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Oxygen (O;) binds to hemoglobin (Hb) in the lungs and is then released (dissociated) in the tissues. The
Bohr effect is a physiological mechanism that governs the affinity of Hb for O, based on pH, where a
lower pH results in a lower Hb-O, affinity and higher Hb-O, dissociation. Hb-O, affinity and dissociation
are crucial for maintaining aerobic metabolism in cells and tissues. Despite its vital role in human physi-
ology, Hb-O, dissociation measurement is underutilized in basic research and in clinical laboratories, pri-
marily due to the technical complexity and limited throughput of existing methods. We present a rapid
Hb-O, dissociation measurement approach by leveraging the Bohr effect and detecting the optical shift
in the Soret band that corresponds to the light absorption by the heme group in Hb. This new method
reduces Hb-O, dissociation measurement time from hours to minutes. We show that Hb deoxygenation
can be accelerated chemically at the optimal pH of 6.9. We show that time and pH-controlled deoxy-
genation of Hb results in rapid and distinct conformational changes in its tertiary structure. These mole-
cular conformational changes are manifested as significant, detectable shifts in Hb's optical absorption
spectrum, particularly in the characteristic Soret band (414 nm). We extensively validated the method by
testing human blood samples containing normal Hb and Hb variants. We show that rapid Hb-O, dis-
sociation can be used to screen for and detect Hb-O, affinity disorders and to evaluate the function and
efficacy of Hb-modifying therapies. The ubiquity of optical absorption spectrophotometers positions this
approach as an accessible, rapid, and accurate Hb-O, dissociation measurement method for basic
research and clinical use. We anticipate this method’s broad adoption will democratize the diagnosis and
prognosis of Hb disorders, such as sickle cell disease. Further, this method has the potential to transform
the research and development of new targeted and genome-editing-based therapies that aim to modify
or improve Hb-O, affinity.

Introduction
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release is strongly dependent on blood pH, and this relationship
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lungs, pH rises, increasing Hb’s affinity for oxygen, and assisting
O, loading onto Hb. In contrast, the blood pH drops in tissue
capillaries, facilitating O, dissociation (O, offloading).” The frac-

IDepartment of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, tion of O, that dissociates from the Hb is of paramount impor-

OH, USA

SDepartment of Orthopedics, Case Western Reserve University, Cleveland, OH, USA
"Case Comprehensive Cancer Center, Case Western Reserve University, Cleveland,

OH, USA

tance in evaluating tissue oxygenation, cellular oxygen availability,
assessment of Hb-oxygen affinity (Hb-O, affinity), prevention of
hypoxia, and Hb variants that affect O, dissociation.>™

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ Optical absorption spectroscopic techniques have found
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extensive applications in the determination of Hb-O,
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dissociation,>® RBCs biophysical properties,” and blood phys-
iological analyses.® These methods leverage the multifaceted
properties of Hb and its interaction with different regions of
electromagnetic radiation. Hb exists in the dynamic equili-
brium between the oxygen-bound oxygenated form (oxyHb)
and the unbound deoxygenated form (deoxyHb).> Each of
those forms, oxyHb, and deoxyHb exhibit distinct optical
characteristics, and by analyzing the different optical patterns
using various methods such as circular dichroism (CD),
optical density ratios, and peak wavelength intensity of Hb’s
(Soret (400-450 nm) and Q (500-600 nm) bands) have been
studied.’™*?

Determination of Hb-O, dissociation has faced challenges
due to limitations in throughput and technical complexity of
the measurement techniques.'*"> Typically, O, dissociation is
assessed by measuring optical intensity at a specific wave-
length while systematically exposing the blood sample to nitro-
gen gas, and constructing an oxygen dissociation curve (ODC).
This curve illustrates the relationship between O, tension
(oxygen partial pressure, pO,) and the fraction of Hb binding
sites occupied by O, (oxygen saturation, sO,). The Hb-O, dis-
sociation curve can be simplified as a ps, reading, which indi-
cates the oxygen tension at 50% Hb-O, saturation.

Although the ODC measurement method is robust and
precise, it is complex, time-consuming, and requires special-
ized equipment, and a dedicated gas supply. Only a small
number of laboratories possess the necessary Hemox analyzer
(TSC  Scientific Corp., New Hope, PA) to perform this
measurement.*'* For example, a typical ODC measurement using
a Hemox analyzer takes more than 30 minutes, which includes
diluting a blood sample in a Hemox buffer at pH 7.4 at a 1:1000
ratio followed by adding the sample in a custom cuvette for
optical readout while nitrogen gas is bubbled to slowly deoxygen-
ate the hemoglobin.6 Other methods for Hb-O, binding and O,
dissociation have been developed as alternatives.'®'” These
methods rely on changes in absorbance spectra intensity in the
Soret and Q bands of Hb, using samples in a pH 7.4 buffer, and
nitrogen gas equilibration to deoxygenate hemoglobin. These
techniques require gas supply lines or gas tanks and involve
recording spectra intensity changes over 2 hours as the hemo-
globin deoxygenates gradually.'®™'® Moreover, these assays require
purified Hb samples, which may not accurately represent O, dis-
sociation since O, dissociation from Hb is higher in intact RBCs
compared to purified Hb in a solution.’*! Intracellular organic
phosphates such as 2,3-diphosphoglycerate (2-3 DPG) serve as
regulators of Hb-O, dissociation and deformability within intact
RBCS.22_24

Herein, we take advantage of the unique optical shift of
Hb’s Soret band and combine it with partial chemical deoxy-
genation to optically measure Hb-O, dissociation under
physiologically acidic conditions at pH 6.9. First, we harnessed
the acidic pH environment to facilitate rapid chemically
induced partial deoxygenation of Hb (increased Bohr
effect),"”*® to reduce Hb deoxygenation time down to 90
seconds. We have shown that, during this process, the confor-
mational changes in Hb’s tertiary structure result in significant
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shifts in the optical absorption spectra which concede with
Circular Dichroism (CD) changes.”®*” This new rapid Hb-O,
dissociation assay can be completed within 2 minutes with the
following two steps: (1) mixing 1 part of the sample (whole
blood, RBCs, or pure Hb) with 300 parts of 6.9 pH buffer and
0.052 M sodium metabisulfite (Na,S,05) which takes approxi-
mately 90 seconds per sample, and (2) adding the sample into
a cuvette or a 96-well microplate for a light absorbance readout
using a standard spectrophotometer (i.e., plate reader) in the
visible range of 390 nm to 450 nm that includes the character-
istic Hb Soret band, which takes approximately 30 seconds per
sample.

In addition to significantly expediting the Hb-O, dis-
sociation measurement, this new assay allowed for a systematic
comparison of healthy Hb (HbAA) and sickle Hb (HbSS),
revealing previously unknown variations in the absorption
spectra of these two variants in partially deoxygenated states.
We examined spectral differences in purified forms of HbSS
and HbAA, as well as in intact RBCs and whole blood samples.
Our findings show that the absorption spectra of HbAA and
HbSS were identical in the oxygenated state and at near-
neutral pH. However, under specific, time-controlled deoxy-
genation levels and pH conditions, the Soret band (at 414 nm
wavelength) of HbAA and HDSS exhibited distinct behaviors.
This distinction allowed us to differentiate between the two Hb
variants based on their O, dissociation. HbSS displayed a sig-
nificantly more rapid and pronounced shift of the Soret peak
wavelength to the right (bathochromic shift) compared to
HbAA. We assessed the utility of this assay as an optical indi-
cator of treatment status by comparing it with existing clinical
laboratory tests for Sickle Cell Disease (SCD) and by evaluating
the impact of treatments (hydroxyurea, exchange transfusion)
that modify hemoglobin composition in blood as well as Hb-
O, oxygen affinity and dissociation.

Leveraging this newly discovered approach, we evaluated
bathochromic shift as an optical marker for O, dissociation
and compared it with p5, values obtained using a Hemox ana-
lyzer on the same samples. As with ps, values, the extent of the
bathochromic shift in HbSS notably correlated with the per-
centage of sickle hemoglobin in the blood samples. We
demonstrated the practical application of this technique in
screening for sickle hemoglobin (HbS) in whole blood samples
from individuals with SCD and healthy individuals.
Additionally, this method allowed us to differentiate between
various SCD genotypes and patients undergoing different
therapies. This technique is poised to democratize basic and
translational research on Hb and red cell disorders and trans-
form the development and clinical testing of Hb-O, affinity-
modifying drugs and gene-based therapies.

Materials and methods

Materials

Phosphate buffer solutions of pH 6.9, 7.2, 7.4, 8.0, and 10.0
were purchased from Fisher Scientific (Pittsburgh, PA). All

This journal is © The Royal Society of Chemistry 2024
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buffer solutions were stored at room temperature. Sodium
metabisulfite (Na,S,05) was purchased from Sigma Aldrich
(St. Louis, MO). Nunc polystyrene 90 microwell plates with
nontreated surface and a flat bottom and lid were purchased
from Thermo Fisher Scientific (Waltham, MA).

Blood samples and human subjects

Blood samples were collected from healthy donors and indi-
viduals with SCD as part of standard clinical care. We received
ethical approval from the University Hospitals of Cleveland
Medical Center’s Institutional Review Board (IRB) and Joint
Clinical Research Ethics Committee in Kampala, Uganda, for
the Naive SCD group. All participants in the study provided
written informed consent. When collected, blood samples
were de-identified, kept at 4 degrees Celsius, and processed
within 6 hours of receipt. Samples were collected in EDTA-con-
taining vacutainer tubes and separated into two groups: HbAA
from healthy donors, HbSS samples from individuals with
SCD, and HbAS blood samples with individuals that have het-
erozygous sickle cell trait (HbAS). Hemoglobin profiles of
samples were verified using the reference standard high per-
formance liquid chromatography (HPLC,VARIANT™ II, Bio-
Rad Laboratories, Inc., Hercules, California). The results were
presented as a percentage of HbS, A2, and F; the remainder
was considered HbA since the values were normalized to
100%. Intracellular hemoglobin concentration for all blood
samples was measured under normoxia with complete blood
count (CBC, Hemavet 950FS, Hematology System, Draw
Scientific Inc.; Miami, Florida).

Sample preparation

Three independent sample preparations were performed to
test different hypotheses. (1) Whole blood, (2) isolated intact
red blood cells (RBC), and (3) purified hemoglobin (lysed
samples).

For whole blood preparation, 75 pl of whole blood was
mixed with pH 6.9 buffers at a ratio of 1:300 and incubated
for 10 minutes at room temperature before deoxygenation.

For intact RBC sample preparation, whole blood was centri-
fuged at 500¢ for 10 minutes in a microcentrifuge (model 21r;
Thermo Scientific, Waltham, MA). The plasma and buffy coat
were removed via aspiration. The RBCs were washed thrice
with phosphate-buffered saline (PBS) at pH 7.4 (Gibco,
Thermo Scientific, Waltham, MA). Next, 45 pL of the washed
RBC suspension was diluted with a pH 6.9 buffer solution
until the baseline hematocrit of 0.2% was achieved. Before
deoxygenation, RBCs were incubated for 10 minutes in a pH
6.9 buffer solution at room temperature.

For purified hemoglobin preparation; lysed samples were
prepared according to Andrade et al’s*® protocol with few
modifications. Hemolysis was carried out by sonication for 30
seconds (Hemex Health; Portland, OR). Following hemolysis,
the lysed cell suspension was added to various pH buffer solu-
tions and centrifuged at 2000g for 1 hour. Three hundred pl of
the cell lysate was removed, and the supernatant was dis-
carded. Cell lysates were diluted in 700 pl of the specific pH
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buffer solution and centrifuged at 2000g for 1 hour. The 1 ml
of pH buffer solution and cell lysate were filtered through a
0.02 pm Millipore membrane. The hemoglobin concentration
in the lysed sample was determined using the hemoglobin
cyanide (HiCN) method and measured with a cuvette spectro-
photometer at 540 nm.”® Each purified lysed sample was
diluted with different pH solutions (pH 6.9, 7.2, 7.4, 8.0, and
10.0) to achieve a hemoglobin concentration of 2.8 mg dl™*,
determined as the baseline for lysed sample analysis.
Methemoglobin was evaluated in blood samples, and if the
optical spectra included a 635 nm band (methemoglobin
peak), the sample was not included in our data analysis.

PH measurements for the buffer and samples

The pH of the buffer solutions was checked before and after in
addition to the prepared samples with an acumen AE150 pH
meter (Fisher Scientific, Waltham, MA). Using the same pH
meter, we also measured the pH of a mixture of buffer and
whole blood samples before and after adding Na,S,Os.

Oxygenation and deoxygenation of the samples

All samples were initially exposed to ambient air for 600
seconds. The oxygen partial pressure (pO,), 21% of atmos-
pheric pressure (773 mmHg), was then normalized to
162 mmHg PO, during oxygenation (Fig. 1A). Sodium metabi-
sulphite (Na,S,05) was used to deoxygenate the samples
chemically (Fig. 1B). Predetermined amounts of sodium meta-
bisulphite were mixed with 2 ml of the prepared samples for
90 seconds using a vortexer (Scientific Industries, Bohemia,
NY). The concentrations of Na,S,05 used with purified hemo-
globin were 0.039 M, 0.046 M, 0.053 M, 0.059 M, 0.066 M,
0.079 M, and 0.082 M, which corresponded to a gradual
reduction in the oxygen partial pressure in the samples. For
whole blood and RBC analyses, we used 0.053 M of Na,S,0
(17-fold more molecules than Hb molecules in solution) to
achieve partial deoxygenation (Table S17). A blood gas analyzer
(Nova Starter Pro, Nova BioMed, Boston, Massachusetts) was
used to confirm the deoxygenation levels at those Na,S,0s
concentrations.

Hemoglobin-oxygen dissociation assay

During testing with either oxygenation or deoxygenation,
samples were analyzed in three microplate wells using a spec-
troscopy microplate reader Spectramax M2e (Molecular
Devices, San Jose, CA), over a spectral range of 350-750 nm,
with a wavelength resolution of 2 nm and at a customized
microplate well reading setting at room temperature. Each
acquisition lasted 30 seconds, for each microplate well for a
spectral range of 380-450 nm and 90 seconds for 350-750 nm.
The sequence of the assay is as follows: (1) initially, the fully
oxygenated samples were analyzed to obtain reference signa-
tures that included a Soret band (390-450 nm) and two peaks
in Q-band (560-580 nm). All oxygenated samples had their
highest oxygenated absorption peak at 414 nm (Fig. 1C). (2)
The deoxygenated samples were analyzed across the same
spectral range as the oxygenated samples but with Na,S,05

Analyst, 2024, 149, 2561-2572 | 2563
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Fig. 1 Rapid measurement of hemoglobin-oxygen dissociation by leveraging the Bohr effect and the Soret band bathochromic shift. (A) Sample
analytes, purified hemoglobin (Hb), red blood cells (RBCs), or whole blood are prepared in a buffer with controlled pH. The analyte is then oxyge-
nated at room air (162 mmHg) to form oxygenated Hb (Oxy-Hb). (B) Oxy-Hb analytes are mixed with sodium metabisulphite (Na,S,Os) for 90
seconds to form partially deoxygenated Hb (Deoxy-Hb). (C) The optical absorption spectrum of a representative blood sample from an individual
with sickle cell disease, readout acquired in the 350-750 nm range. The bathochromic shift from the 414 nm Soret band (light-blue highlighted) is
measured. (D) The Soret band peak shifts from 414 nm to 430 nm peak upon full deoxygenation but halfway on partial deoxygenation. The batho-
chromic shift was systematically evaluated with partial deoxygenation and optical readout in the 390 nm to 450 nm range, which takes 30 seconds

to acquire.

concentration at 0.053 M. The concentration of Na,S,05 used
corresponded to a decrease from 75 mmHg of pO, in samples.
The spectra of deoxygenated samples yielded two distinct
peaks with pO, reduction (Fig. 1C). The most prominent Hb
peak at 414 nm in the oxygenated spectral range shifted, and
the bathochromic shift varied depending on the type of
sample under analysis and the pH buffer added, while the two
peaks in the Q band range converged into a single peak at
560 nm (Fig. 1C). At pO, reduction of 75 mmHg in the sample,
the spectral analysis yielded three different peaks; the batho-
chromic shift from 414 nm and the two peaks at 540 nm and
570 nm with a reduced gap between while the hump still
present. (3) For each sample and at concentration of 0.053 M
Na,S,0s, the bathochromic wavelength shift and intensity
were assessed for further analysis (Fig. 1D).

Oxygenated and deoxygenated absorption spectra

Oxygenated and deoxygenated spectra were obtained and pro-
cessed in SoftMax Pro 6.3. Individual peaks, intensities, and
peak wavelength shifts were identified from the spectra
through an automated peak and intensity search (Fig. 1D).
Using SpectraGryph 1.2, the Soret peak was baselined,
smoothed, and examined. The area under the peak
(380-460 nm) and full width at half maximum (FWHM) were
then calculated from the normalized Soret peak (Fig. 1D).

Circular dichroism spectra of purified hemoglobin at pH 6.9

The circular dichroism (CD) spectra, like the absorption
spectra in the Soret and visible range, reveal the molecular
structure of the hemoglobin globin and heme groups. To
confirm the effect observed in our assay, we performed circular
dichroism on oxygenated purified hemoglobin (OxyHbS,
OxyHbA) and deoxygenated purified hemoglobin (DeoxyHbS,
DeoxyHbA) at 75 mmHg and at pH 6.9 for HbAA and HbSS
samples. CD spectra were collected between 190 and 650 nm

2564 | Analyst, 2024,149, 2561-2572

wavelength on a Jasco J-1500 Spectropolarimeter with a 1 mm
quartz cuvette and a scan rate of 4 seconds. The recorded
spectra were background subtracted, accounting for a pH 6.9
buffer. The data was baselined and smoothed in the Spectra
Manager software (Release 2018; Version 2.15.01).

Statistical analysis

We used Minitab software (Release 2021, Version 20; Minitab)
for the statistical analysis. Mann Whitney U-test was performed
to compare spectral variables between the HbAA and HDbSS
groups. Pearson’s correlation analysis assessed the correlation
between spectral variables; P < 0.05 was considered statistically
significant. Unless otherwise noted, results were expressed as
means + standard error of the mean (SEM). Four optical vari-
ables (peak wavelength shift, intensity, FWHM, and area
under the peak) data from HbAA, HbSS, and HDbAS blood
samples were pooled and subjected to two-dimensional princi-
pal components analysis (PCA) using R Studio (Release 2021;
4.1.1) independently. The first and second principal com-
ponents were PC1 and PC2, respectively. The two components
were clustered and visualized to represent the HbSS, HbAS and
HDbAA samples.

Results

Sodium metabisulphite (Na,S,05) induces Hb-O, dissociation
and oxygen partial pressure (p0O,) decrease in a dose- and pH-
dependent manner

We used sodium metabisulphite (Na,S,0;5) to deoxygenate pur-
ified hemoglobin, intact RBCs, or whole blood (Fig. 1A & B).
To quantify the effect of Na,S,0s5 on deoxygenation, we
measured the oxygen partial pressure (pO,) in both HbAA and
HbSS whole blood samples reconstituted with a range of
Na,S,05 concentrations from 0 to 0.08 M at pH values of 6.9,
7.2, 7.4, 8.0, and 10.0. At all pH levels, the pO, levels of both

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 pO, reduction in whole blood depends on the Na,S,05 concen-
tration and pH. pO, measured after 4 minutes in HbAA (A), and HbSS (B),
(n = 5) whole blood at pH of 6.9, 7.2, 7.4, and 8.0, at different indepen-
dent Na,S,05 concentrations ranging from 0-0.08 M. At all pH values,
pO, was at 160-162 mmHg without Na,S,0s5 and decreased to a range
of 2040 mmHg with increased Na,S,0s5 concentration.

HbAA and HbSS whole blood samples were determined to be
162 mmHg before the addition of Na,S,05 (Fig. 2). The pO,
levels of both HbAA and HbSS whole blood samples decreased
with increasing Na,S,0s5 concentration from 0.039 M to 0.059
M (Fig. 2A & B). Under all Na,S,05 concentrations, the pO, of
both HbAA and HbSS whole blood decreased with a decrease
in pH (Fig. 2A & B). HbSS whole blood demonstrated lower pO,
levels compared to HbAA whole blood at the same Na,S,0s
concentration and pH value, except at zero Na,S,05 concen-
tration (max. pO, = 162 mmHg) and 0.053 M (min. pO, around
10 mmHg) (Fig. 2B). The 0.053 M concentration of Na,S,05
leads to partial deoxygenation of hemoglobin, where the
number of Na,S,05 molecules are more than 17-fold of avail-
able oxygen molecules in solution (Table S1t). Na,S,05 sca-
venges soluble oxygen in an aqueous buffer but does not fully
deoxygenate oxyhemoglobin. At elevated concentrations of
Na,S,0s, corresponding to high levels of deoxygenation or pO,
close to 30 mmHg, the curve plateaus (Fig. 2). This occurs
because, at these concentrations, both HbAA and HbSS exhibit
similar maximum oxygen dissociation behaviors in these con-
ditions. Together, these results demonstrate that: (1) increase
in the concentration of Na,S,05 and decrease in pH together
lower pO, levels in blood samples, and (2) pO, levels in HbSS
whole blood samples are subjected to a greater magnitude of
decrease than HbAA whole blood samples when treated with
the same concentration of Na,S,0s.

The bathochromic shift of hemoglobin with oxygen
dissociation depends on the pH

At all pH values, fully oxygenated (162 mmHg) HbAA and
HbSS had the same peak wavelengths of 414 nm (Fig. 3).
Decreasing the pO, from 162 to 20 mmHg induced peak wave-
length shifts in both HbAA and HbSS purified hemoglobin at
all pH values (Fig. 3A-D) except pH of 10.0 (Fig. 3E). At partial
deoxygenation (pO, = 75 mmHg), significant differences in
peak wavelength shifts between HbAA and HbSS were found at
pH = 6.9 (Fig. 3F) (p < 0.001) and pH = 8 (p < 0.001). At pH =
7.2 (Fig. 3F) (p > 0.05) and pH > 7.4 (Fig. 3F) (p = 0.72), there
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were no significant changes in peak wavelength shifts between
HbAA and HbSS. At pH 6.9, RBCs and whole blood followed
the same trend as purified Hb (Fig. 3G & H). These results
demonstrate that pH influenced the bathochromic shift’s mag-
nitude for HbAA and HbSS purified hemoglobin. For HbAA
and HbSS purified hemoglobin, the highest magnitude of
bathochromic shift was obtained at pH 6.9, followed by pH
8.0. At all pH values except pH 10, HbSS had a greater magni-
tude of bathochromic shift compared to that of HbAA.

For the RBCs and whole blood samples, we focused our ana-
lyses on pH 6.9 because the highest peak wavelength difference
between HbAA and HbSS purified hemoglobin was obtained at
this pH value. The variations of bathochromic shift shown for
purified hemoglobin were also evident for RBCs (Fig. 3G) and
whole blood (Fig. 3H). At 75 mmHg pO,, bathochromic shifts
were significantly different between HbAA and HbSS whole blood
samples (Fig. 3I) (***p < 0.001) and HbAA and HbSS whole blood
samples (Fig. 3I) (**p < 0.001) were significantly different.
Compared to the bathochromic shift of purified hemoglobin for
HDbAA and HbSS at pH 6.9, RBCs had the largest magnitude of
the bathochromic shift, followed by purified hemoglobin and
whole blood samples. Bathochromic shift summaries are shown
in Table S2.f HbSS RBCs and whole blood had a larger batho-
chromic shift than normal RBCs and whole blood. The findings
demonstrate that the bathochromic shift difference shown by
purified hemoglobin HbAA and HbSS is also observable when
using RBCs and whole blood analytes.

Whole blood optical absorption parameters demonstrate a
correlation with hemoglobin oxygen affinity (ps,), sickle hemo-
globin fraction, and hemoglobin concentration

Aside from obtaining the measurable optical variables and exam-
ining their confounding effects, it was also critical to study the
correlation between bathochromic shift and absorption intensity
with ps, HbS fraction, and Hb concentration (Fig. 4). HbAA and
HbSS whole blood bathochromic shifts were associated with the
changes in hemoglobin oxygen affinity as measured by ps, value
(Fig. 4A & B) from the ODCs obtained using Hemox analyzer for
each whole blood sample at pH 7.681.

HbSS whole blood bathochromic shifts at pH 6.9 and pO,
of 75 mmHg were highly associated with the changes in the
percentage of hemoglobin S (HbS%) obtained using High-
Performance Liquid Chromatography (HPLC) for each whole
blood sample at pH 6.9 and pO, 75 mmHg (Fig. 4C) (PCC =
0.875, p = 0.000, n = 20). The absorption intensity for whole
blood samples at pH 6.9 and 28 mmHg pO, (Fig. 4D) was
strongly and positively associated with the concentration of
hemoglobin (g dI™!) obtained by the standard Complete Blood
Count (CBC) for both HbAA and HbSS whole blood samples
(PCC = 0.89, p = 0.000, HbSS (n = 20), HbAA (n = 7)). At
75 mmHg pO, (Fig. 4E), the area under the shifted Soret peak
was significantly and inversely associated with a bathochromic
shift in both HbAA and HbSS whole blood (PCC = —-0.79, p =
0.000, HbSS (7 = 20), HbAA (n = 17)) (Fig. 4G). Full width at
half max (FWHM) were significantly but weakly linked with
peak wavelength shift for both HbAA and HbSS whole blood
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samples (PCC = 0.22, p = 0.009, HbSS (n = 20), HbAA (n = 17)).
Additional correlations between the variables and physiologi-
cal importance are shown in Table S3.1

Comparisons of the optical variables between HbAA and
HbSS whole blood indicated that HbSS whole blood had a sig-
nificantly higher magnitude of bathochromic shift and FWHM
compared to HbAA whole blood (HbSS; 420.6 + 0.44, HbAA;
415.3.0 + 0.21), (p = 0.001) (Fig. 4G), and (HbSS; 30.9 + 0.84,
HDbAA; 24.3 + 0.82) (p = 0.001) (Fig. 4]) respectively. HbAA
whole blood had a significantly higher peak intensity and area
under the peak compared to HbSS whole blood (HbSS: 0.99 =+
0.04, HbAA: 2.0 + 0.03), (p = 0.000), (Fig. 4H) and (HbSS: 11.6 +
0.69, HbAA: 37.2 + 0.8) (p = 0.001) (Fig. 4I) respectively. These
results revealed that the magnitude of bathochromic shift
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could be used to predict the hemoglobin oxygen affinity (ps)
and percentage of HbS in SCD patient samples, absorption
intensity for determination of the concentration of hemo-
globin, and anemia status and FWHM to assess the homogen-
eity of the sample. When compared to HbAA samples, the
homogeneity of HbSS whole blood was less consistent, as
shown by greater standard deviation, since HbSS patients were
on different therapies, leading to varying fractions of HbS.

Optical peak wavelength shifts and other optical variable
differences are driven by differences in Hb-O, dissociation of
HbAA, HbAS, HbSS and sickle cell patients based on treatment

Principal component analysis (PCA) included optical variables
(bathochromic shift, peak intensity, FWHM, and AUC data set

This journal is © The Royal Society of Chemistry 2024
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constructed from HbAA, HbSS, and heterozygous sickle cell
traits (HbAS) whole blood samples (Fig. 5). PCA resolved the
differences in our data set. Initially, two components
accounted for 94.5% variability in the optical parameters data
set, with the first component accounting for 77.96% of the
total variation between HbAA and HbSS whole blood samples
(n = 20) (Fig. 5A). Secondly, two principal components
accounted for 98.5% variability in the optical parameters data
set, with the first component accounting for 86.56% of the
total variation between heterozygous sickle traits (HbAS) = 9
and HbSS patients on various treatments: hydroxyurea (Hu
HbSS = 15), exchange transfusion (TF HbSS = 8) and those not
on any treatment (treatment Naive HbSS = 20) (Fig. 5B). We

This journal is © The Royal Society of Chemistry 2024

HDbSS vs. HbAA peak wavelength shift, (H) absorption intensity (1), the area

evaluated the HbAA, HDbAS, and HDbSS patient whole blood
samples stratified in the context of treatment by only peak
wavelength variable under both oxygenated and deoxygenated
conditions at 75 mmHg at pH 6.9. Bathochromic shift dis-
played significant differences for HbAA, HbAS, and HbSS
patient whole blood samples and stratified based on treatment
(hydroxyurea, transfusion) (Fig. 5C). No significant differences
were seen for peak wavelength shift for oxygenated HbSS,
HbAA, Hu HbSS, TF HbSS, and HbAS except for Naive HbSS p
= 0.02 (Fig. 5C). The PCA clearly showed grouping when using
the four variables which diverged from the peak wavelength.
We conclude that optical absorption variables or the batho-
chromic shift can be used to screen Hb-O, affinity disorders
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and evaluate the efficacy of treatments that modify Hb-O,
affinity and dissociation.

CD spectra of purified hemoglobin at pH 6.9 reveals
differences in the heme-heme interaction for deoxygenated
HbAA and HbSS

To understand the fundamental mechanism, behold the
observed differences in the peak wavelength shift of HbAA and
HDbSS, the CD spectra of purified hemoglobin HbAA and HbSS
were conducted under oxygenated and partially deoxygenated
states (Fig. 6). Under Hb oxygenation, the heme iron atom
rotates to become planar with the porphyrin rings, pulling the
histidine and creating a broader-scale structural change in the
protein (Fig. 6A). Under Hb deoxygenation, the iron atom is
non-planar with the porphyrin rings due to its association
with a histidine side chain (Fig. 6B). Heme-heme interaction
arises from the transition between the Hb oxygenated
(Fig. 6A), and Hb deoxygenated (Fig. 6B), which differ in the
tertiary and quaternary structures. In the spectral region below
250 nm, which reveals quaternary conformations of Hb, Oxy
HbAA and Oxy HbSS show identical spectra (Fig. 6C). Similar
CD spectra were observed with deoxy HbAA and deoxy HbSS in
that wavelength range (Fig. 6D). In the spectral range above
300 nm, the CD spectral results from the heme environment
are caused by heme interactions between a and f chains of
protein and with the aromatic residues of the globin. Slight
differences were observed in the Oxy HbAA and Oxy HbSS
(Fig. 6E & G). Still, more significant differences were observed
with Deoxy HbAA and Deoxy HDSS, particularly in the
260-470 nm wavelength range, which is close to the Soret
band range (Fig. 6F & H). The CD spectral differences between
Deoxy HbAA and Deoxy HbSS in the Soret band corresponded
to the differences we observed with peak wavelength shift. The
Soret peak of deoxy HbSS was at 431 nm, while that of deoxy
HDbAA was 425 at partial deoxygenation. Those results provide

2568 | Analyst, 2024,149, 2561-2572

a clear fundamental understanding of peak wavelength shift;
the spectral differences we report for HbSS results from its
unique heme environment as demonstrated with the shifted
CD Soret band induced by heme interactions between o and
chains. The peak wavelength shift at partial deoxygenation and
at pH 6.9 provide molecular conformational characterization
of the tertiary Hb structure, reflecting variations in Hb-O,
affinity.

Discussion

We describe a new optical assay approach to quickly measure
Hb-O, dissociation. This method enabled us to detect low
oxygen affinity HbSS, stratify SCD patients based on treatment
status, and measure Hb concentration for whole blood
samples. We have demonstrated that, this new approachcorre-
lated with the reference standard ps, value, which is a clinical
indicator of Hb-O, affinity. In clinical practice, Hb’s oxygen
affinity is one of the most underutilized blood parameters,
despite its critical significance in assessing blood oxygen avail-
ability and congenital disorders of erythrocytosis. However, the
interest in ps, measurement has been heightened with the
accelerating development of Hb-O, affinity-modifying thera-
peutics for inherited Hb disorders. One of the major reasons
why Hb oxygen affinity is frequently underutilized might be
the unavailability of an alternative facile and accurate ps,
measurement method.'**° We believe that the method pre-
sented here will significantly streamline the Hb-O, affinity
assessment and improve its accesibility.

To our knowledge, this is the first time that the optical
absorption spectra of HbSS’s Soret band were shown to be sig-
nificantly different from HbAA under specific deoxygenation
and pH conditions, based on actual spectral bathochromic
shifts. We have shown that the bathochromic shifts of HbAA
and HDbSS purified Hb were significantly different only at pH

This journal is © The Royal Society of Chemistry 2024
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6.9. No bathochromic shift was observable at pH 10.0. At
higher pH, we noticed that HbSS has a similar O, dissociation
to HbAA regardless of the hypoxia (pO,) level at those con-
ditions. We may counter that there is no bathochromic shift at
alkali conditions, implying that O, is not rapidly released from
the HDbSS. Earlier attempts by researchers to alleviate SCD
crises by alkalizing the blood can be deemed reasonable in
this context.>'?

SCD samples had a greater bathochromic shift magnitude
under deoxygenation at all pH levels than normal healthy
blood. Furthermore, the higher the magnitude of the wave-
length shift, the greater the O, release and the lower the O,
affinity, as seen with the ps, correlation. Importantly, the bath-
ochromic shift’s magnitude in SCD samples significantly cor-
related to the percentage of HbSS. The dependence of HbSS O,
affinity on its concentration is consistent with earlier
research.”® From a diagnostic standpoint, this finding proves
that our assay may be utilized to measure Hb-O, affinity and
the percentage of HbSS, which are clinically important in
monitoring SCD.

Both HbAA and HDbSS variants displayed a reduction in
oxygen content with partial deoxygenation, which also mani-
fested as a bathochromic shift in the wavelength of the Soret
peak. However, the magnitude of the bathochromic shift was
significantly greater for HbSS than for HbAA. There are various
possible explanations for this dichotomy. The absorption wave-
length of hemoglobin is largely determined by the tertiary and
quaternary structures of the protein.>* Notably, the visible
absorption wavelength (350-650 nm) spectra of Hb are deter-
mined by the tertiary structure changes which explicitly
include heme-globin environment changes (Fig. 6). In
reported experiments, multiple effectors can distort protein
conformations. Changing solvent-solute interactions due to
increased H' ions in the solution with increased acidity is a
potential contributor that may affect both HbAA and HDSS.
Increased H' affects the Hb conformation, facilitating O,
release through the heme-globin interaction. Typically, the
bathochromic shift both for HbAA and HbSS can easily be
obtained in the acidic condition, at those conditions, the
heme ring becomes protonated, which leads to the release of
O,. Furthermore, the localization of sulphite ions to oxygen
binding sites may also affect the protein conformation, result-
ing in the bathochromic shift for HbAA and HbSS. We specu-
late that the key effector that defines the greater magnitude of
bathochromic shift for HbSS is its unique heme environment
at lower pH, which otherwise differs from HbAA (Fig. 6). We
observed more significant differences in the CD spectra Soret
band and aromatic bands of HbSS from those of HbAA in the
deoxygenated state at 6.9 pH. Changes in the CD deoxygenated
Soret band have been correlated with the heme-globin inter-
action environment, which directly reflects the oxygen
affinity.>>*® HbSS has been reported with slightly different f
aromatic residue chains, which may contribute to its distin-
guished heme environment.

In this method, the purified hemoglobin concentration
used is 2.8 mg dl™" (Fig. S1{), more than 10000 times less

Analyst, 2024,149, 2561-2572 | 2569


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an02071a

Open Access Article. Published on 07 March 2024. Downloaded on 4/2/2026 2:57:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

than the critical intracellular concentration of ~34 g dl™* for
HbSS polymerization.’” Therefore, we don’t anticipate the
polymerization of purified HbSS upon deoxygenation in this
assay. We also observed a notably greater bathochromic shift
in RBCs for both sickle and normal compared to purified Hb
(Table S2) & (Fig. S3).1 This result could be due to intracellular
differences in pH and 2,3-DPG, which are known to affect Hb-
O, dissociation. A complementary investigation is needed to
explain the possible mechanisms contributing to the differ-
ences in the heme environment of HbSS at lower pH as it
happens physiologically. It is not straightforward to study
these variables of pH, solvent, SO;-O, exchange, heme-heme
interaction, and polymerization contributions individually
because these effectors are correlated. Optical absorption may
be a valuable tool for future studies to study these mecha-
nisms. Recent studies report the effects of 2,3-DPG on improv-
ing O, retention of HbSS but also lowered intracellular
pH;***! thus, the bathochromic shift can also be studied to
understand the mechanisms by which 2,3-DPG plays into O,
retention and polymerization of HbSS.

The full absorption spectrum (350-750 nm) and the four
optical variables (bathochromic shift, peak wavelength, AUC,
and FWHM) data sets were used to detect HbSS and HbAA var-
iants using the principal component analysis (PCA) algorithm,
an unsupervised dimensional reduction tool. Our study high-
lights the diagnostic potential of using this method to screen
for HbSS and HbAS according to the significant cluster differ-
ences between HbSS and HbAA variants that PCA revealed and
to stratify SCD patients based on treatment such as transfu-
sion, hydroxyurea and treatment-Naive SCD patients. We
believe that our assay can screen other Hb oxygen affinity
abnormalities in addition to HbSS. Robustness and repeatabil-
ity of the assay support this finding (Fig. S27).

Sodium metabisulfite is a chemically stable antioxidant
food additive,*> which has been used to deoxygenate blood
components.” Sodium metabisulfite based deoxygenation has
been used to induce sickling of RBCs from individuals with
SCD.**** Due to its stability and well-established use in the litera-
ture, we used sodium metabisulphite in buffer with a pH of 6.9
to controllably deoxygenate purified hemoglobin, intact RBCs,
and whole blood. Sodium metabisulfite dissolves in aqueous
buffer to produce sodium bisulfate: Na,S,05 + H,O — 2Na' +
2HSO;~. Oxyhemoglobin releases oxygen to result in deoxyhemo-
globin and dissolved oxygen: HbO, — Hb + O,. Sodium bisulfate
is a commonly used reducing agent that readily reacts with dis-
solved oxygen and is converted into sodium hydrogen sulfate:*>
2Na' + 2HSO;~ + O, — 2NaHS0,. Scavenging of dissolved oxygen
by sodium bisulfate leads to increased deoxygenation of oxyhemo-
globin in the sample. Deoxygenation reaction of sodium metabi-
sulfite is controllable by adjusting its concentration and time,
which allows partial deoxygenation of blood components, as we
have shown in this study.

The method presented here is designed to assess Hb-O, dis-
sociation and eventually determine Hb-O, affinity based on
the magnitude of Soret band shift but not designed to allow
recordings of ODCs over the whole pO, range. Future develop-
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ment of this method would include further quantification of
the Soret band with the goal to provide absolute quantification
of SO, and pO, for each sample to construct the ODCs. This
study also lays the foundation for understanding optical
absorption parameters that could differentiate Hb variants
with abnormal oxygen affinity and motivates investigation to
understand HbSS deoxygenation response dynamics and cellu-
lar oxygen availability assessment, which is critical for emer-
ging pharmaceutical and genome editing-based therapies for
SCD. In addition, we report evidence that could be used to
improve the diagnostic accuracy of systems that use light
absorption spectrophotometry, which may be affected by Hb
variants and Hb-O, affinity abnormalities.
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the Guidelines of the Uganda National Council for Science and
Technology (UNCST) based on international standards and
approved by the ethics committee at the Joint Clinical
Research Centre in Kampala, Uganda (JCRC IRB# JC1122).
Informed consents were obtained from all human participants
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