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Abstract

Aligned microcontact printing for patterning the sample in areas of homogeneous RF-field on the highly sensitive surface of planar
NMR microprobes is presented. We experimentally demonstrate that sample patterning allows drastic improvement of the spin excita-
tion uniformity. The NMR microprobes are designed for cell analysis and characterized using lipid vesicles as cell substitutes. Lipid ves-
icles are advantageous as composition and concentration of the confined solution are precisely controlled and because of their similarity
to living cells. Using aligned microcontact printing, a monolayer of lipid vesicles is immobilized on the surface of the planar NMR micro-
probe in a patterned way. 'H NMR spectra and CPMG spin echoes of sucrose solution confined within the lipid vesicles are successfully
recorded. Nutation curves of the sample structured in different patterns demonstrate the impact of patterning on the spin excitation uni-
formity. The total detection volumes are between 1 and 2 nL and derived with help of a theoretic model based on 3D finite element sim-

ulation. This model predicts the signal-to-noise ratio and the progression of the nutation curves.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

There is a growing interest in the manipulation and
analysis of cells in small quantities down to single cells.
Especially micro- and nano-engineering techniques, which
offer new possibilities for cell manipulation and analysis,
have stimulated the progress in this field [1]. When analyz-
ing living cells, mostly electrical (impedance) and optical
(fluorescent) characterization techniques are used.

Nuclear magnetic resonance is an information rich anal-
ysis technique that brings about a lot of potential for new
insights and applications in cell analysis [2,3]. Performing
NMR analysis of living cells, the cell handling is a very del-
icate issue. The cells are generally extracted from living tis-
sue or harvested from their cultivation environment in
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bioreactors or on the surface of Petri dishes or well plates.
Due to the principally 2D morphology of living cells, pla-
nar coils, where the cells could be directly immobilized or
grown on the coil surface, should be better suited for anal-
ysis than conventional solenoidal coils, where the sample is
confined in the volume of a capillary or tube. Small planar
coils can be produced by microfabrication. In addition to
the advantages of exact reproducibility and batch-produc-
tion, microfabrication allows producing extremely small
and highly sensitive microcoils for spectroscopy of mass-
limited samples and high-resolution imaging.

Planar, microfabricated coils on a GaAs substrate for
NMR analysis have been developed first by Peck et al.
[4,5]. Trumbull et al. [6] have tried to integrate CE sepa-
ration and NMR spectroscopy following the concept of
micro total analysis systems. Previously, we have opti-
mized the design of planar microcoils for high sensitivity
and integrated microfluidic channels in the glass substrate
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[7]. As the focus of these experiments was on chemical
analysis, planar microprobes were used confining the sam-
ple in a capillary or microchannel instead of using directly
the surface of the planar microcoil as sample interface.
Besides the aptitude to the analysis of living cells, placing
the sample on the surface of the microcoil does not re-
quire complicated channel fabrication and allows sample
positioning close to the microcoil. This is especially
important when using very small microcoils with a limited
sensitive region.

Eroglu and Gimi [8] have placed an acrylic container
with a flat bottom onto a planar microcoil of 1.5 mm inner
diameter. Images of pancreatic rat islets placed in this con-
tainer have been taken [9]. Due to the inhomogeneous RF-
field close to the planar microcoil [10], a compromise had
to be made between spin excitation uniformity and sensitiv-
ity. The strong RF-field near the coil increases the sensitiv-
ity, but the inhomogeneity of the field causes low spin
excitation uniformity.

In this contribution, we present the application of a mi-
cro-engineering technique to pattern the sample in areas of
homogenous RF-field on the microprobe surface close to
the NMR microcoil for an improved compromise between
spin excitation uniformity and high sensitivity. The micro-
fabricated NMR probe imitates a Petri dish, because inte-
grated cell growing and NMR spectroscopy and imaging of
living cells is aimed finally (see Fig. 1).

As the volume of the cells immobilized on the micro-
probe surface and the concentrations of the various com-
pounds within living cells are not precisely controlled,
lipid vesicles that contain a sucrose solution of known con-
centration are used as cell substitutes to characterize the
surface microcoil with respect to sensitivity and spin excita-
tion uniformity. Monolayers of these vesicles are immobi-
lized in different patterns on the microprobe surface. The
advantage of using lipid vesicles is, beside the controlled
contents, their long-time stability and the similarity to liv-
ing cells with respect to immobilization techniques and per-
turbation of the static magnetic field (By-field). Knowing
the sample concentration, a theoretical model based on fi-
nite element simulation of the microcoil’s inhomogeneous
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Fig. 1. Design of the NMR surface microcoil with a sample container on
top imitating a petri dish. The microcoil has an inner diameter of 1 mm.
The sample is patterned in the center of the microprobe surface. The
microprobe is introduced into the NMR magnet such that the static
magnetic By-field lies in the z-direction.

RF-field is used to calculate the volume of the vesicles
and to predict sensitivity and spin excitation uniformity
of different sample patterns.

2. Theory
2.1. Theoretic model

We determine sensitivity through the SNR produced by
an average spin flip angle of 90°. Spin excitation uniformity
is quantified by the percentage of the SNR produced by a
450° compared to the SNR produced by a 90° flip angle.
The theoretic model computes the nutation curve of a given
coil-sample-configuration according to Eq. (1). We de-
scribed the derivation of this equation in a previous contri-
bution [7]. The model here is extended to return the final
SNR monitored by the spectrometer.

_ S(Tex) 1 T;
T VAR VU F T

S(tex) denotes the detection signal amplitude dependent on
the excitation time 7y, k i1s the Boltzman constant, 7 is the
coil’s temperature, R..; 1s the coil’s electrical resistance and
Nacq 1 the number of acquisitions. /7 is the noise factor of
the detection electronics, 75 is the apparent spin—spin relax-
ation time and T,.q is the acquisition time.

The signal amplitude S(t.y) is calculated according to
the principle of reciprocity [11] by integration of the signal
amplitude per unity volume of each point in space S(r, 7x)
over the whole sample volume V:

SNR(tex) (1)

S(tex) = / S(r, Tex)d Vs (2)
Vs

with

S(l‘, Tex) =y - MO . Blu,xy(r>
- sin (y . Izﬂ ©Tex -Blu,xy(r)) (3)

g denotes Larmor frequency and M, is the net magnetiza-
tion of the sample. By .,(r) is the magnitude of the unitary
magnetic field (B;-field) in the xy-plane, y is the gyromag-
netic constant of the excited nuclei and I, the excitation
current.

As the B;-field is considered in the detection and excita-
tion modeling, the exact progression of the nutation curve
can be determined, if the inhomogeneity of the B;-field is
precisely assessed. In a completely homogeneous B;-field,
the nutation curve is an ideal sinusoidal function. In an
inhomogeneous B;-field, the nutation curve is a superposi-
tion of sinusoidal functions with different rotation frequen-
cies. This superposition results in a curve, which looses its
sinusoidal behavior for high excitation times, as the spins’
rotation frequencies disperse. The more inhomogeneous
the Bj-field, the faster is the dispersion and the smaller
the SNR of a 450° excitation with respect to the SNR of
a 90° excitation.



98 K. Ehrmann et al. | Journal of Magnetic Resonance 178 (2006) 96105

An elegant way to obtain the precise B;-field is the use of
finite element simulation. The 3D geometry of our micro-
coil is automatically generated based on the mask layout
and a technology process file (MEMS Pro, Memscap). It
is imported into the finite element simulation program
(Maxwell 3D, Ansoft), where the sample geometry is add-
ed. An eddy current analysis returns the 3D unitary
B,-field. The simulation program handles arbitrary coil-
sample configurations.

The noise factor F’ introduced in Eq. (1) or the equiva-
lent noise figure F(dB) (F' = 10" 7 20) of the detection elec-
tronics comprises the attenuation of the PCB (printed
circuit board) Apcp, the attenuation of the cable from the
PCB to the conventional spectrometer 4., and the noise
figure of the spectrometer Fyp,c.:

F= APCB + Acable + Fspec- <4>

The recent model cannot predict the perturbations of the
By-field and consequently 75 can only be estimated. For
comparison with experiments, T is calculated from the
measured linewidth LW (FWHM):
1

LW

This T3 is then included in the model.

r

(5)

2.2. Sensitivity and spin excitation uniformity on microcoil
surface

Since this contribution focuses on the patterning of the
sample, all presented experiments are performed with
microcoils of identical geometry (see Fig. 2). The distance
of 10 um from the microcoil turns to the microprobe sur-
face is very small compared to the coil diameter of 1 mm
and consequently the sensitivity is very high on the probe
surface [10]. The microprobe is inserted into the magnet
such that the By-field is parallel to the probe surface (see
Fig. 1).

Sensitivity and spin excitation uniformity for different
sample geometries and positions can be computed with
the theoretic model. The sample is modeled as a homoge-
neous water layer with a layer height of 10 pm. Because
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Fig. 2. Scheme of microcoil with cross-section in the xy-plane through the
coil center. The microcoils used in all experiments have two turns, an inner
diameter (D;) of 1 mm, a turn width (w) of 40 pm, a space (s) between the
turns of 30 um, a coil turn height (/) of 15 um and a distance (d) between
the microcoil turns and the microprobe surface due to the encapsulation of
10 pm.
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Fig. 3. Model prediction of sensitivity (S) and spin excitation uniformity
(S@450°/S@90°) using a microcoil with 1000 pum inner diameter. The
sample is modeled as a circular water layer of 10 um height with variable
diameter placed on the microprobe surface. If the sample layer diameter is
greater than 1000 um, sample is also placed on the surface above the coil
turns (gray part of graph). Then the spin excitation uniformity can hardly
be determined because the nutation plots loose their sinusoidal behavior
(dashed spin excitation uniformity curve). x indicates experimentally
realized sample patterns and the measured spin excitation uniformity.

of the rotational symmetry of By, ,(r), the modeled sample
patterns have circular shape and are centered with respect
to the microcoil center. Fig. 3 shows computed sensitivity
and spin excitation uniformity of circular sample patterns
with different diameters. It can be seen that the sensitivity
is increasing almost proportional with the sample volume
as long as the sample is within the microcoil turns (diame-
ter <1000 pm). The spin excitation uniformity is very good
for small sample diameters and falls drastically for sample
diameters larger than half the coil diameter (>500 um). If
the sample exceeds the microcoil turns, the spin excitation
uniformity cannot be determined correctly any more (dot-
ted line), because the sinusoidal behavior of the nutation
curve gets completely lost.

3. Experimental
3.1. Microprobe fabrication

The planar surface microcoils are batch-fabricated on 4-
inch glass wafer substrates in five photolithographic steps
(see also [12]). The coil pads are electroplated in Cu on a
Cr—Cu-seedlayer that is evaporated on Pyrex glass wafers.
Electroplating is done to a pad height of 10 pm in a mould
of SJR (Shipley Microposit 5000 series). A 15 pm thick SU-
8 photo-epoxy layer (Microchem 2000 series) serves as iso-
lation between coil pads and coil turns. Onto the structured
SU-8, a second Cr—Cu-seedlayer is evaporated for electro-
plating the coil turns to a height of 15 pm. Having finished
the electroplating, the seedlayers are etched away and the
microcoils are encapsulated using a SU-8 layer of 25 um,
which results in a distance of 10 ym from the coil turns
to the microprobe surface. The encapsulation effects a
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smooth and planar microprobe surface and avoids short
circuits of the coil turns when attaching the sample directly
on top of the coil.

The fabricated microcoils are electrically characterized
by a HP impedance analyzer and coplanar RF probes
(Picoprobes, GGB Industries). The underlying electrical
model for the microcoil is an inductor in series with a resis-
tance. All coils have a resistance R..; of 0.68 Q at 300 MHz
and an inductance L; of 10.7 nH.

The detection resonance circuit is implemented on a
PCB to which the diced microcoil chip is glued and bond-
ed. The circuit is tuned and matched to 50 Q at 300 MHz
using two trimmer capacitors (CTZ3 series, AVX) such
that the microprobe can be connected to the preamplifier
of a conventional NMR spectrometer.

The PCB is fixed to a special probe base, which is milled
to enter into the shimming system of a narrow bore super-
conducting magnet.

A PMMA cylinder is glued on top of the SU-8 surface of
the microcoil. It serves as a sample container similar to a
Petri dish. The cylinder has an inner diameter of 5 mm
and a height 0.5 mm. It is chosen as flat and large as pos-
sible to minimize the perturbations of the By-field (see
[7]) and to place the detection volume of the microcoil
away from the strongly perturbed regions at the borders
of the cylinder. Fig. 4 shows one of the microfabricated
coils with the sample container glued on top and bonded
to the PCB.

Fig. 4. Picture of the fabricated surface microcoil with the sample
container glued on top of the SU-8 encapsulation layer. The pads of the
microcoil pass underneath the container and are wire-bonded to the PCB.

3.2. Lipid vesicles as cell substitutes

Lipid vesicles, also called liposomes, consist of amphi-
philic molecules that self-assemble in aqueous solution to
bilayer membrane spheres. Different types of amphiphilic
molecules can be mixed and amphiphilic molecules conju-
gated with other functional molecules can be added. This
allows tailoring the properties of lipid vesicles for a great
variety of applications. They can, for example, be used as
attolitre containers and molecular shuttles [13] or for rapid
diffusion mixing when studying chemical reaction [14]. Oth-
ers have used lipid vesicles as cell model systems emulating
the formation, growth, and division of living cells [15].

Here, lipid vesicles are used as cell substitutes because of
their advantageous features for the quantification of the
microprobe sensitivity: Composition and concentration of
the solution confined in lipid vesicles is precisely controlled,
as the solution is prepared separately. Unlike living cells,
which exchange compounds with the exterior, the solution
within lipid vesicles is stable for long times. Form, size, and
membrane of the vesicles are very similar to that of living
cells. Therefore, the perturbations of the By-field are
expected to be the same. The almost identical membrane
allows furthermore using the same immobilization and pat-
terning techniques for both samples.

We take phospholipids, which are the amphiphilic mol-
ecules that form the membranes of living cells, to create the
vesicles. The main lipid DOPG (1,2-dioleoyl-sn-glycero-
3[phospho-rac-(1-glycerol)]), 0.3% of DSPE-PEGjggg
biotin (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[biotinyl(polyethylene glycol) 2000) for the immobiliza-
tion, and 0.1% of TRITC DHPE (N-(6- tetramethylrhod-
aminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-
Phosphoethanolamine) for fluorescent detection are mixed
in their chloroform solution. After mixing, the chloroform
is evaporated and 1 M sucrose in deuterated PBS (phos-
phate-buffered saline) is added. The lipids self-assemble
to bilayers and form vesicle spheres with sizes up to
30 um diameter that confine the sucrose solution. The lipid
vesicles are filtered using 0.8 M sodium chloride solution in
deuterated PBS. Thereby, only vesicles with a diameter big-
ger than 3 um are kept, the sucrose solution is only within
the vesicles and the osmotic pressure is equilibrated.

3.3. Sample immobilization and patterning

The lipid vesicles immobilize on the microprobe surface
by high affinity interactions between biotin, a ligand conju-
gated to the vesicles and neutravidin, a receptor molecule
incubated on the microprobe surface. Because of the highly
specific binding interactions between biotin and neutravi-
din, the vesicles can be patterned on the microprobe sur-
face. They immobilize only on areas that are incubated
with neutravidin. Fig. 5 illustrates this concept.

We use microcontact printing for the patterned incuba-
tion of neutravidin because of its easy application and flex-
ibility. Microcontact printing was first developed by the
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Fig. 5. Design illustrating the concept of vesicle immobilization on the
microprobe surface. The lipid vesicles are conjugated with biotin that
specifically binds to neutravidin patterned by aligned microcontact
printing onto the microprobe surface.

group of Whitesides [16] for patterning thiolalkane mole-
cules on gold surfaces. Since then it has been extended
for patterning a variety of molecules [17] and nano-objects.
An elastomeric stamp, which contains a micro-engineered
surface relief, is incubated with a molecule of choice that
is transferred from the stamp to the surface only in the re-
gions of conformal contact.

The stamps for microcontact printing are cast from the
mold of a microfabricated master with the negative relief.
On a 4-inch silicon wafer, 80 um of SU-8 (1060, Gerstel)
is spun and structured using photolithography. The master
is then silanized to make the surface hydrophobic and to
facilitate the detachment of the stamp. PDMS (poly-
dimethylsiloxane, Sylgard 184, Dow Corning) is poured
onto the structures of the master until the desired stamp
thickness of ~1 cm is achieved and subsequently polymer-
ized at 80 °C for 2 h. After detaching the PDMS layer from
the master, it is cut to the individual stamps.

To pattern with respect to an underlying surface struc-
ture, aligned microcontact printing is used [18,19]. In our
setup, the stamp is fixed to a micromanipulator using a
milled arm. The NMR microprobe and the stamp are ap-
proached to each other under a light-field microscope.
Fig. 6 shows the setup for aligned microcontact printing.

When patterning lipid vesicles, neutravidin is incubated
on the PDMS stamp in a PBS solution. Then the neutravi-
din is printed to the microcoil surface using the alignment
setup. The lipid vesicles in sodium chloride PBS solution
are added and a monolayer immobilizes on the neutravidin
in form of the respective pattern. The non-immobilized ves-
icles are carefully rinsed away. The sample container is
finally filled with sodium chloride solution in deuterated
PBS and closed using an adhesive film (Falcon, BD). The
pattern of the immobilized vesicles is verified with a confo-

Fig. 6. Picture of the setup for aligned microcontact-printing. The PDMS
stamp is attached to the milled arm of a micromanipulator. The microcoil
chip is glued and wire-bonded to a PCB. The alignment is done under an
optical microscope.

cal microscope. All NMR experiments are performed with
a conventional NMR spectrometer and a 7 T narrow bore
superconducting magnet (Bruker DRX 300).

4. Results
4.1. Calibration with macro sample container

The difference between measured and theoretic SNR is
assumed to be a constant factor throughout all experiments
caused by non-considered additional losses in the detection
electronics. In a calibration experiment with a known sam-
ple volume, this ratio is assessed and introduced into the
calibrated model as an additional attenuation.

The calibration experiment is performed by taking spec-
tra of water confined in the sample container. The measure-
ments return a SNR of 4700 for a 90° average excitation
flip angle.

The computed signal amplitude S, according to Egs. (2)
and (3), of water in the sample container is 36.6 uV
(wp=2m 300 MHz, M,=22mA/m, I, =460mA and
Tex = 10 ps). The theoretical noise due to the resistance of
the microcoil is 0.11 nV/\/Hz. Attenuation simulation
(ADS, Agilent) of the electronic circuit on the PCB (see
Fig. 7) including bonding wires of 0.2 Q resistance and
I nH inductance each (Philips/TU Delft Model [20]) and
tuning and matching capacitors with a Q-factor of 100 at
300 MHz returned Apcg of 2.9 dB. The cable has an atten-
uation Ag,pe of 0.54 dB. Estimating 1 dB for the noise fig-
ure of the spectrometer electronics Fypee, the total noise
figure F adds up to 4.4 dB (according to Eq. (4)).
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microprobe PCB

Fig. 7. Scheme of electrical circuit used for attenuation simulation. Ly,
and Ry, are the inductance and resistance of the bonding wires. C,, C; and
R, R, are the capacitances and the losses of the capacitors used for tuning
and matching. R, depicts the 50Q impedance of the subsequent
electronics.
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Fig. 8. Measured and modeled nutation curve of water in sample
container. The SNRs at a 90° average excitation flip angle used for
calibration are highlighted.

The measured linewidth LW, needed for calculating the
SNR after Fourier transformation, is 4.3 Hz. This line-
width is equivalent to a T, of 75 ms. According to litera-
ture, the spin—spin relaxation time 7, of water is 2.8 s
[21]. The major source of this linewidth broadening is the
perturbation of the By-field caused by the sample contain-
er. In consideration of these values, the model returns a fi-
nal SNR in frequency domain of 5300 after one acquisition
and 4 s acquisition time. This result is only 13% higher than
the measured SNR and means that 1 dB of additional
attenuation must be introduced into the calibrated model.
Fig. 8 shows the measured and modeled nutation curve
of the calibration experiment.

4.2. Vesicle patterns and spin excitation uniformity

To show the feasibility of sample patterning, its influ-
ence on the NMR performance and especially the improve-
ment of the spin excitation uniformity, three different
vesicle patterns are structured on the surface of the micro-
probe (see Fig. 9). In pattern (A), the vesicles are homoge-
neously distributed on the whole surface. Pattern (B)
avoids having the vesicles above the microcoil turns where
the B;-field is most inhomogeneous. In pattern (C), the

Fig. 9. Fluorescent images of the vesicle patterns taken with a confocal
microscope. The microcoil appears black because of the opaque copper
lines. The vesicles are labelled with rhodamin and appear white. They are
immobilized in pattern (A), (B), and (C). The diameter of the vesicle area
in pattern (B) is 920 pum and in pattern (C) it is 440 um.

vesicles are only structured in the very center of the micro-
coil surface, where the B;-field is very homogeneous. As the
vesicle area is very small in pattern (C), several layers of
vesicles are deposited by performing several, subsequent
immobilization steps. Due to the high salt concentration,
the vesicles stick to each other and after the immobilization
of a first monolayer to the neutravidin, adding new vesicles
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increases the amount of vesicles on the patterned areas.
Thereby, the decreased sample surface is compensated by
an increased average sample height and the loss in detec-
tion volume is reduced.

In the finite element simulation, the vesicle volume is
modeled as a flat circular sample layer placed directly on
the microprobe surface. The height of the layer is chosen
such that the SNR of the calibrated model is equal to the
measured SNR at a 90° excitation. The measured linewidth
of the sucrose peaks needed for the calculation of the SNR
in frequency domain is 15 Hz at all three patterns and cor-
responds to a 75 of 21 ms. The linewidth broadening with
respect to 4.3 Hz of water in the sample container, could be
due to the static magnetic field perturbations of the vesicles
itself. The influence of the proximity to the copper turns
seems to be negligible, as patterns (A), (B) and (C) have dif-
ferent distances from the sample to the coil turns but show
the same linewidth. The biggest peak in the sucrose spec-
trum, the H-6 peak, originates from the resonance of the
two H-6 protons in the glucose ring and the two H-6 pro-
tons in the fructose ring and is located at 3.8 ppm. Fig. 10
shows the measured and modeled nutation curves of the H-
6 peak of sucrose with the vesicles patterned according to
Fig. 9. At each excitation time, the SNR of the H-6 proton
peak after 512 acquisitions is taken. As expected, pattern
(A) returns very bad spin excitation uniformity. The nuta-
tion curve shows that a 180° flip angle excitation, which
should return zero signal, is not possible. The spin excita-
tion uniformity can be increased, when avoiding the sur-
face directly on top of the microcoil turns. In contrast to
pattern (A), pattern (B) clearly shows sinusoidal oscilla-
tion. An almost perfect sinusoidal behavior is obtained if

the sample is placed only in the very center of the microcoil
like in pattern (C). A 450° flip angle excitation returns a
SNR of 90% of the SNR at a 90° flip angle excitation. Table
1 gives an overview to the most important results of the
presented experiments.

4.3. Sensitivity and limit of detection

Sensitivity and limit of detection are evaluated by taking
spectra of sucrose confined within the lipid vesicles that are
immobilized on the microprobe surface according to pat-
tern (C). Fig. 11 shows the spectrum of sucrose after 512
acquisitions. Despite water suppression by pre-saturation,
the spectrum contains a big water peak, which is caused
by the water residues in deuterated water. The measured
SNR of the H-6 peak is 9 after 512 acquisitions. The
SNR of the peak at 5.4 ppm that originates from the ano-
meric proton in the sucrose molecule is ~2.

A method to increase the SNR is the application of a
weighting function of exponential decay, which causes
LB of additional Lorentzian broadening. Maximum SNR
is obtained with LB = LW. If the acquisition time T4 is
much greater than (n(LW + LB))"', T, in Eq. (1) can
be replaced by T [22,23]. In our case, the result is a theo-
retically five-fold increase of the SNR. Measurement after
Lorentzian broadening returns SNRs of the H-6 peak
and the anomeric proton peak of 45 and 10, respectively.

The total acquisition time doing 512 acquisitions, with a
pre-saturation time of 3 s and an acquisition and waiting
time of 45, is 1h. Defining the limit of detection at a
SNR of 3 within 1 h, the minimal detectable concentration
(LOD.) of molecules with one equivalent proton is

204 —=— measurement

—— calibrated model

T T
10 20 30 40 50 60 70 80
time [us] —a— measurement
-104 —— calibrated model
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T .
C 104 —u=— measurement 30 A 40
= calibrated model .. o \/ time [ps]
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»
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Fig. 10. Measured and modeled nutation curves of the H-6 peak of sucrose confined within vesicles that are structured according to the patterns in Fig. 9.
The total detection volumes are 1.9, 1.0, and 1.2 nL for the patterns (A), (B), and (C), respectively.
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Table 1

Performance characteristics of the calibration experiment using water in the sample container and of the patterning experiments having sucrose confined
within vesicles that are structured in pattern (A), (B) and (C) on the microprobe surface

Detection volume (nL) Measured LW (Hz) Measured SNR (1,cq = 512) Measured S@450°/S@90° [%]

Water in sample container 900 4.3
Sucrose (H-6 peak) in vesicle—pattern (A) 1.9 15
Sucrose (H-6 peak) in vesicle—pattern (B) 1.0 15
Sucrose (H-6 peak) in vesicle—pattern (C) 1.2° 15

4700 (naeq = 1) —

20 (30)*
9 10
9 90

# Pattern (A) does not show sinusoidal behavior and therefore S@450°/S@90° cannot be taken as a reliable indicator for spin excitation uniformity.
® The relative big volume of pattern (C) is due to the increased sample height realized by several vesicle immobilization steps.

residues of
suppressed water peak

peak of H-6 protons
at 3.8 ppm

peak of anomeric
proton at 5.4 ppm

T T T T T T T T T T T T T T T T T

65 60 55 50 45 40 35 30 25
[ppm]

Fig. 11. '"H spectrum of sucrose confined in vesicles immobilized
according to pattern (C) on the microcoil surface. The signal to noise
ratios of the H-6 peak and the anomeric proton peak are 9 and ~2,
respectively, after 512 acquisitions without signal treatment. The original
FID data is multiplied by a Lorentz—-Gauss weighting function
h(f) = e“T77/2) with T = 21 ms and 6> = 1180. The resulting spectrum
has a Gaussian lineshape with a linewidth of ~13 Hz [23]. The baseline is
corrected.

300 mM. The total acquisition time could be increased, as
experiments several days after the vesicle immobilization
returned the same signal magnitude, meaning that the su-
crose is well confined within the vesicles.

4.4. Spin echo train

Patterning the sample in the homogenous regions of the
microprobe surface produces excellent spin excitation uni-
formity and permits more advanced excitation pulse
sequences like, for example, spin echo trains. After struc-
turing the lipid vesicles on the microcoil surface according
to pattern (C), a CPMG (Carr—Purcell-Meiboom-Gill)
spin echo train is performed. The time between the echoes
is set to 20 ms. The sucrose spectra of every second echo
are recorded with 2048 acquisitions each. Fig. 12 shows
the initial sucrose spectrum in the foreground and every
second spectrum of the 10 following echoes.

5. Discussion
5.1. Performance of the NMR surface microcoil

In this contribution, a technology that allows patterning
the sample on the surface of NMR microprobes very close
to the planar microcoil is presented. A high contrast be-
tween patterned and non-pattern areas is achieved. NMR
spectroscopy results clearly show the improvement of the
spin excitation uniformity when the sample is patterned
in areas of more and more homogenous B;-field. Restrict-
ing the sample according to pattern (C) in the center of the
microcoil, a 450° spin flip angle excitation returns 90% sig-
nal magnitude with respect to a 90° flip angle excitation.
This is in the range of standard solenoidal or saddle coils
and permits performing complex pulse sequences. For
demonstration, a series of CPMG spin echo is recorded.

Conventional analytic models for the prediction of
NMR performance contain only partial information about
the Bi-field inhomogeneity and are hardly applicable to
planar coils. We use a model that is based on 3D finite ele-
ment simulation of the B;-field. The consideration of the
exact coil geometry and the precise computation of the spa-
tial Bi-field allow determining the coil’s sensitive region
and the deterioration of spin excitation uniformity in inho-
mogeneous Bi-fields. The modeled progressions of the
nutation curves match the measured ones very well for all
patterns (see Fig. 10). The difference between modeled
SNR prediction and measurement result is only 13%. The
rough estimation of the noise figure in the spectrometer
electronics and the neglecting of additional loss sources
might be the reason for this difference.

We saw, that when patterning the sample in homoge-
neous Bj-field areas on the microprobe surface, the com-
promise between spin excitation uniformity and
sensitivity is improved, but not completely eliminated
(Fig. 3). The applied patterning technique allows 2D sam-
ple placement on the surface of the microprobe. The third
dimension can be incorporated by varying the encapsula-
tion layer thickness and thereby the distance from the
microcoil turns to the microprobe surface. This provides
the possibility to do more advanced sensitivity and spin
excitation uniformity optimization by finding the most
advantageous spots for sample placement in all three
dimensions.
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Fig. 12. Spectra of echoes returned by a CPMG spin echo excitation. Every second echo is recorded. An exponential weighting function with LB =4 Hz is
applied to the FID. The baseline of the spectra is corrected. A line connects the H-6 peaks of the echoes to illustrate the exponential decrease of the signal

amplitude.

5.2. Potential for analysis of living cells

Lipid vesicles are used as cell substitutes to characterize
the NMR surface microcoil. As the final objective is analysis
of living cells, the micro-engineering techniques chosen for
the immobilization and patterning of lipid vesicles, allow
the immobilization and patterning of living cells as well.
When patterning living cells, usually extracellular matrix is
printed onto a surface [24,25]. On SU-8, some cell species
even immobilize directly without any surface treatment or
deposition of extracellular matrix. In these cases, substances
that repel cells would be printed to create cell patterns. The
use of NMR surface microcoils offers not only the possibility
to immobilize living cells on its surface during the time of
analysis, but also to grow and manipulate them there. Doing
this, the cells could be analyzed in their natural environment
without the need to harvest them before analysis.

Within living cells, the most prevalent compounds have
concentrations of some 10 mM. With respect to this, the
surface microcoil having a LOD, of 300 mM with a detec-
tion volume of 1.2 nL is not sensitive enough. However, the
limits of detection can be increased by several means. Opti-
mizing the repetition time (here 7 s per scan), a factor 2 in
time and a factor 1.4 in SNR can easily be achieved. Fol-
lowing the trend of high field spectroscopy and going from
300 to 900 MHz would further increase the sensitivity by a
factor 6.8 (SNR Bg/ 4 [11)). In total, the LOD, would de-
crease to about 30 mM per equivalent proton and analysis
of living cells becomes possible. Many compounds within
living cells have not only one but several equivalent pro-
tons, which leads to a further increase of the SNVR.

6. Conclusions

We use aligned microcontact printing to pattern the
sample on the microprobe surface in regions of homoge-
neous Bi-field and high sensitivity close to the planar
NMR microcoil. The spin excitation uniformity is im-
proved drastically and achieves values in the range of con-
ventional NMR macroprobes. Using lipid vesicles as cell
substitutes and a theoretic model based on 3D finite ele-
ment simulation, the microprobe performance with respect
to sensitivity and spin excitation uniformity is determined.
SNR and nutation curves of the experiments are precisely
predicted.

The presented NMR surface microprobe is designed for
cell analysis and the sample patterning technique is com-
patible with the patterning of living cell. This technique
and the results of the presented NMR experiments open
the way to immobilize, pattern and grow living cells on
NMR microprobes and to do subsequent NMR analysis.
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