3) GFP-labeling hDASCs transplanted. (b)
Immunofluorescence images of the chimeric lung of anti-Lamin A/C (red) with DNA counterstain (DAPI, blue). Scale bar, 1000μm. (c,
d) Immunofluorescence images of the chimeric lung with GFP and human-specific Lamin A/C and hDASC marker KRT5 Abs. Scale bar,
200μm. (e, f) Immunofluorescence images of the chimeric lung with human-specific Lamin A/C and AEC1 marker AQP5 and RAGE.
Scale bar, 30μm. (g) Immunofluorescence images of the chimeric lung with human-specific Lamin A/C and SCGB1A1. Scale bar, 50μm.

GFP- lobe GFP+ lobe

Figure 6: Bronchoscopic delivery of hDASCs into the macaque
lung.
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AEC1s are the main functional cells that constitute the inter-
face overlying the vascular endothelium essential for gas
exchange, the above observations suggested that intratra-
cheal delivery of exogenous hDASCs held potential as a
strategy for lung function restoration. In addition, the
engrafted cells could also incorporate into the bronchiolar
region, where some of them gave rise to SCGB1A1+ Club
cells (Figure 5(g)).

3.5. Bronchoscopic Delivery of hDASC into the Macaque
Lung. To assess the safety and efficacy of the clinical cell
delivery, human DASCs were transplanted into a nonhuman
primate, cynomolgus macaque (Macaca fascicularis) pre-
treated with a single low dose of total body irradiation
(3.2Gy), causing immune suppression, such as neutropenia
and lymphopenia. GFP-labelled DASCs, a total of 40 million
cells suspended in PBS, were orthotopically infused into the
macaque lung through bronchoscopy following clinical pro-
tocols. There was no obvious variety in weight and food-
intake during the whole treatment. Also, vital signs and clin-
ical observation of macaque all appeared normal. Seven days
posttransplantation, macaque was euthanatized and all
organs of it were harvested and the distribution of the GFP
signal was monitored. The positive GFP+ cell signal scat-
tered distributed in the transplanted lung lobe area was
observed. No discernible GFP signal was detected under a
fluorescence stereomicroscope in other organs/tissues such
as the liver and kidney (Figure 6 and Table 1). DASC trans-
plantation did not contribute to tumor development, aber-
rant cell growth, or other related adverse events, suggesting
that DASC transplantation procedure might be safe in pri-
mates under the quantitative limitation of the rare subject.

4. Discussion

The lung, as one of the few organs exposed to the outside, is
vulnerable to attack by pathogens, consequently triggering
the progressive and inexorable destruction of oxygen
exchange surfaces and airway, which is a major threat to
human health. Recently, the outbreak of COVID-19, caused
by the SARS-CoV-2 virus, has emerged, resulting in death
primarily via respiratory failure [29–31]. It is hard to recon-
struct the gas exchange surface and respiratory function by
the means of current mitigating treatments. Given the scar-
city of donor organs, as well as severe sides resulted from
immune rejection, the application of lung transplant surgery
is constrained [32]. Our previous studies demonstrated lung
regeneration in mice following H1N1 influenza virus infec-
tion and bleomycin injury, involves distal airway stem cells
expressing Trp63 (P63) and Keratin 5, called P63+/KRT5+

DASCs, to this process. Besides this, other adult lung-
specific stem/progenitor cell lineages were also reported to
hold great potential as cell therapy candidates, including
SCGB1A1+SFTPC+ bronchioalveolar stem cells in the bron-
choalveolar duct and SCGB1A1+ Club cells in trachea and
upper airways and AEC2 in the alveolar bed [10, 12–15].
Compared with the relatively mature regeneration field,
therapeutic potential of lung stem/progenitor cells will be
more noteworthy in the future. Here, we only test the human

DASCs as a targeted subject and highlight the remarkable
generation stability and regenerative capacity of the cloned
DASCs in vitro.

Stem cell therapy is an emerging therapeutic strategy, as
an alternative therapeutical method of organ transplantation
[33, 34]. Generally, the autologous cell is the best choice in
transplantation, avoiding being attacked by immunocytes.
An enormous number of human DASCs are needed in clin-
ical transplantation, considering rare numbers of hDASCs
in vivo; their extensive in vitro expansion is required.
Whereas, such expansion raises simultaneously some risks
such as genetic and epigenetic changes. Cell proliferation

Table 1: Fluorescent examination of macaque organs.

Organs
GFP
signal

Adrenal glands NA

Aorta NA

Bladder NA

Bone and marrow (femur and sternum) NA

Brain NA

Epididymis NA

Esophagus NA

Eye and optic nerve NA

Heart NA

Kidney NA

Lacrimal gland NA

Large intestine (cecum, colon, and rectum) NA

Larynx NA

Liver NA

Lung and bronchi +

Mammary glands NA

Pancreas NA

Peyer patch NA

Pituitary gland NA

Prostate gland NA

Salivary glands NA

Sciatic nerve NA

Skeletal muscles (biceps femoris) NA

Skin (perimammary glands) NA

Small intestine (duodenum, jejunum, and ileum) NA

Spermathecal glands NA

Spinal cord (cervical, thoracic, lumbar) NA

Spleen NA

Stomach (pancreatic stomach and nonpancreatic
stomach)

NA

Submandibular and mesenteric lymph nodes NA

Testes NA

Thymus NA

Thyroid and parathyroid glands NA

Tongue NA

Trachea NA
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in vitro could result in the occurrence of mutations and
chromosomal aberrations, eventually leading to tumorige-
nicity. Thus, the safety and stability evaluation of expansion
was elaborated in vitro and in vivo. Clones under the
pharmaceutical-grade culture maintained their self-renewal,
potency properties, and uniform identification in vitro
amongst passages, which is crucial for cell quality control
in further clinical application.

Immune-deficient mouse NOD-SCID and irradiated
nonhuman primate cynomolgus macaque were the receptors
of human DASCs to ameliorate the immunological rejection
from disparate species. The chimeric of human-mouse lung
indicates that hDASC pedigrees contributed multiple epithe-
lial types, including AEC1 as well as bronchiolar secretory
cells, to the regenerating distal lung, which is a general
species-crossing repair manner following large-scale, acute
lung damage. Moreover, an unconventional route of cell
administration utilizing a portable fiberoptic bronchoscope
in macaque was applied in the current study. Engraftment
of hDASCs into macaque did not cause anaphylaxis or
tumorigenic. Admittedly, only a relatively small number of
macaque subject was used for the sake of animal welfare.
Whether human DASCs could generate to the chimeric of
the human-macaque lung would be the problem that we will
address.

In summary, our data highlighted the hDASCs main-
taining stem cell/progenitor properties during expansion
in vitro under the pharmaceutical-grade condition as a can-
didate of cellular therapy. The chimeric of the human-mouse
lung indicated hDASC pedigrees contributed multiple epi-
thelial types, including AEC1 as well as bronchiolar secre-
tory cells, to the regenerating distal lung.
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