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I. OLD HAT OF SUBWAVELENGTH MICROSCOPY

Often a student comes into my office excited by a revolutionary idea! | invite him or her to check the
literature carefully. In particular, check it way back, even for more than a century. For example, encouraged by
Albert Einstein, Edward H. Synge introduced in 1928 the concept of a near-field scanning microscope in the paper
“A suggested method for extending microscopic resolution into the ultra-microscopic region” [1]. He claims to have
overcome the ““...axiom in microscopy, that the only way to extend resolving power lies in the employment of light
of smaller wavelength.” For subwavelength resolution of a biological sample, he proposes to place within 10 nm of
the sample an opaque screen with a pinhole of 10-nm diameter (Fig. 1). Light passing through the pinhole and the
sample is focused on a photodetector. By moving the screen laterally in 10-nm steps, the sample is imaged with 10-
nm resolution, regardless of the wavelength of the light. Later, what he proposes is known as a scanning near-field
optical microscope (SNOM).

As mentioned by Synge, Ernst K. Abbe stated in 1873 that the best possible resolution of a traditional
microscope is approximately half of the light wavelength [2]. Why doesn’t Abbe’s axiom apply to an SNOM?
Imagine a conductivity probe tracing across a metal sample that is grounded. When the probe falls off the metal
edge, the conductivity drops sharply. How sharp the conductivity drops depends only on how sharp the probe is,
even though it is a DC measurement of effectively an infinite wavelength. If, instead of a DC measurement, an AC
signal is applied to the probe, the probe can interact capacitively with the sample even without touching it. How
sharply an AC probe resolves the metal edge can again be a function of the probe sharpness. It requires only that the
probe be kept within a tiny fraction of the wavelength of the sample, so that the capacitive interaction is quasi-static
and limited to a range comparable to the probe sharpness.

For an SNOM, the biggest challenge is the precise movement of the screen. Synge overcame this challenge
by using two quartz crystals to move the screen piezo-electrically with nanometer precision [3]. Remarkably,
piezoelectric scanners are still used in near-field scanning microscopes today. | can’t help smiling when | find his
estimate of how long it takes to scan an image is so close to what | struggle with in the lab every day. Equally
remarkably, all of Synge’s work was forgotten before Ash and Nicholls demonstrated in 1972 near-field sub-
wavelength imaging [4]. This inspired not only Binnig and Rohrer’s Nobel Prize-winning development of the
scanning tunneling microscope (STM) in 1982 [5], but also the rediscovery of Synge’s papers. Finally, he is

vindicated for inventing the general concept of near-field scanning microscopy, and, in particular, SNOM.



In a modern scanning-probe microscope, instead of a screen with a pinhole, a sharp stylus is scanned across
a sample while recording the near-field interaction. The interaction can result in a tunneling current in an STM, or a
contact force in an atomic force microscope (AFM) [6]. A scanning-probe microscope is often operated in a closed-
loop mode with a feedback mechanism to keep the interaction constant. In this mode, the vertical movement of the
piezoelectric scanner, required to keep the tunneling current or the atomic force constant, closely follows the sample
topography. This is why a scanning microwave microscope (SMM), the newest scanning-probe microscope, is
usually based on an STM or AFM to control the probe at a fixed height above the sample.

I1. ATOMIC RESOLUTION DESPITE CENTIMETER-LONG WAVELENGTH

In an SMM, the near-field interaction is electromagnetic. With capacitive coupling, an SMM does not need
to touch the sample, which avoids many of the pitfalls of a contacting probe. For example, the SMM probe does not
deform soft samples like biological cells. Once a physiology expert asked me why cells all appear so smooth in an
AFM, not realizing that it is similar to using a heavy iron to feel wrinkled clothes. A contacting probe is constantly
wiped clean as it scans a hard sample, but can gather dust on a soft sample. A contacting probe can form an
electrical junction with the sample, so the measured conductivity is complicated by the junction characteristics.

Why microwaves? A low-frequency AC signal can sense capacitive coupling without contact. However, for
a sample size of 10-nm square, the coupling capacitance can be as small as an attofarad (1078 F). Since the
conductance through a capacitor increases linearly with frequency, the higher the frequency, the smaller the
capacitor that can be sensed. This is why it is possible to use an SMM to sense the electromagnetic properties of a
sample with atomic resolution [7]-[10].

Unlike an STM or AFM, an SMM can sense below the surface [11]-[14]. This is because the microwave
signal emitted from the SMM probe can penetrate a dielectric sample up to one micrometer. With subsurface
sensitivity, atomic resolution, noncontact probing, and decades of development, SMMs have been successfully used
to image semiconductors doped on the surface [15] or in the interior [16], surface acoustic waves [17], topological
insulators [18], and quantum spin Hall edges [19], all of which is beyond what can be done with AFM, STM or
SNOM.

SMM has another important advantage over SNOM in terms of noninvasiveness. This is because the
energy of a microwave photon is several orders of magnitude less than the energy of a visible photon. This is

especially critical to biological samples as visible light is known to cause side effects such as optogenetics [20],



photobleaching [21], and phototoxicity [22]. Additionally, SNOM usually requires a biological sample to be labeled
with a fluorescent dye, which can change the properties of the sample, whereas SMM doesn’t require labeling.
Finally, SMM can reveal critical electromagnetic properties of a biological sample. For example, the electrical
impedance has been shown to be different in live vs. dead cells [23], healthy vs. cancerous cells [24], and normal vs.
fatigued bloods [25].

I11. MICROWAVING BIOLOGICAL SAMPLES WITHOUT HURTING THEM

Despite being noninvasive, label-free, and sensitive to subsurface electromagnetic impedance, biological
applications remain challenging for SMM. First, cells need to be kept alive in a saline-like medium, which can
absorb the microwave signal and cause parasitic capacitive coupling [26]. (AFM and STM are not better off,
because AFM can force a cell to swim and STM can conduct through the medium. In comparison, the higher the
frequency, the less conductive a cell-culture medium is [27]. lons are slowpokes at microwave frequencies.) Until a
decade ago, there had been few examples of bio-SMM and they were mostly on rigid or dead tissues. For example,
human bone osteons and tooth cavities were detected in 1999, as shown in Fig. 2 [28]. The wall and cytoplasm of
yucca cells were delineated and the shape of blood vessels in pig ribs were resolved in 2005 [29]. The cell and
synaptic structures of a dissected fruit fly's antennal lobe and the ommatidial clusters of its compound eyes were
imaged in 2007 [30].

Over the past decade, SMM has finally been getting its feet wet in testing live cells and organelles
quantitatively! In 2011, the frequency was raised from about 1 GHz to about 10 GHz into the true microwave range,
and submicron resolution was demonstrated on a dried human monocytic leukemia cell [31]. In 2015, using a
carbon-nanotube probe in the tapping mode, the nucleus and cytoplasm of a dried corneal endothelial cell were
delineated [32]. In 2016, dried human osteoblast-like cells were imaged [33], but the different microwave responses
from subcellular structures such as cytoplasm and organelles may be dominated by topographic crosstalk [34]. With
removal of topographic crosstalk and calibration in situ [35], [36], the dielectric constant of dried E. coli bacteria
was quantified to be around 4 [37]-[39]. Dried DNA in a microarray were observed [40]. Live yeast cells adhering
to a membrane were imaged through the membrane, which prevents the cell suspension from wetting the SMM
probe [41]. A vital mitochondrion isolated from human cancer cells was imaged in a respiration medium, as shown

in Fig. 3 [42].



Over the past decade, we have actively supported this dry-to-wet and qualitative-to-quantitative
development, especially in enabling SMM to work on a live cell in a saline-like medium and in quantifying its
electromagnetic properties. In 2012, we used SMM tomography [12]-[14] to highlight how a carbon nanotube is
incorporated in a dried mouse muscle cell [43]. Although the round shape of the nanotube is revealed by the AFM,
the higher microwave absorption of the nanotube interior can only be seen by the SMM. This study was followed in
2015 with the use of an STM-based broadband SMM to image dried mouse myofibrils and rabbit sarcomeres [44].
The long STM probe minimizes topographic crosstalk. Broadband SMM allows post-processing of the frequency-
domain data after Fourier transformation to the time domain for optimum gating and signal-to-noise ratio [45]. Fig.
4 compares the mouse myofibril images from STM and SMM. The benefit of time-gated SMM is evident.

In 2016, we used the same STM-based broadband SMM to confirm that the impedance of a dried human
breast cancer cell varies with its incorporation of fullerene [46]. Fullerene is an allotrope of carbon with a lipophilic
cage structure of sixty atoms capable of delivering drugs and other molecules inside a cell. Fig. 5 shows an SMM
image of a cell and its impedance as a function of fullerene exposure. Similar to fullerenes, exosomes are
messengers between cells and can be isolated from human saliva, for example. (Similar to the COVID-19 virus!)
Using the same STM-based broadband SMM with time-gated signal processing, we imaged dried exosomes smaller
than 100 nm with higher contrast and resolution than was possible using STM or AFM [47]. This shows that, in
addition to STM and AFM, SMM can be complementary to other techniques in identifying exosomes such as
dynamic light scattering, nanoparticle tracking analysis, electron microscopy, surface plasmon resonance, and
immunoaffinity capture [48]. In 2018, we increased the SMM frequency into the millimeter-wave range (50 GHz)
for improved sensitivity (Sec. Il) to a mitochondrion [49]. The mitochondrion is isolated from myogenic cells of
human gluteus media muscle, then dried on highly oriented pyrolytic graphite. Broadband measurement is
performed to allow time gating around 8.57 ns. Fig. 6(c) shows that the resulting image reveals cristae in the
mitochondrion, which are not visible in either our STM image or the SMM image of Fig. 4 [42].

In 2019, we had both hardware and software breakthroughs which enabled SMM of unprecedented image
quality and signal-to-noise ratios [50]. Broadband measurement with hundreds of frequencies from 1 to 9 GHz is
possible even for an AFM-based SMM. For the first time, images of 128 x 128 pixels over 201 frequencies can be
acquired in approximately 20 min, fast enough for imaging of a live cell. Beyond imaging, for removal of

topographic crosstalk and measurement of electromagnetic properties in a saline-like medium, the previous in situ



calibration technique [35], [36] is extended in liquid [27] through a combination of analytical and numerical models
[51]. Fig. 7 shows the evolution of a rat myoblast cell in a culture medium 2.5-mm deep. The bottom of the petri
dish is lined with an indium-tin-oxide transparent conductor to allow in situ calibration, cell adhesion, and optical
microscopy. Fluorescence microscopy confirms that, despite repeated SMM imaging, cells remain viable for more
than 10 h. The relative permittivity of the center of the cell on top of its nucleus is quantified as (32 = 6) —j (20 + 4),
which is in general agreement with the literature and simple estimation. It is also close to the dielectric constant of
15-30 estimated for a dried E. coli bacterium in 40% humidity [38].

Because it combines noninvasiveness with subsurface sensitivity, SMM has great potential for continuous
monitoring of the physiological condition of a live cell at the subcellular level. To achieve this potential, however,
the SMM scan rate needs to be further increased through both hardware and software improvements. For continuous
monitoring, the number of pixels may be reduced, although currently it is difficult for the SMM probe to remain on
the same spot of a live cell, even with the cell adhering to the substrate. Similarly, the resonance frequency of a live
cell may drift, so some form of broadband SMM is desirable. Otherwise, one never knows whether the SMM signal
is changed by the physiological state of a cell or by extrinsic resonance factors. Not all biological experiments
require atomic resolution. The probe tip size is a trade-off between sensitivity, noninvasiveness, and spatial
resolution. SMM, a new and complicated instrument, needs to be carefully optimized both mechanically and
electrically. Nevertheless, great progress has been made over the past decade in applying the SMM to live biological
samples. Even more rapid progress can be expected over the next decade.
1V. TURNING THE SMM WORLD UPSIDE DOWN

Also in 2019, we proposed a Copernican paradigm shift called the inverted SMM (iSMM) [52]. Fig. 8
shows that in an iISMM, the probe is always grounded and the microwave signal is injected through the sample from
a slot line or other forms of a transmission line. The probe can be a simple, rugged, and bio-compatible metal stylus.
According to the reciprocity theory of electromagnetics, the intrinsic interaction between the probe tip and the
sample is the same whether the microwave signal is injected through the probe or the sample. However, the extrinsic
parasitic interaction is drastically different. In iISMM, with the microwave signal injected through the sample and the
probe grounded, the parasitic interaction between the probe body and the surround is greatly reduced, because most
of the surround is grounded. Note that for a well-shielded conventional SMM probe, the intrinsic signal from the

sample is often masked by the parasitic interaction between the probe body and the surround and suffers from strong



topographic crosstalk [38]. Unlike a conventional SMM probe, the iSMM transmission line can have a broadband
impedance match over many decades of frequency. The input and output of the transmission line are connected to
the VNA, so that both reflection and transmission coefficients are measured. Such a two-port measurement usually
has a dynamic range of 120-140 dB, whereas the conventional one-port SMM measurement has a dynamic range of
40-60 dB. This makes resonance or interference setup unnecessary for sensing the tiny perturbance when the probe
scans across the sample, allowing broadband measurement for time gating and tomography. Thus, an iSMM can be
conveniently built from any scanning probe microscope, such as an AFM or STM, with a simple metal probe and a
custom sample holder, and will outperform a conventional SMM in terms of ruggedness, bandwidth, sensitivity, and
dynamic range.

The iISMM has been demonstrated on dried human lymphocyte cells and live rat myocyte cells [52]. The
iISMM images formed by the transmission coefficient are significantly better than the images of the two-port
conventional SMM [54], [17]. With greatly reduced parasitic interaction, the iSMM reliably quantifies the dielectric
constant as 2.8 + 0.7 uniformly across a dried rat myocyte cell [52] and 2.6 + 0.3 across a dried human lymphocyte
cell [53], results that are comparable to that of lipid bilayers in electrolyte solution but lower than that of dried E.
coli bacteria [38]. Fig. 9 compares the AFM topography and SMM dielectric-constant images of a human
lymphocyte cell. It can be seen that the dielectric constant is uniform across the cell, independent of topography.

The above examples are for an iISMM converted from an AFM-based SMM. For an STM-based SMM, the
iISMM conversion may enable it to be used on live cells by controlling the leakage current in a saline-like medium
through an electrochemical cell. It remains to be seen whether or not the iISMM can indeed turn the SMM world
upside down. It may take a century to prove another revolutionary idea.
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Fig. 2. SMM cross-section images of (a) a human femoral cortical bone and (b) a human tooth with 10-pm resolution [28].
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Fig. 3. (a) AFM and (b) SMM images of a vital mitochondrion isolated from HeLa cell culture and tethered on graphene support [42].
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Fig. 4. (a) STM and (b) SMM images of a mouse muscle myofibril showing the sarcomere bands [44]. The unit in (b) is dimensionless, as the
microwave signal is converted from the frequency domain to the time domain.
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Fig. 5. (a) SMM image of a MCF-7 human breast cancer cell and (b) its impedance variation with fullerene exposure [46]. In (b), four cells
with different fullerene exposures were characterized by SMM and compared to another four unexposed cells of matching dimensions.
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Fig. 6. (@) STM, (b) SMM, and (c) SMM detailed images of a mitochondrion in a layer of water and glucose [49]. Horizonal scale bar is 2 um
in (b) and 1 pm in (c). Vertical units in (b) and (c) are dimensionless in the time domain.
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Fig. 7. Evolution of a mouse myoblast cell imaged by (a) AFM and (b) SMM in the D-MEM medium [51]. In (b), color scale indicates the
normalized phase of the reflection coefficient.
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Fig. 8. (a) Schematics and (b) equivalent circuit of an iISMM with a grounded AFM probe scanning a sample on top of the active electrode of
a slot line [52]. The sample acts as a capacitive load on the transmission line with a ground path through the AFM probe.
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Fig. 9. (a) AFM topography and (b) iISMM dielectric-constant images of a dried human lymphocyte cell [53].
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