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Abstract: Nitric oxide (NO) is a key molecule in cardiovascular homeostasis and its abnormal de-
livery is highly associated with the occurrence and development of cardiovascular disease (CVD).
The assessment and manipulation of NO delivery is crucial to the diagnosis and therapy of CVD,
such as endothelial dysfunction, atherosclerotic progression, pulmonary hypertension, and cardio-
vascular manifestations of Coronavirus (COVID-19). However, due to the low concentration and
fast reaction characteristics of NO in cardiovascular system, the clinical applications centered on the
NO delivery are challenging. In this tutorial review, we first summarized the methods to estimate
the in vivo NO delivery process based on the clinical images and mathematical modeling to assess
the endothelial function and vulnerability of atherosclerotic plaque. Then, the emerging bioimaging
technologies that have the potential to directly measure the arterial NO concentration were dis-
cussed, including the Raman spectroscopy and electrochemical sensor. Aside from the diagnostic
methods, therapies aimed at controlling NO delivery to regulate CVD were reviewed, including the
inhaled NO therapy to treat the pulmonary hypertension and COVID-19, stem cell therapy and NO-
releasing platform to treat endothelial dysfunction and atherosclerosis.

Keywords: Nitric oxide delivery; mathematical modeling; Flow-mediated dilation; Inhaled NO
therapy; Stem cell therapy; NO-releasing platform

1. Introduction

Cardiovascular disease (CVD) is a major cause of human morbidity and death[1,2].
Nitric oxide (NO) has crucial roles in cardiovascular homeostasis, which is practiced in a
dose-dependent manner. Both high and low local concentrations of NO may induce the
development of CVD[3,4]. The main sources of cardiovascular nitric oxide (NO) are the
endothelial nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS) from
L-arginine and oxygen[5,6]. The eNOS expressed in endothelial cells is the main source of
NO in physiological arteries, depending on the mechanotransduction of wall shear stress
(WSS)[7], and the dysfunction of endothelium, the single layer of cells that forms the lin-
ing of blood vessels, is thought to underpin most types of CVD[8-10]. In physiological
condition, the generated NO would fast diffuse into the adjacent arterial wall, and lead to
the vasodilation by relaxing vascular smooth muscle[11] (figure 1a). However, the im-
paired endothelial function would insufficiently release NO and increase the atherogenic
biochemical localization[12-14]. In the pathological arteries, such as the atherosclerosis,
the anti-inflammatory M2-polarized macrophages in the lipid pool would be activated to
the pro-inflammatory M1-polarized macrophages and express iNOS[15,16] (figure 1b).
Excessive NO produced by iNOS would rapidly form reactive nitrogen species (RNS)
with the combination of reactive oxygen species (ROS), increasing the risk of plaque rup-
ture[17]. Therefore, the diagnostic indexes derived from NO delivery process can poten-
tially assess the endothelial function and the development the atherosclerosis and other
types of CVD.
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Aside from the endogenous delivery, recent advances in exogenous NO releasing
and scavenging technologies have initially realized the modulation of NO delivery pro-
cess[18-24]. For example, the inhaled NO therapy can induce the vasodilation of pulmo-
nary vessels, aimed to improve the oxygenation. Besides, drugs as organic nitrates, inor-
ganic nitrates/nitrites and other donors can release NO[25], L-NIL, L-NNA and other scav-
engers can deplete NO[26]. In addition, a few types of stem cells such as the mesenchymal
stem cells (MSCs), are also capable of modulating the local NO delivery process via para-
crine mechanisms[27]. However, due to the difficulties in the accurate measurement and
regulation of arterial NO delivery process, few US Food and Drug Administration (FDA)-
approved diagnostic and therapeutic methods have been proposed for CVD up to
now|[28]. In this tutorial review, we summarized the combination of flow-mediated dila-
tion (FMD)[29,30], mathematical simulations[31-34], and novel NO bioimaging tech-
niques that can assess the NO delivery, thereby evaluating the endothelial dysfunction
and its derived CVD[35]. The NO-related therapeutic methods, including the inhaled ther-
apy, stem cell therapy and NO-releasing platform were also reviewed. We particularly
focused on the recent progresses and implications of assessing and modulating the NO
delivery in the above clinical diagnostic and therapeutic methods.
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Figure 1. The delivery process of nitric oxide (NO) in physiological and atherosclerotic arteries. (a) In physiological site,
NO is mainly released by the endothelial cells modulated by the shear flow. The released NO would be fast delivered to
the neighboring arterial wall, leading to the vasodilation. The diffusion, convection, reaction processes of NO are shown
in the schematic diagram; (b) In atherosclerotic arteries, besides the delivery process in physiological arteries, massive NO
would release from the activated macrophages in the lipid core and the released NO would be synchronously consumed
by the hemoglobin in the intraplaque hemorrhage.

2. The assessment of nitric oxide delivery as therapeutic tool

2.1. The implication of nitric oxide delivery analysis in diagnosing the endothelial function and
atherosclerosis development

The complex arterial mass delivery process is hard to experimentally investigate in
vivo, and mathematical analysis of the process has been widely accepted as a powerful
tool for studying the delivery of low-density lipoprotein[36-38] and thrombus[39-41].
However, due to the low concentration (nM-uM) and high chemical activity natures, the
process of NO delivery is quite different from the above substances: the production, trans-
mission and reaction processes are all nonnegligible and should be simultaneously simu-
lated.

Based on the pioneer works of NO delivery simulation[42-44], Fadel et al.[45] and
Plata et al.[46] further considered the endothelial NO releasement and convective pro-
cesses. Then, our group analyzed the NO delivery in a two-dimensional idealized ste-
nosed artery, which considered the effect of blood flow, the transmission and reaction of
NO in lumen and arterial wall. This study found that NO concentration is significantly
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hindered distal to the stenosis, which corresponds to the endothelial dysfunction [33]. The
model was then extended to the three-dimensional physiological aorta, based on the im-
aging data of magnetic resonance imaging (MRI). The results showed that low NO con-
centration is related to the occurrence of endothelial dysfunction and the high-risk loca-
tion of atherosclerosis, which is shown in figure 2a[32]. This NO delivery model has been
initially verified by the in vitro animal experiment[47]. Besides, the NO distribution in the
idealized arterioles was evaluated with the further consideration of flowing red blood
cells. The study illustrated that the permeability of red blood cells would largely deter-
mine the NO delivery process in microvessel[48,49]. However, none of the above studies
have assessed the NO delivery process in the pathological artery. We recently considered
the effect of atherosclerotic components on NO delivery, including the NO production by
the activated macrophages in lipid pool, the inorganic calcification, and the breakdown of
NO due to the hemoglobin in the intraplaque hemorrhage. We found that NO is unevenly
distributed with high level around the atherosclerotic plaque (figure 2b), which poten-
tially indicates the vulnerability of plaques[31].
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Figure 2. The nitric oxide (NO) delivery analysis to assess the atherosclerotic development. (a) NO distributions of six
representative slices in the physiological aorta. The NO distribution at slice D is the most uneven, corresponding to the
atherosclerosis prone site[32]; (b) The high NO concentration in lipid pool is illustrated. The NO distribution around the
atherosclerotic plaque is quite uneven, with the high level at point A and point B and the low level at point C and point
D; (c) The effects of NO delivery by the physiological and atherosclerotic perivascular adipose tissue (PVAT). Panel b is
reproduced with permission from ref[31], Elsevier. Panel ¢ is adapted with permission from ref[50], Elsevier.

In conclusion, based on the clinical images and the mathematical modeling of NO
delivery, the in vivo distribution of NO can be calculated to diagnostically predict the
endothelial dysfunction and atherosclerotic progression. However, aside from the lumen,
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arterial wall and atherosclerotic plaque, more and more studies have shown that the peri-
vascular adipose tissue (PVAT) could also affect the NO delivery[51]. For the physiologi-
cal arteries, the eNOS expressed in PVAT would release moderate amount of NO to sta-
bilize the endothelial function[52]. Besides, the activated macrophages in the inflamed
PVAT would express iNOS and release massive NO, which may further increase the vul-
nerability of plaque by synergizing with the effect of lipid core[50]. As far as we are con-
cerned, investigating the exact role of PVAT in atherosclerosis with numerical modeling
may be a promising topic. The schematic diagram illustrating the role of PVAT in regu-
lating the endothelial function and atherosclerotic progression has been shown in figure
2c.

2.2. The implication of nitric oxide delivery assessment in flow-mediated dilation

2.1.1. The overview of flow-mediated dilation and its limitation

Flow-mediated dilation (FMD), the measurement of flow and shear stimulated vaso-
dilation, has gradually become an accepted non-invasive approach to assess the endothe-
lial function since it was originally introduced by Celermajer, Deanfield, and col-
leagues[53-55]. Unlike the direct calculation of NO delivery in modelling as reviewed in
section 2.1, the conventional FMD aimed to clinically measure the vasodilation and reflect
the overall NO delivery process. Technologically, the conduit artery, usually the brachial
artery, is occluded by a sphygmomanometer cuff to supra-systolic pressures (typically
between 200 and 300mmHg), 5 minutes distal to the ultrasound probe[30]. After the tem-
porary ischaemia ends as the cuff releases, the peripheral resistance would intensively
reduce and lead to the increasement of blood flow and shear stress. The shear-induced
NO released by endothelium would dilate the conduit artery, reflecting the endothelial
function.

The magnitude of FMD is conventionally described by the percentage flow-mediated
dilation index (FMD%), calculated by the relative increasement of examined artery be-
tween the basal and maximal dilated moment. However, FMD% is not only determined
by the endothelial function, but also affected by the large individual differences in meas-
uring process, blood flow, blood pressure, and arterial diameter, limiting its diagnostic
significance[29,30]. Two optimization strategies have been widely proposed to decrease
this problem. The first is to standardize the test procedure, which has been recently pro-
posed by Thijssen and colleagues[30]. The second is to normalize the measured FMD% to
preclude the interference factors other than endothelial function through clinical experi-
ences and statistical methods, such as calculating the area under the curve of shear[56,57],
analysis of covariance[58,59] and others[60,61].

2.1.2. Mathematical modeling of NO delivery in flow-mediated dilation to enhance the
specificity of endothelial function

Recent studies have drawn increasing attention to exclude the confounding factors
other than endothelial function by mathematical modeling the NO delivery process. It
should be mentioned that the vasodilation must be considered in addition to the above
models reviewed in section 2.1 when analyzing the FMD process.

Kamiyama and colleagues pioneered the NO delivery model of FMD[62]. The model
has the ability to exclude the effect of individual differences in arterial stiffness from
FMD% to enhance the specificity of endothelial function. The model considered the mo-
lecular dynamics during NO delivery including the shear-induced NO releasement, the
changes of cyclic guanosine monophosphate (cGMP), Ca?, and mechanosensitive channel
activity[63]. Aside from modeling the NO delivery from the small-scale mechanism, other
studies modeled this process in large scale. For example, the exposure-response model
was established based on the simplified physical formula to describe the NO delivery and
vasodilation, which uniquely considers the FMD time course and excludes the interfer-
ence of shear-exposure from the endothelial function[64]. This model was recently ex-
tended to quantitatively reveal the interfaces of blood pressure and arterial stiffness on
assessing the endothelial function from FMD%[65,66].
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Aside from the exposure-response model, Sidnawi et al. further considered the vaso-
dilating effect of NO by describing the arterial stiffness as a function of WSS, and derived
the new parameters other than FMD% to represent the time response of arterial diameter
and the arterial resistance to a changing wall shear stress[67,68]. Besides, our group mod-
eled the NO delivery process based on the advection-diffusion-reaction equation of NO
transport, and considered the deformation of arterial wall whose stiffness is determined
by NO concentration. The model has the ability to calculate the personalized expected
FMD% when the endothelium is totally healthy with the consideration of individual dif-
ferences in blood flow, blood pressure and arterial diameter. With the normalization of
the measured FMD% by the expected FMD%, the difference between the real and healthy
endothelial function can be revealed, and the individual differences in the personalized
data can be simultaneously excluded[69].

The above researches mainly focused on simulating the NO delivery process from a
mathematical point of view, and initially show the potential to enhance the specificity of
endothelial function in the FMD test. However, due to the bottleneck of NO measurement
technology, current models inevitably rely on assumptions and lack direct verification,
which limit the clinical translation. For instance, the endothelial NO releasement is as-
sumed to be same for each individual. Therefore, in Section 2.3, we focused on emerging
bioimaging techniques that have the potential to directly measure NO concentration in
arteries.

2.3. Direct cardiovascular bioimaging of nitric oxide

In section 2.1 and 2.2, we review the methods to estimate the NO delivery process
based on the numerical modeling and flow-mediated dilation. However, it is still chal-
lenging to directly measure the NO concentration in arteries due to its low concentration
and fast reaction characteristics.

The Raman spectroscopy is a potential choice for measuring the NO delivery process
by detecting the molecular structure without labeling. The surface-enhanced Raman spec-
troscopy (SERS)is a great choice to analyze the molecule with low concentration, which is
shown in Fig.3(a). Cui ef al. designed a kind of reaction-based SERS nanoprobes for the
detection of intracellular NO with o-phenylenediamine-modified gold nanoparticles.
They utilized this technology to measure the NO releasement by macrophages (iNOS)
with the temporal resolution of 30s and sensitivity of 100nM[70]. Following this work, Xu
et al. designed a ratiometric SERS probe with the synthesis of compound 3,4-diaminoben-
zene-thiol, and achieved the NO sensitivity of 54nM][71]. Recently, Chen et al. modified
the SERS sensor with gold nanoparticles and synthesized 3,4-diaminophenylboronic acid
pinacol ester to further enhance the NO detection range to the level of 0-105nM. One of
the features of their work is that peroxynitrite (ONOO-) synthesized by the overproduced
NO and reactive oxygen species (ROS) can be synchronously measured, which is the crit-
ical component increasing the rupture risk of plaque[72]. Since SERS is limited to the in
vitro measurement, a few studies have tried to use the fiber-optic Raman spectroscopy to
collect the in vivo chemical signals (Fig.3(b))[73,74]. However, due to the low level of con-
centration, the NO measurement with the fiber-optic Raman spectroscopy has not been
realized yet.

Electrochemical methods are more mature compared with the Raman spectroscopy
for the NO delivery detection. Researchers are constantly working on modifying the elec-
trodes to better measure NO in various settings[75], of which the mechanism is transfer-
ring the NO oxidation on electrode surface to the signal of measurable current. The pio-
neered work monitored the NO delivery process under the circumstances of different vas-
odilator drugs in the guinea pig isolated hearts by Fujita ef al. [76]. The first achievement
of in vivo measurement was the catheter NO sensor, which was used to measure the NO
concentration in human coronary circulation in real time to evaluate endothelial func-
tion[77]. They claimed that this sensor can be further utilized to achieve the diagnosis of
atherosclerosis. Besides, an acupuncture microsensor needle made of gold film and com-
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bined with iron porphyrin-functionalized graphene complex was then proposed to mon-
itor the NO signal in rat through puncture[78]. The aforementioned electrochemical NO
sensors are non-deformable and non-biodegradable, which may cause severe irritation
and infection complications. Recently, Li et al. designed a flexible and degradable sensor
to achieve real time measuring of NO delivery, with a wide detection range, high temporal
resolution, and high biocompatibility as shown in Fig.3(c). They claimed that the NO sen-
sors could be further combined with the electrical stimulators to realize multifunctional
physiological assessment[79].

One of the main drawbacks of the electrochemical method is that it is limited to the
invasive assessment of NO delivery on the endothelium, and cannot measure the NO con-
centration in arteries and atherosclerotic plaques. To fix this problem, the numerical mod-
eling of NO delivery may be combined with the electrochemical measurement, which is
capable of predicting the inside NO concentration distribution based on the measured

value.
Aorta
Detector Nl
Dichroic mirror ( i P LAg ;l
/ ] X I}\H,._
. ‘ i Q Liver '
DObjective lens -~ - Bl
N " AN J \
€060 €0 6060 €0 6060 €0 EOEO \
: : | s\ i
Fiber optic — 0 i | 2 i B0
probe ' 0 20 40 60
SERS substrate Time (s)
(a) (b) (c)

Figure 3. The emerging technologies to directly measure the cardiovascular nitric oxide. (a) The schematic diagram of
surface-enhanced Raman spectroscopy (SERS). The large enhancement in the Raman signal can be observed when nitric
oxide (NO) is absorbed or lies close to the enhanced field at the surface; (b) The cardiovascular application of fiber-optic
Raman spectroscopy[74]; (c) The flexible and degradable electrochemical sensor to achieve real time measuring of NO
delivery in rabbit, and the signal of NO concentration in various tissues[80].

3. Nitric oxide delivery related therapeutic approaches

Aside from assessing nitric oxide (NO) delivery to diagnose CVD, the multiple func-
tion of NO has also initiated large interests in the exploration of solutions to therapeuti-
cally modulate the NO releasement.

3.1 The inhaled nitric oxide therapy to treat the pulmonary hypertension and Coronavirus
(COVID-19)

The inhaled NO has the effects of relaxing pulmonary vessels, and increasing the
pulmonary blood oxygenation. It is the only NO-related method that has been formally
approved by the US Food and Drug Administration (FDA), European Medicine Evalua-
tion Agency, and Japanese Ministry of Health, Labour and Welfare (MHLW) for the clin-
ical treatment of severe persistent pulmonary hypertension of the newborn[81,82], The
potential outcomes of inhaled NO therapy for adults have also been continuously inves-
tigated[83].

The main limitation of inhaled NO therapy is that the optimal dosed threshold re-
mains unclear, which would lead to the long-term impairments, such as the neurodevel-
opmental disability[84]. It is with this backdrop that, Carter et al. designed a MRI-compat-
ible NO delivery device, which realized the simultaneous nitric oxide inhalation and
measurement of vasodilation[85]. Schafer et al. further quantitatively investigated the cor-
relation between the inhaled NO and hemodynamic changes in the intracardiac flow with
four-dimensional-flow MRI[86]. They claimed that this method can link the quantity of
delivered NO to the corresponding therapeutic effects, which may help the choice of dose
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in clinical decision-making. The quantitative process of NO delivery and exchange in lung
based on the numerical modeling has also been explored[87]. However, the systematic
modeling of the inhaled NO, the NO delivery in trachea and arteries, and the vasodilating
effects of NO has not yet been achieved.

Recently, the possible role of inhaled NO in the therapy of Coronavirus (COVID-19)
has received high attention. Experimental and clinical evidences suggest that NO is ben-
eficial to the treatment of the coronavirus-mediated acute respiratory syndrome due to its
vasodilating effect[88,89]. Besides, the inhaled NO therapy may also prevent the pulmo-
nary vascular dysfunction, which is one of the major cardiovascular manifestations of
COVID-19[90]. Unlike the inhaled NO therapy of pulmonary hypertension, the inhalation
of NO in short bursts at high concentrations is recommended to effectively prevent the
progression of COVID-19[91].

3.2 The implication of nitric oxide delivery manipulating with stem cell related treatment

Stem cell refers to the undifferentiated cell with indefinite division potential to dif-
ferentiate into different types of cells and tissues[92], which are widely studied in regen-
erative medicine, including restoring endothelial function and treating the atherosclero-
sis.

Mesenchymal stem cell (MSC) is one of the most attractive therapeutic agents in var-
ious diseases[27,93,94]. Massive studies have illustrated that MSCs practice in a positive
role in the treatment of CVD by improving the local nitric oxide (NO) level, thereby re-
storing endothelial function[27] (figure 4a). Firstly, the skin-derived MSCs can promote
NO production by releasing vascular endothelial growth factor, thus enhancing the vaso-
dilation[95,96]. Besides, MSCs can enhance the eNOS level in the oxidized low-density
lipoprotein-exposed endothelial cells by secreting IL8/MIP-2[97]. Secondly, for the devel-
oped atherosclerotic plaque with lipid core, MSCs can not only improve the eNOS expres-
sion of the endothelium, but also significantly decrease the iNOS immunoreactivity by
regulating the macrophage polarization in lipid core, thereby reducing the risk of plaque
rupture via paracrine mechanisms[98-100]. Besides, MSCs can differentiate into cardio-
vascular cells and promote angiogenesis [101]. Aside from MSCs, the induced pluripotent
stem cell[102,103] and vascular wall progenitor cell[104] can also be promising in the ther-
apy of CVD. Moreover, the stem cell-derived exosomes (figure 4a) also have the potential
of protecting endothelial cells by promoting NO production, which can be regarded as an
effective and powerful alternative to stem cell in CVD therapy[105-111].

The stem cell therapy and the related NO delivery process is hard to control, e.g. the
unknown dose range for the treatment of atherosclerosis[97]. Furthermore, there is no
consensus on the optimal selection of stem cells delivery methods[112]. Local delivery, a
method of injecting cells into target tissues, is conducive to precise delivery. But it still has
some limitations such as the clinical risk of delivering massive cells to target tis-
sue[113].Combining stem cells with NO release platform provides a novel regenerative
medicine approach to improve the local NO delivery environment (figure 4b)[28]. The NO
released from the platform can interact with the stem cells and then improve the outcomes
of the stem cell therapy (figure 4c)[114-116]. Through choosing the proper NO-releasing
platform, the modulation of NO delivery by stem cells may be more effective.

d0i:10.20944/preprints202110.0177.v1
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Figure 4. The nitric oxide (NO) delivery related stem cell therapy. (a) The protective role of mesenchymal stem cells and
exosomes in CVD by improving the eNOS expression of the endothelium and decreasing the iNOS expression of the
macrophages; (b) The effect of NO release on stem cell; (c) The combination of mesenchymal stem cells with NO-releasing
chitosan hydrogel enhanced the therapeutic function in hindlimb ischemia. Panel b is adapted with permission from
ref[28], Wiley Online Library. Panel c is adapted with permission from ref[116] , Elsevier.

3.3 The implication of nitric oxide delivery manipulating with releasing platform
3.3.1 The overview of nitric oxide releasing platform and its limitations

The most widely used exogenous NO donors are the organic nitrates ( e.g. nitroglyc-
erin[117]). However, the features of unfavorable pharmacokinetics and development of
tolerance during chronic administration of organic nitrates might lead to the increased
synthesis of reactive oxygen species (ROS) and the endothelial dysfunction[118-120]. To
avoid the side effect of organic nitrates, inorganic nitrates/nitrites[121,122],
nicorandil[123,124] and molsidomine[125] were gradually developed, showing promising
effects to improve the NO-mediated vasodilation and atherosclerotic plaque stability. Be-
sides, N-diazeniumdiolate (NONCQate) has the unique advantages of high efficiency,
which is capable of spontaneously releasing twice the amount of NO as the donor, and
the broad choices of half-life (2s to 20h)[126,127]. Incorporating polymers into NO releas-
ing platform allows transporting NO in a more continuous manner, including micelles,
dendrimers, star-shaped polymers, and polymeric nanoparticles [128]. Micelles use am-
phiphilic polymers to synthesize concentration-dependent structures through hydro-
philic or hydrophobic interactions, but have low encapsulation efficiency[128-131]. Den-
drimers are three-dimensional hyperbranched globular nanopolymeric architectures with
advantages of narrow polydispersity index, controllable structure and availability of mul-
tiple functional groups at the periphery[132-134]. Star-shaped polymer shows a more sta-
ble manner compared with micelles, which is also easier to synthesize than den-
drimers[128,135,136]. Polymer nano-/micro-/milli-particles can encapsulate NO donors
instead of covalent attachment, which can improve the stability (figure 5a)[137-139]. Na-
noparticles are attempted to be synthesized with NO donors and non-polymeric sub-
stances to deliver biomedical cargo, including the metallic and nonmetallic nanoparti-
cles[140-142]. For example, incorporating catalytic copper nanoparticles with S-nitroso-N-
acetylpenicillamine can release NO from the blended donor and utilize the endogenous
donors in circulation (figure 5b)[148], the modification of NO-releasing mesoporous silica
nanoparticles with aminosilane can achieve appreciable levels of NO with tunable NO
release durations[143], etc.

Because NO delivery must be administered in the correct dose, proper location and
time[120] to achieve the expected therapeutic effect, the clinical applications and efficacy
of the above NO donors have been restricted due to difficulties to control the drug release
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and achieve targeted delivery [127,144]. Firstly, the in vivo release kinetics of NO donors
vary greatly with the in vitro experiments[145]. Secondly, the produced NO will diffuse
randomly in the body, making it difficult to reach the expected spatial and temporal con-
centration in the target tissue. Inversely, it may cause adverse effects due to the enrich-
ment of nitric oxide in non-target tissues. For example, high concentration of Fe304 na-
noparticles surface-coated with aminoguanidine can increase NO level to improve endo-
thelium function while low concentration can induce significant decrease in NO produc-
tion and promote plaque vulnerability[146] , showing potential toxicity on pathological
arteries. Hence, the concentration of nanoparticle needs to be controlled within a safe
range. Besides, taking into account the individual differences, spatiotemporal distribution
of NO in the target tissues (such as atherosclerotic plaques) and in the expected healthy
state varies greatly[31].
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Figure 5. The NO releasing platforms to manipulate the cardiovascular nitric oxide delivery. (a) Branched polyethyl-
enimine diazeniumdiolate (BPEI/NONOate) was encapsulated into PLGA nanoparticles to release NO in a sustained man-
ner; (b) The mechanism of NO release from the combination of catalytic copper nanoparticles and S-nitroso-N-acetylpen-
icillamine; (c) The stent coated with heparin/NONOate nanoparticles (Hep/NONOates) contributed to the long-term re-
lease of NO; (d) The light-responsive gatekeeper system for spatiotemporal-controlled NO delivery. Panel a is adapted
with permission from ref[147]. American Chemical Society. Panel b is adapted with permission from ref[148]. American
Chemical Society. Panel cis reproduced with permission from ref[149]. American Chemical Society. Panel d is reproduced
with permission from ref[150]. American Chemical Society.

3.3.2 The manipulation of NO delivery with NO releasing platform

In view of the shortcomings and limitations of NO releasing platform mentioned
above in section 3.3.1, three pivotal steps are needed to achieve the spatiotemporal deliv-
ery process of NO with the expected dose, location and time in line with the actual situa-
tion of the patient's target tissue.

The first step is to analyze the NO delivery characteristics of the patient-specific tar-
get tissue, and design the NO distribution expected to be achieved. As mentioned in sec-
tion 2.1, mathematical modelling can be utilized to assess the spatial distribution of NO
in the target pathological region and expected healthy state for each patient individually,
so that NO releasing platform can be targeted to regions with lower local NO concentra-
tion comparing with the healthy state. What’s more, the inhibitors of nitric oxide can act
on regions with higher local NO concentration than the healthy state.

The second step is to use the platform to realize the designed NO transmission. Mas-
sive efforts have focused on developing controllable NO release platforms. For example,
NO-releasing surface coatings can be applied to various supporting structures such as
stents (figure 5c)[151,152] and metal-organic frameworks[153,154] to mimic endothelium
function, thus promoting NO release and benefitting the treatment of CVD. Such implants
can maintain high NO level at a specific site. And extensive attention is being put on the
stimuli-responsive systems, which are expected to fulfill on-demand NO delivery in a
spatial-/temporal-/dosage- controlled characteristics[155]. Additionally, using a double
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trigger to control the releasement of NO (figure 5d)[150] may be a feasible solution to
guarantee the precise of released location and dose. Besides, utilizing the prodrug strate-
gies[156-161] of targeting NO release allows direct localized therapeutic delivery of a con-
trolled dose via enzyme biocatalysis and provides a promising idea for next generation of
local targeted CVD therapy.

The third step is to analyze the NO release process to determine whether it is feasible.
After the initial selection of the form of the platform, numerical simulation can be used to
simulate the kinetics of the NO delivery, so as to get significant guidance for an optimized
design of spatiotemporal delivery strategy to the expected target and improve delivery
efficiency. Taking nanoparticle as an example, the complex hemodynamic environment
around the target tissue affects whether it can reach the target tissue at the expected dose
and thus play the expected role[162,163]. By analyzing the blood flow topology, research-
ers simulated the WSS-sensitive drug delivery system based on the nanoparticle drugs,
which may help to improve drug efficacy[164].

4. Conclusions

Our knowledge of assessing the NO delivery process to diagnose cardiovascular dis-
ease is expanding to a greater extent. Despite recent advances in the mathematical ap-
proaches to estimate the NO delivery process based on the clinical images, the methods
to directly measure NO concentration in vivo still remain in preclinical stages. In addition,
aside from the FDA-approved NO inhaled therapy, the area of future NO-related therapy
is receiving more awareness with the arrival of stem cell treatment and NO-releasing plat-
form. The methods to deliver NO at proper location, time, and amount is extremely cru-
cial. Hence, the combination of mathematical modeling to design the NO distribution and
NO-releasing platform to achieve the expected results may represent a potential improve-
ment in the personalized therapy of CVD.
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