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When using heterogeneous extracellular matrix (ECM) derived scaffolds for soft tissue repair, currentmethods of in vivo evaluation
can fail to provide a clear distinction between host collagen and implanted scaffolds making it difficult to assess host tissue
integration and remodeling. The purpose of this study is both to evaluate novel scaffolds conjugated with nanoparticles for host
tissue integration and biocompatibility and to assess green fluorescent protein (GFP) expressing swine as a new animal model to
evaluate soft tissue repair materials. Human-derived graft materials conjugated with nanoparticles were subcutaneously implanted
into GFP expressing swine to be evaluated for biocompatibility and tissue integration through histological scoring and confocal
imaging. Histological scoring indicates biocompatibility and remodeling of the scaffolds with and without nanoparticles at 1, 3,
and 6 months. Confocal microscope images display host tissue integration into scaffolds although nonspecificity of GFP does not
allow for quantification of integration. However, the confocal images do allow for spatial observation of host tissue migration into
the scaffolds at different depths of penetration. The study concludes that the nanoparticle scaffolds are biocompatible and promote
integration and that the use of GFP expressing swine can aid in visualizing the scaffold/host interface and host cell/tissuemigration.

1. Introduction

The use of naturally derived biomaterials has become of
increasing interest due to their superior performance over
traditionally used synthetic materials [1]. Natural scaffolds
materials are often derived from the extracellular matrix
(ECM) thatmay help to evade the negative foreign body reac-
tion of synthetic materials due to their biocompatible com-
ponents. Additionally, natural materials have been shown to
release growth factors as they degrade, promoting cellular
attachment and remodeling [2]. These types of scaffolds are
often used inmany surgical procedures including tendon and
ligament repair [3], hernia repair [4], wound healing [5], and
other soft tissue repairs [6].

With an increasing amount of research on soft tissue
repair materials comes the increased demand for better
techniques to assess their in vivo performance. New ECM

deposition as part of the tissue remodeling process is a key
characteristic in the assessment of soft tissue repair materials.
The current standard of in vivo evaluation is H&E and Mas-
son’s trichrome histology staining. When using ECM derived
materials, there is not always a clear distinction between
the host tissue and the tissue scaffold. If the components of
the host tissue and scaffold material are very similar, they
may appear similar when stained making small differences
difficult to decipher. This difficulty is especially true of larger,
heterogeneous tissues such as the anterior tibialis tendon.
Immunohistochemistry is another standard technique used
[7, 8] although the problem arises that most biomarkers
such as collagen [9] that are present on the scaffold are also
present in the host tissue preventing distinction between the
host tissue and scaffold. Another issue when utilizing fluo-
rescence technology for visualization is naturally occurring
autofluorescence of the scaffold as well as fixative-induced
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autofluorescence which can interfere with or even mask the
fluorescent signal [10, 11].

Alternative methods to assess soft tissue integration, such
as X-ray diffraction enhanced imaging [12], MRI [13], and
megavoltage cone beam CT [14], fail to provide data specific
enough to assess integration. Correlative light microcopy
has potential but does not allow for visualization on a scale
large enough for scaffolds implanted into an animal model
[15]. An improved method for visualization of host tissue
integration will allow for the distinction between host tissue
and scaffold on a size scale comparable to histology to aid in
the assessment of biocompatibility and tissue integration in
an in vivomodel.

There has been recent development in the use of fluores-
cence imaging techniques to address the need for better visu-
alization of host tissue integration. One of these techniques
involves GFP expressing animals such asmice and swine [16].
GFP expressing animals have a GFP jellyfish gene inserted
into its genome which produces GFP that will fluoresce
green under incident blue wavelengths of light [17]. There
are multiple studies that involve injecting cells from GFP
animals into standard animalmodels to assess the remodeling
behavior of the injected cells and the host response [18–
20]. While this technique allows for distinction between host
tissue and scaffolds, it does not allow for natural remodeling
by host tissue cells that would occur when scaffolds are
implanted without cellular augmentation.

The scaffolds used in this study are human-derived grafts
conjugated with gold nanoparticles (AuNP) and hydroxyap-
atite nanoparticles (nano-HAp). Nanoparticles are utilized in
order to produce a functionally graded scaffold that contains
AuNP immobilized throughout the graft with nano-HAp
immobilized on the ends of the graft which may serve
as an improved anterior cruciate ligament (ACL) repair
material. Nano-HAp has been shown to enhance osteoblast
attachment, osteoconductivity, and biocompatibility [21].The
addition of hydroxyapatite nanoparticles (nano-HAp) to
scaffolds may also improve integration at the bone-ligament
interface [22]. It has been shown that the addition of gold
nanoparticles (AuNP) to collagen based scaffolds improves in
vivo degradation resistance possibly due to the hindering of
collagenase binding sites by theAuNP [23]. Additional poten-
tial benefits of adding AuNP to tissue include antimicrobial
effects [24–26], free radical scavenging [27, 28], enhanced
cellular attachment [29], and remodeling [30]. Further design
and development of nanocomposite scaffolds are established
elsewhere and will not be addressed further [23, 30–35].

The purpose of this study is both to evaluate novel scaf-
folds conjugated with nanoparticles for host tissue integra-
tion and biocompatibility and to assess GFP expressing swine
as a new animal model to evaluate soft tissue repair materials.
Nanocomposite scaffolds were implanted subcutaneously
into GFP expressing swine. At 1-, 3-, and 6-month time
points, scaffolds were explanted and histological scoring was
performed for cellular infiltration, multinucleated giant cells
(MNGC), vascularity, connective tissue organization, fibrous
encapsulation, and scaffold degradation. Confocal micro-
scopy was performed on explanted samples to visualize the
scaffold/tissue interface. It is hypothesized that the use of

GFP swine will aid in visualization of fluorescent host tissue
infiltrating into the nonfluorescent scaffold. In addition, it is
hypothesized that the addition of nanoparticles to scaffolds
will enhance biocompatibility and tissue remodeling.

2. Methods

2.1. Experimental Design. All animal procedures were
approved by the University of Missouri Institutional Animal
Care and Use Committee. GFP expressing swine were
obtained from the National Swine Resource and Research
Center (Columbia, MO). Decellularized human anterior
tibialis tendons from the Musculoskeletal Transplant Foun-
dation were used as scaffolds (Edison, NJ). Scaffolds types
were AuNP, AuNP + nano-HAp, or “crosslinked” which are
scaffolds that have undergone the cross-linking process
without nanoparticles added. Scaffolds with nano-HAp alone
were not evaluated due to limitations of the size of the study
and due to the fact that the future ACL application of the
scaffolds would not require nano-HAp alone. Scaffold sizes
varied between 1 × 3 cm and 2.5 × 3 cm. One scaffold of
each type was implanted subcutaneously into 12 swine with
the placement of the type of scaffold randomized within
each animal. Scaffolds were bilaterally implanted and equally
spaced across the abdomen. Each corner of the scaffold was
sutured to the fascia layer. At the end of each time point
of 1, 3, or 6 months, 4 swine were euthanized. Scaffolds
and surrounding tissue were explanted and submitted for
histological or confocal microscopy analysis.

2.2. Cross-Linking and Sterilization. Tissue was stored at
−20∘C until ready to use. Tissues were cross-linked according
to a protocol previously established by Deeken et al. [32].
Tissues were incubated for 15min in a room temperature
solution comprised of 50 : 50 (v/v) solution of acetone and 1x
phosphate buffered saline (PBS) (pH=7.5)with 2mM1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide (EDC) and 5mM
N-hydroxysuccinimide (NHS). NHS was added to a small
amount of dimethylformamide (DMF) and EDC was added
to a small amount of 0.1M 2-(N-morpholino) ethanesulfonic
acid (MES) in 0.5M sodium chloride (NaCl) (pH = 6.0)
before being combined and added to the acetone and PBS
solution. AuNP (5.6 × 109 particles/mL) were functionalized
with 15 𝜇M 2-mercaptoethylamine (MEA) in water. Nano-
HAp solution (1% w/v) was sonicated at 45∘C prior to being
added to tissue to avoid aggregation. Each 1 × 3 cm to 2.5 ×
3 cm piece of tissue received 1mL of nanoparticle colloid.
Scaffolds with both AuNP and nano-HAp received 0.5mL of
each colloid simultaneously. Scaffolds without nanoparticles
received an additional 1mL of cross-linking solution. After
24 h, scaffolds were rinsed twice in 1x PBS for 24 h each.
Scaffolds were sterilized in a solution of 1M NaCl and 0.1%
(v/v) peracetic acid for 30min according to protocol by
Deeken et al. [31]. Scaffolds were rinsed twice in sterile 1x PBS
for 24 h each.

2.3. Histological Preparation. Explanted samples for histo-
logical analysis were stored in 10% neutral buffered forma-
lin. Excess tissue was removed from samples before being
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Table 1: Qualitative and semiquantitative scoring criteria. Quantitative score is per 400x field.

Criteria 0 1 2 3
Cellular infiltration 0–50 cells 51 and 100 cells 101–150 cells >150 cells
Multinucleated giant
cells (MNGC) 0 MNGC 1-2 MNGC 3-4 MNGC >5 MNGC

Vascularity Either 0 or 1 blood
vessel 2–5 blood vessels 6–10 blood vessels >10 blood vessels

Connective tissue
organization

Original scaffold is
intact

Original scaffold disrupted;
poorly organized new host

ECM present

Mixture of highly organized and
poorly organized connective

tissue

Highly organized
connective tissue present

Fibrous encapsulation No fibrous
encapsulation

Less than 50% of the periphery
has fibrous encapsulation

50%–90% of the periphery has
fibrous encapsulation

Complete fibrous
encapsulation

Scaffold degradation Scaffold is intact
Scaffold fibers are disrupted
and present in groups or large

bundles

Scaffold fibers are disrupted and
present in single fibers or small

bundles
No scaffold fibers remain

embedded in paraffin wax. Sections of 5 𝜇m thickness were
cut, mounted on glass slides, and stained with hematoxylin
and eosin (H&E). Control samples were identically treated.

2.4. Histological Scoring. The semiquantitative grading scale
used for histological scoring originates from studies by Grant
et al. [30, 36]. The scoring guide is presented in Table 1. The
following criteria were scored: cellular infiltration, multin-
ucleated giant cells (MNGC), vascularity, connective tissue
organization, fibrous encapsulation, and scaffold degrada-
tion. For cellular infiltration, MNGC, and vascularity, 10
equidistant sites along the scaffold/host interface edge were
scored and averaged. Connective tissue organization, fibrous
encapsulation, and scaffold degradation were qualitatively
assessed as a whole scaffold. Some scaffolds had fewer than
10 sites scored because not enough tissue was present. Slides
were evaluated by an external veterinary pathologist.

2.5. Confocal Imaging. A small portion of explanted scaffolds
were retained for confocal microscopy. These explants were
immediately frozen on dry ice after harvest and stored at
−20∘C until imaged. When ready to image, explants were
placed in an imaging specimen holder with 1x PBS. Imme-
diately after scaffolds were thawed, images were taken using
a Zeiss LSM 510 META confocal microscope (Oberkochen,
Germany) using a 488 nm laser excitation and 500–550 nm
emission filter. All images were taken using a Plan-Neofluar
10x/0.3 objective or Plan-Apochromat 20x/0.75 objective.
Imaging parameters such as laser power were optimized to
specific images to visualize features. Images were individually
adjusted for brightness and contrast using Zeiss LSM Image
Browser software.

2.6. Statistical Analysis. All statistical analyses were per-
formed using SAS 9.3 software (Cary, NC). One-way analysis
of variance with a Tukey posttest was conducted to determine
significant differences between means. Student’s 𝑡-test was
used to determine if select score means were significantly
different than zero. Each time point and category began with
𝑁 = 4 but some samples could not be recovered or scored
resulting in some groups having final𝑁 values at 3 or below

that could not be analyzed by a statistical test. Means that are
not accompanied by the standard error of themean have only
one score for that category. Significance was set at 𝑃 < 0.05.

3. Results

Control histology images of the scaffold before implantation
are shown in Figure 1. The heterogeneity of the cross-linked
human anterior tibialis tendon derived scaffold can be seen
between the proximal end (Figure 1(a)) and the distal end
(Figure 1(b)). Tendon fibers are mostly uniaxially aligned at
the proximal end and appear less organized at the distal end.
The absence of human cells should also be noted confirming
that the scaffolds were fully decellularized.

Semiquantitative and qualitative scoring results are pre-
sented in Table 2 and representative images are shown in
Figure 2. Scores are presented as mean score ± standard error
of the mean for each scoring criterion at 1, 3, and 6 months
after implantation.

3.1. Semiquantitative Histology. Scores for cellular infiltration
do not show any statistical significant differences between
groups or time points. Scaffolds at 1 month are mild to mod-
erately infiltrated with mononuclear cells and peripheral-
forming cell aggregates. Scaffolds at 3 months also exhibit
mild to moderate infiltration of mononuclear cells with
clusters of cells in the center and periphery of the scaffold. At
6monthsmononuclear cell infiltration ismoderate tomarked
in the center and periphery with many nuclei counted being
fibroblasts and not inflammatory cells.

Scores for MNGC are not statistically different between
groups or time points. The score for each group at each time
point is not statistically different than zero. Very few MNGC
are seen for any group with individual scores of less than 0.5
and averages below 0.2. All cross-linked scaffolds at 3months,
AuNP scaffolds at 6months, andAuNP+nano-HAp scaffolds
at 1 month have scores of zero.

Cross-linked scaffolds have significantly higher vascular-
ity scores at 6 months compared to 3-month and 1-month
scaffolds. AuNP scaffolds have significantly higher vascu-
larity scores at 6 months compared to 1 month. Although
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Table 2: Qualitative and quantitative histological scoring results.

Scaffold type Cellular
infiltration

Multinucleated giant
cells (MNGC) Vascularity Connective tissue

organization
Fibrous

encapsulation
Scaffold

degradation
Cross-linked

1 month 2.10 ± 0.49 0.03 ± 0.03 0.23 ± 0.12 1.00 ± 0.00 1.33 ± 0.33 1.00 ± 0.00
3 months 2.00 ± 0.71 0.00 ± 0.00 0.40 ± 0.15 1.33 ± 0.33 2.00 1.00 ± 0.00
6 months 2.38 ± 0.38 0.15 ± 0.10 1.13 ± 0.21 2.00 ± 0.58 — 1.5 ± 0.29

AuNP
1 month 1.67 ± 0.34 0.07 ± 0.03 0.03 ± 0.07 1.00 ± 0.00 2.00 ± 0.00 1.00 ± 0.00
3 months 1.13 ± 0.52 0.20 ± 0.20 0.40 ± 0.12 1.33 ± 0.33 2.00 ± 0.00 1.00 ± 0.00
6 months 2.46 ± 0.33 0.00 ± 0.00 1.27 ± 0.43 2.00 ± 0.00 — 1.00 ± 0.00

AuNP + nano-HAp
1 month 1.70 ± 1.00 0.00 ± 0.00 0.35 ± 0.05 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
3 months 1.75 ± 0.85 0.20 ± 0.20 0.55 ± 0.35 2.00 ± 0.00 2.00 1.00 ± 0.00
6 months 1.91 ± 0.24 0.13 ± 0.13 1.06 ± 0.13 2.33 ± 0.33 — 1.67 ± 0.33

Scores are given as mean ± standard error of the mean. 𝑃 < 0.05.

(a) (b)
Figure 1: Control histology images of cross-linked human anterior tibialis tendon derived scaffolds before implantation demonstrating the
heterogeneity of the scaffold between (a) the proximal end and (b) the distal end of the scaffold. Images are taken at 20x magnification.
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Figure 2: Semiquantitative and qualitative scores for all scaffolds at all time points. Mean scores are given as mean ± standard error of the
mean. 𝑃 < 0.05.
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Figure 3:Histology images ofH&E stained explanted scaffolds taken at 20x. Arrows highlight blood vessels in the sample. Increases in cellular
infiltration and connective tissue can be seen from 1 to 6 months.

not statistically significant, AuNP + nano-HAp scaffolds also
show a similar trend of higher scores at 6 months compared
to 1 and 3 months. At 6 months AuNP have the highest score.
For all groups the increase from 1 month to 3 months is slight
with a larger increase between 3 and 6months. No significant
differences are seen between groups at any time point.

For AuNP and AuNP + nano-HAp scaffolds, connective
tissue organization scores are significantly higher at 6months
compared to 1 month. No significant differences are seen
between groups at any time point but AuNP + nano-HAp
scaffolds have the highest score at 6 months. All scaffolds
have a score of 1 at 1 month which trends upwards at 3 and
6 months. At 1 month there is little host connective tissue
infiltration within the scaffolds. At 3 months there is mild to
moderate tissue infiltration. At 6months there is moderate to
abundant host connective tissue infiltration into the scaffolds.

Only one graft could be scored for fibrous encapsulation
for cross-linked and AuNP + HAp scaffolds at 3 months. For
cross-linked and AuNP + nano-HAp scaffolds, the score at 3
months is higher than at 1 month. Fibrous encapsulation was
not scored at 6 months because the scaffold-subcutaneous
layer could not be recovered during explantation. At 1 month
AuNP scaffolds have significantly higher scores for fibrous
encapsulation compared to scaffolds with AuNP + nano-
HAp. At 1 month there is a mix of partially and mostly
encapsulated scaffolds. At 3 months all scored scaffolds
demonstrate some formof encapsulation butwith incomplete
borders.

No significant differences are seen between groups for
scaffold degradation at any time point. Cross-linked scaffolds

and AuNP + nano-HAp scaffolds have a score of 1 at 1 and
3 months with a slight increase at 6 months. AuNP scaffolds
have a score of 1 at all time points and have the lowest score
at 6 months. At 1 month most scaffolds have disrupted fibers
that remain in large bundles or in a large central bundle. At
3 months scaffolds still show disruption but remain in large
bundles. At 6 months scaffolds remain in large bundles with
some small bundles and individual fibers present.

3.2. Qualitative Histology. A summary of sample images of
H&E stained slides can be seen in Figure 3. At 1 month scaf-
folds appear largely intact and fibers remain together in
bundles. There is mild to moderate cellular infiltration of
mononuclear cells in the periphery of the scaffolds. There
is little host connective tissue organization and no MNGC
present. Several blood vessels are seen in the periphery of
the scaffolds in the surrounding connective tissue. At 3
months scaffolds remain intact but show some disruption
of fibers. Cellular infiltration is still mild to moderate with
cell clusters at the periphery and center. There is mild to
moderate host connective tissue organization and noMNGC
are present. Slightly more blood vessels appear closer to
the interface between the scaffold and connective tissue.
At 6 months scaffolds remain in large bundles with some
individual fibers seen. There is marked cellular infiltration
of fibroblast cells throughout the scaffold. Abundant host
connective tissue infiltration into the scaffold is present
without anyMNGC present. Blood vessels can be seen within
and surrounding the scaffolds. Because these images are not
taken at the subcutaneous layer interface, any evidence of
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Figure 4: Control confocal microscope images of GFP swine tissue. (a) Tendon/muscle fibers and (b) connective tissue appear fluorescent.
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Figure 5: Slices of 𝑧-stacked confocal microscope images of an explanted AuNP scaffold at 1 month taken at (a) 15 𝜇m, (b) 33 𝜇m, and (c)
54 𝜇m relative distances within the sample. With each increasingly deeper slice, there appears to be less host tissue infiltration and bundles
appear to be closer together.

fibrous encapsulation is not shown. Although not quantified,
calcification was evident on all types of scaffolds at 6 months.

3.3. Confocal Imaging. Images of GFP tissue harvested from
GFP expressing swine were acquired as a control to compare
them to the explanted scaffolds. Confocal microscope images
of control GFP tissue are shown in Figure 4. Figure 4(a)
depicts tendon/muscle fibers of GFP tissue appearing fully
fluorescent and mostly uniform. Figure 4(b) shows connec-
tive tissue also appearing fully fluorescent with an organized
pattern. Some artifacts can be seen by small dark features but
the tissue is mostly homogenous.

Confocal microscope images of explanted scaffolds and
surrounding tissue show dark nonfluorescent scaffold bun-
dles and fluorescent host tissue. Figure 5 shows 3 slices of
a AuNP scaffold explanted at 1 month. Scaffold bundles are
of uniform size with some fluorescent host tissue present
between fibers.The images were taken as slices of a 𝑧-stacked
image. Each slice was taken progressively deeper into the
sample at 15 𝜇m (Figure 5(a)), 33 𝜇m (Figure 5(b)), and 54 𝜇m

(Figure 5(c)) relative distances within the sample. With each
increasingly deeper slice, there appears to be less host tissue
infiltration and the bundles appear to be closer together.
Figure 6 depicts confocal microscope images of cross-linked
and AuNP scaffolds taken after 6 months. Green fluorescent
host infiltration appears to bemore distinct and fiber bundles
appear to be more separated.

4. Discussion

Thehistology control images of the scaffold shown in Figure 1
provide an example of the need for improved methods to
evaluate scaffold integration. ECM derived scaffold materials
are often heterogeneous and may not be easily distinguished
from host tissue. Scaffolds used in this study will fall on a
spectrum of tissue organization between the two panels in
Figure 1 depending on their location within the tissue.

Overall, human-derived scaffolds indicate good biocom-
patibility without a severe adverse host tissue response.
Evidence of remodeling is present in the scaffolds which
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Figure 6: Confocal microscope images of explanted scaffolds at 6 months. (a) Cross-linked and (b) AuNP scaffolds show evidence of
integrationwith scaffold bundles appearing to break apart slightly as host tissue infiltrates scaffold fibers. Laser power and imaging parameters
were the same for both images.

includes cellular infiltration accompanied by blood vessels
and new host connective tissue [37]. All scaffolds show
evidence of increased fibroblast infiltration, vascularity, and
connective tissue organization from 1 to 6 months. The
combination of these properties indicates that the scaffold is
being integrated and is not being rejected. Although there
is evidence of fibrous encapsulation, it is not complete and
is accompanied by signs of biocompatibility. If the scaffolds
were to be completely encapsulated there would mostly
likely be no evidence of cellular infiltration and vascularity
[38]. Neovascularization is necessary to support cellular
infiltration and new tissue growth which are both additional
signs of biocompatibility. An increase in connective tissue
organization also demonstrates that the host tissue is remod-
eling itself into a functionally organized tissue as opposed
to disorganized scaffold remnants that would eventually be
degraded. Organized connective tissue indicates that the host
is restructuring and creating a stronger tissue to replace the
scaffold. Very little evidence ofMNGC supports that scaffolds
are biocompatible. While large significant differences were
not seen between groups with and without nanoparticles, the
nanoparticle scaffolds demonstrated equal if not potentially
better biocompatibility and remodeling behavior compared
to control scaffolds. The lack of differences between scaffolds
may be due to an insufficient amount of nanoparticles or
delayed effects of the nanoparticles that are beyond the
detection limits of this study.

Calcification is evident in histology images on all groups
of scaffolds at 6 months. Calcification is marked by the
accumulation of calcium deposited on or around the scaffold.
There is not a correlation between calcification and a particu-
lar group of scaffolds including the scaffolds containing nano-
HAp. Several cited causes of calcification include purity of
the samples, type of animal model used, age of animal, frag-
mentation of elastin fibers, and high degrees of cross-linking
[39–42]. Previous in vivo studies using scaffolds conjugated
with nanoparticles did not show evidence of calcification

and used scaffolds with similar purity, elastin fiber content,
and degrees of cross-linking [30, 31]. Key differences in this
study compared to previous studies include the use of human-
derived scaffolds in swine as opposed to porcine-derived
scaffolds in swine [30]. Increased calcium content in scaffolds
may increase calcification [42]. Scaffolds derived fromhuman
anterior tibialis tendon may be at an increased risk for
calcium deposits because of its higher mineral content near
the bone-tendon interface. Additionally, we have no reason to
believe that the use of GFP expressing swine would induce an
enhanced calcification response compared to standard swine
models although this has not been investigated. It has been
suggested that macrophage infiltration and inflammation
may be precursors for calcification [43].

Confocal microscopy was utilized to examine the scaf-
fold-host interface and identify host tissue migration into
the scaffolds. There are several concerns and considerations
that must be assessed in order to ascertain the validity
of the images. The first consideration is the identification
of the scaffold. The scaffold can be identified as the dark,
nonfluorescent bundles against the bright green GFP tissue
for several reasons (Figures 5 and 6). The structure can
be interpreted from the size of the bundles in the images.
The scaffold is derived from the human anterior tibialis
whose bundles vary in size due to the structural differences
proximally and distally. Tendon fibers can range between 30
and 200 nm. These fibers are further bundled into groups
of diameter 20𝜇m, 20–200𝜇m, and eventually the tendon
unit of 500𝜇m which corresponds to the range of bundles
seen in confocal images [44–46]. During imaging, the images
were compared to a transmission channel to ensure that the
dark features in the images were in fact from the tissue and
not from empty space in the sample. In addition, the dark
bundles evident in the images are most likely not tendon
fibers from the host since host tendon fibers were observed
to be fluorescent in control samples (Figure 4(a)). Lastly,
nonimplanted control scaffolds, that is, fresh graft materials,
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were fluorescently imaged and no fluorescence signal was
detected.

A second consideration in analyzing the confocal images
is the presence of a green background in the images that arises
from nonspecific GFP in the host tissue. As stated earlier, the
host cells produce GFP. As host cells turnover, intracellular
products including GFP are released into the surrounding
tissue leading to a fluorescent extracellular space. Thus, a
limitation to the GFP model is that it can be difficult to
distinguish between individual host cells. The resulting flu-
orescence images (Figures 5 and 6) must be assumed to be
fluorescent cells in a highly fluorescent extracellular space. In
addition, it is imperative to ensure that fluorescence signals
originate from the tissue samples and not from GFP leached
into the PBS solution used for imaging. To mitigate this
concern, we utilized the transmission channel on the micro-
scope. Areas of host connective tissue that did not contain the
scaffold were also imaged and did not have any dark bundles
that could be interpreted as scaffold fibers (Figure 4(b)). This
type of interpretation is consistent with the work of Higuchi
et al. in which xenotransplanted cells in GFP mice were
identified by GFP-negative areas [47].

Another consideration when observing the green host
tissue integration is that GFP is very soluble in aqueous
environments and therefore may leach from its original loca-
tion into the surrounding tissue after harvesting [48]. Many
of the studies citing problems of GFP leaching investigate
intricate cellular processes and require detection of very small
amounts of GFP. Studies of this type are much more sensitive
to any type of GFP migration compared to ours. Thus small
amounts of leaching are not a concern in this study due
to the larger features of samples being imaged. In addition,
there was a very large amount of GFP and fluorescence signal
since a whole animal model was utilized. All parts of the
host tissue produce and exhibit GFP in high amounts so
that relative differences in amounts of GFP from migration
cannot be distinguished by imaging techniques. Therefore,
small amounts of GFP migration are not detectable and do
not cause significant error when interpreting cell integration
from the images.

The fluorescence microscopy images provide some
unique qualitative information such as host tissue migration
(Figure 5); however, it was difficult to acquire quantitative
information for scaffold comparisons in this study. One
way to quantify integration or host tissue response would
be to quantify the fluorescence intensity of the host tissue
integration into the scaffolds. This approach would require
standardized reference points where the images would be
acquired from the same location on each of the different scaf-
folds. It would require the same orientation of the scaffolds
in reference to the host and the same depth of sectioning of
the host-scaffold interface. This is a challenging but feasible
endeavor that would require strict reference points during
harvesting, freezing, sectioning, and imaging. In this study,
we were unable to maintain clear reference points and were
therefore unable to quantitatively compare test groups.

While quantitative data could not reliably be acquired, the
fluorescence images provide supplementary qualitative data
to histology results. The fluorescence images complement

the results obtained from histological scoring. Evidence of
cellular infiltration is seen in cross-sectional fluorescence
images of explanted scaffold fibers as potential fluorescent
cellular highways. Less host tissue is seen with progressively
deeper images in Figure 5 which is consistent with histology
findings of cellular infiltration and connective tissue organi-
zation remaining on the periphery of the scaffold at 1 month.
Histology images indicate that although scaffolds are still
mostly intact at 6months, they appear to have fibers separated
from the larger bundles (Figure 3). Similar results are seen
in confocal microscope images (Figure 6) that depict a less
organized and less uniform scaffold with evidence of host
tissue infiltration between scaffold bundles at 6 months.

This study is the first report on the use of a GFP whole
swine animal model to evaluate host tissue integration into
soft tissue scaffolds conjugated with and without nanoparti-
cles.While limitations in this study prevented themodel from
being a stand-alone method to evaluate host tissue integra-
tion, the model has potential for growth. Defining strict ref-
erence points during the harvesting, freezing, sectioning, and
imaging would allow for quantitative comparisons between
groups of specimens. In addition, as new GFP swine models
develop,more specificGFP expression could aid in evaluating
cellular integration as opposed to nonspecific general tissue
integration [49]. With more specific labeling of the host
cells and scaffolds, a quantitative approach could be taken
similar to histological scoring. Another possible approach
would be to utilize animal models with different types of
fluorescent proteins such as red fluorescent protein [50–52].
In that method, the autofluorescence observed in the scaffold
from chemical fixation methods or natural autofluorescence
could be used to distinguish the scaffold from the host which
would have a different emission spectrum. By developing a
way to track cells and tag the scaffold, this model could have
potential to provide additional quantitative data to evaluate
host tissue integration.

5. Conclusions

Human-derived scaffolds were conjugated with AuNP and
nano-HAp and implanted into GFP expressing swine for 1,
3, and 6 months to evaluate biocompatibility and integration
as well as to assess the use of GFP swine as a novel
animal model. Qualitative and semiquantitative histology
scores indicate potential remodeling of scaffolds from 1 to
6 months without significant differences between scaffolds
with andwithout nanoparticles. Confocalmicroscope images
complement histology results of cellular infiltration and host
tissue integration. The use of GFP expressing swine provides
qualitative data on host tissue integration and can be utilized
as a supplement to support histology data. Future research
in GFP swine models and scaffold labeling may improve this
method of evaluation and allow it to be used as a way to
quantitatively evaluate host tissue integration of soft tissue
repair materials.
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