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Abstract

:

Subcutaneous polymer scaffolds have shown potential for creating an optimal transplantation site in cellular replacement therapy, e.g., when transplanting insulin-producing cells to cure type 1 diabetes. Imperative for these scaffolds is a high degree of vascularization to guarantee long-term functional cellular survival. In this study, the effect of the nitric oxide (NO) donor S-nitroso-N-acetyl-dl-penicillamine (SNAP) on the vascularization degree of a subcutaneous poly(d,l-lactide-co-ε-caprolactone) (PDLLCL) scaffold was investigated. To this end, scaffolds were implanted under the skin of C57BL/6 mice. Each mouse received a control scaffold and a scaffold containing SNAP. At day 7, 14, and 28, the oxygen percentage within the scaffolds was measured and at day 28, the vascularization degree was determined with lectin infusion and gene expression analysis. We measured lower oxygen percentages within the scaffolds containing the NO-donor up to day 14 compared to the control scaffolds, but no differences were found at day 28. Although blood vessels in the scaffolds were well perfused, no differences between the groups were found in the lectin staining and gene expression of vascular markers, such as CD31, CD105, and VEGFa. To conclude, in this biomaterial setting, addition of a NO-donor did not improve the vascularization degree of the subcutaneous scaffold.
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1. Introduction


Cellular replacement therapy has emerged as a treatment option for several diseases, such as chronic liver diseases [1,2], retinal degeneration [3,4], neural tract damage [5,6], and type 1 diabetes [7,8]. By transplanting healthy cells into the patients, the non-functional diseased cells are replaced. The success of cellular replacement therapy depends on the successful delivery of the cells, and this often impedes clinical application. To this end, cellular delivery devices or so-called transplantation scaffolds are developed. Such a scaffold allows the targeted delivery of cells and supports engraftment into the host tissue. These scaffolds are developed for transplanting adult cells, such as when transplanting the insulin-producing pancreatic islets to treat type 1 diabetes [9,10], but are even more important when transplanting stem cells. Stem cell-derived insulin-producing cells for example still have limitations in function and might exhibit impairments such as abnormal hormone release or teratoma formation [11]. A scaffold provides a confined space that allows fast and safe retrievability in case of complications.



The subcutaneous site seems to be a promising site for cell transplantation since it is easily accessible via a minimally invasive procedure, allows non-invasive monitoring of function, is retrievable in case of graft failure or need for replacement, and there is enough volume. However, the unmodified skin does not provide an environment that is suitable for transplanted cells, since the graft depends on the diffusion of oxygen and nutrients during the immediate post-transplantation period, while the revascularization under the skin is poor [12]. Fast graft revascularization and the supply of oxygen and nutrients are imperative for the survival of cells and their function, e.g., release of hormones or repair of damage. For instance, 50% of transplanted islets are lost during this immediate post-transplant period due to hypoxia because of incomplete and slow graft revascularization [13,14,15]. Therefore, a subcutaneous transplantation scaffold should not only provide three-dimensional support to the cells but should also enhance vascularization [9,16,17].



Angiogenesis is a complex biological process to form new blood vessels from pre-existing vessels. One of the contributing factors to this process is the gasotransmitter nitric oxide (NO) [18]. Downstream from the angiogenic pathway stimulated by growth factors, such as VEGF, NO significantly contributes to blood vessel formation by promoting endothelial cell migration and differentiation [18,19]. Blocking NO results in the attenuation of vascularization [20]. The NO pathway, therefore, appears to be a promising target for a therapeutic strategy to improve the vascularization of subcutaneous scaffolds. However, the half-life time of NO is extremely short—it is in the range of several seconds depending on the concentration and the surrounding environment [21]. Therefore, the range of action is limited to 100–200 µm. These characteristics make it challenging to deliver NO at the therapeutic site and so far, the number of NO-release systems is limited.



The NO-donor S-nitroso-N-acetyl-dl-penicillamine (SNAP) is considered minimally toxic, and it does not induce oxidative and nitrosative stress [21]. Previous studies have shown that SNAP can provide local and controlled release of NO from synthetic materials [22,23]. Furthermore, SNAP has been reported to induce endothelial tube formation in an in vitro angiogenesis assay and in vivo angiogenesis in subcutaneously implanted Matrigel [19]. Here, we investigate in mice if the addition of the NO-donor SNAP to a subcutaneous polymer scaffold improves its vascularization degree. This could lead to improved cell transplantation outcomes. However, in our biomaterial setting, the addition of NO did not lead to improved vascularization compared to the control scaffolds.




2. Materials and Methods


2.1. Scaffold Fabrication


Porous poly(d,l-lactide-co-ε-caprolactone) (PDLLCL; Sigma-Aldrich, Zwijndrecht, The Netherlands) scaffolds (1 × 1.5 × 0.5 cm) were manufactured via salt leaching, as previously described [9]. Briefly, sodium chloride (particle size 250–425 µm; Sigma-Aldrich) was added to the PDLLCL/chloroform solution (4% w/v; Sigma-Aldrich, Burlington, MA, USA) in a ratio of 10:1 w/w. After complete evaporation of the chloroform, the sodium chloride particles were thoroughly washed from the PDLLCL sheet with sterile water. The polymer sheet was resized into scaffolds of 1 by 1.5 cm and sterilized with 70% ethanol (Merck, Rahway, NJ, USA; Sigma-Aldrich).




2.2. Scaffold Implantation


On the day of implantation, 2 mg/mL of fibrinogen (Millipore, Temecula, CA, USA) was mixed with the NO-donor S-Nitroso-N-acetyl-dl-penicillamine (SNAP, 35 mg/mL; Sigma-Aldrich). Before transferring the solution to the scaffold, 100 U/mL thrombin IIa (Millipore) was added in order to initiate crosslinking within the pores of the scaffold. Fibrinogen without the NO-donor was used for the control scaffolds. Scaffolds were subcutaneously implanted on the back of male C57BL/6 mice (Charles River, Wilmington, DE, USA). Each mouse received a control scaffold without the NO-donor and a scaffold with the NO-donor (n = 3). Scaffolds were placed 4 cm apart from each other in separate subcutaneous pockets to prevent interaction. After surgery, all mice received ibuprofen water (Banner Pharmacaps, High Point, NC, USA; 0.2 mg/mL) for two days. Animals were housed at the University of California Irvine animal facility and maintained under 12 h light/dark cycles with ad libitum access to water and standard chow. This study was conducted with the approval of The University of California Institutional Animal Care and Use Committee at the University of Irvine (IACUC # 2008-2850).




2.3. Blood Vessel Functionality


On days 7, 14, and 28 after implantation, the percentage of oxygen within the scaffolds was measured with the Microx 4 precision sensing system (PreSens, Regensburg, Germany). To this end, the oxygen probe was placed in a minimally invasive manner in the scaffold for 10 min while the animal was anesthetized. Furthermore, to determine the perfusion of the blood vessels within the scaffolds, the mice were perfused with DyLight 649 labeled Lycopersicon Esculentum (Tomato) lectin (Vector Laboratories; Brunschwig Chemie, Amsterdam, The Netherlands) on the day of sacrifice (day 28). Briefly, via the penile vein, 200 µL lectin was injected under anesthesia. After 15 min of perfusion, the vasculature was flushed with a saline injection into the heart and the scaffolds were explanted. Half of the explanted scaffold was fixed in 2% paraformaldehyde to image the lectin staining by confocal microscopy (Leica SP8; Leica Microsystems B.V., Amsterdam, The Netherlands). Lectin images were analyzed with the skeleton macro plugin of Image J (Version 2.0.0-rc-69/1.52p; National Institutes of Health, Bethesda, MD, USA) as described by Weaver et al. [24].




2.4. Reverse Transcription Polymerase Chain Reaction (RT-PCR)


The mRNA expression of several vascularization markers was measured within the other half of the explanted scaffold with real-time RT-PCR. RNA was extracted using Trizol according to the manufacturer’s protocol (Invitrogen; Thermo Scientific, Landsmeer, The Netherlands). Possible DNA contaminants were removed by the DNA-freeTM DNA removal kit (Invitrogen, Waltham, MA, USA). The SuperScript® III Reverse Transcriptase kit (Life Technologies; Thermo Scientific) was used for cDNA synthesis. Primer and probe sets of the vascularization genes CD31, VEGFa, VE-Cadherin, CD105, angiopoietin 1 and 2 for TaqMan Gene Expression Assays were purchased from Thermo Scientific (Table 1). The ViiATM Real Time PCR system (Life Technologies, Foster City, CA, USA) was programmed as follows: subsequently 2 min at 50 °C, 10 min at 95 °C, 15 s at 95 °C, and 60 s at 60 °C, while repeating the last two steps for 40 cycles. Delta Ct values were calculated and normalized against the expression of the housekeeping gene GAPDH. Delta-delta Ct values were used to determine the fold change in the NO-treated scaffold compared to the control scaffold.




2.5. Statistics


Statistical analysis was carried out in GraphPad Prism (version 8.4.0; GraphPad Software, Inc., La Jolla, CA, USA). A Shapiro–Wilk normality test was performed to test the data for normality. To test differences between the groups, a two-way ANOVA was applied for the oxygen measurements and a Mann–Whitney test was used for the lectin and PCR data, and p-values < 0.05 were considered significant. The data are presented in mean ± standard error of the mean.





3. Results


3.1. NO Impairs the Oxygenation during the Vascularization Process


To follow the vascularization process of the subcutaneous scaffolds over time in vivo in a minimally invasive manner, the oxygen percentage was measured on days 7, 14, and 28 (Figure 1). The oxygen percentage within the control and NO-donor scaffolds at day 7 was, respectively, 16.6% ± 1.3% and 16.0% ± 3.0%. On day 14, a difference was observed between the oxygen percentages of these groups. The control group showed an oxygen percentage of 18.4% ± 1.0%, whereas the NO-donor-containing scaffolds had a lower oxygen percentage of 15.2% ± 1.2%. This difference was not observed on day 28, when the oxygen percentage of the control and NO groups were, respectively, 17.9% ± 0.4% and 18.3% ± 1.4. Overall, NO treatment had a statically significant effect on oxygen percentage within the scaffold (p < 0.05), but no significant differences were obtained at the individual time points. Therefore, it seems that NO treatment impaired the vascularization process, but did not influence the final degree of oxygenation of the device, which was similar between the NO-donor and control scaffolds.




3.2. Blood Vessels Are Well Perfused


Lectin perfusion on the day of sacrifice showed that scaffolds of both groups are well perfused (Figure 2). However, no differences were observed when analyzing the lectin staining between the control group and the NO-treated group. The addition of the NO-donor SNAP to the scaffold did not improve the number of vessel branches or junctions, and nor did the average and maximal branch length of the vessels change.




3.3. NO Treatment Does Not Increase mRNA Expression of Vascularization Genes


Part of the scaffold was processed for PCR to investigate the mRNA expression of several vascularization genes. These results confirm the lectin-vessel perfusion analysis (Figure 3). No statistically significant differences were found between the control group and the NO-treated group. The fold change in the endothelial marker CD31 in the NO group was 1.8 ± 0.6 compared to the control group (1.0 ± 0.06). The fold change in the angiogenesis marker CD105 in the NO group was 1.6 ± 0.06, compared to 1.1 ± 0.3 for the control group. Similar results were obtained for the mRNA expression of VEGFa, VE-cadherin, angiopoietin 1, and angiopoietin 2 (Figure 3c–f). This indicates that the NO-donor did not improve the vascularization of the subcutaneous polymer device.





4. Discussion


The formation of a vascular network within a subcutaneous scaffold for cell transplantation requires the activation of endothelial cells, their migration, and proliferation. NO has been shown to contribute to angiogenesis as a key signaling molecule and regulator [19,25]. Accordingly, we examined the angiogenic effects of exogenous NO treatment on the vascularization of a scaffold. Here we show that the addition of the NO-donor SNAP did not improve the vascularization of our PDLLCL scaffold under the skin. No differences were found between control scaffolds and NO scaffolds in the mRNA expression of vascular markers or the number of blood vessels. The oxygen perfusion was even significantly reduced during the one-month implantation in the NO-treated scaffolds.



Previous in vitro studies have shown that coating biomaterials with the NO-donor SNAP resulted in increased endothelial migration, endothelial proliferation, and protection against bacteria [22,26]. Furthermore, NO coating of vascular stents increased in vivo the binding and growth of endothelial cells on the outside of the stent, whereas inside, the hemocompatibility was also improved by there being less binding of platelets [27,28]. Lee et al. [19] even showed increased angiogenesis in Matrigel plugs with SNAP implanted under the skin. However, here we did not find a positive effect of NO on vascularization. The effect of NO seems to vary depending on its concentration [21,29]. Therefore, the concentration of NO and the timing of the release are imperative for achieving the desired effect.



Since it is known that NO diminishes the foreign body response [30], and this response is involved in the vascularization of our type of scaffold [31], it might be suggested that NO inhibits the foreign body response against the scaffold and subsequently attenuates the vascularization. Previous studies using different NO-release systems have shown that there is first a burst release of NO, followed by a steady-state release in the physiological range up to 15 days [23,26]. This could explain why we observed a decrease in oxygen percentage up to day 14, but not on day 28. The NO-donor was exhausted after 15 days and could therefore no longer inhibit the foreign body response enabling the vascularization to recover to similar levels as the control. Because of this, no differences between the NO and control group were found in oxygen percentage, the number of blood vessels, and mRNA expression of vascular markers at the end of the study.



In conclusion, NO did not improve the vascularization of the subcutaneous PDLLCL scaffold. This indicates that in this biomaterial setting, the addition of this NO-donor will not improve cellular transplantation. The tissue engineering field should be aware that the optimal NO release kinetics and doses remain to be elucidated for each biomaterial and implantation site due to the broad range of NO activities.







Author Contributions


Conceptualization, A.M.S., J.R.T.L., and P.d.V.; methodology, A.M.S., M.A., J.R.T.L., and P.d.V.; software, not applicable; validation, A.M.S. and P.d.V.; formal analysis, A.M.S.; investigation, A.M.S., B.C., T.K., S.R., and M.A.; resources, A.M.S. and M.A.; data curation, A.M.S.; writing—original draft preparation, A.M.S.; writing—review and editing, A.M.S., B.C., T.K., S.R., M.A., J.R.T.L., and P.d.V.; visualization, A.M.S.; supervision, A.M.S.; project administration, A.M.S.; funding acquisition, A.M.S. and P.d.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Juvenile Diabetes Research Foundation (JDRF), research grant 3-PDF-2018-594-A-N.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Board (and Ethics Committee) of the University of California, Irvine (IACUC # 2008-2850).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated during and analyzed during the current study are available from the corresponding author upon request.




Acknowledgments


The authors thank Sarah Lee, Shiri Li (Department of Surgery, University of California, Irvine), and Bart de Haan (Department of Pathology and Medical Biology, University Medical Center Groningen) for their technical assistance and support during this study.




Conflicts of Interest


The authors declare no conflict of interest. The funder had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Mobarra, N.; Soleimani, M.; Ghayour-Mobarhan, M.; Safarpour, S.; Ferns, G.A.; Pakzad, R.; Pasalar, P. Hybrid poly-l-lactic acid/poly(e-caprolactone) nanofibrous scaffold can improve biochemical and molecular markers of human induced pluripotent stem cell-derived hepatocyte-like cells. J. Cell. Physiol. 2019, 234, 11247–11255. [Google Scholar] [CrossRef] [PubMed]

	



Povero, D.; Pinatel, E.M.; Leszczynska, A.; Goyal, N.P.; Nishio, T.; Kim, J.; Kneiber, D.; Horcel, L.D.A.; Eguchi, A.; Ordonez, P.M.; et al. Human induced pluripotent stem cell-derived extracellular vesicles reduce hepatic stellate cell activation and liver fibrosis. JCI Insight 2019, 5, e125652. [Google Scholar] [CrossRef] [PubMed]

	



Kamao, H.; Mandai, M.; Ohashi, W.; Hirami, Y.; Kurimoto, Y.; Kiryu, J.; Takahashi, M. Evaluation of the Surgical Device and Procedure for Extracellular Matrix-Scaffold-Supported Human iPSC-Derived Retinal Pigment Epithelium Cell Sheet Transplantation. Investig. Ophthalmol. Vis. Sci. 2017, 58, 211–220. [Google Scholar] [CrossRef]

	



Ilmarinen, T.; Thieltges, F.; Hongisto, H.; Juuti-Uusitalo, K.; Koistinen, A.; Kaarniranta, K.; Brinken, R.; Braun, N.; Holz, F.G.; Skottman, H.; et al. Survival and functionality of xeno-free human embryonic stem cell-derived retinal pigment epithelial cells on polyester substrate after transplantation in rabbits. Acta Ophthalmol. 2019, 97, e688–e699. [Google Scholar] [CrossRef]

	



Roca, F.G.; Santos, L.G.; Roig, M.M.; Medina, L.M.; Martínez-Ramos, C.; Pradas, M.M. Novel Tissue-Engineered Multimodular Hyaluronic Acid-Polylactic Acid Conduits for the Regeneration of Sciatic Nerve Defect. Biomedicines 2022, 10, 963. [Google Scholar] [CrossRef] [PubMed]

	



Poongodi, R.; Chen, Y.-L.; Yang, T.-H.; Huang, Y.-H.; Yang, K.D.; Lin, H.-C.; Cheng, J.-K. Bio-Scaffolds as Cell or Exosome Carriers for Nerve Injury Repair. Int. J. Mol. Sci. 2021, 22, 13347. [Google Scholar] [CrossRef] [PubMed]

	



Shapiro, A.M.; Pokrywczynska, M.; Ricordi, C. Clinical pancreatic islet transplantation. Nat. Rev. Endocrinol. 2017, 13, 268–277. [Google Scholar] [CrossRef]

	



Bachul, P.J.; Golab, K.; Basto, L.; Zangan, S.; Pyda, J.S.; Perez-Gutierrez, A.; Borek, P.; Wang, L.J.; Tibudan, M.; Tran, D.K.; et al. Post-Hoc Analysis of a Randomized, Double Blind, Prospective Study at the University of Chicago: Additional Standardizations of Trial Protocol are Needed to Evaluate the Effect of a CXCR1/2 Inhibitor in Islet Allotransplantation. Cell Transplant. 2021, 30, 9636897211001774. [Google Scholar] [CrossRef]

	



Smink, A.M.; Li, S.; Hertsig, D.T.; de Haan, B.J.; Schwab, L.; van Apeldoorn, A.A.; de Koning, E.; Faas, M.M.; Lakey, J.R.; de Vos, P. The Efficacy of a Prevascularized, Retrievable Poly(d,l,-lactide-co-epsilon-caprolactone) Subcutaneous Scaffold as Transplantation Site for Pancreatic Islets. Transplantation 2017, 101, e112–e119. [Google Scholar] [CrossRef]

	



Kuppan, P.; Kelly, S.; Seeberger, K.; Castro, C.; Rosko, M.; Pepper, A.R.; Korbutt, G.S. Bioabsorption of Subcutaneous Nanofibrous Scaffolds Influences the Engraftment and Function of Neonatal Porcine Islets. Polymers 2022, 14, 1120. [Google Scholar] [CrossRef]

	



Bourgeois, S.; Sawatani, T.; Van Mulders, A.; De Leu, N.; Heremans, Y.; Heimberg, H.; Cnop, M.; Staels, W. Towards a Functional Cure for Diabetes Using Stem Cell-Derived Beta Cells: Are We There Yet? Cells 2021, 10, 191. [Google Scholar] [CrossRef] [PubMed]

	



Tremmel, D.M.; Mitchell, S.A.; Sackett, S.D.; Odorico, J.S. Mimicking nature-made beta cells: Recent advances towards stem cell-derived islets. Curr. Opin. Organ. Transplant. 2019, 24, 574–581. [Google Scholar] [CrossRef] [PubMed]

	



Davalli, A.M.; Ogawa, Y.; Ricordi, C.; Scharp, D.W.; Bonner-Weir, S.; Weir, G.C. A selective decrease in the beta cell mass of human islets transplanted into diabetic nude mice. Transplantation 1995, 59, 817–820. [Google Scholar] [CrossRef] [PubMed]

	



Anazawa, T.; Okajima, H.; Masui, T.; Uemoto, S. Current state and future evolution of pancreatic islet transplantation. Ann. Gastroenterol. Surg. 2018, 3, 34–42. [Google Scholar] [CrossRef]

	



Gamble, A.; Pepper, A.R.; Bruni, A.; Shapiro, A.M.J. The journey of islet cell transplantation and future development. Islets 2018, 10, 80–94. [Google Scholar] [CrossRef] [PubMed]

	



Komatsu, H.; Rawson, J.; Barriga, A.; Gonzalez, N.; Mendez, D.; Li, J.; Omori, K.; Kandeel, F.; Mullen, Y. Posttransplant oxygen inhalation improves the outcome of subcutaneous islet transplantation: A promising clinical alternative to the conventional intrahepatic site. Am. J. Transplant. 2018, 18, 832–842. [Google Scholar] [CrossRef] [PubMed]

	



Pepper, A.R.; Bruni, A.; Pawlick, R.; O’Gorman, D.; Kin, T.; Thiesen, A.; Shapiro, A.M.J. Posttransplant Characterization of Long-term Functional hESC-Derived Pancreatic Endoderm Grafts. Diabetes 2019, 68, 953–962. [Google Scholar] [CrossRef]

	



Ziche, M.; Morbidelli, L. Nitric oxide and angiogenesis. J. Neurooncol. 2000, 50, 139–148. [Google Scholar] [CrossRef]

	



Lee, P.C.; Kibbe, M.R.; Schuchert, M.J.; Stolz, D.B.; Watkins, S.C.; Griffith, B.P.; Billiar, T.R.; Shears, L.L., 2nd. Nitric oxide induces angiogenesis and upregulates alpha(v)beta(3) integrin expression on endothelial cells. Microvasc/Res. 2000, 60, 269–280. [Google Scholar] [CrossRef]

	



Ziche, M.; Morbidelli, L.; Masini, E.; Amerini, S.; Granger, H.J.; Maggi, C.A.; Geppetti, P.; Ledda, F. Nitric oxide mediates angiogenesis in vivo and endothelial cell growth and migration in vitro promoted by substance P. J. Clin. Investig. 1994, 94, 2036–2044. [Google Scholar] [CrossRef]

	



Beurton, J.; Boudier, A.; Barozzi Seabra, A.; Vrana, N.E.; Clarot, I.; Lavalle, P. Nitric Oxide Delivering Surfaces: An Overview of Functionalization Strategies and Efficiency Progress. Adv. Healthc. Mater. 2022, 11, e2102692. [Google Scholar] [CrossRef] [PubMed]

	



Wo, Y.; Brisbois, E.J.; Wu, J.; Li, Z.; Major, T.C.; Mohammed, A.; Wang, X.; Colletta, A.; Bull, J.L.; Matzger, A.J.; et al. Reduction of Thrombosis and Bacterial Infection via Controlled Nitric Oxide (NO) Release from S-Nitroso-N-acetylpenicillamine (SNAP) Impregnated CarboSil Intravascular Catheters. ACS Biomater. Sci. Eng. 2017, 3, 349–359. [Google Scholar] [CrossRef]

	



Brisbois, E.J.; Major, T.C.; Goudie, M.J.; Bartlett, R.H.; Meyerhoff, M.E.; Handa, H. Improved hemocompatibility of silicone rubber extracorporeal tubing via solvent swelling-impregnation of S-nitroso-N-acetylpenicillamine (SNAP) and evaluation in rabbit thrombogenicity model. Acta Biomater. 2016, 37, 111–119. [Google Scholar] [CrossRef] [PubMed]

	



Weaver, J.D.; Headen, D.M.; Hunckler, M.D.; Coronel, M.M.; Stabler, C.L.; Garcia, A.J. Design of a vascularized synthetic poly(ethylene glycol) macroencapsulation device for islet transplantation. Biomaterials 2018, 172, 54–65. [Google Scholar] [CrossRef] [PubMed]

	



Morbidelli, L.; Donnini, S.; Ziche, M. Role of nitric oxide in the modulation of angiogenesis. Curr. Pharm. Des. 2003, 9, 521–530. [Google Scholar] [CrossRef] [PubMed]

	



Kabirian, F.; Brouki Milan, P.; Zamanian, A.; Heying, R.; Mozafari, M. Additively manufactured small-diameter vascular grafts with improved tissue healing using a novel SNAP impregnation method. J. Biomed. Mater Res. B Appl. Biomater. 2019, 108, 1322–1331. [Google Scholar] [CrossRef]

	



Yang, Z.; Yang, Y.; Xiong, K.; Li, X.; Qi, P.; Tu, Q.; Jing, F.; Weng, Y.; Wang, J.; Huang, N. Nitric oxide producing coating mimicking endothelium function for multifunctional vascular stents. Biomaterials 2015, 63, 80–92. [Google Scholar] [CrossRef] [PubMed]

	



Gao, J.; Wang, Y.; Chen, S.; Tang, D.; Jiang, L.; Kong, D.; Wang, S. Electrospun poly-e-caprolactone scaffold modified with catalytic nitric oxide generation and heparin for small-diameter vascular graft. RSC Adv. 2017, 7, 18775–18784. [Google Scholar] [CrossRef]

	



Joseph, C.A.; McCarthy, C.W.; Tyo, A.G.; Hubbard, K.R.; Fisher, H.C.; Altscheffel, J.A.; He, W.; Pinnaratip, R.; Liu, Y.; Lee, B.P.; et al. Development of an Injectable Nitric Oxide Releasing Poly(ethylene) Glycol-Fibrin Adhesive Hydrogel. ACS Biomater. Sci. Eng. 2019, 5, 959–969. [Google Scholar] [CrossRef]

	



Nichols, S.P.; Koh, A.; Brown, N.L.; Rose, M.B.; Sun, B.; Slomberg, D.L.; Riccio, D.A.; Klitzman, B.; Schoenfisch, M.H. The effect of nitric oxide surface flux on the foreign body response to subcutaneous implants. Biomaterials 2012, 33, 6305–6312. [Google Scholar] [CrossRef]

	



Smink, A.M.; Hertsig, D.T.; Schwab, L.; van Apeldoorn, A.A.; de Koning, E.; Faas, M.M.; de Haan, B.J.; de Vos, P. A Retrievable, Efficacious Polymeric Scaffold for Subcutaneous Transplantation of Rat Pancreatic Islets. Ann. Surg. 2017, 266, 149–157. [Google Scholar] [CrossRef] [PubMed]








[image: Macromol 02 00029 g001 550] 





Figure 1. Oxygen percentage within subcutaneous scaffolds. After implantation of the control scaffold and the scaffold containing the NO-donor, the oxygen percentage was measured on day 7, 14, and 28 with the Microx 4 PreSens system. The mean and standard error of the mean are plotted (n = 3); statistical analysis was carried out using a two-way ANOVA with a Bonferroni post-hoc test, p < 0.05. This test indicated a significant treatment effect and no time effect. 
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Figure 2. Lectin staining of scaffolds after 28 days. Confocal images from the lectin staining of control (a) and NO-treated (b) scaffolds. Confocal pictures were quantified by the skeleton macro plugin of Image J (c,d). The mean and standard error of the mean are plotted (n = 3); statistical analysis was carried out using a Mann–Whitney test, p < 0.05. 
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Figure 3. mRNA expression of vascularization markers within the scaffolds after 28 days. The gene expression of the endothelial cell marker CD31 (a), angiogenesis marker CD105 (b), vascular growth factor VEGFa (c), VE-cadherin (d), and angiopoietin 1 (e) and 2 (f) measured by RT-PCR. The mean and standard error of the mean are plotted (n = 3); statistical analysis was carried out using a Mann–Whitney test, p < 0.05. 
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Table 1. TaqMan assay IDs of RT-PCR genes (Thermo Scientific).
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	Gene
	Assay ID





	GAPDH
	Mm99999915_g1



	CD31 (PECAM1)
	Mm01242576_m1



	VEGFa
	Mm00437306_m1



	VE-Cadherin (CDH5)
	Mm00486938_m1



	CD105 (Endoglin)
	Mm00468252_m1



	Angiopoietin 1
	Mm00456503_m1



	Angiopoietin 2
	Mm00545822_m1
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