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P
hotographs add em

otional  
context to current events, bring 

loved ones to m
ind w

ith a single  
glance, and keep the past alive w

hen 
our m

em
ories begin to fade. In science 

and engineering, still and m
oving 

im
ages provide a sim

ilarly essential 
service, offering insight into—

and 
som

etim
es even answ

ers for—
the  

biggest questions researchers are  
asking about how

 the w
orld w

orks.   
 

A
t C

altech, a num
ber of scientists 

and engineers are opening up new
 

view
s into our environm

ent and are 
exploring how

 w
e can best visualize  

the structures and processes that  

m
ake up the chem

ical com
pounds  

and tiniest biological elem
ents of the 

physical w
orld.

 
“T

here is so m
uch about cells that 

w
e don’t understand,” says structural 

biologist G
rant Jensen. “B

ut w
e’re 

learning that m
any biological processes 

can be understood just by im
aging the 

m
achinery w

orking in a cell, doing its 
job.  Just a picture of it reveals basically 
how

 it w
orks.”

U
p C

lose and B
iological

Jensen says that, grow
ing up near L

os 
A

lam
os N

ational L
ab in N

ew
 M

exico, 
“I im

agined I w
ould becom

e a physicist  

like everybody else in tow
n.” B

ut soon 
after he started his undergraduate 
studies in physics at B

righam
 Y

oung 
U

niversity, a research project led to  
his being captivated by the w

onders of  
and potential advances to be m

ade in  
structural biology. H

e never looked back.
 

“I learned that som
e of the  

highest-im
pact w

ork w
aiting to be done 

in biology involved im
age processing, 

m
ath, and three-dim

ensional recon-
structions, w

hich is all stuff I love,” 
Jensen recalls. “A

s a postdoc, I saw
 that 

it w
as possible to take m

ultiple im
ages 

of a single object from
 different points 

of view
 and m

erge them
 into a 3-D

  

reconstruction, and I realized that  
w

e could do this to cells. Im
m

ediately, 
I knew

 that this w
as w

hat I w
ould  

be doing for m
any years.” 

 
Jensen says his im

aging research 
is guided by the w

ords of an unlikely 
scientific m

use, baseball’s Y
ogi B

erra, 
w

ho once fam
ously said: “Som

etim
es 

you can see a lot just by looking.” T
o do 

that looking, his lab has becom
e one  

of just a handful in the w
orld to ow

n  
and operate an electron cryom

icro-
scope—

a unique type of m
icroscope 

that enables a novel im
aging technique 

called electron cryotom
ography  

(E
C

T
), w

hich allow
s Jensen and his 

team
 to observe biological sam

ples  
in a near-native state. D

eveloped in  
E

urope in the 1980s, the electron 
cryom

icroscope produces a m
agnified 

im
age by illum

inating sam
ples—

 
kept at cryogenic tem

peratures of 
below

 –150 degrees C
elsius—

w
ith an 

electron beam
. U

nlike in traditional 
m

icroscopy, for w
hich sam

ples m
ust  

be fixed, em
bedded in plastic, sec-

tioned, and stained, sam
ples for E

C
T

 
are frozen so quickly that they becom

e 
alm

ost im
m

ediately fixed w
ithin a  

layer of transparent, glass-like ice. 

 
O

nce the sam
ple is frozen, it is 

rotated around an axis w
hile a special-

ized digital cam
era takes a series of 

high-resolution im
ages; the inform

ation 
gathered by the cam

era allow
s the  

team
 to reconstruct the object in three  

dim
ensions and then analyze it in detail.

 
“C

altech is positioned to do this 
kind of w

ork because a generous gift 
from

 the G
ordon and B

etty M
oore 

Foundation allow
ed us to buy the 

w
orld’s very best electron cryom

icro-
scope in 2002,” Jensen says. “O

nly 
one or tw

o other labs are doing sim
ilar 

w
ork today; w

e really have a unique 
niche in the w

orld.” 
 

E
C

T
 recently helped his  

group identify the w
ay in w

hich the  
cholera-causing bacterium

 V
ibrio  

cholerae kills its intestinal com
petition, 

the com
m

on bacterium
 E

scherichia  
coli, by delivering a toxin. B

y im
aging  

the cholera cells, the researchers 
discovered tubes inside the bacteria: 
som

etim
es they w

ere long, skinny,  
and filled w

ith toxin; at other tim
es, 

they w
ere short, w

ide, and em
pty. 

 
“U

sing fluorescence light m
icro-

scopy and E
C

T
, w

e w
ere able to  

discover that these tubes are outer 

sheaths assem
bled around an inner 

javelin-like rod. W
hen a cholera cell 

bum
ps into an E

. coli cell, the outer 
sheath contracts and propels the inner 
rod of toxin through a port in the 
cholera cell’s ow

n m
em

brane,” explains 
Jensen. “T

he rod then punctures  
the E

. coli cell and delivers the toxin.  
W

e call that a spring-loaded m
olecular 

dagger.” Jensen says this discovery m
ay 

lead to using this structure for m
edical 

purposes, such as designing entirely 
new

 cells to treat infection or disease.
 

Jensen’s lab w
as also the first 

to obtain 3-D
 im

ages of a com
plete 

bacterial flagellar m
otor. T

hese rotary 
nanom

achines pow
er the m

iniscule 
w

hip-like flagella that are responsible 
for propelling bacteria through the 
body; their exact structure, how

ever, 
had been a biological m

ystery until 

C
altech scientists and engineers create new

  
lines of sight w

ith innovative im
aging techniques

A
bove: A

n artist’s illustration show
s a cholera  

cell injecting toxin into an E
. coli cell via a  

spring-loaded m
olecular dagger (in orange.)  

G
rant Jensen’s lab at C

altech w
as the first to  

discover this phenom
enon using sophisticated  

im
aging techniques.
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Jensen used E
C

T
 to unveil the details 

of how
 they are assem

bled. T
hanks to 

that technological peephole, he and  
his colleagues w

ere able to visualize 
how

 —
like an outboard m

otor an-
chored to a boat —

 the flagellar m
otor 

in a bacterium
 is held in place on the 

outside of the cell m
em

brane by a 
structure that rem

ains fixed, allow
ing 

the flagellum
 itself to spin and m

ove 
the cell through liquid. 
 

O
ne of Jensen’s other significant 

E
C

T
-pow

ered advances in structural  
biology is the developm

ent of a better  
picture of how

 som
e key H

IV
 structures  

form
; determ

ining the 3-D
 arrange-

m
ent of layers present at different 

stages of the virus’s developm
ent has 

helped us understand how
 certain 

antiviral drugs block H
IV

’s grow
th 

and proliferation, he says. H
is lab has 

also helped quiet the debate over the 
existence of cytoskeletons in bacteria 
—

an idea that had previously been 
dism

issed by researchers w
ho sim

ply 
did not have pow

erful enough im
aging 

technologies to see the m
icrobes’  

intracellular filam
ent skeletons. 

 
“W

e’ve m
ade a lot of progress 

in understanding w
hy bacteria and 

viruses have the shapes that they do, 
w

hich is key to learning about how
 

they w
ork,” Jensen says.

 
Jensen com

pares E
C

T
 to taking 

apart a car; you m
ay know

 nothing 
about cars, but if you pull an engine 
apart to look at all of its pieces and how

 
they fit together, you can at least begin 
to intuit how

 it w
orks. 

 
“W

hat satisfies m
e m

ost is under-
standing how

 biological processes w
ork 

at a m
echanical level,” says Jensen. 

“T
aking pictures of the cells can, at 

tim
es, advance our understanding 

faster than any other approach.”

For chem
ist A

hm
ed Z

ew
ail, how

ever, 
“taking pictures” isn’t quite enough. 
Z

ew
ail’s goal is not only to visualize 

biological specim
ens—

or, in his case, 
any kind of m

olecule or nanostructure 
—

at their m
ost basic level, but also  

to see the details of the fundam
ental  

by the electron because the electron  
has properties that m

ake it very  
convenient for looking at extrem

ely 
sm

all things,” says Spencer B
askin, 

a senior scientist w
ho has w

orked in 
Z

ew
ail’s lab for 24 years. 

 
R

esolving the details of such  
“extrem

ely sm
all things” is im

possible 
to do w

ith laser light, since its w
ave- 

lengths are m
uch larger than any  

given nanostructure. T
o get a “picture” 

of som
ething, you need a w

avelength 
that’s at least on the sam

e scale or,  
preferably, sm

aller than the object  

you are trying to resolve. E
lectrons  

are perfect for this task because their  
w

avelengths shrink as their velocity 
increases; thus, they can be accelerated 
so that their w

avelengths are a pico- 
m

eter, or a trillionth of a m
eter, in 

length, m
aking it possible for research-

ers to capture the details of nano- 
structures at very high resolutions.  
B

y sending individual electrons out  
at know

n intervals of tim
e, the 4D

  
m

icroscope takes that process to the 
next level, not only capturing tiny 
objects but also tracking their precise 
m

otions in real tim
e. 

 
“E

lectron m
icroscopes have  

been around for a long tim
e, but the 4D

 
m

icroscope extended the technology 
to the tim

e dom
ain, so w

e can resolve 
very fast processes that couldn’t be  
seen before,” says U

lrich L
orenz,  

a postdoctoral scholar in Z
ew

ail’s  
lab. “T

his is w
here the pow

er of this 
technique com

es in: com
bining tim

e 
and spatial resolution to get com

pletely 
new

 inform
ation about how

 processes 
evolve.”
 

T
he 4D

 m
icroscope w

as invented 
at C

altech’s Physical B
iology C

enter 
for U

ltrafast Science and T
echnology 

(U
ST

). T
he center is directed by  

Z
ew

ail, w
ho created it in 2005 to  

investigate the fundam
ental physics  

of chem
ical and biological phenom

ena. 
T

hus far, U
ST

 researchers have been 
able to use the 4D

 m
icroscope to  

study a w
ide range of processes in  

different m
aterials, including therm

al  
expansion and phase transitions,  
chem

ical bond dynam
ics, and nano- 

m
echanical m

otions. T
he latter  

studies yield inform
ation about  

m
echanical properties such as stiffness, 

w
hich is of particular im

portance for 
m

aintaining strength and integrity  
in everything from

 colossal edifices  
to the tiniest of nanoscale structures. 

 
Such insights are sim

ilarly  
im

portant w
hen talking about  

biological structures; know
ing the 

m
echanical properties of fabrications 

m
ade of D

N
A

, for instance, is crucial  
to building sturdy biotech tools, such as 
D

N
A

 nanotubes for drug delivery  
in the body. A

nd, indeed, earlier this  
year, Z

ew
ail and his group reported  

on a breakthrough 4D
 experim

ent  
that began w

ith D
N

A
 stretched over a 

hole em
bedded in a thin carbon film

. 
 

T
hey cut aw

ay several D
N

A
  

filam
ents from

 the carbon film
  

to create a three-dim
ensional,  

free-standing arrangem
ent under the  

4D
 m

icroscope. N
ext, the scientists  

set the D
N

A
 strands vibrating using 

heat generated by a laser and im
aged 

those m
otions using electron pulses. 

B
y determ

ining the frequency of the 
D

N
A

’s oscillations, they w
ere able to 

directly m
easure their construction’s 

stiffness, a m
easurem

ent that had  
never before been possible. 
 

R
ecently, using a sim

ilar  
approach, the group also studied  
the m

aterial properties of protein  
assem

blies called am
yloids, w

hich  
are believed to play a role in m

any 
neurodegenerative diseases. 
 

“B
ecause w

e’re using an  
instrum

ent that had never been built 

Above: A D
N

A nanostructure as seen through 
the 4D

 electron m
icroscope invented by chem

ist 
A

hm
ed Zew

ail at C
altech’s Physical B

iology 
C

enter for U
ltrafast Science and T

echnology. 

reactions they undergo …
 in real tim

e.
 

H
e tackled the tim

e elem
ent first, 

pioneering the field of fem
tochem

istry, 
the study of chem

ical reactions  
occurring at the tim

escale of the fem
-

tosecond, w
hich is one-m

illionth-of-a-
billionth of a second. For these innova-
tive efforts, he w

as aw
arded the 1999 

N
obel P

rize in C
hem

istry. L
ess than 10 

years later, Z
ew

ail revolutionized the 
field yet again by building on his early 
fem

tochem
istry w

ork to create the four- 
dim

ensional (4D
) electron m

icroscope, 

w
hich reveals objects not only in the 

usual three dim
ensions, but incorpo-

rates tim
e into the im

age as w
ell.

 
M

ost electron m
icroscopes 

use a steady stream
 of electrons for 

illum
ination; Z

ew
ail’s new

 technol-
ogy, on the other hand, em

ploys the 
precision-tim

ed release of individual 
electrons—

doled out one by one—
 

to produce im
ages of objects at the 

atom
ic scale. E

ach electron contributes 
to a picture representing a still at a 
given point in tim

e. L
ike the fram

es in 

a film
, the sequential im

ages generated 
by m

any m
illions of such electrons  

can be assem
bled into a digital m

ovie 
of m

otion at the atom
ic scale.

 
“W

e used to use laser light to 
probe and interrogate chem

ical  
system

s, but that has been supplanted 

“ W
hat satisfies m

e m
ost is understanding how

  
biological processes w

ork at a m
echanical level.  

Taking pictures of the cells can, at tim
es, advance 

our understanding faster than any other approach.”

ualizing S
pace and Tim
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taking a series of snapshots of w
here 

the atom
s in a m

olecule are at each 
point in tim

e as it goes through  
a reaction. 
 

“People have frequently called  
our end goal a m

olecular m
ovie,”  

says L
orenz. “If you could w

atch 
chem

istry —
 this rearrangem

ent  
of atom

s to m
ake new

 things and  
transform

 com
pounds—

in a m
ovie, 

then you w
ould really have it all.  

T
hat w

ould be incredible.” 

Transparent Technology
E

ngineer A
li H

ajim
iri isn’t as  

interested in looking at things, per se,  
as in looking through them

. It’s a sideline 
of the w

ork his lab has done for the  
past 15 years, exploring solutions for a 
host of different problem

s in electrical  
engineering. Five years ago, he began 
to w

ork on silicon m
icrochips able to 

generate and radiate high-frequency 
electrom

agnetic w
aves, called terahertz 

(T
H

z) w
aves. T

hese w
aves fall into  

a largely untapped region of the  
electrom

agnetic spectrum
 and w

ere 
being used to penetrate num

erous  
m

aterials and render im
age details in 

high resolution—
but only in system

s 
that w

ere generally too bulky and 
expensive for w

idespread use. 
 

“T
here w

ere clearly potential  
applications for these terahertz 
w

aves—
like advanced security  

operations and m
edical diagnostic  

purposes,” says H
ajim

iri. “W
e saw

  
it as a big challenge w

orthy of our  
efforts, so w

e decided to see how
 far  

w
e could get w

ith a terahertz system
 

—
how

 sm
all w

e could m
ake it.”

 
In D

ecem
ber 2012, H

ajim
iri’s 

team
 published a paper announcing 

that they had developed T
H

z im
aging 

chips that used the high-frequency 
w

aves to see through —
 and im

age 
item

s cloaked under —
 m

aterials such 
as fabric, plastic, paper, and w

ood. 
W

hile the T
H

z w
aves w

ork m
uch  

like X
-rays, they do not carry enough 

energy to rem
ove electrons from

 atom
s 

or m
olecules and so don’t create the 

sam
e ionizing dam

age. In addition  
to providing im

ages of things that are 

norm
ally hidden, the system

 can also 
use spectroscopic data to detect the 
chem

ical signatures of things  
like chem

ical w
eapons, illegal drugs,  

and explosives.
 

“W
hat w

e did w
as find new

  
w

ays of m
aking com

plete T
H

z  
system

s using an integrated-circuit 
chip-m

anufacturing process sim
ilar to 

those used to m
ake im

age sensors for 
cell phones,” says H

ajim
iri. “D

one in 
large volum

es, it’s extrem
ely low

 cost—
  

approxim
ately a dollar per chip set. 

T
herefore, T

H
z chips could be used 

extensively across m
ultiple platform

s 
ranging from

 cell phones to com
puters 

to other handheld devices. I think they 
could be ubiquitous in the long run.” 
 

In addition to being cheap, the 
new

 chip set—
in w

hich one chip acts 
as a light source and the other as a 
detector, or cam

era—
is no bigger  

than a fingertip and sends out signals 
that are m

ore than a thousand tim
es  

stronger than those possible using 
existing approaches, H

ajim
iri says.

 
H

e and his lab m
em

bers w
ere  

able to use the T
H

z chip set to detect 
objects hidden inside all kinds of item

s; 
for instance, they’ve been able to  
recognize a bullet stashed inside a  
teddy bear and reveal a razor blade  
in a piece of plastic. 
 

“T
he first tim

e w
e saw

 such an  
im

age —
 a snapshot literally represent-

ing years of effort —
 w

e w
ere jum

ping 
up and dow

n w
ith excitem

ent,” says 
H

ajim
iri. “It’s one thing to create a 

device or com
ponent that you think 

could be used to do certain things in 
the future. It’s a com

pletely different 
thing to actually see it w

orking.” 
 

T
he beauty of the technology, 

H
ajim

iri says, is that the system
 can be 

adjusted and dynam
ically controlled. 

If, for instance, you w
ant to im

age the 
inside of som

ething that’s soft and that, 
therefore, the w

aves can see through 
m

ore easily, you can operate at a low
er 

pow
er. If you need to see through a 

m
uch m

ore com
plex or dense object, 

you can just crank up the pow
er. 

 
T

he technology has seem
ingly  

lim
itless potential applications,  

H
ajim

iri says. A
 T

H
z scanner could 
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look into large packages, crates, or  
even m

achinery. V
arious industries 

could use the scanner to check  
equipm

ent for defects w
ithout having  

to take the object apart. For gam
ing  

or hum
an-m

achine interfaces in  
general, T

H
z system

s could have  

even m
ore im

pressive im
plications. 

Since the technology can be used  
to track m

ovem
ent rather than as an 

im
aging technique, people can use  

it to com
m

unicate w
ith their  

com
puters from

 across the room
 

through certain gestures or even eye 
m

ovem
ents, says H

ajim
iri. 

 
“C

urrent hum
an-m

achine  
interactive gam

ing system
s like  

K
inect for X

box are really responding  
to big m

ovem
ents of the lim

bs,” he 
notes. “W

ith terahertz w
aves, a  

gam
ing system

 w
ould be able to detect 

the slightest m
ovem

ents of the eye, 
track w

here a user is looking, m
onitor 

their breathing, or even detect a  
heartbeat —

 it can detect even such 
very sm

all displacem
ents.”

 
H

ajim
iri thinks this terahertz 

technology could even be used for 
m

edical applications, such as  
searching for tum

ors inside the  
body noninvasively, w

ith just the  
w

ave of a handheld scanner.

Above: A terahertz im
age show

s a key inside 
an envelope; w

ithout the use of this technique, 
the object w

ould be invisible to the naked eye.

“ Everything w
e look at is som

ething new
 

no one has ever clearly seen in m
otion

before, everything w
e look at is  

som
ething new

 that no one has  
ever clearly seen in m

otion before,” 
B

askin says. “T
he difficulty is in  

finding the things that are going  
to be extrem

ely im
portant.”

 
T

he end goal, he notes, is to be 
able to see individual m

olecules and 
atom

s in the process of rearranging,  

 
“T

here are alw
ays new

 applica-
tions that w

e haven’t thought about 
yet,” he says. “Im

agine having that  
sensor on your phone, and just sliding 
your phone across som

ething to see 
w

hat’s inside it. I find all the possibilities  
very exciting and challenging.” 

 
Indeed, H

ajim
iri says,  

the only lim
its in im

aging  
technology —

 as in m
ost of  

science and engineering—
are  

researchers’ im
aginations, not  

their abilities. 
 

“T
o use the old cliché, w

e need  
to be able to really think outside of  
the box and com

e up w
ith new

 w
ays  

of doing things instead of succum
bing 

to preconceived notions about w
hat 

can or cannot be done,” he says.
 

A
nd w

hen it com
es to getting  

the first glim
pse at som

ething nobody 
has ever seen before, C

altech’s im
aging  

researchers are not only thinking  
outside the box, they’re building  
there, too. 
 

A
fter all, as L

orenz points out, 
“Seeing som

ething that you norm
ally 

w
ouldn’t be able to see is just so cool. 

It’s w
hy people do science!” 

1
5

F
A

L
L

 2
0

1
3

   E
N

G
IN

E
E

R
IN

G
 &

 S
C

IE
N

C
E

          
1

4
E

N
G

IN
E

E
R

IN
G

 &
 S

C
IE

N
C

E
   F

A
L

L
 2

0
1

3


