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ARTICLE INFO ABSTRACT

Keywords: The recently proposed Interfacial Water Quantum Transition (IWQ) model presents a novel framework for
Erythrocytes N functional changes in proteins at critical temperatures. Building on this, we hypothesized that red blood cell
Temperla:‘_re transition (RBC) osmotic fragility (OF) and aquaporin (AQP) function might exhibit similar transitions. We assessed the
;Icelra(;go ;)inm osmotic resistance of human and chicken RBCs across 24-50 °C. Mean corpuscular fragility (MCFsp) was ob-
IWQ model tained by logistic curve fitting.

In human RBCs, MCFs consistently decreased with increasing temperature in whole blood, washed RBCs, and
HgCly-treated (known to reduce AQP water permeability) RBCs. Washed RBCs were more fragile, indicating a
protective role of plasma proteins. An abrupt MCFs drop at T, = 36.0 + 0.4 °C in washed RBCs abolished group
differences, suggesting a functional transition at the critical temperature, Tc. For chicken RBCs at
T, = 41.0 £ 0.5 °C, a phase transition-like decrease in MCF5( was observed, where it dropped from 0.32 at 40 °C
to 0.28 at 41 °C. This decrease remained consistent above Tc, unlike the peak-like curve shape in human RBCs
around T¢. These results suggest a species-specific, temperature-triggered anomaly and an osmotic regulation
mechanism. The OF transitions found align with known hemoglobin temperature transitions, highlighting the
physiological relevance of thermo-sensitive protein-water interactions. The findings of this study could foster the
understanding of temperature-regulated water transport in red blood cells and for the development of AQP-
specific applications in transfusion medicine or bioengineered membranes.

1. Introduction

Erythrocytes (RBCs) constitute the majority of circulatory cells and
are mainly responsible for oxygen (O,) and carbon dioxide (CO3)
transport, while also contributing to hemostasis and thrombosis (Weisel
and Litvinov, 2019; Pretini et al., 2019). Despite their simple metabolic
profile, RBCs are highly specialized and equipped with a remarkably
flexible, adaptive plasma membrane that supports their function under
diverse physiological conditions (Kuhn et al., 2017).

RBC deformability enables them to pass through narrow vessels and
capillaries without rupturing (Huisjes et al., 2018; Artmann, 1995). It
relies on several factors, including cellular hydration, cytoplasmic vis-
cosity, hemoglobin conformation, ionic homeostasis maintained by
transporters (primarily the Na®/K'-ATPase) and ion channels (e.g.,

PIEZO1, Gardos channel), and the cytoskeleton-membrane interface
(Huisjes et al., 2018; Cahalan et al., 2015; McMahon, 2019; Li and
Lykotrafitis, 2014; Danielczok et al., 2017; Lazari et al., 2020). Among
other aspects, RBC deformability is considered an indicator of age and
overall functionality of erythrocytes (Lazari et al., 2020).

Like any cell, RBCs must manage osmotic balance under various
conditions, and their plasma membrane needs to be permeable to
essential small molecules (water, oxygen, CO,) while excluding larger
molecules like hemoglobin (Endeward et al., 2006; Mohandas and
Gallagher, 2008). Under isotonic conditions, i.e., 0.9% (w/v) or 154 mM
NaCl, ~ 300 mOsm/l, RBCs exhibit no net transmembrane water
movement. In hypo- or hypertonic environments, however, they
osmotically adjust their water content (Preston et al., 1993; Engel et al.,
1994). Besides the mostly passive response to anisoosmotic
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environments, mechanisms of active adaptation of RBC volume have
been described (Pretini et al., 2019; Kahle et al., 2015). These include
the PIEZO1-Gardos channel axis, which is thought to be chiefly
responsible for maintaining RBC volume at approx. 60% of the spherical
volume supported by the membrane area. Here, a mechanosensitive
cation channel (PIEZO-1) mediates Ca?tinflux in response to, e.g., shear
stress, leading to activation of the Ca’-responsive K*-conducting
Géardos channel and hence enhanced loss of K™ and cytosolic water
(Pretini et al., 2019; Mohandas and Gallagher, 2008; Cueff et al., 2010).
Artmann et al. (2009) reported a temperature transition of hemoglobin
at human body temperature, which triggers aggregation of the protein in
the cytosol (Artmann et al., 2009). This process leads to release of water
from the RBC cytosol into the blood plasma above the transition tem-
perature, i.e., under fever conditions, with temperature being the only
known trigger for this process (Artmann et al., 2009, 2025). Irrespective
of the regulatory circuit involved, the passage of water across the lipid
bilayer is largely mediated by aquaporins (AQPs), transmembrane water
channels first identified by Peter Agre for which he was awarded the
2003 Nobel prize in Chemistry (Preston et al., 1993; Engel et al., 1994).

AQPs belong to the major intrinsic protein (MIP) family of integral
membrane proteins and are considered to be highly conserved across
various species, including bacteria, yeast and plants. They are expressed
in virtually every cell type, playing a pivotal role in osmoregulation and
other processes like cell migration and angiogenesis (Kuchel and Benga,
2005; Aponte-Santamaria et al., 2017; Niemietz and Tyerman, 2002;
Ionenko et al., 2010). In vertebrates like humans, AQPs also regulate
water transport across tissue barriers in the brain, kidneys, and in-
testines, and unsurprisingly are implicated in pathological conditions
like edema, atherosclerosis, tumor metastasis, and certain infectious
diseases (Verkman, 2002, 2012; Francesca and Rezzani, 2010; Mader
and Brimberg, 2019; Su et al., 2020; Da et al., 2018; Maltaneri et al.,
2020; De Ieso and Yool, 2018; Saadoun et al., 2005; Papadopoulos et al.,
2008; Zhu et al., 2016; Azad et al., 2021; Papadopoulos and Saadoun,
2015). Thirteen AQPs have been identified in humans, with AQP1 being
the most abundant, facilitating rapid water exchange in endothelial
cells, neurons, intestinal cells, kidney proximal tubules, corneal cells and
blood cells, first and foremost RBCs (Sugie et al., 2018; Benga, 2012).

AQP1 primarily facilitates rapid water transport, though recently it
has been implicated in small cation transport, adding complexity to its
role in osmoregulation (Chow et al., 2022; Campbell et al., 2012). It may
also assist in CO transport by supplying water required for carbonic
anhydrase activity (Blank and Ehmke, 2003; Hsu et al., 2017). AQP3, an
aquaglyceroporin present in RBCs, transports both glycerol and water
(Roudier et al., 1998). Although the full range of AQP functions remains
to be elucidated, these proteins are postulated to also contribute to
membrane flexibility, and potentially to the energy efficiency of RBC
deformation and temperature homeostasis (Artmann et al., 2025; Kuchel
and Benga, 2005; Benga, 2012; PDF) Role of Aquaporins in; Agre (2004);
Kozono et al. (2002); Guo et al. (2020); Benga (2003). Interestingly,
individuals lacking functional AQP1 (Colton-null blood group) show no
major clinical abnormalities, suggesting that other aquaporins, primar-
ily AQP3, may partially compensate for water transport (Roudier et al.,
1998; Mathai et al., 1996; Cho et al., 1999). Nevertheless, AQP1 remains
the predominant and most efficient water channel in human RBCs.

Given their physiological and pathophysiological importance, AQPs
have emerged as therapeutic targets (Niemietz and Tyerman, 2002;
Verkman, 2012; Salman et al., 2022; Dorward et al., 2016; Abir-Awan
etal., 2019; Tradtrantip et al., 2017; De Almeida et al., 2014; Yool et al.,
2010; Shu et al., 2019). Although nonspecific and toxic in vivo, mercury
chloride (HgCly), remains a widely used AQP1 inhibitor in vitro due to
its thiol-reactive properties (Preston et al., 1993; Abir-Awan et al., 2019;
Yang et al., 2006).

First introduced in 1946, the osmotic fragility (OF) test is a standard
diagnostic tool for evaluating RBC membrane resilience under hypo-
tonic stress, and its result is typically reported as the mean corpuscular
fragility index (MCFsg), representing the NaCl concentration at which
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50 % hemolysis occurs (Parpart et al.). The OF test is widely used in
hematology to detect membrane abnormalities, such as hereditary
spherocytosis, hemoglobin abnormalities like thalassemia, and other
pathological conditions (Knychala et al., 2021; Saxena and Seshadri,
1983; Sutton and Sellon, 2013). Beyond clinical diagnostics, OF is a
valuable tool in research for exploring cellular water dynamics and AQP
functionality (Salman et al., 2022; Tradtrantip et al., 2017; Murata et al.,
2000). It is known to vary with species, sample storage time, pH, cellular
age, and notably, temperature (Cueff et al., 2010; Saxena and Seshadri,
1983; Some effects of serum components; Xia et al., 1999; Orbach et al.,
2017; Richieri and Mel, 1985; Igbokwe, 2019; Utoh et al., 2009; Tzou-
nakas et al., 2021).

Temperature is a fundamental regulator of cellular function, influ-
encing the physical state of water, protein folding and dynamics, and
membrane fluidity (Williamson et al., 1975; Artmann et al., 1998;
Kelemen et al., 2001; Knapp and Huang, 2022; Polderman, 2012). As a
result, maintaining body temperature within an optimal range is
essential for homeostasis (Polderman, 2012; Bhomia et al., 2016; Wetzel
et al., 1980). In RBCs, temperature alters membrane rigidity and
permeability, impacting osmotic fragility (Utoh et al., 2009; Williamson
et al., 1975; Artmann et al., 1998; Kelemen et al., 2001; Doan et al.,
2022; Kwang-Hua, 2019). We previously proposed the Interfacial Water
Quantum-transition (IWQ) model which denotes that
temperature-dependent functional transitions in proteins arise from
quantum rotational transitions of interfacial water molecules, corre-
lating with species-specific physiological temperatures (Artmann et al.,
2025).

Based on our recent observations on other temperature-dependent
switches in protein function, we hypothesized that a thermal transi-
tion in the osmotic behavior of human RBCs might occur close to body
temperature (Artmann et al., 2025). The current study aimed to inves-
tigate the impact of temperature on human RBC osmotic fragility and
AQP function, probing a temperature range of 28-42 °C. As it was
previously found that temperature transitions in homeothermic species
often correlate with their body temperatures, the OF experiments were
also conducted with chicken RBCs, shifting the evaluated temperature
range to 32-50 °C (Artmann et al., 2025). Although, chicken RBCs share
the same primary function as their human counterparts, they are
structurally distinct. Chicken RBCs are larger and retain both their nu-
cleus and mitochondria throughout their lifespan, remaining metaboli-
cally and transcriptionally active. Owing to these differences, they have
lower diffusional permeability (Pd) and higher activation energy (Ea,d),
for water transport as well as greater osmotic stability compared to
human RBCs (Benga, 2013; Comparison of Erythrocyte Osmotic
Fragility among Amphibians). Our results suggest that membrane water
transport and hence the osmotic fragility of erythrocytes exhibits
temperature-dependent  changes in  water handling and
hemoglobin-associated biophysics, with AQPs representing a plausible
contributor. A species-specific temperature anomaly of red blood cell
water transport (consistent with AQP involvement) appears to emerge
when cells are suspended near the physiological body temperature of
their species of origin.

2. Materials and methods
2.1. Blood samples preparation

Human blood was obtained from a healthy adult volunteer via finger
prick and collected into Na-heparin-coated microcapillaries (BRAND) to
prevent clotting. For whole blood measurements, samples were used
immediately. For washed RBC and AQP-inhibited washed RBC mea-
surements, blood samples were centrifuged (Heraeus Biofuge Primo,
Thermo Fisher Scientific, USA) three times at 1000xg for 5 min, fol-
lowed by resuspension of the pellet in an isotonic storage buffer con-
taining 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO4 and 1.8 mM
KH,PO4, pH 7.4. Hematocrit levels were verified by centrifuging in a
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microhematocrit centrifuge (Haematokrit 200, Hettich, Germany), ac-
cording to standard procedures to ensure consistency across samples.
RBC suspensions were then adjusted to the desired hematocrit for the OF
assays, cells counts were verified using a Neubauer Improved Counting
Chamber (BRAND, Germany). Thus, the cell concentration at the
working hematocrit was controlled for each experiment. A 25 % (v/v)
fresh whole blood from a chicken in Alseverbuffer was acquired from a
commercial provider (Labor Dr. Merk, Ochsenhausen, Germany).
Chicken RBCs were isolated using standard methods and used within
three days to minimize the effects of prolonged storage on osmotic
fragility. The ethics committee of Anonymous reviewed the study and
provided written confirmation that no formal ethics approval was
required. The blood sample was donated with written informed consent.
All procedures were carried out in accordance with institutional
guidelines and the Declaration of Helsinki.

2.2. AQP water permeability modulation

HgCl, was employed as a classical mercurial inhibitor commonly
used to reduce AQP-mediated water permeability in RBCs. However,
due to its thiol-reactive nature, it is not AQP-specific and may exert off-
target effects (Salman et al., 2022; Abir-Awan et al., 2019; Yang et al.,
2006). HgCly (Carl Roth, Germany) stock solution was prepared in
phosphate buffered saline (PBS), at the desired concentrations. RBCs
were isolated from fresh whole blood samples via centrifugation and
incubated at room temperature (21.2 + 0.2 °C; mean =+ SD) for 15 min
with periodic mixing to ensure even exposure, at the standardized he-
matocrit level (20 %) for each HgCl, concentration. Following incuba-
tion, the samples were centrifuged three times at 1000xg for 5 min,
followed by resuspension in storage buffer, to remove residual HgCly.
The RBCs were then diluted with phosphate buffered saline (PBS; pH
7.4) to the target hematocrit level and were ready to use in the osmotic
fragility experiments.

2.3. Quantitation of echinocyte formation

To assess the contribution of RBC shape changes (specifically echi-
nocytosis) to osmotic fragility effects after AQP inhibition, varying
HgCl, concentrations were tested. After incubation with 1, 10, 100,
1000 and 10,000 pM HgCl, the samples were washed to remove any
residual HgCl,. The resulting RBC suspensions were examined on clean,
dust-free microscope slides that were alternatively coated with bovine
serum albumin (BSA, Sigma-Aldrich, USA) by incubation in 1% (w/v)
BSA solution for 30 min at room temperature, followed by rinsing with
deionized water and drying under laminar flow. Samples were covered
with % 1 (w/v) BSA coated glass coverslips and visualized by light mi-
croscopy (VisiScope BL254T1, VWR, USA). Four independent samples
were prepared. For each sample, images were acquired in a systematic
pattern across the slide to avoid selection bias. Bright-field images (an
average 15) were captured using 40x objective, and an average of
697 cells per sample were analyzed. Total cells were counted to calculate
the echinocyte percentage for each HgCl, concentration. Because the
morphological differences between concentrations were readily distin-
guishable, the analysis was not blinded.

2.4. Phosphatidylserine imaging with annexin V

For phosphatidylserine (PS) imaging, annexin V-FITC dye and the
annexin V-binding buffer (ROTITEST Annexin V, Carl Roth, Germany)
were used (Reutelingsperger and Van Heerde, 1997). After HgCl, in-
cubation, the cell suspension was centrifuged twice, with the superna-
tant replaced after each centrifugation. Annexin V binding buffer was
added to the suspension to reach a final density of 10° cells/ml. For
staining, 100 pL of cell suspension was mixed with 5 pL of annexin
V-FITC Conjugate (Carl Roth, Germany) followed by the addition of
400 pL of 10-fold diluted annexin V binding buffer. The samples were
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incubated 15 min at room temperature and visualized using a fluores-
cence microscope (Bz-8000, KEYENCE, Japan). Images were acquired
from randomly selected, non-overlapping fields per sample. The number
of annexin V-positive and -negative cells was determined using stan-
dardized criteria, and the percentage of phosphatidylserine (PS)-ex-
posing cells was calculated. While full blinding was not applied, image
acquisition and analysis followed consistent protocols to minimize bias.

2.5. Temperature regulation

The Thermomixer Compact (Eppendorf, Germany) was used to heat
individual samples to the required temperatures. Temperature accuracy
was verified using a high-precision reference thermometer (ETI Ltd,
UK). Prior to each experiment, all wells were pre-heated to the target
temperatures, and well-specific accuracy was assessed (the manufac-
turer specifies an accuracy of +0.5 °C). The most stable and accurate
wells were selected for the measurements. All solutions were incubated
for a minimum of 30 min to ensure thermal equilibration before the OF
experiments. To confirm accuracy, temperatures of five randomly
selected wells were measured to confirm that the desired heating was
achieved.

2.6. Osmotic fragility measurement

The osmotic fragility measurement determines the NaCl concentra-
tion where 50% hemolysis occurs (MCFsp). Osmotic fragility analysis
was carried out as outlined by Parpart et al. (Parpart et al., 1947). For
each measurement, aqueous NaCl solutions, pH 7.4, at 15 different
concentrations (0.90, 0.80, 0.75, 0.70, 0.65, 0.60, 0.55. 0.5, 0.45, 0.4,
0.35, 0.30, 0.2, 0.1 and 0%, w/v) were prepared. The osmolarities of the
solutions were controlled and documented with a cryoscopic osmometer
(OSMOMAT 030, Gonotec, Germany). For quantitation of hemolysis at
any given condition, an aliquot of blood sample was rapidly mixed with
the respective NaCl solution (1:100) and incubated in a thermomixer
(Thermomixer compact, Eppendorf, Germany) at the specified temper-
atures for 30 min. Following incubation, the samples were centrifuged at
1000xg for 10 min and the absorbance of the supernatants at 540 nm
was measured with a spectrophotometer (V550 UV-VIS Spectropho-
tometer, JASCO, Japan). The percentage of hemolysis for each concen-
tration was calculated as follows: %Hemolysis = (O.D. of the test sample
— 0.D. of the 0.90% sample)/(O.D. of the 0% sample — O.D. of the 0.90%
sample) x 100. The MCFso of RBCs at the respective temperature was
calculated by fitting a logistic curve to the data using MATLAB R2023a
software. All osmotic fragility assays for human and chicken RBCs were
conducted under strictly controlled conditions, including constant os-
molarity, pH, and temperature.

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism. For
HgCl, dose-response analysis (n = 3), normality was assessed with Q-Q
plots, and variance homogeneity was evaluated using Levene's test. Data
are presented as mean + SEM in the graphs, SD is reported in the text. As
the reduction of MCFs was of interest for HgCl, dose analysis, ANOVA
(one-tailed) followed by independent samples t-test with Bonferroni
correction was used to compare each concentration against the control.
For Annexin-V staining (n = 4) Kruskal-Wallis test with Dunn's post hoc
(two-tailed) followed by Bonferroni correction was applied. In the
temperature experiments for osmotic fragility of whole blood, RBC
isolates, and AQP-inhibited RBC, normality was assessed using the
Shapiro Wilk test, and variance homogeneity was checked with Levene's
test. Between-group comparisons were performed using repeated mea-
sures ANOVA followed by Tukey. As for osmotic fragility data with
chicken RBCs, the repeated measures ANOVA (two-tailed) was used to
detect significant differences between temperatures, as the RBCs were
derived from the same sample.
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3. Results
3.1. RBC AQP water permeability inhibition by HgCl,

The alteration in osmotic resistance of washed RBCs at room tem-
perature, as indicated by MCFs, in response to the inhibition of aqua-
porins with HgCl, is demonstrated in Fig. 1.

The MCFs5¢ value decreases with increasing HgCly concentration,
starting at 0.1 uM HgCl, and is lowest at around 100 pM HgCly, with
MCFsg = 0.368 & 0.015 (SD) % NaCl. At 50 pM HgCl,, the MCFso was
0.417 + 0.003 (SD) % NacCl and at 40 yM 0.418 + 0.001 (SD) % NacCl.
The difference between the two conditions was not statistically signifi-
cant (p = 0.37). In contrast, at concentrations greater than 100 pM, an
increase in MCF5( was observed, reaching 0.586 + 0.057 (SD) % NaCl at
10,000 pM HgCl, (not included in Fig. 1).

3.2. HgCl, induced echinocytic shape changes of RBCs

RBC shapes and shape distributions are very sensitive indicators of
many kinds of cell membrane and volume changes, which often can be
visualized using bright-field microscopy (Artmann, 1995; Artmann
etal., 1996; Artmann et al., 1997). In the experiments for this section the
maximum HgCl, concentration at which the distribution of RBC shapes
remained unaffected compared to the control was elucidated.

Thus, these experiments were conducted to ensure that the MCFsg
changes observed were not due to lipid bilayer rearrangement processes
inducing, e.g., RBC echinocytic shape changes (Artmann et al., 1996;
Artmann et al., 1997). After the erythrocytes had been washed with
protein-free PBS buffer, they sedimented on the microscope slides and
immediately took on an echinocytic shape, which is known as the 'glass
effect' (Eriksson, 1990). This can be prevented by coating the glass
surface with human albumin.

Fig. 2 (control) shows a regular discocytic population of RBCs on
albumin-coated slides. This changes when HgCl, is contained in the
buffer. At 100 pM HgCl, the formation of echinocytes is clearly
observed, while at 10,000 pM HgCly, both RBC spherocytes and ghosts
appear (Fig. 2a), the latter indicating RBC lysis.

The quantitative RBC shape analysis at varying HgCl, concentration
revealed that at 100 pM HgCly, the echinocyte percentage on albumin-
coated slides was 42.76 + 13.34% (SD) whereas at 10 pM HgCl, it
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was 3.55 + 0.39% (SD). At concentrations below 10 pM, echinocyte
formation was found to be negligible. Conversely, on uncoated slides,
echinocyte percentages consistently exceeded 80% at all HgCl, con-
centrations tested, with no distinct HgClp-concentration-dependent
trend discernible (Fig. 2b). Thus, echinocytic shape changes observed on
albumin-coated slides are due to the HgCl, action and not due to the
glass effect.

Based on these observations, echinocyte formation may contribute to
the significant MCFso decrease observed at and above 100 pM HgCly
(Fig. 1), potentially masking the true effect of AQP inhibition. The ghosts
seen above 100 pM HgCl; indicate an RBC damaging and destructive
effect of HgCl, (Fig. 2 a). Therefore, for further experiments, concen-
trations above 10 pM and below 100 pM HgCl, were identified as the
optimal range for achieving AQP inhibition without major morpholog-
ical changes.

3.3. Phosphatidylserine exposure in response to HgCl,

To further refine the choice of HgCly concentration for AQP modu-
lation experiments and to evaluate potential cytotoxic effects, annexin-V
staining was performed (Fig. 3a). By visualizing PS exposure in the outer
leaflet of the RBC membrane, annexin-V staining can sensitively detect
serious cell damage or aging (eryptosis).

Quantitative evaluation revealed a HgCl,-concentration-dependent
increase in annexin-V positive cells (Fig. 3b). Below 50 pM HgCl,, no
significant differences w.r.t. the control were found. However, at 50 pM
and 100 pM HgCl, the percentage of annexin-V positive cells rose
significantly. The highest HgCl, concentration tested without a signifi-
cant fraction of annexin positive cells was 40 pM.

Following these results, the 40 pM HgCl, treatment was additionally
examined for echinocytic shape changes, showing 6.3 + 1.7 (SD) %
echinocytes on albumin-coated slides. Thus, a concentration of 40 pM
HgCl, was selected for use in the experiments on temperature
dependence.

3.4. Temperature effects on the osmotic fragility of human and chicken
RBCs

For all temperature-dependent OF measurements, the averaged
measured temperatures across experimental groups closely matched the
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Fig. 1. HgCl, reduces mean corpuscular fragility (MCFso) in washed RBCs in a concentration-dependent manner. MCFs, of washed RBCs incubated with
HgCl, at different concentrations at room temperature (n = 3, mean + SEM). Bonferroni correction was applied for 9 comparisons (adjusted « = 0.005). Significance
of differences w.r.t. control is indicated (*, p < 0.0055; 0.1 pM, p = 0.0042; 10 uM, p = 0.0006; 30 pM, p = 0.0011; 40 uM, p = 0.0001; 50 pM, p = 0.0006; 100 pM,

p = 0.0023).
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Fig. 2. Morphological changes in washed RBCs after HgCl, treatment. a Representative bright-field microscopic images (40x) of washed RBCs on albumin-
coated slides without (control) and with HgCl, at different concentrations, (Control, 10 pM, 100 pM, 1000 pM and 10,000 pM. The arrows indicate discocytes
(white), echinocytes (black), and RBC ghosts (grey). b Percentage of HgCl, induced echinocytes among packed RBCs sedimented on glass: albumin coated (dashed)

versus uncoated (grey) slides (n = 3, mean + SEM).
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Fig. 3. HgCl, promotes dose-dependent phosphatidylserine externalization in washed RBCs. a Representative bright-field and annexin-V fluorescence images
of annexin-V-stained washed RBCs under control conditions and after incubation with 100 pM HgCl,. For each condition, the bright-field image is shown on the left
and the corresponding fluorescence image on the right. Images were acquired using a 10x objective. b Percentage of annexin-V-positive RBCs after incubation with
increasing concentrations of HgCl,. Data are shown as mean + SEM (n = 3). Significant differences compared with control are indicated by an asterisk (*, p < 0.007).
Significant increases were observed at 50 uM (p = 0.004) and 100 uM (p = 0.001).

target temperatures, with the highest deviation from the target observed
at 38 °C (37.7 £ 0.1 °C, mean £ SD) and the lowest at 28 °C
(28.0 £ 0.1 °C). The coefficient of variation consistently remained below
1.5 %, indicating highly precise temperature control across all experi-
mental groups. These findings confirm that the temperature regulation
system maintained consistent and accurate conditions throughout the
experiments.

Regarding the osmolarities of the prepared NaCl concentrations for
MCFs5o measurements, the standard deviations were low and within the
range of the device's accuracy. The highest variability was observed at
0.8% with a measured osmolarity of 254 + 6 (mean + SD) mOsm, while
the lowest variability was observed at 0.1% and 0.4% measuring 34 + 2
mOsm and 129 + 2 mOsm, respectively. This indicates consistent and

reliable osmolarities across the samples.

Overall, the osmotic fragility (MCFs) of human RBCs decreases
linearly across the temperature range studied. Surprisingly, however,
there occurs a significant downward peak in the region around
36 + 0.4 °C (SD) (Fig. 4, black curve). This indicates an anomaly of
human RBC osmotic fragility occurring within a very narrow tempera-
ture range (see Discussion) (Artmann et al., 2025).

The overall osmotic fragility of chicken RBCs, on the other hand, is
lower than that of their human counterparts (Fig. 4, blue curve). Here,
the highest MCFs( was found at 40 °C (0.322 + 0.002 %, mean + SD),
followed by a steep decline of —13.13 % per °C to 0.280 + 0.003 % at
41 °C (Fig. 4). This temperature anomaly, in contrast to the behavior of
human RBCs, appears as a transition rather than a fluctuation. At 42 °C,
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Fig. 4. Temperature dependence of MCFs, (osmotic fragility) in washed, plasma-free human and chicken RBCs. Human RBCs are shown in black and chicken
RBCs in blue. For human RBCs, data are presented as mean + SEM (n = 6 for 35, 36, and 37 °C; n = 3 for other temperatures). Excluding the 35-37 °C interval,
osmotic fragility decreased in a highly linear fashion (dotted black line), with a slope of 0.0033 % NaCl/°C (r = 0.99). At critical temperature (T, = 36.0 & 0.4 °C),
MCFs, showed a significant downward peak (two-tailed t-test, *p < 0.05; p = 0.003), followed by a return to the standard negative control level. This indicates an
anomaly in the temperature-dependent osmotic fragility of erythrocytes, referred to here as the OF temperature transition (grey dashed line). For comparison, the red
shaded area indicates the hemoglobin oxygen saturation transition (Artmann et al., 2025), pointing to the same critical temperature within experimental error. For
chicken RBCs, MCFso values were consistently lower than those of human RBCs. A significant step-like decrease occurred at T, = 41.2 4+ 0.1 °C (SD) (paired
two-tailed t-test, *p < 0.01; grey dashed line), which overlapped closely with the chicken hemoglobin oxygen saturation transition (blue shaded area) (Artmann et al.,
2025). Unlike human RBCs, chicken RBCs showed no peak-shaped anomaly, but instead a stepwise decrease in osmotic fragility at T..

the lowest MCFs5 was recorded (0.268 4 0.010 %). Further elevation of
temperature again resulted in a slow increase in MCFsg, reaching
0.281 + 0.003 % NaCl at 50 °C. Note that the MCFsq drop at T, for
chicken RBCs is much greater than the peak amplitude of the MCFsq
anomaly in humans. However, from 41 °C onward, fragility declined

temperature variations with characteristic changes in their osmotic
resistance at critical temperatures. Since water transport across the RBC
membrane is thought to be dominated by aquaporins, we concluded that
the observed MCFso patterns may reflect alterations in aquaporin
function.

until 50 °C.
These results confirmed our hypothesis that RBCs respond to

T:=36.0+0.4 °C
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Fig. 5. Temperature-dependent changes in osmotic fragility of HgCl2-treated washed RBCs, untreated washed RBCs, and whole blood RBCs. Temperature-
dependent osmotic fragility profiles of HgCl,-treated washed RBCs (blue), non-inhibited whole blood RBCs (red), and untreated washed RBCs (black) were analyzed
for comparison. Data are presented as mean + SEM (n = 6 for 35, 36, and 37 °C; n = 3 for other temperatures; *p < 0.05, **p < 0.001 versus washed RBCs). The red
and blue curves did not differ significantly at any temperature point. In contrast, untreated washed RBCs (black curve) generally showed higher MCFs, values than
the other two groups, except at critical temperature (T.) = 36.0 £+ 0.4 °C (green circle), where all three groups converged. For comparison, the red shaded area
denotes the temperature range of the hemoglobin oxygen saturation transition (Artmann et al., 2025).
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3.5. Effects of plasma proteins and HgCl, induced AQP modulation on the
osmotic fragility of human RBCs

In addition to washed RBCs, we studied the osmotic fragility of both
aquaporin-modulated, HgCl,-treated (40 pM), washed RBCs and RBCs in
whole blood as a function of temperature.

Whole-blood RBCs (Fig. 5, red curve) exhibited slightly larger fluc-
tuations in MCFs( values below body temperature compared with
HgCl,-treated washed RBCs (Fig. 5, blue curve). In both groups, how-
ever, osmotic fragility was lower than in non-treated washed RBCs.
These findings indicate greater resistance to hypotonic stress under the
assay conditions.

Intriguingly, the anomaly centered at T, = 36 & 0.4 °C (SD) was not
observed in whole-blood or HgCl,-treated washed RBCs; indeed all three
groups exhibited nearly identical MCFs5( values at this temperature,
within the measurement margin. This convergence is consistent with a
reduction in group differences in lysis kinetics near T.. To complement
fixed-time MCFs( readouts, we also analyzed time-resolved hemolysis
kinetics in 0.4 % NaCl over 10 min across temperatures using a flow
chamber assay that allows Al-assisted RBC quantification (Figure A5)
(Firat et al.,, 2026). These data showed a temperature-dependent
divergence in hemolysis kinetics between control and HgCl,-treated
conditions emerging at > 36 °C, becoming pronounced at 37 °C, and
reaching a maximum at 38-40 °C.

For HgCl,-treated RBCs, the highest MCF5, values were observed at
24 °C and 28 °C, suggesting incomplete AQP inhibition, likely due to
nonspecific HgCl, binding. The steepest drop occurred at 38-40 °C
(—1.08 %/°C), with an overall reduction of —7.08% (—0.39%/°C),
roughly half that of washed RBCs.

In whole blood RBCs, the steepest decline occurred between 36 and
37 °C (—1.96 %/°C), with an overall reduction of 13.34 % (—0.74 %/°C)
from 24 °C to 42 °C.

In washed RBCs, the lowest MCFs5y occurred at 42 °C, differing
significantly from the values 24, 28, 32, and 37 °C. A sharp inflection
occurred at 36 °C, where MCFs5 dropped by —3.9 %/°C from the pre-
vious point, followed by the steepest increase at 37 °C (+5.51%/°C).
Overall, osmotic fragility in washed RBCs declined by —14.75 % (—0.82
%/°C) between 24 °C and 42 °C. ANOVA/Tukey-Kramer confirmed that
36 °C was significantly different from other temperatures (p < 0.005),
except for 38 °C, 40 °C and 42 °C.

4. Discussion

Temperature critically affects protein function by modulating the
protein-water interface within physiologically relevant temperature
ranges (Artmann et al., 2025). We propose that its impact is greater than
previously recognized, particularly at species-specific critical tempera-
tures, where proteins or cells display abrupt functional shifts (Artmann
et al., 2009; Artmann et al., 2025). A notable example is the oxygen
saturation transition of human RBCs at T, = 36.32 + 0.24 °C, which
matches basal body temperature (Artmann et al., 2025). The osmotic
fragility data (Figs. 4 and 5) indicate novel species-specific temperature
transitions at T. = 36.0 + 0.4 °C in human (mammalian) and
T. = 41.2 £ 0.1 °C in chicken (avian) RBCs, consistent with the Inter-
facial Water Quantum (IWQ) model proposed by Artmann et al. (2025),
which attributes these transitions to quantum-rotational rearrangements
of interfacial water driving allosteric changes in proteins (Artmann
et al., 1998; Stadler et al., 2008; Artmann et al., 2009; Artmann et al.,
2025; Clarke and Rothery, 2008). This may apply to key protein players
in this study, such as AQPs, hemoglobin, and plasma proteins (Fig. 5)
(Stadler et al., 2008; Stadler et al., 2012).

RBC membrane integrity is highly temperature-sensitive due to al-
terations in lipid bilayer fluidity, protein-lipid/water interactions.
Elevated temperatures increase membrane fluctuations, promote shape
transitions, and alter deformability, without affecting hemoglobin con-
tent (Jaferzadeh et al., 2019). Above 40 °C, thermal destabilization
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causes gradual hemolysis (Gershfeld and Murayama, 1988). Matrai et al.
reported that RBC deformability and mechanical stability decline above
40 °C, with plasma exerting a protective effect, while human RBCs
paradoxically showed improved deformability post-mechanical stress at
37 °C (Matrai et al., 2021). Likewise, Moore et al. reported echinocyte
formation during exercise at 37-40 °C, highlighting complex thermal
effects on morphology and vesiculation (Moore et al.).

Despite extensive data, most studies have described the thermal
response as gradual, yet even small shifts (~0.5 °C) markedly influence
OF, where lower temperatures tighten lipid packing, increasing rigidity,
while higher temperatures enhance fluidity and deformability
(Jaferzadeh et al., 2019; Matrai et al., 2021; Lecklin et al., 1996; Aloni
et al., 1977; Seeman et al., 1969; Jacobs and Parpart, 1931). These ef-
fects have been linked to temperature-dependent changes in intracel-
lular water movement, membrane-protein interactions, K' leakage and
membrane expansion, which may collectively contribute to RBC resil-
ience under osmotic stress at elevated temperatures, though these
findings predate the discovery of AQPs (Richieri and Mel, 1985; Aloni
et al., 1977; Seeman et al., 1969; Jacobs and Parpart, 1931).

To investigate the temperature dependence of osmotic fragility and
the possible contribution of membrane water transport through AQP-
mediated pathways, we employed three experimental models: (1)
whole blood, to capture combined effects on the RBC membrane with
embedded native AQPs, the cytoskeleton, and the extracellular matrix
(plasma) constituting the physiological environment, (2) washed RBCs,
excluding thermal effects on plasma components, and (3) HgCl,-treated
washed RBCs, used to reduce AQP-mediated water transport. HgCly was
employed as a classical AQP inhibitor, commonly used to reduce RBC
water permeability, including AQP-associated transport. However, due
to its thiol reactivity it can also affect other membrane and plasma
proteins, causing oxidative stress, K™ leakage and procoagulant activity
under certain conditions (Preston et al., 1993; Salman et al., 2022;
Abir-Awan et al., 2019; Tradtrantip et al., 2017; Yang et al., 2006; Xie
et al., 2022; Ahmad and Mahmood, 2019; Durak et al., 2010; Lim et al.,
2010; Song et al., 2021; Savage and Stroud, 2007). To minimize such
off-target effects and toxicity, we tested a range of concentrations
(Salman et al., 2022; Dorward et al., 2016; Abir-Awan et al., 2019;
Tradtrantip et al., 2017; De Almeida et al., 2014; Yool et al., 2010; Yang
etal., 2006). MCFsq values decreased with increasing HgCl, and reached
a minimum at ~100 pM (Fig. 1), beyond which toxicity appeared
(Fig. 2). Based on these results and annexin-V staining, 40 pM was
selected for all temperature experiments, yielding significant MCFsq
reduction with minimal cytotoxicity and echinocytosis or PS exposure
(Figs. 2 and 3). Importantly, minimal PS exposure does not completely
rule out off-target effects of HgCly, as such effects may occur without
apparent membrane scrambling. Although HgCl, is not a specific AQP1
blocker and may also inhibit AQP3, it is still widely used in erythrocyte
studies to disrupt water transport (Tradtrantip et al., 2017; Yang et al.,
2006; Igbokwe, 2019; Xie et al., 2022; Savage and Stroud, 2007). The
predominant effect, however, is thought to be on AQP1, which accounts
for roughly 80-85% of osmotic water permeability in human RBCs,
whereas AQP3 contributes only marginally, and primarily facilitates
glycerol transport.

Because Hg?* can induce K leakage and subsequent RBC dehydra-
tion, which would artificially lower the MCFsp, we assessed RBC diam-
eter after HgCl, incubation (see Appendix). No significant size
differences were detected, confirming that dehydration did not
contribute to the observed fragility decrease. Nonetheless, future ion-
flux assays will be necessary to distinguish solute-driven from water
permeability-driven effects.

Our results showed an overall decline in hemolytic susceptibility of
washed RBCs from both humans and chickens with increasing temper-
ature (Fig. 4). Consistent with the literature, chicken RBCs exhibited
lower MCFs values across all temperatures, reflecting species-specific
differences in cell morphology and water permeability (Walter et al.,
1965; Frei and Perk, 1964). These differences arise from fundamental
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structural traits; chicken RBCs are larger, nucleated, metabolically
active and contain mitochondria, which collectively lower membrane
diffusivity and increase osmotic stability. The cross-species comparison
here aims to illustrate relative thermophysiological patterns rather than
strict equivalence. Species-specific OF differences likely reflect distinct
AQP isoforms as well as broader variations in red cell composition and
organization. Benga et al. reported a substantial temperature-dependent
increase between 25 °C and 37 °C in diffusional permeability (Pd) in
human RBCs, consistent with AQP1-mediated transport, while chicken
RBCs showed overall lower Pd, higher activation energy and minimal Pd
change, implying passive lipid diffusion and non-functional AQPs
insensitive to mercurials (Benga, 2013; Benga and Cox, 2022; Singh
et al., 2019). Supporting this, our experiments at 40-41 °C showed no
MCFs( difference between HgCly-treated and untreated chicken RBCs
(data not shown). Similarly, Singh et al., demonstrated that trypsiniza-
tion increased chicken RBCs osmotic fragility, and transformed
non-monotonic fragiligrams into monotonic ones, likely by unmasking
previously inactive AQPs or modulating ion channel activity (Singh
et al., 2019).

Interestingly, the experiments revealed distinct temperature transi-
tions in MCFsq: at T, = 36.0 + 0.4 °C for human and T, = 41.2 + 0.1 °C
for chicken RBCs, corresponding closely to their physiological body
temperatures. These transitions may be linked to reduced water trans-
port, due to AQP-associated modulation of water handling or compen-
satory ion fluxes involved in volume stabilization. Notably, these
temperatures coincide with hemoglobin oxygen saturation transitions
(dashed and shaded areas in Fig. 4); T, = 36.32 4 0.24 °C for human Hb,
and T, = 41.00 °C + 0.53 °C for chicken Hb, possibly reflecting ther-
mally triggered release of bound water during Hb conformational shifts
(Artmann et al., 2025). Hemoglobin, which constitutes ~97 % of RBC
dry mass, dominates intracellular hydration and colloid osmotic pres-
sure (Artmann et al., 2009; Artmann et al., 1998; Kelemen et al., 2001;
Stadler et al., 2008; Meuwly and Karplus, 2022; KEITER et al., 1955;
Colombo et al., 1992). Its relaxed (R) to tensed (T) transition at physi-
ological temperature releases bound water and alters the osmotically
unresponsive to responsive water ratio (OUR/ORW), influencing os-
motic stability (Artmann et al., 2025; Colombo et al., 1992; Mihailescu
and Russu, 2001).

In human samples (whole blood, washed RBCs, and HgCl,-treated
RBCs) MCFs5 values decreased with rising temperature (Fig. 5). Whole
blood showed smaller MCFs( reductions, with the steepest decline at
37 °C, likely influenced by immune cells, thrombocytes, and stabilizing
effects of plasma proteins, particularly albumin, which help maintain
membrane hydration and integrity (Some effects of serum components;
Fonseca et al., 2010). There were no significant differences between
whole blood and HgCly-treated samples at any temperature point.
Washed RBCs, on the other hand, consistently showed the highest
fragility, indicating that (1) plasma proteins exert a protective effect on
RBCs in terms of osmotic fragility, and (2) this protective effect partly
resembles that observed under AQP-modulation byHgCl,-treatment.
Notably, a sharp MCFsg reduction occurred at 36 °C in washed RBCs,
where values converged with those of whole blood and HgCl,-treated
samples (Fig. 5, green circle), consistent with a temperature-dependent
shift in RBC water handling and lysis kinetics near body temperature,
potentially involving AQP-associated pathways.

To complement fixed-time MCFs5y readouts, we analyzed time-
resolved hemolysis kinetics over the first 10 min across temperatures
(Figure A5). These data show that both HgCl,-treated and control
samples converge at 35 °C but a temperature-dependent divergence
emerges from 36 °C onward. This separation becomes pronounced at >
37 °C and reaches a maximum at 39-40 °C where the kinetic curves
remain clearly separated, supporting a kinetic component of HgCly
treatment.

Kwang-Hua et al. reported that AQP1-mediated water transport de-
pends on temperature-driven changes in viscosity and channel dynamics
(Kwang-Hua, 2019). The sharp MCFs5 drop at 36 °C, followed by a
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recovery at 37-38 °C is consistent with a non-monotonic shift in water
handling behavior. One possibility is altered AQP-mediated transport,
but contributions from non-AQP pathways, ion handling and
membrane-cytoskeleton mechanics cannot be excluded. This resembles
the hemoglobin-mediated viscosity and colloid osmotic pressure tran-
sitions observed earlier (Artmann et al., 1998; Artmann et al., 2009).
Across species, temperature modulates AQP activity through effects on
viscosity, protein dynamics and gating with reversible closure described
in yeast and plants as well as tension-mediated constriction of human
AQP1 (Aponte-Santamaria et al., 2017; Ionenko et al., 2010; Cho et al.,
1999; Kwang-Hua, 2019; Ozu et al., 2013; Shafqat et al., 2021; Stanfield
and Laur, 2019).

Across temperatures, HgCl, treatment reduced the Hill slope of the
OF curves (Figure A4), indicating broader and more heterogeneous lysis
compared to whole blood and washed RBCs. Hill slopes converged near
37 °C where increased lipid-mediated water transport and lowered
membrane viscosity likely diminish AQP-dependent kinetic differences.
Blocking AQPs may slow water entry unevenly across RBC populations
(varying in age, cytoskeletal state and channel density), thus widening
the lytic window.

The sharp 36 °C inflection observed exclusively in washed RBCs and
its attenuation under mercurial treatment are consistent with the
concept of temperature-sensitive water handling near body tempera-
ture. These observations also align with the micropipette passage tran-
sition described by Artmann et al., who reported a gel-to-fluid transition
of Hb at T, = 36.4 + 0.3 °C, associated with ~55 % cytosolic water loss
as well as the transitions observed in hemoglobin oxygen saturation,
supporting a possible coupling between hemoglobin hydration dy-
namics and membrane water handling (Artmann et al., 1998; Kelemen
et al., 2001; Stadler et al., 2008; Stadler et al., 2008; Artmann et al.,
2009; Artmann et al., 2025; Stadler et al., 2012; Fullerton et al., 2006;
Collman et al., 2009).

The IWQ framework proposes that interfacial water undergoes
temperature-dependent reorganizations. A plausible interpretation is
such that these transitions influence RBC behavior through two coupled
routes: (1) membrane water handling and (2) hemoglobin-water in-
teractions. AQPs conduct water through a narrow pore in which water
permeation is sensitive to hydrogen bonding and energetic barrier,
therefore a small temperature-dependent change in interfacial water
could shift AQP-associated permeability and net water flux. In parallel,
hemoglobin hydration and conformation affect cytosolic viscosity,
thereby modulating volume-response kinetics. Thus, coordinated
changes in membrane water handling and hemoglobin hydration could
generate a T.-centered transition-like feature seen here in the MCFsg.
Direct kinetic permeability measurements will be required to further test
these proposed links.

Together, these findings support the hypothesis that human and
chicken RBCs display species-specific thermal transitions near their
respective body temperatures where osmotic fragility decreases. In
humans, this transition is compatible with temperature-sensitive
changes in hemoglobin-water dynamics and membrane water
handling, potentially including AQP-associated pathways, although
direct kinetic permeability measurements are required for mechanistic
attribution (Artmann et al., 1998; Kelemen et al., 2001; Stadler et al.,
2008; Artmann et al., 2009; Artmann et al., 2025). In chickens, the
alignment of transitions with hemoglobin conformational changes sup-
ports a thermodynamically coordinated mechanism linking intracellular
protein-water interactions (OUR/ORW dynamics) and structural dif-
ferences in membrane permeability. Additional factors such as
temperature-dependent changes in lipid bilayer order, cytoskeletal
elasticity, and ion channel activity, particularly that of the
calcium-sensitive Gardos channel, may also contribute to osmotic
fragility by altering membrane stability and intracellular ion balance.
This could represent an evolutionary adaptation minimizing unnec-
essary water flux to protect RBCs from excessive swelling or shrinkage,
especially during mechanical deformation in capillaries (Huisjes et al.,
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2018; Sugie et al., 2018). Overall, the present data support a thermo-
dynamically coordinated, species-specific modulation of RBC osmotic
fragility near physiological body temperature (Sutton and Sellon, 2013;
Orbach et al., 2017; Fullerton et al., 2006; Collman et al., 2009).

5. Limitations and practical applications

The present study relied primarily on a time-constrained osmotic
fragility readout, which reflects a combined outcome of several
temperature-dependent parameters, like water permeability through
AQP-associated and non-AQP pathways, ion transport/volume regula-
tion, and membrane-cytoskeleton integration. In addition, although
HgCl, is widely used as a classical inhibitor of RBC water transport, its
thiol-reactivity means that the present data cannot establish AQP-
specific causality. Accordingly, the observed MCFs shifts cannot be
attributed to a single mechanism on the basis of the current data. Future
studies should thus incorporate more selective AQP perturbation, with
direct kinetic water permeability measurements, alongside ion-flux an-
alyses, Coulter counter-based cell size assessment, and deformability
assays. In addition, larger donor cohorts are needed to define the
mechanisms underlying the observed transitions more precisely.
Whether the T.-associated decrease in osmotic fragility is accompanied
by changes in RBC deformability remains unknown, as osmotic fragility
does not directly report deformability, which is governed by membrane
viscoelasticity, surface-to-volume ratio, and cytosolic viscosity. Future
work combining OF with ektacytometry or microfluidic transit assays
across temperature will be needed to test for functional trade-offs rele-
vant to capillary passage.

Despite the limitations, these T.-centered changes may also be rele-
vant in settings where RBCs experience temperature alterations. During
fever, RBCs are exposed to elevated temperatures that could intersect
with the T.-centered temperature ranges identified here. Moreover, in
transfusion medicine, RBCs undergo cold storage followed by rewarm-
ing toward physiological body temperature. The temperature transitions
during rewarming could plausibly modulate stress responses. These
implications are, however, hypothesis generating; thus, future studies
could test transfusion/fever relevant endpoints like hemolysis, K"
leakage, microvesiculation/PS exposure, and deformability under
controlled temperature shifts. These insights, if supported by such bio-
physical and functional data, may help guide future studies on AQP-
associated interventions in disorders involving water imbalance, and
thermal stress (Sutton and Sellon, 2013; Orbach et al., 2017; Fullerton
et al., 2006; Collman et al., 2009).

6. Conclusion

In this study we identified species-specific temperature-dependent
transitions in RBC osmotic fragility near physiological body tempera-
tures, consistent with a novel functional anomaly in protein-water in-
teractions centered at T.. According to the IWQ model, energy
absorption at the protein-water interface at critical temperatures trig-
gers structural changes that alter cellular water balance. The results
herein suggest that this transition may reflect coordinated alterations in
hemoglobin-associated hydration, and membrane water handling,
potentially including AQP-associated pathways, acting alongside addi-
tional temperature-sensitive factors, such as lipid fluidity, cytoskeletal
remodeling, oxidative stress and ion transport.

These findings motivate future work exploring whether AQPs
contribute to thermal/osmotic stress pathways, with direct permeability
measurements and more selective perturbations to establish causal

GLOSSARY
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mechanisms. Temperature-sensitive AQP regulation may also help
explain the exacerbation of symptoms during fever. The concept of AQP-
like, temperature-responsive vesicles could inspire novel biotechnolog-
ical applications, such as smart drug-delivery systems that adjust
transport activity to local thermal conditions. More broadly, the IWQ
model provides a mechanistic link between protein structure, water
dynamics, and physiological adaptation, suggesting that protein activity
is evolutionarily tuned to species-specific body temperatures where
“proteins sense, and water sets critical physiological temperatures”
(Artmann et al., 2025).
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observed in proteins

RBC (Red Blood Cell) Erythrocytes responsible for oxygen transport and cell type used in osmotic fragility assessment

Hemolysis Rupturing of RBC leading to release of hemoglobin

OF (Osmotic Fragility) Susceptibility of erythrocytes to hemolysis under hypotonic NaCl conditions

AQP (Aquaporin) Membrane water channel facilitating rapid osmotic water flux across the RBC membrane

MCFs50 (Mean Corpuscular Fragility 50%) NaCl concentration at which 50% hemolysis occurs, derived from logistic fit

Echinocytes Spiculated RBC morphology typically induced by membrane stress or osmotic imbalance (hypertonicity)

T. (critical temperature) Temperature at which a measurable shift in protein function/conformation occurs

PIEZO1 Mechanosensitive ion channel in RBCs that permits Ca® influx in response to mechanical stress

Gardos Channel Calcium activated potassium channel regulating RBC volume and dehydration

MIP (Major Intrinsic Protein) The protein family (including aquaporins) that transport water through membranes

Pd (Diffusional Permeability) Parameter describing the passive diffusion rate of water across the membrane

Ea,d (Activation Energy of Diffusional Water Flux) Energy required to drive temperature-dependent diffusional water transport

HgCl, (Mercuric Chloride) Classical chemical inhibitor of aquaporins that block the water transport

BSA (Bovine Serum Albumin) Protein used as a stabilizer for samples

PS (Phosphatidylserine) Membrane phospholipid externalized during cell stress or damage

Logistic Curve Sigmoidal mathematical method used to describe hemolysis % vs. NaCl concentration

0.D. (Optical Density) Spectrophotometric absorbance of a substance

Fragiligram Graphical representation of osmotic fragility as a function of NaCl concentration

ORW (Osmotically Responsive Water) Intracellular bulk water available for osmotic equilibrium

OUR (Osmotically Unresponsive Water) Intracellular water bound to proteins (mostly hemoglobin), that does not participate in osmotic
equilibrium

Hemoglobin Relaxed-to-Tensed Transition (R-T Transition) Conformational shift of hemoglobin from oxygen-bound (R) to deoxygenated (T)
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Fig. Al. RBC diameter measurements for control and 40 pM HgCl,-incubated samples. Representative micrographs were analyzed using ImageJ; the diameters of at
least 100 cells per sample were determined from calibrated images. Boxplot diagrams show individual measurements as points. No significant difference was
observed between groups (paired-sample t-test, p > 0.05).

Fig. A2. Representative bright-field image of washed RBC morphology after 40 pM HgCl, treatment. Bright-field microscopic images (40x) of washed RBCs on albumin-
coated slides, shown with 40 uM HgCl, treatment, with one echinocyte visible as mentioned in results.
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Fig. A4. Hill slopes/steepness of osmotic fragility curves. Each Hill slope was derived from an independent 4-parameter logistic fit and is shown as mean + SEM
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