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Artificial ferritin has been synthesized with control of both the magnetic state (antiferro-
magnetic or ferrimagnetic) and the particle size over an order of magnitude in the number 
of iron atoms. The magnetic properties of the artificial ferritin were compared with those 
of natural horse spleen ferritin in a range of temperatures (20 millikelvin to 300 kelvin)and 
fields (1 nanotesla to 27 tesla). Inthe classical regime, the blocking temperature was found 
to correlate with the average particle size. A correlation was also observed in the quantum 
regime between the resonance frequency of macroscopic quantum tunneling of the Neel 
vector and the particle size. At high magnetic fields (to 27 tesla), a spin flop transition with 
a strong dependence on orientation was seen in the natural ferritin, providing evidence 
of antiferromagnetism in this system. 

T h e  iron-protein complex ferritin consists 
of a central core of hydrated Fe(II1) oxide 
encapsulated within a multisubunit protein 
shell. The dimensions of the polypeptide 
cavitv establish an  8-nm limit on the diam-
eter of the mineral core, which is synthe-
sized in situ within intact ~ r o t e i nmole-
cules. This protein is of interest to  research-
ers in a range of fields: In the biology of 
mammals and bacteria, ferritin serves as the 
main form of Fe storage (1,  2); in the 
chemical synthesis of organic-inorganic 
nanostructures, the protein shell (apofer-
ritin) can serve as a host for inorganic ma-
terials (3-5); and in the physics of magne-
tism, ferritin is one of the smallest realizable 
magnets and displays a variety of classical 
and quantum spin phenomena (6, 7). 

Despite extensive studies on horse 
spleen ferritin, fundamental issues remain 
unresolved. With a large surface to volume 
ratio, the properties of ferritin must be 
strongly dependent on the size of the pro-
teins, but the size of available samples is 
determined largely by natural processes. 
Discussions of the maenetic behavior of" 

ferritin usually begin with the assumption of 
an antiferromagnetic spin arrangement, but 
the evidence for antiferromagnetism is in-
direct (8,  9).(Recent progress in the synthe-
sis of Fe compounds within demetallated 
ferritin (apoferritin) indicate that it is pos-
sible to control the extent of Fe loading 
within the Fe cavity (10) and the magnetic 
state (antiferromagnetic or ferrimagnetic) 
of the mineral core (4). This makes possible 
a more systematic study of the magnetic 
properties of these nanometer-scale pro-
teins. Knowledge gained by magnetic stud-
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ies can in turn lead to better understanding 
of the chemical synthesis process and ulti-
mately to the elucidation of the biological 
function of the natural proteins. 

To  this end, we synthesized a series of 
artificial ferritin samples beginning with the 
empty apoferritin shell. In what we call the 
"magnetoferritin" sample a ferrimagnetic 
core was synthesized, and in the other sam-
ples the same antiferromagnetic material, 
which constitutes the natural ferritin core, 
was synthesized with metal loading values 
from 100 to 4000 Fe ions. Measurements of 
the classical magnetic properties at temper-
atures from 5 to 300 K and fields up to 5 T 
revealed a correlation between the mean 
particle size -and the blocking temperature. 
A t  lower temperatures (20 to 200 mK) and 
fields (-1 nT),  the quantum spin dynamics 
of the antiferromagnetic ferritin shows a 
correlation between mean particle size and 
the tunneling rate; specifically, the mean 
particle size scales with the logarithm of the 
resonance frequency for macroscopic quan-
tum tunneling of the NCel vector, as pre-
dicted by theory (11,  12). Finally, we per-
formed measurements at high magnetic 
fields (to 27 T )  to study the saturation of 
the magnetic moment and anisotropy of the 
ferritin films. A spin flop transition was 
observed, providing additional evidence of 
antiferromagnetism in ferritin. 

W e  synthesized a series of artificial fer-
ritin samples by chemical reconstitution of 
iron oxide cores within the empty polypep-
tide shell of apoferritin. The magnetofer-
ritin sample, consisting of a ferrimagnetic 
core of magnetite-maghemite (Fe,04-y-
Fe203),was synthesized by an extension of 
earlier methods (4). In other experiments, 
an antiferromagnetic material, ferrihydrite 
(5Fe203 9H20) ,  which constitutes the 
core of natural ferritin, was synthesized 
within the protein shell with metal loading 
values from 100 to 4000 Fe ions per ferritin 
molecule. Apoferritin was prepared by thio-

glycolic reduction of horse spleen ferritin 
( 13)  and remineralized by the air oxidation 
of a solution of NH4Fe(S04), added in 
aliquots to the protein solution at pH 6.5 in 
0.1 M MOPS buffer to give the required 
meta1:protein loading (14). The samples 
were characterized bv chemical and bio-
chemical analysis and transmission electron 
microscopy (TEM) (Table 1). 

Natural horse spleen ferritin is widely 
believed to become antiferromagnetic at 
240 K (8,  9). However, the evidence is 
largely indirect because the particles are 
superparamagnetic and, as a result, the mag-
netization is substantially reduced at high 
temDeratures and cannot be followed 
through the Nee1 point. A t  lower tempera-
tures (10 to 50 K), there is not enough 
thermal energy to allow the moments to 
oscillate across the maenetic anisotrouv 

L ,  

barrier, and they become-blocked. 
Although Mossbauer spectroscopy is the 

traditional technique for the study of mag-
netism in ferritin, it is necessary to extract 
the bulk magnetic properties from Moss-
bauer data by fitting to a model. A super-
conducting quantum interference device 
(SQUID) directly probes the bulk proper-
ties on a larger length and time scale. Initial 
magnetic studies were done at temperatures 
ranging from 2 to 300 K and fields up to 5 
T in a radio-frequency SQUID magnetom-
eter. The  magnetoferritin sample consisted 
of 0.16 mg of protein, and the artificial 
antiferromaenetic sam~lesconsisted of 0.25" 

mg each. The magnetic properties of a sam-
ple of natural horse spleen ferritin (0.4 mg) 
from a commercial solution (15) were also 
measured for comparison. Before measuring, 
the artificial samples were dried in air at 
40°C on a 25-p,m-thick polypropylene film, 
and the natural samples were dried at room 
temperature on a glass slide. 

A marked contrast between the mae-u 
netoferritin and the natural ferritin can be 
seen in the variation of magnetization with 

Table 1. Characteristics of the natural and artifi-
cial ferritin samples used in the present study. 

Diameter? (rim) 
Sample* 

Mean Variance 

Natural ferritin 
Magnetoferritin 
100 
250 
500 
1000 
2000 
3000 
4000 

*Iron content was measured by atomic absorption anal-
ysis and the Lowry method. ?Particle sizes deter-
mined by TEM. $TEM gives an upper limit of 3 nm. 
We obtained the diameters shown by assuming a linear 
relation between volume and the number of Fe ions. 
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field at low temperatures (Fig. 1A). A t  the 
highest field, the moment of the magneto-
ferritin is over 10 times that of the natural 
ferritin, which is consistent with the iden-
tification by x-ray analysis of the magneto-
ferritin as either magnetite or maghemite, 
both ferrimagnetic compounds. Together 
with the absence of hysteresis, the sharp 
reversal in magnetization indicates that the 
anisotropy of the magnetoferritin must be 
weak. In contrast, natural ferritin displays a 
slight hysteresis and remanence that disap-
pear when the temperature is raised to 30 K. 
Thus, above a certain temperature, the an-
isotropy barrier is overcome by thermal 
fluctuations, leading to classical superpara-
magnetic behavior. 

In reality, there is a distribution of an-
isotropy barriers due to the distribution in 
particle sizes. Even if the magnetic anisot-
ropy K does not vary from particle to parti-
cle, there will be variations in the volume V 
because of variations in particle size and 
hence a distribution of energy barriers KV. 
A system with a distribution of energy bar-
riers will often display glassy behavior. In a 
spin glass, the distribution arises from frus-
trated interparticle exchange interactions 
and disorder. In ferritin, however, the dis-
tribution is due to intraparticle variations in 
anisotropy energy barriers. This can be seen 
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Fig. 1. (A) Magnetization versus field (at 5 K) for 
ferrimagnetic artificial ferritin ("magnetoferritin") 
(filled circles) and natural horse spleen ferritin 
(opencircles).(BandC)Variation in magnetization 
versus temperature after cooling in a field (FC 
sample) and cooling in zero field (ZFC sample)for 
the natural horse spleen ferritin (B) and the mag-
netoferritin (C).The mass includes the apoferritin 
as well as the iron oxide core; emu, electromag-
netic unit. 

in Fig. 1, B and C. The pair of curves that 
merge (filled and open circles) were taken 
while warming in the presence of a 50-G 
field: for the field-cooled (FC) curve, the 
sample was cooled beforehand from room 
temperature to 5 K in a 50-G field, there-
by annealing the spins into stable states; 
for the zero field-cooled (ZFC) curve, the 
sample was cooled in a low field (<2  G )  
from room temperature to 5 K, allowing 
the spins to relax into metastable states, 
and then the 50-G field was applied at 5 
K. Two competing effects are responsible 
for the appearance of a peak in the ZFC 
curves at the mean blocking temperature 
T,: As the temperature is raised, the 
blocked spins are activated. This activa-
tion produces an  increase in the magneti-
zation whereas unblocked spins suffer 
more thermal fluctuations, leading to a 
decrease in the magnetization. 

Although the difference between the FC 
and ZFC curves in natural ferritin has been 
observed in a single field, the interpretation 
was not in terms of glassy behavior (16). 
Our interpretation follows more closely that 
proposed as a result of work on other small 
ferro- and ferrimagnetic particles (17, 18). 
In the present study, a comparison was 
made between antiferromagnetic (Fig. 1B) 
and ferrimagnetic (Fig. 1C) particles. In 
contrast to the case in the field sweep (Fig. 
lA) ,  anisotropy can be observed in the 
temperature sweep (Fig. 1C) on magneto-
ferritin through the difference in the FC 
and ZFC curves. The FC and ZFC curves of 
natural ferritin become indistinguishable by 
20 K.(Fig. 1B). Because the magnetization 
increases rapidly with field for the magneto-
ferritin (Fig. l A ) ,  a small difference (0.5%) 
in the field set for the FC and ZFC curves 
(Fig. 1C) produces an offset (they would 
otherwise merge, around 50 K). According-
ly, T, is higher in the magnetoferritin than 
in natural ferritin, 40 K versus 11 K, respec-
tively, suggesting a higher anisotropy barrier 
KV.The anisotropy of the magnetoferritin 
is not seen in the field sweep because of the 
suppression of the barrier with application 
of a field. A n  increase of the field from 50 
to 500 G decreases T, to 25 K in the 
magnetoferritin, whereas in natural ferritin 
there is only a slight shift to higher temper-
atures. The reduction of T, with increasing 
field has been observed in other small fer-
rimagnetic systems (18) ,  but there does not 
appear to be any observation of the opposite 
effect in antiferromagnetic systems. Dipolar 
interactions between particles appear to be 
insignificant at these temperatures, as T, 
does not vary upon dilution of the natural 
ferritin with apoferritin to one-hundredth 
of its concentration (to a concentration 
comparable to that of the artificial ferritin). 
A more likely possibility is that shape an-
isotropy is less important for the antiferro-

magnetic samules than for the ferrimaenetic" " 

ones (9) because of the smaller moment per 
article of the former 1-300 Bohr maene--

tons (p,,) per particle] versus the latter 
(-10,000 p,, per particle). 

The glassy behavior of ferritin can also 
be studied as a function of particle size. A 
range of antiferromagnetic samples with Fe 
loading from 100 to 4000 were examined 
under FC and ZFC conditions (Fie. 2A). As 

~ u 

with natural ferritin, the FC curves '(not 
shown) merged with the ZFC curves at 
temperatures by 30 K. In addition, T, de-
creased with decreasing particle size (Fig. 
2A). The peak in the ZFC curve does not 
occur exactly at T,; rather, the peak is 
proportional to  T, by a factor that depends 
on the form of the distribution of the par-
ticle sizes. This factor can range from 1 for 
a delta function distribution to 2 for a uni-
form distribution 117). A reasonable as-~, 

sumption is that the form of the distribution 
is the same for all of the sam~les.If the 
anisotropy constant also does not vary from 
particle to particle, then T, should scale 
linearly with the volume of the particles, as 
seen in Fig. 2B. 

Another study (19)  of the variation of 
T, with particle size over a smaller range 
(Fe loading of 1000 to 2000) found a non-
linear component in the dependence due to 
a surface anisotropy. The samples in this 

Iron loading 

Volume (nm3) 

Fig. 2. (A) Variation in magnetization for different 
particle sizes upon warming in a field of 500 G 
after cooling in zero field. The peak in the curves is 
the mean blocking temperature, T,. (B) Depen-
dence of T, on mean particle size. The sample 
with an Fe loading of 4000 was found by TEM 
measurements (see Table 1) to have the same 
mean diameter as the sample with an Fe loading 
of 3000 and hence the same T,. 
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study (19) were prepared by reduction of 
natural horse spleen ferritin, whereas ours 
were prepared by oxidation in the empty 
apoferritin. A difference in the surfaces 
could give a larger contribution to the an-
isotropy from surface spins in the reduced 
case. The T,values measured in this study 
are consistently higher than in the present 
study because of the difference in the time 
scale of the measurements. Unblocking oc-
curs when the moments fluctuate on a time 
scale that is short as compared to the mea-
surement. Because the intrinsic Mossbauer 
time scale is the nuclear Larmor precession 
(nanoseconds) whereas the radio-frequency 
SQUID time scale is the scanning of the 
sample through the detection coils (sec-
onds), the T, values obtained from the 
Mossbauer studies will be higher. For small-
er particles, the relation between TBand V 
must become more complex and cannot 
simply be linearly extrapolated from the 
data in Fig. 2B. 

Ex~erimentsat lower temueratures and 
fields provide further evidence that the mag-
netic ~ r o ~ e r t i e sof the artificial ferritin re-
constituted with ferrihydrite cores are deter-
mined more by particle size than by varia-
tions in anisotropy. A t  temperatures far be-
low T,,the net magnetization is classically 
forbidden from fluctuating to the opposite 
direction because there is not enough ther-
mal energy to overcome the anisotropy bar-
rier. The net magnetization, described in 
terms of the Nee1 vector, may nevertheless 
coherently tunnel quantum mechanically 
across the barrier. This effect is observed as a 
resonance in the frequency-dependent mag-
netic susceptibility and has been observed in 
natural horse spleen ferritin (7,  20). 

Similar studies of the artificial ferritin 
were undertaken to complement the studies 
of the classical magnetic properties and to 
test the predictions of theories of macroscop-

Iron loading 
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Fig. 3. Dependenceof resonance frequency,v,,,, 
on palticle size, V/V,,/,. Note that frequency is plot-
ted on a logarithmic scale in accord with quantum 
mechanicalpredictions.The inset shows a typical 
noise resonancecurve S(u)observedfor the sam-
ple with an Fe loading of 3000 at 24.3 mK in a 
background field of -1 nT. 

ic quantum tunneling (MQT). The experi-
mental technique has been described (20): 
an integrated dc SQUID magnetometer is 
used to study the spin dynamics of the arti-
ficial antiferromagnetic ferritin by making 
measurements of magnetic noise and suscep-
tibility at temperatures from 20 to 200 mK 
and fields on the order of a nanotesla. A 
typical noise resonance curve is shown in the 
inset of Fig. 3. Qualitatively, as the particle 
size becomes smaller and the anisotropy is 
reduced, the Nee1 vector will tunnel across 
the barrier at a higher rate. The resonance 
frequency should thus increase as the particle 
size decreases. The theory of MQT in anti-
ferromagnets (1 1 ,  12) predicts that the res-
onance frequency v,,, should depend on the 
size of the particle V in the form 

where v, is the attempt frequency, X ,  is the 
transverse susceptibility, and K is the an-
isotropy along the easy axis for magnetiza-
tion. The dependence on the volume V can 
be written explicitly as 

where V, can be taken to be the volume of 
natural ferritin. A graph of the logarithm of 
v,,, versus V/V, (Fig. 3 )  shows good agree-
ment with the predicted linear scaling be-
havior. The volumes are normalized bv the 
volume in the natural horse spleen ferritin, 
which has 4500 Fe(II1) spins. The sample of 
natural horse spleen ferritin that we used in 
the study of quantum magnetic phenomena 
was extracted by ultracentrifuge from the 
commercial solution with the selection cri-
terion being those particles of largest size. 
Hence, the upper tail of the distribution of 
articles was chosen instead of the whole 

distribution as in the study of the classical 
magnetic phenomena. The data of Fig. 3 
demonstrate that the resonance effects orig-
inate from the magnetic core of the ferritin, 
not fr0.m an alternative source, and are 
consistent with the theory of magnetic 
MQT (20, 21). O n  the basis of both clas-
sical and quantum phenomena, we may 
conclude that the magnetic properties of 
natural and artificial ferritin scale with par-
ticle size. 

The behavior of ferritin at high magnet-
ic fields (>20 T )  is a previously unexplored 
regime but one that can reveal valuable 
information about the exchange interac-

D 

tions. There was an  early report (22) of a 
metamagnetic transition at 7.5 T in exper-
iments with pulsed fields up to 17.5 T, but 
this transition could not be confirmed 123). 
In our work we studied natural horse spleen 
ferritin and artificial antiferromagnetic fer-

ritin at temperatures from 2 to 30 K and 
static fields up to 27 T with a highly sensi-
tive cantilever magnetometer 124). A 
marked difference c a i  be seen in ~ i g :4 in 
natural horse s ~ l e e nferritin when the field 
is parallel and when it is perpendicular to 
the plane of the dried ferritin film, in 
marked contrast to the assumption that a 
bulk ferritin sample is essentially a powder. 
The direction parallel to the thin self-sup-
porting film of ferritin appears to be an  easy 
axis for magnetization, most likely due to 
strain-induced anisotropy during drying. 

The sensitivitv of the transition at 10.7 T 
to the orientatio; is evidence for its identi-
fication as a spin flop transition, which is a 
direct indication of antiferromagnetism in 
ferritin. A t  30 K, when the anisotropy barrier 
is small compared to thermal fluctuations, no 
transition is observed. The critical field for a 
spin flop transition in a bulk crystal is to 
lowest order given by (25) 

where Heis the exchange field and Hais the 
anisotropy field. Recent Mossbauer spec-
troscopy of ferritin at fields up to 14 T (26) 
allows values of He and Hg to be extracted, 
specifically 130 T and 1.72 T ,  respectively, 
which implies a bulk spin flop at 21.1 T. 
The observation of a nonhysteretic transi-
tion at 10.7 T and the fact that the linear 
segment that follows the transition does not 
extrapolate to zero magnetization at zero 
field suggest that the transition is not one in 
the bulk but only on the surface (27). Giv-
en  the large surface/volume ratio of the 
ferritin, the surface spins are likely to have 
a significant, but different, role than the 
bulk spins because they can experience dif-
ferent exchange and anisotropy fields. We 
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Fig. 4. Relative magnetization of natural horse 
spleenferritin at highfields. For the easy axis curve 
the plane of the ferritin film is oriented parallel to 
the magnetic field, and for the hard axis curve the 
plane is perpendicularto the field. The easy axis 
curve is normalized to its value just before the 
transition,and the hard axis curve is normalizedto 
its saturation value at maximum field. The down-
ward-pointing arrow indicates the critical field (H,) 
for the spin flop transition.The effectsare antisym-
metric with reversal of the field. 
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also studied one of the artificial samples 
(the one with an Fe loading of 1000) in the 
perpendicular orientation, and no  transi-
tion was seen at 5 K up to 15 T.  Additional 
experiments with artificial samples of differ-
ent particle sizes should provide a better 
understanding of the effects due to the sur-
face spins. 

The fabrication of small magnets in a 
biological host through chemical synthesis 
presents the opportunity to study nanom-
eter-scale magnetism with a systematic vari-
ation of interactions and particle size. Both 
in the classical regime of intermediate fields 
and temperatures and in the quantum re-
gime of low fields and temperatures, corre-
lations are found between the particle size 
and the magnetic properties of the artificial 
ferritin consistent with the properties of 
natural ferritin. In another classical regime 
of high magnetic fields, the anisotropy of 
the ferritin films is found to be crucial in 
competition with the antiferromagnetic ex-
change to produce the spin flop transition. 
Complementary measurements on the tran-
sition such as antiferromagnetic resonance 
and specific heat would also be desirable. 

The ferritin protein is of interest not 
only in pure research but in applied tech-
nologies as well. In addition to serving as a 
vesicle for the chemical fabrication of new 
materials, the ferritin protein could also 
serve as a biomagnetic coating for imaging 
structural defects in ferrous materials (28). 
There has also been recent work on the use 
of other superparamagnetic particles as a 
refrigerant (29). Other applications closer 
to the original source of ferritin include the 
enhancement of magnetic resonance imag-
es in biological studies (30) and in the 
orientation of biological assemblies (31). 
All of these research and practical applica-
tions require specific knowledge of the syn-
thesis and spin interactions of biomagnetic 
entities. 
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E5531, a Pure Endotoxin Antagonist of 
High Potency 
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Daniel P. Rossignol, Seiichi Kobayashi, leharu Hishinuma, 

Akifumi Kimura, Naoki Asakawa, Kouichi Katayama, 
lsao Yamatsu* 

Shock due to Gram-negative bacterial sepsis is a consequence of acute inflammatory 
response to lipopolysaccharide (LPS)or endotoxin releasedfrom bacteria. LPS is a major 
constituent of the outer membrane of Gram-negative bacteria, and its terminal disac-
charide phospholipid (lipid A) portion contains the key structural features responsible for 
toxic activity. Based on the proposed structure of nontoxic Rhodobacter capsulatus lipid 
A, a fully stabilized endotoxin antagonist E5531 has been synthesized. In vitro, E5531 
demonstrated potent antagonism of LPS-mediated cellular activation in a variety of 
systems. In vivo, E5531 protected mice from LPS-induced lethality and, in cooperation 
with an antibiotic, protected mice from a lethal infection of viable Escherichia coli. 
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