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Abstract: Infrared Scanning Near-field Optical Microscopy (IR-SNOM) is an extremely powerful analytical instrument
since it combines TR spectroscopy’s high chemical specificity with SNOM’s high spatial resolution. In order to do
this in the infrared, specialty chalcogenide glass fibers were fabricated and their ends tapered to generate SNOM probes.
The fiber tips were installed in a modified near field microscope and both inorganic and biological samples illuminated
with the tunable output from a free-electron laser located at Vanderbilt University. Both topographical and IR spec-
tral images were simultaneously recorded with a resolution of ~50 nm and ~100 nm, respectively. Unique spectro-
scopic features were identified in all samples, with spectral images exhibiting resolutions of up to NGO, or at least 30
times better than the diffraction limited lens-based microscopes. We believe that IR-SNOM can provide a very pow-
erful insight into some of the most important bio-medical research topics.

1. introduction

In the 1870s, Emnst Abbe demonstrated, closely fol-
lowed by Lord Rayleigh, that, due to diffraction, the
lens-based microscopes are limited in their resolu-
tion to no better than A/2n sin 6 (A being the wave-
length of the light used to illuminate the object, n
the refractive index of the medium, and @ the aperture
half-angle of the optical system) . Therefore, the best
resolution achievable using visible light with con-
ventional microscopes is around 300 nm. The dif-
fraction limit is even more troublesome with the rel-
atively long wavelengths of the infrared light, limiting
the resolution to several microns. Many microscopy
techniques (scanning tunneling microscopy (STM),
atomic force microscopy (AFM), scanning electron
microscopy (SEM), etc.) were developed in order to
overcome this limit. Still, none of these microscopy
techniques is capable of gathering optical informa-
tion about the sample. Scanning Near-Field Optical
Microscopy (SNOM) is a purely optical microscopy

technique, which allows us to form images with res-
olution well beyond the diffraction limit **. We will
present SNOM images working with infrared light with
resolutions of the order of up to A/60, which is con-
siderably below the diffraction limit. With our SNOM
setup, we routinely get optical resolutions between 50
and 150 nm, regardless of the wavelength of the light
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Fig. 1. Comparison between a conventional optical microscope
(a) and a SNOM optical fiber tip (b).
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used to illuminate the sample*"*"?.

2. SNOM Fundamentals

With a conventional microscope (Fig. 1(a)), we actu-
ally detect a superposition of light coming from every
part of the sample under the objective, which means
a superposition of diffraction patterns of every shape
on the sample. When the distance between the two
shapes becomes smaller than A/2n sin € we can not
resolve the two objects anymore'”. SNOM collects light
through a small aperture at the tip of a tapered opti-
cal fiber that is scanned over the sample (Fig. 1(b)).
The light is conducted from the sample, through the
fiber, to the detector. In our experiments, the sample
was illuminated from the outside, as shown on the right
side of Fig: 1. During the scanning, the fiber tip is at
a constant and a very small distance (of the order of
few nanometers) from the sample. The signal is col-
lected only from a very small portion of the sample,
approximately the same size as the aperture at the opti-
cal fiber tip. The resolution is no longer limited by the
diffraction; it depends solely on the size of the aperture
of the optical fiber™®.

3. Experimental Details

There were important experimental challenges to over-
come in order to perform successful spectroscopic
IR-SNOM experiments. For example, all the SNOM
setups working with visible light use the telecommu-
nications’ silica optical fibers. These fibers have strong
absorption in the IR spectral region and are therefore

Fig. 2. Tapered ends of the chalcogenide optical fibers made
using different techniques, (a) thermal stretching and (b) chem-
ical etching.
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unsuitable for IR- SNOM. Working in the infrared
enables us to perform spectroscopic characterization
and identification based on the fact that practically every
molecular species possesses a characteristic vibrational
absorption spectrum. We also needed a tunable, mono-
chromatic IR source in order to perform spectroscop-
ic measurements.

The fabrication of extremely high quality infrared
fiber tips is a crucial technical step in the practical
realization of our experiments. Tapered IR-SNOM
probes were obtained from single-mode and multi-
mode, 1m long arsenic selenide or sulfide fibers using
both thermal stretching and a chemical etching process
(Fig. 2) **'”. Fiber tips made by thermal pulling of the
fibers did work but are less reproducible than etching
due to relatively tight constraints on the temperature
gradients. A SMA adapter was then fitted on one fiber
end using phenyl salicylate as support to keep the fiber
firmly in place. This was done by melting the phenyl
salicylate with a hot plate and applying the liquid state
to the adapter opening while holding the fiber in place.
Likewise, phenyl salicylate was applied around the fiber
projecting from the SMA. This fiber end was polished
down using water as a lubricant to a smooth clean sur-
face with 12-, 3-, and 0.3-um polishing discs (Buehler).
The endface was then checked with a microscope to
examine the effectiveness of the polishing. The other
end was chemically etched into a fiber tip using a pro-
tective layer etching system'. At room temperature,
the arsenic sulfide tip was etched with KOH and the
arsenic selenide tip was etched using a piranha solu-
tion (7:3, H:0.:H.SQO,). The time-to-completion for the
etching process depended on etchant concentration, tem-
perature, and fiber diameter, and typically ranges from
15 min to 1 h. An optical microscope was used to mon-
itor the etching progress. The etched tips were coated
with aluminum or gold (both worked equally well)
using a Varian thermal deposition system at a pressure
of 10™° Torr with the tips at a 25°-30° angle above the
evaporation point source to create an aperture. The tips
are rotated to achieve a uniform coating with a thick-
ness of approximately 100 nm “'**”.

Another key technical problem in IR spectroscopic
SNOM is the need for the IR source to be tunable over
a broad band and intense enough to offset the limited
sub-wavelength aperture transmission. The Vanderbilt



InSb
lock-in
hetodiode
(ENz cocled) amplifier
optical fiber reflectance
signal

| osciflator |

Twave!engm
FEL control

photo

AC/DC diede,
converter =

_

computer

shear-force

X-y-2
signal i

canney

—

Fig. 3. Schematic diagram of our experimental set-up.

University free electron laser (FEL) is continuously tun-
able over a broad wavelength range (2.1-9.8 um) and
is intense and stable, therefore, ideal for IR spectro-
scopic SNOM. While the use of a free electron laser
source limits applications to the relatively few
researchers who can access such a device, in princi-
ple the general technique could be applied to alterna-
tive tunable IR laser sources. For example, the avail-
ability of rare earth doped chalcogenide glass fiber laser
sources would enable compact sources for IR-SNOM.
The near field microscope rested on an optical bench
as part of an optical network where the laser beam could
be transmitted and focused onto the sample stage of
the microscope (Fig. 3). A fiber tip was then installed
into the microscope with the output end lens-coupled
to a liquid nitrogen-cooled indium antimonide infrared
detector. The FEL beam illuminates the specimen over
a broad area (~1mm spot diameter) and the SNOM
probe collects the reflected light. Reflectivity images
and topography images were simultaneously obtained
while scanning over the sample while illuminated by
the infrared FEL light. Scanning of the sample took
place over an area ranging from 1 X1 um to about
20 x20 um. Relative to the scanning area, the 1-mm
diameter spot size of the FEL beam was broad and
insured good sample illumination. The average energy
level of the FEL was approximately 30 mJ/macropulse
(4-5 ms pulse-width) at a 30-Hz frequency. Reflectivity
was collected using a standard lock-in technique.
Topography images were obtained by measuring the
shear force signal by synchronous detection using a

piezoelectric oscillator and AC/DC converter. We use
the shear force feedback mechanism to confrol the tip-
to-surface distance. Resonant lateral (x —y plane) oscil-
lation of the fiber is induced. The sulfide tip’s mechan-
ical resonant frequency was approximately 11 kHz
whereas the selenide tip resonated at a lower frequen-
cy of 8.5 kHz. This difference is mostly due to dif-
ferences in their stiffness/modulus. When the fiber’s tip
is at a few nanometers from the sample, the amplitude
of the oscillation starts to be damped by shear forces
(typically Van der Waals forces). The amplitude is mon-
itored and fed into a feedback loop, which then moves
the tip in the z direction (towards and from the sam-
ple) in order to always have a constant damped ampli-
tude of the oscillation (typically, we get the best results
with 10-20% damping).

4. Results and Discussion

4.1 Polycrystalline Diamond Films

Our first tests of IR spectroscopic SNOM were per-
formed on synthetic polycrystalline diamond films
grown by plasma-assisted chemical vapor deposition
(CVD)'"®. In principle, these films should be hydrogen-
free after annealing to remove residual hydrogen and
water. However, FTIR spectroscopy showed the pres-
ence of hydrogen (Fig. 4, top). We tested this point
by tuning the FEL to a wavelength 3.5 um, corre-
sponding to a C —H vibrational stretch mode absorp-
tion band. Fig. 4 (bottom, left-hand side) shows three
10 X 10 um SNOM reflectivity images obtained at a
wavelength of 3.5 um and with two off-absorption
wavelengths. On these images, darker areas correspond
to lower light intensity collected by the SNOM fiber
tip. Contrary to the on-absorption image, the two off-
absorption images are featureless. The comparison with
the corresponding shear-force (topological) image, on
the bottom right-hand side of Fig. 4 can be used to
assess the possible presence of artifacts. The dark regions
of the on-absorption SNOM image indicate the pres-
ence of residual hydrogen mainly around grain bound-
aries. For the topographic images, line scans yield res-
olution estimates between 50 and 80 nm, demonstrat-
ing the high quality of the fiber tips. Similar line scans
for the spectroscopic SNOM images demonstrate a lat-
eral resolution of 200 nm, well beyond the diffrac-
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Fig. 4. Results for polycrystaliine diamond films grown by plas-
ma-assisted chemical vapor deposition (CVD). Top: absorption
spectrum. Bottom: spectroscopic (reflectivity) SNOM images
and shear-force topographic images taken with three different
wavelengths. The 3.5 um wavelength corresponds to a C—
H vibrational stretch mode absorption band and reveals the
presence of hydrogen.

tion limit. This was the first successful test of IR spec-
troscopic SNOM and confirmed the FTIR results show-
ing that hydrogen was in fact present in this nomi-
nally hydrogen-free system. The SNOM test provid-
ed information on the hydrogen distribution and opened
the door to spectroscopic SNOM tests in other systems.

4.2 Boron Nitride Films Results

Cubic boron nitride (c-BN) films have physical and
chemical properties very similar to those of diamond:
extreme hardness, excellent chemical inertness, thermal
stability and wide band gap. Cubic boron nitride is supe-
rior to diamond in some aspects. For example, diamond
is readily oxidized at elevated temperature while c-BN
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Fig. 5. BN results: (a) FT-IR spectrum with the vibrational
modes corresponding to three crystallographic phases; (c), (e}
and (g) are spectroscopic (reflectivity) SNOM images at the
wavelengths 9.4, 7.9 and 7.41 um; (b), (d) and (f) are cor-
responding topographic images; (h) is a topography cross-sec-
tion corresponding to the line A-B in (d) and (g) is an inten-
sity profile for the line C~D in (e).

is not. Recently, this stimulated an important research
on synthesis of high quality c-BN films. However,
the growth of ¢-BN is difficult: the typical crystal phase
of BN films is a mixture of the cubic and of the hexag-
onal (h-BN) phase'”, which is less attractive for indus-
trial use. In our experiments, BN films are grown on
silicon wafers by laser induced chemical vapor depo-
sition (LCVD). Undesired hexagonal and wurtzite crys-
tal phases are always present in the films. Our exper-
iment targets different vibration modes corresponding
to these different crystallographic phases present in the
BN film. The FTIR spectrum of Fig. 5(a) reveals sev-
eral vibration modes. Of these, the features at 9.4, 7.9
and 7.4 um are associated respectively to the cubic,
wurtzite and hexagonal BN crystal phases. The spec-
troscopic (reflectivity) SNOM images of Fig. 5(c)
(acquired with FEL illuminating the sample with A =
942 uwm, strongly absorbed by c-BN), Fig. 5(e)
(acquired with FEL illuminating the sample with A =
7.94 um, strongly absorbed by w-BN) and Fig. 5(g)
(acquired with FEL illuminating the sample with A =
7.41 um, strongly absorbed by h-BN) clearly reveal
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differences in the lateral distribution of such phases.
Darker color on these images indicates more absorp-
tion. Fig. 5(b, d) and (f) are, respectively, topograph-
ic images corresponding to Fig. 5(c, e) and (g). They
show that the three scans have been performed over
the same part of the sample. The strongest absorption
from the cubic phase (Fig. 5(c)) arises from the three
large grains that can be seen on the right side of the
topographic images. In contrast, the wurtzite phase (Fig.
5(e)) is mainly present on the left side of the image, in
the lower parts of the sample, closer to the substrate.
A weak hexagonal contribution (Fig. 5(g)) seems to be
coming from all over the sample. The lower intensity
of the signal can be explained if we suppose that the
hexagonal phase is actually on the interface with the
substrate, under the layer of the c-BN. Our results con-
firm similar observations reported with other experi-
mental techniques'”. However, SNOM offers several
advantages over the experimental technique used in'”:
it is completely non-destructive and provides additional
information, such as the size of the grains. Fig. 5(i)
shows a reflected signal cross-section along the line
C -D in Fig. 5(¢). This cross-section shows clearly that
we achieved a resolution of better than 1 um, while the
illumination wavelength was A = 7.94 um. So, we have
achieved a resolution at least four times better than the
one imposed by the diffraction limit and accessible
to the lens-based microscopes. Cell results shown in
this article demonstrate that the actual resolution of our
SNOM is even higher, but in these BN samples the dis-
tribution of different phases does not allow sharper opti-
cal contrast.

4.3 Semiconductor Material

The sample scanned was an integrated micro-cir-
cuit i.e., semiconductor material. Fig. 6 shows the cor-
responding topography and reflectivity images obtained
at a wavelength of 4.7 um for a 1 X1 um area on the
integrated circuit. The topography shows a flat surface
on the order of a few nanometers while the corre-
sponding optical image indicates a 100 nm wide dark
region that is caused by a reflectivity change in a topo-
graphically smooth area. The data suggests that a sub-
surface defect or a small material heterogeneity may
reside at this specific location which produces a band
at 4.7 wm. This detected change in signal could be a
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Fig. 6. (a) Topographical image using a selenide tip. The
cross section taken in the circled area is very smooth and
featureless in the topography. (b) Corresponding optical image
at 4.7 pm. There is a significant localized change (100 nm)
in the optical image indicating a heterogeneity.

change in reflectivity caused by a refractive index
change and/or absorption change in the material due to
unique chemical vibrational modes.

4.4 LiF Crystals

LiF films are quite interesting as potential compo-
nents of miniaturized optical devices. The creation of
defects, called “color centers” ™ can lead to the sta-
ble formation of active, visible emitting electronic
defects. Such defects can be created by different process-
es; in the present case, we explored the results of an
innovative irradiation technique'” based on extreme
ultraviolet (EUV) radiation and soft X-rays emitted by
a laser plasma-point source. This approach can produce
patterned coloration on large areas.

High-quality LiF films were grown by thermal evap-
oration on untreated silicon substrates at 250°C. The
films total thickness, measured by a stylus profilome-
ter after the growth, was about 800 nm. EUV and
soft X-ray radiation was produced by focusing an
excimer laser beam (wavelength = 308 nm) on a tape
shaped solid target in vacuum. The LiF was also in vac-
uum ~12 cm from the plasma source; the irradiated
area was several square centimeters. A colored pattern
was obtained by placing on the LiF films a copper mesh
(wire diameter 10 pum, period 12.7 pum). Fig. 7(a) shows
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Fig. 7. Results on a LiF film on silicon with patterned color-
ing by X-ray irradiation. (a) fluorescence optical micrograph of
the colored pattemn (the white spots correspond to irradiated
areas). (b) 20x20 um shear-force image. (c) Intensity profile
along the marked line of Fig. 7(b). (d) Spectroscopic (reflec-
tivity) SNOM image taken with a wavelength of 6.1 um. ()
Intensity profile along the marked line of Fig. 7(d).

a fluorescence optical micrograph of the colored pat-
tern; the white spots correspond to irradiated areas. Fig.
7(b) is a 20 X20 wum shear force image showing LiF
surface topography (the corresponding profile is in Fig.
7(c)). Fig. 7(d) shows the corresponding spectroscop-
ic (reflectivity) SNOM image taken with a wavelength
of 6.1 um. At this wavelength we can clearly observe
contrast in the image that is not correlated to the topo-
graphic SNOM features, and shows a periodicity cor-
responding to the pattern shown in Fig. 7(a). Similar
results were obtained with images taken at a wavelength
of 9.2 um. Thus, the search for irradiation-induced lat-
eral fluctuations in the refractive index was successful.
Since there is no special absorption in this spectral
region we ascribe the change in reflectivity to be due
to a variation of the refractive index of the exposed LiF

60 || AztnI2E

material. Fig. 7(¢) shows an intensity profile along
the marked line of Fig. 7(d). From such profiles, we
estimated a lateral resolution of 200-300 nm (50 nm in
the topographic images), again much better than the
diffraction limit corresponding to the 6.1 and 9.2 ym
wavelengths™.

4.5 Biological Growth Medium

These experiments were performed on a thick sili-
con substrate that was submersed in a postgate growth
medium solution at room temperature for one month.
In preparation for our near field experiments, the sili-
con substrate was removed from the medium solution,
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Fig. 8. Results on a thin films of a biofim growth medium.
(a) 20x20 um SNOM reflection images obtained with A= 6.6
um, and (b) the comesponding topographic image. (c, d) Equiv-
alent images for A=6.95 wm corresponding to the vibrational
stretch mode absorption bands of sulfur and nitrogen com-
pounds. Darker areas correspond to stronger absorption. (e)
Intensity profile taken along the marked line of Fig. 8(c).
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dipped in deionized water, and allowed to dry before
observing the next day. Once dry, areas of film depo-
sition residing on the silicon surface were observed
using an optical microscope, and subsequently observed
with the near field microscope™”. The growth medi-
um is composed of several products™, primarily sulfur
and nitrogen-oxide compounds, whose vibrational stretch
mode absorption bands occur in the infrared around
7 um”. IR Spectroscopic (reflectivity) SNOM images
were taken at wavelengths of 6.95 and 6.6 um, inside
and outside the absorption region. Fig. 8 shows 20 X
20 um spectroscopic SNOM images together with the
corresponding shear force topography images. The topo-
logical images show the presence of several biological
growth medium grains with width and height of a
few micrometers. The contrast between the featureless
off-absorption (6.6 um) image and the rich microstruc-
ture in the on-absorption (A = 6.95 um) image is quite
striking. Line scans like that of Fig. 8e reveal a reso-
lution of 200 nm for the spectroscopic images and about
50-80 nm for the topographic images. A lateral reso-
lution value better than A/30 was obtained at 6.95 pm.

4.6 Keratinocyte Cells (HaCaT cell fine)

We recorded SNOM images of keratinocyte cells
(HaCaT cell line). The cells were seeded on glass cover
slides; after 24 h the growth medium was removed and
the cells were fixed in paraformaldehyde and washed
twice with phosphate-buffered saline (PBS) and twice
with distilled water. We performed the test scans by tar-
geting IR absorptions of several chemical bonds and
cell constituents. We used the FEL to illuminate the
sample at different wavelengths: Fig. 9(d): A = 6.1 um,
targeting the so called amide I absorption band, corre-
sponding to the CO bond stretch absorption. The CC
bond is present in all the proteins, at every link between
two amino-acids; Fig. 9(c): A = 6.95 um, a wavelength
strongly absorbed by the sulfide stretch band, mainly
from the cell growth medium; Fig. 9(b): A = 805 um,
strongly absorbed by the phosphorus stretch band, main-
ly concentrated in the DNA and the RNA. Fig. 9(a)
shows the corresponding topography. Darker color in
Fig. 9d indicates the position of proteins. Proteins are
quite homogeneously distributed in cells and, as expect-
ed, there is a steady absorption arising from all over the
cell. The cross-section (Fig. 9(e)) of the reflected signal
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Fig. 9. Keratinocyte cell (HaCaT cell line) SNOM images: (a)
shows the topography; (b), (c) and (d) are reflectivity SNOM
images at the wavelengths 8.05, 6.95 and 6.1 um, respec-
tively; (e) shows a profile of the reflected intensity along the
line A-B (in (d)), demonstrating the resolution of the order
of 100 nm (or A/60, 30 times superior to the resolution of the
conventional lens-based microscopes).

along the line A ~B (Fig. 9(d)) allows us to asses the
resolution of our setup: it is of the order of 100 nm,
or M60. This is at least 30 times better than the dif-
fraction limited lens-based microscopes. Fig. 9(c) also
shows a steady absorption from all over the cell, indi-
cating that even washed, our cells still contain impor-
tant amounts of the cell growth medium, while the cover-
slip substrate does not. Fig. 9(b) shows important absorp-
tion only on one part of the cell (within the white cir-
cle in the Fig.). This is due to the localization of the
DNA inside the nucleus, which yields a strong local
absorption seen in the SNOM image. FTIR measure-
ments show only a relatively low absorption at this wave-
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length. Such absorption has been seen with FTIR only
on cells during replication, possibly because of the spa-

. . . 24
tial extension increase of the nucleus™.

4.7 Pancreatic Cells

Rat pancreatic b-cell line (INS-1 cells) were seeded
on glass cover slides™. After 24 h the medium was
removed and the cells were fixed in paraformaldehyde
and washed twice with phosphate-buffered saline (PBS).
Since these cells were fixed, we could rinse them with
pure water and dry them before SNOM imaging. Once
again, the shear-force topography images were inde-
pendent of the wavelength (Fig. 10(a, ¢) and ¢) and the
SNOM images dramatically different for different wave-
lengths. The images for A = 6.1 um (amide I, CO stretch
band; Fig. 10(b)) and A = 6.95 pm (sulfide stretch band;
Fig. 10(f)) show abserption within the cell, as opposed
to the A = 6.45 um image (Fig. 10(d)), which shows
much less contrast. Although we would expect absorp-
tion in the cell at both the amide I band (6.1 wm) and
the amide II band (6.45 um), the contrast mechanism
in the images is not solely governed by the cellular
properties, but also by the properties of the background.
This can be seen in Fig. 10(b) and f, where the reflect-
ed signal outside the cell is larger than it is in Fig. 10(d).
Thus, the contrast at 6.1 um and 6.95 wm is larger than
it is for 6.45 um.

We also performed experiments at several different
wavelengths on COS-7 cells that had not been fixed™,
The cells were dried in buffer and imaged immediately
with just a thin coating of aqueous buffer. As shown
in Fig. 11(a), cells could be detected by shear-force
topography, but crystals of the PBS were also clearly
observed. The topographic images were once again
A-independent. The SNOM images, however, were seen
to be strongly dependent on the wavelength. In par-
ticular, the 8.05 um image (Fig. 11(b)) corresponding
to the phosphate stretch band shows the PBS crystal as
an extremely dark object, and also reveals absorption
in the region of the cell nucleus. Differences in absorp-
tion are visible between the cell and the crystal: for
example, only the crystal reflects at 7.6 um (Fig. 11(c)).
In the case of the COS-7 cells, the strongest absorption
is at 8.05 um, corresponding to the phosphate region
associated with RNA and DNA. This result may be
due to the localization of the DNA nuclei, which yields
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Fig. 10. Several 20x20 um SNOM reflection images of tissue
culture cells from a rat pancreatic b cell line (INS-1) in liquid.
(a, b) topographic image and spectroscopic (reflectivity) image
at a wavelength of 6.1 um; (c,d) similar images for 6.45 um;
(e,f) ‘similar images for 6.95 um.
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Fig. 11. (a) 20x20 um shear-force (topographic) image of a
COS-7 cell in PBS. The cell body and nucleus (upper right)
are seen and a crystal of PBS (left side) can also be seen
on the cell. SNOM reflection images of the same field were
obtained under illumination with (b) A= 8.05 um, (¢} A=7.6 pm,
(d) 2=6.95 um, (&) A=6.45 um, and (f} A=6.1 um. PBS crys-
tal is labeled “C", and the cell nucleus is labeled “N’.



a strong local absorption seen in the SNOM image, but
a relatively low absorption in the FTIR measurements.
Such absorption has been seen in FTIR, for example,
in cells during replication, possibly because of the spa-
tial extension increase of the nucleus. By using SNOM,
it is possible to reveal a more accurate estimation of
the chemical composition due to the small field of view
given by the high resolution (small tip aperture). In this
case, the dense-packed nucleus can be easily detected
because of the relative increase in absorption compared
to the background. As we have characterized, for the
first time, wet cells, we emphasize that no insur-
mountable obstacles exist that would disallow the use
of this approach for live cellular systems. Similar mea-
surements will be possible on samples submerged in
water by using both illumination and detection through
the same fiber.

4.8 Magnetic Field Effect on Cells

Are low-frequency electromagnetic fields capable of
modifying human cells? Even though several studies
indicate that the biochemical parameters can indeed be
significantly affected’®*” this question remains con-
troversial. Consequently, we used IR-SNOM to detect
chemical modifications induced by exposure to an elec-
tromagnetic field. We focused our attention on one
potential type of magnetic field effect: intracellular bio-
chemical reactions that involve more than one unpaired
electron. Most enzymes do not involve radical inter-
mediates and should not be affected by exposure to
magnetic fields. Moreover, for a set of more than 50
enzymes, believed to generate free radical intermedi-
ates during catalysis, modifications of activity can, in
principle, be caused by magnetic field interactions.
However, how can an applied magnetic field strength
weaker than typical hyperfine interactions influence the
yields and kinetics of recombination reactions of free
radicals in solution (the so-called “low field effect”)?
A plausible mechanism is coherent superpositions of
degenerate electron-nuclear spin states. A weak applied
magnetic field could cause these states to oscillate, lead-
ing to coherent interconversion of singlet and triplet
electronic states of the radical pair. This, in turn, would
change the yields of recombination products and of free
radicals escaping into solution. For singlet geminate
radical pairs, this boosts the concentration of free rad-
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icals — an effect that could lead to significant bio-
logical effects of electromagnetic fields on living sys-
tems. To study such phenomena with IR-SNOM, we
specifically targeted the spontaneously immortalized
human keratinocytes cell line, HaCaT, derived from
adult skin™. Indeed, the more external part of the skin,
the epidermis, is primarily made up of keratinocytes
that are the main cells to be affected by external agents
such as extremely low-frequency (ELF) magnetic fields.
Such cells maintain full epidermal differentiation capac-
ity™ after 24 h exposure to a 1 mT, 50 Hz magnetic
field. The effects of the same exposure with visible flu-
orescence SNOM and atomic force microscopy (AFM)
has been previously explored. Those results revealed
modifications in the morphology with an increase of
the adhesion areas between cells and a corresponding
upsurge segregation of the sulphur rich protein adhe-
sion marker 4 integrin in the cell membrane™. The
results of Ref. 35 opened the question of significant
biochemical variations accompanying the observed mor-
phological changes. We addressed this issue with the
present IR-SNOM experiment, obtaining a positive
answer. HaCaT cells were grown in D-Mem (GIBCO
Laboratories, Scotland) supplemented with 10% Fetal
calf serum™” and antibiotics (110 IU/ml of penicillin
and 100 pg/mi of streptomycin) at 37+0.3 °C, 5%
CO., and sub-cultivated twice a week at a 1:5 ratio.
Control (unexposed) cells and magnetic field exposed
cells used for each of the experiments originated from
the same flasks and generation. HaCaT cells were cul-
tured in a complete medium starting at a concentration
of 5x10° ml™' both for the control and exposed sam-
ples. The cells were exposed for 24 h to a sinusoidal
magnetic field {50 Hz, flux density of 1 mT (rms)]
in a temperature-regulated solenoid. The solenoid was
put in a cell incubator whereas control cells were kept
in a second incubator of the same type, under the same
conditions except for field exposure. As a double check,
in a random test the control sample was placed in the
cell incubator containing the solenoid with no field,
in the same conditions of the exposed cells except for
the absence of the field. No differences were detect-
ed between the control cells and these “sham” cells.
All experiments were performed under blind conditions.
Long exposure to temperatures higher than the physi-
ological temperature would of course induce the syn-
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Fig. 12. (a) and (b) Shear-force topography images; (c) and
(d) corresponding A-B line profiles; (e) and (f) IR-SNOM opti-
cal reflectivity images taken at a wavelength of 6.1 um; (g)
and (h) IR-SNOM optical reflectivity images taken at a wave-
length of 6.45 um. Images (a), (e), and (g) were taken on
control (unexposed) HaCaT cells; images (b), (f), and (h) cor-
respond to cells exposed for 24 h to a 50 Hz, 1 mT mag-
netic field. All image sizes are 30x30 pum.

thesis of heat shock proteins (HSPs). However, west-
em blotting analysis of control cells and exposed HaCaT
cells did not reveal any difference in the expression
of the heat shock protein HSP-70, indicating no heat
stress of the cells. Note an often overlooked fact: inside
a solenoid, there exists an almost homogeneous elec-
tric field parallel to the magnetic field unless ade-
quate electric shielding is used. An approximate esti-
mate of the electric field induced by capacity coupling
in the culture medium was estimated to be very weak,
of the order of 0.01 uV/cm.

Fig. 12 shows 30 X30 um topography images (a) and

(b) and the corresponding IR-SNOM optical images of
unexposed [(e) and (g)] and 24 h exposed [(f) and (h)]
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HaCaT cells for the 6.1 um [(e) and (f)] and 645 pum
[(g) and (h)] wavelengths. These images are repre-
sentative of a large body of coherent results. The shear-
force topography images do not change when the wave-
length is modified, whereas the SNOM images do: this
is due to the fact that the different components are dif-
ferently distributed inside the cells. A direct compari-
son of the optical images for exposed and unexposed
cells clearly reveals changes in the spatial distribution
of the three cell components. In fact, the optical sig-
nals at 6.1 and 6.45 um in exposed samples are dis-
tributed in the overall cell body as compared to the non-
exposed ones where we have absorption in limited areas
of the cells. This conclusion is clear from visual inspec-
tion and corroborated by standard image analysis. This
is also in agreement with fluorescence SNOM results
on these HaCaT cells, after the same magnetic field
exposure, that indicated an increase of segregation in
the cell membrane of the protein adhesion marker $4
integrin’”. Furthermore, the existence of field-induced
changes is specifically true for the lipid distribution.
The phospholipid organization in a plasma membrane
can be affected by the membrane protein structure and
composition: it can be interpreted as a reorganization
of the phospholipid moiety in the plasma membrane of
the exposed cells, due to an increase in the synthesis
of the adhesion membrane protein integrin. Also the
signals from nucleic acids at 8.05 pum (data not shown)
in exposed samples are not only confined to the cell
nucleus but distributed in the entire cell body.
Independent of the interpretation, the above results clear-
ly reveal significant chemical modifications induced by
the low-frequency magnetic field. The topographic
images fully confirm the existence of morphological
changes, consistent with our previous AFM results
for equivalent cells and exposures™. Fig.s 12 (c) and
(d) show examples of topographic profiles (white lines)
of control and exposed HaCaT cells. Whereas the unex-
posed cell exhibits a round shape, after exposure the
cell appears flattened. We determined an experimen-
tal resolution of ~80 nm for the topographic images
and of ~100 nm for the spectroscopic IR-SNOM images.
Opverall, we tested three different specimens and ana-
lyzed 30 exposed cells and their control counterparts.
We found magnetic-field-induced modifications of the
type illustrated by Fig. 12 in 85% of the examined cells.
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By comparing different control-cell images, we see
shape fluctuations that could simulate magnetic-field-
induced changes in less than 10% of the cell popula-
tion. The basic message of our experiments is quite
clear: HaCaT cells are significantly affected by ELF
magnetic field. Not only did our result confirm mor-
phological changes but they also revealed biochemical
variation, brought to light by the distribution of func-
tional groups.

5. Conclusions

Infrared Scanning Near-field Optical Microscopy (IR-
SNOM) is an extremely powerful analytical instrument
since it combines IR spectroscopy’ s high chemical
specificity with SNOM’ s high spatial resolution. In
order to do this in the infrared, specialty chalcogenide
glass fibers were fabricated and their ends tapered to
generate SNOM probes. The fiber tips were installed
in a modified near field microscope and both inorganic
and biological samples illuminated with the tunable out-
put from a free-electron laser located at Vanderbilt
University. Both topographical and IR spectral images
were simultaneously recorded with a resolution of ~50
nm and ~100 nm, respectively. Unique spectroscopic
features were identified in all samples, with spectral
images exhibiting resolutions of up to A/60, or at least
30 times better than the diffraction limited lens-based
microscopes. We believe that IR-SNOM can provide a
very powerful insight into some of the most impor-
tant bio-medical research topics.
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