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We develop a quantitative Raman microscopy approach to study erythrocyte biochemistry at the sub-
cellular level. To model Raman microscopy images, we review theory of Raman tensors and derive
expressions for Raman responses suitable to compute Raman micro-images accounting effects of radial
and vertical deformations of cellular envelopes. In application to membrane components, we extend the
approach to a “counted per rotation” fast imaging protocol: once having Raman tensors for a molecule,
precomputed expressions of molecular distributions can be used to construct Raman images of the
modelled membrane envelope and its Raman spectra under any polarisation setting instantly. Using the
theory, we review sub-cellular distributions of oxy-, deoxy- and methaemoglobins, as measured in
experiment, considering their role in oxygen transport and oxidative stress mechanisms in the cytosol
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and when next to a membrane. We discuss possible applications of the approach in membrane specific
studies, and its potential for combination with phase-sensitive and confocal fluorescence microscopy
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Introduction

One of the products of blood cell production - erythrocytes (or
red blood cells, RBCs) provide oxygen transport,' ensure that
most of the CO, is transported as bicarbonate,* take part in the
regulation of optimal blood flow,”® and affect vascular
tension.”® Also, the cells play a role in immunity’ and anti-
bacterial responses.'*!!

Counting RBC, as well as monitoring their shape and size
are routinely used in health checkups as these properties
provide valuable information on physiology. Typically, mature
mammalian RBCs are flexible, oval biconcave discocytes in the
size range of 2 to 6 um."> Departure from the regular shape may
indicate anaemic tendencies,"® physiological perturbations,"*'>
and neurodegenerative processes.'® Moreover, the composition
of RBC membranes may provide information on general
deficiencies,”'® the presence of excess reactive-oxygen species,'’
diabetes biochemistry®® and neurodegenerative processes.”’>

Since discovering that the size and shape of erythrocytes
vary with environment,>*® membrane biophysics,>® and
biochemistry,”” modelling of equilibrium shapes and devia-
tions from the same has attracted significant research.?®°
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for advancing health care diagnostics.

Understanding principles of structural integrity and plasticity
in connection to the biochemistry of the membrane and
cytoskeleton are of clear importance when supporting the main
function of RBC - oxygen transport. Indeed, correlation of
RBCs’ shape and haemoglobin content has been observed
experimentally.** For resolving cellular restructuring and sub-
cellular biochemical reactivities, confocal Raman microscopy,
due to its ultimate capacity of subwavelength spatial resolution
and sensitivity to molecular structure, has the potential to
quantify spatial gradients of characteristic chemical species
in different RBC compartments with time. Also, using specific
excitation wavelengths, the Raman signal may be tuned to
enhance spectral response from specific molecular systems.*?
At the same time as controlling polarisation settings for excita-
tion and emission radiation, one may sample signal from sub-
sets of molecular orientations in space.’?

Characterization of RBC sub-cellular molecular distribu-
tions has attracted considerable attention. Early fluorescence
studies suggested possible haemoglobin association with
membranes.®® The reported binding was assigned to interac-
tions with the inner segment of a band 3 protein complex,*
and with glycophorin and phospholipid specific sites.*®
Dynamics of haemoglobin form distribution within an envel-
ope in dependence on chemistry and physiology of the local
environment is an open research frontier. From this perspec-
tive, sensitive to electronic pre-resonance and controlled by
the polarisation of the radiation field, spontaneous Raman,
with its linear response to concentration can be helpful to
develop quantitative analysis of molecules, their presence and
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orientation that could aid high throughput diagnostics in
biomedical and industrial applications.

Previously, we derived theory for nonlinear Infrared/Raman
signals from molecules at the surface of micro-spheroids
accounting possible incomplete orientation averaging.*” Also,
we reported resonant Raman microscopy of RBC supported by
density functional theory (DFT) predictions to anticipate differ-
ences in sub-cellular biochemistry for healthy and unhealthy
cells.*® In this contribution, we further develop quantitative
methods for the application of Raman microscopy to single
RBCs. To do this, first, we describe the theory of Raman
responses showing their suitability for modelling sub-cellular
molecular distributions using quantum chemistry predictions
for Raman tensors of several molecules present in RBCs.
Second, using insight from multivariate analysis on spectra
detected at different RBC sites and on the shapes of Raman
microscopy images reconstructed at different Raman frequen-
cies, we develop and test a method to describe sub-cellular
molecular distributions. Following this, for experimental data
collected on cells, we model and compare relative presences of
oxy, deoxy and met forms of haemoglobin in the central region
of a cell, in the toroidal cavity, and next to the membrane. This
we conduct for both, an ideal symmetric cell and for a
deformed one. We describe the introduction of adjustable
deformation to better match the experimental observations.
Such an approach can be extended to tune deformations
according to the results of phase sensitive microscopy.*® Using
the results of our modelling, we discuss the role of membranes
in organizing haemoglobin distributions to support oxygen
transport and to maintain redox balance regulating autoxida-
tion next to the cellular envelope.

Recognizing the role of membranes in RBC biochemistry we
develop a theory of imaging the membrane contribution. This
is particularly important since identification of membrane
contributions is a well-known challenge in RBC Raman experi-
ments, unless employing SERS nanoparticles*® or researching
cellular ghosts.*! Our theory predicts experimental polarisation
settings that can be used to distinguish the contribution of
membrane of a RBC. Furthermore, we present a ‘‘counts per
rotation” eigen-image method to speed up computing Raman
microscopy images of a modelled membrane structure and its
Raman spectra for any polarisation setting, for a molecule of
interest whose Raman tensors are known. Our results offer a
systematic approach for the use of Raman image analysis in
health support: ESIt offer introductory data sets and a Math-
ematica notebook for Raman microscopy image sorting using a
convolutional neural net architecture pioneered by Yann LeCun
et al,"” but adapted to three classes of oxy-, deoxy- and
methaemoglobin subcellular distributions.

Materials and methods
Raman microscopy experiment

Human haemoglobin was acquired from Sigma-Aldrich (CAS
no. 9008-02-0) as lyophilized powder. Preparation of different
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haemoglobin forms was according to the protocol provided by
the company. Raman microscopy studies of single human red
blood cells were performed as described previously.>® Red
blood cells deposited on an unprotected gold mirror (PFSQO5-
03-M03 Thorlabs Ltd, Ely, United Kingdom) were scanned
using a DXR microscope station from Thermo Fisher Scientific
(Madison, Wisconsin, USA) equipped with a 100x microscopy
objective, numerical aperture 0.8. Estimation of a cell’s height
was approximated by bright field images of the substrate and
the cells surface at the top. For Raman microscopy of RBC, we
used excitation radiation at 532 and 780 nm with excitation
power of 1 mW, as determined not to damage a cell, not to alter
chemical composition at a site of sampling regardless of a
number of measurements under the adopted focusing and
timing conditions. To collect reliable data without damaging,
during resonant and non-resonant Raman experiments, data
sampling time at a selected site was 30 seconds and 1 minute,
respectively. Spectral resolution was 2 cm ™' according to the
limit of the microscope operated with a 25 pm confocal
aperture. Raman activities at different sites of the selected cells
were sampled with a spatial resolution of 1 pm in both direc-
tions of the imaging plane. For a selected cell, we collected
representative maps taking a cut across approximately at the
middle of the cell height.

According the results of our recent studies,*® excitation
at 532 nm is close to the intense optical absorption of
oxyhaemoglobin at 541 nm (molar extinction coefficient
€(541 nm) =~ 9.53 mM~! cm~!) which we ascribed to oxyhaem
biradical transitions 17-20, proximal to the prominent
absorption band of deoxyhaemoglobin at 554 nm
(¢(554 nm) ~ 8.93 mM~! cm™") we assigned to deoxyhaem tran-
sition 14, and near the weak transitions of methaemoglobin
at 498 nm (c(498 nm) ~09mM'cm™!) and 539 nm
(¢(539 nm) ~ 1.38 mM~! em™") which we assigned to methaem
transition sets 33-31 and 30-27, respectively: for details see ESI}
of ref. 38. Since using comparable spectral detuning, we may
expect similar effective pre-resonant enhancements of Raman.
In the case of excitation at 780 nm, the discussed experimental
spectra in this spectral region present very weak optical absorp-
tion of oxyhaemoglobin (assigned to 6th transition of oxyhaem
biradical), of deoxyhaemoglobin (we may consider to be due to
4th transition of deoxyhaem), and optical transparency for
methaemoglobin, though theory suggests that the 7th transition
of methaem may have a weak optical absorption there.*® Since
there is very weak optical absorption, overall, we may expect the
non-resonant Raman contribution to dominate in microscopy
measurements using excitation at 780 nm.

Spectra sampled at different sites, i, were analysed to extract
amplitudes of Raman activities, 4,, ;, at frequencies of interest,
o, which were used in reconstructions of microscopically
resolved Raman images, as we describe in the further, fourth
sub-section. Evaluation of Raman amplitudes was according to
both, (i) direct measure of intensity of a resonance compared to
intensity at a nearby suitable spectral region, where we did not
expect the resonance to contribute and (ii) fitting the spectra
with a suitable set of Gaussian and Lorentzian line-shapes.

This journal is © the Owner Societies 2025
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DFT studies

Details of DFT studies of haem centres were reported previously.*®
The initial structures of the Fe-porphyrin complex in the deoxy
and oxy-forms (with top and bottom histidine ligands) are accord-
ing to 2HHB* and 1GZX" X-ray crystal structure entries as
reported in the Structural Bioinformatics Protein Data Bank.

To model phospholipid contribution in images of RBC
membrane envelopes we computed properties of 1,2-bis(O-
decanoyl)-sn-glyceryl-3-phosphorylcholine. DFT structural opti-
mizations and normal modes were conducted using the
B3LYP functional®® within the Gaussian 09 program package®®
with 6-311++g(d,p) basis set for hydrogen, carbon, nitrogen and
oxygen atoms; and LANL2DZ (and SDS) basis sets for the iron ion.*’

Modelling of the RBC cellular envelope

The common theory of membrane vesicle shape is according to
a curvature model for a two-dimensional surface in three-
dimensional Euclidean space that exhibits purely elastic beha-
viour according to its mean and Gaussian curvatures, as well as
two material constants (splay and saddle-splay) associated with
the bending rigidity of the membrane.*®*° Consistently, recent
efforts to model erythrocyte profiles search for a stationary
shape for a Euler-Lagrange equation by the Helfrich curvature
energy functional. This may be achieved either by minimizing
membrane bending energy’® to express a suitable set of para-
metric equations,”® or by finding an equilibrium shape solution
under uniform hydrostatic pressure.’’ In this contribution, we
test both approaches to model equilibrium RBC profiles.

To compute Raman images specific to RBC volume and
membrane, we subdivided the computed cellular surface and

View Article Online

Paper

volume into a finite number of (surface and volume) elements
sufficient to model smooth images and suitable for book-
keeping (of position, volume value, and surface geometry of
each element). In the following, we refer to this as surface and
volume discretization. Approaching this, first, we grid the
computed equilibrium profile with a set of vertices. The sug-
gested grid should demonstrate a certain regularity. For this,
two factors are considered. First is the variance of curvature:
suggested steps confirm that change of angles between every
next normal (at the centres of every neighbouring span between
a pair of vertices) would not be larger than 7.5°. Second, in the
spatial region of small curvature (as next to the centre of the
envelope), the grid step would be about 130 nm, to provide
reasonable oversampling dimensions of the computed profile
(considering wavelength of optical radiation). The green con-
tour in Fig. 1A demonstrates an example of a grid according to
the described criteria.

Then, accounting both, the radial symmetry of an “ideal
shape” RBC and bilateral symmetry of the computed contour,
we suggest an elliptical profile with ratio 6 at the central region
of the modelled section: see the dash boxed blue dotted line and
its expansion in Fig. 1A. The long axis of the blue dotted line
ellipse is about 5 times smaller than the maximal radial distance
for the computed equilibrium profile by the green dotted line in
Fig. 1A: also, see the star marks for the radial numerical values.
We grid the ellipse having the same number of vertices and
accounting its curvature as for the equilibrium profile.

Having vertices of the central ellipse and of the equili-
brium profile as internal and external structural references,
respectively, we may interpolate any intermediate profile at a
desired distance from the centre scaling contributions of the

¥

Fig. 1 Model for RBC volume subdivision (discretization). Panel A: Green contour presents equilibrium shape solution under uniform hydrostatic
pressure according to ref. 30, blue dotted line contour shows the central region elliptic profile, orange dotted line contour is an interpolation between
the blue and green contours by their contributions according to the radial distance. Panel B: Tetragonal subdivision of the internal space of the
equilibrium solution shape (for convenience expanded vertically) using vertices of the contours as shown in panel A. Panel C: Increasing fines of
discretization via suggesting 38 interpolating layers between the central ellipse and the external profile. Panel D: Centres of unit volumes between
tetragons of two vertical slices rotated by 37.5° and 45° about the Z axis. ESIf includes an archive with Mathematica Examples to include a code
(Figl_Fig2_making.zip) to compute some of the panels.
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central ellipse and of the external equilibrium profile: for
example, see orange dotted line in Fig. 1A. Following this, we
may connect neighbouring vertices to form tetragonal units
(Fig. 1B). Next, we increase the number of interpolated layers to
improve resolution of characterization of the space under the
profile in dependence on curvature, and according to the set of
vertices within a vertical slice, as shown in Fig. 1C. Having the
constructed set of vertices, we may apply a series of rotation
transformations about the Z axis to span the three-dimensional
space of an ideal RBC model with a desired number of radially
oriented equilibrium shape discretized, as we describe. Here,
we prepare 48 rotations with step of 7.5°. A set of 4 vertices of
the same tetragons but belonging to two neighbouring vertical
slices provides a discrete volume unit suitable for book-
keeping. We describe the centre of a selected discrete volume
unit taking the mean of its eight vertices. Next, we compute its
volume using a convex Hull algorithm, as implemented in
Wolfram Mathematica. Fig. 1D presents centres of unit
volumes between tetragons of two vertical slices rotated by
37.5° and 45° about the Z axis. Consistently, in respect to a
membrane model, using pairs of vertices, which belong to the
rotated neighbouring equilibrium profiles, we may find areas of
discrete surface units, their centres and directions of normals
to each surface unit. After this conduct a Euler transformation
on the whole set of vertices to orient the discretized model RBC
envelope as we would wish. Knowing or assuming concen-
tration and surface densities, we can use projections of the
unit centres onto the XY plane: their volumes and surface areas
with directions of the normals (to the surface units) are used to
scale the Raman contributions (into the image) to integrate
modelled Raman images specific to volume and membrane of
the oriented discretized RBC envelope, correspondingly.

In respect to modelling of Raman images specific to volume
content (solvated haemoglobin proteins, for example), we
anticipate possible special roles of the toroidal cavity and of

CENTRE: Concentration (Y,Z) TOROIDAL: Concentration(Y,Z)
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the central region since they have slightly different distribution
of haemoglobins,*® and the peculiarity of the RBC shape. At the
same time, a particular sub-population of haemoglobins in the
space next to the membrane is plausible due to their reported
distinctive biochemistry.>® Accordingly, we may suggest three
types of haemoglobin sub-cellular concentration distribution
models: the first describes possible preferences to occupy the
central region of RBC, the second type of distribution would
address association with membrane, and the third would
account the possible role of the toroidal cavity: see dotted
densities in Fig. 2A-C, respectively. The degree of fading for
the presented dotted density is proportional to considered
concentration models. Specifically, for the central contribution,
as shown in Fig. 2A, we may suggest a decay of concentration by
exp[—k*/200], where k is the number of a vertex along the line
connecting the same index vertices of different layers (see blue
colour numbering along the blue line in Fig. 1B) counted from
the centre to the surface. Considering a 0.13 micron distance
between the layers along the radial direction starting from the
central ellipse, the modelled concentration decreases 50% and
95% at 2.2 and 4 micron, from the centre along the chosen
direction, respectively: see Fig. 2A.

In the case of membrane association, as shown in Fig. 2B,
we may suggest a decay of concentration by exp[—/>/50], where
¢ is the number of a vertex along the line connecting the same
index vertices of different layers (see red colour numbering
along the red line in Fig. 1B) counted from the surface toward
the centre. For the same 0.13 micron distance between the
discretization layers, the exponent rules the concentration to
decrease 50% and 95% at distances 0.63 and 2 micron from the
surface, along the radial direction, respectively: see Fig. 2B.

In the case of modelling of molecular preferences (in
principle, any molecule) to occupy the toroidal cavity of RBC, we
tested several distributions by exp[—((yi;; — yo)’w,” + z//w.’)]:
here, y, describes the position of the distribution maximum along

TOROIDAL: Concentration(Z=0,Y) TOROIDAL: Conc.(X,Y)

TOROIDAL:Conc.(Y=2.9,Z)
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Fig. 2 Haemoglobin heterogeneous distribution models: with exponential preferences to reside at the centre (A), with exponential preference to
associate with the membrane (B), and in the toroidal cavity by normal distribution expl—(ly — yo)?/w,? + z%/w,%)] according to the dimensions of the
equilibrium solution shape (C). Panels Cj,—C;. show transverse and longitudinal amplitude (concentration) slices across distributions shown as 2D (panels
Cia) and 3D (panels C;q) presentations of the toroidal cavity model realizations according to maximum position along the y axis: yo, and widths along the y

and z axes: w,, and w,, respectively, as indicated. For details, see the main t
(Figl_Fig2_making.zip) to compute some of the panels.
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the Y axis; w), and w, set the widths in respect to the y and z
directions (considering Fig. 1A); while {y;, z;;} are the coordinates
of a vertex by i and j indices of a layer number
and of a vertex along layers, respectively: see Fig. 1A. Specifically,
Fig. 2C;, and C;4 show 2D and 3D presentations of concentration
distributions within the equilibrium solution shape when, {y, =
2.9, wy, = 1.0, w, = 0.3}. Correspondingly, Fig. 2C;, and C;.
demonstrate concentration slices selected along the z direction
at y = 2.9, and along the y direction at z = 0, respectively. To
demonstrate sensitivity of the model to its parameters, in
Fig. 2C,,—C,q we present a broader distribution and its char-
acteristic slices setting w, = 1.2, w, = 0.7. Additionally, to
compare with Fig. 2C;,-Cyq, in Fig. 2C;3,-C3q4, We present a
distribution with a shifted maximum according to y, = 3.0.
Since the adopted approach depends on the space gridding, we
develop these figures to demonstrate how a selected model may
be tested to be sensitive (to a 0.1 micron change in parameter
settings) according to the adopted fines of the gridded space.
Sensitivity to parameters becomes obvious upon fitting experi-
mental data. If not sufficient, we have to increase the number
of interpolating layers, as shown in Fig. 1C. ESI{ includes an
archive with Mathematica codes to show how to compute the
suggested modal contributions.

In this study, we vary decays, widths and maxima positions
for the described distribution functions to superimpose the
modelled sub-cellular distributions to reproduce RBC images
reconstructed at different Raman resonances, as well as differ-
ences of normalized Raman images, which we ascribed to
different forms of haem.*® To follow this approach, we must
manage two additional tasks. First, when we wish to reproduce
the Raman image specific to volume of an RBC (which is of
micron dimensions), we must take into account that the Raman
signal is stimulated along the path of light propagating through
the cell. Such a path is different according to which part of the
RBC the light field propagates through and depends on the
orientation of the RBC in respect to the field direction. Second,
to model images as in experiment, we must account for local
deformations in respect to both, thickness and radial distance
from the centre of a cell. This approach allows quantitative
tuning according to experimental imaging using phase sensi-
tive techniques.*®

To deal with the first issue, for a selected orientation (by
Euler rotation transformation on the set of modelled RBC
vortices) of a modelled envelope, we determine the position
of the highest (in Z direction) vertex of the envelope. From that
point we step up by the distance corresponding to the used
wavelength of light to set up the initial sampling plane. In this
plane we define {x, y} sampling positions, where the exciting field
propagates (along the Z axis) according to the setting of the
Raman microscopy experiment. For a selected {x, y} sampling
position in the initial sampling plane, we compute distances to
every centre of the discretized sub-volumes of the RBC model. For
every centre, which is located at distances shorter than 1 micron
(from the selected {x, y} sampling position) we store: the distance
to the selected {x, y} sampling position, the coordinates of the
centre, the value of the sub-volume, and the amplitude factor.

This journal is © the Owner Societies 2025
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Here, the amplitude factor is according to concentration by an
adopted model: centre, membrane, or toroid.

Next, for each of the sorted centres (with its discretized sub-
volume), we express Raman amplitude taking the product of (i)
the Gaussian function (with the full width at half maximum of
the excitation wavelength) for the distance to the centre, (ii)
volume of the unit, (iii) the amplitude factor and (iv) square of
Raman susceptibility (see the following section of the article).
Here, the value of the Gaussian function on the distance
between the selected {x, y} sampling position and a unit-
centre accounts for distance attenuation according to the
wavelength dependent coherent envelope excited in space;
while the amplitude factor is according to the model (centre,
membrane, or toroid). Next, we sum the Raman amplitudes for
the sorted units to assign a value to the selected {x, y} sampling
position in the initial sampling plane. Then, we move to another
sampling position till we characterize all the points in the initial
sampling plane. To integrate a Raman image, we analyse a series
of sampling planes downward along the Z direction (for example,
0.15 micron separated) to compute Raman amplitudes according
to the {x, y} positions in each of the sampling planes. The distance
between the planes (for example, 0.15 micron) is according to a
discretion we wish to adopt to resolve the modelled envelope
according to the curvature of the surface. The lowest plane is at
the distance of the used wavelength of light lower than the lowest
(in the Z direction) vertex of the modelled envelope. In the case of
a symmetric envelope about the Z direction, we may sample half
of the structure.

To address the second issue, we take advantage of cellular
symmetry to alter the protocol for modelling of the RBC cellular
envelope suggesting a modulating function: we vary radial
distances for vertices in a vertical slice (these are y distances
for the set as shown in Fig. 1C) in dependence of ¢ angle
for the slice rotation. Specifically, the modulating function may
be expressed as a sum of Gaussian like line-shapes

> a;exp [w,-(((b — qﬁi)z)} in the ¢ angular space of rotation in

the xy plane about the Z axis. Rotated to a selected angle ¢, y
distances for the vertices in a vertical slice would decrease or
increase by positive or negative a; amplitude of an ith component
when in the angular range of ¢; by the corresponding width
factor, w;. An analogous function may be elaborated to modulate z
distances for vertices in a vertical slice, as shown in Fig. 1C.

Raman intensity

We may express Raman susceptibilities by their dependence on
the polarisation conditions of an experiment and on variances
of Euler angles of molecular orientation as

[0 [ in[0)Gark [0, . Y]y dpdO

0-+50 d
ool e [0 ol sin[0)dydgdo

/(qu[ ¢, lm
1)

In particular, if we adopt a geometry where the directions of
the excitation and the detection fields are along the Z labora-
tory axis. Such a geometry is typical for commercial Raman
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microscopy stations. Then M and K indexes indicate field
amplitude vectors parallel either to the X (or Y) laboratory axis
noted as P (or S) polarisation. According to this, we express the
orientation function Gy 4[0, ¢, %] = R0, Rk. Here, Ry = (Rype,
Ry, Rurz) is the row M-index vector (respecting the M polarisa-
tion direction for the detection) of the transposed Euler rota-
tion matrix R about the M axis; as well as Ry = (Rgx, Ry, R:) is
the column K-index vector (according to the K polarisation
direction for the excitation) of the Euler rotation matrix R about
the K axis. o, is Raman tensor specific to a normal mode g.

Prior to application of eqn (1), we have to account for two
facts. First, results of Euler rotations are specific to “initial”
orientation. Second, using DFT we compute ¢, so Raman tensor
for a normal mode (g) of a molecule in its standard orientation
(SO): by the eigenvectors of the molecular inertia tensor. To use
eqn (1), we have to find a preliminary Euler rotation set R, = {0,
o, Vo to reorient the molecule from SO into such initial
orientation, that effects of the angles {6, ¢, ¥} in eqn (1) would
describe an orientational distribution we wish to model. Once
we have a preliminary angular set, we have to redefine the
Raman tensor o, = Rf,aq,SORO to enter eqn (1), as well.

Often, when at a locally flat interface, if we sample an
ensemble of molecules with a preference to orient one of
their structural directions (within the molecular frame) along
the normal to the interface plane, we may adopt a symmetric
top representation simplifying expressions of molecular
derived properties (dipole moments or Raman tensors) upon
integration over the angle of rotation about that molecular
direction.

For example, in the case of a phospholipid in a membrane,
we may suggest a preparatory R, angular set to reorient the
molecule from its standard orientation (according to the centre
of mass and the eigenvectors of the inertia tensor) into such,
that its hydrocarbon chains are parallel to the Z laboratory
axis and perpendicular to the X and Y laboratory axes, which
are parallel to the membrane surface: see Fig. S1 in the
ESL.f Considering that a phospholipid molecule in the
membrane is free to rotate about its long axis (parallel to
the hydrocarbon chains), to describe the response of such
molecules we may adopt y-rotation averaging about the long
axis. Correspondingly, integrating eqn (1) over the ¥ angle on
the interval [0, 2], for a selected normal mode, g, we derive
four orientation distribution functions Gyy [0, ], Gyy 410, ¢]

and Gyy 410, d] = Gyx 4[0, ¢]:

Gural0.61 = [ ‘Snl0lg.0.6.4100
= 8i0[0] ((thr g + %yyg) €057 [6] cOS2 (]
+2:-.cos?[@]sin® [0] + (atxx g + 0tyyq) sin’[B])
= %n Sin[0] (ctxr g + tyy.g) (3 +c0s[20] — 2cos[2¢] sin® [0])

+2ner,.. , sin’ [0] cos?[¢)]
(2)
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Gry o0, ) :JO Sin0)Gyy [0, ¢, ¥1dy

= 7usin[0] ((otyr,g + %y q) cOS*[P)]

+ ((otxng + %yrg) cos?[0] 4 24, ,sin’ [0]) sin’ [#])

= lTt Sin[0] (ctxrg + tyy.g) (3 +c0s[20] + 2 cos[2¢] sin® [0])

4
+2na- 4 sin’® [0] sin® (@]
3)
27
Grrgl0.¢] = jo Sin0]Gxy 410, 6, W1y
21
_ [O Sin[0]Gyx 40, . Y] dy ()

= — 1 (Oyrg + Oyyg — 20-24) cOS[¢] sin’ [0] sin[¢]

In the case of microscopic structures larger than the wave-
length of the probing light (that we may consider a membrane
area within the waist of exciting radiation to be flat), we may
use 6 and ¢ angles to describe orientation of the local normal
(at a site area under focused excitation) in respect to the Z
laboratory axis: for details see ref. 37. When we model a micro-
structure, we know 0 and ¢ angles at any site on its surface.
Accordingly, using eqn (2)-(4), we can compute the orientation
distribution functions at a selected site i to express Raman
susceptibility at the site normalizing the corresponding
response functions as:

1
Tk gl0is &) = mgmcq[@n éi (5)

The described approach is more general than for application to
phospholipids in membranes, only. For example, we may
consider haemoglobin tetramers associated with a membrane
under a geometry such that the plane of a tetramer ring is
parallel to the membrane plane. For this case, the tetramer ring
cavity pivotal axis (which is perpendicular to the plane of the
tetramer ring and parallel to the membrane normal) is the axis,
in respect to which we may adopt the y averaging limit. Then,
to operate with site-specific 0 and ¢ angles (as in eqn (2)-(4)),
we need to find R, for each of the tetramer proteins to express
oy = Rhog s0Ro Of interest.

For the sake of universality, address limits
of the equations. Specifically, suggesting integral limits for ¢
€ {0, 2n} we may derive equations to describe the response of
symmetric top molecules at a flat interface (e.g. Langmuir-
Blodgett), when the long axes of molecules take any orienta-
tion within a conical opening (about the Z laboratory axis)
according to a 0 angle suggested range: Gyx 4[0] = Gyy 4[0] =
72 $in[0] (ot + Oy + (Oerg + L) cOS?[0] + 201 sinz[Q]).

Furthermore, here, if we integrate the orientational distribu-
tion functions over the full range for § and ¢ angle, we receive
expressions specific to the isotropic limit: eqn (2) and (3)
become equal to (0t g + oy 4 + 022,4)/3, and eqn (4) averages to

let us
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zero. As a result, we may compute the corresponding
susceptibility as:

T = (‘“xx,q t %y t+ “:Z‘q) (6)

61

Raman microscopy images

In this study we present three types of Raman activity micro-
scopy images (RAM): images reconstructed using Raman ampli-
tudes of a selected resonance detected in experimental scans
using confocal microscopy; theoretical images of haemoglobin
haem centres distributed in cellular volume; computed images
of membrane envelopes. In all cases, we follow the protocol
according to
(X -x)* (r-v)

A;
RAM[X, Y] = Z 5-3EXD - )

20,2 20,2

Here, we sum image projections of two-dimensional Gaussian
source functions over defined sites, i. Setting ¢, = ayz provides
the spatial full width of a source function: 0.55 pm? and 0.8 um?
to convolve images detected using radiation at 532 and 780 nm
respectively. X; and Y; describe the position of the projection of
the site 7 onto the image plane.

In the case of experimental RAM, 4; is the amplitude of the
Stokes Raman signal of a selected resonance detected at the
sampling site. When we compute images of haemoglobin haem
distributed in cellular volume,

Agi = 974" Ny (8)

Here, N, ; is the number of excited molecules in the volume
under excitation. In the case of an image, we compute to
describe the membrane envelope, the amplitude is

Agi = CXXMK,qZ[Hiy ¢ INg,i. 9)

In this case, N, ; is the number of molecules in the membrane
under excitation. In all cases, formally, the scaling factor for the
Stokes component of the scattering

(w— wi)4h( 1

T 64mleo Py \ ik — 1 * 1)10

is according to exciting intensity I,,, space permittivity ¢, speed
of light ¢, and occupation by Boltzmann factor.>>™>*

(10)

Counted per rotation (CPR) eigen-image protocol

For the theoretical limit we adopt, it is possible to establish a
fast (instantaneous) protocol to image a microscopic structure
under a selected orientation and polarisation setting for a given
Raman tensor. Let us consider computing a Raman image of a
membrane structure taking a space convolution in the labora-
tory XY imaging plane (by eqn (7)) according to yxx,4[0;, ¢;] for
every i site of a computed membrane envelope under a selected
orientation. According to eqn (8) and (9), we have square
contributions of the orientation distribution function by
eqn (2). Specifically, expanding the square of Gyy,[0, ¢], we
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receive three terms: the first is proportional to (o g + 0tyy 4)%, the
second to be scaled by the product 2(ctyy,q + oy g)%zz 4, and the
third is proportional to oczz,qz. Each of the terms has own
trigonometric part. For example, for the second term, this is
sin®[0]cos*[¢]. The scaling factors are by the diagonal elements
of a Raman tensor expressed according to the “initial” align-
ment of a molecule, as we describe earlier. Consequently, a
variance of Raman amplitude in space is by the trigonometric
parts, which account orientation of the local normal to the
membrane surface at any ith site expressed via the 6; and ¢;
angles (in respect to the Z laboratory axis).

Next, instead of operating on all the three terms together while
under their scaling factors, we use eqn (7) to map each of the three
terms separately, and each map is scaled by 1. Following this, we
may use the corresponding elements of a «; Raman tensor to scale
each of the three convolved image maps to sum them to receive
the intended image specific to yxxg4. Since scaling of the con-
tributing maps is according to the diagonal elements of «, Raman
tensor, we call such maps “eigen-images”. To model images
specific to yyy,, and yyx, we need another 3 and 1 eigen-images,
according to the number of squared terms of Gyy,[0,¢] and
Gyx 4[0, @] functions, respectively.

Having a full set (of seven) eigen-images for a modelled
envelope under a specified orientation, first, we can compute a
Raman image of any other normal mode g for any desired
polarisation setting (YY(SS), XX(PP) or YX(SP)), instantly. To do
this we take a corresponding superposition of eigen-images
scaled by the corresponding (otyy,q + 0yy )%, %2z~ €tc. nUMerical
values, which are the diagonal elements of Raman tensor.
Second, the same eigen images can be used to simulate Raman
images of the envelope for normal modes of any other molecule
or their superposition (we refer to the described example of a
haemoglobin tetramer associated with a membrane), as long as
the described effective symmetric top model is adequate in
description of organisation in respect of the membrane. Third,
having a set of Raman tensors for all normal modes, for a
selected polarization, we may express (instantly) a set of images
specific to the normal modes. Then, for each image we may
take a sum of intensities in the image plane. Such integral
intensities in dependence of the normal mode frequencies
would describe a “macroscopic’” Raman spectrum specific to
three-dimensional variance of the modelled envelope, its orien-
tation in space, and selected polarisation setting. If we change
orientation of the modelled envelope in space, then, to re-
evaluate properties, we would need to compute a new set of
seven eigen-images. Hence, here, we introduce a counted per
rotation (CPR) eigen-image method in quantitative modelling
of Raman microscopy images of computed envelope micro-
structures. The ESIT includes an archive with Mathematica
Examples to include a code (CPR_Eigens_Examples.zip) to
show how to compute selected CPR eigen-images.

Processing and analysis of spectra and images

We process spectra (to subtract background), reconstruct
images, conduct principal component analysis and Raman
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microscopy image sorting using Wolfram Mathematica (version
12.1.1.0). The adopted image sorting approach employs con-
volutional neural net architecture developed by Yann LeCun
et al.*? edited to train and sort Raman images specific to three
classes of sub-cellular distributions of: oxy, deoxy and met

haemoglobins.

Results
Images at selected Raman and principal components

First, we address the effect of excitation wavelength: how this
may help a better discussion of sub-cellular biochemistry. In
Fig. 3 (upper panels) we present representative-average Raman
spectra of single RBC detected using excitation wavelengths at
780 and 532 nm. Trying to factor different contributions in the
spectra detected in single cells, in the lower panels of Fig. 3 we
show experimental spectra of oxy, deoxy and met-haemoglobins
in aqueous solution.

Detected using the corresponding excitation wavelengths.
Considering spectra for Hb protein aqueous solutions detected
using 780 nm radiation (lower three spectra in the left set in
Fig. 3), we may note that shapes of Raman scattering bands of
oxyHb in spectral regions 960-1005 cm ™', 1200-1300 cm ™' and
1500-1700 cm ' most closely resemble spectral line-shapes
detected in the same spectral regions for the single RBC using
the same radiation (upper spectrum in the left set in Fig. 3). The
spectrum of deoxyHb disagrees with Raman of RBC in the
spectral region 1200-1300 cm ™ *. Line-shape of the metHb band
at 1600 cm ™' does not agree with the line-shape of Raman
scattering in the same spectral region as detected in single
RBC. If we explore Raman signatures of haems as stimulated
using 532 nm radiation (lower three spectra in the right set in
Fig. 3), we may also note that the oxyhaem spectrum (red colour
spectrum in the right set in Fig. 3) resembles most closely the
spectrum of the single RBC using the same radiation (upper
spectrum in the right set in Fig. 3): this is more obvious if we
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account the fine structure of resonances in the spectral region
1500-1700 cm ™', In result, we may suggest that, overall, the
oxyhaemoglobin contribution dominates in the single cell
spectra detected using excitation either at 780 or 532 nm. This
is consistent with the experimental condition where the single
cell is exposed to air.

It is interesting to note that experimental spectra detected
using 780 nm excitation demonstrate a relatively strong and
narrow Raman resonance at 1003 cm™ ', which is specific to
phenylalanine. At the same time, Raman spectra detected using
532 nm excitation reveal rather weak and relatively broad
Raman activity in the same frequency range. For that reason,
we ascribe the weak Raman at ca. 1001 cm™ "' (right side in
Fig. 3) to the haem, predominantly. This agrees with the
assignments given in previous studies,’>® and corresponds
to theoretical results we reported recently.*® Next, comparing
spectra of oxy- and deoxyhaemoglobin with those detected
using 780 nm excitation, we account Raman signals at 1230
and 1540 cm ' as more specific to the protein hosting the two
haem forms, respectively, rather than to the two forms of the
haem. This agrees with results of previous studies on RBC
Raman stimulated under 780 nm.**””

Raman spectrum of methaemoglobin under 780 nm excita-
tion does not suggest usefully distinct resonances. Further-
more, its Raman scattering at about 1550 cm™ ' may overlap
with the signature of deoxyHb at about 1540 cm ‘. Such
complication may compromise a discussion unless contribu-
tion of the met form is negligible. Accounting for these con-
siderations, using three frequencies (1003, 1230 and 1540 cm ™"
as a red star marked in the left top spectrum in Fig. 3), we
reconstruct Raman microscopy images specific to protein phe-
nylalanine, oxy- and deoxyhaemoglobins: see Fig. 4A-C, respec-
tively. To complement these, in Fig. 4D-F, we present Raman
microscopy images reconstructed using Raman scattering at
1360, 1556 and 1636 cm ™' stimulated under 532 nm excitation:
see magenta, left blue and red star indications in the right-side
spectra in Fig. 3. In the previous contribution, we assigned

WJ&M\

: . : A N0 .
WN/\
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1 1 1 1 1 1

1
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Fig. 3 Raman spectra of a single red blood cell (RBC), and of aqueous solutions of oxygenated haemoglobin (oxyHb), deoxygenated Hb (deoxyHb) and
metHb, as indicated, measured using excitation radiation at 780 nm and 532 nm as shown in the left and right panels, respectively. Left set: Black stars
next to the Raman spectrum of deoxyHb (excited using 780 nm) indicate spectral regions, where dithionate contribution overwhelms; red stars next to
spectra of RBC spectra indicate resonances used to reconstruct microscopy resolved images as shown in the upper row in Fig. 4. Right set: Red, blue and
magenta stars indicate resonances we consider to be specific to Raman scattering of oxy, deoxy and methaems of Hb excited using 532 nm radiation.
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these resonances (stimulated using 532 nm) to met, deoxy and
oxy forms of the haem, respectively: a reader may explore the
detailed account of the computed normal modes in the ESI of
ref. 38 and their review in the main text of ref. 38. Here,
comparing the results of Raman experiment using different
excitations, we review which of the possible assignments could
be more helpful to follow RBC biochemistry at a sub-
cellular level.

To compare Raman images under the two excitations, we
must address possible limits for such an evaluation. First, the
images detected using 780 nm excitation are less resolved
spatially. On one hand, this arises from (i) less tight focusing
radiation at 780 nm than in the case when using 532 nm (since
the longer wavelength, but the same focusing conditions); (ii)
sampling emission from broader coherent envelopes, what is
accounted for upon convolution; and (iii) possible internal
content redistribution due to a time-delay, since the confocal
scan using 780 nm wavelength is taken after the scan using
532 nm radiation (priority is given to the resonant Raman
experiment). At the same time, the lower resolution of images
detected using 780 nm (than is the case when using 532 nm)
may indicate the different nature of the normal modes to
contribute, as well. The latter would agree with our conclusion
that the two wavelengths stimulate responses of different
normal modes. For example, as we discussed earlier, the
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obvious 1003 cm™' Raman of phenylalanine under 780 nm
excitation suggests a dominant contribution of the haemoglo-
bin protein, which hosts the haem. In the case where we sample
more the hosting protein cavity rather than the haem, Raman
modes are expected to vary according to structural heterogene-
ity of the protein. Here it is interesting to note that distribution
of phenylalanine (Fig. 4A) does not correlate exactly with
distribution of oxyhaemoglobin (Fig. 4B). This suggests that
Raman under 780 nm excitation is sensitive to protein struc-
tural variance. Accounting differences of excitation and sam-
pling conditions when using the two wavelengths, as well as the
differences of nature of the contributing normal modes, we
may note, that the spatial distributions of oxyHb (Fig. 4B) and
of the oxy form of haem (Fig. 4F) are comparable, and accord-
ing to the dominance of the toroidal cavity content. At the same
time, the deoxy (Fig. 4C and E) and met form (Fig. 4D) are
distributed less uniformly, along the circle of the toroidal
cavity.

Overall, sensitive to haem states, Raman images in experi-
ments using 532 nm excitation are more promising for quanti-
tative analysis. In the previous contribution we gave a tentative
indication on certain aspects of sub-cellular biochemistry.*® To
do this we used differences of normalized Raman images
ascribed to different states of haem rather than methods of
multivariate analysis, which may be limited due to dynamics of

0 5 0 5

0 5

Distance (micron)

Fig. 4 Panels A—C: Raman microscopy images of RBC reconstructed at 1003 (protein phenylalanine), 1230 (oxyHb) and 1540 cm™ (deoxyHb),
respectively, (see red stars in the upper left panel in Fig. 3) in experiment using 780 nm excitation radiation. Panels D—F: Raman microscopy images of
RBC reconstructed using scattering at 1360 (methaem), 1556 (deoxyhaem) and 1636 cm™ (oxyhaem) stimulated under 532 nm radiation: see magenta,
left blue and red star in the upper right panel in Fig. 3. To simplify comparative presentation of spatial distributions, we normalize intensities of the images

are normalized by their maximal values.
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the cellular envelope and the content,®® and may mislead as
spectral degeneracies for some vibrations affect the whole
spectral manifold upon its factoring. Here, searching for quan-
titative assessments, first, in Fig. 5 we present results of
principal component analysis in respect to spectral variances.
Specifically, considering the radial symmetry of an ideal RBC
shape, in Fig. 5A we introduce radial distance from the cell
centre as a sample attribute. To visualise this, we blend red and
blue colours. Having spectra sampled at different positions, we
find eigenvalues for principal components (Fig. 5B) to compare
loadings of the two main components (Fig. 5E) with a typical
experimental reading (Fig. 5D) and explore the relative distri-
bution of the eigenvalues for the detected set of spectra in the
score plot (Fig. 5C). The score plot indicates that the spectra
sampled in the central cell region account more intense scat-
tering at 1590 and 1639 cm ™', and less intense Raman at 747,
1128, 1300 and 1540 cm™ " that all correlate with the loadings of
the first component, as shown in Fig. 5E. Such PCA anticipated
tendencies for signatures at 1540 and 1639 cm ™" are consistent
with the assignments to reduced and oxidized forms and their
spatial distributions with those we developed previously
assisted with DFT and conducting image reconstructions
according to intensity of detected Raman resonances.’®
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Next, in Fig. 6 we present results of principal component
analysis in respect to image variances. Here, we conduct
component analysis correlating spatial variabilities of Raman
images reconstructed at frequencies of the thirteen most
intense Raman resonances in the fingerprint spectral range.
Fig. 6A1 and B1 present example images reconstructed at
1556 and 1636 cm ™, respectively. First, all images are normal-
ized on the sums of their intensities. Then, they are “whitened”
subtracting the mean image from each of them: Fig. 6A2
and B2 present whitened images at 1554 and 1636 cm ™. Third,
we flatten each whitened image by setting its data rows (one
after another) as a one-dimensional sequence of intensity
values to a vector. Consequently, we express covariance matrix
(Fig. 6C) and eigenvalues (Fig. 6D) of the principal components:
Fig. 6E and F present images of the two main components
folded back from the one-dimensional vector space into
two-dimension image space. Consequently, in Fig. 6G we
show the score plot for the two main principal components.
It is interesting, that images at 1584 and 1636 cm™ " (which one
may consider to be specific to oxyhaem?®) occupy a different
quarter about the first component than images at 1554 and
1620 cm™' (which can be ascribed to deoxyhaem?®®). At the
same time, the first principal component (Fig. 6E) draws
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Fig. 5 Principal component analysis in respect to spectral variance detected for a resonant Raman experiment. Panel A: Attributing data to radial
distance from the centre (colour blend from red to blue) as a mesh of selected acquisition points to overlap with the low contrast outer contour of the
RBC of the cell. This mesh is for the cell, which we image in Fig. 4D—F. Panel B: Eigenvalues (or scores) of principal components. Panel C: Score plot for
the first and second principal component. Panel D: Raman spectrum from an arbitrary sampling position. Panel E: Spectra of the first and second principal
components. ESIt includes an archive with Mathematica Examples to include a code (PCA_spectra_Example.zip) to compute some panels.
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Fig. 6 Principal component analysis in respect to image variance. Panels Al and A2: Image reconstructed using Raman scattering at 1554 cm™
(in Fig. 4E) and its “whitening” by subtraction of mean of the image set. Panels B1 and B2: Image reconstructed using Raman scattering at 1636 cm™

1
1

(in Fig. 4E) and its “whitening” by subtraction of mean of the image set. Panel C: Covariance matrix for the vectors of the images selected for analysis:
vector for an image is by setting rows of the image (one after another) as one-dimensional sequence of intensity values. Panel D: Eigenvalues (scores) of
principal components of the image set. Panels E and F: First and second principal component images. Panel G: Score plot for the first and second
principal component of the image set with indication of Raman frequencies.

attention to the role of the cell central region, toroidal cavity
and membrane.

Symmetric shape intracellular distribution models

To approach sub-cellular biochemistry, we need numerical
modelling of Raman images. First, we compute a representative
radially averaged slice across a Raman RBC image, see black
circled line Fig. 7A. Then, using the cell contours according to
the bright field microscopy image, we model the correspondent
radius of cellular envelopes®®*° to compute Raman images of
the volume content according to model distributions as we
described in the Material and methods. The simplest picture
may assume that haemoglobins are evenly distributed in the
internal volume of the cell. A selected slice of a computed
image (black line in Fig. 7A) demonstrates inconsistency of this
model with experimental distribution (open circle line in
Fig. 7A): the model overestimates haemoglobin presence in
the centre and underestimates at the edges of the RBC. The
former mismatch is significant and cannot be amended unless
the computed membrane profile to construct the envelope®°
should include a dramatic thinning of the cell at its centre.
This, however, would contradict experimental observations.***®

Starting from the modelled structure of RBC, in Fig. 7 we
present slices selected from Raman images computed accord-
ing to three modes of haemoglobin inhomogeneous distribu-
tions: (i) under different forms of association next to or with the
membrane (panel B), (ii) with preferences to occupy the cellular
centre (panel C), and to dominate in the toroidal cavity of RBC
(panel D): details of the models are in Materials and methods.
Searching for criteria to find a plausible combination of

This journal is © the Owner Societies 2025

haemoglobin sub-cellular distributions, beside the representa-
tive radially averaged slice across Raman RBC image (black
circled line, Fig. 7A), also, we take representative radially
averaged slices across the difference of normalized Raman
images (as introduced in ref. 38) reconstructed at 1610 and
1636 cm ™ ': see black circled line Fig. 8B;-B;.

Following this, in Fig. 8A; we show the best conceivable fit
(red line) of the radial averaged representative slice of the
experimental image (open circles) combining scaled slices
from images computed assuming a uniform distribution of
haemoglobin (black line U0, as in Fig. 7A), membrane tight
associated haemoglobins (green line S3 by exp[—;*/3], as in
Fig. 7B) and a toroidal contribution (orange line T4).
Confirming that a reasonable fit is possible, next, we use
these components to model the slice from the difference of
experimental images: red line and black circles in Fig. 8B,. The
observed mismatch suggests that the assumed dominant role
of the evenly distributed haemoglobins (see comparison
Fig. 7A) cannot be justified even if we try to amend it
admitting contributions of the next to membrane and
toroidal populations. In general, dismissing the idea that
haemoglobins may tend to distribute within an RBC envelope
may be in an accord with the very peculiar shape of the cell
type. However, we do this according to numerical analysis.
Further, in Fig. 8A, and B,, we test haemoglobin distributions
with three types of tendency: to associate with the membrane
tightly (green line S3), to prefer occupying the toroid cavity
(purple line, model T4b) and to reside in the central ellipsoid
region while protruding into the toroid cavity (blue line, model
C300). As we can see in Fig. 6B,, the mismatch between the
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Fig. 7 Panel A: Representative radially averaged slice across RBC Raman
image at 1636 cm™* (open circles) and computed profile assuming that a
haemoglobin form is evenly distributed in modelled RBC volume (black
solid line). Panel B: Slices of image computed for the membrane asso-
ciated shell model (see Fig. 2B) by concentration according to expl—j2/3]
(green line S3) and exp[—j?/50] (olive line S50), where j is the number of a
vertex along the line connecting the same index vertices of different layers
counted from the surface toward the centre. Blue line (labelled with M)
presents a slice from image modelled considering haemoglobins tightly
bound to membrane with the axis of its central cavity to be perpendicular
to the membrane surface according to CPR eigen-image protocol. Panel
C: Slices of image computed for the central ellipsoid model (see Fig. 2A) by
the decay of concentration by exp[—j?/100] (dark cyan), exp[—j*/200]
(magenta), and exp[—?/300] (blue), where j is the number of a vertex
along the line connecting the same index vertices of different layers
counted from the centre to surface. Panel D: Slices of image computed
employing toroidal models, as described in Fig. 2C, C;—C3 and in the
Materials and methods.

difference slices improves. Following this, in Fig. 8A; and B; we
present results, when we reduce the protrusion of the central
ellipsoid population into the toroid cavity (magenta line, model
C200) and add a population of haemoglobins, which are loosely
associated with the membrane (dark yellow line, model S50).

Modelling deformations

Having a tentative agreement for representative radially aver-
aged slices across Raman and Raman difference images, we
may proceed to better tune the corresponding experimental
images introducing radial and vertical deformations for the
modelled envelope. To define the radial deformation, using the
cell contour in the bright field image, we may anticipate an
average radius of the cell and extract departure of the distance
from the centre to the contour edge from the average radius in
dependence on ¢-angle of the 2Pi space of the cell contour
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considering the centre of the cellular envelope coincides with
{0, 0, 0} of the laboratory frame, and the plane of the envelope is
parallel to the XY laboratory plane. Then, we may fit the ¢-angle
dependence of the distance from {0, 0, 0} to the edge of the
contour with a suitable set of Gaussian line-shapes. We do the
same to deform the slice (as shown in Fig. 1C) vertically in
dependence on the ¢ angle of its rotation. To suggest the
vertical scaling as a function of ¢ angle, at a first approach,
we may sample Raman amplitude variance along a circular line
at about the toroid maximum. ESI{ includes an archive with
Mathematica codes to demonstrate how we introduce deforma-
tion fitting.

In Fig. 9C and D we present graphical images for selected
layers of a symmetric (not deformed) envelope to compute
Raman and Raman difference images (Fig. 9E and F) using
intra-cellular distribution models, as we describe in Fig. 8A;
and B;. Comparatively, adopting the described deformations,
in Fig. 9G and H we present graphical images for selected layers
of a deformed envelope to compute Raman and Raman
difference images (Fig. 91 and H) in the best resemblance to
the experimentally defined corresponding images (Fig. 9A and
B). The approach allows developing a platform to model various
types of deformation systematically. Furthermore, there is a
capacity to account deformations if anticipated using
quantitative phase imaging.**

Having developed a theoretical approach to classify and sort
sub-cellular spatial contributions from different haemoglobins
we may describe the cell main function status quantitatively.
Using both, the computed amplitudes specific to normal
modes of the three haem forms, and experimental spectra for
the corresponding haemoglobins, we anticipate the -cell
studied to contain about 7% of met, 50% of deoxy and
44% oxy form. The anticipated level for the oxy-form (in respect
to deoxy form) is lower than typically expected. Often or
commonly, methaemoglobinemia is considered to be a life
threat when concentration of the met-form is 10%, or
higher.>®®° In result, we may conclude that this particular cell
is hypoxic but contains levels of met-haemoglobin below that
thought to be a life threat.

CPR eigen-imaging: membrane component

Modelling the deoxy-oxy difference slice (black open circles in
Fig. 8B;) suggests a larger presence of the oxy form near the
membrane and in the centre of the cell with the negative
signature indicated by the blue star mark in Fig. 8B;
being according to the exp[—j*/3] tight surface attraction
model. In contrast, deoxy-Hb shows a slightly higher
population in the toroidal cavity. Trying to fit better the
difference data in Fig. 8B;, we introduce a positive contri-
bution of the exp[—j*/50] component, which describes a weak
surface attraction. Here, it is interesting to note that, contrary
to oxy-Hb, the met from does not anticorrelate with the deoxy-
Hb when next to the membrane. This we may conclude
according to the blue open rhombus line in Fig. 8B;: the line
presents a radially averaged slice across experimental deoxy-
met Raman difference image. When approaching the surface,
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Fig. 8 Modelling of representative radially averaged slices across experimental Raman image at 1636 cm™! (open circles in A;—As) and slices across

Raman difference experimental images (open black circles for oxy-deoxy for deoxy-met in B;—Bs). Panel A;: Red line present best fit of the experimental
data (open black circles) using slices of images computed assuming dominance of uniform distribution of Hb in RBC volume (black line U0), toroid
(orange line T4) and tightly membrane associated model (green line S3). Panel B;: Red line present best fit of the experimental difference data combining
scaled slices of computed images, as described in panel A;. Panels A, and B,: Fittings assuming presence of broad central (blue line C300), toroid (purple
line T4b) and membrane tightly associated (green line S3) populations. Panels Az and Bs: Fittings considering presence of narrow central (blue line C200),
toroid (orange line T4), tightly and loosely membrane associated populations (green and dark yellow lines S3 and S50). Panels A4 and By: Fittings assuming
presence of broad central (blue line C300), toroid (orange line T4), membrane loosely associated (dark yellow line S50) models and population of
haemoglobins tightly bound to membrane with the axis of its central cavity to be perpendicular to the membrane surface according to CPR eigen-image
protocol (blue line M). Panels Bz_4: Open blue rhombuses present radially averaged slice across experimental deoxy-met Raman difference image. Panels
C;—-C4: Experimental data subtracted from model data.

é l

L

Fig. 9 (A) RBC Raman image reconstructed at 1636 cm™ (same as in Fig. 4F). (B) Difference of normalized Raman image at 1610 cm™ (see Fig. 4D)
minus normalized Raman image at 1636 cm™. (C) and (D) Top and side view of external (green) and of an intermediate (blue) layer of vertices according
to equilibrium shape solution under uniform hydrostatic pressure.®° (E) and (F) Modelling of images as shown in A and B using the symmetric envelope as
depicted in C and D, and according to subcellular haemoglobin distributions as shown in Fig. 8Az and Bs. (G) and (H) Top and side view of external (green)
and of an intermediate (blue) layer of vertices according to equilibrium shape, as in (C) and (D), under radial and vertical deformations to reproduce
nonuniform intensity patterns shown in images in A and B. (I) and (J) Modelling of images as shown in A and B using the deformed envelope as described
in (G) and (H). ESIf includes an archive with a Mathematica examples to include a code (Volume_3D_Shell_Tor_Cntre_Examples.zip) to compute
distributions to model image as shown in panel (I).

the line falls to zero while positive: at the membrane, the two
haemoglobin forms tend to be equally co-present though deoxy
form dominates slightly.

Since the result indicates that the RBC envelope membrane
plays a significant role in subcellular dynamics for different
haemoglobin distributions, ideally it is desirable to plan an
experiment where the membrane contribution may be speci-
fied. Here it is important to stress that to describe experimental
Raman images of RBC we reflect the possible role of the

This journal is © the Owner Societies 2025

membrane in subcellular organization with two exponential
distributions to decrease concentration of a certain Hb-form by
exponential laws in dependence on distance from the surface.
The correspondent computed distributions (green and dark
yellow lines in Fig. 7B) indicate the maxima of such populations
to be slightly shifted deeper into the volume in dependence on
the adopted exponential constant. Here it is interesting to see
what such a distribution would look like if we assume haemo-
globin molecules attach to the membrane. This requires
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modelling of Raman images with molecules at the interface
under incomplete orientation averaging.

Following the CPR eigen imaging protocol (see Materials
and methods) for the response functions of an effective sym-
metric top limit (eqn (2)-(4)) in Fig. 10A we present 6 eigen-
images (we omit SPxyz image as it rather similar to SSxyz).
Furthermore, in Fig. 10 (panels C, D, F, and G) we show sums of
the eigen images to build YY (or SS), XX (or PP), YX (or SP)
polarisation specific and unpolarised Raman images of a
membrane to account phospholipid and attached haemoglobin
tetramers (with the axes along their cavity perpendicular to the
surface).

Comparing isotropic spectra and polarisation specific spec-
tra of molecules under incomplete orientation averaging within
the membrane of the computed envelope, and according to the
tilt of the envelope, Fig. 10 (panels B and E) demonstrates the
resolving sensitivity of Raman microscopy if assisted with
adequate theory. Fig. 10C and D show how much the intensity
pattern may change in dependence on the tilt. At the same
time, comparing images in the panels, we may see how the
envelope of deformation may smear the symmetric image
patterns computed for different polarisation settings.

It is instructive here to pay attention to the CPR eigen-
images in Fig. 10A. Considering terms in the response func-
tions, one may note that diagonal entries of a Raman tensor
(after rotation to account molecular orientation in respect to
the laboratory frame) would contribute differently. If o, ¢ + 01y, ¢
is larger than o,,,, PPx,y and SSx,y would become the main
contributions under PP and SS polarisation setting, respec-
tively: see eqn (2) and (3). Their expressions may be smeared
when we sum-up with the PPxyz and SSxyz eigen-image, which
are the cross-terms due to squaring the Raman susceptibility,
as in eqn (8) and (9). However, a Raman image detected or
computed under a selected polarisation would be revealing. For
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example, the pp image in Fig. 10C (since it is similar to PPx,y),
the CPR eigen-image in Fig. 10A instructs that oy, , + «,, , for
the normal modes g = 122 of the phospholipid (transformed to
match the initial geometry: long axis along Z laboratory axis) is
larger than o, , and the role of the cross-term PPxyz CPR eigen
image is negligible. Here, there are several take-home mes-
sages. First, in an unpolarized experiment, the membrane
contribution into an image is according to the sum of the
presented images under polarized settings. In the case of a
symmetric undeformed envelope, the ring pattern (see the sum
image in Fig. 10, panel B) is symmetric. The Blue M line in
Fig. 7B and 8A, presents a horizontal slice from such an image,
that can be used further to discuss the role of the membrane.
Second, in experiments under SS or PP polarisation settings,
the contribution of haemoglobin in volume should overwhelm
the membrane contribution. Taking a difference between such
measurements would secure a clean detection of the
membrane contribution. The SP polarisation setting should
secure a clean detection of the membrane contribution, unless
molecules in the main volume are not under complete orienta-
tion averaging: for example, as for the formation of hemozoin
crystals.®*

We now consider a slice from a membrane specific unpolar-
ized image computing using the Raman tensor of haemoglobin
to model Raman difference images according to those obtained
in experiment. In Fig. 8B, we demonstrate that such a profile
may replace the contribution of tightly associated membrane
haemoglobins (green line S3 in Fig. 8B). Even though this
model is competitive with that in Fig. 8A;-B;, we disregard it
since it requires more than 6% of haemoglobin to be bound to
membrane while fluorescence quenching studies suggested
that under physiological pH, only about 3% of the intracellular
haemoglobin would bind to membranes.** This means that
using conventional Raman microscopy, it should be difficult to
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Fig. 10 Panel A: CPR eigen images for a symmetric envelope under flat orientation. Panel B: DFT isotropic, as in solution, pre-resonant Raman spectrum
of phospholipid (blue line); theoretic SP and PP polarised pre-resonant Raman spectra according to anisotropic distribution of phospholipids in
symmetric undeformed RBC envelope under flat (§ = 0°) and tilted (0 = 45°) orientation by black and red line, respectively. Panel C and D: Pre-resonant
Raman microscopy images of symmetric undeformed RBC envelope under flat (0 = 0°) and tilted (0 = 45°), respectively, using CPR protocol for mode
122: see black star label in panel (B). Panel E: DFT isotropic, as in solution, Raman spectrum of deoxyHb (blue line); SP and pre-resonant Raman spectra
according to anisotropic distribution of deoxyHb tetramers in symmetric undeformed RBC envelope under flat orientation and SP and PP polarisations
(black and red line, respectively). Panel F and G: Pre-resonant Raman microscopy images of undeformed and deformed RBC model envelope,
respectively, under flat (0 = 0°) while using CPR protocol for mode 250: see blue star mark in panel. ESIt includes an archive with Mathematica Examples
to include a code (CPR_Eigens_Examples.zip) to show how to compute some of the eigen-images.
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distinguish the membrane contribution. Indeed, experimen-
tally, RBC membrane microscopy required either SERS
application,® or working with RBC ghosts.?® As mentioned
earlier, in this contribution, we provide a theoretical back-
ground that shows that polarisation Raman microscopy may
assist distinguishing contributions of Raman signals from the
main volume and from the membrane. Therefore, while explain-
ing differences of resonant RBC images reconstructed at
1636 cm™ ' and at 1556 cm™ ', we suggest that the oxy form slightly
dominates near the membrane and in the centre, while deoxy-Hb
shows a slightly higher population in the toroidal cavity.

Discussion

Quantitative analysis of RBC Raman microscopy provides sev-
eral practical outcomes. Having reasonable agreement between
theory derived data and that established by experiment it is
possible to generate insights on subcellular biochemistry.
According to the theory predictions, experimental approaches
for analysis may be proposed as well as practical implications
in the biomedical field.

First, let us review our outcomes from the perspective of RBC
biochemistry as reported so far. Specifically, early fluorescence
studies suggested that haemoglobin binding to membranes
displays two binding mechanisms: the majority of haemoglo-
bin molecules follow a low affinity binding with an equilibrium
dissociation constant K = 1.6 x 10~ ° M, while a small portion
exhibits a high affinity binding process with K4 about 1.2 X
10~% M.** The high-affinity sites for haemoglobin binding to
the cytoplasmic surface of the red cell membrane are localized
to the inner segment of a band 3 protein complex,* while the
lower affinity sites were thought to involve glycophorin and
phospholipids.®® Later, dynamics of haemoglobin interactions
with band 3 proteins was reviewed to suggest a first association
constant of 1.54 + 0.25 x 10” M~ ' for binding of a first Hb
tetramer, and a second intrinsic constant of 5.48 + 0.22 x 10° M ™"
for binding of a second Hb tetramer.>!

In recent decades, significant research efforts have been
made to review the introductory description of binding
dynamics constants from the perspective of the redox biochem-
istry of haemoglobin. While the equilibrium between oxy-Hb
and deoxy-Hb provides the main RBC function (to carry and
release oxygen), such processes as autooxidation of oxy-Hb,
oxidation and reduction of met-Hb affects oxidative stress
inflammation and vascular tone.®*

The main source of RBC metHb is due to spontaneous
autooxidation of oxyHb (into metHb) to generate superoxide
radical anion O, *.>>®® Another pathway concerns exposure to
oxidizing agents,®* such as naturally present H,O, and nitric
oxide: in fact, a direct reaction of H,O, with Fe(u)-haemo-
globin undergoes a Fenton pathway reaction producing the
highly reactive hydroxyl radical.®* Consistently, hydroxyl
radicals were reported in sickle erythrocytes.®® Additionally,
commonly administered nitroglycerin, benzocaine, dapsone,
and phenazopyridine may bring life-threatening drug-induced
methaemoglobinemia.**>®

This journal is © the Owner Societies 2025

View Article Online

Paper

As one of compensations, cytochrome b5 and cytochrome-b5
reductase are reported to convert metHb into deoxyHb.** Our
modelling of Raman microscopy images suggests that, on
average, enrichment or depletion of metHb follows the distri-
bution of deoxyHb. This corresponds with the perspective that
cytochrome b5/cytochrome-b5 reductase dominates in the
cytosol.®” This supports the findings in our previous contribu-
tion where we suggested that local, non-uniform slight dom-
inance of metHb may indicate the spatial regions where the
reducing enzyme system is failing.**

Beside the cytoplasmic reactivities, redox biochemistry of
haemoglobin concerns interactions with membranes: ultrafil-
tration suggested that deoxyHb binds to membranes with
eightfold greater affinity than oxyHb.®® Furthermore, using
crystallography, Walder et al.® specified that each band 3
dimer may interact with two haemoglobin tetramers, and that
a binding site extends deep (about 18 A) into the central cavity
between the P chains, along the dyad symmetry axis of a
haemoglobin tetramer. This cavity is inaccessible upon Hb
oxygenation.”®”! To complement the crystallography data, a
series of experiments using genetically engineered mice with
mutations in the deoxyHb binding domain of band 3 suggested
that binding of deoxyHb to band 3 may be an important
molecular switch to regulate various subcellular events.”> For
example, the authors proposed that deoxyHb would sterically
displace ankyrins from band 3 to increased deformability and
mobility, and would trigger discharge of ATP through
pannexin-1 to promote generation of NO,”* therefore, causing
vasodilation.

A different perspective has been put forward by Rifkind
et al.:”* that partially oxygenated haemoglobin tetramers (due
to their distinct conformation) may dominate in interactions with
band 3 protein complexes,”” and may increase the rate of auto-
xidation of oxygenated haemoglobin producing superoxide,”®
hence facilitating the release of the superoxide from the erythrocyte
without being scavenged by erythrocyte antioxidant enzymes where
oxidative processes taking place on the surface of the membrane
are not neutralized by the cellular antioxidant systems.”””®

Second, our modeling of the results of conventional unpo-
larized Raman microscopy, indicate that the technique does
not have the resolving capacity to distinguish the membrane
contribution. Nonetheless, the modelling protocol developed is
sensitive enough to anticipate distributions of different hae-
moglobins within different subcellular spatial regions, and
when next to membranes. In particular, using the approach
established it is possible to distinguish a slight dominance of
oxyHb when next to a membrane by the S3 distribution (see the
blue star mark in Fig. 8B;). The compartment next to
membrane is first to receive oxygen from the surroundings,
particularly, when a cell is hypoxic. At the same time, previous
studies indicate that deoxyHb and tetramers with deoxy
contribution would be attracted from cytosol to bind to the
membrane tightly’* therefore diminishing reduced proteins in
the compartment next to the membrane.

Third, our quantitative evaluation of the studied cell (with
about 7% met, 50% deoxy and 44% oxy form of haemoglobin)
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suggests that it is hypoxic but with the methaemoglobin level
below critical levels. If the approach is expanded further, it may
be used to report if drug-induced methaemoglobinemia is
present in intensive care and upon surgery, whenever anaes-
thetics such as dapsone, nitrates (e.g., nitroglycerin), and
metoclopramide are used.®*®® In this respect, we note that
the approach may be further supported by deep learning
training to account variations in molecular distributions, shape
and orientation. In the ESI,{ an introductory image dataset and
Mathematica notebook (CNN_toSort_RBC_Raman_images.zip)
developed for Raman microscopy image sorting using convolu-
tional neural net architecture developed by Yann LeCun et al.**
is provided; edited to sort for three classes of haemoglobins
(oxy, deoxy and met), for a very limited sampling space. The
network is tuned to demonstrate reasonable accuracy (of about
0.8) to show that AI assisted Raman microscopy has the
potential to aid intensive care and health support.

Conclusions

Here, we focus on quantitative analysis of Raman microscopy
experimental data for a red blood cell, as reported earlier.*®
Specifically, first, we review the reported Raman microscopy
assignments using methods of multivariate analysis and
address the application of deep learning approaches to assist
Raman image classification to support decision making in
intensive care and in health support.

Next, to simulate Raman images of a discocyte, we adopt an
equilibrium membrane profile computed according to para-
metric solution of a General Curvature Hamiltonian,?®3°
and introduce a deformation protocol to affect radial and
vertical dimensions according to the bright image, cell contour
and Raman intensity. The developed approach does have
capacity to accommodate local membrane deformations if
anticipated using quantitative phase imaging into Raman
image modelling.>®

Using the developed theory and DFT computed molecular
tensors, we test Raman microscopy results for haemoglobin
and phospholipids modelling molecular distributions in the
main cellular volume, next to the cell membrane, and in the cell
membrane. Comparing to the experimental data, we suggest
different modes of haemoglobin intra-cellular distributions
and discuss the slight dominance of oxyHb in the regions
next to the membrane of a hypoxic cell. This we consider to
be due to both, ambient oxygen transport through the
membrane and the higher affinity of deoxyHb to bind to the
membrane according to the range of sub-cellular antioxidant
mechanisms.>*%%°%7479

Third, for the case of membrane contributions, we suggest
Raman response functions (written for incomplete orientation
averaging of effective symmetric top molecular system) to
define an instantaneous (any polarisation) Raman microscopy
image reconstruction protocol using “counts per rotation”
eigen-images, precomputed for a desired envelope under a
specified orientation. According to the theory of response
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functions and modelling outcomes, we discuss the role of
polarisation settings which would facilitate detection of Raman
properties specific to the membrane.

Our results suggest that modelling of Raman microscopy
resolved haemoglobin distributions in correlation with confo-
cal fluorescence (sampling the cellular skeleton), assisted with
phase-sensitive measures and Al supported image analysis
sorting is the next methodology frontier to map and under-
stand RBC subcellular biochemistry.
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