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Abstract

FTIR spectroscopic imaging and microscopy of single living cells are established label-free technique
for the study of cell biology. The constant driver to improve the spatial resolution of the technique is
due to the diffraction limit given by IR wavelength making subcellular study challenging. Recently we
have reported, with the use of a prototype ZnS transmission cell made of two hemispheres, that the
spatial resolution is improved by the factor of the refractive index of ZnS, achieving a A/2.7 spatial
resolution using the synchrotron-IR microscopy with a 36x objective with numerical aperture (NA) of
0.5.! To refine and to demonstrate that the ZnS hemisphere transmission device can be translated
to standard bench-top FTIR imaging systems, we have, in this work, modified the device to achieve a
more precise path length, which has improved the spectral quality of the living cells, and showed for
the first time that the device can be applied to study live cells with three different bench-top FTIR
imaging systems. We applied focal plane array (FPA) imaging, linear array and synchrotron single
point scanning method and demonstrated that in all cases, subcellular details of individual living cells
can be obtained. Results have shown that imaging with the FPA detector can measure the largest
area in a given time whilst measurements from the scanning methods produced a smoother image.
Synchrotron single point mapping produced the best quality image and has the flexibility to
introduce over sampling to produce images of cells with great details, but it is time consuming in
scanning mode. In summary, this work has demonstrated that the ZnS hemispheres can be applied in



all three spectroscopic approaches to improve the spatial resolution without any modification to the
existing microscopes.

Introduction

FTIR imaging of live cells has been shown to be a promising tool for cell biology studies.?*! However,
with the relatively long wavelength of infrared light especially in the so-called fingerprint region, the
spatial resolution obtained is usually limited to approximately 3-30 um with a standard FTIR imaging
microscope, depending on the numerical aperture (NA) of the objective and the wavelength of light
used to generate the FTIR image.'* 2 This limits the study to the analysis of single cells for most
mammalian cells, which have sizes in the 10-50 um range, with subcellular features of a few
micrometers and below, resulting in unresolved subcellular information.

There have been previous works to improve the spatial resolution in order to obtain subcellular
features within a living cell. This includes the use of a synchrotron source to image'* > or to map
with aperture size reduced to just a few micrometre,® the use of high magnification and high NA
objectives,’ or to significantly increase the numerical aperture (NA) by using solid immersion
approach such as micro-attenuated total reflection (ATR) objective and infrared transparent
hemispheres.® 20 Using synchrotron source or high magnification objectives allow one to achieve
diffraction limited images more easily but ultimately, the NA has to be increased to improve the
diffraction limit. High NA objectives, e.g. NA of 0.62 and 0.8,%! or solid immersion system to increase
the NA a factor that is equivalent to the refractive index of the solid immersion element are used for
this purpose. Recently, micro-ATR imaging has been shown to be able to resolve subcellular features
including dried parasite infected red blood cells.?? However, with the micro-ATR approach, the
absorbance from the cell will be lower than when measured in transmission, and the evanescent
wave might not probe the full thickness of the attached cell.?® The higher the refractive index, the
shallower the depth of penetration and the shorter the pathlength (a smaller absorbance), therefore
the gain in spatial resolution is compromised by a lowering of the signal to noise ratio. Recently, it
has been found that Ge is susceptible to erosion by the attached cell and would require a protective
layer for cells attached for longer than a day.*

Another solid immersion approach that has shown to be applicable for live cell imaging in
transmission is the use of two CaF, pseudo hemispheres to sandwich the live cells between a thin
gap.?° This approach was originally developed to remove dispersion from thick IR windows that are
commonly used in transmission liquid cells. However, it was found that the pseudo-hemisphere
approach with CaF; lenses also functioned as a solid immersion lens, which increased both the
magnification and the spatial resolution of the image.? It was also demonstrated that this
correcting lens approach forming two pseudo-hemispheres can be beneficially used for FTIR imaging
of biological tissues and biomaterials.?® 2 2’ The approach of pseudo-hemispheres led to further
developments based on whole ZnS hemispheres. We later demonstrated that the ZnS hemispheres
can also be used for the enhancement of spatial resolution and magnification in a Synchrotron-
based IR mapping measurement. United Stated Air Force resolution target feature of 2.19 um could
be resolved at wavelength of 6 um.! Zinc sulphide has the advantage of having a much lower
spectral cut-off value of ~700 cm™ than CaF,, which has a cut-off value of ~1000 cm?, therefore it
does not increase the noise level below ~1100 cm™ region as in the case when CaF, is used. This is
particularly beneficial for the linear array and single point mapping systems where the detectors



sensitivity range can reach down to 720 cm™ and 650 cm?, respectively. Zinc sulphide also has a high
refractive index of 2.25, which can produce a 225% enhancement in spatial resolution in
transmission mode. It is also found to be compatible with many cell lines growth.? Our previous
attempt was based on a prototype device which has little control over the pressure that holds the
two hemispherical lenses together resulting in a relatively large path length through the
transmission cell.! Recently, a new water correction method has been developed showing that high
quality cell spectra can be obtained at 12 um path length, which is thought to be less stressful for
the cells than when a smaller path length is used, but would require the high brilliance of a
synchrotron source.? In this work, we have improved the design of the transmission liquid cell
where the two hemispherical lenses are held together tightly by means of a screw ring with a thin
spacer of 6 micrometres Mylar film for a better throughput of light (Figure 1). The new design allows
the path length through the liquid cell to be better controlled, whether it is 12 or 6 um. This, thus
improves the reproducibility and the signal-to-noise ratio of the measured spectra, which made it
highly suitable for imaging using bench-top instruments with a Globar source. Secondly, we have
extended the application of ZnS hemisphere transmission cell to FPA imaging and linear array
imaging systems for the first time, which significantly reduces the imaging time. In this study, we
present the novel findings that the ZnS hemisphere transmission device can be translated to
different types of imaging systems whilst keeping its resolution enhancement effect. It is important
to highlight that this work is based on transmission spectroscopy, which is distinguished from the
previous works on ATR.18 1930

Methods
Live cell culturing and preparations for FTIR spectroscopic measurements

Lung carcinoma A549 cells (86012804 Sigma) were used as a model for live cell imaging. Cells were
grown as described in our previous work.! In brief, cells were maintained in DMEM supplemented
with 10% foetal bovine serum (FBS), 2mM L-glutamine and 100 unit mL? penicillin streptomycin at
37°Cin a 5% CO; incubator. Cells were harvested at ~“80% confluency and sub-cultured on the flat
surface of the ZnS hemisphere for 24 hours for attachment. Once cells were attached, the medium
was replaced with L15 medium, supplemented with 10% FBS, 2mM L-glutamine and 100 unit mL™* of
penicillin streptomycin. The ZnS hemisphere with the attached cells was carefully mounted onto a
lens holder (Thorlabs Inc., New Jersey, US) with in-house made lens mount adaptor (Figure 1a),
where the cells were sandwiched between two ZnS hemispheres with a new 6-um spacer prepared
by in house surgical razor-cut 6-um thick Mylar® film (VHG LABS, LGC Standards, USA). In all
experiments, once the hemispheres were aligned in the microscope, a background was taken from
an area near the centre of the hemisphere that is not occupied by cells. The medium used contains
mostly water with only 0.3 wt% amino acids, 0.4 wt% protein, 0.02 wt% phosphate and 0.1 wt%
carbohydrates, i.e. the compounds that may interfere with the spectrum are at a much lower
concentration than in the living cell.
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Figure 1: (a) A photograph of the new transmission device (in vertical position) with two ZnS

hemispheres held in a lens holder. The bottom schematics show the beam path through the ZnS

hemisphere in horizontal position in (b) the old design® and (c) the new design used in this study.

Synchrotron FTIR microscopy

Experiments were carried out at the Diamond Light Source synchrotron facility, specifically the B22

beamline MIRIAM. FTIR imaging microscope system (Hyperion 3000, Bruker Optics) containing a 36x

reverse Cassegrain reflective objective (NA=0.5 in air, increases to 1.13 through the ZnS hemisphere



- note that all NA and spatial resolution values through the ZnS hemisphere are calculated based on
the refractive index of ZnS at 2.25, which is an estimate and the maximum NA through the ZnS
hemisphere is ~1.3 for higher NA will results in internal reflection. The actual value may vary due to
the dispersion effect and uncertainty in the refractive index of cells), a matching condenser and a
mid-band mercury cadmium telluride (MCT) single element detector with a 50 um pitch size and a
cut-off wavelength at ca. 650cm™ was used. A multilayer Ge filter (Bruker Optics) was used to reduce
the spectral range below 4000 cm™ of the incoming beam, and the non-linearity of the detector was
corrected with the spectrometer software during acquisition.

FTIR images of cells between the two ZnS hemispheres were then captured by mapping with a 6 um
X 6 um aperture (i.e. 2.7 um x 2.7 um after magnification through the ZnS hemisphere) with a
nominal step size of 2 um (i.e., 0.89 um through the ZnS hemisphere). Measurements were obtained
immediately after assembling the transmission device by averaging 128 scans at 4 cm™ spectral
resolution giving a scanning time of 20 seconds per spectrum. A background with 256 scans was
measured in an area that is clear of cells, which takes 40 seconds. Cells remain viable in the
transmission device for more than 12 hours as was confirmed in our previous study.!

FTIR spectroscopic imaging with FPA detector

Experiments were carried out using both Bruker FTIR imaging microscope system (Hyperion 3000,
Bruker Optics) equipped with a 64 x 64 FPA detector and a 15x objective (NA=0.4, increases to ~0.9
through the ZnS hemisphere) and an Agilent FTIR imaging microscope with the normal magnification
mode (15x objective, NA=0.62, increases to a maximum of ~1.3 through the ZnS hemisphere).3!

The FPA FTIR imaging system with the Bruker microscope has a pixel size of 2.67 um. Magnification
through the ZnS hemispheres yields a smaller projected pixel size of ~1.2 um. Pixel binning of 2x2
was applied to the FTIR image obtained, therefore the final pixel size of the image (shown in this
paper) is ~2.4 um. On the other hand, the FPA FTIR imaging with the Agilent microscope produces a
pixel size of 5.5 um through the 15x objective, (i.e. an approximate 2x reduction from the
microscope objective to the FPA detector). Through the ZnS hemispheres, the calculated pixel size
was reduced to ~2.4 um. The measurement was made with 512 scans at 4 cm™ spectral resolution
(~20 min acquisition time per image, a total of 40 min including background measurement).

Linear array FTIR mapping

A Perkin Elmer Spotlight 400 in high-magnification mode (i.e., 6.25 um per pixel, NA=0.6, increases
to a maximum of ~1.3 through the ZnS hemisphere) was used for the linear array FTIR mapping. The
calculated pixel size through the ZnS hemispheres was ~2.78 um. The measurement was made with
128 scans per spectrum at 4 cm™ spectral resolution (~¥45 min per image). A background is measured
in a cell-free area with a similar number of scans, which took 6.5 min to measure.

Spectral image data analysis.

FTIR images were generated using the software provided by the instrument or external spectral
analysis packages. The images collected from the Bruker imaging systems (for both FPA and
synchrotron mapping) were processed using the OPUS 7.8 software. Images collected using the
Perkin Elmer Spotlight 400 were processed using the SpectrumIMAGE software. Images collected



using the Agilent were processed using the ISys 2.1 software (Malven). In all cases, images were
generated by integrating the area under the band within the same spectral range specified with a
straight baseline drawn between the integral limits. Bands of protein amide Il (range 1593-1496 cm"
1), Veym(PO2)™ (range 1102-1065 cm™), lipid v(C=0) (range 1763-1718 cm?), lipid (predominantly)
v(CH,) (range 2946-2908 cm™) and DNA base v(C=0) (range 1730-1707 cm™) were used to generate
the images.

Results and discussions

FTIR images of live A549 cells measured using the FPA detectors, linear array detector and
synchrotron mapping with a single element detector are shown in Figure 2 (Images are also available
in grey scale in supplementary Figure S1). The measurement parameters were chosen such that each
imaging method produced a similar spectral noise level. The images were adjusted to the same
length scale and cropped to a similar size (apart from the smaller synchrotron mapping) such that a
direct comparison between images can be made. The exact same cells were imaged for Figure 2b-k
and 2m-v such that a comparison between different FPA and linear array detectors can be made. A
cell of similar size and shape was imaged using the synchrotron mapping approach and the results
are also shown in Figure 2.
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Figure 2: FTIR images of live A549 cells in the ZnS hemispheres transmission device measured with
the Bruker FPA FTIR microscope (b-f and m-q), Agilent FPA FTIR microscope (r-v), the linear array
FTIR microscope (g-k) and the MIRIAM synchrotron FTIR microscope (x-ab). The integration range
used to generate the images are indicated on the left. (a), (I) and (w) shows the visible image of the
cells for images (b-k), (m-v) and (x-ab), respectively. All images are adjusted to the same length scale
and the scale bar is shown near the top left of the Figure. An enlarged version of image (w-ab) is

included in supplementary Figure S2.

The results have clearly shown that the ZnS hemispheres transmission cell is applicable to all imaging
systems tested and produced images of cells with subcellular details. For example, the FTIR images
generated using the protein amide Il peak has shown a clear and accurate outline of the cells when
compared to the visible images. Images generated using the two lipid bands base on the vasym(C-H)
mode (Figure 2e, j, p, u and aa) and the v(C=0) mode at 1745 cm!, which has been assigned to the



ester band of the phospholipids, show remarkable differences and are different from the images
generated using the protein amide Il band. This is in good agreement with our previous
observations? that not all lipid domains in a cell contains the same concentration of phospholipids,
and high concentration of phospholipids expected in cell organelles such as Golgi apparatus and
endoplasmic reticulum.3*33 Endoplasmic reticulum is a cell organelle that mainly comprises a
network of membrane cisternae that are found surrounding the nucleus, and is continuous with the
outer nuclear membrane.

Interestingly, the peak at 1714 cm™, which can be assighed to the nucleobase v(C=0) in the double
stranded DNA and is not easily observed in living cells,®* is detectable and can be used to generate
images of the distribution of DNA in cell (1730-1707 cm™ in Figure 2f, k, g, v and ab). The thinner
layer of water produced from the 6 um spacer has helped to reduce the interference from the
medium, allowing the relatively weak 1714 cm™ band that is next to the nearby strong water
absorbance to be observed. Spectra extracted from the outside nucleus and nucleus regions from
Figure 2ab are shown in Figure 3 to highlight the small band at 1714 cm™ is distinguishable from the
lipid 1745 cm™ band. Traditionally the band at 1087 cm™ was used instead to map the nucleus of
cells based on the vm(PO2) in the DNA backbone because it is a stronger band. However, using the
band at 1714 cm™ to map the distribution of the DNA is more specific than the 1087 cm™ band as
other non-nucleus specific biocomponents such as RNA, phospholipid, phosphorylated protein®® and
other phosphate containing metabolites such as adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) can contribute to the absorbance in that region. As a result, images generated
from the integrated absorbance within the 1102-1065 cm™ spectral range (Figure 2¢c, h, n, s and y)
has shown a larger domain than the image generated using the 1730-1707 cm™ range since RNA and
other phosphate metabolites, which are not specific to the nucleus, also absorb in the 1087 cm™?
region. In fact, the images generated using the 1087 cm™ band show a rather similar size and shape
(of the distribution of the components corresponding to the spectral band) as the images generated
for the amide Il spectral band. In contrast, the images generated at 1714 cm™ highlight a small area
near the middle of the living cell where the nucleus is expected to be found.
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Figure 3: Spectra extracted from the nucleus and outside nucleus region of the cell shown in Figure
2ab. The insert shows the zoom-in spectra of the carbonyl spectral region.



The synchrotron map was obtained by a 3-fold oversampling approach, with the sacrifice of a 9-fold
increase in measurement time, such that the pixel density is 3x higher that the other imaging
approach to produce smoother images. The confocal effect from the aperture should also improve
the sharpness of the image.3® In particular, the image obtained using the synchrotron system (Figure
2ab) has shown well defined images with a clear round outline of the nucleus, which is different to
the overall triangular shape of the cell as shown by the visible image in Figure 2w. Figure 2ab also
shows some substructures of the nucleus where small spots of ~5 um in diameter of high DNA
concentrations are detected. These high density DNA regions may correspond to regions of tightly
packed DNA in heterochromatin.

A direct comparison between the synchrotron imaging system with others, however, is not possible
in this study because the living cells will change when left for more than a few hours and therefore
different cells were measured in the other imaging systems. On the other hand, comparisons can be
made between Figure 2b-k and m-v because they are the same cell and the time difference between
the measurements was less than an hour, where minimal changes in to the cell is expected.
Comparing Figures 2f and 2k, the former has shown some small spots of high integral values around
the nucleus region but the image of the nucleus was not clear. Figure 2k, on the other hand, has
shown a clear domain of the nucleus, similar to Figure 2ab. Although the Bruker FPA systems have a
smaller projected pixel size, the FTIR image of the DNA base is less clear. In fact, the image of the
nucleus before pixel binning is worse (see supplementary Figure S3). Spectra extracted across the
cell from the two systems are shown in Figure 4.

Figure 2m-q and 2r-v show that both Bruker and Agilent FPA systems capture similar images of the
cell but without a clear domain of the nucleus despite Figure 2l has clearly shown a nucleus of
around 10 um in diameter. One of the potential explanations for the lower image quality from the
DNA base band is that individual spectrum measured by the FPA systems are obtained from different
detector elements in the FPA. The difference in sensitivity and noises between pixels, which is a
characteristic of the FPA, could affect the image quality. It also appears that the effect of
atmospheric water vapour on the spectrum tends to have small variations between pixels for the
FPA system as shown in Figure 4a. Pixel binning, apart from reducing the spectral noise, can also
smooth out the pixel-to-pixel variation as shown in the Figure S3. In contrast, the pixel to pixel
variations in the images obtained by scanning from the synchrotron and linear array system are less
significant resulting in reduced image noise. It is important to note that the pixel-to-pixel noise
affects images that are generated using smaller spectral bands such as the lipid v(C=0) band and the
DNA base v(C=0) bands, where small changes in atmospheric water vapour peaks could have a
significant impact, but not as significant for stronger bands such as the amide Il. Furthermore, the
FPA images shown in Figure 2 were cropped to focus on the area where the cells were located. The
original imaged areas were ~2-fold and 4-fold larger for the Bruker and the Agilent systems,
respectively. That means for the same length of imaging time, the FPA systems can analyse images
of more cells than the scanning approaches. While this could be an advantage, the larger area could
introduce difficulties in obtaining a good background from a cell free region, especially when cells
are highly confluent.
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Figure 4: Representative spectra (unprocessed) extracted along a line (shown in Figure 2 a and w)
from the edge (bottom spectrum) to the centre (top spectrum) of the live cell measured in the a)
Bruker FPA b) Perkin Elmer linear array and c) Bruker synchrotron mapping system through the new
ZnS hemisphere device. Spectra were shifted up or down along the Y-axis for a better presentation.

Spectra extracted across the living cell (indicated in Figure 2a and w) are shown in Figure 4
demonstrating the high quality spectra obtained by this method. The spectral region where water
8(0-H) has strong IR absorbance (at ~1680-1620 cm™) has shown a higher noise in all imaging
systems. However, this is a marked improvement compares to the prototype device used in the
previous measurement. The quality of spectra has been improved in the amide | region and the
reduction of fringes in the baseline (See supplementary Figure S4). Furthermore, an image
measurement of pure water was also obtained through the hemisphere transmission device and the
result has shown that the integrated absorbance value between 1750-1480 cm™ with a straight
baseline between the integral limits varied marginally between 0.46 and 0.47 across the imaged
area. This has demonstrated the pathlength in the transmission device is uniform (see Figure 5).
Figure 4 has shown that high SNR (~150 for the amide Il band against the peak to peak noise at 2000
cm?) are achieved in all imaging systems. The high spectral quality obtained with synchrotron micro
FTIR is exemplified by the small but clear absorption band just above 1700cm™ which is well above
the noise level and distinguishable with respect to the other spectra shown in Figure 4. Spectra from
the synchrotron mapping results in Figure 4c has shown a clear transition from lipid-rich region near
the edge of the cell to the DNA-rich region near the centre of the cell. A clear band at 1745 cm™ is
observed near the edge of the cell and a clear band at 1714 cm™ is observed in the centre of the cell.
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Spectra extracted from the linear array imaging results in Figure 4b has shown a similar trend, but
the transition is less obvious while the FPA imaging results did not show this trend, supporting the
observations made in Figure 2.

0.47

Figure 5: FTIR image of pure water based on the integration range of 1750-1480 cm™ (imaging area
of ~90 um x 90 um) through the ZnS hemisphere transmission device. A small range of value was
used in the grey scale showing that the absorbance, hence the pathlength, of the transmission
device is uniform.

Conclusions

We applied FTIR spectroscopic imaging with focal plane arrays (FPA), linear array and synchrotron
single point mapping methods and demonstrated that in all cases, subcellular details of individual
living cells can be obtained by using the ZnS hemispheres. Results have shown that the linear array
and synchrotron mapping produced a smoother image than the FPA when weak bands are used to
generate images due to the reduced pixel-to-pixel noise. Synchrotron mapping produced images of
cells in great detail because of the higher pixel density from the 3-fold spatial oversampling and high
spectral quality because of the confocal effect from the aperture which further sharpen the image,
but it is also the slowest method out of the three tested approaches. In summary, the presented
work has demonstrated that the ZnS hemispheres can be applied in all three imaging approaches to
improve the spatial resolution without any modification to the existing microscope.

Supplementary Materials

Other underlying research materials related to this paper can be accessed by directly contacting the
corresponding author.
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Figure S1: Grey scale version of Figure 2 in the main text.
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Figure S4: Synchrotron FTIR spectra (non-processed, non-averaged) measured through the ZnS
hemispheres extracted from (a) the prototype device® (with less defined path length) and (b) the
new device with controlled path length of 6 um.
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