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Abstract— This study highlights the novel 

application of recently developed emerging non-
invasive nonlinear optical imaging approach based 
on surface-enhanced coherent anti-Stokes Raman 
scattering (SECARS) microscopy in investigating 
metabolic interactions of  nanoparticles upon 
intravenously injected contrasts in the 
neurodegenerative experimental animal model of 
amyotrophic lateral sclerosis (ALS). The study 
focuses on the  cellular metabolic interaction 
based on lipids associatied to up-taken ultra small 
paramagnetic iron oxide (USPIO) cross linked to 
anti-CD4 antibodies (CLUSPIO). Marked intensity 
enhancements have been observed in CLUSPIO 
treated ALS brain. The observed enhancement has 
been correlated to lipid peroxidation and 
degeneration observed in these regions, based on 
selective association of lipids to up-taken USPIO, 
which shows high accumulation in the brainstem 
and midbrain region. The obtained results were 
compared with MR imaging, which shows marked 
hyperintensities with prominent lateral ventricle 
and cerebral aqueduct enlargements in these 
regions. 
 

Index Terms— Key words or phrases in the 
alphabetical order, separated by commas  
 

1. INTRODUCTION 

 he explosive growth of biocompatible 
nanotechnologies has set the stage for an 

evolutionary leap in diagnostic imaging and 
therapy. Recently, magnetic nanoparticles based-
contrast agents have been the subject of 
intensive pre-clinical and clinical research studies 
which opened up a new field in molecular imaging 
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(1,2). They have several advantages over Gd-
based agents: no long term toxicity for the 
biodegradable particles, higher relaxivity effects 
and prolonged circulation time that enables the 
use of high spatial resolution sequences.  One of 
the applications that greatly benefited from the 
development of this class of contrast agents is 
cellular imaging, which relies on non-invasive 
tracking of magnetically labeled cells. Moreover, 
owing to their remarkable biocompatible and 
biodegradable properties, they have become very 
popular for their diagnostic features and 
therapeutic applications. The ultra small 
paramagnetic iron oxide particles (USPIO) have 
shown to be extremely strong contrast enhancers 
for proton MR imaging. The contrast mechanism  
depends on the choice of imaging modality, which 
itself is determined by the clinical problem and 
accessibility for imaging. Moreover, the physical 
properties of the carrier agents themselves 
(density and compressibility) establish the means 
for detection.. The molecular imaging methods 
are currently central in pre-clinical research and 
clinical routine as diagnostic tools which enable 
the visualization of the ongoing 
pathophysiological changes in living organisms, 
however it still remains challenging due to their 
relatively low spatial resolution with poor definition 
of anatomy.  Recently, it has been shown that the 
combination of MRI and contrast agents can 
greatly enhance the possibilities to depict the 
vascular system, inflamed tissue as in arthritis, 
tumour angiogenesis, and atherosclerotic plaques 
and the breakdown of the blood-brain barrier 
related to pathologies in neurodegenerative 
diseases (3,4). There have been many attempts 
to find the best imaging modality to investigate 
the entire mechanism of the inflammatory 
processes. Intensive efforts have been made to 
develop a class of multimodal contrast agents, 
which can combine magnetic resonance imaging 
(MRI) and optical imaging. One of the emerging 
recently developed optical imaging techniques is 
Surface Enhanced Coherent anti-Stokes Raman 
Scattering (SECARS) Microscopy (5,6). 
Compared with other clinical imaging modalities, 
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SECARS microscopy can be tuned to provide a 
variety of possible tissue contrast with an 
advantage of subcellular spatial resolution and 
near real-time temporal resolution compared with 
MRI, which is shown to be promising towards 
becoming a medical diagnostic tool for both ex 
vivo and in vivo live cell imaging applications. The 
potential of this imaging modality is highlighted by 
its ability to probe the surface enhanced signal 
based on the aggregations or accumulations of 
nanoparticles in living cells. Apart from its 
chemical selectivity, the main strength of this 
technique lies in the fact that it can image the 
native and unaltered state of the samples or the 
nanoparticles without the additional labelling or 
fluorescent marker. This is important since the 
marker may change the behaviour of the eg. 
metallic/ organic state of the nanoparticles in the 
cells. In this study we show the potential 
contribution of SECARS microscopy in studying 
the mechanism underlying iron oxide cellular 
metabolic interactions from an established 
neurodegenerative experimental animal models 
using   CLUSPIO MRI contrast agent. This work 
is focused on the study of some 
neurodegenerative disorder systems, generally 
associated with the disturbances in cholesterol 
metabolism, the presence of the E4 isoform of 
the cholesterol transporter apolipoprotein E as 
well as hypercholesterolemia, which are important 
risk factors for the development of 
neurodegeneration. The emphasis of this study is 
to present and review applications using 
innovative molecular imaging diagnostic 
approaches, MR and  SECARS nonlinear 
microscopy, the latter based on probing the 
surface enhanced signal  correlated to the 
mechanism of intracellular iron accumulation and 
lipid oxidation and peroxidation in the ALS 
experimental model. 

2. MATERIALS AND METHODS 

    The experiments were performed with  iron 
oxides nanoparticles incubated biological 
samples, brain tissue extracted from Sprague-
Dawley rat model  expressing multiple copies of 
mutated (G93A) human SOD-1 gene (Taconic 
Farms, NY), and wild type (WT-standard 
Sprague-Dawley rats). Commercially available 
antibodies against CD4+ T cells, magnetically 
labelled with ultra small particles of iron oxide 
(USPIO; MACS®, Miltenyi Biotec) cross linked to 
anti-CD4 antibodies (CLUSPIO) were i.v. injected 
into rats .The brain tissues samples were 
extracted from wild type rat model, CLUSPIO-
treated ALS and untreated ALS rat model. 
SECARS microscopy was performed using NIR 
excitation of picosecond mode-locked Nd:YVO4 
and Ti:S laser ( 700-1000 nm) combined with a 
tunable OPO that covers the  frequency range ( 
200-3600 cm-1). The beams were scanned over 
the sample using specially designed laser 
scanning microscope and focused by water 
immersion objective lens with 1.2 numerical 

apertures. Both beams have a power of several 
tens of milliwatts at the sample. The SECARS 
signal is collected in the backward direction using 
standard confocal microscope connected with a 
photomultiplier tube. Microscopic Raman 
mapping images were recorded using an alpha 
300R instrument WITec, Inc. (Ulm, Germany) 
equipped with a back illuminated deep-depletion 
CCD camera. The samples were irradiated by a 
He-Ne laser at 632.8 nm, coupled into a confocal 
Raman microscope through a wavelength specific 
single mode optical fiber, and focused by a 
40×0.65 NA microscope objective lens. The 
animal experiments were surveyed by the 
Committee for Animal Experimentation treated in 
accordance with the European Community 
Council Directive (Ref. Nr. 86/609/EEC) and the 
NIH Guidelines, with approval of the Ethical 
Committee of the Faculty of Biology University of 
Belgrade. 

3. RESULTS AND DISCUSSION 

    Based on earlier findings, it has been propped  
that the neurodegenerative cascade in ALS 
involves an early increase in levels of oxidative 
stress, induced by genetic and/or    environmental 
factors which causes a disturbance in membrane 
lipid metabolism resulting in the accumulation of 
ceramides and cholesterolesters (7). Previous 
studies on cultured motor neurons and Cu/Zn-
SOD mutant mice and nonneuronal cells, have 
shown  that ceramide can mediate cell death 
induced by disturbances in plasma membrane 
redox systems, which can  suggest a pivotal role 
for disturbances of membrane lipid metabolism in 
the pathogenesis of ALS (8). The crucial role of 
lipid oxidation and peroxidation  through reactive 
oxygen species (ROS) in tissue pathophysiology 
has been further demonstrated in many 
neurological disorders, including bipolar disorder 
and schizophrenia, neurodegenerative diseases 
such as Alzheimer’s (AD), Parkinson’s (PD), 
multiple sclerosis (MS), Niemann–Pick C (NPC), 
and Huntington’s (HD) diseases, Friedreich’s 
ataxia, infantile neuroaxonal degeneration 
(INAD), neurodegeneration with brain iron 
accumulation (NBIA), and Zellweger syndrome 
that involve deregulated lipid metabolism (9). 
  

 
 
 
 
 
 

Fig.1. SECARS image of brain tissue from CLUSPIO treated 
ALS rats, taken at at 2850 cm-1. The  corresponding cross 
section profile shows the intensity enhancement along the 
indicated line. 
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    Our recent studies on the ALS rat model, using 
MRI revealed T2-weighted hyperintensities in the 
brainstem, rubrospinal tract and vagus motor 
nuclei with prominent lateral ventricle and 
cerebral aqueduct enlargements (10,11). Notably, 
with CLUSPIO antibodies against CD4, MRI 
revealed infiltrations of helper T cells in the 
interbrain regions that are shown to be correlated 
with foci of neurodegeneration in these areas, not 
observed in the WT animals (12, 13). 
 
    In line with the MRI findings, ex vivo SECARS 
experiments performed on CLUSPIO i.v. injected  
brain sections taken from ALS transgenic rat 
model  showed marked signal enhancement in 
specific pathological regions particularly in the 
midbrain and the brainstem known to be 
infiltrated by helper T cells. The prominent bands 
that show significant enhancement observed in 
the high frequency region were around 2845 and 
2875 cm-1 (figure1) which are typical bands for 
fatty acids dominated by valence vibrations of C-
H2 groups. The bands from 2700 to 3500 cm-1 are 
correlated to cholesterol ester (cholesteryl 
palmitate), triacylglyceride (glyceryl palmitate), 
phosphatidic acid, and sphingomyelin. Significant 
enhancements were also observed in the 
fingerprint region  around 1660-1675 cm-1 

 which 
is correlated to unsaturated fatty acids and to the 
steroid ring of cholesterol (figure2).   
 

 
 
 
 
 
 
    In contrast experiments performed in the same 
tuning range on untreated samples and brain 
tissues extracted from the wild- type rat model 
have shown no significant indication of 
enhancement around these bands. To investigate 
the metabolic effect of iron particles and the 
possibility of iron lipid binding activity, 
experiments were performed on adipocytes 
treated with iron oxide nanoparticles and 
extracted lipids from biological tissues. An 
intensive signal enhancement could be found in 
the vibrational resonance wavelengths range 
around 2850 cm-1 from USPIO incubated lipids 
and particular regions highlighting accumulation 
of iron oxide nanoparticles in adipocytes (figure 

3). Thus the observed SECARS enhancement in 
the CLUSPIO treated ALS brain can be related to 
lipid peroxidation and degeneration in these 
regions. The cellular metabolic interaction of iron 
oxide nanoparticles  has been demonstrated in 
our previous studies on hepatic tissues treated 
with iron oxide nanoparticles (5).  
 

 
 

  
   Control experiments performed on untreated 
samples showed no signal enhancements at any 
vibrational resonance wavelength. The signal 
enhancement has been further investigated on 
total brain tissues by Raman maps chemical 
imaging (Fig. 3). Clear contrast enhancement is 
observed in tissues from CLUSPIO-treated ALS 
animals as indicated by the bright regions 
highlighting accumulation of iron oxide 
nanoparticles. To support the surface-enhanced 
coherent Raman scattering activity of iron oxide 
nanoparticles, additional control microscopic 
Raman measurements have been performed on 
iron oxide nanoparticles dissolved in pyridine 
(C5H5N). Clear intensity enhancement could be 
detected from iron oxide nanoparticles in pyridine 
as compared to the pure solution (Fig. 4). 

 
 
 
 
 
 
 
 
 
 
 
 
   Previous studies support the hypothesis that  
 
 
 
Previous studies support the hypothesis that iron 
(Fe3+) binds to membrane lipids generating free 

Fig.2. SECARS image of CLUSPIO- treated ALS brain 
tissue, taken in the finger print region around 1660 cm-
1. The corresponding cross section profile shows the 
intensity enhancement  from the bright regions. 

Fig.3. A) SECARS image of adipocytes treated with iron oxide 
nanoparticles (bright regions), taken around 2850 cm-1.  (B) 
Gray scale plot shows the intensity enhancement highlighting 
the accumulation of iron oxides nanoparticles indicated by 
arrow.(C) Raman spectrum extracted from the Raman map 
image  (inset, scale bar 1 µm) of brain tissue from CLUSPIO 
treated ALS rats, in the range of 200-3100 cm-1. 

Fig 4. Raman spectra show intensity enhancement 
observed from the iron oxide nanoparticles in Pyridine 
compared with the pure solution. 
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radicals at the binding site. Iron-induced lipid 
peroxidation has previously been demonstrated 
more often than for any other transition metal. For 
example, an in vivo study has shown direct 
evidence of lipid peroxidation, in both 
mitochondrial and microsomal membrane lipids 
(14).The binding of Fe3+ to cell membranes has 
been investigated in a system in which lipid 
peroxidation was proportional to Fe3+ 
concentration; the results indicated that 95% of 
the Fe3+ was membrane bound when evaluated 
by labeling with 59FeCl3 combined to 
measurement of nuclear magnetic resonance of 
water-proton relaxation times. Both spin-lattice 
(T1) and spin-spin (T2) relaxation times 
decreased with increasing Fe3+ concentration. 
This study suggested that the charge transfer to 
Fe3+ may occur at the membrane binding-site, 
leading to reduced Fe3+ effect on water-proton 
relaxation times. Furthermore, the iron uptake by 
cortex neurons has been previously 
demonstrated by using immunocytochemical 
techniques that showed the presence of 
transporter receptors on neurons (15). Recent 
studies on ceruloplasmin (CP) of brain iron 
homoestasis have shown that solubale CP has a 
role in iron uptake by iron-deficient brain neurons 
(16). The iron deposits in ALS have been found to 
be restricted to the precentral gyruses of gray 
matter (17). From our results we could correlate 
the SECARS enhancement to the lipid-iron 
accumulation in the inflammatory cells or from 
regions with perturbed sphingolipid metabolism 
resulting in ceramide and cholesterol ester 
accumulation in the ALS brain.  

 

4. CONCLUSION 

    The involvement of perturbed sphingolipid 
metabolism resulting in ceramide and cholesterol 
ester accumulation in motor neurons in ALS 
would suggest novel approaches for future 
therapeutic intervention. Moreover, the surface-
enhanced coherent Raman scattering - based 
optical properties of the MR contrast agents can 
be promising for the designing of future magnetic 
and optical probes for live cell imaging and 
investigation on neurodegenerative disorders. 
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