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Bioprosthetic heart valves (BHV) fabricated from glutaraldehyde-
fixed heterograft tissue, such as bovine pericardium (BP), are
widely used for treating heart valve disease, a group of disorders
that affects millions. Structural valve degeneration (SVD) of BHV
due to both calcification and the accumulation of advanced glyca-
tion end products (AGE) with associated serum proteins limits
durability. We hypothesized that BP modified with poly-2-methyl-
2-oxazoline (POZ) to inhibit protein entry would demonstrate
reduced accumulation of AGE and serum proteins, mitigating SVD.
In vitro studies of POZ-modified BP demonstrated reduced accumu-
lation of serum albumin and AGE. BP-POZ in vitro maintained colla-
gen microarchitecture per two-photon microscopy despite AGE
incubation, and in cell culture studies was associated with no
change in tumor necrosis factor-α after exposure to AGE and acti-
vated macrophages. Comparing POZ and polyethylene glycol
(PEG)–modified BP in vitro, BP-POZ was minimally affected by oxi-
dative conditions, whereas BP-PEG was susceptible to oxidative
deterioration. In juvenile rat subdermal implants, BP-POZ demon-
strated reduced AGE formation and serum albumin infiltration,
while calcification was not inhibited. However, BP-POZ rat subder-
mal implants with ethanol pretreatment demonstrated inhibition
of both AGE accumulation and calcification. Ex vivo laminar flow
studies with human blood demonstrated BP-POZ enhanced throm-
boresistance with reduced white blood cell accumulation. We
conclude that SVD associated with AGE and serum protein accumu-
lation can be mitigated through POZ functionalization that both
enhances biocompatibility and facilitates ethanol pretreatment
inhibition of BP calcification.

advanced glycation end products j calcification j thromboresistance j
inflammation

Heart valve disease is highly prevalent, affecting millions
worldwide, and most commonly involves the mitral or aor-

tic valves (1). Since there is no effective medical therapy,
severe, symptomatic disease is treated by cardiac surgery or
catheter intervention, often involving implantation of either
bioprosthetic or mechanical valve prostheses. Bioprosthetic
heart valves (BHV) fabricated from glutaraldehyde-fixed heter-
ografts, such as bovine pericardium (BP), demonstrate many
advantages over mechanical valves including reduced thrombo-
genicity and adaptability to transcatheter deployment (2, 3); the
material and mechanical properties of BHV have thus become
of increasing scientific interest (4). Despite these benefits, BHV
longevity is limited by poor durability due to structural valve
degeneration (SVD) that often involves calcification, eventually
leading to leaflet dysfunction and clinical failure (5). Our group
recently demonstrated that SVD is also due to the accumula-
tion of both advanced glycation end products (AGE) and

AGE-modified serum proteins; this was observed in a clinical
series of 45 SVD BHV explants, all explants demonstrating
AGE-serum protein accumulation. Nevertheless, BHV use is
rapidly increasing because of the suitability of heterograft
valves for transcatheter delivery, an approach that has numer-
ous advantages over open heart surgery (6). However, BHV
implanted with transcatheter delivery systems utilize the same
heterograft technology as surgically implanted prostheses, and
thus are similarly at risk for SVD limiting durability and
increasing risks for reoperation.

Attempts to develop chemical strategies to reduce calcifica-
tion of BP materials have demonstrated limited success (7).
Furthermore, a significant proportion of observed SVD cases
(estimated at 25 to 30%) have been shown to be associated
with minimal or no calcification (8, 9). AGE and serum pro-
teins, as mentioned above, have only recently been recognized
as contributing to SVD. However, prior to the present studies,
there have been no investigations of strategies to address AGE-
serum protein mechanisms that contribute to SVD. The impact
of AGE and related serum protein accumulation by BHV on
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SVD is of importance based on a number of factors. In our
series of BHV clinical explants with SVD, the AGE cross-link,
glucosepane, was observed to be present per immunohisto-
chemistry (IHC) in each of 45 human explants; increased cross-
linking due to glucosepane contributes to leaflet stiffening and
progression of SVD (10). In addition, proinflammatory AGE-
ligands, such as carboxymethyl lysine (CML) that interact with
the white blood cell (WBC) receptor for AGE, known as
RAGE, were present per immunostaining in each of these
BHV clinical explants (10). These recent discoveries provide
the rationale for investigating strategies to limit AGE-serum
protein uptake by BHV leaflets.

We chose to investigate modifying BHV leaflet material with
poly-2-methyl-2-oxazoline (POZ), based on the following consid-
erations. Polyoxazolines, such as POZ, are a novel class of poly-
mers that have been of primary interest for pharmaceuticals (11);
our studies investigate POZ for BHV use. POZ has some struc-
tural and functional similarities to polyethylene glycol (PEG) (12,
13). However, PEG modification of BHV leaflets resulted in
complement activation and IgG adsorption after exposure to
human blood (14). Furthermore, PEG, unlike POZ, is suscepti-
ble to oxidation, causing a loss of protective functionality (15,
16). Additionally, as many as 70% of the general population have
anti-PEG antibodies as a result of exposure to PEG as a pharma-
ceutical additive; this creates a risk for an immune response
triggered by a PEG-modified implant (17).

The present study evaluated the hypothesis that BHV leaflets
covalently functionalized with POZ would demonstrate dimin-
ished serum protein accumulation and AGE formation, thereby
mitigating the AGE-related inflammatory response and stabiliz-
ing hydrodynamic performance by reducing accumulation of
AGE-modified serum proteins. We also sought to investigate the
blood material interactions of BP-POZ. To investigate BP modi-
fied with covalently linked POZ to prevent AGE-driven SVD of
BP, we designed and carried out a series of experiments aiming
1) to study in vitro BP-POZ effectiveness at blocking AGE for-
mation and uptake of serum albumin, as a model serum protein;
2) to explore the effects of BP-POZ on limiting the production of
proinflammatory cytokines and maintenance of collagen struc-
tural integrity after exposure to accelerated glycation conditions
in vitro and monocyte-derived macrophages; 3) to compare the
stability of the BP-POZ and BP-PEG on AGE-serum protein
pathophysiology, upon exposure to an oxidant, hydrogen perox-
ide (H2O2); 4) to investigate in vivo BP-POZ compared to BP
with respect to AGE formation, sera protein infiltration, and cal-
cification using an established juvenile rat subdermal implant
model, comparing BP-POZ modification with and without etha-
nol pretreatment to inhibit calcification; and 5) to examine the
effects of BP-POZ modification on blood material interactions.

Results
The rationale for these studies (Fig. 1) is based on the fact that
although BHV failure is frequently associated with calcification,
recent evidence demonstrated that noncalcific failure mecha-
nisms play an important role in SVD (9, 10, 18). Specifically,
serum proteins infiltration and AGE formation result in deteri-
oration of the mechanical properties of BP and related collagen
fiber disruption (19) (Fig. 1).

Furthermore, the inflammatory processes driven by accumu-
lation of host WBCs and their activation due to RAGE signal-
ing results in reactive oxygen species that can damage the BHV
extracellular matrix and results in accelerated valve failure (20).
Thus, the objective of these experimental studies was to investi-
gate the effects of modifying BP with POZ on AGE and serum
protein SVD mechanisms, blood material interactions, and
inflammatory events.

POZ Modification of BP Tissue. For POZ modification of BP tissue
(Fig. 2 and SI Appendix, Fig. S1), glutaraldehyde-fixed BP tissue
samples were reacted with POZ-primary amino groups via a
carbodiimide-driven reaction resulting in an amide bond forma-
tion (Fig. 2A). The amount of covalently bound polymer was
quantified fluorimetrically using POZ labeled with a custom syn-
thesized fluorescent probe (F-POZ) (SI Appendix, Supplementary
Methods S1 and Fig. S1) admixed with unlabeled polymer (Fig.
2A) (fluorescein derivative). To determine the reaction kinetics
between POZ and BP, F-POZ was reacted with BP for 24 h in
the presence of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS), and the amount of
bound F-POZ was monitored throughout the reaction (Fig. 2B).
The reaction was biphasic, proceeding rapidly in the first 3 h,
then slowing down, ending with 20 ± 2 μg POZ per gram tissue
after 24 h. Fluorescent intensity of F-POZ–modified tissues was
unchanged after 30-d incubation at physiological conditions (pH
7.4, 37 °C) in the dark (Fig. 2C). This indicated that F-POZ fully
penetrates BP collagen fibers in the presence of EDC-NHC,
resulting in a stable uniform layer throughout the tissue. Fluores-
cent microscopy analysis of BP tissue sections revealed negligible
green autofluorescence (λex/λem = 490 nm/515 nm) (Fig. 2 D, a).
Tissue incubation in F-POZ followed by addition of EDC-NHS
resulted in an intense green fluorescence throughout the tissue
(Fig. 2 D, c), while incubation in F-POZ or EDC/NHS alone did
not result in a significant change in fluorescent intensity (Fig. 2 D
and E). BP samples were analyzed with differential scanning calo-
rimetry (DSC), as an index of cross-linking, that showed a small
but significant increase in shrink temperature in BP after EDC
treatment (P < 0.005) and POZ modification (P < 0.001)
(Fig. 2F).

BP-POZ Inhibits Serum Albumin Uptake and AGE Formation by BP
Tissue and BP in Trileaflet BHV In Vitro. We next examined accu-
mulation of serum proteins and AGE in BP-POZ compared to
unmodified BP. BP samples (unmodified or BP-POZ) were
incubated in bovine serum albumin (BSA), a model serum pro-
tein that is susceptible to glycation and accumulation in BHV
leaflets. BSA uptake was quantified by the change in tissue dry
weight over 28 d (Fig. 3A). Incubation of control BP samples in
BSA resulted in a gradual increase of the mass, which could be
detected at 24 h and plateaued at 3.5% after 7 d. By contrast,
POZ functionalization inhibited BSA uptake, with no change in
tissue dry weight during the first 7 d and a small loss of weight
between days 7 and 28. Immunostaining for BSA following 28 d
of exposure demonstrated that unmodified BP accumulated
BSA uniformly throughout the tissue (Fig. 3 B, b).

In contrast, BP-POZ samples did not accumulate BSA per
immunostaining (Fig. 3 B, c) and stained similarly to unexposed
controls (Fig. 3 B, a), indicating that POZ functionalization of
BP can effectively mitigate the uptake of high molecular weight
serum proteins.

The oxidative resistance of POZ compared to PEG was
tested by exposure of BP-POZ or BP-PEG to oxidative condi-
tions using H2O2. Coincubation of BP with BSA and glyoxal
(GLX+BSA) was used as an established glycation model that
results in the formation of CML. The extent of glycation was
evaluated by IHC for CML (Fig. 3C) (21, 22). The oxidation-
resistant properties of POZ were compared to PEG by expo-
sure to mild oxidative conditions using BP-POZ, BP-PEG, and
BP samples that were exposed for 7 d to H2O2 followed by 7 d
of GLX+BSA coincubation. BP incubation in PBS, studied as a
control comparison, resulted in negative IHC staining for CML
(Fig. 3C, unmodified), whereas GLX coincubation with BSA
caused markedly more intense staining compared to PBS con-
trol (Fig. 3C, GLX+BSA). Staining intensity for CML was not
affected by H2O2. However, H2O2-exposed PEG-modified sam-
ples exhibited a marked increase in CML staining (Fig. 3C,
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PEG GLX + BSA). Remarkably, the protective effect mediated
by POZ resulted in mitigation of CML staining and was unal-
tered by the exposure to H2O2 (Fig. 3C, POZ GLX + BSA).
Quantification of relative staining intensity using image analysis
(SI Appendix, Supplementary Methods S1) revealed a two fold
increase in PEG-modified samples after H2O2 exposure, indi-
cating PEG degradation (Fig. 3D). On the other hand, POZ-
modified samples demonstrated negative IHC staining with
minimal change in staining intensity.

To explore the effects of POZ modification on BHV hydro-
dynamics, five clinical grade trileaflet bioprosthetic valves with
BP leaflets were studied, comparing POZ modified to unmodi-
fied BHV (SI Appendix, Supplementary Methods S1, Fig. S4,
and Tables S1–S5). These experiments assessed aortic valve
hydrodynamics, using an aortic valve pulse duplicator system
(SI Appendix, Supplementary Methods S1), both at baseline and
following GLX-HSA incubations over a 35-d time course (SI
Appendix, Supplementary Methods S1, Supplementary Results S1,
Fig. S4, and Tables S1–S5). Baseline testing of trileaflet BHV
before and after POZ modification (SI Appendix, Tables S2 and
S5) demonstrated that POZ modification does not significantly
alter the initial hydrodynamics. The results also demonstrated
minimal changes in baseline hydrodynamic properties compar-
ing POZ to non-POZ BHV (SI Appendix, Supplementary
Results S1, Fig. S4, and Tables S1–S5), and small, but statisti-
cally significant changes in endpoints including pressure gradi-
ent, effective orifice area, and peak ejection velocity, indicating
mitigation of GLX-HSA effects on hydrodynamics with BP
leaflets modified with POZ (SI Appendix, Fig. S4).

BP-POZ Demonstrates Stable Collagen Structure and Reduced
Glycation-Associated Inflammatory Cytokine Production in Macro-
phage Cell Cultures. BP collagen microstructure was examined
by second-harmonic imaging (SHG) microscopy before (Fig.
4A) and after (Fig. 4B) exposure to THP-1 cells (monocyte-
derived macrophages), and the crimp period of collagen fibers
per SHG was quantified by pixel measurement of distance
between crimp bands, as described previously (19). Based on
the SHG images, the samples had consistent, well-organized
collagen architecture prior to macrophage exposure (Fig. 4 A,
a–d). Incubation of the samples with macrophages resulted in

the disruption of the collagen structure in glucose glycated
BSA (GLU-BSA), GLX, and GLX+BSA samples (Fig. 4 B,
b–d). Disruption of the collagen alignment was most noticeable
in GLX+BSA samples (Fig. 4 B, d). All BP-POZ samples dem-
onstrated consistent fiber alignment and a distinctive crimp
morphology before (Fig. 4 A, e–h) and after (Fig. 4 B, e–h)
exposure to THP-1. Analysis of the crimp period after exposure
to cells revealed no significant changes for BP-POZ samples
incubated with PBS (Fig. 4C), indicating that POZ attachment
did not alter the collagen microarchitecture. Furthermore,
BP-POZ did not demonstrate any structural changes following
exposure to glycation conditions in the GLU-BSA (Fig. 4C)
[POZ (+) cells] -treated samples. However, in the absence of
POZ, incubation of BP with GLU-BSA (Fig. 4C) [unmodified
(+) cells] followed by exposure to THP-1 cells resulted in a sig-
nificant increase of the crimp period; this change was fully pre-
vented by BP-POZ (Fig. 4C) [POZ (+) cells]. Interestingly,
there was a significant crimp change in all GLX-incubated sam-
ples (Fig. 4C, GLX). Whereas BP-POZ exposed to GLX+BSA
resulted in a significant change in crimp period; the mean value
decreased and was similar to GLX (Fig. 4C, GLX-BSA vs.
GLX). These observations indicate that BP-POZ demonstrated
resistance to BSA-associated glycation, but did not restrict
diffusion of small molecules, such as GLX.

The effects of BP-POZ and BSA-glycation exposure on the
inflammatory state of activated human derived THP-1 macro-
phages were studied with BP-POZ and BP samples. Phorbol
12-myristate 13-acetate (PMA) -activated THP-1 were seeded
on the various BP samples for 24 h, then incubated in fresh
media for 48 h and the cell culture media was analyzed to
determine the concentration of the inflammatory cytokine
tumor necrosis factor-α (TNF-α) (Fig. 4D). BP or BP-POZ
were incubated for 7 d in either PBS, glucose-BSA (GLU-
BSA), GLX, or GLX+BSA; following this, the BP samples
were used as substrates for activated macrophages. There was
no significant effect of BP-POZ modification on the number of
adherent cells. Furthermore, THP-1 exposure to BP-POZ in
PBS induced a significant reduction (P < 0.05) in TNF-α pro-
duction compared to unmodified BP, indicating the biocompati-
ble and nontoxic nature of POZ (Fig. 4D, PBS). Preincubation
of BP with GLU-BSA followed by THP-1 macrophage exposure

Fig. 1. Mechanisms of BHV failure due to structural degeneration. Calcification and serum proteins infiltration, along with AGE formation and
inflammatory-related oxidative stress, result in a deterioration of collagen structure and ultimately device failure, as evident from comparing second
harmonic generation confocal micrographs (Top images, magnification 40×).
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Fig. 2. POZ covalent modification of glutaraldehyde cross-linked BP. (A) Schematic of the carbodiimide-driven reaction used to modify BP collagen in
bioprosthetic leaflets carboxylic groups with either POZ or F-POZ. Free carboxylic acids are activated with EDC and NHS, forming an NHS ester that reacts
with primary amino groups of POZ or fluorescein-POZ conjugate, resulting in amide bond formation. (B) POZ conjugation of BP as a function of incuba-
tion time. F-POZ was quantitated to determine the extent of POZ incorporation into BP. Error bars indicate SD. (C) Stability of F-POZ–labeled BP fluores-
cent intensity during a 28-d in vitro incubation at physiological conditions in the dark. (D) F-POZ reactive uptake and distribution in BP: F-POZ incorpora-
tion in frozen sections of BP imbedded in OCT with cross-section images of (a) unmodified BP, (b) EDC only reacted with BP, (c) EDC + F-POZ reacted BP,
and (d) F-POZ only reacted with BP. (Scale bars, 200 μm.) (E) Fluorescent microscopy image intensity analysis: mean relative intensity is plotted on the
y axis and error bars indicate SD. Images were taken at (λex/λem = 490 nm/515 nm) with 40× magnification. Statistical analyses were performed using
one-way ANOVA with Tukey’s method (*P < 0.001). Only statistically significant differences are indicated. (F) Shrink temperature of BP either unmodified
(unmodified), or reacted with EDC-NHS (EDC), or modified with POZ (POZ). Error bars indicate SD (*P < 0.001, **P < 0.005).
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resulted in a significant increase in TNF-α release per 105 cells
(Fig. 4D, GLU-BSA) (P < 0.001). Modification of BP with
POZ resulted in a significant reduction of TNF-α levels in
GLU-BSA incubated samples (P < 0.005) (Fig. 4D, BSA). The
BP incubation with GLX or GLX+BSA did not induce any sig-
nificant changes in TNF-α compared to the PBS control (Fig.
4D). However, in the GLX+BSA group, BP-POZ was associ-
ated with a significant increase in TNF-α production that did
not differ significantly from unmodified BP (Fig. 4D). This
result is consistent with low molecular weight GLX diffusion
not being restricted by POZ, thus permeating BP-POZ, thereby
resulting in increased TNF-α.

Rat Subdermal Implant Results: BP-POZ and Ethanol Pretreatment
Comparisons for Mitigating AGE and Calcification. For rat subder-
man implant results (Fig. 5 and SI Appendix, Fig. S2), BP and
BP-POZ, as well as BP modified with carbodiimide (EDC), as

chemistry controls (Materials and Methods), were studied in vivo
with juvenile rat subdermal implants, a well-established calcification
and AGE model (10, 23–25). In addition, separate groups of
BP-POZ and BP implants were also pretreated with 100% ethanol,
a clinically used BP anticalcification methodology (26). Explanted
samples were analyzed by SHG to examine collagen structural
changes (Fig. 5A). Unimplanted (control) BP had a well-organized
collagen structure; however, implantation for 7 d resulted in a dis-
ruption of preimplant collagen morphology (Fig. 5A). The structure
was partially preserved after EDC-NHS modification or ethanol
pretreatment alone (Fig. 5A, EDC, EtOH). Modification of sam-
ples with POZ, with or without ethanol pretreatment, resulted in a
stable, organized collagen structure with distinctive bands, similar
to unimplanted BP. (Fig. 5A, POZ, EtOH+POZ).

Immunostaining of explants using either antiserum albumin
or anti-AGE antibody revealed relatively reduced immunostain-
ing for BP-POZ both 7 d (Fig. 5B, αAlbumin, αAGE) and 28 d.

A

C D

B

Fig. 3. The effect of POZ on the uptake of BSA by glutaraldehyde cross-linked BP, and CML formation in vitro. BP modified with PEG or POZ compared
to nonmodified BP: (A) Uptake of BSA expressed as a percentage of the original dry weight of unmodified BP and POZ-modified BP following 28-d incu-
bation with 5% BSA at 37 °C. POZ-modified BP demonstrated significantly less BSA uptake compared to unmodified controls. Error bars indicate SD. Statis-
tical analysis was performed using two-tailed Student’s t test (*P < 0.001). (B) IHC staining for αBSA comparing unmodified BP and POZ-modified BP incu-
bated for 28 d in 5% BSA. Images show little detectable staining in BP not exposed to BSA (a), compared to intense staining in (b) unmodified BP, versus
an absence of BSA staining in (c) BP-POZ samples. IHC was visualized using HRP-conjugated secondary antibodies and DAB substrate. (Scale bars, 200 μm.)
(C) IHC staining for CML (αCML) comparing BP modified with 10 kDa PEG or 10 kDa POZ to unmodified BP. Samples were exposed to 10 mM hydrogen
peroxide for 7 d followed by incubation in either PBS, GLX alone, or GLX-BSA for 7 d. IHC was visualized using HRP-conjugated secondary antibodies and
DAB substrate. (Scale bars, 200 μm.) (D) Relative staining intensity using image analysis software (SI Appendix, Supplementary Methods S1) of the αCML
IHC quantifying the reduction of CML formation following polymeric modification. Unmodified sample was used as 0% intensity; GLX+BSA incubated
sample was used as 100% intensity. Error bars indicate SD. Statistical analyses were performed using one-way ANOVA with Tukey’s method (*P < 0.001,
**P < 0.005). Only statistically significant differences are indicated.
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The immunostaining for AGE and serum albumin was quanti-
fied as a relative color intensity expressed as a percentage using
unimplanted BP tissue as 0% and unmodified glutaraldehyde-
fixed explant as 100%. There was no significant reduction of
the AGE staining intensity in both 7- and 28-d explants after
EDC-NHS preincubation (Fig. 5D). In contrast, BP-POZ dem-
onstrated a significant reduction of AGE immunostaining
intensity for 7- and 28-d explants with 63% and 53%, respec-
tively (Fig. 5D). Ethanol preincubation did not significantly
affect BP-POZ protection efficiency and AGE immunostaining
results for 7-d explants were similar to BP-POZ alone. Staining
intensity of 28-d ethanol-treated BP-POZ samples was not
significantly reduced compared to unmodified control (Fig. 5D).

Immunostaining using an anti-serum albumin antibody
revealed albumin uptake in all BP explants after both 7 and
28 d (Fig. 5B, αAlbumin). Quantitative image analysis of BP
explants preincubated in EDC-NHS showed no significant
immunostaining reduction compared to BP-unmodified, with
16% for 7 d and 15% for 28 d (Fig. 5E). In contrast, BP-POZ

resulted in a significant staining reduction for both 7- and 28-d
samples with 49% and 50% reduction, respectively, whereas
ethanol pretreatment had a statistically insignificant effect on
the IHC staining intensity (Fig. 5E).

Von Kossa staining was used for microscopic visualization of
calcium deposits in 7- and 28-d explants (Fig. 5C, Von Kossa-
7d, Von Kossa-28d). Minimal calcium deposits were observed
in 7-d samples, while 28-d control, EDC, and POZ developed
intense staining. No staining was observed in ethanol-treated
groups. Quantitative calcium levels were obtained via acid
hydrolysis followed by a colorimetric calcium assay. Calcium
analyses of 7-d explants demonstrated complete inhibition of
calcification in both of the ethanol-pretreated groups (Fig. 5F,
7 d), (EtOH, POZ+EtOH) compared to elevated calcium levels
in control, EDC-NHS, and POZ-modified tissues without etha-
nol pretreatment (Fig. 5F, 7 d) (unmodified, EDC, POZ). This
anticalcification effect was reduced after 28 d of implantation
in both control and POZ-treated tissues showing elevated cal-
cium levels (Fig. 5F, 28 d) (EtOH, POZ+EtOH). Calcium

A B

C D

Fig. 4. Comparisons of BP-POZ to BP: The effects of glycation and BSA on collagen structure and inflammatory properties before and after exposure to
monocyte-derived macrophages (THP-1). (A) Confocal micrographs using SHG imaging of BP-POZ and BP exposed to the following conditions for 7 d: PBS
(a and e), 5% 90-d glucose glycated BSA (GLU-BSA) (b and f), 50 mM GLX alone (c and g), or 5% BSA + 50 mM GLX (GLX+BSA) (d and h) before THP-1
addition. (Scale bars, 100 μm.) (B) SHG imaging of BP exposed to the conditions shown after the addition of activated THP-1 macrophages. Following the
incubations, BP and BP-POZ samples were rinsed in PBS for 7 d, then used as cell culture substrates for phorbol ester-activated THP-1 cells. BSA and glyca-
tion together with THP-1 exposure all showed disruption in collagen structure compared to control samples (B, b–d vs. A, b–d). BP-POZ mitigated collagen
disruption in GLU-BSA (f vs. b) and GLX+BSA (h vs. d). (C) Comparison of quantitation of the mean crimp periods (μm) showing significant differences in
this structural parameter comparing samples after cell incubation [unmodified (+) cells] to unexposed PBS control [PBS, unmodified (�) cells]. No signifi-
cant changes were detected in THP-1–exposed groups after BP-POZ [POZ (+) cells], except for GLX. Error bars indicate SD. Significance was determined
using Tukey’s HSD (*P < 0.001, **P < 0.05). (D) Conditioned media analysis for TNF-α levels (pg/mL per 105 cells) after BP exposure to activated THP-1.
Following activation, cells were seeded on BP or BP-POZ samples for 48 h, then cell culture media was analyzed for TNF-α levels. Error bars indicate SE.
Statistical relationships were analyzed by one-way analysis of variance with Dunnett correction for multiplicity. (*P < 0.001, **P < 0.05).
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Fig. 5. The effects of POZ modification and ethanol pretreatment on BP collagen structure, AGE formation, serum protein infiltration, and calcification
in rat subdermal implants. (A) SHG images of 7-d implant collagen structure. All implants were glutaraldehyde-fixed BP (unimplanted) with the following
treatments: unmodified, no treatment; EDC, chemistry control incubated in EDC-NHS mixture without POZ; POZ, functionalized with 10 kDa POZ; EtOH,
unmodified BP incubated in absolute ethanol for 24 h prior to implantation; EtOH+POZ, POZ-modified BP incubated in absolute ethanol for 24 h prior to
implantation. (Scale bars, 100 μm.) (B) Implants IHC staining for AGE (αAGE) and serum albumin (αAlbumin). IHC was visualized using HRP-conjugated sec-
ondary antibodies and DAB substrate. (Scale bars, 200 μm.) (C) Von Kossa calcium specific staining for 7-d explants (Von Kossa-7d) and 28-d explants
(Von Kossa-28d) with nuclear fast red as a tissue counterstain. (Scale bars, 200 μm.) (D) Relative staining intensity of the αAGE IHC quantifying the reduc-
tion of AGE formation following polymeric modification. Unimplanted BP sample was used as 0% intensity, unmodified explants were used as 100%
intensity. Error bars indicate SE. For each analysis, n of 15 to 20 images was used. (*P < 0.001, **P < 0.05). (E) Relative staining intensity of the α-serum
albumin IHC quantifying the reduction of albumin accumulation following polymeric modification. Unimplanted BP sample was used as 0% intensity,
unmodified explants were used as 100% intensity. Error bars indicate SE. For each analysis, n of 15 to 20 images was used. (*P < 0.001, **P < 0.05).
(F) Effects of POZ modification and ethanol pretreatment on calcification: Quantitative calcium results (Materials and Methods). Colorimetric calcium level
analyses of the explants. Error bars indicate SE (*P < 0.001).
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analyses of 28 d control, EDC, and POZ-modified explants
without ethanol pretreatment showed significantly increased cal-
cium levels in all groups, compared to explants pretreated with
ethanol (Fig. 5F, 28 d) (unmodified, POZ). No significant differ-
ences in shrink denaturation temperature, an index of cross-
linking, were recorded using DSC analysis of 7-d unmodified
and POZ explants in comparison to controls (SI Appendix, Fig.
S2A), while 28-d samples had a significant decrease (P < 0.001)
(SI Appendix, Fig. S2B).

Blood Material Interactions with BP-POZ. In order to study blood
material interactions with POZ-modified surfaces (Fig. 6 and
SI Appendix, Fig. S3), BP-POZ samples were exposed to
citrate-anticoagulated whole human blood in comparisons with
BP and BP-EDC as controls. These studies were performed
using a Chandler loop apparatus, a well-established ex vivo
experimental system for investigating blood–material interac-
tions with laminar, high shear flow over surfaces of interest
(27). BP samples removed from the Chandler loop after 4
h demonstrated by visual examination (SI Appendix, Fig. S2)
faint red thrombus on the control BP and BP-EDC samples,
but no thrombus on the BP-POZ. SHG studies of these same
samples (SI Appendix, Fig. S2) confirmed these observations.
Scanning electron microscopy (SEM) surface analysis of BP
samples after a 4-h Chandler loop study was performed to
examine the various BP samples (POZ, EDC, and unmodified)
for collagen morphological changes and cellular and thrombotic
interactions. SEM analysis with 2,000× magnification of BP
samples not exposed to blood (Fig. 6 A, Upper) revealed com-
parable surface structures in BP and BP-POZ, while BP-EDC,
a chemistry control, had a more irregular surface morphology.
Four-hour Chandler loop exposures of the BP samples to
citrate-anticoagulated blood demonstrated thrombus formation
with platelet, red cell, and white cell deposition on unmodified
BP and BP-EDC (Fig. 6 A, Lower) and minimal platelet deposi-
tion with virtually no cellular attachment in the BP-POZ sam-
ple (Fig. 6 A, Upper). Quantitative analyses of SEM images
for individual blood components (Fig. 6 C and D) demon-
strated significantly reduced accumulation of red blood cells
(RBC), WBCs, and platelets on BP-POZ compared to both
unmodified BP and BP reacted with EDC, as a chemistry con-
trol (Fig. 6 C and D) (P < 0.001). The SEM results were in
agreement with optical and SHG microscopy studies of the
same set of samples and experiments (SI Appendix, Fig. S3) that
demonstrated surface thrombus and RBCs in both BP exposed
to blood and BP-EDC. In contrast, BP-POZ demonstrated pre-
served collagen structure per SHG (SI Appendix, Fig. S2), and
was comparable to that of unmodified BP not exposed to blood.
Thus, POZ modification creates a biocompatible surface that
mitigates platelet, RBC, and WBC adhesion on BP while pre-
serving collagen structure.

Discussion
The present study reports biomaterial formulations with POZ-
modifications of BP that demonstrated resistance to serum pro-
tein infiltration and glycation, modulation of inflammatory
events, and enhanced thromboresistance. These findings are of
importance for a potential strategy for preventing BHV SVD.
Our approach, covalently modifying BP with POZ methodology,
has a number of important features: 1) modification of BP,
already fixed in glutaraldehyde according to conventional BHV
methodology, with POZ was successfully accomplished with sta-
ble incorporation of POZ throughout the bulk of the biomaterial;
2) the incorporation of POZ was shown to have no detrimental
effects on the BP material properties, such as the shrink tempera-
ture, an index of cross-linking, or hydrodynamic parameters, and
did not alter BP collagen microstructure; 3) covalently attached

POZ significantly mitigated serum protein infiltration and AGE
formation in vitro; 4) POZ confers to BP both antiinflammatory
and oxidation-resistance properties; 5) POZ mitigates AGE and
serum albumin uptake by BP in rat subdermal explants, while not
affecting calcification; and 6) POZ modification of BP enhances
thromboresistance.

POZ is a biocompatible, nonimmunogenic, and oxidation-
resistant polymer that has not previously been studied for its
effects on implantable biomaterials. Relevant to this study,
POZ has been shown to prevent serum protein adsorption and
mitigate cell adhesion to modified glass surfaces (28, 29). Fur-
thermore, POZ covalently attached to BSA significantly
reduced the immunogenicity properties of BSA in vivo (30).
Importantly, POZ has not been previously investigated in
bioprosthetic heart valve formulations.

Several studies have previously evaluated covalently attached
PEG for improving the performance and preventing calcification
of BHV (31–33). Although reduced calcification was observed
after subdermal implantation in rabbits, the mechanical proper-
ties of PEGylated implants were compromised, resulting in an
increased elastic modulus and tissue swelling (34). Additionally,
PEG has been shown to induce an immune response resulting in
the formation of anti-PEG antibodies (16). Indeed, numerous
studies report the presence of anti-PEG antibodies in human
subjects resulting from exposure to PEG and PEGylated prod-
ucts (35). Prior studies have shown vulnerability of PEG to oxi-
dative stress, with a loss of structural integrity and protective
effects upon exposure to oxidants (36). It is of importance that
in the present study, the integrity and protective capacity of
BP-linked POZ was fully retained after exposure to mild oxida-
tive conditions, in contrast to PEG that demonstrated a dimin-
ished ability to prevent serum protein adsorption (Fig. 3C).
Thus, POZ used in formulations with implantable biomaterials
may offer a unique combination of excellent biocompatibility,
absence of immunogenicity, chemical stability, and resistance to
oxidation.

Disruption of collagen microarchitecture is one of the hall-
marks of SVD (10, 37). Without covalently attached POZ, all
BP samples in the present studies (Figs. 4B and 5A) showed
significant changes in both collagen fiber morphology and
collagen crimp period, reflecting a loss of collagen structural
integrity following incubation with activated human-derived
macrophages exposed to glycated albumin (Fig. 4B). In com-
parison, POZ-modified samples exposed to similar conditions
fully retained their uniform collagen structure. The observed
disruption of the collagen structure in vivo is likely the result of
both AGE and serum protein infiltration and oxidative damage
caused by activated macrophages as part of the inflammatory
response (7). Furthermore, POZ modification of BP compared
to unmodified BP resulted in significantly reduced TNF-α
secretion in THP-1 cell cultures (Fig. 4D) with BP pre-exposed
to BSA or glucose-glycated BSA, thus demonstrating an antiin-
flammatory effect.

Along with serum protein and AGE accumulation, calcifica-
tion is another major contributor to BHV failure. The pathophys-
iology of BHV calcification involves initial mineral deposits in the
glutaraldehyde-devitalized cells of the central spongiosa region of
BHV leaflets followed by calcification of the collagen rich extra-
cellular matrix (24, 38). Importantly, BHV do not become endo-
thelialized, nor are they populated by viable valvular interstitial
cells (24, 38); this lack of a viable cellular component makes
BHV leaflets particularly vulnerable to protein glycation and
serum protein infiltration pathophysiology. We used a well-
established rat subdermal model of BHV SVD (24), which
results in BHV calcification pathology that has been demon-
strated to be comparable to clinical circulatory BHV explants
(24); this rat subdermal model also replicates clinically observed
stress localized calcification in folded leaflet regions (38). Recent
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studies by our group have also demonstrated comparable AGE-
serum protein deposition in rat subdermal explants and retrieved
clinical BHV with SVD, thus validating the rat subdermal model
for investigating AGE-serum protein pathophysiology (10, 25).
The present subdermal studies concomitantly evaluated both
serum protein and AGE accumulation in BP, and calcification of
glutaraldehyde-fixed BP with or without POZ modification.
These studies tested the hypothesis that these represent two inde-
pendent phenomena driven by separate mechanisms. Unmodified
BP subdermal implants in rats, when explanted, all showed signif-
icant serum protein uptake, AGE accumulation, collagen disrup-
tion, and calcification (Fig. 5). These data are in agreement with
our previous in vitro study, showing that serum protein uptake
and glycation along with mechanical stress results in BP collagen
disruption (19). In comparison, POZ modification significantly
reduced serum protein uptake, AGE accumulation, and collagen

disruption, but had no effect on calcification, consistent with
distinct mechanisms responsible for glycation and calcification.

Importantly, BP preincubation with ethanol prior to implanta-
tion significantly reduced calcification (Fig. 5), as expected based
on prior studies (39), while not affecting AGE and serum albu-
min uptake levels. However, when combined with POZ modifica-
tion, ethanol pretreatment of BP also resulted in a significant
reduction in explant Ca levels and negative Von Kossa staining
(Fig. 5), supporting the view that these two distinct mechanisms
driving BHV failure, calcification, and AGE-serum protein
uptake, can be addressed effectively yet separately. Thus, a com-
bination of POZ attachment to BP and ethanol pretreatment
may potentially be applied as an approach for protecting BHV
from deterioration due to both glycation and calcification.

The results of the Chandler loop experiments demonstrated
thromboresistance of BP-POZ, compared to the control BP

A

B C D

Fig. 6. Representative SEM images to show the effects of POZ modification on BP collagen surface and blood-material interactions examined with SEM.
(A) SEM micrograph of unmodified BP, after EDC-NHS incubation, after POZ modification prior to blood exposure (Upper) and after citrated whole human blood
exposure for 4 h (Lower). (Scale bars, 30 μm.) Quantitative analyses adherent blood cells for platelets (B), RBCs (C) and WBCs (D) measured by analysis of SEM
images. A minimum of 12 fields were analyzed for each condition. Error bars indicate SD. Statistical analyses were performed using Dunnett’s test (*P < 0.001).

M
ED

IC
A
L
SC

IE
N
CE

S

Zakharchenko et al.
Poly-2-methyl-2-oxazoline–modified bioprosthetic heart valve leaflets
have enhanced biocompatibility and resist structural degeneration

PNAS j 9 of 12
https://doi.org/10.1073/pnas.2120694119



samples (Fig. 6). It should be noted that BHV fabricated from
BP and other heterograft materials are considered to be rela-
tively thromboresistant (40). Nevertheless, under the experi-
mental conditions studied with citrate anticoagulated human
blood, a finite fibrin surface thrombus with associated cellular
and platelet deposition was demonstrated with control BP sam-
ples (Fig. 6), but not BP-POZ. In addition, although serum pro-
tein permeation of BP is mitigated by POZ modification (Fig.
3), the well-known passivation of blood contacting material sur-
faces by serum proteins contributing to thromboresistance (41)
would not be expected to be altered by POZ; the Chandler
loop results (Fig. 6) support this view. In addition, these results
are of importance since prior to these studies the blood mate-
rial compatibility and thromboresistance of POZ had not been
explored, and thus needed to be established. Taken together,
these results show that POZ modification of BP results in
enhanced thromboresistance.

Orthotopic or transcatheter bioprosthetic heart valve
replacements in large animals, typically sheep (42), would be
requisite preclinical studies for POZ-modified BHV to move
ahead for consideration for regulatory approval. Nevertheless,
large animal BHV studies are carried out for durations of only
5 to 6 mo (42), as required by regulatory agencies, and because
of this limitation heart valve replacement studies in large ani-
mals have provided little mechanistic information about SVD.
Therefore, the lack of large animal investigations in the present
studies of the mechanistic effects of POZ modifications does
not represent a significant limitation that impacts the results.
Another limitation of the present studies involves the results
included in SI Appendix, Fig. S4 and Tables S1–S5, which were
concerned with POZ effects on trileaflet BHV hydrodynamics,
utilizing five clinical-grade BHVs. The prohibitive cost of clini-
cal grade trileaflet BHV, and the highly variable baseline hydro-
dynamics of trileaflet BHV, even of the same size (43), are
major limitations for carrying out this type of experiment. The
effects of POZ-modification mitigating the effects of protein
glycation on the hydrodynamic function of these trileaflet BHV,
while statistically significant (SI Appendix, Supplementary
Results S1 and Fig. S4), were not clinically relevant. Another
limitation of these hydrodynamic studies are the small changes
in the PBS baseline for the pressure gradient and peak
ejection-velocity parameters that changed in parallel with the
other results under glycation conditions (SI Appendix, Fig. S4
and Tables S1 and S2). The reasons for the changes in PBS-
incubated BHV are difficult to determine, but may be related to
PBS storage over the 35-d time course, since bioprosthetic valves
are typically stored in glutaraldehyde, and glutaraldehyde has
been shown to dissociate over time from bioprosthetic leaflets
in vivo (44) and from histology specimens stored in physiologic
buffers (45), thereby hypothetically changing mechanical proper-
ties. Nevertheless, baseline testing of trileaflet BHV before and
after POZ modification (SI Appendix, Tables S2 and S5) demon-
strated that POZ modification does not significantly alter the ini-
tial hydrodynamics, indicating that leaflet mechanical properties
are not negatively impacted by POZ.

The thromboresistance and antiinflammatory properties of
BP-POZ demonstrated in the present studies (Figs. 4 and 6) indi-
cate that POZ modification of other biomaterials merits further
investigation. POZ has been used in plasma-mediated material
coatings (46), and thus could hypothetically be broadly applied
for medical device use to mitigate thrombosis and enhance bio-
compatibility. Furthermore, our results showed that POZ can be
efficaciously combined with an established anticalcification strat-
egy (Fig. 5), ethanol pretreatment of BHV, currently in clinical
use (47). Thus, the results of these investigations could be the
basis for a novel approach, combining anticalcification and AGE-
serum protein mitigation strategies, for the next generation of

BHV, ultimately improving the durability of these widely used
devices and addressing a major unmet need.

In conclusion, our studies demonstrated that BP modifica-
tion with POZ has the potential to mitigate protein-glycation
SVD mechanisms, and markedly improve biocompatibility,
as demonstrated in the results of these studies showing
enhanced thromboresistance, a reduced inflammatory response,
and oxidation resistance.

Materials and Methods
Materials. Mono- and diamino-functionalized POZ, (10 kDa) were chosen as
optimized polymers; these compounds were purchased from Ultroxa. 5(6)-car-
boxyfluorescein N-hydroxysuccinimide ester (≥80%) was purchased from
Sigma. Antibodies were purchased from Abcam: anti-BSA antibody (ab192603),
anti-AGE antibody (ab23722), anti-CML antibody (ab125145). Glutaraldehyde
was purchased from Polysciences. Biosol was purchased from National Diagnos-
tics. Pharmaceutical grade human serum albumin (HSA), used in the clinical
grade trileaflet BHV experiments, was purchased fromOctapharma. THP-1 cells,
a monocyte/macrophage cell line, were purchased from ATCC. RPMI medium
was purchased from Cell Culture Technologies. TNF-α ELISA was obtained from
Invitrogen. Cellulose dialysis membrane was purchased from Spectrum Labs
(10768-700). The Von Kossa staining kit was obtained from Abcam (ab150687).
All chemicals were purchased from Sigma Aldrich, unless otherwise stated.

BP Preparation. BP was purchased in a fresh state, and was transported within
24 h, on ice from Animal Technologies. Fresh BP was treated with 0.625% glu-
taraldehyde in Hepes buffer (50 mM Hepes, 0.9% NaCl, pH 7.4) for 7 d at
room temperature. BP was transferred into 0.2% glutaraldehyde Hepes solu-
tion and stored at 4 °C. Shrink temperature methods as a metric of cross-
linking using DSC are described in SI Appendix, SupplementaryMethods S1.

POZ Modification. For POZ attachment, BP functionalization through covalent
modification of carboxylic groups with POZ via a carbodiimide-driven reac-
tion. was carried out as follows: BP samples (1 × 1 cm) were rinsed three times
with PBS solution and placed in 1 mL of MES buffer (pH 5.5) solution with 10
mg of POZ overnight at 37 °C. To initiate the reaction, 43 mM NHS and 65 mM
of EDC were added in 1 mL MES to a total volume of 2 mL. The reaction pro-
ceeded for 24 h at room temperature with mild shaking. Fluorescent POZ syn-
thesis and methodology are described in detail in SI Appendix, Supplementary
Methods S1)

Protein Glycation Procedures. GLU-BSA was obtained by incubating 5% (wt/
wt) BSA in PBS buffer (pH 7.4) with 100mM glucose in vitro for 90 d at 37 °C in
the dark. After the reaction, glycated BSA was dialyzed using a cellulose ester
membrane (Spectra Por 131342T) with a 20-kDa cutoff against PBS to remove
unbound glucose, before lyophilization, and storage at �20 °C in the dark.
Modification of GLX+BSA was carried out in vitro by reacting BSA (5%) (wt/
vol) with 50 mM GLX for 7 d at 37 °C in the dark. For accelerated glycation of
BP, glutaraldehyde-fixed BP samples were created using 8-mm biopsy punches
and incubated for 7 d in PBS, 5% BSA, GLU-BSA, GLX+BSA, or 50 mM GLX,
then rinsed for 7 d in sterile PBS for to remove unbound AGE and excess glu-
taraldehyde. Trileaflet clinical grade BHV were also studied with this same
methodology (SI Appendix, Supplementary Methods S1). Immunostaining
techniques and immunostaining quantitation methods to detect serum
albumin and AGE are described in SI Appendix, SupplementaryMethods S1.

Cell Culture Methods. The human monocyte cells (THP-1 line) were cultured in
RPMI medium (Sigma Aldrich R8758) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. Monocytes were differentiated to mono-
cyte derived macrophages using 100 ng/mL PMA and seeded on BP surfaces
using the same medium composition. Cell culture was maintained in a 37 °C
incubator with 5% CO2 under a humidified atmosphere. Experiments were con-
ducted at a cell concentration of 2 × 105 cells/mL BP discs (8 mm in diameter),
with or without glycation, were used as substrates for THP-1 cells. Discs were
placed in 48-well culture plates with a pericardial side facing up and cells were
seeded in PMA media. After 24 h of incubation with cells, the medium was col-
lected to measure TNF-α using an ELISA according tomanufacturer’s instructions
bymeasuring the optical density at 450 nm.

SHG Microscopy. To image collagen structure morphology, round BP samples
(8 mm in diameter) were mounted on incubation chambers (Electron Micros-
copy Sciences) and immersed in PBS between two glass coverslips. SHG images
were acquired with Prairie Technologies Ultima multiphoton system attached
to an Olympus BX-61 upright microscope. Excitation light was provided by a
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diode-pumped broadband mode-locked titanium: sapphire femtosecondMai-
Tai HP laser (Spectra Physics). The laser beam was focused on the sample by a
20× water-immersion objective (Olympus xlumplfln). The excitation wave-
length of 920 nmwith a 505-nm short-pass filter optimal for collagen imaging
was used as previously reported (48). SHG image analysis methodology is
described in SI Appendix, SupplementaryMethods S1.

Rat Subdermal BP Implants. Male juvenile (3 wk of age, average weight of 75
g) Sprague-Dawley rats (Charles-River Laboratories) received subdermal BP
implants under general anesthesia (isoflurane), as previously published (24).
All protocols were approved by the Institutional Committee for the Use and
Care of Animals of The Children’s Hospital of Philadelphia. The BP implants
were 10 × 10mm2 glutaraldehyde-fixed BP patches with the followingmodifi-
cations: 1) unmodified; 2) ethanol-pretreated (24 h, room temperature); 3)
POZ-modified; 4) ethanol-treated and POZ-modified. Each animal was
implanted with one implant from each group, in cohorts of 10 rats per time
point. Animals were killed at 7 and 28 d after implantation and harvested
explants were rinsed in sterile saline. Half of each explant was either frozen or
placed in 10% neutral buffered formalin for histological processing.

Rat Subdermal BP Explants Calcium Analysis. For the calcium analysis, samples
were lyophilized, weighed, and hydrolyzed with 6M hydrochloric acid.
Calcium content was determined using a colorimetric assay (SigmaMAK022).

Chandler Loop Apparatus Experiments. Samples of BP, BP-EDC, or BP-POZ
were secured inside the closed polyvinylchloride tube (Terumo Cardiovascular
Systems) system. Ten milliliters of citrated whole blood from healthy human
volunteers, as approved by the Children’s Hospital of Philadelphia Protocol
IRB #008608, was perfused through the tubing for 4 h at a calculated shear
force of 25 dynes/cm2 (27). At the end of 4 h, the blood was drained from the
tubes and the BP inserts were retrieved. Next, samples were gently rinsed with
saline, fixed with 0.6% glutaraldehyde prior to examination with optical
microscopy, SHG, and SEM. SEM methods are described in SI Appendix,
SupplementaryMethods S1.

Statistical Methods. Statistical analyses of microscopic images’ intensity were
performed using one-way ANOVA and treatments were compared to control

for multiplicity using Tukey honestly significant difference (HSD). The signifi-
cance of the effects of POZ modification on BSAmass uptake was determined
by two-tailed Student’s t test. For each sample, the significance of dry mass
change was evaluated in comparison with initial mass prior to incubation. For
crimp period analysis to determine the significance of the changes in crimp
period for each incubation to the PBS control, Dunnett’s test was used to con-
trol for multiplicity. TNF-α statistical relationships were analyzed by one-way
ANOVA with Dunnett correction for multiplicity. Pulse duplicator statistical
analyses were performed using two-way ANOVA. Bonferroni-adjusted P val-
ues were used (since there were three tests, each original value was multiplied
by three) to control for multiplicity. For all statistical tests, P < 0.05 was consid-
ered significant. In one-way analysis, if all levels are compared then Tukey’s
HSD was used to adjust for multiplicity. In one-way analysis when each treat-
ment was compared to a control, the P value was adjusted for multiplicity
using Dunnett’s method. In the two-way ANOVA, since three comparisons are
made, to be conservative, the Bonferroni-adjusted P values were used (i.e.,
each original P value was multiplied by three). For all statistics tests, P < 0.05
was considered significant. In cases where there might be concern that the
data are skewed and hence P values using conventional normal theory might
be suspect, we also performed nonparametric tests: where the two-sample t
tests was performed, a Wilcoxon rank sum test was run; where a one-way
ANOVA was performed, a Kruskal–Wallis test was run. The resulting P values
for the nonparametric tests were substantively the same.

Data Availability. All study data are included in the main text and supporting
information.
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