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Noninvasive assessment of localized inflammatory responses
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Abstract

Inflammatory diseases are associated with the accumulation of activated inflammatory cells,
particularly polymorphonuclear neutrophils (PMN), which release reactive oxygen species (ROS)
to eradicate foreign bodies and microorganisms. To assess the location and extent of localized
inflammatory responses, L-012, a highly-sensitive chemiluminescence probe, was employed to
non-invasively monitor the production of ROS. We find that L-012-associated chemiluminescence
imaging can be used to identify and to quantify the extent of inflammatory responses.
Furthermore, regardless of differences among animal models, there is a good linear relationship
between chemiluminescence intensity and PMN numbers surrounding inflamed tissue. Depletion
of PMN substantially diminished L-012-associated chemiluminescence in vivo. Finally, L-012-
associated chemiluminescence imaging was found to be a powerful tool for assessing implant-
mediated inflammatory responses by measuring chemiluminescent intensities at the implantation
sites. These results support the use of L-012 for monitoring the kinetics of inflammatory responses
in vivo via the detection and quantification of ROS production.
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Introduction

The accumulation of inflammatory phagocytes in tissue is a hallmark of all inflammatory
diseases, including atherosclerosis, arthritis, dermatitis, nephritis, ulcerative colitis,
psoriasis, inflammatory bowel diseases and many others [1, 2]. It is generally believed that
the extent of inflammatory cell accumulation in the wound or surrounding biomaterial
implants reflects the degree of inflammatory reactions. However, the numbers inflammatory
cells in tissues are often hard to determine. One of the most common methods to diagnose
inflammatory diseases is histological analyses of tissue biopsies involving sectioning,
staining and microscopic evaluation. In addition to being invasive and un-reliable,
histological analyses are time consuming, require large numbers of animals, and can only
provide semi-quantitative assessment of inflammatory reactions at one time point [3-5].
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Consequently, there is a need for the development of non-invasive methods to provide
continuous and quantitative measurement of inflammatory responses in vivo.

Many cells, including macrophages/monocytes, polymorphonuclear neutrophils (PMNS),
mast cells, lymphocytes, and dendritic cells, participate in the pathogenesis of inflammatory
diseases [6, 7]. Among all immune cells, PMNSs are the most abundant type arriving in large
numbers at the injured tissue site only minutes after trauma or infection [8, 9]. Therefore,
histological evaluations of PMN accumulation in the tissue are often carried out to estimate
the extent of acute inflammatory responses [10, 11]. It is well documented that recruited
activated PMNs activate the respiratory burst, releasing a variety of Reactive Oxygen
Species (ROS), including superoxide, hydrogen peroxide, and hyperchlorous acid [12, 13].
Release of ROS may result in oxidative killing not only of foreign microorganism but also
healthy cells [12, 13]. The methods used to identify and quantify these ROS include
spectrophotometrical measurements, electron spin resonance spectroscopy, ELISA, and
chemiluminescence [14]. These methods are well established and have been used
extensively to study the extent of ROS production by PMN in vitro. However, most of these
methods cannot be used to measure the PMN-associated ROS responses in vivo. Most
recently, there is growing interest in the development of imaging methods to monitor ROS
generation in vivo. Several imaging modalities have been established for ROS monitoring.
These methods include electron paramagnetic resonance (EPR), fluorescence, and
chemiluminescence detection [15-18]. The former two methods have been shown to have
many limitations. Specifically, EPR has very low sensitivity [19]. In addition, the signal-to-
noise ratio of fluorescent probes is often inadequate due to the autofluorescence generated
by tissues and organs [20]. On the other hand, chemiluminescence has many advantages
including high sensitivity and specificity, easy quantitative analysis, a wide dynamic range
as well as localization and quantification of the light emission at the single-photon level.
Furthermore, without the requirement of excitation light as in fluorescence,
chemiluminescence agents can emit detectable light upon reaction with ROS generated in
the biological system with minimal or no background signal [21, 22].

Recent developments in optical imaging equipment have made it possible to detect weak
chemiluminescence signals in whole animals. Several chemiluminescence probes have been
developed for noninvasive real time imaging in vivo. For example, peroxalate nanoparticles
were fabricated and used as a chemiluminescence probe to detect hydrogen peroxide in vivo
[23, 24]. Oxazine conjugated nanoparticles have been synthesized and used to detect ex vivo
hypochlorous acid and peroxynitrite generation in mouse hearts after myocardial infarction
[17]. Luminol, a chemiluminescence probe, has been used in studies to detect
myeloperoxidase activity in vivo [25]. Finally, luminol was also used to investigate the role
of ROS in the pathogenesis of arthritis and to evaluate the effectiveness of various anti-
inflammatory agents as well as to detect biomaterial-induced ROS in vivo [26, 27]. Although
these chemiluminescence probes (peroxalate nanoparticles and luminol) have shown great
promise for in vivo monitoring of ROS activities following severe inflammatory responses,
the limited sensitivity of these probes substantially hinders their use in measuring and
quantifying localized inflammatory responses. Furthermore, little is known about the
relationship between inflammation-mediated ROS production in vivo and histological
measurements.

In an effort to improve these detection limits, we have applied a chemiluminescence probe,
L-012 (8-amino-5-chloro-7-phenylpyridol[3,4-d]pyridazine-1,4(2H,3H) dione; a luminol
derivative) which has much higher sensitivity toward ROS than other probes such as luminol
and lucigenin [28, 29]. A recent study has demonstrated that L-012 is a sensitive ROS probe
for in vivo visualization of ROS production in a model of endotoxin shock [18]. In the
present study, a series of in vitro and in vivo experiments were carried out to determine the
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extent of ROS production. By correlating the ROS imaging results with histological
analyses, we evaluate the feasibility of using ROS chemiluminescence to non-invasively
monitor the in vivo kinetics of localized inflammatory reactions in real time. Finally, the
ROS imaging method was tested for its ability to real-time monitor foreign body responses
to different types of biomaterial implants in the same animal.

Materials and methods

Materials

L-012 was purchased from Wako Chemicals. Luminol, casein, 4-hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl (tempol), phorbol 12-myristate 13-acetate (PMA), hydrogen
peroxide, catalase and diethylenetriaminepentaacetic acid (DTPA) were purchased from
Sigma-Aldrich. Polyurethane (PU) and heparin-bonded PU catheters were obtained from
Sentry Medical Products (Green Bay, WI). Polylactic acid (PLA) microparticles (5-10 um
diameter), poly(ethylene glycol) (PEG) nanoparticles (100 nm diameter) and amine-rich
poly(N-isopropylacrylamide-co-N-(3-aminopropyl) methacrylamide) (PNIPAM-NH,) (100
nm diameter) were prepared according to the references [30-32]. PMN neutralizing
antibody (Rabbit anti-Mouse PMN) was purchased from Accurate Chemical & Scientific
Corporation (Westbury, NY). PMN staining antibody (rat anti-mouse neutrophil antibody)
was purchased from Abcam (Cambridge, MA).

Quantification of ROS production by isolated PMNs

PMNs were isolated from mouse peritonea following casein administration as described
earlier [33]. In vitro ROS measurements were carried out using both L-012 and luminol as
chemiluminescence probes. Different numbers of PMNs (in Hanks buffered solution) were
incubated with L-012 (2mM) or luminol (4mM) for 4 min at room temperature. The ROS
production was then initiated by adding 10uL of PMA (6.5nM). In some experiments,
tempol, a superoxide scavenger, was used to neutralize ROS products in solution. For that,
cells were incubated with various concentrations of tempol prior to PMA activation. In these
in vitro studies, chemiluminescence intensities were recorded continuously for 60 min using
Luminescence Reader (Infinite M200, Tecan, M&nnedorf, Switzerland) with a 10 s
acquisition time.

In vitro chemiluminescence imaging

In vitro imaging was carried out with black bottom 96-well plates, 200 uL of H,O5 solution
with different concentration was mixed with 10 pL of L-012 (50 mM) [34]. The
chemiluminescence images were taken 1 minute later using KODAK In vivo FX Pro system
(Kodak, USA) (f/stop, 2.5; no optical filter, 4x4 binning).

In vivo animal model and chemiluminescence imaging

Balb/c mice (female, 20-25 gram body weight) were purchased from Taconic Farms, Inc.
(Germantown, NY) and used in all in vivo studies. The animal protocols were approved by
the Animal Studies Committee at University of Texas at Arlington. All animal tests were
carried out with 6 animals per group. To detect H,O,-mediated chemiluminescence
activities, 200 pL of H,O, solution (0.5 mM) and 100 pL of L-012 (15mg/mL) were mixed
at room temperature. Different volumes of solutions (20, 40, 60 and 80 uL) were injected
subcutaneously on the back of anaesthetized mice (ketamine/xylazine). Chemiluminescence
images were captured with a 5 min acquisition time using KODAK In vivo FX Pro system
(f/stop, 2.5; no optical filter, 4x4 binning) and then calculated after background correction.
Regions of interests (ROIs) were drawn over the implantation locations in the
chemiluminescence imaging, and the mean intensities for all pixels in the
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chemiluminescence imaging were calculated. All data analyses were performed with the
Carestream Molecular Imaging Software, Network Edition 4.5 (Carestream Health,
Woodbridge, CT).

Chemiluminescence imaging of localized inflammatory responses in vivo

To induce localized inflammatory responses, PLA microspheres (50 uL, 10% wt in saline)
or saline as a control were implanted into different locations on the back of mice, and then a
100 pL of L-012 solution (15 mg/mL) was administered intraperitoneally at different time
points. It should be noted that L-012 has very good biocompatibility and low toxicity [18].
Our preliminary experiments showed that L-012 has no apparent effect on immune
responses of animals up to 150mg/kg (supplementary Fig. 1). The non- or low toxicity
nature of L-012 permits their use in cell culture study and animal work. Chemiluminescence
images were captured sequentially every 5 min up to 1 hour. Similar experiments were
carried out using PMN-depleted mice which were produced based on a modified published
protocol [35]. In brief, 100 puL of PMN neutralizing antibody (Rabbit anti-Mouse PMN,
Accurate Chemical & Scientific Corporation, Westbury, NY) was injected intraperitoneally
(ip) and 18 hours later a second injection of 100 uL antibody was given ip. Four hours after
the second injection, 50 uL of PLA particles (10% w/v) were implanted subcutaneously on
the back of the PMN-depleted mouse and a control mouse. The chemiluminescence imaging
was taken 24 hours after PLA implantation. To investigate effects of either catalase (a
scavenger of hydrogen peroxide) or DTPA (a metal chelator) on implant-mediated
chemiluminescence [36-38], 50 uL of PLA particles (10% wt) were mixed with either
catalase (500 units/mL), DTPA (1mM), or saline (as control) prior to subcutaneous
implantation followed by chemiluminescence imaging after 24 hour implantation as
described above.

Inflammatory animal models

To trigger different extents of inflammatory responses in the same animals, PNIPAM-NH>,
PLA, PEG particles (50 pL, 10% w/v) and saline (control) were injected subcutaneously into
different locations on the back of mice, respectively. To mimic infection-mediated
inflammatory responses, 100ug/50 pl of LPS were administered subcutaneously on the back
of Balb/C mice while the treatment of saline alone was used as controls. To elicit skin
allergenic responses, some animals were subcutaneously injected with 100ug of c48/80 or
saline. To monitor different extent of foreign body reactions, PU catheter and Heparinized
PU (H-PU) catheters (1 cm length) from Sentry Medical Products (city, IL)) was implanted
subcutaneously on the back of mice. The extent of the chemiluminescence signal was
detected and quantified at 24 hours following the treatment of inflammatory stimuli.

Histochemical analysis and inflammatory cell quantification

At the end of the study, the test animals were sacrificed and the implantation sites/inflamed
tissues were isolated for histological analyses. All tissues sections were subjected to H&E or
immunohistochemical staining for PMNs based on established protocols [3, 39].

Statistical analysis

Statistical comparison between different treatment groups was carried out using student’s t
test. Differences were considered statistically significant when p < 0.05. Linear regression
analyses were also used to determine the correlation coefficient between PMN densities and
chemiluminescence signal intensities.

Free Radic Biol Med. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Results

Page 5

To search for a sensitive chemiluminescence probe, we compared the ROS detection
sensitivity of L-012 vs. luminol. Mice peritoneal PMNs were incubated with L-012 in the
presence of potent protein kinase C activator - phorbol 12-myristate-13-acetate (PMA). We
found that with PMA activation, both luminol and L-012 emitted chemiluminescence in a
time-dependent manner. Chemiluminescence of L-012 (Figure 1a) initially increases with
time and peaks at ~30 minutes after stimulation while the maximal chemiluminescence of
luminol appears at ~15 minutes. Based on the peak value of the two probes, we observed
that the signal intensity generated by the L-012 is approximately 900 fold greater than that
generated by luminol (Figure 1b). To further determine its ROS sensitivity, L-012 was
exposed to increasing numbers of PMNSs. As expected, ROS prompt strong emission of
chemiluminescence and chemiluminescence intensities are cell number dependent (Figure
1c). In addition, there was a linear relationship between the chemiluminescence intensity
and activated PMN numbers (R2 = 0.95) (Figure 1d). To verify whether chemiluminescence
signals resulted from ROS generated by activated PMNSs, similar PMN-mediated
chemiluminescence measurements were carried out in the presence or absence of a
superoxide dismutase mimetic/ROS neutralizer-tempol (4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl). As anticipated, the chemiluminescence intensity was
substantially reduced in the presence of as low as 5 mM of tempol (Figure 1e). Collectively,
these data indicate that L-012 can be used to estimate the numbers of activated PMN based
on their ROS-mediated chemiluminescence signals. These results support that L-012
chemiluminescence probes may be used to quantify the extent of PMN-associated ROS
production.

Subsequent studies were carried out to evaluate the feasibility of L-012 for in vivo whole
body imaging. First, L-012 was used to detect hydrogen peroxide in vitro with a Kodak in
vivo FX imaging system. As expected, chemiluminescence intensity of L-012 increased with
the increase of hydrogen peroxide concentrations from 0.05 to 0.5 mM (Figure 2a), and
there was a linear correlation between chemiluminescence intensities and the concentrations
of hydrogen peroxide (Figure 2a). Second, to determine whether L-012-mediated
chemiluminescence signals might be used to measure ROS release in vivo, various volumes
(20, 40, 60, 80 pL) of Hy0, (0.5mM) mixed with L-012 (15mg/mL) were injected
subcutaneously in diseased animals and then imaged. As anticipated, L-012 could detect
subcutaneous H,O5, which was also found to have a linear correlation between H,0,
quantities and chemiluminescence intensities (Figure 2b).

Finally, to assess whether L-012-mediated chemiluminescence can be used to assess ROS
production arising in vivo from a known pro-inflammatory agent, poly-lactic acid (PLA)
microspheres (50ul in 10% wt) or saline, as a control, were administered subcutaneously on
the back of live mice. Implants were followed by intraperitoneal administration of a 15 mg/
mL L-012 solution at different time points. Our results show that a prominent
chemiluminescence signal could be detected at the PLA implant site while only minimal
signal was detected at the saline injected site (Figure 3a & b). Interestingly, histological
analyses also revealed that there are substantially more PMNs in tissue surrounding 1-day
implants than those nearby 7-day implants (Figure 3c & the inset of Figure 3d). In addition,
there was a good linear relationship between chemiluminescence intensities (ROS activities)
and the infiltrated PMNs (R2=0.94, Figure 3d). These results reveal that L-012 can be used
to non-invasively monitor real time inflammation-induced ROS generation in vivo.

Since it has been well established that PMNs are one of the most potent cells in producing
ROS, we assumed that PMN-mediated ROS would be responsible for L-012-dependent
chemiluminescence signals. To test this, similar studies were carried out in neutropenic
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mice. Pre-treatment of mice with anti-PMN antibodies reduced chemiluminescence by
approximately 70% at the PLA implantation site compared to control mice (Figure 4a & b).
Interestingly, histological evaluation also revealed a ~60% reduction in infiltrating PMNs at
the implantation site in PMN-depleted mice compared to control mice (Figure 4c & d).
Correlation analysis suggests a linear relationship between chemiluminescence intensities
and numbers of recruited PMNs (Figure 4e), supporting the idea that PMN-generated ROS
are primarily responsible for L-012-depedent chemiluminescence signals. To determine the
type of ROS detected with the L-012 probe, catalase, a potent enzyme for neutralizing
H,0,, was injected into the implant sites prior to L-012 administration. Indeed, the
treatment of catalase substantially reduced (~65%) the chemiluminescent intensities (Fig.
4f). Further studies were conducted to investigate whether metal ions participate in ROS
responses, using an iron chelator — DTPA. As expected, the presence of DTPA had no
significant impact on chemiluminescent intensity compared to control suggesting that H,O,
is a major type of ROS product generated as part of foreign body reactions (Figure 4f).

Despite the above results, it remained unclear whether other pro-inflammatory stimuli might
have similar effects on L-012-mediated chemiluminescence. To test this, three different
types of inflammatory models — LPS-mediated inflammation, histamine-induced
inflammation and medical device-associated tissue responses - were used. First, an LPS-
mediated inflammation model was established as previously described [40]. Briefly, LPS
and saline, as a control, were injected subcutaneously, and then 100 uL of L-012 (15mg/mL)
was administrated intraperitoneally 24 hours after LPS/saline injection. It is well known that
LPS administration can elicit a acute inflammation and therefore increase ROS and Reactive
Nitrogen Species (RNS) production by immune cells [41, 42]. Indeed, substantial L-012-
mediated chemiluminescence signals were found at the site of LPS injection (Figure 5a).
The site with LPS treatment had a chemiluminescence intensity of 5.8x108 photons/s while
the control site with saline injection had an intensity of 8.8x10° photons/s.

In a different model, dermal inflammation was induced by injection of c48/80 which causes
histamine release from mast cells [43, 44] and the subsequent recruitment of PMNs [45-47].
A substantial increase of the chemiluminescence signal (8 times) was found in the region of
c48/80 administration compared to controls (areas with saline injection) (Figure 5b). To
mimic foreign body reactions to medical devices, polyurethane (PU) catheters and
heparinized PU catheters (H-PU) were implanted on the backs of Balb/C mice. Twenty-four
hours after implantation, we measured L-012-mediated chemiluminescence. As expected, a
relatively (3x) strong signal was emitted from the PU implantation site compared to that
from the H-PU catheter site, whereas sites at which similar wounds (without implant
placement) exhibited very weak chemiluminescence (Figure 5c). Histological analysis for all
three inflammatory models tested indicated that there was a good linear relationship between
inflammatory responses (i.e., PMN recruitment) and LO12-dependent chemiluminescence
signals (R2=0.87, Figure 5d).

Subsequent studies were designed to test whether L-012-mediated ROS measurements
might be used to assess the extent of inflammatory responses to materials known to have
varying pro-inflammatory effects in vivo. Biomaterial implants trigger an array of foreign
body reactions and PMNs play an important role in biomaterial-mediated acute
inflammatory responses [48-50]. Three different types of polymeric particles made of poly-
lactic acid (PLA), polyethylene glycol (PEG), and amine-rich poly(N-isopropylacrylamide-
co-N-(3-aminopropyl) methacrylamide) (PNIPAM-NH,) were used. A 50ul solution of
various implants (10% wi/v) and saline as a control were injected subcutaneously in the
dorsal region of mice. One day after implantation, L-012-dependent chemiluminescence
intensities at different implant sites were determined and chemiluminescence varied in the
following order: PNIPAM-NH, > PLA > PEG > saline control (Figure 6a & b). Specifically,
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chemiluminescence intensities generated from PNIPAM-NH,, PLA and PEG implant site
were ~52, 16 and 4 times higher than that caused by saline injection alone. Histological
evaluations also revealed that the trend of phagocytes (H&E staining) and PMN
(immunohistochemical staining) recruitment is similar to that of chemiluminescence
intensities (Figure 6¢-d). The densities of PMNs in tissue surrounding PNIPAM-NH,
implants were 3 and 6 times higher than those surrounding PLA and PEG particle implants,
respectively. There was a linear relationship between PMN numbers and L-012
chemiluminescence intensities (Figure 6e). These results verify that L-012
chemiluminescence signal monitoring may be used to determine the extent of inflammatory
responses to various inflammatory mediators in the same animals.

Discussion

Many ROS probes, including luminophores, chromogenic probes and fluorescent probes,
have been developed to detect ROS activities in vitro and in vivo. In agreement with several
recent findings, our results show that L-012 is a highly-sensitive ROS probe with a superior
signal to noise ratio [28, 29]. and is a reliable probe for non-invasive detection of ROS
responses in vivo [18]. By comparison with luminol, a commonly-used chemiluminescence
probe [25, 26]. we found that L-012 emits a considerably stronger signal (~900 times
higher), in agreement with a previous in vitro study [51]. The comparatively low
chemiluminescence emission of luminol may be partially caused by the fact that the luminol
signal is pH dependent showing a reduction at low pH, which often occurs at sites of
inflammation [52]. Further, the results of H,O, concentration-dependent chemiluminescence
for L-012 show good agreement with a previous study in which ROS-mediated L-012
chemiluminescence are generated by xanthine oxidase [51].

L-012-dependent chemiluminescence signals have been used in an earlier study to detect
inflammation-mediated ROS release in vivo [18]. However, it was not clear whether L-012-
associated chemiluminescence signals can be used to monitor, and especially to quantify, the
extent of inflammatory responses. Our in vitro cell culture and in vivo cell depletion studies
have confirmed that activated PMNs are mainly responsible for L-012-dependent
chemiluminescence signals. These findings are in agreement with many previous
observations. First, the accumulation of PMNSs in the tissues is the hallmark of inflammatory
responses [8-11]. Second, as part of the immune defense system’s response to inflammation,
recruited PMNSs release a variety of ROS in response to inflammatory stimuli, including
bacteria, infection, trauma, and implant-mediated inflammation [13, 53]. Finally, PMN-
derived myeloperoxidase is responsible for ROS production, since myeloperoxidase-
knockout mice were found to cause reduced luminol-dependent chemiluminescence signals
[25]. Furthermore, a 65% reduction of L-012-mediated chemiluminescence in the presence
of catalase indicates that L-012 is able to react with other ROS products besides H,O». This
finding is supported by previous observations that L-012 can respond to superoxide,
peroxynitrite or nitric oxide to emit chemiluminescence [18, 28, 51].

Our results show that L-012-dependent chemiluminescence signals can be used to detect and
to assess the extent and kinetics of inflammatory reactions over time. Such real-time
measurements cannot be achieved using conventional methods, including histological
analyses and inflammatory marker measurements [54, 55]. Our results with biomaterial
implants indicate that the strongest chemiluminescence signal appears at day 1 in agreement
with earlier reports that PMN accumulation peaks 1-2 days after biomaterial implantation
[3]. In addition, real time measurements allow us to assess the kinetics of inflammatory
responses with a minimal number of animals. For example, while several groups of animals
are needed for histological analyses for different time points, the use of L-012-dependent
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chemiluminescence measurement permits the measurement of inflammatory responses for
all time points with one group of animals.

This study also explored the possibility of using L012-associated ROS measurements to
quantify various other types of inflammatory responses. For that, infection- and allergy-
mediated inflammatory responses were induced by subcutaneous injection of LPS (bacterial
toxin) and ¢48/80 (mast cell activator) [18, 40, 45, 46]. We find significant increases of
L-012-depedent chemiluminescence intensities in the injection sites of both types of
inflammatory stimuli. These findings are supported by previous observations that PMNs
quickly produce and secrete ROS after exposure to bacterial endotoxin LPS or ¢48/80 [42,
56]. In another model, we assessed ROS activities surrounding various intravenous
catheters. Polyurethane (PU) catheters have been widely used in biomedical practice for
drug administration, parenteral nutrition, fluid replacement and IV bags due to their
excellent mechanical properties and low cell toxicity [57]. To improve their blood
compatibility, heparinized PU catheters have been produced which have also been shown to
trigger substantially less inflammatory responses than uncoated catheters [58, 59]. Indeed,
our results show that heparinized PU catheters prompt reduced ROS activities compared to
uncoated catheters. Furthermore, rather importantly, we find that there is a good relationship
between chemiluminescence signals and different types of inflammatory responses in vivo.
Overall, these results support the conclusion that L-012-associated ROS measurements can
be used to continuously monitor the kinetics of inflammatory reactions in various
inflammatory disease models.

Finally, it is well documented that biomaterial implants prompt varying inflammatory
responses [50]. By testing three different types of polymeric particles (PLA, PNIPAM-NH,
and PEG) with different biocompatibilities [60, 61], our studies show that there is a very
good linear relationship between chemiluminescence intensities and histological
inflammatory measurements. As expected, the stronger inflammatory reactions are
accompanied with higher L-012-dependent chemiluminescence intensities. These results
demonstrate that measurements of in vivo generation of ROS using L-012 can be utilized as
a powerful tool to simultaneously assess the extent of inflammatory responses to different
implants in an animal, which eliminates the variations in immune reactions between
animals. These quantitative measurements may not be possible using less sensitive ROS
probes, such as luminal [27].

In conclusion, our studies have established that L-012-mediated chemiluminescence
imaging can serve as a promising tool for in vivo examining of ROS activities of activated
PMNs during inflammatory processes in living animals. The advantages of this method over
traditional techniques include simplicity, low cost, continuous measurements, and reduced
animal numbers. Finally, this novel technique could provide in-depth and quantitatively
perceptive insights on different treatments for altering immune reactions in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
PMNs polymorphonuclear neutrophils
ROS reactive oxygen species
RNS reactive nitrogen species
L-012 8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-1,4(2H,3H)dione
EPR electron paramagnetic resonance
Tempol 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl
PMA phorbol 12-myristate 13-acetate
c48/80 compound 48/80
LPS lipopolysaccharide
DTPA diethylenetriaminepentaacetic acid
PU polyurethane
H-PU heparin-bonded polyurethane
PLA polylactic acid
PEG poly(ethylene glycol)
PNIPAM-NH, poly(N-isopropylacrylamide-co-N-(3-aminopropyl)methacrylamide)
ROIls regions of interests
H&E hematoxylin-eosin stain
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Figure 1.

(a) Time-dependent chemiluminescence intensity for L-012 and luminol. Reaction mixtures
(250 pL) contained 1x10% PMNs, and 2 mM L-012 or 4mM luminol. The ROS
measurements were initiated by adding 10uL of PMA (6.5nM) at room temperature; (b) The
average chemiluminescence intensity obtained at the peak points for L-012 and luminol; (c)
Dynamic L-012 chemiluminescence of PMA-stimulated PMNs with different cell numbers.
Chemiluminescence was monitored for 60 min; (d) Linear curve between
chemiluminescence intensities and PMN numbers was derived from the 30-min time point;
(e) Supplement of tempol inhibits L-012 chemiluminescence emitted by PMA-stimulated
PMNs (1x106).
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Figure 2.

(@) In vitro imaging and quantification of L-012-mediated chemiluminescence at various
concentrations of H,O». (b) Correlations between H,O, dosage and in vivo L-012-mediated
chemiluminescence.
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(@) In vivo chemiluminescence imaging of animal subcutaneously implanted with PLA
microspheres and saline (as control) for different periods of time; (b) L-012
chemiluminescence intensities at the implant sites at different time points; (¢) H&E and anti-
PMN IHC staining on implant-surrounding tissues isolated at day one or day seven; (f)
Correlations between PMN numbers and chemiluminescence intensities in implant-
associated tissue at different time points (The figure inset represents PMN number counts

for PLA implants and controls at day 1 and day 7).
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Catalase

(a) Chemiluminescence imaging of PLA-mediated inflammatory responses in control and
PMN-depleted mice taken one day after implantation; (b) Chemiluminescence intensities at
the implant sites; (c) Histological staining of tissues in the implantation sites isolated from
both groups of animals; (d) Measurement of mean densities of tissue PMNSs (per square
millimeter); (e) Correlation between PMN numbers and chemiluminescence intensities in
tissue isolated from variously treated animals; (f) Effect of either catalase or DTPA on
chemiluminescent signal of PLA-mediated inflammatory responses.
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(a) L-012-mediated chemiluminescence imaging and intensities in mice with LPS-induced
inflammatory responses, (b) with skin allergic response induced by subcutaneous injection
of c48/80; or (c) implanted subcutaneously with heparinized PU and PU catheters which
prompted different extent of immune reactions at 24 hours; (d) Correlation between PMN
numbers and chemiluminescence intensities at the inflamed sites induced by different types

of inflammatory stimuli.
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Figure 6.

(a) Chemiluminescence imaging of mice implanted subcutaneously with particles made of
PNIPAM-NH,, PLA and PEG for 24 hours; (b) Mean chemiluminescence intensities in
tissue at the implantation sites; (c) Images of H&E and neutrophil staining of corresponding
tissues; (d) PMNs density in tissue surrounding various particle implants; (e) Correlation
between PMN numbers and chemiluminescence intensities in different implant sites.
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