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Abstract
Current imaging modalities lack the ability to quickly assess and classify nerve injury for
predicting favourable versus unfavourable healing outcomes, which could minimize episodes of
chronic pain and loss of function by allowing for early intervention. Thus, the development of a
technique to noninvasively assess peripheral nerve damage is of critical importance. While the
development of nerve specific near infrared (NIR) molecular probes capable of such diagnostics
constitutes our long term goal, initial studies to identify a NIR dye for constructing such a probe
are required. We have evaluated the properties of a novel highly hydrophilic and functionalizable
polymethine dye, and its more hydrophobic analogue indocyanine green, within the sciatic nerve
of rats following intra-nerve injection. The reporting ability of both dyes at critical depths for
nerve imaging, the importance of hydrophilicity on dye transport through nervous tissue, and their
toxicity – or lack thereof – to the neural environment have been evaluated. The results suggest that
the novel NIR dye is an appropriate fluorescent reporter for use in designing nerve-specific optical
molecular probes for non-invasive diagnosis and classification of nerve injury.

Introduction
Peripheral nerve injuries often result from minor accidents, traumatic injuries, surgery and
diseases affecting an estimated 600,000 patients each year.1, 2 Successful treatment relies on
the ability to quickly assess and classify nerve injury as having a favourable (injuries
capable of healing over time, Sunderland grade 1–3) or unfavourable outcome (injuries
needing immediate intervention, Sunderland grade 4–5).3 The current methods for non-
invasive diagnosis of peripheral nerve injuries, including computed tomography (CT),4, 5

ultrasound (US),6–10 and magnetic resonance imaging (MRI)11–15 can allow for their
visualization and evaluation. However, dependence upon gross changes to tissue
morphology (swelling, edema, etc.) limits the utility of these imaging modalities to
identifying the location of acute nerve injuries, but does not allow for classification of
injuries, which is based upon loss of morphological features – i.e. axons, myelin,
endoneurium, etc.3, 16 This leads to a wait-and-see approach which delays treatment and
commonly results in suboptimal outcomes in functional recovery following surgical
repair.2, 17 Thus, the development of a technique to noninvasively assess nerve damage,
which can provide correlation to the extent of axonal injury and allows for its overall
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classification, is one of the most pressing needs in the treatment of peripheral nerve
injuries.18–20

Unlike current clinical imaging modalities, optical imaging is capable of assessing tissue
pathology in vivo with high sensitivity at the molecular level, permitting visualization of
nerve morphology.21–23 This has been demonstrated through the use of Thy1-XFP
transgenic rodents producing a fluorescent protein (XFP) expressed in their axons.24, 25 This
model suffers from three major drawbacks: i) emission is in the visible spectrum, suffering
from high levels of autofluorescence; ii) high scattering limits detection through skin and in
deep tissue; and iii) the presence of exogenous genes in the model limits the potential for
clinical translation.

More recently the design and development of contrast agents for image guided surgery has
provoked interest, especially in an effort to minimize accidental nerve damage during
surgery.1, 26–28 These efforts have led to the design of the first visible29, 30 and far red1, 26

(500–650 nm) emitting optical contrast agents and targeted probe for peripheral nerve
identification. While these approaches allow for visualization of an exposed nerve they do
not provide injury classification and have limited use in non-invasive imaging procedures, as
their emission remains within the visible region.

The utilization of imaging agents in the near-infrared (NIR) range (700–950 nm) extends
imaging capabilities from a few millimetres (visible range) up to several centimetres in
depth due to attenuated scattering and a reduced number of endogenous fluorophores within
this range.21, 31–36 This provides a unique opportunity to carry out in vivo imaging using
non- to minimally invasive procedures to rapidly distinguish between normal and diseased/
damaged tissue.21–23, 37 As a result, optical imaging, using NIR dyes as fluorescent
reporters, has become increasingly utilized in preclinical and clinical studies.

Based on light-tissue interaction38 an ideal optical probe for the diagnosis of peripheral
nerve injuries should include a NIR fluorophore (dye) which can be attached to a nerve
specific targeting moiety, such as an antibody or small peptide, to enhance selective
accumulation and/or assist in moving the probe through the blood nerve barrier (BNB). The
fluorophore should have limited or no effect on movement of a targeted probe within neural
tissue. Additionally, it should allow for non- to minimally invasive detection of NIR
emission at clinically relevant depths and be non-neurotoxic. To our knowledge no such
probe has been identified. The design of this probe is the long term goal of this project.

The first step towards the initial development of a nerve targeted optical probe has been to
investigate two polymethine based fluorophores. The FDA approved indocyanine green
(ICG), which is extensively utilized for in vivo imaging,39–41 and its hydrophilic analogue
prepared in our laboratory, LS60142 (Figure 1, synthesis is given in Supporting Information,
Scheme S1) previously described in patent literature as a dye for NIR absorbing ink43 were
used. Polymethine dyes are relatively easy to synthesize and their skeleton offers an
excellent scaffold for introducing functionalities for incorporation into optical probes. In the
course of this work, we evaluated the potential of these dyes as NIR reporters in the
development of nerve targeted optical imaging probes and have determined how these dyes
interact with the neural environment.

Results & Discussion
Targeted probes for optical imaging of peripheral nerves will carry a NIR fluorescent dye,
which can impact the biological properties of the probe. As such, the dyes must be carefully
evaluated to identify those which facilitate development of targeted probes maintaining the
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above outlined ideal properties for peripheral nerve injury assessment. Herein, we provide
an evaluation of NIR polymethine dyes with similar optical properties (Table 1) but
principally different in vivo behaviour. ICG and LS601 differ by hydrophilicity, because of
additional hydrophilic groups (carboxylates) on LS601, and the ability of LS601 to be
conjugated to a targeting moiety via at least one of these groups as we demonstrated
previously.42

The difference in hydrophilicity between LS601 and ICG is clearly demonstrated through
comparison of the retention times using reverse phase HPLC (3.11 and 5.32 min
respectively, Supporting information Fig. S1 and Fig. S2).

Imaging of the Sciatic Nerve in vivo
To demonstrate detection of NIR emission at depths clinically applicable to peripheral nerve
injury we evaluated the dyes in the rat sciatic nerve, at approximately 1 cm below the rat’s
skin surface. The depth of most commonly injured and clinically relevant peripheral nerves
of the extremities is up to 2 cm,2 placing us within the appropriate range. The dyes were
injected into the sciatic nerve of transgenic Sprague Dawley rats expressing GFP under the
regulation of the Thy1 promoter found in neurons. Intra-neural injection guaranteed each
dye was present within the nerve, allowing for direct visualization of fluorescence in nerve
tissue.25 Rats were broken into 6 groups, as defined in the supplemental information, and
received an injection of either LS601 or ICG. Beyond the fluorophore injected the groups
differed only by the time of sacrifice. Initial NIR optical imaging of each limb was
performed within 2 h of dye injection. This time gap was due to the logistics of moving all
animals from surgery and the fluorescence dissecting microscope to the planar imaging
system. Fluorescence imaging showed a strong signal from the injected dyes, demonstrating
that both dyes remained at or near the site of injection (Figure 2, panel D shows a
representative 2 h post injection (PI) image). As expected, GFP was not detectable at these
depths. NIR fluorescence was not detected in the control group because of the relative
absence of endogenous emitters in the NIR range.

At longer time points, 20 – 48 h PI (Figure 2, panels A–C) the differences between the two
dyes became apparent. While ICG remained largely in the same location, as indicated by a
single high intensity spot at the site of injection (ROI #4, Figure 2, panel D left), the more
hydrophilic LS601 appears to migrate along the sciatic nerve. Two clearly observed high
intensity fluorescent spots at ROI #2 and #5 along the sciatic nerve verifies the proximal and
distal movement of LS601 (Figure 2, panel D right). In all nerves there was an overall
decrease in fluorescence signal over time. A larger decrease in fluorescence intensity of
LS601 further indicates its migration along the nerve into deeper tissue, as the nerve
proximally merges into the spinal cord and distally becomes buried in muscle. By 48 h PI
fluorescence from LS601 can no longer be seen, yet hydrophobic ICG remains intensely
fluorescent at the site of injection (data not shown). Results were consistent over 3 sciatic
nerves.

These data illustrate the potential of NIR imaging with fluorescent reporters at depths
relevant to peripheral nerves via non-invasive transdermal imaging, even with a relatively
simple planar imaging system. Spatial and depth resolution of NIR imaging could be further
improved by utilizing more complex methods such as diffuse optical tomography.45, 46

Effect of Dye Hydrophilicity
The use of hydrophilic dyes to eliminate nonspecific binding is optical imaging is well
accepted. We recently demonstrated that the hydrophilicity of polymethine based NIR
fluorophores directly influences the pharmacokinetics and distribution of their fluorophore-

Gustafson et al. Page 3

Medchemcomm. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biomolecule conjugates (a targeted optical probe), specifically its ability to move out of the
vasculature.33 More hydrophobic dyes including ICG with a binding constant to albumin K
~ 556,000 M−1, were retained in the vasculature through binding to albumin, while the
hydrophilic analogues with K < 15,000 M−1 quickly extravasated into the surrounding
tissue. This study clearly demonstrated that a probes ability to reach its target can be
effected by the attached fluorescent reporter.

Unlike the vasculature, the neural environment is unique and has not been previously
explored in these regards. Endoneurial fluid contains many proteins which are not present in
other systems; determining whether the same effect of hydrophilicity applies is critical in the
design of nerve specific probes. While the hydrophilicity of the dye may affect its ability to
cross the blood-nerve-barrier (BNB) we rationalized that hydrophilicity may also influence
the ability of a small targeted probe to move within nervous tissue, and thus to reach a
specific target. Therefore, the hydrophilic dye LS601, with low binding affinity to albumin
(K~10,000 M−1 see Supporting Information Fig. S3) and easiness to conjugation was
selected for this study.

We evaluated the effects of hydrophilicity on dye movement within the nerve to determine
its suitability for incorporation into an NIR nerve targeted optical probe as a reporter. First,
we utilized dissection images of each sciatic nerve. In vivo images were taken directly
following injection and at either 6 h or 24 h PI (Figure 3). To fully visualize dye distribution
along the sciatic nerve its entire length was exposed from the sciatic notch to the most
distally exposed portions of the tibial, sural and peroneal nerves (just proximal to where
these nerves enter the muscle) at the time of animal sacrifice (6 or 24 h PI). For all nerves,
both LS601 and ICG remain at, and proximal to, the injection site PI. This is expected as the
injection was made in a proximal direction. After 24 h ICG remained at its original location.
In contrast, noticeable migration of LS601 in both the antero- and retrograde directions (~ 1
mm) was observed at 6 h PI. After 24 h LS601 appears to have moved 3–4 mm in both
directions from the injection site, indicating that movement may be at a steady rate of ~0.1–
0.15 mm/h, both distal and proximal as shown in Figure 3 (results were consistent over 3
sciatic nerves).

Second, following in vivo imaging each sciatic nerve was harvested to verify the impact of
dye hydrophilicity on its ability to migrate along the nerve using confocal microscopy.
Multiple images of each nerve were taken at the proximal and distal ends as well as the
middle of the nerve near the site of injection (Figure 4). Fluorescence from ICG appears to
remain near the injection site, correlating with results from in vivo imaging (Figure 3).
Highest intensity emission was detected at the middle of the nerve, with significantly lower
emission at the proximal and no emission at the distal site. This result is expected for a
compound which adheres to surrounding tissue, as injections were made proximally, and
unless the dye distributes across the nerve the maximum intensity remains at the injection
site. The fact that no fluorescence is seen distal to the site of injection confirms that the dye
did not migrate. Additionally, ICG does not appear to diffuse transversely across the
diameter of the nerve. It is likely that ICG, because of its hydrophobic nature, “sticks” to
myelin or other nerve tissue components. It has previously been shown that hydrophobic
fluorophores have a high affinity to the myelin sheath in the peripheral and central nervous
systems.1, 29, 30 In fact, this has been the basis for the first contrast agent designed for image
guided surgery to prevent accidental nerve damage.1 We believe that such hydrophobic
contrast agents are suitable for highlighting nerves during surgery, but they have limited use
for incorporation into targeted probes, where high mobility of the probe within the neural
environment will be required to reach the tissue of interest.
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Hydrophilic LS601, unlike ICG, appears to freely diffuse throughout the nerve, migrating in
both antero- and retrograde directions (Figure 3, panel D). This is demonstrated both in vivo
and by confocal imaging of LS601 injected nerves harvested 6 h PI. The most intense NIR
fluorescence detected from LS601 at 6 h PI was within the proximal end of the nerve, with
lower intensity at the distal end, and no detectable fluorescence near the site of injection
(middle) (Figure 4). Additionally, the fluorescence signal diffused transversely across the
nerve, further confirming low binding affinity of the dye to nerve tissue. Migration of the
dye resulted in too low of a concentration remaining at 24 h PI to allow for confocal
imaging. The hydrophilic nature of LS601 suggests its retention with the endoneurial fluid
rather than becoming trapped within connective tissue of the nerve. The endoneurium of rats
is composed of 70% water which is distributed between intracellular and extracellular
components, with extracellular water being both free and part of a hydrated gel-like ground
substance.47, 48 The free movement of LS601 throughout the nerve indicates that a
hydrophilic dye would be an appropriate candidate for incorporation into an optical probe
specific to nervous tissue/structures. In contrast, hydrophobic dyes would interfere with the
specificity of targeting probes in neural applications, because of their propensity to “stick”
to non-specific hydrophobic structures. While the small numbers of animals used in this
study precludes statistic evaluation, the results clearly and reproducibly demonstrate the
difference between hydrophilic and hydrophobic molecular transport in nerves.

Neurotoxicity of LS601
To incorporate LS601 into a targeted imaging agent it must be non-neurotoxic, it cannot
cause axonal degeneration or injury to the morphology of the nerve. Both LS601 and saline
(as a control) were directly injected into the sciatic nerves of Thy1-GFP rats. Two weeks
post injection the nerves were harvested and evaluated, along with an untreated nerve, by
histomorphometry. The results demonstrate that nerves treated with LS601 retain normal
fiber architecture with a complete absence of Wallerian degeneration and demyelination
(Figure 5), showing no evidence of any axonal injury. The lack of histological damage and
observation of normal morphology suggests no loss of nerve function was induced as a
result of the injected dye. Further, comparison of the quantified histomorphometric
parameters for the nerve injected with LS601 vs. the controls (saline injection and an
untreated nerve), demonstrated no differences (Table 2). Nerves treated with LS601 have
almost identical parameters to those receiving saline and normal non-treated nerves,
indicating that the dye lacks neuronal toxicity. The small variability in the morphometric
parameters is expected, as a result of natural biological variability between animals.
Therefore, the morphological data indicate no evidence of injury.

Conclusions and Future Directions
LS601 was designed in our laboratory to have similar photophysical properties to ICG while
allowing for facile coupling to a targeting molecule, such as a polypeptide or antibody,
under aqueous conditions. Attachment of LS601 to targeting moieties (peptides, antibodies,
and proteins) has already been carried out using standard NHS based protocols.42 The above
results show that, following attachment to a targeting moiety, the dye LS601 should not
interfere with the movement of the probe within the nerve and will allow for detectable
contrast at the tissue of interest.

On the whole, LS601 appears to exhibit the appropriate qualities of a NIR dye for
incorporation into an optical probe, for the diagnosis of peripheral nerve injuries. Having
identified the dye, our next task is to select several potential markers for neuronal structures/
tissues which can be indicative of injury. Nerve injury small animal models such as a crush
and transection injuries to the sciatic and facila nerves will be explored. Successfully
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targeting these tissues and an optimized method of probe administration will allow for
classification of injury as having favourable or unfavourable outcomes, leading to more
timely treatment of peripheral nerve injuries. Finally, the utility of the advanced imaging
methods, such as diffuse optical tomography, photoacoustics, two-photon optical imaging in
combination with targeted probes in nerve imaging will be explored in future studies to
increase depth penetration for imaging deep lying nerves.

In summary, we have demonstrated the feasibility of NIR imaging to detect fluorescence,
emanating from within the peripheral nerve, at depths critical to their clinical evaluation in
humans. By comparing our novel hydrophilic NIR dye LS601 to its FDA approved
hydrophobic counterpart ICG, a direct correlation between dye hydrophilicity and its ability
to migrate through nervous tissue was demonstrated. Hydrophobic ICG becomes trapped in
neuronal tissue and shows no movement from the point of administration. In contrast, LS601
migrated along the nerve in both the antero- and retrograde directions. This movement was
confirmed through both in vivo and ex vivo imaging of the sciatic nerves of Thy1-GFP rats.
Histomorphometry demonstrated that nerves treated with LS601 retain normal fiber
architecture with an absence of Wallerian degeneration and demyelination, suggesting the
dye is not neurotoxic. Overall, we have demonstrated the feasibility of non-invasive imaging
at depths clinically relevant to peripheral nerves, and shown that the hydrophilic dye LS601
would be an excellent candidate for use in the design of NIR targeted optical probes for the
non-invasive visualization of nerves and diagnosis of peripheral nerve injuries.
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Fig. 1.
Structures of the NIR dyes ICG and LS601
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Fig. 2.
Fluorescence analysis of transdermal images post injection (PI). Control (A), ICG 20 h PI
(B), LS601 20h PI (C). 8 ROI intensity analysis along the sciatic nerve (#1 proximal to #8
distal) indicating movement of LS601 from 1.5 h PI to 20 h PI normalized to ROI #4(D).
The same analysis shows that ICG remains at the site of injection.
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Fig. 3.
NIR dye movement along the sciatic nerve of Thy1-GFP rats. Green color indicates GFP
emission, red corresponds to NIR emission from LS601. Orange indicates overlap of GFP
emission with that of NIR emission from LS601. NIR and GFP fluorescence signal directly
correlate, validating placement of dye within the sciatic nerve. 10× Images: ICG post
injection (PI) (A), ICG 24h PI (B), LS601 PI (C), LS601 24h PI (D). The arrows indicate
injection location.
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Fig. 4.
Representative 10× confocal microscopy images of the proximal, middle, and distal sections
of sciatic nerves injected with ICG (top three panels, 24 h PI) or LS601 (bottom three
panels, 6h PI). Green color indicates GFP emission, red color corresponds to NIR emission
from LS601. Orange to brown color indicates overlap of GFP emission with that of NIR
emission from LS601.
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Fig. 5.
Representative histological sections from the injection site, injury is due to injection (A) and
distal to the injection site at 100× (B) and 400× (C) demonstrate that the dye LS601 is not
toxic to healthy nerves.
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Table 1

Photophysical properties of NIR dyes in DMSO

Dye λabs (nm),a λem (nm),b ε (M−1cm−1),c Φ,d

LS601 769 800 161,000 0.20

ICG 794 817 286,000 0.12e

a
λabs – absorption maxima,

b
λem – emission maxima,

c
ε - molar absorptivity at the λabs,

d
Φ-fluorescence quantum yield,

e
ref44
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