Nanoclay-polyamine composite hydrogel for topical delivery of nitric oxide gas via innate gelation characteristics of laponite
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ABSTRACT 
Because nitric oxide (NO) gas is an endogenously produced signaling molecule which is related to numerous physiological functions, numerous studies have been conducted to develop the NO delivery systems to take advantages for potential biomedical applications. However, NO is a reactive radical gas molecule which has very short life time and easy to transform to nitrogen oxide species by reaction with oxygen species. Therefore, it is necessary to develop the NO delivery carrier that releases NO gas to a topical area for the specific applications. In this study, laponite clay was introduced to fabricate the NO delivery carrier by the formation of a laponite-polyamine (LP-PAn) composites. The laponite clay and pentaethylenehexamine (PEHA) formed macromolecular structure by electrostatic interaction. And the nitric oxide donor, N-diazeniumdiolate (NONOates), was synthesized into the LP-PAn composite. We investigated the conformation of the LP-PAn composite structure and the NO donor formation by zeta potential, x-ray diffraction UV-vis and fourier transform infrared (FT-IR) spectroscopy. Then, we analyzed the NO release profile. Additionally, we confirmed the applicability in biomedical applications via cell viability test and in vitro tube formation assay.

1. Introduction 
Nitric oxide (NO) is a radical gas molecule that is produced endogenously by nitric oxide synthase (NOS) in the human body. 1, 2, 3 NO is a vital signaling molecule related to various physiological functions such as angiogenesis, 4-7 immune response, 8, 9 neurotransmitters, 10, 11 cell proliferation, 12-14 apoptotic effects, 15-17 and antibacterial effects. 18, 19 The different functions of NO in the physiological system are derived at the certain level of NO gas depending on its concentration thus, different concentrations (ranging from nM to μmol) of NO are produced by three different types of NOS from L-arginine in the body. At a low concentration of NO (<100 nM), the NO protects cells and promotes the proliferation effect. 20 In contrast, at a high concentration (>1 μM), NO has apoptotic and antimicrobial effects. 20 To utilize the significant therapeutic potential of NO in biomedical applications, many studies have been performed for the exogenous delivery of NO. Because the function of NO is highly dependent on the concentration, previous studies have focused on controlling the NO concentration via not only NO donors but also various NO-delivery carriers. However, NO is a reactive radical gas molecule which has very short life (<5 s) 21 and can be reacted with reactive oxygen species in the human body to form nitrogen oxide species. Therefore, for an enhanced efficiency and the proper function of NO gas in biomedical applications, it is essential to deliver the NO gas to a topical area to be functioned properly.
 To localize the NO release in the target area, a hydrogel scaffold has been investigated as a NO-delivery carrier with a combination of NO donors. In previous studies, a small  S-Nitrosoglutathione (GSNO) molecule was used as an NO donor in a polyethylene glycol (PEG) hydrogel matrix 22 and an F-127 matrix. 23, 24 However, because these systems have limitations such as fast leaching and scattering of NO, it is difficult to localize the NO release in the target area. Recently, Thi et al. 21 published the paper of in situ formation of an NO release hydrogel based on S-nitrosylated gelatin. However, the gelation mechanism was complex and required the peroxide and horseradish peroxidase enzymes, which could be a limitation for practical applications. Gao et al. reported an enzyme-controllable NO release hydrogel 25, but the heating and cooling process must be conducted for gelation, thus unstable NO donors can hardly be used for the system. Additionally, the b-galactosidase-responsive NO donor has limited application diversity. Thus, the development of a hydrogel system for localized NO delivery remains a challenge.
[bookmark: _Hlk36670616] Laponite—a synthetic smectite—has been investigated as a carrier for the delivery of biomolecules, such as growth factors, antibiotics, and drugs. Because of its high biocompatibility and innate gel-forming property, laponite has great potential as a delivery carrier in the biomedical field. It has a large surface area, with a diameter of 25 nm and a thickness of approximately 1 nm 26 (see Scheme 1), thereby providing a large absorption surface. When laponite clays are dispersed in water, owing to the difference in charge between the surface and the edge (see Scheme 1a), they are stacked, forming a “house of cards” hydrogel structure which is also called “face-edge” aggregation. 26 Because the laponite has the permanent negatively charged surface and positively charge edge (<pH 9.0), once the laponite particles are dispersed in water, they started to stick randomly by forming weak bonds between the face and edge. And then, the aggregates grew in size and spread filling up the whole space where they dispersed. 27 Also, the bonds of laponite hydrogel are easily broken and restored the gel form by mechanical stress. Therefore, biocompatible laponite clay can be a effective option for the delivery of positively charged small molecules with an innate gel-forming property. N-diazeniumdiolates (NONOates) are well-known NO donors with a proton-responsive NO release mechanism, which can be synthesized on the secondary amine via a certain reaction under high-pressure NO gas. Thus, once the laponite surface is incorporated with the secondary amine abundant material, it is possible to incorporate the NO donor into the laponite composite and utilize it as a NO-delivery carrier. However, there is no previous study for introducing the laponite as a NO delivery carrier, the factors that must be considered for incorporating the amine-abundant material into laponite clays for NO delivery application should be studied.
In this study, we developed laponite–polyamine (LP-PAn) composites to overcome the limitation of localized NO delivery systems for the topical utilization of NO in the purpose of biomedical applications. Based on the intrinsic gelation property of laponite, we introduced pentaethylenehexamine (PEHA), which has four secondary amine functional groups on its backbone, to the laponite surface as NO donors. In the specific interaction condition, PEHA had a positively charged amine group that allowed an electrostatic interaction with the negatively charged laponite surface. From the face-edge aggregation property of laponite, this composite structure could retain the hydrogel-forming ability. We designed this composite structure for the NO release from the hydrogel to the target site avoiding the NO donor leaching from the macrostructure carrier. Because the NO donor reagent has been retained in the hydrogel by the interaction with laponite, the composite structure can take advantage of preventing the NO donor from leaching to the unwanted area. We investigated the structure and performed a conformation study on the LP-PAn composites. In terms of topical delivery of NO gas, utilization of the NO-delivery carrier should focus on the NO loading efficiency and the retention property of the gel state. Thus, we examined the correlation between the reaction concentrations of PEHA and laponite to enhance the NO delivery efficiency. Finally, we confirmed the intrinsic gelation property of the final NO-loaded LP-PAn composites and performed a rheology study, followed by application as an in vitro angiogenesis effect. This work contributes to the current understanding of smectite nanoclay as a NO gas delivery carrier and expands the applicability of laponite.2. Experimental Details
2.1 Materials
[bookmark: _Hlk28250191]Laponite XLG (Nah(Mg3-hLih)Si4O10(OH)2∙nH2O) was obtained from BYK-ALTANA. All reagents and solvents, including PEHA and methanol anhydrous, were purchased from Sigma–Aldrich (St. Louis, MO, USA). Sodium methoxide was obtained from Acros Organics (Geel, Belgium) (Widnes, UK). Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Basel, Switzerland).
2.2 Preparation of LP-PAn composites with different molar ratios
First, we dissolved the laponite clays in deionized water (DW) with vigorous stirring (1500 rpm) for 1 h with a concentration of 10 mg/mL. PEHA was added to the laponite solution, with laponite:PEHA molar ratios of 1:3, 1:5, and 1:10, followed by stirring overnight at 1500 rpm for perfect mixing. The samples were denoted as LP-PA3, LP-PA5, and LP-PA10. We achieved an LP-PAn composite suspended in the DW without pH adjustment.
2.3 Characterization of LP-PAn composites
To investigate the LP-PAn, we centrifuged the LP-PAn solution at 10000 rpm for 15 min twice. Subsequently, the mixture was freeze-dried to obtain LP-Pan powder.
Fourier transform infrared (FT-IR) spectroscopy (FT/IR-4700, Jasco, Oklahoma City, OK, USA) was performed to confirm the formation of the LP-PAn composite. To measure the powder state of LP-PAn, we analyzed the LP-PAn samples via the attenuated total reflectance (ATR) mode of FT-IR spectroscopy. A conformational study of the laponite and polyamine in the LP-PAn composite was performed via zeta-potential measurement (SZ-100; Horiba, Japan) and X-ray diffraction (XRD) analysis (Ultima IV, Rigaku, Japan). The zeta potential of the LP-PAn composite was measured to examine the coverage of laponite clay by positively charged PEHA in DW. 
2.4 N-Diazeniumdiolates(NONOates) synthesis into LP-PAn composites
NONOates were synthesized as NO donors for the LP-PAn composite. The reaction process was conducted under high-pressure NO gas. We prepared LP-PAn composites dissolved in DW and added sodium methoxide (as a catalyst) with an equimolar ratio to the number of secondary amine groups in the PEHA molecules. We placed the solution in a high-pressure reactor (custom-made, Hanwoul Engineering Co., Ltd., Gyeonggi-do, Korea). The chamber was purged with Ar gas (10 bar), immediately followed by flushing, three times. Then, we purged the reactor with Ar gas (10 bar) for 10 min and completely removed the gas. After repeating the process three times, we emptied the chamber and filled the reactor with NO gas (10 bar). The reaction was conducted for 3 d under vigorous stirring. We removed all the gas and washed the chamber three times with Ar gas (10 bar). The solution was centrifuged with 10000 rpm for 15 min. Next, the pellet was resuspended in methanol to remove the sodium methoxide residue. After being washed twice, the pellet was resuspended in pH-adjusted DW (pH 9.0). The basic conditions of the DW kept the NO donor stable. As a final step, the solution was freeze-dried to obtain LP-Pan powder.
2.5 Analysis of NO release profile
[bookmark: _Hlk36725104]After the high-pressure reaction (HPR), the NO release profile of the LP-PAn-NO sample was analyzed using an NO analyzer (Sievers NOA 280i, GE Analytical Instruments, Little Chalfont, UK) in phosphate-buffered saline (PBS) at a pH of 7.4 and a temperature of 37 °C. Ar gas was used as a carrier gas. The NO release profile was measured until the concentration of NO was <1 pmol. The measurement was carried out with 1mg of each powder sample.
2.6 Gelation characteristics and rheological measurements
After the synthesis of LP-PAn-NO, we compared its gelation characteristics and rheological properties with those of the bare laponite gel. We dissolved the LP-PAn-NO and bare laponite in DW at a concentration of 2.5% (w/v). A photograph was taken of each gel in the glass vial. Then, rheological measurements were performed using a rotational rheometer (MCR 302, Anton Paar Physica). The storage modulus and (G’) and loss modulus (G”) were investigated via the frequency-sweep method to analyze the viscoelastic properties in the angular-frequency range of 0.1–100 rad/s at a strain of 1%. The measurements were performed at room temperature, and the strain was selected to ensure that the oscillatory deformation was in a linear region. The top plate had a diameter of 25 mm, and the loading volume was given by a 1-mm height of the hydrogel in a 1-mL syringe. Using the modulus data, we calculated the loss factor via the following equation:
.                                                   (1)
2.7 Human umbilical vein endothelial cell (HUVECs) culture and cell-viability test
 The cell viability was evaluated to prove the biocompatibility of the synthesized LP-PAn-NO. HUVECs were used for testing the viability against LP-PAn-NO. HUVECs were cultured in accordance with the protocol from the cell supplier and seeded in 24-well plates at 37 °C, with a concentration of 2 × 104 cells/well. We selected the LP-PA3-NO sample to analyze the toxicity against the HUVECs, because LP-PA3-NO exhibited a moderate NO release amount in the range of 50–100 nmol, which can have tube-formation and cell-protection effects. To compare the toxicities of LP-PA3-NO in the laponite gel and powder, we used trans-well permeable support (Corning Incorporated, NY, USA). We seeded the cell on the bottom of a 24-trans-well plate, followed by 24 h of incubation at 37 °C under humidified CO2 (5%). Then, we loaded the laponite gel in the hanging insert. The laponite gel was prepared via a method used in a previous study, with a concentration of 2.5% w/v in DW. 26 After the gel was formed, we sterilized it via an autoclave process. Then, we dissolved LP-PA3-NO in DW (20 mg/mL), followed by serial dilution to obtain the specific concentration of LP-PA3-NO in the laponite gel. For the powder sample of LP-PA3-NO, we directly diluted the high-concentration LP-PA3-NO solution in the cell growth medium (EGM-2, Lonza) to obtain various gel concentrations. After 1 d of treating the LP-PA3-NO, the hanging well was removed and washed with 1× PBS. Then, 800 μL of growth medium and 80 μL of the CCK-8 reagent (Dojindo, Kumamoto, Japan) were added, followed by incubation for 2 h. The medium was collected, and the absorbance at a wavelength of 450 nm was measured using a plate reader (SpectraMax 340 PC; Molecular Devices, San Jose, CA, USA).
2.8 In vitro tube-formation assay with green fluorescence protein-labeled HUVECs (GFP-HVC)
To confirm the angiogenic effect of LP-PAn-NO, an in vitro angiogenesis assay, i.e., a tube-formation assay, was conducted using GFP-HVC (ANGIO-PROTEOMIE, passage under P6). Laponite gel was loaded into the 24-well plates as the substrate for the tube formation of GFP-HVC. We prepared 2.5% w/v laponite gels loaded with 0.1, 0.5, and 1.0 mg/mL LP-PA3-NO. 300 μL of each gel was loaded in 24-well plates via the same process described in the cell-viability test section (section 2.7), followed by quick centrifugation to obtain an even surface. Then, the plate was incubated for 1.5 h at 37 °C for further gelation. After the formation of the laponite gel substrate, the GFP-HVC was resuspended in the growth medium and seeded in each well at a density of 1.0 × 105 cells/well. After 17 h of incubation, the tube formation was analyzed using a fluorescence microscope at a magnification of 40×, and the tube formation of GFP-HVC was quantitatively investigated using a freely distributed analysis program for ImageJ called “Angiogenesis Analyzer” (Gilles Carpentier. Contribution: Angiogenesis Analyser, ImageJ News, 5 October 2012, http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyser-for-ImageJ#nb1). We followed a recent study with regard to the two-dimensional tubular network analysis process. 28
[bookmark: _Hlk36731744]2.9 Statistical analyses
Two-sample t-test (Microsoft excel software) was conducted to evaluate the statistical validity of the cell experiment results. The significance of the difference in mean values between the control and sample groups was evaluated by this statistical analysis. The symbol * (P-value < 0.05), ** (P-value < 0.01), and *** (P-value < 0.001) were used to indicate each level of significance.











3. Results and discussion
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Scheme 1 Illustration of the overall concept of the research. (a) The molecular structure of laponite and the hydrogel formation mechanism. The laponite dispersed in water showed face-edge aggregation to form a gel; (b) NO-donor synthesis in PEHA via the high-pressure reaction,  the yellow dotted line indicates the NO donor group (NONOates); (c) described the possible conformation structure of the LP-PAn composite as followed the reaction step.

LP-PAn composite formation. We fabricated the laponite and polyamine complex though a simple mixing process in glass vials. The laponite clays were dissolved in the deionized water DW with vigorous stirring (1500 rpm) for 1 h. Then, we added the PEHA with the molar ratio of laponite:PEHA 1:3, 1:5, 1:10 followed by stirring overnight. Subsequently, we freeze-dried the composite solution to obtain powder state. To investigate the characteristics of each sample, we performed FT-IR spectroscopy, zeta-potential measurements, and XRD analysis of each sample.
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Figure 1 FT-IR spectra analysis of the LP-PAn composite. Black line corresponds to bare laponite (LP), and yellow corresponds to the laponite–PEHA composites with different blending ratios (LP-PA3, LP-PA5, LP-PA10). The specific peaks of laponite and polyamine are assigned in the graph.

FT-IR spectroscopy. After forming the composite of laponite nanoclay with PEHA, we performed FT-IR spectroscopy in the ATR mode to confirm the formation of the composite of PEHA and laponite clay. As shown in Figure 1, the bare laponite powder (black line) exhibited distinctive absorption bands at approximately 1000 cm-1 and 700 cm-1, which are attributed to Si-O stretching and Si-O-Si bending vibrations, respectively. 29 The molecular structure of the laponite, which contained Si-O and Si-O-Si covalent bonds in tetrahedral assigned the dominant peak. However, compared with the bare laponite, the LP-PAn composite (LP-PAn, n: relative molar ratio of polyamine to laponite) exhibited the specific peaks of PEHA. At 1589 and 768 cm-1, an in-plane deformation peak and an out-of-plane deformation peak corresponding to N-H bonding were observed after the composite formation. 30 Additionally, a C-N stretching peak at 1456 cm-1 was detected after the formation of the LP-PAn composite. Because the LP-PAn composite had well-assigned peaks corresponding to the laponite structure, the FT-IR spectra indicate the successful formation of the composite containing PEHA and laponite clays. Considering the washing step of composite synthesis, the well-assigned PEHA peaks indicate the LP-PAn was composed of the interaction between laponite and PEHA. This could contribute for the NO donor formation site, which enables the NO release from the composites without leaching of NO donors.
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Figure 2 Zeta-potential measurement results for laponite and the LP-PAn composites, indicating the charge shift in a positive direction resulting from LP-PAn composite formation.

Zeta potential. After the analysis of composite formation via FT-IR, we performed the zeta-potential measurements investigate the LP-PAn structure. All the samples were dissolved in DW, and the concentration of laponite was 1 mg/mL. For the LP-PAn composite samples, the concentration of laponite was fixed at 1 mg/mL with the addition of PEHA to the solution. As shown in Figure 2, the zeta potential of the bare laponite clays suspended in DW was –54.6 mV (negatively charged). Because the surface of the laponite clay was induced to negative charges by ionized oxygen atoms, this value is consistent with a previously reported value. 31 However, the zeta potential exhibited a positive shift with the formation of the laponite–PEHA complex. The measured values were –25.6, –22.4, and –19.9 mV for the LP-PA3, LP-PA5, and LP-PA10 samples, respectively. This can be explained by the adsorption of the positively charged PEHA onto the laponite in the DW solution. The pH of the DW was in the range of 6.0–6.5 (data not shown), and the pKa value of the PEHA was approximately 10.0. 32 This led to the protonation of secondary and primary amine groups in the PEHA molecules, yielding a positive charge in the DW solution. Therefore, the laponite clays and PEHA could form the composite via the electrostatic interaction in the DW solution. As a result, the surface charge could be shifted to more positive direction and it induced the change of zeta potential. From the results, we could identify the structure of LP-PAn is basically based on the covering of the laponite clays by positively charged PEHA.
                              (2)
  X-ray diffraction XRD. However, we could not clarify the conformation of the laponite–PEHA complex with only zeta-potential data. Because the conformation of the laponite–PEHA complex could be in the way of covering the single laponite clay with PEHA or the formation of a complex structure with intercalated PEHA between two laponite clays. According to the zeta-potential data, the increase in the zeta potential of LP-PAn was proportional to the molar ratio of PEHA to the laponite clays. This result indicates that the coverage of the laponite surface was increased by the PEHA. Thus, the adsorption of PEHA onto the laponite surface could be proportionally controlled by simply changing the molar ratio. To further investigate the conformation of the laponite–PEHA composite via intercalation, we performed an XRD analysis of the LP-PAn composites. Figure 3 shows XRD patterns of laponite and the LP-PAn composite. Because of the low crystallinity of laponite, a broad XRD peak was observed. 33 From the total angle 2θ range of laponite composite, it was found that (001) basal plane reflection peak at 2θ = 6.3° , corresponding to the face-to-face planar structure of laponite clay. 29 However, the (001) basal plane spacing peak was shifted to 2θ = 5.8° (LP-PA3), 2θ = 5.78° (LP-PA5), and 2θ = 5.72 ° (LP-PA10), as shown in Figure 3. This shift corresponds to the d-spacing of the laponite interlayer. The d-spacing was 14.018 Å for bare laponite, 15.225 Å for LP-PA3, 15.278 Å for LP-PA5, and 15.438 Å for LP-PA10. The increase of d-spacing could be interpreted as the intercalation of positively charged PEHA between laponite interlayers. Because the mechanism of intercalation into smectite such as laponite is mainly attributed to cation exchange.29, 34 In the DW pH range of 6.0–6.5, the PEHA might have been fully protonated as a cationic species. The XRD results indicated the cationic exchange of PEHA into the interlayer structure of laponite. Even though the difference was not significant, the increase in the interlayer separation distance was proportional to the PEHA concentration (molar ratio). 
Thus, considering the zeta-potential data and XRD results, the structure of the LP-PAn composite could be consisted of both intercalation of polyamine into the laponites and covering with electrostatic interaction of the outer surface. Furthermore, it should be mentioned that the relative molar ratio of PEHA to laponite clay could affect the intercalation and covering ratio, which is agreement with data from figure 2, 3.
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Figure 3 XRD patterns of powdered bare laponite and LP-PAn composite with different blending ratios (LP-PA3, LP-PA5, LP-PA10). The enlarged XRD data indicates the crystalline  structure of laponite and the interlayer distance between adjacent clay.
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Figure 4 UV–vis spectra for laponite and the LP-PAn composite, indicating the NO-donor incorporation after the HPR. The specific peak of NO donor is identified at 250 nm wavelength

 NO-donor formation and NO release profile
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Figure 5 The real-time NO release profile analysis using NOA 280i. (a) Real-time NO release profile; (b) the total amount of accumulated NO over time.

According to the foregoing results, we could control the PEHA ratio of the LP-PAn composite by simply adjusting the concentration of PEHA in the mixture. This point of view, we expected the control of nitric oxide (NO) donor amount which would be formed into the LP-PAn composite via high-pressure reaction. We selected the N-diazeniumdiolates NONOates as NO donors owing to their relatively high stability to heat and light compared with other NO donors such as RSNO.35 Additionally, the proton-triggering decomposition mechanism of NONOates can produce NO gas spontaneously in a water-based environment, e.g., under physiological conditions.18 When we synthesized the NONOates for the NO-releasing component, the amount of secondary amine in the certain delivery carrier was very important for controlling the NO concentration in the target region. Although it was difficult to control the exact amount of secondary amine functional groups, by controlling the amount of PEHA molecules, which had secondary amine and primary amine groups in the backbone structure, we could adjust the amount of possible NO donor sites in the delivery carrier. 
Table 1 The result of NO release analysis through the NO analyzer (NOA 280i)
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To synthesize the NONOates (NO donors) for the LP-PAn composites, we followed previous papers. We dissolved the LP-PAn powder into a methanol solvent with sodium methoxide (NaOMe) as a catalyst. Because the NONOate synthesis chemistry is based on the deprotonation of amine groups, the NaOMe catalyst functions as a deprotonating agent toward amine groups, inducing the nucleophilic attack of NO gas. 36 Next, we placed the solution in the reaction chamber, followed by 15 min of stirring to make it perfectly mixed. The reaction was conducted for 3 d under NO gas (10 bar) with magnetic stirring (at 800 rpm). Subsequently, we washed the final product and freeze-dried it via a lyophilizer to obtain a light-yellow powder. We confirmed the NONOate functional group using ultraviolet–visible (UV–vis) absorbance data, as shown in Figure 4. As previously reported, the NONOates exhibited a specific absorbance peak at a wavelength of 250 nm under UV irradiation. 35 19 As shown in Figure 4, compared with the bare laponite, the specific peak of the NONOates was observed after the HPR. Otherwise, the LP-PAn composite without high-pressure reaction have no significant absorbance peak at approximately 250 nm (see Supplementary Figure S1a). Additionally, the bare PEHA molecule did not exhibit any specific peaks (see Supplementary Figure S1b). The results indicate the successful synthesis of the NONOate group in the LP-PAn composites. Especially, the absorbance at 250nm of each LP-PAn sample was found proportional increase depending on the relative molar ratio of PEHA to laponite. This is consistent with the zeta-potential data and XRD results. Therefore, we successfully controlled the NO donor loading amount by simply changing the PEHA concentration. Considering the complicated NO loading chemistry and efficiency, this LP-PAn composite has many advantages as an NO-delivery carrier. 
Based on this point of view, we analyzed the NO release profile to determine the correlation between the NO-donor amount and the amount of NO gas release from each sample. We investigated the real-time NO release and accumulated NO amount using an NO analyzer, which detected the NO gas via the chemiluminescence method. This analyzer only detects NO gas precisely, in contrast to other methods such as the Griess assay for detecting sodium nitrite. The LP-PAn release profile is presented in Figure 5. The LP-PAn composite exhibited a burst release profile, which is typical release profile of small molecule NO donors. Table 1 presents a quantitative summary of the NO release. The total amount of NO released from each LP-PAn sample was approximately 65, 120, and 560 nmolfor LP-PA3, LP-PA5 and LP-PA10. As indicated by the UV–vis data in Figure 4, the total amount of NO is relying to the UV absorbance at a wavelength of 250 nm, which indicated the NO-donor groups. However, considering the concentration difference among the samples, this is a notable result. Even though the PEHA concentration of LP-PA10 was approximately three times higher than that of LP-PA3, the total NO release amount of LP-PA10 was approximately nine times higher than that of LP-PA3. This result can be explained by the intercalation. As confirmed by the increase in the XRD d-spacing, increasing the concentration of PEHA affected the intercalation ratio of PEHA into the inner plane of the laponite clays. Thus, the amount of PEHA between neighboring laponite clays increased, and the intercalated PEHA became an NO donor in the LP-PAn composite. This made it possible to adjust the NO loading amount from the unit mass of the LP-PAn composite. Furthermore, the intercalation of the NO donor affected the duration of NO release. As shown in Figure 5 and Table 1, the LP-PA10 sample exhibited a long-term release profile (up to 31 h), whereas LP-PA3 and LP-PA5 released NO for 5 and 9 h, respectively. These results could be explained as follows: the larger amount of PEHA intercalated in LP-PA10 caused the slow decomposition of NO donors for the release of NO gas. Therefore, the loading amount of PEHA into the LP-PAn composite can be adjusted by changing the concentration of PEHA because of the intercalation, which allows the NO release from the LP-PAn composite to be controlled. According to this finding, LP-PAn composites can be novel carriers for exogeneous application of NO with a controlled concentration and release profile. Thus, the LP-PAn carrier system can be used in bothbiomedical applications that require high doses, such as antimicrobial applications and anticancer therapy, and low doses, such as angiogenesis and wound healing.
Gelation characteristics of LP-PAn-NO gel and rheological study
After the successful synthesis of the NO-releasing LP-PAn (LP-PAn-NO), the investigation of gelation property and a rheology study was proceeded. As we mentioned in the introduction section, the NO delivery carrier should be retained at the specific area to achieve the localized NO delivery. Thus, it is essential to verify that the gel formation ability of newly synthesized LP-PAn-NO.  Figure 6a presents photographs of the laponite gel, LP-PA3-NO composite gel, and LP-PA3-NO in the laponite gel (1 mg/mL).
The gelation property was confirmed via the upside-down test method, and each sample was prepared with a concentration of 2.5% w/v. As shown in the figure 6a, the laponite gel (LP in Figure 6a) and LP-PA3-NO composite both exhibited successful gel formation after being dissolved into DW at a specific concentration.
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Figure 6 (a) Photographs showing the gelation characteristics of bare laponite gel, LP-PA3-NO, and LP-PA3-NO (1 mg/mL in laponite gel). Each sample had the same concentration dispersed in DW: 2.5% (w/v): (b) Rheological analysis of frequency-sweep-mode for modulus measurement and (c) loss factor tan δ. LP indicates the laponite gel, LP-PA3-NO indicates the  gelation of LP-PA3 after high-pressure reaction and the LP-PA3-NO 1 mg/mL represents the LP gel with the addition of LP-PA3-NO in the concentration of 1 mg/ml.
These results indicate that the innate gelation characteristic of laponite was maintained after the formation of the LP-PA composites and the HPR. Additionally, after the high-pressure reaction of the bare laponite, the laponite solution dispersed in the water is still able to form the hydrogel. Because the mechanism of laponite gelation is face-edge aggregation forming a network structure, 26, 37 the successful gelation of the LP-PAn-NO composite could be derived by the well-dispersed clay composites in the solvent and become a hydrogel forming the network structure. We compared the rheological properties of the LP and LP-PA3-NO gels, as shown in Figures 6b and c. Both samples showed gel-like properties. The storage modulus of each sample which is higher value than loss modulus (Figure 6b) and loss factor value under 1 (figure 6c) indicated the gel-like structures. From the data, we concluded that the gelation characteristics of LP were maintained after the reaction, which emphasizes the potential of LP-PAn-NO as a topical NO-delivery carrier. 
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Figure 7 In vitro cell cytotoxicity test of bare laponite and LP-PA3 composites with HUVECs. The control indicates the cell growth medium, LP gel indicates only bare laponite gel and LP-PA3-NO gel represents the gel state of LP-PA3-NO powder. All the gel were prepared by dispersing in DW with a concentration of 2.5 % w/v. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001 for significance.

In vitro cell-viability test of LP-PA3-NO against HUVECs 
To evaluate the suitability othe LP-PAn-NO composite for bio-applications, the toxicity of the LP-PAn-NO was evaluated through a cell-viability assay using the CCK-8 reagent. We selected the LP-PA3-NO sample for testing the cell viability because the NO amount was <100 nmol, which could induce the angiogenic effect and protect the cells. We tested different concentrations of LP-PA3-NO in the 2.5% w/v laponite gel and powder-type LP-PA3-NO suspended in the cell growth medium. As shown in Figure 7, the bare laponite gel (LP gel) and LP-PA3-NO samples in the LP gel in the concentration range of 1–2000 μg/mL exhibited no toxicity compared with the control. The LP gel and LP-PA3-NO composite in the gel exhibited a slightly increased cell viability compared with the control. Considering that the total amount of NO release from 1 mg of LP-PA3-NO was 65 nmol, the NO amount of <100 nmol indicated no toxicity. However, the powder-type LP-PA3-NO, which had a consistent NO amount, in the LP gel exhibited a very low cell viability above 10 μg/mL. Microscope observations revealed that aggregation of laponite occurred when it was suspended in the medium (data not shown). This is because of the the cell growth medium containing abundant proteins and excessive salt concentration. Thus, we conclude that the LP-PA3-NO composite did not have any toxicity of the NO effect. However, the laponite can be easily aggregated in the growth medium; thus, the gel form is necessary to be used. 
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Figure 8 In vitro tube-formation assay of the LP-PA3-NO composite in laponite gel (2.5% (w/v)) with HUVECs. (a) Fluorescence microscope images of LP-PA3 NO samples with different concentrations and (b) quantitative analysis of the total segment length based on the images. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001 for significance.

In vitro tube-formation assay with GFP-labeled HUVECs 
To evaluate the applicability of the LP-PA3-NO composite, we investigated the angiogenic property of NO via an in vitro tube-formation assay. We introduced the LP-PA3-NO composite (as the NO-release material) diluted in 2.5% w/v laponite gel. The NO concentration was selected as <100 nmol, which is consistent with the concentrations (0.1, 0.5, and 1.0 mg/mL) of LP-PA3-NO in the laponite gel. With consideration of the laponite gel as not only an NO-delivery carrier but also a scaffold for angiogenesis, the laponite gel was applied as scaffold instead of the other basement membrane matrix. The fluorescence microscope image in Figure 8a shows the network formation of GFP-labeled HUVECs. The control sample exhibited the fewer and shorter branch arising from the cell junction, whereas the NO-releasing sample exhibited a longer branch segment to form the network structure. The quantified value described in Figure 8b also represented a significant difference between the control and NO-releasing samples. The 0.5- and 1.0-mg/mL samples, which released approximately 32 and 65 nmol of NO per milliliter, respectively, exhibited similar results and this suggested that over 30 nmol of NO showed similar ability of angiogenic inducement. Therefore, the concentration of NO must be precisely adjusted depending on the specific application. For precise adjustment, the LP-PAn-NO composite can be easily controlled by changing the LP and NO donor ratio when forming the composites. Additionally, the LP-PAn-NO concentration in the bare laponite gel can be controlled for certain concentration without losing the innate gelation property.
Conclusion
[bookmark: _Hlk36717146][bookmark: _Hlk28249704][bookmark: _Hlk28249784]In this work, we developed LP-PAn composites as novel NO-delivery carriers for topical delivery. To achieve topical delivery, we employed laponite nanoclay as a scaffold to utilize its innate gel-forming property. We incorporated the PEHA into laponite via electrostatic interaction to act as an amine-donating reagent for NO-donor synthesis. This method is based on the direct interaction between laponite and pre-NO-donor material. Also, the hydrogel formation is derived spontaneously without additional chemical reaction. Compared to the previous study, this strategy of the system enabled the simple process of hydrogel formation and prevent the leaching of NO donor from the hydrogel. Additionally, to control the amount of NO released from the LP-PAn composite, we adjusted the concentration ratio of LP to PEHA. The conformation of the LP-PAn composite was confirmed via FT-IR spectroscopy, zeta-potential measurements, and XRD analysis. As the concentration of PEHA increased, the coverage of the composite became saturated, and the intercalation of PEHA increased. We investigated the NO-donor formation via UV–vis analysis, followed by NO-release analysis using a NO analyzer. We confirmed different NO release amount depending on the ratio of LP and PEHA. Additionally, the innate gelation characteristics of the laponite were examined via the upside-down method and a rheological study. Finally, by performing a cell-viability test for HUVECs and evaluating the tube-formation abilities, we confirmed that the LP-PAn-NO composite has potential for biomedical applications. This study contributes to the utilization of laponite clay as a novel NO-delivery carrier for topical delivery.
[bookmark: _Hlk37192888]Supporting Information
UV-vis spectra of LP-PAn composite and PEHA solution before high-pressure reaction
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