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Abstract. Quantification of fluorescence in vivo is complicated by the influence of tissue optical properties on the
collected fluorescence signal. When tissue optical properties in the measurement volume are quantified, one can
obtain the intrinsic fluorescence, which equals the product of fluorophore absorption coefficient and quantum
yield. We applied this method to in vivo single-fiber fluorescence spectroscopy measurements onmouse tongue,
skin, liver, and oral squamous cell carcinoma, where we detected intrinsic fluorescence spectra of the photo-
sensitizers chlorin e6 and Bremachlorin at t ¼ ½3; 4.5; 6; 24; 48� h incubation time. We observed a tissue-depen-
dent maximum of 35% variation in the total correction factor over the visible wavelength range. Significant
differences in spectral shape over time between sensitizers were observed. Although the wavelength position
of the fluorescence intensity maximum for ce6 shifted to the red, Bremachlorin showed a blue shift. Furthermore,
the Bremachlorin peak appeared to be broader than the ce6 fluorescence peak. Intrinsic fluorescence intensity,
which can be related to photosensitizer concentration, was decreasing for all time points but showed significantly
more Bremachlorin present compared to ce6 at long incubation times. Results from this study can be used to
define an optimal treatment protocol for Bremachlorin-based photodynamic therapy. © 2014 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.1.015010]
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1 Introduction
In-vivo optical spectroscopy has been under investigation both
as a diagnostic tool and as a method for monitoring a number of
therapeutic modalities.1–4 Reflectance spectroscopy provides
information on the presence and concentration of tissue absorb-
ers, while scattering can be related to information on morphol-
ogy and ultrastructure of tissue.5,6 Fluorescence spectroscopy
enables the detection of endogenous molecules such as collagen
and NADH, as well as exogenous fluorophores such as fluores-
cent-labeled markers and drugs.7,8 The shape and intensity of the
fluorescence spectrum contain valuable information on fluoro-
phore identity, its concentration and the local environment. The
interrogation of fluorescent drugs in various tissue types is one
of the major applications of in-vivo fluorescence spectroscopy
and has been widely incorporated in photodynamic therapy
(PDT) research and in clinical practice. Photosensitizing agents
are well known for their fluorescent properties. It has been
shown that knowledge of photosensitizer fluorescence intensity
and/or changes in photosensitizer spectral properties before and
during treatment may be related to therapeutic efficacy and can
be used to monitor PDT.9–12

Despite the potential usefulness of in-vivo fluorescence spec-
troscopy, the exact quantification of fluorescent signals is chal-
lenging. When measuring fluorescence in vivo, the number of

collected photons is strongly influenced by optical properties
of the tissue under investigation. The local fluence rate is influ-
enced by tissue optical properties at the excitation wavelength
(λx), while the number of emitted fluorescence photons detected
depends on the optical properties at the emission wavelength
(λm). We are interested in the intrinsic fluorescence, where
the influence of tissue optical properties has been removed
from the measured fluorescence spectrum and which can, there-
fore, be related to the fluorophore absorption coefficient and
thereby to fluorophore concentration in which exact knowledge
of the fluorophore quantum yield. Intrinsic fluorescence enables
quantitative comparison of fluorescence intensity and spectral
shape measured on tissues with (different and/or) varying opti-
cal properties.

Several methods have been developed previously to extract
intrinsic fluorescence spectra in turbid media such as biological
tissues. To provide accessibility to various tissues, system
designs for in-vivo use are generally based on fiber-optic probes.
Many techniques combine white light reflection measurements
to obtain tissue optical properties with a fluorescence measure-
ment and then use analytical or empirical models4,13,14 to extract
the intrinsic fluorescence. A complication of using optical prop-
erties obtained from a reflectance measurement to correct fluo-
rescence data is the discrepancy of measurement geometries
between the two. Multifiber fluorescent probes with separate
source(s) and detector(s), where the detected light is diffuse
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and the sampling volume is in the order of a cubic millimeter,
have been extensively investigated.3,4,13,15,16 In this geometry,
both reflectance and (a large part of the) fluorescent light are
diffusely scattered. After determination of the optical properties,
an analytical model to retrieve intrinsic fluorescence can be used
that is independent of specific probe design. Another approach
is to use a source and detection fiber with a small separation
distance and therefore probing a much smaller sample volume
directly below the fiber tip. In this configuration, the majority of
detected reflectance and fluorescence photons have undergone
too few scattering events to apply diffusion theory and sample
volumes for reflectance and fluorescence differ significantly
from each other. Therefore, approaches to remove the influence
of optical properties from fluorescence are based on (semi-)
empirical models and are usually device-specific and measure-
ment geometry-specific. A specific situation of small source–
detector separation is to use a single fiber for illumination
and detection of both reflected and fluorescent light.17–20

Our group has recently developed a fiber-optic system based
on the combination of multi-diameter single-fiber reflectance
(MDSFR) spectroscopy and single-fiber fluorescence (SFF)
spectroscopy; the former functioning to determine tissue
absorption and scattering properties, the latter to detect tissue
fluorescence.21–23 Illumination and detection are performed
by a single-optical fiber probe for both reflectance and fluores-
cence measurements. The measurement volume is confined to
shallow depths of the order of the fiber diameter.24,25 It is
shown that acquiring two successive single-fiber reflectance
measurements with different fiber diameters (termed MDSFR)
enables quantification of both the reduced scattering coefficient
and the phase function parameter γ. This parameter is defined as
γ ¼ ð1 − g2Þ∕ð1 − g1Þ, where g1 and g2 are the first and second
Legendre moments of the phase function, and has to be included
due to the shallow measurement geometry.21,26 Intrinsic fluores-
cence can be determined using a semi-empirical model based
on Monte-Carlo simulations and phantom studies. This model
incorporates the effect of optical properties on local excitation
fluence and fluorescence photon escape probability within the
whole sample volume.23,27

An important application field, where measurement of intrin-
sic fluorescence is particularly valuable, is the determination of
photosensitizer fluorescence before and during PDT. Since oxy-
gen is depleted during PDT, saturation levels in the measure-
ment volume change, and hence the optical properties. Other
direct effects of PDT include changes in blood volume fraction
and vessel diameter influencing absorption and the onset of
acute edema, which influences scattering.11,28–30 Intrinsic fluo-
rescence allows for reliable quantification and comparison of
photosensitizer fluorescence at various time points before,
during, and after PDT.

Chlorins are a class of second generation photosensitizers
that exhibit low dark toxicity and have enhanced absorption
in the optical window between 600 and 800 nm. Chlorin e6
(ce6) is a member of this family of photosensitizers and has
been studied intensively for over two decades.31–33 Preclinical
studies comparing localization and phototoxicity of ce6 with
other photosensitizers are performed.34,35 Ce6-PVP, in which
the ce6 molecule is bound to a polyvinylpyrrolidone carrier,
is used in PDT of urological oncological lesions.36 The sec-
ond-generation photosensitizer mono-L-aspartylchlorin-e6 has
been used successfully in phase I studies for cutaneous lesions,37

solid tumors,38 and mucosal surfaces.39 It is shown that in-vitro

analysis of cellular uptake of ce6 has a strong dependence of
spectral shape on pH of the solution, resulting in a shift of
both the absorption and fluorescence spectrum and a decrease
of fluorescence intensity.32,33 By analyzing both intensity and
spectral shape, we should be able to distinguish between inten-
sity decreases due to clearance of the photosensitizer from the
tissue, and intensity changes due to relocalization to an environ-
ment with a different pH. One important aspect of the use of ce6
is its relatively low lipophilicity; this means that it is metabo-
lized rapidly and cleared from the body quickly via the urinary
system. This has advantages in, for example, reducing skin pho-
tosensitivity but a short clearance time limits its effective locali-
zation in neoplastic tissue. A new photosensitizing compound,
Bremachlorin, consists largely (∼80%) of ce6, combined with
the photosensitizing agents purpurin 5 (∼15%) and chlorin
p6 (∼5%).40,41 The main active component of Bremachlorin
is thought to be purpurin 5 because of its rapid interaction
with albumin and low-density lipoproteins that enables it to
be delivered to cancerous tissues.42 Although purpurin 5 in itself
is too hydrophobic to be administered in aqueous solution,
combined with ce6 and cp6, it achieves the chemical stability
required for both intravenous administration and storage.
It is expected that the combined purpurin 5 and ce6 in
Bremachlorin results in an overall photosensitizing effect
that is greater than the individual concentrations of both
photosensitizers.40

In the present study, we have, for the first time, used quan-
titative SFF spectroscopy in vivo to analyze fluorescence spectra
of both ce6 and Bremachlorin in vivo. Analysis of variations in
both fluorescent spectral shape and intensity yields information
on clearance and localization of both photosensitizers under
investigation. This analysis is applied on healthy tongue tissue,
oral squamous cell carcinoma tissue at the tip of the tongue,
skin, and liver, for time points ranging from 3 to 48 h after
photosensitizer injection.

2 Materials and Methods

2.1 Correction Theory

To measure intrinsic fluorescence, it is necessary to correct the
measured raw fluorescence signal for the influence of μ 0

s and μa.
The method of determining μ 0

s and μa from MDSFR spectra has
been described in detail elsewhere.21,22,43 Furthermore, a semi-
empirical model is developed, based on Monte-Carlo simula-
tions and phantom studies to account for the influence of tissue
optical properties on a fluorescence signal.23,27 To obtain the
fluorescence in the absence of absorption F0

SF from the mea-
sured fluorescence FSF, a modified form of Beer’s law is used.27

FSF ¼ F0
SFe

ð−μa;avghLSFFiÞ: (1)

Here, μa;avg is the average μa at the excitation and emission
wavelengths and the fluorescence photon path length LSFF is
defined as

hLSFFi ¼ hZi 1þ κ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðμ 0

s;avgdfÞ
p

1þ ðμ 0
a;avgdfÞ

; (2)

where μ 0
s;avg is the average μ 0

s at excitation and emission wave-
lengths, df is the fiber diameter and κ represents a single-fitted
parameter, which has a value of κ ¼ 1.81� 0.01.23 Z is the
effective sampling depth, defined as
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hZi ¼ dfA2ðμ 0
s;avgdfÞ−A3 ; (3)

and can be related to the effective sampling volume

hVi ¼ A1hZid2f.

In this equation, A1 is a proportionality factor that depends
on the geometrical shape of the effective volume, and A2 and A3

are determined empirically to be 0.71� 0.01 and 0.36� 0.01,
respectively.23,27

A model is previously developed to relate F0
SF to the intrinsic

fluorescence spectrum FðλmÞ (nm−1 mm−1), which is the prod-
uct of fluorophore absorption coefficient μfaðλxÞ and quantum
yield at the emission wavelength QfðλmÞ,27

FSF
Ratio ¼

F0
SF

PLaser

≈
�
λx
λm

�
μfaQfhϕV

x ihHV
mihVi: (4)

Here, hVi, hϕV
x i, and hHV

mi are the effective sampling vol-
ume, excitation fluence, and escape probability, respectively,
which can all be described as a function of μ 0

s and df. The factor
λx∕λm accounts for difference in photon energy between emis-
sion and excitation wavelength. FSF

Ratio is the ratio between the
total excitation photons launched (related to Plaser) and the emit-
ted photons detected (related to F0

SF). The product of Eq. (4) and
the expressions for hVi, hϕV

x i, and hHV
mi yields

FSF
Ratio

μfaQfdfVf

�
λm
λx

�

¼ ζ1ðμ 0
s;avgdf þ 0.00315Þζ2e

n
−1

ζ2 ½μ 0sðλxÞdf �þ1
− ζ3
ζ2 ½μ 0sðλmÞdf �þ1

o
;

(5)

where ½ ζ1 ζ2 ζ3 � are fitted parameters with values
[0.0935� 0.003, 0.31� 0.01, 1.61� 0.05] and λx and λm are
the excitation and emission wavelengths, respectively.27 Since
our measurements, and therefore, the intrinsic fluorescence
spectra did not only contain photosensitizer fluorescence but
also include autofluorescence and green fluorescent protein
(GFP) fluorescence in measurements on tumor tissue, the con-
tribution of the latter two to the intrinsic fluorescence spectra
was determined by spectral deconvolution and both components
were subtracted, resulting in photosensitizer intrinsic fluores-
cence spectra. We note that Eq. (5) includes a value of
0.00315 to be able to apply the model in the very low scattering
regime. Including this factor results in a theoretical maximum
value for Eq. (4) of 0.041 for μ 0

s ¼ 0 mm−1, which corresponds
with the analytically derived maximum fluorescence in the sit-
uation of no scattering and no absorption using a NA ¼ 0.22
fiber in a medium with a refractive index of n0 ¼ 1.33.44

2.2 Measurement Setup

The illustration in Fig. 1 represents a single-probe unit of the
combined MDSFR-SFF spectroscopic setup. Two of those
probe units were used, with the only difference in fiber diameter
of the probe and quadfurcation, to be able to perform measure-
ments with both 0.4 and 0.8 mm probes. Positioning of the
probes was done manually.

The measurements consisted of subsequent reflectance
and fluorescence measurements without probe repositioning.

During a reflectance measurement, white light emitted by a
halogen light source (HL-2000-FHSA; Ocean Optics, Duiven,
Netherlands) was directed through the first leg of a quadfurca-
tion into a solid core fiber-optic probe and guided onto the tis-
sue. A small fraction of the white light was reflected from the
tissue into the acceptance cone of the probe fiber and directed
via a second leg of the quadfurcation into a spectrometer (SD-
2000; Ocean Optics] for detection and further analysis. After the
reflectance measurement, the fluorescence measurement was
performed, using low power 405-nm excitation light coupled
into one leg of the quadfurcation to illuminate the tissue through
the same solid core probe as the reflectance. The emitted
fluorescence was then guided through the last leg of the quad-
furcation, which leads through a 450-nm long-pass filter into
a second spectrograph (QE-65000; Ocean Optics) by the use of
a solid core 0.2-mm fiber. The complete MDSFR-SFF system
consists of two identical probe-units containing probe core
diameters of 0.4 and 0.8 mm, combined with a 4 × 0.1 mm
and a 4 × 0.2 mm quadfurcation, respectively. The fiber probes
were sequentially placed in contact with the tissue under inves-
tigation. Both probes were polished under an angle of 15 deg to
minimize internal specular reflections from the probe tip. The
calibration procedure using a diluted Intralipid 20% phantom
included correction for fiber alignment and transmission effi-
ciency and is described elsewhere.45

2.3 Animal Model

For this study, 19 mice (BALB/c nu/nu female mice, aged 4 to
6 weeks; Charles River Laboratories, Chatillon-sur-Chalaronne,
France) were injected metastatic oral squamous cell carcinoma
cell line OSC19. This cell line has been lentivirally transfected
with luc2 (Biocat, Heidelberg, Germany) and Cop-GFP
(Evrogen, Moscow, Russia). 6 × 104 cells, diluted in 20-μl
phosphate buffered saline (PBS), were injected to induce an
oral squamous cell carcinoma at the tip of the tongue after
an incubation period of 10 to 13 days.43,46–48 GFP was included
in the cell line to easily assess the inclusion of tumor tissue in the
measurement volume. After tumor incubation, animals were
restrained and injected with chlorin e6 (16 mg∕kg in 100-μl

Fig. 1 Schematic diagram of the measurement setup. Reflectance
and fluorescence are measured through a single fiber of either 0.4
or 0.8 mm. Two identical setups are used to accommodate the two
fiber diameters.
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PBS, Frontier Scientific, Inc., Logan, Utah) or Bremachlorin
(20 mg∕kg, form stock solution of 3.5 g l−1, Radapharma
International B.V., The Netherlands). At t ¼ 3, 4.5, 6, 24 or
48 h after photosensitizer injection, animals were anesthetized
with an injection of ketamine/xylazine and spectroscopic reflec-
tance measurements with both fiber diameters and fluorescence
measurements with the 0.4-mm fiber were performed on normal
tongue tissue, OSC tumor (both five measurements per fiber
diameter), skin and liver (both three measurements per fiber
diameter), after which the animals were sacrificed. The consecu-
tive measurements were taken by removing and carefully repo-
sitioning the fiber between measurements, without imparting
undue pressure on each tissue. For tumor, the fiber tip was posi-
tioned directly on top of the visible tumor. The study protocol
was approved by the Animal Welfare Committee of the Leiden
University Medical Center. Housing of BALB/c nu/nu female
mice, the experiments and euthanazation were performed
in accordance with the guidelines of this committee.
Chlorophyll-free food and sterilized water were provided with-
out restriction.

2.4 Data Analysis

All data analyses were performed using custom applications
running in MATLAB (release 2009b, The Mathworks,
Natick, Massachusetts). Reflectance spectra were fitted with a
combination of basis spectra by using a Levenberg–Marquart
nonlinear fit procedure to estimate μa. μ 0

s was determined by
averaging the absorption-corrected reflectance spectra per
fiber diameter and fitting a model through those averaged reflec-
tance spectra of both fiber diameters, as previously described.43

Individual measurements that were excluded from the MDSFR
fit were excluded from SFF analysis as well. Spectra were
excluded from the analysis when (1) fluorescence measurements
did not indicate the presence of tumor tissue in the tumor meas-
urement, (2) we were unable to fit μa to the individual reflec-
tance spectrum, and (3) we could not successfully fit μ 0

s or γ to
the averaged absorption-corrected reflectance spectra. The fluo-
rescence spectra from all individual measurements were
corrected for absorption and scattering as described above.
These corrected fluorescence spectra were then divided into
autofluorescence, GFP fluorescence, and photosensitizer fluo-
rescence by spectral deconvolution. The autofluorescence and
GFP were then subtracted to obtain the intrinsic fluorescence
spectrum. Basis spectra for GFP and autofluorescence were con-
structed from fluorescence measurements on more than five ani-
mals before fluorophore injection, where normal tongue and
tumor were fitted with an identical autofluorescence spectrum.
Skin and liver were both analyzed with their tissue-dependent
autofluorescence basis spectrum. Spectral deconvolution was
again based on a Levenberg–Marquart nonlinear fit procedure.
The resulting intrinsic photosensitizer fluorescence spectrum
was related to the product of photosensitizer absorption coeffi-
cient and quantum yield μfaQf by integration over wavelength.
To quantify variations in the shape of the spectral emission, two
Gaussians were fitted to the main ce6/Bremachlorin peak
present in the intrinsic photosensitizer fluorescence spectrum;
one covering the high-intensity emission peak, fitted between
650 and 680 nm and a skewed Gaussian to determine the
width and intensity of the emission shoulder at the right side
of the maximum between 680 and 800 nm. This skewed func-
tion is defined as

fðλÞ ¼ b1

8<
:e

h
−ðλ−b2Þ2

2b2
3

i�
1þ erf

�
b4

�
λ − b2ffiffiffi

2
p

���9=
;: (6)

The parameters b1 to b4 were fitted using a least-mean-
square method to describe the shape of the right hand sight
of the spectra. From these fitted Gaussian curves, we were
able to determine the intrinsic fluorescence intensity, peak wave-
length, FWHM of both fitted Gaussians, and the ratio between
different fit parameters. The underlying reasons for implications
of these spectral shifts are discussed below.

3 Results
For this experiment, 299 spectra were included in the analysis.
In biological tissue, largest variations of absorption in the visible
range are found in the 400 to 600 nm range, while scattering is
decreasing with increasing wavelength.

Figure 2 shows a typical example of MDSFR spectra taken
on tumor tissue, using a 400- and 800-nm fiber, together with
their corresponding scattering background model in the absence
of absorption. Around 500 nm, a peak could be distinguished,
caused by strong GFP fluorescence of the tongue tumor, excited
by white light used to acquire the reflectance spectra.

3.1 Magnitude of the Correction for Tissue Optical
Properties

The correction factor was calculated over the whole spectral
range for both absorption and scattering for the four different
tissues, averaged over all mice. These are shown in Figs. 3(a)
and 3(b). The error bars indicate the SD of all measurements per
tissue. The correction factors were dependent on the tissue type
and illustrated the importance of our technique for the recovery
of intrinsic fluorescence in different tissue types: absorption was
significantly stronger in liver where there was a high concentra-
tion of blood, whereas skin had the lowest absorption. Scattering
correction did not vary significantly with tissue type [Fig. 3(b)].
The spectral variation of oxygenated and deoxygenated blood
was observed in tumor and normal tongue absorption coeffi-
cients. The variation in the total correction factor over the visible
wavelength range for both the absorption and scattering is

400 500 600 700 800 900
0

0.1

0.2

0.3

0.4

0.5

wavelength [nm]

R
ef

le
ct

an
ce

 [%
]

MDSFR, Tumor tissue

Fig. 2 Reflectance measurement of tongue tumor tissue. Black ¼
400-nm fiber, Gray ¼ 800-nm fiber. Shown are the reflectance spec-
trum (solid line) and the scattering background model (dashed line),
averaged over five consecutive measurements.
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shown in Fig. 4, where the maximum value of the absorption- or
scattering-based correction factor is divided by the minimum
value. This figure shows clearly that correction for tissue absorp-
tion was most important with regards to analysis of spectral
shape. Scattering varied less over wavelength, although the con-
tribution of the scattering correction to the total correction pro-
cedure was larger than that of absorption. Therefore, incorrect
scattering correction will result in an incorrect quantification of
the fluorophore but much less in incorrect conclusions on spec-
tral shape. Applying both absorption and scattering correction
results in the intrinsic fluorescence spectrum.

When comparing intrinsic fluorescence spectra of
Bremachlorin and ce6 of normal and tongue tumor tissue in
Fig. 5, Bremachlorin showed higher fluorescence intensity
than ce6 did for both the tissues. Furthermore, the tumor tissue
intensity was much higher than that of normal tissue. To illus-
trate the spectral variations of ce6 and Bremachlorin in different
tissues at different time points, Figs. 6(a) and 6(b) show normal-
ized spectra acquired from different tissues and time points.
Between 3 and 24 h after injection, the ce6 peak shifted
toward longer wavelengths, whereas for Bremachlorin, a shift
toward lower wavelengths was measured. Furthermore, clear
differences in peak width and the contribution of the longer

wavelength shoulder were observed over time after photosensi-
tizer administration.

To quantify these spectral variations in the intrinsic photo-
sensitizer fluorescence spectrum, the fluorescence was charac-
terized by two fitted Gaussian distributions as shown in Fig. 7;
one covered the high-intensity emission peak, fitted between
650 and 680 nm and a skewed Gaussian determined the
width and intensity of the emission shoulder at the right side
of the maximum between 680 and 800 nm.

3.2 Intensity and Ratio

Both ce6 and Bremachlorin showed the highest intensity of
the intrinsic fluorescence spectrum, hereafter referred to as
fluorescence intensity, in liver and lowest in normal tissue.
Furthermore, fluorescence intensity of Bremachlorin was sig-
nificantly higher in all tissues at all time points (except 3 and
6 h measurements in liver, where the difference is not signifi-
cant), as can be seen in Fig. 8(a). Every bar in Fig. 8 indicates
the average measurement value of all measurements taken on all
mice for that particular tissue and time point, which corresponds
to an average of 6 to 10 measurements. The fluorescence inten-
sity was measured as the maximum value of the fluorophore

300 400 500 600 700 800 900
0.5

1

1.5

2

2.5

3
Average µ

a
 correction

]

300 400 500 600 700 800 900

3.2

3.25

3.3

3.35

3.4

3.45

3.5

3.55
Average µ,

s
 correction

Wavelength [nm]Wavelength [nm]

C
or

re
ct

io
n 

fa
ct

or
 [−

]

(a) (b)

Fig. 3 (a) Average absorption correction factor spectrum for four different tissues. Since the absorption
coefficient was wavelength dependent, the absorption correction is, too. Calculation is based on Eq. (1).
(b) Average scattering correction factor spectrum for four different tissues, resulting from Eq. (5).
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Fig. 4 Variation over the visible wavelength range (400 to 800 nm) of
the corrections for absorption and scattering. Maximum value in that
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Fig. 5 Typical ce6 and Bremachlorin spectrum in normal tongue and
tumor, 3 h after photosensitizer injection.
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intrinsic fluorescence spectrum. It is evident from the data
[Fig. 8(a)] that there was relatively less ce6 present in time
as it was cleared more rapidly than Bremachlorin. This may
have significant implications for the use of Bremachlorin as a
photosensitizer and will be discussed in more detail elsewhere.
Figure 8(b) shows the intensity ratio of the main peak and the
shoulder on the right side. For this, the maximum values of both
fitted Gaussian distributions were divided by each other. Ce6
showed ratios between 8.4 and 11.0, significantly larger than
Bremachlorin (ratios between 5.9 and 7.5) for 3, 4.5, and 6 h
after injection in all tissues, indicating a lower shoulder for
ce6 compared with Bremachlorin (P < 0.02 for all time points
and tissues). The 24- and 48-h time points were not considered
in this analysis because the fluorescence intensity of the
shoulder was, in many cases, too low to be fitted accurately.
For each photosensitizer, differences over time and tissue
were small and rarely significant, as indicated in Fig. 8(b).

3.2.1 Peak position

Figure 8(c) shows that the wavelength of the maximum intrinsic
fluorescence intensity was shifted more toward the red for ce6

compared with Bremachlorin for tongue tissue, tumor tissue,
and skin. The peak position of Bremachlorin ranged from
667 to 665 nm, while ce6 ranged from 665 to 671 nm. This
discrepancy was significant (P < 0.05) for all time points in
normal tongue tissue, tumor tissue, and skin. Liver showed
a blue-shift of the peak wavelength over time for both photo-
sensitizers that did not significantly differ from each other for
t ¼ ½3; 6; 24� h. Bremachlorin showed a decrease of peak posi-
tion wavelength over time for all four tissues, while, although
not always significant, ce6 showed an increasing trend for
tongue tissue, tumor, and skin. From Figs. 8(b) and 8(c), we
can conclude that for ce6, a shift of the peak to a higher wave-
length corresponded with an increase in the peak-shoulder ratio.
Possible explanations for the observed wavelength shifts can be
found in Sec. 4.

3.3 Width

When comparing the width of the main fluorescence emission
peak of both photosensitizers in Fig. 8(d), it can be seen that in
general the width of the spectrum of ce6 peak was significantly
smaller than that of Bremachlorin. It should be noted that
the 24 and 48 h measurements of ce6 were associated with
large uncertainty caused by the very low fluorescence intensity,
compared to Bremachlorin, as shown in Fig. 8(a). This was
reflected in an increased fit uncertainty. Over the first 6 h
after injection, Bremachlorin showed a stable peak width
for all tissues under investigation, whereas ce6 showed a
steady but not a significant decrease over time for tumor and
normal tissue.

4 Discussion
In this paper, with we have demonstrated for the first time the
application of SFF in-vivo. We report on variations in spectral
shape of the fluorescence emission of two photosensitizers
chlorin e6 and Bremachlorin in various tissues after intravenous
injection. To compare fluorescence intensity and spectral shape
in different tissues and of multiple animals, we extracted the
intrinsic fluorescence by removing the influence of tissue optical
properties on the raw fluorescence signal.

640 660 680 700 720 740 760

0

0.2

0.4

0.6

0.8

1

Wavelength [nm]

N
or

m
al

iz
ed

 in
tr

in
si

c 
flu

or
es

ce
nc

e

Normalized intrinsic fluorescence spectra

Brema Tumor 3h
Brema Liver 3h
Brema Tumor 24h
Ce6 Tumor 3h
Ce6 Liver 24h

a
b
c
d
e

a

b

c

d

e

(a)

660 665 670 675 680 685 690

0.75

0.8

0.85

0.9

0.95

1

Wavelength [nm]

N
or

m
al

iz
ed

 in
tr

in
si

c 
flu

or
es

ce
nc

e

Normalized intrinsic fluorescence spectra

Brema Tumor 3h
Brema Liver 3h
Brema Tumor 24h
Ce6 Tumor 3h
Ce6 Liver 24h

a
b
c
d
e

a

b cde

(b)

Fig. 6 (a) Characteristic intrinsic photosensitizer fluorescence spectrum for varying tissue, time, and
photosensitizer, normalized to peak ¼ 1. (b) Close up of peak position.

550 600 650 700 750 800 850

Wavelength [nm]

In
tr

in
si

c 
flu

or
es

ce
nc

e

Intrinsic fluorescence fit procedure

 

 

Fluorescence spectrum
Gaussian fit peak
Residual >680 nm
Gaussian fit >680 nm

Fig. 7 Fluorescence intensity is fitted with a Gaussian distribution
between 650 and 680 nm, and a skewed Gaussian distribution
from 680 to 800 nm.

Journal of Biomedical Optics 015010-6 January 2014 • Vol. 19(1)

van Leeuwen-van Zaane et al.: Intrinsic photosensitizer fluorescence measured using multi-diameter. . .



4.1 Spectral Variability in ce6

It has been shown in vitro that both the fluorescence peak inten-
sity and the peak position of ce6 are strongly influenced by pH
of the solution.32 For ce6 in PBS, a decrease in pH in the range
of 7.5 to 3.5 results in a peak shift from 661 to 647 nm, com-
bined with a decrease in intensity of the main fluorescence peak
when the spectrum is normalized at 720 nm.32 The range of peak
positions for ce6 that we have observed was in the range of 665
to 671 nm, which is higher than reported by Cunderliková
et al. It is shown for the spectral properties of ce6 in more
physiologically relevant environments containing serum (by
adding FCS, BSA, LDL/HDL) or measured in vivo that the
binding of ce6 significantly shifts the peak position to higher
wavelengths.40 Studies of ce6 or ce6 conjugates in solution
show a peak wavelength range comparable with what was
found in this study.35,40,49 Changes in pH influence binding
affinity and thus the spectral shape represent the relative contri-
butions of the differently bound ce6. The data in Figs. 8(b) and
8(c) showed a trend of increasing peak/shoulder ratio corre-
sponding with increasing peak position wavelength in time
after photosensitizer injection for tumor, normal tissue, and skin.
According to Cunderliková et al.,32 the increase of peak/
shoulder ratio and peak position suggests a transition into a
higher pH environment in an in-vitro situation. In the range
of biological relevant pH values, the peak shift associated

with pH variations is small. How this transfers to the in-vivo
situation remains to be determined.

4.2 Comparison of ce6 and Bremachlorin

It is clear from Figs. 8(b) and 8(c) that although ratio and peak
position increased for ce6, Bremachlorin showed the opposite; a
blue shift in peak position accompanied by a decrease in
shoulder ratio. This might suggest relocalization of the drug
to an environment with a lower pH. Furthermore, binding of
ce6 to low-density lipoproteins is also linked with a blue-
shift of the peak position, compared to albumin bound ce6.
This suggests that ce6 in Bremachlorin may be preferably
bound to these LDL proteins, providing for uptake in (malig-
nant) cells. Unbound ce6 is mainly accumulated in the plasma
membrane of cells. The width of the peak, which could also be
associated with pH, did not change significantly.

Bremachlorin consists of a mixture of chlorin e6, purpurin 5,
and chlorin p6, in which both ce6 and purpurin 5 are known to
have the photodynamic effect. In the administered mixture, ce6
also acts as a solvent, since purpurin 5 is too hydrophobic to be
administered in aqueous solution. Purpurin has a high-binding
affinity to low-density lipoproteins, allowing the drug to enter
malignant cells via endocytosis.50 Since ce6 accounts for the
largest fraction in Bremachlorin, we expected the spectral
shape to be dominated by ce6. The influence of the other
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two components, purpurin 5 and chlorin p6, on the spectral
shape and behavior is unknown. Both purpurin 5 and chlorin
p6 are known to have an emission spectrum similar to ce6
when analyzed separately.51,52 Our results showed that a mixture
of ce6, cp6, and purpurin 5 clearly behaved differently than pure
ce6. Bremachlorin is more lipophilic than pure ce6,42 and it is
therefore expected that the localization of Bremachlorin differs
from pure ce6. It could not be determined from this experiment
if the spectral variations between Bremachlorin and ce6 were
a result of spectral influences of the two extra components, or
if they were variations in ce6 spectra caused by changes in envi-
ronment. However, our experiments did show that Bremachlorin
has different spectral properties than pure ce6 and should there-
fore be investigated as a new photosensitizer, including optimi-
zation of the treatment protocol.

4.3 Fluorescence Correction Method

The method to use MDSFR for measuring the absorption and
reduced scattering in vivo to recover the intrinsic photosensitizer
fluorescence is developed based on the use of Monte-Carlo sim-
ulations and phantom studies. In these optimized circumstances,
theory is validated and empirical parameters are included in the
model.23 However, applying this method in vivo is much less
straightforward considering spatial heterogeneity and the poten-
tial for the confounding effects of tissue layers. In this study,
MDSFR was performed using consecutive placement of two
fiber diameters on the same spot. Therefore, slight differences
in measurement volume were not only due to different fiber
diameters but could also occur from measuring a slightly differ-
ent sampling volume in each measurement. Therefore, the μ 0

s
used to correct the fluorescence was based on an average
value and did not necessarily exactly represent the μ 0

s in the fluo-
rescence sample volume. New technological developments
should overcome this problem in the near future and provide
true colocalized measurement positions for various fiber diam-
eters. Although we repositioned the probe on each tissue up to
five times per mouse, the variation of variables compared within
measurements of one mouse was at least four times smaller than
the maximum variation between animals. Therefore, the size of
the error bars was predominately due to interanimal variations.

4.4 Implications and Future Work

In this work, we have investigated spectral variations of chlorin
e6 and Bremachlorin. Clear differences were observed in fluo-
rescence intensity, peak/shoulder ratio and peak position for
both sensitizers over time after injection. Furthermore, although
Bremachlorin consists of approximately 80% of ce6, spectra
showed distinct differences, suggesting variations in localiza-
tion and/or clearance pathways. The more blue-shifted
peak of Bremachlorin, together with the wider peak, suggests
Bremachlorin was bound to LDL proteins more than ce6.
This might result in a higher uptake of the photosensitizer in
the cell. It is shown that internalization of the photosensitizer
results in more PDT-induced damage than photosensitizers
located on the cell membrane.53 Furthermore, this may explain
the prolonged detection of significant amounts of photosensi-
tizer fluorescence in tissue compared to ce6.

Although results in this study look promising for using the
ce6 in Bremachlorin as photosensitizer, purpurin 5 is known to
have strong photodynamic activity as well. Spectral analysis
showed us mainly variations in ce6. How this ce6 behavior

relates to behavior and localization of purpurin 5 and influences
PDT outcome remains to be investigated. In future studies, we
aim to analyze the microscopic distribution of ce6 and
Bremachlorin in tongue/tumor tissue.

5 Conclusion
In the present study, we used for the first time our quantitative
SFF spectroscopy technique in vivo to analyze fluorescence
spectra of both ce6 and Bremachlorin in vivo. Influence of opti-
cal properties on fluorescence varied up to 35% over the visible
wavelength range and was tissue dependent. We analyzed
variations of the spectral shape of the intrinsic fluorescence
in normal tongue tissue, OSC tongue tumor, skin, and liver
at t ¼ ½3; 4.5; 6; 24; 48� h after photosensitizer injection. We
observed significant differences in spectral shape over time
between sensitizers. Although the wavelength position of the
fluorescence intensity maximum underwent a red-shift over
time for ce6, Bremachlorin showed a blue shift. Furthermore,
the Bremachlorin peak appeared to be broader than the ce6 fluo-
rescence peak. Intrinsic fluorescence intensity, which can be
related to photosensitizer concentration, was decreasing for
all time points but showed significantly more Bremachlorin
present compared to ce6 at long incubation times. In conclusion,
although Bremachlorin consists of ∼80% of chlorin e6, they
behaved significantly different in-vivo. These differences may
be explored to define an optimal treatment protocol for
Bremachlorin-based PDT.
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