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The Imposter 
Syndrome
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The Impostor Syndrome

• Wikipedia: Impostor syndrome (also known 
as impostor phenomenon, impostorism, 
fraud syndrome, or the impostor experience) 
is a psychological pattern in which an 
individual doubts their skills, talents,or
accomplishments and has a persistent 
internalized fear of being exposed as a 
"fraud".

• This talk will explain how I overcame this.
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Stupidity in 
Science
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Be wary of people who hide their own insecurities 
by trying to make other people look stupid! 8



Antedisciplinary 
Science
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How does a 
person learn?
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Simon Shaw - Pew Charitable Trust

“Lieber Gott, lass 
Hirn vom Himmel
fallen!”

“For the love of  
God, drop some 
brain from the 
sky!”

15



The mind is not 
a vessel to be 
filled but a fire to 
be kindled.

Plutarch

Simon Shaw - Pew Charitable Trust
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Wikswo’s Teaching Philosophy
The mind is not a vessel to be filled but a fire to 

be kindled.
Plutarch

You cannot teach a man anything; you can only 
help him to find it within himself.  

Galileo

Education is what survives when what you have 
learned is forgotten.

B.F. Skinner

If the fool would persist in his folly he would 
become wise.

Lao Tzu in Tao Te Ching
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Everyone’s Roles

• I learned by teaching, not by being lectured to.
• Students must teach themselves.
• My role as a teacher is to

– Determine what students don’t know,
– Discover why they are confused,
– Encourage them to help each other toward the answers.

• The student’s role is to 
– Ask questions.
– Don’t raise hands,
– Help their colleagues by asking and answering 

questions,
– Learn to think beyond their experience,
– Provide feedback.
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where 
kL how good you are at learning,
QIN knowledge base to which you are exposed,
WL how hard you work learning,
kF how easily you forget,
WF how hard you work to forget,
kS how good you are at synthesizing new knowledge from what you already know,
WS how hard you work synthesizing new knowledge,
kM how good you are at learning from your mistakes,
M mistake base to which you are exposed,
kT how good you are at learning from teaching,
WT how hard you work teaching,
kE your error rate
dM/dt the rate at which you make mistakes

/ ( )L IN L F F S S M L S F T TdK dt k Q W k KW k KW k M W W W k KW= − + + + − +

/ ( )( )E M L F S TdM dt k K k M W W W W= − + + +

Given your total knowledge K, your learning rate is dK/dt

Given your total your total knowledge K

How fast do we learn?
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How fast do we learn?
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where 
kL how good you are at learning,
QIN knowledge flux to which you are exposed,
WL how hard you work learning,
kF how easily you forget,
WF how hard you work to forget,
kS how good you are at synthesizing new knowledge from what you already know,
WS how hard you work synthesizing new knowledge,
kM how good you are at learning from your mistakes,
M mistake base to which you are exposed,
kT how good you are at learning from teaching,
WT how hard you work teaching,
the rate at which you make mistakes

/ ( )L IN L F F S S M L S F T TdK dt k Q W k KW k KW k M W W W k KW= − + + + − +

/ ( )( )E M L F S TdM dt k K k M W W W W= − + + +

Given your total knowledge K, your learning rate is dK/dt

where
dM/dt the rate at which you make mistakes
kE your error rate

How fast do we make mistakes?
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What are the limits to what a single 
person can learn?

• Learning rate

• Maximum brain capacity𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚
• Rate of knowledge evaporation 𝑘𝑘𝐹𝐹𝐾𝐾𝑊𝑊𝐹𝐹

• Skill at compressing data to increase 𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

– Simplifications
– Connections

• There are many problems that one person cannot solve in a lifetime.

26
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What are the limits to what a 
community of people can learn?

• For one person, we had

• Let’s just add N people, each of whose brain has capacity Kmax …

• With collective intelligence, the learning rate may scale as dK/dt Nγ, γ > 1
• Maximum brain capacity NKmax scales with N
• Distributed memory may reduce knowledge evaporation rate 𝑘𝑘𝐹𝐹𝐾𝐾𝑊𝑊𝐹𝐹

• Improved learning from mistakes due to redundant error checking

• With experience, utilize knowledge compression to increase  𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

– Simplifications
– Connections

• There will still be problems we can’t solve fast enough. We will return to this…
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The Conundrum
• If you don’t forget or can’t compress your 

knowledge, you may run out of learning room.
• You don’t always learn by being taught.
• You learn by teaching and by making 

mistakes.
• If you’re in one of my classes, I learn from 

you (and my mistakes). You’re on your own.
• A successful course is an emergent 

phenomenon springing from a classroom 
filled with interacting minds.
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How we should learn and teach?
• Learning tools:  SPSS, Matlab, 

Mathematica…

• Teach people to THINK rather 
than REMEMBER

• Teach yourself from good 
books/computers

• Database mining: Use Google 
as your memory rather than rote 
memorization

• Reward curiosity: encourage 
questions without raising hands

Adapted from Simon Shaw - Pew Charitable Trust

29



Intellectual 
Phase Space

30



The Homunculi and I
Lessons from Building Organs on Chips

John Wikswo
TEDx Nashville, April 6, 2013

Julia Wikswo 31



Homunculus, noun

[hō-ˈməŋ-kyə-ləs]

plural ho⋅mun⋅cu⋅li
A miniature 
representation of a 
human.

mHu
μHu

nHu

Hu
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Why are we building 
homunculi?
• Human biology is complex
• Homunculi can simplify:

–Drug development
–Environmental toxicology
–Physiology
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Have you or a friend 
ever had an adverse 
drug reaction?

Do household cleaners, 
garden chemicals, or air 
pollution bother you?
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735

Multidimensional phase space 
illustrates the variables that 
affect homonculi and the 
physicians, scientists and 
engineers building them.
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Phase space
[fāz spās], noun
A geometrical 
space in which 
each possible 
state of a system 
is represented by 
a single point.
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One axis in phase space 
can represent the range 
of one variable.

Angle

Phase 
Space
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There are as many 
axes as variables.

Velocity Phase 
Space

Angle
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Swing Phase Space

Front-
Back 
Angle

Front-
Back 

Velocity

Twist

Front 
and 
back

Left 
and 

Right

Orbit

Six-Dimensional Phase Space is fun!
You can do lots of things at one time!



 

Organs, Organs, Organs

Part of the 
problem is that 
human biology 
is COMPLEX.

Organs talk to each 
other, but we seldom 
hear what they are 
saying.
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Silo -- A place to 
store stuff without 
mixing.

Silo Mentality --
Thinking without 
mixing.
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Petri dishes

Mice

Humans

How is a new drug tested?
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Kidney Cells
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Organs from a Petri Dish 
Mentality
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Testing drugs in Petri Dishes

Lung Cells
Kidney Cells

Liver Cells

Heart Cells
Brain Cells
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How is a new drug tested?
Petri dishes

Mice

Humans

If each 
individual 
“organ” is OK, 
start testing 
that drug on 
mice.
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Test drug in mice…
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How is a new drug tested?
Petri dishes

Mice

Humans

If the mice are OK, then 
the drug is tested on 
humans.
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Test drug in humans…

What went 
wrong? 
• Human genes ≠ 

mouse genes? 
• Organ-organ 

interactions? 50



How is a new drug tested?
Petri dishes

Mice

HumansHomunculi
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Our homunculi will 
be alive, built with 
human cells! 

mHu
μHu

nHu

Hu
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Stomach

Liver

Heart Lung

Test drugs in homunculi!

Unexpected human 
organ-organ 
interaction. 
No human dies. 53



We’ve just seen why we are 
building homunculi
• Human biology is complex
• Homunculi can simplify:

–Drug development
–Environmental toxicology
–Physiology
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How do you build homunculi?
• Use human cells to make 
microfluidic organ chips that 
work like the real organs.

• Connect organs together.
• Do lots of things at the 
same time. (phase space)
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Lung on a chip

Courtesy of Don Ingber 56



Mammary gland on a chip

Courtesy of Lisa McCawley and Dmitry Markov
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Kidney on a chip

Courtesy of Bill Fissell
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T cells in a lymph node on a chip

Courtesy of Kevin Seale 59



Brain on a chip
Simpler than a human 
but has the key functions 
of the blood-brain barrier!

Courtesy of Jackie Brown 60



Organ

Courtesy of Frank Block, III 61



What kinds of people are 
building homunculi?
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Fields of Knowledge

Julia Wikswo 63



Silos of Knowledge
Homunculi need a mix of disciplines
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Intellectual Phase Space
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My Knowledge
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You can be more than one 
thing at a time in phase 
space!
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Intellectual Phase Space
Physics

Albert Einstein
1879-1955

Richard Feynman
1918-1988
Enrico Fermi
1901-1954 66Dominic Doyle



Engineering

Intellectual Phase Space
Physics

George Westinghouse
1846-1914

Nikola Tesla
1856-1943 67



Engineering

Intellectual Phase Space
Physics

Galen of Pergamon
AD 129-216 68



Engineering

Intellectual Phase Space
Physics

Emmett “Doc” Brown
1885-2015? 69



Engineering

Intellectual Phase Space
Physics

Leonardo da Vinci
1452-1519 70



Engineering

Intellectual Phase Space
Physics
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Behavioral Silos
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Swing Phase Space

Twist

Front 
and 
back

Left 
and 

Right

Orbit

Six-Dimensional Phase Space
is FUN, but often discouraged!

Front-
Back 
Angle

Front-
Back 

Velocity
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Don’t put people in a single silo!
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ScatteredFocused
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Science needs a 
variety of builders!

Behavioral Phase Space
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What are we learning 
about biology’s phase 
space?
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Genetic  Phase Space
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1 Gene Phase Space
ALB Maximum 

expression

No gene 
expression

Actual 
expression level 
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2 Gene Phase Space

CFTR

ALB
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3 Gene Phase Space

CFTR

ALB
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12 Gene Phase Space
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100 Gene Phase SpaceCRH
CXCR4
DHFR
HFE

KRT14
KRT5
PGL2
PHF8
RHO
SDHB
SDHC
SDHD
SRY
TSC1
TSC2
APP

GAST
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1,000 Gene Phase Space
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20,000 Gene Phase Space
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Our 20,000 genes are 
expressed differently 
in each organ!

Liver

Kidney

Lung

Heart

Brain

Organs talk to each other!
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Evolution of an 
Interdisciplinary 

Career
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JPW Learning Timeline
1949 Born to Leonora and John Wikswo, Sr.
1955-1967 Apprenticed to John Wikswo, Sr.

You can learn a lot by watching stuff done right. Doing it yourself might be better.

Learning without boxes scares some people
1983 Proposed the College Scholars Program

Outstanding students need outstanding classes, not boxes 
to check

1986 Taught one of the first College Scholars Seminars
Revolutions in Physics, How Things Work, What is Life? Origins 

of Life, The Microbiome
2006 Created the Searle Systems Biology and Bioengineering 

Undergraduate Research Experience (SyBBURE Searle)
Students benefit from being asked questions that have 

not yet been answered

C. L. Stong, “An Ambitious Observatory Is Built By Father and 
Son, The Amateur Scientist in Scientific American, April, 1970 88
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Revolutions in Physics - 1987

… Since it is a seminar, it 
is crucial to incorporate 
student feedback and 
questions as quickly as 
possible after each class 
meeting. I would like to 
have you provide each of 
the students in this class a 
small account on the new 
VAX 8800, so that they 
can send me by electronic 
mail their biweekly 
responses to my 
solicitation for questions 
and comments.
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Revolutions in Physics - 1989

• Copernican astronomy
• Newtonian mechanics and 

causality
• The energy concept
• Entropy and probability
• Relativity
• Quantum theory and the end of 

causality
• Conservation principles and 

symmetries
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Honors 185 a/b – Physics of Technology 1990-1995

• Lab – Disassemble, explain and reassemble a Briggs 
& Stratton four-cycle lawn mower engine; examine 
Volvo car parts; water hydraulics…

• Tour – Vanderbilt’s steam plant; Air Force wind tunnel, 
Corvette plant, Peterbilt truck plant…

• Midterm – Build a Lego car powered by a mousetrap
• Final – Build a car with a four-speed transmission 95
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Scholarly social environments can benefit learning.

1970-1975 Graduate School, Stanford
The Zen of Graduate Education: A PhD is a state of mind.

1975-1977 Postdoc, Stanford School of Medicine
1977- Joined the Vanderbilt faculty
1979 Co-founded the W.H. Sefam School

You learn quickly in a 24-7 immersion environment. Everyone learns differently. 
1979 Co-sued Williamson County Superintendent of Schools and School Board

Learning without boxes scares some people.
1983 Proposed the College Scholars Program

Outstanding students need outstanding classes, not boxes to check.
1987 Taught one of the first College Scholars Seminars

Revolutions in Physics, How Things Work, What is Life? Origins of Life, The Microbiome
2006 Created the Searle Systems Biology and Bioengineering Undergraduate Research Experience 

(SyBBURE Searle)
Students benefit from being asked questions that have not yet been answered. 96



JPW Lessons Learned
• You can learn a lot by watching stuff done right. Doing it 

yourself might be better.
• Putting lots of smart students in single dorm is interesting.
• Smart students can figure out what they need to learn.
• Having a skill is a foot in the door.
• You learn by making, and by making mistakes.
• Scholarly social environments can benefit learning.
• The Zen of Graduate Education: A PhD is a state of mind.
• You learn quickly in a 24-7 immersion environment. Everyone 

learns differently.
• Learning without boxes scares some people.
• Outstanding students need outstanding classes, not boxes to 

check.
• It’s fun to be asked questions that have not yet been answered. 

Especially if you are an undergraduate!
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John Wikswo’s CV

98https://www.vanderbilt.edu/viibre/documents/WikswoCV.pdf



John Wikswo’s CV, pages 27-28

99https://www.vanderbilt.edu/viibre/documents/WikswoCV.pdf

No matter the size of your CV, there will 
always be someone with a longer CV.
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No matter the size of your h factor, there 
will always be someone with a bigger h 
factor.



John Wikswo Research Activity, 1966-2021
All Areas (312)

Papers with Chemists (38)

SQUIDs, Superconductivity, 
Magnetic (114)

Heart (71)

Nerve and Muscle (22)

Gut (17)

NDE (17)

Cancer (10)

µFluidics, SysBio, & OoC (123)

Issued Patents (39)
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Peer-reviewed journal articles, book chapters, review articles, reports, and issued patents



SQUIDs, Superconductivity, Magnetism (114)

• 1967 to ~2010
• 114 peer-reviewed journal articles, book 

chapters, review articles, reports, and issued 
patents
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• I built LOTS of cryogenic instruments as a technician at the University of Virginia.
• My junior project measured the superfluid helium lambda transition.
• When I left UVa, my senior project on the AC Josephson Effect morphed into 

another graduate student’s PhD dissertation.
• I continued my work with SQUID magnetometers for 40 years.
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These data were the first to support the 
hypothesis that meteorites could transfer life 
between the planets in the solar system.



SQUIDs, Superconductivity, Magnetism (114)

• 1967 to ~2010
• 114 peer-reviewed journal articles, book 

chapters, review articles, reports, and issued 
patents

107

19
72

19
74

19
76

19
78

19
80

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

20
20

20
22

I left the field because of the complexity and cost of the technology, the limits on the 
information delivered by magnetic measurements as compared to other techniques, 
and a difficult collaborator.
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This is a 
FANTASTIC 
development that 
uses our algorithm!



Nerve Axons and Skeletal Muscle

• 1977 to the present
• 22 peer-reviewed journal articles, book 

chapters, review articles, reports, and issued 
patents
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Frog to crayfish to rat to squid, including modelling ...

• I came to Vanderbilt in 1977 to make the first measurement of the magnetic field 
of a nerve.
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Nerve Axons and Skeletal Muscle
• 1977 to the present
• 22 peer-reviewed journal articles, book 

chapters, review articles, reports, and issued 
patents
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Frog to crayfish to rat to squid, including modelling ...

• I left the field in 1988 because of the power of patch clamp, the lack of clinical 
collaborators at VU, and my former PhD student Jan van Egeraat’s untimely death 
from cancer. (He had a faculty position in the Netherlands and had started a 
company to make interoperative neuromagnetic measurements.)

• I might reenter the field with a colleague at Tulane who is developing a peripheral 
nerve on a chip and needs an easy way to measure conduction velocity.



112Cites seven of my articles!
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A good field for an enterprising 
assistant professor!
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Cardiac
• 1977 to the present
• 71 peer-reviewed journal articles, book 

chapters, review articles, reports, and issued 
patents

115

• For my Physics PhD, I went to Stanford in 1970 to use a vibrating inductance 
magnetometer and a superconducting magnetic shield to measure the magnetic 
field of the human brain.

• I built a very large mu-metal shield.
• I sold the superconducting shield’s dewar for scrap.
• The vibrating inductance magnetometer was never completed.
• With the help of a friend and a technician, I built my own SQUID 

magnetometer/susceptometer.
• For my PhD, I made magnetic measurements of human cardiac electrical and 

magnetic activity.
• At Vanderbilt, I developed new cardiac measurements on dogs and people.
• I moved from people to dogs to rabbits because we could image the rabbit heart.
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A good model for the 
magnetocardiogram
converged with a 
fortuitous observation 
in the dog lab.



Cardiac
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I reduced my cardiac effort in ~2013 because…
• Brad Roth predicted and I had tested dozens of pieces of low-hanging theoretical 

fruit.
• Cardiac modeling became dominated by large groups with giant finite element 

codes far beyond my group’s capabilities.
• NIH funding for cardiac electrophysiology contracted nationally.
• I could not find interested VUMC cardiac collaborators.
• I could not get NIH funding to move my rabbit heart work into cardiac metabolism.
• Organs-on-chips were shiny, fun, and well funded.
• I moved to heart-on-a-chip because my colleagues and I figured out how to 

measure something others couldn’t.

• 1977 to the present
• 71 peer-reviewed journal articles, book 

chapters, review articles, reports, and issued 
patents
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VIIBRE 2001 
Instrumenting and controlling cells

© Vanderbilt University 2007
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MicroFluidics, Systems Biology, 
and Organs-on-Chips

• 2002 to the present
• 123 peer-reviewed journal articles, book 

chapters, review articles, reports, and issued 
patents
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• In 2000, David Piston and I agreed that Vanderbilt’s biological physics program 
needed to establish by 2010 an international presence in microfluidics for 
biology.

• I entered the field in 2001 with a $5.5 million dollar Vanderbilt Academic Venture 
Capital Fund grant to create the Vanderbilt Institute for Integrative Biosystems 
Research and Education (VIIBRE).



NIH-NCATS MPS Integration
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The first prediction made by an in vitro organ-chip model 
that was confirmed by measurements on humans.
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Multi-MicroFormulators for testing the effects of drug timing

Delivery µF-24 Withdrawal µF-24

Funded by AstraZeneca. 
First in operation at AZ -

Waltham, MA January, 2016

Funded by AstraZeneca and 
NIH-NCATS/CDFRCCourtesy of Aditya Kolli, Harish Shankaran,  Matthew Wagoner, and Jay Mettetal, AstraZeneca

Time-division multiplexing

• Matt Wagoner – “Your missing-organ 
µF is great, but I need 96 channels.”

• What can you learn by lengthening 
or shortening the effective PK profile 
of a drug in vitro?

• What is the optimal timing for 
repeated or multi-drug dosing?

2016-2018

Voilà – a 25 port valve!

• Request: May 2015
• Contract: October 2015
• Delivery: January 2016

Patents issued and pending 123
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Funded in part by AstraZeneca as a collaborative effort initiated by 
Matt Wagoner, with Jay Mettetal and postdoc Aditya Kolli. Now 
involving Kristin Fabre and Clay Scott, and postdocs Sudhir Deosarkar
and Jingwen Zhang. 

Use time-division multiplexing to 
individually formulate, deliver, and remove 
custom media cocktails to each well of a 
96-well plate to simulate PK profiles.
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Funded in part by AstraZeneca as a collaborative effort initiated by 
Matt Wagoner, with Jay Mettetal and postdoc Aditya Kolli. Now 
involving Kristin Fabre and Clay Scott, and postdocs Sudhir Deosarkar
and Jingwen Zhang. 

Use time-division multiplexing to 
individually formulate, deliver, and remove 
custom media cocktails to each well of a 
96-well plate to simulate PK profiles.



The VIIBRE MicroFormulator
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The CN Bio Innovations PhysioMimix PK!

Tomorrow

2021

2013

2020

2016

October 5, 2021: https://cn-bio.com/cn-bio-
expands-service-offering-to-support-
oncology-drug-discovery/



The Complexity 
of Biology

127



Closing the Hermeneutic Circle of Biology

Wikswo, Experimental Biology and Medicine 2014; 239: 1061–1072

Wikswo and Porter, Experimental Biology and Medicine 2015; 240: 3–7

EBM’s Permanent Cover

Hermeneutic Circle: You 
cannot understand the 
whole until you understand 
the parts. You can’t 
understand the parts until 
you understand the whole.
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Microbiome-Gut-Liver-Brain Axis

129

Microbial Genome

Transcriptome

Proteome

Metabolome

Human
Genome

Transcriptome

Proteome

Metabolome

Diagnosis

Microbiome Human

Nutrients Nutrients

Multi-Omic Metabotype

Hawkins, … Wikswo, Clin. Pharm. Therapeutics (2020)

Environment
Drugs, Toxins & Pollutants, Lifestyle & Social Interactions, Aging



Microbiome-Gut-Liver-Brain Axis
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Microbial Genome

Transcriptome

Proteome

Metabolome

Human
Genome

Transcriptome

Proteome

Metabolome

Diagnosis

Microbiome Human

Nutrients Nutrients

Multi-Omic Metabotype

Hawkins, … Wikswo, Clin. Pharm. Therapeutics (2020)

Environment
Drugs, Toxins & Pollutants, Lifestyle & Social Interactions, Aging



Kinetic Models

A Really Hard Problem:

• Question: 
– How do we describe and interpret biological 

complexity over multiple spatiotemporal 
scales?

• The standard solution: 
– Genomics, proteomics, transcriptomics…
– Reductionist analysis of components
– Mathematical modeling….

Metabolic and Signaling Kinetics
in a Multiscale Environment
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Yeast Interactome
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Courtesy of  S. Sundaram and Jerry Jenkins, CFDRC,
D. Cliffel, Vanderbilt

Algorithmic Framework

T-cell SignalingCentral Carbon Metabolism

The Models
Effective Models
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Molecular Interaction Map: DNA Repair

KW Kohn, “Molecular Interaction Map of the Mammalian Cell Cycle Control 
and DNA Repair Systems,” Mol. Biol. of the Cell, 10: 2703-2734 (1999) 134



‘Postgenomic’
Integrative/Systems 
Physiology/Biology

• Specify concentrations and
• Rate constants
• Add gene expression,
• ProteinN interactions, and
• Signaling pathways
• Time dependencies
• Include intracellular spatial 

distributions, diffusion, and 
transport: ODE → PDE(t) 

• … and then you can calculate
how the cell behaves in response 
to a toxin

• Suppose you wanted 
to calculate how the 
cell responds to a 
toxin…

135



If the human brain were so simple
that we could understand it,
we would be so simple 
that we couldn't.

Emerson M. Pugh, 1938

A Really Hard Problem
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Pugh’s observation applies to biology:

Human biology may be 
too complicated for 
humans to fully
comprehend.

John Wikswo

Yet one more Really Hard Problem
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The Practical Problem
• “Exact” modeling of a single mammalian cell may 

require >100,000 dynamic variables and equations, 
maybe  >1,000,000

• Cell-cell interactions are critical to system function
• 109 - 1011 interacting cells in some organs
• Cell signaling involves highly DYNAMIC biochemical 

cascades with positive and negative feedback
• Multiple, overlapping regulatory mechanisms
• Many of the interactions are nonlinear
• Models might have a Leibnitz (1 L = Na) of PDEs 
• The data don’t yet exist to drive the models

138



It’s the numbers…. 

Where do we get a mole of numbers?
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Dennis Bray understands the problem….

• “The past few decades have seen such an 
explosion of knowledge about the contents of living 
cells that we now swim in an ocean of data.”

D. Bray. Reductionism for biochemists: how to survive the protein jungle. Trends 
Biochem.Sci. 22 (9):325-326, 1997.

• “How can we come to terms intellectually with such 
an enormous number of interacting entities?”
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A possible failure mode

Ontological failure:  The phenomenon you are 
interested in requires elements or laws 
outside of the set you have been given.

D. Bray. Reductionism for biochemists: how to survive the protein jungle. Trends 
Biochem.Sci. 22 (9):325-326, 1997.

141



The solution to ontological failure

Get more data…
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The Practical Problem
• Modeling of a single mammalian cell may require 

>100,000 dynamic variables and equations, maybe > 
1,000,000

• Cell-cell interactions are critical to system function
• 109 - 1011 interacting cells in some organs
• Cell signaling involves highly DYNAMIC biochemical 

cascades with positive and negative feedback
• Multiple, overlapping regulatory mechanisms
• Many of the interactions are nonlinear
• Models might have a Leibnitz (1 L = Na) of PDEs 
• The data don’t yet exist to drive the models
• Hence we need to experiment…
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Real-time desalting enables on-line IM-
MS spectra from trapped Jurkat cells

Images from Jeff Enders and John 
McLean, Vanderbilt 144



How do you deal with a Leibnitz of 
non-sparse PDEs involving 

100,000 nonlinear variables? 

Carefully, very carefully

145



There is a second possible failure mode

Ontological failure:  The phenomenon you are 
interested in requires elements or laws 
outside of the set you have been given.

Epistemological failure: You have enough 
elements and the laws do apply, but you 
yourself cannot understand the explanation 
that they provide.

D. Bray. Reductionism for biochemists: how to survive the protein jungle. Trends 
Biochem.Sci. 22 (9):325-326, 1997.

A possible failure mode
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The solution to epistemological failure

Get a smarter, bigger brain…

147



How do we 
accelerate 
biological 

discovery?
148



What are the limits to what a 
community of people can learn?

• For one person, we had

• Let’s just add N people, each of whose brain has capacity Kmax …

• With collective intelligence, the learning rate may scale as dK/dt Nγ, γ > 1
• Maximum brain capacity NKmax scales with N
• Distributed memory may reduce knowledge evaporation rate 𝑘𝑘𝐹𝐹𝐾𝐾𝑊𝑊𝐹𝐹

• Improved learning from mistakes due to redundant error checking

• With experience, utilize knowledge compression to increase  𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

– Simplifications
– Connections

• There will still be problems we can’t solve fast enough.
• Enter artificial intelligence, machine learning, and robot scientists!

149

𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 𝑘𝑘𝐿𝐿𝑄𝑄𝐼𝐼𝐼𝐼𝑊𝑊𝐿𝐿 − 𝑘𝑘𝐹𝐹𝐾𝐾𝑊𝑊𝐹𝐹 + 𝑘𝑘𝑆𝑆𝐾𝐾𝑊𝑊𝑆𝑆 + 𝑘𝑘𝑀𝑀𝑀𝑀(𝑊𝑊𝐿𝐿 + 𝑊𝑊𝑆𝑆 −𝑊𝑊𝐹𝐹) + 𝑘𝑘𝑇𝑇𝐾𝐾𝑊𝑊𝑇𝑇



JPW’s 2006 Note to Self
• Design and build a 

hybrid silicon/biological 
system that proposes 
and generates models 
and conducts 
experiments on itself to 
identify the underlying 
equations that govern 
the biology.

• Extracellular: $3 - 4 
million and 3 - 5 years 

• Intracellular: $15 - 20 
million and 5 – 10 years
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• Multiple, fast                                                 
sensors

• Openers (mutations,
siRNA, drugs) for the 
internal feedback 
loops

• Intra- and                                       
extracellular                                       
actuators
for controlled
perturbations

• Algorithms that create 
feedback loops to 
automatically probe 
the system  

• …

Actuator

Integration
and Feedback

Integration
and Feedback

Integration
and Feedback

SensorCell

What Do We Need for Automated Model Inference?
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Wikswo Robot Science, 2009-2015
Grant 122. National Academies 

Keck Future Initiatives, 
“Biology on Demand: 
External Control of a 
Complex Cellular System, 
S. cerevisiae,” 2009-2011, 
$50,000

Grant 124. NIH/NIDA, 
“Elucidation of Leukocyte 
and Macrophage Biomarker 
Signatures from Drugs of 
Abuse,” 2009-2011, 
$2,661,005, (Multi-PI: John 
McLean, John Wikswo, Hod 
Lipson)

Grant 127. EMD Millipore 
Corporation, “The EMD 
Millipore Research 
Associate in Automated 
Systems Biology,” 2011-
2012, $85,565

Grant 128. Defense Threat 
Reduction Agency, 
“Automated 
Characterization of the 
Interaction Dynamics 
between Toxic Chemicals 
and Biological Agents and 
Biomolecules and Cells of 
Blood and Lymph,” 2009-
2014, $2,499,763
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There is yet one more potential problem…

• We may not be able to understand what the 
computer tells us about biology.

• The next challenge is to create computers that can 
explain their findings to us…. 

• It might be as hopeless as explaining Shakespeare 
to a dog. 

Hod Lipson, 2009
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All May Not Be Lost

See Spot Read: Willow the Dog understands 
written commands

“….the dog can now sit 
up when a card says ‘Sit 
Up,’ plays dead when a 
card reads ‘Bang,’ and 
wave a paw when a sign 
says ‘Wave.’ ”

http://www.peoplepets.com/news
/amazing/see-spot-read-willow-
the-dog-understands-written-
commands/1
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The Future of 
Biology
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How hard will it be to describe the multiscale 
complexity of a biological system?

Is biology NP-complete? 
NP-hard?

Finding a solution is 
more difficult than 

confirming it.

http://en.wikipedia.org/wiki/NP-hard
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Ross King’s Robot Scientists

157

D

A

BB

C

A) Adam, with an automated –20°C freezer, three liquid handlers, three automated +30°C incubators, two automated plate readers, three robot arms, two automat-ed plate 
slides, an automated plate centrifuge, an automated plate washer, two high-efficiency particulate air filters, and a rigid transparent plastic enclosure. Autonomously, Adam 
specified and recorded 6,657,024 optical density measurements@595nm to form 26,495 growth curves, and formulated and tested 20 hypotheses concerning genes 
encoding 13 orphan enzymes.1 10 B) Eve, constructed at the University of Manchester and now being reassembled at CUT, combined multiple software tools with 
integrated laboratory robotics to execute C) three semiautomated cycles of diauxic shift model improvement. All the experiments were formalized and communicated to  
Eve’s cloud laboratory automation system for execution to expand the current model of the yeast diauxic shift. The final model adds a substantial amount of knowledge:     
92 genes (+45%) and 1,048 interactions (+147%), illustrated in part in D). King et al., Comp. 2009;. Williams et al., J R Soc Interface, 2015; Coutant, et al., PNAS, 2019. 



Microbial culture: Batch versus continuous

Three serial-batch measurements of yeast 
growth with differing inhibitor concentrations. 

In batch culture, gene expression profiles change throughout the growth phase, with 
continuously changing levels of nutrients, metabolites, and signaling molecules. 
Quantifying the growth curve is hard. This may not matter for an end-point analysis.

Batch
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And Ross King asks me ...

“John, can you build me a 4,000 channel chemostat 
for my third robot scientist, Genesis?

159

Pump

Media Chemostat

Oxygen

Collection
Stirrer

Yeast
X 4000



Microbial culture: Batch versus continuous

160

A

A) Three serial-batch measurements of 
yeast growth with differing inhibitor 
concentrations. 

A) In batch culture, gene expression profiles change throughout the growth phase, 
with continuously changing levels of nutrients, metabolites, and signaling 
molecules. This may not matter for an end-point analysis.

B) In chemostats, gene expression profiles are relatively constant for long periods of 
time, which is ideal for quantitative multi-omic measurements of signaling and 
metabolism required for network reconstruction.

B

B) A continuous-perfusion chemostat experiment that 
after seeding reaches a steady state growth rate that 
represents a balance between inflow of media with 
the rate-limiting nutrient and efflux of cells and media. 
The inhibitor concentration can be changed without 
reseeding the bioreactor.

Batch Continuous



The Genesis Project
• Three stages

– Genesis 1.0: 12 channels
– Genesis 2.0: 48 channels
– Genesis 3.0: 1,728 channels

161100-port Centi-Valve

48-Well Module

1.5 mL 48-Well Chemostat

Benchtop Module Enclosure

iPlateBot Transporter

iPlateBot Lift and Insert

iPlateBot 3D navigation

Genesis-Eve interface

Funding to date: 
• Wallenberg Foundations to Ross 

King, $2,000,000
• MRI NSF-Vanderbilt grant 

$1,400,000
• NCATS $200,000

The effluent of each Genesis chemostat will be 
analyzed in real time by mass spectrometers.



Driving forces for the future of Biology 
• The need for more realistic in vitro experiments

– Massively parallel, cellular microenvironments for the study of cell-cell, cell-
cell-drug, and cell-cell-drug-snp interactions

– Real-time control of biological systems

• The need to control multiple parameters at the same time and measure 
multiple dynamic variables

– Cell-scale sensors and actuators
– Experiments that involve thousands of parameters

• The need to create complex, nonlinear models
– Symbolic regression and exploration-estimation algorithms for machine 

learning in automated microbioreactors
– Models to enable control of cellular responses and biomolecule production

• The need to raise research funds from more diverse sources
• The inability of the human mind (or at least those of the reviewers) to 

understand the complexity of what is discovered
• Artificial intelligence to the rescue?
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Lessons Learned

• The developmental trajectory of a progenitor cell can be randomly 
determined by a key transcription factor that has a very low copy 
number (≤ ~10).

• The developmental trajectory of a young interdisciplinary scientist 
working at a small university with a small number of possible 
collaborators can also be random.

• Unless you like working alone, pick very good collaborators.
• By connecting disciplines, I have helped build the foundations 

needed to solve a number of unrelated scientific problems.
• I am far from a Doc Brown and vastly further from a da Vinci, but 

I’m satisfied with the contributions I have made and am still able to 
make to a breadth of fields in science and engineering. 

• The challenge is to figure out when to start a new project…
You've got to know when to hold 'em
Know when to fold 'em
Know when to walk away
And know when to run

Rodgers, K, 1978
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If you want to 
find new keys 
to biology, 
don’t limit your 
explorations to 
beneath the 
streetlights.

John Wikswo
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