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Abstract—Biomedical implants play an important role in
today’s clinical practice. Unfortunately, biomedical implant-
mediated host responses may lead to implant failure. Thus,
all implants are tested for tissue compatibility prior to clinical
trials. For that, after implantation in animals for different
periods of time, the implants and surrounding tissues are
isolated for histological analyses. Unfortunately, histological
evaluation methods are labor intensive, time consuming,
expensive and do not produce quantitative outcomes. With
the advent of in vivo imaging technology, many imaging
methods have been developed for evaluating biomedical
implant-associated immune responses. In this review, we
summarize the recent progress in the use of in vivo real-time
imaging techniques for assessing acute phase foreign body
reactions, including fibrin deposition, inflammatory cell
recruitment and responses surrounding biomaterial implants.
These new technologies may serve as powerful tools to
characterize tissue compatibility of medical implants.

Keywords—Biomaterials, Optical imaging probes, In vivo

biocompatibility.

INTRODUCTION

Medical implant devices have been used widely for
more than 40 years. Recent estimates based on NIH
Consensus Development Program report suggest that
20–25 million American currently have at least one
medical implant. Despite of the health benefits from
implants, almost all of them prompt various types and
extents of foreign body reactions, including inflam-
mation, infection, fibrosis and coagulation.91,93 In fact,

shortly after implantation, many medical implants are
surrounded by substantial numbers of inflammatory
cells, including polymorphonuclear leukocytes [PMN]
and macrophages/monocytes [MF].1,5,93,97,111 Subse-
quently, inflammatory cells release products which
may cause the degradation and failure of many
implantable devices and the dissolution of surrounding
tissue, including surgical mesh,78 degradable implants/
scaffold, soft tissue filler,75 encapsulated cell
implants,72,79 implantable sensor,61 temporomandibu-
lar,12 and other joint implants.48 To reduce biomate-
rial-mediated inflammatory responses, intense research
efforts have been placed on the development and
modification of biomaterials with improved biocom-
patibility and safety by changing the material’s physi-
cal and chemical properties.4,10 As a result, a wide
variety of materials with different material character-
istics have been generated. Many in vitro methods have
been established to assess the cytotoxicity, genotoxic-
ity, mutagenicity, and hemocompatibility of biomate-
rials in large quantities. Yet, none of these in vitro
models can be used to simulate the complex immune
reactions in vivo. Therefore, almost all materials pass-
ing the in vitro tests have to be further tested using
in vivo implantation models. However, many technical
challenges associated with animal studies substantially
delay the search for better materials and medical im-
plants.

Histological evaluations are the gold standard for
assessment of tissue responses to biomaterial implants.
Typically, hematoxylin and eosin (H&E), Masson tri-
chrome and immunohistochemical staining techniques
help assess the extent of accumulation of cells and their
products in response to biomaterial implants. Never-
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theless, histological evaluations have many limitations.
First, tissue processing, sectioning and staining are
labor-intensive and expensive. Quantitative assessment
of overall tissue responses necessitates analyses of
many sections throughout the samples.5,16,33,77,105,115

Even with automation in sample preparation and basic
staining, it would easily take a few weeks to process all
samples from a study. Second, histological analyses
require isolation of tissues from sacrificed animals. To
provide quantitative and statistically significant
assessment of the extent of foreign body reactions,
large number of animals (total animal number = ~5
animals/sample group X test group number X time
points) are needed. There is a great interest among
biomedical scientists to reduce the numbers of animals
needed for research. Third, to assess the extent of
cellular responses to biomaterial implants in situ, most
of the current methods, such as microarray and RT-
PCR array on tissue sections, can only be carried out
with skin biopsies from animals at the end point.63,64,98

It should be noted that microdialysis apparatus and
various catheters have been employed to collect body
fluids from implantation sites.28,62,103 Unfortunately,
these techniques can only be used on rats or larger
animals. Due to the limited availability of specific
antibodies to these species of animals, this system is
rarely used to characterize tissue responses to bioma-
terial implants. In addition, microdialysis implants
take time to heal and are not suitable for measuring
acute inflammatory responses (from hours to 3 days)
to small size implants (<5 mm diameter). Finally, due
to the high costs, lengthy procedures, and methodol-
ogy limitations, most animal studies have to be carried
out with limited time points and measurements. As a
consequence of these limitations, most published
works have had to deal with inconsistent time points
and different measurements that prohibited direct
comparison of the results obtained from different
studies. In conclusion, high animal numbers and mul-
tiple-time replicates for each test at every time point
make histological analyses costly, time-consuming and
tedious in spite of all the advancements in automation
of tissue sectioning and staining processes. Therefore, a
better method needs to be developed for rapid, low-
cost, non-invasive, and real-time analysis of biomate-
rial-mediated tissue reactions.

Several non-invasive imaging techniques, including
computed tomography, magnetic resonance imaging,
positron emission tomography and ultrasonogra-
phy,49,116 have been developed to visualize and quan-
tify the inflammatory responses in vivo. These
techniques rely solely on structural changes and,
therefore, are not able to identify non-traumatic, acute
and localized inflammatory reactions. Several fluores-
cence-labeled cells and particle-based sensors have also

been developed for a wide range of applications in
biological research and clinical diagno-
sis.13,22,29,41,60,89,104,108 Of late, near Infrared (NIR)
fluorescence has gained popularity for in vivo imaging
because of reduced absorption and scattering of pho-
tons by tissues, and also reduced interference from
auto-fluorescence signal.31 NIR technique has been
applied in several clinical studies in recent years. For
example, NIR fluorophore was used to image lymph
flow in breast cancer patients.82 Indocyanine green
(ICG) has also been used clinically for hepatic clear-
ance measurement, cardiovascular function testing,
and retinal angiography for over 50 years.56 Addi-
tionally, NIR dyes have been used for Intraoperative
imaging-guided cancer resection surgery.21,65

In this paper, we briefly review the emerging imag-
ing techniques which have been or can be used to as-
sess foreign body reactions (edema formation,
inflammatory cell recruitment, inflammatory product
release and cell/tissue death, as depicted in Fig. 1) and
to characterize tissue compatibility of biomaterial im-
plants.

IMAGING INFLAMMATORY CELL

ACCUMULATION

The accumulation of inflammatory cell, especially
PMN and MF, at the implant sites is the hallmark of
inflammatory responses (Fig. 1). It is well established
that the numbers of accumulated inflammatory cells
reflect the extent of biomaterial-mediated inflamma-
tory responses and/or tissue incompatibility of the
biomaterial implants. Several imaging methods have
been developed to evaluate the extent of implant-me-
diated inflammatory cell accumulation.

PMNs are the first-responders of inflammatory cells
to the inflammatory or injured sites. Shortly after
biomaterial implantation, a larger amount of PMNs
migrate to the implant sites through the blood stream.
These activated PMNs then release many acute
inflammatory products (such as granular enzymes and
reactive oxygen species), which can lead to degradation
of polymeric implants and even tissue dam-
age.32,40,87,110 Therefore, implant-associated PMNs are
quantified to indicate tissue compatibility of biomate-
rial implants.91–93 Although the numbers of recruited
PMNs can be estimated via PMN-specific enzyme
(such as myeloperoxidase) measurement or histological
staining,42,47,90,94 these methods cannot be used as a
tool to monitor PMN responses to biomaterial im-
plants in real time. Several imaging techniques have
been developed so far to monitor the migration of
PMNs during inflammatory processes. For instance,
by labeling autologous leukocytes labeled with either
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111In or 99mTc, the role of PMNs in myocardial
infarction and inflammatory diseases was investigated
using scintigraphic imaging system.51,96 To avoid cell
isolation and labeling procedures, the extent of PMNs
recruitment can be quantified using PMN-targeting
optic imaging probes. For example, formyl-methionyl-
leucylphenylalanine (fMLP)-based optic probes have
been used to bind PMN via formyl peptide receptor
and visualize PMNs’ migration in vivo. Unfortunately,
fMLP, the N-fomylated oligopeptide family, is a po-
tent PMN chemotactic activator and can induce cell
chemotaxis, adhesion and degranulation.7,30 Recently,
identification of a new formyl peptide receptor-specific
ligand—cinnamoyl-Phe-(D)Leu-Phe-(D)Leu-Phe
(cFLFLF) peptide—with no or minimal influence on
PMN activity has led to fabrication of PMN-targeting
NIR imaging probe.107,114 Using eight-arm PEG as
nanocarrier, the PMN-targeting imaging probe was
prepared by conjugated the peptide cFLFLF and NIR
dye Oyster�-800 onto the nanocarrier. In vitro tests
were carried out using isolated mice inflammatory cells
which contain MF and PMN. Our results demon-
strated that the probe is able to specifically identify
activated PMN in vitro. Furthermore, the cFLFLF-
based PMN-targeting probes are found to be able to
assess the extent of PMN recruitment in responding to
different material implants.114 In addition, PMN-tar-

geting probes were found to be able to detect infected
catheter, since device-centered infection is well estab-
lished to attract large number of PMNs (Figs. 2a and
2b).114

MF plays a vital role in chronic inflammatory
responses and foreign body reactions. Their encounter
with ‘‘foreign’’ implants leads to their activation and
release of a wide variety of inflammatory cytokines
that promote chronic fibrotic tissue formation.93 Thus,
it is well established that the extent of MF recruitment
can be used to assess tissue compatibility of medical
implants.92,93 Once again, histological staining is a
traditional method to determine the extent of MF
recruitment surrounding biomaterial implants. As
mentioned earlier, traditional histological measure-
ments cannot be used to analyze foreign body reac-
tions—complex tissue reactions. To overcome such
drawbacks, several optical imaging strategies have
been employed to monitor MF recruitment around
biomaterial implants in vivo. For instance, fluorescein
isothiocyanate (FITC) tagged MF-specific antibodies
has been used to image MF recruitment at biomaterial
implants in vivo.14 In spite of the interesting results,
this approach has several limitations. First, antibody-
based imaging probes are costly, primarily due to high
manufacturing cost. Second, antibodies are sensitive to
changes in environment (such as temperature and pH),
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FIGURE 1. Schematic illustration of the key cells and cellular products that influence cell and tissue compatibility of biomaterial
implants. Shortly after implantation, the biomaterial implant will trigger mast cell activation which lead to fibrin deposition and
edema formation. Subsequently, inflammatory cells such as neutrophils and macrophages are recruited to the implant site. The
activated inflammatory cells then release a variety of inflammatory products which include free radicals, reactive oxygen species,
and many inflammatory cytokines. The release of these products lead to tissue damage/acidosis and cell death.
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and typically have short shelf life. Finally, both human
and animal skins have autofluorescence which emits
light in the visible range. This property prevents the
use of fluorescent dyes at the visible ranges, including
FITC, for in vivo imaging applications.

Previous studies have shown that activated MF
highly express folate receptor (FR) on the cellmembrane
and FR-conjugated imaging probes can be used to de-
tect activated MF in the inflamed joints of animals with
inflammatory arthritis.14,19,26,39,53,54,70,73,101,102,107,114

Based on these early observations, using PNIPAM-co-
polystyrene nanoparticle as vehicle, the FR-targeting
imaging probewas fabricated byphysically loadingNIR
dye into the nanoparticles and then covalently conju-
gating folic acid onto the surface of the dye-loading
nanoparticle. In vitro studies have shown that FR-tar-
geting probes have no/minimal toxicity to cells and there

was very good relationship between the MF numbers
and fluorescent intensities. The FR-targeting imaging
probeswere thenused to non-invasively assess the extent
ofMF accumulation in foreign body reactions in vivo.112

Following intravenous injection, FR-targeting imaging
probes were found to accumulate at the biomaterial
implant sites over time.112 Interestingly, the accumula-
tion of imaging probes at the implant sites varied among
test materials and there was a very good linear rela-
tionship between probe-associated fluorescent intensi-
ties (based on whole body animal imaging) and
inflammatory cell numbers (quantified by immunohis-
tochemistry analyses) (Fig. 2c).112 This study demon-
strated that FR-targeting imaging probes can be used as
a powerful tool to quantify the extent of biomaterial-
mediated MF recruitment and inflammatory responses
in vivo.

FIGURE 2. Characterization of biomaterial-mediated inflammatory cell recruitment and polarization using optical imaging probes.
(a) PMN probes were used to assess the extent of inflammatory responses associated with poly-L-lactic acid (PLA) and poly-
ethylene glycol (PEG) particle implants. Both groups of particles were implanted subcutaneously in the back of animals for 24 h
prior to the administration of PMN-targeting probes. Images of the animals were taken 3 h after probe administration. PLA implants
prompted more PMN accumulation than PEG implants. (b) In an infected catheter inflammation model, PU catheters were colonized
with Staphylococcus aureus and then transplanted subcutaneously on the back of animals for 24 h. The animals were then
administered with PMN-targeting probes for 3 h prior to image analyses. Infected PU catheters recruited more neutrophils than
sterile ones. Adapted from Zhou et al.114 (c) MF-targeting probes were used to assess the degree of foreign body reactions. The
fluorescent signal was merged with a white-light image captured at different time points following MF probes injection (top), with
fluorescence intensities in different implantation sites (PLA and PEG) at different time points (shown at the bottom). Significantly
more MF accumulated around PLA implants than around PEG implants over time. Adapted from Zhou et al.112 (d) MF polarization
twin probes—M1 and M2 probes—could assess the behavior of implant-associated MF. Merged M1/M2 images showed that either
LPS-treated PLA (+LPS) or bacteria-infected PLA (+Bacteria) particles triggered much more M1 accumulation around the implant
sites while sterile PLA particles induced more M2 recruitment. Adapted from Baker et al.8
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Imaging MF Polarization

In recent years, growing knowledge has revealed the
important role of MF polarization on affecting the fate
of biomaterial implants between chronic foreign body
reactions and tissue regeneration.57,85 Typically, based
on their functions and activities, polarized MF can be
categorized into two groups—classically activated M1
and alternatively activated M2. M1 cells are pro-in-
flammatory in nature and promote tissue destruction.
On the other hand, M2 cells are regulatory in nature
and trigger tissue regeneration.57,85 Thus the relative
degree of MF polarization is believed to affect the
delicate balance between destructive and regenerative
tissue responses. With increasing interest in developing
medical implants to enhance tissue regeneration, it is
desirable to select biomaterials with the ability to en-
hance M2 differentiation. In support of this need, a

recent study to examine the role of MF in the
remodeling response of surgical meshes found that an
increased M2/M1 ratio was strongly associated with
more positive remodeling outcomes.15

A twin imaging probe modality was established to
monitor MF polarization in vivo.8 In this investigation,
folate- and mannose-conjugated, PEG-based NIR
probes with different excitation/emission wavelengths
were prepared to target M1 and M2 cells, respectively.8

As described earlier, inflammatory MF had highly
upregulated folate receptor.112 On the other hand, M2
cells expressed high levels of the mannose receptor
which was up-regulated by regulatory cytokines such
as interleukin-4 (IL-4), IL-10, and IL-13.34,38,58 The
ability of the NIR imaging probes to detect M1/M2
cells were then investigated both in vitro and in vivo. As
expected, with in vitro competition binding tests, these

FIGURE 3. Implant-mediated cellular responses and microenvironment changes. (a) L-012 probe was used to assess the degree
of ROS generation by various implants; (b) A good linear relationship was seen between number of recruited PMNs and ROS-
associated chemiluminescence intensity at various implant sites. Adapted from Zhou et al.113 (c) Ratiometric pH probes were used
to measure the extent of tissue acidosis triggered by various implant biomaterials; (d) The extent of tissue acidosis (pH change)
and inflammatory cell accumulation at the implant sites showed a good relationship. Abbreviations for particles made of different
materials-PEG (polyethylene glycol); PLA (poly-L-lactic acid); PNIPAM-NH2 (amine-rich poly-N-isopropylacrylamide-co-N-(3-
aminopropyl) methacryl-amide); PS (polystyrene); SiO2 (silicone dioxide). Adapted from Tsai et al.99
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two probes showed good cellular specificity to M1 or
M2 cells. The folate-conjugated probe was observed to
bind to M1 cells while the mannose-conjugated probe
was observed to bind to M2 cells. Animal studies re-
vealed a good relationship between fluorescent ratios
(M2 probe/M1 probe) and histological analyses
(CD80 + M1 cells/CD206 + M2 cells). In agreement
with previous observations and assumptions, M2
probe/M1 probe fluorescent ratios reflected inflam-
matory environments, such as the poly-L lactic acid
implant sites and bacterial infected tissue (Fig. 2d).
This investigation showed that an in vivo optical
imaging modality can be used to determine the subtle
changes of MF polarized phenotypes. The non-inva-
sive characterization of such processes may offer a
critical method to non-invasively and in real-time,
determine whether the test materials are pro-inflam-
matory or pro-regenerative in vivo.

IMAGING THE RELEASE OF INFLAMMATORY

PRODUCTS

As discussed above, the accumulation of inflam-
matory cells (PMN, MF, mast cells, dendritic cells,
and others) in tissue is a critical indicator of all
inflammatory diseases such as foreign body reactions,
device-centered infection, atherosclerosis, arthritis, and
many others. It is well documented that upon arrival at
injured or inflamed sites, inflammatory cells (especially
PMNs) activate the respiratory burst, release a number
of reactive oxygen species (ROS), including superox-
ide, hydrogen peroxide, and hyperchlorous acid.35

These released ROS play a key role in eradicating
invading foreign bodies, such as foreign microorgan-
isms and biomaterial implants.35,37 Therefore, the ex-
tent of ROS production has been used to characterize
the cell compatibility and toxicity of biomaterials.68,69

Many methods, including spectrophotometric mea-
surements, electron spin resonance spectroscopy,
ELISA, chemiluminescence etc., have been used to
assess the release of ROS by inflammatory cells.37

Unfortunately, these established methods cannot be
used to assess the extent of ROS in vivo in real time.
Some progress has been made in recent years to de-
velop fluorescent probes to detect ROS responses.
Specifically, ROS-sensitive NIR dye (Hydro-indocya-
nine green) had been synthesized and used to monitor
biomaterial-associated infections in vivo.27 Later on,
ROS-sensitive NIR probe (hydro-sulfo-Cy5) and nitric
oxide-sensitive NIR probe (DAC-S) were also investi-
gated for in vivo fluorescence imaging of PET disk-
associated inflammation and infection.86

Chemiluminescent imaging is an emerging method to
detect ROS activity in vivo. ROS chemiluminescent
imaging has many advantages including high sensitivity
and specificity, easy quantitative analysis of the light
emission at the single-photon level with no excitation
light requirement and minimal background noise as
fluorescence.44,76 Several chemiluminescent probes have
been developed for non-invasive real time ROS imaging
in vivo. For instance, peroxalate nanoparticles were
fabricated and used as a chemiluminescence probe to
detect H2O2 activity in inflammation and infection
model in vivo.18,45,46 Oxazine conjugated nanoparticles
have been synthesized and used for ex vivo detection of

FIGURE 4. Fibrin-affinity probes were used to assess acute implant-mediated edema formation and fibrin deposition. (a) After
particle implantation for 10 min prior to fibrin-affinity probe injection, different implants triggered different degree of fibrin
deposition within 30 min. The animal images were taken 1 h after probe administration. (b) There was very good agreement
between probe accumulation and fibrin deposition in tissue. Abbreviations for particles made of different materials—SiO2 (silicone
dioxide); PLA (poly-L-lactic acid particle); TiO2 (titanium dioxide). Adapted from Tsai et al.100
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hypochlorous acid and peroxynitrite generation in
mouse hearts after myocardial infarction.67 A chemilu-
minescence probe, luminol, has been used in studies to
detect myeloperoxidase activity, the pathogenesis of
arthritis, and biomaterial-induced ROS activities
in vivo.20,36 Recently, luminol has been used to quali-
tatively detect implant-associated foreign body reac-
tions in vivo.50 In another investigation, L-012, a
luminol-derivative chemiluminescence probe with high-
er sensitivity toward ROS, has been employed to image
ROS activity in vivo using various inflammation and
inflection models including allergy- and biomaterial-
mediated inflammatory responses.113 Most recently, L-
012 was used to determine the extent of biomaterial-
mediated ROS production in vivo. Interestingly, it was
found that chemiluminescence signal was strongly
dependent on type of biomaterial. ROS activities
around PNIPAM-NH2, PLA, and PEG implant sites
were ~52, 16, and 4 times higher than that around saline
sites. In addition, there was a linear relationship
between ROS activities and PMNs density in tissue
surrounding biomaterial implants (Figs. 3a and 3b).113

These studies reveal that chemiluminescence of ROS
generation is a promising modality for characterizing
the biocompatibility and pro-inflammatory property of
biomaterials and medical implants.

Tissue acidosis is another well characterized phe-
nomenon which usually occurs in and around inflamed
tissue.25,74 Inflammatory cellular responses and asso-
ciated products will lead to tissue acidosis and cell
death in the surrounding tissue in most inflammatory
diseases. High hydrogen ion concentrations found in
inflamed tissues result in pH as low as 5.7 in cardiac
ischemia, and sometimes even down to 4.7 in
hematomas.74,84 Previous studies suggest that the
acidification of diseased tissues is strongly associated
with cell death and inflammatory products such as
ROS (hypochloric acid and H2O2).

23,55,106 Therefore,
monitoring pH change of implants and surrounding
tissues in vivo could be a feasible approach for deter-
mining the microenvironment inside and surrounding
the implants. Although several pH sensitive probes
have been developed,6,9,17 these probes have limited
capabilities for use in vivo due to diffusion of the dyes
in and out of cells and tissues at different rates. To
overcome these limitations, an pH ratiometric imaging
probe has recently been developed by chemically con-
jugating a pH-sensitive dye (CypHer5E dye) and a pH-
insensitive dye (Oyster�-800) onto a biocompatible
PNIPAM nanoparticle which is used as a carrier.99

The ability of ratiometric probes to quantitate pH
changes was evaluated both in vitro and in vivo. Using
in vitro system, we first determined that the ratio of the
average fluorescence intensities between CypHer5E
and Oyster�-800 had a strong linear correlation with

pH values from 5.53 to 7.55. In addition, the ratio-
metric pH probe could accurately measure pH without
interference from probe concentrations and tissue
thickness. The ability of the pH ratiometric probes for
in vivo determination of degree of acidosis was then
tested in ischemic kidney injury, tumorigenesis and
foreign body reaction models.99 Indeed, we found that
there was a very good relationship between tissue aci-
dosis (pH values 7.4) and inflammatory cell accumu-
lation (based on histological analyses) (Figs. 3c and
3d).99 These results support that pH imaging probes
can be used to assess the potential impact (inflamma-
tory responses and toxicity) of biomaterial implants on
the surrounding tissues. Furthermore, pH ratiometric
imaging probes can also be used to assess the
microenvironment and health of transplanted cells in
scaffolds for tissue engineering application.

It should be noted that several commercially avail-
able probes have been developed to assess the pro-
duction of different inflammatory and wound healing
products. For example, MMPSense�680 and Inte-
griSense�750 have been used to assess the activities of
two inflammatory products, matrix metallopro-
teinases- and integrin-expression, respectively.24

IMAGING IMPLANT-ASSOCIATED FIBRIN

DEPOSITION

Previous studies have shown that fibrinogen/fibrin
accumulation is critical in triggering foreign body
reactions, including coagulation, inflammation (such as
heart attack, ischemic stroke, and pulmonary embo-
lism) and infection.43,83,90,92 Localized fibrin deposition
has been demonstrated to be the main driving force for
localized immune cell recruitment.3,43,52 Meanwhile,
the interaction of Mac-1 (CD11b/CD18) and fibrin is
able to trigger the production and release of inflam-
matory chemokines, such as tumor necrosis factor al-
pha (TNF-a) and IL-1b.71,88 Furthermore, many
studies have shown that fibrin depletion substantially
alleviates many inflammatory diseases including
glomerulonephritis, lung ischemia, and rheumatoid
arthritis. Based on these studies, it is generally agreed
that fibrin-mediated immune responses are essential to
the pathogenesis of many inflammatory diseases.2 The
extent of fibrin deposition in tissue is commonly
determined using histological methods.109 However,
fibrin accumulation in tissue is a dynamic process with
fibrin deposition and fibrinolysis that cannot be quan-
tified based on histological analyses.

Recently, in vivo imaging methods have been
developed to detect fibrin deposition in inflammation
diseases. For example, ruptured atherosclerotic pla-
ques in a rabbit model can be observed using a short
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fibrin-affinity peptide conjugated with Gd-DTPA
groups and later with a more stable Gd-DOTA
chelator for MR signal enhancement.11,66 Later on,
fluorescent dye-labeled cross-linked iron oxide (CLIO)
nanoparticles functionalized with FXIII-specific pep-
tide (GNQEQVSPLTLLKC) and fibrin(ogen)-affinity
peptide (GPRPPGGSKGC) was prepared for detec-
tion of clots by both MR and optical imaging modali-
ties.59 Encouraged by these promising outcomes, a NIR
fibrin-affinity probe was developed by directly conju-
gating peptide (GPRPPGGSKGC) with NIR dye
(Oyster�-800) to in vivo monitor implant-associated
fibrin deposition.100 In vitro tests revealed that the fib-
rin-affinity probes could preferentially bind to immo-
bilized fibrin. In addition, there was a good relationship
between fibrin quantity and fluorescent intensity. Ani-
mal studies showed that the fibrin-affinity probe could
assess degree of implant-associated fibrin deposition as
early as 15 min following biomaterial implantation.100

Furthermore, by combining the technique with histol-
ogy measurements, this study discovered a linear rela-
tionship between implant-associated fibrin-affinity
probe accumulation and localized fibrin deposition
(Fig. 4).100 Interestingly, the study also found a good
relationship between the extent of early fibrin deposition
and subsequent inflammatory cell accumulation at the
implant sites.100 It is believed that the fibrin-affinity
probe can be used as a tool for the early detection of
foreign body response to biomaterial implant.

CONCLUSIONS

Biomaterial characterization is essential to the
development of medical implants with optimal tissue
compatibility. In spite of intensive efforts in the
development of in vitro models to predict foreign body
reactions, animal models and histological analyses re-
main the gold standards for assessing tissue compati-
bility of biomedical implants. This method allows us to
examine the numbers and types of cells at the implant
sites. However, this method only allows us to examine
a slice of the tissue responses at one time point per
animal. For histological measurements, many animals
are needed to study the kinetics of cellular responses to
biomaterial implants. To reduce the number of animals
needed for testing and also the costs/time associated
with histological evaluations, several in vivo optical
imaging probes/methods have been established to
evaluate the cellular and tissue compatibility of bio-
material implants. Compared to histological methods,
these techniques are non-invasive, more rapid and
cost-effective. Most importantly, they can be used to
continuously monitor the dynamics of inflammatory
processes and the microenvironment surrounding

biomedical implants in real time at cellular- and
molecular-level. Recently, some breakthroughs have
been made on translating inflammation monitoring
into clinical diagnosis. Specifically, NIR probes have
been fabricated to detect bacterial colonization and
device-centered infection.95 In addition, several optical
imaging probes have been developed to monitor
wound healing status and outcomes after treat-
ments.80,81 Although promising, some shortcomings
associated with optical imaging methods have to be
overcome for routine use in research and clinical set-
ting. For instance, limited penetration depth of light,
light scattering as well as attenuation, prevent these
optical imaging probes from detecting inflammatory
response to deeply-implanted medical devices. To
overcome this limitation, other imaging modalities
such as PET and MRI could be included. We believe
that with continued development of in vivo imaging
techniques, in vivo evaluation and analysis of medical
implant-associated immune responses will become
realistic in clinical applications in near future.
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