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The M
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otion
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 B
ioengineers at C

altech study jellyfish m
orphology  

and locom
otion in order to create their ow

n sw
im

m
ing  

creature m
ade of silicone and living m

uscle tissue.
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 The sym
biosis betw

een biology, m
edicine, and  

engineering is driving innovative research at C
altech.
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altech look beneath our w
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hair to better understand w
hat really happens to us as w

e age.

 
18

 
A

 B
acterium

’s B
est Friend

 
 

B
Y

 K
A

T
IE N

EIT
H

 

 
 

 M
icrobiologist S

arkis M
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anian takes a closer look at the  
benevolent bugs in our bodies and how

 helping them
 thrive  

m
ay be good for our health.
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C
altech on Tw

itter
Follow

 us, retw
eet us, and let us know

 you’re talking  
about us by including @

C
altech in your tw

eets.

fro
m

 th
e

 e
d

ito
r

@
docsheadgam

es: Q
uite proud of  

@
C

altech today. N
ot easy to play back-to-back. 

Even m
ore diffi

cult to w
in back-to-back.  

G
reat job!! http://gocaltech.com

/sports/m
bkb/ 

2013-14/releases/20131215cfaft9

@
JonA

lvarez87: Peter D
ervan is the  

2014 A
C

S C
hem

ical Biology lectureship w
inner! 

http://bit.ly/U
99xyj Just another reason I w

ant 
to go to @

C
altech

@
JoseA

ndrade79: It is alw
ays a pleasure 

to teach m
y students @

C
altech pic.tw

itter.com
/

eZJH
cu8s2A

@
m

hucka: T
he ponds on the C

altech 
grounds often entice interesting birds to hunt  
for foods. pic.tw

itter.com
/m

YA
p9eK

ttl

@
M

iquai: First #
C

altech hum
anities class! 

H
ere w

e gooooooooo

@
cfclark: O

f course, the real w
inner w

as  
@

C
altech. #

BC
SC

ham
pionship

@
C

hrisLK
eller: A

ttending the Earthquakes 
101 m

edia sum
m

it at C
altech this m

orning.  
Is it bad form

 to ask folks “W
hat’s Shakin’”  

w
hen introduced to them

?

@
Phil_B

aty: W
hy C

altech w
orld #1 

#
T

H
Eunirankings? M

y take: v flat m
anagem

ent 
structure, great support &

 freedom
 for post  

docs, real interdisciplinarity

@
W

allpaper: Tonight w
e played our last 

show
 of 2013 for about 100 kids in 40° w

eather 
at @

C
altech. M

ight’ve been the best this year. 
A

m
azing send off.

@
C

G
C

hrisO
C

onnor: V
isited @

C
altech 

today. Struck to learn it is not huge, just hugely 
im

pactful: http://w
w

w.caltech.edu/content/
history-m

ilestones

Tweets may have been edited for spelling and grammar.

W
hen it com

es to research, w
e don’t do everything at C

altech. W
e are focused.  

W
e m

ove into fields that w
e think are im

portant. W
e do the science and engi-

neering that w
e think has the potential to m

ake a real im
pact on our w

orld, on  
our understanding of it, on our society. 
 

Last year, w
hat w

as C
altech’s D

ivision of Biology becam
e its D

ivision of 
Biology and Biological Engineering (BBE), m

arking the first tim
e in 43 years that 

the Institute has renam
ed a division; at the sam

e tim
e, the D

ivision of Engineering 
and A

pplied Science created the D
epartm

ent of M
edical Engineering (M

edE).
 

O
n the surface, those changes m

ight seem
 cosm

etic. A
fter all, they are 

acknow
ledging w

hat is already going on at C
altech; they are a reflection of not  

only our strengths in the basic biological and m
edical sciences, but in taking the 

findings from
 those areas and applying them

 to change lives.
 

In truth, how
ever, these changes go deeper. T

hey cam
e about because w

e—
 

as an Institute—
have changed. W

e have evolved. W
e have learned. W

e learned 
from

 experience and are ready to take the next leap forw
ard. By including  

aspects of bioengineering in the nam
es of a division and a departm

ent, C
altech  

is declaring this field’s im
portance to the Institute. By nam

ing it, w
e are  

harnessing the energy of all the disparate scientists and engineers w
ho w

ork at  
the intersections betw

een disciplines on aspects of the sam
e im

portant problem
s.

 
In a w

ay, the story of how
 BBE and M

edE cam
e to be is an echo of C

altech’s ow
n 

life story. A
fter all, these kinds of changes don’t happen quickly at C

altech; they do, 
how

ever, happen purposefully. A
nd that’s w

hy w
e’ve devoted this issue of E&

S to telling 
a few

 of the stories about how
 life and science and engineering intersect at C

altech—
 

in labs devoted to understanding aging at the cellular level, to getting to know
 how

 the 
m

icrobes in our guts im
pact our health, to creating robotic jellyfish from

 silicone and 
m

uscle tissues, to taking basic findings in the life sciences and turning them
 into  

technologies and applications that really m
ake a difference.

W
e are harnessing the energy of all the  

disparate scientists and engineers w
ho w

ork  
at the intersections betw

een disciplines  
on aspects of the sam

e im
portant problem

s.

W
hat’s In a N

am
e
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A
D

V
EN

TU
R

ES
 W

ITH
 A

LK
A

LIS
  G

raduate stud
en

t M
ark K

ozlow
ski illu

strates the  
reactivity of alkali m

etals for C
hem

istry 1a students taught by G
eorge L. A

rgyros Professor 
N

ate Lew
is. K

ozlow
ski b

egan slow
ly, throw

ing bits of lithium
, sodium

, and potassium
 into 

M
illikan Pond, in order of increasing reactivity. For the grand finale, seen here, K

ozlow
ski 

tossed a gram
 of cesium

, covered w
ith 10 m

illiliters of m
ineral oil, in the w

ater. The results 
w

ere sp
ectacular in part b

ecause the cesium
 had m

elted in the sun, so there w
as no longer a 

“chunk” of it to arc into the pond but droplets instead. C
esium

 is so violently reactive that the 
droplets began interacting w

ith w
ater vapor in the air even b

efore they hit the surface of the 
pond, releasing hydrogen gas. A

s the droplets reached the w
ater, tiny explosions aw

ed the 
audience. B

ut not to w
orry; it w

as all p
erfectly safe.
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random walk

Spring brings new life to the world  
and to the E&S staff. We welcomed  

baby boys to our  
magazine family this year. 

In order to learn more about the circulation and ecology of the Southern Ocean—a cold, remote region  
near Antarctica—and the role it plays in global climate, Caltech oceanographer Andrew Thompson has 
enlisted the help of robots called ocean gliders, which can withstand extreme pressures. He has previously  
used these autonomous underwater vehicles to study a part of the region called the Weddell Sea, setting 
them free from a research vessel to roam the ocean for months at a time. The gliders record information  
about water properties and send data back to Thompson via satellite when they rise to the surface every  
few hours. This fall, Thompson and his research team will deploy the gliders in an area north of the Weddell 
Sea called the Drake Passage; the researchers will then return to Pasadena, where they will send the  
gliders their daily marching orders remotely. Thompson hopes to learn more about the dynamics of the  
region, known to have some of the strongest currents in the world. 

When we asked alumni to describe their 
lives in 10 words or less, we received 

responses. Check out some of the  
most creative takes on page 36.

The number of bacterial species Sarkis 
Mazmanian (see page 18) has cultured  
in his lab in the name of research.

Insider Info

Approximate distance  
(in miles) from Caltech, 

where the gliders will be 
remotely operated,  

to the Drake Passage.

Depth (in meters) that the 
gliders will dive to collect 

information like temperature, 
salinity, and dissolved 
oxygen in the water.

Speed (in miles per hour) at 
which the gliders will move 
along in the choppy currents 

of the Drake Passage. 

Time (in months) that  
the gliders will spend 

collecting data.

Cost (in cents per  
minute) for the glider  

to “phone home” using 
Iridium satellites.

7,200 1,000 0.5 4 60

This letter tray, filled with metal type, is located 
somewhere on campus. Should you decide to  

run off a broadside or two, all you’d need to do  
is dip into the tray to get the letters you need,  

put them in the 6.5”x10” chase (a metal frame  
that holds type), and ink away. This printing device, a 
replica of the popular Chandler and Price “Pilot” first 
produced in 1886, was a hit in the late 19th century 

among teenage boys who wrote and printed their  
own newspapers, calling themselves “amateur 

journalists.” Today it is used to teach Caltech  
students the technology they will need to succeed  

in desktop publishing should the power grid fail.

BY THE 
NUMBERS

Ocean 
Gliders

 8
325

On the Grounds 
Answer: The printing press’s letter tray—along with the press itself—can be found 
 in Dabney Hall, in the office of Chris Hunter, assistant professor of English.

When Typhoon Haiyan hit land on 
the Philippines last November, it be-
came one of the strongest storms on 
record—destroying even the roads 
and lines of communication needed to 
quickly deploy relief. In an attempt to 
help those responding to the disaster on 
land, researchers at Caltech and NASA’s 
Jet Propulsion Laboratory developed a 
bird’s-eye view of the storm’s destruction 
via the Advanced Rapid Imaging and 
Analysis (ARIA) technique. Also used to 
assess damage after both the Tohoku-Oki 

earthquake and Hurricane Sandy,  
ARIA uses an algorithm to detect natural 
or human-induced changes in Earth’s 
surface by comparing radar imagery 
from before and after an event; when 
heavy damage is detected, the pixels of 
the radar image translate as opaque red 
dots. These red dots are then overlaid on 
a satellite map of the area from Google 
Earth, providing detailed images of the 
locations where changes have occurred, 
such as those damaged by Typhoon  
Haiyan (above right). 

Improving Disaster  
Response from Space

2

Our goal is 
to build tiny 
chemical 
laboratories  
that will 
function inside 
the body and 
allow you to 
know there’s  
a problem 
before you  
get symptoms.” 
— Axel Scherer, Bernard Neches  

Professor of Electrical Engineering, 
Applied Physics and Physics,  
on miniaturizing medical  
equipment to diagnose disease.   

For every artist, picking a medium is an important  
part of the creative process. Some work in ceramics, 
metals, or glass, while others prefer pastels, charcoals, 
or acrylics. For davidkremers, a visitor in aerospace at 
Caltech, his choice is bacteria. An artist who eschews 
the use of capital letters in his name as a modern and 
practical response to the lack of case sensitivity in  
email correspondence, and who combined his name 
into one word because he has a common first name, 
davidkremers creates “living” works of art using  
genetically engineered bacteria. 
 “Artists no longer make meaning from the world  
so much as they assemble life,” says davidkremers. 
Using single-celled organisms engineered to produce 
a color in response to certain compounds in the air as 
they grow, he paints the colorless bacteria onto large 
clear plates, then places them in a room that is kept at  
a constant temperature ideal for bacterial growth.  
As the bacteria mature, colored images start to appear. 
The pieces are then cooled, and air is sealed out with  
a synthetic resin, leaving the bacteria in stasis. 
 davidkremers’s work is part of permanent collec-
tions at the San Francisco Museum of Modern Art, 
the Denver Art Museum, and the Armand Hammer 
Museum of Art and Culture Center at UCLA. Find out 
more about his work at davidkremers.caltech.edu.—AA

LIVING 
ART
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random
 w

alk

In D
ecem

ber 2013, E
dw

ard C
. S

tone, C
altech’s D

avid  
M

orrisroe P
rofessor of P

hysics, paid a visit to The C
olbert 

R
eport, a late

-night television show
 on C

om
edy C

entral.  
H

e w
as there to talk about a historic m

ilestone for the  
Voyager m

ission: the N
A

S
A

 spacecraft had traveled beyond 
the solar m

agnetic “bubble” and entered interstellar space. 
S

tone has served as project scientist for the m
ission, now

  
in its 37th year, since its inception. A

s an expert on travel  
beyond the solar system

, he w
as able to answ

er host  
S

tephen C
olbert’s questions w

ith ease. N
onetheless, C

olbert 
w

as able to catch him
 off guard in the final segm

ent w
hen, 

dressed like an astronaut, he presented S
tone w

ith the  
N

A
S

A
 D

istinguished P
ublic S

ervice M
edal (pictured above).  

“I w
as on the C

olbert R
eport to talk about w

hat I think of as  
hum

ankind’s greatest—
and certainly m

ost extensive
—

journey 
of exploration, and I certainly didn’t expect the host to hand 
m

e an aw
ard,” says S

tone, w
ho is also a form

er director of 
N

A
S

A
’s Jet P

ropulsion Laboratory. “That surprise on m
y face 

w
as real.” The m

edal is the highest honor for a nongovern-
m

ent individual. V
ideo segm

ents of the show
 can be view

ed 
by searching the w

ords E
d S

tone at colbertnation.com
.

B
eyond the B

ubble

S
pider S

ense:  
D

etecting the Inflation  
of our U

niverse
Professor of Physics Jam

ie B
o

ck hop
es the baffle tub

e he’s p
eering  

through in the photo b
elow

 w
ill help him

 also p
eer into the early universe. 

The baffle tub
e is a com

ponent of one of the six telescop
es on one of his 

recent projects, called S
pider, w

hich B
o

ck w
ill use to study the inflationary 

expansion of the universe, an event that is thought to have o
ccurred just  

a fraction of a second after the B
ig B

ang. S
pider’s instrum

ents w
ill search 

the therm
al radiation, a fossil relic of the B

ig B
ang, for polarization signals—

 
a telltale signature of background gravitational w

aves produced by the  
inflationary expansion. “Inflation is thought to have happ

ened just 10
–32  

seconds after the B
ig B

ang. To think that w
e m

ight b
e able to m

easure  
som

ething from
 that p

eriod is rather m
ind blow

ing,” B
o

ck says.
 

If all goes as planned, S
pider w

ill b
egin a tw

o
-w

eek voyage in late  
D

ecem
b

er 2014, first launching in a balloon from
 A

ntarctica’s M
cM

urdo  
S

tation and then circum
navigating the continent. B

o
ck hop

es a successful 
S

pider m
ission w

ill lay the technical and observational foundation for future 
orbital m

issions dedicated to understanding the origin of the cosm
os. —

JSC

Q
U

A
N

T
U

M
 K

ID
S

A
 collaboration betw

een G
oogle C

reative Labs and researchers at C
altech’s Institute  

for Q
uantum

 Inform
ation and M

atter has enabled a rare educational interaction  
betw

een quantum
 m

echanics researchers and gam
ing kids via the video gam

e  
M

inecraft. The popular gam
e, dow

nloaded m
ore than 30 m

illion tim
es w

orldw
ide,  

allow
s players to freely build and create their ow

n w
orld by m

ining and stacking  
different types of bricks in a sandbox-like environm

ent (left). In O
ctober, the team

—
along w

ith educational partner M
inecraftEdu—

unveiled an add-on, or “m
od,”  

called qC
raft. It allow

s M
inecraft players to add special blocks to their environm

ent  
that display several high-level quantum

 principles—
the physics that governs the  

behavior of m
atter and light at the atom

ic (and subatom
ic) scale

—
including  

observational dependency, superposition, and entanglem
ent. U

tilizing the gam
e’s  

capabilities for superposition—
the principle that allow

s particles to occupy m
ore  

than one state at the sam
e tim

e—
a num

ber of enthusiastic users have even  
replicated S

chrödinger’s notorious sim
ultaneously-dead-and-alive cat. —

JSC

A
s a group, the disciplines that m

ake up 
the hum

anities are often considered rather 
heady and im

m
aterial, and for a tim

e in 
the late 20th century, this w

as especially 
true. A

s C
altech history and literature 

professor John Brew
er, the Eli and Edye 

Broad Professor of H
um

anities and Social 
Sciences, says, “Everybody w

as interested 
in w

hat everything sym
bolized, w

hich 
w

as rather abstract and m
etaphysical and 

linguistic.” But now
 hum

anists are com
ing 

to see a m
ore dow

n-to-earth aspect of their 
w

ork. A
 painting by Leonardo da V

inci, 
for all its intangible m

eaning, is, as Brew
er 

points out, “m
ade up of linseed oil, w

ood, 
and paint, and an enorm

ous am
ount of 

effort goes into conserving it, m
aking sure 

that it’s okay as a tangible object.”
 

In recognition of this new
 focus on 

m
ateriality, or the physical m

edium
s of 

objects studied in the hum
anities, C

altech 
and the H

untington Library, hom
e to the 

largest and m
ost com

petitive fellow
ship 

program
 in the hum

anities in the U
nited 

States, have joined forces to create M
ate-

rialities, Texts, and Im
ages (M

T
I). A

 tw
o-

year interdisciplinary pilot program
, M

T
I 

w
ill exam

ine the role the m
aterial plays in 

the subject m
atter of the hum

anities disci-
plines by bringing tw

o visiting associates 
to tow

n, one w
ith an offi

ce at C
altech, the 

other w
ith an offi

ce at the H
untington, 

just a few
 blocks from

 cam
pus. M

idw
ay 

through the year, they w
ill sw

ap locations. 
T

his spring and sum
m

er, each postdoc w
ill 

design a w
orkshop featuring speakers from

 
a variety of different disciplines to discuss 
w

hat happens to hum
anities research  

w
hen one concentrates on m

ateriality.
 

T
his year’s associates, selected w

ith 
an eye to their differences rather than 
sim

ilarities, are A
lexander W

ragge-M
or-

ley, a historian of science looking at the 
interplay of science, art, m

edicine, and 
literature in late 17th- and 18th-century 
Britain, and Stefanie Sobelle, an English 
professor exam

ining the overlap of liter-
ature and architecture in 20th-century 
A

m
erica.—

CE

A
 M

aterial 
W

orld
In Septem

ber 2013, A
ssistant Professor of T

heoretical A
strophysics   

Philip H
opkins joined the faculty in the D

ivision of Physics,  
M

athem
atics and A

stronom
y. H

opkins investigates w
hat he calls 

the form
ation of “big things”—

like stars, galaxies, black holes,  
and planets. But despite all of the rom

ance associated w
ith looking 

up into the skies, H
opkins says m

ost of his days are spent sitting  
at a desk designing com

puter code. C
om

bining observational data 
w

ith new
 m

odels and sim
ulations, H

opkins is w
orking to discover 

the effects of feedback, or how
 the activities of one individual star 

can affect w
here m

ass is located w
ithin galaxies—

and w
ithin the 

universe as a w
hole. 

 
H

ow
ever, here are a few

 facts about H
opkins you w

on’t  
find on his C

V
:

H
e doesn’t com

e from
 a long line of scientists. 

 “M
y parents were an art history major and a sociology major who never  

took a math or science class after their freshman year of college. T
hey don’t 

know quite what happened with me.”
 H

e once dabbled in w
riting m

ovie scripts. 
 “G

rowing up, a friend and I were really into movies. W
e haven’t done anything 

like this more recently, but when we were kids we wrote a lot of scripts—
 

we had active imaginations. Now I live near H
ollywood, where another  

friend and his brother actually have an editing studio, which is pretty cool!”
 H

e’s looking forw
ard to life in Southern C

alifornia. 
 “I have a lot of friends and family in Southern California in general, some in 
astronomy and some not. It also helps that my wife—

a fellow astronomer—
got a job next door at Caltech’s Infrared Processing and Analysis Center.  
She is originally from Q

ueensland, so she’s extremely excited to live  
somewhere warm

.”

FA
C

U
LT

Y
 

FO
O

TN
O

TE
S
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 on CA

LTEC
H

.ED
U

G
O

IN
G

 O
U

T
 W

IT
H

 A
 B

A
N

G
W

ith the help of the N
uclear 

S
pectroscopic Telescopic A

rray, 
or N

uS
TA

R
, the first space-based 

observatory capable of focusing 
on high-energy X

-rays, C
altech 

researchers have been able  
to observe and m

ap radioactive  
m

aterial in an exploding star.  
Learn m

ore at caltech.edu/new
s.

W
atch

R
ead

Engage

Faculty m
em

bers 
reflect on and celebrate 
50 years of planetary 
science at C

altech 
in “The Journey of 
E

xploration.” C
heck  

out the video at 
youtu

be.com
/caltech.

C
onnect w

ith  
the C

altech  
A

lum
ni A

ssociation, 
and learn about  
our new

est distin-
guished alum

ni at  
alum

ni.caltech.ed
u.

Indulge in an evening 
of folk, bluegrass, 
and country m

usic 
w

ith R
obin and Linda 

W
illiam

s and Their  
Fine G

roup on S
aturday,  

M
ay 3 at 8 p.m

.  
Find out m

ore at  
caltech.edu/calendar/ 
public-events.

M
ust qualify for CEFCU

 m
em

bership
to join.  M

inim
um

 $5 deposit and
$5 m

em
bership fee due upon

opening any CEFCU
 account.  

All loans subject to credit approval. 

La C
añada O

ffice:
528 Foothill Blvd. • La C

añada Flintridge
JP

L O
ffice:

4800 O
ak G

rove D
r., Bldg. 291 • Pasadena  

n
C

am
pus O

ffice:
515 S. W

ilson A
ve. • Pasadena

W
e C

lick w
ith

Your W
hole Fam

ily.
B

ecom
ing a M

em
ber is Easier than Ever.

Your Entire Fam
ily C

an Join O
N

LIN
E!

T
here is no reason w

hy anyone in your fam
ily can’t join C

EFC
U

 and
enjoy all our benefits im

m
ediately —

 even if they live 3,000 m
iles aw

ay.
N

ew
 m

em
bers can now

 join and fund their prim
ary share account online.

It’s up to you to tell your parents, children, grandparents or grandchildren, siblings and in-law
s

(your entire fam
ily by blood or m

arriage) to visit w
w

w
.cefcu.org

and sign up today!
R

each out to your fam
ily and put a w

orld of financial advantages at their fingertips.

w
w

w
.cefcu.org •

800/592-3328

C
altechE

ngineeringA
d_12-13:Layout 1  12/9/13  1:48 P
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R
esearchers at  

C
altech peer beneath 

our w
rinkles and  

gray hair to add to  
our understanding  
of aging.

ging. It’s about m
ore than just 

w
rinkles, stiff knees, and hair 

loss; it’s about a process that begins 
at birth and starts from

 the inside, 
affecting how

 w
e function at the level 

of our D
N

A
, our cells, and our tissues. 

D
espite claim

s m
ade about cream

s and 
potions, it’s unlikely that science w

ill 
ever provide us w

ith unending youth. 
Yet, thanks to im

provem
ents in m

edi-
cine and our understanding of health, 
hum

ans around the globe are living 
longer today than ever before. In fact, 
according to the W

orld H
ealth O

rga-
nization, in 2011 the average global life 
expectancy w

as 70 years, an increase of 
six years since 1990. 
 

For researchers w
ho study aging, 

increasing the hum
an life span isn’t 

the only priority. In their studies of 
how

 aging affects organism
s ranging 

from
 yeast to m

ice to hum
an beings, 

researchers at C
altech are w

orking to 
understand the basic, fundam

ental 
changes that happen under the surface 
as w

e age. “R
esearchers on aging don’t 

really think they’re going to find the 
‘fountain of youth,’” says biochem

ist 
Judith C

am
pbell. “Instead, they’re 

looking at w
ays to try to im

prove your 
health span—

or, the num
ber of healthy 

years in the life span.”

C
LIP

P
IN

G
 A

N
D

 R
E

P
L

E
N

IS
H

IN
G

C
am

pbell has spent the past three 
decades at C

altech studying D
N

A
 

replication—
the process necessary to 

m
ake sure that new

 cells in your body 
carry all the sam

e genetic inform
ation 

that the old cells carried. D
uring an 

em
bryo’s developm

ent, cells divide to 
create organs and tissues; in adults, 
cell division replaces old, w

orn-out 
cells w

ith new
 ones. Every tim

e one of 
your cells divides, the double-stranded 
D

N
A

 that m
akes up that cell’s 26 

chrom
osom

es unzips into tw
o single 

strands, each of w
hich then serves as 

a one-sided tem
plate, attracting the 

m
olecules needed to build the second, 

com
plem

entary strand. 
 

H
ow

ever, the m
achinery involved 

in D
N

A
 replication alw

ays leaves a little 
piece of D

N
A

 at the end of each strand 
uncopied—

m
eaning that every tim

e a 
cell divides, the chrom

osom
es carrying 

the cell’s genetic m
aterial get a little bit 

shorter. To guard against clipping off 
genes at the end of the chrom

osom
e 

during cell division, the chrom
osom

e 
has protective end caps m

ade up of spe-
cial D

N
A

 sequences called telom
eres; 

during every round of cell division, the 
telom

eres are clipped shorter. A
fter 

a cell ages—
and has divided m

any 

tim
es—

the telom
eres becom

e so short 
that m

ore divisions and replication 
w

ould threaten to cut into im
portant 

gene sequences. A
t that point, the cell 

stays alive but ceases to divide, reaching 
a stage called replicative senescence—

 
a m

arker of aging in cells.
 

A
s it turns out, it w

as a gene  
that interacts w

ith these telom
eres 

that led C
am

pbell and her colleagues 
into aging research. “W

e w
ere driven 

to look at aging because the protein 
produced by one of the genes w

e w
ere 

w
orking w

ith at the tim
e, called D

na2, 
w

as actually m
assively concentrated  

at the telom
eres,” C

am
pbell says. 

 
D

na2 is a D
N

A
 binding protein, 

C
am

pbell says, but at first she and her 
team

 didn’t know
 w

hy it is so strongly 
attracted to telom

eres—
or w

hat it does 
once it reaches them

. So they decided 
to find out, using a tiny, single-celled 
organism

 as their guide.
 

C
am

pbell and her colleagues 
first encountered D

na2 w
hile w

orking 
w

ith Saccharomyces cerevisiae, or brew
er’s 

yeast—
the organism

 best know
n for 

turning w
ater and grain into beer. But 

in addition to its role in crafting fine 
brew

s, Saccharomyces has also provided 
an im

portant m
odel for the study of 

aging, C
am

pbell says.

 
“In the early 1960s the people 

studying yeast noticed that even this 
single-celled fungus show

ed signs of 
aging,” she says. “Every tim

e that a  
dividing yeast cell, called the m

other 
cell, grow

s and divides, it gets older. 
T

hen, after about 23 divisions, it  
goes into replicative senescence.”
 

A
t least, that’s w

hat happens in 
“norm

al” yeast cells. But in the 1990s, 
researchers in C

am
pbell’s laboratory 

noticed that in m
utant yeast cells—

cells in w
hich the D

na2 gene w
as 

absent—
the telom

eres w
ere shorter 

than those in a D
na2-laden yeast cell 

that had been through the sam
e num

-
ber of divisions. A

nd the m
utant cells 

also entered into replicative senescence 
after few

er divisions: their aging  
process seem

ed to have accelerated.
 

T
hese findings suggested that, 

in norm
al yeast cells at least, D

na2 
m

ight have a role in m
aintaining the 

length of telom
eres. A

n already-know
n 

enzym
e called telom

erase can slow
 a 

cell’s aging process by adding a short 
sequence of D

N
A

 to the end of a short-
ened telom

ere; this partial restoration 
of telom

ere length is especially im
port-

ant in frequently dividing cells, like 
im

m
une cells and skin cells in hum

ans.
C

am
pbell and her colleagues hypoth-

by Jessica Stoller-C
onrad

A
ging

from
 the 

inside
A
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esized that D
na2 m

ight be interacting 
w

ith telom
erase.

 
Further w

ork has backed up this 
hypothesis, show

ing that the telom
er-

ase in yeast cells lacking the D
na2 

protein w
as ineffective, unable to add 

length to the telom
eres. In other w

ords, 
they found that the D

na2 protein w
as 

necessary in order for telom
erase to 

function properly.
 

A
nd that’s not only the case in 

yeast. “W
e also w

ork on m
ouse and 

hum
an cells, and so m

ore recently 
w

e’ve been show
ing that, in m

ice, 
D

na2 does the sam
e things,” C

am
pbell 

says. “I can’t tell you if the m
ice that 

have a reduced am
ount of D

na2 age 
m

ore rapidly, but I can tell you that 
their telom

eres get short.”
 

D
na2 has other tasks in the cell 

as w
ell; C

am
pbell and her colleagues 

have recently show
n that, in addition 

to lengthening telom
eres, D

na2 plays 
a role in repairing dam

aged D
N

A
 in 

yeast, m
ouse, and hum

an cells.
 

So, if D
na2 and telom

erase w
ork 

together to replace clipped telom
eres, 

and D
na2 can repair D

N
A

 dam
age, 

are these tw
o proteins the key to 

increasing an organism
’s life span?

 
T

hey likely have an im
portant role 

in longevity, says C
am

pbell. But, as she 
points out, a longer life isn’t necessarily 
a healthier one. C

ells that continuously 
divide, m

ultiply, and never die are 
dangerous—

these are the character-
istic traits of cancer. “O

ne of the m
ost 

im
portant diseases of aging is cancer,” 

she says. “C
ancer cells need telom

er-
ase, and all tum

or cells reactivate 
telom

erase—
otherw

ise, they w
ould 

only go through a few
 divisions and 

you w
ouldn’t get a tum

or.”
 

A
 healthy cell has to strike a 

delicate balance betw
een clipping its 

telom
eres through cell division and 

replenishing its telom
eres via telom

er-
ase and D

na2—
in other w

ords, each 
cell needs to find its balance betw

een 
aging and cancer. A

lthough C
am

pbell’s 
w

ork began investigating the aging side 
of this balance in yeast, her lab’s focus 
has now

 shifted to the role of D
na2 in 

genes,” C
han says. By conjoining, the 

m
itochondria create a single m

ito-
chondrion that has all of the essential 
proteins—

w
hich can then be com

bined 
into protein com

plexes necessary for 
respiration, he adds. 
 

C
han’s laboratory investigated 

how
 fusion can benefit m

itochondria 
by studying tw

o genes that control 
m

itochondrial fusion in m
ice and 

hum
ans—

M
itofusin 1 (M

fn1) and 
M

itofusin 2 (M
fn2). In a study pub-

lished in the journal Cell in 2010, C
han 

and his colleagues show
ed that the 

m
uscle cells of m

ice w
ith m

utations 
in both M

fn1 and M
fn2 w

ere m
uch 

sm
aller than those of norm

al m
ice of 

the sam
e age. A

lthough the anim
als 

had the sam
e num

ber of m
uscle cells, 

or fibers, the m
uscles w

ere sm
aller 

overall, due to the sm
aller m

uscle 
cells. Furtherm

ore, as the m
utant m

ice 
grew

 older, they also experienced an 
increase in m

tD
N

A
 m

utations com
-

pared to norm
al m

ice of the sam
e age.

 
T

his, says C
han, is a real prob-

lem
. “W

e’ve found that if you sim
ul-

taneously have m
ore m

utations in the 
m

tD
N

A
 and a loss of m

itochondrial 
fusion due to a m

utation in the m
ito-

telom
eres—

and cancer—
in m

ice.
 

“I could say that w
e focus m

uch 
m

ore now
 on cancer than on aging,  

but it’s very diffi
cult to dissect those 

tw
o processes because w

e’re w
orking 

on m
achinery that functions in both 

kinds of biology,” C
am

pbell says.

FU
S

IO
N

 A
N

D
 FIS

S
IO

N
W

hile telom
eres shrinking on chro-

m
osom

es are associated w
ith aging, 

they are not the only age-related D
N

A
 

changes your cells undergo. O
utside  

a cell’s nucleus are free-floating m
ito-

chondria—
organelles best know

n as 
cell “pow

er plants,” converting nutri-
ents from

 the food w
e eat into usable 

energy. T
hese organelles contain their 

ow
n genetic m

aterial, called m
itochon-

drial D
N

A
, or m

tD
N

A
. A

nd according 
to biologist D

avid C
han, w

hose lab  
at C

altech focuses on the role of m
ito-

chondria in health and disease, that 
genetical m

aterial is also involved  
w

ith aging and, in particular, diseases 
of aging.
 

“M
itochondria have their ow

n 
genom

e,” C
han says. “T

hat genom
e 

is very sm
all; it only has 37 genes and 

only 13 of those are protein-encoding. 
But all of those 13 proteins are essential 
to the cells’ generation of energy.”
 

For that reason, C
han says, it’s 

crucial that the genes for these 13  
im

portant proteins rem
ain relatively 

free of m
utations—

acquiring just 
enough changes to allow

 evolution to 
occur but not so m

any that the cell can 
no longer function. Indeed, if such neg-
ative m

utations accum
ulate, they can 

have drastic effects on the cell, w
ith 

those effects being m
ost devastating in 

m
uscle cells, in w

hich large num
bers 

of w
orking m

itochondria are needed to 
produce the energy needed for physical 
activities like w

alking and running.
 

“In a young person, all of the 
m

uscle cell fibers have varying degrees 
of respiratory activity from

 their 
m

itochondria. But then, in an older 
individual, som

e m
uscle fibers start 

losing their m
itochondrial function—

and aging people tend to have an 

fusins, there is a synergistic effect and 
you get m

uch m
ore severe sym

ptom
s in 

the m
ouse,” he says. A

fter all, if m
uta-

tions in m
tD

N
A

 genes result in m
issing 

essential proteins—
and the m

itochon-
drion can’t replace these proteins by 
fusing w

ith a “healthy” m
itochon-

drion—
the effects of the m

utations w
ill 

be com
pounded. “So w

hen there are 
lots of m

utations, m
itochondrial fusion 

seem
s to be im

portant to m
itigate the 

effects of these m
utations,” C

han says. 
“T

hat’s how
 fusion ties into aging.”

 
C

han has also been investigating 
the role of m

itochondrial fusion in Par-
kinson’s disease—

a degenerative m
otor 

and nervous disorder associated w
ith 

aging—
due to the increased presence 

of M
fn2 not only in m

uscle cells, but in 
the neurons of the brain, nerves, and 
spinal cord.
 

U
sually affecting people over  

the age of 50, Parkinson’s disease  
is characterized by a loss of brain  
neurons that produce dopam

ine, 
a neurotransm

itter responsible for 
relaying signals to other nerve cells. 
A

s a result, people w
ith Parkinson’s 

often experience sym
ptom

s such as 
trem

bling hands, slow
ed m

ovem
ents, 

increased num
ber of these defective 

fibers,” C
han says. “If you look at 

the m
tD

N
A

 in these nonfunctional 
fibers, there is invariably a m

itochon-
drial genom

e that has deletions in the 
D

N
A

 sequence—
the accum

ulation of 
m

tD
N

A
 m

utations increases w
ith age.”

 
T

hese m
utations arise as a result  

of the inevitable interactions betw
een 

the hundreds or even thousands of 
m

itochondria that are needed to pow
er 

the routine activities in just one cell, 
C

han says. “You can have tw
o m

ito-
chondria fusing together, becom

ing one 
m

itochondrion,” he says. “A
nd you can 

also have the opposite process, in w
hich 

a m
itochondrion divides, w

hich is called 
fission. T

hey constantly com
e together 

and separate, com
e together and sepa-

rate, as a w
ay to exchange contents.”

 
T

his give and take betw
een fusion 

and fission—
one aspect of the field 

called m
itochondrial dynam

ics—
can be beneficial for the organelle. 
“Say there is a m

itochondrion w
ith a 

m
utation that prevents it from

 m
ak-

ing an essential protein. A
fter it fuses 

w
ith a m

itochondrion that can produce 
the protein, you get a m

ixing of gene 
products—

the proteins coded by those 

em
otional changes, and dem

entia. 
 

T
he exact causes of Parkinson’s 

disease are not clearly defined, but sci-
entists have found evidence that links 
the disorder to defects in m

itochondrial 
function, C

han says. For one thing, 
som

e inherited form
s of Parkinson’s 

disease result from
 m

utations of genes 
that have a function in the m

itochon-
dria. In addition, C

han points to case 
studies of “young people—

som
e in 

their 20s—
w

ho injected synthetic opi-
ates and developed chronic Parkinso-
nian-type sym

ptom
s. T

he drugs w
ere 

later found to be contam
inated w

ith a 
m

itochondrial poison,” he notes. 
 

W
ith this evidence in hand, C

han 
and his colleagues have been investi-
gating the role of M

fn2 in the dopa-
m

inergic neurons—
the m

ain nerve 
cells affected by Parkinson’s—

in order 
to better understand the relationship 
betw

een m
itochondrial fusion and 

Parkinson’s disease. In one part of the 
study, published in the journal H

uman 
M

olecular Genetics in 2012, the research-
ers observed both norm

al m
ice and 

m
ice lacking M

fn2, tracing the spon-
taneous w

alking patterns of the m
ice 

as they traversed an open space. A
t 
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four w
eeks of age, the M

fn2-less m
ice 

traveled only about 68 percent of the 
distance that norm

al m
ice w

alked; by 
about 12 w

eeks, the m
ice w

ithout M
fn2 

traveled only approxim
ately a third of 

the norm
al distance. T

hese m
ice also 

had trouble rearing back on their hind 
legs and m

oved m
ore slow

ly than their 
norm

al counterparts.
 

In other w
ords, says C

han, “w
hen 

w
e knock out a gene that’s involved 

in the fusion of m
itochondria in the 

dopam
inergic neurons, w

e get a 
m

ouse that has som
e characteristics of 

Parkinson’s disease. It seem
s like those 

neurons are very sensitive to changes 
in m

itochondrial dynam
ics.” R

estoring 
the m

itochondria’s ability to fuse and 
divide in dam

aged cells, then, could be 
an im

portant aspect of future treat-
m

ents for Parkinson’s disease, he notes.

C
IR

C
U

IT
 LIG

H
T

S
N

euroscientist V
iviana G

radinaru (BS 
’05) is seeking to solve the puzzle of 
Parkinson’s disease and the aging brain 
in a different w

ay: by looking deeply at 
the brain’s neural circuitry.
 

“Parkinson’s is a disease of aging,” 
G

radinaru says. “So if w
e w

ant to 
think about increasing longevity, w

e 
need to understand w

hat kind of use 
and abuse the circuits in our aging 

in hum
an patients and also m

ake it 
diffi

cult for researchers to be sure 
they’re hitting the specific group of 
cells they’re interested in studying  
in rodents.
 

A
ll of w

hich is w
hy G

radinaru 
instead uses a m

ore targeted tech-
nique called optogenetics to study how

 
circuits in the brain associate w

ith one 
another. W

ith this technique, research-
ers genetically engineer neurons in the 
brains of rodents to produce a class of 
proteins, called opsins, w

hich respond 
to light; neurons producing opsins can 
then be specifically excited by shining 
light on them

.
 

By engineering different neu-
rons to produce different opsins, each 
of w

hich can only be activated by a 
specific color, or w

avelength, of light, 
G

radinaru is able to use different 
colors of lasers to activate individual 
neurons—

or netw
orks of neurons—

in 
a living brain in real tim

e. In this 
w

ay, by stim
ulating only the targeted 

neurons and observing their resultant 
behavior, optogenetics researchers 
are increasingly able to parse out the 
specific neurons responsible for specific 
sym

ptom
s in Parkinson’s. 

 
O

f course, the technique can be 
applied to other conditions associated 
w

ith an aging brain. “O
ptogenetics 

brains can take, and how
 w

e can  
m

ake them
 last longer.” 

 
O

ne w
ay that Parkinson’s 

researchers currently study these 
circuits in living hum

an brains is via 
a therapeutic technique called deep 
brain stim

ulation, or D
BS, in w

hich 
physicians or scientists send electrical 
signals into the brain’s m

otor centers 
via electrodes. T

his stim
ulation has 

been show
n to counteract abnorm

al 
brain signals, alleviating the m

otor 
sym

ptom
s m

ost often associated w
ith 

Parkinson’s disease, such as shaking 

is being used to study A
lzheim

er’s, 
Parkinson’s, depression, addiction, 
m

em
ory, cognition, and sleep,” says 

G
radinaru. “It can be used w

ith such 
a w

ide range of processes because it 
lets you really focus on any of these 
circuits, stim

ulate a sm
all population of 

neurons, and see w
hat the behavioral 

and m
echanistic outcom

e is.” 
 

In Septem
ber of last year, G

radi-
naru received a N

ew
 Innovator A

w
ard 

from
 the N

ational Institutes of H
ealth 

to support her w
ork in the study of 

circuits involved in Parkinson’s—
and 

w
hy the aging brain becom

es m
ore 

susceptible to the disease. “O
ne of 

the goals of the aw
ard is to look at the 

Parkinson’s-related dopam
inergic cells 

over their lifetim
e,” G

radinaru says.  
“A

 healthy individual starts w
ith a 

population of dopam
inergic cells that 

m
ature and function. But over tim

e,  
as that individual ages, som

e of those 
cells w

ill either die or just w
on’t func-

tion as a dopam
inergic cell anym

ore. 
W

e w
ant to know

 how
 aging contrib-

utes to these changes.”
 

O
ne w

ay G
radinaru and her col-

leagues plan to do this is by using opto-
genetics to stim

ulate the sam
e set of 

dopam
inergic neurons in a young brain 

and in an aging brain, and observing 
the differences in the anim

als’ behav-
ior. But to be certain they know

 w
hat’s 

going on, the researchers need to also 
look at the physical changes that occur 
in the brain as it ages. T

hey’ll be able 
to do that thanks to a visualization 
technique G

radinaru helped develop 
w

hile a research associate at Stanford.
 

T
he technique, dubbed C

L
A

R
-

IT
Y, renders brain-tissue sam

ples 
nearly transparent, allow

ing research-
ers to visualize those hard-to-see 
neurons and their connections from

 
deep inside the brain. “T

he hope is 
that w

e can use C
L

A
R

IT
Y

 to observe 
and com

pare across aging brains and 
young brains, diseased brains and 
healthy brains, and get very detailed 
m

aps of neuron connectivity,” G
radi-

naru says.
 

T
his is im

portant because, as  
m

ore hum
ans live to very ripe old ages, 

and hand trem
ors.

 
A

lthough used as a therapy for 
hum

ans, D
BS can also be used as a 

research tool in rodents—
allow

ing 
researchers to analyze the anim

al’s 
behavior after stim

ulating neurons 
in a certain region of the brain. It’s 
an im

perfect tool, how
ever. Because 

the brain’s neurons are so tightly 
netw

orked and interconnected, the 
electrodes can “w

ind up stim
ulating 

neurons they’re not intended to stim
u-

late,” says G
radinaru. T

his can cause 
side effects such as m

ood alterations 

conditions of aging are being diag-
nosed at an unprecedented rate—

 
for instance, som

e researchers believe 
that over the next tw

o decades the 
num

ber of Parkinson’s diagnoses w
ill 

double. “T
he clock is ticking to find  

a solution,” she says.
 

A
lthough tools like optogenetics 

and C
L

A
R

IT
Y

 help us better under-
stand the aging brain, they are not 
therapies that can be used in hum

ans 
now, G

radinaru notes. Still, she says, 
“w

hile this kind of basic, fundam
ental 

research w
on’t directly provide a cure 

for Parkinson’s or a w
ay to halt aging, 

it’s a necessary part of finding better 
treatm

ents. W
e can gain a greater 

understanding of how
 aging changes 

specific cells and circuits in the brain.”
 

W
e aging hum

ans try to hide from
 

the passage of tim
e, but our cells and 

their genes don’t lie—
and that honesty 

provides im
portant inform

ation for 
researchers like V

iviana G
radinaru, 

D
avid C

han, and Judith C
am

pbell.
 

“Sure, you m
ight be able to  

develop a cream
 that m

akes your  
w

rinkles go aw
ay,” C

am
pbell says. 

“But w
hat w

e’re doing through the 
study of aging is unlocking som

e of the 
basic m

echanism
s of hum

an health. 
A

nd that’s m
uch m

ore im
portant.” 

Judith  Campbell is a professor of chemistry 
and biology. H

er work on telomeres and 
aging is supported by the National Institutes 
of H

ealth (N
IH

) and the Ellison M
edical 

Foundation.

D
avid Chan is a professor of biology at 

Caltech and an investigator with the H
oward 

H
ughes M

edical Institute (H
H

M
I). H

is 
work on mitochondrial dynamics is funded  
by N

IH
 and H

H
M

I.

Viviana G
radinaru is an assistant professor of 

biology. H
er work on optogenetics is supported 

by the H
uman Frontiers in Science Program

, 
the Beckman Institute, the M

allinckrodt 
Foundation, the Gordon and Betty M

oore 
Foundation, the Pew Charitable Trust, the 
CIT-GIST program

, the M
ichael J. Fox 

Foundation, and the N
IH

/N
IN

D
S New 

Innovator Award.

Above: T
he traced walking patterns of both normal, wildtype mice (W

T
) and mice  

lacking M
fn2, a gene necessary for mitochondrial fusion: as they aged, mice without  

M
fn2 moved more slowly than their aging wildtype counterparts and traveled only  

a fraction of their walking distance.

4 w
eeks

W
T

M
fn2-/-

12 w
eeks

24 w
eeks
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If you look across the hum
an popula-

tion, you’ll find that there are close to 
10,000 species of bacteria, know

n as 
the m

icrobiom
e, capable of coloniz-

ing our bodies; each of us w
ill com

e 
in contact w

ith som
e subset of that 

group over a lifetim
e. T

he num
ber of 

bacterial pathogens that actually infect 
hum

ans—
i.e., cause harm

 to us—
 

is only about 70.
 

A
nd yet, M

azm
anian says that 

w
hen he started his w

ork about a 
decade ago, he w

as considered to be 
“com

pletely on the fringes of science” 
by m

any of his peers sim
ply for 

w
anting to study organism

s that don’t 
necessarily cause disease. Even today, 
he adds, the vast m

ajority of scientists 
in the field of host-m

icrobial interac-
tions concentrate solely on the bugs 

that m
ake us sick.

 
Fringe or not, how

ever, M
azm

a-
nian’s point of view

 has started to 
gain real m

om
entum

. H
is labora-

tory w
as the first to dem

onstrate 
that specific gut bacteria from

 
the hum

an m
icrobiom

e direct 
the developm

ent of the m
am

-
m

alian im
m

une system
 by 

enhancing the function  
of specific im

m
une cells, 

and provide protection 
from

 intestinal diseases 
by balancing, rather 

than activating, the 
im

m
une system

. In 
other w

ords, he 
says, fundam

ental 
aspects of health 

are absolutely dependent on m
icrobial 

interactions w
ith—

and w
ithin—

 
our bodies. 
 

M
azm

anian’s road to radical 
thinking in m

icrobiology had a rather 
inconspicuous start: arm

ed w
ith a love 

of w
riting and at the urging of teachers 

w
ho thought he show

ed real talent,  
he entered U

C
L

A
 as an English m

ajor 
in 1990. 
 

“O
ne of m

y high school teachers 
actually w

ent to the trouble, w
ithout 

telling m
e, of entering a poem

 I had 
w

ritten in a national poetry contest,” 
he recalls. “A

nd I w
on first place.” 

 
But it w

as a required biology 
course—

rather than one of his English 
classes—

that caught his attention 
during his sophom

ore year in a w
ay 

that nothing ever had before.    
 

“Perhaps I w
as m

ore m
ature than 

I w
as in high school, or the stars lined 

up in a w
ay that m

ade m
e appreciate 

it m
ore,” says M

azm
anian. “But for 

the first tim
e—

and I can say this w
ith 

a great deal of confidence—
I w

as 
truly interested in a subject. T

hat w
as 

a new
 feeling for m

e, to not just learn 
som

ething but to be captivated by w
hat 

I w
as learning. So I took a few

 m
ore 

science classes, m
ostly in m

icrobiology, 
and I never looked back.”
 

H
e w

ent on to get bachelor’s and  
PhD

 degrees in m
icrobiology—

both 
from

 U
C

L
A

.
 

“I really appreciated how
 versa-

tile, dynam
ic, and pow

erful these little 
biological m

achines are, and I’ve been a 
m

icrobiologist ever since,” says M
azm

a-

nian, w
ho joined the C

altech faculty 
as an assistant professor in 2006 and 
becam

e a full professor of biology and 
biological engineering in 2012. 

B
E

N
E

V
O

L
E

N
T

 B
U

G
S

But M
azm

anian hasn’t just been a 
m

icrobiologist since his college days; 
he has quickly becom

e a leader in the 
field. In 2007 he w

as aw
arded a Searle 

Scholarship, and in 2008 w
as nam

ed 
one of D

iscover m
agazine’s “20 Best 

Brains U
nder 40,” w

hich hailed young 
innovators in science. H

e w
as a 2011 

recipient of a Burroughs W
ellcom

e 
Fund aw

ard and, in 2012, w
as nam

ed  
a M

acA
rthur Fellow

 and aw
arded a 

five-year, $500,000 “genius” grant.
 

M
azm

anian’s creative and 
aw

ard-garnering w
ork on beneficial 

bacteria began w
ith a sim

ple notion. 
Since m

ost sym
biotic bacteria live 

in the intestines, he decided to start 
looking at the w

ays they m
ight posi-

tively im
pact a disease in the gut—

in 
this case, Inflam

m
atory Bow

el D
isease 

(IBD
), w

hich includes such conditions  
as ulcerative colitis and C

rohn’s disease, 
and affects 1.5 m

illion A
m

ericans  
and m

any m
ore people w

orldw
ide.  

IBD
 is believed to start w

hen the gut’s 
im

m
une system

 becom
es activated 

despite the lack of an actual infection,  
creating chronic inflam

m
ation that 

by K
atie N

eith

t’s a com
m

on belief that bacteria,  
in general, are necessary evils—

 
detrim

ental beings that live 
alongside us but that w

e should do 
our best to avoid. C

altech m
icrobi-

ologist Sarkis M
azm

anian, how
ever, 

is w
orking hard to flip that script; he 

w
ants us to recognize that m

any bacte-
ria are here to help and that w

e should 
be em

bracing them
 rather than trying 

to kill them
 w

ith a barrage of soaps, 
pills, and sprays.  
 

“I think that w
e all grew

 up 
view

ing m
icrobes as insidious little 

creatures that only w
ant to m

ake  
us sick—

but it’s sim
ply untrue,”  

M
azm

anian says. “M
aking us sick 

doesn’t necessarily help bacteria in  
the long run. W

hat helps m
icrobes 

m
ost is to create an environm

ent that’s 
hospitable—

on the skin or in the gut—
for long-term

 propagation. If I w
ere  

a bacterium
, I w

ould help m
y host!” 

 
A

nd it w
ould be a selfish m

ove, 
he points out. T

hat’s because the 
healthier a bacterium

’s host is, the 
better the living environm

ent is for that 
bacterium

. W
hich is w

hy M
azm

anian 
believes that m

ost bacteria have, over 
evolutionary tim

e, adapted to im
prove 

their hosts rather than harm
 

them
—

an idea he is w
orking 

to prove through his research.
 

T
he idea that our bodies 

are teem
ing w

ith propitious 
m

icrobes has been around for 
m

ore than 100 years; the term
 

probiotic—
referring to a m

icro-
organism

 that m
ay provide 

health benefits w
hen 

consum
ed—

w
as 

first coined in 
the 1950s. 

A
 Bacterium

’s 
Best Friend
I

Above: A mural, painted in the second floor hallway 
of the Church Laboratory by a commissioned artist, 
illustrates segments of the human intestine where 
bacteria with powerful beneficial effects live.
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keeps dam
aging gastrointestinal 

tissues, eventually causing such  
sym

ptom
s as bloating, abdom

inal  
pain, constipation, bloody diarrhea, 
and severe w

eight loss.
 

M
azm

anian theorized that 
introducing “good” bacteria into a 
gut under siege m

ight w
ork to balance 

and thus tam
e this m

isguided im
m

une 
response. So he and his team

 used 
m

ouse m
odels of IBD

 to identify organ-
ism

s that interact in a positive w
ay 

w
ith the im

m
une system

. T
hese initial 

studies identified Bacteroides fragilis, a 
m

em
ber of the hum

an m
icrobiom

e 
that produces a m

olecule w
ith pow

erful 
anti-inflam

m
atory properties, essen-

tially stopping IBD
 in its tracks.

 
N

ot content to tackle only IBD
, 

M
azm

anian decided to venture  
beyond the gut and into the central 
nervous system

.
 

“Based on both hum
an and 

m
ouse studies, w

e knew
 that the 

im
m

unological response driving 
m

ultiple sclerosis w
as very sim

ilar to 
the inflam

m
atory cascade that causes 

IBD
,” he explains. “A

nd so w
e w

on-
dered if m

aybe beneficial m
icrobes 

living in the intestines m
ight be able 

to have an effect outside of the gut.”
 

M
ultiple sclerosis (M

S) is a neu-
ro-inflam

m
atory disease in w

hich the 
im

m
une system

 attacks the protective 
sheath around nerve cells, causing 
sym

ptom
s from

 tingling to num
bness 

and even paralysis in extrem
e cases. 

A
s they had done in their IBD

 experi-
m

ents, M
azm

anian and his team
 set  

up cases of M
S in m

ice, introduced  
B. fragilis bacteria into the gut and, sure 
enough, w

ere able to dem
onstrate reg-

ulation of inflam
m

ation in the central 
nervous system

 and am
elioration of  

the sym
ptom

s associated w
ith M

S in 
m

ice, m
ost im

portantly paralysis. 

likely to be at least a decade before 
these probiotics to becom

e available  
at your local pharm

acy.
 

In the m
eantim

e, M
azm

anian 
says, the best thing w

e can do to keep 
ourselves healthy and to give ourselves 
the benefits offered by the obliging 
m

icrobes already in our bodies is to 
stop using antim

icrobial agents and 
reduce high-fat, high-sugar diets.  
H

e points out that in W
estern soci-

eties—
w

here antibiotics, sanitation, 
and the use of antibacterial products 
are the norm

—
rates of IBD

, M
S, and 

autism
 are increasing rapidly. T

he 
“cleaner” w

e live, it seem
s, the m

ore 
likely w

e are to increase our risk of 
developing these kinds of im

m
unologic 

and neurologic disorders. H
e also  

notes that the “W
estern diet” alters  

the m
icrobiom

e, w
hich m

ay im
pact the 

effects of gut bacteria on the im
m

une 
and nervous system

s. 
 

M
odern lifestyles include strategies 

that have led to critical advances in 
controlling infectious disease. H

ow
ever, 

“in our efforts to distance ourselves 
from

 infection, w
e’ve also altered our 

association w
ith beneficial organism

s,” 
M

azm
anian says. “I think evidence  

is m
ounting that the absence of 

m
icrobes m

ay w
ell be a risk factor  

for certain diseases. 

A
 H

E
L
P

IN
G

 H
A

N
D

M
azm

anian’s beneficial bacteria aren’t 
just im

proving health; they’re also 
helping to advance science in A

rm
enia. 

O
r, at least, they’re helping to fund 

that advancem
ent of science. W

hen 
he isn’t testing the effects of benefi-
cial bacteria in the lab or helping the 
young scientists he m

entors develop 
into independent thinkers—

som
ething 

he calls his “greatest joy”—
he is using 

the funds from
 his M

acA
rthur grant 

to help provide aid to the A
rm

enian 

 
“It w

as astonishing to see ben-
eficial effects of the gut m

icrobiom
e 

in tissues as distant as the brain and 
spinal cord,” says M

azm
anian. 

 
H

aving looked at how
 gut bacteria 

can change and shape the im
m

une 
response both in the gut and in the 
brain, the team

 is now
 considering how

 
those sam

e bacteria m
ight affect the 

nervous system
 directly, influencing 

everything from
 neurological diseases  

to com
m

on behaviors. A
fter all, 

M
azm

anian says, the kinds of helpful 
m

olecules the m
icrobes produced in  

the IBD
 and M

S experim
ents are 

capable of interacting w
ith any kind 

of cell, w
hether it’s part of the im

m
une 

system
 or not.

 
“A

s far as a m
icrobe is concerned,” 

he says, “a cell is just a cell.” 
 

To see if he could prove that point, 
M

azm
anian began w

orking w
ith Paul 

Patterson, the A
nne P. and Benjam

in 
F. Biaggini Professor of Biological 
Sciences, Em

eritus, a few
 years ago  

on a program
 to study the effect of  

the bacteria in our bodies on som
e 

of the behaviors seen in autism
. W

hy 
autism

? For one thing, Patterson had 
recently m

odeled autism
 in a m

ouse 
and reproduced m

any of the features  
of the disorder in hum

ans, including 
the so-called leaky gut issues that  
m

any children w
ith autism

 experience.  
H

e and M
azm

anian then introduced  
probiotics—

again, B. fragilis—
into  

the bellies of the anim
als to see w

hat 
influence the bugs m

ight have on  
the G

I problem
s as w

ell as specific 
behavioral sym

ptom
s. 

 
T

hey recently reported their 
results in the journal Cell, noting that 
the probiotic-treated m

ice show
ed 

few
er signs of anxiety, w

ere less likely 
to engage in a repetitive behavior, and 
w

ere m
ore likely to com

m
unicate w

ith 
other m

ice than their untreated coun-

scientific com
m

unity. 
 

“W
hen you go to developing coun-

tries and see the conditions by w
hich 

other people are trying to do science, 
it’s night and day com

pared w
ith the 

standards w
e enjoy in the U

nited 
States,” says M

azm
anian. “I’m

 A
rm

e-
nian—

if I didn’t use the opportunity  
as a successful scientist to help bour-
geoning scientists in A

rm
enia, then  

I w
ouldn’t be using m

y very fortunate 
position to its fullest.” 
 

So, beginning in 2008, M
azm

a-
nian w

orked to build a relationship 
w

ith scientists and university adm
in-

istrators in A
rm

enia. T
hese days, 

M
azm

anian and three additional 
scientists he’s recruited from

 different 
U

.S. institutions head to the M
olec-

ular Biology Institute in Yerevan, 
A

rm
enia, each fall, w

here they spend 
a w

eek teaching 50 to 60 graduate 
and m

edical students about the w
ays 

hum
ans and m

icrobes affect and  
shape one another’s lives.
 

“It’s really a sm
all contribution  

in the grand schem
e of things,  

because there’s only so m
uch you  

can do in one w
eek,” M

azm
anian says.  

“I leave once the course is over, and 
for 51 w

eeks they go back to very poor 
conditions—

it’s like a Band-A
id on  

a festering w
ound.”

 
T

he w
ay to really begin to 

close the w
ound, he says, w

ould be 
to build—

from
 the ground up—

a 
research institute in A

rm
enia that is 

based on the scientific approaches and 
technologies being used in the U

nited 
States, Europe, and Japan—

the w
orld’s 

leaders in scientific discovery. T
hat, 

he says, w
ould be a true benefit to the 

people of A
rm

enia.
 

“W
hether or not this w

ill happen, 
I’m

 not sure,” says M
azm

anian. “But 
it’s m

y dream
. If it com

es to pass, I 
think it could be the m

ost im
pactful 

terparts. A
nxiety, repetitive behavior, 

and defects in com
m

unication are 
hallm

arks of autism
. M

azm
anian 

thinks these changes m
ay be thanks 

to the m
icrobiom

e’s regulation of the 
release of certain m

etabolites involved 
in developm

ental functions. 
 

“W
e’ve been w

orking for several 
years on exactly w

hat these m
ech-

anism
s are and how

 com
m

ensal 
m

icrobes interact w
ith other m

icrobes 
in the gut, how

 they interact w
ith the 

gut’s epithelial cells, how
 they interact 

w
ith the gut’s im

m
une cells, and how

 
they interact w

ith the nervous system
, 

all in the context of autism
,” he says. 

 
T

he ultim
ate goal of his research, 

M
azm

anian notes, is the developm
ent 

of therapeutic probiotics—
pills con-

taining helpful organism
s that w

ould 
colonize your gut and keep you healthy. 
Such pills w

ould be used to address 
m

ore than just IBD
 or M

S or autism
; 

they could, M
azm

anian says, be useful 
in both protecting against and reduc-
ing a w

ide variety of sym
ptom

s and 
conditions associated w

ith the im
m

une, 
nervous, and m

etabolic system
s. 

 
“W

e describe our efforts as discov-
ery of ‘drugs from

 bugs,’” he says.
 

So w
hy not just grab som

e of the 
com

m
ercially developed probiotics 

on the m
arket today? W

hile there 
are certainly plenty to choose from

, 
M

azm
anian says, there is little to no 

evidence that they provide any real 
benefit w

hen tested in clinical trials. 
A

fter all, the bacteria in the probiot-
ics available at your local health-food 
store w

ere chosen for their long shelf 
life rather than for benefits show

n 
through m

edical research. A
nd w

hile 
M

azm
anian expects that probiotics 

based on his studies w
ill be in clinical 

trials w
ithin the next tw

o years, he 
know

s that the natural course of drug 
developm

ent takes tim
e; he says it’s 

thing I w
ill ever do as a scientist.”

 
H

e is quick to point out,  
how

ever, that for any gains he m
akes 

in A
rm

enia, he has countless people to 
thank back in the States. W

ithout the 
successes of his research lab, none of his 
extracurricular w

ork w
ould be possible. 

 
“So m

any students and research 
fellow

s have given abundant tim
e, 

energy, and intellect to help m
ove 

forw
ard our lab’s contribution to  

science and society,” M
azm

anian says. 
“T

heir hard w
ork has put m

e in a  
position to help others.”
 

A
nd though he hasn’t done  

creative w
riting in m

any years,  
M

azm
anian doesn’t hesitate to  

w
ax poetic about his and his team

’s  
ultim

ate am
bitions to change the  

public’s view
 of bacteria into a m

ore  
positive sentim

ent.  
 

“If our bodies are colonized  
w

ith m
icrobes not m

aking us sick,  
there is no room

 or space for invaders,”  
he stresses. “For exam

ple, if you  
have lush vegetation, w

eeds don’t  
grow. But if all the plants die off, the 
w

eeds com
e because there is room

  
for them

. T
he m

icrobes that live inside 
and on us actually help us fight off  
infections, they im

prove our im
m

une  
and nervous system

s, and our lives.  
If w

e em
brace them

 as old friends  
and not as new

 enem
ies, then w

e m
ay 

appreciate and potentially harness  
the aw

esom
e pow

er of bacteria as  
revolutionary therapies for people  
suffering from

 various diseases, both  
in the U

.S. and abroad.” 

Sarkis M
azmanian is a professor of biology  

and biological engineering. H
is research is 

funded by Caltech, the National Institutes of 
H

ealth, the Crohn’s and Colitis Foundation,  
the D

epartment of D
efense, Autism Speaks,  

and several other charitable organizations.
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by C
ynthia Eller

all it a m
edusoid—

that’s w
hat 

its m
akers have dubbed it. O

r, if 
you prefer, call it a ratfish, since 
it w

as constructed by layering 
rat m

uscle tissue atop a silicone 
substrate. O

r perhaps you’d 
prefer cniborg (rhym

es w
ith cyborg, 

w
hich is w

hat it is, from
 the phylum

 
C

nidaria); or robojelly, since this star-
shaped creature, constructed in the lab 
of C

altech bioengineer John D
abiri,  

is both robot and jellyfish.
 

W
hatever you call it, this one- 

centim
eter-diam

eter creature is w
orthy 

of your attention. A
lthough the m

edu-
soid is not the first nor the only attem

pt 
to culture cells in the lab and attach 
them

 to an inorganic substrate, it does 
som

ething no other such invention has 
yet been able to accom

plish, som
ething 

truly extraordinary: it sw
im

s.
 

T
his m

ay not seem
 am

azing to 
you. Perhaps you yourself can sw

im
. 

Even a param
ecium

 can sw
im

, w
ith 

only one cell to its credit. But for the  
m

edusoid—
w

hich lacks a heart, a  
brain, or even a central nervous 
system

—
it’s quite a feat. A

ccording to 
D

abiri, w
ho cam

e up w
ith the idea of 

bioengineering a cyborg jellyfish, and 
biologist Janna N

aw
roth, w

ho designed 
the creature, m

aking a m
edusoid  

that could sw
im

 w
as a three-and-a-

half-year labor of love and science.
 

T
he m

edusoid is the product of 
a collaboration across disciplines, 
m

arrying biology to engineering, elec-
trophysiology to fluid dynam

ics. T
his 

description suits D
abiri him

self, w
hose 

w
ork w

ith jellyfish com
es not sim

ply 
from

 an interest in m
arine life, but out 

of an appreciation for the jellyfish’s 
sim

ple but effective form
 of propulsion.

 
“A

s a kid I w
as fascinated w

ith 
rockets and helicopters and airplanes,” 
D

abiri rem
em

bers. T
his enthusiasm

  
for m

oving and flying things grew
 into 

an interest in fluid dynam
ics, a field  

of engineering that, in spite of the  
term

 fluid, applies to both w
ater and 

air. For D
abiri, fluid m

echanics is  
“a challenging topic but also a really  
beautiful one. You see these w

ater 
m

otions that a jellyfish creates, and  
it’s neat to think that you could 
describe them

 w
ith a few

 equations.”
 

T
hose m

otions, or vortices, are  
the result of the jellyfish’s repeated 
cycles of body contraction and relax-
ation. W

hat m
akes jellyfish propul-

sion fascinating is that the creature 
continues to propel itself through 
the w

ater during its relaxation phase 
(though not quite as far as during its 
contraction phase). In m

ost anim
als, 

this is not the case. Propulsion occurs 
w

hen the m
uscles contract, but w

hen 
they release, propulsion slow

s dow
n,  

or even reverses.
 

In the spring of 2008, after D
abiri 

had given a lecture at H
arvard on 

the intricacies of jellyfish propulsion, 
H

arvard bioengineer K
it Parker intro-

duced him
self to D

abiri, com
m

enting 
that the videos of juvenile jellyfish 
propelling them

selves through the 
w

ater had brought to his m
ind the 

m
uscular contraction and relaxation  

of the heart tissue he w
as w

orking w
ith 

in his lab. Parker had by then pioneered 
a technique through w

hich m
uscle cells 

w
ould attach them

selves in an orga-
nized fashion to fine lines of protein laid 
dow

n on silicone. T
his w

ork m
arked 

the first tim
e that researchers had been 

able to grow
 m

uscle cells that w
ould 

not only contract and relax individ-
ually, but w

ould act as actual m
uscle 

tissue, the cells w
orking in concert 

w
ith one another. D

abiri and Parker 
realized that Parker’s “functionalized” 
laboratory m

uscle tissues m
eant  

that it w
as now

 theoretically possible  
to build from

 biological m
aterials,  

in the lab, som
ething that could  

potentially sw
im

 as a jellyfish does.

 
M

aking this robo-jellyfish,  
D

abiri knew, “w
ould require a broad 

range of skills—
tissue engineering, 

electrophysiology, fluid dynam
ics.  

But w
hat it required first of all is 

som
eone w

ho is persistent.”
 

W
ith those requirem

ents in  
m

ind, D
abiri assigned the creation 

of the m
edusoid to N

aw
roth as her 

doctoral thesis project. N
aw

roth had 
originally com

e to C
altech to study 

neuroscience, but w
hen her m

entor 
m

oved to G
erm

any, she started looking 
for other opportunities. H

aving been 
intrigued by the w

ork in D
abiri’s lab 

during an earlier research rotation, 
N

aw
roth returned, looking for a 

m
eatier project. D

abiri handed her  
the m

edusoid challenge.
 

O
ver the next several years, 

N
aw

roth w
ould m

ove back and forth 
betw

een Parker’s lab at H
arvard and 

D
abiri’s lab at C

altech. A
t H

arvard, 

IN MOTION
N

aw
roth w

orked on tissue cultures, 
learning Parker’s m

ethods for attaching 
cells to substrates; at C

altech, she 
turned to questions of w

hat the 
appropriate architecture m

ight be 
for a m

edusoid. T
his back-and-forth 

w
as helpful, N

aw
roth says, because 

H
arvard’s biologists w

ere, like herself, 
“m

uch m
ore used to dissecting organ-

ism
s and analyzing their internal  

structure.” T
he engineers in D

abiri’s 
lab, on the other hand, w

ere m
ore 

interested in exam
ining the shape, 

m
ovem

ent, and fluid interactions of 
intact jellyfish so as to find the best 
possible design for an engineered  
creature that could sw

im
.

 
From

 the outset, D
abiri’s focus  

w
as on function rather than form

.  
“For centuries, there’s been an interest 
in biom

im
icry,” D

abiri explains,  
“in building som

ething that looks 
like a biological system

. If you’re 
trying to build an airplane and you 
see a bird, for exam

ple, you m
ight 

start by m
im

icking its flapping w
ing 

design. But the history of aviation 
show

s us that until w
e decided to use 

a fixed w
ing and stick an engine on 

the back of it, that plane w
ouldn’t 

go anyw
here. So w

e’re realizing that 
directly copying anim

als isn’t the w
ay 

to success. Instead, w
e have to figure 

The m
edusoid is the product of  

a collaboration across disciplines,  
m

arrying biology to engineering, 
electrophysiology to fluid dynam

ics.
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out the underlying physical principles 
and then bring engineering m

aterials 
and control system

s to bear on them
.” 

W
hich is w

hy D
abiri tasked N

aw
roth 

w
ith designing a creature that moved 

effi
ciently like a jellyfish; w

hat it looked 
like, he said, didn’t m

atter.
 

W
ith this broad m

andate, 
N

aw
roth initially cam

e up w
ith som

e 
very un-jellyfish-like prototypes, each 
of w

hich took about a year to design 
and construct, and each of w

hich, in 
turn, failed. U

ltim
ately, the design 

that w
orked—

the m
edusoid—

had a 
star shape rem

iniscent of a juvenile 
jellyfish. But that, says D

abiri, w
as just 

coincidence: they w
ere replicating jelly-

fish propulsion, not jellyfish physiology.
 

In her first research rotation in 
D

abiri’s lab, N
aw

roth had experi-
m

ented on the effects of w
ater tem

pera-
ture on the shape of adult jellyfish. 
Juvenile jellyfish have star-shaped 
bodies w

ith gaps betw
een each petal 

or lobe. A
s they grow, w

ebbing fills 
in betw

een the lobes to form
 the bell, 

or body, of the jellyfish. A
ccording to 

N
aw

roth’s observations in D
abiri’s lab, 

jellyfish that grow
 in colder w

ater—
w

hich is m
ore viscous—

develop 
w

ebbing m
ore slow

ly, using “sticky” 
layers of viscous fluid betw

een the lobes 
to give them

 greater traction on the 
fluid through w

hich they m
ust m

ove. 

a w
orkable design. First, N

aw
roth 

needed to figure out how
 to protect the 

m
edusoid’s m

uscle cells—
after all, the 

cells cam
e from

 rats, w
here they are 

ordinarily covered by layers of m
ore 

m
uscle, bone, fat, and skin—

and how
 

to keep the cells fed. She determ
ined 

that placing the m
edusoids in a tank of 

carbohydrate-rich cell-grow
th m

edium
 

w
ould protect the cells, and that the 

sugar in the grow
th m

edium
 w

ould 
easily be taken up as food—

and thus 
energy—

by the m
uscle tissue.

 
“M

uscle tissue is m
ore effi

cient 
in storing energy than, say, trying to 
attach a battery to the m

edusoid,” says 
D

abiri, w
ho explains that this is one of 

the key advantages of using a biolog-
ical rather than a synthetic m

aterial 
to m

im
ic jellyfish propulsion. “T

he 
m

edusoid doesn’t require a big back-
pack w

ith a battery on top, because the 
energy is taken from

 the solution.”
 

N
aw

roth’s second challenge w
as 

to figure out how
 best to stim

ulate the 
m

edusoid’s m
uscle cells to contract 

in unison, in a productive pattern. 
N

aw
roth provided her m

edusoid a 
pacem

aker by attaching tw
o U

-shaped 
electrodes to the side of the tank 
and using them

 to deliver a pulse of 
electricity through the w

ater every 
second. Like the coxsw

ain in a boat 
com

m
anding the row

ers to stroke in 
unison, the electrodes com

m
anded  

the m
edusoid’s m

uscle cells to contract, 
relax, contract, relax—

and thus propel 
the m

edusoid through the w
ater.

 
Set loose in their tank, the 20 or so 

m
edusoids N

aw
roth ultim

ately created 
did in fact look strikingly like juvenile 

Jellyfish in w
arm

er w
aters grow

 tissue 
betw

een the lobes m
ore rapidly, to 

com
pensate for traction lost by contact 

w
ith the less viscous w

arm
 w

ater.
 

Because D
abiri w

as planning 
to use m

am
m

alian (rat) m
uscle to 

pow
er the m

edusoid, a w
arm

er fluid 
environm

ent—
close to hum

an body 
tem

perature—
w

ould be needed, and 
this suggested that the m

edusoid w
ould 

require sm
aller gaps betw

een its lobes. 
“People alw

ays talk about D
N

A
, D

N
A

, 
D

N
A

,” he says. “But in reality, the 
environm

ent plays a big role in deter-
m

ining the shapes and sizes of organ-
ism

s. K
now

ing the environm
ent in 

advance helps us think m
ore construc-

tively about design.”

 
T

he next step in m
aking a  

m
edusoid w

as to determ
ine w

hether 
or not rat heart m

uscle—
the key 

com
ponent in Parker’s tissue experi-

m
ents—

shared m
ore than a superficial 

sim
ilarity w

ith the m
uscles of a juvenile 

jellyfish. N
aw

roth began directly 
exam

ining the propagation of electrical 
signals through rat m

uscle tissue using 
a procedure called optical m

apping,  
in w

hich cells are stained w
ith a dye 

that is voltage sensitive. A
s an elec-

trical stim
ulus passes through the 

m
uscle tissue, the color of the dye 

changes, m
aking it possible to directly 

visualize the tem
po and m

ovem
ent of 

the electrical charge. N
aw

roth then 

jellyfish pulsing through the w
ater. 

Sadly, w
ithin an hour, and as expected, 

their response to the electric pulsing 
slow

ed and eventually stopped; this w
as 

due, says N
aw

roth, “to the physiolog-
ical stresses and toxic electrochem

ical 
products generated by the stim

ulation 
over tim

e.” Follow
ing their successful 

experim
ents, D

abiri, N
aw

roth, and 
Parker coauthored a paper reporting 
their findings, titled “A

 tissue- 
engineered jellyfish w

ith biom
im

etic 
propulsion.” It w

as published in  
Nature Biotechnology in A

ugust 2012.
 

A
 tiny sw

im
m

ing disk of silicone 
and rat m

uscle is exciting all on its 
ow

n. But that excitem
ent ratchets up a 

notch or three w
hen you consider that 

som
ething like a m

edusoid—
a bioen-

gineered, self-sustaining contractor—
could one day be used to address 
hum

an heart m
alfunctions.

 
“If you’re thinking about building 

an artificial heart or a valve or an 
active stent,” D

abiri explains, “you 
w

ant m
aterials that are biocom

patible 
and relatively gentle in handling blood 
cells. Biologically inspired system

s 
that can deform

 and generate a gentle 
flow, as the m

edusoid does, are things 
that I think have an interesting future. 
A

 heart is an am
azing system

,” says 
D

abiri, “but there’s no reason not to 
ask how

 w
e could im

prove upon w
hat 

nature has refined over m
illions  

of years.”
 

N
aw

roth is especially excited about 
the possibility of using m

edusoids for 
testing new

 drugs. A
s she explains, 

“C
urrently the options for testing drug 

attem
pted sim

ilar experim
ents on 

jellyfish, a tricky business, she reports, 
since a jellyfish “is evolutionarily so far 
aw

ay from
 a rat, and m

any dyes and 
experim

ental techniques developed for 
rodents don’t w

ork in jellyfish.” N
ever-

theless, these optical m
aps confirm

ed 
for N

aw
roth that the w

ave pattern 
along the m

uscles in the lobes of a 
juvenile jellyfish and those in the heart 
m

uscle of a rat w
ere sim

ilar enough 
that the latter cells could indeed stand 
in for the form

er.
 

But w
hat to attach them

 to? D
abiri 

and N
aw

roth knew
 that w

hatever they 
laid the m

uscle cells on w
ould need to 

be able to recoil—
or flap—

w
ith each 

released contraction of the m
uscles, just 

as the m
esoglea (the m

iddle, jellylike 
layer of tissue) in a jellyfish does. T

hey 
already knew

 from
 Parker’s w

ork that 
m

uscle cells could adhere to silicone 
if it w

as properly prepared w
ith lines 

of protein; fortunately a thin piece of 
silicone is also suitably elastic for an 
effi

cient recoil. A
nd so silicone it w

as.
 

W
ith such a lightw

eight m
aterial 

to control, the researchers knew
 that 

they could apply their m
uscle cells very 

sparingly. In the end, they needed only 
a one-cell-thick layer of m

uscle cells  
to be able to flap the silicone substrate.
 

Tw
o challenges rem

ained, both 
fairly easily solved once N

aw
roth had 

put silicone and cells together into 

effi
cacy and biosafety are pretty lim

ited. 
To test biosafety, you have a cell culture, 
and you just put the drug on it and see if 
the cells survive. If the drug passes that 
test, you go to an anim

al m
odel to test 

effi
cacy. But this is very costly and not 

alw
ays inform

ative about the effect the 
drug w

ill have in hum
ans. So one idea is 

to build m
edusoids from

 hum
an-derived 

cardiac m
uscle and then test the effect of 

cardiac drugs on the sw
im

m
ing of these 

specialized m
edusoids. T

his w
ould serve 

as a proxy for cardiac m
uscle health  

and contractile strength.”
 

T
he w

ork on m
edusoids also  

contributes to basic science and engi-
neering. “By getting closer to these  
engineered system

s that incorporate  
both m

uscle tissue and biological control, 
w

e’re able to ask m
ore precise questions 

about the evolution of design,” D
abiri 

says. “It helps us better understand the 
biology, and it also helps us to build  
better technologies.” 

Below: T
he bottom strip of images shows a  

juvenile jellyfish as it contracts and releases its  
muscles; above those are illustrations of the  

same process as performed by the medusoid.

N
aw

roth initially cam
e up w

ith som
e 

very un-jellyfish-like prototypes.

John D
abiri is a professor of aeronautics and bioengineer-

ing; Janna Nawroth, who received her PhD
 in biology 

from Caltech in 2013, is now a postdoctoral fellow with 
the D

isease Biophysics G
roup at H

arvard’s School of 
Engineering and Applied Sciences. T

heir work on the  
medusoid was funded by the National Science Foundation,  
the National Institutes of H

ealth, and the O
ffi

ce of Naval 
Research. Jellyfish were provided by the New England 
Aquarium and the Cabrillo M

arine Aquarium
.

To see a video of the medusoid in motion,  
visit http://goo.gl/wB8ETa.
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The sym
biosis  

betw
een biology, 

m
edicine, and 

engineering is  
driving innovative 
research at C

altech.

by K
atie N

eith

understanding of biological engineer-
ing and then apply it, but w

e can also 
translate it to a clinical setting. T

his, 
I believe, is creating a m

odel for the 
rest of the country. Instead of putting 
researchers in boxes, w

e are trying  
to nurture them

 in a collaborative, 
fluid w

ay.”

B
U

ILD
IN

G
 FR

O
M

 B
A

S
IC

S
T

he study of nature—
of w

hat goes  
on in the living w

orld around us as  
w

ell as the one inside our ow
n bodies—

 
is am

ong the oldest fields of hum
an 

inquiry. Scientists w
orking in biology 

have long exam
ined plants, anim

als, 
and other organism

s to determ
ine how

 
they are structured, as w

ell as to better 
understand how

 they function and  
how

 they evolve.
 

But even before w
e w

ere able 
to understand our surroundings, w

e 
w

orked to im
prove them

, to solve  
the various problem

s w
e encountered 

by using the raw
 m

aterials around us 
to develop tools, m

achines, and other 
technological solutions. It’s a m

ost  
basic of hum

an endeavors; a pursuit  
w

e refer to today as engineering.
 

T
hose tw

o approaches—
that of 

basic science and that of engineering—
tend to address sim

ilar questions and 
problem

s from
 different angles, says 

G
harib. A

s, he adds, do biological and 
m

edical engineering, as exem
plified  

by the fundam
ental approaches taken 

by researchers in BBE and M
edE

, 
respectively. “In trying to understand 
how

 biology w
orks and then building 

upon that to get to the point w
here it 

can contribute to the field, biological 
engineering is bottom

-up. M
edical 

engineering, on the other hand, is 
top-dow

n. W
e look at the problem

s 
that are currently challenging to the 
field and try to com

e up w
ith devices 

and techniques to help clinicians do 
their job better or m

ake breakthroughs. 
Essentially, w

e’re looking at the sam
e  

w
all from

 tw
o different sides.”

 
T

his kind of dedicated focus  

on bioengineering, no m
atter w

hich  
side of the w

all a researcher is on, 
G

harib notes, “w
ill not only help  

coordinate scientific w
ork at C

altech 
but w

ill also give outsiders a m
ore 

accurate im
pression of how

 w
e at 

C
altech are taking a m

ultifaceted 
approach to the challenges of this  
field across disciplines.”
 

A
ccording to BBE chair Stephen 

M
ayo, w

ho guided BBE through its 
reorganization, m

elding biological 
engineering w

ith the fundam
ental 

science of biology is a unique w
ay  

of approaching this area of research. 
“A

lthough other schools have bio-
logical engineering program

s w
ithin 

their schools of engineering,” he notes, 
“none has a college or school in w

hich 
biological engineering is integrated 
directly w

ith biology, so that they can 
enhance each other—

allow
ing those 

people w
ho are doing engineering 

to interact m
ore closely w

ith those 
w

ho are doing fundam
ental w

ork and 
obtaining basic know

ledge.”
 

C
altech’s D

ivision of Biology w
as 

originally founded in 1928 by N
obel 

Prize–w
inning geneticist T

hom
as 

H
unt M

organ. A
s part of its trans-

form
ation into BBE

, it has added 11 
faculty m

em
bers w

ho also w
ork w

ithin 
other C

altech divisions; their research 
areas include genetic engineering, 
translational m

edicine, synthetic  
biology, and m

olecular program
m

ing.
 

“T
he form

ation of BBE is a  
reflection of the diversity and breadth 
of activities in engineering and the 
biological sciences at C

altech—
from

  
the structure and function of proteins 
at the atom

ic level to developing  
nanoprobe electrodes that can sim

ul-
taneously m

easure the activity of thou-
sands of neurons in the brain,” says 
M

ayo. “Putting these activities into  
one division increases the potential  
and the pace for providing trans- 
form

ative solutions to som
e of the  

biggest problem
s in science, m

edicine, 
and health.”

earning how to program biological  
molecules as if they were computers in 

order to build molecular machines with the 
ability to process information, make decisions, 
take actions, learn, and evolve.
 

Gathering the information gleaned from 
more than three decades of battling H

IV in 
order to engineer antibodies that can outsmart 
the virus’s attempts to evade destruction.
 

D
etailing the biophysics and biochem-

istry of the zebrafish heart in order to create 
man-made artificial pumps that one day might 
help human hearts beat a little more steadily.
 

Building an understanding of the 
basics of a phenom

enon so that you can 
pursue the best and m

ost practical w
ay 

to apply those findings—
often w

ithin 
the sam

e research group or collabora-
tion—

is the crux of bioengineering at 
C

altech. Instead of handing know
ledge 

off, C
altech’s scientists and engineers 

use w
hat they’ve learned to solve the 

problem
s they are m

ost interested in.
 

To acknow
ledge and form

alize its 
com

m
itm

ent to this kind of continuity  
and collaboration, last fall the Institute 
com

bined the disciplines of biology  
and biological engineering into the 
D

ivision of Biology and Biological 
Engineering (BBE). It w

as a m
ove that 

created an academ
ic division unlike 

any other am
ong its peer institutions, 

and the first tim
e a C

altech division 
has been renam

ed since 1970. Sim
ul-

taneously, the D
ivision of Engineering 

and A
pplied Science (E

A
S) announced 

it w
ould be providing a m

ore solid  
platform

 for the in-depth exploration  
of bench-to-bedside m

edicine by  
dedicating an entirely new

 departm
ent 

to m
edical engineering (M

edE).
 

“W
e’ve been doing bioengineer-

ing w
ork at C

altech for a long tim
e, 

but w
e’ve never organized it in such a 

w
ay that the connection betw

een the 
science and the engineering w

as so 
clear,” notes C

altech vice provost M
ory 

G
harib, w

hose ow
n research focuses on 

w
hat he calls bioinspired engineering. 

“N
ow

 w
e’re set up so that w

e can  
not only develop the scientific 

N
ature

Inspired by 
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Such circuitry could, in the future, 
lead to m

olecular robots that respond 
intelligently to unexpected events  
they encounter during autonom

ous 
operations such as delivering drugs 
in the body. Inspired by collective 
behaviors such as foraging in ants and 
sw

arm
ing in term

ites, Q
ian’s group is 

w
orking to build m

olecular robots that 
m

ay have sim
ple functions as individu-

als but are able to perform
 rem

arkably 
com

plex tasks w
hen in groups.

 
“I take inspiration from

 biology 
and apply the conceptual fram

ew
orks 

and tools of com
puter science to 

m
olecular engineering,” says Q

ian. 
“M

y research aim
s to extend com

puter 
science w

ith new
 m

olecular substrates, 
and to create new

 frontiers in chem
istry 

and the biom
edical sciences.”

 
W

hile Q
ian is applying w

hat 
she’s learned from

 biology to her 
engineering pursuits, biologist Pam

ela 
Bjorkm

an is attacking from
 another 

angle—
applying engineering principles 

to the developm
ent of innovative w

ays 
to counter the hum

an im
m

unodefi-
ciency virus (H

IV
), the infectious agent 

that causes acquired im
m

unodeficiency 
syndrom

e, or A
ID

S. A
 w

orldw
ide 

scourge, A
ID

S has killed an estim
ated 

35 m
illion people, according to the 

W
orld H

ealth O
rganization. A

nother 
34 m

illion are believed to be living 
w

ith H
IV.

 
Specifically, Bjorkm

an and her 
team

 are trying to create—
or, rather, 

engineer—
antibodies that can w

ork 
m

ore effectively against H
IV, w

hich is 
diffi

cult for the hum
an im

m
une system

 
to clear from

 the body once it has  
been infected. T

here’s only one clear 
target on the virus for antibodies to  
go after—

spikelike proteins that stick 
out of the outer coat of the virus.
 

T
he problem

 is that H
IV

-1 can 
easily evade these antispike antibodies  
because its spike proteins—

w
hich are 

used to bind to receptors on the host 
cells it w

ants to infect—
are able to 

rapidly m
utate so that the antibodies 

E
A

S’s new
 M

edE departm
ent, spear-

headed by E
A

S chair A
res R

osakis 
and a core group of faculty, joins six 
other departm

ents in the division, 
each of w

hich is grounded in a specific 
engineering discipline. “W

e have been 
engaged in m

edical engineering for 
several decades, but are now

 form
al-

izing our com
m

itm
ent to this area by 

focusing m
ore resources on finding 

fresh avenues for developing diagnostic 
tools, m

edical devices, and treatm
ent 

options, in an approach som
etim

es 
know

n as translational, or ‘bench-
to-bedside,’ m

edicine,” says R
osakis. 

“T
he evolution of M

edE reflects the 
desire of m

any faculty m
em

bers and 
of local research hospitals and m

edical 
foundations to engage jointly in engi-
neering-centric technology-develop-
m

ent efforts for m
edical applications.”

 
To that end, M

edE is already 
partnering w

ith the K
eck School of 

M
edicine of U

SC
, U

C
L

A’s D
avid 

G
effen School of M

edicine, C
ity of 

H
ope, the U

C
SF School of M

edicine, 
and H

untington M
em

orial H
ospital, 

am
ong others. A

longside the new
ly 

established BBE division, M
edE posi-

tions C
altech to becom

e an even m
ore 

dynam
ic force in the field of bioengi-

neering, says R
osakis.

 
“C

altech really has an opportunity 
here,” says Yu-C

hong Tai, the inaugu-
ral executive offi

cer for M
edE

. “W
hile 

there are m
ore than 60 accredited bio-

m
edical engineering program

s in the 
U

nited States, and there are about 100 
biom

edical program
s at various univer-

sities and institutes, C
altech is engaged 

in a very unique pursuit. T
he w

ork w
e 

w
ant to do relies on deep engineer-

ing, w
hich is our strength at C

altech. 
T

hat’s w
hy our intention is to build the 

C
altech m

edical engineering depart-
m

ent in a w
ay that is rooted in really 

first-class engineering, m
oving from

 
that base tow

ard m
edical applications.”

 
N

ot every aspect of bioengineering 
at C

altech is undergoing an evolution, 
how

ever: the Institute’s D
onna and 

are no longer able to recognize or  
glom

 onto the spikes.
 

It’s that evasive technique that 
Bjorkm

an and her team
 are trying to 

counter in the lab. “W
e are using struc-

ture-based protein design m
ethods to 

engineer antibodies that can fight back 
against som

e of the com
m

on routes of 
H

IV
 m

utation,” says Bjorkm
an.

 
T

he production of ever-changing 
types of antibodies in response to an 
infection is a rem

arkable exam
ple  

of real-tim
e evolution, Bjorkm

an says. 
T

he im
m

une system
 begins churning 

out huge num
bers of antibodies w

hen 
it detects a pathogen in the body; the 
ones that bind best to that pathogen 
are then m

ade in large quantities. By 
studying the natural antibodies pro-
duced by an infected host, she hopes 
to learn w

hat m
akes certain antibod-

ies—
in particular those targeting 

H
IV

—
effective, and to then take the 

optim
al properties found in various 

anti-H
IV

 antibodies in order to engi-
neer new

 versions specifically created 
to have m

any of those advantageous 
properties.
 

“It’s this ability to draw
 on both 

the quantitative and engineering 
aspects of biology that puts those of us 
in the C

altech com
m

unity in a unique 
position to conduct both fundam

ental 
and applied research,” Bjorkm

an says. 
“A

nd that’s w
hat w

ill ultim
ately help  

us to m
ake real im

provem
ents in 

hum
an health.”

A
D

D
R

E
S

S
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G
 S

O
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E
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S
T

he researchers w
ho m

ake up the 
M

edE departm
ent—

brought together 
from

 a broad range of engineering and 
science specialties both w

ithin E
A

S 
and outside it—

are, for their part, 
focusing on im

proving hum
an health 

though interdisciplinary collaboration 
in those critical areas of m

edicine  
and engineering that can positively 
effect w

ell-being, says electrical  
engineer H

yuck C
hoo, w

ho is part  
of the new

 departm
ent.

Benjam
in M

. R
osen Bioengineering 

C
enter, founded in 2008 through an 

$18 m
illion gift from

 the Benjam
in M

. 
R

osen Fam
ily Foundation, w

ill rem
ain 

an intellectual hub for bio- and m
edical 

engineering resources and activi-
ties, and w

ill continue to be jointly 
adm

inistered by BBE
, E

A
S, and the 

D
ivision of C

hem
istry and C

hem
ical 

Engineering.
 

“T
he R

osen C
enter acts as a kind 

of glue that ensures that the broad 
bio-related engineering activities on 
cam

pus have a central point of coordi-
nation and support,” M

ayo says.

TR
A

N
S

FO
R

M
A

TIV
E

 S
O

LU
TIO

N
S

For bioengineer Lulu Q
ian, this 

renew
ed recognition of the im

portance 
of her field for C

altech plays out every 
day in her lab, w

here she and her 
team

 apply engineering’s com
puter 

program
m

ing principles to biologi-
cal m

olecules like D
N

A
 and R

N
A

. 
Q

ian, w
ho becam

e one of the first new
 

m
em

bers of BBE w
hen she joined the 

C
altech faculty last year as an assistant 

professor, is bringing to this problem
 

both the biological know
ledge and the 

com
putational expertise she gained 

w
hen she spent tim

e as a C
altech 

postdoc w
orking w

ith Shuki Bruck, the 
G

ordon and Betty M
oore Professor of 

C
om

putation and N
eural System

s and 
Electrical Engineering.
 

“N
ature has been very successful 

in evolving and selecting the m
ost  

effi
cient and pow

erful biological 
system

s m
ade of sim

ple individual m
ol-

ecules,” says Q
ian. “If w

e w
ant to use 

the full potential of m
olecules to create 

com
plex and program

m
able system

s, 
w

e’ll need to borrow
 biology’s ow

n 
inform

ation-processing principles.”
 

For exam
ple, Q

ian and her lab 
m

em
bers, inspired by learning and 

m
em

ory-form
ing rules in the brain, 

are w
orking to create synthetic D

N
A

 
neural netw

orks that can learn from
 

their biochem
ical environm

ent and 
recall patterns of biochem

ical signals. 

 
“T

he outcom
es of biom

edical 
engineering research im

pact our lives 
directly and can greatly im

prove the 
span and quality of hum

an lives,”  
says C

hoo, w
ho is w

orking on building 
im

plantable sensors to im
prove the 

m
anagem

ent of glaucom
a and diabetes. 

“O
ur society is aging and, as a result, 

the m
edical care burden on our society 

w
ill continue to increase. It’s a great 

responsibility and also opportunity at 
the sam

e tim
e. Because it is a large-

scale societal burden that w
e have no 

other choice but to deal w
ith, you can 

easily foretell that new, useful m
edical 

engineering technologies w
ill create 

econom
ic engines for our society.”

 
T

he nanoscale biom
edical 

im
plants that C

hoo is engineering in 
his lab w

ill provide pressure readouts 
for people w

ith glaucom
a, an eye  

disorder associated w
ith increased  

fluid pressure in the eye that can lead 
to optic-nerve dam

age, including 
blindness. H

e is also w
orking on  

glucose-m
onitoring sensors that can  

be im
planted in diabetes patients  

to help them
 know

 how
 to regulate 

their glucose levels, w
hich is key to 

m
anaging the disease. In addition, 

his lab w
orks on developing im

aging 
techniques that give both literal and 
figurative insights into hum

an diseases; 
the team

 is also involved in building 
nanoscale pow

er generators for its and 
others’ im

plantable m
edical electronic 

devices, all of w
hich require robust 

pow
er sources in sm

all spaces.
 

C
hoo says that, as an engineer, 

he finds it fascinating to learn m
ore 

about how
 our bodies w

ork and w
hy 

they som
etim

es m
alfunction, and to 

consider how
 he and others m

ight 
use engineering technologies to solve 
health problem

s and im
prove our 

functioning.
 

“Frequently, w
hile studying how

 
our bodies w

ork, I find a lot of sim
ilari-

ties betw
een independently hum

an-en-
gineered devices and their naturally 
evolved counterparts, w

hich are often 

Biologist Pamela Bjorkman is working  
to engineer antibodies that function more  
effectively against H

IV, seen above  
(in green) infecting a cell.  
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w
hich—

designed for a w
ide field of 

view
—

can have a direct im
pact on 

digital pathology, giving pathologists 
accurate and effi

cient w
ays to digitize 

pathology slides. A
s it turns out,  

Yang says, these sam
e technologies are 

useful for laboratory biologists as w
ell, 

because they allow
 the scientists to 

track cell cultures over long periods  
of tim

e.
 

“Bioscience research is actually  
a very good staging ground for the 
eventual translation of technologies 
into the m

edical arena,” he says. “O
ur 

eventual research goal is to translate 
this technology into m

edical appli-
cations such as incisionless surgery, 
deep brain stim

ulation, and targeted 
optically activated drug therapy.”
 

Lulu Q
ian says C

altech’s increasing  
em

phasis on bioengineering highlights 
tw

o general directions for research at 
the intersection of bio-m

edicine and 
engineering.
 

“In m
y view, the im

portance 
of bioengineering derives from

 tw
o 

related facts,” says Q
ian. “First, bioen-

gineering helps us bring engineering 
approaches from

 the m
acroscopic scale 

dow
n to the m

icroscopic scale, and 
creates real-w

orld applications in areas 
such as biology, m

aterials science, and 
m

edicine by im
proving  

better designed and optim
ized than 

hum
an devices,” he says.

B
LU

R
R

IN
G

 TH
E LIN

E
S

Several faculty m
em

bers are so deeply 
em

bedded in both the biological and 
the engineering w

orlds that they are 
part of both the renam

ed BBE division 
and the new

 M
edE departm

ent.
 

M
ory G

harib is one of those 
w

ith a joint appointm
ent. G

harib 
and his research team

 w
ork to better 

understand how
 our m

ost im
portant 

physiological m
achines—

such as our 
hearts and our eyes—

actually w
ork. 

H
e uses these insights to design and 

build devices for drug delivery and 
other m

edical applications.
 

Take, for exam
ple, zebrafish. 

G
harib and his team

 have been  
looking at how

 the hearts of these 
sm

all vertebrates w
ork, using advanced 

im
aging techniques to understand the 

physics and chem
istry of the m

ech-
anism

s responsible for w
hat he calls 

“these am
azing m

achines that w
ork on 

all scales.” By deciphering the science 
and engineering principles underlying 
those m

echanism
s, he has been able  

to build sm
all pum

ps that m
ight  

one day be used for cardiovascular 
m

edical applications.

 
But his biology-derived m

oti- 
vation doesn’t stop there. G

harib has 
designed visualization system

s based 
on spider eyes, is investigating carbon 
nanotubes for their ability to be super 
hydrophobic (m

eaning they stay very 
clean because nothing attaches or  
sticks to them

, including m
icrobes),  

and has engineered m
icroneedles  

based on the design of the thorns found 
on cacti, that are now

 being used for  
drug delivery.
 

“T
here are m

edical needs that  
w

e are trying to respond to,” says 
G

harib. “T
here are som

e areas w
here 

no one else is doing research because 
they don’t believe a solution is possible. 
T

hose are the problem
s w

e like  
to attack and w

here w
e believe bio- 

engineering can provide an answ
er.”

 
Bioengineer C

hanghuei Yang is 
also a m

em
ber of both BBE and M

edE
.

 
“T

here is a lot of cross-talk and 
cross-fertilization betw

een the tw
o,” 

he says. “I participate in both options 
because a lot of m

y research crosses 
that diffuse boundary.”
 

Yang’s research focus is on  
optical im

aging techniques that have 
biom

edical applications. O
ne exam

ple  
he points to is a suite of m

icroscopy 
technologies he has developed, 

Bowes Jr. Leadership Chair of the D
ivision  

of Biology and Biological Engineering.

Lulu Q
ian is an assistant professor of  

bioengineering. H
er work in synthetic  

molecular systems is funded by the Burroughs 
W

ellcome Fund, the O
kawa Foundation,  

and the National Science Foundation.
Ares Rosakis is T

heodore von Kármán  
Professor of Aeronautics and M

echanical 
Engineering and O

tis Booth Leadership 
Chair of the D

ivision of Engineering and 
Applied Science.

Yu-Chong Tai is Anna L. Rosen Professor 
of Electrical Engineering and M

echanical 
Engineering and executive offi

cer for  
medical engineering.

Changhuei Yang is professor of electrical 
engineering and bioengineering. H

is  
work on optical imaging is funded by  
the National Institutes of H

ealth and  
Clearbridge BioPhotonics.

our capability for  
precisely m

anipulating 
m

atter at the finest 
level. Second, by 
building artificial 
m

olecular system
s, 

bioengineering helps 
us to better under-
stand the brilliance  
of nature, the 

pow
erful principles 

it exploits, and the 
incredible potential of 

self-organized biochem
ical 

system
s—

w
hether natural  

or artificial.”
 

T
he consensus, it seem

s, is that 
a robust focus on bioengineering w

ill 
benefit both C

altech and society  
as a w

hole.
 

“Before, it w
as a hodgepodge, and 

no one w
as sure w

hich area to focus 
on, but now

 w
e’ve given im

portance to 
both—

to biological engineering and 
to m

edical engineering, says G
harib. 

“T
he outside w

orld w
ill see it as som

e-
thing that is being taken seriously at 
C

altech. W
e are not just sending rovers 

to M
ars, w

e are also responding to the 
im

m
ediate needs of society.” 

Pamela Bjorkman is the M
ax D

elbrück 
Professor of Biology at Caltech and an  
investigator with the H

oward H
ughes  

M
edical Institute. H

er work on H
IV anti-

bodies is supported by the Bill and M
elinda 

Gates Foundation, and the National  
Institute of Allergy And Infectious D

iseases. 

H
yuck Choo is an assistant professor of  

electrical engineering. 

M
orteza Gharib (PhD

 ’83) is a vice  
provost at Caltech and the H

ans  
W

. Liepmann Professor of Aeronautics  
and Bioinspired Engineering. 

Stephen M
ayo (PhD

 ’88) is Bren Professor 
of Biology and Chemistry and W

illiam K. 

M
ory Gharib was inspired by the thorns  

of cacti when developing microneedles for 
drug delivery (above, right). Lulu Q

ian 
is exploring how knowledge of biological 
systems can help her create synthetic  
D

NA neural networks (next page, left).
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The N
ew

est N
obelist

M
artin K

arplus (PhD
 ’54, D

istinguished A
lum

nus ’86) 
W

hat is a paleobotanist? Very different people  
w

ork on the front line of fossil records. S
om

e analyze 
vertebrates, such as dinosaurs. P

aleobotanists like  
m

e study how
 plants are form

ed. Taken together, all  
of our w

ork creates a picture of E
arth’s environm

ent  
from

 a different tim
e.

H
ow

 did your tim
e at C

altech lead you to this  
line of research? W

hat I do isn’t the type of biology 
pursued at C

altech, but it w
as im

portant for m
e to  

be there. I studied cell m
orphology in E

ric D
avidson’s  

lab; Joe K
irschvink in geobiology helped to spark m

y 
interest in E

arth’s biodiversity. I also m
ajored in literature. 

G
eorge P

igm
an’s classes on C

haucer interested m
e in  

historical texts—
w

hich are sim
ilar to fossils, in a w

ay. 

H
ow

 do you approach your w
ork w

ith fossils?
A

ny exam
ination of fossil records has to start w

ith  
our understanding of m

odern ecology. You look at a  
fossil of a leaf and think, “O

kay, that looks like a leaf.  
I understand that.” B

ut as you exam
ine the details  

m
ore closely—

and plant fossils can offer a great deal  
of detail, dow

n to cellular anatom
y—

you discover that 
there are a num

ber of differences w
ithin the structure.  

This leaf m
ay not, in fact, operate like leaves today  

in term
s of its construction or biological processes. 

R
eading the Leaves  

C
. K

evin B
oyce (B

S
 ’95) 

M
artin K

arplus w
as one of three scientists aw

arded  
the 2013 N

obel P
rize in C

hem
istry for pioneering  

w
ork on com

puter program
s that sim

ulate com
plex 

chem
ical processes and that have revolutionized  

research in areas from
 drug discovery to solar energy.

 
The R

oyal S
w

edish A
cadem

y of S
ciences aw

arded 
the prize of 8 m

illion crow
ns ($1.25 m

illion) to K
arplus, 

M
ichael Levitt, and A

rieh W
arshel, noting that their  

w
ork had transform

ed the m
odeling of chem

ical  
reactions and m

oved it into the com
puter age.

 
B

orn in A
ustria in 1930, K

arplus w
as a child  

w
hen his fam

ily, fleeing the country’s N
azi occupation,  

em
igrated to the U

nited S
tates. H

e received a B
A

  
from

 H
arvard U

niversity in 1950 and a P
hD

 in chem
istry  

in 1954 from
 C

altech, w
here he w

orked w
ith tw

o-tim
e  

N
obel laureate Linus P

auling.
 

“P
auling w

ould often drop notes on little yellow
 

sheets saying, ‘W
ouldn’t it be interesting to do so

- 
and-so?’” K

arplus recalls. “H
e w

ouldn’t necessarily  
expect you to do them

. You could throw
 them

 aw
ay  

or keep them
 to w

ork on. A
 num

ber of people built  
their careers on his ideas.”
 

A
fter leaving C

altech, K
arplus w

ent on to investigate 

com
plex chem

ical reactions, w
hich w

ere generally 
understood only dow

n to the m
olecular level and w

ere 
often m

odeled using plastic balls and sticks. To learn  
w

hat happens at the atom
ic scale, K

arplus knew
, w

ould 
require com

puters capable of perform
ing m

athem
atically 

intense quantum
-theoretical sim

ulations. K
arplus,  

Levitt, and W
arshel helped to create a bridge from

  
those prim

itive m
odels to com

puter sim
ulations, offering 

researchers tools to gain a com
plete view

 of chem
ical 

interactions at all levels.
 

“This year’s recipients have done im
portant 

com
putational and m

echanistic w
ork on protein and 

enzym
e catalysis,” says R

udy M
arcus, the John  

G
. K

irkw
ood and A

rthur A
m

os N
oyes P

rofessor of  
C

hem
istry at C

altech and the 1992 recipient of  
the N

obel P
rize in C

hem
istry. “That K

arplus w
as a  

student of P
auling brings the prize this year close  

to hom
e.”

 
K

arplus is the Theodore W
illiam

 R
ichards P

rofessor 
of C

hem
istry, E

m
eritus, at H

arvard, and director of the 
B

iophysical C
hem

istry Laboratory, a joint laboratory  
of the French N

ational C
enter for S

cientific R
esearch  

and the U
niversity of S

trasbourg, France.

A
lum

ni stories provid
ed by the C

altech A
lum

ni A
sso

ciation.  
For m

ore ab
ou

t these stories and to read ab
ou

t other alum
ni  

in the new
s, go to alum

ni.caltech.edu.

alum
ni im

pact

S
tanford paleobotanist and 2013 M

acA
rthur Fellow

 C
. K

evin B
oyce  

answ
ers a few

 questions about his w
ork, his C

altech education, and  
w

hat a 100-m
illion-year-old leaf can tell us about the w

orld today. 

W
hat significant changes in plants have you  

been able to see? Today, m
ost of the vegetation on our 

planet com
prises flow

ering plants, w
ith reproductive 

characteristics that typically include flow
ers, seeds, or 

fruit. B
ut m

ore than 100 m
illion years ago, these types of 

plants didn’t exist. S
o how

 is it that they cam
e to take over? 

Through m
y w

ork, I’ve dem
onstrated that as tem

peratures 
rose during prehistoric eras, flow

ering plants evolved a high 
vein density, w

hich allow
ed them

 to cycle w
ater at faster 

rates than their previously dom
inant com

petitors.

W
hat can these plants teach us about today’s w

orld?
They can help us understand the origins of our food 
supply—

w
hich is dom

inated by crops that are all  
basically flow

ering plants. 
 

O
ne focus of m

y research is how
 prim

ary production, 
the process by w

hich living com
pounds are synthesized  

from
 carbon dioxide, has changed over tim

e. W
e know

 
that today, carbon dioxide is increasing in the atm

osphere. 
G

enerally, if you give plants m
ore carbon dioxide, they’ll 

perform
 m

ore photosynthesis and grow
 faster. That effect is 

easy to study over a couple of years. B
ut w

hat w
ould happen 

if you w
ere looking at increased levels of carbon dioxide 

across very large scales and over revolutionary tim
e periods? 

 
U

nderstanding how
 past ecologies adapted and 

changed m
ay yield us valuable clues into our ecology 

today—
and into how

, if presented w
ith new

 changes to  
the environm

ent, it m
ight adapt again.
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LIFE S
TO

R
IES

 W
e asked alum

ni to tell us their life stories in 10 w
ords or less.

M
et at R

uddock. M
arried  

at D
abney H

all. S
till in love.

H
olocaust S

U
R

V
IV

O
R

  
 1939, C

altech P
h
D

  
physics 1963, N

A
SA

 
A

S
T
R

O
N

A
U

T
 1978. 

C
hristian gay scientist seeks  

E
N

E
R

G
Y

 IN
 B

IO
LO

G
Y

 for nation. 

T
H

IN
K

 B
IG

,  
drive change, love 
kids, go birding.

P
H

Y
S

IC
S

, then 
D

A
N

C
E, then 

each S
P

E
A

K
IN

G
  

to the other.  

V
en

i, V
id

i, In
terro

g
avi.  

I cam
e, I saw, I questioned. 

A
ltadena barrio boy 

becam
e S

C
IE

N
T

IS
T, 

FO
LK

D
A

N
C

E
R

, and 
H

U
S

B
A

N
D

 at C
altech. 

A
 R

A
N

D
O

M
  

w
alk through life 

punctuated by  
periods of C

H
A

O
S. 

Tw
o point five  

eight nine five  
B

ILLIO
N

 seconds 
and counting.

C
h

em
E

—
springboard for 
gourm

et co
o
k

in
g

  
and fine w

in
e 

m
ak

in
g. 

A
fter C

altech, 
everything else  
w

as E
A

S
IE

R.

endnotes


