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Abstract

Currently vascular repairs are treated using synthetic or biologic patches, however these patches 

have an array of complications, including calcification, rupture, re-stenosis, and intimal 

hyperplasia. An active patch material composed of decellulzarized tissue conjugated to gold 

nanoparticles (AuNPs) was developed and the long term biocompatibility and cellular integration 

was investigated. Porcine abdominal aortic tissue was decellularized and conjugated with 100nm 

gold nanoparticles (AuNP). These patches were placed over a longitudinal arteriotomy of the 

thoracic aorta in six pigs. The animals were monitored for six months. Gross, histological, and 

immunohistochemical analyses of the patches were performed after euthanasia. Grossly there was 

minimal scar tissue with the patches still visible on the outer surface of the vessel. The inner 

lumen was smooth with a seamless transition from patch to native tissue. Histology demonstrated 

infiltration of host cells into the patch material. The immunohistochemical results demonstrated an 

endothelial cell layer forming over the patch within the vessel. Smooth muscle cells were 

repopulating the biomaterial in all animals. These results demonstrated that the AuNP biomaterial 

patch integrated well with the host tissue and did not failed over the six month implantation time.
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1. Introduction

Vascular patch materials are used to repair and reconstruct damage to blood vessels [1–3]. 

These patch materials ideally mimic the native extracellular matrix, sustain and guide new 

cell growth, avoid intimal hyperplasia, resist infection, and degrade after new tissue has 

formed [4–9]. Unfortunately an ideal material has not yet been created, and thus a variety of 

synthetic and biologic materials are being investigated [10, 11]. The currently used synthetic 

and biological materials can cause immune reactions, infections, calcification, and neo-

intimal hyperplasia [3, 12–16].

Synthetic materials such as expanded polytetrafluoroethylene are strong and long lasting in 

vivo. However they are susceptible to thrombus formation, calcification, and infection [17]. 

The native tissue tends to have a strong foreign body response to these types of materials 

and this can lead to chronic inflammation. The cells have difficulty integrating into these 

synthetic materials which in turn leads to their inability to continue growing when used in 

pediatric patients [18]. Biologic materials such as bovine pericardium and small intestine 

submucosa (SIS) better approximate characteristics of the native tissue than synthetic 

materials, but tend to be weaker and degrade quicker in the body [19, 20] if not crosslinked. 

Both types of materials may present foreign body responses, intimal hyperplasia and/or 

increased thrombogenicity when compared to native tissue [21].

To mitigate these problems, new types of materials and surface modifications are being 

explored. Biomimetic materials that possess cell-specific adhesion sites (such as RGD) 

and/or deliver bioactive factors such the drug dipyridamole have been investigated to 

improve cardiac function and prevent graft occlusion [22]. Numerous studies have 

investigated mechanical stiffness and methods to modulate the stiffness to reduce 

hyperplasia while electrical conductivity has been investigated to encourage cellular 

ingrowth into the vascular grafts. A group of researchers have also investigate plasma 

treatments for improving cell biocompatibility in a biodegradable polymer vascular graft 

[23]. The group electrospun poly(e-caprolactone) (PCL) to create nano-fiber scaffolds and 

then treated the scaffolds to air plasma using a radiofrequency plasma chamber to increase 

surface hydrophilicity. The results demonstrated improved neo-tissue formation in vivo. A 

variety of electrospun scaffolds for tissue engineering of vascular grafts have been 

investigated in order to better mimic the mechanical properties of blood vessels [24].

One type of modification that shows promise is the attachment of gold nanoparticles 

(AuNPs) to synthetic materials and acellular tissue. AuNPs have advantageous properties 

that make them a possible candidate to improve overall biocompatibility. For example, 

AuNPs are biologically inert and have been shown to increase resistance to bacterial 

adhesions; AuNPs have also been shown to aid fibroblast cell proliferation [25–29]. AuNPs 

conjugated to poly(ether)urethane polymers have been shown to improve the thermal and 

mechanical properties of materials [25] while AuNP conjugated to acellular tissue creates a 
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more stable construct [30]. For example, 100 nm AuNPs conjugated to Type I collagen was 

found to improve the resistance to collagenase resulting in as little as 7% degradation as 

compare to 100% degradation in non-AuNP collagen construct [30]. AuNPs conjugated to 

acellular tissue also delayed degradation while maintaining similar mechanical properties of 

the native tissue [31]. The use of AuNPs are being investigated in numerous medical 

applications such as drug delivery, imaging, biosensors, diagnostics, gene therapy, and 

nanocomposite biomaterials due to their biocompatibility, optical properties, and 

conjugation capabilities [32–36].

In this study, we developed a nanocomposite vascular patch by conjugating gold 

nanoparticles to decellularized arterial tissue matrices and performed a preliminary, long 

term in vivo test of our patch material. Our objectives were to 1) better match mechanical 

properties and structure by replacing a blood vessel with an acellular blood vessel patch and 

2) improve tissue remodeling via the utilization of gold nanoparticles conjugated to an 

acellular blood vessel patch. It was hypothesized that the AuNP-acellular patch would show 

minimal immune response, endothelial and smooth muscle cell regeneration, and overall 

integration and biocompatibility with the host tissue. The AuNP-acellular patches were 

implanted on the thoracic aorta of swine. Six months after implantation, wound healing, 

tissue remodeling, endothelial cell regeneration, and cellular integration were investigated 

by gross, histological, immunohistochemical, and electron microscopic analyses. We are one 

of the first groups to synthesize, characterize, and perform a long-term in vivo study on a 

nanocomposite vascular patch.

2. Materials and methods

2.1 Tissue Harvest and Decellularization

Decellularization was performed following a previously published protocol [37, 38]. Porcine 

abdominal aortas were harvested immediately following euthanasia of swine at the 

University of Missouri. Blood and any excess connective tissue were removed and then they 

were immersed in distilled water for 24 hours at 4° C. The vessels were treated with 0.025% 

trypsin EDTA (ATCC) diluted in Dulbecco’s phosphate buffered saline (dPBS; ATCC) for 

24 hours at 37 °C. The tissue was decellularized with a solution of 1% Triton x-100 (Sigma) 

and 0.1% ammonium hydroxide (Fisher) in distilled water for 72 hours at 4 °C. It was then 

washed in a solution of Eagle’s Minimum Essential Medium (EMEM; ATCC) 10% (v/v) 

horse serum and PennStrep (200 U/mL). The material was immersed for 24 hours in distilled 

water at 4 °C and then for 48 hours in PBS at 4 °C, changing the PBS to fresh solution at 24 

hours. All of these steps were done with agitation.

2.2 Crosslinking

Decellularized patches were incubated for 15 minutes at ambient temperature in a 

crosslinking solution (50:50 (v/v) solution of acetone and PBS with 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide (EDC) and N-hydroxysuccinimide(NHS). 100 nm 

AuNPs at 4 times the stock solution were functionalized using a solution of 2-

mercaptoethylamine and added to the tissue. The 100 nm AuNPs were utilized due to a 

previous study demonstrating the viability of the 100 nm AuNPs [39]. The patches were 
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incubated for 24 hours at ambient temperature with gentle agitation followed by two 24 hour 

PBS rinses. Sterilization occurred via immersion in an aqueous solution of 0.1%(v/v) 

peracetic acid with 1.0M NaCl for 30 minutes followed by two 24 hour sterile PBS rinses at 

ambient temperature with shaking.

2.3 Mechanical and Suture Pullout Testing

Suture pullout testing was performed on native porcine aortic tissue (n=5), decellularized 

porcine aortic tissue (n=7), crosslinked porcine aortic tissue (n=9), and bovine pericardium 

(n=5). The bovine pericardium was chosen to represent the typical biologic repair patch that 

would be used in human medicine. Previous work has shown that the addition of AuNPs did 

not significantly change the mechanical properties of the material, so they were not retested 

here [31]. Each piece of tissue was cut into a 10mm × 10mm strip. A piece of 6-0 prolene 

suture that is typically used for this type of procedure in vivo was tied 3mm from one edge 

to create a 5mm loop. The tissue was gripped with a pneumatic grip set to 52psi, and the 

suture was placed over an opposing hook. An Instron TA.XT2 mechanical testing system 

(Texture Technologies, Corporation, Scarsdale, NY) was utilized to strain the specimens at a 

rate of 0.2mm/s until failure. If the suture broke before pulling out of the tissue the test 

results were discarded. The tensile strength at yield was calculated by dividing the 

maximum load, Fmax, by the original cross-sectional area, A, of the specimen. The modulus 

of elasticity E, was determined from the slope of a line fit to the stress versus strain curve of 

each specimen.

2.4 Implantation

Female domestic swine (n=6) with a starting weight of approximately 120 lbs were housed 

in accordance with the Guide for the Care and Use of Laboratory Animals under a protocol 

approved by the Institutional Animal Care and Use Committee. Twenty-four hours before 

surgery animals were given 325 mg aspirin orally (PO). Intramuscular (IM) telazol (4.4–6.6 

mg/kg body weight), xylazine (2.2 mg/kg) and atropine (0.05 mg/kg) were given as a 

preanesthetic. 2–4% Isoflurane was administered via nose cone until the animal was sedated 

enough to be safely intubated. A surgical plane of anesthesia was maintained using 1–3% 

isoflurane gas and a ventilator at 6–8 breaths/minute. Prior to the incision animals were 

given ceftiofur (5 mg/kg IM). An intravenous (IV) catheter was placed in the ear with an 

isotonic sodium chloride flow throughout surgery. Heparin was given IV at an initial bolus 

of 10,000 U/kg followed by 5,000 u/kg every hour intra op when necessary. Pancuronium 

(0.1 mg/kg IV) was given at the time of the incision.

The aorta was reached through the fourth rib space via a left lateral thoracotomy. The aorta 

was partially clamped and opened in the longitudinal direction. Patch material was sutured 

over the defect using 6-0 prolene.

After patch placement, Doppler ultrasound (LS probe on a Logique GE ultrasound) was 

used to visualize the flow through the arteries. Ultrasound was also performed at 6 months, 

prior to the conclusion of the study. Color flow and waveform characteristics were imaged 

and used to ensure patency. All vessels were patent immediately after surgery and prior to 

sacrifice at 6 months (results not shown).
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Post operatively a 75 μg/hr fentanyl patch was placed on the dorsum for pain relief and 

carprofen (3mg/kg) subcutaneously (SQ) and buprenorphine (0.01–0.02 mg/kg) IM were 

given to bridge the gap until the fentanyl became effective. Animals received 325 mg aspirin 

PO for 3 days post op and then 81 mg/day PO until sacrifice.

2.5 Gross Examination

Each artery was photographed (Canon PowerShot A4000 IS) in vivo after the thorax of the 

animal had been re-opened. The lumen was photographed after the artery was explanted.

2.6 Histology

All slides were prepared by IDEXX Bioresearch (Columbia, MO). Samples were fixed in 

10% (v/v) buffered formalin, dehydrated with a graded ethanol series, embedded in paraffin 

and cut to a thickness of 5 μm with a microtome. The histology slides were stained with 

hematoxylin and eosin (H&E), as well as van Gieson’s method to look at elastin and 

collagen was stained for using Masson’s trichrome. All slides were viewed at 50×, 100×, 

200×, and 400× on a Zeiss Axiophot (Carl Zeiss Microimaging, Inc., Thornwood, NY) and 

photographs were acquired using an Olympus DP70 (Olympus America Inc., Center Valley, 

PA) camera with DP Manager Version 1.21.107 as the acquisition software.

2.7 Immunohistochemistry

All slides were prepared by IDEXX Bioresearch (Columbia, MO). Samples were fixed in 

10% (v/v) buffered formalin, dehydrated with a graded ethanol series, embedded in paraffin 

and cut to a thickness of 5 μm with a microtome. The slides were deparaffinized using a 

standard protocol of xylene, to absolute alcohol, 95% alcohol to water. They were then 

immersed in 5% bovine serum albumin (Sigma A3294-50) for 20 minutes followed by 

CD31 (Abcam ab28364) at a 1:50 ratio for one hour. They were rinsed using a Dako wash 

buffer (Dako K1492). Next the slides were submerged in the goat anti-rabbit IgG Alexafluor 

594 red (Invitrogen A11037) at a 1:500 ratio for 30 minutes followed by another Dako rinse 

and then put in bovine serum albumin for 20 minutes. They were dyed with Actin Smooth 

Muscle (Dako M0851) at a 1:400 ratio for an hour, rinsed, and immersed in goat anti-mouse 

IgG Alexafluor 288 green (Molecular Probes A11001). Slides were rinsed again in Dako, 

then a coverslip with MoWiol(polyvinyl alcohol mounting medium with DABCO antifade - 

Fluka Cat #10981) was applied. They were viewed on a Leica TCP SP8 MP Inverted 

spectral confocal microscope with tunable white light laser at the University of Missouri 

Cytology Core. Images were taken using Leica software.

2.8 Statistical Analysis

GraphPad Prism v4.0 (GraphPad Software, Inc., San Diego, CA) was used to analyze 

experimental data. One-way analysis of variance (ANOVA) with a 95% confidence interval 

was conducted followed by a Tukey-Kramer post-test to determine significant differences 

between means of the experimental groups for the mechanical testing and biocompatibility 

assays. Values are reported and graphed as the mean ± standard error of the mean.
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3. Results

3.1 Mechanical and Suture Pullout Testing

The suture pullout tests demonstrated that the bovine pericardial patch had a significantly 

higher Modulus of Elasticity and Tensile Stress at the maximum load when compared to 

other three groups of the porcine tissue. The results of the modulus of elasticity and the 

tensile stress at maximum load are graphed in Figures 1a and 1b respectively. The modified 

porcine tissue was not significantly different in mechanical properties from the porcine 

native aorta or the porcine decellularized aorta.

3.2 Implantation

Overall, implantation went smoothly for 5 of the 6 animals. The sixth animal was awakening 

from the anesthetic when she experienced a cardiac event and could not be revived. The 

thoracic cavity was reopened and the patch was still in place and not the cause of death. A 

portion of the aorta along with the patch was harvested and used as baseline controls. All 

other animals survived to their time point of 6 months. Figure 2 shows the approach, 

isolation, and implantation of the patch into the aorta.

3.3 Gross Examination

After 6 months the aortas were removed from the animals. Upon approach minimal scar 

tissue was seen within the thoracic cavity of most of the animals as shown in Figure 3. The 

patch integrated smoothly on the luminal side with the native tissue. A decrease in the cross-

sectional area of the lumen was not noted distal or proximal to the patch, indicating the 

absence of intimal hyperplasia.

3.4 Histology

Figure 4a displays the patch before the decellularization process and the nuclei of the cells 

are clearly visible. After decellularization it is apparent that the nuclear remnants have been 

removed (Figure 4b–d). Masson’s trichrome staining and van Gieson’s staining highlight the 

elastin and collagen tissue present in the extracellular matrix after decellularization. Figure 

4e displays the presence of gold nanoparticles on the material after sterilization and before 

implantation.

After six months the explanted patch material demonstrated cellular integration, though 

there is still a noted boundary between the biomaterial and the native tissue. H&E staining 

as shown in Figure 4f demonstrated that the cells have infiltrated into the patch material, but 

no major congregation of immune cells, inflammatory cells, or signs of infection or fibrosis 

around the patch was noted in all five samples. As indicated in Figure 4g, trichrome staining 

demonstrated that the patch had a higher amount of collagen when compared to the native 

tissue while smooth muscle cell integration was noted via red staining. The van Gieson’s 

stain as shown in Figure 4h demonstrated that the patch stains less for elastin than the native 

tissue. The arrow in Figure 4h points to a transition zone though, where it appears the patch 

is becoming more similar to the native tissue.
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3.5 Immunohistochemistry

Immunohistochemical analysis demonstrated that the cells present on the lumen side of the 

patches stained positively for CD31 (red fluorescence labeled) which indicated endothelial 

cell regeneration as shown in Figure 5b. The vessel had repaired the area over the patch and 

demonstrated a comparable endothelial cell layer as to the control animal’s native vessel 

which is noted in Figure 5a. In Figures 5a and 5b, the green fluorescence labeled SM actin 

stain demonstrated that smooth muscle cells (SMCs) have re-populated the graft. As a 

comparison, Figure 5d displays the patch just after implantation (i.e., non-survival animal 

graft; approximately 2 hours in vivo) and highlights the gross differences in cellular 

integration that occurred after 6 months implantation. In Figure 5a and 5b respectively the 

native vessel is compared to the graft vessel. Figure 5c demonstrates the transition zone 

between the native tissue and the graft, highlighting while there are still some differences in 

the smooth muscle cell orientation, the cells are rebuilding within the extracellular matrix of 

the graft.

4. Discussion

A more intelligently engineered biomaterial could mitigate the negative aspects associated 

with the currently available biologic and synthetic vascular patch materials, and in recent 

years there have been innovative approaches to engineer resorbable biomaterials to induce 

sequential regeneration of the vascular wall and to achieve efficient re-endothelialization. 

These approaches have involved biomaterials that utilize both chemical [40–42] and 

topographical modifications [43, 44] to regulate smooth muscle cells (SMCs) over-

proliferation and enhance ECM synthesis as well as other innovative biomaterials that are 

impregnated with stem cells and/or utilize biomechanical stimulation to improve overall 

biocompatibility [41, 45].

In a recent study, a collagen hydrogel construct doped with S-Nitrosoglutathione (GSNO) 

released exogenous nitric oxide in order to manipulate cell proliferation and matrix 

deposition by adult human aortic SMCs [40]. Growth factors such as transforming growth 

factor (TGF-β1) have also been conjugated to fibrin hydrogel vascular grafts and exposed to 

mechanical stimulation [41] to improve mechanical properties and ECM content. 

Mechanical stimulation has also been combined with mesenchymal stem cells (MSCs) 

cultured on micropatterned poly(e-caprolactone) films for improved functionally of SMCs 

[45]. Another study electrospun a larger pore and thicker polycaprolactone (PCL) fiber to 

construct vascular grafts that demonstrated immunomodulatory properties resulting in 

vascular regeneration [43]. Re-endothelialization was also achieved in a drug-eluting 

vascular graft design where the drug, simvastatin, was entrapped in a Thai silk fibroin/

gelation-hydrogel graft. Simvastatin had promotional effects on endothelial progenitor cell 

(EPC) resulting in faster re-endothelialization [42].

In this paper, our approach was the utilization of decellularized arterial tissue which has 

similar mechanical properties and structure as the native vessels and thus could result in 

improved performance of vascular patches. In addition, the utilization of AuNPs may also 

extend the structural lifetime of the graft allowing for cellular infiltration and tissue 

regeneration. Mechanical studies were performed and the new material patch was compared 
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to a commercially available biological pericardium patch. The new patch was then subjected 

to a long term in vivo study to determine the native tissue interaction.

It is well-documented that differences in mechanical properties such as compliance between 

graft materials and native host tissue can lead to poor patency and anastomotic intimal 

hyperplasia [24, 46]. It was demonstrated by Sarkar et al. [47] that compliance mismatch 

between a graft and native vessel leads to unnatural wall shear stress which then results in 

poor graft patency. Also, a study performed in canines demonstrated that stiffer, high 

crosslinked vascular grafts led to more occlusion than less stiff (less crosslinked) grafts [48]. 

In another study, Wang et al. demonstrated that more compliant grafts match mechanical 

and flow parameters better than less compliant materials [49]. Our mechanical data 

demonstrated no significant difference in our patch materials and the native vessel, 

indicating similar compliance. However, there were significant differences in mechanical 

properties between the native porcine aortic tissue and the bovine pericardium, which is a 

commonly utilized patch material. The bovine pericardium showed a higher strength before 

failing, but was significantly stiffer than the porcine tissue. Stronger patch materials were 

thought to be necessary in order to withstand the in vivo arterial pressure. However, as 

shown by this study, our patch materials demonstrated the ability to withstand the blood 

pressure of the thoracic aorta as well as better matching of mechanical properties. This may 

explain why the patch material allowed for cellular integration and had no indications of 

thrombosis or intimal hyperplasia.

To determine the ability of the new patch to integrate with the host tissue without any 

adverse effect, a long term in vivo study was implemented. Overall, the implantation process 

of this material went smoothly, with the exception of one animal lost to anesthetic 

complications; the aorta was still intact at death with the patch still in place. During the 6 

months, the animals were healthy and progressed well.

After explantation, the gross photos demonstrated minimal scar tissue in the chest, 

indicating the absence of any long-term chronic inflammatory response. The gross view of 

the lumen shows a smooth, well integrated patch. There were no thrombi seen, which can 

occur upon contact with foreign material [50]. Blood contact with polymeric synthetic 

materials typically will lead to adhesion and aggregation of platelets and a coagulation 

response; this response was not demonstrated with this patch material [51]. In addition, the 

graft remained patent with no evidence of intimal hyperplasia. Thrombus formation and 

intimal hyperplasia is a concern for many small diameter grafts and new, innovative 

techniques are being investigated. For example, an electrospun biodegrade elastic 

polyurethane small diameter vascular scaffold was investigated that would release an anti-

coagulation drug, dipyridamole, over time. The results demonstrated steady release rates 

over time along with good patency of the graft [23].

While unique surface structures and bioactive factors can be added to synthetic materials, 

the utilization of the extracellular matrix (ECM) as a tissue construct has shown much 

promise. The benefits of leveraging the ECM to promote constructive remodeling through 

the natural release of growth factors when the ECM degrades have been reviewed [52, 53]. 

To achieve constructive remodeling, it is critical that the decellularization process not only 

Ostdiek et al. Page 8

Biomaterials. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remove native cells and nuclei remnant, but also maintain the integrity of the ECM and is 

not subjective to extensive crosslinking. The decellularized process utilized to fabricate the 

porcine aortic patches succeeded in maintaining the ECM while eliminating possible 

immune responsive elements as shown in Figure 4. The collagen and elastin present in the 

patch matrix provides an organized scaffold for cells to adhere and proliferate [54]. In 

addition, the AuNPs as shown in Figure 4e have been shown to increase stability, decrease 

inflammation, and slow down scaffold degradation as demonstrated in earlier in vitro studies 

[30, 31, 34, 55–57]. The lack of thrombosis and other inflammatory and immune reactions 

may indicate that the patches’ surface modifications are aiding in the host integration 

process.

The histologic images indicated that while the patch is integrated with native cells, there are 

still structural differences between the native vessel and the patch. The trichrome and van 

Geison’s stains demonstrated that the patch had more collagen and less elastin than the 

native tissue, but a transition zone was apparent where the patch appeared to be remodeling 

into structurally similar native tissue as shown in Figure 4. With the H&E staining there 

were no signs of infection. After 6 months, there were no signs of macrophages and/or 

multi-nucleated giant cells, which are common signs of a chronic, long-term inflammatory 

response [58]. Often when a vascular wall repairs itself there is a generalized thickening of 

the media due to over proliferation of smooth muscle cells known as intimal hyperplasia [59, 

60]. On the histologic and gross images for this study there is no thickening of the intimal 

layer between the native tissue and the AuNP-patches. Intimal hyperplasia would be evident 

at six months if it is going to occur.

The results of the immunohistochemical staining were particularly promising. They show 

definitive evidence that the native vessel has begun to remodel into the patch. The CD31 

stain highlighted the layer of endothelial cells that has covered the patch. It is not overly 

thickened and comparable to the control tissue. The presence of an endothelial cell layer is 

important as decreases in endothelial derived substances result in a decreased ability to 

regulate coagulation [61]. When compared to the patch that had only been briefly implanted, 

the six months patches had excellent integration of smooth muscle cells in the extracellular 

matrix. Smooth muscle cells can over proliferate during vascular repair; however, they must 

be present to properly rebuild the vessel as they also play a role in synthesizing extracellular 

matrix [62–65]. The immunohistochemical staining shows that the smooth muscle cells are 

infiltrating the patch in a pattern similar to the native tissue.

5. Conclusions

This long term study examined the potential of a nanobiocomposite biomaterial for vascular 

repair and blood contacting applications. The biomaterial patch did not rupture in any of the 

animals tested and the long term survival of five of the animals. The patches were able to 

withstand the pressure of the aorta while allowing for endothelial and smooth muscle cell re-

growth. The host cell integration demonstrated during this study highlighted the potential of 

this patch to integrate and regenerate new tissue. The reaction of the body to the patch 

supported the hypothesis that there would be minimal inflammatory response, endothelial 

and smooth muscle cell regeneration, and overall integration and biocompatibility. However, 
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the study examined only a limited number of cohorts. Further studies with a larger sample 

size are needed in order to draw definitive conclusions. Additionally, future studies in 

diseased animal models would be beneficial to determine the performance of the patch 

biomaterial in a less than ideal environment.
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Figure 1. 
Suture Pullout testing on porcine and bovine tissues. a) Modulus of elasticity of the patch 

materials; b) Tensile stress at maximum load. The asterisk denotes a significantly higher 

values for the bovine pericardium patch than the porcine experimental groups.
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Figure 2. 
Implantation of the patch material on the thoracic aorta. a) Access to the thoracic aorta 

(black arrow) was done through the 5th and 6th rib space; b) The aorta was isolated and 

partially clamped before a defect (black arrow) was made into the lumen; c) The material in 

vivo just after implantation; d) The material explanted less than 3 hours post implantation 

(non-survival animal).

Ostdiek et al. Page 15

Biomaterials. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Thoracic aorta patched with the biomaterial after 6 months of implantation. a) The patch still 

in vivo. The suture material can still be seen on the adventitial layer of the vessel. There is 

minimal scar tissue such that the patch is visible through it. The arrows indicate the outline 

of the patch; b) The lumen of the aorta with the patch. There are no blood clots associated 

with the patch and grossly it has integrated smoothly with the host tissue; c) A cross 

sectional view of the aorta through the patch showing the smooth transition between patch 

and native tissue.
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Figure 4. 
Histology of native control tissue and pristine biomaterial. a) 100× H&E staining of native 

porcine aorta with cell nuclei present; b) 100× H&E staining of decellularized aorta showing 

removal of cellular components; c) 100× Masson’s trichrome staining of the biomaterial 

with a black arrow indicating collagen and the white arrow indicating lighter staining 

collagen; d) 100× van Geison’s stain of the biomaterial showing the presence of the black 

elastin fibers; e) 1000× H&E staining of the biomaterial showing the presence of the 

AuNPs; f) 100× H&E staining of native tissue and the biomaterial at 6 months. Arrow 

indicates the nuclei of cells that have moved into the patch area; g) 100× Masson’s 

trichrome staining of the biomaterial with a black arrow indicating the transition zone 

between the biomaterial and native tissue; h) 100× van Geison’s stain of the biomaterial 

showing the presence of the black elastin fibers. The black arrow indicates that the transition 

zone where the biomaterial patch is presenting characteristics more similar to the native 

tissue.
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Figure 5. 
Immunohistochemical staining of endothelial (red) and SMCs (green) taken at 200x. a) 

Native aortic tissue taken from a control animal (no surgical intervention). There is a smooth 

line of endothelial cells present on the lumen of the vessel with typical SMC patterning 

below it. b) The nanocomposite biomaterial 6 months after implantation showing a smooth, 

single layer of endothelial cells (red) comparable to the control tissue. There are also SMCs 

present throughout the area below the endothelial cells. c) The white line indicates the 

transition between native tissue and the implanted biomaterial. The SMCs have integrated 

the biomaterial and are forming patterns much like the native tissue. There is a smooth layer 

of endothelial cells present on the luminal side. d) This image is of a patch that was 

implanted less than 2 hours. It shows a lack of SMCs or endothelial cell growth, indicating 

what is present in the other images is not autofluorescence, but evidence of true cellular 

integration and remodeling.
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