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13 Abstract: Photodynamic therapy (PDT) of cancer is dependent on three primary components:
14 photosensitizer (PS), light, and oxygen. Because these components are interdependent and vary
15 during the dynamic process of PDT, assessing PDT efficacy may not be trivial. Therefore, it has
16 become necessary to develop pre-treatment planning, on-line monitoring and dosimetry strategies
17 during PDT, which become more critical for two or more chromophore systems, e.g. PS-CD
18 conjugates developed in our laboratory for fluorescence-imaging and PDT of cancer.
19 In this study, we observed a significant impact of variable light dosimetry; (i) high light fluence and
20 fluence rate (light dose: 135 J/cm?, fluence rate: 75 mW/cm?) and (ii) low light fluence and fluence
21 rate (128 J/cm? and 14 mW/cm? and 128 J/cm? and 7 mW/cm?) in photobleaching of the individual
22 chromophores and their long-term tumor response. The fluorescence at the near-infrared (NIR)
23 region of the PS-NIR fluorophore conjugate was assessed intermittently via fluorescence imaging.
24 The loss of fluorescence, photobleaching, caused by singlet oxygen from the PS was mapped
25 continuously during PDT. The tumor responses (BALB/c mice bearing Colon26 tumors) were
26 assessed after PDT by measuring tumor sizes daily. Our results showed distinctive photobleaching
27 kinetics rates between the PS and CD. Interestingly, compared to higher light fluence, the tumors
28 exposed at low light fluence showed reduced photobleaching and enhanced long-term PDT
29 efficacy. The presence of NIR fluorophore in PS-CD conjugates provides an opportunity of
30 fluorescence imaging and monitoring the photobleaching rate of the CD moiety for large and
31 deeply seated tumors and assessing PDT tumor response in real-time.

32 Keywords: Photodynamic therapy, photobleaching, photosensitizers, fluorescence imaging.
33

34 1. Introduction

35 PDT was initially developed for the local destruction of solid tumors [1, 2] and is currently being
36 used worldwide in the treatment of several tumors including skin basal cell carcinoma (BCC) [3],
37 lung [4-6], esophagus [7-11], bladder, head and neck [4,6,12], brain [13-17], ocular melanoma,
38 ovarian, prostate [8-20], renal cell, cervix, pancreas and bone [21]. It is also being used for a plethora
39 of additional indications such as, dysplasia, papillomas, rheumatoid arthritis, age related macular
40 degeneration, actinic keratosis, cosmesis, psoriasis, endometrial ablation, localized infection
41 (bacterial and fungal) and prophylaxis of arterial restenosis. Considering that the use of PDT has
42 been approved for many diseases, it is still not being practiced in mainstream oncology. The
43 partial reason for this is that the treatment outcome cannot be foreseen clearly, as the therapy
44 related dosimetry based on measured or calculated physical values is not yet optimized.
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45 PDT is known to be dependent on three primary components: Photosensitizer (PS), light, and

46 oxygen in order to deliver an effective dose!. Therefore, it is necessary to establish an
47 understanding of the basic physical and biophysical interactions of these three essential
48 components to maximize PDT output. Over the past two decades, much work has been done to
49 optimize these components, but their dynamic nature and complex interdependency lead to
50 complexity. Therefore, to understand the PDT dosimetry, which is intended to quantify a
51 therapeutic outcome, is of importance to provide reliable tool for controlled enhancement of the

52 PDT outcome.

53 Currently most of the photosensitizers (PSs) used in PDT elicit significant damage to cancer cells
54 through singlet oxygen mediated pathways [1]. The standard approach in clinical PDT is to use
55 the prescribed treatments that involve using fixed amounts of photosensitizer (per unit body
56 weight), incident light fluence (J/cm?) and fluence rates (total energy delivered within a specific
57 drug-light time interval (mW/cm?)) [22] to treat each patient. However, this sometimes leads to
58 incomplete or unpredictable responses in patient groups, which may be due to differences in
59 individual physiological effects [22,23]. These heterogeneous factors include local tissue optical
60 properties, tumor oxygenation and accumulated photosensitizer dose, which can be very different
61 for each patient and tumor. These factors also may change differently during PDT. For example,
62 photobleaching of the PS may reduce singlet oxygen production which may cause ground-state
63 oxygen to be depleted if the reperfusion capacity of the tissue is exceeded by the immediate
64 photochemical reaction [24]. Therefore, it has become necessary to develop pretreatment planning,
65 on-line monitoring and dosimetry strategies during PDT [1].

66 Optimization of clinical dosimetry methods can follow one of three paths as described previously
67 (see for example Mcllroy et al [24], Wilson et al [25] and Zhu [26]) and can be classified as direct [26],
68 explicit or implicit dosimetry [22,25]. Direct dosimetry involves the measurement of singlet oxygen
69 itself, either through emission of its phosphorescence or through singlet oxygen sensitive
70 chromophores [26]. Explicit dosimetry employs techniques and instrumentation to measure the

71 three essential components of photodynamic therapy (light, photosensitizer (PS), and oxygen)
72 individually and independently in the tissue [22,25]. A predictive model of the photobiological
73 effect of these three components is required to combine the measurements into a dose metric
74 [22,23,25]. Significant progress has been made in regards to the application of explicit dosimetry
75 but there are still limitations [25]. Implicit dosimetry seeks to avoid measuring the light, PS and
76 oxygen independently by eliciting the use of a single parameter that incorporates two or more of
77 the essential components into a single metric in order to predict the biological damage [1,22,25,27].
78 This is chiefly accomplished by monitoring the PS photobleaching during irradiation by utilizing
79 the fluorescence properties of the PS [22,25].

80 We are engaged in the exploration of PDT dosimetry strategies by employing the implicit
81 dosimetry approach. In our strategy, we aim to investigate the utility of the photosensitizer-near
82 infrared fluorophores conjugate (PS-NIRF) as fluorescence probes and markers for PDT light
83 dosimetry. We hypothesize that the photobleaching characteristics of the fluorophores when
84 subjected to variable light fluence and fluence rates will provide a metric to optimize the light
85 dosimetry and PDT response.

86 If singlet oxygen is the main cytoxic agent and the main cause of photobleaching, monitoring the
87 photobleaching could provide a quantifiable measure of the singlet oxygen production. Therefore,
88 we monitored the photobleaching of the photosensitizer and the fluorophore within several
89 bifunctional photosensitizer-fluorophore conjugates using real time in vivo fluorescence imaging.
90 In our initial attempt, the fluorescence of the NIR fluorophore portion of the conjugate was
91 measured intermittently throughout the PDT treatment. First, in vitro photobleaching experiments
92 were performed as a model of the in vivo systems to see if they could predict the in vivo response.

93 Then, we imaged mice before and after PDT treatment at three different light doses, after exciting
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94 the PS or the NIRF portion of the conjugate individually, and investigated potential direct

95 correlation between photobleaching and PDT efficacy.
96

97 2. Results and Discussion

98 The degradation of the conjugates was observed via UV-Vis spectroscopy in vitro. Although these

99 solutions of conjugates were made up as 5 uM solutions in 17% Bovine Calf Serum (BCS) it was
100 understood that the intent was not to reproduce exact solvent conditions used clinically but to
101 show whether drug aggregation or binding with serum affected the photobleaching of the
102 chromophores. However, in our in vivo photobleaching experiments the degradation of the NIR
103 fluorophore (CD) portion of the PS-CD conjugates was observed. In later experiments, we observed
104 the degradation of both PS and CD via fluorescence quenching.

105

106 2.1. Mechanism of Photo-induced Bleaching

107

108 Using the NIR CD as a guide, Figure 1, illustrates the mechanism of photo-degradation caused

109 by the contribution of molecular oxygen and light. Interaction of singlet oxygen with the
110 chromophores constitutes the major pathway of photodecomposition. When the PS (HPPH)
111 portion of the PS-NIR fluorophore (CD) conjugate absorbs light it undergoes intersystem crossing
112 from an excited singlet state to an excited triplet state where it interacts with endogenous ground
113 state triplet oxygen to generate the destructive singlet oxygen species. In the illustration below, the
114 singlet oxygen generated subsequently attacks the polymethine chain of cypate resulting in
115 fragmentation of the CD moiety as shown in Figure 1.

116

117 The photoproduct obtained  after
118 photo-induced bleaching is due to
119 oxidation of the C’- C2 or C7’- C2” bond
120 on the polymethine chain.  Singlet
121 oxygen is directed towards the
122 polymethine chain at the C’- C2 or C7'-
123 C2” bond due the electro-positivity of the

124 2 and 2” carbon versus the electron rich

125 position 1° or 7 of the cationic Cﬁ")
126 chromophore [28]. This degradation R!W? e

127 generates the corresponding carbonyl ¥ ST ORTS

128 photoproducts [28]. om0 X

129 2.2. In Vitro Photobleaching of HPPH

130  Cyanine Dye and CD Conjugates
4

131 The conjugates; HPPH-CD (8),
132 HPPH2CD (9), HPPH-Cypate (10) and
133 HPPH2-Cypate (11) shown in Figure 2
134 were prepared by following our own
135 methodology were formulated in 17% in vitro and in vivo following absorbance of light in NIR region
136  Bovine Calf Serum/PBS and were used of the spectrum.

137  equimolar concentrations (5 uM) for the

138  studies presented herein [29, 30]. The absorption spectra were measured in 1 cm-quartz cuvettes
139 following irradiation at 665 nm at various time points until there was complete degradation of the
140  NIRF portion of the conjugate, Figure 3. The photobleaching rates were different, and were in the
141  following order 9>10>8>11.

Figure 1: Mechanism of the photobleaching of Cypate by
singlet oxygen. This illustrates the photobleaching that occurs
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159 Figure 2: Structures of the conjugates 6-11 used for the study
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161 Figure 3: Photobleaching of the conjugates as 5 uM solutions in 17% BCS in PBS. HPPH-CD (8), HPPH2CD (9),
162 HPPH-Cypate (10) and HPPH2-Cypate (11) were photobleached in vitro in the order of 9>10>8 > 11.
163

164  2.3. In Vivo Photo-induced bleaching kinetics
165  BALB/c mice (3/group) were inoculated with compounds, 8, 9, 10 and 11 and monitored during PDT

166  for 30 minutes at various time intervals. The tumors were irradiated at a wavelength 665 nm using a
167  total light dose of 135 J/cm? and fluence rate of 75 mW/ cm? respectively. Concurrently, the
168  fluorescence kinetics were monitored by illuminating at 785 nm and measuring the fluorescence
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with a 830 long pass filter. Figure 3 shows images of the photo-induced bleaching kinetics of the four
conjugates 8, 9, 10 and 11 at different time points during treatment. The mice injected with
HPPH-Cypate (10) were irradiated at 661 nm. PDT efficacy of HPPH-CD (8), HPPH2CD (9),
HPPH-Cypate (10) and HPPH2Cypate (11) was also assessed after the photo-induced bleaching
experiment, as shown in Figure 4. We observed that there were no PDT cures upon assessment of the
tumor response (Figures 4 & 5). All mice were sacrificed when the tumor sizes grew to a volume of
400 mm3. The dismal tumor response could be due to changes in tumor oxygenation induced by
high fluence rates [31]. High fluence rates such as that used in this experiment (135 J/cm? and 75
mW/cm?) can cause the depletion of molecular oxygen during the process of singlet oxygen
generation, which can exceed the rate at which it can be resupplied by diffusion from the vasculature
[31].

Figure 4: Photobleaching of (A)
HPPH-CD (8), (B) HPPH2CD (9), (C)
HPPH-Cypate (10) and (D)
HPPH2Cypate (11) All conjugates were
irradiated at 665 nm, except in the case 15
(661 nm) and treated at a fluence and
fluence rate of 135 J/cm? and 75 mW/cm?2.
Concurrently fluorescence images were
taken at various treatment times up to 30
minutes, the total treatment time

Figure 5: In vivo phot bleaching
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It is believed that such occurrences would lead to PDT self-limiting hypoxic conditions [31]
whereby the tumor and surrounding regions becomes deprived of oxygen. Therefore we adapted
the following experiments with the low-fluence rates.

2.4. In Vivo Photobleaching Before and After Low-fuence rate PDT Treatments

It has been demonstrated that there was a direct relationship between the tumor response and the
level of oxygen within the tumor tissue during PDT [31-38]. Additionally, it has also been
demonstrated that using HPPH as a PS and exposing the tumor at low light fluence and fluence
rate of 128 J/cm? and 14 mW/cm? showed better tumor response rates with cures up 90 days after
PDT [31,33]. Another observation made during these experiments was that the tumor response for
the fluence of 128 J/cm? increased as the fluence rate decreased further [31,33]. Therefore, to
understand the impact of these light treatment parameters in PDT efficacy of the PS-CD conjugates,
the photobleaching experiments were conducted at various fluence and fluence rates of 135 J/cm?
and 75 mW/cm?; 128 J/cm? and 14 mW/cm? and 128 J/cm? and 7 mW/cm?

d0i:10.20944/preprints201805.0340.v1
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217  Figure 6: (A) Photobleaching of the HPPH portion of PS-CD
218 conjugates, and (B) a comparative photobleaching of the CD moiety
219 in HPPH-CD conjugates 6, 7, 9 and 12 at the light dose of 128 J/cm?
220 and 14 mW/cm?
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221
222 In these experiments, the fluorescence was observed before
223 and after PDT treatment at the fluence and fluence rates
224 mentioned above. The compounds chosen for this study
225 were conjugates 6, 7, 9 (Figure 2) and 12 (Figure 7) on the
226 basis of their significant in vitro and in vivo PDT responses
227 in mice bearing Colon-26 and U87 tumor models [29,30].
228 Figure 7: Structure of HPPH-CD conjugate 12
229
Photobleached % Tumor
Compounds Fluorescence 128 J/em? Cured
14mW/cm? 128 J/em?
14mW/cm?
Drug # PS Dose Pre Pre Post Post % % PDT ONLY

(umol PDT PDT PDT PDT PBLCH | PBLCH
/kg) HPPH CD HPPH CD HPPH CD

6 LLP 1.5 1048 989 592 397 43 60 80
7 MLM 1.5 1308 1396 460 439 65 69 80
9 H2CH 1.5 1154 874 616 239 47 73 80
12 H783NH2 1.5 1701 2413 986 1881 42 22 40

230 Table 1: Summary of in vivo photobleaching of HPPH moiety in HPPH-CD conjugates 6, 7, 9 and 12 at 128
231 J/em? and 14 mW/cm?

232 The photobleaching data obtained from these experiments were used in conjunction with the
233 molecular modeling of the compounds to infer possible optimization of PDT light dosimetry since
234 it has been reported that it is not simple to predict the photobiological outcome from in vivo
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235 photobleaching data alone, because of the complex dependence on oxygenation and
236 micro-environment factors [22].
237 The fluorescence intensities of HPPH and the CD were also compared prior to light irradiation and

238 at the end of treatment with light dose of 128 J/cm? and 14 mW/cm2. After combining the data
239 obtained from the three mice in each group it was found that the HPPH (PS) portion of compounds
240 6, 7, 9 and 12 photobleached by 43%, 65%, 47% and 42% respectively; whereas, the CD portion
241 underwent photoleaching by 60%, 69%, 73%, and 22% respectively.

Photobleached | % Tumor

Compounds Fluorescence 48 J/cm? Cured
7mW/cm? 48 J/cm?
7mW/cm?
Dru PS Dose Pre Pre Post Post % % PDT
g (pmol/ | PDT PDT PDT PDT | PBLCH | PBLH | ONLY

kg) HPPH | CD HPPH CD HPPH CD

6 LLP 1.5 1060 976 825 492 22 50 ND
7 MLM 1.5 1485 1319 1170 1019 21 23 ND
9 H2CH 1.5 986 809 808 459 18 43 ND
12 H783NH2 1.5 1428 2538 1238 1783 13 30 ND

242 Table 2: Summary of the photobleaching results with conjugates 6, 7, 9 and 12 at a light dose of 48 J/cm? and
243 7mW/cm?. The PDT activity of the conjugates at a light dose of 48]/cm? , 7mW/cm? was not determined (ND).

244 Under similar treatment parameters, the photobleaching rates of the CD portion of the conjugate in
245 6, 7, and 9 were observed in the range of 60 — 73% when irradiated at 128 J/cm? and 14mW/cm?
246 On the other hand, the PDT response was 40% for conjugate 9 with only 20% photobleaching
247 observed for the CD (Table 1). These results suggest that there is a direct correlation between the
248 rate of photobleaching of the CD and the tumor response; more the photoleaching of the CD in
249 HPPH-CD conjugates, the higher was the tumor response. It was difficult to infer a similar
250 conclusion in the case of HPPH photobleaching with respect to tumor response, since the
251 photobleaching rates were quite similar for all the cases except compound 6. Summary of
252 photobleaching rates of 6,7, 9 and 12 at 128 J/cm? and 14 mW/cm? are shown in Tables 1 & 2.

253 There was no PDT response when a fluence and fluence rate of 128 J/cm? and 7 mW/cm? was used.
254 This can be explained by the threshold dose beyond which the repair of sub-lethal damage
255 overrides the advantages of low fluence rate [31,39,40]. However, in the experiment where fluence
256 rates of 135 J/cm? and 75mW/cm? (Table 2) were used, the photo-induced bleaching of the CD
257 portion of the conjugate was between 16% and 52%, and there was a tumor response of 66% and

258 33% for compounds 9 and 12, respectively. The degree of photobleaching of the HPPH muoiety also
259 correlated well with the NIRF moiety. Therefore, the less photobleached the HPPH or NIRF at 135
260 J/em? and 75 mW/cm? the better was the response. This could also be due to with the amount
261 accumulated conjugate (PS) within the tumor before PDT light illumination. It has been shown that

262 the combination of fluence and fluence rate can lead to anoxic conditions within the first few
263 minutes of illumination [31,33]. Therefore, it can be deduced that if the amount of photosensitizer
264 accumulated within the tumor prior to PDT is high this would help to circumvent the observance

265 of anoxic conditions
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Photobleached % Tumor Cured

Compounds Fluorescence 135 J/em? 135 J/cm?
75mW/cm? 75mW/cm?2
Drug PS Dose Pre Pre Post Post % % %
# (umol/ PDT PDT PDT PDT | PBLCH | PBLCH Tumor cure

kg) HPPH CD HPPH CD HPPH CD

6 LLP 1.5 1136 1025 670 416 41 60 0
7 MLM 1.5 1380 1319 655 560 53 58 0
9 H2CH 1.5 996 904 683 430 31 52 33
12 | H783NH2 1.5 1392 2543 1390 2143 8 16 66

Table 3: Summary of the photobleaching of conjugates 6, 7, 9 and 12 at 135 J/cm? and 75 mW/cm?
3. Conclusion

The data acquired from the in vitro photo-induced bleaching of conjugates showed that NIR
fluorophore CD of the conjugates photobleached at a much faster rate than HPPH and the rate of
bleaching was in the order of 9 > 10 > 8 > 11, which correlated well with their in vivo PDT responses
when irradiated at 128 J/cm? and 14 mW/cm?, using a drug dose of 1.5 umol/kg. Conjugate 12
produced 80% tumor response, whereas compounds 10 and 11 did not yield any long-term cure.
The in vivo photobleaching of HPPH and CD in conjugates before and after PDT suggests that
measuring the rate of the photobleaching of CD could be a useful tool to optimize the PDT light
dosimetry. We hypothesize that the determining the rate of photobleaching of CD in PS-CD
conjugates may help to measure indirectly the amount of singlet oxygen generation during
photodynamic therapy treatment at variable light fluence and fluence rates [1, 22]. These studies
are currently underway.

According to Wilson et al the use of photobleaching as a dose metric is based on the fact that the
photosensitizer or NIR fluorophore will be degraded directly or indirectly by singlet oxygen as it
goes through each photo-activation cycle [41]. An enhanced level of photo-activation is directly
proportional to enhanced photobleaching. As a result, a hypothesis is proposed that greater
photobleaching represents greater singlet oxygen production and hence an enhanced
photodynamic efficacy [41]. However, this assumption/hypothesis may lead to several issues
such as: (i) If the fluorescence of the PS is used for the measurements without knowing the absolute
initial concentration of the PS, it could be difficult to determine the absolute number of PS
molecules photobleached per unit volume during PDT [39]. It has been shown, however, that this
requirement can be fulfilled by quantitative fluorescence imaging methods that can quantify
absolute PS concentrations (ii) Molecular changes of the PS within tissue may result in changes to
the fluorescence without any changes in PDT response [41]; (iii) Photobleaching rate itself may not
be a sole indicator for PDT dosimetry/response [41], since it has been shown that singlet oxygen
generation is dependent on the tissue microenvironment [4, 41]. The micro/local-distribution of the
PS will be difficult to quantify because noninvasive or noninvasive fluorescence measurements are
limited, and can only provide a measure of average/bulk value of the PS concentration.
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