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We report electron paramagnetic resonance experiments performed on myoglobin hemeproteins using a
chip hosting 6 superconducting lumped element resonators with resonance frequencies between 1.94
and 2.11 GHz. Successive layers of myoglobin were deposited onto the inductors of four of them using
dip-pen nanolithography, a technique based on atomic force microscopy. A combination of atomic force
and confocal microscopies estimated the number of protein molecules in each deposit, which ranges
from 8.6 x 10! (one dip-pen layer) to 3.33 x 10 (four dip-pen layers). Two reference bulk samples were
pipetted from the same solution onto the remaining two resonators. The microwave transmission of the
device, measured at 11 mK, shows evidence of the coupling of protein spins to the photon excitations of
all resonators. In particular, the resonance broadening measured as a function of magnetic field provides
the spin resonance absorption spectrum. The analysis suggests that proteins tend to self-orient on the
chip. It also allows estimating the single spin to single photon coupling strength, which is around 9 Hz.
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This high coupling value suggests that dip-pen nanolithography gives rise to a close to optimum interface
between the molecules and the chip surface. The developed methodology combines an increase in sen-
sitivity of at least three orders of magnitude with the ability to characterize multiple samples in a single
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Introduction

Sensitive label-free sensor platforms are in high demand in
our society, for example, for the early detection of fingerprint
analytes, viral or bacterial protein antigens, or nucleic acids
associated with certain pathologies. In this work, we focus on
the study of metalloproteins, a large and diverse group of pro-
teins that contain metal ions, such as manganese, iron,
copper, cobalt, zinc, or nickel, which are directly bound to the
protein structure. These proteins are essential for living organ-
isms, participating in a wide range of biological processes.'
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experiment, opening the door to a highly sensitive multi-analyte detection technology.

Understanding the relation between structure and function is
essential for developing therapeutic strategies and diagnostic
tools. Among these proteins, ubiquitous hemeproteins are of
particular interest; they contain an iron-porphyrin group
called heme, which plays a central role in determining their
function and physicochemical properties.”

Here, we consider myoglobin as a reference system with a
ferric heme iron Fe** (d°) in a high-spin configuration, S = 5/2.
The Fe(u) heme centre of myoglobin is involved in transport-
ing oxygen from the bloodstream to the muscles,’ the oxi-
dation of lipids,’ and the scavenging and detoxifying of
harmful compounds like nitric oxide or reactive oxygen
species.” Myoglobin testing has also seen a recent growing
interest due to the release of myoglobin from the muscles into
the blood during a heart attack, being one of the earliest
markers of myocardial infarction, or severe muscle damage
associated with different pathologies.® These processes can
result in dangerous levels of myoglobin in the organism that
can be detected in blood and urine. Too much myoglobin can
overwhelm the kidneys and lead to kidney failure.”

Different myoglobin proteins can be found in cardiac
tissues and other mammalian muscles. They are formed by a
single polypeptide chain folded in eight a-helices that attach
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Fig. 1 (a) Three-dimensional molecular structure of the myoglobin
protein from equine heart that binds the heme group (PDB code 1WLA).8
(b) Structure of the active site of met-myoglobin (Fe**) bound to the
hydroxide of a water molecule. In the active site of oxy-myoglobin, the
O, molecule binds to the iron atom, forming a Fe—O-0O bent structure,
and iron adopts an octahedral coordination geometry, where the distal
histidine (His64) forms an N-H---O hydrogen bond with O,.

an heme group, capable of binding molecular oxygen with two
histidine amino acids of the protein structure (Fig. 1).
Myoglobin can be found in four redox states through its heme
group, (i) deoxy-myoglobin, that presents Fe*" bound to water
at the interior of muscles; oxy-myoglobin, that presents Fe>*
bound to molecular oxygen (e.g. surface of meat in air);
carboxy-myoglobin, with Fe*>" bound to carbon monoxide; and
met-myoglobin, carrying Fe’* bound to hydroxide (Fig. 1b).
Electron paramagnetic resonance (EPR) spectroscopy is a non-
invasive technique used to analyze unpaired electron spins
present in a variety of materials, such as paramagnetic dopants in
inorganic semiconductors and ceramics, or molecule-based
materials like organic free radicals and molecular magnets. EPR
has also been widely employed to investigate the oxidation state
and the local coordination of the metal center in different
metalloproteins,”™" including myoglobin."””™"* As such, commer-
cial EPR systems offer a powerful tool for characterizing these bio-
logical materials. However, their sensitivity typically requires the
use of samples containing more than 10"°-10"° spins,”>™” which
can limit the study of single crystals or the detection of trace
amounts of metalloproteins present in certain biological samples.
Micro-EPR devices provide a way to improve sensitivity by
reducing the electromagnetic mode volume of the EPR cav-
ities.'® The ultimate detection limits have been achieved using
cavities defined on superconducting circuits, fabricated onto
chips employing top-down lithography techniques. These circuits
form the basis for circuit quantum electrodynamics," a wide-
spread technology for reading out and interconnecting different
qubit realizations**** and quantum memories.>* Used as spin
resonance devices, they can show mode volumes in the femto-L

2525 and reach few spins or even the single spin sensitivity
27,28

range,
when combined with quantum-limited readout electronics.
However, in this limit, the integration of the spins within the
electromagnetic field mode volume defined by the circuit
becomes critical. For this reason, most of these experiments have
been performed on model spin systems, often located inside the
chip substrate. In addition, the most sensitive detection schemes
severely limit the range of frequencies that can be investigated.
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Fig. 2
process onto the device surface by dip-pen nanolithography developed
in this work. (b) Three-dimensional rendering of a superconducting
device hosting six superconducting lumped element resonators with
myoglobin molecules (not at scale) deposited on their inductors.

(@) Schematic representation of the myoglobin ink transfer

Therefore, combining very high sensitivity with the ability to
explore a wide variety of materials remains a challenge. Here,
we address this challenge via a new circuit design (Fig. 2b) and
by exploiting nanolithography techniques to achieve a close to
optimal chip-to-sample interface.

The circuit, illustrated in Fig. 2b, consists of six supercon-
ducting Lumped Element Resonators (LERs), essentially a res-
onant inductor-capacitor circuit, parallel coupled to a
common readout transmission line. This geometry enables
flexible design of the key cavity parameters, such as the reso-
nance frequency f;, field mode volume, and the quality factor
Q, without affecting the overall chip transmission. Moreover,
following the strategy used in kinetic inductance detectors for
astronomical observations,>® all resonators can be simul-
taneously probed, allowing parallel characterization.
Myoglobin samples were accurately integrated into the circuits
by means of dip-pen nanolithography (DPN) based on atomic
force microscopy (AFM),*° shown in Fig. 2a. This technique
allows the precise deposition on a surface of almost any type
of inorganic or organic molecules,” biomolecules,’*** or
nanomaterials with nanometric resolution and at ambient
conditions.** DPN enabled the transfer of multiple layers onto
particular regions of each LER or onto adequate substrates for
complementary characterization studies of the shape, size,
and topography of the protein deposits. Here, we report on the
properties of the chip, the integration and the in situ character-
ization of the protein deposits, and the results of microwave
transmission experiments, which provide direct information
on their spin resonance spectrum.

Results and discussion
Chip description and characterization

The chip consists of six resonators capacitively coupled to a
common readout transmission line. Each resonator follows the
Lumped Element Resonator (LER) design (Fig. 3a), in which
the capacitor C and inductor L are defined geometrically.*®
From now on, the resonators are labelled LER 1 to LER 6,
ordered by increasing resonance frequency. The inductor geo-

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) Optical microscopy image of one of the fabricated Nb LERs,

showing the LC resonator capacitively coupled to the readout line (top
part of the image). (b) Microwave transmission measured at T = 11 mK as
a function of the readout frequency (blue lines). Each transmission
minimum corresponds to the resonance of a LER coupled to the
readout line. The red line is a least-squares fit of each LER transmission
based on eqgn (1). (c) On-resonance current distribution in the resonator
inductor. Here, the plane x-y defines the chip’s surface, whereas z
measures the distance from it. (d) Magnetic field distribution generated
by the inductor in the x—z plane, calculated for y = 300 pm, marked by a
dashed horizontal line in (c).

metry determines the magnetic field distribution and, there-
fore, the sensitive part.>® In our design, a meandered inductor
layout is employed to enhance the magnetic field strength
near the chip surface and the area is chosen to match the
characteristic size of the protein deposits. Fig. 3¢ and d illus-
trate the current distribution on resonance and the generated
magnetic field. The resonance frequency, f; = 1/vLC, is tuned
via the capacitor design, while keeping the inductor dimen-
sions and therefore the magnetic field volume, fixed.

The microwave transmission of the “bare” chip was charac-
terized prior to myoglobin deposition.*”*® The LERs reso-
nances appear as transmission dips at their resonance fre-
quencies, which range between 1.9 GHz and 2.2 GHz (see
Fig. 3b), in excellent agreement with the simulated ones. The
data are fitted using the following equation:

Kee?

ifi —f) +« (1)

Sy = ‘1

where ¢ is a phase that accounts for the asymmetries in the
resonance shape caused by Fano interferences. The fit allows
extracting f; as well as the external (arising from the coupling
to the readout line) k. and the total x photon damping rates.
The latter, which also includes internal damping within the
resonator, is close to 30 kHz both before and after myoglobin
deposition, indicating that the deposition process does not sig-
nificantly affect resonator losses. These losses lead to mean
LER quality factors Q ~ 7 x 10%.
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Preparation and deposition of myoglobin samples

In this work, we used buffered solutions of myoglobin from
equine heart at different concentrations, using glycerol as an
additive, prepared as described in the Experimental section.
Protein patterning was done with a high-performance commer-
cial DPN system. The ink composition, AFM probes selection,
parameter deposition, and environmental conditions were opti-
mized using SiO, marked substrates (see ref. 39 and Fig. S1 from
the SI). These test assays were also useful to calibrate the approxi-
mate number of protein molecules deposited on each layer for
each experimental condition (Fig. S1). Final depositions onto the
chip were carried out by immersing the AFM tip in an ink solu-
tion drop. A number of layers were then transferred through
sequential deposition steps at each of the different LERs, until
the whole inductor was covered by the ink (from 1 to 4 depo-
sition layers on LERs 6, 4, 5 and 3, respectively), as shown in
Fig. 4. LERs 1 and 2 were also covered with 100 nL of 50 and
5 mM inks (Fig. S2 and S3). This allows a comparison of the spin
signals of bulk and patterned samples in the same experiment.

In situ characterization of the protein deposits: estimation of
the spin number in the deposits

The volumes of the samples deposited onto each LER were
determined by confocal microscopy measurements, as shown
in Fig. 4. For this, the morphology of the deposits (Fig. S2 and
S3) was first compared to the bare LER surface before the first

a 8(}0 onm b 8(}0.0 nm
0.0 nm LI 0.0 nm

800.0nm f

Total volume (pm?)

Number of layers

Fig. 4 Confocal images of LER 3 in different stages of the protein
deposition process: (a) bare LER before myoglobin deposition, (b—e) the
same LER after the sequential deposition of 1, 2, 3, and 4 myoglobin
layers by DPN, respectively. The scan size is 425 pm x 425 pm. The
colour scales are fixed to the maximum height observed for all the
images (800 nm) to better discern the increase in sample thickness after
the transfer of successive layers by DPN. (f) Total volume estimated for
the different number of deposited layers.
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deposition step (Fig. 4a and S2a, S3a). This method gave
reliable results for the topography of myoglobin deposits fabri-
cated by DPN (LERs 3 to 6), but failed in the case of myoglobin
microdroplets (LERs 1 and 2) due to the formation of ripples
caused by the Moiré-pattern effect.”” These interferences are
induced by the close overlapping in frequencies of the exposed
surface by a light source. As shown by Fig. S3g, the successive
transfer of myoglobin layers leads to an increase in deposit
thickness, as well as to a larger protein coverage of the LER
inductor. The estimated volumes of the DPN deposits range
from approximately 2.4 x 10* pm® to 9.4 x 10* pm? for 1 to 4
deposition steps. These volumes were then converted into the
number of molecules N using their concentration in the inks.
Both are listed in Table 1.

The results show a close to linear increase in protein
volume with the number of deposition steps (Fig. 4f), thus
supporting that subsequent depositions do not erase the
underlying sample and, therefore, demonstrating that DPN
allows controlling the number of protein molecules transferred
to specific areas of the device.

The deposits were also analysed by X-ray photoelectron
spectroscopy (see section S3 in the SI). The spectra are very
similar to that of the lyophilized protein, showing the presence
of the expected elements, in addition to Si and Nb from the
substrate (Table S1 and Fig. S4). Furthermore, high-resolution
spectra of bulk powder and the 4-layer DPN deposit were ana-
lysed in detail. Again, they show signals that confirm the suc-
cessful transfer of the hemeprotein to the chip, plus some
others related to the chip itself and remains from the ink
solvent (Fig. S5).

On-chip broadband magnetic spectroscopy

To perform a preliminary characterization of the protein
microwave absorption spectrum, a myoglobin sample was de-
posited on top of the readout transmission line. The measured
results are shown in Fig. 5a.

To compensate for the line attenuation and the presence of
unavoidable spurious modes (horizontal lines in Fig. 5a), the
transmission is normalized by subtracting data measured at
different magnetic fields, as described previously.”” This
allows for the clear identification of microwave absorption fea-
tures, which depend on magnetic field B, and can therefore be
associated with resonant spin transitions in myoglobin. The
Fe*" center of each molecule has an S = 5/2 spin with a large
magnetic anisotropy, which can be parameterized by a second-
order uniaxial parameter D = 9.26 cm™"."* In the frequency

Table 1 Summary of the volumes and corresponding number of spins
estimated for the deposits patterned with DPN on LERs 3 to 6

LER DPN layers Volume (um?) N (10" spins)
3 4 93 829 3.33
4 2 40 859 1.45
5 3 57903 2.05
6 1 24256 0.86
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Fig. 5 (a) Normalized microwave transmission measured at T = 11 mK
as a function of external magnetic field B on a transmission line coupled
to myoglobin. The two main features are indicated with dashed lines.
Magenta corresponds to a slope of gesr.y = 5.92 while black represents
gerr,) = 2. The normalization is done by subtracting data measured at two
magnetic fields separated by 10 mT, and dividing the result by data
measured at B = 0. (b) Microwave transmission measured at T = 11 mK
near the resonance frequency of LER 1 and as a function of B. A 0.1 pL
droplet of a 50 mM myoglobin solution was deposited onto the inductor
of this LER.

range of these experiments, only transitions between the spin
states m = +1/2 from the lowest lying Kramer’s doublet, which
are also the only ones populated at 11 mK, can be studied. The
myoglobin spin can then be approximated by an effective S =
1/2 system'>' with gegr | = 5.92, etz = Zerr,| = 2. The two
absorption lines visible in the broadband spectrum agree with
the extremal absorption edges associated with these principal
values of the g-tensor. In a randomly oriented sample, the
maximum change in absorption with B occurs approximately
at these edge fields. Therefore, as it also happens with conven-
tional EPR data measured in the derivative mode, they are
enhanced by the normalization of the transmission data.

On-chip electron paramagnetic resonance

EPR experiments were performed by measuring the microwave
transmission at frequencies close to the resonances of the six

This journal is © The Royal Society of Chemistry 2026
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LERs as a function of magnetic field. The power used in the
measurements was P = —60 dBm, corresponding to n ~ 10°
photons in the resonator. We first discuss results obtained for
LERs 1 and 2, covered with myoglobin microdroplets, which
provide a characterization of the bulk EPR spectrum under the
same conditions. Results obtained for LER 1 at 7= 11 mK are
shown in Fig. 5b. The parabolic field dependence of the res-
onant frequency is attributed to the effect that B has on the
properties of the superconducting film, as it is also observed
in bare chips, not coupled to any magnetic sample (see
example in Fig. S6). In addition, fingerprints of the coupling
between the cavity photons and spin transitions are observed,
much more clearly than in the broadband spectrum. The coup-
ling shifts the resonance frequency, leading to characteristic
anticrossings, and drastically reduces the resonance visibility,
i.e., the transmission dip associated with the bare LER
(Fig. 5b). Two broad absorption signals are observed, the first
between B = 20-30 mT and the second between 50 and 90 mT.
The lowest and highest magnetic fields approximately agree
with the resonant fields expected for the principal values of
the g tensor, thus with resonant conditions with molecules
having their magnetic z-axis either perpendicular or parallel to
the external magnetic field. The absorption intensities reveal a
convolution of the number of molecules in a given orientation
and of the transition matrix elements for this condition. The
results are therefore compatible with the known magnetic pro-
perties of this protein,'” and with a distribution in the orien-
tations of myoglobin molecules within the droplets.

In order to probe the sensitivity of the EPR characterization
using these LERs, the amount of myoglobin in different LERs
was varied as described in previous sections. Fig. 6 shows data
obtained for LERs 3, 5, 4, and 6, where the number of DPN
layers was 4, 3, 2, and 1, respectively (see Table 1). As can be
seen, in all of them the transmission shows the same absorp-
tion features that were observed for the bulk-like droplets,
albeit with weaker intensities. The spread in magnetic field
comes from the distribution in molecular orientations and
from the strength G of the collective spin—photon coupling. As
the number of molecules decreases, the visibility of the two
absorption signals also decreases. Still, they remain visible
even for the sample consisting of a single DPN layer (LER 6).

o
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These results show that the combination of superconducting
LERs and a suitable deposition method provides the ability to
study, in a single chip, the EPR spectra of a given biological
material for different frequency windows and, in this case, for
different sample sizes.

A quantitative analysis of these data allows obtaining
additional information on the interaction of the myoglobin
deposits with the cavity photons. For this, we fit the LER
response at each magnetic field. The transmission data
measured for LERs 3-6 do not show any evidence for the split-
ting of the photon modes that characterizes the coherent, or
strong spin-photon coupling regime. Then, it is possible to
describe these data using a formalism valid for the weak coup-
ling regime, when G is much smaller than the spin resonance
linewidth y. The microwave transmission is described by a
modified version of eqn (1), which now includes the effect of
the magnetic sample

Kce
i(fe —f) +&
where £ > k is an effective photon decay rate. The broadening
of the photon modes reflects their interaction with the spins,
which becomes maximum every time a spin transition fre-
quency f; becomes close to f;. Then, a plot of £ as a function of
B provides direct information on the EPR absorption spec-
trum. Data measured for LER 6 (1 DPN layer) are shown in
Fig. 7. They show the two broad absorption bands already
visible in the 2D transmission plots of Fig. 6, which corres-
pond, respectively, to molecules with the z-axis being either
close to parallel or close to orthogonal to the magnetic field
orientation. In the weak coupling limit, it is possible to derive
expressions to fit these results. The coupling to molecules with
a given orientation (parameterized by the angle 6) gives a
photon broadening expressed as

(2)

S21: ‘1—

G(0)*
forr 0 3)
((0) =f)" +7
where the spin resonance frequency  f;(0) =
/(g2 cos?(#) + g2 sin*(f) and the collective coupling

strength of these molecules G(6) ~ N'/2G;/n(8). Here, n(0) is
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Fig. 6 Microwave transmission measured at T = 11 mK as a function of frequency and applied magnetic field for LER 3 (a), LERs 4 and 5 (b), and LER 6 (c).
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Fig. 7 Resonance linewidth x of LER6, hosting a single DPN layer of
myoglobin on its inductor, measured at T = 11 mK as a function of mag-
netic field (blue dots). The green and red solid lines are least-squares fits
based on eqgn (3), corresponding to gaussian distributions for random
and oriented protein molecular orientation, respectively. For the latter,
the best fit parameters are the collective spin—photon coupling G ~ N'/2
G; = 6.23 MHz, the spin resonance linewidth y = 335 MHz, and the
center 0y = 11.6° and width 60y = 0.1° of the distribution of molecular
orientations n(9), given by eqn (4).

the normalized distribution of molecular orientations within
each deposit, and G; is the single spin-photon coupling, aver-
aged over the spatial and angular distribution of the micro-
wave field generated by the inductor (see Fig. 3c and d). The
overall £ can then be obtained by averaging eqn (3) over 6.

In order to extract the different parameters, first « of the
bare resonator was extracted by fitting its resonance measured
at B = 0, where it is assumed that the resonator’s properties
remain unaffected by its coupling to myoglobin spins. This
leaves G, the spin linewidth y, and the angular distribution
n(0) as free parameters. The fitting procedure is explained in
detail in section S4. The results are compared to the experi-
mental data in Fig. 7 for LER 6 and in Fig. S7, S8 and S9 for
LERs 3, 4 and 5, respectively.

The simulation obtained for a random molecular orien-
tation, when n(d) = sin 6d6, fails to correctly account for the
intensity ratio of both resonance lines. This suggests that myo-
globin molecules have a certain tendency to self-align. This
effect has been taken into account by setting

—(6-6,)°
n(6) = (,13 28007 4 (1 — ;7)> sin 6d6 (4)

where the preferred angle 6,, the angular distribution width
80, and 7 are adjustable parameters. A reasonably good fit was
obtained for 8, = 11.6° and # = 0.997. A more detailed expla-
nation of how these parameters have been estimated can be
found in section S4 in the SI, which includes a Table S2 with
values obtained for all DPN deposits. The results of these fits
suggest that the spin-photon coupling is dominated by a
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Table 2 Average collective spin—photon coupling G and spin reso-

nance linewidth y obtained for the four myoglobin samples deposited by
DPN onto LERs 3to 6

LER DPN layers G (MHz) 7 (MHz)
3 4 18.14 = 0.16 334+ 11
5 3 16.75 + 0.23 334+15
4 2 6.44 + 0.04 334+9
6 1 6.23 + 0.04 335+8

majority of myoglobin molecules aligned with their z-axis
close to the magnetic field orientation. The fit also gives the
average collective coupling G ~ N'2G,. The results obtained
for the 4 myoglobin DPN deposits are given in Table 2.
Besides, eqn (2) and (3) allow calculating the full microwave
transmission. An illustrative example for LER 6 is shown in
Fig. 8 (for LERs 3, 4, and 5 see Fig. 57, S8, and S9).

Finally, using the number of spins N determined for each
myoglobin deposit (Table 1), the mean coupling per spin G; =
G/ /N can be estimated using the G values from Table 2. We
find G, ~ 9 Hz. This value must be regarded as a lower bound.
Even very close to the chip surface, where the protein DPN
deposits are located, the microwave magnetic field generated
by the resonator inductor remains inhomogeneous, being
approximately 5 times higher on top of the meander inductor
lines (Fig. 3d) than in the regions separating them. This
means that the actual number of molecules that contribute
most to the collective G is significantly smaller than N. Still, G,
is higher than the values previously obtained for VO-porphyrin
molecules deposited by Langmuir-Blodgett techniques on
both CPW resonators*? and on LERs.*”

Experimental
Micro fabrication techniques

The chip was fabricated in a cleanroom with a controlled
environment. The resonators are designed using CAD-based
software, and their RF response is simulated using the com-
mercial software Sonnet.**> From these simulations, the reso-
nance frequency f; and the coupling to the transmission line
can be estimated. The nanofabrication process begins with the
deposition of a 100 nm thick niobium (Nb) layer on a 350 pm
thick silicon substrate by means of DC magnetron sputtering
from AJA International, Inc. with a base pressure better than
107 Torr. An argon pressure of 1.5 mTorr and a power of 100
W lead to a growth rate of 0.77 A s™*. Then, the design is trans-
ferred to the superconducting film using a maskless laser
lithography system (Heidelberg Instruments). An AZnLOF
negative resist is spinned at 5000 rpm for one minute, followed
by a 100 °C heat. After exposure, the sample is post-baked at
110 °C for 60 seconds and developed using AZ developer for 60
seconds at ambient temperature. Finally, the Nb layer is
etched using a reactive ion etcher with a mixture of Ar and SF¢
(Oxford Instruments). The final chip is cleaned in an acetone

This journal is © The Royal Society of Chemistry 2026
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(a) 2D colour plot of the microwave transmission measured at T = 11 mK near the resonance frequency of LER 6. (b) Microwave transmission

calculated with eqn (3) and the parameters obtained in Fig. 7. (c) Residuals of the model and the experimental data.

and isopropanol bath to remove the unexposed resist. Fig. 3a
shows an image of one of the fabricated LERs.

Myoglobin sample preparation

Ink solutions of 5 and 50 mM myoglobin from equine heart
(=90.0%, Sigma-Aldrich) were prepared in a 50 mM MOPS (3-
(N-morpholino)propanesulfonic acid, >99.5%, Sigma-Aldrich)
buffer at pH 7.0, in the presence of 20% glycerol (v:v, >99.5%,
Sigma-Aldrich) and stored in darkness at 4 °C. Glycerol
increases the viscosity and therefore retards evaporation of
liquid samples, which helps the deposition of protein solu-
tions** (Fig. 2a). Moreover, glycerol is a well-known agent that
prevents protein degradation at cryogenic temperatures,
enabling the subsequent EPR measurements at low tempera-
tures with functional samples."’

Dip-pen nanolithography

Protein patterning was developed with a high-performance
DPN5000 setup based on AFM (Nanolnk, Inc.). The ink compo-
sition, AFM probes selection, parameter deposition, and
environmental conditions were optimized using SiO, marked
substrates.®® Final depositions were carried out using silicon
nitride rectangular ORC8 AFM probes exhibiting a stiffness con-
stant of 0.1 N m™", provided with pyramidal tips (Bruker Probes)
at 25 °C and 35% relative humidity. The chip was cleaned with
IPA and imaged with confocal microscopy before each deposition
process. The tip was immersed several times in a 0.1 pL ink solu-
tion drop located on the resonator surface, and then located with
the help of an optical microscope. A successive number of layers
was then transferred through sequential deposition steps at the
different LERs. The deposition was run by successive line-writing
until the whole chip was covered by the ink. The topographies of
the bare LERs were previously calibrated (Fig. S2 and Fig. 4a).
After each deposition step, the chip was placed inside a desiccator
under vacuum for 72 hours. One, two, three, and four deposits
with 5 mM myoglobin ink solutions were carried out on LERSs 6,
4, 5, and 3, respectively (Fig. 4). Additionally, 0.1 pL droplets of
5 mM and 50 mM myoglobin inks were pipetted on LERS
numbers 2 and 1, respectively (Fig. S2 and S3).

This journal is © The Royal Society of Chemistry 2026

Confocal microscopy

A confocal microscope PL 2300 (Sensofar) was used to acquire
3D topography maps of the myoglobin dry deposits formed on
the LERs. The measurements were performed with a x20 micro-
scope objective and with a numerical aperture of 0.50. The
working distance was optimized to accurately converge the
optical image of the tested areas. Arrays of 2 X 3 scan-field
images were integrated to generate 500 pm x 500 pm topogra-
phy maps. Raw data were processed using the Gwyddion soft-
ware.”® All the images were treated following the same pro-
cedure to prevent estimation errors associated with data hand-
ling. In order to estimate the volume of the dry deposits
located on each LER, mask thresholds were defined as pre-
viously described.*® First, the bare circuit topography was ana-
lyzed, and then the resulting volume was subtracted from the
topography of each deposit.

The number of spins or myoglobin molecules located on
each LER is obtained from the volume of the deposits calcu-
lated as described above and the volume of each protein mole-
cule. The estimation of the unitary volume corresponding to a
single molecule was calculated from the dimensions of the
equine heart myoglobin atomic structure (Fig. 1a; PDB code:
1WLA®). This is approx. 27.9 nm® assuming that the protein
structure exhibits a perfect parallelepiped-shaped block
(3.5 nm x 2.1 nm x 3.8 nm). The contribution of glycerol mole-
cules to the deposit volumes was neglected based on their low
concentration in the ink and on their much smaller molecular
size as compared to that of myoglobin.

Microwave transmission experiments

The microwave transmission was characterized using a vector
network analyzer.’”*® The chip was thermalized to the mixing
chamber of a cryo-free Bluefors LD250 dilution refrigerator
equipped with microwave coaxial lines, attenuators (input
signals), and cryogenic amplifiers (output signals). A cryo-free
superconducting magnet allows applying dc magnetic fields
up to 1 T along the Z laboratory axis, parallel to the chip
surface and the readout transmission line. The experiments
were done under vacuum and at a base temperature of 11 mK.

Nanoscale, 2026, 18, 375-383 | 381
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Conclusions

The obtained results in this work show that a combination of
top-down and bottom-up techniques enables performing mul-
tiple EPR experiments within a chip with sensitivities largely
exceeding those of conventional EPR spectrometers. Here, dip-
pen nanolithography, based on AFM, was used for a precise
deposition of 1 to 4 myoglobin layers, controlling both the
sample size and its location at the sensors. Besides, the ability
to multiplex the readout of different superconducting resona-
tors in a single chip has allowed measuring the magnetic reso-
nance of all these samples within a single experiment, ie.,
under identical conditions, and to compare the results with
those obtained in situ for bulk samples. The results show the
potential of this device to characterize metalloprotein samples
at the level of a few pL and in a temperature region inaccess-
ible to commercial EPR systems. They are also compatible with
the spin and magnetic anisotropy of myoglobin. Yet, data
measured on the protein deposits show intensity ratios
between the resonances associated with the two extreme mole-
cular orientations that are at odd with that expected for ran-
domly oriented spins in equilibrium. This might suggest that
myoglobin molecules, or their heme groups, may exhibit
certain preferential orientation. The information at hand does
not allow providing a clear picture about the origin of this
effect and more work would be required to explain it. We
however consider it unlikely that DPN gives rise to any signifi-
cant protein alignment, and the effect seems also present for
droplets deposited by a micropipette. A surface interaction can
also be discarded, as the same qualitative results are also
observed for multilayers. An alternative, plausible explanation
for this effect, as described in previous works,?” could be the
saturation of the EPR intensity caused in samples with very
long spin relaxation times, T;, such as myoglobin at very low
temperatures.

Remarkably, the mean coupling value per spin ranges
between 5-12 Hz, which largely exceeds values measured for
vanadyl porphyrin MOFs samples transferred by
Langmuir-Blodgett on LERs.>® This confirms that patterning
the molecules by DPN achieves a close to optimal interface
with the chip, which is a critical requisite to achieve the
maximum sensitivity. The same methodology can be applied
to diverse materials relevant to biology or medicine. This
includes the characterization of other metalloproteins with
unpaired electrons, such as ferritin or hemoglobin, reactive
oxygen species which play a major role in disorders like ischae-
mic inflammation diseases or cancer and undesirable or
harmful free radicals or metal ions in food.*” Besides, its sen-
sitivity can be enhanced by locally reducing the width of the
inductor line.>¢
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Supplementary information (SI) is available. Figures S1, S2
and S3 provide additional information regarding the protein
deposits. Figures S4, S5 and Table S1 give information about
X-ray photoelectron spectroscopy data. Figures S6, S7, S8, S9 and
Table S2 provide further experimental and microwave trans-
mission simulations data. See https:/doi.org/10.1039/d5nr03119b.
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