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Raman spectroscopy enables the label-free assessment of cellular composition. While live cell analysis is
the most accurate approach for cellular Raman spectroscopy, the analysis of fixed cells has proved to be
very useful, particularly in collaborative projects where samples need to be serially examined by different
laboratories or stored and reanalyzed at a later date. However, many chemicals that are widely used for
cell fixation directly affect cellular biomolecules, yielding Raman spectra with missing or altered infor-
mation. In this article, we compared the suitability of dry-fixation with saline versus chemical fixatives. We
compared the Raman spectroscopy of saline dry-fixed cells with the more commonly used formaldehyde
and methanol fixation and found that dry-fixed cell spectra preserved more cellular information than
either chemical fixative. We also assessed the stability of dry-fixed cells over time and found that they
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were stable for at least 5 months. Finally, a comparison of dry-fixed and live cell spectra revealed effects
due to the hydration state of the cells since they were recovered upon rehydrating dry-fixed samples.
Thus, for fixed cell Raman spectroscopy, we recommend dry-fixation with unbuffered saline as a superior
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1. Introduction

Raman spectroscopy is an information-rich, label-free analyti-
cal method that stimulated a wide range of research into appli-
cations for the analysis of biological systems."” It has been
shown to distinguish cancer cells and tissues,’* assess the
differentiation status of stem cells,>® identify immune cell
types and activation states,” and distinguish modes of cell
death.®® For cellular therapy manufacturing,® we are working
towards developing Raman spectroscopy as a non-destructive
on-line live-cell analysis method. However, for many research
and other applications there remains a need for the preser-
vation of samples for off-line analysis.
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method to formaldehyde or methanol fixation.

Chemical cell fixation is often used by biological research-
ers, both to preserve samples and prepare them for further
analyses, particularly in studies making use of microscopic
imaging techniques. While live cell imaging is possible, it is
often only practical in situations where the timescale of
imaging is short and minimal sample preparation is required,
such as cell-line-based studies where a protein of interest has
a fluorescent tag. When extensive sample preparation is
required, live cell imaging becomes impractical and fixation is
necessary. Common fixatives include aldehydes such as for-
maldehyde and glutaraldehyde, or solvents including metha-
nol, ethanol, and acetone. Formaldehyde fixation (also known
as paraformaldehyde or formalin fixation) is widely used, due
to its ease of application and compatibility with fluorescence
microscopy,'® while glutaraldehyde fixation is commonly used
for scanning electron microscopy.'® Alcohol fixatives, such as
methanol, are known to precipitate proteins and can be useful
for quenching innate fluorescence and for preserving cyto-
skeletal structure, albeit at the cost of losing small molecules
that are not precipitated.'® Physical cell fixation methods, such
as desiccation and vitrification, have seen limited use in bio-
logical applications, although vitrification is sometimes used
as an alternative to chemical fixation for electron
microscopy. '

A summary of the most common fixatives evaluated in the
context of cellular Raman spectroscopy is provided in Fig. 1,
along with their adverse effects on one or more cellular
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Fig. 1 A summary of commonly used cell fixation methods for Raman spectroscopy, and their associated pitfalls.

components. This shows how, for Raman spectroscopy, the
method of choice should depend on the information desired.
For example, alcohol-based fixatives should be avoided when
information about lipids is required, as alcohols solubilize cel-
lular lipids and thereby can attenuate lipid-associated Raman
peaks."" There have also been reports that the impact of a
particular fixative on Raman spectra depends on the cell type
analyzed.''® These effects make Raman spectra from chemi-
cally fixed cells complex to interpret, as fixation sample
changes should be accounted for in the data analysis. Also,
sample preparation protocols need to be followed precisely to
minimize sample variability. At worst, it may necessitate the
time-consuming development of tailor-made fixation protocols
for specific applications, such as could be done by formal-
dehyde fixation followed by OsO, critical point drying to pre-
serve the lipid droplet distribution in adipocytes.'® Ideally, a
fixative should minimize induced variations in band intensi-
ties, have minimal or no Raman signal of its own, not induce
autofluorescence, and preserve samples close to their biologi-
cal state to maximize diagnostic potential.'®

Most previously published literature examining cell fixation
for Raman spectroscopy focuses on analyzing the effects of
various chemical fixatives. Air-drying and desiccation of cells
cultured on quartz substrates and washed with phosphate-
buffered saline (PBS) are two physical cell fixation methods
that have been tested with Raman spectroscopy. Previously
reported results suggested that desiccation is preferable to air-
drying as a fixation method for Raman spectroscopy, as it gen-
erated more consistent and higher quality spectra, with a

2746 | Analyst, 2023,148, 2745-2757

(
.

View Article Online

Analyst

- ———

/7 A
( Organic Solvents \

\
H } * Organic solvent peak contributions,
reduced by fixative evaporation.
h * Major loss of lipid signal intensity, but
« % preservation of other signals in

Acetone H multicellular Raman analysis (12, 14).
* Loss of cytoplasmic content from |

Alcohols single cell Raman imaging (12, 14). |
Coagulate and precipitate proteins f
(22); solubilized lipids lead to loss of |
L membrane mtegnty (12). J/

e
.

———

U

- —

Carnoy’s Solution

{- Ethanol, chloroform and acetic acid
{ Raman peak contributions may
\
\

=
N

interfere with analyses (17). J

* Decreased protein and lipid Raman |

signals; increased preservation of [

. nucleic acids compared to )
Solution |\ formaldehyde fixation (13)

13-15,17-23

greater effect observed in adherent cells compared to suspen-
sion cells. The contribution of residual phosphate crystals to
these results remains unclear, with increased signals at
1002 cm™' (phenylalanine) and the appearance of several
peaks in the 1200-1500 cm™
and desiccated samples. These methods were compared to for-
maldehyde fixation, and it was found that desiccation yielded
the most consistent results out of the three methods." Saline
dry-fixation has the potential to both minimize alterations and
interfering Raman signals generated by chemical fixatives and,
since it does not include the phosphate buffer in PBS, any
spectral distortions arising from the presence of phosphate
crystals.

In this article, we report on the feasibility of dry-fixation
with saline for cellular Raman spectroscopy of Jurkat and
primary T-cells. Primary T-cells are of interest due to the
recent surge in their use for cell therapy, and the potential

! region observed in both air-dried

offered by Raman spectroscopy to serve as a process analytical
technology during their manufacturing.® We additionally
tested H1 human embryonic stem cells, a stem cell line that
has been used in guided differentiation studies towards pan-
creatic p-cells for the treatment of diabetes.>* We compared
saline dry-fixation with two well-established chemical fixatives,
formaldehyde, and methanol, to evaluate the consistency of
the methods and the impact of different concentrations of
these fixatives. We chose methanol and formaldehyde fixation
as the comparators because they have been evaluated against
several other fixation methods and have different deleterious
effects on cell spectra, thus highlighting the need for improved
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methods.”>™®> We also assessed how stable saline dry-fixed
samples are over time. Finally, we compared saline dry-fixed
and live cells to investigate the extent to which results from
dry-fixed samples can be compared to live-cell measurements.

2. Materials and methods
2.1. Cells and cell culture

Buffy coats isolated from human blood were obtained from the
Canadian Blood Services Blood4Research facility in Vancouver,
Canada.”® Primary CD3" T-cells were isolated using the
RosetteSep Human T-Cell Enrichment Cocktail (STEMCELL
Technologies, Vancouver, Canada). Isolated T-cells were cryo-
preserved in  Immunocult-XF  medium  (STEMCELL
Technologies) supplemented with 10% DMSO.

Cryopreserved primary T-cells or Jurkat cells were thawed in
a 37 °C water bath, and ~2 x 10° cells were seeded in T-75
flasks containing 15 mL Immunocult-XF medium sup-
plemented with 1x antibiotic-antimycotic cocktail (GIBCO,
Grand Island, NY). Primary cell culture medium was addition-
ally supplemented with Immunocult Human CD3/CD28/CD2
T-Cell Activator (STEMCELL Technologies). The flasks were
placed in a humidified incubator at 37 °C and 5% CO, for 3
days (Jurkat cells) or 5 days (primary T-cells). Then, the expo-
nentially growing cells were harvested and fixed for Raman
spectroscopy.

H1 human embryonic stem cells were obtained from WiCell
Research Institute, Inc. (Madison, WI) and maintained in com-
plete mTeSR 1 medium (STEMCELL Technologies) using T-75
flasks coated with 0.27 mg mL™" growth factor reduced
Matrigel (Corning, Corning, NY). At ~80% confluence, cells
were treated with 1x TrypLE Express Enzyme (Life
Technologies, Carlsbad, CA) at 37 °C for 5 minutes. Released
single cells were washed with saline and fixed for Raman
spectroscopy.

All cell handling was done in a sterile manner prior to
measurement, including cell culture and cell fixation. We do
not anticipate any possibility of contamination once the
samples are dried.

2.2. Cell fixation

For each fixation method, approximately 2 x 10° cells were first
collected and centrifuged at 300g for 5 minutes. The super-
natant was removed, the cells were washed once with saline,
then the washed cell pellets were treated as follows.

2.2.1. Saline dry-fixation. The physiological saline solution
was prepared by dissolving sodium chloride in deionized water
at a concentration of 154 mM to produce a 0.9% w/v solution.
The cell pellets were resuspended in 50 pL of saline that was
pipetted onto 12.5 mm diameter glass-encapsulated gold
mirrors (ThorLabs, Newton, NJ). The cell suspension was
allowed to slowly air-dry in a biosafety cabinet with no further
manipulation.

This journal is © The Royal Society of Chemistry 2023
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For comparison with live cells, saline dry-fixed cells were
rehydrated by gently aspirating 50 pL of distilled water, fol-
lowed by incubation at 37 °C for 30 minutes.

2.2.2. Methanol fixation. The cell pellets were resuspended
in 50 pL of 100% methanol and placed in a —20 °C freezer for
20 minutes. The cell/methanol suspension was pipetted onto
the gold mirrors and allowed to air-dry in a biosafety cabinet
with no further manipulation.

2.2.3. Formaldehyde fixation. Formaldehyde solution was
prepared by dissolving paraformaldehyde powder in phos-
phate-buffered saline (PBS) to achieve a concentration of 5%
w/v, then pH adjusted to 7.4. Stabilizing agents, such as
methanol, were not added to this solution to avoid possible
impacts on Raman spectra. The solution was stored at 4 °C
and used for up to 1 month. Washed cell pellets were resus-
pended in 50 pL of formaldehyde solution and incubated at
room temperature for 15 minutes. The cells were then washed
once more with saline to remove residual formaldehyde and
phosphate buffer, resuspended in 50 pL of saline, pipetted
onto the gold mirrors and allowed to air-dry in a biosafety
cabinet with no further manipulation.

Each dried spot represented one “sample”. Up to two
samples were dried on one gold mirror while ensuring there
was no contact between them. 3-5 biological replicate samples
were tested for each experiment described; the exact number is
indicated in the corresponding figure.

2.3. Raman spectroscopy

All fixed samples were stored at 4 °C until Raman spectra were
collected. Raman spectroscopy was performed using an
inVia™ Raman microscope (Renishaw, Gloucestershire, UK)
equipped with a 785 nm diode laser that provided ~100 mW
power at the sample.?® The Raman microscope was calibrated
using a silicon wafer standard at the start of each day of
measurement. Raman spectra from the fixed-cell samples were
acquired in map acquisition mode, a built-in acquisition mode
in WIRE 4.4 (Renishaw) that enables collection of spectra
along the points of a uniformly spaced grid on the sample
surface. Spectra were collected using a 50x objective lens
(Leica Microsystems, Wetzlar, Germany) with 10 s acquisition
time per spectrum; 50-70 spectra were collected per sample
and subsequently averaged. Each spectrum was estimated to
contain information from 10-15 cells.

For live cell spectroscopy, ~20 x 10° Jurkat cells suspended
in 50 pL of saline were pipetted onto a gold mirror. The cell
suspension was covered with a CaF, cover slip and Raman
spectra were acquired as described previously but with a 40 s
acquisition time per spectrum to improve the signal-to-noise
ratio. While some cell movement was observed, the high con-
centration of cells yielded high-quality spectra.

2.4. Data analysis

Spectra were preprocessed using a suite of automated pro-
cedures, including baseline correction, smoothing, and
cosmic ray spike removal, implemented in MATLAB
(MathWorks, Natick, MA).>” Depending on the type of analysis
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performed, different normalization protocols were used due to
the varied effects of the fixatives on cellular components. We
normalized spectra to the nucleic acid peak at 782 cm™" for uni-
variate analyses to control for potential differences in sample
thickness and resulting spot-to-spot variability in cell material
as well as laser power fluctuation and enable comparisons
between different samples. Raman spectra were constant-sum
normalized for principal component analysis (PCA) as this often
improves scores-based clustering. The PCA and paired ¢-tests for
statistical analysis were performed using MATLAB.

Standard deviations were calculated using MATLAB. Upper
and lower standard deviations were calculated separately, to
more accurately reflect their respective deviations from the
mean spectra, using the following formulae -

N = number of points for a given wavenumber.

X = the mean of these N points.

ny = number of points greater or equal to the mean.

ny, = number of points less than the mean.

1) &
Upper standard deviation SDy = (—> Z(xi —%)?

nu

n

.. 1 - _
Lower standard deviation SD;, = (n_) 5 (x; — x)2
L
j

1

Standard deviation for all points SD =

3. Results

3.1. Comparative evaluation of saline-dry fixation

We compared Raman spectra from saline dry-fixed, methanol-
fixed, or formaldehyde-fixed primary T-cells (Fig. 2A and C),
Jurkat cells (Fig. 2B and D), and H1 human embryonic stem
cells (Fig. S1A and Bf). Methanol-fixed cells of all cell types
showed the greatest differences compared to the other two
methods, most notably a distinct reduction or total loss of
lipid-associated peaks, including 717 em™, 1065 cm™,
1095 cm™, 1255 cm™}, 1300-1305 cm™* and 1450 cm™*. This
loss of lipid signals also influenced peak shapes as shown by
how a reduced 717 cm™" phospholipid signal in methanol-
fixed cells is likely responsible for the disappearance of the
shoulder in the inset peaks, and the displacement of the peak
maximum by ~2 cm™" (Fig. 2A and B).

Methanol-fixed cells generated more intense protein
signals, which is an expected outcome of protein precipitation.
The formaldehyde-fixed cell spectra had an overall decrease in
intensity, particularly in nucleic acid- and protein-associated
peaks, as can be seen in unnormalized mean spectra
(Fig. S27). This was not clear in the (Fig. 2A and B) spectra
since there were normalized to the 782 cm™" nucleic acid peak.

Additional analysis of formaldehyde-fixed spectra proved
troublesome due to the appearance of many formaldehyde
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peaks (918 em™, 1100 ecm™', 1335 cm™', 1388 cm ' and
1490 cm ™), which resulted in greater spectral inhomogeneity.
We evaluated a spectrum of formaldehyde dissolved in saline
and dried and observed the aforementioned peaks (Fig. S157).
We expect this inhomogeneity was amplified by the residual
formaldehyde distributing unevenly in the samples during
drying. Nevertheless, peaks not directly altered by the presence
of formaldehyde also showed greater variability in formal-
dehyde-fixed samples, including 1002, 1030, 1300-1305, and
1450 cm™'. In contrast, saline dry-fixed cells showed greater
spectral consistency across all replicates, while preserving
most lipid-, protein-, and nucleic acid-associated peaks
(Fig. 2A and B, S1At). These observations were confirmed by
PCA (Fig. 2C and D, S1Bf), where methanol-fixed spectra
showed clear separation along the first principal component,
formaldehyde-fixed spectra showed the greatest variability
across replicates in both principal components, and saline
dry-fixed spectra overall showed greater consistency than the
other two methods. Notably, saline dry-fixed spectra also pre-
serve evidence of primary T-cell donor-to-donor variability in
PCA (Fig. 2C and S13f), where the three indicated clusters
formed correspond to spectra from different donor samples
(scores from two donors overlap at the lowest PC1 values).

Lastly, we also compared air-drying in a biosafety cabinet to
desiccation for saline dry-fixation and observed no significant
differences between the methods (Fig. S117).

3.2. Effects of fixative concentration

To further clarify the effects of these fixatives on specific peaks
in Raman spectra, we tested four concentrations for each fixa-
tive. Deionized, distilled water was used to prepare diluted
solutions of each fixative at concentrations of 100%, 75%,
50%, and 25% relative to the stock concentrations. For
example, “100%” refers to the typically used concentration of
the fixative —154 mM NaCl for saline, 5% w/v paraformalde-
hyde solution, or undiluted methanol. Mean spectra from
saline dry-fixed samples showed relatively minor differences
across the range of wavenumbers measured. A decrease was
observed in some protein- and lipid-associated peaks at 25%
and 50% saline - notably, 1002 cm™", 1126 cm™", 1155 cm™,
the amide III region from 1220-1260 cm™', 1310 cm™,
1337 em™, and 1448 cm™, however the decrease is <10% of
the maximum measured intensity in each peak (Fig. 3A). The
inset in Fig. 3A shows excellent consistency across concen-
trations for lipid and adenine signals. This suggests that dry-
fixation with saline does not systematically alter the Raman
activity of these cellular biomolecules. The observed differ-
ences can likely be attributed to some lysis when cells were
exposed to low osmotic pressures in samples fixed with
diluted saline. PCA confirmed the minimal impact of these
differences, with data from all concentrations overlapping and
no evidence of separate clusters at the different saline concen-
trations (Fig. 3D).

Spectra from formaldehyde-fixed cells showed numerous
effects dependent on fixative concentration. Many formal-
dehyde peaks were observed to arise (918 cm™", 1100 cm™,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2an01916g

Published on 14 kvtna 2023. Downloaded on 31.01.2026 5:01:33.

View Article Online

Analyst Paper
T T
3.5 A
Q0 p ——Saline B
7257cm : ——Formaldehyde
3l 717 cm? Methanol el
25+ =]
3 |
2 2F _
[0
= |
15 782 cm't T
> Formaldehyde| |
U contamlnatlon .
f, /
0.5 - / ‘ |
on AL A A SN | /\ L‘/)( A/ X V\\ Y VYA
500 600 700 800 900 1000 1100 1200 1300 1400 1500
Raman Shift (cm™")
T T T T T T T T T T
45- B Formaldehyde T B
al 725cm™? contaminatioW ——Formaldehyde a
’ Methanol
35+ 717 cmt / [\ -
3r _
=
2251 ‘ -
(]
IS
£, N
15 782 cm? =
'
1 & I
\ |
05 a A |~ |
Aa s A A A
o .,_LXA\_& __’\_ IA. 2% J_N_ AAJUNY VAR NS A ) W Y
500 600 800 900 1000 1100 1200 1300 1400 1500
Raman Shift (cm'1)
0.015 T T T 0.01 .
C PC1=51.2% | © Saline
PC3=19.4% | © Formaldehyde 0.005 -
0.01 | o Methanol 1
° [+]
[ 0f
i3
- 0.005 ° o o 0-005}
O O
o 9P % o0t} 1
0r 6’ : 1 : PC1=60.2%
o3 20 8 PC2 =10.4%
) -0.015 = ° 1
L o \ | o Saline =
-0.005 © Formaldehyde <
== leferent donor -0.02+ Methanol °
2 clusters
-0.01 : : : -0.025 : : ° .
-0.02 -0.01 0 0.01 0.02 -0.03 -0.02 -0.01 0 0.01 0.02
PC1 PC1
Fig. 2 Normalized mean spectra from saline dry-fixed, methanol-fixed, and formaldehyde-fixed cells. (A) Mean spectra from primary human T-cells

cells (n = 4 biological replicates) and (B) mean spectra from Jurkat cells (n = 4 biological replicates) showed expected differences between the
fixation methods. Shaded regions indicate upper and lower standard deviations of biological replicates, calculated separately. PCA of (C) primary
T-cell spectra and (D) Jurkat cell spectra showed clear separation between the different fixatives, with indications of donor-to-donor variability pre-

served in saline dry-fixed primary cell spectra.

1335 cm ™, 1388 cm™" and 1490 cm™") and their relative inten-
sities were directly correlated with formaldehyde concentration

in 782 em™! normalized mean spectra (Fig. 3B), except for 75%

This journal is © The Royal Society of Chemistry 2023

formaldehyde which had slightly higher signals than 100% for-
maldehyde. Adding multiple wash steps may help reduce or
eliminate the signal contributions of residual formaldehyde to
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a certain extent,”® however the effects of formaldehyde fixation
on other peaks listed below are expected to persist. We tested
this further by washing formaldehyde fixed cells up to three
times; this experiment was performed by two different users in
parallel (Fig. S161). While additional wash steps reduced the
signal contribution from formaldehyde in most cases, user #1
observed the highest average formaldehyde signal after two
washes, indicating stochasticity of residual formaldehyde dis-
tribution on the sample surface. Additional wash steps also
showed decreasing intensity of lipid signals (including 717,
1255, 1303 and 1450 cm™"), as well as loss of intensity in the
515-540 cm ™" region. Data from both users showed that three
washes were insufficient to completely remove residual formal-
dehyde signals. The inset in Fig. 3B shows good consistency of
the 717 em™" lipid signal across concentrations, but a slight
decrease of the 725 cm™" adenine signal at higher formal-
dehyde concentrations. Most protein-associated peaks (notably
621 cm™', 643 cm™, 827 cm™', 851 cm™', 1002 cm™,
1125 em ™' and 1220-1260 cm™ ") also increased with increas-
ing formaldehyde concentration, however comparing trends in
peak intensity with 782 cm™" normalized data is expected to
be inaccurate as formaldehyde likely influences nucleic acid
signals. We further analyzed these spectra using PCA, after
removing the 895-935 cm™" data containing the largest formal-
dehyde peak, to minimize the impact of formaldehyde signal
(Fig. 3E). The data from all concentrations showed some
overlap, but with varied clustering at the different formal-
dehyde concentrations. While the 25% formaldehyde formed a
single cluster, the data from 100%, 75% and 50% formal-
dehyde each formed two or more clusters in the PCA. The first
principal component showed strong contributions from
1440 cm™', 1330 cm™Y, 1300 cm ™! and 1260 cm™?, while the
second principal component showed strong contributions
from 780 cm™, 1002 cm™', 1093 cm™!, 1337 cm™' and
1450 cm™" (Fig. S31), indicating that both peaks generated by
formaldehyde as well as peaks impacted by formaldehyde fix-
ation contribute to the observed clustering. These results
suggest that formaldehyde concentrations typically used for
cell fixation introduce unpredictable variability in cell Raman
spectra through distortion of cell macromolecular peak inten-
sities as well as potential formaldehyde signal contributions.
Methanol-fixed cell spectra showed relatively predictable
changes in comparison to formaldehyde. The intensity of
lipid-associated signals (717 cm™, 1065-1080 cm™,
1265-1270 cm™', 1300 cm ™" and 1448 cm™') was inversely cor-
related with methanol concentration in 782 cm™" normalized
spectra (Fig. 3C). The inset in Fig. 3C shows increasing lipid
signals at 717 cm™" with decreasing methanol concentration.
Unexpectedly, decreased protein signals (621 cm™, 643 cm ™,
1002 cm ™", 1031 cm™ ') were observed in 25% and 50% metha-
nol spectra, along with substantial distortion of the amide III
region (1220-1260 em™"). This may be caused by a loss of
membrane integrity, perhaps due to the cells experiencing
osmotic stress when exposed to methanol diluted with water,
or due to partial freezing of cell suspensions in diluted metha-
nol during incubation at —20 °C. PCA showed relatively clear
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separation of the data from the different concentrations
(Fig. 3F). The two lower methanol concentrations showed
greater variability, which is an expected outcome of the lower
signal-to-noise ratio observed in spectra from those samples.

3.3. Temporal stability of saline dry-fixed cells

One of the major advantages of chemical fixatives is their
ability to preserve samples for long periods of time, up to
several years in some cases. We wanted to establish how long
saline dry-fixed samples could be stored without substantial
loss of Raman spectral quality. To assess this, we dry-fixed
Jurkat cells with saline and measured them over time, with
multiple measurements over the first week, followed by weekly
measurements for the first ~1.5 months, and bi-weekly
measurements up to 7 months (n = 3 biological replicates).
Samples were stored in a 4 °C refrigerator between measure-
ments. No specific light parameters were considered for this
study. Mean spectra from each replicate showed good consist-
ency, with standard deviations <10% of the mean across the
measurement range (Fig. 4A). We further examined this data
by comparing standard normal variate (SNV) profiles of unnor-
malized representative peaks for proteins (1002 cm™ phenyl-
alanine), total nucleic acids (782 cm™"), lipids (1303 cm™" CH3/
CH, twisting and bending modes), and carbohydrates
(937 em™) (Fig. 4B, S4A and S5AT). SNV profiles showed vari-
ations over time that correlated well with unnormalized peak
intensities and did not show a consistent decline over time for
peaks from any macromolecule (Fig. 4B and C, Fig. S4A, B and
S5A, Bf). Normalized intensities for the same peaks (with
725 cm™" replacing 782 cm™') showed excellent consistency
over the range of measurement, with <10% differences over
the time-course and no monotonic decline observed in any of
the peaks tested (Fig. 4D). We visualized the time-course data
using surface plots of 782 cm™ normalized mean spectra
across the range of measurement days, that showed few
changes across the spectral range (Fig. S61). While fluctuations
are observed in many peaks throughout the measurement
range, these differences were not monotonic and can likely be
attributed to cell-cell variations in the specific regions of the
sample that were measured. Paired t-tests were performed on
selected normalized peaks between days 0-49 and 50-220 of
the time course of measurement and showed that the change
in intensity was small but statistically significant for the nor-
malized peaks tested (725 cm™, 937 cm™, 1002 cm™' and
1303 cm™") across three replicates, suggesting that some
sample degradation cannot be ruled out over 7 months of
storage (Fig. S121). However, the same peaks did not show a
statistically significant difference between days 0-28 and 29-90
of measurement in any of the replicates tested. PCA showed
some overlap for data from days 0-60 and 61-150, with greater
separation observable in PC2 from days 151-210 (Fig. 4E). An
examination of principal component loadings revealed deriva-
tive-like features in three sharp protein-associated peaks
(621 em™, 643 cm™" and 1002 cm™') in PC2, suggesting that
the observed separation arises from slight wavenumber drifts
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over time combined with the large number of sampling days,
and not from systematic macromolecular changes (Fig. 4F).

A similar examination was performed for the other two
replicates (Fig. S4-S61). While replicate 2 (Fig. S4 and S6BfY)
showed excellent agreement with Fig. 4, the data from replicate
3 (Fig. S5 and S6Ct) showed a greater decline in intensity for
some macromolecules. A 10-20% decrease was observed in
many protein-associated peaks in the latter half of the time
course of measurement (621 cm™', 643 cm™', 757 cm™’,
827 ecm™, 834 ecm™', 934 cm™', 1002 cm™', 1100 cm™,
1220-1260 cm™" and 1337 cm™). A decrease of 15-20% was
observed in lipid-associated peaks at similar timescales to
protein signals (596 cm™, 717 em™", 1082 cm ™", 1101 cm ™,
1265 cm™', 1303 cm™%, 1315 ecm™* and 1448 cm™'). Lastly, a
decrease was also observed in nucleic acid-associated peaks -
adenine (725 cm™"), RNA (811 cm™") and thymine and guanine
(667 cm™). However, since these differences over time were
largely not monotonic and were not observed in either of the
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other two replicates, we expect it is a result of uneven sampling
of Raman spectra from the sample over the time course, and
not a systematic change in the macromolecular content of the
cell samples.

3.4. Comparison of live and saline dry-fixed cells

Live cell spectroscopy is the gold standard for cellular Raman
spectroscopy, and ideally would enable the sample-free ana-
lysis of cells cultured for therapy.® We compared live and
saline dry-fixed Jurkat cell Raman spectroscopy to characterize
the impacts of dry-fixation and thereby assess how effectively
fixed-cell sample analysis can predict live cell results. Saline
dry-fixed cells were also rehydrated with deionized water after
spectral acquisition, to help clarify the hydration effects on the
spectra.

Mean spectra from live and saline dry-fixed samples were
normalized to the total nucleic acid peak at 782 cm™ in

each spectrum (Fig. 5A). Several differences were observed
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Fig. 5 Normalized mean spectra from live and saline dry-fixed Jurkat cells. (A) Mean spectra (n = 4 biological replicates) showed many different fea-
tures in protein- and lipid-associated peaks between live and saline dry-fixed cells, both in peak shape and intensity. The shaded regions indicate
upper and lower standard deviations of biological replicates, calculated separately. (B) The samples clustered separately in PCA, with saline dry-fixed
samples showing less variability than live cells. (C) PC loadings show the basis of separation, with differences in the 1300-1340 cm™ region domi-
nating the separation of live cells along PC1, and differences in nucleic acids and 1100 cm™ dominating the separation along PC2.
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across the spectral range tested. Most protein- and lipid-
associated peaks showed greater intensity in dry-fixed cells
compared to live cells, including 515-540 cm™, 621 cm™,
643 cm™', 828 cm™, 853 cm™', 879 cm™', 1002 cm™,
1031 cm™, 1155 cm™!, 1173 cm™, 1205 cm™},

1220-1260 cm™', 1337 cm™' and 1448 cm™' (proteins) and

596 cm™', 717 ecm™', 1101 em™', 1265 ecm™, 1303 cm™,
1315 cm ™" and 1448 cm™" (lipids). Some nucleic acid-associ-
ated peaks showed greater intensity in saline dry-fixed
samples (667 cm™", 725 em™" and 1577 ecm™'), while others
showed greater intensity in live cells, including the RNA
peak at 811 cm™ ", and the low intensity peaks at 1373 cm ™,
1421 em™" and 1513 em™ .

Saline dry-fixed samples were subsequently rehydrated, to
understand which spectral changes occurred because of the
hydration state of the sample (Fig. S14}). Rehydrated
samples generally showed lower intensity in many protein-
and lipid-associated peaks, suggesting sample changes
during the fixation-rehydration process. Substantial peak
shape changes were observed in saline dry-fixed cells com-
pared to live cells at 530 cm™, 725 cm™', 749 cm™},
1045 cm™', 1080-1102 cm™', 1220-1260 cm™', 1304 cm™,
1320 cm™' and 1490 cm™. These shape changes were recov-
ered upon rehydrating saline dry-fixed samples at all peaks
listed above except 530 ¢cm ™' and 1318 cm™', suggesting
that the changes in the shapes of other peaks is a result of
the hydration state of the sample (Fig. S14At). A peak shift
was observed in dry-fixed samples that produced a peak
with maximum intensity at 782 cm™', a total nucleic
acid peak, while hydrated samples produced a maximum
intensity at 784 cm™'. No such difference was observed in
other sharp peaks including 621 cm™, 643 cm™' and
1002 cm™ .

Live and saline dry-fixed samples clustered separately in
PCA (Fig. 5B) along the first principal component; this is an
expected result based on the large variability observed in the
mean spectra across multiple peaks. Adding rehydrated
samples to this analysis produced a similar result, with live
and dry-fixed rehydrated samples clustering separately along
PC2 (Fig. S14Bt). Saline dry-fixed samples showed the least
variability in PCA and formed a tight cluster, while the rehy-
drated samples showed more variability and live cells showed
the greatest variability along PC1. An examination of PC load-
ings revealed that dried and hydrated samples separate pri-
marily based on the 1300-1340 cm ™ region, along with strong
contributions from 1002 cm™" and 1448 cm™" (Fig. 5C and
S14Ct). It is expected that much of the variability observed in
live samples along PC1 is also based on differences in
1300-1340 cm ™', as an examination of raw and preprocessed
unnormalized spectra indicated substantial variability in that
spectral region (Fig. S71). The dry-fixed, rehydrated spectra
were distinguished along PC2 based on the amplified signal at
1100 cm™’, along with strong contributions from 1002 cm™
and 782 cm™', suggesting possible reorganization or degra-
dation of the rehydrated nucleic acid and protein cellular
components.
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4. Discussion and conclusions

Compared to the rapid and intensive development of Raman
spectroscopy data pre-processing and data analytics, relatively
little analysis has focused on developing improved methods
for cell sample processing. In this article, we examined the
effects of unbuffered saline dry-fixation on the Raman spectra
of cells and contrasted these effects with the commonly used
chemical fixatives methanol and formaldehyde. While chemi-
cal fixatives have many applications in other biological
research, in Raman spectroscopy applications their tendency
to introduce or alter molecular vibrations impacts their inter-
pretability, often producing spectra with diminished or con-
founded signals.

Methanol fixation solubilizes lipids but precipitates pro-
teins; precipitated proteins produce strong Raman bands with
excellent signal-to-noise ratio, leading to very high overall spec-
tral quality, albeit with drastically reduced lipid signals and
rearranged lipid distribution across the sample. This obser-
vation was also consistent with the observation that methanol
concentration was inversely correlated with lipid signal inten-
sity. Indeed, methanol fixation may be a suitable method
in situations where the required information does not include
contributions from lipids, and intracellular resolution is not
required as the distribution of biomolecules is altered by lipid
solubilization and protein precipitation. However, methanol
diluted with water results in spectra with unexpected peak
changes and worse signal-to-noise ratio as evidenced by
Fig. 2C, and as such it makes sense that diluted methanol is
not used for Raman spectroscopy cell fixation.

Formaldehyde-fixed cell spectra proved to be the most trou-
blesome to deal with out of the methods tested. We rec-
ommend avoiding formaldehyde fixation, when possible, as
this method was the least reproducible across all our tests.
Comparing raw and preprocessed spectra from a single biologi-
cal sample for each fixative showed that cells fixed with formal-
dehyde produced the greatest variability within a sample
(Fig. S8t). From the same figure, it is also evident that this
variability arises from both greater sample inhomogeneity as
well as differing strengths of formaldehyde signal, despite a
saline washing step. Additional washing steps did generally
reduce residual formaldehyde signals but did not eliminate
them, and instead also led to diminished lipid peak intensi-
ties, suggesting that formaldehyde signals cannot be elimi-
nated without loss of macromolecular signal intensity
(Fig. S167). Further, we observed differences between reported
Raman signals from formaldehyde-fixed tissues and our for-
maldehyde-fixed cells. Typically reported formaldehyde signals
from tissues include 907 cm™, 1041 cm™, 1254 cm™?,
1490 cm ™" and 1492 cm™'.?%2° In contrast, we observed strong
formaldehyde contributions at 917 cm™, 1094 cm™,
1335 cm™', 1387 cm™" and 1490 cm ™" that were highlighted in
a formaldehyde-fixed Jurkat cell sample that had been impro-
perly washed (Fig. S9t). These differences may arise from
inherent variability between cells and tissues, and from fix-
ation protocol differences. For example, tissues are usually
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fixed for longer time periods (several hours) to enable formal-
dehyde to penetrate into the tissue, while we fixed cells using a
10-minute incubation in formaldehyde. Additionally, in
addition to formaldehyde, commercially purchased formalin
typically contains 10% methanol as an additive to facilitate
storage and prevent degradation, which may further influence
Raman spectra. We avoided this confounding factor by using
freshly prepared formaldehyde from paraformaldehyde
powder.

In aqueous solutions, formaldehyde is hydrated to form
methylene glycol. Carbonyl formaldehyde (also called “de-
hydrated” formaldehyde) and methylene glycol exist in equili-
brium in aqueous solution which favors methylene glycol, and
more carbonyl formaldehyde is generated as the existing for-
maldehyde is removed from the solution by the fixation reac-
tion. Both methylene glycol and carbonyl formaldehyde can
form cross-links and fix cells and tissues. The most important
parameter influencing fixation rate is reported to be the shift
in equilibrium towards the formation of more carbonyl formal-
dehyde, which can be achieved by using higher temperatures
or a slightly alkaline pH of 7-8.>* It has also been reported
that Raman spectra of formaldehyde solutions primarily
correspond to methylene glycol; the presence of carbonyl for-
maldehyde may thus also contribute to the observed differ-
ences between previous reports of formaldehyde fixation and
the peaks observed in our dehydrated samples.>?

We chose unbuffered saline as the cell suspension solution
for physical fixation as phosphate crystals produced upon
drying phosphate-buffered saline (PBS) generates substantial
distortions in the biological fingerprint region of Raman
shifts, notably at 1002 cm™', multiple peaks from
1200-1340 cm™, 1418 cm™, 1430 cm™' and 1454 cm™*
(Fig. S10%1). Saline dry-fixation produced more consistent
spectra than formaldehyde or methanol fixation over a similar
scanned area in multiple samples, suggesting that the samples
produced by dry-fixation were more homogeneous. This was
further supported by saline dry-fixed samples having the
lowest overall standard deviation from the mean and with the
least spread in PCA across both Jurkat and primary T-cells.
Notably, the evidence of donor-to-donor cell variability was
preserved in the PCA of saline dry-fixed primary T-cells,
whereas it was not for the formaldehyde and methanol fixation
methods. Donor-to-donor variability is a feature of primary
cells isolated from different donors.***" Since investigating
this variability is of great interest, the preservation of these
inherent differences is an important advantage of the saline
method.

Dry-fixing with different dilutions of saline did not produce
systematic alterations in spectra, while similar tests with
methanol and formaldehyde did produce systematic altera-
tions, further supporting the conclusion that saline dry-fix-
ation has minimal direct impacts on samples. We examined
saline concentrations as low as 10% and did not observe a
large effect on collected spectra, and they remained compar-
able with spectra collected from 25% and 50% saline concen-
trations (data not shown). Though low salt concentrations
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would also be expected to produce osmotic stress, it is likely
less severe than would occur in diluted methanol where no
salt is present. We also tested saline dry-fixation for single cell
spectroscopy (data not shown) and generated high-quality
spectra from single cells; however, we would recommend using
diluted saline (25%) as using the 100% saline concentration
makes individual cells difficult to visualize due to the presence
of salt crystals. Some cell shrinkage is observed during the
drying process, which is an expected outcome of increasing
salt concentration in the extracellular environment.

Previous reports have indicated that desiccation is preferred
to air-drying for physical fixation."> We compared our method
of slow air-drying in a biosafety cabinet to drying in a desicca-
tor as previously recommended and observed no differences,
suggesting that either drying approach is acceptable for saline
dry-fixation (Fig. S11t). However, loss of spectral quality was
observed when we used a fast stream of air to rapidly dry a
sample (data not shown).

It is important to know how long samples can be stored
without substantial changes to their Raman spectra, including
in cell therapy clinical trials where adverse outcomes may arise
months after cells are administered. Measurements of stored
cell samples are particularly useful for retrospective biomarker
discovery, once therapeutic or other process outcomes are
known. We assessed the stability of saline dry-fixed samples
after up to ~7 months of storage. Minor variability (<5%) was
observed in sharp protein-associated peaks in the first several
measurements, up to ~90 days of storage. Subsequently, a
10-20% decrease was observed in protein- and lipid-associated
peaks compared to fresh samples, as well as a larger decrease
in RNA at 811 cm ™, with the greatest decline occurring during
the last ~40 days of storage. These observations suggest that
the decline in signal intensity begins around two months of
storage, but saline dry-fixed samples produce reasonable
quality spectra till at least the 6-month mark. The small, sys-
tematic changes observed over the period of storage should
not substantially interfere with analysis in a therapeutic cell
manufacturing context. We expect that useful measurements
of these samples can be made even beyond the recommended
storage period, as long as temporal peak stability for the cell
types in question are tested, and the user is aware of the slight
losses in peak intensity over time.

Live cell spectroscopy is generally considered the gold stan-
dard for cellular Raman spectroscopy and it enables the poten-
tial of non-destructive, label-free analysis. This is particularly
relevant in applications such as cell therapy manufacturing,
where Raman spectroscopy implemented in a non-invasive
manner may be one of the few methodologies that can provide
near continuous information about the state of cells during
the manufacturing process.® In practice, however, Raman
facilities generally do not have the equipment or expertise to
handle complex cell culture protocols. In such cases, fixed cell
analysis is an essential intermediate step to establish the suit-
ability of Raman spectroscopy towards monitoring a cell
culture process and its outcomes. To this end, we compared
live and saline dry-fixed cells to establish what systematic
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changes occur in dried samples, and rehydrated the dry-fixed
samples to determine which spectral features can be recovered
by rehydration. While several changes were observed between
dry-fixed and live samples, most peak shapes were recovered
upon rehydration. There was a loss of intensity in some peaks
of the rehydrated sample, suggesting sample changes during
the fixation-rehydration process. Dry-fixed samples showed
greater consistency than live cells in PCA, likely due to the live
cell suspension movement, as opposed to dried samples
which formed a thinner, static layer during the drying process.
The recovery of some aspects of live cell spectra suggests that
rehydration could be used to approximate live cell spectra as
rehydration appears to provide an intermediate condition
between saline dry-fixed and live cells. We expect this inter-
mediate condition arises from a reorganization of cellular
macromolecular content during the rehydration process,
where hydrophilic nucleic acids and some proteins would
readily dissolve in water, while hydrophobic lipids and pro-
teins would remain insoluble, leading to differing concen-
trations of these macromolecules in the Raman sampling
volume between live and rehydrated samples. Given these
observations, we expect that univariate analyses can be trans-
lated from dry-fixed to live cell settings with relative consist-
ency, as long as the user is aware of the systematic differences
arising from hydration. Multivariate analyses may require
greater effort for adaptation, as dry-fixed samples produced
spectra with greater consistency than live samples (Fig. S77).

In summary, we recommend physical dry-fixation with
unbuffered saline as a superior alternative to chemical fixa-
tives. While a more thorough examination of fixation effects
would be valuable, the apparently minimal direct impact on
biomolecules and consequently on Raman spectra enables
easier interpretation of spectra and translation to live-cell set-
tings. Consistent, high-quality spectra generated from dry-fix-
ation enable further univariate and multivariate analyses to
proceed with greater confidence and without difficult, often
subjective corrections. The opportunity for increased collabor-
ations between Raman spectroscopists and biologists should
lead to more rapid advancements in the applications of
Raman spectroscopy to biological research.
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