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Abstract 

The degradation of hemoglobin in brain tissues results in the deposition of hemosiderin, which is a major 
form of iron-storage protein and closely related to neurological disorders such as epilepsy. Optical 
detection of hemosiderin is vitally important yet challenging for the understanding of disease mechanisms, 
as well as improving surgical resection of brain lesions. Here, we provide the first label-free microscopy 
study of sensitive hemosiderin detection in both an animal model and human brain tissues.  
Methods: We applied spectrally and temporally resolved femtosecond pump-probe microscopy, 
including transient absorption (TA) and stimulated Raman scattering (SRS) techniques, to differentiate 
hemoglobin and hemosiderin in brain tissues. The label-free imaging results were compared with Perls’ 
staining to evaluate our method for hemosiderin detection. 
Results: Significant differences between hemoglobin and hemosiderin transient spectra were 
discovered. While a strong ground-state bleaching feature of hemoglobin appears in the near-infrared 
region, hemosiderin demonstrates pure excited-state absorption dynamics, which could be explained by 
our proposed kinetic model. Furthermore, simultaneous imaging of hemoglobin and hemosiderin can be 
rapidly achieved in both an intracerebral hemorrhage (ICH) rat model and human brain surgical 
specimens, with perfect correlation with Perls’ staining. 
Conclusion: Our results suggest that rapid, label-free detection of hemosiderin in brain tissues could be 
realized by femtosecond pump-probe microscopy. Our method holds great potential in providing a new 
tool for intraoperative detection of hemosiderin during brain surgeries. 

Key words: hemoglobin, hemosiderin, pump-probe microscopy, transient absorption, stimulated Raman 
scattering 

Introduction 
Iron is crucial for maintaining healthy functions 

of cells and organisms [1-3]. Most iron in the human 
body exists in various forms of hemoproteins, playing 
key roles in many critical biological processes. For 
instance, hemoglobin and myoglobin are responsible 
for oxygen transport and storage, whereas 

cytochromes serve as electron transfer molecules and 
enzymes [4]. When these hemoproteins are digested 
and degraded by phagocytes, their iron compositions 
are stored in two major forms of non-heme 
iron-protein complexes: soluble ferritin nanoparticles 
and insoluble hemosiderin deposits, playing further 
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roles in iron recycling. Dysregulated iron homeo-
stasis, either iron deficiency or overload, will lead to 
hematological, metabolic and neurodegenerative 
diseases. Iron overload results in the formation of 
toxic hemosiderin that leads to tissue damages in 
organs including liver and brain [5].  

Particularly, brain hemosiderin deposition is an 
intractable clinical problem for neurosurgeons. Brain 
hemosiderin is mainly caused by intracerebral 
hemorrhage (ICH), which includes a series of diseases 
with high morbidity and mortality [6,7]. After the 
degradation of red blood cells in hematoma, 
hemosiderin formation often leads to progressive 
neurological deficits [8,9]. For instance, hemosiderin 
deposition in the white matter may cause white 
matter injury (WMI), which is a significant 
neuropathy of cerebrovascular diseases [10]. As 
myelin is vulnerable to oxidative stress induced by 
ischemic or hemorrhagic events, hemosiderin plays a 
critical role in WMI [7], acting as a catalytic agent to 
produce the superoxide radical by adding one 
electron to oxygen. Eventually, another electron is 
added to the superoxide, creating hydrogen peroxide, 
inducing a local oxidizing reaction in brain tissue [11]. 
When hemosiderin accumulates in the cerebral grey 
matter, it may become the cause for focal seizures. 
Post ICH epilepsy was estimated to occur in 4% to 
16% of patients after hemorrhagic stroke [12-14]. Iron 
liberated from deposited hemosiderin mainly exists as 
ferric ion, which mediates the generation of hydroxyl 
radicals [15] and affects the oxidative stress level of 
cortical neurons [16,17], which is believed to 
contribute to epileptogenesis. 

Brain cerebral cavernous malformations (CCM) 
is one of the intracranial hemorrhagic diseases that 
may cause acute and chronic ICH. Around 25% of 
symptomatic CCM patients present with the initial 
symptoms of epilepsy, which is associated with 
repeated bleeding [18,19]. Surgical resection of the 
lesions could prevent re-bleeding. However, 
15.1-17.9% of patients still exhibit seizure persistence 
after operation [20-22]. Extensive resection of the 
hemosiderin fringe was found to effectively improve 
seizure control [23,24], indicating the importance of 
‘iron free’ in eliminating seizures [25]. Although 
hemosiderin depositions can be detected by magnetic 
resonance imaging (MRI) prior to operations, and 
large amounts of aggregates could be visualized by 
the naked eye, it is difficult to see residual 
hemosiderin traces at the lesion margins during 
operations. Therefore, high-resolution imaging 
methods capable of real-time detection of 
hemosiderin are highly demanded for maximum 
lesion resection while preserving normal brain 
functions.  

Despite previous studies of hemosiderin using 
electron microscopy, Mossbauer spectroscopy, 
extended X-ray absorption fine structure (EXAFS), 
and X-ray diffraction [26-28], optical researches of 
hemosiderin are extremely limited. All we have 
learned is that hemosiderin appears as brown 
granules in tissues under light microscopy, and could 
be stained with Perls’ blue because of its ferric (Fe3+) 
composition [29]. In great contrast to the well-studied 
hemoproteins, most of the biophysical and biological 
properties of hemosiderin remain unknown, which 
may largely be due to the lack of technologies for in 
vivo detection of the iron-protein complex. 

The photophysical properties of hemoproteins 
have been extensively studied using femtosecond 
pump-probe spectroscopy in the visible spectral 
range, revealing the ultrafast transient dynamics of 
photolysis (350 fs to several ps) and recombination 
(hundreds of ps) of heme-bound molecules, such as 
O2 and CO [30-32]. More recent developments of 
optical pump-probe-based microscopies harnessed 
the transient responses of different chemical 
components to differentiate them, extracting the 
information inaccessible by linear optical 
microscopies. Transient absorption (TA) microscopy 
has shown successes in imaging non-fluorescent 
chromophores, such as melanin [33,34], nanoparticles 
and nanocrystals [35-38], hemoglobin in red blood 
cells (RBCs) [39], and pigments in artistic work [40]. In 
addition, stimulated Raman scattering (SRS) 
microscopy is also technically a pump-probe method 
with unique capability to image biomolecules, such as 
lipids, proteins and DNAs, based on their distinct 
Raman signatures [41-43], and has demonstrated 
great potentials in intraoperative histology for 
neurosurgical procedures [44-46]. Thus, dual-modal 
TA/SRS microscopy may be applied to 
simultaneously image the non-fluorescent iron- 
complexes and brain tissues [47].  

In this work, we comprehensively studied the 
ultrafast transient optical responses of hemoglobin 
and hemosiderin in the near infrared (NIR) window 
using temporally and spectrally resolved pump-probe 
microscopy. The NIR window is known to be most 
compatible with biological tissues for deeper 
penetration and less photodamage. We have found 
that hemoglobin demonstrates both ground state 
bleaching and excited state absorption, whereas the 
transient behavior of hemosiderin is dominated by 
excited state absorption. The underlying 
photophysical processes could be explained with our 
proposed kinetic model. We further took advantage of 
the TA differences of hemoglobin and hemosiderin to 
image them in a rat model and human brain tissues, 
demonstrating the potential application of 
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pump-probe microscopy for intraoperative detection 
and precise removal of hemosiderin.  

Methods 
Sample preparation 

Fresh human blood from volunteers’ fingers was 
diluted with phosphate buffered saline (PBS, 
Hyclone), dropped on a glass slide and sealed with a 
cover glass for TA measurements. Human CCM 
tissues were used for TA measurements, either with 
thin sections of 10 µm thickness, or fresh tissues of 1 
mm thickness sealed between two coverslips.  

Linear absorption spectra  
Fresh human blood samples were collected by 

removing the plasma supernatant after standing for 
four hours. The hemosiderin sample was 
homogenized from CCM tissues. Both samples were 
sealed in a cuvette with 1 mm thickness. Vis–NIR 
absorption spectra of as-made RBCs and hemosiderin 
samples were acquired using a UV-Vis-NIR 
spectrometer (Cary 6000i, Agilent, USA). 

ICH rat model 
Five male Sprague-Dawley (SD) rats weighing 

200-250 g were used in the experiments. Rats were 
raised in a specific pathogen-free (SPF) room. Before 
operations, the rats were allowed to acclimate to the 
laboratory conditions. All animal experiments were 
approved by the Animal Care and Use Committee of 
Huashan Hospital, Fudan University. All the 5 rats 
received ICH modeling described below, and samples 
were collected 7 days after surgery.  

Before surgical procedures, rats were 
intra-peritoneally injected with 1.5% pentobarbital 
sodium at a dose of 0.2 mL per 100 g. All surgical 
procedures were performed in accordance to standard 
sterile techniques. First, the right femoral artery was 
catheterized for blood sampling. The rats were then 
positioned in an automatic stereotactic frame, a 2 mm 
burr hole was drilled on the bregma 4.0 mm lateral to 
the midline. Next, autologous arterial blood was 
drawn from the femoral artery through a catheter. 
Then, rats received a 100 μL autologous arterial blood 
injection into the right basal ganglia through a 
microinjection syringe at a depth of 5 mm in 10 min. 
The needle was held for an additional 30 s to prevent 
reflux.  

Cavernous malformations samples 
All tissue collection from patients was approved 

by the Ethics Committee of Huashan Hospital, Fudan 
University, and informed consent was obtained from 
patients (KY2014-240). Paraffin-embedded and fresh 
CCM samples were retrospectively collected from 6 

patients admitted to the hospital from January 2016 to 
May 2017. The CCM nidus was single and located in 
frontal or temporal lobe for each patient. 
Paraffin-embedded samples were cut into 10 μm 
slices for SRS scanning followed by Perls’ Prussian 
blue staining.  

Ultrafast pump-probe microscopy 
In our pump-probe microscope setup, pulsed 

femtosecond laser beams from a commercial OPO 
(Optical Parametric Oscillator) laser (Insight DS+, 
Newport, CA) were used as the laser source. A 
fundamental 1040 nm laser was used as the pump 
beam, while the tunable OPO output (690–1300 nm) 
served as the probe beam. The intensity of the 1040 
nm beam was modulated at 1/4 of the laser pulse 
repetition rate (f0 = 80 MHz) using a frequency divider 
and an electro-optical modulator (EOM). The two 
laser beams were combined through a dichroic mirror 
(DM), spatially and temporally overlapped, delivered 
into the laser-scanning microscope (FV 1200, 
Olympus) and focused onto the samples. The TA 
signals generated were optically filtered, detected by 
a back-biased photodiode (PD) and demodulated 
with a lock-in amplifier (LIA) (HF2LI, Zurich 
Instruments) to feed the analog input of the 
microscope to form images. TA dynamics could be 
acquired by scanning the optical delay line. The 
imaging speed used throughout the experiments was 
2 µs per pixel, and each field-of-view contained 512 × 
512 pixels. We used a 60× objective (Olympus, 
UPLSAPO 60XWIR, NA 1.2 water) for all cell imaging, 
with a lateral resolution of ~400 nm, and an axial 
resolution of ~2 µm. Pump and stokes laser powers of 
20 mW for pump and 10 mW for probe pulses were 
used to image thick, fresh tissue sections. Pump and 
probe laser powers of 10 mW and 5 mW were used for 
RBCs imaging, and 5 mW for pump and 2.5 mW for 
probe were used for paraffin-embedded tissue 
sections. All images were taken in transmission mode. 

Results 
Optical transitions and pump-probe 
microscopy 

The pump-probe microscopy used in this work 
involves several nonlinear optical processes, 
including TA and SRS, as illustrated in Figure 1A. TA 
measures the differential absorption of the probe 
beam induced by the pump excitation, and usually 
consists of three major optical transitions: ground 
state bleaching (GSB), excited-state absorption (ESA) 
and stimulated emission (SE) [48,49]. In our work, SE 
could be neglected since the pump photon energy was 
lower than that of the probe. In GSB process, the 
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probe intensity is increased as a result of the pump 
excitation that depletes the ground state populations. 
Conversely, in ESA, the probe intensity is reduced 
because the pump excitation has generated more 
populations in the first excited state. The detection of 
these TA signals requires intensity modulation of the 
pump beam, and demodulation of the probe beam 
with a phase-sensitive lock-in amplifier. GSB and ESA 
could be identified by their sign differences as 
introduced above and illustrated in Figure S1. 
Scanning the time delays between the pump and 
probe pulses could generate the ultrafast relaxation 
dynamics of the photo-excited chromophores.  

 

 
Figure 1. Schematics of the experimental design. (A) Optical transitions of 
TA and SRS processes. (B) Optical layout of the pump-probe microscope. (C) Linear 
absorption spectra of hemoglobin and hemosiderin. EOM: electro-optical modulator; 
DM: dichroic mirror; SP: short pass filter; PD: photodiode; LIA: lock-in amplifier. 

SRS process may also occur if the energy 
difference between the pump and probe photons 
match the vibrational energy of the molecules (Figure 
1A), and could be utilized for rapid label-free imaging 
of biomolecules [41,44]. Femtosecond SRS shares the 
same optical setup as TA microscopy, and both could 
be viewed as pump-probe microscopy since both of 
them use a modulation transfer technique to detect 
signals. In this work, the pump beam in the TA 
process serves as the Stokes beam for SRS, and the 
probe beam in the TA process serves as the pump 
beam for SRS (Figure 1A). Stimulated Raman loss 
(SRL) measures the reduction of the pump intensity 
induced by the Stokes excitation (Figure S1), and is 
used for SRS imaging. Although femtosecond SRS 
does not have sufficient spectral resolution to 
differentiate different biomolecules, we use the 
combination of TA/SRS to image both the 
iron-complexes and organic tissue architectures. 

The optical setup of our femtosecond 
pump-probe microscope is illustrated in Figure 1B 
and described with details in Methods. We used the 
fundamental 1040 nm beam as the pump, and the 
tunable output beam (710–970 nm) as the probe. 
Differential absorbance of the probe beam with and 
without pump was measured as the TA signal (ΔA = 
-ΔI/I), and taken to form an image pixel-by-pixel as 
the focused laser beam is scanned across the sample. 
Image stacks were synchronized to the optical delay 
times (τ) between the pump and probe pulses, so that 
each image corresponds to a particular τ in the delay 
sequence. Linear absorption spectra of hemoglobin 
from human RBCs and hemosiderin from human 
CCM tissues are shown in Figure 1C. While the 
hemoglobin spectrum with typical absorption 
features around 540 nm and 900 nm indicate its partial 
oxygenation [50,51], the hemosiderin spectrum shows 
only monotonically decreased absorbance towards 
longer wavelengths. The spectral features of 
hemoglobin mainly originate from its porphyrin 
absorption and charge transfer in the heme group 
[52,53]. The absence of the Q bands in the hemosiderin 
spectrum indicates its non-heme nature. We found 
that although the linear absorption spectra of 
oxygenated and deoxygenated hemoglobin differ 
remarkably, their early-time transient behaviors in the 
NIR region are very similar (Figure S2) [39], hence we 
did not differentiate them in our current work.  

Transient optical responses of hemoglobin and 
hemosiderin 

We first studied the dependence of TA dynamics 
on the probe wavelengths. For hemoglobin in RBCs, 
we could see a transition from pure positive ESA 
signals at shorter probe wavelengths to negative 
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GSB-dominated responses at longer probe 
wavelengths, as shown in the TA traces probed at 770, 
880 and 950 nm. And, the sign flip of TA signals at 880 
nm could be clearly seen in the TA images of RBCs at 
τ = 0 and 0.5 ps (Figure 2A). It is also noticed that the 
ESA component is short lived (~0.8 ps), which was 
also seen in previous works with shorter pump and 
probe wavelengths [39]. Conversely, the GSB 
component has a longer lifetime (~4.7 ps), a new 
feature that has never been reported before. In great 
contrast to hemoglobin, hemosiderin shows much 
weaker probe wavelength dependence, with 
ESA-dominated contributions as shown in Figure 2B. 
TA images of hemosiderin in CCM brain tissue 
sections at different time delays only show overall 
intensity changes without sign reversal. Most of the 
TA dynamics of hemosiderin contain a short lifetime 
of ~1.2 ps and a longer lifetime of ~6.4 ps. More 
detailed analysis of the transient dynamics will be 
shown later in this paper.  

The sign differences between hemoglobin and 
hemosiderin TA signals could be utilized to 

distinguish them with proper settings of probe 
wavelength and time delay. As shown in Figure 2C, 
TA images at τ = 0.5 ps and probed with different 
wavelengths demonstrated distinct contrasts: at 770 
nm, both hemoglobin and hemosiderin show ESA 
signal; at 880 nm, hemoglobin flips sign and becomes 
GSB (raw time-resolved images shown in Movie S1). 
Thus, the two components could be differentiated by 
their signs and false colored as red (GSB) and cyan 
(ESA). Additionally, at 950 nm, better contrast 
between hemoglobin and hemosiderin could be 
achieved. Usually, multi-component imaging would 
require multiple images taken with different 
parameters, such as wavelength or time delay, 
followed by decomposition algorithms. In our 
particular situation, we could use a single image to 
distinguish two spatially isolated chemical 
components by the opposite signs of their TA signals. 
Note that the overall TA intensity of hemosiderin is 
much stronger than that of hemoglobin in RBCs, 
which is due to the more condensed iron complex in 
hemosiderin deposits. 

 

 
Figure 2. Characteristic transient optical responses of hemoglobin and hemosiderin. TA dynamics and images of hemoglobin (A) and hemosiderin (B), respectively. 
(C) TA images of a mixture of the two compounds at different probe wavelengths. Scale bar: 20 µm. 
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Figure 3. Spectrally and temporally resolved TA spectra of hemoglobin (A-B) and hemosiderin (C-D). Fitted curves are drawn as solid lines. (E) TA spectra taken at different 
time delays. (F) Extracted A3 component from equation (1) at various probe wavelengths. 

 

Photophysics and kinetic modeling 
To better characterize the TA behaviors of 

hemoglobin and hemosiderin, we took spectrally and 
temporally resolved TA spectra by tuning the probe 
wavelength from 710 nm to 970 nm with an interval of 
10 nm. Such 2D spectra of hemoglobin and 
hemosiderin are shown in Figure 3, demonstrating 
the rich transient spectral information of the two iron 
complexes. For hemoglobin, we could clearly see the 
existence of a GSB component in the wavelength 
range longer than 800 nm, and a transition from ESA 
to GSB with increasing probe wavelength (Figure 
3A-B). Conversely, for hemosiderin, only 
ESA-dominated features exist within our detection 
range (Figure 3C-D). These differences in wavelength 
dependence allow us to construct kinetic models to 
explain the transient dynamics of the two compounds. 

Our proposed relaxation pathways are shown in 
Figure S3, based on which we could deduce the 
multi-exponential decay functions for the 
time-resolved signals (see Supplementary Material). 
The TA dynamics of both hemoglobin and 
hemosiderin could be fitted with tri-exponential 
functions: 

 (1) 
Where τi represents the lifetime of each transient 

species, and Ai represents the corresponding 
amplitude of TA signal. We could see both 
compounds contain a very fast component (τ1 = 0.36 
ps), which represents the ultrafast processes faster 
than our instrument response, including cross-phase 
modulation and rapid electron scattering. The second 

31 2 // /
1 2 3

tt tA A e A e A e ττ τ −− −∆ = + +
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and third term with time constants of τ2 and τ3 may 
represent the lifetimes of the two intermediate excited 
states (Figure S3). Upon photoexcitation, the 
molecules quickly settled into the first excited state 
(1), followed by fast relaxation to a lower-level excited 
state (2) within a timescale of ~1ps. State (2) has a 
relatively longer lifetime of several picoseconds. Our 
measured TA signal was a mixture of GSB from the 
ground state, and ESA contributed from the two 
excited-state populations (Figure S3).  

The major feature of hemoglobin is the 
competing process between GSB and ESA. As the 
probe photon energy decreases, the GSB contribution 
overwhelms ESA, which explains the TA spectral 
features of hemoglobin. In contrast, photoexcitation of 
hemosiderin does not result in GSB within our 
detection window, indicating a much narrower 
spectral hole burning compared with hemoglobin. TA 
spectra of the two compounds at different time delays 
are shown in Figure 3E, demonstrating their distinct 
transient spectral dynamics. It is worth mentioning 
that at τ = 0 ps, the TA spectrum of hemoglobin shows 
several peaks that may originate from SRS signal of 
proteins and water. We applied global fitting using 
our kinetic model for the 2D TA spectra, which agree 
well with experimental data (Figure S4). The fitted 
parameters are shown in Table 1, and individual TA 
curves with fitting results are shown in Figure 3B, D. 
Interestingly, our kinetic model clearly implies that 
the slow relaxation component (A3) is indeed a result 
of the two competing optical transitions (Figure S3). 
As supported by our experimental data (Figure 3F), 
A3 of hemoglobin has a clear transition from positive 
to negative at ~800 nm, whereas A3 of hemosiderin 
remained positive throughout the whole detection 
window. 

 

Table 1. Fitting results of transient absorption dynamics with a 
tri-exponential decay function (Equation 1). 

 λ (nm) A1 (10-5) A2 (10-5) A3 (10-5) τ1 (ps) τ2 (ps) τ3 (ps) 
Hemoglobin 770 5.93 0.97 0.17 0.36 0.76 4.66 

880 5.02 -2.47 -0.67 
950 7.49 -5.43 -0.83 

Hemosiderin 770 0.10 25.72 5.41 0.36 1.23 6.36 
880 9.82 3.71 1.49 
950 9.71 3.48 1.22 

  

Imaging hemoglobin degradation with a rat 
ICH model 

Harnessing the drastic differences between 
hemoglobin and hemosiderin TA responses, we are 
able to distinguish them in biological tissues. The 
spectral and temporal information allow us to select 
the best-suited wavelength to perform multicolor 
TA/SRS imaging of hemoglobin, hemosiderin and 
brain tissues. We chose to probe at around 802 nm, 

where the SRS intensity of brain tissues reaches the 
maximum, and negligible slow decay component (A3) 
of hemoglobin could be seen (Figure 3F). Raw images 
of fresh ICH rat brain tissue taken at different time 
delays are shown in Figure 4A-C, and the composite 
three-color image in Figure 4D, showing the 
distributions of RBCs (red), hemosiderin (cyan) and 
brain tissues (green). The complete set of 
time-resolved images are shown in Movie S2, and the 
depth-resolved three-color images are shown in 
Movie S3. Decomposition of the three chemical 
components is based on their distinct transient optical 
responses (Figure 4E), followed by the linear 
algorithms used in multi-color SRS [54]. The TA curve 
of lipid merely reflects the cross-correlation of the 
pump and probe pulses (~0.35 ps). While hemoglobin 
decays within 2 ps, hemosiderin signal persists longer 
than 4 ps, as quantified in Table 1. Therefore, images 
taken at 0, 0.7 and 3 ps are appropriate for 
differentiating the three biochemical components. As 
mentioned above, our femtosecond SRS does not 
differentiate various biomolecules (such as lipids and 
proteins), hence the SRS channel only provides the 
overall tissue architecture, which is also important for 
visualizing normal brain structures during surgery.  

We proceeded to image the coronal brain 
sections of an ICH rat model. The rats were sacrificed 
after one week of blood injection, and the brains were 
harvested for frozen sectioning (Figure 5A). The same 
brain sections of 20 μm thickness were first imaged 
with TA/SRS microscopy and then stained with Perls’ 
blue. A three-color whole brain section image is 
shown in Figure 5B. Other than the normal brain 
architectures, aggregates of residual hemoglobin are 
clearly seen with surrounding deposits of 
hemosiderin scattered around the hematoma. This 
agrees with the hypothesis that phagocytosis by the 
peripheral microglial cells is involved in the 
degradation of hemoglobin and the formation of 
hemosiderin [55,56]. Only those RBCs diffused into 
the brain tissues could be captured by phagocytes and 
result in hemosiderin deposition, while the central 
parts of the blood clots kept the form of hemoglobin.  

We further validated our method by comparing 
TA images of hemosiderin with Perls’ blue staining. A 
TA image of the dashed region in Figure 5B and the 
corresponding white light image of the same section 
are shown in Figure 5C-D. Because normal brain 
sections appear transparent in Perls’ stain, we only 
take the TA images of hemoglobin and hemosiderin 
for direct comparison. As we can see, both TA 
microscopy and Perls’ blue staining are capable of 
mapping the distribution of hemoglobin and 
hemosiderin. The two methods generate 
well-correlated images, indicating their equivalence in 
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hemosiderin detection. The minor discrepancies 
primarily originate from the slight morphological 
shifts induced by tissue processing, as well as the 
intrinsic thin optical sectioning of TA microscopy that 
generates different image planes from Perls’ staining. 

 Hemosiderin detection in human brain tissues 
To evaluate our method for human brain tissue 

imaging, we performed TA microscopy of brain 
tissues from CCM patients. We first imaged 
paraffin-embedded sections removed from CCM 
patients with label-free TA microscopy, followed by 
Perls’ staining on the same tissue section to generate 
one-to-one correlated images, as shown in Figure 
6A-B. The results demonstrate almost identical 
distributions of hemosiderin detected by the two 
methods, indicating TA microscopy is a sensitive tool 
to detect hemosiderin in human brain tissues. As can 
be seen, hemosiderin is mainly located in the 
interstitial space between enlarged capillary vessels, 
which is a typical feature of CCM. Paraffin-embedded 
tissue sections are usually not suited for SRS imaging, 
since paraffin itself could generate strong SRS signal. 
Here we only use SRS to image the tissue morphology 
for the purpose of co-registration.  

 We finally conducted TA imaging of fresh 
human CCM brain tissues to evaluate the possibility 

of rapid, label-free detection of hemosiderin in 
surgical specimens. MRI of a left frontal CCM showed 
hemosiderin deposition around the lesion, featured 
with a hypo-intense ring on T2 sequence (Figure 6C). 
The fresh tissues were taken from the edges of the 
lesion, which was the gross margin between CCM and 
normal brain, as illustrated in Figure 6D. Freshly 
resected tissues were sealed in glass slides and 
imaged without any further processing. At the 
resection margin, various sporadic hemosiderin could 
be readily seen in the brain tissues, mainly deposited 
outside the vessel lumen, as shown in Figure 6E. Note 
that all the human tissues we have imaged showed 
little sign of residual hemoglobin, which reflects the 
efficient formation of hemosiderin in human brains. 
In the tissues further away from the resection margin, 
much fewer but detectable hemosiderin deposits 
could be visualized (Figure 6F). These indicate the 
potential of our method for the sensitive detection of 
hemosiderin at lesion boundaries, even where the 
tissues appear grossly normal by the naked eye 
(Figure 6D). With the developments of handheld and 
miniaturized imaging devices, it is promising that 
pump-probe microscopy will achieve in vivo 
hemosiderin detection during operations.  

 
Figure 4. Imaging RBCs and hemosiderin in rat brain tissue at 802 nm probe wavelength. (A-C) Pump-probe images taken at different time delays. (D) Composite 
image showing the distribution of hemoglobin (red), hemosiderin (cyan) and brain tissues (green), using linear recombination of the data in (A-C). (E) TA curves of hemoglobin, 
hemosiderin and lipid. Lipid response reflects the cross-correlation between femtosecond pump and probe pulse. Scale bar: 20 µm. 
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Figure 5. Validation of pump-probe microscopy in brain tissues of a rat ICH model. (A) Bright-field images of the whole fresh section and thin frozen section of an 
ICH rat brain. (B) TA/SRS image of a typical coronal brain section, mapping hemoglobin (red), hemosiderin (cyan) and brain tissues (green). (C) Zoomed-in region of (B) with 
the contrast of hemoglobin and hemosiderin only. (D) Perls’ staining of the same tissue section in (C). Scale bar: 500 µm. 

 

Discussion 
Pump-probe microscopy could provide 

multi-dimensional information of light-absorbing 
molecules, including characterizations in the 
temporal, spectral and spatial domains. Blood supply 
is very abundant in the brain, which tends to cause 
massive bleeding during neurosurgeries. Hence, it is 
necessary to distinguish hemosiderin and 
hemoglobin, especially for their similar visual 
appearances by the naked eye. Our results show that 
the transient optical response of the two iron-protein 
complexes differs significantly, which could be used 
to effectively distinguish them in brain tissues. 
Hemosiderin deposits were observed mainly located 
around the hematoma in an ICH rat model. 
Conversely, in the human CCM tissue, hemosiderin 
deposited mostly outside the vessel lumen, which is 
consistent with the clinical feature of repeated ICH.  

The intrinsic optical sectioning capability of 
pump-probe microscopy allows three-dimensional 
imaging of tissue architectures, although the imaging 
depth is usually limited to 200 µm. Coupled with 

surgical procedures, intraoperative imaging of 
resection cavities might be possible, as has been 
demonstrated for coherent Raman imaging in live 
animals, using either a normal microscope [44], an 
exoscope [57,58], or handheld devices [59]. Rigorous 
evaluation of pump-probe microscopy for clinical 
translation will require more experimental data to 
analysis the efficacy in imaging human brain tissues. 
Nonetheless, here we demonstrated the first ex vivo 
human data and the feasibility of detecting 
hemosiderin deposition in human brain tissues. 

Although our results reveal the transient spectral 
features of hemoglobin in the NIR region, much work 
has to be continued to fully capture the fundamental 
photophysical processes of this long-studied 
hemoprotein. For instance, whether the excitation 
involves metal-to-ligand charge transfer, or the 
photo-dissociation of oxygen, and whether the excited 
state dynamics involve transitions between different 
spin states [31,60]. Both TA microscopy and Perls’ 
staining could provide the distribution of 
hemosiderin, yet the staining method is limited by 
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complex tissue processing procedures, which is 
incompatible with in vivo applications. Conversely, 
the label-free nature of pump-probe microscopy 
provides the possibility for real-time intraoperative 
detection of hemosiderin. With rich spectral domain 
information, our method holds promise for learning 
the metabolic process of hemoglobin degradation 
following phagocytosis. Moreover, pump-probe 
microscopy may also be applied to detect other 
iron-containing metabolic products such as ferritin, 
and provide unique opportunities in studying iron 
metabolism. 

In summary, we have systematically studied the 
transient optical responses of hemoglobin and 

hemosiderin with decent spectral and temporal 
resolutions. Our results revealed the existence of a 
ground-state bleaching signature in hemoglobin, 
which is absent in hemosiderin. The dynamic and 
spectral differences of the two iron-complexes not 
only reflect their distinct electronic structures, but also 
provide label-free means to differentiate them, in both 
an ICH rat model and human CCM brain tissues. The 
capability of pump-probe microscopy for the sensitive 
detection of hemosiderin may provide unique 
opportunities in both fundamental research of iron 
metabolism, and biomedical applications in rapid 
intraoperative imaging during brain surgery. 

 
Figure 6. Hemosiderin detection in human CCM tissues. (A) TA/SRS image and (B) Perls’ staining of the same CCM paraffin section. (C) MRI scan of a left frontal CCM 
with a hypo-intense ring (red arrow) on T2 sequence, resulted from hemosiderin deposition. (D) Illustration of differences in hemosiderin deposition of CCM lesion. Gross 
margins may still contain hemosiderin (brown dots). (E) TA/SRS image of the resected fresh CCM lesion margin, showing the vessel lumen-like space in the brain tissue. (F) 
Resected tissue farther away from the lesion with much fewer hemosiderin deposits. Cyan: hemosiderin; gray: brain tissues. Scale bar: 30 µm. 
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Abbreviations 
Abs: absorbance; AU: arbitrary unit; CCM: 

cerebral cavernous malformations; DM: dichroic 
mirror; EOM: electro-optical modulator; ESA: excited 
state absorption; EXAFS: extended X-ray absorption 
fine structure; GSB: ground state bleaching; ICH: 
intracerebral hemorrhage; LIA: lock-in amplifier; NIR: 
near infrared; OPO: optical parametric oscillator; 
PBS: phosphate buffered saline; PD: photodiode; RBC: 
red blood cell; SP: short pass filter; SRS: stimulated 
Raman scattering; TA: transient absorption; WMI: 
white matter injury. 
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