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Integrating in vitro organ-specific function with the
microcirculation
Monica L Moya1,4 and Steven C George1,2,3,4,5

There is significant interest within the tissue engineering and

pharmaceutical industries to create 3D microphysiological

systems of human organ function. The interest stems from a

growing concern that animal models and simple 2D culture

systems cannot replicate essential features of human physiology

that are crucial to predict drug response, or simply to develop

new therapeutic strategies to repair or replace damaged organs.

Central to human organ function is a microcirculation that not only

enhances the rate of nutrient and waste transport by convection,

but also provides essential additional physiological functions that

can be specific to each organ. This review highlights progress in

the creation of in vitro functional microvessel networks, and

emphasizes organ-specific functional and structural

characteristics that should be considered in the future mimicry of

four organ systems that are of primary interest: lung, brain, liver,

and muscle (skeletal and cardiac).
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Introduction
Recent advancements in both biology and microfluidic

technologies have generated unprecedented opportunities

to create sophisticated microphysiological systems that

mimic human organ function. Within the last decade,

3D systems that recapitulate the human organ microenvir-

onment under highly controlled conditions have emerged

and been met with much excitement [1�,2�,3�]. Such

systems provide new tools for basic research of both

pathological and physiological states, but are also predic-

tive of human physiology and hence attractive for drug

efficacy and toxicity screening.

Global challenges to develop in vitro organ systems include

cell sources, selection of matrix, and the development of a

vascular supply. Advances in human induced pluripotent

(iPS) stem cell technology offer a promising solution to the

cell source issue while continued innovation in synthetic

and native biomaterials can potentially address the hurdle

of creating realistic cell–matrix interactions; however an

often simplified challenge in organ microphysiological

system development is the creation of a vascular network.

Essentially all human tissue contains a vascular supply, and

thus new microphysiological systems must include a vas-

cular supply if they want to truly replicate normal human

physiology. Initial work in constructing in vitro vessel

networks was in the form of either printing or coating rigid

channels with cells [4–7]. Although such methods provide

precise control of vessel architecture, the channels are not

dynamic and thus cannot remodel or respond to changes in

the microenvironment. More recently, cylindrical net-

works in natural extracellular matrices have been endothe-

lialized and have shown the ability to invade into the

surrounding matrix [8–10]. Within the past two years

several groups have emerged with microfluidic models

that allow for vessels to either sprout or self assemble in

a hydrogel compartment resulting in perfused human

capillaries [11��,12–15]. To date, only our work has shown

physiological flow and shear rate [11��]. The ability of

endothelial cells to self-assemble into 3D perfusable net-

works requires cues in the microenvironment. For

example, fibrin is often used as a matrix because of it is

naturally pro-angiogenic and promotes production of base-

ment membrane such as collagen [16,17]. Another key

feature is the presence of stromal cells which can generate

freely diffusible growth factors and matrix proteins such as

collagen, vascular endothelial growth factor, transforming

growth factor b-induced protein, hepatocyte growth factor

and fibronectin [18,19].

The next iteration or natural progression of these designs

is establishing tissue or organ specificity. Although the

most basic role of microvessel networks is to provide the

exchange of nutrients, oxygen and waste, the microcir-

culation is often coupled and integrated into many of the

organ system’s function in addition to carrying out regu-

latory functions in response to environmental cues. As a

result, there is significant heterogeneity in the structure

and function of the microcirculation between different

organs. This review will focus on the unique features of

the microcirculations of four organs (lung, brain, liver and

heart) to emphasize the need to create organ-specific

functional and structural characteristics of microvessel
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networks in the development of realistic 3D microphy-

siologic systems.

Lungs
The lungs are the major organs of the respiratory system,

and are primarily responsible for respiratory gas exchange

(oxygen and carbon dioxide). During inspiration, air high

in oxygen content is delivered first through the branching

airway tree where the air is warmed, humidified, and

particulate matter is filtered. In the alveolar region, ox-

ygen diffuses from the air into the blood, and carbon

dioxide diffuses from the blood into the air. On expira-

tion, the carbon dioxide enriched air reverses the path.

Inhalation is a major route for toxic substances to enter

the body, but can also be a unique mode of therapeutic

drug delivery. Thus, primary functions to mimic in a

microphysiological system are the airway filter, and respir-

atory gas exchange. These physiological functions create

unique anatomical features including: (1) an air-tissue

interface; (2) an airway epithelium that produces mucus

with beating cilia; and (3) a large, dynamic surface area in

the alveolar region characterized by a thin (<1 micron)

membrane that stretches and contracts during a 2 second

inspiration and expiration, respectively to increase by

>100%.

The vascular system in the lungs is comprised of the

smaller systemic bronchial circulation, which nourishes

the lung tissue itself, and the larger pulmonary circula-

tion, which is the source of respiratory gas exchange. Of

particular interest to the pharmaceutical industry is the

fact that the pulmonary endothelium is exposed to the

entire cardiac output. Success in simulating lung func-

tion in 3D microphysiological systems began with the

more simple airway mucosa and included primary airway

epithelial cells, a subepithelial stroma, and capillary

networks [20–26]. We will focus on the unique structural

and functional features of the pulmonary circulation that

are of primary interest to mimic in a microphysiological

system. The anatomical structure of the pulmonary

microcirculation [27] is complex and central to its func-

tion (Figure 1). Pulmonary endothelial cells comprise

one of three thin layers that comprise the alveolar

membrane, and have important metabolic functions

related to the processing of vasoactive substances. For

example, angiotensin converting enzyme (ACE) is

expressed uniquely on the surface of the pulmonary

endothelium and not only converts angiotensin I to

angiotensin II, it also inactivates bradykinin [28]. In

addition, the pulmonary endothelium is actively antith-

rombogenic, primarily through its ability to secrete

prostacyclin and express ADPases [29–32]. Finally,

the pulmonary endothelium plays an important role in

the immune response through the expression of high

levels (>30-fold over other organ systems) of adhesion

molecules (e.g. ICAM-1, P-Selectin) specific for circu-

lating leukocytes [33,34].

Attempts to mimic the pulmonary circulation in vitro
have been dominated by monolayer culture of pulmonary

endothelial cells. These studies have been able to reca-

pitulate barrier properties [35–37], enzymatic function

[38,39], as well as simulate the impact of dynamic stretch

that occurs during normal tidal breathing [40–42].

Recently, alveolar epithelial cells and pulmonary endo-

thelial cells have been cleverly combined in a polydi-

methyl siloxane (PDMS) microdevice to recapitulate

alveolar membrane stretch and permeability to fluid

and immune cells [2�,43]. Although these studies

represent a significant step forward, key features of the

vascular system(s) in the lungs that have not been simu-

lated include perfused systemic capillary networks, and

the inclusion of blood components such as red blood cells

and platelets.

Brain
The brain or central nervous system (CNS) is clearly

complex and regulates essential physiologic functions

such as cognition, emotion, motor function, sensation,

vision, hearing, and taste. Although the structure of the

microcirculation is remarkably similar across different

regions of the brain that control these functions, the brain

microcirculation has several very distinctive features that

are crucial to mimic in any in vitro model system. Of

particular relevance to the pharmaceutical industry is the

fact that most circulating drugs and biologics cannot

penetrate the CNS because of the blood–brain barrier

(BBB). In addition, brain endothelial cells also uniquely

express several proteins to circumvent the BBB and meet

the special metabolic demands of the brain. The various

techniques that have been used to mimic the BBB in vitro
has recently been reviewed, with a particular emphasis

on the use of these models in neuropharmaceutical dis-

covery [44]. As such, we will review only the salient

features of the BBB that are likely to be crucial for in
vitro mimicry, and the current state of the art for these

models.

The primary function of the BBB is to restrict or control

exposure of sensitive neurons to compounds in the cir-

culation, and is therefore broadly described as reducing

the permeability of the microcirculation to macromol-

ecules. The BBB is comprised of several structures

(Figure 2) all of which contribute to the overall function

including intercellular tight junctions (TJs), adherens

junctions, the basal membrane, the pericyte, and the

astrocyte [44]. In addition, brain endothelial cells

uniquely express glucose transporters (e.g. GLUT1)

on the basal and apical membranes to meet the high

metabolic demand of neurons for glucose [45,46].

Additional metabolic enzymes expressed by brain endo-

thelial cells in a unique pattern that are commonly used

to validate models of the BBB include alkaline phospha-

tase, epoxide hydrolase, monamine oxidases, and cyto-

chrome P450s [47–50]. Together, the structural,
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transport, and metabolic proteins of brain endothelial all

contribute to the unique characteristics of the brain

microcirculation.

Not surprisingly, attempts to mimic the brain microcir-

culation have focused on the structural proteins that

comprise the BBB, and generally utilize transepithelial

electrical resistance (TEER) as a simple index of BBB

integrity [51,52]. Primary limitations are species differ-

ences (i.e. human BBB has important differences relative

to other mammals (e.g. ABC transporters [53]) and poor

access or difficulty in harvesting and culturing primary

104 Biological engineering
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(a) Anatomical schematic of the acinar region of the lungs including the alveolar sacs surrounded by a fine mesh of pulmonary capillaries. The spherical

geometry is unique to the pulmonary microcirculation (reprinted with permission from http://encyclopedia.lubopitko-bg.com/Respiratory_Tract.html).

(b) Low and (c) high resolution scanning electron microscopy of the microvessel network in the rat pulmonary circulation. The fine mesh of capillaries

surrounding the alveolar space is evident. Scale is 100 and 10 microns, respectively in panels B and C (reprinted with permission from [27]).
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human brain endothelial cells. Although the creation of

immortalized brain endothelial cell lines has also been

demonstrated [54,55], these lines as well as primary brain

endothelial cells both suffer from structural and metabolic

features that do not completely mimic the in vivo BBB.

For example, low passage bovine or murine brain micro-

vascular endothelial cells display a TEER of <200 V cm2,

whereas in vivo values approach 2000 V cm2 [56–59].

Although 2D monolayer culture of brain endothelial cells

have dominated the proposed in vitro models, some

success has been demonstrated using 3D co-culture

models of brain endothelial cells and astrocytes [60],

and also recognizing the importance of fluidic shear stress

on endothelial phenotype [61]. As with microphysiologi-

cal systems of other organs, the potential of human

induced pluripotent stem cells to recapitulate features

of the human BBB is promising [62].

Liver
Consuming 20% of the total body energy production,

and receiving nearly a quarter of the cardiac output,

the liver’s impact on human physiology rivals that

of the brain. The liver performs many essential functions

related to digestion, metabolism, and immunity.

Perhaps one of its most important functions is detox-

ification, where the blood from the gastrointestinal

tract passes through the liver via the hepatic portal vein

before traveling to the heart allowing the primary cells of

the liver, hepatocytes, to monitor and remove (detoxify)

many of the toxins from the blood before they reach the

rest of the body (‘first-pass’  metabolism). Detoxification,

especially as it relates to drug absorption and metab-

olism, is a key function to replicate in a microphysiolo-

gical system. The traditional paradigm for in vitro
models of culturing primary cells in 2D is especially

not feasible for hepatocytes, as they do not replicate nor

display a normal phenotype in 2D monolayer culture

[63]. Although liver cell lines can be grown in 2D culture,

they are not optimal for predicting drug toxicity as they

lack some of the key metabolic enzymes [64]. Thus, a

microsystem that captures the in vivo liver microenvir-

onment is essential to not only predict drug-induced

liver toxicity, but also in vivo pharmacodynamics and

pharmacokinetics.

The liver’s unique microcirculation plays a central role in

the clearance of toxins from the blood. The liver’s micro-

circulation is unique in that it has a supply of blood from

both the hepatic artery and the hepatic portal vein. Blood

from both the hepatic arterial and venous circulations of

these sources supply blood to the hepatic sinusoids.

Changes in portal venous flow can lead to compensatory

flow changes in the hepatic artery. The sinusoids are

comprised of a fenestrated, discontinuous endothelium

[65,66]. These fenestrae can either contract or dilate in

response to changes in sinusoidal pressure or flow and act

as a selective sieve to control the exchange of material

between the blood and liver cells [67]. These sinusoid
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(a) Schematic representation of the blood–brain barrier highlighting important structure features such as the tight junction, adherens junction, pericyte,

and astrocyte that all contribute to the reduced permeability of the brain microcirculation to macromolecules (reprinted with permission from [44]). (b)

Scanning electron micrograph of a brain capillary network (reprinted with permission from [97]).
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endothelial cells are arranged in a radiating pattern

forming hexagonal lobules of endothelial cells and

hepatocytes, providing a unique and optimal configur-

ation for interactions between the blood, hepatocytes, and

sinusoidal endothelial cells (Figure 3).

Various hepatocyte cell culture methods have been used

to capture the complexity of the liver. Although many of

these models have focused on capturing cell–cell inter-

actions by co-culturing hepatocytes and non-parenchymal

cells either as spheroids [68] or using transwell inserts

[69], others have focused on recreating the unique archi-

tecture arrangement of the liver lobules [70]. In the

absence of perfused in vitro human capillary networks,

microfluidic devices have been employed to provide

perfusion to the cells [3�,71]. Although these models have

led to insightful discoveries, without a dynamic capillary

network that can respond to environmental cues and

cellular cross-talk, the applications of these in vitro
models are limited in understanding and predicting drug

metabolism.

Although primary human hepatocytes are very robust in
vivo exhibiting impressive regenerative ability, when

these cells are cultured in vitro they loose phenotypic

function and their ability to proliferate [72,73]. The

human liver models that are available are generally lim-

ited to liver slices that are viable for <24 hours [63,74],

liver microsomes, or liver cell lines with abnormal enzyme

levels [74]. Successes culturing iPS-derived human hep-

atocytes in vitro have demonstrated functional success in
vivo and have the potential to be useful in the creation of a

liver microphysiological system with a microcirculation

[75]. Additionally aside from hepatocytes, in one study

murine iPS cells were differentiated into hepatocyte-like

cells and some mesodermal cells in the process were

found to express genes and proteins of liver endothelial

cells [76]. Functionality of liver endothelium was not the

primary focus of this work but such results are promising

for the potential to derive liver-specific endothelium from

iPS cells.

Cardiac/skeletal muscle
Cardiac and skeletal muscles are comprised of individual

muscle fibers in parallel surrounded radially by connec-

tive tissue and capillaries running longitudinally and

branching from arterioles (Figure 4). The primary func-

tion of both skeletal and cardiac muscle is to generate

force that results in the movement of either the body

(skeletal) or blood (cardiac). The force is created by the

contraction of muscle that is either voluntary (skeletal) or

involuntary (cardiac). Thus, muscle is metabolically

demanding, and the number of capillaries surrounding

the muscle fibers depends on the metabolic need of the

muscle [77].

A distinguishing feature of the capillary network in

skeletal and cardiac muscle is that muscle contraction

impacts microvasculature function and vice versa [78].

For example, capillaries in both the endocardium and

myocardium modulate cardiac performance, rhythmicity

and growth [77]. The impact is not limited to physical

changes in vessel network volume and flow caused by

extravascular compression, but many of the soluble
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(a) Schematic representation of a section of a hepatic lobule. Hepatocytes radiate in rows from the central vein in between radiating rows of small

blood vessels called sinusoids. Many cells make up the sinusoids including Kupffer cells (macrophages), hepatic stellate cells (fibroblast), and

fenestrated endothelial cells (reprinted with permission from [98]. (b) Scanning electron micrograph of a vascular corrosion cast of the complex

network of hepatic sinusoids (reprinted with permission The Journal of Hepatology).
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mediators that promote myofiber transformation can also

initiate a remodeling response in the capillary network

[79].

Although the contractile response is the obvious function

to replicate in vitro for cardiac and skeletal muscle,

integrating the microvasculature with the muscle would

improve the physiological fidelity of the microsystem. In

the heart microenvironment, cardiomyoctes do not actu-

ally comprise the majority of the cells. They are out-

numbered by endothelial cells 3 to 1 as there is a capillary

adjacent (<1 mm) to essentially every cardiomyocyte [77].

Some studies have even demonstrated that the survival of

the cardiomyocytes in vitro is improved when co-cultured

with endothelial cells [80]. The endothelium also plays a

prominent role in the electrophysiology of muscle. Endo-

thelial cells sense the initial changes in vessel dilation [81]

(caused by changes in flow or metabolic changes in

muscle) but also play a role in communicating these

changes. For example, endothelial cells can detect the

local vasoactive response caused by an agonist and can

propagate the signal through gap junctions between

the endothelial cells to external vessels that supply

the muscle [79]. Dysfunction or loss of integrity in the

endothelium can exacerbate or initiate cardiovascular

diseases such as hypertension; or, in the case of heart

failure, lead to perfusion deficiencies and increased

muscle fatigue [79,81]. Thus, maintaining the integrity

of muscle’s microvasculature is important to not only

maintain adequate blood flow, but also normal muscle

function and homeostasis.

Early attempts to mimic skeletal or cardiac muscle func-

tion in vitro consisted of simple models employing strips

of muscles to examine contractility. For skeletal muscle,

in particular, cells from both embryonic and adult tissue

have led to in vitro models of 3D skeletal muscle tissue

that are capable of generating contractile forces in a

directed manner [82,83�,84]. Although the source of

human cardiomyocytes for cardiac tissue engineering still

remains a challenge, engineered cardiac tissues using

neonatal rat heart cells have demonstrated impressive

strides in mimicking features of adult cardiac tissues,

such as spontaneous and rhythmic contraction [85,86].

Human cardiomyocytes from induced pluirpotent stem

cells is an emerging technology that presents a novel

alternative to animal cells. Although the phenotype of

these cells tends to be immature [87], these cells have
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(a) Schematic representation of how the capillary beds surround the muscle fibers (reprinted with permission from The McGraw-Hill Companies). (b)

and (c) Cross sections of muscle show capillaries embedded (black dots) within muscle fibers. (d) and (e) Scanning electrograph of capillaries running

along the muscle (reprinted with permission from [81]).
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been shown in 2D culture to exhibit predictable response

to cardioactive drugs [88] and have been shown to

respond to mature under electrical stimulation in 3D cell

culture [89��].

A more recent trend to improve the performance of in
vitro microphysiologic models includes the use of bio-

reactors or microfluidic chambers to enhance environ-

mental control [90–93]. The microfluidic chambers

have been used to enhance transport via convection in

the absence of a vasculature. Microphysiological systems

of cardiac and skeletal muscle have not only shown the

ability to create a vascular network, but have demon-

strated functional success in vivo [94–96].

Conclusions and future directions
Advances in biotechnology, in particular induced plur-

ipotent stem cells, combined with microfabrication and

microfluidic technology provide exciting opportunities to

recreate human physiology at the microscale. These

microphysiological systems provide new opportunities

to alter the paradigm of regenerative medicine and drug

discovery. Central to the success is the creation of vascular

network to mimic the convective transport process pre-

sent in essentially all human tissue. A key challenge in

this endeavor will be the production of organ-specific

endothelial cells. Beyond arterial, venous or lymphatic,

endothelial cells undergo further differentiation within

each organ. The molecular mechanism underlying endo-

thelial heterogeneity remains largely unknown but is

thought to occur in part through the interaction between

endothelial cells and their microenvironment (e.g. growth

factors, extracellular matrix or mechanical forces). The

quest to differentiate induced pluripotent cells into

organ-specific endothelium may provide insight into

endothelial specification. Although recent work demon-

strates the ability to create perfused vascular microvessel

networks, the next major advance will be the creation of

organ-specific microvessel networks to capture organ-

specific physiology.

Acknowledgements
This work was supported by grants from the National Institutes of Health
(UH2 TR000481 and F32 HL105055).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1.
�

Grosberg A, Alford PW, McCain ML, Parker KK: Ensembles of
engineered cardiac tissues for physiological and
pharmacological study: heart on a chip. Lab Chip 2011,
11:4165-4173.

In this work muscle cells are seeded on an elastic thin films, where they
self-organize in response to the film geometry and tissue organization.
This model allows for up the contraction of 8 muscular thin films to be
measured simultaneously. Experiments with epinephrine showed the
utility of the device to measure the dose dependent effect on contraction
response.

2.
�

Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY,
Ingber DE: Reconstituting organ-level lung functions on a chip.
Science 2010, 328:1662-1668.

The model developed in this work is an innovative microdevice the
recapitulates the key structural, function and mechanical properties of
the human alveolar-capillary interface. The device consisted of a PDMS
membrane coated with ECM and seeding human alveolar epithelial cells
on one side and human pulmonary microvascular endothelial cells on the
opposite site that could then be used to recreate physiological breathing
movements.

3.
�

Domansky K, Inman W, Serdy J, Dash A, Lim MH, Griffith LG:
Perfused multiwell plate for 3d liver tissue engineering. Lab
Chip 2010, 10:51-58.

This paper presents the design and function of a multi-well bioreactor for
3D culture. The 12 fluidically isolated bioreactors cultured under constant
perfusion primary rat hepatocytes and liver sinusoidal cells which
remained viable through 13 days of culture. This in vitro model shows
great promise for scaling up for increased throughput.

4. Zhang BY, Peticone C, Murthy SK, Radisic M: A standalone
perfusion platform for drug testing and target validation in
micro-vessel networks. Biomicrofluidics 2013, 7.

5. Shin M, Matsuda K, Ishii O, Terai H, Kaazempur-Mofrad M,
Borenstein J, Detmar M, Vacanti JP: Endothelialized networks
with a vascular geometry in microfabricated poly(dimethyl
siloxane). Biomed Microdevices 2004, 6:269-278.

6. Tsai M, Kita A, Leach J, Rounsevell R, Huang JN, Moake J,
Ware RE, Fletcher DA, Lam WA: In vitro modeling of the
microvascular occlusion and thrombosis that occur in
hematologic diseases using microfluidic technology. J Clin
Invest 2012, 122:408-418.

7. Chau LT, Rolfe BE, Cooper-White JJ: A microdevice for the
creation of patent, three-dimensional endothelial cell-based
microcirculatory networks. Biomicrofluidics 2011, 5:34115-
3411514.

8. Miller JS, Stevens KR, Yang MT, Baker BM, Nguyen DH,
Cohen DM, Toro E, Chen AA, Galie PA, Yu X et al.: Rapid casting
of patterned vascular networks for perfusable engineered
three-dimensional tissues. Nat Mater 2012, 11:768-774.

9. Morgan JP, Delnero PF, Zheng Y, Verbridge SS, Chen J, Craven M,
Choi NW, Diaz-Santana A, Kermani P, Hempstead B et al.:
Formation of microvascular networks in vitro. Nat Protoc 2013,
8:1820-1836.

10. Zheng Y, Chen J, Craven M, Choi NW, Totorica S, Diaz-
Santana A, Kermani P, Hempstead B, Fischbach-Teschl C,
Lopez JA, Stroock AD: In vitro microvessels for the study of
angiogenesis and thrombosis. Proc Natl Acad Sci U S A 2012,
109:9342-9347.

11.
��

Moya ML, Hsu YH, Lee AP, Hughes CC, George SC: In vitro
perfused human capillary networks. Tissue Eng Part C Methods
2013, 19:730-737.

This work combines microfluidics technology with biology to create an in
vitro environment that is conducive to the formation perfused human
capillaries under various interstitial flow rates. By controlling the pressure
within the device, a wide range of lumen velocities and shear rate
encompassing the normal physiological range were demonstrated.

12. Kim S, Lee H, Chung M, Jeon NL: Engineering of functional,
perfusable 3D microvascular networks on a chip. Lab Chip
2013, 13:1489-1500.

13. Song JW, Bazou D, Munn LL: Anastomosis of endothelial
sprouts forms new vessels in a tissue analogue of
angiogenesis. Integr Biol 2012, 4:857-862.

14. Yeon JH, Ryu HR, Chung M, Hu QP, Jeon NL: In vitro formation
and characterization of a perfusable three-dimensional
tubular capillary network in microfluidic devices. Lab Chip
2012, 12:2815-2822.

15. Chan JM, Zervantonakis IK, Rimchala T, Polacheck WJ, Whisler J,
Kamm RD: Engineering of in vitro 3d capillary beds by self-
directed angiogenic sprouting. PLoS One 2012, 7:e50582.

16. Morin KT, Tranquillo RT: In vitro models of angiogenesis
and vasculogenesis in fibrin gel. Exp Cell Res 2013,
319:2409-2417.

108 Biological engineering

Current Opinion in Chemical Engineering 2014, 3:102–111 www.sciencedirect.com



Author's personal copy

17. Grassl ED, Oegema TR, Tranquillo RT: Fibrin as an alternative
biopolymer to type-i collagen for the fabrication of a media
equivalent. J Biomed Mater Res 2002, 60:607-612.

18. Newman AC, Chou W, Welch-Reardon KM, Fong AH, Popson SA,
Phan DT, Sandoval DR, Nguyen DP, Gershon PD, Hughes CC:
Analysis of stromal cell secretomes reveals a critical role for
stromal cell-derived hepatocyte growth factor and fibronectin
in angiogenesis. Arterioscler Thromb Vas Biol 2013, 33:513-522.

19. Griffith CK, Miller C, Sainson RC, Calvert JW, Jeon NL,
Hughes CC, George SC: Diffusion limits of an in vitro thick
prevascularized tissue. Tissue Eng 2005, 11:257-266.

20. Agarwal A, Coleno ML, Wallace VP, Wu WY, Sun CH,
Tromberg BJ, George SC: Two-photon laser scanning
microscopy of epithelial cell-modulated collagen density in
engineered human lung tissue. Tissue Eng 2001, 7:191-202.

21. Choe MM, Sporn PH, Swartz MA: An in vitro airway wall model of
remodeling. Am J Physiol Lung Cell Mol Physiol 2003, 285:L427-
L433.

22. Choe MM, Sporn PH, Swartz MA: Extracellular matrix
remodeling by dynamic strain in a three-dimensional tissue-
engineered human airway wall model. Am J Respir Cell Mol Biol
2006, 35:306-313.

23. Choe MM, Tomei AA, Swartz MA: Physiological 3d tissue model
of the airway wall and mucosa. Nat Protoc 2006, 1:357-362.

24. Malavia NK, Raub CB, Mahon SB, Brenner M, Panettieri RA Jr,
George SC: Airway epithelium stimulates smooth muscle
proliferation. Am J Respir Cell Mol Biol 2009, 41:297-304.

25. Thompson HG, Mih JD, Krasieva TB, Tromberg BJ, George SC:
Epithelial-derived tgf-beta2 modulates basal and wound-
healing subepithelial matrix homeostasis. Am J Physiol Lung
Cell Mol Physiol 2006, 291:L1277-L1285.

26. Thompson HG, Truong DT, Griffith CK, George SC: A three-
dimensional in vitro model of angiogenesis in the airway
mucosa. Pulm Pharmacol Ther 2007, 20:141-148.

27. Guntheroth WG, Luchtel DL, Kawabori I: Pulmonary
microcirculation: TUBULES rather than sheet and post. J Appl
Phys 1982, 53:510-515.

28. Ryan US: Processing of angiotensin and other peptides by the
lungs. In Handbook of physiology-the respiratory system. I. Edited
by Fishman AP, Fisher AB. American Physiological Society;
1985:351-364.

29. Crutchley DJ, Ryan JW, Ryan US, Fisher GH: Bradykinin-induced
release of prostacyclin and thromboxanes from bovine
pulmonary artery endothelial cells. Studies with lower
homologs and calcium antagonists. Biochim Biophys Acta
1983, 751:99-107.

30. Crutchley DJ, Ryan US, Ryan JW: Effects of aspirin and
dipyridamole on the degradation of adenosine diphosphate by
cultured cells derived from bovine pulmonary artery. J Clin
Invest 1980, 66:29-35.

31. MacIntyre DE, Pearson JD, Gordon JL: Localisation and
stimulation of prostacyclin production in vascular cells. Nature
1978, 271:549-551.

32. Pearson JD, Carleton JS, Gordon JL: Metabolism of adenine
nucleotides by ectoenzymes of vascular endothelial and
smooth-muscle cells in culture. Biochem J 1980, 190:421-429.

33. Eppihimer MJ, Wolitzky B, Anderson DC, Labow MA, Granger DN:
Heterogeneity of expression of e- and p-selectins in vivo. Circ
Res 1996, 79:560-569.

34. Panes J, Perry MA, Anderson DC, Manning A, Leone B, Cepinskas G,
Rosenbloom CL, Miyasaka M, Kvietys PR, Granger DN: Regional
differences in constitutive and induced icam-1 expression in
vivo. Am J Physiol 1995, 269(6 Pt 2):H1955-H1964.

35. Peterson MW: Neutrophil cathepsin g increases
transendothelial albumin flux. J Lab Clin Med 1989, 113:297-308.

36. Pizurki L, Zhou Z, Glynos K, Roussos C, Papapetropoulos A:
Angiopoietin-1 inhibits endothelial permeability, neutrophil
adherence and il-8 production. Br J Pharmacol 2003, 139:329-336.

37. Sun Y, Minshall RD, Hu G: Role of caveolin-1 in the regulation of
pulmonary endothelial permeability. Methods Mol Biol 2011,
763:303-317.

38. Schultze AE, Roth RA: Procoagulant and fibrinolytic properties
of bovine endothelial cells treated with monocrotaline pyrrole.
Toxicol Appl Pharmacol 1993, 122:7-15.

39. Stalcup SA, Lipset JS, Woan JM, Leuenberger P, Mellins RB:
Inhibition of angiotensin converting enzyme activity in
cultured endothelial cells by hypoxia. J Clin Invest 1979,
63:966-976.

40. Haseneen NA, Vaday GG, Zucker S, Foda HD: Mechanical
stretch induces mmp-2 release and activation in lung
endothelium: role of emmprin. Am J Physiol Lung Cell Mol
Physiol 2003, 284:L541-L547.

41. Iwaki M, Ito S, Morioka M, Iwata S, Numaguchi Y, Ishii M, Kondo M,
Kume H, Naruse K, Sokabe M, Hasegawa Y: Mechanical stretch
enhances il-8 production in pulmonary microvascular
endothelial cells. Biochem Biophys Res Commun 2009, 389:
531-536.

42. Wang B, Caluch A, Fodil R, Fereol S, Zadigue P, Pelle G, Louis B,
Isabey D: Force control of endothelium permeability in
mechanically stressed pulmonary micro-vascular endothelial
cells. Bio-med Mater Eng 2012, 22:163-170.

43. Huh D, Leslie DC, Matthews BD, Fraser JP, Jurek S, Hamilton GA,
Thorneloe KS, McAlexander MA, Ingber DE: A human disease
model of drug toxicity-induced pulmonary edema in a lung-on-
a-chip microdevice. Sci Transl Med 2012, 4:159ra147.

44. Shawahna R, Decleves X, Scherrmann JM: Hurdles with using in
vitro models to predict human blood–brain barrier drug
permeability: a special focus on transporters and
metabolizing enzymes. Curr Drug Metab 2013, 14:120-136.

45. Lee WL, Klip A: Shuttling glucose across brain microvessels,
with a little help from glut1 and amp kinase. Focus on ‘‘amp
kinase regulation of sugar transport in brain capillary
endothelial cells during acute metabolic stress’’. Am J Physiol
Cell Physiol 2012, 303:C803-C805.

46. Regina A, Roux F, Revest PA: Glucose transport in immortalized
rat brain capillary endothelial cells in vitro: transport activity
and glut1 expression. Biochim Biophys Acta 1997, 1335:
135-143.

47. Betz AL, Firth JA, Goldstein GW: Polarity of the blood–brain
barrier: distribution of enzymes between the luminal and
antiluminal membranes of brain capillary endothelial cells.
Brain Res 1980, 192:17-28.

48. Dauchy S, Dutheil F, Weaver RJ, Chassoux F, Daumas-Duport C,
Couraud PO, Scherrmann JM, De Waziers I, Decleves X: Abc
transporters, cytochromes p450 and their main transcription
factors: expression at the human blood–brain barrier. J
Neurochem 2008, 107:1518-1528.

49. el-Bacha RS, Minn A: Drug metabolizing enzymes in
cerebrovascular endothelial cells afford a metabolic
protection to the brain. Cell Mol Biol 1999, 45:15-23.

50. Ghersi-Egea JF, Leninger-Muller B, Suleman G, Siest G, Minn A:
Localization of drug-metabolizing enzyme activities to blood–
brain interfaces and circumventricular organs. J Neurochem
1994, 62:1089-1096.

51. Cecchelli R, Berezowski V, Lundquist S, Culot M, Renftel M,
Dehouck MP, Fenart L: Modelling of the blood–brain barrier in
drug discovery and development. Nat Rev Drug Discov 2007,
6:650-661.

52. Cecchelli R, Dehouck B, Descamps L, Fenart L, Buee-Scherrer VV,
Duhem C, Lundquist S, Rentfel M, Torpier G, Dehouck MP: In vitro
model for evaluating drug transport across the blood–brain
barrier. Adv Drug Deliv Rev 1999, 36:165-178.

53. Warren MS, Zerangue N, Woodford K, Roberts LM, Tate EH,
Feng B, Li C, Feuerstein TJ, Gibbs J, Smith B et al.: Comparative
gene expression profiles of abc transporters in brain
microvessel endothelial cells and brain in five species
including human. Pharmacol Res 2009, 59:404-413.

In vitro organ system integration with microcirculation Moya and George 109

www.sciencedirect.com Current Opinion in Chemical Engineering 2014, 3:102–111



Author's personal copy

54. Greenwood J, Pryce G, Devine L, Male DK, dos Santos WL,
Calder VL, Adamson P: Sv40 large t immortalised cell lines of
the rat blood–brain and blood–retinal barriers retain their
phenotypic and immunological characteristics. J
Neuroimmunol 1996, 71:51-63.

55. Prudhomme JG, Sherman IW, Land KM, Moses AV, Stenglein S,
Nelson JA: Studies of plasmodium falciparum cytoadherence
using immortalized human brain capillary endothelial cells. Int
J Parasitol 1996, 26:647-655.

56. Hawkins BT, Egleton RD: Fluorescence imaging of blood–brain
barrier disruption. J Neurosci Methods 2006, 151:262-267.

57. Raub TJ, Kuentzel SL, Sawada GA: Permeability of bovine brain
microvessel endothelial cells in vitro: barrier tightening by a
factor released from astroglioma cells. Exp Cell Res 1992,
199:330-340.

58. Shayan G, Choi YS, Shusta EV, Shuler ML, Lee KH: Murine in vitro
model of the blood–brain barrier for evaluating drug transport.
Eur J Pharma Sci 2011, 42:148-155.

59. Colgan OC, Collins NT, Ferguson G, Murphy RP, Birney YA,
Cahill PA, Cummins PM: Influence of basolateral condition on
the regulation of brain microvascular endothelial tight junction
properties and barrier function. Brain Res 2008, 1193:84-92.

60. Siddharthan V, Kim YV, Liu S, Kim KS: Human astrocytes/
astrocyte-conditioned medium and shear stress enhance the
barrier properties of human brain microvascular endothelial
cells. Brain Res 2007, 1147:39-50.

61. Cucullo L, Hossain M, Puvenna V, Marchi N, Janigro D: The role of
shear stress in blood–brain barrier endothelial physiology.
BMC Neurosci 2011, 12:40.

62. Karow M, Sanchez R, Schichor C, Masserdotti G, Ortega F,
Heinrich C, Gascon S, Khan MA, Lie DC, Dellavalle A et al.:
Reprogramming of pericyte-derived cells of the adult
human brain into induced neuronal cells. Cell Stem Cell 2012,
11:471-476.

63. Guillouzo A: Liver cell models in in vitro toxicology. Environ
Health Perspect 1998, 106(Suppl 2):511-532.

64. van Midwoud PM, Verpoorte E, Groothuis GM: Microfluidic
devices for in vitro studies on liver drug metabolism and
toxicity. Integr Biol (Camb) 2011, 3:509-521.

65. Vollmar B, Menger MD: The hepatic microcirculation:
mechanistic contributions and therapeutic targets in liver
injury and repair. Physiol Rev 2009, 89:1269-1339.

66. Hwang S: Microcirculation of the liver. In Venous Embolization
of the Liver. Edited by Madoff DC, Makuuchi M, Nagino , Vauthey
J-N. London: Springer; 2011:9-13.

67. Wisse E: An electron microscopic study of the fenestrated
endothelial lining of rat liver sinusoids. J Ultrastructure Res
1970, 31:125-150.

68. Lee SA, No da Y, Kang E, Ju J, Kim DS, Lee SH: Spheroid-based
three-dimensional liver-on-a-chip to investigate hepatocyte-
hepatic stellate cell interactions and flow effects. Lab Chip
2013, 13:3529-3537.

69. Kasuya J, Sudo R, Mitaka T, Ikeda M, Tanishita K: Hepatic stellate
cell-mediated three-dimensional hepatocyte and endothelial
cell triculture model. Tissue Eng Part A 2011, 17:361-370.

70. Ho CT, Lin RZ, Chen RJ, Chin CK, Gong SE, Chang HY, Peng HL,
Hsu L, Yew TR, Chang SF, Liu CH: Liver-cell patterning lab chip:
mimicking the morphology of liver lobule tissue. Lab Chip 2013,
13:3578-3587.

71. Khetani SR, Bhatia SN: Microscale culture of human liver cells
for drug development. Nat Biotechnol 2008, 26:120-126.

72. Strain AJ: Ex vivo liver cell morphogenesis: one step nearer to
the bioartificial liver? Hepatology 1999, 29:288-290.

73. Shan J, Stevens K, Trehan K, Underhill G, Chen A, Bhatia S:
Hepatic tissue engineering. In Molecular Pathology of Liver
Diseases, Vol. 5. Edited by Monga SPS. US: Springer; 2011:
321-342.

74. Sivaraman A, Leach JK, Townsend S, Iida T, Hogan BJ, Stolz DB,
Fry R, Samson LD, Tannenbaum SR, Griffith LG: A microscale in
vitro physiological model of the liver: predictive screens for
drug metabolism and enzyme induction. Curr Drug Metab 2005,
6:569-591.

75. Takebe T, Sekine K, Enomura M, Koike H, Kimura M, Ogaeri T,
Zhang RR, Ueno Y, Zheng YW, Koike N et al.: Vascularized and
functional human liver from an ipsc-derived organ bud
transplant. Nature 2013, 499:481-484.

76. Sancho-Bru P, Roelandt P, Narain N, Pauwelyn K, Notelaers T,
Shimizu T, Ott M, Verfaillie C: Directed differentiation of murine-
induced pluripotent stem cells to functional hepatocyte-like
cells. J Hepatol 2011, 54:98-107.

77. Brutsaert DL: Cardiac endothelial-myocardial signaling: its role
in cardiac growth, contractile performance, and rhythmicity.
Physiol Rev 2003, 83:59-115.

78. Westerhof N, Boer C, Lamberts RR, Sipkema P: Cross-talk
between cardiac muscle and coronary vasculature. Physiol Rev
2006, 86:1263-1308.

79. Payne GW: Effect of inflammation on the aging
microcirculation: Impact on skeletal muscle blood flow
control. Microcirculation 2006, 13:343-352.

80. Narmoneva DA, Vukmirovic R, Davis ME, Kamm RD, Lee RT:
Endothelial cells promote cardiac myocyte survival and
spatial reorganization — implications for cardiac
regeneration. Circulation 2004, 110:962-968.

81. Hudlicka O: Microcirculation in skeletal muscle. Muscles
Ligaments Tendons J 2011, 1:3-11.

82. Vandenburgh H: High-content drug screening with engineered
musculoskeletal tissues. Tissue Eng Part B-Re 2010, 16:55-64.

83.
�

SakarMS, Neal D, Boudou T, Borochin MA, Li YQ, Weiss R,
Kamm RD, Chen CS, Asada HH: Formation and optogenetic
control of engineered 3d skeletal muscle bioactuators. Lab
Chip 2012, 12:4976-4985.

In this article the authors are able to produce stratified skeletal muscle
strips around two compliant post that provide tension for proper myotube
formation. Myoblasts in collagen/matrigel self-assemble into 3D aligned
skeletal muscle microtissues whose deformation around the elastic
micropost can be measured to investigate contraction patterns.

84. Shansky J, DelTatto M, Chromiak J, Vandenburgh H: A simplified
method for tissue engineering skeletal muscle organoids in
vitro. In Vitro Cell Dev-An 1997, 33:659-661.

85. Grosberg A, Nesmith AP, Goss JA, Brigham MD, McCain ML,
Parker KK: Muscle on a chip: in vitro contractility assays for
smooth and striated muscle. J Pharmacol Toxicol Methods
2012, 65:126-135.

86. Agarwal A, Goss JA, Cho A, McCain ML, Parker KK: Microfluidic
heart on a chip for higher throughput pharmacological
studies. Lab Chip 2013, 13:3599-3608.

87. Robertson C, Tran DD, George SC: Concise review: maturation
phases of human pluripotent stem cell-derived
cardiomyocytes. Stem Cells 2013, 31:829-837.

88. Gai H, Leung ELH, Costantino PD, Aguila JR, Nguyen DM, Fink LM,
Ward DC, Ma YP: Generation and characterization of functional
cardiomyocytes using induced pluripotent stem cells derived
from human fibroblasts. Cell Biol Int 2009, 33:1184-1193.

89.
��

Nunes SS, Miklas JW, Liu J, Aschar-Sobbi R, Xiao Y, Zhang B,
Jiang J, Masse S, Gagliardi M, Hsieh A et al.: Biowire: a platform
for maturation of human pluripotent stem cell-derived
cardiomyocytes. Nat Methods 2013, 10:781-787.

This paper presents a novel 3D cell culture platform that allows for
electrical stimulation and pacing of human cardiac stem cells. This
system was demonstrated to be conducive to the maturation of 3D
hESC-derived and hiPSC-derived cardiac tissue.

90. Radisic M, Marsano A, Maidhof R, Wang Y, Vunjak-Novakovic G:
Cardiac tissue engineering using perfusion bioreactor
systems. Nat Protoc 2008, 3:719-738.

91. Tandon N, Marsano A, Maidhof R, Numata K, Montouri-
Sorrentino C, Cannizzaro C, Voldman J, Vunjak-Novakovic G:

110 Biological engineering

Current Opinion in Chemical Engineering 2014, 3:102–111 www.sciencedirect.com



Author's personal copy

Surface-patterned electrode bioreactor for electrical
stimulation. Lab Chip 2010, 10:692-700.

92. Maidhof R, Tandon N, Lee EJ, Luo JW, Duan Y, Yeager K,
Konofagou E, Vunjak-Novakovic G: Biomimetic perfusion and
electrical stimulation applied in concert improved the
assembly of engineered cardiac tissue. J Tissue Eng Regen M
2012, 6:e12-e23.

93. Burdick JA, Vunjak-Novakovic G: Engineered
microenvironments for controlled stem cell differentiation.
Tissue Eng Part A 2009, 15:205-219.

94. Caspi O, Lesman A, Basevitch Y, Gepstein A, Arbel G, Habib IH,
Gepstein L, Levenberg S: Tissue engineering of vascularized
cardiac muscle from human embryonic stem cells. Circ Res
2007, 100:263-272.

95. Levenberg S, Rouwkema J, Macdonald M, Garfein ES,
Kohane DS, Darland DC, Marini R, van Blitterswijk CA,
Mulligan RC, D’Amore PA, Langer R: Engineering vascularized
skeletal muscle tissue. Nat Biotechnol 2005, 23:879-884.

96. Sekine H, Shimizu T, Sakaguchi K, Dobashi I, Wada M, Yamato M,
Kobayashi E, Umezu M, Okano T: In vitro fabrication of
functional three-dimensional tissues with perfusable blood
vessels. Nat Commun 2013, 4:1399.

97. Ferber D: Bridging the blood–brain barrier: new methods
improve the odds of getting drugs to the brain cells that need
them. PLoS Biol 2007, 5:e169.

98. Adams DH, Eksteen B: Aberrant homing of mucosal t cells and
extra-intestinal manifestations of inflammatory bowel
disease. Nat Rev Immunol 2006, 6:244-251.

In vitro organ system integration with microcirculation Moya and George 111

www.sciencedirect.com Current Opinion in Chemical Engineering 2014, 3:102–111


