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ABSTRACT: Hemorrhagic shock remains a leading cause of mortality

due to impaired oxygen delivery following severe blood loss. w

Hemoglobin-based oxygen carriers (HBOCs) are promising alternatives

to red blood cell transfusion; however, their molecular size critically gov- ‘ '

erns nitric oxide (NO) scavenging, vascular reactivity, and overall safety. .

Here, we systematically evaluated acellular human hemoglobin (hHb)
and four polymerized hemoglobin formulations with progressively
increasing molecular weights (PolyhHb-10, ~1080 kDa; PolyhHb-12,
~1200 kDa; PolyhHb-1S, ~1490 kDa; and PolyhHb-16, ~1570 kDa)
to define size-dependent determinants of vascular function. Ex vivo, iso-
lated mesenteric arterioles from New Zealand white rabbits were per-
fused with HBOC—whole blood mixtures (1:0, 1:1, and 1:3) across
physiologically relevant flow rates to quantify shear-mediated vasodila-
tion and endothelial function. The acetylcholine challenge was used to probe NO bloavallablhty In vivo validation was performed in
Golden Syrian hamsters using a dorsal window chamber model to assess microvascular hemodynamics, including the vessel diameter,
blood flow, and functional capillary density. PolyhHb-12 consistently preserved endothelial-dependent vasodilation and exhibited mini-
mal NO scavenging across conditions. In contrast, larger polymers (PolyhHb-1S and PolyhHb-16) showed paradoxically increased
NO scavenging despite improved capillary perfusion, indicating a trade-off between microcirculatory flow enhancement and endothelial
signaling. In vivo, increasing the molecular size yielded diminishing returns in overall hemodynamic stability. Together, these findings
identify an intermediate molecular size as optimal for balancing rheological properties, NO bioavailability, and vascular function.
PolyhHb-12 emerges as a lead candidate, supporting the design of next-generation HBOCs with improved safety and efficacy for
hemorrhagic shock resuscitation.

Increasing Size

KEYWORDS: hemoglobin-based oxygen carriers, polymerization characteristics, microcirculation, influences on blood flow profiles,
fluid dynamics, nitric oxide scavenging

B INTRODUCTION 1 min delay in time to early resuscitative intervention was associ-
ated with a 2% increase in the odds of 30-day mortality.>

Many institutions are attempting to incorporate whole blood
resuscitation in prehospital environments,”* but the integrity of
whole blood products is difficult to maintain even in hospital con-
ditions. Whole blood requires refrigeration and has a prohibitively
short shelf life of 21-35 days, depending on the anticoagulant

Hemorrhage, or uncontrolled bleeding, is a critical medical chal-
lenge in both military and civilian settings. Severe blood loss leads
to hypovolemia, reduced blood flow, and diminished oxygen (O,)
delivery to tissues, which subsequently causes cellular apoptosis
and necrosis in tissues and vital organs, ultimately leading to mul-
tiorgan failure and eventually death.'~® In hospital conditions, tra-
ditional whole blood or red blood cell (RBC) transfusions
sourced from allogenic donated blood are the current gold stan-
dard to treat hemorrhage.” > However, in prehospital emergency
settings, battle field, and during natural disasters, severely injured
individuals often bleed out before reaching medical facilities, with
a significant number of trauma-related deaths occurring before
patients receive medical attention or arrive at a facility equipped
to provide blood transfusions. Deep et al. found that every
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used.>® Transport failures (e.g, inappropriate storage, delayed
transport, or damage) or blood mishandling at the site of transfu-
sion (e.g, failed intravenous access and inadequate consent) are
the primary drivers of blood product waste or delayed transfu-
sion.” Furthermore, whole blood transfusion requires blood type
matching, which is another limitation to whole blood’s conve-
nience in hemorrhagic trauma scenarios. It is estimated that
between 60,000 and 300,000 patients in prehospital care situa-
tions every year in the United States would benefit from a resus-
citative fluid capable of transporting and delivering oxygen (O,).*

Alternative O,-carrying solutions are mostly based on hemo-
globin (Hb) as the precursor and are known as Hb-based O, car-
riers (HBOCs).* HBOCs have been developed to restore tissue
perfusion and oxygenation when blood is not an option. An ideal
HBOC should provide universal compatibility, prolonged storage
stability, and a favorable safety profile while effectively transport-
ing oxygen. However, despite substantial advances in HBOC
development, vascular complications associated with NO scav-
enging and altered microvascular hemodynamics remain major
barriers to clinical translation. Accordingly, the present study
focuses specifically on the influence of PolyhHb molecular size
on vascular compatibility and hemodynamic responses.

To overcome these challenges, the primary mitigation strat-
egy has involved creating polymers of Hb, whose increased
molecular weight and size limit Hb’s native tendency toward
dissociation into dimers and monomers and prevent extravasa-
tion of the molecule into the interstitial space, thereby avoiding
the worst adverse effects associated with utilizing HBOCs. Hb
polymerization confers additional advantages such as reducing
heme release and increasing its circulatory half-life.”~"*

Despite decades of research on hemoglobin-based oxygen car-
riers (HBOC:s), the optimal polymer molecular size that balances
vascular safety with effective oxygen delivery remains poorly
defined. While increasing polymer size has the potential to
reduce hemoglobin extravasation and nitric oxide (NO) scaveng-
ing, it may also alter rheological properties and microvascular
blood flow. In this study, we evaluated four polymerized human
hemoglobin (PolyhHb) formulations with progressively increas-
ing molecular weight (PolyhHb-10, PolyhHb-12, PolyhHb-15,
and PolyhHb-16) to determine how polymer size influences vas-
cular function and systemic hemodynamic responses. We
hypothesized that increasing the PolyhHb molecular weight
would reduce NO scavenging and attenuate vasoconstriction,
thereby improving vascular compatibility, microvascular blood
perfusion, and overall hemodynamic stability. To test this
hypothesis, we used an ex vivo isolated small-arteriole perfusion
model to quantify flow-mediated vasoreactivity under varying
shear conditions and HBOC-to-whole blood ratios, followed by
in vivo validation in Golden Syrian hamsters fitted with a dorsal
window chamber to assess microvascular diameter, blood flow,
and functional capillary density. Together, these complementary
studies were designed to identify the optimal PolyhHb molecular
size for preserving vascular function and guiding the rational
design of next-generation HBOC:s.

B METHODS

Polymerized Human Hemoglobin (PolyhHb) Synthesis and
Characterization

Polymerized human Hb (PolyhHb) formulations were produced from
purified stroma-free human Hb (hHb) wusing a controlled

polymerization and tangential flow filtration (TFF) purification process
as previously described in the literature."*

PolyhHb molecular weight distribution was estimated by size-
exclusion chromatography (Figure 1), and key physicochemical prop-
erties, including the molecular diameter, metHb fraction, oxygen affinity
(P, partial pressure of oxygen where half of the Hb is saturated with
oxygen), and cooperativity coefficient (n), were characterized
(Table 1). All formulations were adjusted to matched Hb concentra-
tions prior to experimental testing. Half-life values were determined
in CS7BL/6 mice following a single intravenous administration of
hHb or PolyhHb formulations (10 g/ dL). The administered volume
corresponded to 10% of the estimated blood volume (7% of body
weight). Plasma hemoglobin concentrations were quantified from serial
tail vein blood samples collected over 8 h, and half-lives were calculated
by fitting the plasma concentration—time profiles. Methemoglobin
(metHb) concentration was determined spectrophotometrically using
a NanoDrop spectrophotometer by measuring absorbance at 630 nm.
During the autooxidation measurements, samples remained at rest in
the cuvette without stirring.

Isolated Blood Vessel Preparation

All isolated blood vessel experiments were conducted using New
Zealand white rabbits in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC). Briefly, rab-
bits were anesthetized using isoflurane (5% induction, 2% maintenance,
Drigerwerk AG, Liibeck, Germany) and euthanized with an overdose
of sodium pentobarbital (150 mg/kg IV). Following euthanasia, mes-
enteric arteries (300—400 pm diameter) were rapidly dissected, excised,
and transferred to a refrigerated (4 °C) physiological salt solution
(PSS: NaCl 119 mM, KCl 47 mM, CaCl, 2.5 mM, MgSO,
1.17 mM, NaHCO, 2§ mM, KH,PO, 1.18 mM, EDTA 0.026 mM,
and glucose 5.5 mM, pH 7.4). Blood vessels were cannulated onto glass
micropipettes within a blood vessel chamber (Living Systems
Instrumentation, Burlington, VT) filled with physiological salt solution
(PSS) maintained at physiological temperature (37 °C).

Isolated Blood Vessel Perfusion System

The blood vessel perfusion system (Living Systems Instrumentation,
Burlington, VT) consisted of a temperature-controlled superfusion bath,
a servo-controlled pressure monitor, video microscopy coupled with a
video dimension analyzer (V94, Living Systems Instrumentation), and
continuous data acquisition systems. The isolated blood vessels were

1.0 1 —— hHb
—— PolyhHb-10
—— PolyhHb-12
0.8 1 —— PolyhHb-15
PolyhHb-16
>
-
'Z' 0.6
§°
£
]
2
E 0.4
[]
-4
0.2

T T
o <
o

2

4

8
16

T
o]
m o~
—

256
512 1
1024 4
2048 -
4096 1
8192
16384 -
32768 A
65536 -

Molecular Weight (kDa, log; scale)

Figure 1. Size distribution of polymerized hemoglobin solutions. The
hemoglobin solution utilized for resuscitation was analyzed using size-
exclusion chromatography.
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Table 1. HBOC Characteristics

Product name hHb PolyhHb-10
Hemoglobin type Human Human
Hb purity (%) 98 98

Non-Hb components
NaLac, 3.8 mL/L

Molecular weight (kDa) 64 1078
Halflife (h) 1.008 738
Molecular diameter (nm) 6 28
MetHb level (%) 6.3 1.3
P,, (mmHg) 15.27 37.95
Cooperativity coefficient  2.37 0.86

Human

98

1200
5.821
38
3.9
473
0.98

PolyhHb-12 PolyhHb-15 PolyhHb-16
Human Human

98 98

Modified Ringer’s lactate: DI water (balance), NaCl, 6.7g/L; NALC, 2.1 g/L;CaCl,,(H,0), 0.2 g/L; KCl, 0.3 g/L; NaOH, 0.5 g/L;

1490 1569
4.394 3.727
SS 67
3.0 23
444 422
0.71 1.10

pressurized to a mean physiological pressure of 60 mmHg and allowed
to equilibrate for 30 min under low-flow conditions (3 pL/s). Blood ves-
sel reactivity was assessed by constriction with extraluminal application
of noradrenaline (NA, 1 pmol/L) in potassium (64 mmol/L)-
substituted PSS and subsequent dilatation with acetylcholine (ACh,
1 pmol/L). The flow pump had been previously calibrated, and the rela-
tionship between proximal pressure and flow rate was found to be linear
over the flow rate range.

HBOC Perfusion Experiments

Prior to perfusion experiments, PSS was removed from the circuit.
Polymerized HBOCs (PolyhHb-10, PolyhHb-12, PolyhHb-1S, and
PolyhHb-16) were mixed with fresh whole rabbit blood collected in
citrate-phosphate-dextrose (CPD) at volume:volume ratios of 1:0
(HBOC only), 1:1 (HBOC:resh whole blood), and 1:3
(HBOC:fresh whole blood). Fresh rabbit whole blood was used as a
positive control. These volume:volume ratios were chosen to mimic
clinically relevant scenarios of partial or full resuscitation from hemor-
rhagic shock. Rabbit blood was standardized to a hematocrit of
25% using fresh rabbit plasma before mixing with HBOCs to ensure
consistency with blood rheological and oxygen-carrying capacity prop-
erties. Each HBOC-blood mixture was perfused into the isolated blood
vessel at controlled flow rates (3, 5, 8, 10, and 15 pL/s) to simulate
physiological flows and shear stresses relevant to arterioles of compara-
ble size and to document the flow-mediated dilation produced by
endothelial mechanotransduction. The imposed flow conditions were
selected to test whether each PolyhHb formulation altered the normal
dilation of resistance vessels in response to endothelial shear stimula-
tion. Hemodynamic shear stresses on the endothelium lead to biophys-
ical, biochemical, and gene regulatory responses on endothelial cells in
response to flow-derived shear stresses on the endothelium that medi-
ate autocoid synthesis and release responsible for smooth muscle relax-
ation. The detailed experimental setup is shown in Figure 2.

Blood Vessel Diameter Measurements

Changes in the blood vessel diameter in response to changes in blood
flow rates and HBOC formulations were measured continuously by
video microscopy, with the data recorded in real-time using a video
dimension analyzer. Percent vasodilation was calculated as a
percentage change from the initial blood vessel diameter prior to
HBOC perfusion.

NO-Mediated Dilation Experiments

To assess endothelial-dependent NO-mediated dilation, a trace
amount of ACh (1 pmol/L final concentration using a syringe infu-
sion pump) was introduced concurrently with HBOC-blood mix-
tures at a constant low flow rate of 3 pL/s. The arteriolar vessel
diameter changes were recorded to evaluate the NO scavenging
effects of HBOC formulations and assess endothelial function and
NO bioavailability.

In Vivo Evaluation

Male Golden Syrian hamsters (55-65 g; Charles River Laboratories,
Boston, MA) were implanted with a dorsal skinfold window chamber
and vascular catheters in the jugular vein and carotid artery. All animal
procedures were approved by the University of California San Diego
Institutional Animal Care and Use Committee (IACUC; Protocol
S04052) and conducted in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and applicable USDA regulations.
The dorsal skinfold window chamber is a well-established model for
investigating the microcirculation in conscious animals, and the complete
surgical procedure has been described previously.''® Briefly, a dorsal
skinfold window chamber was surgically implanted by creating a
2.5 cm skin fold on the dorsal surface. A circular region (1.5 cm diame-
ter) of the skin and underlying tissue was removed from one side of the
fold to expose the underlying microvasculature, and the overlying fascia
was carefully retracted to optimize optical access for intravital imaging.
To reduce restraint-related stress during conscious imaging, ham-
sters were habituated to the restraining tube by placing the tube in their
home cage for at least three days before experimentation, allowing vol-
untary exploration. Following window chamber implantation and vas-
cular catheterization, the restraining tube was removed from the cage
to avoid interference with recovery. Experiments were performed one
day after catheterization to confirm catheter patency. Animals were
allowed to recover before imaging, and only preparations exhibiting
normal tissue appearance without bleeding, edema, inflammation, or
impaired microvascular perfusion were included in the study.

Inclusion Criteria

Animals were suitable for the experiments if (1) systemic variables
were within a normal range, namely, heart rate (HR) > 340 beat/
min, mean arterial blood pressure (MAP) > 80 mmHg, systemic
hematocrit (Hct) > 45%, and arterial oxygen partial pressure (PaO,) >
50 mmHg; and (2) microscopic examination of the tissue in the cham-
ber observed under a 650X magnification did not reveal signs of edema
or bleeding. Hamsters are a fossorial species with a lower arterial PO,
than other rodents due to their adaptation to a subterranean environ-
ment. However, microvascular PO, distribution in the chamber win-
dow model is the same as in other rodents such as mice.'”

Hypervolemic Infusion (Top-Load) Protocol

Experimental groups were labeled based on a hypervolemic infusion cor-
responding to 10% of the animal’s estimated blood volume (assuming
that the blood volume is 7% of the total body weight), equivalent to
7 mL/kg body weight. Experimental groups included hHb as a negative
control, 10% human serum albumin (HSA) as a positive control, and
PolyhHb-10, PolyhHb-12, PolyhHb-1S, and PolyhHb-16 (7 = 6 animals
per group). All infused solutions were standardized to a total protein
concentration of 10 g/dL. HBOCs and hHb were administered over
approximately 2 min through the carotid artery. After infusion, animals
were allowed to stabilize for 30 min before systemic and microvascular
characterization. The experimental timeline is described in Figure S1.

https://doi.org/10.1021/acsabm.6c00900
ACS Appl. Bio Mater. XXXX, XXX, XXX-XXX

920z ¥snbny €1 uo Jasn 0931A NVS VINYOLITVO 40 AINN Aq 4pd'Z00600-9202-1W/S89 1 5299/0060009 Wqesoe/LZ0L 01/10p/pd-ajone/qowqgee/Bio soe sqnd wouy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsabm.6c00900/suppl_file/mt6c00900_si_001.docx
http://www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.6c00900

ACS Applied Bio Materials www.acsabm.org

p1 TO DATA
P2 ‘A:cousmon
AP COMPUTER
AV IN
—— [_b'
v o
X ]
« 1 oB &3 O
oo 0 PRESSURE SERVO
PERFUSION PRESSURE px O] CONTROLLER
MONITOR p-
f L CHAMBER' = i %

éc} [} = — = — — = ey |

> —
i A |
CONTRCK, " ”2
naw / \

DATA ACQUISITION

COMPUTER
BATH OUTFLOW
e ST
OR RECROULATNG
PUVWP) d
CAMERA (]
S cn:ns:on:]muuzsa O | sueerFusion Puwe
LEFT WALL
RIGHT WALL

0O
1 © 9O [ [Cousems
(ol o0

VIDEO MONITOR

Figure 2. Experimental setup for the isolated blood vessel perfusion system. Representative schematic illustrating the isolated blood vessel perfusion
system used to assess vascular responses to perfusion with hemoglobin-based oxygen carriers (HBOCs). (A) Photograph of the isolated vessel cham-
ber setup with a mounted rabbit arteriolar vessel segment. (B) Microscopic image of a cannulated and pressurized arteriole vessel segment. New
Zealand white rabbit arterioles vessel segments were isolated, cannulated, and mounted in a temperature-controlled vessel chamber maintained at
physiological temperature (37 °C). Vessels were perfused with HBOC and fresh whole blood mixtures at varying flow rates, maintaining a constant
mean pressure of 60 mmHg. Blood vessel diameter changes were continuously recorded using video microscopy coupled with a video dimension
analyzer for real-time vascular response measurement.
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Systemic Variables and Blood Chemistry

The mean arterial pressure (MAP) and heart rate (HR) were continu-
ously monitored throughout the experiment using the carotid artery
catheter connected to a pressure transducer and data acquisition system
(MP150, Biopac Systems, Santa Barbara, CA). Hematocrit (Hct) was
determined by centrifugation of arterial blood collected in heparinized
capillary tubes. The total hemoglobin (tHb) concentration was mea-
sured from a single drop of arterial blood using a portable spectropho-
tometer (B-Hemoglobin, HemoCue, Stockholm, Sweden). Additional
arterial blood samples (50 pL) were collected in heparinized glass capil-
laries and immediately analyzed for blood gas and metabolic parameters,
including pO,, pCO,, pH, electrolytes, and lactate, using a blood gas
analyzer (ABL90 FLEX, Radiometer America, Brea, CA).

Microvascular Experimental Setup

For intravital microscopy, conscious hamsters were placed in a custom
restraining tube that allowed the dorsal window chamber to extend
through a longitudinal opening and be secured on the microscope
stage. Animals were allowed to acclimate to the restraint for 30 min
before data acquisition. Images of the exposed microcirculation were
obtained using a transillumination intravital microscope (BXSIWI,
Olympus, New Hyde Park, NY) equipped with a CCD camera
(COHU 4815, San Diego, CA). The video signal was recorded and dis-
played in real time for subsequent analysis. Microvascular observations
were performed using a 40X water-immersion  objective
(LUMPFL-WIR, numerical aperture 0.8, Olympus). The same prede-
fined vascular regions were imaged throughout the experiment to
enable direct comparisons with each animal’s baseline measurements.

Microhemodynamics

Arteriolar and venular blood flow velocities were measured online by
using the photodiode cross-correlation method'® (Photo Diode/
Velocity Tracker Model 102B, Vista Electronics, San Diego, CA). A
set of two fiber optics coupled to two photodiodes are placed on the
CCD camera, which is attached to the camera port of the inverted
microscope allowing for the image from the microscope to be projected
onto the photodiodes and the camera sensor at the same time. The mea-
sured centerline velocity (V) was corrected according to blood vessel size
to obtain the mean RBC velocity.'® A video image-shearing method was
used to measure the blood vessel diameter (D).2° The vessel diameter
was measured using the video image-shearing technique, which takes
advantage of the linear response of the imaging system to provide high
spatial resolution. Under the magnification used in this study, the mea-
surement precision was approximately 0.2 pm for a vessel with a diame-
ter of 10 pm occupying half of the video image width. Microvascular
blood flow (Q) was calculated using the measured mean RBC velocity
(V) and vessel diameter (D) according to the equation Q = nV(D/2)".

To minimize temporal variability in the microcirculation, the vessel
diameter and RBC velocity were recorded within the first 10 min of
each imaging session. Before experimental measurements, the micro-
vascular network was mapped and the same arterioles and venules were
identified for repeated analysis throughout the study. Each vessel was
analyzed independently. The vessel type was determined from the
direction of RBC flow, with arterioles identified by flow from feeding
vessels toward daughter branches and venules identified by flow from
daughter branches into collecting vessels.

For analysis, vessels were categorized into three groups according to
their diameter: arterioles <60 pm, arterioles >60 pm, and venules
ranging from 20 to 80 pm. This classification was selected because vas-
cular reactivity differs across vessel classes. Larger feeding arterioles
(>60 pm) typically undergo relatively small changes in diameter
(<20%), whereas smaller resistance arterioles (<60 pm), including
arcading, transverse, and terminal arterioles, exhibit substantially
greater vasomotor responses and therefore play a more prominent role
in regulating microvascular blood flow.”" Venules are known for their
compliance in response to pressure changes influenced by arteriole

blood flow, and this grouping was intended to simplify the data analysis
since the change is uniform across blood vessel sizes.

Functional Capillary Density (FCD)

Functional capillary density (FCD) was assessed 30 min following infu-
sion as a measure of nutritive microvascular perfusion. A capillary was
considered functional if at least one red blood cell (RBC) traversed the
vessel during a 45 s observation period. Approximately 10 adjacent
microscopic fields (0.05 mm® per field; total analyzed area =~
0.5 mm?) were evaluated within the window chamber. At baseline,
each field typically contained two to eight perfused capillary segments.
Capillaries were identified as microvessels permitting single-file RBC
passage. FCD was calculated by summing the length of all RBC-
perfused capillary segments within each field and normalizing this value
to the corresponding tissue area (cm ™). Changes in FCD are reported
relative to each animal’s baseline measurement, with reductions reflect-
ing diminished tissue capillary perfusion.”>**

Microvascular Vascular Resistance and Wall Shear Rate
Calculation

Microvascular vascular resistance (R) was calculated 30 min after
hypervolemic top-load infusion as the ratio of mean arterial pressure
(MAP; AP) to microvascular blood flow (Q), where R = AP/Q.
MAP was continuously recorded via carotid artery catheterization con-
nected to a pressure transducer (MP1S50, Biopac Systems, Santa
Barbara, CA). Microvascular blood flow (Q) was calculated using the
measured RBC velocity and blood vessel diameter. Vascular resistance
values were expressed as ratios relative to each blood vessel’s baseline
measurement to account for interanimal variability. Analyses were per-
formed separately for arterioles <60 pm, arterioles >60 pm, and
venules (2080 pm diameter).

The wall shear rate (WSR) was calculated 30 min after hypervole-
mic top-load infusion in arterioles <60 pm, arterioles >60 pm, and
venules (20-80 pm in diameter) using the equation WSR = 8 V/D,
where V represents the mean red blood cell (RBC) velocity and D rep-
resents the vessel diameter. WSR values were expressed as ratios rela-
tive to each blood vessel's baseline measurement to account for
interanimal variability.

Data Analysis

Statistical analyses were performed using GraphPad Prism 10
(GraphPad Software, San Diego, CA, USA). Statistical significance
was defined as P < 0.05. The ex vivo isolated arteriole experiments
included 18 independent vessel segments per experimental condition,
and results are reported as means + standard deviation (SD).
Differences among treatment groups were evaluated using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-
comparison post hoc test, an approach commonly employed for bio-
logical datasets with multiple treatment groups.”* Data from the
in vivo microvascular studies are also presented as means + SD.
Longitudinal measurements obtained within the same experimental
group were analyzed using repeated-measures ANOVA. When data
did not satisfy the assumptions of normality, the nonparametric
Kruskal-Wallis test was used, followed by Dunn’s multiple-
comparison test where appropriate. Comparisons involving two inde-
pendent variables (e.g,, HBOC formulation and time) were evaluated
using two-way ANOVA with Bonferroni’s post hoc correction.
Comparisons between experimental groups were performed using
two-way ANOVA, considering HBOC formulation and time as indepen-
dent variables, followed by Bonferroni post hoc multiple-comparison
tests, consistent with previously reported methodologies.”>*®
Microhemodynamic measurements are presented as box-and-whisker
plots to illustrate the distribution of the data. The central line within
each box represents the median, while the lower and upper boundaries
correspond to the 25th and 75th percentiles, respectively. Whiskers
extend to the Sth and 95th percentiles. Vascular resistance is presented
separately as means =+ standard deviation using bar graphs.
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Figure 3. Flow-mediated dilation (FMD) in isolated arterioles perfused with polymerized human hemoglobin formulations. Representative micro-
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White reference lines indicate the baseline vessel diameter and subsequent vessel expansion, representative of endothelium-dependent dilation.
Images were acquired using video microscopy and analyzed using a real-time vessel analyzer. Scale bar = 100 pm. Quantification of blood vessel dila-
tion (%) in isolated mesenteric arterioles excised from New Zealand white rabbits and perfused with fresh whole blood mixed with different poly-
merized human hemoglobin formulations (PolyhHb-10, PolyhHb-12, PolyhHb-1S, and PolyhHb-16) at hemoglobin solution-to-whole blood
volume:volume ratios of (C) 1:0, (D) 1:1, and (E) 1:3. Blood vessel responses were measured at flow rates of 10 and 15 pL/s while maintaining
a mean perfusion pressure of 60 mmHg to evaluate the effects of PolyhHb molecular size on flow-mediated dilation. Each condition included 18
independent blood vessels per flow rate and mixing ratio, with an average baseline vessel diameter of 398 + 66 pm. Data are presented as the
mean =+ standard deviation. Statistical comparisons were performed relative to PolyhHb-12, with P < 0.05 (*), P < 0.01(**), P < 0.001

(**%), and P < 0.0001 (%),

To account for interanimal variability, vascular resistance and all
microhemodynamic parameters were normalized to their respective
baseline values and expressed as fold changes. A value of 1.0 indicates
no change from baseline, whereas values above or below 1.0 represent
proportional increases or decreases, respectively (e.g, a value of 1.5
corresponds to a 50% increase relative to baseline). Because the same
blood vessels and capillary fields were evaluated before and after treat-
ment, each vessel served as its own internal control, enabling paired
comparisons and improving statistical robustness despite relatively
small sample sizes.

Sample size was determined by an a priori power analysis using anal-
ysis of variance (ANOVA). Assuming a significance level () of 0.05
and a statistical power of 0.90, the analysis indicated that a minimum
of 15 microvessels per experimental group was required to detect a sta-
tistically significant difference.

Bl RESULTS
Flow Dependency in Isolated Blood Vessels

The flow-mediated dilation (FMD) responses in isolated blood
vessels perfused with varying volume:volume ratios (1:0, 1:1,
and 1:3) of different PolyhHb formulations are presented in
Figure 3. All ratios and flow rates are expressed as the percent
change from the blood vessel’s initial diameter recorded with
PSS initially. Eighteen (n = 18) blood vessels per flow rate
per ratio were evaluated, with an average baseline diameter of
398 + 66 pm.

At a perfusion ratio of 1:0, fresh blood produced the greatest
overall vasodilation across flow rates, serving as the physiologic
benchmark. Among the HBOCs, PolyhHb-12 most closely pre-
served fresh blood-mediated dilation; however, in comparison
to fresh blood, it was significantly lower, P < 0.05 at 10 pL/s
and P < 0.01 at 15 pL/s, indicating the superiority of fresh
blood (an anticipated result). Furthermore, when comparing
fresh blood to PolyhHb-10 (P < 0.001 at 10 pL/s and P <
0.0001 at 15 pL/s), PolyhHb-15 (P < 0.0001 at 10 pL/s and
P < 0.0001 at 15 pL/s,) and PolyhHb-16 (P < 0.0001 at
10 pL/s and P < 0.0001 at 15 pL/s,) all solutions showed even
further inferiority to fresh blood. PolyhHb-15 and PolyhHb-16
exhibited the most attenuated dilation relative to fresh blood.

At a 1:1 ratio (HBOC:fresh whole blood), vasodilatory
responses follow similar trends as the 1:0 ratio. PolyhHb-12
again provided the closest response to fresh blood-induced
flow-mediated dilation (FMD). While differences between
PolyhHb-12 and PolyhHb-10 were modest and both did not
show significant differences when compared to fresh blood at
either flow rate, PolyhHb-12 maintained greater percent dila-
tion. However, PolyhHb-15 (P < 0.01 at 10 pL/s and P <
0.001 at 15 pL/s) and PolyhHb-16 (P < 0.001 at 10 pL/s
and P < 0.0001 at 15 pL/s) both demonstrated a significant
reduction in FMD compared to fresh blood with PolyhHb-
16 having the lowest percentage of dilation out of all groups.
Larger polymers continued to demonstrate reduced
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vasodilatory capacity relative to fresh blood, particularly at
higher shear rates.

At a 1:3 ratio, PolyhHb-12 continued to exhibit the strongest
preservation of FMD among all HBOCs, demonstrating greater
vascular response compared to its HBOC counterparts.
Similarly as it was noticed with 1:1 ratios, PolyhHb-12 and
PolyhHb-10 showed no significant differences when compared
to fresh blood, but just as before, PolyhHb-12 exhibits greater
FMD than PolyhHb-10. Also, just as before, larger polymers
show progressively diminished FMD compared to fresh blood
(PolyhHb-15 P < 0.05 at 10 pL/s and P < 0.0001 at 15 pL/
s, PolyhHb-16 P < 0.01 at 10 pL/s and P < 0.0001 at 15 pL/s).

Acetylcholine Infusion Isolated Blood Vessels

NO-mediated dilation following ACh infusion at a constant flow
rate of 3 puL/s is presented in Figure 4 across HBOC-to-whole
blood volume:volume ratios (1:0, 1:1, and 1:3). Fresh blood
served as a physiological reference and demonstrated the greatest
vasodilatory response under all ratio conditions. Compared to all
HBOC groups, fresh blood FMD was significantly greater (P <
0.0001). However, this is expected as the fresh blood’s RBC
membrane prevents NO scavenging; in contrast to the HBOC
groups with freely exposed hemoglobin, NO scavenging is
inevitable. Nevertheless, valuable information regarding NO
scavenging as a function of HBOC size is produced.

At the 1:0 ratio (HBOC alone), vasodilation was attenuated
compared with fresh blood across all HBOC formulations.
Among HBOCs, PolyhHb-12 produced the largest FMD. At the
1:1 ratio, vasodilatory responses improved modestly compared
with the 1:0 condition and PolyhHb-12 again exhibited the stron-
gest FMD. At the 1:3 ratio, PolyhHb-12 maintained the highest
FMD response, but PolyhHb-10 showed a substantial improve-
ment compared to its FMD at the other two ratios. The larger
HBOC (PolyhHb-15 and PolyhHb-16) continued to struggle.

Microvascular Hemodynamics

Relative changes in microvascular diameter (A—C) and relative
changes in microvascular blood flow (D—F) measured 30 min
after hypervolemic infusion are presented Figure 5. HSA
(10% w/v) was included as a positive control to control estab-
lish the effects of using a protein of similar molecular weight to
hHb (~66 kDa) but without NO scavenging activity, allowing
separation of size/volume effects from Hb-specific vasoactivity.

In arterioles <60 pm, the microhemodynamic diameter for
hHb demonstrated significant vasoconstriction when compared
to HSA (P < 0.01), PolyhHb-12 (P < 0.0001), PolyhHb-15 (P <
0.0001), and PolyhHb-16 (P < 0001) but no significant
changes when compared to PolyhHb-10. Furthermore, when
comparing to baseline HSA, PolyhHb-10 and PolyhHb-16 had
no significance, but hHb (P < 0.05) had the largest drop in
microvascular diameter. Also, PolyhHb-12 noticed significant
vasodilation compared to baseline (P < 0.05). Furthermore,
the microhemodynamic blood flow in arterioles <60 pm illus-
trated a significant increase in PolyhHb-12 (P < 0.0001) when
compared to hHb, but PolyhHb-10, PolyhHb-15, and PolyhHb-
16 showed no significant differences when compared to hHb.
When comparing directly to baseline hHb (P < 0.05) illustrated
a significant drop in microhemodynamic blood flow, PolyhHb-
12 illustrated a significant rise (P < 0.05) in microhemody-
namic blood flow, and PolyhHb-10, PolyhHb-15, and
PolyhHb-16 showed no significant changes.
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Figure 4. Acetylcholine (Ach) infused isolated arterioles. A small dose
of Ach (1 pmol/L) was mixed with various hemoglobin-based oxygen
carriers (HBOC) and New Zealand white rabbit whole blood in three
different volume:volume ratios of 1:0, 1:1, and 1:3 of HBOC to whole
blood. This mixture was used to perfuse 18 individual isolated blood
vessels per group at each ratio to assess the percentage of maximum
vasodilation at a flow rate of 3 pL/s (and at a mean prefusion pressure
of 60 mmHg)). The average blood vessel diameter was 398 + 66 pm.
The Ach-induced vasodilation was performed to evaluate the NO scav-
enging capacity of each perfusate solution. The data are presented as
the mean + standard error of the mean. Asterisks denote comparisons
to fresh blood * (P < 0.05), ** (P < 0.01), *** (P < 0.001), and
ek (P < 0.0001). The analysis focused on the significance related
to the ratio of HBOC to fresh blood only.

In arterioles >60 pm, the microhemodynamic diameter for
hHb demonstrated significant vasoconstriction when compared
to HSA (P < 0.0001), PolyhHb-12 (P < 0.0001), PolyhHb-15
(P < 0.0001), PolyhHb-16 (P < 0001) but no significant
changes when compared to PolyhHb-10. When comparing to
baseline, hHb (P < 0.05) illustrated significant vasoconstriction,
and none of the HBOC variants had significant changes com-
pared to baseline. Furthermore, the microhemodynamic blood
flow in arterioles >60 pm illustrated no significant differences
compared to hHb. When compared to baseline, hHb (P <
0.05) was significantly reduced and no other experimental
group was significant to baseline.

In venules (20-80 pm), the microhemodynamic diameter for
hHb demonstrated significant vasoconstriction compared to
HSA (P < 0.01) and no other group showed significant changes
when compared to hHb. When compared to baseline, no signif-
icant changes were seen. Additionally, the microhemodynamic
blood flow in venules (20-80 pm) illustrated a significant rise
in blood flow with HSA (P < 0.01) when compared to hHb
no other significant changes were noticed. When compared to
baseline, hHb showed a significant drop (P < 0.05) and no
other group had any significant changes.

Functional Capillary Density

Changes in FCD at 30 min after infusion with different HBOCs
relative to baseline are presented in Figure 6. All HBOC formu-
lations exhibited a significant reduction in FCD compared to
baseline (P < 0.05), with HSA preserving and improving to
FCD. When comparing directly to hHb, all groups showed sig-
nificant improvement except for PolyhHb-10, HSA (P <
0.0001), PolyhHb-12 (P < 0.01), PolyhHb-15 (P < 0.01),
and PolyhHb-16 (P < 0.01). This indicates an overall impair-
ment in capillary perfusion postinfusion when using HBOCs
depending on size.
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Figure S. In vivo microvascular diameter and flow responses following HBOC infusion. Relative changes in microvascular diameter (A—C) and
blood flow (D—F) were assessed 30 min after hypovolemic infusion of human serum albumin (HSA, 10% w/v), human hemoglobin (hHb), or poly-
merized hHb formulations of increasing molecular size (PolyhHb-10, PolyhHb-12, PolyhHb-15, and PolyhHb-16) in Golden Syrian hamsters instru-
mented with a dorsal window chamber. Blood vessel diameters and blood flows are shown for arterioles >60 pm (A, D), arterioles <60 pm (B, E),
and venules between 20-80 pm (C, F), normalized to baseline (dashed line). The average baseline flow rates were 4.0 1.9 nL/s for arterioles
<60 pm, 23.3 + 2.6 nL/s for arterioles >60 pum, and 2.04 + 0.47 nL/s for venules, reflecting distinct microvascular shear environments. HSA was
administered at the same mass concentration (10 g/dL) as all PolyhHb solutions and serves as a nonoxygen-carrying, non-NO-scavenging colloid
control. Native hHb, despite having a molecular weight comparable to HSA, produced greater vasoconstriction and flow reduction, particularly in
resistance arterioles, consistent with Hb-mediated nitric oxide (NO) scavenging under low-flow conditions. Increasing PolyhHb molecular size pro-
gressively preserved the arteriolar diameter and microvascular flow, with PolyhHb-12, PolyhHb-15, and PolyhHb-16 demonstrating significantly
improved microvascular stability relative to hHb. Data are presented as box-and-whisker plots. Each group includes measurements from 15 independent
vessels derived equally from six animals. Symbols denote statistical significance compared to baseline (1) and hHb (*P < 0.05, **P < 0.01, ***P <
0.001, and ***#P < 0.0001).

arterioles <60 pm, arterioles >60 pm, and venules (2080 pum)
are shown in Figure S3. No significant differences were
observed when compared to hHb or to baseline. These results
are anticipated as the hypovolemic infusion does not have
enough volume to cause changes to hemorheology profiles.

Size-Dependent Changes in Microvascular Vascular
Resistance

Relative microvascular vascular resistance (R = AP/Q), normal-
ized to baseline, measured 30 min following hypervolemic top-
load infusion across arterioles <60 pm, arterioles >60 pm, and
venules (2080 pm) are presented in Figure 7.

Systemic Hemodynamics after Infusion In Vivo
In all sized arterioles (<60 and >60 um) and venules (20—

80 pm), hHb produced the greatest increase in vascular resis-
tance relative to baseline (P < 0.05). When comparing
between groups, PolyhHb-12 illustrated a significant drop in
vascular resistance compared to hHb (P < 0.0001 in arterioles
<60 pm and P < 0.01 in arterioles >60 pm). No other group
illustrated any significant changes to baseline or compared
to hHb.

Microvascular Wall Shear Rate following HBOC Infusion

Relative changes in the wall shear rate (WSR), normalized to
baseline, measured 30 min after hypervolemic infusion across

Relative changes in MAP and HR 30 min following hypervole-
mic infusion, normalized to baseline, are shown in Figure S2.
Human Hb produced the greatest increase in MAP (P <
0,05) and the largest reduction in HR (P < 0.05) compared
to baseline. PolyhHb-10 demonstrated a significant rise in
MAP (P < 0.05) and a significant decline in HR (P < 0.05),
whereas PolyhHb-12, PolyhHb-15, and PolyhHb-16 maintained
MAP and HR values closer to baseline. HSA remained near
baseline for both MAP and HR, increasing our speculation that
the hypertensive and bradycardic responses are primarily driven
by Hb-specific NO scavenging rather than small-protein
infusion alone.
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Figure 6. Functional capillary density (fcd) following hemoglobin-
based oxygen carrier (HBOC) infusion. The FCD was assessed
30 min after hypovolemic infusion of human serum albumin (HSA,
10% w/v), acellular human Hb (hHb), or PolyhHb formulations of
increasing molecular size (PolyhHb-10, PolyhHb-12, PolyhHb-15,
and PolyhHb-16) in Golden Syrian hamsters instrumented with dorsal
window chambers. Functional capillaries were defined as single capil-
laries segments in which at least one red blood cell (RBC) flowed
within a 45 s interval. The FCD per animal is evaluated across approx-
imately 10-12 consecutive independent microscopic fields, and the
same fields are studied each time. Values are normalized to baseline
to account for interanimal variability per field. Infusion with hHb
resulted in a marked reduction in FCD, whereas increasing PolyhHb
size progressively preserved capillary perfusion, with PolyhHb-16 dem-
onstrating the greatest preservation of FCD. Data represent measure-
ments from six animals per group. Symbols denote statistical
significance compared to baseline (1) and hHb (**P < 0.01, **#P <
0.001, and **¥**p < 0.0001).

Blood Gas, Hematological, and Systemic Hemodynamic
Responses to HBOC Infusion

Blood gas measurements and systemic variables at baseline and
after infusion of HBOCs are summarized in Table SI.
Hematocrit (Hct), total hemoglobin (tHb), arterial partial pressure
of oxygen (pO,), partial pressure of carbon dioxide (pCO,), and
pH levels remained relatively consistent across all experimental
groups, with no significant deviations observed postinfusion.

B DISCUSSION

We hypothesized that the PolyhHb polymer architecture/
molecular size represents a critical, yet underexplored, determi-
nant of NO scavenging and vascular compatibility. The results
of this study are consistent with this hypothesis and suggest that
controlled increases in polymer size are associated with system-
atic changes in vascular behavior across multiple scales, includ-
ing arteriolar resistance, wall shear rate, blood vessel diameter,
blood flow, and FCD. Notably, these effects were observed
despite preserved intrinsic NO scavenging capacity across all
PolyhHb formulations, suggesting that spatial distribution and
near-wall transport, rather than chemically modulating NO
scavenging,””*® may play a dominant role in shaping the effec-
tive vascular response to HBOC:s.

In the isolated blood vessel perfusion model, PolyhHb molecu-
lar size was associated with distinct differences in flow-mediated
dilation reactivity under controlled hydrodynamic conditions.
Fresh whole blood consistently produced the greatest degree of
flow-mediated dilation. Across all HBOC-to-blood volume:volume

ratios, PolyhHb reduced vasodilation relative to fresh blood;
however, the extent of this attenuation changed with polymer
molecular size. In particular, PolyhHb-12 tended to preserve blood
flow-mediated dilation compared to smaller or larger PolyhHb for-
mulations, suggesting that intermediate polymer architectures may
be more favorable for maintaining endothelial shear stress respon-
siveness under blood flow conditions. The driving force for this
phenomenon lies in what we believe to be the Segre—Silberberg
effect, in which PolyhHb flowing through a tube migrates to a spe-
cific equilibrium position between the center and away from the
walls and the endothelium.**

Mechanistically, our findings suggest that HBOC molecular
size governs vascular responses through a balance between
transport phenomena and rheological effects rather than only
changes in the intrinsic chemistry of nitric oxide (NO) scav-
enging. Smaller HBOCs remain more uniformly distributed
throughout the plasma and readily diffuse toward the endothe-
lial surface, increasing the probability of intercepting
endothelial-derived NO and promoting vasoconstriction. As
molecular size increases, hydrodynamic lift forces and exclu-
sion from the cell-free layer may increase the average separa-
tion between PolyhHb and the endothelium, thereby
reducing the effective NO scavenging while preserving
endothelial-dependent vasodilatory signals. However, further
increases in polymer size might increase plasma viscosity,
intermolecular interactions, and macromolecular crowding,
partially offset these transport advantages, and limit blood flow
and the hemodynamic improvements on vascular function.
Consequently, PolyhHb-12 appears to occupy an optimal
transport regime in which endothelial NO signaling, microvas-
cular perfusion, and systemic hemodynamic stability are best
balanced. This idea is rooted on similar studies that show
how higher plasma viscosity reduced erythrocyte cell-free layer
thickness and increased wall shear stress, thereby altering
erythrocyte column hydrodynamics and shear stress on the
vascular endothelium and affecting microvascular perfusion
and consequently oxygen delivery.*”

To further distinguish transport-related effects from changes
in NO production, an ACh-mediated dilation experiments were
performed. In healthy blood vessels, ACh acts as a potent vaso-
dilator by triggering the release of NO independently of flow;
these experiments provided an opportunity to assess the effects
of PolyhHbs of difference sizes on endothelial NO-mediated
dilation. Under flow conditions, the ACh-mediated dilation
was best preserved in blood vessels perfused with PolyhHb-
12, whereas larger formulations, including PolyhHb-15 and
PolyhHb-16, exhibited blunted responses. When considered
together with the flow-mediated dilation, these findings support
the possibility that the effective rate of NO scavenging is influ-
enced by the proximity of acellular Hb to the endothelial NO
source, rather than by differences in NO synthesis or intrinsic
scavenging chemistry.

To further strengthen our hypothesis surrounding acellular
Hb molecular size, we moved toward in vivo experimentation,
and our results further confirm the molecular size-dependent
framework. To establish suitable comparison and better under-
standings of PolyhHb molecular size, we used HSA at equal
concentrations as a positive control. HSA represents a molecule
of similar size to acellular Hb at 66 kDa but does not scavenge
NO.>"** Following hypervolemic top-load infusion, PolyhHb
molecular size was associated with differences in microvascular
resistance, wall shear rate, blood vessel diameter, and blood flow
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Figure 7. Size-dependent changes in microvascular vascular resistance following hemoglobin-based oxygen carrier (HBOC) infusion. Relative vas-
cular resistance, normalized to baseline, measured 30 min after infusion in small arterioles <60 pm, mid-size arterioles >60 pm, and small venules
(20-80 pm diameter). Vascular resistance was calculated as R = AP/Q, where AP is the mean arterial pressure (MAP) and Q is the microvascular
blood flow, and expressed as a ratio relative to each vessel’s baseline value. Resistance responses are shown for human serum albumin
(HSA, 10% w/v), acellular human Hb (hHb), and polymerized hHb formulations (PolyhHb-10, PolyhHb-12, PolyhHb-1S, and PolyhHb-16).
Smaller arterioles (<60 pm), which are highly sensitive to NO regulation, exhibited significantly lower resistance with PolyhHb-12 compared to
other polymer sizes, indicating improved microvascular compatibility. Larger arterioles (>60 pm) showed modest but significant size-dependent
differences, while venules demonstrated minimal resistance changes across groups. Data are presented as means + SD. Dagger symbols () denote
significant differences relative to baseline, while asterisks indicate intergroup comparisons (*P < 0.0, **P < 0.01, and **¥*P < 0.0001).

in a blood vessel class-dependent manner and FCD. Small arte-
rioles (<60 pm), which serve as primary resistance vessels and
are highly sensitive to NO scavenging and are responsible for
vascular resistance and an oxygen delivery. Acellular Hb pro-
duced the largest increase in resistance, whereas PolyhHb for-
mulations attenuated resistance to varying degrees, with
PolyhHb-12 generally exhibiting the most favorable profile.
Larger polymers partially reduced resistance but did not consis-
tently reproduce resistant below PolyhHb-12, suggesting that
excessive polymer size may introduce additional transport-
related constraints.

These resistance changes were accompanied by correspond-
ing alterations in the wall shear rate and wall shear stress. In
small arterioles, acellular Hb was associated with increased
shear rates, consistent with vasoconstriction and elevated
blood flow velocity. Increasing the PolyhHb molecular size
tended to reduce the wall shear rate, with the largest reduc-
tions observed for PolyhHb-12, PolyhHb-1S, and PolyhHb-
16. Because the wall shear rate determines the wall shear stress
and modulates endothelial mechanotransduction and endo-
thelial NO production, these findings suggest that polymer
molecular size might influence the mechanical environment
sensed by the endothelium. In contrast, venular shear rates
remained largely unchanged, indicating that HBOC-induced
hemodynamic effects are concentrated within NO-sensitive
resistance vessels.

Consistent with these upstream effects, PolyhHb-12 was
associated with superior preservation of the arteriolar diameter
and blood flow across vessel classes compared with acellular
Hb and smaller polymers. At the capillary level, FCD
decreased markedly following acellular Hb infusion but was
preserved to varying degrees by PolyhHb. Larger polymers
(PolyhHb-12, PolyhHb-1S5, and PolyhHb-16) demonstrated
similar capillary perfusion levels. However, PolyhHb-12
appeared to achieve a more balanced hemodynamic profile,
preserving capillary perfusion while maintaining arteriolar
resistance and shear stress.

Taken together, these findings suggest that vascular compat-
ibility of HBOCs may depend on polymer molecular size and its
near-wall displacement to prevent unwanted NO scavenging.
Intermediate polymer sizes, such as PolyhHb-12, may occupy
a favorable regime in which axial displacement, shear regulation,
and NO signaling are balanced, highlighting PolyhHb
molecular size as an important design consideration for next-
generation HBOC:s.

B CONCLUSIONS

In conclusion, our comprehensive evaluation demonstrates that
PolyhHb molecular size is a critical determinant of vascular
function, systemic hemodynamics, and microvascular blood
flow. Among the formulations evaluated, PolyhHb-12 provided
the most favorable balance between preserving endothelial func-
tion, maintaining microvascular blood flow, and minimizing
adverse vascular responses, supporting its potential as a next-
generation HBOC for resuscitation from hemorrhagic shock
when blood products are unavailable or in austere conditions.
Although our findings support a transport-based mechanism
linking PolyhHb molecular size with NO scavenging, bioavail-
ability, and vascular compatibility, these mechanisms were
inferred from physiological responses and were not directly
measured. Future studies will focus on directly characterizing
PolyhHb molecular size effects on transport within the micro-
circulation, quantifying its interaction with endothelial NO,
and evaluating long-term safety and efficacy in clinically relevant
models of hemorrhagic shock to facilitate potential translation
toward clinical application.
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