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Among these polyphenols, curcumin (diferuloylmethane), the yel-
low pigment in the rhizome of turmeric (Curcuma longa), attracts
considerable attention as a food component preventing the patho-
genesis of AD.38 Although the difference of life expectancies should
be considered, epidemiological studies reported that India, where
curcumin consumption is widespread, has a lower incidence of
AD than the United States.39 In vitro studies have shown that cur-
cumin not only inhibits the Ab aggregation but also disaggregates
the Ab fibrils.40,41 In vivo studies using AD transgenic mice have
shown that chronic dietary curcumin lowered Ab deposition in
the brain,42 and intravenously injected curcumin crossed the
blood-brain barrier and bound to the amyloid plaques.41,43 Inter-
estingly, systemic treatment of mice with curcumin reduced new
amyloid accumulation as well as previously deposited amyloid pla-
ques.43 This can be attributed to the potency of curcumin to disag-
gregate the Ab fibrils and inhibit Ab aggregation as previously
described in vitro.40,41 Because curcumin shows a wide range of
properties, such as anti-inflammation, anti-oxidation, metal chela-
tion, and maintenance of protein homeostasis,38,42,44–48 the possi-
bility that some other actions contribute to the clearance of
amyloid deposits in vivo cannot be neglected. In any case, the bind-
ing of curcumin to the amyloid deposits could be closely related to
their reduction.

Elucidating the interaction sites of curcumin and the Ab42 fi-
brils and important structural features of curcumin contributing
to its potency as an inhibitor is essential for understanding the
mechanism of interaction and developing new medicinal leads.
However, no substantial experimental data directly showing the
binding mode of curcumin to the Ab42 fibrils has been recorded
except for some structure–activity studies.44,49 Solid-state NMR is
an effective tool to analyze the interaction between solid (amyloid
fibrils) and solute (curcumin dissolved in water). In this study, we
analyzed the binding mode of curcumin to the Ab42 fibrils by so-
lid-state NMR. The application of covariance processing50–53 to im-
prove the 2D spectra quality is also discussed.

2. Results and discussion

2.1. Syntheses of Ab42 and curcumin selectively labeled with 13C

To analyze the intermolecular dipole–dipole interactions be-
tween the Ab42 fibrils and curcumin by solid-state NMR, we selec-
tively labeled the Ab42 peptide and curcumin with 13C. As
mentioned in Section 1, Ab forms intermolecular b-sheets to aggre-
gate.12–15 Most of the aggregation inhibitors, including curcumin,
possess planar structures,32,34–37 which could be easily intercalated
between b-sheets. Moreover, curcumin does not bind to the Ab
monomers, but to the protofibrils and the fibrils, both of which
are rich in b-sheets.41 On the basis of these data, we expected cur-
cumin to interact with the b-sheet region of Ab42. Although vari-
ous different structural models of the Ab42 fibrils have been
proposed,16–27 it is widely accepted that the amino acid residues
at positions 17–21 form intermolecular parallel b-sheets and those
at the N-terminus form a random coil structure. In addition, F19
and F20 in the Ab42 fibrils could form intermolecular p–p stacking
interactions, which can be inhibited by the aromatic rings of curcu-
min.34,54 Therefore, we synthesized Ab42 labeled at positions 17–
21 with 13C (Fig. 1A), along with Ab42 labeled at the N-terminus
with 13C for comparison (Fig. 1B). Nitrogen atoms were labeled
with 15N to avoid the influence of 14N quadrupole interaction on
13C.55,56 To avoid signal overlap, only aromatic carbons were la-
beled in curcumin (Fig. 1C) and only non-aromatic carbons were la-
beled in Ab42 (Fig. 1A and B).

The 13C-labeled peptides and curcumin were chemically syn-
thesized. In short, the Ab42 peptides can be synthesized in high

yields using HATU57 as an effective coupling activator for fluore-
nylmethoxycarbonyl (Fmoc) chemistry as previously reported.58

Because Ab42 easily aggregates under acidic and neutral condi-
tions, purification by HPLC was performed under alkaline condi-
tions.59 Curcumin labeled at the aromatic carbons was
synthesized from acetylacetone and 13C-labeled vanillin using the
method developed by Pabon (Scheme S1).60

2.2. Preparation of 13C-labeled Ab42 fibrils mixed with 13C-
labeled curcumin

Because this study focuses on the binding mode of curcumin to
the Ab42 fibrils, 13C-labeled curcumin was added after fibrillation
of 13C-labeled Ab42 (Fig. S1). Incubation of 13C-labeled Ab42
(10 lM) in phosphate buffered saline (PBS) at 37 !C for 48 h gave
white fibrils. To the fibril suspension, a five-fold excess of 13C-la-
beled curcumin (50 lM) was added. Relatively higher concentra-
tion of curcumin was employed to accurately detect
intermolecular interactions. Because the Ab42 fibrils were stained
orange immediately after adding curcumin, the mixture was incu-
bated for only 1 h. After centrifugation, the orange-colored fibrils
stained with curcumin were washed with distilled water, dried
in vacuo, and used for solid-state NMR experiments.

The morphology of the Ab42 fibrils stained with curcumin was
examined by transmission electron microscopy (TEM) (Fig. S2). The
morphology of the Ab42 fibrils with curcumin was similar to that
without curcumin. Because the co-incubation time with curcumin
was only 1 h, the fibril structures could not have changed signifi-
cantly before and after the addition of curcumin. Ono et al. previ-
ously suggested that curcumin rapidly destabilizes the Ab fibrils
because adding curcumin to the Ab fibrils showed significant de-
crease in the fluorescent intensity within one hour in their thiofla-
vin T (ThT) assay.40 However, Hudson et al. recently reported that
curcumin significantly biases the ThT fluorescence because of di-
rect interaction of curcumin with ThT and/or competitive binding
of curcumin with ThT to the fibrils.61 For this reason, one cannot
convincingly ascribe the decrease in the ThT fluorescence by curcu-
min to destabilization of the Ab42 fibrils. On the other hand, other
TEM studies observed destabilization of amyloid fibrils 3–7 day
after adding curcumin to the amyloid fibrils.41,62 Moreover, Yang
et al. demonstrated dissolution of the Ab42 fibrils after 3-day co-
incubation with curcumin using sandwich ELISA.41 Altogether,
destabilization of amyloid fibrils by curcumin is likely to occur
after long-time co-incubation.
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Figure 1. Selective labeling of Ab42 and curcumin with 13C and 15N. Labeling
scheme in the Ab42 sequence: red letter, uniformly labeled with 13C and 15N; blue
letter, only Cb is labeled with 13C. Curcumin was labeled at its aromatic carbons
with 13C.
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2.3. Solid-state NMR experiments

2.3.1. 13C 1D spectra
Figure 2 shows 13C 1D spectra of the 13C-labeled Ab42 fibrils

mixed with 13C-labeled curcumin. Signals around 100–150 ppm
indicate binding of 13C-labeled curcumin to the Ab42 fibrils. Cross
polarization (CP) efficiency did not significantly affect the signal
intensity ratio of curcumin to the Ab42 fibrils among the con-
tact-time of 0.5–2 ms. Since we used ramped-amplitude cross
polarization (RAMP-CP),63 the CP efficiency could not be very dif-
ferent among carbons with different numbers of attached protons.
Therefore, we estimated the ratio of bound curcumin to Ab peptide,
measured from the signal intensity, to be ca. 1:4, assuming that the
CP efficiency is almost same for all carbons. This implies that one
curcumin molecule interacts with more than one Ab molecule.
Considering the previous report that curcumin does not bind to
monomeric Ab, but to the protofibrils and the fibrils,41 the curcu-
min molecules are expected to exist across or between the Ab mol-
ecules in the fibrils.

2.3.2. Application of covariance processing to 2D NMR data
For structural analysis, we used dipolar-assisted rotational res-

onance (DARR,64,65 also known as RAD66), which realizes 2D dis-
tance-related solid-state NMR spectroscopy. In the 2D Fourier
transform (FT) DARR spectra (Fig. S3), it was difficult to analyze
weak intermolecular cross peaks buried in noise, which was
mainly comprised of t1 noise. To obtain a better representation of
the 2D spectrum, we applied covariance data processing.50–53

Covariance matrix C is obtained from C = (FT!F)1/2, where F is the
2D NMR data processed by FT along the t2 dimension only, FT is
its transpose, and superscript 1/2 designates the square root of
the entire matrix. On the processed spectrum, the covariance val-
ues are shown as the intensity of cross peaks between 13C spins
causing magnetization transfer. Covariance processing of the 2D
NMR data has proven to be useful for improving the signal to noise
ratio (SNR), reduction of measurement time, and symmetrization
of a 2D spectrum.50,51,53 Covariance processing is reportedly bene-
ficial for the 13C–13C correlation spectra of solid biomolecules such
as microcrystalline proteins and amyloid fibrils.67,68

The spectra shown in Figure 3 were obtained by covariance-
processing of the 2D DARR data (2D FID data is the same as those
in Fig. S3). Intramolecular cross peaks in the covariance-processed
spectra (Fig. 3) were observed at the same positions as those in
the FT spectra (Fig. S3) with a better SNR. Moreover, intermolec-
ular cross peaks appeared between the Ab42 fibrils and curcumin
(blue squares in Fig. 3C and D). Tekely and Brüschweiler recently

reported that the improvement of SNR by covariance processing
enabled them to detect some weak cross peaks that were not ob-
served in the 2D FT spectra.67 They also reported that covariance
processing is not susceptible to artifacts under their experimental
conditions when the number of t1 points is sufficiently large
(more than 128 points in their experiments).67 To confirm that
the intermolecular cross peaks observed in our experiments (blue
squares in Fig. 3C and D) are not artifacts, we evaluated the mix-
ing time dependence of the cross peaks. In the covariance-pro-
cessed spectra at a mixing time of 50 ms ( Fig. 3A and B), the
intermolecular cross peaks were significantly weak for detection.
One-dimensional cross section spectra at the 13C chemical shift of
positions 7 (7’) and 8 (8’) of curcumin (148.6 ppm, red line in
Fig. 3) demonstrates that the cross peaks apparently got larger
in proportion to the mixing time (Fig. 4). Our simulation study
using two spin systems also confirmed the correlation between
the mixing time and the cross-peak intensity in the covariance-
processed spectra (Figs. S8–S10). These data strongly support
the fact that the observed intermolecular cross peaks (blue
squares inFig. 3C and D) arise from the 13C–13C dipolar interaction
reintroduced by DARR during the mixing time. In 2D DARR spec-
tra at the mixing time of 50 ms, the cross-peaks of carbon atoms
indicate that their distance is 1.5–3.0 Å. On the other hand, when
the mixing time is 500 ms, cross-peaks between carbons 5–6 Å
apart are also observed. Thus, the observed intermolecular cross
peak between carbons of curcumin and the Ab42 fibrils suggest
that their distance is 4–6 Å.

2.3.3. Investigation of interaction sites between curcumin and
Ab42 fibrils

In the covariance-processed 2D DARR spectrum at a mixing
time of 500 ms (Figs. 4C and 5A), we observed several cross peaks
between the carbons of curcumin and the residues at positions 17–
21 of the Ab42 fibrils. This suggests that curcumin interacts with
theses residues which are included in the central b-sheet region
of the Ab42 fibrils. Curcumin had cross peaks with the methyl,
methylene, methine, and carbonyl carbons of all the residues. This
indicates that the binding of curcumin is not specific to a particular
residue in the b-sheet region of the Ab42 fibrils. Cole’s group also
suggested that the binding of curcumin to Ab does not depend
on the primary sequence but on the fibril-related conformation
such as b-sheet because curcumin binds to the protofibrils and
the fibrils made of short Ab fragments, such as Ab1–28, Ab12–28,
and Ab25–35.41 This speculation is supported by the finding that
curcumin is able to interact with other b-sheet-rich amyloid pro-
teins such as a-synuclein and prion protein.69,70
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related to the hydrophilic interactions with the Ab42 fibrils. Since
the aromatic carbon atom 5(5’) at 127.9 ppm also possesses some
clear cross peaks compared with carbons 9 (9’) and/or 10 (10’)
(116.1 ppm) and carbon 6 (6’) (109.1 ppm), this position might
be also close to the Ab42 fibrils, supporting the importance of
the linker region between the aromatic rings of curcumin as previ-
ously reported.49

3. Conclusion

In this study, we analyzed the interaction sites of curcumin and
the Ab42 fibrils by solid-state NMR. Because the amount of bound

curcumin was very small, it was difficult to analyze intermolecular
dipole–dipole interactions between curcumin and the Ab42 fibrils.
However, we succeeded in detecting weak cross peaks between
curcumin and the Ab42 fibrils by using the covariance NMR meth-
od. The observed 13C–13C cross peaks suggested the binding of cur-
cumin to 12th and 17–21st residues included in the b-sheet
structure in the Ab42 fibrils. Because the C-terminus of the Ab42
fibrils also forms b-sheets, we expect that curcumin would also
interact with the C-terminus. In fact, Sato and coworkers indicated
that amyloid inhibitors could possibly interact with GxxxG motifs
in the C-terminus of the Ab fibrils.74 The binding of curcumin to
amyloid fibrils seems not to be site-specific like that of a ligand
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MAS probe without any hardware modification. Fig. 4a shows a 13C
CP-MAS spectrum of partially 13C– 15N-labeled 42-mer amyloid b
peptide (Ab42) [16], known to play a critical role in the etiology
of Alzheimer’s disease. Here the sample amount was !0.1 mg,
and the spectrum was obtained with double-resonance MACS by
accumulating the 13C NMR signal for 2.08 days, while the expected
experimental time required to attain the same signal-to-noise ratio
with the conventional probe exceeds 85 days.

Fig. 4b shows another example of double-resonance MACS
demonstrating two-dimensional 13C– 13C correlation experiment
by means of dipolar-assisted rotational resonance (DARR) [17,18]
in polycrystalline 13C-labeled histidine. Multi-dimensional NMR
is, even though powerful for extracting secondary structure of bio-
polymers, time consuming, so that a considerable amount of sam-
ple is usually required to reduce the number of signal
accumulations. In many applications, however, samples with 13C
labelling at specific sites have to be prepared to assign the reso-
nance lines and obtain distance restrains, and synthesis of a num-
ber of differently labeled samples with quantities giving tolerable
sensitivity in the conventional solid-state NMR is often formidable.
Double-resonance MACS presented here is also promising in this
context, since it allows us to obtain two-dimensional correlation
spectra with much less sample amount, as demonstrated in Fig. 4b.

For a static microcoil, the susceptibility effect of the coil mate-
rial causes static field distortion in the coil proximity, and it was
demonstrated that spinning of the MACS insert effectively elimi-

nated resonance-line broadening induced by the susceptibility of
the microcoil as well as that of the biological tissue sample [11].
In order to examine the effect of coil susceptibility in 1H– 13C dou-
ble-resonance MACS in comparison with the case of a static micro-
coil, we carried out another microcoil-MAS experiment with the
piggy-back scheme [8] using the same 7 T superconducting magnet
and under the same experimental condition, i.e., the identical poly-
crystalline sample of 13C– 15N-labeled L-alanine, the same pulse se-
quence and rf intensities, and the same spinning speed. The
diameter of the static microcoil was 0.8 mm, and the outer and in-
ner diameters of the sample capillary were 0.4 and 0.3 mm. Our
piggy-back microcoil-MAS probe is described in Ref. [10] in detail.
As demonstrated in Fig. 5 showing the methyl 13C peaks, 13C– 13C J
splitting could be observed in MACS, while broadening caused by
the coil susceptibility obscured the structure in the piggy-back
scheme, indicating that susceptibility-matching [1] would be re-
quired in the latter.

The MACS resonator, whether singly- or doubly-tuned, is trans-
parent to radiofrequency fields for a wide range of frequencies out-
side the resonance bands. It is thus possible to use an extra channel
of the primary circuit in the probe to put another nuclear spin spe-
cies in the experiment. With a double-resonance MAS NMR probe,
a singly tuned MACS resonator for one nuclear spin species can be
inductively coupled with one of the two channels in the probe,
while the other channel can also be used for another species. Sim-
ilarly, with a triple-resonance probe, we would be able to perform
double-resonance MACS with two of the three channels, and use
the other for another, third nuclear spin species. Even though the
filling factor for the third channel is poor, not all nuclear spin spe-
cies are subject to observation in most triple-resonance NMR
experiments, so that the additional channel may be assigned to
the unobserved spin species. For example, in 1H– 13C– 15N triple-
resonance sequences used frequently for the study of 13C– 15N-la-
beled peptides and proteins, the 1H spins are only irradiated for
the purpose of magnetization transfer and decoupling, while it is
essential to detect the 13C and 15N NMR signals with high concen-
tration sensitivity. On the other hand, for strong 1H decoupling
which is only possible with the microcoil [8], it would be necessary
to extend MACS to triple-resonance by fabricating a triply-tuned
resonator based on the circuit diagram depicted in Fig. 6, which in-
volves three inductors L1, L2, and L3 and three capacitors C1, C2, and
C3. For the case of negligible mutual inductances among the induc-
tors, the resonance condition is given by

0 ¼ 1# ½L1C1 þ ðL1 þ L2ÞC2 þ ðL1 þ L2 þ L3ÞC3(x2

þ ½L1L2C1C2 þ ðL1 þ L2ÞL3C2C3 þ L1ðL2 þ L3ÞC1C3(x4

# L1L2L3C1C2C3x6; ð6Þ

from which the inductances and capacitances are determined
according to three Larmor frequencies of interest.
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Fig. 4. (a) A 13C CP-MAS spectrum of Ab42 (!0.1 mg of sample) partially 13C-labeled
at the 35-Met and 42-Ala amino acid residues. The sample was synthesized as
reported previously [16]. The 13C NMR signals were accumulated over 180,000
times with a recycle delay of 1 s. The spinning frequency was 10 kHz. (b) A two-
dimensional 13C– 13C DARR correlation spectrum in uniformly 13C-labelled poly-
crystalline histidine (!0.1 mg of sample). 128 hypercomplex data points were
acquired in the indirect dimension, and each of them was accumulated over 1280
times with a recycle delay of 0.5 s. The spinning frequency was 5 kHz. Both data
were acquired using the doubly-tuned MACS resonator.

Chemical Shift / ppm
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piggy-back

MACS

Fig. 5. Comparison of the resonance line width of the methyl 13C in a polycrys-
talline sample of 13C– 15N-labeled L-alanine for the MACS and piggy-back schemes
under TPPM 1H decoupling with an intensity of 100 kHz. The spinning frequency
was 8 kHz.
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13C microcoil CPMAS & TPPM decouple in Aβ42

Sensitivity demanding experiments
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three samples. The signals decreased over time, which clearly
indicates a ‘‘relaxation effect’’ by carbon electrodes: an
absorption effect of deposited Li metal on the surface of neg-
ative electrode into the carbon. Fig. 6(a)–(c) are temporal vari-

ations of 7Li NMR signals ascribed to Li metal in LCO-gph (a),
NCA-gph (b), LCO-hc (c). Fig. 7(a)–(c) are time dependences of
the intensities of Li metal signals and stored Li signals in car-
bon. The signal intensities of Li metal and Li in carbon were
successfully estimated by fitting using Gaussian and Lorentz-
ian curves, respectively. The intensity of the Li metal signal in
LCO-gph was 76% of that of the Li signal in carbon just after
the end of overcharge, and then it decreased rapidly during
the first few hours. Then it gradually weakened during the
subsequent several hours (Figs. 5(a), 6(a) and 7(a)). After 8 h,
the intensity became constant at about 42% of the initial

intensity. The signal of intercalated lithium (38 ppm) in
graphite increased inversely proportional to the Li metal sig-
nal (Figs. 5(a), 6(a) and 7(a)). The result illustrates the relaxa-
tion effect of Li metal occurs by transfer of lithium into
graphite electrode. It is particularly interesting that a slight
shift of the peak of the Li metal signal from 260 ppm to
265 ppm with elapsed time was observed (Fig. 6(a)). Chandr-
ashekar et al. reported that microstructural lithium deposited
on Li metal electrode has a lower chemical shift [22]. The abla-
tion of lower-shift component in Li metal suggests that the
lithium metal having microstructure such as dendritic struc-

ture can be re-dissolved more easily and that it diffuses into
the electrode rapidly, whereas larger Li metal particles remain
on the surface of the electrode, even after 14.2 h.

NCA-gph also exhibited a reduction of Li metal signal,
although the decrement was only ca. 20%; most of the

reduction occurred only in the first 17 min (Figs. 6(b) and
7(b)). The intensity of deposited Li metal was much less than
that of LCO-gph. That fact is explainable by the composition
of positive electrodes. Generally, LCO electrodes can react

reversibly under 4.2 V. The reaction is described as shown
below:

LiCoO2!Li0:5CoO2 þ 0:5Liþ þ 0:5e"

Therefore, about 50% of the lithium remains in the positive
electrode even at 100% of SOC. The remaining lithium moves
to the negative electrode by overcharging over 4.2 V, and
thereafter precipitates on the negative electrode surface as
Li metal. However, NCA and LMO electrodes have less lithium
in their crystal structures at 100% of SOC. Ohzuku et al.
reported [23] that the composition of LMO in a LIB cell at
4.2 V was estimated as Li0.27Mn2O4. The reaction is

LiMn2O4!Li0:27Mn2O4 þ 0:73Liþ þ 0:73e":

In fact, for NCA, it was also estimated that only approxi-
mately 20% of Li remains in the positive electrode. The peak

intensity of Li stored in graphite in the NCA-gph cell also
seems to increase gradually (Fig. 7(b)) between 4 and 8 h, as
does LCO-gph. Although the reason remains unclear, another
process of lithium intercalation is implied.

In the 7Li NMR spectrum of LCO-hc after overcharging,
clear signals of Li metal (263 ppm), stored lithium in the hard
carbon which consists of lithium in closed pores and between
graphene layers (40–140 ppm), and lithium in electrolyte
("4 ppm) were observed (Fig. 4(c)). The intensity of the depos-
ited Li metal signal was only 23% of that of the Li signal in car-
bon just after the overcharging, and 80% of the Li metal signal

Fig. 6 – Temporal variations of 7Li NMR signals ascribed to Li metal in LCO-gph (a), NCA-gph (b), LCO-hc (c), and a signal for
stored lithium in hard carbon in LCO-hc (d). (A color version of this figure can be viewed online.)
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in-situ 7Li NMR of thin-film batteries

LCO-hc cell. After the overcharging, NMR spectra were imme-
diately measured every 17 min.

3. Results and discussion

3.1. Estimation of shielding effect by Al-laminate film and
Cu foil

The 7Li NMR signals of Li metal packed in the PET film and in
the Al-deposited laminate film are presented in Fig. 2(a).
Results showed that the signal intensity was attenuated by
ca. 50% attributable to RF shielding by the aluminum layer
in the laminate film. Signals of Li metal with electrolyte solu-

tion and of Li metal electrode (Li pasted on Cu foil (18 lm
thickness) with electrolyte solution are also presented for
comparison in Fig. 2(b). The signal intensity decreased by
20–30% by the Cu foil. Although the signals were weakened
by the Al-laminate film and Cu foil in the battery, we observed
35–40% intensity of the signal, which is tolerable for our study.
Actually, RF wave can pass metal layer only less than 10 lm.
Therefore, the NMR signals must be obtained from the ‘‘edge’’
parts of the cells and come out through voids between depos-
ited Aluminum particles in laminate film. To avoid the RF
shielding effect, Cu and Al meshes were used for the elec-

trodes in previous studies [6,10,16]. However, metal foils and
laminated packing by thicker Al film are preferred to maintain
cell stability for a long time. The assembled cells in this study

were stable; no disintegration of the components was found
over three months. The cells were used for the following 7Li

in situ NMR experiments.

Fig. 1 – Photograph and schematic drawing of a practical component cell for in situ NMR measurement (a), photograph of the
cell set on the head of an NMR probe (b), and a schematic drawing of the NMR probe including isolation shunt circuit (c). (A
color version of this figure can be viewed online.)

Fig. 2 – Signals of Li metal in PET film (black broken line) and
in Al-deposited laminate film (red solid line) (a). Li metal
with electrolyte solution (red broken line) and Li metal
electrode (Li pasted on Cu foil) with electrolyte solution (blue
solid line) (b). (A color version of this figure can be viewed
online.)
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(~0.1 mg)

6Li exchange in 6Li-labeled LiCoO2

preamplifier can be cooled to cryogenic temperatures, while the spinning
sample can be kept at ambient temperatures. The effect of cooling the
circuit is to reduce the resistance and thereby the thermal noise. More-
over, increase in the Q factor of the circuit enhances the signal intensity.

Figure 9B shows a 6Li 2D exchange NMR spectrum obtained in LiCoO2

obtained using the cryo-coil MAS probe. This sample has been of interest
as a cathode material for Li ion batteries. In general, the sensitivity of 7Li
NMR is much higher than that of 6Li NMR, as the former has a larger
natural abundance and gyromagnetic ratio. One drawback of 7Li is its
relatively large quadrupole moment, often degrading the spectral resolu-
tion and obscuring the structure of interest. For this reason, the
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Figure 9 (A) A 13C CPMAS spectrum of synthesized Ab42, which was partially
13C-labelled at the 35-Met and 42-Ala amino acid residues. The sample with a weight of
!0.1 mg was packed into a capillary, which, together with a MACS insert tuned doubly at
300 and 75 MHz, spun in a magnetic field of 7 T at 10 kHz. The 13C NMR signals were
accumulated over 180,000 times with a recycle delay of 1 s. (B) 2D 6Li exchange spectrum
in 95% 6Li labelled LiCoO2 measured using a cryo-coil MAS probe. The amount of the
sample was 225.9 mg. The mixing time, the carrier frequency, and the spinning frequency
were 200 ms, 44.35 and 3 kHz.
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rf modulation

Takeda, Wakisaka, Takegoshi,
Journal of Chemical Physics, 141 (2014) 224202
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NMR in a classroom

NMR at home

NMR in a hospital

Portable hand-made NMR

spectrometer

1 T magnet

1H FID in water

1 T magnet



Application to MRI

500 mm bore high-Tc SCM
(Bi-2223 tape conductor)

pineapple

Macaca brain

Birdcage coil

Spectrometer
         & Field monitor

IEEE Transaction on Applied Superconductivity 23 (2013) 4400904



Bookshelf NMR / MRI
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We hack NMR to hack nuclear-spin dynamics.

In short…



Low Sensitivity !
Innovations toward better sensitivity are welcome. 

• Nuclear Hyperpolarization 
• Ultra high-field 
• Cryo-probe 
• …

Challenge in NMR
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Optical detection of radio waves through a
nanomechanical transducer
T. Bagci1, A. Simonsen1, S. Schmid2, L. G. Villanueva2, E. Zeuthen1, J. Appel1, J. M. Taylor3, A. Sørensen1, K. Usami1, A. Schliesser1

& E. S. Polzik1

Low-loss transmission and sensitive recovery of weak radio-
frequency and microwave signals is a ubiquitous challenge, crucial
in radio astronomy, medical imaging, navigation, and classical and
quantum communication. Efficient up-conversion of radio-frequency
signals to an optical carrier would enable their transmission through
optical fibres instead of through copper wires, drastically reducing
losses, and would give access to the set of established quantum opti-
cal techniques that are routinely used in quantum-limited signal
detection. Research in cavity optomechanics1,2 has shown that nano-
mechanical oscillators can couple strongly to either microwave3–5 or
optical fields6,7. Here we demonstrate a room-temperature optoelec-
tromechanical transducer with both these functionalities, following
a recent proposal8 using a high-quality nanomembrane. A voltage
bias of less than 10 V is sufficient to induce strong coupling4,6,7 be-
tween the voltage fluctuations in a radio-frequency resonance circuit
and the membrane’s displacement, which is simultaneously coupled
to light reflected off its surface. The radio-frequency signals are
detected as an optical phase shift with quantum-limited sensitivity.
The corresponding half-wave voltage is in the microvolt range,
orders of magnitude less than that of standard optical modulators.
The noise of the transducer—beyond the measured 800 pV Hz{1=2

Johnson noise of the resonant circuit—consists of the quantum noise
of light and thermal fluctuations of the membrane, dominating the
noise floor in potential applications in radio astronomy and nu-
clear magnetic imaging. Each of these contributions is inferred to
be 60 pV Hz{1=2 when balanced by choosing an electromechanical
cooperativity of *150 with an optical power of 1 mW. The noise
temperature of the membrane is 300 K divided by the cooperativity.
For the highest observed cooperativity of 6,800, this leads to a projected
noise temperature of 40 mK and a sensitivity limit of 5 pV Hz{1=2.
Our approach to all-optical, ultralow-noise detection of classical
electronic signals sets the stage for coherent up-conversion of low-
frequency quantum signals to the optical domain8–11.

Optomechanical and electromechanical systems1,2 have gained con-
siderable attention recently for their potential as hybrid transducers
between otherwise incompatible (quantum) systems, such as photonic,
electronic and spin degrees of freedom2,10,12. The mechanical coupling
of radio-frequency or microwave signals to optical fields is particularly
attractive for present-day and future quantum technologies. Photon–
phonon transfer protocols viable all the way to the quantum regime
have already been implemented separately in the radio- and optical-
frequency domains7,13,14.

Among the optomechanical systems that have been considered for
radio-to-optical transduction8–10,15, we choose an approach8 based on a
nanomembrane16,17 with a high quality factor, Qm < 3 3 105, which is
coupled capacitively18 to a radio-frequency resonance circuit (Fig. 1).
Together with a four-segment gold electrode, the membrane forms
a capacitor, whose capacitance, Cm(x), depends on the membrane–
electrode distance, d 1 x. With a tuning capacitor C0, the total capa-
citance, C(x) 5 C0 1 Cm(x), forms a resonance circuit with a typical

quality factor QLC~
ffiffiffiffiffiffiffiffiffi
L=C

p "
R~130 using a custom-made coil wired

on a low-loss ferrite rod. This yields an inductance L 5 0.64 mH and a
loss R < 20V. The circuit’s resonance frequency VLC~1

" ffiffiffiffiffiffi
LC
p

is
tuned to the frequency, Vm/2p5 0.72 MHz, of the fundamental drum
mode of the membrane. The membrane–circuit system is coupled to a
propagating optical mode reflected from the membrane.

The electromechanical dynamics is described most generically by
the Hamiltonian8

H~
w2

2L
z

p2

2m
z

mV2
mx2

2
z

q2

2C xð Þ
{qVdc ð1Þ

1Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen, Denmark. 2Department of Micro- and Nanotechnology, Technical University of Denmark, DTU Nanotech, 2800 Kongens Lyngby,
Denmark. 3 Joint Quantum Institute/NIST, College Park, Maryland 20742, USA.
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Figure 1 | Optoelectromechanical system. a, A 500-mm-square membrane of
Al-coated30 SiN in vacuum (,1025 mbar) forms a position-dependent
capacitor, Cm(x 5 0) < 0.5 pF, with a planar, four-segment gold electrode in the
immediate vicinity (0.9mm=d=6mm). The membrane electrode’s potential
is electrically floating. The membrane’s displacement is converted into a
phase shift of the laser beam reflected from the membrane. b, The membrane
capacitor is part of an LC circuit, tuned to the mechanical resonance
frequency by means of a tuning capacitor C0 < 80 pF (Supplementary
Information). A bias voltage, Vdc, couples the excitations of the LC circuit to
the membrane’s motion. The circuit is driven by a voltage Vs , which can be
injected through the coupling port 2 or picked up by the inductor from the
ambient radio-frequency (RF) radiation. c, For d 5 1mm, the optically observed
response of the membrane to a weak excitation of the system shows a split
peak due to strong electromechanical coupling. a.u., arbitrary units.
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RF-to-light up-conversion via SiN membrane
T. Bagci et al., Nature 507, 81 (2014)

This corresponds to the squared effective Lamb–Dicke parameter,
(kxzpf)

2 5 (2p/l)2B/2mVm, enhanced by the number of photons sam-
pling the membrane during the membrane excitations’ lifetime (Wcar is
the photon flux and k is the wavenumber). For the experiments shown in
Fig. 2, we deduce a conversion efficiency of 0.8% from the independently
measured radio-frequency voltage and optical phase modulation.
Although this result is limited by the optical power in this interfero-
meter, we performed tests to confirm that the membranes can support
optical readout powers of more than Wcarhc/l 5 20 mW without degra-
dation of their (intrinsic) linewidth. We thus project that conversion
efficiencies of the order of 50% are available. Note that this transducer
constitutes a phase-insensitive amplifier, and can thus reach conversion
efficiencies greater than one—at the expense of added quantum noise.

For the recovery of weak signals, the sensitivity and bandwidth of
the interface is of greatest interest. The signal at the optical output of
the device is the interferometrically measured spectral density of the
optical phase, Q, of the light reflected from the membrane:

Stot
QQ~ 2kð Þ2 xef f

m

!! !!2 GxLCj j2SVVzSth
FF

" #
zSim

QQ ð6Þ

The voltage Vs at the input of the resonance circuit (denoted here as its
spectral density SVV) is transduced to a phase shift via the circuit’s sus-
ceptibility, xLC, the coupling, G, the effective membrane susceptibility,

xef f
m , and the optical wavenumber, k (Supplementary Information). The

sensitivity is determined by the noise added within the interface. This
includes, in particular, the imprecision in the phase measurement (Sim

QQ)
and the random thermal motion of the membrane induced by the
Langevin force (Sth

FF). The former depends on the performance of the
interferometric detector used and can be quantum limited (Sim

QQ!W{1
car ).

We demonstrate the sensitivity and the noise performance of the
transduction scheme by measuring the noise as a function of the input
circuit resistor and its temperature (Fig. 4). Because the home-made,
high-Q inductor is too sensitive to the ambient radio-frequency radi-
ation (Supplementary Information), we use a shielded commercial
inductor (Picoelectronics) resulting in a lower value, QLC 5 47, for
these measurements. Red traces in Fig. 4a and Fig. 4b respectively
present the optically measured noise spectrum and the corresponding
voltage noise. On resonance, the dominant contribution is the Johnson
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Figure 4 | Voltage sensitivity and noise. Noise characterization of the
transducer with contributions from Johnson noise (violet), optical quantum
phase noise (yellow) and membrane thermal noise (green). a, Optically
measured noise (red) is well reproduced by a model

ffiffiffiffiffiffiffi
Stot

QQ

q
(blue). b, Data and

models as in a, but divided by the interface’s response function, | xtot | , and
thus referenced to the voltage, Vs, induced in the circuit. c, Noise temperature
of the amplifier (errors, s.d.). It is determined using the Y-factor method, at
the resonance frequency (dark red points), and in a 10-kHz-wide band
around the resonance (light red points), as a function of external loading. Lines
are the model of equation (7), broken down into contributions as in a and
b. Inset, example of a noise temperature measurement at Rs 5 1,250V.
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Figure 3 | Strong-coupling regime. a, Measured coherent coupling rate,
2gem/2p, as a function of bias voltage (points), and linear fit (line). The shaded
area indicates the dissipation rate, CLC/2p< 5.9 kHz of the LC circuit.
b–e, Normalized response of the coupled system as measured on port 1
(Fig. 1c) (b, d) and via the optical phase shift induced by membrane
displacements (c, e). The colour scales encode normalized voltage (b) and
displacement modulation (c). On tuning of the bias voltage, the mechanical
resonance frequency is tuned through the LC resonance, but owing to the
strong coupling an avoided crossing is very clearly observed. Panels d and
e show the spectra corresponding to the orange lines in b and c, at Vdc 5 242 V,
where the electronic and mechanical resonance frequencies coincide. Points are
data; orange line is the model fit.
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Potential applications to:

radio astronomy 
magnetic resonance!



Toward application to NMR…

➪ Electro-Mechano-Optical (EMO) NMR

Electronics

Mechanics

Optics



Development of the EMO NMR system😅



SiN membranes are available, 
but membrane capacitors are not.

SiN 
Membrane

Si Frame



Failure!
Stoichiometric SiN membrane

(Norcada inc.) Success!

vacuum deposition

assembly

Design and fabriaction of 
membrane capacitors

!m/2⇡ ⇡ 180 ⇠ 440 kHz

electrodes

C ~ 0.1 pF



Assembly of SiO2 Chip and Membrane

Adhere SiO2 Chip and jig together Install membrane by vacuum tweezer

Imaging of membrane and bottom nodes Complete!

Assembly of SiO2 Chip and Membrane

Adhere SiO2 Chip and jig together Install membrane by vacuum tweezer

Imaging of membrane and bottom nodes Complete!

Assembly in clean environment

SiO2 substrate

vacuum tweezer

Membrane insertion

contact probes



Fabry-Pērot Cavity

f=250 concave-plano

WPQ optical window

PBS
PD

PZT

mirror

Au mirror 

Vacuum Chamber

FSR

FSR:27.6[ms]
Linewidth:0.76[ms]
Finesse:36.1

Cavity length=21mm

780nm laser Sacher

Opto-electro-mechanical NMR

nature, 507, 81-85, (2014)

Idea from NBI’s work:
Optical detection of radio waves 

through a nanomechanical transducer

Experimental Setup

Goal of this year: Detection of 1H NMR signal 

Optical Setup

( to avoid air-damping )

Cavity length: 21 mm
Finesse: 36.1

λ=760 or 1064 nm



Differential optical measurement

Slope 1 corresponds to  
shot-noise-limited measurement

Noise foor level vs laser power



17.5mm Fundamental (1,1) mode??

Measurement by Spectrum Analyzer
Taking average of twenty times
Res BW 3.0KHz

Succeeded in observing membrane oscillation

Oscillating Mode of the Membrane

Optically-detected thermal membrane oscillation



Portable NMR with a 1 T magnet
1T magnet with 5x17 mm rectangular bore ~43 MHz for 1H NMR



We need a Drive signal

LC

Membrane
Drive

!m 

~ 0.1 MHz~ 40 MHz

!0

!D = !0 ± !m



!m ⇡ 2⇡ · 435 kHz !D = !s ± !m 

!s = !LC ⇡ 2⇡ · 42.8 MHz 

Circuit diagram

Q ~ 20



RF parts

1 T magnet

vacuum chamber 
(membrane inside)

incident laser beam

beamsplitter

window

EMO NMR System

laser

PD



The First Signal (1H spin echo in water)

on-resonance 2.5 kHz off-resonance

🎉👏😆🍻🎊

And happy 70th birthday, NMR!

Happy birthday, EMO NMR! (28 Oct 2016)

Bloch (1946)

(in codensed matter)



⌦c ⇡ 300 THz 
~ 8.5 kHz~ 0.9 kHz

 Electro-Mechano-Optical (EMO) signal transduction

Membrane Optical CavityLC Circuit

Optical Readout

LightNMR
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Single-shot SNR

For 5000 times accum.,  SNR was ~ 5 Single-shot SNR ~ 0.1

14

γm/2π ≈ 100 Hz, the impedance mismatch roughly leads to the factor of γmT ∗
2 /2 reduction of the signal strength.

The signal-to-noise ratio Eq. (74) for the echo experiment shown in Fig. 4 is thus expected to be

S

N
=

√√√√√√√

S2 T∗
2
2

(
γm

T∗
2
2

)

κiT

κi

SXX(ωm)

Com
κo
κoT

Cem(ωm)
+

κiT

κi

SFF (ωm)

Cem(ωm)
+

κiT

κi
Sqq(ωm) + ηp

PD

!ωDγm

≈ 0.12 (75)

for the single-shot measurement, where the parameter ηp in Eq. (75) characterizing the phase noise at around ωm

with respect to the carrier at ωD, i.e.,

ηp =

∫ ωm+∆
2

ωm−∆
2

dω

2π
γ2
m |χm(ω)|2 L(ω). (76)

which was evaluated to be ηp ≈ 10−11 [20]. The number of total noise quanta [the denominator of Eq. (75)] is
estimated to be 2.4× 1010 while the signal quanta [the numerator of Eq. (75)] for the echo experiment is on the order
of 3.6 × 108, which are proportional to the noise and the signal voltages squared, respectively. The noise budget of
the current EMO NMR detection is shown in Table I. With 5000-times averaging, the signal-to-noise ratio becomes
roughly 8, agreeing well with the signal-to-noise ratio of the acquired data (S/N ≈ 5.4) shown in Fig. 4.

V. DISCUSSION

Even though the signal-to-noise ratio in the present proof-of-principle EMO NMR demonstration is lower than that
in the conventional electrical NMR approach, there is plenty of room for improving the sensitivity. In particular,
the electro-mechanical cooperativity Cem ∝ 1/d40 would increase dramatically by reducing the capacitor gap. With a
realistic revision including the capacitor design, we have a prospect of attaining the effective noise temperature of as
low as 6 K at room temperature operation of the transducer with a +30-dBm drive [20], which would outperform the
conventional NMR approach. If the membrane is put in a cryogenic environment, further improvement is expected.
In addition, as increasing the electro-mechanical cooperativity Cem, signal transduction would be accompanied by

parametric signal amplification. So far, in NMR and MRI, parametric amplification has been realized using an LC
circuit containing a varactor diode, whose capacitance can be varied electrically [24, 25]. The present work would
lead to electro-mechanical parametric amplification of NMR/MRI signals.
The usage of the Fabry-Pérot optical cavity in this work opens the possibility of exploiting the effect of radiation-

pressure cooling [26–28]. If the opto-mechanical and electro-mechanical couplings as well as the laser power are large
enough, the membrane’s oscillation modes, and thereby the eigenmode of the LC circuit, can be cooled [16], implying
the possibility of cooling nuclear spins through electro-mechanical and opto-mechanical couplings without physically
lowering the temperature of the experimental system. If the expected challenges, such as the insufficient Q factor
and finite dissipation rates to the bath, have been overcome, laser cooing of the nuclear spins would provide a way
toward further enhancing the NMR sensitivity. It is worth noting that nuclear-spin laser cooling would not require
doping of paramagnetic impurities in the sample of interest, in contrast to the current dynamic nuclear polarization
schemes [29, 30].
In the coupling between a microwave cavity and an ensemble electron spins [31–33], analogous spin-cavity thermal

mixing has been theoretically proposed [17, 18] and experimentally reported [34, 35]. Its extension to nuclear spins
with a cold mechanical nano-resonator is also suggested [36].

TABLE I. Noise budget of the current EMO NMR detection.

Shot noise Brownian noise Johnson noise Phase noise Total noise
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Cem
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κi
Sqq ηp

PD

!ωDγm

Number of quanta 8.8× 106 5.0× 109 3.3× 105 1.9× 1010 2.4× 1010

Effective temperature [K] 1.6× 104 9.2× 106 590 3.5× 107 4.4× 107
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• 0.1M CuSO4 aq., ~3 mm3 

• 1H NMR Freq.: 42.74 MHz 

• Membrane Freq.: 435 kHz

Phase-noise-free EMO NMR

Tominaga, Nagasaka, Usami, Takeda, Under Review.
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YBCO HTS coil
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At 20 K, Q = 9098 (40 MHz) !
~ 100 times Q of copper coil with the same geometry

(Nuclear) Spin-cavity coupling may be explored.



• dielectric const.: 37.4
• unloaded Q: >6000
• outer diameter: 5.98 mm
• inner diameter: 2.0 mm
• height: 2.7 mm

NN

NO2
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NO2

DPPH was packed tightly

(~60 mg)

Reproducing spin-cavity coupling
Abe et al., Appl. Phys. Lett. 98 (2011) 251108
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Field-Gradient Coils for MRI, and hopefully EMO-MRI
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