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Redox-responsive polyurethane-polyurea
nanoparticles targeting to aortic
endothelium and atherosclerosis

Yuxiang Zhou," David Hou," Cristina Cusco Marigo,? Joaquin Bonelli,” Pau Rocas,” Fangzhou Cheng,’
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SUMMARY

Aortic endothelial cell dysfunction is an early trigger of atherosclerosis, the major
cause of the cardiovascular disease (CVD). Nanomedicines targeting vascular
endothelium and lesions hold great promise as therapeutic solutions to vascular
disorders. This study investigates the vascular delivery efficacy of polyurethane-
polyurea nanocapsules (Puua-NCs) with pH-synchronized shell cationization and
redox-triggered release. Fluorescent lipophilic dye Dil was encapsulated into
Puua-NCs of variable sizes and concentrations. In vitro cellular uptake studies
with human aortic endothelial cells showed that these Puua-NCs were taken up
by cells in a dose-dependent manner. In apolipoprotein E-deficient mice fed a
Western diet, a model of atherosclerosis, circulating Puua-NCs were stable and
accumulated in aortic endothelium and lesions within 24 hours after intravenous
administration. Treatment with thiol-reducing and oxidizing reagents disrupted
the disulfide bonds on the surface of internalized NCs, triggering disassembly
and intracellular cargo release. Ultimately, Puua-NCs are a potential redox-
controllable cardiovascular drug delivery system.

INTRODUCTION

Despite tremendous advances in prevention, diagnosis, and intervention spurring improvements in patient
outcomes, cardiovascular diseases (CVDs) such as heart attack, stroke, and aortic and coronary artery dis-
ease remain a leading cause of global death (Benjamin et al., 2017). There continues to be a pressing med-
ical need for effective options to treat these devastating conditions. Nanoparticle (NP) delivery systems—
engineered for the targeted delivery and controlled release of therapeutic agents—have emerged as
promising tools to afford the targeted delivery of drugs to the cardiovascular system and to alleviate heart
and vascular diseases; in addition, NPs can be employed for molecular imaging applications by targeting
molecular markers of vascular diseases and facilitating targeted delivery of genomic editing technology'?
Specifically, NP delivery systems have the potential to': improve the pharmacokinetic and pharmacody-
namic properties of existing cardiovascular drugs’; deliver payloads (e.g., pharmacological agents, genetic
materials, and stem cells) to specific disease sites of the heart and blood vessels; and® reduce the patho-
genic factors of CVD (e.g., hyperlipidemia, oxidative stress, endothelial dysfunction, inflammation, and
thrombosis).” Considering CVD is chronic, delivery systems providing the sustained and controlled release

of cargoes to disease sites have broad prospects for condition management and have been intensively
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encapsulated in their capacity for controlled, targeted drug delivery, stimuli-sensitive release, improved
drug bioavailability, and mitigation of undesired side effects and toxicity.
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tumor tissues, which contain an extracellular environment that is both acidic” and highly reductive, as
reflected by thiol-disulfide balance.’® To negotiate this environment, the outer shell of Puua-NCs is func-
tionalized with both polycationic and anionic ionomers, conferring amphoteric properties that facilitate
synchronized interaction in the pH range between physiological conditions and the tumor microenviron-
ment. Notably, the surface charge of Puua-NCs remains neutral in circulation following intravenous admin-
istration, indicating that the Puua-NCs are able to avoid opsonization and sequestration by the mononu-
clear phagocytic system. This greatly prolongs the circulation half-life of the Puua-NCs, while, in the acidic
tumor microenvironment, they become highly cationized and facilitate cellular uptake and endosomal
release.® Furthermore, the presence of redox-sensitive disulfide bonds (-5-S-) on the Puua-NC surface
promotes disassembly of internalized NCs in tumor cells because these disulfide bonds are reduced
and disrupted in the highly reductive environment. Although Puua-NCs have a demonstrated capability
for targeted delivery of hydrophobic and toxic anticancer drugs to various tumor cells and tissues, it re-
mains unexplored whether Puma-NCs can be utilized as a redox-sensitive drug delivery device for the
cardiovascular system.

The aortic endothelium, a monolayer of endothelial cells (ECs) lining the aortic lumen, acts not only as a
gatekeeper to water and electrolytes via its selective permeability but also a critical player in maintaining
vascular homeostasis; conversely, dysfunctional ECs cause vascular damage by disrupting barrier integrity;
dampening vasoactive molecules, such as nitric oxide (NO); and igniting inflammation and oxidative stress,
thereby driving the development of atherosclerosis, a major cause of CVD. Therefore, delivering therapeu-
tic agents to aortic ECs holds great promise in reducing vascular endothelial damage, impeding athero-
sclerosis, and improving cardiovascular outcomes. However, several challenges hinder the widespread
application of aortic ECs in basic and clinical cardiovascular research. First, similar to ECs in other vascular
beds (e.g., arterioles, veins, capillaries), aortic ECs lack suitable cell surface receptors for viral vectors
(e.g., adenoviral, lentiviral, and adeno-associated viral vectors) that are currently prime carriers of genetic
materials, so almost all currently available viral vectors have no specific affinity to ECs.' Second, in contrast
to ECs lining microvasculature or veins, aortic ECs are constantly exposed to pulsatile blood flow that gen-
erates drag forces and prevents interactions between NPs and ECs and subsequent cellular uptake. Third,
even after being taken up by ECs, NPs are typically sequestered into endosomes and lysosomes for degra-
dation, limiting the intracellular release of cargoes.

In this study, we demonstrate that Puua-NCs can be taken up by aortic ECs both in vitro and in vivo. In a
mouse model of atherosclerosis, intravenously administered Puua-NCs concentrate in aortic atheroscle-
rotic lesions; the disassembly of Puua-NCs delivered to aortic endothelium and atherosclerotic lesions is
triggered by thiol reducing agents. These findings show that Puua-NC is a redox controllable drug delivery
system for CVD.

RESULTS
Production and characterization of Dil-polyurethane-polyurea nanocapsules in various sizes

As a drug delivery system, the robustness of NCs in encasing therapeutic agents, targeting diseased sites,
and controlling trafficking in cells is determined by their size, surface characteristics, and material compo-
sition. Because optimal NC size is critical to cellular uptake,'” we generated Puua-NCs in three sizes,
ranging from 10 to 300 nm in diameter. The synthesis and characterization of basic Puua-NCs have been
reported in previous studies.'*' As illustrated in Figure 1A, synthesis consists of two steps: preparation
of an amphiphilic cationic prepolymer, and nanoencapsulation of the drug of interest—in this case, the
lipophilic fluorophore Dil. Dil-loaded Puua-NCs in three sizes were produced and characterized according
to their size (Figure 1B), surface charge vs pH (Table 1), encapsulation efficiency, and loaded Dil (Table 2)
using different characterization techniques (refer to supplemental information for details). Figure 1B shows
that the particle size distributions exhibit monodispersity, with an average particle size of 14.15 + 0.63,
170.20 + 44.01, and 239.50 + 99.78 nm, respectively, for small (NC-Dil-SS), medium (NC-Dil-MS), and large
(NC-Dil-LS) sizes. We examined the NC concentration and Dil loading capacity for these three sizes and
found a relatively high loading capacity for small NCs (0.86% vs 0.48% and 0.69% for medium- and
large-sized NCs, respectively). An important feature of Puua-NCs is that their surfaces are amphiphilic
and highly sensitive to small pH changes. At physiological pH~7.4 (e.g., in circulation), neutral hydrophilic
corona formation enhances their stealth properties, while in acidic conditions (e.g., tumor microenviron-
ment), the NC surface can be self-cationized, promoting uptake by tumor cells™ Consistently, at pH =
7.4, the surface charge of the three NC groups as indicated by their {-potential values are 3.98 + 0.48,
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Figure 1. Synthesis of Puua-NCs and preparation in three sizes

(A) The synthetic process starts with the preparation of an amphiphilic cationic polymer (P1) by sequentially adding’
DEDS, YMER N120, and Jeffcat DPA?; IPDI and THF); and® Genamin TAP 100D and THF. Thereafter, Dil in parallel with
IPDI* is added to initiate nano-encapsulation. Red dots represent the synthesized NC-Dil. The magnified insert of the NC-
Dil indicates its structure including the orientation of the hydrophobic and hydrophilic fractions of the prepoloymer and
the labile disulfide bonds on the shell, indicated by the purple dots.

(B) Particle size distribution of Puua-NCs of small (NC-Dil-SS), medium (NC-Dil-MS), and large (NC-Dil-BS) sizes,
indicating monodispersity with an average particle size of 14.15 + 0.63, 170.20 + 44.01, and 239.50 + 99.78 nm,
respectively for small (NC-Dil-SS), medium (NC-Dil-MS), and large (NC-Dil-BS) sizes. Measured by dynamic light
scattering (DLS).

9.96 + 0.36, and —1.54 + 0.32 mV for small, medium, and large capsules, respectively; while, at pH = 6.5,
their values all significantly increase to 11.20 £+ 0.31, 17.20 + 0.53, and 17.60 &+ 0.10 mV (Table 1), respec-
tively. Given that, as is the case for solid tumors, atherosclerotic lesions typically display an acidic microen-
vironment due to chronic inflammation and hypoxia,'® we speculate that this amphoteric property should
promote cellular uptake in atherosclerotic lesions. To better control shell biodegradability and cargo
release, the Puua-NC polymer wall was decorated with disulfide bonds that can be selectively cleaved
by reductive molecules, such as reduced L-glutathione (L-GSH). This permits Puua-NCs to be highly stable
in aqueous and protein-rich solutions but leaky in a reductive environment.'* As a major strategy for redox-
responsive drug delivery systems, disulfide bonds can be oxidized to a hydrophilic sulfoxide or sulphone by
oxidating agents (e.g., HOCI, ONOOH), causing disulfide bond breakage and resultant NC shell disas-
sembly.“’ Oxidative stress is a hallmark of cardiovascular disorders; in vascular cells within lesions, reactive

Table 1. ¢-potential of Puua-NCs in different sizes

Sample ¢-Pot &+ SD (mV) pH = 6.5 ¢-Pot + SD (mV)pH =7.4
NC-Dil-SS 11.20 + 0.31 3.98 + 0.48

NC-Dil-MS 17.20 + 0.53 9.96 + 0.36

NC-Dil-BS 17.60 £ 0.10 —1.54 £ 0.32

iScience 25, 105390, November 18, 2022 3



¢? CellPress iScience
OPEN ACCESS

Table 2. Dil loading capacity (%)

Dil Loading Capacity

Samples [NCs] (mg/mL) Dil Loading (mg/mL) %

NCs-Dil-SS 55 0.4728 0.86
NCs-Dil-MS 40 0.2617 0.48
NCs-Dil-BS 55 0.38 0.69

oxygen species (ROS) are over-produced while GSH levels are reduced."” How cellular uptake and traf-
ficking of Puua-NCs are affected by vascular redox status is currently unknown. Such knowledge could pro-
vide new insights into the application of redox-responsive drug delivery systems in cardiovascular
medicine.

Polyurethane-polyurea nanocapsules can be taken up by aortic endothelial cells

We first characterized the endothelial uptake of Puua-NCs in vitro. It has been increasingly acknowledged
that ECs from different vascular beds display distinct phenotypes in morphology, structure, and function,
all of which are essential to the cellular uptake of nanoparticles.'® To better recapitulate the binding and
retention of Puua-NCs in aortic ECs, we chose to use human primary HAECs to perform the experiments
described later in discussion. First, we examined how NC size affected endothelial uptake. As depicted
in Figure 2A, a confluent HAEC monolayer was incubated with NC-Dil-SS (~20 nm, small-sized), NC-Dil-
MS (~170 nm, medium-sized), and NC-Dil-BS (~245 nm, large-sized) at three different concentrations
for 30 min, followed by the careful removal of unbound NCs and fixation. Endothelial uptake was then as-
sessed by red fluorescence signals, indicative of Dil encapsulated in NCs. Figure 2B shows that, compared
to the control polystyrene nanospheres (NPs), all three NC sizes showed significant uptake by HAECs at a
concentration of 0.027 mg/mL, and the amount of NCs absorbed by HAECs increased with increasing NC
concentration (0.270, 2.7 mg/mL). Quantification of the average number of NCs (Figure 2C) indicated that
NC-Dil-MS (~175 nm) was the most robust in endothelial uptake. The small-sized NCs were less efficient in
targeting ECs; but this endothelial uptake should be underestimated because, due to the small amount of
Dil encapsulated individually in small-sized NCs (~20 nm), the fluorescence signal derived from encapsu-
lated Dil might be too low to be detected during fluorescence imaging for a given set of exposure settings
for all samples. Notably, the fluorescence signal reflected the total levels of NCs taken up by HAECs and
could not, therefore, be used to differentiate between NCs bound to cell surfaces and NCs within cells.

Next, we evaluated NC retention in HAECs after incubation for different periods of time (0.5, 2, and 5 hrs).
Figures 3A and 3B show middle- and large-sized Puua-NCs concentrated in HAECs and peaked at 2 hours,
followed by a significant reduction. In contrast, the amount of small-sized Puua-NCs within HAECs contin-
uously increased with time, although overall levels were not as high as the other two NCs. Taken together,
these data (Figures 1, 2, and 3) suggest that Puua-NCs are rapidly taken up by HAECs regardless of particle
size; the extent of cellular uptake and retention appear to be dependent on particle size, highlighting the
accepted vital role of particle size in controlling cellular uptake and retention.'” Following these results, we
used medium-sized NCs that displayed more optimal endothelial uptake for the remaining in vitro exper-
iments. Moving forward, it would be intriguing to further investigate this size-dependent effect of NCs on
cellular uptake and intercellular trafficking in ECs. Such investigation should yield new insights into cardio-
vascular-targeted nano-drug delivery systems to achieve desired EC-NC interactions.

Polyurethane-polyurea nanocapsules can be taken up by aortic endothelium and
atherosclerotic lesions in ApoE™'~ mice

In vivo, vascular endothelium is constantly exposed to blood flow and changes in flow patterns, which are cen-
tral contributory factors in vascular homeostasis and disease, such as with atherosclerosis.”” Hemodynamic
forces directly affect the interaction between ECs and circulating nanoparticles.”’ To assess the targeting ef-
ficiency of Puua-NCs to aortic ECs and atherosclerosis in vivo, ApoE ™'~ mice were fed a WD for two months to
develop aortic lesions. The mice were then intravenously administered with control NPs (200 nm in diameter),
NC-Dil-SS (~20 nm in diameter), and NC-Dil-BS (~240 nm in diameter) at a dose of 100 mg of polymer/kg of
bodyweight for 24 hr. The mice were then subjected to en face aortic confocal microscopy to image their
aortic endothelium and lesions (Figure 4A). The representative images shown in Figure 4B demonstrate
vigorous endothelial targeting for both small- and large-sized NCs compared to that barely detectable for
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Figure 2. In vitro endothelial uptake of Puua-NCs of variable sizes and concentrations

(A) Confluent HAECs were incubated with control polystyrene nanoparticles (control NPs, 200 nm), and NCs-Dil in varying
sizes (20, 175, 250 nm) and concentrations (0.027, 0.27, 2.7 mg/mL) as indicated at 37C° for 30 min. Cells were then placed
on ice, carefully washed, fixed, and subjected to fluorescence microscopy.

(B) Grayscale fluorescence images show the representative control NPs or NCs-Dil taken up by HAECs, which are
counterstained with DAPI (blue color) to indicate the nuclei. The insets are the magnified view of the area outlined by the
red dashed lines.

(C) Quantification of Puua-NCs taken up by HAECs within 30 min as a function of NP concentrations. Data are expressed
as mean # of NCs per cell + SE from 5to 7 randomly taken images, and representative of three independent experiments.
Scale bar: 50 pm.

the control NPs. Compared with the bright and punctuate fluorescence signals of large-sized NCs, the signals
of small NCs (20 nm in diameter) were weak and diffused, very likely owing to their diminutive size. Strikingly,
NC-Dil-BS was highly accumulated in the aortic lesions (Figure 4C). These data strongly indicate the vigorous
vascular endothelial targeting efficiency of Puua-NCs in vivo, potentially making them a candidate for drug

iScience 25, 105390, November 18, 2022 5
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Figure 3. Effect of time of incubation on endothelial uptake of Puua-NCs in three sizes

(A) Confluent HAECs are incubated with NCs-Dil of three sizes as indicated at 37°C for 0.5, 2, and 5 hrs. The concentration
of NCs-Dil was 0.27 mg/mL for all tested groups. Grayscale images show the representative NCs taken up by HAECs,
which were counterstained with DAPI to indicate the nuclei.

(B) Quantification of NCs-Dil uptake within different periods of incubation time as indicated. Data are expressed as mean
# of NCs per cell + SE from 5 to 7 randomly taken images, which are representative of three independent experiments.
Scale bar: 50 pm.

delivery in a cardiovascular system. The vascular targeting of nanoparticles has been a major hurdle limiting
practical applications. Current cardiovascular targeting strategies involve functionalizing the NP surface with
targeting ligands, such as antibodies or fragments against endothelial surface molecules (e.g., PECAM1),?! to
enhance NP binding affinity with endothelium. Despite lacking endothelial targeting moieties, Puua-NCs
display excellent in vivo targeting efficiency for aortic ECs and lesions. This might be attributed to their unique
surface properties, including:' a dangled hydrophilic polyurethane network, which protects NCs from quick
phagocytic elimination and prolongs circulatory retention; and” pH-synchronized shell cationization, which
enhances the affinity between positively charged NCs and negatively charged cell plasma membranes, facil-
itating cellular uptake and internalization® In addition to their efficient uptake by aortic endothelium and le-
sions, Puua-NCs also accumulated in other tissues, including lung tissue and liver tissue (Figure S9). We
observed that Puua-NCs had a greater affinity for lung tissue than control NPs; conversely, Puua-NCs were
taken up by hepatic tissues to a much less extent than control NPs. The function of liver is to remove foreign
substances from the body, including NPs from the bloodstream. This efficient but non-specific accumulation
of NPs in hepatic tissues poses a significant challenge for those drug delivery systems that target non-liver
tissues, such as the cardiovascular system.?” The structural and biochemical properties of Puua-NCs may pre-
vent them from being trapped in the liver, prolonging their circulating half-life and allowing them to effectively
target aortic vessels and lesions. Future studies are needed to investigate whether functionalizing Puua-NCs
with vascular target ligands further improves Puua-NC vascular targeting efficacy. Considering that the aortic
endothelium is a single-cell lining, and that conventional fluorescence microscopy of aortic cross-sections
cannot fully image Puua-NCs concentrated in the endothelium, we performed confocal imaging of whole
mount en face aorta preparations. This allowed the visualization of wide areas of the luminal vessel surface
and rigorous analysis of NC uptake by the endothelium and lesions. ECs could be identified by their nuclei,
which are large, spherical, and contain heterochromatin granules. Encapsulated cargo release of Puua-NCs in
human aortic endothelial cells is controlled by manipulating thiol redox status.
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Figure 4. NC-Dil can be taken up by aortic endothelial cells and atherosclerotic lesions in ApoE /~ mice after
intravenous administration

(A) The schematic describes the experimental process to assess in vivo vascular uptake of Puua-NCs in ApoE ™/~ mice after
intravenous injection. NCs-Dil and control fluoresbrite® NPs (100 mg /kg body weight) were intravenously injected for
30 min (B) or 24 hours (C), followed by transcardial perfusion to remove blood and unbound NCs or NPs; thereafter the
prepared en face aorta were subjected to fluorescence microscopy.

(B) Representative en face fluorescence images show aortic endothelial uptake of NC-Dil-SS, NC-Dil-BS, and control NPs
in 30 min in ApoE ™~ mice on the normal chow diet. The insets magnify the areas outlined in dashed lines. DAPI-
counterstained nuclei showed several heterochromatin particles under the nuclear envelope, a nuclear feature of
endothelial cells. Bar scale: 50 pm.

(C) Representative en face fluorescence images showing uptake of NCs-Dil by aortic endothelium and lesions in Western
diet-fed ApoE ™~ mice during 24 hrs after i.v. injection. Red fluorescent signals from NC-Dil-BS were highly accumulated
in aortic endothelium (b, e) and aortic lesions (b, f), whereas minimal signals derived from control NPs were detected (a, c,
and d). *p < 0.05, ***p < 0.001, N = 4.

Puua-NCs were designed to achieve redox-responsible disassembly and cargo release by incorporating
liable disulfide bonds in the cross-linked prepolymers on the shell surface. Using in vitro fluorescence reso-
nance energy transfer, Cusco et al. demonstrated that the addition of reducing agent glutathione (GSH) to
a solution containing Puua-NCs triggered the NC breakdown and release of encapsulated cargoes® To test
whether internalized NCs can be disassembled in HAECs with intracellular GSH levels of approximately
1-2 mM,”* we exploited a unique feature of the organic fluorophore Dil, a lipophilic fluorescent cargo
whose fluorescence signal (Aexx = 549 nm, Ao = 565 nm) is strong and punctuates when incorporated
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Figure 5. Puua-NCs disassembly can be controlled by redox status in endothelial cells

(A-C) Dil encapsulated in Puua-NCs were diffused in HAECs with increasing incubation time. NCs-Dil-MS (0.27 mg/mL) were incubated with confluent
HAECs for 30 min, carefully washed to remove unbound NCs, and incubated with fresh medium for 30 or 60 min. The fluorescent signal of Dil encapsulated in
NCs was imaged, and the number of NCs containing punctual and bright Dil dye signals were quantified and expressed as mean + SE/cell of 5 randomly
taken images (n = 5).
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Figure 5. Continued

(D-I) The thiol reducing and oxidizing agents—dithiothreitol (DTT) and diamide, respectively—can stimulate Puua-NC disassembly in ECs. Pre- (D-F) or
post- (G-l) treatments of DTT (1 mM) and diamide (50 uM) were used to disrupt disulfide bonds on the NC shell. The fluorescent signal of Dil dye
encapsulated in NCs was imaged and the number of intact NCs was quantified and expressed as mean + SE/cell of 5 randomly taken images (n = 5). Scale
baris 20 nm. *p < 0.05, **p < 0.01 compared with control group, unless otherwise indicated.

in the hydrophobic core of an NC, but is quenched by water molecules when Dil is released into cytosol,
resulting in the fluorophore becoming weak and diffused.”” Figure 5A shows HAECs that were pulse
treated for 30 mins with NC-Dil-MS (0.27 mg/mL). The red fluorescence signal of cargo Dil was imaged
30 and 60 min after pulse treatment. We found that the fluorescence signal of NC was bright and punctu-
ated immediately after incubation but became diffused and evenly distributed in cytosol over 60 min (Fig-
ure 5B). The number of internalized NCs with bright fluorescent signal was significantly reduced
(Figures 5C, 37.6 + 5.5,25.4 + 3.0, and 8.8 + 1.4/cell for 0, 30, and 60 min, post-treatment, respectively,
p = 0.0002). These data clearly indicate that Dil originally retained in the core compartment of NCs is
released, supporting the notion that internalized NCs are disassembled within ECs, but the loss of the
Dil fluorescence signal may be due to other causes, such as the “proton sponge effect,” in which cationized
NCs in acidic endosomes destabilize the membrane, leading to the disruption of endosomes and thus
release of Dil. NCs may also undergo degradation in the lysosome or efflux from the cell. To further test
whether the disassembly of Puua-NCs is controlled by the thiol redox status within ECs, we pre-treated
HAECs with the thiol reducing agent DTT (1 mM) and the oxidizing agent diamide (50 uM) for 60 min,
and then washed the cells with fresh medium to remove the reducing and oxidizing agents. Thereafter,
cells were incubated with Dil-NC-MS (0.27 mg/mL) for 30 min, followed by washing to remove unbound
NCs, fixation, and fluorescence microscopy (Figure 5D). Under a DTT-induced thiol reductive environment,
internalized Puua-NCs were efficiently disassembled and released cargo Dil, as reflected by the diffused
fluorescence signal. Interestingly, cellular uptake of NCs was markedly enhanced, as demonstrated by
the significant increase in particle number per cell compared with the control group (Figures 5E and 5F,
52.2 + 4.68vs79.2 +7.965, p =0.037). In a diamide-induced thiol oxidative intracellular environment, how-
ever, Puua-NCs underwent massive degradation without stimulated cellular uptake, as evidenced by the
dramatic decrease in the number of NCs remaining in cells (52.2 + 4.68 vs 16.2 + 3.69, p = 0.008). This
clearly shows that intracellular redox status is critical to the cellular uptake of redox-responsive NCs.
More importantly, both thiol reductive and oxidative intracellular environments, especially the latter, are
hallmarks of diseased vascular cells and atherosclerotic lesions,” and may facilitate the drug release
from Puua-NCs. This opens up particularly promising avenues for improving the efficiency of drug delivery
to diseased vascular cells with minimal impact on healthy cells.

We tested the possibility of controlling the disassembly of internalized Puua-NCs using thiol reducing and
oxidizing reagents. HAECs were incubated with NC-Dil-MS (0.27 mg/mL) for 30 min, washed to remove un-
bound NCs, and treated with DTT (1 mM) or diamide (50 uM) for 30 min before undergoing fluorescence
microscopy (Figure 5G). Excitingly, we found that both DTT and diamide were able to trigger NC disas-
sembly and consequent cargo release, as reflected by the significant reduction in particle numbers remain-
ing in cells and the weak and diffused red fluorescence signal of cargo Dil (Figures 5H and 5, 27.6 + 3.08,
6.00 + 1.00, and 13.6 £ 1.81 for the control group, post-DTT group, and post-diamide group, respectively).

Taken together, these results support the hypothesis that disulfide bonds can be disrupted by both
reducing and oxidizing agents, allowing for more effective delivery of drugs by manipulating intracellular
redox status. This is especially important for delivering drugs to diseased vascular endothelium and lesions,
where GSH levels are suppressed but oxidative stress persists.””

Drug release of polyurethane-polyurea nanocapsules in aortic endothelium and lesions can be
controlled by thiol reducing agent

Extending our in vitro EC study (Figure 5), we investigated whether in vivo administration of reducing
agents could facilitate the disassembly of Puua-NCs accumulated in aortic endothelium and lesions.
This test was critical for determining whether Puua-NCs could be utilized in cardiovascular medicine. As
depicted in Figure A, ApoE~’~ mice fed a two-month WD were intravenously administered NC-Dil-BS
(100 mg of polymer components/kg of bodyweight). After 24 hrs, they were administered DTT or saline
(as a control) for 30 min prior to aortic en face fluorescence microscopy. In the DTT-treated group, the fluo-
rescence signal of cargo Dil was weakened in endothelium and massively diminished in lesions. This
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Figure 6. Thiol reducing agent can trigger the disassembly of NCs-Dil taken up by aortic endothelial cells and
atherosclerotic lesions in ApoE /™ mice

(A) The schematic describes the experimental process to evaluate the effect of DTT (0.77 mg/Kg, i.v., 30 min) on the
disassembly of NC-Dil-BS (100 mg of NCs/Kg, i,.v., 24 hrs) in aortic vessels oT'ApoE’/’ mice fed Western diet for 2 months.
(B) En face fluorescent images of the aorta and quantifications of the fluorescent (fluo.) signals of Dil in the saline group
(a, ¢, d, ¢, d) and the DTT-treated group (b, e, f, €', f). N = 6, scale bar: 1000 um in (a) and (b); 100 um in (c, d, e, f).
*exy < 0,001,

(C) representative images of the cross-section of aorta showing the NCs accumulated aortic wall without (a, a’, b, b’) or
with lesions (c, ¢/, d, d').

suggested that in vivo Puua-NC-mediated drug delivery to aortic endothelium and lesions could be effec-
tively controlled by thiol reducing reagents. It is worth noting that, 24 hrs after NC-Dil-MS administration, a
significant amount of NCs accumulated in the aortic endothelium, and lesions remained responsive to DTT
treatment. This highlighted the excellent stability of NCs in circulation, as well as their prolonged retention
in ECs and lesions; both of these qualities are essential for the development of effective redox-responsive
drug-delivery nanodevices for the cardiovascular system.

DISCUSSION

We present both in vitro and in vivo evidence showing that Puua-NCs form a redox-controllable nano-drug
delivery system that targets vascular endothelium and atherosclerotic lesions, as sumarized in Figure 7. This
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Figure 7. Puua-NCs effectively target aortic endothelial and atherosclerotic lesions and control their disassembly by manipulating intracellular
thiol redox status

Prepared NC-Dil is given to HAECs and ApoE ™'~ mice intravenously. Note the Dil cargo in the NC-Dil, as indicated by the red dots in the center. Dil retained
in the lipophilic core of NCs show a strong fluorescent (fluo.) signal, while Dil released into aqueous environment exhibits a weak signal. Thiol redox status in
endothelial cells is altered via GSH, DTT, and diamide treatments. After 24 hours of NC-DII treatment, DTT was administered intravenously to the mice.

system should prove a powerful tool in the delivery of pharmaceuticals and genetic materials to damaged
cardiovascular tissue in a controlled manner. The versatile and scalable Puua-NCs were initially designed
for the effective delivery of anticancer drugs to tumor tissues (Cusco et al., 2016). Owing to their unique
features, including pH-synchronized shell cationization and redox-sensitive release, Puua-NCs have
been proven to form a potent drug-delivery nanodevice capable of guiding specific anti-cancer molecules
to an acidic tumor microenvironment and potentiating drug effects while reducing systemic toxicity' >
To the best of our knowledge, this study is the first to evaluate the capability of Puua-NCs to target aortic
endothelium and lesions in an animal model of atherosclerosis. As summarized in Figure 1, the synthetic
method used in this study generates a wide range of prepolymers with preferred physicochemical proper-
ties by simply modifying the type, ratio, and concentration of starting monomers. In this case, a specifically
designed prepolymer decorated with amphiphilic groups and disulfide bonds undergoes self-emulsifica-
tion to encapsulate drugs and finely tune the NC size from 15 to 300 nm. NCs in three sizes (average diam-
eters of 20, 175, and 255 nm) are all vigorously taken up by ECs to slightly different degrees, depending on
both dose and incubation time (Figures 1, 2, and 3). Many variables, including NC size, shape, charge,
biodegradable bonds, and targeting ligands, impact NC uptake into ECs.”*?’ Based on the in vitro and
in vivo findings (Figures 2, 3, 4, 5, and 6), we hypothesize that the presence of the polyethylene glycol
(PEG) chains and the neutral to weak cationic charges on the surface of NCs may reduce opsonization
and phagocytosis, thereby prolonging their half-life in the circulation. The present study is focused on eval-
uating the ability of Puua-NCs to target vascular cells and lesions and to release the encapsulated drugsin a
redox controllable manner, which provides strong evidence supporting their potential applications in car-
diovascular medicine. However, it is still unclear how Puua-NCs have a high efficacy in targeting vascular
endothelium and atherosclerotic lesions. We speculate that vascular oxidative stress and inflammation
occur in aortic endothelium and lesions under atherogenic conditions, resulting in an acidic microenviron-
ment that may promote the protonation of the NC surface and enhance their cellular uptake; the hydropho-
bic nature of NCs could also play a role in the accumulation of atherosclerotic lesions. When Puua-NCs are
internalized into endosomes, they can be further protonated under the acidic endosomal environment; the
resultant strong cationic charges on the shell thus facilitate the NCs to escape from endosome; in the
cytosol, both thiol reducing and oxidizing agents (e.g., GSH, DTT, ROS) can disrupt the disulfide bonds
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that link NC polymers, leading to NC breakdown and payload release (Maillard et al., 2021; Pérez-Hernan-
dez et al., 2021; Bonelli et al., 2022). In summary, the presented redox-responsive Puua-NCs demonstrate
robustness in targeting vascular endothelium and atherosclerotic lesions, as well as in the redox-controlled
release of the encapsulated payload. This versatile, scalable, and targeting ligand-free nanocapsule system
should become an effective drug delivery device, targeting the cardiovascular system to combat vascular
diseases.

Limitations of the study

This study assesses the aortic endothelial uptake efficacy of Puua-NCs, which is a well-characterized drug
delivery nanodevice with robust tumor targeting efficiency’*** Therefore, the underlying molecular basis
of the NC-EC interaction and intracellular trafficking is not explored; this warrants further investigation.
Second, Puua-NCs demonstrate a high targeting efficiency against vascular ECs and lesions, even though
they are not decorated with EC-targeting ligands (e.g., CD31 antibody) on their surface—the primary strat-
egy used in devising endothelium-targeted nanocarriers. It remains unclear whether this high targeting
efficiency is specific to ECs and lesions, and if so, how Puua-NCs recognize and interact with ECs and
atherosclerotic lesions in vivo.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

2,2'-dihydroxyethyl disulfide (DEDS) Sigma Aldrich (St Louis, USA) Cat# 380474

YMER N120 Perstorp (Malmé, Sweden) CAS: 131483-27-7

Jeffcat DPA Sigma Aldrich (St Louis, USA) Cat# 24866577

Isophorone diisocyanate Quimidroga (Barcelona, Spain) CAS: 4098-71-9

Dry tetrahydrofuran (THF) Sigma Aldrich (St Louis, USA) Cat# 401757

Genamin TAP 100D Clariant (Barcelona, Spain) Cat#SXR024495

1,1"-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine

perchlorate

Tributyrin

L-Lysine
Diethylenetriamine (DETA)

EGM™-2 Endothelial Cell Growth Medium-2
BulletKit

Hank'’s Balanced Salt Solution (HBSS)

Fluoresbrite® Multifluorescent Microspheres
0.20pm

Formalin, buffered, 10%
Dithiothreitol (DTT)
Diamide

RD Western diet
Heparin

Paraformaldehyde

Thermo Fisher Scientific (Waltham, MA)

TCI Chemical (Tokyo, Japan)
Sigma Aldrich (St Louis, USA)
Sigma Aldrich (St Louis, USA)
Lonza (Walkersville, MD)

Millipore Sigma (Burlington, MA)
Polysciences (Warrington, PA)

Thermo Fisher Scientific (Waltham, MA)
Millipore Sigma (Burlington, MA)
Millipore Sigma (Burlington, MA)
Research Diets Inc. (New Brunswick, NJ)
Thermo Fisher Scientific (Waltham, MA)
Thermo Fisher Scientific (Waltham, MA)

Cat#H55957.MC

Cat# T0364
Cat# L5626
Cat# 93856
Cat# CC-3162

H6648
Cat# 24050-5

SF100-4
DTT-RO
D3648

Cat# D12079B
J16920.EXT
043368.9M

Experimental models: Cell lines

Human aortic endothelial cells

Lonza (Walkersville, MD)

Cat# CC-2535

Experimental models: Organisms/Strains

B6.129P2-Apoe'™V"</J mice

Jackson Laboratory (Bar Harbor, ME)

Cat# 002052

Software and algorithms

Fiji NIH ImageJ
Prism 9.0 GraphPad
Other

Leica SP5 Confocal Microscope

Panoramic MIDI I

Nikon wide-field epifluorescence microscope

Boston University Cellular Imaging Core
3D Histech (Budapest, Hungary)

Boston University Cellular Imaging Core

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jingyan Han (jingyanh@bu.edu).

Materials availability

Further information on materials used is available from the lead contact upon request.

14 iScience 25, 105390, November 18, 2022


mailto:jingyanh@bu.edu

iScience ¢? CellPress
OPEN ACCESS

Data and code availability
Microscopy data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse model of atherosclerosis

All experimental animal procedures were approved by the Institutional Animal Care and Use Committee of
the Boston University Medical Campus. ApoE-deficient (ApoE™~) mice on a C57BL/6J background were
purchased from the Jackson Laboratory (#002052, Bar Harbor, ME) and used as a mouse model of athero-
sclerosis. Only male ApoE ™~ mice were used for these experiments.

Cell culture

Human aortic endothelial cells (HAECs) at passage 1 were purchased from Lonza (Walkersville, MD, Cat.#
CC-2535) and cultured in an endothelial cell growth medium (EBM™.2) containing EGM™.2
SingleQuots™ supplements (Lonza, Cat.# CC-3162).° Cells at passage 5 were used for all experiments.
HAECs were starved overnight in EBM containing 0.5% fetal bovine serum before the experiments.

METHOD DETAILS

Synthesis of amphiphilic cationic polymer (P1)

2,2'-dihydroxyethyl disulfide (DEDS) (901.0 mg, 5.84 mmol, 11.68 meq), YMER N120 (12.04 g,
11.59 mmol, 23.18 meqg) and N-(3-dimethylaminopropyl)-N,N’-diisopropanolamine (Jeffcat DPA)
(981.3 mg, 4.50 mmol, 8.99 meq) were mixed into a round-bottomed flask with mechanical stirring at
room temperature and then purged with N,. Once homogenized, isophorone diisocyanate (IPDI)
(8.14 g, 36.63 mmol, 73.24 meq) was added to the reaction flask under gentle mechanical stirring. A poly-
urethane formation reaction took place under these conditions until the NCO stretching band intensity did
not change, monitored using IR spectroscopy. At this point, dry tetrahydrofuran (THF, 21 mL) was added
to the reaction to fluidify the polymer. 1,3-diamino-N-octadecylpropane (Genamin TAP 100D) (5.99 g,
17.73 mmol, 35.45 meq) was dissolved using dry THF (5.23 mL) and added dropwise under half-moon
100 rpm mechanical stirring into another 100 mL three-necked round-bottomed flask that had previously
been purged with N,. The reaction was monitored using IR spectroscopy until the NCO stretching band
intensity had completely disappeared.

Synthesis of Puua-NC-Dil

NC-Dil particles in small (SS), medium (MS), and large sizes ("big” sizes) (BS) were synthesized using a pro-
tocol developed by ECOPOL TECH, with some modifications."*'* IPDI was added to a three-necked
round-bottomed flask equipped with mechanical stirring, precooled at 4°C, purged with N, and protected
from light. 1,1"-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil, 3 mg, 3.21 uM), Tribu-
tyrin, polymer P1, and dry THF (in different ratios depending on the desired characteristics) were mixedin a
vial and added to the round-bottomed flask, which then underwent homogenization for 10 min at 150 rpm,
protected from light. An aqueous alkaline solution of L-lysine was prepared by dissolving L-lysine in Milli-Q
water and adjusting the pH to 11.0 using 3M and 1 M NaOH solutions. This solution of pH 11.0 was added
to the round-bottomed flask under mechanical stirring at 250 rpm, and the polyaddition reaction was as-
sessed after 15 min using IR spectroscopy. The organic phase was then emulsified at 300 rpm with cold
Milli-Q water, and a 2% w/w aqueous solution of diethylenetriamine (DETA) was added to the emulsion
to generate crosslinked NCs. Stirring was then reduced to 100 rpm. This polyaddition reaction was moni-
tored using IR and pH measurement. Once the NCs were formed, THF was removed from the reactor at
35°C under vacuum, and dialysis purification of the NCs was carried out. Detailed synthetic procedures
are described in the Supplementary Materials. Puua-NCs are characterized in Figure 1, Tables 1 and 2.

Treatments

For the NP uptake experiments, Puua-NCs in three sizes: NC-Dil-SS (small size) (14.15 + 0.63 nm in
diameter), NC-Dil-MS (medium size) (170.20 + 44.01 nm in diameter), and NC-Dil-BS (large size)
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(239.50 + 99.78 nm in diameter) were diluted with Hank's Balanced Salt Solution (HBSS) to the indicated
concentrations. Fluoresbrite® Multifluorescent Microspheres (NPs 200 nm in diameter) were purchased
from Polysciences (Warrington, PA., Cat. #24050-5) and used as control NPs. The Puua-NCs and control
NPs at specific concentrations were incubated with HAECs for the indicated periods of time. Thereafter,
cells were washed extensively with HBSS to remove unbound particles and were then fixed using 1% para-
formaldehyde before undergoing fluorescent microscopy and analysis.

To study the effect of redox status on the disassembly of Puua-NCs within HAECs, cells were pre-treated
with DTT (1 mM), diamide (50 uM), or HBSS (as a control) for 60 min to alter the redox status of cells. Prior to
Puua-NC incubation, cells were carefully washed with HBSS to remove extracellular DTT or diamide and to
avoid possible NC breakdown before incubation. After 30 min of incubation with Puua-NCs, the cells were
washed, fixed, and subjected to imaging analysis. To examine the direct effect of DTT or diamide on the
disassembly of internalized Puua-NCs, the cells were incubated with Puua-NCs for 30 min and carefully
washed to remove unbound NCs. Thereafter, the cells were treated with DTT or diamide for 30 min, fol-
lowed by washing, fixing, and fluorescence imaging.

Whole mount en face aorta preparation

Eight-week-old ApoE™~ mice were fed for eight weeks on standard chow or a Western diet (WD) (pur-
chased from Research Diets Inc., D12079B: 21% fat, 0.21% cholesterol by weight). Mice were intravenously
administered with nanoparticles or DTT through the tail vein for the indicated time periods.

To harvest the aortas, the animals were euthanized by cervical dislocation, followed by perfusion of the cir-
culatory system with 30 mL cold phosphate-buffered saline (PBS) containing heparin (40 U/mL) to remove
blood components, including unbound NCs or DTT. Perfusion was then switched to 4% paraformaldehyde
in PBS for 5 more min of continuous perfusion. Under a dissecting microscope, the aortas were removed of
attached fat and connective tissues and opened longitudinally to expose the endothelium. To mount en
face aorta, the opened blood vessel was placed on a cover glass with the endothelium facing down and
covered by a glass slide while taking care to avoid trapping bubbles. To flatten the en face aorta sample,
a metal weight of about 3 kg was placed on the slide for 10 min; thereafter, the coverslip was sealed by nail
polish and subjected to microscopy.

Microscopy and quantification of NCs taken up by HAECs and aorta in ApoE '~ mice

For HAEC samples, images were captured with a Nikon widefield deconvolution epifluorescence micro-
scope equipped with x20 and x40 objectives and filters optimized for Texas Red and DAPI. For en face
aorta samples, microscope slides were fluorescence scanned using a Panoramic MIDI Il (3D Histech, iHisto
service https://www.ihisto.io/). A Leica SP5 confocal microscope (BU imaging core) was used to perform
high-resolution imaging of en face endothelium and aortic lesions.

NP images were quantified with FIJI (NIH ImagelJ) by first setting a threshold value that reflected the fluo-
rescence value of the nanoparticle. The binary threshold images were then quantified using the FIJI func-
tion by setting resolution at 2-200 pixel? and circularity at 0.10-1.00.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism 9.0 (GraphPad Software). Means were compared between
the two groups using the Manny-Whitney U test. Multiple comparisons were conducted using 1-way
ANOVA followed by a Dunnett test. A value of p < 0.05 was considered statistically significant. Additional
detail of statistical tests used and error-bars on bar plots are indicated in the figure legends.
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