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Abstract. Singlet oxygen �1O2� is an important factor mediating cell
killing in photodynamic therapy �PDT�. We previously reported that
chemiluminescence �CL� can be used to detect 1O2 production in
PDT and linked the signal to the PDT-induced cytotoxicity in vitro.
We develop a new CL detection apparatus to achieve in vivo mea-
surements. The system utilizes a time-delayed CL signal to overcome
the interference from scattered excitation light, thus greatly improving
the accuracy of the detection. The system is tested on healthy skin of
BALB/ca mouse for its feasibility and reliability. The CL measurement
is made during a synchronized gating period of the irradiation light.
After each PDT treatment and in situ CL measurement, the skin re-
sponse is scored over a period of 2 weeks. A remarkable relationship
is observed between the score and the CL, regardless of the PDT
treatment protocol. Although there are many issues yet to be ad-
dressed, our results clearly demonstrate the feasibility of CL measure-
ment during PDT and its potential for in vivo PDT dosimetry. This
requires further investigations. © 2008 Society of Photo-Optical Instrumentation En-
gineers. �DOI: 10.1117/1.2904961�

Keywords: photodynamic therapy; singlet oxygen; skin; chemiluminescence.
Paper 07122RR received Apr. 2, 2007; revised manuscript received Dec. 8, 2007;
accepted for publication Dec. 11, 2007; published online Apr. 14, 2008.
Introduction

hotodynamic therapy �PDT� is a cell-killing process by light
ctivation of a photosensitizer in the presence of oxygen.1–3 It
s well established that PDT cytotoxicity is mainly mediated
ia reactive oxygen species �ROS�, i.e., singlet oxygen, pro-
uced during the light treatment.4–6 Similar to other radiation
herapies, proper dosimetry is required to warrant a successful
DT treatment. Given a particular tissue target with its intrin-
ic sensitivity to PDT, the effectiveness of a treatment de-
ends on the interplay of three main factors: pharmacokinetics
nd biodistribution of the photosensitizer in the target, the
ight absorption by the photosensitizer molecules, and the
vailability of molecular oxygen.7 Currently, clinical PDT do-
imetry is still largely empirical and based on two descriptive
arameters, delivered optical and drug “doses.”8 The optical
ose is often described as the energy fluence and fluence rate
er unit area �for superficial irradiation� or per unit length �for
nterstitial irradiation�. Although the optical inhomogeneity
ntrinsically associated with biological targets has been con-
idered by researchers,9,10 precise PDT dosimetry that links
he treatment protocol directly to biological outcome remains
challenging task. The photosensitizer is typically prescribed
ased on patient body weight or body surface, regardless of
he large intra- and interpatient variations in pharmacokinet-

ddress all correspondence to Da Xing, MOE Key Laboratory of Laser Life Sci-
nce, South China Normal University, Guangzhou 510631, China; Tel: 86–20–
5210089; Fax: 86–20–85216052; E-mail: xingda@scnu.edu.cn
ournal of Biomedical Optics 024023-
ics. Recent developments in PDT dosimetry are achieved by
either incorporating several of these parameters into a single
metric9,11,12 �e.g., photosensitizer bleaching, oxygen-
conserving, etc.�, or using certain biophysical/biological
markers to predict PDT-induced tissue damage.13,14 Clearly,
given the complicated factors involved in PDT, a direct mea-
surement of the cytotoxic agent produced during a treatment
would provide superior dosimetry.15

It is generally accepted that 1O2 is one of the most impor-
tant mediators for either direct cytotoxicity and/or cell death
due to vascular damage caused by PDT. Monitoring the pro-
duction of 1O2 by measuring its luminescence at 1270 nm
would provide an ultimate marker and an ideal dosimetry
technique.6,16 Several issues limit the technique to be used as
a routine means of PDT dosimetry.17 The luminescence is
extremely weak and is interfered with by not only the irradia-
tion light, but also the autofluorescence. It requires a highly
specialized and expensive photon multiplier tube �PMT� to
acquire the luminescence signal that has a half-life-of the or-
der of nanoseconds and at a 1270-nm wavelength. Although it
has been shown, technically, it is possible to overcome these
disadvantages; the complexity of the technical approach and
the associated cost likely classify the technique as a gold stan-
dard of PDT dosimetry rather a routine method for practical
applications.

1083-3668/2008/13�2�/024023/7/$25.00 © 2008 SPIE
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The objective of the study reported in this paper is to
onitor 1O2 production using ROS-specific chemilumines-

ence �CL�. Several CL probes18–20 have been used to evalu-
te ROS production due to their high selectivity, sensitivity,
nd easy detection. ROS can chemically interact with probe
olecules and transfer their potential energy to the latter.
pon that, the probe molecules, by changing their conforma-

ion, reach higher/excited energy state�s�. During the subse-
uent deexcitation, photons in the visible wavelength range
re emitted as CL. In general, CL is much stronger in signal
trength and longer in lifetime, compared to that of the direct

1O2 luminescence, and thus can be easily detected by a con-
entional optical detection system such as21 a PMT. With
hese good characteristics, much higher detection sensitivity
nd technical simplicity can be achieved.

In our experiment, we used a CL probe, fluorescenyl cyp-
idina luciferin analog �FCLA, �3, 7-Dihydro-6- �4-�2-
N�-�5-fluoresceinyl� thioureido� ethoxy� phenyl�-2-
ethylimidazo �1,2-a�pyrazin-3-one�, that can selectively de-

ect singlet oxygen and superoxide.22,23 We previously re-
orted that the FCLA CL is directly related to PDT
ytotoxicity in vitro,24 regardless of the treatment protocol. In
his in vivo study, we detected 1O2 with the CL probe FCLA.

e developed21 a novel CL detection method by utilizing the
ecay character of CL to minimize the interference of the
rradiation light. In this study, a novel CL measurement sys-
em aimed at in vivo applications was developed. By gating
nd synchronizing the irradiation light with the PMT system,
e achieved an excellent SNR during in vivo measurements,
ractically eliminating the interference from the irradiation
ight. We further tested the method by comparing skin reac-
ions with an array of PDT treatment protocols and the corre-
ponding CL measured during the treatment. The results
learly demonstrate that in vivo CL measurement during PDT
s feasible and there is a reliable correspondence between the
L and the biological outcome. Our study thus establishes an

n vivo CL technique in PDT dosimetry as both effective and
ractical, and supports the need for further investigations.

Fig. 1 Schematic of the experiment
ournal of Biomedical Optics 024023-
2 Materials and Methods
2.1 Chemicals
For the ROS-specific CL probe, FCLA �Free Acid FCLA,
Tokyo Kasei Kogyo Co., Tokyo, Japan� was dissolved in
double-distilled water �100 �M� and stored at −80°C until
needed. The probe produces25 a 532-nm CL and is at its maxi-
mum detection efficiency in the biological PH range. For the
photosensitization reaction, photosensitizer protoporphyrin IX
disodium salt �PpIX� �Aldrich Chemical Co., Milwaukee,
Wisconsin� was prepared according to the manufacturer’s di-
rections to a concentration of 200 �M. The stock was stored
in the dark at 4°C until needed.

2.2 Apparatus for Fluorescence and CL Detection
The schematic for fluorescence detection is shown in Fig. 1.
For a semi-quantitative monitoring of the FCLA concentration
in the target before PDT, FCLA fluorescence at 515 nm was
monitored during the experiment.25 The excitation light
source was an argon-krypton laser �488 nm, Model 5500
ASL, Aiao Laser Co. Shanghai, China� and two filters
�FF500 /646-Di01-25�36 to 45 deg beamsplitter, Semrock
Co. USA, and a 510-nm bandpass �BP� filter, Oriel Co.,
USA.� were used to isolate the fluorescence signal from the
irradiation light. The fluorescence was measured using a PMT
�Model MP 952, PerkinElmer Optoelectronics, Wiesbaden,
Germany� with a counter �PCL-836, Advantech Co., Ltd. Tai-
wan�. The irradiation and fluorescence system is synchronized
and controlled by LabVIEW �LabVIEW version 6.1 National
Instruments, USA�. For the in vivo experiment, a custom-built
mouse holder was fixed on a three-axis translational stage and
the position was optimized for maximizing the signal collec-
tion of the PMT �Fig. 1�B��.

The CL detection is similar to that for the fluorescence.
The irradiation source for the photosensitization reaction is a
custom-built, gated diode laser system �maximum power
100 mW, 635-nm laser diode controller, LDC 2000, ThorLab,
and TEC 2000, Wavelength Electronics, USA�. The laser sys-
tem is controlled and modulated by the transistor-to-transistor

m for fluorescence measurements.
al syste
March/April 2008 � Vol. 13�2�2
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ogic �TTL� level of the counter. For the gated light irradiation
nd data acquisition, a 2-s irradiation was immediately fol-
owed by a 1-s data collection. A BP filter �530-nm BP filter,
riel Co., USA� was used to protect the PMT from scattered

rradiation light.

.3 Experimental Protocols
ALB/ca mice of both genders �Center of Experimental Ani-
al SunYat-sen University, Guangzhou, China� were used to

rovide an in vivo normal skin model. The mice were housed
n an environmentally controlled animal facility with regular
ight/dark cycle. Before each experiment, the hind leg of a

ouse was molted by depilatory �Na2S 8% aquasolution�. For
he in vivo PDT treatment and CL and fluorescence measure-

ents, the mice were restrained using a custom-built holder
ithout anesthesia. The animal holder was designed and fab-

icated to enable a hind leg to be positioned outside the holder
ithout compromising its blood flow.

To simplify the experimental setup, in this pilot study, the
harmacokinetics of the FCLA were investigated in a separate
xperiment from the PDT-CL study. The 515-nm florescence
f FCLA was continuously monitored in a separate animal
fter FCLA injection. The exposed mouse skin was irradiated
ith the argon-krypton laser, as already described, at
�W /cm2. After collecting the control data �no drug injec-

ion�, FCLA �0.01 �mol� in 200-�L physiologic saline was
ubcutaneously injected into the leg, and then the florescence
ignal collection was continued.

Premixed PpIX �0.02 �mol� and FCLA �0.01 �mol� in
00-�L physiologic saline were injected subcutaneously into
he leg, 1 h prior to the PDT light irradiation.26 For PDT, each
kin-exposed leg was irradiated with the 635-nm laser at a
redetermined fluence and fluence rate �Table 1�. The light
rradiation was fractionated into 2 s /1 s light/dark cycle so
L signals could be collected during the dark periods. The
ice were divided into six groups and treated accordingly

n=7/group, Table 1�.

.4 Method of Scoring PDT Effect
he normal skin response to PDT was evaluated in mice. A
-cm-diam area of the hind limb was treated and then judged
or the phototoxcity. A quantitative skin scoring system �Table

Table 1 PDT treatment protocols.

luence Rate
mw/cm2�

Fluence
�J/cm2�

PpIX
��mol� Mice

0 40 0.02 6

0 40 0.02 6

0 30 0.02 6

0 20 0.02 6

0 10 0.02 6

0 40 0.02 6

0 0.02 6
ournal of Biomedical Optics 024023-
2� was used to document photosensitivity by recording the
appearance and decline of edema, erythema, and desquama-
tion induced by each treatment.27 The PDT treatment result,
scored as the skin response, was recorded daily by a person
who had no knowledge of the treatment protocol �single-blind
method�. A scoring system previously used on nude mice was
adopted. With either nude or the regular mice used in this
current study, the scoring system is only a pseudonumerical
system based on objective observation of the skin response.
These values give only an indication of the severity of the
response, but not a true measurable degree of the biological
outcome. The numerical values, thus, should not be compared
directly among different animal models. To minimize the po-
tential arbitrary associated with the objective scoring system,
accumulated scores from each animal over a period of 2
weeks were used for evaluating the PDT response.

2.4.1 Data analysis and statistics
Each PDT treatment protocol was repeated six times. Each
animal was allowed to be treated only once. The results were
analyzed accordingly. Parametric and nonparametric summary
statistics are presented for each variable. Numerical data are
presented as means�SE �standard error�. Accumulated CL
was calculated by integrating the CL signals over the mea-
surement period.

3 Results
The temporal profile of FCLA fluorescence intensity during
the FCLA injection and PDT procedure is shown in Fig. 2.
When excited by light at 488 nm from an argon-ion laser, the
probe �FCLA� has a strong fluorescence at its spectral peak
value of 515 nm. In this study, monitoring of the FCLA dif-
fusion and/or metabolism was performed in situ, but with a
minor delay in signal collection to facilitate the drug infusion;
thus, the interrupted continuity in the fluorescence temporal
profile. After an initial surge due to the bolus injection, the
FCLA fluorescence in situ increased steadily in the first hour
until it reached a plateau, and remained steady thereafter for
at least 1 h. The FCLA-CL measured immediately after
pulsed laser irradiation is shown in Fig. 3. The CL signal
shows a typical exponential decay character with an average
half-life 172�64 ms �mean�SD�. Figure 4 shows a repre-

Table 2 Skin response score for PDT treatment effect.

Score Observation

0 No observable effect

1 Mild erythema

2 Moderate erythema

3 Strong erythema

4 Dry desquamation

5 Thin scab formation

6 Thick scab formation
March/April 2008 � Vol. 13�2�3
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entative temporal profile of FCLA-CL intensity and its cor-
esponding cumulative value during a PDT irradiation. The
ata indicate that while the irradiating fluence rates remained
onstant during a treatment, the corresponding CL intensity
ecreased over time.

Figure 5 shows the relationship between CL and various
DT treatment protocols from the in vivo mouse skin. The
ccumulated CL increases linearly with the total optical flu-
nce �Fig. 5�A��. As shown in Fig. 5�B�, given identical total
rradiation fluence, a higher irradiation fluence rate resulted in
ess CL, meaning, less 1O2, compared to that produced with a
ower irradiation fluence rate. After PDT treatment, the skin
howed various degrees of response, depending on the treat-
ent protocols. The maximum response occurred within 1

ig. 2 Temporal profile of FCLA fluorescence intensity measured in
itu from normal mouse skin after local bolus injection
0.01 �mol/200 �L saline�: �A� background �without FCLA� and �B�
he fluorescence signal immediately after the injection. CPS=counts
er second.

ig. 3 Real-time in situ CL measurement during interrupted PDT treat-
ent. The X axis is not to scale and the gray columns indicate 2-s PDT

rradiation periods.
ournal of Biomedical Optics 024023-
week of the treatment and gradually recovered by the end of
the 2-week follow-up period. At the same irradiation fluence
rate, higher fluence produced more severe skin response �Fig.
6�A��. With identical irradiation fluence, a higher irradiation
fluence rate resulted in less prominent damage to the target
�Fig. 6�B��. The total skin response score, a sum of daily
scores from each animal over the 2-week follow-up period, is
shown in Fig. 7. Since the score, by definition, is not a true
numerical evaluation of the skin response, we did not attempt
linearity analysis of the data or statistical analysis for signifi-
cant differences. Nevertheless, the graphs demonstrate that the
skin response is dependent on both irradiation light fluence
and fluence rate. On the other hand, a slight skin response
with the 0-J /cm2 dose can be seen in the graphs. The slight
skin response without PDT treatment is likely due to the bolus
injection itself.

Fig. 4 CL intensity �•, left, Y axis� and cumulative CL �solid line, right
Y axis� during PDT �x axis is irradiation time�. The treatment protocol
is fluence rate=30 mW/cm2 and fluence=30 J /cm2.

Fig. 5 Relationships between accumulated CL and �A� irradiation flu-
ence or �B� fluence rate.
March/April 2008 � Vol. 13�2�4
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By pooling all accumulated CL and corresponding skin
scores together, regardless of the treatment protocol, we ob-
tained a chart showing the relationship between the produc-
tion of the cytotoxic agent and its biological effects �Fig. 8�. A
linear regression fit was done in the figure �R2=0.97�. Again,
although linear regression may not have much true meaning
due to the nature of the scoring system, the results clearly
demonstrate that CL and the PDT biological effect has an
excellent correspondence, with CL as a unique marker for
predicting the biological effect.

4 Discussion
On local injection, FCLA can either enter the systemic circu-
lation or be temporarily taken up by cells. It has been dem-
onstrated that FCLA can penetrate into the intracellular space
rather efficiently.28 By monitoring the FCLA fluorescence in-
tensity over time, it is possible to study the local retention of
FCLA. The data show that, after an initial 45-min increase,
the skin retention of FCLA reaches a relatively stable phase
lasting at least 1 h. This allows a reasonable time window for
a CL measurement during a typical PDT treatment, without a
significant effect due to the local FCLA concentration
changes. Clearly, this conclusion applies only in the specific
case of mouse skin. For other targets, more detailed studies
must be conducted for potential changes in FCLA pharmaco-
kinetics.

After completely cutting off the irradiating light, we mea-
sured the half-life of the FCLA CL to be approximately
200 ms. The autofluorescence of the skin has a much shorter
lifetime and should have minimum impact on the result. This,
consistent with that reported by others, shows that CL has a
much longer life time than that of the 1O2 fluorescence.21,29

The longer lifetime and an emission wavelength in the visible
light range of CL translate into a more practical approach for
1O2 measurement, as it can be realized with conventional op-
tical system such as those used in our study.

Fig. 8 Relationship between accumulative CL and total skin scores
without differentiating the treatment protocols. The linear fit is given
as Y=14+9.99�10−6X �R2=0.97�.
ig. 6 Relationships between skin response and �A� total fluence and
B� fluence rate.
ig. 7 Skin score �mean±SE� after PDT by varying �A� total fluence or
B� fluence rate.
March/April 2008 � Vol. 13�2�5
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Note that the cumulative CL measured during PDT does
ot increase linearly with the irradiation time, due to a gradual
ecrease in the CL intensity �as shown by dots in Fig. 4�.
onsidering that the local concentration of FCLA remains

elatively stable during the course of the light irradiation, it is
ot likely that the pharmacokinetics of FCLA are a major
actor contributing to be the CL decrease. The decrease in CL
ntensity over time is more likely due the following factors. It
s well established that PDT can induce local oxygen
epletion,30 resulting in a decrease of 1O2 and, subsequently, a
L decrease. But the depletion would not affect the precision
f detecting singlet oxygen with CL. Also the oxygen bleach-
ng and supply may reach a dynamic equilibrium after a cer-
ain time, countered by local oxygen diffusion from local vas-
ulature that is abundant in the skin. In addition, FCLA-CL is
n irreversible chemical process. The CL probe is consumed
uring the process, causing CL decay, although its depletion is
low. These hypotheses require further investigation.

With PDT-induced changes of oxygen concentration, it is
ot surprising that given identical irradiation fluence, the total
ccumulated CL varies with the irradiation fluence rate. This
s confirmed by the observation that higher irradiation fluence
ate resulted less total CL production. Nevertheless, if the
uence rate is kept the same, statistically, the accumulated CL
epends on the total light fluence increase.

The effect of PDT on skin took several days to maximize.
his is a typical phenomenon of the treatment. With our cur-

ent treatment protocol, the skin eventually recovered to nor-
al or near normal condition, similar to that reported by

thers.31,32 Since the skin response score is not a very objec-
ive evaluation and depends highly on the observer, we ap-
lied a concept of total skin response score by summing the
cores from each animal over a fixed length of time. This was
one to minimize the potential variations in individual scores.
y comparing the total skin score to the treatment protocol,
e found that the score increases as the total optical fluence

ncrease, as expected. Given identical irradiation fluence, a
igher fluence rate resulted in less total skin score/biological
ffect. Again, this coincides well with what has been well
nderstood, that higher irradiation fluence rate causes more
apid oxygen and photosensitizer depletion,33 thus less PDT
fficiency.

The purpose of this study is to evaluate the feasibility of
CLA-CL as a PDT dosimetry marker. The choice of direct
dministration of exogenous PpIX instead of the usual ALA
as due to the lower PDT efficiency of ALA in normal skin.
ur preliminary investigation of ALA in the skin model
ielded little CL signal, likely due to its lower concentration
nd subsequent generation of endogenous PpIX in the normal
issue, compared to that in tumor.

With the limited data collected in this study, it is premature
o conclude that FCLA-CL can quantitatively predict the bio-
ogical outcome of a PDT treatment. However, the data do
ndicate that accumulated CL is likely to reflect the total 1O2
roduction during a PDT treatment. It is well established that

1O2 is the main cytotoxic agent mediating PDT damage and
here is strong evidence indicating the existence of a PDT
amage threshold in various biological targets.34–36 It is thus
easonable to conclude that the in situ CL measurement using
ournal of Biomedical Optics 024023-
FCLA, a highly 1O2 selective probe, may provide an alterna-
tive marker for PDT dosimetry.

It is realized there are still many issues that must be ad-
dressed before the technique can be practically used in a PDT
treatment. For example, for a practical tumor PDT treatment,
the location�s� of CL signal collection and the optical system
sensitivity required for in vivo monitoring still require further
investigation. In the preliminary study, a 2 s /1 s light/dark
cycle was used for PDT light irradiation and CL signal col-
lection. The effect of such a “fractionated” PDT treatment has
been studied by various investigators and the results, in gen-
eral, suggest an improved biological effect due to improved
tissue reoxygenation and other factors similarly observed in
ionizing radiation therapy.37–40 If the total treatment time is a
concern, the dark period for CL collection can be decreased to
the millisecond range, while multiple sampling will certainly
improve the SNR ratio.

Although data from this study show that FCLA can remain
in normal mouse skin for more than 1 h with little changes in
its concentration, this may not be the case for other types of
tissue. Colocalization of the photosensitizer and the CL probe
must be considered for practical applications of the technique.
A more detailed investigation of the interplay among the ad-
ministration time of photosensitizer, CL probe, and light irra-
diation is critical to minimize the uncertainty caused by the
difference in the pharmacokinetics of the drugs. Simultaneous
monitoring of CL probe fluorescence during PDT treatment
and CL measurement is a technically feasible approach, as
shown in our preliminary study. With the technique, the local
retention of the CL probe can be evaluated at real time and
factored into the signal analysis.

Like any photons passing through a biological tissue, CL is
inevitably subjected to the light scattering and absorption by
the tissue before it is collected by an external optical detector,
such as in this study. An interstitial isotropic optical fiber
probe positioned at a designated location�s�, i.e., distal tumor
margin, for in situ CL collection is likely to minimize the
uncertainty caused by light transmission in a tissue, at the
same time, resolving the problem of limited CL diffusion
range if it has to pass through layers of tissue to be detected.
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