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Abstract

After decades of reliance on animal studies and two-dimensional biology-on-plastic, 

and measurement techniques such as western blot, ELISA, and targeted mass 

spectrometry, the drug development pipeline is now primed for two new 

transformative technologies: organs-on-chips and untargeted, multi-omic 

reconstruction of drug mechanism of action (MOA). Over the past six years, 

substantial investments in the US, Europe, and Asia support the development and 

validation of organ-on-chip, tissue-chip, and organoid technologies. This effort has 

been motivated by a desire to provide earlier termination of toxic drugs and avoid 

inappropriate drug terminations. Even more rewarding would be the early 

identification of problematic human haplotypes and drugïdrug interactions for small 

molecules, and improved prediction of human exposure for compounds and clinical 

formulations. Possibly the greatest return-on-investment will be the discovery of 

novel mechanisms of human diseases, identification of novel compounds, and the 

discovery of on- and off-target of drug candidate MOAs. All will benefit from the 

convergence of microfluidics, advanced mass spectrometry, and machine learning. 

Despite technological challenges, the near-term opportunities are exciting. As these 

technologies are refined and their costs reduced, their combined application to basic 

science, medicine, and drug development will provide revolutionary advances in an 

already rapidly moving field.
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Why are we here?

Decades of preclinical pharmacology R&D are based on
ÅAnimal studies
ÅTwo-dimensional biology-on-plastic
ÅWestern blot
ÅELISA
ÅNMR
ÅTargeted mass spectrometry

In vitro studies cannot predict with the required accuracy 
ÅFirst-in-human dose
ÅHuman drug efficacy
ÅHuman off-target effects

Will new transformative technologies help?
ÅOrgans-on-chips
ÅUntargeted, multi-omic reconstruction of drug mechanism of 

action (MOA)
ÅMachine learning and optimal experimental design

Together they might!
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Definition

mass spec·trom·e·ter (noun) 

/῁ῄmas ῄspek῁trªmᴅdᴅr/

An apparatus for separating isotopes, molecules, and 

molecular fragments according to mass. The sample 

is vaporized and ionized, and the ions are accelerated 

in an electric field and deflected by electric or 

magnetic fields into a trajectory that produces a 

distinctive mass spectrum.
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Definition

mi·cro·phys·i·o·log·i·cal sys·tem (noun) 

/m̈͂ǭkrǾῄfizǛᴅ῁lªjᴅk(ᴅ)l ῁sὤstᴅm/

A small-scale in vitro model that recapitulates selected 

functions of living organisms and/or their parts. 

Typically implemented as quasi-two-dimensional 

barriers that support one or more cellular layers, or 

three-dimensional tissue constructs. 

May involve one or more organs-on-chips, tissue 

chips, organoids, vascularization, electrospun 

scaffolds, hydrogels,  microfluidics, and sensors.

Usually involves fluidic superfusion or perifusion, and 

possibly perfusion.

Antonym ïtwo-dimensional biology on plastic.
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Todayôs goal: Explain this convergence



Four themes

1. The complexity of biology

2. MicroPhysiological Systems

3. Multi-Omics

4. Putting it all together

Julia Wikswo
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What makes biology so 

different from physics, 

chemistry, and engineering?
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Biology spans lots of space and time

But it more 

complicated than 

thaté
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Why is biology so complex, conôt?

ÅToday, one can easily detect 100,000 

chemical species in 100 ɛL of rat serum.

ÅCells are NOT well-stirred bioreactors but 

have anomalous diffusion and active 

transport.

Å109 - 1011 interacting cells in some organs.

ÅCell signaling is dynamic, non-linear, 

multiscale, redundant, has positive and 

negative feedback, spans spatial scales é

ÅMetabolism may have 5,000 reactions.

ÅModels might need Avogadro's number of 

PDEs, i.e., a Leibniz of PDEs (1 L = Na). 

ÅWe need new experimental approaches.

UPLC-nESI-IM-MS John McLean

3.1 x 3.2 x 1.2 µm3 beta cell 

Brad Marsh, PNAS, 2001



Why is biology so complex, conôt?

ÅToday, one can easily detect 100,000 

chemical species in 100 ɛL of rat serum.

ÅCells are NOT well-stirred bioreactors but 

have anomalous diffusion and active 

transport.

Å109 - 1011 interacting cells in some organs.

ÅCell signaling is dynamic, non-linear, 

multiscale, redundant, has positive and 

negative feedback, spans spatial scales é

ÅMetabolism may have 5,000 reactions.

ÅModels might need Avogadro's number of 

PDEs, i.e., a Leibniz of PDEs (1 L = Na). 

ÅWe need new experimental approaches.

UPLC-nESI-IM-MS John McLean

3.1 x 3.2 x 1.2 µm3 beta cell 

Brad Marsh, PNAS, 2001



Cardiovascular 

Organs, Organs, Organs

Part of the 

problem is that 

human biology 

is COMPLEX.

Wikswo, TEDx Nashville, 2013 Julia Wikswo



Cardiovascular 
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Cardiovascular 

Organs talk to each 

other, but we seldom 

hear what they are 

saying.

Wikswo, TEDx Nashville, 2013 Julia Wikswo
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Complexity from multiscale interactions
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ÅHomeostasis is an orbit 

around an attractor in 104-106

dimensional phase space.

ÅAging and disease are 

extended trajectories in that 

space.



What makes biology different from 

physics or chemistry?

Physics and chemistry describe dynamic interactions 

in terms of fundamental or phenomenological laws that 

govern the state of the matter being studied.

Biology has laws, but the operation of every living 

organism is determined not only by the laws of biology, 

physics and chemistry, but also by historic instructions 

that may be specific to each individual organism.

ñ. . . any living cell carries with it the experiences of a 

billion years of experimentation by its ancestors. You 

cannot expect to explain so wise an old bird in a few 

simple words.ò
Max Delbrück, ñA Physicist Looks at Biology,ò 1949
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*Ohmôs law, Hookeôs law, the Standard Model, é conservation of mass, Daltonôs law, quantum mechanics é
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Next, ñHow did Biology get 

here and where is it going?ò



Molecule

Molecular Biology

Structural Biology

Genomics
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JP Wikswo and AP Porter, EBM, 2015

Does this 

create a 

problem?

Systems 

Biology

Standard 

biology and 

medicine

JP Wikswo. The relevance and potential roles of 

microphysiological systems in biology and medicine. 

Exp.Biol.Med. 239:1061-1072, 2014.



How have we been studying biology?

ÅCells in vitro
2D biology on plastic: Many biological 

experiments are conducted on cells that
Åhave cancer,

Åare inbred,

Åare diabetic,

Åare potatoes on a stiff plastic couch without exercise,

Åenjoy neither gender nor sex,

Ålive almost entirely in the dark,

Ågorge themselves on sugar once a day,

Åmay be slowly suffocating in an increasingly acidic 

environment,

Ålive in their own excrement,

Ånever bury their dead,

Åmay take a complete or only partial bath every day or two,

Åand talk only to cells of like mind.

One might get reproducible, 

statistically significant results, 

but are they relevant to 

human biology and disease?
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ÅAnimals

ÅPeople

Animals, including non-human primates, 

are not people and have significant 

genetic and physiological differences.

We are severely limited in isogenetic

controls, interventions, and data when 

studying normal subjects and patients.

Watson, Hunziker, and Wikswo, Exper. Biol. and Med., 2017
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John Wikswoôs goal ïDetermine how 

best to fit two new Homunculi species 

into the biomedical research ecosystem.

Homo minutus

MicroHuman (µHu)

(Tissue Chips)

Homo chippiens

NanoHuman (nHu)

(Organoids)
JP Wikswo, et al., Lab on Chip, 2013.

mHu

ɛHu

nHu

Hu

What can organs-on-chips do 

for basic research and tox-

safety? Single organs and/or 

coupled-organ homunculi?
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Enter organoids

Schmeichel and Bissell 

"Modeling tissue-specific 

signaling and organ function in 

three dimensions." 

J  Cell Science (2003)

https://www.ted.com/speakers/mina_bissell



Organoids 

are in the 

commercial 

limelight!

727Madoux et al., SLAS Discovery 2017, Vol. 22(5) 516ï524

2017
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The ñMedia Volumeò problem

Conventional 
culture
ÅA typical picoliter 

cell requires a 
nanoliter of media 
per day.

ÅA 10 ɛm layer of 
cells covered by 
a 10,000 ɛm 
layer of media.

ÅA 5 nL spheroid 
in 5 µL of media

Å1 or 2 days 
between fluid 
changes

ÅMetabolites, 
endocrine, 
autocrine, and 
paracrine factors 
are diluted 1000-
fold.

Microfluidic tissue culture
ÅA typical picoliter cell requires a 

nanoliter of media per day.

ÅA 10 ɛm layer of cells is covered by 
a 2 ɛm layer of media.

Å5000 fluid changes/day

ÅMetabolites, autocrine, paracrine, 
and endocrine factors are diluted 
by only 1.2x

1.2Ĭ10-5 m
10-5 mCells

Media

Plastic

Glass

10-2 m
Media

Plastic

10-5 mCells

Media
1000 Ĭ

Relative sphere sizes: 

nL media vs pL cell

5 µL

5 nL



A hot, new in vitro model for biology

Å3D Organoids
Are self-organizing models with tissue-level 

functions and disease phenotypes.

Demonstrate development

Can be transplanted

Can be a medium-to-high throughput assay

Hard to replicate an individual organoid

May benefit from engineered hydrogels

Hard to perfuse or apply uniform shear stress

Hard to quantify barrier functions

Hard to visualize when living

Hard to integrate with other organ systems with 

proper volumes
Contributions from Kapil Bharti (NIH/NEI) 

729

Lancaster, é , Knoblich. Cerebral organoids model human 

brain development and microcephaly. Nature, 2013.

Markov, é , McCawley. Thick-tissue bioreactor as a 

platform for long-term organotypic culture and drug 

delivery. Lab Chip 12:4560-4568. 2012. 

Complex 3D biology is a better model than 2D biology.

2012
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If you need 1536-well drug screens, 

then 3D spheroids and organoids

may be just what you need!

If you need more sample mass for 

quantitative analysis, polarized 

endothelial/epithelial barriers, or 

are worried about organ-organ 

interactions, then you need to think 

about organ chips!
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Enter organs on chips

Sin, A., é  Shuler, "The Design and 

Fabrication of Three-Chamber Microscale

Cell Culture Analog Devices with 

Integrated Dissolved Oxygen Sensors." 

Biotechnology Progress (2004).

Huh é Ingber, "Reconstituting Organ-

Level Lung Functions on a Chip." Science 

(2010)



What do organs-on-chips look like?

Huh et al., Science, 2010

Interfaces are important, and 

endothelia can protect cells.

Perforated PDMS membranes support pulmonary endothelial and 

epithelial cell layers (Ingber group, Wyss, Harvard)

732
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Another hot new in vitro model for biology

ÅOrgan Chips
Better than 2D biology

Ideal for barrier functions

Can reproduce physiological flows

Provide a thick ECM for scaffolding 

and drug/factor binding

Support organ-organ interactions

Sufficient tissue for multi-omics of 

10ôs to 1000ôs of variables

Can use minimal media volumes

Will be vascularized soon

May ultimately reduce drug costs

Possible to build a single-patient 

homunculus

Could build animals-on-chips

Can require microfluidics and control

Not yet high throughput

Are expensive today (hardware, 

effort, human cells, real estate)

Not fully validated vs in vivo, e.g., no 

WGCNA yet

Canôt be transplanted 733

T cells in a lymph node on a chip

Shannon Faley, Kevin Seale and John Wikswo, 

Vanderbilt

Mammary gland on a chip

Lisa McCawley and Dmitry Markov, Vanderbilt

Brain on a chip
Jacquelyn Brown and John 

Wikswo, Vanderbilt

Heart on a chip

Veniamin Sidorov 

and John Wikswo, 

Vanderbilt

Complex 3D biology is a better model than 2D biology.



http://www.synvivobio.com

Microvascular nanoparticle delivery assay
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Planar Constructs


