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the limit of zero external transverse field (/6).
For our dilute crystals, the net outcome is nei-
ther a ferromagnetic nor a spin-glass ground
state (17, 18) but instead a subdivision of the
system into clusters, whose conventional freez-
ing is eventually limited by the quantum fluc-
tuations brought about by the transverse fields
from other clusters. The coherent oscillations
that we observe could then be thought of as
Rabi oscillations of the clusters in the weak
transverse mixing fields.

We can use our data to see the crossover to
quantum behavior and to measure the size of
the clusters. The classical-quantum crossover is
apparent from plotting (Fig. 1, inset) the fre-
quency f, where the imaginary part of the mag-
netic response peaks against temperature. At
high T a thermally activated Arrhenius form,
S, ~ exp(-A/kgT), fits the data with a barrier
height A = 12K ~J_ . For T < 0.120 K, the
sharp gap-like cutoff appears in x'’(f) and there
is a clear deviation from the Arrhenius law in
the sense that the dynamics are too fast. We
surmise that the dominant effect at low frequen-
cies, drive amplitudes, and temperatures be-
comes thermally assisted quantum tunneling,
with perhaps a role for stochastic synchroniza-
tion effects (19, 20) in defining the sharp, but
nonetheless temperature-dependent, low-fre-
quency cutoff (Fig. 1).

The size of the clusters can be derived from
the dependence of the magnetization on exter-
nal magnetic field. The saturation of the mag-
netic response in Fig. 2A follows the familiar
Brillouin form for Ising spins, M ~ tanh(mh, /
kgT). Unlike a simple paramagnet, m here is not
the magnetic moment of a single Ho ion (21,
22) but rather the total moment of the spins
locked together in the cluster. Analysis of this
nonlinear response reveals that the clusters re-
sponsible for the saturation and hole burning
effects at 7 = 0.110 K and /' = 5 Hz contain
approximately 260 spins. This corresponds to
cluster dimensions of approximately six Ho-Ho
spacings on a side and a probability of cluster
membership of 1% for any given spin in the
crystal, comparable to that deduced from the
spectral weight carved out by the hole. A cluster
of 260 spins, each carrying 7 ., and driven at
h,. = 0.5 Oe, sets an effective energy scale ~
0.13 K, comparable to the measuring tempera-
ture 7, the onset temperature for deviations
from Arrhenius behavior and the temperature at
which the spectral gap opens.

Beyond the implications for the problem
of disordered magnets, our data demonstrate
the ability to imprint phase-coherent informa-
tion in a chemically homogeneous bulk mag-
netic material, using frequency as a label.
This means that solid magnets may yet have
a future in quantum information processing
applications where coherent spin oscillations
are actively manipulated to implement com-
putations (23). The necessary next step would
involve entangling the states, a possibility
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that can be explored in Li(Ho,Y)F,, because
for this material an external transverse field
readily produces quantum mixing (16, 24).
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Antibody-Based Bio-Nanotube
Membranes for Enantiomeric
Drug Separations
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Synthetic bio-nanotube membranes were developed and used to separate two
enantiomers of a chiral drug. These membranes are based on alumina films that
have cylindrical pores with monodisperse nanoscopic diameters (for example,
20 nanometers). Silica nanotubes were chemically synthesized within the pores
of these films, and an antibody that selectively binds one of the enantiomers
of the drug was attached to the inner walls of the silica nanotubes. These
membranes selectively transport the enantiomer that specifically binds to the
antibody, relative to the enantiomer that has lower affinity for the antibody.
The solvent dimethyl sulfoxide was used to tune the antibody binding affinity.
The enantiomeric selectivity coefficient increases as the inside diameter of the

silica nanotubes decreases.

Drugs that are produced as racemic mixtures
normally contain only one enantiomer that is
efficacious (/), and there is increasing pressure
on the pharmaceutical industry to market enan-
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tiomerically pure drugs (2). One approach for
obtaining an enantiomerically pure drug is to
effect a chiral separation, typically by means of
a chromatographic method (3, 4). An alterna-
tive enantioseparation strategy entails the use of
a synthetic membrane to selectively transport
the desired enantiomer from the racemic mix-
ture into a receiver solution on the other side of
the membrane (5—10). This requires that an
enantioselective molecular recognition agent be
incorporated into the membrane, and there are a
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Fig. 1. (A) Three-di-
mensional structures
of the drug enanti-
omers: RS enantiomer
(left) and SR enantio-
mer (right). The black,
white, blue, red, and
yellow balls represent
carbon, hydrogen, ni-
trogen, oxygen, and
fluoride, respectively;
asterisks denote the
chiral centers. The ge-
ometry optimization
was done by ab initio
calculation with min-
imal basis set in Hy-
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perChem 6.03. The drug is in clinical trials by Hormos Medical Corporation, Turku, Finland. (B) Scanning electron micrograph of the surface of the
alumina membrane with pores 35 nm in diameter before sol-gel synthesis of the silica nanotubes. These alumina membranes were 40 um thick with

a pore density of 2.1 X 10" cm™2.

few papers in the current literature on using
molecular recognition proteins (such as en-
zymes) for this purpose (8—10).

Antibodies are perhaps the most specific of
the molecular recognition proteins, and al-
though they have been used in chromatographic
experiments to perform enantio- and other bio-
separations (4, 11, 12), there appear to be no
examples of their use in membrane-permeation
enantioseparations. This is perhaps because the
binding constants for antibodies are often so
large (11, 13-18) that the binding event is es-
sentially irreversible. This is undesirable be-
cause the membrane must ultimately release the
target molecule so that it can be collected in the
receiver solution. We show here that the bind-
ing affinity in synthetic nanotube membranes
(19, 20) that contain an enantioselective anti-
body can be chemically tuned by addition of
dimethyl sulfoxide (DMSO) to the racemic
and receiver solutions (2I). These mem-
branes effect chiral separations by selectively
transporting the enantiomer that binds to the
antibody relative to the enantiomer that has
lower affinity for the antibody.

The antibodies were selected to bind the
drug 4-[3-(4-fluorophenyl)-2-hydroxy-1-
[1,2,4]triazol-1-yl-propyl]-benzonitrile (Fig.
1A), an inhibitor of aromatase enzyme activity
(4). This molecule has two chiral centers and
thus four stereoisomers: RR, SS, SR, and RS.
The antibody used selectively binds the RS
relative to the SR enantiomer, and membranes
based on the Fab fragment (4, 13, 22) of this
antibody were used to separate this enantiomer-
ic pair. The cloning, production, and purifica-
tion of this RS-enantiospecific Fab fragment
(anti-RS) have been reported previously (4).

Nanopore alumina films (23-25) (Fig.
1B) were used as host membranes for immo-
bilization of the anti-RS. Films having pores
with diameters of 20 and 35 nm were used for
these studies. A sol-gel template synthesis
method was used to deposit silica nanotubes
(with a wall thickness of <3 nm) within the
pores of the alumina films (23, 26). The
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Fig. 2. (A) Plots of nanomoles of RS enantiomer (solid squares, solid line) and SR enantiomer (open
circles, dashed line) transported from the feed solution into the permeate solution versus time
through a silica nanotube alumina membrane modified with the anti-RS Fab fragment. The
membrane had pores 35 nm in diameter. The feed solution was 0.1 mM in both the RS and SR
enantiomers dissolved in 10% DMSO-phosphate-buffered saline (PBS) buffer (pH 8.5). (B) Plots of
RS enantiomer (solid squares, solid line) and SR enantiomer (open circles, dashed line) flux versus
concentration of the enantiomers in the feed solution for the membrane in (A). The buffer in this
case was 15% in DMSO. The inset shows the dependence of the selectivity coefficient o on the feed

concentration.

inside walls of the silica nanotubes were then
reacted with a silane that terminated in an
aldehyde functional group (27). Aldehyde
groups react spontaneously with free amino
sites on proteins (28—30), and this approach
was used to attach the anti-RS to the inside
walls of the silica nanotubes (37).

The anti-RS—containing membrane was
mounted between the two halves of a U-tube
permeation cell (10, 32—-34). A feed solution
that was a racemic mixture of the RS and SR
enantiomers (typically 0.1 mM in each enan-
tiomer dissolved in pH = 8.5 phosphate buff-
er that was 10% in DMSO) was placed on
one side of the membrane. The receiver so-
lution on the other side of the membrane was
just the phosphate/DMSO buffer. The fluxes
of the RS and SR enantiomers across the
membrane were determined by periodically
assaying for these enantiomers in the receiver
solution using a chiral high-performance lig-
uid chromatography method (35).

The slopes of straight-line plots of moles

transported versus time (Fig. 2A) provide the
fluxes of the RS and SR enantiomers across
the anti-RS—containing nanotube membrane.
The ratio of the RS flux to the SR flux is the
transport selectivity coefficient a. An aver-
age a value of 2.0 = 0.2 was obtained for
three identical membranes prepared from the
alumina with a pore diameter of 35 nm, in-
dicating that these membranes transport the
RS enantiomer twice as fast as they transport
the SR enantiomer. The same o value was
obtained after storage of the membrane for 1
week in the phosphate/DMSO buffer.
Because it is the RS enantiomer that spe-
cifically binds to the immobilized anti-RS,
these data suggest that this Fab fragment is
facilitating (10, 36—41) the transport of this
enantiomer. If this is correct, theory predicts
that the RS flux should initially increase lin-
early with feed concentration and that the
curve of flux versus feed concentration
should then flatten at higher concentrations
(10). We investigated the effect of the con-
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