RESEARCH ARTICLES

1662

24. The relative phases of interfering partial waves are
accessible to measurement because they determine
angular photoelectron distributions; still, this information
is not sufficient to retrieve either the energy dependence
of a phase in a particular photoionization channel or the
relative phase between channels that do not interfere.

25. F. T. Smith, Phys. Rev. 118, 349 (1960).

26. A. L. Cavalieri et al., N. . Phys. 9, 242 (2007).

27. Y. Mairesse, F. Quéré, Phys. Rev. A 71, 011401 (2005).

28. ]. Gagnon, E. Goulielmakis, V. S. Yakovlev, Appl. Phys. B
92, 25 (2008).

29. Information on technology and methods is available as
supporting material on Science Online.

30. J. Gagnon, V. S. Yakovlev, Opt. Express 17, 17678
(2009).

31. C. A. Nicolaides, Th. Mercouris, Y. Komninos, J. Phys. At.
Mol. Opt. Phys. 35, 1271 (2002).

32. Th. Mercouris, Y. Komninos, C. A. Nicolaides, Phys. Rev. A
76, 033417 (2007).

33. ]. S. Parker, B. ]. S. Doherty, K. J. Meharg, K. T. Taylor,
J. Phys. At. Mol. Opt. Phys. 36, L393 (2003).

34. Supported by the Max Planck Society and the Deutsche
Forschungsgemeinschaft Cluster of Excellence: Munich
Centre for Advanced Photonics (www.munich-photonics.
de) and the King Saud University—Max-Planck-Institut fiir
Quantenoptik collaboration. Supported in part by NSF
through TeraGrid resources provided by the National
Institute for Computational Sciences and Texas Advanced
Computing Center under grant TG-PHY090031. R.P.,
S.N., and ].B. acknowledge support from the Austrian

Science Fund (FWF) under grant FWF-SFB016. ].F.
acknowledges support by NSF through a grant to ITAMP.
E.G. acknowledges a Marie-Curie Reintegration grant
(MERG-CT-2007-208643). R.K. acknowledges support
from the Sofia Kovalevskaja award of the Alexander von
Humboldt Foundation and an ERC starting grant. We
thank A. Maquet and R. Taieb for fruitful discussions.

Supporting Online Material
www.sciencemag.org/cgi/content/full/328/5986/1658/DC1
SOM Text

Fig. 51

References

10 March 2010; accepted 10 May 2010
10.1126/science.1189401

Reconstituting Organ-Level Lung
Functions on a Chip

Dongeun Huh,*? Benjamin D. Matthews,> Akiko Mammoto,? Martin Montoya-Zavala,*?

Hong Yuan Hsin,? Donald E. Ingber’?*

Here, we describe a biomimetic microsystem that reconstitutes the critical functional alveolar-
capillary interface of the human lung. This bioinspired microdevice reproduces complex integrated
organ-level responses to bacteria and inflammatory cytokines introduced into the alveolar space.
In nanotoxicology studies, this lung mimic revealed that cyclic mechanical strain accentuates toxic
and inflammatory responses of the lung to silica nanoparticles. Mechanical strain also enhances
epithelial and endothelial uptake of nanoparticulates and stimulates their transport into the
underlying microvascular channel. Similar effects of physiological breathing on nanoparticle
absorption are observed in whole mouse lung. Mechanically active “organ-on-a-chip” microdevices
that reconstitute tissue-tissue interfaces critical to organ function may therefore expand the
capabilities of cell culture models and provide low-cost alternatives to animal and clinical studies

for drug screening and toxicology applications.

ne of the causes of the high cost of phar-

maceuticals and the major obstacles to

rapidly identifying new environmental
toxins is the lack of experimental model systems
that can replace costly and time-consuming animal
studies. Although considerable advances have
been made in the development of cell culture
models as surrogates of tissues and organs for
these types of studies (/), cultured cells commonly
fail to maintain differentiation and expression of
tissue-specific functions. Improved tissue organi-
zation can be promoted by growing cells in three-
dimensional extracellular matrix (ECM) gels (2);
however, these methods still fail to reconstitute
structural and mechanical features of whole living
organs that are central to their function. In par-
ticular, existing model systems do not recreate the
active tissue-tissue interface between the micro-
vascular endothelium and neighboring parenchy-
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mal tissues where critical transport of fluids,
nutrients, immune cells, and other regulatory
factors occur, nor do they permit application of
dynamic mechanical forces (e.g., breathing move-
ments in lung, shear in blood vessels, peristalsis
in gut, tension in skin, and the like) that are crit-
ical for the development and function of living
organs (3).

Microscale engineering technologies first de-
veloped to create microchips, such as microfabri-
cation and microfluidics, enable unprecedented
capabilities to control the cellular microenvi-
ronment with high spatiotemporal precision and
to present cells with mechanical and biochemical
signals in a more physiologically relevant context
(4-7). This approach has made it possible to
microfabricate models of blood vessels (8, 9),
muscles (/0), bones (/I), airways (/2), liver
(13-106), brain (17, 18), gut (19), and kidney
(20, 21). However, it has not yet been possible
to engineer integrated microsystems that replicate
the complex physiological functionality of living
organs by incorporating multiple tissues, includ-
ing active vascular conduits, and placing them in
a dynamic and mechanically relevant organ-
specific microenvironment.

To provide the proof of principle for a bio-
mimetic microsystems approach, we developed a

multifunctional microdevice that reproduces key
structural, functional, and mechanical proper-
ties of the human alveolar-capillary interface,
which is the fundamental functional unit of the
living lung. This was accomplished by micro-
fabricating a microfluidic system containing two
closely apposed microchannels separated by a
thin (10 um), porous, flexible membrane made of
poly(dimethylsiloxane) (PDMS). The interven-
ing membrane was coated with ECM (fibronectin
or collagen), and human alveolar epithelial cells
and human pulmonary microvascular endothelial
cells were cultured on opposite sides of the mem-
brane (Fig. 1A). Once the cells were grown to
confluence, air was introduced into the epithelial
compartment to create an air-liquid interface and
more precisely mimic the lining of the alveolar
air space. The compartmentalized channel con-
figuration of the microdevice makes it possible to
manipulate fluid flow, as well as delivery of cells
and nutrients, to the epithelium and endothelium
independently.

During normal inspiration, intrapleural pres-
sure decreases, causing the alveoli to expand; this
pulls air into the lungs, resulting in stretching of
the alveolar epithelium and the closely apposed
endothelium in adjacent capillaries (Fig. 1B). We
mimicked this subatmospheric, pressure-driven
stretching by incorporating two larger, lateral
microchambers into the device design. When
vacuum is applied to these chambers, it produces
elastic deformation of the thin wall that separates
the cell-containing microchannels from the side
chambers; this causes stretching of the attached
PDMS membrane and the adherent tissue layers
(Fig. 1A, right versus left). When the vacuum is
released, elastic recoil of PDMS causes the mem-
brane and adherent cells to relax to their original
size. This design replicates dynamic mechanical
distortion of the alveolar-capillary interface caused
by breathing movements.

These hollow microchannels were fabricated
by soft lithography in conjunction with a new
method that uses chemical etching of PDMS (22)
to form the vacuum chambers. Fabrication begins
with alignment and permanent bonding of a 10-um-
thick porous PDMS membrane (containing 10-um-
wide pentagonal pores) and two PDMS layers
containing recessed microchannels (Fig. 1C). A
PDMS etching solution composed of tetrabutyl-
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ammonium fluoride and N-methylpyrrolidinone is
then pumped through the side channels (Fig. 1D).
Within a few minutes, PDMS etchant completely
dissolves away portions of the membrane in the
side channels, creating two large chambers di-
rectly adjacent to the culture microchannels. The
entire integrated device is only 1 to 2 cm in length,
with the central channels only millimeters in width
(Fig. 1E), and thus, it is fully amenable to high-
density integration into a highly multiplexed
microdevice in the future.

Reconstitution of a functional alveolar-
capillary interface. When human alveolar
epithelial cells and microvascular endothelial cells
were introduced into their respective channels,
they attached to opposite surfaces of the ECM-
coated membrane and formed intact monolayers
composed of cells linked by continuous junctional
complexes containing the epithelial and endothe-
lial junctional proteins, occludin and vascular
endothelial cadherin (VE-cadherin), respec-
tively (Fig. 2A). These cells remained viable
for prolonged periods (>2 weeks) after air was
introduced into the epithelial microchannel and the
alveolar cells were maintained at an air-liquid
interface (fig. S1). Addition of air to the upper
channel resulted in increased surfactant production
by the epithelium (Fig. 2B and fig. S1), which
stabilizes the thin liquid layer in vitro as it does in
whole lung in vivo, such that no drying was
observed. This was also accompanied by an in-

Diaphragm

crease in electrical resistance across the tissue
layers (Fig. 2C) and enhanced molecular barrier
function relative to cells cultured under liquid
medium (Fig. 2D). These differences in barrier
integrity and permeability likely result from
strengthening of intercellular junctions in air-
liquid interface culture (/2), and from the observed
changes in pulmonary surfactant production that
can influence alveolar-capillary barrier function
(23). Moreover, the low level of protein perme-
ability (2.1%/hour for fluorescently labeled albu-
min) exhibited by cells cultured at the air-liquid
interface (Fig. 2D) closely approximated that ob-
served in vivo (1 to ~2%/hour) (24). It should be
noted that although we mimic the alveolar micro-
environment by generating an air-liquid interface
in contact with the apical surface of epithelium in
our microdevice, there is likely a large variation in
the microscale properties of this interface in vivo.
Thus, it would be difficult to interpret these results
in any way other than functional measures at this
time. Our results clearly show that the epithelial
cells not only remained viable but also increased
their surfactant production, enhanced their structural
integrity, and restored normal barrier permeability
in this biomimetic microsystem.

The microfluidic device was then integrated
with computer-controlled vacuum to produce cyclic
stretching of the tissue-tissue interface to mimic
physiological breathing movements (movie S1).
The level of applied strain ranged from 5% to
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15% to match normal levels of strain observed in
alveoli within whole lung in vivo, as previously
described (25). Vacuum application generated uni-
form, unidirectional mechanical strain across the
channel length, as demonstrated by measured dis-
placements of fluorescent quantum dots immobi-
lized on the PDMS membrane (Fig. 2E and movie
S2). Membrane stretching also resulted in cell
shape distortion, as visualized by concomitant
increases in the projected area and length of the
adherent cells in the direction of applied ten-
sion (Fig. 2F and movie S3).

The permeability of the alveolar-capillary bar-
rier to fluorescent albumin remained unchanged
during cyclic stretching over 4 hours with phys-
iological levels of strain (5 to ~15%) or after pre-
conditioning with 10% strain for varying amounts
of time (fig. S1). Application of physiological
cyclic strain (10% at 0.2 Hz) also induced cell
alignment in the endothelial cells in the lower
compartment (fig. S2 and movie S4) and, hence,
mimicked physiological responses previously
observed in cultured endothelium and in living
blood vessels in vivo (26, 27). Cyclic stretching
caused some pulsatility in the fluid flow, but this
unsteady effect was negligible due to the small
channel size and low stretching frequency (see
SOM text). Thus, this microdevice extends far
beyond previously described cell stretching sys-
tems by permitting the application of cyclic stretch
and fluid shear stress to two opposing cell layers

. Porous
>
membrane

Lower
layer

Fig. 1. Biologically inspired design of a human breathing lung-on-a-chip
microdevice. (A) The microfabricated lung mimic device uses compart-
mentalized PDMS microchannels to form an alveolar-capillary barrier on
a thin, porous, flexible PDMS membrane coated with ECM. The device
recreates physiological breathing movements by applying vacuum to the
side chambers and causing mechanical stretching of the PDMS membrane
forming the alveolar-capillary barrier. (B) During inhalation in the living
lung, contraction of the diaphragm causes a reduction in intrapleural
pressure (P;,), leading to distension of the alveoli and physical stretching

of the alveolar-capillary interface. (C) Three PDMS layers are aligned and
irreversibly bonded to form two sets of three parallel microchannels
separated by a 10-um-thick PDMS membrane containing an array of
through-holes with an effective diameter of 10 um. Scale bar, 200 um.
(D) After permanent bonding, PDMS etchant is flowed through the side
channels. Selective etching of the membrane layers in these channels
produces two large side chambers to which vacuum is applied to cause
mechanical stretching. Scale bar, 200 um. (E) Images of an actual lung-
on-a-chip microfluidic device viewed from above.
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separated by a permeable and flexible ECM, while
simultaneously enabling analysis of tissue barrier
permeability and transport.

Recapitulation of whole-organ responses. We
then explored whether this microsystem could
recapitulate more complex integrated organ-level
responses observed in whole living lung, such as
pulmonary inflammation, by incorporating blood-
borne immune cells in the fluid flowing through
the vascular channel. Pulmonary inflammatory re-
sponses involve a highly coordinated multistep
cascade, including epithelial production and re-
lease of early-response cytokines, activation of
vascular endothelium through up-regulation
of leukocyte adhesion molecules [e.g., inter-
cellular adhesion molecule-1 (ICAM-1)], and
subsequent leukocyte infiltration into the alveo-

A

»

_Oc‘cludirf "]

'VE Cadherin 4

lar space from the pulmonary microcirculation
(28-30). Because cytokines are produced by
cells of the lung parenchyma, we simulated this
process by introducing medium containing the
potent proinflammatory mediator, tumor necrosis
factor-o (TNF-0), into the alveolar microchannel
in the presence of physiological mechanical strain
and examined activation of the underlying mi-
crovascular endothelium by measuring ICAM-1
expression.

TNF-o stimulation of the epithelium substan-
tially increased endothelial expression of ICAM-
1 within 5 hours after addition (Fig. 3A and fig. S3),
whereas physiological cyclic strain had no effect
on ICAM-1 expression. The activated endotheli-
um also promoted firm adhesion of fluorescently
labeled human neutrophils flowing in the vascu-
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lar microchannel, which do not adhere to the
endothelium without TNF-a stimulation (Fig.
3B and movies S5 and S6). Real-time, high-
resolution, fluorescent microscopic visualization
revealed that soon after adhering, the neutrophils
flattened (fig. S3) and migrated over the apical
surface of the endothelium until they found cell-
cell junctions, where they underwent diapedesis
and transmigrated across the capillary-alveolar
barrier through the membrane pores over the
period of several minutes (Fig. 3C and movie S7).
Phase-contrast microscopic visualization on the
opposite side of the membrane revealed neutro-
phils crawling up through the spaces between
neighboring cells and emerging on the surface of
the overlying alveolar epithelium (Fig. 3D), where
they remained adherent despite active fluid flow

Fig. 2. On-chip formation and mechanical stretching of an alveolar-capillary
interface. (A) Long-term microfluidic coculture produces a tissue-tissue inter-
face consisting of a single layer of the alveolar epithelium (epithelium, stained
with CellTracker Green) closely apposed to a monolayer of the microvascular
endothelium (endothelium, stained with CellTracker Red), both of which express
intercellular junctional structures stained with antibodies to occludin or
VE-cadherin, separated by a flexible ECM-coated PDMS membrane. Scale bar,
50 um. (B) Surfactant production by the alveolar epithelium during air-liquid
interface culture in our device detected by cellular uptake of the fluorescent
dye quinacrine that labels lamellar bodies (white dots). Scale bar, 25 um. (C)
Air-liquid interface (ALl) culture leads to a greater increase in transhilayer
electrical resistance (TER) and produces tighter alveolar-capillary barriers with
higher TER (>800 Q-cm?), as compared with the tissue layers formed under

submerged liquid culture conditions. (D) Alveolar barrier permeability mea-
sured by quantitating the rate of fluorescent albumin transport is significantly
reduced in ALI cultures compared with liquid cultures (*P < 0.001). Data in (C)
and (D) represent the mean = SEM from three separate experiments. (E)
Membrane stretching—induced mechanical strain visualized by the displace-
ments of individual fluorescent quantum dots that were immobilized on the
membrane in hexagonal and rectangular patterns before (red) and after
(green) stretching. Scale bar, 100 um. (F) Membrane stretching exerts tension
on the cells and causes them to distort in the direction of the applied force, as
illustrated by the overlaid outlines of a single cell before (blue) and after (red)
application of 15% strain. The pentagons in the micrographs represent micro-
fabricated pores in the membrane. Endothelial cells were used for visualization
of cell stretching.
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and cyclic stretching. Similar adhesion and trans-
migration of neutrophils were observed in response
to alveolar stimulation with other proinflamma-
tory cytokines, such as interleukin-8. These se-
quential events successfully replicate the entire
process of neutrophil recruitment from the micro-
vasculature to the alveolar compartment, which is
a hallmark of lung inflammation.

We also demonstrated that this system could
mimic the innate cellular response to pulmonary
infection of bacterial origin. Living Escherichia
coli bacteria constitutively expressing green fluo-
rescent protein (GFP) were added to the alveolar
microchannel. The presence of these pathogens
on the apical surface of the alveolar epithelium
for 5 hours was sufficient to activate the under-
lying endothelium, as indicated by capture of cir-
culating neutrophils and their transmigration into
the alveolar microchannel. Upon reaching the
alveolar surface, the neutrophils displayed direc-
tional movement toward the bacteria, which they
then engulfed over a period of a few minutes
(Fig. 3E and movies S8 and S9), and the phago-
cytic activity of the neutrophils continued until

_ .-~ Endothelium ~~_ _
Control 50 ng/ml

Control

most bacteria were cleared from the observation
area. We specifically excluded the air-liquid inter-
face in the experiments shown in Fig. 3 because
inflammatory cytokines are produced by the epi-
thelial tissue, and alveoli often become filled with
fluid exudate during early stages of lung infections.
These results show that this bioinspired micro-
device can effectively recapitulate the normal
integrated cellular immune response to micro-
bial infection in human lung alveoli. It also can
be used to visualize these cellular responses in
real time by high-resolution microscopic imag-
ing during mechanical stimulation, which has
been difficult in most existing cell stretching
systems.

Identification of novel mechanosensitive
responses to nanoparticulates. We also explored
the potential value of this lung-on-a-chip system
for toxicology applications by investigating the pul-
monary response to nanoparticulates delivered to
the epithelial compartment. Despite the widespread
use of nanomaterials, much remains to be learned
about their risks to health and the environment
(31-33). Existing toxicology methods rely on

RESEARCH ARTICLES

oversimplified in vitro models or lengthy and
expensive animal testing.

When nanoparticles are delivered to the alveoli
of the lung in an aerosol, they are deposited in a
thin fluid layer supported by surfactant on the
surface of the epithelium. To mimic delivery of
airborne nanoparticles into the lung using our
microdevice, we injected nanoparticle solution
into the alveolar microchannel and then gently
aspirated the solution to leave a thin liquid layer
containing nanoparticles covering the epithelial
surface. When alveolar epithelial cells were
exposed for 5 hours to 12-nm silica nanoparticles
that are commonly used to model the toxic effects
of ultrafine airborne particles (34-36), the under-
lying endothelium in the microvascular channel
became activated and exhibited high levels of
ICAM-1 expression (Fig. 4A). Although physi-
ological breathing movements (10% cyclic strain)
had no effect on ICAM-1 expression on their own,
mechanical stretching significantly augmented
endothelial expression of ICAM-1 induced by
the silica nanoparticles (Fig. 4A). Moreover, this
effect was sufficient to induce endothelial capture

Fig. 3. Reconstitution and direct visualization of complex organ-level responses
involved in pulmonary inflammation and infection in the lung-on-a-chip device.
() Epithelial stimulation with TNF-o, (50 ng/ml) up-regulates ICAM-1 expression
(red) on the endothelium; control shows lack of ICAM-1 expression in the absence
of TNF-o treatment. Cells were stretched with 10% strain at 0.2 Hz in both cases.
(B) Fluorescently labeled human neutrophils (white dots) adhere avidly to the
activated endothelium within 1 min after introduction into the vascular channel.
(C) Time-lapse microscopic images showing a captured neutrophil (white arrow)
that spreads by firm adhesion and then crawls over the apical surface of the
activated endothelium (not visible in this view; direction indicated by yellow
arrows) until it forces itself through the cell-cell boundary within about 2 min

after adhesion (times indicated in seconds). During the following 3 to 4 min, the
neutrophil transmigrates through the alveolar-capillary barrier by passing
through a pentagonal pore in the PDMS membrane, and then it moves away
from the focal plane, causing it to appear blurry in the micrographs. (D) Phase-
contrast microscopic images show a neutrophil (arrow) emerging from the apical
surface of the alveolar epithelium at the end of its transmigration over a period of
~3 min; thus, complete passage takes approximately 6 min in total. (E) Time-
lapse fluorescence microscopic images showing phagocytosis of two GFP-
expressing E. coli (green) bacteria on the epithelial surface by a neutrophil (red)
that transmigrated from the vascular microchannel to the alveolar compartment.
Scale bar, 50 um in (A) and (B), 20 um in (C) to (E).
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of circulating neutrophils (Fig. 4A) and to promote
their transmigration across the tissue-tissue interface
and their accumulation on the epithelial surface
(fig. S4).

Nanoparticles have been previously shown to
induce lung inflammation by stimulating pulmo-
nary epithelial cells to produce proinflammatory
cytokines and by causing endothelial cells to ex-
press ICAM-1 and recruit circulating leukocytes
(31-33, 37). However, our results extend this ob-
servation by providing evidence to suggest that
breathing motions might greatly accentuate the
proinflammatory activities of silica nanoparticles
and contribute substantially to the development
of acute lung inflammation. This finding also could
be relevant for the design of artificial lung motions
in positive-pressure lung ventilator devices, which
can sometimes induce dangerous inflammatory
responses in the clinic. This effect of mechanical
stress would never have been detected in con-
ventional culture models based on static cultures,

including Transwell culture systems, that fail to
incorporate mechanical force regimens.

Next, various nanomaterials were added to
the alveolar microchannel, and the cellular oxi-
dative stress response was quantitated by mea-
suring intracellular production of reactive oxygen
species (ROS) using microfluorimetry (37). When
the ultrafine (12 nm) silica nanoparticles were
added to the alveolar epithelium in the absence
of mechanical distortion, there was little or no
ROS production. However, when the cells were
subjected to physiological levels of cyclic strain
(10% at 0.2 Hz), the same nanoparticles induced
a steady increase in ROS production that in-
creased by a factor of more than 4 within 2 hours
(Fig. 4B), and this response could be inhibited
with the free radical scavenger, N-acetylcysteine
(NACQ) (fig. S5). ROS levels in the underlying
endothelium also increased by a factor of almost
3 over 2 hours, but initiation of this response was
delayed by about 1 hour compared with the

epithelium (fig. S5). Experiments with carboxyl-
ated Cd/Se quantum dots (16 nm) produced
similar results (fig. S6), whereas cyclic strain alone
had no effect on ROS even when applied for 24
hours (fig. S7). Nanomaterial-induced ROS pro-
duction also increased in direct proportion to
the level of applied strain (Fig. 4C). In contrast,
exposure of alveolar epithelial cells to 50-nm
superparamagnetic iron nanoparticles under the
same conditions only exhibited a small tran-
sient increase in ROS production (Fig. 4D).
Indeed, this mechanical strain—induced oxi-
dative response appeared to be specific for the
silica nanoparticles and carboxylated quantum
dots, because it was not induced by treatment
with various other nanomaterials, including single-
walled carbon nanotubes, gold nanoparticles,
polystyrene nanoparticles, or polyethylene glycol-
coated quantum dots (fig. S8 and table S1). On the
other hand, we found that longer exposure to silica
nanoparticles alone for 24 hours induced similar
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Fig. 4. Microengineered model of pulmonary nanotoxicology. (A) Ultrafine
silica nanoparticles introduced through an air-liquid interface overlying the
alveolar epithelium induce ICAM-1 expression (red) in the underlying
endothelium and adhesion of circulating neutrophils (white dots) in the lower
channel. Scale bar, 50 um. Graph shows that physiological mechanical strain
and silica nanoparticles synergistically up-regulate ICAM-1 expression (*P <
0.005; **P < 0.001). (B) Alveolar epithelial cells increase ROS production
when exposed to silica nanoparticles (100 pg/ml) in conjunction with 10%
cyclic strain (square) (P < 0.0005), whereas nanoparticles (triangle) or strain
(diamond) alone had no effect on intracellular ROS levels relative to control
cells (circle); ROS generation was normalized to the mean ROS value at time 0.
(C) The alveolar epithelium responds to silica nanoparticles in a strain-
dependent manner (*P < 0.001). (D) Addition of 50-nm superparamagnetic
nanoparticles produced only a transient elevation of ROS in the epithelial cells
subjected to 10% cyclic strain (P < 0.0005). (E) Application of physiological
mechanical strain (10%) promotes increased cellular uptake of 100-nm
polystyrene nanoparticles (magenta) relative to static cells, as illustrated by
representative sections (a to d) through fluorescent confocal images.
Internalized nanoparticles are indicated with arrows; green and blue show
cytoplasmic and nuclear staining, respectively. (F) Transport of nanomaterials
across the alveolar-capillary interface of the lung is simulated by nanoparticle
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transport from the alveolar chamber to the vascular channel of the lung mimic
device. (G) Application of 10% mechanical strain (closed square) significantly
increased the rate of nanoparticle translocation across the alveolar-capillary
interface compared with static controls in this device (closed triangle) or in a
Transwell culture system (open triangle) (P < 0.0005). (H) Fluorescence
micrographs of a histological section of the whole lung showing 20-nm
fluorescent nanoparticles (white dots, indicated with arrows in the inset at
upper right that shows the region enclosed by the dashed square at higher
magnification) present in the lung after intratracheal injection of nebulized
nanoparticles and ex vivo ventilation in the mouse lung model. Nanoparticles
cross the alveolar-capillary interface and are found on the surface of the
alveolar epithelium, in the interstitial space, and on the capillary endothelium.
PC, pulmonary capillary; AS, alveolar space; blue, epithelial nucleus; scale bar,
20 um. (1) Physiological cyclic breathing generated by mechanical ventilation
in whole mouse lung produces an increase by a factor of more than 5-fold in
nanoparticle absorption into the blood perfusate when compared to lungs
without lung ventilation (P < 0.0005). The graph indicates the number of
nanoparticles detected in the pulmonary blood perfusate over time, as
measured by drying the blood (1 pl) on glass and quantitating the number of
particles per unit area (0.5 mm?). (J) The rate of nanoparticle translocation was
significantly reduced by adding NAC to scavenge free radicals (*P < 0.001).
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high levels of ROS production even in the absence
of mechanical strain (fig. S7), confirming findings
of past pulmonary nanotoxicology studies that
analyzed the effects of ultrafine silica nanopar-
ticles in static cell cultures (34). Taken together,
these data suggest that physiological mechanical
stresses due to breathing might act in synergy with
nanoparticles to exert early toxic effects or accel-
erate nanoparticle toxicity in the lung.

Mechanical strain enhanced cellular uptake
of nanoparticulates in the alveolar epithelium
and underlying endothelium. For example, con-
focal microscopic analysis revealed that the num-
ber of fluorescent nanoparticles (100 nm in
diameter) or their aggregates present within the
intracellular compartment of alveolar epithelial
cells was much greater for the first hour after
exposure when cells were subjected to physio-
logical breathing movements (Fig. 4E). More than
70% of cells within mechanically active epithe-
lium and endothelium internalized nanoparticles,
whereas this fraction was lower by a factor of 10
in the absence of strain (fig. S9).

Modeling nanoparticle transport from alve-
oli into the lung vasculature. Increasing in vivo
evidence suggests that nanomaterials introduced
into the alveolar space have the capacity to cross
the alveolar-capillary barrier and enter the
pulmonary circulation, potentially affecting other
organs and causing systemic toxicity (31, 33).
When we introduced fluorescent nanoparticles
(20 nm in diameter) into the alveolar microchannel
and monitored nanoparticle translocation across
the alveolar-capillary barrier in air-liquid inter-
face culture by measuring the fraction of particles
retrieved from the underlying microvascular chan-
nel by continuous fluid flow (Fig. 4F), we observed
only a low level of nanoparticle absorption under
static conditions. The level was similar to that mea-
sured with a static Transwell culture system con-
taining a rigid, porous, ECM-coated membrane
lined with opposing layers of alveolar epithelium
and capillary endothelium (Fig. 4G). In contrast,
there was an increase by more than a factor of 4
in nanoparticle transport into the vascular com-
partment when our microdevice experienced phys-
iological breathing motions (10% strain at 0.2 Hz)
(Fig. 4G). This was striking given that transport of
fluorescent albumin remained unchanged under
similar loading conditions (fig. S1). Thus, strain-
induced increases in nanoparticle absorption across
the alveolar-capillary barrier are not due to physical
disruption of cell-cell junctions and simple convec-
tive transport. Instead, they more likely result from
altered transcellular translocation or from a change
in paracellular transport that somehow selectively
permits passage of these nanoparticulates while
restricting movement of small molecules, such as
albumin. The presence of an air-liquid interface on
the epithelial surface did not appear to produce
substantially higher mechanical stresses or change
nanoparticle absorption across the alveolar-
capillary barrier in our microdevice. An air-liquid
interface has been previously shown to exert higher
stress on cells (72, 38); however, those studies

focused mainly on the deleterious effects of a
moving air-liquid interface (e.g., as might occur
with a mucus plug), which generates much larger
forces that are more relevant to small-airway closure
and reopening.

To determine the physiological relevance of
these observations, we conducted similar studies
in a whole mouse lung ventilation-perfusion
model, which enables intratracheal injection of
nebulized nanoparticles and monitoring of nano-
particle uptake into the pulmonary vasculature
ex vivo (fig. S10). When 20-nm nanoparticles
were injected into whole breathing mouse lung,
they were delivered into the deep lung, and his-
tological analysis revealed that they reached the
surface of the alveolar epithelium, as well as the
underlying interstitial space and microvasculature
(Fig. 4H). These findings confirm that these
nanoparticles are transported across the alveolar-
capillary barrier in vivo, as we observed in vitro.
When we monitored the number of absorbed
nanoparticles collected from the pulmonary ve-
nous circulation after nanoparticle injection into
the whole perfused lung, we found that nano-
particle transport from the alveoli into the micro-
vasculature was significantly increased in the
presence of cyclic breathing in vivo (Fig. 4I),
just as we observed in the lung mimic device in
vitro (Fig. 4G). Similar studies carried out with
Transwell systems that represent the state of the
art for in vitro analysis of tissue barrier perme-
ability only exhibited low levels of nanoparticle
translocation (Fig. 4G).

This mechanical force-induced increase in
nanoparticle translocation was reduced signif-
icantly when the cells were incubated with the
antioxidant NAC (Fig. 4J). This finding implies
that elevated intracellular production of ROS due
to a combination of mechanical strain and nano-
particle exposure might be responsible for the
observed increase in barrier permeability to
these nanoparticles. We also found that pre-
conditioning of endothelial cells with physio-
logical levels of shear stress (15 dyne/cm?) slightly
increased the rate of nanoparticle translocation in
the presence of mechanical stretch (fig. S11),
presumably due to a shear-induced increase in
endothelial permeability, as previously demon-
strated by others (39). Taken together, these results
highlight the advantages of our microengineered
device over existing in vitro model systems and
provide evidence that the inherent mechanical
activity of the living lung may contribute substan-
tially to the transport of airborne nanoparticulates
from the alveolar space into the bloodstream.

Biomimetic microsystems as replacements
for animal testing. Development of cell-based
biochips that reproduce complex, integrated
organ-level physiological and pathological
responses could revolutionize many fields, includ-
ing toxicology and development of pharmaceu-
ticals and cosmetics that rely on animal testing
and clinical trials. This human breathing lung-on-
a-chip microdevice provides a proof of principle
for this novel biomimetic strategy that is inspired
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by the integrated chemical, biological, and me-
chanical structures and functions of the living
lung. This versatile system enables direct visual-
ization and quantitative analysis of diverse biolog-
ical processes of the intact lung organ in ways that
have not been possible in traditional cell culture or
animal models.

There are still differences between our lung
mimic device and the alveolar-capillary barrier in
vivo (e.g., barrier thickness, cellular composition,
lack of alveolar macrophages, and changes in air
pressure and flow), and the transformed lung
cells used in our study might not fully reproduce
the responses of native alveolar epithelial cells.
However, our data clearly demonstrate that this
biomimetic microsystem can reconstitute multi-
ple physiological functions observed in the whole
breathing lung. Specifically, the lung mimic de-
vice reconstitutes the microarchitecture of the
alveolar-capillary unit, maintains alveolar epithe-
lial cells at an air-liquid interface, exerts physio-
logically relevant mechanical forces to the entire
structure, and enables analysis of the influence of
these forces on various physiological and patho-
logical lung functions, including interactions
with immune cells and pathogens, epithelial and
endothelial barrier functions, and toxicity and
absorption of nanoparticulates across this critical
tissue-tissue interface. Existing in vitro mechan-
ical stimulation models fail to offer any of these
integrated capabilities, and the fact that our sys-
tem allows one to study all of these complex
physiological phenomena in a single device makes
it even more novel. Moreover, this microdevice
represents an innovative and low-cost screening
platform that could potentially replace in vivo
assays, or substantially improve the outcome
of animal and clinical studies, by enhancing the
predictive power of in vitro or in silico compu-
tational models.

Microengineering approaches developed in
this research also might offer new opportunities to
more accurately model critical tissue-tissue inter-
faces and specialized physical microenvironments
found in other organs, such as the gut, kidney, skin,
and bone marrow, as well as in human cancers.
These biomimetic microsystems are miniaturized
(Fig. 1E) and can be easily multiplexed and au-
tomated. Hence, with simplified designs and care-
ful choice of biocompatible device materials, they
might be useful for high-throughput analysis and
screening of cellular responses to drugs, chemicals,
particulates, toxins, pathogens, or other environ-
ment stimuli relevant to pharmaceutical, cosmetic,
and environmental applications. Furthermore,
these microengineering approaches might open
the possibility of integrating multiple miniaturized
organ model systems into a single device to reca-
pitulate interactions between different organs and
enable more realistic in vitro assays of the whole
body’s response to drugs and toxins (19, 40, 41).
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4D Electron Tomography

Oh-Hoon Kwon and Ahmed H. Zewail*

Electron tomography provides three-dimensional (3D) imaging of noncrystalline and crystalline
equilibrium structures, as well as elemental volume composition, of materials and biological
specimens, including those of viruses and cells. We report the development of 4D electron
tomography by integrating the fourth dimension (time resolution) with the 3D spatial resolution
obtained from a complete tilt series of 2D projections of an object. The different time frames of
tomograms constitute a movie of the object in motion, thus enabling studies of nonequilibrium
structures and transient processes. The method was demonstrated using carbon nanotubes of a
bracelet-like ring structure for which 4D tomograms display different modes of motion, such as
breathing and wiggling, with resonance frequencies up to 30 megahertz. Applications can now
make use of the full space-time range with the nanometer-femtosecond resolution of ultrafast

electron tomography.

or nearly a century, the determination of

three-dimensional (3D) structures of a crys-

talline specimen, with redundancy in the
repeating units of the architecture, has primarily
depended on x-ray and electron-based methods.
Recently, with the combination of electron mi-
croscopy techniques and fast computation meth-
ods, electron tomography has become a powerful
tool for 3D structural determination of nano-
scopic noncrystalline materials (/, 2) and biolog-
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ical assemblies such as viruses, bacteria, and cells
(3-5). Historically, several initial advances were
made (5), but the first examples of the approach
were published with different variants in the
1960s: reconstruction of 3D biostructures (of high
symmetry) from one or more projections (6, 7),
reconstruction of an asymmetric protein struc-
ture from a sufficient number of projections (8),
and average reprojection calculated from a tilt
series of images (9). However, decades of ad-
vances in computation methods were required to
bring the field into the state of the art in high-
resolution electron tomography with applica-
tions in many fields (/0—12), which include the
impressive methods of energy-filtering for map-
ping a specific element or site (/3—16) and the use

of the high-angular annular dark field (HAADF)
for suppressing the diffraction contrast of crys-
talline materials (17, 18). In all of these studies,
the tomograms obtained are those of a static
object representing the time-averaged equilibri-
um state of the structure.

To visualize the dynamics, the dimension of
time must be integrated into any electron tomo-
gram that spans a whole tilt series. Furthermore,
the time resolution in every step must be high
enough to capture the motion of the object, ideally
reduced to the atomic scale. This simultaneous
real-space and real-time resolution can be ob-
tained using ultrafast electron microscopy (UEM)
(11, 19). However, in UEM a snapshot represents
a time frame of the 2D projection of the object
under investigation, making invisible the spatial
information in the dimension along the optical
axis of the microscope. This is because of the
large focus depth in the specimen.

Here, we report the development of 4D elec-
tron tomography. The tomograms are constructed
from nearly 4000 projections for a whole series
of tilt angles and time steps. The methodology
is demonstrated in the imaging of multiwalled
carbon nanotubes (MWNTS), with the time res-
olution being independent of the video camera
response time of milliseconds, thus enabling
the visualization of non-equilibrium, fleeting
structures on the femtosecond to millisecond
time scale. For the nanotubes, the 4D tomograms
in a movie display the mechanical motions
and morphological dynamics of the object, a
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