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Abstract

Serum transferrin (Tf) is the essential iron transport protein in the body. Transferrin is responsible
for the sequestration of free iron in serum and the delivery of iron throughout the body and into
cells, where iron is released inside a mildly acidified endosome. Altered iron distributions are
associated with diseases such as iron-overload, cancer, and cardiovascular disease. The presence
of free iron is linked to deleterious redox reactions, inside and outside cells and organelles. As Tf
iron release is pH dependent, any changes in intraorganelle and extracellular pH, often associated
with disease progression, could inhibit normal iron delivery or accelerate iron release in the wrong
compartment. However, imaging approaches to monitor changes in the iron-bound state of Tf are
lacking. Recently, Raman spectroscopy has been shown to measure iron-bound forms of Tf in
solution, intact cells and tissue samples. Here, a biochemical Raman assay has been developed

to identify iron-release from Tf following modification of chemical environment. Quantitative
singular value decomposition (SVD) method has been applied to discriminate between iron-bound
Tf samples during endocytic trafficking in intact cancer cells subjected to Raman hyperspectral
confocal imaging. We demonstrate the strength of the SVD method to monitor pH-induced Tf
iron-release using Raman hyperspectral imaging, providing the redox biology field with a novel
tool that facilitates subcellular investigation of the iron-binding profile of transferrin in various
disease models.

Keywords
Transferrin; Iron; Redox biology; Cancer; Raman hyperspectral imaging

"Corresponding author. akhmaladze@albany.edu (A. Khmaladze).
co-first authors.

Declaration of competing interest
The authors declare no competing interests.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.freeradbiomed.2021.04.030.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tubbesing et al.

Page 2

1. Introduction

One of the most important biological functions of transferrin (Tf) in serum is iron
sequestration, which prevents lipid peroxidation and unregulated redox reactions [1]. In

the neutral pH of serum (~7.4), iron-free transferrin (apo-Tf) binds two ferric iron molecules
to become holo-Tf [2], which can then bind the transferrin receptor (TfR) at the cell surface.
The TfR-Tf complex undergoes clathrin mediated endocytosis to deliver iron into the cells.
Inside mildly acidified early endosomes, iron is released from Tf for utilization or storage
[2]. Importantly, apo-Tf is recycled to the cell surface where Tf is released from TfR to
undergo iron-binding in the neutral pH of serum and repeat the cycle [1]. There are many
steps in this process where regulation of pH could be disrupted either inside endosomes or in
the extracellular domain of diseased tissue [3—6]. Thus, altered pH regulation could disrupt
iron transport, which is essential to human health [1].

As Tf iron-release occurs upon pH acidification, it is proposed that methods of monitoring
Tf iron release may provide insights into the complex regulation of pH and iron transport in
cells and tissues. A method to investigate Tf iron release requires a label-free, non-invasive
and non-destructive method, such as Raman hyperspectral imaging, that can discriminate
between holo- and apo-Tf forms in intact cells [7]. Importantly, this technique allows for
mapping of the iron-bound Tf populations overlaid on the brightfield image of the intact
cells. A unique control for these experiments includes oxalate modified Tf (oxa-Tf), which
does not efficiently release iron in a mildly acidified endosome [8], and is used as a marker
of iron-bound Tf profile. Here, we expand our understanding of Raman imaging of the Tf
iron-binding profile with evaluation of several processing methods for both biochemical
analysis of purified Tf and Raman hyperspectral imaging of intact cells.

Vibrational spectroscopic methods, including Raman microscopy, can be used to identify
unique chemical signatures of complex biological samples via inelastic scattering [7,9-17].
Raman scattering occurs when the energy exchanged between an incident photon and a
molecule leads to a shift in the wavelength of light that can be detected following Rayleigh
filtration. These scattered photons provide information about the chemical structure of the
sample. Raman microspectroscopy can be performed on a homogeneous solution, as well

as in more complex samples, using a modified laser-scanning confocal system. Raman
hyperspectral imaging provides correlation of unique Raman signatures to specific pixels,
and thus a spatial assignment of Raman peaks at subcellular level can be achieved. Recently,
we identified Raman peak at 1300 cm~1 as a useful marker for monitoring the relative levels
and location of iron-bound Tf within complex cell and tissue samples [7]. To further explore
this method, we conducted more extensive biochemical studies with purified Tf proteins,
including a biochemical assay to evaluate Tf iron-release. Additionally, an alternative post-
processing approach with multivariate analysis was used to evaluate potential changes in

the Tf iron binding profile, occurring in cells following Tf internalization over time. The
multivariate approach is beneficial, as it avoids the reliance on a single peak and provides a
robust approach for future investigations of iron binding properties of transferrin in cells and
tissues.
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Multivariate analysis methods, including principal component analysis (PCA) and singular
value decomposition (SVD), can be used to analyze complex Raman data [18-21].

Both methods, known as dimension reduction techniques, are applied to reduce the high
dimensionality data into lower dimensionality data. PCA method generates the eigenvectors
and eigenvalues from the covariance matrix, while SVD method decomposes the input
matrix into three separate matrices that contain the eigenvectors and eigenvalues [22]. Here,
we demonstrate that SVD is a robust and reliable post-processing method to discriminate
between different Raman hyperspectral datasets. The SVD methodology allows us to
automatically differentiate entire Raman spectra and easily obtain crucial information about
the differences between the spectra collected from different intact cells or regions within the
cells.

Therefore, to clarify, the SVD analysis facilitates the co-distribution, or clustering, of
spectral data by automatically finding similarities in Raman peak position, width and
intensity within the spectra of the entire dataset, while the spectra with different spectral
features will be placed farther apart on the SVD scatter plot. Each point on the SVD plot
represents a single Raman spectrum. The SVD components shown in the accompanying
graphs allow the identification of significant spectral regions (reported as Raman Shift,
cm™1) that contribute to the scatter plot distributions. The incorporation of SVD into the
Raman data analysis helps to extract important information about the heterogeneity of
samples, and the effects of various conditions on cells, previously hidden in the large amount
of spectral data [9,23]. Importantly, the use of SVD can reduce our dependence on specific
peaks when evaluating complex samples. Raman-based quantification of Tf iron-release in
purified Tf protein and in endocytic iron-release cellular studies provides a unique and novel
approach to study this important biological process in vitro and in vivo, respectively.

2. Experimental (materials and methods)

2.1. Transferrin preparation, validation, and iron-release assay

Apo-Tf, holo-Tf and oxa-Tf were prepared and validated as published [7]. Purified protein
was imaged in neutral phosphate buffered saline (PBS) or subjected to an iron-release assay
in the presence of 200 mM MES buffer, 300 mM KCI, pH 5.5 with 8 mM EDTA to stimulate
iron release [24]. Control conditions for iron-release assay included the addition of PBS at
the equivalent volume of utilized MES buffer (final volume increased by 1/3); this control
condition accounted for any decrease in peak intensities associated with decreased protein
concentration.

2.2. Cell culture and transferrin internalization assay

T47D cells were obtained from ATCC and cultured in DMEM with 10% fetal bovine serum,
and 4 mM L-glutamine, pH 7.4. Experiments were performed using cells passaged less than
20 times; cells were plated onto quartz substrates coated in poly-p-lysine and incubated
24-36 h. Prior to Tf internalization, cells were pre-incubated with clear imaging media
(phenol-free DMEM 0.5% bovine serum albumin, 4 mM L-gluta-mine, pH 7.4) for 30 min.
Then they were incubated with Tf forms (apo, holo or oxa) at a concentration of 50 pg/mL
for 5 min at 37 °C. Following initial incubation, cells were either washed and fixed (5 min
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time point) or washed and chased for additional 55 min before fixation (60 min time point).
Control cells were not incubated with Tf, but underwent the same treatment process with
clear imaging media alone. Fixation was performed using ice cold 4% paraformaldehyde for
15 min. Cells were stored and imaged in PBS. To ensure that no unintended pH-induced Tf
conformation changes have occurred, all media, buffers, and fixation solutions where freshly
prepared and maintained at a neutral pH. The contrast between the changes in oxa-Tf and
holo-Tf Raman signatures, from early endocytic to late endocytic steps, is an internal control
mechanism to ensure the pH sensitive iron-binding behavior of the unlabeled protein is as
expected.

2.3. Raman microscopy and analysis

Raman spectra were collected by HORIBA XploRA PLUS Raman microscope. The system
was equipped with a 1024 x 256 TE air cooled CCD chip (pixel size 26-um, temperature
-60 °C). Entrance slit was set to 50 pm, which resulted in spectral resolution of 4 cm™1.
The protein solutions and cells were imaged with a 20 x immersion objective (Olympus
UMPIlanFLN 20 x, N/A 0.5); excitation laser wavelength was 532 nm. Accumulation,
collection time and laser power were kept constant for any data set collected. Protein
samples were subjected to point-scan measurements, while data on intact cells was
collected by hyperspectral imaging of regions of interest (ROIs). Each individual pixel

had an associated Raman spectrum, which was an average of three sequentially collected
spectra (accumulation feature), subjected to automatic LabSpec de-spiking filter. HORIBA
LabSpec6 software was used for noise reduction, normalization, and fluorescent background
removal prior to further analysis. Single-peak quantification and the peak intensity-based
hyperspectral overlay are performed as previously described [7].

2.4. SVD analysis of Raman datasets

All spectra from each imaging set were grouped together and formed an input matrix for the
SVD algorithm, which was implemented as an in-house LabVIEW program. Raman spectra
from each point in the imaging set were grouped together to form a matrix X, with matrix
size (m x n), where m is the number of points in a spectrum (m = 400), and n is the number
of spectra in a set (n = 1200 combining 300 spectra for apo-, holo-, oxa-Tf and control). The
SVD algorithm was applied to the matrix X to separate it into matrices U, Y and V using
Matlab SVD function. Individual columns extracted from the matrix V, such as V1 and V2,
representing the projection of each spectrum on the corresponding S\VD component Ui, were
plotted as the SVD scatter plot, while the corresponding SVD components (essentially, the
eigenvectors of the decomposition) extracted from the matrix U, such as U1 and U2, were
plotted in the accompanying graph. The color of every 300 point group on the SVD scatter
plot was changed to distinguish the spectra of apo-, holo-, oxa-Tf and control. Manually
applied dotted line shows the separation between the iron bound and iron free region.
Addition information on SVD analysis is provided in Supplementary Methods.
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3. Results

3.1. SVD analysis provides a method of distinguishing apo-Tf, holo-Tf, and oxa-Tf purified
proteins in solution

The Raman spectra of different iron-binding forms of Tf protein solutions at a concentration
of 5 mg/mL in PBS were collected and analyzed using SVD methodology. Apo-Tf and holo-
Tf are the iron-free and iron-bound Tf forms, respectively, whereas oxa-Tf is a chemically
modified form of iron-bound Tf, which releases iron at a significantly slower rate than
holo-Tf in an acidified environment [8]. Raman spectra of all protein solutions had a visible
phenylalanine peak and prominent peaks associated with iron-loaded Tf samples, including
1170 cm™2, 1277 cm™1, 1500 cm~ and 1600 cm™1 [7,25]. As shown in Fig. 1A, apo-Tf,
holo-Tf and oxa-Tf were well separated within the SVD scatter plot. Importantly, the leading
component of the SVD analysis that discriminates apo-Tf, holo-Tf and oxa-Tf into separate
clusters shows high intensity at the iron-associated peaks, e.g. 1170 cm™1, 1277 cm™1,

1500 cm~1 and 1600 cm™1 (Fig. 1B). It should be noted that peaks associated with leading
components are not always obvious in the examination of individual spectra, for example,
the 1600 cm™1 peak is often incorporated into a larger amine associated peak at ~1520-1720
cm™1 (Supplementary Fig. 1). Thus, the separation between the apo-Tf, holo-Tf and oxa-Tf
Raman spectra is primarily influenced by the iron-binding state of the protein, as 1170
cm™2, 1277 cm™1, 1500 cm~! and 1600 cm™1 peaks have previously been associated with
the iron-bound form of Tf specifically [7,26]. Interestingly, the two iron-binding Tf proteins,
holo-Tf and oxa-Tf, can be effectively separated by SVD analysis (Fig. 1A), indicating that
SVD can detect structural differences between holo-Tf and oxa-Tf, such as the replacement
of carbonate for an oxalate at the synergistic anion iron-binding motifs [8]. Therefore, we
cannot dismiss the role of oxalate itself contributing to the SVD separation. Pure oxalate
Raman spectra suggest its contribution to shifts near 1500 cm™ (https://spectrabase.com/
spectrum/4aZtRqc8ite). Similar separation of Tf forms was observed in the SVVD analysis

of Raman spectra of the dehydrated Tf samples (Supplementary Fig. 2). In summary, the
leading component peaks underlying the separation between apo-Tf and iron-binding Tf
forms are associated with holo-Tf [7,25], while oxalate coupling at the anion iron-binding
motif appears to be enough to separate holo-Tf from oxa-Tf using Raman spectra of Tf
purified proteins in solution.

3.2. Iron-release from purified Tf in solution is accompanied by reduction in 1277 cm™1
Raman peak intensity

Transferrin has evolved to release iron inside a mildly acidic endosome while attached

to its receptor, and this process of Tf iron-release has been studied in detail using

purified samples in solution [24]. However, it remains unclear how the changes in the
extracellular environment influence the iron-bound state of soluble Tf. Here, we demonstrate
a reproducible and quantifiable reduction in the 1277 cm~1 Raman peak when purified
holo-Tf protein undergoes pH-mediated iron-release in solution.

Raman spectra were collected from the Tf samples before and after treatment with either
a neutral PBS buffer or an acidified iron-release MES buffer [24]. Representative control
spectra of holo-Tf proteins in solution before and after the addition of neutral PBS buffer
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demonstrate that a 1/3 dilution will not significantly reduce the 1277 cm~! Raman peak.

The dilution with PBS slightly reduces the overall intensity of the Raman spectrum, without
any other pronounced changes (Fig. 2A-B). Representative spectra of holo-Tf before and
after treatment with an acidic MES buffer show the reduction of not only the 1277 cm™1
peak, but also the other peaks associated with iron-bound Tf, including 1500 cm=1 and 1600
cm™1 (Fig. 2C). However, a statistically significant, reproducible drop in the 1277 cm™1
peak intensity following the addition of iron-release buffer alone is sufficient to monitor iron
release (Fig. 2D). The reproducibility of the reduction in iron-bound Tf peak at 1277 cm™1
upon the addition of iron-release buffer is demonstrated in Supplementary Fig. 3. Moreover,
a multivariate SVD analysis was used to separate the iron-bound Tf from iron-released form
in this assay (Fig. 2E). Upon the evaluation of leading components (Fig. 2F), which included
iron-associated 1277 cm~1 and 1600 cm™1 peaks, a large contribution at 1040 cm=2, which
is associated with the MES buffer (https://spectrabase.com/spectrum/17wMBIiOgP1U), has
also been observed. This contribution of the MES buffer to the Raman spectra is a visible

as peak ~1040 cm™1 in the representative spectra (Fig. 2C). Notably, when the SVD analysis
excluded the spectral region below 1100 cm~1, which was associated with MES buffer (Fig.
2G-H), the iron-bound Tf remained well separated from the iron-released Tf form (Fig. 2G).
Further, through the exclusion of spectral region below 1100 cm™ in the SVD analysis,

the peak at 1277 cm™1, associated with iron-bound Tf, becomes a leading component
contributing to SVD separation (Fig. 2H).

3.3. Raman hyperspectral imaging and SVD analysis of breast cancer cells incubated
with apo-Tf, holo-Tf, or oxa-Tf

Cellular Tf-TfR complexes are transported via a mildly acidified endosome to release iron,
and then continue through the endocytic recycling pathway before returning to the surface,
where Tf is released to repeat the cycle [2]. The time for one Tf-TfR transport cycle can
vary depending on cell type; however, in general, the longer the Tf-TfR complexes take

to travel through the cell, the more likely they will have time to release iron for cellular
utilization. Previously, we have demonstrated that the 1277 cm™1 peak in purified Tf protein
shifts closer to 1300 cm~1 when iron-bound Tf is measured in cells and tissues [7].

Here, we further evaluated Raman microscopy datasets using SVD analysis on human
breast cancer T47D cells, which display high TfR expression [27,28]. T47D cells were
incubated with unlabeled apo-Tf, holo-Tf, or oxa-Tf for 5 min, and either followed, or

not, by an additional 55 min chase to allow for complete iron-release from holo-Tf.
Negative control cells were subjected to similar protocol in the absence of added Tf. Cells
were fixed and subjected to Raman hyperspectral imaging with subsequent fluorescent
background subtraction and normalization to the phenylalanine peak at ~1003 cm™1 for
peak quantification and hyperspectral mask creation. An important distinction between the
evaluation of the 1300 cm™1 peak for quantification and the SVD analysis is how the
negative control cells are utilized. In quantification of 1300 cm™1 peak, the negative control
cells are used to determine the average background contribution of the 1300 cm™ region,
which is subtracted from the apo-Tf, holo-Tf and oxa-Tf data sets. In the SVD analysis, the
negative control cell data can be incorporated into the analysis and are predicted to behave
similarly to apo-Tf at the 5 min time point.

Free Radic Biol Med. Author manuscript; available in PMC 2021 December 13.
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Most of holo-Tf, and even more so for oxa-Tf, should be in the iron-bound state at the 5
min time-point. Apo-Tf, although iron-free when added to cells, can still bind iron from

the media for delivery into cells; however, this event is not frequent under our experimental
conditions [7]. Representative spectra for 5 min incubation with apo-Tf, holo-Tf and oxa-Tf
are shown in Fig. 3A, with the iron-bound Tf peak at 1300 cm~? highlighted. Negative
control untreated cells were utilized for the calculation of the background threshold when
the 1300 cm™1 peak was quantified, as described above. The distribution of the 1300 cm™1
peak intensity within cells is converted to an intensity-based hyperspectral map, which is
superimposed on the cell images in Fig. 3B. The hyperspectral image provides visualization
of the dispersed, high intensity Tf-associated pixels in the cells incubated with holo-Tf or
oxa-Tf for 5 min. Quantification of the 1300 cm™ peak shows that apo-Tf is significantly
lower in intensity than either holo-Tf or oxo-Tf, as expected (Fig. 3C). The SVD analysis
of Raman spectra shows that following 5 min incubation, cells with holo-Tf and oxa-Tf

are grouped together, while apo-Tf is more separated and overlaps with negative control
cells (Fig. 3D). There is some overlap between the four groups at this time point, which

is to be expected, as not all pixels may represent cell regions with Tf-filled endocytic
vesicles, and each pixel may include apo-Tf as well as holo-Tf or oxa-Tf. The apo-Tf is

a flawed negative control, since it can bind extracellular iron at a neutral pH and undergo
TfR mediated endocytosis, although at much lower frequency than cells incubated with
iron-loaded holo-Tf. The evaluation of the dominant SVD components separating these
populations has identified a significant contribution of the iron-bound Tf peak at 1300 cm™1
(Fig. 3E). Other significant features include regions around 1434-44 cm™1 and 166070
cm™1, which are associated with a CH, deformation of lipids and amide I, respectively [29].

At the 60 min time-point, in the experiment where cells are incubated with Tf for 5 min
and then chased with media for an additional 55 min, it is expected that holo-Tf will have
completely released all its associated iron, unlike oxa-Tf, which should retain a significant
amount of iron even after 60 min. The holo-Tf, apo-Tf and negative control cell samples are
expected to behave similarly, as any minor iron-binding to apo-Tf should not significantly
impact the cells at this point. Representative spectra for 60 min incubation with apo-Tf,
holo-Tf and oxa-Tf are shown in Fig. 4A, with the iron-bound Tf peak at 1300 cm™}
highlighted. A panel of representative hyperspectral maps for each condition shows that

at the 60 min time-point, only oxa-Tf displays high intensity regions associated with the
iron-bound Tf peak at 1300 cm™1 (Fig. 4B). Quantification of the 1300 cm~1 peak shows
that oxa-Tf is significantly higher in intensity levels than either apo-Tf or holo-Tf (Fig.
4C). The SVD analysis of Raman spectra for this time point demonstrates that the apo-Tf,
holo-Tf and negative control significantly overlap, and are completely separated from the
oxa-Tf population (Fig. 4D). The leading SVD components at 60 min (Fig. 4E) are not that
different from those in the 5 min data-point experiment (Fig. 3E). They include iron-bound
Tf peak at ~1300 cm™1, in addition to the lipid and amide peaks at 1434 cm~1 and 1650
cm™1 respectively (Fig. 4E). The SVD component peak at ~1050 cm™1 is likely directly
associated with a Raman shift as a result of oxa-Tf in cells, with similar peaks in ~1050
cm™1 region being previously associated with C—O stretching of proteins [29].

The SVD scatter plots from three independent experiments were subjected to the analysis
of population distributions, to evaluate how Tf populations shift between early endocytic
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time points (5 min, Fig. 3D, Supplementary Fig. 6) and later time points (60 min, Fig.

4D, Supplementary Fig. 7). The placement of the dotted line was based on the oxa-Tf
population, and it was expected that spectra of cell regions with iron-bound Tf would fall
into the same region of the SVD scatter plot as oxa-Tf (iron-bound, positive control). In
Fig. 5A, following 5 min Tf incubation, there is a small amount of the apo-Tf and larger
population of holo-Tf segregated to the iron-bound Tf region of the scatter plot, in the same
region as oxa-Tf. However, in Fig. 5B at the late endocytic time point, a population shift
occurs, and oxa-Tf is completely separated from negative control cells and those incubated
with apo-Tf or holo-Tf. It should be noted that here the oxa-Tf is a positive control,

the basis of the iron-bound Tf region and line placement that facilitates this quantitative
approach. This suggests that SVD analysis of Raman hyperspectral cell data can be used to
demonstrate the unloading of iron from wildtype Tf via analysis of early and late endocytic
time points.

In summary, the Raman hyperspectral imaging can be applied to distinguish forms of iron-
bound Tf in-vitro and in complex cellular environments using either the analysis of specific
peaks or through the multivariate S\VD analysis. The decision to select one or both methods
to evaluate the Raman microscopy spectral data should be determined by the specific
experimental design. In-vitro methods, which facilitate identification of Tf iron-release upon
modification of chemical environment of Tf sample, are robust and reproducible. Here the
SVD analysis provided insights into the iron-dependent changes in complex Raman cellular
signatures, revealing distinct iron binding profiles of transferrin during endocytic uptake in
breast cancer cells.

4. Discussion

Raman spectroscopy as a non-invasive, non-destructive imaging method has been widely
applied in the analysis of biochemical materials both in research and clinical settings
[13,29-35]. Previously, we have demonstrated the importance of 1300 cm™1 peak in
identification of iron-bound Tf in cells and tissues, and focused on the endocytic patterns

of breast cancer cells with known disrupted endocytic trafficking [7,36]. Here, we have
focused on the incorporation of SVD analysis into the study of purified Tf proteins in
solution and into the cell-based Tf uptake assays. The SVD analysis is crucial to highlight
multiple but often rather small changes in the Raman spectra, particularly when dealing
with the analysis of complex cellular samples (Figs. 3-5). Moreover, SVD analysis provides
information about the leading SVD components, which represent significant changes in the
spectral regions that separate the samples, and would have been lost if the Raman spectra
were merely averaged for comparison. It is important to not only perform the SVD analysis
on Raman spectra of biological samples, but also dissect the SVD components for biological
significance, as discussed below.

Raman spectra of purified transferrin can vary based on protein concentration, iron content,
glycosylated form, laser wavelength and instrumental sensitivity [25,26,37]. However, there
have been several Raman spectral regions consistently associated with iron-bound Tf, which
were also identified in the leading components in the SVD analysis of purified Tf samples,
including 1170 cm™1, 1277 cm™1, 1500 cm~1 and 1600 cm™1 (Fig. 1B). Upon subjecting
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purified holo-Tf samples to an iron-release solution assay, the Raman peak at 1277 cm™1
proved to be an ideal indicator of the presence of iron-bound Tf, as it was significantly
reduced upon the addition of the acidic iron-releasing buffer (Fig. 2D). We subjected the
same data set to two separate SVD analyses, which varied in the Raman spectral range,
to address Raman signatures assigned to iron-release solutions (Fig. 2E—H). We showed
that the change in buffer solutions can be controlled for in analysis by restricting the
spectral regions in SVD processing. In general, this indicates that using both the single
peak quantification and multivariate analysis is beneficial for robust Tf iron-release studies
involving modifications to the chemical environment of the purified Tf. Raman analysis
of the iron-release solution assay is a promising method with potential uses for biologists
studying how changes to the extracellular environment may influence Tf iron-release.

Previously, we have shown that the dominant iron-bound Tf peak in the 1277 cm™1 region
shifted toward ~1300 cm~ in cells [7], and this peak was used to identify iron-bound Tf
with Raman hyperspectral imaging (Fig. 3B—C). Other cellular components, such as fatty
acids, may contribute to the region around ~1300 cm~1 [29]. To ensure we only picked

up the iron-bound Tf signal, a negative control (T47D cells without added unlabeled Tf
proteins) were used to generate a background value, which was then subtracted from the
intensity measurements of cells incubated with Tf [7]. Thus, the quantification of the 1300
cm~1 peak intensities in the iron-release solution assay at 5 min could be used to distinguish
cells that had significant amounts of internalized iron-bound Tf (holo-Tf and oxa-Tf, Fig.
3C). In addition, upon providing the additional time for the holo-Tf to release iron inside
the cells, at 60 min timepoint the oxa-Tf samples were the only ones with high 1300 cm™1
peak intensities, just as expected (Fig. 4C). While the quantification based on the 1300 cm™1
peak alone was reliable, the evaluation of the same population with the SVD analysis did not
require the subtraction of the average intensity of negative control cells at 1300 cm™1,

The SVD analysis proved to be a reasonably robust method for separating the iron-bound

Tf containing cells (holo-Tf and oxa-Tf) at early incubation times (5 min) from the cells

that were not exposed to iron-bound Tf (Figs. 3D and 5A). At a later (60 min) time point,
the oxa-Tf stands completely apart from apo-Tf, holo-Tf and control cells in the SVD plot,
indicating that its Raman spectra by then are substantially different. The overlap of the
apo-Tf, holo-Tf and control cells in this plot is a clear indication that holo-Tf has released
its iron by 60 min post internalization (Figs. 4D and 5B). The leading SVD components

of both the 5 min and 60 min time points included, apart from the peak at ~1300 cm™1,
noticeable contributions at 1434 cm™1 and 1650 cm™! (Figs. 3E and 4E). Since the peak at
1650-70 cm™~1 is associated with amide I [29], it is reasonable to assume that the addition

of Tf protein, independently of iron state, influenced the protein conformation, and therefore
the Raman spectra. As the 1434 cm™1 peak has been associated with CH, deformation, lipids
and acyl groups [29], it is difficult to assign a specific biological change that is occurring.
Considering that the addition of holo-Tf was specifically associated with alterations in the
rates of clathrin-mediated endocytosis [38], there could also be changes in lipid composition
responsible for the presence of 1434 cm™1 peak in the SVD component.
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5. Conclusion

Raman microscopy is well suited for the evaluation of extracellular and intracellular factors
influencing Tf iron-release. Importantly, these methods do not require any labeling of the
specimens. This work provides a reliable and robust methodology to monitoring iron release
both in purified Tf protein solutions and in intact cells subjected to endocytic trafficking
studies. Here, we show that methods for evaluating Tf iron-binding properties in complex
biological samples should ideally include both individual Raman peak quantification and
the SVD analysis. The 1300 cm~1 Raman peak alone can be used for identification of
iron-bound Tf populations using hyperspectral visualization overlays in cells and tissue. The
SVD analysis provides a robust, unbiased method of evaluating multiple changes in the
Raman spectra that can be easily overlooked when complex cell spectra are evaluated. In
summary, Raman micro-spectroscopy combined with SVD analysis is an excellent tool that
can further elucidate the downstream effects of Tf mediated iron delivery in a broad range of
specimens and conditions.
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Apo-Tf Transferrin protein without bound iron, has ability to bind available
iron at neutral pH

EDTA Ethylenediaminetetraacetic acid (common biological chelator)

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (common
biological buffer)

Holo-Tf Transferrin protein with iron in both lobes, can release iron in acidic
environment

MES 2-(A-morpholino) ethanesulfonic acid (common biological buffer)

Oxa-Tf Oxalate-transferrin, a chemical mutant modified to inhibit iron
release

PFA Paraformaldehyde

PBS Phosphate buffered saline
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Fig. 1. SVD analysis provides a method of distinguishing apo-Tf, holo-Tf, and oxa-Tf proteins in
solution.

Purified protein samples in solution (5 mg/mL in PBS) were subjected to the Raman
imaging with a 20 x immersion objective, excitation at 532 nm, followed by the SVD
analysis. (A) SVD scatter plot of the Raman spectra of apo-Tf, holo-Tf, and oxa-Tf. (B)
Leading SVD components used to generate SVD scatter plot; dominant features are labeled
with arrows. n = 15 spectra from a representative experiment. Representative spectra in
Supplementary Fig. 1. Dehydrated samples of purified Tf were evaluated similarly and are
provided in Supplementary Fig. 2.
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Fig. 2. Reduction of 1277 cm™1 Raman peak intensity indicates iron-release from Tf in-vitro.
Spectra of holo-Tf (5 mg/mL in PBS) before (red) and after the addition of either 100 mL

neutral PBS (grey) or 100 mL iron-releasing MES buffer (purple). The focus for individual
peak quantification is ~1277 cm™1 peak, which is drastically reduced upon the iron loss from
Tf; other Tf associated peaks (1170, 1500, and 1600 cm™1) are also reduced (highlighted

in yellow). SVD analysis also provides separation of iron-bound Tf from iron-free Tf. (A)
Representative Raman spectra of holo-Tf before (red) and after (grey) the addition of more
neutral PBS. (B) Quantification of ~1277 cm™1 peak intensity of holo-Tf before (red) and
after (grey) the addition of more neutral PBS. (C) Representative Raman spectra of holo-Tf
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before (red) and after (purple) the addition of iron-releasing MES buffer. (D) Quantification
of ~1277 cm™1 peak intensity of holo-Tf before (red) and after (purple) the addition of
iron-releasing MES buffer. Error bars indicate 95% confidence intervals, n = 3 independent
experiments. Asterisk represents statistical significance of #test with p < 0.05 (specific
p-value = 0.0003). Individual experiments, which highlight reproducibility, are provided in
Supplementary Fig. 3. (E) SVD analysis of the holo-Tf populations before (red) and after
addition of either neutral PBS (grey) or iron-releasing MES buffer (purple). (F) Leading
components contributing to the separation of iron-bound Tf from iron-free Tf in the SVD
plot of Fig. 2E. (G) Modified SVD analysis of the holo-Tf populations before (red) and
after addition of either neutral PBS (grey) or iron-releasing MES buffer (purple). Here the
spectral range below 1100 cm™1, containing the Raman contribution of MES buffer, was
removed. (H) Leading components contributing to the separation of iron-bound Tf from
iron-free Tf in the SVD plot of Fig. 2G.
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Fig. 3. Raman hyperspectral images and quantitative analysis of T47D breast cancer cells
incubated with apo-Tf, holo-Tf, and oxa-Tf for 5 min show similarities between the iron-bound
holo-Tf and oxa-Tf populations.

(A) Representative Raman spectra of T47D breast cancer cells incubated with apo-Tf,
holo-Tf, and oxa-Tf for 5 min. (B) Subcellular mapping of the Raman 1300 cm™1 peak
superimposed on the cell images, which are predominantly zoomed into the perinuclear
region. The intensity overlay is similar to the traditional endocytic (puncta) staining. Scale
bar = 10 um. (C) Quantification of Raman 1300 cm~1 peak. Representative experiment,
spectra normalized to ~1000 cm™~2 phenylalanine peak, control cells average intensity at
1300 cm™1 used for background subtraction. n = 10 ROI per condition, error bars = 95%
confidence interval, * indicates significance with p < 0.05 (specific p-values: apo-Tf vs.
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holo-Tf p = 0.013, apo-Tf vs. oxa-Tf p = 0.038). (D) SVD scatter plot of Raman spectra
for T47D cells incubated with apo-Tf, holo-Tf and oxa-Tf for 5 min. Spectra normalized
to ~1000 cm~1 phenylalanine peak. Diagonal dotted line is used to separate populations for
quantification (Fig. 5A). Individual populations shown in Supplementary Fig. 4. (E) The
leading components SVD1 and SVD2 used to generate the scatter plot.
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Fig. 4. Raman hyperspectral images and quantitative analysis of T47D incubated with apo-Tf,
holo-Tf, and oxa-Tf for 5 min followed by a wash and 55 min iron-release chase.

(A) Representative Raman spectra. (B) Subcellular mapping of the Raman 1300 cm~ peak
superimposed on the cell images, which are predominantly zoomed into the perinuclear
region. The intensity overlay is similar to the traditional endocytic (puncta) staining. Scale
bar = 10 pm. (C) Quantification of Raman 1300 cm™~1 peak. Representative experiment,
spectra normalized to ~1000 cm™1 phenylalanine peak, control cells average intensity at
1300 cm™1 used for background subtraction. n = 10 ROI per condition, error bars = 95%
confidence interval, * indicates significance with p < 0.05 (specific p-values: apo-Tf vs. oxa-
Tf p = 1.0E-9, holo-Tf vs. oxa-Tf p = 1.5E-7). (D) SVD scatter plot of Raman spectra for
TA47D cells incubated with apo-Tf, holo-Tf and oxa-Tf for 5 min with 55 min chase. Spectra
normalized to ~1000 cm~2 phenylalanine peak. Diagonal dotted line is used to separate
populations for quantification (Fig. 5B). Individual populations shown in Supplementary
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Fig. 5. (E) The leading components SVD1 and SVD2 used to generate the scatter plot, with
significant peaks labeled.
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Fig. 5. Unloading of holo-Tf populations demonstrated with SVD analysis of Raman
hyperspectral datasets.

The percent of spectral datapoints in SVD scatter plots which are clustered with oxa-Tf,
and therefore located in the “iron-bound Tf region” of scatter plots were pooled from

3 independent experiments (A) 5 min Tf internalization percent distribution data from
scatter plots in Fig. 3D and Supplementary Fig. 6A and 6C, three independent cell
experiments, 180-300 spectra per experiment, * indicates statistical significance with p

= 0.05 (Bonferroni correction for multiple comparisons) two-tailed #test, left to right
significant p-values = 0.0001, 6.25E-05, 0.0071, 7.91E-05, 4.89E-05. (B) 5 min Tf
internalization followed by 55 min chase percent distribution data from scatter plots in Fig.
4D and Supplementary Fig. 7A and 7C, three independent cell experiments, 180-300 spectra
per experiment, * indicates statistical significance with p = 0.05 (Bonferroni correction

for multiple comparisons) two-tailed #test, left to right significant p-values = 2.89E-05,
3.17E-05, 2.89E-05.
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