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Raman microspectrosopy (RM) is a noninvasive, label-free, molecular spectroscopy method used to record the vibrational
spectroscopic fingerprints based on molecular bonds and has been recently applied to characterize living cells. Atomic
force microscopy (AFM) is a high-resolution form of scanning probe microscopy that can provide information including
surface topography, cell adhesion, and cellular elasticity of single cell. By exploiting the advantages of these two
microscopies, we have applied a combined AFM/RM technique to investigate both biomechanical and biochemical
properties of living cells in near physiological conditions. The model cells involved were bacterial cells (e.g. Pseudomonas
putida) and mammaliam cells (e.g. human lung cancer cells and breast cancer cells) in physiological conditions. The
overall objective of this chapter is to provide new insightful information on molecular structural, cell cytoarchitectural, and
biomechanical properties from bacterial cells to human cancer cells at the single cell level, and to discuss applications of
conbined AFM/RM in single cell studies.
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1. Introduction

It is known that the mechanical forces of cells play a fundamental role in the regulation of cell structures and functions.
However, characterization of cell mechanics at the single cell level still remains challenging due to the lack of
applicable force-senstive technologies that can achieve nanoscale resolutions. Conventional microscopy like optical
microscopes allow live cell imaging, but their resolution is limited (diffraction limitation) and sample prestaining is
often required. Electron microscopes (including scanning (SEM) and transmission (TEM) types) can reach nanometer
scale resolutions, but samples must undergo a series of pretreatments; such as fixation, dehydration, and subsequent
imaging must be performed in a vacuum, which thus fails to provide native structural information of the cells in (near)
physiological environment. Moreover, these microscopy techniques cannot reveal any information about cellular
mechanical properties. Atomic force microscopy (AFM) was developed from scanning tunneling microscopy (STM) in
the 1980°s [1] and works differently compared with optical microscopy and electron microscopy. It obtains sample
topographical structures by detecting dynamic variation of interaction force between the AFM tip and the sample
surface when AFM tip scanning across a sample surface [2]. AFM possesses unique advantages over other types of
microscopies [2, 3], for example, AFM measurements can be performed in near-physiological conditions [4, 5], sample
preparation is simplified, and the ability to simultaneously achieve the visualizations of nanostructures and the detection
of nanomechanics of cell samples [2, 3]. Therefore, the development of AFM pioneered new applications in the field of
microscopy, and it has provided new opportunities and insights into nano-biology [6]. In the past decades, AFM, as a
valuable force (nN/pN)-sensitive technique, had been widely applied in cell biological studies [2, 3, 7, 8].

Raman microspectroscopy (RM) is a nondestructive vibrational classification method that can be utilized to identify
characteristic spectroscopic fingerprints of bacteria [9, 10] and living cells [11] based on chemical composition and
molecular structures. In the course of recent decades, RM has gained more popularity in bacterial [9, 12-16] and
mammalian cell [17-19] characterization due to advances in instrumentation design [20, 21], meaningful biological
approaches [22, 23], and data mining methods for biochemical information extraction [15, 24]. As advances have
progressed, so has the scope and application of RM within the fields of life science and clinical research. RM has been
utilized to identify and differentiate specific bacteria; such as, Gram-positive Bacillus anthracis, B. thuringensis, and B.
atrophaeus spores, and B. cereus vegetative cells by using Raman imaging and data analysis routines [25] and rapid
“finger-printing” combined with principal component analysis (PCA) has been used to discriminate simulated
biological threats [26]. Furthermore, RM has been used to study subcellular drug distribution of paclitaxel within breast
cancer cells [11] and to diagnose breast cancer based on differences within normal, malignant, and benign tissues [27,
28]. Other examples of Raman work with cancer are cervical cancer pathology [24, 29] and pre-cancer discrimination
[30], specific biomarkers for normal and adenocarcinomatous colonic tissue [31], and biological effects of diesel
exhaust particels (DEP) on bronchial epithelial cells [32] and human lung adenocarcinoma cell interaction with Jasada
Bhasma [33].

The objective of the present work is to discuss the usefulness of combining Raman microspectroscopy and AFM
technologies in the detection of biochemical compositions and nanomechanics of bacterial cells (Pseudomonas putida
KT2440) and mammalian cancer cells (metastatic human breast carcinoma cells MDA-MB-435, non-metastatic MDA-
MB-435/BRMSI1, and human lung adenocarcinoma epithelial A549 cells).
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2. AFM/Raman microspectroscopy for bacterial studies

2.1 Biological Background and Rationale

The Gram-negative bacterial cell wall is compiled of an outer membrane, the periplasmic space, and an inner
membrane. The outer membrane is made up of lipopolysaccharides (LPS) and is the first line of defense for Gram-
negative bacteria, serves as a protection barrier [34], and maintains the cell rigidness and shape [35]. The outer
membrane structures are hydrophobic and directly exposed to the outside environment [35]. Therefore, the studies of
nanostructures and adhesion behaviours of the outer cell wall are of interest for further understanding of the adhesion
related biological processes. Here, the Gram-negative bacterium derivative Pseudomonas putida KT2440 was selected
as a model bacterial strain for AFM/Raman analysis. P. putida strain mt-2 (the toluene-degrading isolate) and was
considered as the first biosafety strain by the Recombinant DNA Advisory Committee [36-38] and thus was used in our
studies. In this subsection, AFM techniques and Raman microspectroscopy will be utilized to characterize extracellular
polymeric substances (EPS) and nanostructural features specific to the KT2440 cell wall outer membrane.

2.2 AFM and Raman Imaging

For AFM analysis, KT2440 were grown in Luria Broth (LB) culture media composed of yeast extract, peptone from
casein and sodium chloride (mass ratio, 1:2:1) at room temperature. Bacteria from the exponential growth phase were
centrifuged for 2 min at 2000 rpm (Eppendorf Minispan), then 5 pl of bacteria were dropped onto a clean cover glass
substrate and allowed to dry in air (less than 1 minute) (P. Putida KT2440 did not undergo any additional treatment).
Next, the contact mode AFM (Picoplus, Agilent Technologies, USA) was used to measure bacterial cells at room
temperature in air. The spring constant of the cantilevers (Veeco Inc. USA) used in the experiments was 0.12 N/m, and
the curvature radius of SizNy tip is approximately 10 nm. The values of adhesion force (the interaction force between
bare AFM tip and cell surface) were extracted from curves of deflection (nm) vs. distance (nm) via the software
Scanning Probe Image Processor (SPIP) (Image Metrology, Denmark). All statistical data were reported as mean+SE
(standard error of the mean), and the histograms were created using OriginPro 7.5 (OriginLab Corp., USA). For the
analysis using Raman spectroscopy, P.putida KT2440 were grown on LB agar composed of yeast extract, peptone
from casein, sodium chloride, and agar (mass ratio, 1:2:1:3) at room temperature in air. The agar plate containing
KT2440 was inoculated and after 24 hours was transferred onto the stage of Renishaw inVia Raman microscope (with
785 nm laser) for observation and spectral measurements. Raman spectra were collected in a static mode of three
accumulations with 10 second laser exposure and were an average of twelve individual Raman spectra. All wavenumber
ranges for each spectra were truncated to 600 — 1800 cm™ and pre-processed by Savitsky-Golay smoothing and
fluorescence correction [39]. The Raman spectral image of KT2440 was imaged at a static wavenumber of 1006 cm™
over a set range of ~816 - 1186 cm™', with 45 second exposure time at 100% laser power and was smoothed via bilinear
interpolation. All Raman results for KT2440 are discussed in section 3.3 below.

2.3 Results and Quantification

One of characteristic for Gram-negative bacterial cells is their flagellum structures, which play an important role in the
functionalization of biological processes (e.g. motility, swimming, adhesion, etc.). AFM was thus used to detect the
difference in adhesion properties between the flagella and the bacterial cell wall (Fig. 1). First, the measurements
quantified the diameter of the bacterial flagella, which was measured at 69.6+10 nm (Full Wave at Half Maximum,
FWHM). Fig. 1c exhibits the representative deflection (nm) vs. distance (nm) curves acquired from flagella (blue curve)
and cell wall (green curve), by which the adhesion force of cell surface can be obtained. The measured results indicated,
in Fig. 1a, that the adhesion force was 6.53+0.23 nN for flagella, and 4.78+0.28 nN for cell wall; for Fig. 1b, the
adhesion force was measured at 5.69+0.10 nN for flagella, and 4.37+£0.19 nN for cell wall. The statistics further
revealed that the adhesion force of flagella is larger than that of the cell wall by 20~36%. It is also interesting to note
that a similar phenomenon also appeared in our observation of another Gram-negative bacterium, Escherichia coli
TOP10, whose flagella possess a larger adhesion force versus the cell wall by 17%~25%. The quantification of
flagellum adhesion would facilitate a better understanding of the roles of flagella in bacterial motility related activities
such as chemotaxis, bacterial infection and pathogenesis.

Interestingly, it should be noted that the characteristic “finger-print” structures at each of the two ends of a single
KT2440 cell were easily seen (Fig. 1d), depicting the heterogeneous cell wall surface architectures; and such structural
features commonly appeared on the polarized cell wall of KT2440 in the exponential growth phase. Furthermore,
adhesion assessments revealed that the regions with “finger-print” features (two poles of bacterium) possessed a lower
adhesion than the smooth “centre” region; for instance, the adhesion force for the centre region was measured at
7.13£0.05 nN, whereas that was 6.10+£0.13 nN for the top pole, and 6.18+0.26 nN for the bottom pole (Fig. 1d). In
addition, the adhesion forces of the corrugation ridge (red capital letters with yellow background) and corrugation
trough (red capital letters with green background) (Fig. le) was measured at 5.58+0.10 nN and 5.74+0.07 nN,
respectively. These forces were not statistically different, implying homogeneity in the adhesion property between the
corrugation ridge and the corrugation trough of the cell wall polymer.
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The heterogeneous surface architectures and adhesion force over the cell wall suggest that different biochemical
constituents and/or biophysical behaviours; which, may correlate with the synthesis processes or rearrangement of bio-
macromolecules in the cell wall. These structural features may be clues of bacterial activities during the progress of
growth and division, such as the synthesis of peptidoglycan, lipopolysaccharide and other cell wall structures.
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Fig. 1  Representative AFM images of P. Putida KT2440 (deflection mode), exhibiting obvious flagella around cells. (a) Single
KT2440 cell; (b) cell colonies; (c) representative curves of deflection (nm) vs. distance (nm) measured from flagella (blue curve) and
bacterial cell wall (green curve), by which bacterial adhesion force can be quantified; (d) a deflection mode image of KT2440, clearly
showing the “finger-print” features at each end of cell (indicated by right brace and “pole”); (e) a representative nanostructural image
of cell wall, displaying the two different locations (white and dark areas) from where adhesion force was measured.

3. AFM/Raman microspectroscopy for mammalian cancer cell characterization

3.1 Biological Background and Rationale

The mechanotransduction forces of mammalian cells are critical in the regulation of cell adhesion, migration, cell fate,
and biochemical signals transduction [40-42]. The quantification of these mechanical properties (e.g. adhesion,
elasticity and stiffness) for cancer cells is required for further interpreting respective biological processes (e.g.
transformation, invasion, and metastasis). It is known that the mechanical properties, cell topography, membrane
surface nanostructures, and cellular biochemical components vary among different cancer cell lines, and these
differences are potentially connected to the development of new clinical diagnostic approaches [43-45]. Therefore, it
important to characterize the biophysical and biochemical differences among the cancer cell lines at the single cell and
at sub-cellular level. In this subsection, metastatic human breast carcinoma cells MDA-MB-435 (435), non-metastatic
MDA-MB-435/BRMS1 (435/BRMS1), and human lung adenocarcinoma epithelial cells (A549) were selected as
model cell lines for evaluation of cell biomechanics of mammalian cells.

3.2 Sample preparation and AFM and Raman Imaging

435/BRMSI1 cells were transfected with a lentiviral vector construct expressing full length BRMS1 ¢DNA under the
control of a cytomegalovirus promoter. 435 and 435/BRMSI cells were cultured in a 1:1 mixture of Dulbecco’s-
modified eagle’s medium (DMEM) and Ham’s F-12 medium supplemented with 5% fetal bovine serum (Hyclone,
Logan, UT). Cells were cultured in 25-cm” Corning tissue culture dishes at 37 °C with 5% CO, in a humidified
atmosphere. Human (Homo sapiens) lung carcinoma A549 cells (ATCC, USA) were cultured in F-12k medium
containing 10% fetal bovine serum at 37 °C with 5% CO, in a humidified atmosphere. Cells were sub-cultured at 80-
90% confluency and used for experiments. No antibiotics or antimycotics were used in cell cultures.

For AFM experiments, cells were seeded on poly-L-lysine coated Petri dishes at 5x10* cells per mL. The same
seeding density was used for Raman spectroscopy; only cells were seeded in quartz dishes (Quartz Scientific Inc.,
313R020, USA) to minimize fluorescence background. Raman spectra for A549 cells were collected in an extended
mode with 20 second laser exposure and were an average of four individual Raman spectra; 435 and 435/BRMSI1
spectra were collected in an extended mode with 10 second laser exposure and were an average of ten individual Raman
spectra. All wavenumber ranges for each spectra were truncated to 600 — 1800 cm™, Savitsky-Golay smoothed, and
fluorescence corrected [39]. Raman spectral maps for A549 cells, 435, and 435/BRMS1 were imaged at a static
wavenumber of ~1000 cm™ over a set range of ~805 - 1188 cm’, with 20 second exposure time at 100% laser power.
All spectral maps were smoothed via bilinear interpolation.

In order to obtain nanomechanical properties of living cells, cultured cells were measured directly in culture medium
without any pre-treatment to in sifu measurements of biomechanical properties (e.g. adhesion behaviour, cellular
elasticity). Also, the contact mode PicoPlus AFM was used to measure cells at room temperature. The spring constant
of the cantilever was calibrated at 0.06 ~ 0.11 N/m (Veeco, USA). The approach/retract velocity applied throughout
deflection (nm) vs. distance (nm) curve acquisition was 3.8 pm/s. The values for the adhesion force were also extracted
using the SPIP software. The cellular spring constants (k) were calculated using a previously proposed formula [46,
471:

kcell = 'ktip * S/(1+S). (1)
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Where, s is the linear slope of the approaching branch, the ratio of deflection (nm) to distance (nm); ke and kg
represent the spring constants of cell and cantilever, respectively. All the data were reported as mean+SE (standard error
of mean). The histograms were created using OriginPro 7.5 (OriginLab Corp., USA). The adhesion force or cellular
spring constant maps were graphed with as 256 color maps created by Matlab version R2009a (MathWorks, Inc.).

3.3 Results and Quantification

To evaluate the nanomechanical differences among the three mammalian cell lines, the adhesion force (F) and cellular
spring constant (k) were analyzed in situ based on hundreds of force-distance curves for each cell type. Row 1, 2 and
3 in Fig. 2 indicate a representative AFM image and the corresponding nanomechanical results of 435, 435/BRMS1 and
A549 cells, respectively (column 1, AFM images; column 2, F' maps; column 3, F histograms corresponding to column
2; column 4, k. maps; column 5, k. histograms corresponding to column 4). The low resolution images in Fig. 2
(column 1) may arise from the soft cell membrane and the presence and movement of the membrane surface microvillus
of living cells during tip scanning. Thus, AFM measurements were focused on the evaluation of nanomechanical
properties of living cells. These indicated that the adhesion force and cell spring constant measured on one randomly
selected 435 cell and A549 cell were significantly different (p < 0.01). Furthermore, to statistically assess the difference
in nanomechanics among these three cell lines, twelve cells for each cell type were randomly selected for force
measurement (26 datum points were collected on individual cells). The parametric statistical analysis (Student's t-test)
showed that the mechanical properties of these cell lines are significantly different (p < 0.01). The measured adhesion
forces were 0.43+0.01 nN for 435 cell, 0.83+0.01 nN for 435/BRMSI1 cell, and 0.79+0.01 nN for A549 cell. The
measured cellular spring constants (k) were 3.44+0.06 mN/m for 435 cell, 4.33+0.07 mN/m for 435/BRMSI, and
4.83+0.11 mN/m for A549 cell. Such data clearly exhibited that BRMSI1 expression elevated cellular nanomechanics
(e.g. cell elasticity, adhesion force) [17], which largely arises from reorganization of the cytoskeleton, variation of
cytoarchitectures (cell topography and nanostructures), and changes of extracellular matrix of 435 cells [48]. And the
statistical analysis presented here also showed that lung cancer cell A549 possesses a different membrane surface
adhesion force and cell elasticity compared to breast cancer cell lines 435 and 435/BRMS1; which, could be ascribed to
the different cell lines possessing different in biochemical components and biophysical properties. This work and others
[43-45, 49-52] illustrate the potential of AFM application in identifying cancer cells, especially, for metastatic and non-

metastatic cancer cells.
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Fig. 2 Biomechanical evaluation of living breast carcinoma cell lines 435 (row 1) and 435/BRMST1 cells (row 2), and lung cancer
cell line A549 (row 3). Column 1 shows representative topography images acquired in culture medium. The color maps of adhesion
force (F) and spring constant (k,,;) measured from single 435 cell, 435/BRMSI1 cell and A549 cell (column 1) are shown as column 2
and column 4, respectively, and their respective distribution histogram (mean+SE is marked) is displayed as column 3 and column 5,
respectively. The color bars arranged at the right of color maps illustrate the value scale of color-coded maps of adhesion force (nN)
and k_.; (mN/m).

Stacked Raman spectra of P. putida KT2440, A549, 435, and 435/BRMSlare illustrated in Fig. 3. Each Raman
spectral fingerprint illustrates the complex nature of the biological organism based upon the numerous spectral peaks or
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Raman bands, which are associated with the complex biochemical make-up of the bacterial organism or mammalian
cell line. It is interesting to note that there is great overlap in many of these characteristic Raman bands. For example all
spectra in Fig. 3(a-d) share specific bands at ~624, 644, 670, 787, 813, 940, 1006, 1130, 1158, 1265, 1345, 1452, 1580,
and 1663 cm™, respectively. These bands are tentatively assigned as follows; 624 (unidentified), 644 (C-C twisting
mode of tyrosine), 670 (C-S stretching mode of cytosine or T/G in DNA/RNA), 787 (relative quantity of present nucleic
acid), 813 (characteristic RNA band), 940 (C-C stretch backbone), 1006 (carotenoids/ring breathing phenylalanine),
1130 (C-C skeletal stretch), 1158 (C-C/C-N stretching of proteins), 1265 (Amide III), 1345 (3CH residual vibrations),
1452 (CH,CH; deformation/protein bands), 1580 (C-C stretching), and 1663 cm™ (Amide I) [53]. Fig. 3a includes
distinct Raman bands at ~746 (T ring breathing mode of DNA/RNA bases), 850 (amino acid, valine, or polysaccharide
single bond stretching vibration), 891 (saccharide band), 964 (unassigned protein band), and 1084 cm™ (phosphodiester
groups in nucleic acids) respectively [53]. Fig. 3b contains a few distinct bands at ~ 730 (adenine), 1050 (unassigned),
1318 (G ring breathing modes of DNA/RNA or C-H deformation in protein), and 1424 cm™ (deoxyribose, B,Z-marker)
[53] also Fig. 3¢, d contains distinct bands at ~720 (DNA), 760 (tryptophan ring deformation or breathing mode in
protein), 1303 (CH;, CH, twisting collagen), 1555 (Amide II), and 1608 cm™ (cytosine) respectively [53]. These Raman
spectroscopy results, specifficaly those for A549, 435 and 435/BRMSI1, implying the different biochemical structures
among these model cell lines. The findings support the AFM results that also revealed different biochemical
components and biophysical properties of these cell lines.
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Fig. 3  Representative bulk Raman spectrum of Pseudomonas putida KT2440 imaged on agar after 24 hour culture period (a).
Raman spectrum of A549 cells imaged on quartz (b), 435 cells imaged on quartz (c), and 435/BRMSI1 cells imaged on quartz (d). All
mammalian cells were imaged when within 24-48 hours of subculture.

Raman spectral mapping (Fig. 4) was performed on each biological sample: KT2440, A549, 435 and 435/BRMSI.
Each map was centered at ~1006 cm ' for protein and Raman spectra at each point within the map were collected at 45
second exposure for KT2440 and 20 second exposure time for A549, 435 and 435/BRMSI. At first glance, the overall
component distribution for KT2440, A549, 435 and 435/BRMS1 (Fig. 4b, d, f, h) appeared very similar, with the
exception of the sample morphology. Closer observation reveals that the mammalian cell lines (Fig. 4d, f, h), as
compared with KT2440 (Fig. 4b), have an overall similar distribution of protein with stronger intensities at the cell
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nucleus and decreasing intensities in the cytoplasm and at the peripheral membrane. Conversely, the Raman spectral
map of KT2440 is of a bacterial mass or colony and yet similarly demonstrates that the greater concentration of proteins
lies at the interior mass of this bacterial colony and diminishes outside the core of the colony.

Bright field Image Raman Spectral Image

KT2440

A549

435

435/BRMS1

Fig. 4 Raman spectral image of bulk biochemical information for P. putida KT2440, A549, 435, and 435/BRMSI1 cells; bright
field view (a, c, e, and g) and respective overlay Raman images (b, d, f, and h). Raman spectral image for KT2440 was imaged at a
static wavenumber of 1006 cm™ over a set range of ~816 - 1186 cm™, with 45 second exposure time at 100% laser power, scale bars
are 10 cm X 5 cm. Raman spectral maps for A549, 435, and 435/BRMS1 were imaged at a static wavenumber of ~1000 cm! over a
set range of ~805 - 1188 cm’!, with 20 second exposure time at 100% laser power, scale bars are 10 cm x 10 cm.

4. Summary

The AFM investigations revealed the characteristic “finger-print” structures at the two ends of KT2440 cells, and
quantified that the adhesion force of flagella is larger than that of cell wall by 20~36%. Raman was able to reveal
biochemical structural components of bacterial EPS of KT2440 by native Raman bands within a bulk Raman spectra.
For the mammalian cancer cell lines, AFM and Raman were both useful to assess and compare the difference in
nanomechanics and biochemical compositions among the three cancer cell lines. The AFM measurements showed that
A549 cells possessed a larger adhesion force and cell elasticity than 435 cells, and that BRMS1-expression elevated the
adhesion force and cell elasticity in 435/BRMSI cells. Raman spectra illustrated an overall similarity among A549, 435
and 435/BRMSI1. In 435 and 435/BRMSI1 cells there is a slightly weaker Raman band intensity observed in
435/BRMSI cells. That could imply that BRMSI1 suppressor gene expression may not significantly change, or these
changes are not detectable under current experimental conditions, the cellular biochemical compositions, but may
slightly alter the intensities (amount or distribution) of these biochemical components on the cell surface [17].
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AFM and Raman microspectroscopy provide new access to cell mechanics, cytoarchitectures and biochemical
components of cancer cells [18, 43-45, 50, 54, 55] at the single cell and sub-cellular levels and could be utilized as a
force and optical “biomechanical marker” technique for the development of a new tool for early diagnosis of cancer.
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