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Label-free biomarkers of human embryonic stem cell differentiation to hepatocytes

Dimitrios Tsikritsis, Hu Shi, Yuan Wang, Srinivas Velugotla, Vlastimil Srsen, Alistair Elfick and Andrew

Downes.

Abstract

Four different label-free, minimally-invasive, live single cell analysis techniques were applied in a
guantitative comparison, to characterize embryonic stem cells and the hepatocytes into which they
were differentiated. Atomic Force Microscopy measures the cell’s mechanical properties, Raman
spectroscopy measures its chemical properties, and dielectrophoresis measures the membrane’s
capacitance. We were able to assign cell type of individual cells with accuracies of 91% (Atomic Force
Microscopy), 95.5% (Raman spectroscopy), and 72% (Dielectrophoresis). In addition, Stimulated
Raman Scattering (SRS) microscopy was able to easily identify hepatocytes in images by the
presence of lipid droplets. These techniques, used either independently or in combination, offer
label-free methods to study individual living cells. Although these minimally-invasive biomarkers
can be applied to sense phenotypical or environmental changes to cells, these techniques have most
potential in human stem cell therapies where the use of traditional biomarkers is best avoided.
Destructive assays consume valuable stem cells and do not characterize the cells which go on to be
used in therapies; whereas immuno-labelling risks altering cell behaviour. We suggest how these
four minimally invasive methods can be applied to cell culture, and how they could in future be

combined into one microfluidic chip for cell sorting.
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Introduction

The non-destructive characterization of living cells is dominated by the use of biomarkers, namely
fluorescent molecules (1,2) and more recently magnetic particles (3,4). However, we cannot rely on
such tags to be non-invasive and have no effect on the cell’s behaviour. Magnetic particles and
fluorescent molecules are best suited to immunolabeling, where a membrane-specific antibody is

attached to the label.

There are issues of phototoxicity of fluorescent molecules after the exposure to laser light required
for imaging (5), and loading the membrane with antibodies is likely to influence the behaviour of
the cell(6). Neither of these types of biomarkers can be relied upon to enter inside the cell
membrane, so are limited in their observable changes in cell phenotype. Some cell types lack
membrane-specific antibodies, in which case a label-free characterization technique is particularly

attractive.

Human embryonic stem cells and induced pluripotent stem cells offer great potential in cell-based
therapies and regenerative medicine (7,8), and in the pharmaceutical industry as a reliable source
of human cells for drug testing (9,10). The dangers of teratoma formation (11,12) require an
extremely careful selection and characterization of stem cells before clinical use. Regenerative
medicine requires careful characterization of the cells which are used in therapies, as all the cells
used in such therapies are required either (i) to retain their pluripotent or multipotent nature, or (ii)
to be fully differentiated. However, traditional methods required for live single cell characterization
such as antibody labeling are highly invasive as described above. All other methods are destructive,
and usually ‘sample’ cells from within a larger culture population. This gives a clear advantage to an
accurate live cell characterization technique which does not rely upon added biomarkers, and is

minimally-invasive. Some cell features detected in white light imaging, such as cell size and shape,
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and scattering of light, can be used to characterize cells. When combined, an accuracy of 96% was
achieved when discriminating cancer cells from white blood cells(13). However, these cells are of
different sizes so would be easy to distinguish based on morphology alone. When the same study
investigated algal cells of more similar size but with different lipid content, they were distinguished
with a reduced accuracy of 88%. The purpose of this study is to quantitatively compare four different
label-free, non-destructive and minimally invasive methods of cell characterization, as potential

clinical tools for quality control of individual stem cells and their differentiated progeny.

Atomic Force Microscopy (AFM)(14), depicted in Fig. S1, involves the use of a micromachined
cantilever with a sharp tip at its end. In microscopy, the deflection of the cantilever is kept constant
as the tip is raster-scanned across a surface. However, a cantilever can also be used to measure
forces, without imaging. By pushing a sharp tip into a soft surface, some deformation of the
cantilever occurs (bending upwards) and some deformation of the surface occurs. The relative
proportions of these deformations is related to the elasticity (or Young’s modulus) which is a

material-specific quantity, not dependent on the size or shape of the cell.

AFM has previously been used to measure the elasticity of a variety of live cells(15), such as human
embryonic stem cells (hESCs)(16), human amniotic fluid-derived stem cells (hAFSCs) against
differentiated osteoblasts(17), and human mesenchymal stem cells (hMSCs) against differentiated
osteoblasts(18). However, in none of these studies was an accuracy of assignment of cell type

deduced. Nor has any AFM study been published on the directed differentiation of hESCs.

Raman spectroscopy(19) has been successfully applied to the label-free characterization of living
cells. It uses laser spectroscopy to measure a vibrational spectrum of covalent bonds, each

frequency being specific to part of a molecule (e.g. CH; groups in lipids, beta-sheet proteins, RNA).
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The relative proportions of each of such chemistries gives rise to a ‘fingerprint’ spectrum specific to
each cell type. So a cell phenotype change (such as disease) can be monitored on a single cell

basis(20,21).

Raman spectroscopy has been applied to stem cells(22,23), and has monitored differentiation from
adipose-derived stem cells (ADSCs) to osteoblasts (highlighting carbonate and phosphate
mineralization, and collagen formation) and adipocytes (highlighting lipid droplet formation)(24).
Caridomyocytes were differentiated from hESCs, and the two cell types identified with a sensitivity
of 66%(25). The far higher sensitivities required for cell therapies have been achieved on hESCs
versus cells which had undergone spontaneous differentiation(26). Raman spectroscopy has also
been applied to monitoring the differentiation of embryonic stem cells toward cardiomyocytes, by

comparing beating and non-beating embryoid bodies(27).

Raman microscopy — the acquisition of a Raman spectrum at each pixel of an image — is often too
slow to be applied to high resolution imaging of living cells. More efficient versions of Raman
microscopy which are fast enough to be applied to living cells, are coherent anti-Stokes Raman
scattering (CARS) microscopy(28,29) and stimulated Raman scattering (SRS) microscopy(30,31).
CARS microscopy images display signals which are quadratic with respect to concentration, and
suffers from artefacts caused by optical interference with a constant signal known as the non-
resonant background. SRS microscopy has neither of these problems, so produces images whose
intensity is linear in concentration of the desired molecular bonds. CARS microscopy has previously
been applied to monitoring the differentiation of adipose-derived stem cells(24,32) into both

adipocytes (by imaging very large lipid droplets) and osteoblasts (by imaging nodules of phosphate).



Dielectrophoresis (DEP)(33) uses radio frequency electric fields to probe the high-frequency
dielectric properties of living cells. These properties are dominated by capacitance of the cell
membrane, which varies inversely with the membrane thickness. The other factor which affects the
dielectrophoretic response is the area of the membrane. This is in turn dependent on cell diameter
and shape, and membrane roughness. Dielectrophoresis can be used to characterize single cells in
mixed populations (or average over large populations simultaneously), but it is also able to sort large
numbers of cells —applying an electric field gradient at the right frequency produces a force gradient
which causes one cell type to move in one direction, and the other cell type to move in the other

direction(33).

DEP has been used to enrich the number of CD34+ cells (pluripotential hemopoietic stem cells) from
peripheral blood stem cell harvest samples by a factor of 5(34), and has been used to characterize
the differentiation of human embryonic stem cells into mesenchymal stem cells(35). DEP has also
been employed to accurately characterize and sort murine neural stem / precursor cells (NSPCs)
and their differentiated cells (neurons and glia)(36). More recently, DEP was exploited to
characterize and sort terminally differentiated murine myotubes from multipotent C2C12 myoblasts

to better than 96% purity(37).

We chose the differentiation of stem cells into hepatocytes for two main reasons. Firstly,
mineralization or lipid droplets are trivial to spot in a Raman spectrum, and very stiff cells such as
fibroblasts would be easy to distinguish from stem cells using AFM. So we selected a cell type which
doesn’t have a distinct chemical or mechanical fingerprint as a suitable challenge for the techniques.
Secondly we wanted to choose a cell type which is clinically relevant, both to a prevalent condition
— liver disease, and to a treatment via regenerative medicine — using scaffolds to create artificial

tissue ex vivo, for implantation(38).



Materials and methods

Cell preparation

Human embryonic stem cells (RCM-1, UK Stem Cell Bank) were cultured in mTESR (Stemcell
technologies) at 37 °C, 95% air, and 5% CO; in a humidified incubator without antibiotics. Culture
flasks, glass-bottom dishes, and quartz substrates were coated with Matrigel (BD Biosceinces)
diluted 32:1 in KO-DMEM (Invitrogen) overnight prior to seeding with cells. The Matrigel thickness
has been measured as 10-20 um(39). Cells were passaged 1:2 with a cell scraper to maintain colony
structure. All experiments were performed on passage numbers in the range 75-85. Only when
passage numbers rise above 120 will these embryonic stem cells start to lose their ability to self-

renew and differentiate(40).

Efficient differentiation into hepatocytes was achieved following the protocol from Hay et al.(41)
Briefly, differentiation was initiated for 3 days in RPMI1640 containing 1x B27 supplement (both
from Invitrogen), 1 mM sodium butyrate (Sigma), 100 ng/ml ActivinA (Peprotech) and 50 ng/ml
Whnt3a (R&D Systems). For the following 5 days, cells were cultured in media containing KO-DMEM
(77.3%), KO-Serum Replacement (20%), Non-essential Amino Acids (1%), DMSO (1%), L-Glutamine
(0.5%), and B-Mercaptoethanol (0.2%) (all from Invitrogen). For the last 9 days, cells were cultured
in L15 medium (83%), fetal bovine serum (8.3%), tryptose phosphate broth (8.3%), 10 uM
hydrocortisone 21-hemisuccinate, 1 uM insulin, 2 mM glutamine (all from Sigma); 10 ng/ml

hepatocyte growth factor and 20 ng/ml oncostatin M (both from R&D systems).

Atomic Force Microscopy (AFM)
An AFM (Bioscope Il, Bruker) was used on an inverted optical microscope (Nikon TE2000) with a 20x
phase contrast objective lens (NA=0.5) in order to visualize cells and the AFM cantilever tip. Cells

were investigated on glass-bottom dishes from within one hour of removal from the incubator.
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RCM-1 cells were probed by MLCT-AUNM cantilevers (Bruker probes, nominal stiffness 0.01N/m,
nominal radius 20 nm) in mTESR media, and differentiated hepatocytes were probed by MSNL
cantilevers (Bruker probes, nominal stiffness 0.01N/m, nominal radius 2 nm) in 1x Phosphate Buffer
Saline. The process of stiffness and elasticity measurement, illustrated in Fig. S1, is outlined as

follows.

Firstly, the cantilever is indented into the glass substrate by a distance Zapply = Ziip. This produces a
straight line graph of V (output voltage from quadrant photodiode) against Z:i,. The gradient of this
graph, c, enables measurement of Zip from acquired values of V. The spring constant of the
cantilever, kiever, is calculated when the tip is far above the glass dish, by measuring the noise power
spectrum of V. The total energy in this spectrum is equal to the thermal energy, ksT. Three
measurements of kiever are averaged, and reveal less than 1% variation. This enables conversion of
Ziip into @ measure of the force, F, at the end of the tip. The tip is then positioned above the centre
of the cell nucleus, and a ramp of ~200 nm applied at 0.5 Hz. The indenting part of the curve is fitted
to calculate elasticity, E, from the Hertz model of a sphere indenting a surface F = 4/3.(E.RY2.63/2) /
(1-v?) where v is Poisson’s ratio = 0.37 for biological tissues(42).Raman Spectroscopy

Raman spectra of individual living cells were acquired with 40 mW of 785 nm laser power, in an
inverted microscope stage Raman spectrometer (Renishaw) and a 40x, NA 0.75, phase contrast
objective lens — underfilled to an NA of around 0.25 to create a larger focal spot to minimize the
possibility of photodamage. Spectra were acquired on cells (with the laser spot illuminating both
nucleus and cytoplasm) for 8 acquisitions of 300 secs. A ‘background’ spectrum, dominated by the

guartz substrate, was acquired beside the colony then subtracted from the cell’s spectrum.

Raman spectra were automatically processed by several Matlab routines. The first of these removed

the broad cellular autofluorescence by flattening the curves with a baseline subtraction Matlab
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routine generously provided by H. Georg Schulze(43). Spikes in the spectrum caused by cosmic rays
incident on the CCD spectrometer, were then found and removed using the Matlab routine
generously provided by H. Georg Schulze(44). After this, all spectra were flattened again — in case
the presence of cosmic rays affected the flattening process — then each spectrum was normalized
in intensity. The processed spectra were then entered into the Matlab principal component analysis
(PCA) routine. Each spectrum can be deconvolved into a linear combination of other principal
component spectra, a.PC1 + B.PC2 + y.PC3..., and coefficients (also known as scores) a, B, y... were
plotted on a scatter plot, for the two principal components which offered the greatest separation

of the two groups of cells.

Dielectrophoresis (DEP)

RCM-1 embryonic cells and differentiated hepatocytes were centrifuged (100 x g, 5 minutes) and
washed twice in 10 mL of the DEP medium, before final suspension in this medium at a density of
~107 cells/mL. The DEP isotonic medium consisted of 8.5% (w/w) sucrose, 0.5% (w/w) glucose, at
pH 7.4 (adjusted with NaOH) and the conductivity was adjusted to 33 mS/m with culture medium.
Osmolality (310 mOsm) and conductivity values were measured using an osmometer (Advanced
Instruments Inc., Model 3300) and a conductivity meter (Oakton CON 510), respectively. The
diameter of each cell in solution was measured with white light microscopy, and a high frequency
electric field applied. The crossover frequency — at which the direction of movement of the cell

reverses — is recorded for each cell.

Stimulated Raman Scattering (SRS) microscopy
We employed a home-built multi-photon microscopy system(45) adapted for SRS microscopy. This

adaptation consists of the addition of an amplitude modulator (New Focus 4103-01) at 5 MHz to the



Stokes beam, and a lock-in amplifier (Stanford Research SR844) to the detection of transmitted

pump beam.

We used 30 mW of each beam, measured at the sample, delivered by a water-immersion multi-
photon objective lens (Olympus XLPlan N, NA 1.05, 25x). Stacks of 10 images were acquired at 1 um
separation, and converted into a 2-dimensional image by Z-projection at maximum intensity to
observe all the lipid droplets throughout the depth of the cell. Images had a 61 us pixel dwell time,

consisted of 512 x 512 pixels, and were averaged 10 times to enhance quality.

Immunofluorescence

RCM-1 embryonic stem cells were tested with antibodies of Oct-4. Differentiated hepatocytes were
tested with antibodies of human serum albumin (HSA, Abcam), and HNF4a (Insight Biotechnology).
Cells were then washed with PBS, fixed for 20 min with 4% paraformaldehyde in PBS, rinsed with
PBS (pH 7.4), then permeabilized with ethanol, and washed with PBS. Cells were blocked with 1%
fish gelatin and 0.1% Tween-20 in TBS, then incubated with primary antibodies at 2 ug/ml in blocking
solution. Samples were washed with 0.1% Tween-20 in TBS, then incubated in blocking solution with
a secondary antibody (Invitrogen) conjugated to the fluorophore Alexa-488. Cells were washed with
PBS, then incubated with DAPI, and finally washed with PBS. All items were sourced from Sigma
unless otherwise stated. Immunofluorescence images are reproduced in Fig. S7. Images were
acquired on a Zeiss Axioscope 2 microscope, equipped with an AxioCam color CCD camera, and a

Plan-Neofluar NA 0.75, 40x phase contrast objective.
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Results

Atomic Force Microscopy (AFM)

The AFM tip was indented into 40 different RCM-1 embryonic stem cells and 16 different
hepatocytes. We calculated the elasticity (Young’s modulus) of each cell — see Fig S1 for details.
Histograms of elasticity measurements for both cell types are shown in Fig. 1. The distribution of
elasticity values among 40 individual stem cells was found to be 53.1 + 28.6 kPa, and the distribution
of elasticity values among 16 individual hepatocytes was found to be 16.4 + 6.0 kPa. The two means

are different to a highly statistically significant level [p<0.00001] as found by Welch’s t-test.

In order to distinguish stem cells from their differentiated progeny, a threshold value of elasticity
should be applied. With a threshold of 25 kPa (assigning all cells below threshold as hepatocytes,
and all those above to be stem cells), it can be deduced from the distributions in Fig. 1 that cell types
can be identified with an optimum accuracy of 91%. This corresponds to a sensitivity of 94% for

identifying hepatocytes, and a specificity of 90%.

Previous AFM studies have measured the elasticity of RCM-1 embryonic stem cells as mostly in the
range 2-8 kPa(16) using a model of a conical AFM tip; and the elasticity of mouse embryonic stem
cells as 0.265 kPa(46) which spontaneously differentiated towards a neural lineage of elasticity
0.579 kPa. Liver endothelial cells have an elasticity of ~2 kPa(47) as measured by AFM, and a
micropipette study of single hepatocytes found an elasticity of 181 Pa(48). Ultrasound studies of the
liver of healthy human volunteers found elasticity values of 620 + 240 Pa(49) and 640 + 80 Pa(50),
and Magnetic Resonance Elastography found a value of 1.16 + 0.28 kPa(51). All these values are for
tissue in vivo rather than our in vitro cell culture measurements. Meaningful comparisons between

different techniques and models are difficult, as absolute values rely on fitting acquired data to
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different models and are subject to systematic errors, but a meaningful comparison between

samples is far more likely using the same technique, method and model (as in this article).

Raman Spectroscopy

Raman spectra were acquired on 22 different embryonic stem cells and averaged (blue curve), 22
different fully differentiated hepatocytes (after 17 or 18 days, red curve), and 11 cells which had
been differentiated towards hepatocytes for 7 days (green curve). Average spectra from each of

these three cell types are plotted in Fig. 2.

Although there are clear differences between average spectra, it is not clear what is the variation
from cell to cell, nor would it be clear how to assign a new unknown cell as one of these types. In
order to highlight the spectral differences, and reject similarities between all cell types, a statistical
analysis is performed on all the spectral data. Principal Component Analysis (PCA)(52) reduces each
acquired spectrum to a sum of basis spectra (PC1, PC2, PC3...) with a weighting of each basis set.
Each spectrum is rewritten as (a.PC1 + B.PC2 + y.PC3 +...), so can be reduced to a set of scores (a, B,

y...). PC1 contains the highest variance between spectra, and PC2, PC3... contain decreasing variance.

In Fig. 3 we plot values of the scores of the two most significant principal components PC2 and PCS,
for known cell types (stem cells, and 17- or 18-day differentiated hepatocytes). The first 8 principal
components are plotted against each other in different graphs, and the one which produces the
best separation is selected. Each Raman spectrum has been reduced by PCA to a single data point
on the graph. In Fig. 3 we defined clear regions with a line which separates stem cells from fully (17-
or 18-day) differentiated hepatocytes with an accuracy of 95.5% (which corresponds to a sensitivity
in identifying stem cells from hepatocytes of 100% and a specificity of 92%). In Fig. S3 we achieved

an accuracy of 97% in discriminating embryonic stem cells (22 cells) from 7-day differentiated
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hepatocytes (11 cells), and in Fig. S4 an accuracy of 100 % is achieved in discriminating 7-day
hepatocytes (11 cells) from 17-day hepatocytes (22 cells). A lower accuracy of cell assighnment, 91%

is found when comparing all 3 groups of cells, in Fig. S5.

In order to extract the chemical differences measured between stem cells and the fully
differentiated hepatocytes, we can plot the simple difference between average spectra from Fig. 2.
This simple subtracted spectrum (hepatocytes minus stem cells) is plotted in Fig. 4 alongside
another difference spectrum which has been calculated only from PC2 and PC8 — the two most
significant basis spectra required to separate the two groups. To calculate this spectrum, the
average position of data points in Fig. 3 is calculated for both cell types, and their separation in each
axis reveals the proportion of each spectrum of PC2 and PC8 into a mixture of these two basis
spectra which is termed PCmix. Spectra have been normalized to their highest peak before principal
component analysis, so that variations in cell thickness will not dominate the measurements. We
want to compare relative biochemistries and avoid differences due to cell size, so should normalize
all spectra. Spectra which have not been normalized, show similar features and differences but

there is better overlap between normalized spectra.

Analysis of these difference spectra in Fig. 4 reveals several clear biochemical changes, which are
listed in Table 1, by comparison with a well-cited Raman spectroscopy database(53). We observe an
increase in lipids and some proteins; and a reduction in DNA, amino acids, and other proteins. The
high density of lipid droplets within hepatocytes is well known(54,55), so an increase of lipid content
is expected during differentiation. The nuclear volume of embryonic stem cells is known to be high
compared to the volume of the whole cell(56), so the relative DNA content is expected to decrease
during differentiation. For the 7-day differentiated cells, DMSO (at 1% in the media) is visible with

peaks at 677 cm™ and 711 cm™(57).
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Dielectrophoresis (DEP)

DEP was performed on 220 stem cells and 85 fully (17- or 18-day) differentiated hepatocytes. A
summary of the experimentally measured cell diameters and DEP cross-over frequencies (f,) for
RCM1 embryonic stem cells and their differentiated progeny (hepatocytes) is given in Table 2,

together with their membrane capacitances derived using equation [1].

V2

C =
mem = 2mrfrg

Om [1]

where f,, is the cross-over frequency of the cell, r is radius of cell and 6, is the conductivity of the
suspending medium(58). Measurement of f,, and Cy,.;m has been shown to provide a sensitive,
minimally-invasive way to monitor changes in cell states associated with activation and clonal
expansion, apoptosis, necrosis and responses to chemical and physical agents(59-62). The standard
deviation values given are based on approximating the f,, and C,.,, distributions shown in Fig. 5
as normal distributions as shown in Table 2. The results presented in Table 2 and Fig. 5 give
capacitances of 17.4 + 4.2 mF/m? and 15.3 + 4.8 mF/m?for embryonic stem cells and hepatocytes
respectively, with corresponding cross-over frequencies of 70.9 + 17.7 kHz and 92.2 + 28.2 kHz. Out
of the three variables of size, cross-over frequency and capacitance, the two cell populations (stem
cells and hepatocytes) are best separated by their cross-over frequencies. The distribution of these
cross-over frequencies is shown in Fig. 5 for the two populations. By using a threshold value of 80
kHz, an optimum accuracy of 72% is achieved, which corresponds to a sensitivity in identifying

hepatocytes from stem cells of 75% and a specificity of 65%.

Stimulated Raman scattering (SRS) Microscopy
SRS microscopy was performed at a Raman shift of 2930cm™, corresponding to the asymmetric
stretch frequency for CH, groups, which is dominated by lipids in living cells. Fig. 6(a) displays the

variation of the concentration of CH, groups in embryonic stem cells, which shows the nucleus as

14



dark, (with bright nucleoli), and the cytoplasm as uniformly bright. The dark nucleus is observed for
all eukaryotic cells, as DNA bases contain no CH; groups, but the cytoplasm and nucleoli appear

brighter as they contains amino acids which do possess CH2 groups.

Fig. 6(b) is dominated by large numbers of lipid droplets in hepatocytes differentiated for 17 or 18
days. The presence of lipid droplets in hepatocytes is well established(54,55), which are normally
imaged with Nile Red or Qil Red stains or fluorescent conjugates such as BODIPY for live cells. SRS
microscopy images lipid droplets clearly and rapidly in live cells, without extrinsic labels or cell
fixation. The presence of high numbers of lipid droplets compared to the almost complete absence
of droplets in the embryonic stem cells, is a clear method to distinguish between these cell types
with high accuracy. This SRS imaging method is repeated in Fig. S6. Both sets of SRS images enable
far clearer distinguishing between stem cells and hepatocytes, than phase contrast microscopy in

Fig. 2.

Immunofluorescence

In order to have confidence that we are indeed comparing embryonic stem cells and hepatocytes,
we performed immunofluorescence imaging on these cell types. As well as the observation that
embryonic stem cells self-renew and form colonies surrounded by stromal cells, we used the
monoclonal antibody Oct-4 to confirm their pluripotency. Fully differentiated hepatocytes did not
self-renew, and were tested with antibodies of human serum albumin (HSA), and Hepatocyte

Nuclear Factor 4 alpha (HNF4a). Immunofluorescence images are shown in Fig. S7.

Both sample types, namely embryonic stem cells and fully differentiated hepatocytes, were imaged
with all three antibodies. The immunofluorescence images in Fig. S7 help confirm both the

pluripotency of the RCM-1 cells, and the hepatocyte nature of the fully differentiated cells.
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Discussion

In many cases, the use of endogenous labels (such as fluorescent antibodies) to characterize and
sort cells is undesirable. This is particularly true for stem cell based therapies where there is a
requirement to monitor the pluripotency of cells, and the stage of differentiation, with minimally-
invasive techniques. Such quality control is a requirement for tissue engineering and regenerative
medicine(63). Although, no cell characterization technique can be said to be completely non-
invasive — be it heating from white light imaging, laser exposure with Raman spectroscopy and SRS

microscopy, changing culture medium with DEP, or indentation with AFM.

Our Raman spectroscopy results are slow, mainly due to a large focal spot and a strong Raman signal
from the substrate, but acquisition times can be improved to up to 10 cells per second(64) for non-
adherent cells. Hence a microfluidic device could be used to characterize and sort cells. Optical
stretching(65) could be included to measure the mechanical properties, as it has measured the
elasticity of cells in under 1 second(65) without issues of sterility in an open AFM arrangement.
Speeds would be improved to 10 cells per second, by parallel detection. DEP can also be integrated
into such a device(37,66) with conducting electrodes (such as transparent indium tin oxide) in
proximity to the cells. DEP cell sorting can be performed on the single cell basis, or to very large
numbers of cell simultaneously. Although embryonic stem cells are grown as colonies, splitting into
individual cells is not a barrier to subsequent cell culture(67). For adherent cells, Raman
spectroscopy, and either sterile AFM or acoustic microscopy(68) (to measure elasticity), could be
applied to cell culture to monitor quality on a daily basis. The cell’s capacitance as a function of
frequency, which for non-adherent cells is measured by DEP, can be measured for adherent cells
grown on electrodes and has successfully monitored differentiation of adipose-derived stem

cells(69).
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Live cells have typical heights of 2 - 10 um, so our 200 nm indentation by AFM will represent no
more than 10% of the cell depth. This maximum 10% rule-of-thumb is advisable to avoid misleading
measurements of elasticity. For truly quantitative results, a calibration sample of similar elasticity

should be used before measurements with a given cantilever and laser spot position.

A very simple mechanical model of the cell would be a balloon filled an incompressible liquid — the
application of pressure distorts the shape of the balloon. A slightly more complex model of
mammalian cells would involve a stiff plasma membrane around a liquid cytoplasm with the
cytoskeleton providing some stiffness. This in turn contains a nuclear membrane and nucleus, which
has an elasticity several times that of the cytoplasm(70-72). Embryonic stem cells contain a very
large nucleus, so we would expect to observe a higher value of elasticity than for differentiated

hepatocytes, which is indeed what we observe in Fig. 1.

In Raman spectroscopy, no observable photodamage occurred for any of the 55 cells investigated,
after illumination with 40 mW of a 785 nm laser for 40 minutes. As this time could be reduced to a
matter of seconds per cell by avoiding the use of a substrate(64), the technique can be considered

to be minimally-invasive and suitable for repeat measurements.

Considering dielectrophoresis, in Fig. 5 it is clear that embryonic stem cells and fully differentiated
hepatocytes both exhibited well-separated distributions of their cross-over frequency (fx) values
[p<0.00001], with a decrease in the mean value of 23% when stem cells differentiate into
hepatocytes. This cross-over frequency is an experimental value, which depends on a combination
of two of the cellular characteristics in equation (1), namely membrane capacitance and cell
diameter. The membrane capacitance only shows an increase of 14%, although it is borderline

statistically relevant [p=0.052], and the cell diameter shows an increase of 10% [p<0.05]. The

17



membrane capacitance itself is inversely proportional to its thickness, and directly proportional to
its relative permittivity. There is no information on whether the thickness or the permittivity
changes, but a change in the chemical composition will also have an effect on the thickness (for
example with different length phospholipids, or with cholesterol content) — the thickness of the
membrane cannot change without a change in its chemical composition. Hence we can conclude

that there is a significant change in the chemical composition of the membrane.

AFM, DEP and SRS all measure one single variable — elasticity, capacitance, and lipid droplets
respectively, so none of these techniques is ideally suited to sorting a large number of different
types of cell from each other. Instead, AFM, DEP and SRS are best suited to the characterization of
a single cell type, or a mixture of two different cell types or phenotypes. Applied to stem cells, these
techniques are most appropriate for monitoring the progress of differentiation to a required cell
type. Both start and end states should be calibrated by measuring their elasticity or capacitance. In
contrast, Raman spectroscopy effectively measures the presence of a large number of different
chemistries — peaks in the spectrum — simultaneously, so is well suited to characterizing or sorting
a mixture of several different cell types. The accuracy of each technique will depend on the type of
stem cell and differentiated cell. For example there may be little change in membrane capacitance
or cytoskeleton between stem cells and their differentiated progeny, in which case DEP and AFM
would not be suitable techniques for monitoring that particular differentiation. Raman spectroscopy
offers a more general method for distinguishing cell types or phenotypes, although its accuracy will
depend on the extent of the change in biomolecular composition. Raman spectroscopy has a proven
ability to distinguish different cell phenotypes — for example primary and secondary cancer cells for
the same patient and organ(73). In this study we were able to clearly distinguish stem cells from 7-
day partially differentiated hepatocytes, and fully differentiated hepatocytes. So it appears to be

the most promising technique of the four employed here, for detecting pathological stem cell
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differentiation — where differentiation has not occurred to functioning hepatocytes, but to non-

functioning hepatocytes or other cell types via spontaneous differentiation.

In conclusion, directed stem cell differentiation has been monitored in a minimally-invasive way
with 4 different label-free techniques. Such non-destructive techniques hold particular promise in
medicine, whether stem cells are required (in stem cell therapies) or fully differentiated cells are
required (as in regenerative medicine and organ replacement). Destructive techniques on the other
hand, sample cells from a larger population, so crucially do not measure the remaining surviving
cells which are used in therapies. The use of cell surface biomarkers — used in immunofluorescence
imaging and flow cytometry — is likely to affect the behavior of living cells, so is best avoided. We
have demonstrated the accuracy of label-free techniques with numerical values for AFM (80%),
dielectrophoresis (72%), and Raman spectroscopy (95.5%). These individual accuracies compare
well with around 88% for comparing two different types of algal cell, using multi-parametric label-
free white light cytometry(13). If the mechanical, chemical and capacitive properties are
independent, then a weighted combination of AFM, Raman spectroscopy and dielectrophoresis
would achieve a combined accuracy of well above the 95.5% achieved for Raman spectroscopy

alone.
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Fig. 1. Histogram of atomic force microscope (AFM) measurements of cell elasticity on 40 RCM-1
embryonic stem cells, and 16 hepatocytes fully differentiated from the RCM-1 embryonic stem cells.
Inset are phase contrast images (360 x 270 um) of the triangular AFM cantilever (stem cells on top,
hepatocytes below, with red arrows indicating some measurement positions). Histogram bins are
set to a width of 5 kPa, and a value of 25 kPa can be used to define the threshold below which a cell
can be assigned as a hepatocyte (and above which can be assigned as a stem cell) with an accuracy

of 91%.
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Fig. 2. Phase contrast images of (a) RCM-1 embryonic stem cells, and their progeny (b) 7-day semi-
differentiated hepatocytes, and (c) 17-day fully differentiated hepatocytes. (d) The corresponding
average Raman spectra for embryonic stem cells (blue curve), hepatocytes differentiated fully for

17 or 18 days (red curve), and hepatocytes differentiated for 7 days (green curve).
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Fig. 3. Principal component analysis (PCA) scatter plots for Raman spectra of 22 embryonic stem
cells (blue) and 22 hepatocytes fully differentiated for 17 or 18 days (red). 42 out of 44 cells are on

the correct side of the dividing line — so are classified correctly, corresponding to an accuracy of

95.5%.
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Fig. 4. Differences between Raman spectra from embryonic stem cells and fully (17- or 18-day)
differentiated hepatocytes. The red curve is the simple subtraction between average spectra from
Fig 2. The black curve represents the difference between the same two groups, but only using the

two basis spectra PC2 and PC8.

27



e

o

o
1

' stemcCells
Il Hepatocytes |

=
A
o
1

i

Proportion of cells
=) o
-2 Y
= 4
1 1

0.05

0.00 —

0 20 40 60 80 100 120 140 160
Crossover frequency, s (kHz)

Fig. 5. Probability distributions of the Dielectrophoresis (DEP) cross-over frequencies (fx) measured

for embryonic stem cells in blue, and fully (17- or 18-day) differentiated hepatocytes in red.
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Fig. 6. Stimulated Raman Scattering images at 2930 cm™%, of (a) RCM-1 embryonic stem cells, and
(b) 18-day differentiated hepatocytes (maximum intensity Z-projection over a 10 um stack to
highlight all lipid droplets). Image sizes are 200 um, and laser powers at the sample are 30 mW of

811.3 nm and 30 mW of 1064.4 nm.
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Raman frequency

(wavenumbers, cm™)

Biomolecular assignment

Variation from stem cells

to hepatocytes

621 phenylalanine (amino acid) decrease
643 phenylalanine, tyrosine (amino acids) decrease
677,711 dimethyl sulphoxide (DMSO) same
720-722 DNA decrease
785-788 DNA/RNA decrease
811 RNA decrease
826 DNA decrease
854 tyrosine (amino acid) decrease
877 lipids increase
928-940 proline, valine (amino acid) decrease
1003 phenylalanine (amino acid) decrease
1032, 1057 lipids increase
1093 PO? (DNA) decrease
1126, 1156 proteins decrease
1208 phenylalanine (amino acid) decrease
1224,1242 B-sheet proteins increase
1301 lipids increase
1339 lipids increase
1421 DNA / RNA decrease
1437-1453 lipids (CH, deformation) increase
1573-1578 G,A (DNA bases) decrease
1640-1680 amide | (proteins) increase

Table 1: Assignment of biochemical species relating to peaks in Raman spectra in Fig. 4.




Cell Type Diameter (um) fxo (kHz) Crmem (MF/m?)

RCM1 (n=225) 12.8+1.6 70.9+17.7 17.4+4.2

Hepatocytes (n=80) 11.61£1.4 92.2+28.2 15.3+4.8

Table 2: Summary of dielectrophoresis data: cell diameter, DEP cross-over frequency (fxo) and
membrane capacitance (Cmem) — obtained for human embryonic stem cells (RCM-1) and their fully

differentiated progeny (hepatocytes).
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Supporting information
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Fig. S1. Schematic diagrams of atomic force microscope (AFM) mechanical measurements. (a) The
green AFM cantilever is brought into contact with a hard glass surface, and no net force deflects the
cantilever. (b) The fixed end of the cantilever is indented into a soft surface by a distance Zapply, and
the free end bends upwards by a distance Z:, (relative to the fixed end). The cantilever deflection is
measured by the movement of the reflected laser spot on a split photodiode. (c) A zoom of the
contact between the end of the AFM tip and cell membrane. The indentation 6, caused by a force
F, is calculated as the difference between the known Zsppy and measured Ziip. To fit AFM data, values
of F are offset so that the first recorded value is zero, and values of F are smoothed over 10 points
with respect to Zappy. The indentation 6 is calculated as 8 = Zapply - F/kiever , Where Kiever is the
cantilever stiffness. The indentation point is defined as the lowest value above which all values of F
are positive, where § is offset to zero. The first points of this curve is now (0,0) and the last point is
(Fmax,6max). The elasticity, E is calculated for F=Fmax and 6=0max from the Hertz model, F =

4/3.(E.RY2.8%/2) / (1-v®) where v is Poisson’s ratio = 0.37 for biological tissues (43).
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Fig. S2. Top: a representative force-distance curve on a glass surface (blue is the indentation ramp,
red is the retraction). The left part of the trace is the cantilever approaching the glass, then a hard
contact occurs. The gradient of the straight line is the used to calibrate the split photodiode from
Volts to nanometres. Bottom: a representative force-distance curve on a stem cell. Curves follow a
dependence of 632 (Hertz sphere model) rather than &2 (Hertz cone model) indicating that a sphere-

on-plane model is a more appropriate than a cone-on-plane (Sneddon) model.
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Fig. S3. Principal component analysis (PCA) scatter plots for Raman spectra of 22 embryonic stem
cells (blue squares) and 11 cells differentiated from stem cells toward hepatocytes for 7 days (green
circles). 32 out of 33 cells are on the correct side of the dividing line — so are classified correctly,

corresponding to an accuracy of 97%.
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Fig. S4. Principal component analysis (PCA) scatter plots for Raman spectra of 22 fully differentiated
hepatocytes (red squares) and 11 cells differentiated from stem cells toward hepatocytes for 7 days
(green circles). All 33 cells are on the correct side of the dividing line — so are classified correctly,

corresponding to an accuracy of 100%.
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Fig. S5. Principal Component Analysis (PCA) 3D scatter plot of Raman spectra for all groups (stem
cells in blue, 7-day differentiated hepatocytes in green, and fully differentiated hepatocytes in red).
When planes are added to delineate regions (visible as lines in the image, as the viewing direction
is contained within both planes), an accuracy of assignment of cell type of 91% (50/55 cells) is

achieved.
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(a) (b)

Fig. S6. Further stimulated Raman scattering (SRS) microscopy images at 2930 cm™, of (a) RCM-1
embryonic stem cells, and (b) 17-day differentiated hepatocytes (maximum intensity Z-projection
over a 10 um high stack to highlight lipid droplets). Image sizes are 200 um, and laser powers at the

sample are 30 mW of 811.3 nm and 30 mW of 1064.4 nm.
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Markers of RCM1 Differentiation into Hepatocytes
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Fig. S7. Immunofluorescence images of (left:) undifferentiated embryonic stem cells (RCM-1), and

(right:) cells differentiated for 17 days into hepatocytes. Both cell types were immunostained (green)
for two markers known to be strongly expressed in hepatocytes, human serum albumin (HSA) and
hepatocyte nuclear factor 4 alpha (HNF4A); and for one marker known to be strongly expressed in
embryonic stem cells, octamer-binding transcription factor 4 (Oct4). Both cell types were
counterstained with DNA stain DAPI. For clarity, these green channels are reproduced in greyscale
images in the second and fourth columns. Scale bars represent 20 um (all HSA and HNF4a images),
5 um (Oct-4 undifferentiated), and 10 um (Oct-4 differentiated). Embryonic stem cells were also
strongly proliferating (requiring passaging every 3-4 days), but differentiated hepatocytes did not

proliferate.
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