J. Innov. Opt. Health Sci. 2013.06. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

Journal of Innovative Optical Health Sciences [ . .
World Scientific
Vol. 6, No. 3 (2013) 1350026 (9 pages) \\ie www.worldscientific.com

© The Authors
DOLI: 10.1142/51793545813500260

NONINVASIVE OPTICAL IMAGING OF
STAPHYLOCOCCUS AUREUS INFECTION
IN VIVO USING AN ANTIMICROBIAL PEPTIDE
FRAGMENT BASED NEAR-INFRARED
FLUORESCENT PROBES

CUICUI LIU and YUEQING GU*
Department of Biomedical Engineering
School of Life Science and Technology

China Pharmaceutical University
Nanging 210009, P. R. China

*quyueqingsubmission@hotmail.com

Received 31 May 2013
Accepted 24 June 2013
Published 25 July 2013

The diagnosis of bacterial infections remains a major challenge in medicine. Optical imaging of
bacterial infection in living animals is usually conducted with genetic reporters such as light-
emitting enzymes or fluorescent proteins. However, there are many circumstances where genetic
reporters are not applicable, and there is an urgent need for exogenous synthetic probes that can
selectively target bacteria. Optical imaging of bacteria in wvivo is much less developed than
methods such as radioimaging and MRI. Furthermore near-infrared (NIR) dyes with emission
wavelengths in the region of 650—900 nm can propagate through two or more centimeters of
tissue and may enable deeper tissue imaging if sensitive detection techniques are employed. Here
we constructed an antimicrobial peptide fragment UBI29-41-based near-infrared fluorescent
imaging probe. The probe is composed of UBI29-41 conjugated to a near infrared dye ICG-Der-
02. UBI29-41 is a cationic antimicrobial peptide that targets the anionic surfaces of bacterial
cells. The probe allows detection of Staphylococcus aureus infection (5x107cells) in a mouse
local infection model using whole animal near-infrared fluorescence imaging. Furthermore, we
demonstrate that the UBI29-41-based imaging probe can selectively accumulate within bacteria.
The significantly higher accumulation in bacterial infection suggests that UBI29-41-based
imaging probe may be a promising imaging agent to detect bacterial infections.

Keywords: Antimicrobial peptide; bacterial targeting; near infrared probe; infection model;
i vivo imaging.
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1. Introduction

It has been reported that almost 85% of critically ill
patients in hospitals have fever but show no apparent
signs of infection.! Prolonged febrile episodes are
often fatal, so the detection of infection at an early
stage is important in patient management to achieve
a favorable treatment outcome. Staphylococcus au-
reus (S. aureus) is among the most pathogenic bac-
teria causing a wide spectrum of diseases ranging
from minor wound infections to life-threatening in-
fections such as endocarditis, septicemia, pneumonia
and toxic shock syndrome.”? Radiological (X-ray
computed tomography) and magnetic resonance
imaging (MRI) techniques are often not suitable for
the early detection of infection because such tech-
niques are focused on specific body parts and provide
information only if morphological changes have
occurred in the applied areas.

In the case of bacterial targeting, previously re-
ported affinity ligands include antibodies,® sugars,*
bacterial binding peptides,” enzyme substrates.’
Antibodies are popular, since they can bind tightly
to specific molecular targets on the surfaces of both
Gram-positive and Gram-negative bacterial cells.
While antibodies have the potential advantage of
high specificity, their large molecular size (~ 150 kD)
is a limitation for in vivo imaging because of slow
tissue diffusion and blood clearance rate.”

A more general way to target bacteria is to employ
cationic molecules that are electrostatically attracted
to the negatively charged cells.” The negative surface
charge is a characteristic feature of nearly all bac-
terial membranes, and results from the high fraction
of anionic phospholipids and related amphiphiles.
The most striking difference in cytoplasmic mem-
branes between prokaryotic and eukaryotic cells is
the composition and topological arrangement of
lipids. The surface (outer leaflet) of mammalian cell
membranes is exclusively composed of electrically
neutral, zwitterionic phospholipids, mainly phos-
phatidylcholine (PC) and sphingomyelin, whereas
bacterial membranes contain large amounts of
negatively charged phospholipids, phosphatidylgly-
cerol (PG) and cardiolipin (CL), although their
asymmetric distribution between the two leaflets is
not well known. The anionic lipids should be exposed
to the outer leaflet to a significant extent because
the acidic lipid contents sometimes exceed 50%.% 1V
The outermembranes of Gram-negative bacteria are
covered with polyanionic lipopolysaccharides (LPS).

Another major difference in chemical composition of
membranes between prokaryotic and eukaryotic cells
is that the latter are abundant in sterols, although
some prokaryotes contain sterols or hepanoids, which
are similar to sterols. The presence of membrane-
stabilizing cholesterol has been shown to protect
human erythrocytes from attack by antimicrobial
peptides.® 10

UBI29-41 is a cationic human antimicrobial pep-
tide fragment (MW1.69 kDa) with the amino acid
sequence  Thr—Gly—Arg—Ala—Lys—Arg—Arg—
Met—GIln—Tyr—Asn—Arg—Arg (TGRAKRRM-
QYNRR), therefore with 6 positively charged resi-
dues (5 Arg + 1 Lys). Recently, technetium-99m
(99mTc) labeled UBI29-41 derived from ubiquicidin
(UBI) have been widely studied for their capacity to
preferentially bind to bacteria without activating
leucocytes or mammalian cells.''~'7 This commonly
accepted technique has several advantages, includ-
ing intrinsically high sensitivity, quantitative
capability and clinical translation. However, PET
suffers from relatively low spatial resolution, high
cost and exposure to ionizing radiation. Therefore,
alternatives to radionuclide labeled UBI would be
valuable.

Optical imaging of bacteria in vivo is much less
developed than methods such as radioimaging and
MRI.'® One approach is to use bacteria that are
genetically encoded to produce luciferase or green
fluorescent protein. A second strategy, which is the
focus of this study, employs a molecular fluorescent
probe. An obvious limitation with a living animal is
restricted tissue penetration of the light. However,
NIR dyes with emission wavelengths in the region of
650—900nm can propagate through two or more
centimeters of tissue and may enable deeper tissue
imaging if sensitive detection techniques are em-
ployed. Compared to MRI and radioimaging, optical
imaging provides a convenient method to monitor
multiple biological processes simultaneously and in
real time.'~?! Furthermore, the technology is oper-
ationally simple, amenable to miniaturization, and
potentially mobile.?? In this paper, hydrophilic ICG
derivative dye ICG-Der-02(excitation/emission 783/
810nm) with deeper tissue penetration and faster
clearance rate’® was chosen to conjugate with
UBI29-41 peptide to form a NIR probe. We now
describe a detailed optical imaging investigation of
S. aureus infection from the whole animal. We also
provide the biodistribution of the probe in wvivo.
Overall, we find UBI29-41-ICG02 is an effective
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in vivo optical imaging probe for localized infection
of S. aureus in living mice.

2. Materials and Methods
2.1. Materials
2.1.1. Reagent

UBI29-41 was purchased from China Peptides Co.,
Ltd. (Shanghai, China). N-hydroxysuccinimide
(NHS), dicyclohexylcarbodiimide (DCC) were pur-
chased from Sigma-Aldrich (Shanghai, China). Hy-
drophilic near-infrared dye ICG-Der-02 (MW995)
was prepared in our laboratory. All other reagents
used in the study were analytical reagent grade
(Shanghai Chemical Reagent Company, Shanghai,
China).

2.1.2. Instruments

A UV-Visible spectrophotometer (JH 754 PC,
Shanghai, China) was used to record the absorption
measurements. PHS-25 pH meter (Shanghai, China)
was used to measure the pH values. Sephadex
G-15 was used to purify the products. And a
high-performance liquid chromatography (HPLC,
Waters, USA) system were used to identify the
products.

A NIR fluorescence imaging system was used for
in vivo real-time imaging of the distribution of the
probes in animal subjects. The NIR system is
composed of an excitation laser (A = 765.9 nm, NL-
FC-2.0-763 laser light), a high-sensitivity NIR, CCD
camera (PIXIS 512B, Princeton Instrumentation)
and an 800nm long pass filter for capturing the
fluorescence from the tissue. In addition, another
HLU 32F 400808 nm laser (LIMO, Dortmund,
Germany) was incorporated as background light to
obtain the animal profile. Otherwise, the imaging
was completely dark except for the fluorescence
spot. For image analysis, we used winview software
that complied with the NIR imaging system and
pseudo color mode was chosen.

2.2. Methods

2.2.1. Synthesis and characterization of
UBI29-41-1CG02 conjugates

ICG-Der-02 (5mg, 0.005mmol) was reacted with
EDC.HCI] (2mg, 0.0l mmol) and NHS (1.73mg,

Noninvasive Optical Imaging of S. aureus Infection In Vivo

0.009 mmol) in DMF (200 pL).** After stirring in the
dark for 5h at room temperature, the solution was
mixed with UBI29-41 dissolved in phosphate buffer
solution (PBS, pH = 7.4). The mixture was stirred at
room temperature overnight in the dark. The crude
product UBI29-41-ICG02 was first confirmed by
thin layer chromatography (TLC) and subsequently
purified by filtration over Sephadex G-15. Finally,
the absorbance spectra of UBI29-41-1CG02 was
recorded on a UV-Visible spectrophotometer and an
NIR spectral system. The chemical purity of the
product was determined by analytical HPLC. HPLC
solvents consist of water containing 0.1% tri fluor-
oacetic acid (TFA; solvent A) and acetonitrile con-
taining 0.1% TFA (solvent B). The elution protocol
started from 65% A and 35% B to 52% A and 48% B
over 13min, held at 52% A and 48% B for 5min,
continued to 42% A and 58% B over 20 min.

2.2.2.  In vitro antibacterial ability
of UBI29-41

To explore whether the antimicrobial peptide frag-
ment UBI29-41 has the antibacterial ability against
S. aureus, we use the microplate broth dilution
method.?* Briefly, S. aureus from overnight cultures
was inoculated into 5mL of trypticase soy broth
and allowed to enter logarithmic phase (OD 600
~ 0.3) after approximately 2h of incubation. UBI
29-41 was serially diluted into a final volume of
100 puL. S. aureus were diluted to a theoretical OD
600 of 0.001 in Mueller Hinton Medium and seeded
onto the microplates to produce a final volume of
200 pL. per well. The OD 600 was measured im-
mediately before placing into an incubated shaker
at 37°C, and then again ~ 18 h later. All samples
were assayed in triplicate and the survival rate was
calculated as follows:

Survival rate = (mean absorbance of test wells —
mean absorbance of medium control wells)/(mean
absorbance of untreated wells — mean absorbance of
medium control wells) x100%.

2.2.3. In vitro cytotozicity studies
of UBI29-41

To evaluate the biocompatibility of UBI29-41 as
imaging ligand, the cytotoxicity of UBI29-41 was
investigated by using the MTT assay.’” Briefly,
human hepatic L02 cells were seeded in a 96-well
plate at a density of 5 x103 cells/well and then
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incubated overnight 2.5% CO,, 37°C in a cell cul-
ture incubator. After that, the UBI29-41 was added
for incubation 24 h and then the MTT dye (20 uL of
5mg/mL) was added to each well. After incubation
for another 3h at 37°C, the MTT working solution
was removed. Then, 200 uL,. DMSO was added into
each well and the plate was shaken for 20 min at
room temperature. All samples were assayed at
570nm in triplicate and the survival rate was cal-
culated as follows:

Survival rate = (mean absorbance of test wells —
mean absorbance of medium control well)/(mean
absorbance of untreated wells — mean absorbance of
medium control well) x 100%.

2.2.4.  Dynamics and biodistribution of
ICG-Der-02 and UBI29-41-1CG02

i healthy mice

BALB/C mice (aged 4—6 weeks and weighed at
18—22¢) were purchased from Qinglongshan ani-
mal breeding grounds (Nanjing, China). All animal
experiments were carried out in compliance with the
Animal Management Rules of the Ministry of
Health of the People’s Republic of China (document
No. 55, 2001) and the Guidelines for the Care and
Use of Laboratory Animals of China Pharmaceu-
tical University.

Their abdomen were shaved and depilated. ICG-
Der-02 and 10 nmol of UBI29-41-ICG02 in 200 uL of
PBS were intravenously injected normal mice via the
tail vein. A noninvasive in vivo continuous fluo-
rescence imaging apparatus was used to assess the
distribution of the dyes or probes in mice as described
previously. All NIR fluorescent images were re-
spectively acquired from the abdomen and displayed
with the same fluorescence axillary fossa of each
mouse.

2.2.5.  Dynamics and biodistribution of
ICG-Der-02 and UBI29-41-1CG02
in infected mice

To investigate the targeting ability of the probes, an
infection model was established.’® Briefly, saline
solution (0.1mL) containing 10 colony-forming
units of viable S. aureus 25923 were subcutaneously
injected into the axillary fossa of each mouse.
Twenty-four hours after the inoculation of S. aureus,
when significant swelling was visible at the injection
site, UBI29-41-ICG02 (0.2 mL) was injected into the

tail vein. The mice were imaged with the NIR ima-
ging system at predetermined time intervals within
24 h postinjection.

2.2.6. Statistical analysis

Data are expressed as means standard deviation.
Statistical analysis was performed using Student’s
t-test with statistical significance assigned for a
p-value of < 0.05.

3. Results

3.1. Synthesis and characterization
of UBI29-41-I1CG02 probes

UBI29-41-ICG02 was synthesized by following the
procedures described in the Methods Section, as
shown in Fig. 1. The purified UBI29-41-ICG02 was
evaluated by UV absorption spectrum analysis in
PBS with pH 7.4 as shown in Fig. 2(a). The ab-
sorption spectra of UBI29-41-1CG02 displayed all of

o NaO;5'

SOy Na0,$

NHz-Thr-Gly-Arg-Ala-Lys-Arg-Arg-
Met-Gin-Tyr-Asn-Arg-Arg

Thr-Gly-Arg-Ala-Lys-Arg-Arg-Met-Gin-Tyr-Asn-
HN™ Arg-Arg

SO;Na

50, Na0;S

Fig. 1. Synthesis of UBI29-41-ICG02.
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Fig. 2. Characterization of UBI29-41-ICG02. (a) Absorption spectra of synthesized UBI29-41-ICG02 probe and UBI29-41 and
ICG-Der-02 dye. The absorption peaks of UBI29-41-ICG02 overlaps the peaks of UBI29-41 and ICG-Der-02 at 256 and 780 nm,
indicating the successful conjugation of UBI29-41-ICG02. (b) TLC (dichloromethane: methanol = 5:1) of the UBI29-41-ICG02. The
two right spots from the reactants on the right column represents the unreacted ICG-Der-02 (bottom spot) and the product UBI29-
41-ICG02 (top spot). (c¢) HPLC profiles of UBI29-41-ICG02. The top is UBI29-41. The middle was the physical mixture of the
UBI29-41 and the ICG-Der02. The bottom was the conjugate UBI29-41-ICG02. And the retention time on analytical HPLC for
UBI29-41 was found to be 10 min.
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the absorption peaks of the constituent components
(UBI29-41 and ICG-Der-02 at 256 and 780 nm, re-
spectively) in the complex, indicating the successful
conjugation of UBI29-41-ICG02. The product
UBI29-41-1CG02 was characterized by TLC and the
fluorescence images were taken by the NIR imaging
system, as shown in Fig. 2(b). The two right spots
from the reactants on the right column represents
the unreacted ICG-Der-02 (bottom spot) and the
product UBI29-41-ICG02 (top spot). The product
UBI29-41-1CG02 was analyzed by HPLC, as shown
in Fig. 2(c). The retention time on analytical HPLC
for UBI 29-41 was found to be 10 min. The yield of
UBI29-41-I1CG02 conjugate was calculated at about
35% and the purity of UBI29-41-ICG02 was about
90% from analytical HPLC analysis.

3.2. In wvitro cytotoxicity of
UBI29-41-I1CG02

MTT assay was used to quantify the cell viability of
the human hepatic L02 cells in the presence of
UBI29-41-ICGO02 to display its toxicity in vitro. The
results are displayed in Fig. 3(a). When the con-
centration is below 107% mol/L, the cell viability
was above 80%. When the concentration of the
UBI29-41-ICG02 was increased, the toxicity aug-
mented. The MTT assay showed that the probe
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displayed some toxicity to human hepatic L02 cells
to some extent. However, because this assay was
performed limited times, this result should be
replicated again to confirm it again.

3.3. In wvitro antibacterial activity
of UBI29-41-I1CG02

We were interested in seeing whether UBI29-41-
ICGO02 still had an antibacterial ability against
S. aureus. As shown in Fig. 3(b), there is no obvious
inhibition ability to S. aureus. Because UBI29-41 is
only a fragment of antimicrobial peptide UBI, it did
not conserve the antibacterial ability of the ubiqu-
bin. This advantage makes it perfect for imaging
bacterial infection in wvivo, because imaging signal
will decrease if the bacteria are killed.

3.4. Dynamics and biodistribution of
ICG-Der-02 and UBI29-41-I1CG02
in healthy mice

To better understand the physiological behavior of
the UBI29-41-ICG02 probe, the dynamics and bio-
distribution of ICG-Der-02 and UBI29-41-1CG02
were first investigated in normal mice (n = 5) prior
to using the infection model. These mice were in-
jected with ICG-Der-02 and UBI29-41-ICG02 probe

100
90 -
80 4
704
60 4
50 4
40 -
304
20+
104

viability(%)

L] L] L |} L] L] L] L]
04 08 1.5 3 6 12 24 48
Concentration(10~° mol/L)

(b)

Fig. 3. The toxicity of UBI29-41-ICG02 to L02 cells and the antibacterial studies to S. aureus. (a) The toxicity to L02 cells. With
the concentration of UBI29-41 increased, the toxicity increases too. When the concentration is below 8 x 1076 mol/L, the cell
viability is above 80% and there is no obvious toxicity. (b) The viability of S. aureus in different concentration of UBI29-41. From
0.4 x 1075 mol/L to the maximum concentration of 48 x 1076 mol/L , there is no inhibition to the growth of the S. aureus.
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Fig. 4. NIR images of Balb/C mice. The distribution of the probe UBI29-41-ICG02 (a) and the dye ICG-Der-02 (b) in healthy mice
and the distribution of the probe UBI29-41-ICG02 (c) and the dye ICG-Der-02 (d) in infected mice, and the infection site is on the

right axillary fossa.

(0.2mL), and monitored for 24h. Representative
images are shown in Figs. 4(a) and 4(b).

In vivo imaging shows the fluorescence signals
of the probe UBI29-41-ICG02 spread all over the
mice at 1h and predominantly accumulated in
bladder afterward. There was no observable fluo-
rescence signal in the liver. The bright signal in
bladder inferred that the probe cleared through
the kidneys.

3.5. Dynamics and biodistribution of
ICG-Der-02 and UBI29-41-I1CG02
in infected mice

To investigate the bacteria targeting capability of
UBI29-41-1CG02, the S. aureus was injected in the
right axillary fossa and lower flank, respectively
(n = 10). The in vivo distribution of the dye ICG-
Der-02 and probe UBI29-41-ICG02 at specific time
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points was recorded with our NIR imaging system.
Representative images are shown in Figs. 4(c) and
4(d). Similar to the profiles of the dynamics study
described above, the probes were initially dis-
tributed all over the body and subsequently cleared
by the renal pathways. However, the infection sites
were identifiable within 1h postinjection of the
probes. Over time, the probe increasingly accumu-
lated in the infection and the fluorescence intensity
peaked at about 6 h. The bright fluorescence signal
gradually disappeared after 12 h.

4. Discussion

In agreement with selective binding of peptides to
microorganisms over mammalian cells, the peptide
UBI29-41 did not visualize sterile inflammatory
processes initiated by a single injection of LPS or
heat-killed microorganisms.'»?"*® It accumulated
significantly higher in the bacterial infection com-
pared to that of the LPS-induced inflammation. It
suggests that UBI29-41 based imaging probe may
be a promising imaging agent to distinguish
between bacterial infections and sterile inflam-
mations. And next we will undertake this research
to confirm this possibility.

UBI29-41-ICG02 is composed of two water-
soluble components, ICG-Der-02 and UBI29-41.
Therefore, UBI29-41-ICG02 targeted to the bac-
teria faster and quickly cleared from the rodent
through the kidney pathway after 6 h.

In the MTT assays, the UBI29-41 shows some
toxicity to human hepatic L02 cells. Because UBI29-
41 is a cationic antimicrobial peptides, the cationic
properties may be the factor of the toxicity.?” So in
the animal experiments, we should control the con-
centration of the UBI29-41. Besides, we should also
determine the toxicity of the probe UBI29-41-1CG02
to other human normal cells next to confirm its
toxicity again. The bacteria to detect should not be
limited to S. aureus, and other common pathogen
should also be included in our experiments.

5. Conclusion

Overall, this study demonstrates that the NIR
fluorescent UBI29-41 probe provides a powerful
strategy for noninvasive monitoring of biological
dynamics and infection diagnosis in different con-
ditions in vivo.
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