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Purpose: This study aimed to construct a delivery system based on L-arginine-modified calcium phosphate (CaP) to load eNOS
plasmids (peNOS), which could amply nitric oxide (NO) to repair endothelial damage, promote angiogenic activities and alleviate
inflammation.
Methods: pDNA-loaded CaP nanocomplex (CaP/pDNA) were prepared by co-precipitation method, subsequently modified by
L-arginine. The gene transfection efficiency, pro-angiogenic and anti-inflammatory ability were investigated in vivo and in vitro.
The therapeutic effect on ischemic hindlimb in vivo was assessed.
Results: L-arginine modification augmented the transfection efficiency of CaP/peNOS to elevate the eNOS expression, and then
served as NO substrate catalyzed by eNOS. At the same time, calcium ions produced by degradation of CaP carriers enhanced the
activity of eNOS. In vitro experiments, the loading capability and transfection performance of R(L)-CaP were confirmed to be superior
to that of CaP. Additionally, HUVECs treated with R(L)-CaP/peNOS showed the strongest NO release, cell migration, tube formation
and the lowest inflammatory levels compared to the CaP/peNOS and R(D)-CaP/peNOS groups. We also demonstrated the advantages
of R(L)-CaP/peNOS in increasing blood reperfusion in hindlimb ischemia mice by accelerating angiogenesis and reducing inflamma-
tion, which can be attributed to the highest eNOS-derived NO production.
Conclusion: The combination strategy of peNOS transfection, L-arginine supplement and calcium ions addition is a promising
therapeutic approach for certain vascular diseases, based on the synergistic NO production.
Keywords: gene delivery, nitric oxide, L-arginine, calcium ion, angiogenesis

Introduction
Endothelial dysfunction can trigger and exacerbate a variety of vascular diseases, such as atherosclerosis.1,2 Atherosclerotic
plaques in lower extremity arteries tend to lead to inadequate distal blood supply and, in severe cases, to critical limb ischemia
(CLI).3,4 Accelerating vascular endothelial cells (VECs)-dominant vascular regeneration and alleviating excessive inflammation
in affected extremities are effective approaches for the treatment of CLI.5 Normal VECs regulate vascular tone and maintain
vascular functions by acting as a physical barrier and secreting vasodilatory substances, anticoagulants, anti-inflammatory
cytokines, and many other active components. As a multifunctional gas signaling molecule released by VECs, nitric oxide (NO)
was originally identified as a vasodilator and has been shown to inhibit platelet adhesion and smooth muscle cells (SMCs)
proliferation, promote VECs morphogenesis, and reduce inflammatory response.6 The decrease in NO bioavailability is
considered as one of the most important causes of endothelial dysfunction.7 Hence, a moderate increase in NO levels produced
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by VECs and their bioavailability is of vital significance in mitigating CLI processes through repairing endothelial damage,
enhancing VECs angiogenic activities and reducing pro-inflammatory cytokines.8,9

Administration of exogenous NO donors can successfully up-regulate intracellular NO levels; however, existing NO
donors suffer from deficiencies including disappointing drug release performance, poor bioavailability, and unignored side
effects.10,11 Thoroughly understanding the synthesis mechanism of endogenous NO is valuable for artificially up-regulating
its production.12 Undoubtedly, NO in VECs is generally produced by endothelial nitric oxide synthase (eNOS) catalyzing
L-arginine. A growing body of researches is devoted to promoting the release of endogenous NO. Gene therapy is effective
to continuously boost NO production through overexpressing eNOS protein, including viral and non-viral transfection to
transport eNOS plasmids (peNOS), VEGF plasmids (pVEGF), and ZNF580 plasmids (pZNF580), etc. In addition, as the
substrate for eNOS, L-arginine promotes NO production in a dose-dependent manner. Kohli et al facilitated NO release and
restoration of VECs function via supplementing L-arginine by oral intake in the treatment of diabetes.13 It has been
demonstrated that generated endogenous NO can decrease intracellular free calcium ion levels, which favors vasodilation.14

Interestingly, literature suggested that maintenance of cytosolic calcium ion level plays important roles in enhancing the
effectiveness of L-arginine.15 Recently, elevating the concentration of extracellular calcium ion was confirmed to promote
NO production via enhancing intracellular calcium ion concentration and Ca2+-sensing receptor (CaSR) and Gq/11 protein-
mediated the activity of eNOS.16

Effective therapeutic genes and efficient gene carriers are essential for gene therapy. Although delivery of peNOS,
pVEGF and pZNF580, etc can elevate the release of endogenous NO, peNOS are the most direct and attractive option.17

As for gene carrier, non-viral nanocarriers hold great promise for their low immunogenicity and less expensive compared
to viral carriers.18 Nowadays, inorganic nanoparticles for gene delivery such as silica, calcium phosphate (CaP), and
magnetite developed rapidly due to their outstanding stability, cost-effective and ease of preparation. CaP is a promising
transfection agent as it is an important component of tissues such as bones and teeth and can be progressively degraded
by the acidic environment in the endo/lysosomes and release plasmid DNA (pDNA) upon completion of pDNA loading
and cellular uptake.19,20 Co-precipitation is the simplest and most classical method for the preparation of CaP/pDNA
nanocomplexes, including preparation in the aqueous-phase or microemulsion.21 There are many processes to prepare
CaP/pDNA nanocomplexes. Adding a pre-mixed mixture of calcium ions and pDNA to a phosphate buffer solution to
produce different forms of CaP/DNA nanocomplexes by controlling the molar ratio of calcium to phosphorus, which is
the most typical strategy.22 The resulting CaP is filtered through a membrane and then incubated with pDNA to adsorb it
outside the CaP nucleus to obtain a more uniform nanocomplexes.23 Moreover, CaP/pDNA nanoparticles with a
multilayer structure can be prepared by layer-by-layer assembly, ie, CaP is first prepared and then added to the pDNA
solution, and the process is repeated to form nanoparticles with a multilayer structure, which improved the transfection
efficiency of the pDNA.19 However, the transfection efficiency of CaP is still inferior to the commercialized cationic
liposomes and polymers. To improve the transfection performance, one or more CaP coating, PEG, PEI, protamine, etc.,
were used for the surface modification of CaP-loaded plasmid DNA (CaP/pDNA) nanocomplexes.24–26

In this work, we are committed to enlarge eNOS-derived NO production to promote angiogenesis related activities of
VECs and reduce the inflammatory response, ultimately relieving CLI by re-building collateral vascular circulation and
normalizing the microenvironment. In order to maximize NO output, a “one-stone-three-birds” strategy has been devised
(Figure 1). That is, we developed a bioactive carrier based on calcium ions and L-arginine to deliver peNOS, in which
calcium ions and L-arginine not only act as carriers to condense pDNA and improve transfection efficiency, but also
transform their identities into the enhancers of eNOS activity for further elevating NO production after completion of the
delivery task.27 The positive feedback between overexpressed eNOS, and calcium ions and L-arginine degraded from
CaP was built to synergistically promote NO production. In vitro experiments first demonstrated the role of L-arginine in
enhancing loading ability and transfection efficiency of CaP as a gene carrier. Subsequently, the effect of the ternary
peNOS delivery system in synergistically boosting NO release was identified by measuring the nitrate level in media. In
vitro angiogenesis-related activities, and inflammatory levels of VECs confirmed the advantages of synergistic NO
release. Finally, we verified that the triple peNOS delivery system contributes to the restoration of perfusion and
normalization of the microenvironment in an CLI model. In a word, the combination of calcium ions, L-arginine and
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peNOS fully amplified the eNOS-derived NO production from multiple pathways, thereby exerting enhanced pro-
vascularization and anti-inflammatory effects.

Experimental Section
Materials
The materials were provided in Supporting Information (SI).

Preparation of Nanocomplexes
pDNA-loaded calcium phosphate nanocomplex (CaP/pDNA) were prepared by typical co-precipitation method. Different
masses of pDNA (8.3 μg, 4.2 μg, 2.8 μg, 2 μg, 1.7 μg) were added drop by drop to CaCl2 solution (150 μL, 250 mM) and
incubated for 20 min at room temperature to form solution A. Subsequently, Na2HPO4 solution (150 μL, 3 mM) was
added slowly dropwise to solution A under stirring conditions. Due to the strong tendency to precipitation of CaP, CaP/
pDNA nanocomplexes at different weight ratio of CaCl2 and pDNA (500/1, 1000/1, 1500/1, 2000/1, 2500/1) were
prepared with the rapid formation of nanoparticles, respectively. In addition, in order to prepare L-arginine-modified CaP/
pDNA, ie, R(L)-CaP/pDNA, L-arginine was dissolved in deionized water up to concentrations of 3% firstly. Then, a
mixture of L-arginine solution (75 μL) and Na2HPO4 solution (75 μL, 6 mM) was added to solution A (150 μL) to obtain
R(L)-CaP/pDNA nanocomplexes. Similarly, R(D)-CaP/pDNA nanocomplexes were obtained by replacing L-arginine
with D-arginine following the procedure for the preparation of R(L)-CaP/pDNA.

Figure 1 Schematic diagram illustrating the preparation of R(L)-CaP/peNOS nanocomplexes based on calcium ion and L-arginine and their intracellular transport in VECs
for synergistic NO production.
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Characterization of Nanocomplexes
Agarose gel electrophoresis was conducted to assess the loading capability of different gene carriers for pDNA (5.3 kp).
1 kb DNA ladder was used as a marker. The procedure was shown in SI. In addition, carriers/pDNA at different mass
ratios were freshly prepared and tested for their average diameter and zeta potential by Zetasizer Nano ZS. The
morphology of R(L)-CaP/peNOS was detected by transmission electron microscope (TEM).

Cytotoxicity of Gene Complexes
Cytotoxicity is important for transfection reagents. Cell Counting Kit-8 (CCK-8) assay was performed to evaluate the
cytotoxicity of various gene complexes. Human umbilical vein endothelial cells (HUVECs) were seeded into 96-well
plates overnight and starved with serum-free DMEM for 12 h. Then, different concentration gradients of CaP/pEGFP
(plasmids coding enhanced green fluorescent protein are denoted as pEGFP), R(L)-CaP/pEGFP and R(D)-CaP/pEGFP
nanocomplexes (50, 100, 150, 200, 300 μM, calculated based on PO43-) were added to the medium for 4 h, respectively,
and then replaced with fresh complete medium for a further 20 h. Phosphate buffered saline (PBS,10 mM, pH=7.2–7.4)
-treated HUVECs were served as control. Discarding all medium and adding serum-free DMEM containing 10% CCK-8
reagent to co-culture with cells for 2 h. Multifunctional microplate reader was used to measure the absorbance at 450 nm
to reflect the cell viability. The relative cell viability is the cell viability of the gene complex-treated groups relative to
that of the PBS-treated group.

Flow Cytometric Assay
Flow cytometry was performed to determine the cellular uptake of gene complexes. HUVECs were seeded in 6-well
plates and collected in after the transfection with Cy5 labeled peNOS (denoted as Cy5-peNOS) at a concentration of
PO43- of 150 μM for 4 h. After washing 3 times with PBS (10 mM, pH=7.2–7.4), the cells were resuspended to a density
of 1×106 cells/mL. Subsequently, cellular fluorescence was detected and counted by flow cytometry.

Intracellular Trafficking Observed by Confocal Laser Scanning Microscope (CLSM)
HUVECs were seeded in confocal dishes and transfected with gene complexes containing Cy5-peNOS at a concentration
of PO43- of 150 μM, which emits a red fluorescence. After 4 h of transfection, the medium was replaced with fresh
complete medium and incubation continued for another 20 h. Afterwards, the LysoTracker (green fluorescence) and
Hoechst33342 (blue fluorescence) were used to stain endo/lysosome and cell nucleus, respectively. Thereupon, the
subcellular location of peNOS was observed by CLSM, ie, pDNA in endo/lysosome appeared as yellow spots, and
pDNA in nucleus was pink spots.

In vitro Gene Expression
Green fluorescence protein (GFP) and eNOS mRNA expression can reflect the transfection efficiency of gene carriers in
vitro at the protein and mRNA levels, respectively. HUVECs overexpressed green fluorescence protein was directly
observed by the inverted fluorescence microscope after 24 h of transfection with nanocomplexes containing pEGFP at a
concentration of PO43- of 150 μM. Furthermore, HUVECs were seeded in 6-well plate and transfected with different
gene complexes loaded with peNOS for 24 h. Then, the quantitative real-time polymerase chain reaction (PCR) assay
was carried out to characterize the mRNA level of eNOS. The detailed description was given in SI.

Intracellular NO Level
The amount of NO released by HUVECs was determined by detecting intracellular NO levels by 3-Amino,4-amino-
methyl-2’,7’-difluorescein, diacetate (DAF-FM DA). HUVECs were spread in 96-well plates. CaP, R(L)-CaP, R(D)-CaP
and their gene complexes with peNOS (at a concentration of PO43- of 150 μM) were added into the media and incubated
for 24 h. DAF-FM DA was diluted with fresh medium (without serum and phenol red) at a ratio of 1:1000 to a final
concentration of 5 μM. The original medium was replaced with DAFM DA-containing medium (50 μL per well) and
incubation was continued for 20 min in the incubator. After sufficient washing with PBS, the fluorescence values were
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tested at 495 nm excitation wavelength and 515 nm emission wavelength using multifunctional microplate reader to
reflect intracellular NO level.

Cell Supernatant Assay
HUVECs were spread into 6-well plates and incubated overnight. LPS was added into the serum-free DMEM (the final
concentration of LPS was 1 μg/mL) for 12 h to active HUVECs. Then, CaP, R(L)-CaP, R(D)-CaP and their gene
complexes with peNOS (at a concentration of PO43- of 150 μM) were added into the media and incubated for 4 h. Cells
were continued to be cultured for 20 h with complete DMEM. At time point of 24 h of transfection, the supernatant in 6-
well plates was extracted and used to perform enzyme-linked immunosorbent assay (ELISA). The concentration of
inflammatory cytokines (IL-6, TNF-α) was obtained according to the manufacturer’s instructions of ELISA.

Angiogenesis-Related Activities
The angiogenic properties of HUVECs after transfection with different gene complexes were assessed via Transwell
assay and tube formation assay in vitro. In brief, HUVECs were seeded in 6-well plates at a density of 2×105 cell/well.
After transfection for 24 h of various peNOS nanocomplexes at a concentration of PO43- of 150 μM, cells were digested
by trypsin and collected after centrifugation. Next, use serum-free DMEM to resuspend the enriched cells to a density of
4×105 cell/mL. DMEM containing 10% FBS (1 mL) was added to the lower chamber of the Transwell (8 μm), which was
placed in the 24-well plates. Then, 100 μL cell suspension was added into the upper chamber and incubation was
continued for 6 h. Finally, images of cells migrated through the Transwell membrane are acquired by microscopy after
fixation and staining. For tube formation assay, Matrigel was pre-layered in 96-well plate (60 μL/well). After solidifica-
tion of the Matrixgel, 100 μL of abovementioned cell suspension was added to each well (4× 104 cell/well) and incubated
at 37°C under 5% CO2 for 6 h. The images of the tube formation were obtained by microscopy.

In vivo Hindlimb Ischemia Model
The hindlimb ischemia model was established in the BALB/c (male, 7 weeks, 20 g) by ligating the femoral artery in the
right limb. After surgery, various gene complexes (containing 5 μg peNOS) are injected into the gastrocnemius muscle of
the ischemic limb at multiple points (3 injection sites evenly distributed), with a frequency of 3 days per injection. Blood
perfusion in the limb was acquired by laser Doppler flowmetry on postoperative days 0, 7 and 14. The perfusion ratio of
the ischemic limb to the normal limb in the same mouse is used to indicate the degree of ischemia. On day 14, the
gastrocnemius muscles of the left legs were obtained and performed hematoxylin and eosin (H&E) staining, and
immunofluorescence staining for monoclonal antibodies against CD31 (anti-CD31) and monoclonal antibodies against
F4/80 (anti-F4/80) to mark ECs and macrophages, respectively. The detailed operation can be found in the SI. All animal
experiments were performed and approved by the “Guide for the protection and use of experimental animals” of the
American National Institutes of Health.

Statistical Analysis
All data were expressed as mean ± standard deviation (SD). Significant difference was counted by Student’s t-test.

Results and Discussion
Preparation and Characterization of Nanoparticles
CaP, R(L)-CaP and R(D)-CaP and their nanocomplexes loaded with pDNA were prepared based on the co-precipitation
of calcium ions and phosphate ions. Following the rapid formation of CaP and CaP@pDNA nanoparticles, L-arginine
and D-arginine were introduced to the nanoparticles by electrostatic and hydrogen bonding between guanidine group in
arginine and phosphate in order to improve the transfection properties.28 Agarose gel electrophoresis assay was used to
analyze the immobilization effect of various nanocarriers with pDNA. Figure 2A–C illustrated that CaP are robust
enough to immobilize pDNAwhen the weight ratio of CaCl2 to pDNA ≥1500, while R(L)-CaP and R(D)-CaP can totally
prevent pDNA migration when w/w of CaCl2/pDNAwas 1000. That is, R(L)-CaP and R(D)-CaP exhibit stronger pDNA
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loading ability than CaP, which might be attributed to the binding of guanidine group in L-arginine and D-arginine to the
phosphate group in pDNA.29 As key characteristic for transfection performance, particle size and zeta potential of freshly
prepared gene complexes at different weight ratios were investigated. As shown in Figure 2D–F, at a weight ratio of 500/
1 for CaCl2/pDNA, the size of the nanocomplexes formed is on the large side because pDNA is not fully condensed by
carriers. As the weight ration of CaCl2 to pDNA increases, the particle size of the nanoparticles gradually stabilizes at
around 200 nm. At the same weight ratio of CaCl2 to pDNA, R(L)-CaP/pDNA and R(D)-CaP/pdna displayed a smaller
particle size compared to CaP/pDNA. The reduction in particle size may be related to the condensation of pDNA by
L-arginine and D-arginine in R(L)-CaP/pDNA and R(D)-CaP/pDNA. All measured CaP/pDNA nanocomplexes showed
slightly negative charge, and rises to close to neutrality with increasing of the weight ratio of CaCl2 to pDNA
(Figure 2D). The modification of L-arginine or D-arginine on nanoparticles resulted in an increase in zeta potential
compared to CaP/pDNA. The high positive charge density allowing for tighter binding of the pDNA. As for the R(L)-
CaP/pDNA and R(D)-CaP/pDNA nanocomplexes, the zeta potential gradually became positive with a gradual increase in
the weight ratio of CaCl2 to pDNA. The morphology of R(L)-CaP/pDNA was shown in the Supplementary Materials.
The weight ratio of 2000/1 for CaCl2/pDNAwas chosen for the subsequent bio-characterization owing to the suitable size
and zeta potential of nanocomplexes at this ratio, which facilitates cellular uptake.

In vitro Transfection Performance
A critical characteristic of gene delivery system is cytocompatibility. HUVECs exposed to different concentrations of
nanocomplexes for 6 h and continue to culture for another 18 h with complete DMEM, followed by the relative cell
viability was determined by CCK-8 assay. HUVECs treated with PBS were served as control. As shown in Figure 3A, all
nanocomplexes maintained low cytotoxicity over the concentration range tested, ie, the relative cell viability of HUVECs
co-incubated with nanocomplexes exceeded 70% in the final concentration range from 50 to 300 μM (calculated based on

Figure 2 Graphics of agarose gel retardation (A–C) and particle size and zeta potential (D–F) of different gene complexeswithweight ratios ofCaCl2 and pDNA from500/1 to 2500/1.
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Figure 3 Transfection properties of various gene complexes. (A) The relative cell viability of HUVECs incubated with CaP/pEGFP, R(L)-CaP/pEGFP and R(D)-CaP/pEGFP for
24 h. The results of (B) cellular uptake, (C) mean fluorescence intensities and (D) subcellular location of gene complexes with Cy5 labelled peNOS. The scale bar is 20 μm.
(E) The quantitative results of (F) CLR of Cy5-peNOS and LysoTracker Green, (F) CLR of Cy5-peNOS and Hoechst 33342 to reflect the localization rate of target genes in
endo/lysosomes and nucleus, respectively. (G) The representative images and (H) quantitative results of transfection efficiency of different gene carriers was evaluated after
24 h of transporting pEGFP. The scale bar is 100 μm. mean ± SD, n = 3, *P <0.05, ***P < 0.001, ###P < 0.001.
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corresponding PO4
3- molar concentration). Additionally, all nanocomplexes induced a dose-dependent cytotoxicity. R(L)-

CaP/peEGFP showed slightly less cytotoxicity towards HUVECs compared to R(D)-CaP/pEGFP at the same concentra-
tion, probably due to the unnatural D-arginine residues in R(D)-CaP/peEGFP. Overall, the cytotoxicity of nanocomplexes
at the transfection dose (a final PO4

3- molar concentration is 150 μM) is negligible.
To investigate the cellular uptake of different gene complexes, HUVECs were treated with nanocomplexes containing

Cy5 fluorescein-labelled peNOS (Cy5-peNOS) and incubated for 6 h. Naked Cy5-peNOS and lipo3000/Cy5-peNOS-
treated cells were used as negative control and positive control, respectively. After detecting the intracellular fluorescence
by flow cytometry, almost no fluorescent signal was inspected in cells treated with naked Cy5-peNOS (Figure 3B and C).
Notably, near 100% cellular uptake was found in HUVECs exposed to gene complexes. As expected, the mean
fluorescence intensity (MFI) of R(L)-CaP/Cy5-peNOS and R(D)-CaP/Cy5-peNOS-treated HUVECs significantly higher
than that of CaP/Cy5-peNOS. Additionally, cells transfected by R(D)-CaP/Cy5-peNOS exhibited brighter fluorescence
than R(L)-CaP/Cy5-peNOS, second only to the lipo3000/Cy5-peNOS group.

Subcellular localization of the target gene is also essential for assessing the transfection performance of gene carriers.
After co-incubation with gene complexes for 24 h, HUVECs were stained for endo/lysosomes (appeared green) and
nucleus (appeared blue). The subcellular location of Cy5-peNOS (red fluorescence) was tracked by confocal laser
scanning microscopy (CLSM) (Figure 3D). Almost no red fluorescence was detected in naked Cy5-peNOS-transfected
HUVECs. For CaP/Cy5-peNOS-treated group, only the small amount of red fluorescence appeared in the endo/
lysosomes and formed yellow dots. When HUVECs were treated with the R(L)-CaP/Cy5-peNOS and R(D)-CaP/Cy5-
peNOS nanocomplexes, the markedly increased red fluorescence than that of CaP/Cy5-peNOS was observed in
HUVECs, which is consistent with the results of cellular uptake measured by flow cytometry. The endo/lysosome co-
localization ratios (CLR) of R(D)-CaP/Cy5-peNOS were obviously less than that of the R(L)-CaP/Cy5-peNOS, which
might be due to that some of R(D)-CaP/Cy5-peNOS enter HUVECs via a direct membrane translocation internalization
pathway, rather than the typical endocytosis approach.27 In addition, the nuclear localization rate of Cy5-peNOS
(appeared pink) showed that lipo3000/Cy5-peNOS group possessed the most pink dots, followed by R(L)-CaP/Cy5-
peNOS and R(D)-CaP/Cy5-peNOS groups, illustrating that Cy5-peNOS in these groups can escape from endo/lysosomes
and achieved higher nucleus accumulation than CaP/Cy5-peNOS group.

The transfection efficiency of gene carriers was investigated by transfecting pEGFP and detecting green fluorescence
in HUVECs, which is intuitive and uncomplicated. As presented in Figure 3E, there is a gradual increase in green
fluorescence in HUVECs treated with pEGFP, CaP/pEGFP, R(L)-CaP/pEGFP, R(D)-CaP/pEGFP and lipo3000/pEGFP,
respectively, which is consistent with cellular uptake and nuclear positioning rate. Excitingly, the aforementioned in vitro
studies related to transfection performance revealed that L-arginine and D-arginine modification has a positive effect on
the transfection efficiency of CaP. These results were in line with our hypothesis.

In vitro eNOS Expression and NO Production
We used L-arginine to functionalize CaP/pDNA nanocomplexes not only for its ability to improve the loading capacity
and transfect efficiency of CaP/pDNA but also for its bioactive function as a substrate. PBS-treated HUVECs were used
as the control group. The mRNA expression of eNOS was evaluated to further reflect the transfection efficiency
(Figure 4A). As expected, no statistical difference can be observed between the control group and only carriers-treated
groups. HUVECs transfected with peNOS nanocomplexes exhibited obviously enhanced eNOS mRNA level compared
with the control group, and the trend was consistent with the GFP expression trend. After treating HUVECs for 24 h with
various nanoparticles, DAF-FM DAwas used to measure the intracellular NO by detecting the cellular fluorescent values.
As shown in Figure 4B, R(L)-CaP showed higher nitrate level than control group, probably corroborating the substrate
effect of L-arginine. The significantly elevated nitrite levels were found in groups transfected with peNOS. Remarkably,
R(L)-CaP/peNOS exhibited moderate transfection efficiency but the most NO production. The lipo3000/peNOS-treated
group had approximately twice as much mRNA expression of eNOS as the CaP/peNOS-treated group, but their NO
levels had no significant difference, which might be attributed to calcium ions in enhancing eNOS activity.
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In vitro Pro-Angiogenic and Anti-Inflammatory Efficiency
eNOS-derived NO plays important roles in angiogenesis and inflammation response. Transwell assay was performed to
evaluate the migration ability of HUVECs transfected with different gene complexes. Figure 5A and C showed the
representative images and statistical data of migrated cells. Cells treated with only peNOS were served as the negative
control. Other groups that overexpressed eNOS had increased migrated cells than the peNOS group. Specifically,
HUVECs exposed to R(L)-CaP/peNOS possessed the most numbers of migrated cells (403), followed by those
transfected by R(D)-CaP/peNOS (322), lipo3000/peNOS (309), and CaP/peNOS (220). More importantly, as shown in
Figure 5B and D, HUVECs co-cultured with these gene complexes all promoted the tube formation. We observed a trend
in the effect of the these nanocomplexes on tube formation effect consistent with NO production and cell migration. In
addition, R(L)-CaP/peNOS-treated cells had the maximum number of lumens.

In order to assess the therapeutic potential of gene complexes on microenvironmental normalization, we measure the
levels of representative pro-inflammatory cytokines (IL-6 and TNF-α) by Elisa assay. LPS (1 μg/mL) was added into the
media to induce the inflammatory environment. Lower levels of IL-6 and TNF-α were detected in peNOS gene
complexes-treated groups compared with the control group (LPS stimulated HUVECs treated with naked peNOS),
demonstrating that anti-inflammatory effect of NO. More excitingly, transfection with R(L)-CaP/peNOS maximally
alleviated inflammation and reduced IL-6 and TNF-α release, which further verifying the multiple roles played by R(L)-
CaP/peNOS nanocomplexes in NO production and the morphogenesis of HUVECs (Figure 5E and F).

The Therapeutic Effect on Ischemic Hindlimb in vivo
To assess the anti-ischemic effect of various gene complexes in vivo, we established a hindlimb ischemic model and
intramuscularly injected different nanocomplexes into the ischemic tissue. peNOS, CaP/peNOS, R(L)-CaP/peNOS, R
(D)-CaP/peNOS and lipo3000/peNOS with the same dose of peNOS (10 μg per injection). As shown in Figure 6A and C,
the blood perfusion of ischemic limb was obviously increased in the gene complexes treatment groups compared with the
naked peNOS-treated group, benefiting from the pro-angiogenic effect of enhanced eNOS-derived NO. Of these, the
limbs injected with R(L)-CaP/peNOS exhibited the highest levels of blood perfusion. The histopathological analysis was
conduct on day 14 for further exploration at the cellular and protein levels. The H&E staining in Figure 6B shows the
morphology of the muscle fibers. Significant regular size and shape muscle fibers can be noticed in R(L)-CaP/peNOS and
R(D)-CaP/peNOS-treated groups, suggesting a better recovery at tissue level for the two groups. In addition, the R(L)-
CaP/peNOS group showed a statistically significant increase in vessel surface density compared to CaP/peNOS and R
(D)-CaP/peNOS (Figure 6D). Furthermore, the percentage of F4/80-positive cells indicated the anti-inflammatory ability
of these gene complexes in vivo (Figure 6E). All groups overexpressed eNOS groups showed the reduced inflammatory
levels. Among them, R(L)-CaP/peNOS nanocomplexes remarkably suppressed the infiltration of inflammatory cells.
These results in vivo were generally consistent with the tendency of data in vitro. The improved pro-angiogenic effect

Figure 4 (A) eNOS mRNA and (B) NO levels were detected in HUVECs after treatment with different nanoparticles. (mean ± SD, n = 3, ns means “no statistical
difference”. *and #P < 0.05, ##P < 0.01, ***and ###P < 0.001).
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and anti-inflammatory effect of R(L)-CaP/peNOS nanocomplexes can be attributed to the synergistically increased NO
production caused by elevated L-arginine, calcium ions and eNOS expression.

Discussion
In this study, we constructed a gene delivery system that synergistically produces ECs-derived NO to promote
morphogenesis of ECs while reducing inflammation. On the one hand, from the perspective of vector design, CaP was
chosen as the core of the delivery system to load pDNA, and L-arginine was modified in the outer layer of the delivery
system to enhance its transfection efficiency; on the other hand, both CaP and L-arginine can be transformed into
synergists for NO production by eNOS after completing the gene delivery task, ie calcium ions generated from CaP
degradation can enhance the activity of eNOS, and L-arginine can act as a substrate for NO production by eNOS, thus
forming a ternary synergistic delivery system with peNOS for maximum NO production. In order to verify whether the
above delivery system was successfully developed, we explored both its gene transfection efficiency and the synergistic
production of bioactive NO, respectively.

We prepared CaP/peNOS nanoparticles and CaP/peNOS coated with L-arginine or D-arginine in the outer layer, ie, R
(L)-CaP/peNOS and R(D)-CaP/peNOS, and the commercial transfection reagent loaded with peNOS (lipo3000/peNOS)
was used as a positive control. The effect of the outer layer of arginine on the gene loading capacity of the vector was

Figure 5 In vitro pro-angiogenic and anti-inflammatory ability of gene complexes. The migration ability of HUVECs treated with various nanocomplexes was evaluated by
(A) representative images of migrated cells passing through Transwell chamber, and (C) the statistical results of the number of migrated cells. (B) Representative images of
tube formation, and (D) the statistical results of tube number, reflecting the tube formation ability of HUVECs treated with various nanocomplexes. The release of (E) IL-6
and (F) TNF-α in culture media of LPS-unstimulated HUVECs and LPS-stimulated HUVECs after treatment with different gene complexes. The scale bar is 100 μm. mean ±
SD, n = 3, #P < 0.05, **and ##P < 0.01, ***and ###P < 0.001.
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verified by agarose gel electrophoresis assay. The modification of either L-arginine or D-arginine significantly enhanced
the immobilization effect of the vector on pDNA, which might be due to the binding of guanidine group in L-arginine
and D-arginine to the phosphate group in pDNA (Figure 2A–C). In addition, as shown in Figure 2D–F, the potential of
the arginine modified delivery system was obviously increased, which theoretically facilitates the subsequent cellular
uptake. Afterwards, this speculation was verified by flow cytometry experiments, and the results were shown in
Figure 3C. The MFI of R(L)-CaP/Cy5-peNOS and R(D)-CaP/Cy5-peNOS-treated HUVECs was significantly higher
compared to CaP/Cy5-peNOS. CLSM was used to visualize the subcellular localization of the target gene more
intuitively (Figure 3D). Higher intracellular fluorescence and the nuclear localization rate can be found in HUVECs

Figure 6 (A) Representative images detected by laser Doppler flowmetry and (C) their statistical results of blood perfusion of hindlimbs treated with different
nanocomplexes. (B) Representative images of H&E staining, and investigation of immunofluorescence staining of CD31 and F4/80-positive cells. The scale bar is 100 μm.
Statistical results of (D) surface density of blood vessels and (E) inflammatory levels. Mean ± SD, n = 3. #P < 0.05, **and ##P < 0.01, ***and ###P < 0.001.
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treated with R(L)-CaP/Cy5-peNOS and R(D)-CaP/Cy5-peNOS. These results might be due to their increased positive
charge density and the guanidine groups derived from L-arginine and D-arginine. Among them, R(D)-CaP/Cy5-peNOS
showed higher fluorescence than R(L)-CaP/Cy5-peNOS, resulting from D-arginine conferring the membrane transloca-
tion internalization pathway to gene complexes to enhance its uptake by cells. Most importantly, the expression of GFP
visually demonstrates the efficiency of transfection. Transfection fluorograms confirmed that CaP, chosen as the core of
the delivery system, can successfully deliver pDNA, while modification with arginine in the outer layer can effectively
improve its transfection efficiency (Figure 3E and H). In a series of studies, arginine peptide has been shown the ability to
promote the targeting delivery efficacy with practical advantages in transmembrane efficiency. Chang’s group constructed
L-arginine and L-arginine peptide modified chitosan to deliver plasmids. The results demonstrated that the gene
transfection efficiency of chitosan was significantly enhanced after arginine-graft.30 Based on its positive charge and
guanidine structure under physiological conditions, arginine is widely used as a drug and gene carrier.31

To confirm the synergistic role of the ternary gene delivery system in bioactive NO production, we assessed the
amount of NO released after different treatments and its impact on ECs including angiogenesis-related functions and anti-
inflammatory functions. As shown in Figure 4, HUVECs treated with CaP showed higher nitrate level compared to PBS,
and R(L)-CaP/peNOS group showed higher nitrate level than CaP/peNOS and R(D)-CaP/peNOS groups, although its
transfection efficiency was lower than that of R(D)-CaP/peNOS. These data fully confirm the roles of calcium ions and
L-arginine in synergistically promoting NO production. On the one hand, eNOS protein overexpressed after the
transfection of peNOS in HUVECs. On the other hand, R(L)-CaP carrier generated calcium ions and L-arginine in
lysosome, which can enhance the activity of eNOS. Based on biological mechanisms of intracellular NO production, this
work designed a “one-stone-three-birds” strategy and prepared calcium ions and L-arginine-based bioactive carrier for
the delivery of peNOS, in order to maximize the active NO output from VECs. In vitro cell migration and tube formation
assays showed that HUVECs exposed to R(L)-CaP/peNOS possessed the highest number of migrated cells and tube
formation (Figure 5C and D). Additionally, R(L)-CaP/peNOS group exhibited the lowest pro-inflammatory cytokines
(IL-6 and TNF-α) (Figure 5E and F). These results suggested that R(L)-CaP/peNOS had the strongest pro-angiogenic
effect and anti-inflammatory effect, benefiting to the synergistically amplified NO release. Furthermore, these results
were verified in a hindlimb ischemic model in vivo, which further confirmed the synergistic effect of calcium ions,
L-arginine and eNOS expression on NO production (Figure 6). In summary, we believe that the ternary synergistic gene
delivery system R(L)-CaP/peNOS is promising for amplifying NO production via efficiently accelerating angiogenesis
and alleviating inflammation.

Conclusion
In this work, a ternary synergistic gene delivery system R(L)-CaP/peNOS was ingeniously designed and developed to
amply NO output in multiple directions. L-arginine modification augmented the transfection efficiency of CaP/peNOS to
elevate the eNOS expression, and then served as NO substrate catalyzed by eNOS. At the same time, calcium ions
produced by degradation of CaP carriers enhanced the activity of eNOS. In vitro experiments, the loading capability and
transfection performance of R(L)-CaP and R(D)-CaP were confirmed to be superior to that of CaP. Additionally,
HUVECs treated with R(L)-CaP/peNOS showed the strongest NO release, cell migration, tube formation and the lowest
inflammatory levels compared to the CaP/peNOS and R(D)-CaP/peNOS groups. We also demonstrated the advantages of
R(L)-CaP/peNOS in increasing blood reperfusion in hindlimb ischemia mice by accelerating angiogenesis and reducing
inflammation, which can be attributed to the highest eNOS-derived NO production. Taking together, the combination
strategy of peNOS transfection, L-arginine supplement and calcium ions addition is a promising therapeutic approach for
certain vascular diseases, based on the synergistic NO production.

Animal Ethics Statement
Twenty 7-week-old male BALB/c mice were provided by the Animal Center of Qingdao University. The study in vivo
was performed under protocols approved by the Animal Management Rules of the Ministry of Health of the People’s
Republic of China (document no. 55, 2001) and the examination and approval of the Experimental Animal Welfare
Ethics Committee of The Affiliated Hospital of Qingdao University (ethical approval number: AHQU-MAL 20210110).
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