
26 PHYSICS TODAY | OCTOBER 2017

SEARCH & DISCOVERY

Three rings
Khajavikhan was also inspired by Wier-
sig’s proposal. She and her colleagues
had experience in using PT symmetry to
find second-order exceptional points, so
they decided to try for a third-order de-
generacy. An exceptional point of order
higher than two had never before been
seen in an optical system.

The setup is shown in figure 3a. In-
stead of two coupled ring resonators,
one with gain and one with loss, the re-
searchers used three, with the middle
one subject to neither gain nor loss. Each
pair of adjacent rings exchanges energy
with the same coupling constant κ. Al-
though it’s experimentally more compli-
cated to work with, the configuration is
PT symmetric for the same reason the
two-resonator system is.

The rings, each 20 μm across, are made
of indium gallium arsenide phosphide.
Like other III–V semiconductors, InGaAsP
is inherently lossy but exhibits gain when

optically pumped. To set up their desired
gain–loss profile, the researchers carefully
shaped a pump beam to shine strongly
on the rightmost ring and weakly on the
middle one. By adjusting the ratio of the
gain to the coupling constant, they tuned
the system to an exceptional point.

Their perturbation was temperature,
and each ring was placed atop a sepa-
rately controllable gold microheater.
Heating InGaAsP changes its refractive
index by an amount proportional to the
dissipated power, or the square of the
current I. Figure 3b shows how the mode
spectrum evolves as one ring is heated to
perturb the system away from the excep-
tional point. The mode splitting increases
quickly for small perturbations and more
slowly for larger ones, and it’s a good fit
to the cube-root function.

The Florida researchers chose to cre-
ate a temperature sensor because it was
easy to implement. But they’re now ex-
ploring whether it could actually be a

practical technology for detecting mi-
croscale temperature gradients. They’re
also looking into whether a PT-symmetric
setup can be adapted into an ultrasensi-
tive optical gyroscope. “The application
of exceptional points in optics is still in
its infancy,” says Khajavikhan, “and still
very few groups are working on it. I think
exceptional points will eventually be used
for all sorts of things.”

Johanna Miller
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T he deep ocean is a dim place. The
amount of sunlight that reaches a
depth of 300 m is roughly 1/10000 of

that at the surface. Squid have adapted
to those low-light aquatic conditions by
evolving eyes with lenses that are nearly
spherical in shape. A spherical lens has
the shortest possible focal length for a
given lens radius. It thus optimizes the
size of the eye opening relative to the 
size of the image it makes on the retina.
Unlike the oblong human lens, which
changes shape to change focal length, the
squid lens has a fixed focal length. Squid
focus by moving the lens. But a spherical
lens can suffer spherical aberration, and
the greater the focusing power, the more
serious the aberration.

In 1854 James Clerk Maxwell showed
theoretically that a spherical lens could
be made aberration free if its refractive
index varied parabolically as a function
of the distance from the lens’s center.
Evolution beat Maxwell to the discovery
by millions of years: Squid, such as the
one seen in figure 1, and certain fish em-

ploy exactly such graded-index lenses.
In squid, the index gradient is achieved
through a  radial variation in the density
of lens-forming S-crystallin proteins—

high density at the center and low den-
sity at the edge. 

Alison Sweeney and her colleagues at
the University of Pennsylvania now re-

Gelation maintains 
aberration-preventing 
protein-density gradients 
in the cephalopods’ eyes.

How squid build their graded-index spherical lenses 

FIGURE 1. THE SQUID EYE up close. To optimize the refractive power of their eyes without
suffering spherical aberration, squid have evolved sphere-shaped lenses with a radial gradi-
ent in the protein density and, thus, the refractive index. The inset shows schematically the
continuous protein-density gradient in the spherical squid lens. The dashed circles at relative
radii of 40%, 60%, and 80% separate the spherical layers into which lenses were sectioned
for experiments.
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port that they may have a solution to the
long-standing puzzle of how the squid
lens establishes its protein-density gradi-
ent in a way that maintains uniform
transparency.1 They found that cells at
different radial positions within the lens
produce different ratios of some 40 sub-
tly different variants of S-crystallin. All
the mixtures form gels—or at least a vol-
ume-spanning protein network—but at
varying densities. The gelation prevents
the proteins from aggregating into opaque
clumps and damps local density fluctu-
ations that could distort vision.

Evolved self-assembly
The S-crystallin variants in the squid lens
share a common motif. Each variant has
a roughly spherical, globular body and
two flexible rabbit-ear loops. The loops
differ in length, from three amino acids
to more than a hundred. And the loops’
amino-acid sequences are wildly varied.

As a graduate student during the 
mid 2000s, Sweeney had approached 
the problem of the squid lens from an
evolutionary-biology perspective. She
already knew that the many different 
S-crystallins are evolutionary relatives of
an enzyme, glutathione S-transferase, that
helps to neutralize toxic molecules. Selec-
tive pressure should prevent so many mu-
tated copies. “Evolution tends to prune
things out,” she explains. But Sweeney’s
investigations showed that natural selec-
tion had maintained the production of all
those variants. That finding indicated
that the structural variation might serve
some important function.2

The salient physics, says Sweeney, is
about self-assembly. By the time a squid
eye is fully formed, lens cells have ex-
pelled their nuclei and ribosomes, leav-
ing S-crystallins to account for more than
95% of the remaining nonwater mass.
Somehow, the proteins have self-assem-
bled inside cells at the right densities so
that the refractive index of the lens varies
from 1.3 at the edge, matching seawater’s
refractive index, to 1.6 at the center. At
the lens’s core, the proteins are squished
in so tightly that water has been entirely
expelled from the cells. At the periphery,
the lens density is close to that of water.

When Sweeney arrived at the physics
department at the University of Pennsyl-
vania in 2012, she decided to tackle the
physics of the lenses. Postdoc Jing Cai re-
calls that her first assignment was to catch
squid. Once the squid were caught, Cai
sectioned their squid lenses into four an-

nular layers, as sketched in the inset of
figure 1. 

The lenses prepped, Sweeney and her
colleagues performed RNA sequencing
and found 53 unique messenger-RNA
transcripts for S-crystallin. They can’t 
be sure how many of those become
unique proteins. However, electrophore-
sis showed that S-crystallins of various
molecular weights are present in each
lens layer (figure 2). Those molecular
weights closely match the ones expected
from RNA sequencing. 

The researchers performed small-
angle x-ray scattering (SAXS) measure-
ments to investigate the kinds of protein
structures present. Sweeney’s group had
gone into the SAXS experiments expect-
ing to find evidence for repulsive inter-
actions that would prevent proteins from
forming opaque clumps. With purely re-
pulsive interactions, the scattered x-ray
intensity should fall off at low scattering
angles. What the researchers observed
instead was scattered intensity that de-
creased continuously with increasing an-
gles, a pattern caused by attractive inter-
actions of particles that touch one another
to form larger effective particles. 

Century eggs and gels
The group was struggling to understand
the attractive interactions when Erika
Eiser of Cambridge University happened
to visit the University of Pennsylvania.
She had been investigating the egg-white
transformation in the century egg, a Chi-
nese delicacy prepared by burying a raw
egg in alkaline mud for weeks to months.
In the alkaline mud, the yolk turns dark
green and the white turns into a brown
translucent gel.

Eiser noticed the similarities between
attractive interactions she had found in
century eggs, which she had interpreted
using patchy colloid theory, and those in
Sweeney’s squid lenses; she suggested
that Sweeney take a look at a paper 
on patchy colloid theory by Francesco
Sciortino’s group at the University of
Rome.3 Cai says Sweeney came to her
“saying let’s try these patchy particles.
And it totally worked.”

Patchy colloid theory deals with
spherical colloidal particles with sticky
surface patches through which they in-
teract. Particles with bigger or more 
numerous patches are able to interact
with more neighbors than those with
fewer or smaller patches. The theory can
be applied to the squid lens by treating
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individual proteins’ globular bodies as
the colloidal particles and their rabbit-
ear loops as the sticky patches. 

At the periphery, particles with long
loops predominate; they tend to make
loop–loop links. Molecular dynamics
simulations showed that two loops from
neighboring proteins attach to each other
via hydrogen bonds. That situation can
be represented by particles with two
patches. Moving inward, the loops be-
come shorter, and, occasionally, loops
from three proteins simultaneously join
so that the proteins form branching
chains, which could be represented by
particles with three patches. At even
shorter loop lengths, the loops can attach
to the bodies of other proteins to form
more densely packed branching net-
works. Those cases would be repre-
sented by particles with more than three
patches. At the core, proteins completely
fill the volume and individual proteins
might be stuck to four or more others.

The theory predicts that patchy colloid
particles naturally link up into chains
even at low particle concentrations, which

explains an experimental difficulty the
Pennsylvania researchers encountered.
Typically, one would dilute the proteins,
separate protein types, and run scattering
experiments on isolated proteins in solu-
tion to characterize their scattering prop-
erties. But that wasn’t possible with the
S-crystallins. “No matter how much we
diluted the proteins in the squid lens, we
always had chains,” explains Sweeney.

One knock against the Pennsylvania
group’s work could be that their analysis
of x-ray data used a single, averaged form
factor, which describes the scattering
properties of individual proteins, whereas
the sample contained many S-crystallin
variants, each with its own form factor.
However, Sweeney and Cai maintain that
the form factors don’t vary much between
variants and that trying different individ-
ual ones didn’t change their conclusions.

Sweeney’s group speculates that as the
lens grows and new cells are added, they
are genetically programmed to make par-
ticular ratios of the S-crystallin variants.
According to the theory, patchy particles
become gels when the particle density

reaches some threshold determined by
the number of patches on the constituent
particles. When that gelation occurs, mes-
senger RNA can no longer move about
the cell, and protein production stops. At
the lens periphery, the predominance of
long-looped proteins results in an aver-
age of about two patches per particle. At
the core, a greater number of short-looped
proteins means more patches per parti-
cle. The larger the number of patches, the
denser the protein packing. The conse-
quent radially varying protein density
leads to a gradient in the refractive index.

Sweeney notes that the squid lens ap-
pears to be the first natural system to
manifest properties predicted by patchy
colloid theory. She asks, “What can we
learn from that natural system?”

Sung Chang
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FIGURE 2. PROTEIN VARIANTS combine in radially varying ratios in the lens of a squid eye. The gray curves show the measured relative
molecular-weight distributions of the proteins in the four annular lens layers shown in the inset. The colored peaks are components of a
Gaussian fit that takes into account the molecular weights of the variants determined from RNA-sequencing studies. The lower panels show
structure models derived from small-angle x-ray scattering data for each layer. At the periphery of the lens, the proteins form loose chains
with each protein linked to two or, occasionally, three others. At the core, the proteins are tightly packed, and each protein is joined to four
or more others. (Adapted from ref. 1.)
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