
136 NATURE MATERIALS | VOL 15 | FEBRUARY 2016 | www.nature.com/naturematerials

news & views

formed then diffused throughout the 
Pt-modified mesopores where the second 
catalytic reaction took place, to give the 
final acid product. These reactions are 
very well known individually. Pd has been 
used previously as a catalyst for cinnamyl 
alcohol oxidation to give the corresponding 
aldehyde, while Pt is a known catalyst 
for the oxidation of cinnamaldehyde 
to give cinnamic acid. Pd is also able to 
decarboxylate the aldehyde and Pt can 
also dehydrogenate the alcohol to the 
aldehyde with concomitant hydrogenation 
of the alcohol’s double bond by hydrogen 
borrowing, leading to a global decrease of 
selectivity to cinnamic acid. By spatially 
isolating the catalytic metals using their 
new framework, the authors were able to 
promote the desired cascade reaction while 
minimizing any opportunity for the metals 
to participate in competing side reactions. 

This represents the first one-pot system 
able to carry out this process using a single 
heterogeneous catalyst. Figure 2b shows 
the catalytic results obtained with different 
Pd–Pt arrays within the pores, and it is clear 
that the maximum turnover frequencies for 
aldehyde and acid formation were achieved 
when Pd was located at the macropores and 
Pt in mesopores. 

Despite this impressive proof-of-
concept, the work falls somewhat short 
of demonstrating a catalytic process with 
real practical value; an improved overall 
conversion efficiency from the alcohol to the 
acid would be required to claim this. Also, a 
more suitable catalytic cascade would be one 
in which the controlling step of the reaction 
is the diffusion of the first reactant through 
the macropores. Nevertheless, as a first step, 
this work details a particularly interesting 
methodology for preparing spatially 

orthogonal functionalized hierarchical 
porous networks, and by achieving a higher 
overall conversion of the intermediate, the 
full potential of these bifunctional catalysts 
for use in promoting cascade chemical 
reactions will be realized. ❐
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PROTEIN COMPLEXES

A candidate magnetoreceptor
A protein complex found to align with the direction of a magnetic field could be a key piece in the puzzle of how 
animals detect magnetic fields.

Kenneth J. Lohmann

The idea that animals detect magnetic 
fields, once dismissed by physicists 
as nonsensical, has gradually gained 

full scientific acceptance. From molluscs 
and insects to sea turtles and birds, many 
animals use the Earth’s magnetic field to 
guide their movements over spatial scales 
from a few metres to entire ocean basins1,2. 
Yet how animals detect magnetism has 
remained a mystery for more than half 
a century. Despite numerous searches, 
receptors that detect magnetic fields have 
not been identified with certainty in any 
animal. Now, Can Xie and colleagues report 
in Nature Materials a newly discovered 
protein complex that orients itself in 
the direction of a magnetic field3. The 
researchers postulate that the complex might 
function as a nanoscale biocompass and 
underpin animal magnetoreception.

Several factors have made the search for 
magnetoreceptors maddeningly difficult. 
The first is that magnetic fields, unlike 
other sensory stimuli, pass freely through 
biological tissue. Thus, whereas receptors 
for senses such as vision and olfaction must 
be in direct contact with the environment 
to work, magnetoreceptors may be located 
almost anywhere inside an animal’s body. 

Also, because magnetoreceptors may be tiny 
and dispersed throughout a large volume 
of tissue, and because the detection process 
might occur as a set of chemical reactions, 
it is possible that no organ or structure 
devoted to this sensory system exists. Trying 
to locate a small number of submicroscopic 
structures of unknown appearance, 
scattered throughout an animal’s body in 
unknown places, is an enormous challenge. 
Nevertheless, the search has continued. 
Over the past four decades, numerous 
mechanisms that might enable animals to 
detect magnetic fields have been proposed. 
Empirical results have narrowed the list, 
and in the past fifteen years nearly all 
magnetoreception research has come to 
focus on two main biophysical mechanisms4, 
one involving magnetite and the other 
involving chemical magnetoreception.

The magnetite hypothesis proposes 
that crystals of the magnetic mineral 
magnetite (Fe3O4) — which have been 
detected in numerous magnetically sensitive 
animals — provide the physical basis of 
magnetoreception5. In one simple scenario, 
magnetite crystals exert torque or pressure 
on secondary receptors (such as stretch 
receptors, hair cells or mechanoreceptors) 

as the particles attempt to align with the 
geomagnetic field. Alternatively, the rotation 
of intracellular magnetite crystals might 
open ion channels in nerve cells directly if, 
for example, cytoskeletal filaments connect 
the crystals to the channels (Fig. 1a). 
Opening these channels allows ions to flow 
across nerve-cell membranes and to produce 
electrical signals used in communication by 
the brain and the nervous system.

By contrast, the chemical 
magnetoreception hypothesis proposes 
that magnetoreception occurs through 
unusual biochemical reactions that are 
influenced by the Earth’s magnetic field. 
Such reactions involve pairs of free radicals 
as fleeting intermediates (the idea is thus 
also known as the radical-pairs hypothesis; 
Fig. 1b). Most of the best-known radical-
pair reactions begin with electron transfers 
that are induced by the absorption of light. 
This has led to the suggestion that chemical 
magnetoreceptors, if they exist, might also 
be photoreceptors. A link between the 
visual system and magnetoreception has 
long been hypothesized and is supported by 
findings indicating that magnetoreception 
in some animals requires light of specific 
wavelengths6,7. The connection with 

© 2016 Macmillan Publishers Limited. All rights reserved

mailto:acorma@itq.upv.es


NATURE MATERIALS | VOL 15 | FEBRUARY 2016 | www.nature.com/naturematerials 137

news & views

photoexcitation has also led to interest 
in blue-light-sensitive photoreceptive 
proteins known as cryptochromes8. 
Cryptochromes are attractive candidates 
for magnetoreceptors because they exist in 
diverse animals and have a chromophore 
that forms radical pairs after photoexcitation.

Xie and co-authors attempt to up-
end the established order with a new 
and fundamentally different model of 
magnetoreception. By using a combination 
of genomic techniques, microscopy, 
and protein structural modelling, the 
authors provide evidence of a rod-like 
macromolecular nanostructure composed 
of a central core consisting of an iron–
sulphur protein (which they called MagR) 
polymerized into a linear protein complex, 
and wrapped helically by cryptochromes 
(Fig. 2). The overall structure has an 
intrinsic magnetic moment and rotates to 
align itself with geomagnetic field lines, 

in much the same way that magnetite 
crystals do. Unlike magnetite, however, this 
putative magnetosensor also has the light-
dependent properties of cryptochromes. 
According to the authors, this combination 
of traits can explain many and perhaps all 
of the empirical results from experiments 
on magnetoreception. For example, the 
inability of cryptochrome-deficient fruit flies 
to distinguish between different magnetic 
fields in the same way as controls9 might be 
explained because cryptochromes are an 
integral part of the magnetosensor structure. 
At the same time, the ability of sea turtles 
and other animals to orient magnetically in 
the dark10 might be explained because MagR 
has a magnetic moment and can align with 
the Earth’s field even in the absence of light.

Moreover, Xie and co-authors found 
the genes coding for MagR in many animal 
species, from insects to mammals, which 
suggests that its structure may be conserved 

evolutionarily. The authors speculate that 
MagR might provide a sort of universal 
magnetic-sensing structure that can be 
adapted for different purposes by different 
animals, enabling a given species to detect 
whatever magnetic parameters are important 
in a particular ecological setting. As 
intriguing as this new model is, an important 
caveat is that the putative magnetoreceptor 
has been identified largely on the basis of 
theory, genomics, biochemistry and three-
dimensional protein-structure modelling. 
Pigeon genes for MagR and cryptochrome 
were expressed in bacteria and the resulting 
proteins were found to co-purify. This 
is certainly an important first step, yet 
whether the complex actually exists in any 
animal, much less whether it functions as a 
magnetoreceptor, remains unknown. Also, 
at least two crucial elements of the current 
model remain to be elucidated. The first is 
whether and how cryptochromes interact 
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Figure 1 | Schematics of the two main proposed mechanisms for animal magnetoreception. a, In the magnetite hypothesis, one or more single-domain, intracellular 
magnetite crystals (shown in blue with arrows denoting the magnetic dipole moment) transduce magnetic information to a nerve cell. Left, when the cell 
membrane and magnetic dipole moment of the magnetite crystal are aligned with the magnetic north, the crystal remains at rest, no tension is exerted on the 
membrane, and ion channels remain closed. Right, when the cell membrane and magnetic dipole moment of the magnetite crystal are no longer aligned with 
the magnetic north, the rotation of the crystal causes tension on the membrane (via cytoskeletal filaments), which leads to the opening of stretch-activated ion 
channels. b, In the chemical magnetoreception model, a light-activated reaction involving radical pairs leads to magnetic-field-dependent reaction products. 
Photoexcitation of a donor molecule (D) induces electron transfer from an excited donor molecule (D*) to an acceptor molecule (A), resulting in a radical pair 
(D+ and A–) in which the two electron spins, one in each radical, are correlated. An external magnetic field affects the interconversion between singlet and triplet 
states of the radical pair. In the final step, singlet and triplet pairs react to yield distinct chemical products. Panel b adapted from ref. 8, The Biophysical Society.
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Figure 2 | Schematic (left) and structural model (right) of the putative magnetosensor3. Photoreceptive cryptochromes (Cry) surround, in a helical fashion, a 
chain of magnetoreceptors (MagR) containing Fe–S clusters. Red arrows denote magnetic field lines. Images reproduced from ref. 3, Nature Publishing Group.
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with MagR to mediate light-dependent 
effects. The second involves the fundamental 
question of transduction — how the putative 
magnetoreceptor converts a stimulus into 
electrical signals that can be interpreted by 
nerve cells.

Nevertheless, Xie and colleagues’ 
innovative work is certain to inspire a 
reappraisal of magnetoreception orthodoxy 
and its present focus on magnetite and 
chemical magnetoreception as the only 

plausible mechanisms. Only time and careful 
research will determine if the MagR model 
is correct. ❐
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ENGINEERED TUMOURS

Roll-on scaffolds
A spool-and-ribbon cell-culture approach provides quick and easy access to the interior of engineered tumours for 
the analysis of cell responses to molecular gradients.

Peter DelNero and Claudia Fischbach

Aberrant biological and 
physical properties of the 
microenvironment — such as 

vascular dysfunction and the ensuing 
perturbations of diffusive and convective 
transport — are both cause and consequence 
of malignant transformation (Fig. 1a). 
To study the underlying cellular and 
molecular mechanisms, biomaterials and 
tissue-engineering strategies that mimic 
specific physicochemical properties of 
tumours in vivo are increasingly applied1. In 
contrast to conventional two-dimensional 
monolayers, cells embedded within a three-
dimensional artificial extracellular matrix 
(ECM) recreate tissue structures and soluble 
gradients that resemble those of actual 
tumours2 (Fig. 1a). Although biomaterials-
based models achieve relative success in 
predicting cell signalling and drug response, 
they often conceal the exact mechanisms 
by which the microenvironment regulates 
disease, in part because of the difficulty 
of decoupling the feedback mechanisms 
by which extracellular conditions and 
intracellular pathways synergistically 
promote tumour aggressiveness. Reporting 
in Nature Materials, Alison McGuigan 
and colleagues introduce a ribbon-on-a-
spool biocomposite (Fig. 1b) that can help 
untangle these interactions by permitting 
the analysis of distinct, localized regions in 
quasi-physiological tumours3.

In the scaffold–tumour construct, which 
McGuigan and colleagues termed tumour 
roll for analysis of cellular environment 
and response (TRACER), cancer cells 
are embedded on a biocomposite film, 
wrapped around an aluminium mandrel, 

and cultured in a standard well-plate. 
Consumption and secretion activities by 
encapsulated cells create radial molecular 
gradients (Fig. 1b; inset). Subsequently, 
the film is unravelled, cut into sections, 
and analysed with conventional biological 
assays. Hence, this cell-culture platform 
offers an exquisite tool for the generation of 
well-defined autonomous gradients and for 
the characterization of cellular behaviours 
at precise regions along these gradients. 
Because the design of TRACER does not 
require sophisticated instrumentation or 
technical expertise, the platform is simple 
enough to be widely implemented as a 
pathologically relevant model of cancer.

Cancer-cell metabolism is a poignant 
example of the reciprocity between 
cells and their local microenvironment. 
It is commonly accepted that tumour 
cells dynamically adjust their metabolic 
signalling to meet the increased needs 
for macromolecule biosynthesis and for 
redox balance associated with excess 
cell proliferation4. These changes have 
been primarily associated with aberrant 
intracellular signalling pathways. However, 
asymmetric biochemical gradients caused 
by the combined effects of vascular 
transport and cellular consumption/
secretion play a similarly important 
role, and may terminate in severe local 
hypoxia, lactic acidosis and nutrient 
depletion5. Cancer cells respond to these 
adverse conditions through a variety of 
adaptive responses, including a switch 
toward glycolytic metabolism. Therefore, 
the metabolic phenotype of an individual 
cancer cell is affected by both oncogenic 

alterations and spatial differences in 
microenvironmental stress.

McGuigan and co-authors first used 
TRACER to investigate the effect of spatial 
variations in oxygen concentration on 
the activity of hypoxia-inducible factor-1 
(HIF-1; a canonical regulator of the 
hypoxia response6) and resultant changes 
in tumour-cell metabolic reprogramming. 
Gene-expression and metabolomic analyses 
of TRACER layers confirmed that cellular 
phenotypes varied as a function of their 
spatially distinct microenvironments. 
Interestingly, inhibition of HIF-1 with 
short-hairpin RNA (shHIF) broadly altered 
the metabolic profile in TRACER. Although 
some of these changes are expected, a 
number of surprising connections that may 
represent new, context-dependent metabolic 
pathways also emerged. Moreover, metabolic 
changes were corroborated by indirect 
measures of oxygen concentration in the 
TRACER system. TRACERs containing 
shHIF manifested a fixed oxygen gradient 
after 12 hours, whereas control experiments 
showed increasing oxygen levels. The 
authors attribute these observations to the 
inability of shHIF-treated cells to modulate 
their oxygen consumption under hypoxic 
conditions, possibly as a consequence of the 
altered metabolic profiles. Altogether, the 
authors directly correlated HIF-1-dependent 
changes in intracellular metabolic processes 
and extracellular oxygen gradients to 
unique regions in the tumour. Their 
analysis provides an excellent protocol for 
using TRACER to study the intersection 
of gene-regulatory pathways and the 
tumour microenvironment.
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