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Abstract: Photodynamic therapy (PDT) has been used clinically for treating various 

diseases including malignant tumors. The main advantages of PDT over traditional cancer 

treatments are attributed to the localized effects of the photochemical reactions by selective 

illumination, which then generate reactive oxygen species and singlet oxygen molecules 

that lead to cell death. To date, over- or under-treatment still remains one of the major 

challenges in PDT due to the lack of robust real-time dose monitoring techniques.  

Time-resolved fluorescence (TRF) provides fluorescence lifetime profiles of the targeted 

fluorophores. It has been demonstrated that TRF offers supplementary information in  

drug-molecular interactions and cell responses compared to steady-state intensity acquisition. 

Moreover, fluorescence lifetime itself is independent of the light path; thus it overcomes the 

artifacts given by diffused light propagation and detection geometries. TRF in PDT is an 

emerging approach, and relevant studies to date are scattered. Therefore, this review 

mainly focuses on summarizing up-to-date TRF studies in PDT, and the effects of PDT 

dosimetric factors on the measured TRF parameters. From there, potential gaps for clinical 

translation are also discussed.  
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1. Introduction  

Photodynamic therapy (PDT) has been applied in various clinical fields including dermatology [1], 

age-related macular degeneration [2], oncology [3], etc. In treatment of malignant lesions, it was first 

used for treating superficial bladder cancer [4], and subsequently approved for esophageal [5],  

lung [6], and high-grade dysplasia of Barrett’s Esophagus [7] by the use of the photosensitizer 

Photofrin®. Treating skin basal cell carcinomas with 5-aminolevulinic acid (5-ALA) administration has 

been shown to have high efficacy and was approved in Europe [5]. Other ongoing clinical trials 

include prostate [8], ovarian [9], and head/neck cancers [10,11]. The histories and principles of PDT 

were reviewed in detail by Dougherty [12], MacDonald [13], Brown [5], and Wilson [3]. 

Unlike traditional methods such as chemotherapy and radiotherapy, PDT allows a relatively higher 

degree of specificity by targeting malignant and pre-malignant cells. It is also preferred when surgical 

removal is considered risky in certain cases such as esophageal [14] and brain tumors [15,16]. The 

specificity of PDT is achieved by a two-fold process: the drug (i.e., photosensitizer, which will be used 

interchangeably here) is first “preferentially” retained in tumor cells due to higher metabolic activities 

and a leaky vasculature at the tumor sites [12]. In addition, preferentially treating malignant/tumor 

tissue over normal tissue can be achieved by selective illumination of the target tissue volume by light 

sources matching the absorption peak of the photosensitizer. PDT-induced cellular effect can be 

achieved through two pathways: (i) Drugs in their triplet excited state couple with ground stage oxygen 

molecules (Type II PDT) and produce cytotoxic singlet oxygen. Due to its short diffusion range, it 

ultimately leads to apoptotic cell death and reduces unwanted damage to normal tissue. There are 

different apoptosis pathways induced by PDT, including the activation of plasma membrane death 

receptors, mitochondria, lysosomes, and endoplasmic reticulum (ER), which are all potential 

photosensitizer binding sites. Photosensitizers binding to these subcellular organelles can trigger 

cascade reactions involving proteins regulating apoptosis (e.g., Bcl-2 family), release of cathepsins 

(binding to lysosomes) and Ca2+ (binding to ER). These apoptotic mechanisms are preferred to 

necrotic cell death, but it is subject to cell types, intracellular photosensitizer localization, overall dose, 

and oxygenation [17–19]. (ii) Free radicals such as hydroperoxides can also be generated when 

photosensitizers in their triplet state interact with biological substrates (Type I PDT). This involves a 

one-electron oxidation-reduction reaction that produces reactive oxygen species (ROS), and 

consequently causes necrotic damage in most cases [20]. Photochemical processes of PDT have been 

reviewed extensively in work from Oleinick et al. and Calzavara-Pinton et al. [17,21]. 

1.1. Limitation Factors in PDT Dosimetry 

As implied by its working mechanism, the efficacy of PDT depends strongly on factors that directly 

manipulate drug-tissue interactions, including (i) local concentration of the photosensitizer, (ii) the 

amount of light it absorbs (fluence), and (iii) oxygenation status of the lesion [3]. The effective dosage 
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is eventually altered by additional biological factors such as different drug uptake [22–24], various tissue 

optical properties [25], changes in vasculature and perfusion [26,27], and inconsistencies in tissue 

oxygenation [28], as well as unexpected photophysical and photochemical changes of photosensitizers  

[29–31]. The schematics of the three main dose factors are illustrated in Figure 1a, and the 

interdependencies of dose factors [32] are summarized in Table 1. These interdependencies yield a 

problem: an optimum dose cannot be provided based on the current clinical standards using prescribed 

drug and light doses. In other words, real-time monitoring of dose parameters to account for the 

interdependency of these factors may minimize the risks of collateral damage (overdose) and cancer 

recurrence (underdose). Systematic reviews of PDT dosimetry can be found in work by Wilson and 

Patterson [3,32]. 

Table 1. Interdependencies of dose factors. 

Dose Factors  Interdependencies  Results 

Photosensitizer  Individual variability 

Light fluence 

Oxygen 

Variation in uptake, local location, and concentration; 

Large extinction coefficient leads to self-shielding from light 

Chemically deplete oxygen molecules 

Light Fluence Individual variability 

Photosensitizers 

Oxygen 

Variation in distribution 

High fluence rate can photobleach photosensitizers 

High fluence rate can deplete oxygen molecules [33] 

Oxygen Individual variability 

Photosensitizer 

PDT treatment 

Variation in vasculature, perfusion, and oxygen saturation 

Variation in photobleaching rate 

Potential vasculature occlusion that reduces oxygen supply 

 

As mentioned previously, local drug concentration is one of the major factors that affects treatment 

efficacy. Fluorescence emission of the photosensitizer has been considered as a good candidate to reflect 

local drug concentration in PDT [34,35], which may mitigate its dosimetric dilemma. These strategies 

include explicit dosimetric approaches that measure the main influencing factors independently [36]; 

implicit approaches, which take every interdependency into account and eventually model an indirect 

parameter (photobleaching) to reflect singlet oxygen production [29,37,38]; and direct dosimetry that 

measures the phosphorescence to reveal singlet oxygen concentration [39]. Descriptions and 

limitations of each technique are summarized in Table 2. Nonetheless, there still exists a major 

challenge in steady-state fluorescence measurement: the measured fluorescence intensity suffers from 

intensity artifacts due to heterogeneity of tissue optical properties, changes in local environment, 

unknown chromophores and photoproducts of the original photosensitizing agents with overlapped 

spectra, and detection geometry [35]. That is, although analytical models have been proposed to solve 

light propagation before entering the detector [25], the corrected steady-state signal may not be 

sufficient to represent drug–molecular interactions and tissue response. As a result, investigation of 

physiological (e.g., local environment) and photosensitizer changes (e.g., photoproduct formation) is 

still required to interpret local drug concentration and effectiveness.  
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Figure 1. (a) Schematics of PDT principles and the interdependencies between dose 

factors. The photosensitizers (PS) are pumped to an excited state (S1) by the light source 

(ϒ). The excited PS can return to the ground state via fluorescence emission (F) or the 

intersystem crossing pathway. With intersystem crossing, PS at the triplet excited state (T1) 

go through energy transfer with the ground state oxygen molecules (O2) and yield 

cytotoxic singlet oxygen (1O2). 1O2 eventually results in various treatment effects including 

apoptosis/necrosis and vasculature occlusion. During the PDT procedures, all of the 

following factors contribute to challenges in dosimetry, including the interdependencies of 

dose factors (as indicated in Table 1), dynamics in the PDT process (various rate constants, 

K), and heterogeneous tissue optical properties (µs,µa) that affect both light delivery (ϒ) 

and detection (D). (b) Steady-state fluorescence only measures a single time point during 

the decay dynamics (as indicated by the black arrow). Time-resolved fluorescence decay 

measures the temporal profiles that are sensitive to non-radiative energy transfer such as the 

changes in microenvironment and drug–molecular interactions (as indicated by τ1 and τ2).  

 

Table 2. Dosimetrics of PDT. 

Dosimetric Measured Parameters Limitations 

Explicit Main dose factors: Photosensitizer 

concentration; light fluence; oxygen 

concentration 

Difficult to acquire complete data set and require a model to 

combine all these for the effective dose; ignored all 

microdosimetric changes induced from interdependencies of 

dose factors (as listed in Table 1) [32]  

Implicit Photobleaching Need photosensitizers or a second reporter that can be 

photobleached; need to know the degree of photosensitizer 

coupling to cytotoxic photoproduct (e.g., 1O2); accurate 

modeling in tissue optics is required 

Direct Singlet oxygen phosphorescence at 

1270 nm 

Low SNR and technically difficult, e.g., requires photodetectors 

sensitive in the NIR region. Also, it does not account for effects 

from free radicals and other dose interdependencies [39,40] 
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1.2. The Potential Role of Time-Resolved Fluorescence (TRF) for PDT Dosimetry 

Fluorescence lifetime (τ) can be defined as the average time a fluorophore remains in the excited 

state after excitation; in other words, lifetime is the time it takes for the number of excited molecules to 

decay to 1/e of the original population. The decay of the intensity as a function of time can be 

expressed as It = Ae−t/τ , where I is the intensity at time t, and A is the normalization term [41]. TRF 

parameters τ and A have been used to probe a range of biological phenomena [42–44] due to the 

following reason. The rate of de-excitation of the fluorophore depends on the total rate constant of both 

radiative (fluorescence) and non-radiative (i.e., energy transfer) processes, as illustrated in Figure 1a. 

In other words, the decay dynamics are sensitive to intermolecular interactions and changes of adjacent 

microenvironment, while relatively independent of the artifact existing in the steady-state 

measurements [42], as illustrated in Figure 1b. For example, photosensitizers can exhibit various 

degrees of toxicity when they bind to different intracellular organelles, or form aggregates and 

photoproducts. Nevertheless, these events yield similar emission spectra and cannot be detected using 

steady-state measurement. Therefore, additional contrast based on time-domain parameters may help 

distinguish these changes, and reveal the drug-molecular interactions for further correlation with 

treatment efficacy [31,45]. Note that TRF measurements of photosensitizers could be performed with 

the same wavelength used for treatment, providing convenience for treatment monitoring. In the 

following sections, the principles of time-domain fluorescence will be briefly summarized (Section 2), 

followed by a review of time-resolved fluorescence studies in PDT photosensitizers (Section 3) and a 

survey of its clinical challenges and feasibility in terms of instrumentation and data analysis (Section 4). 

2. Principles of TRF Spectroscopy and Imaging 

Time-resolved fluorescence spectroscopy (TRFS) is able to measure fluorescence decay profiles at 

each wavelength [41]. The time-domain parameters retrieved from each decay curve (as shown in  

Figure 1b) can be a combination of n exponential terms from various fluorescence species, expressed as: 

𝐹(𝑡) =  ∑ 𝐴𝑖 ∗ exp
−(

𝑡
𝜏𝑖

)
𝑛

𝑖=1

 
(1) 

where F(t) is the fluorescence intensity at time t and Ai are normalized coefficients that denote the 

relative contributions of individual fluorescence lifetime components (τi). Non-linear least squares (NLLS) 

analysis is a widely used approach that estimates Ai and τi using multiple exponential approximation 

[46,47]. With individual parameters, the average lifetime (τ) can be calculated using fractional or 

amplitude-weighted approaches to represent the decay dynamics [41]. The challenges of using NLLS will 

be further discussed in Section 4. 

Since changes of fluorescence lifetime are subject to non-radiative and emission processes that 

occur between 10−13 to 10−8 s, TRFS has been widely used in chemistry for liquid samples to probe a 

variety of phenomena such as solvent dynamics, polymer photophysics, molecular reorientation, etc. [48]. 

For biomedical applications, single-point spectroscopic analysis can be further extended to fluorescence 

lifetime imaging that measures the TRF parameters of each pixel with a point-scanning interface or 

wide-field detectors.  
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When measuring the TRF parameters of PDT photosensitizers in a complex microenvironment, 

time resolution and the measuring accuracy covering a broad range of decay times play key roles. For 

instance, most of the photosensitizers exhibit multiple exponential decay behavior with an average 

lifetime in the range of several nanoseconds [45]. The absorption-emission spectra of these 

photosensitizers also overlap with many intrinsic fluorophores (i.e., autofluorescence) with lifetimes 

ranging between hundreds of picoseconds to a few nanoseconds. Therefore, TRF measurement and 

analysis in this regime are challenging and only become feasible owing to advances in high-speed 

optoelectronics [49]. In this section, we briefly review two main approaches to measure TRF:  

time-domain and frequency domain techniques, followed by a discussion of their clinical feasibility. 

Detailed review of TRFS techniques and analysis were presented in references from Lakowicz [41] 

and Marcu [49]. 

2.1. Time-Domain Fluorescence Spectroscopy and Imaging 

In time-domain (TD) measurement, short pulsed lasers are used to enable the recording of the 

fluorescence emission decay in pulse sampling and time-correlated single photon counting.  

2.1.1. Time-Correlated Single Photon Counting (TCSPC)  

TCSPC is based on the detection of single photons after excitation by a pulsed source. A single 

photon is detected from an excitation pulse at random and the arrival time of each detected single 

photon relative to the excitation pulse is converted to voltage signals with a time resolution up to a few 

picoseconds. A probability histogram was then built from repetitive measurements of the arrival time 

of a detected single photon emission, as illustrated in Figure 2a [50]. TCSPC is a well-established 

technique with single photon sensitivity and high temporal resolution. It is also a relatively low cost 

option comparing to other time-resolved measurement techniques in the nanosecond to picosecond 

regime. However, in order to achieve good statistical accuracy while maintaining low detection rate 

(1%) to avoid pulse pile-up, there are trade-offs between data acquisition time, SNR and the 

measurement accuracy. Since only a single photon is detected for each pulse, TCSPC is not an 

efficient detection method that requires high repetition rate excitation sources, and the sample may 

suffer photobleaching. Nonetheless, TCSPC is the most widely used time-resolved fluorescence 

measurement technique.  

TCSPC-FLIM (Fluorescence Lifetime Imaging Microscopy) can be achieved by the combination of 

TCSPC electronics and a scanning interface, as shown in Figure 2a. It is also possible to perform 

multi-spectral TCSPC imaging by simultaneously recording several spectral bands with the photo 

detector arrays and multi-channel counting electronics. One problem associated with multi-spectral 

imaging may be the trade-off between the number of pixels and the number of detector channels 

because of a limited memory space [50].  
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Figure 2. (a) The histogram built using TCSPC and the raster-scanning techniques used 

for fluorescence lifetime images. (b) Principles of high-speed sampling and time gated 

techniques. The fluorescence decay can be collected through different time gates (I1 to I3). 

In time-gated imaging technique, immediately after the excitation pulse, intensity 

information within several delays of gating pulse will attribute to a stack of intensity 

images (I1 to IN). Ultimately, for each pixel, the processed lifetime image can be 

constructed from the measured stack of fluorescence images. (c) Principles of frequency 

domain spectroscopy, where the fluorescence lifetime can be calculated based on the phase 

delay (ø) and the demodulation ratio, m. Fluorescence lifetime imaging can also be 

reconstructed using an ICCD with various phase delay (ø1, ø2… øN).  

 

2.1.2. Pulse Sampling Techniques 

Fluorescence decay can also be measured using pulse sampling or time-gated techniques. In pulse 

sampling techniques, as shown in Figure 2b, the full decay profile after each pulse excitation is 

repetitively sampled by a photodetector (e.g., PMT or photodiode) followed by a digitizer. Since 

acquisition can be done with a single detector and digitizer pair, such measurements can be performed 

with good temporal and spectral resolution [41,49,51]. When the fluorophores exhibit high quantum 

yield, decay profiles from a single excitation pulse may be adequate for retrieving TRF parameters, 

which is considered one of the main advantages of the pulse sampling technique. The potential fast 

data acquisition (e.g., ns laser pulses) thus provides a unique advantage for clinical applications [51]. For 
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example, flexible fiber probes can be coupled to endoscopy systems for clinical surveillance [52–56]. 

Multiple time-resolved spectra can either be acquired by sequentially scanning in the spectral domain (e.g., 

via a monochromator) [57] or using a multiple fiber delay arrangement [58]. Although this technique is 

more often used for single-point spectroscopy measurements, fluorescence lifetime imaging has also 

been reported recently [59,60].  

Instead of sampling the full fluorescence decay, the time-gated technique only measures integrated 

fluorescence intensities in the gated window delayed by a different time relative to the excitation pulse. 

The whole fluorescence decay can be reconstructed by repeating the gated detection process. This is 

also a preferred FLIM (Figure 2b) technology in clinical application as faster data acquisition can be 

achieved using an intensified charge-coupled device (ICCD) [61]. In particular, fast two-gate detection 

scheme (also termed rapid lifetime determination) is an efficient method to estimate fluorescence 

lifetimes, which measures the ratio of the integrated intensities acquired in two time windows with 

equal width. Detailed descriptions may be found in work from Sharman and Agronskaia [62,63]. Due 

to the low frame rate of the ICCD, only a limited number of time-delayed windows can be used in this 

technique, hence limiting its application to rather simple decay profiles. In addition, the spatial 

resolution of this technique is limited by that of the ICCD.  

2.2. Frequency Domain Fluorescence Spectroscopy 

Frequency domain (FD) measurement utilizes a periodically modulated excitation source to obtain 

the phase shift (ø) between the emission and excitation waveforms, and the demodulation ratio 

represents the change in modulation depth of fluorescence signals with respect to the waveform of the 

exciting light [64], as illustrated in Figure 2c. Assuming a molecule with single exponential decay 

excited by the modulated source of an angular frequency, the estimation of fluorescence lifetime can 

be simply retrieved by the phase shift and demodulation ratio. These two parameters can be measured 

through a range of modulation frequency to resolve multiple exponential components [41]. FD-FLIM 

is usually implemented in wide-field techniques, but can also be used in the confocal scanning  

system [64]. Typically, the homodyne method is used, where the electronic gain of imaging intensifier 

is modulated at the same frequency as the excitation light. The coming fluorescence light with certain 

modulated frequency will mix with the modulated gain in the imaging intensifier to achieve phase shift 

and demodulation ratio at different locations. After acquiring a stack of steady-state phase images  

(ø1, ø2… øN) in which the detector phases are distributed between 0 and 2π, the lifetime can be 

measured for each pixel by extracting the demodulation ratio and the phase lag (Figure 2c).  

2.3. Summary of Instrumentation Requirements for Clinical Implementation 

As typical fluorescence lifetimes of organic fluorophores are around a few nanoseconds, lifetime 

changes caused by non-radiative energy transfer in hundreds of picoseconds are not trivial. Therefore, 

temporal resolution, fast acquisition, and accurate analysis are the main considerations in clinical 

settings. There are usually trade-offs in the selection of instrumentation. For example, TCPSC is 

capable of achieving time resolution down to tens of picoseconds, while the acquisition time is limited 

by detection efficiency. Time-gated or pulse sampling techniques are more desirable for clinical 

implementation due to their high data acquisition speed and the potential use of rapid lifetime 
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determination (RLD) algorithms [63]. For example, pulse sampling and time-gated FLIM can rapidly 

acquire fluorescence decay in parallel. In addition, it is very efficient to reject unwanted background 

from short-lived fluorescence. This method is later used in time-domain endoscopic FLIM for  

real-time imaging acquisition [65]. However, higher fluence and fluorescence quantum yield are 

required to achieve sufficient signal-to-noise ratio (SNR). Their temporal resolution is also limited by 

the laser pulse shape, instrumental responses and the detection gate (i.e., down to ~100 ps) when 

compared to TCPSC. Table 3 summarized the advantages and limitations of TD technology. FD 

technique has less stringent requirements regarding electronics, light source (e.g., no ultrafast lasers), 

and computation (e.g., no deconvolution). In addition, time-domain yields certain artifacts while 

detecting fluorophores with its fluorescence decay longer than the inter-pulse duration; therefore, 

frequency domain method used to be a more feasible way to perform lifetime analysis of long-lived 

fluorophores. However, repetitive measurements using various modulation frequencies are usually 

necessary to encompass the multiple fluorescence lifetime components in tissue; thus the long data 

acquisition time limits its applications in clinical settings. Phasor representation for fast FD-FLIM 

analysis is now under investigation and has been shown to achieve good performance [66].  

Table 3. Summary of time-domain techniques [49]. 

Advantages Disadvantages 

TCSPC 

High sensitivity and temporal resolution 

Low systematic errors 

Suitable for resolving complex decays 

Easy implementation to existing scanning system 

Low cost 

 

Very slow data acquisition to achieve desired signal 

Requires post-processing to correct distortions in long 

fluorescence lifetimes [67,68] 

Cannot tolerate ambient light 

 

Time-gated and pulse sampling  

Capable of single-shot detection 

Rapid data acquisition of fluorescence decays 

Good for background subtraction 

Immune to ambient lighting 

 

Difficult to predict instrument noise 

Low sensitivity so requires sufficient quantum yield 

Time resolution is subject to the gate window 

High instrumentation cost 

General  

Broad excitation spectra of short pulsed lasers  

Can be operated at room light ( f *< 10 Hz ) 

 

Complex opto-electronic systems for detector and light 

sources compared to FD–FLIM 

*f represents pulse repetition rate. 

3. Applications of TRF on PDT Photosensitizers 

In this section, we review previous TRF studies on PDT photosensitizers. PDT photosensitizers 

were known to go through multiple transitions after drug administration, which include photoproduct 

formation, self-aggregation, and compound formation through binding with adjacent molecules. These 

changes could greatly alter the PDT effect as they hinder the energy transfer between the excited-state 

photosensitizer and the adjacent oxygen molecules. However, steady-state fluorescence measurements 

alone are not sufficient to probe the above changes as these fluorescence species present significant 
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spectral overlap [45,69]. Therefore, TRF measurements have become an attractive complementary tool 

to characterize these transitions and drug interactions with biological molecules. In vitro studies then 

offer a good platform to initiate the investigation in molecular perspectives. In vivo studies, however, 

are still quite limited due to the limitations in technology development (further discussed in Section 4); 

TRF measurements on endogenous fluorophores will also be discussed along with photosensitizers. 

3.1. Time-Resolved Studies of PDT Photosensitizers in Solution and In Vitro  

TRF studies relevant to different PDT photosensitizers have been reported by several research 

groups in the past decades [31,43,45,70–76]. FDA-approved PDT photosensitizers include Photofrin®, 

5-aminolevulinic acid-induced protoporphyrin IX (ALA-PpIX), and verteporphyrin, Other 

photosensitizing agents in research stage, such as mTHPC (m-tetrahydroxyphenylchlorin, Foscan®), 

phthalocyanine (Pc) compounds, and chlorin-based compounds (i.e., HPPH), also showed promising 

results in terms of their singlet oxygen yield and more red-shifted absorption bands [77]. We 

summarized TRF measurements of photosensitizers in Table 4. In addition, the cellular environment is 

a more complex system when compared to bulk solutions. Other than the solvent effect, the distinct 

microenvironment of subcellular organelles (e.g., molecular binding) leads to various degrees of 

quenching effect on photosensitizers. Photosensitizers of various concentration and lipophilicity may 

result in self-aggregation, and the photodynamic process may generate a variety of photoproducts. 

Moreover, in an in vivo environment, a drastic change of oxygen level and abundant endogenous 

fluorophores also contribute to additional variations in TRF parameters. How these factors affect 

lifetime measurements of the photosensitizers will be further discussed.  

Table 4. Summary of TRF studies of photosensitizers. 

PS.   

 

Lifetimes (τ) / Localization  PS. Conc.   Ex. (nm)   Em. (nm)  

HpD/ 

Photofrin 

 

 

14 ns (Organic solution) [43] 

10 ns (Organic solution) [70]  

5.5 ns (Mitochondria, MLL) [70] 

13.3 ns (Monomer, mitochondria) [70]  

13.6 ns (Monomer, mitochondria) [45]  

8.5 ns (Aggregates, mitochondria) [45] 

8.0 ns (Aggregates, mitochondria) [78] 

4.8 ns (Cell membrane) [78]  

1.0 ns (Aggregates, mouse model) [31] 

13 ns (Monomers, mouse model) [31] 

5 µg/mL 

0.06–6 µg/mL 

10 µg/mL 

10 µg/mL 

2 µg/mL 

2 µg/mL 

5 µg/mL 

5 µg/mL 

20 mg/kg 

20 mg/kg 

364  

405  

810 

810  

398 

398 

514 

514 

514 

514 

615 

> 580 

600–750 

600–750 

627–651 

651–687 

600–700 

600–700 

630 

630 

PpIX  

 

 

 

 

16.4 ns (Organic solution) [70] ;  

6.3 ns (Averaged. mitochondria) [70]  

7.5 ns (Averaged, mitochondria) [79] 

2–4 ns (Photoproducts, cytoplasm) [69] 

5.4 ns (Ppp, Mitochondria) [71] 

10 mM 

10 mM 

1 mM 

1 mM 

20 µM 

810 

810  

398 

398 

670 

600–750 

600–750 

610–640 

>590 

674 
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Table 4. Cont. 

mTHPC 

 

 10 ns (Ethanol solution) [72]  

8.4 ns (Methanol) [73]  

4.8 ns (Macrophages, V79) [73] 

 40 µM 

15 µM 

15 µM 

 355 

590 

380–450 

 456–794 

> 630 

>630 

AlPcS2 

ZnPPC 

4.0 ns (Macrophages, V79) [73] 

2.5–3 ns (Macrophages, V79) [73] 

100 µM 

10–50 µM 

380–450 

380–450 

>630 

>630 

HPPH 

 

5.7 ns (PBS) [74] 

7.6 ns (liposome confined) [74] 

6.4 ns (tissue phantom) [75] 

4.3 ns (mouse tumor, before PDT) [75]  

5.0 ns (mouse tumor, after PDT) [75] 

100 µM 

100 µM 

0.5 µM 

3 µM/kg 

3 µM/kg 

400 

400 

660 

660 

660 

670–710 

670–710 

720 

720 

720 

Chlorin-e6 

 

4.5 ns (Monomer, methanol) [76] 

~ 0.5 ns (Aggregates, methanol) [76] 

0.5–3 ns (Part. aggregated, Lysosome) [76] 

~0.1 ns (Aggregates, Lysosome) [76] 

5 µM 

5 µM 

5 µM 

5 µM 

800 

800 

430 

430 

635–740 

740 

>710 

>710 

3.1.1. Solvent Effect 

Solvent effect is related to the solvent relaxation that can lead to both spectral shifts and lifetime 

changes. As shown in Figure 3, fluorophores at the excited states exhibit larger dipole moment (µE) 

than ground state (µg). The solvent dipole reorientation is then driven by the dipole moment of the 

excited fluorophores, and the solvent with a higher polarity leads to an increased energy relaxation 

with a more red-shifted emission.  

Connelly et al. investigated the fluorescence lifetime of mTHPC in living cells using time-gated 

fluorescence lifetime imaging technique in combination with the line-scanning confocal fluorescence 

microscope [73]. In vitro results showed mTHPC exhibited apparent photobleaching and had a 

significantly shorter lifetime (4.8 ± 0.3 ns) than in methanol solution (8 ± 0.4 ns). These results are 

found to be inconsistent with previous ethanol solution-based measurements using time-resolved 

excited-state absorption and emission spectra: the lifetimes of 10 ns correspond to the timescale of 

fluorescence (S1), and are independent of oxygen concentration [72]. The inconsistency of the 

measurements in solution can be attributed to certain variables, including the solvent effect and the 

time resolution of the measurement techniques. In particular, as solvent effect is associated with 

energy relaxation from the surrounding solvent molecules, it also results in changes in non-radiative 

decay rates (Knr). The increase of Knr to adjacent biomolecules and the consequent lower quantum 

yield is found in less polar solvent. Hence, when using solvents such as water, ethanol, or methanol 

sorted with descending polarity, fluorescence lifetime can be quenched further in less-polar 

environments [41].  
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Figure 3. Schematics of solvent relaxation. The excited fluorophores have larger dipole 

moment (µE) than ground state fluorophores (µg). The solvent relaxation phenomenon is 

due to the reorientation of solvent molecules surrounding the excited fluorophores. The 

more polar the solvent is, the further the emission energy is reduced. This leads to  

solvent-dependent spectral shift and lifetime changes. Fluorescence lifetime can be 

affected by the increase of non-radiative decay rates in non-solvent environments. VR and 

IC denote vibrational relaxation and internal conversion. Note that both VR and IC are 

independent of solvent relaxation because these transitions occur in a shorter time frame  

(10−12 s). Non-radiative energy transfer (10−10 s) and fluorescence (10−9 s) are then affected by 

the solvent effect. 

 

3.1.2. Binding to Biomolecules 

It is noted that the fluorescence lifetimes of the photosensitizers were shortened significantly when 

measured in biological environment, as shown in the mTHPC experiment discussed above. This 

dynamic quenching effect is also consistent between types of cell lines and photosensitizers, while the 

extent of quenching depends on the drug localization. This phenomenon may serve as one of the 

advantages of using TRF to probe drug-molecular interactions. Several photosensitizers have been tested in 

a variety of cell lines and different binding sites were reported including mitochondria [80–83],  

lysosome [73], and cell membrane-based PDT [84,85].  

Mitochondrial Localization  

5-aminolevulinic acid (ALA) induced protoporphyrin IX (PpIX) and Photofrin® are two common 

photosensitizers approved for clinical PDT treatments; hence, more photophysical and photobiological 

studies regarding these photosensitizers have been done. Although different pathways were involved in 

the drug internalization processes [17], mitochondrial depolarization is the main mechanism that 

induces apoptotic cell death [81]. 5-ALA is an endogenous heme precursor that can lead to phototoxic 

PpIX synthesis through ferrochelatase inside the mitochondria. The nature of reduced ferrochelatase 

enzyme activities in tumor cells gives exogenous 5-ALA an advantage to accumulate extra PpIX. 
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Maximum intracellular PpIX level is typically reached within six hours, but high variability between 

cell lines were observed [86–89]. Unlike 5-ALA, Photofrin® is integrated into mitochondria with a 

different pathway. It goes through plasma membrane and cytoplasm (pyruvate kinase activation) 

within three hours and contacts outer mitochondrial membrane to form the voltage-dependent anion 

channel within five hours; eventually the more hydrophobic components will reach the mitochondrial 

inner membrane and bind to cardiolipin [17,80,82,90]. Thus, several TRF studies were performed in an 

attempt to characterize the changes of time-domain parameters due to mitochondrial binding, and 

correlate these changes with treatment efficacy (apoptosis).  

For example, Russell et al. characterized the lifetimes of Photofrin® and 5-ALA-induced PpIX 

inside living MLL (Mat-Lylu) cells using TCSPC-FLIM with the intention to help regulate the dosage 

of PDT in real time [70]. The fluorescence lifetimes of both drugs in methanol or cells agreed well 

with previous studies [31,43,45], as summarized in Table 4. Among different experimental settings 

that employed various modalities, cell lines, and drug concentrations, the measured lifetimes typically 

exhibited an average lifetime of more than 10 ns in solvent that correspond to monomers, while 

significantly quenched lifetimes of less than 8 ns were found when bound to mitochondria. These 

results suggested that the fluorescence lifetime-based technique might be able to provide a quantitative 

measurement of intermolecular interactions and may be a good candidate for in vivo PDT dosage 

monitoring. Further discussion of the slight discrepancy in individual lifetime components (short- or  

long-lived components) will be mentioned later in the photoproduct and self-aggregation section.  

Lysosome Localization 

Studies have shown that anionic porphyrins tend to localize in lysosomes [91], and lysosomal 

localization has been proposed as one of the critical subcellular targets in PDT [92]. Subsequent 

studies demonstrated that the lysosome-localized photosensitizers are also capable of causing apoptotic 

cell death by indirect activation of mitochondria-associated apoptotic pathways after destruction of the 

lysosomal membrane. Chlorin-based compounds and Phthalocyanine are the main photosensitizers 

internalized via lysosomes [93]. AlPc (aluminum phthalocyanine chloride) and ZnPc are also 

photosensitizers with great potential in PDT because of their red-shifted excitation spectra, which 

could allow for better tissue penetration during clinical interventions. Connelly et al. compared the 

fluorescence lifetimes of AlPcS2 in aqueous solution and in living V79 cells. Similar values of mean 

lifetime (4.8 ns) were obtained in bulk solution and in vivo, but a broad lifetime histogram was 

observed when the drug was incubated in cells. These results agreed well with the value reported by 

MacRobert et al, where the unquenched monomers exhibit the fluorescence lifetime of 5.4 ns in  

cells [94]. A short-lived component of 1 ns was also found and could be attributed to the quenching from 

non-fluorescence aggregates, which agreed with the cell measurement performed by Moan et al. [95].  

Cell Membrane Localization  

Cell membrane is a relatively uncommon target in PDT, while it remains an interesting target of 

PDT due to its fast-reaction PDT effect. The phototoxic effect can be observed within a short time 

frame after light irradiation, which can cease cell proliferation with low dose of Photofrin® (7 µg/mL) 

using light fluence of 10 J/cm2. Although efficient, the plasma membrane-mediated PDT was reported 
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to manifest necrotic cell death [84]. Cell phenotype demonstrated swelling, blebbing, and 

disintegration of the membrane [12] without signs of apoptosis such as DNA fragmentation. Yeh et al. 

studied the lifetime changes of Photofrin® through the uptake process and correlated the lifetime 

changes to subcellular localization. The fluorescence lifetime of Photofrin® was found to be 

significantly shortened when the drug is first bound to plasma membrane at 1 h of incubation (4.3 ns 

compared to 7.3 ns at cytoplasm). This phenomenon can be attributed to specific intermolecular 

reactions between Photofrin and the receptors at the plasma membrane. Another explanation is that the 

increased photobleaching of Photofrin® monomers might be caused by a much higher fluence required 

for sufficient SNR during the initial uptake of Photofrin® [78]. This leads to the shortened average 

fluorescence lifetimes from Photofrin® aggregates [31]. The effect of irradiance will be further 

discussed in the section on “prolonged irradiation”. 

It is important to note that redistribution of the photosensitizers to the cell cytoplasm can occur in 

any types of photosensitizers that eventually disintegrate the membrane of subcellular organelles [81]. 

Therefore, characterization of lifetime changes throughout the drug uptake duration might provide an 

indicator for cell responses. Multiple endogenous fluorophores such as NADH and FAD should be 

taken into account together to represent cell function, and will be further discussed in Section 3.3.  

3.1.3. Photoproducts and Self-Aggregation 

Photoproduct and self-aggregation could exhibit distinct fluorescence spectra, fluorescence 

lifetimes, and phototoxicity. These phenomena have been proved to be one of the major issues that 

introduce variability in PDT efficacy and inaccuracy during monitoring. Therefore, an effort has also 

been made to investigate their properties by manipulating drug concentration and the use of  

spectral-resolved TRF measurement. 

In 1990, König et al. demonstrated aggregation studies by using different concentrations of 

Hematoporphyrin derivative (HpD), which is a previous generation of photosensitizer and is known to 

be a mixture of monomeric and aggregated porphyrins. Results showed that the short-lived component 

(~2 ns) increased while the photoproduct of HpD was formed. This phenomenon is associated with the 

increase of photosensitizer concentration (10-5 to 10-3 M) and/or the light energy (80 mW for 0 to  

120 min). This result first suggested the fact that photoproduct formation needs to be considered during 

lifetime imaging [31].  

5-ALA induced PpIX is also known to produce several intermediate photoproducts, as shown in 

Figure 4 [29,69]. Its photoproducts with varying lipophilic characteristics can localize at different 

locations in the cells, and some of the photoproducts (i.e., Ppp and its photoproducts) also play 

cytotoxic roles in treatment [30,96]. However, it is not easy to differentiate them with steady-state 

fluorescence measurements due to the significant spectrum overlap, while TRF may be an alternative 

candidate, as labeled in Figure 4. Theodossiou et al. attempted to characterize the cell photosensitizing 

properties of Ppp in a murine keratinocyte cell line (PAM 212) by using fluorescence microscopy and 

time-resolved spectroscopy. Ppp is one of the photoproducts from 5-ALA induced PpIX and was 

shown to be effective in cell killing. Time-course fluorescence studies up to 400 min of incubation 

were performed to examine drug localization, quantum yields and decay times, and Ppp with the decay 

time of 5.35 ± 0.17 ns was found in cells after 4 h of incubation [71]. The study of photoproduct and 
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self-aggregation can be further advanced with the development of spectral-resolved FLIM (SLIM). 

Lifetimes were obtained by TCSPC-FLIM and were further classified into eight wavelength channels. 

As a result, four-dimensional data including photon distribution (x, y), the wavelength (λ), and the 

lifetimes (τ) were built. SLIM studies measured in solution and cells both showed that different 

metabolites of 5-ALA exhibited significantly different decay rates compared to PpIX monomers, and 

also localized at different intracellular regions [69]. 

Figure 4. The emission spectrum of 5-ALA-induced PpIX and its photoproducts. The 

monomer and photoproducts of the photosensitizers demonstrate significant spectral 

overlap. Fluorescence lifetimes of different 5-ALA metabolites in cells are also labeled. 

PpIX fluorescence lifetimes are quenched to 6.3 ± 1.2 ns [70] and 7.4 ± 0.6 ns [79] 

measured in different cell lines; Ppp (5.4 ± 0.2 ns) and its photoproduct (Product II,  

5.5 ± 0.4 ns) have similar lifetimes, but both demonstrate faster decay compared to PpIX 

[71]; Product III corresponds to Uroporphyrins and other intermediate metabolites that 

show significant shorter lifetime of 2 to 4 ns and can be easily differentiated from PpIX 

[69] (Reproduced from data in [29]).  

 

 

Photofrin® has also been extensively investigated by the fluorescence lifetime-based technique both 

in bulk solution and in vitro using SLIM [45]. Photofrin® at a concentration of 2 µg /mL was first 

incubated in HepG2 cells (Human hepatoblastoma cell line) for 24 h. The decay traces were then 

calculated by the bi-exponential model. As known by spectroscopic studies, Photofrin® has its main 

fluorescence emission bands at the wavelength ranges of 627–639 nm, 639–651 nm, and 687–699 nm. 

Accordingly, lifetime results from these three emission bands were approximately 12 ns  

(11.2–13.6 ns); however, at the emission band of 663–675 nm and 651–663 nm, which correspond to 

the photoproducts of Photofrin®, the measured lifetime values were apparently shorter (~ 8.9–9.3 ns) 

than the monomers. Furthermore, the spectral range of 508–520 nm can be attributed to 

autofluorescence of flavin molecules inside cancer cells and exhibited the lifetime value of 5.2 ns. In 

other words, analyzing fluorescence lifetimes at different spectral ranges can be an important approach 

to realize mitochondrial metabolism under PDT treatments. This is further supported by later studies, 
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where Photofrin® exhibited a slower component of 11.6 ± 0.5 ns coming from monomers and a fast 

component of 4.8 ± 0.9 ns from aggregates or photoproducts using bulk measurement. A significantly 

quenched lifetime of 5.5 ± 1.2 ns was also found in cells after incubation of Photofrin® at10 µg/mL for 

18 h [70]. It should be noted that the concentration of the photosensitizer can affect the extent of 

aggregation, and different fitting algorithms can also lead to discrepancy in lifetime estimation, but a 

consistent finding of quenched lifetimes in aggregates and photoproducts can still be a distinct feature 

when probing fluorescence lifetime changes. The degree of lipophilicity is a factor that can alter 

photosensitizer distribution inside the cells, where lysosome distribution is usually found in strongly 

lipophilic sensitizers (i.e., Chlorin e6) and could lead to more aggregate formation [76].  

3.1.4. Prolonged Irradiation 

The fluorescence lifetime components of photosensitizers were also found to be dependent on the 

irradiation dose. Studies have shown that prolonged irradiation can result in the production of an extra 

short-lived component in the lifetime range of hundreds of ps. König et al. performed in vivo 

fluorescence measurements and the results clearly showed that the intensity of short-lived components 

(1.0 ± 0.3 ns) increased when the excitation fluence was raised. This phenomenon could be explained 

by the photoproduct formation due to photobleaching of HpD monomers. This agreed well with later 

research using Photofrin® and chlorin compounds [31,76,78]. 

3.2. Time-Resolved Studies of PDT Photosensitizer in Vivo 

Photosensitizers have been shown to undergo fluorescence lifetime changes in the cell environment. 

The changes are significant and relatively independent of fluorophore concentration. Efforts have been 

made to direct this technique towards clinical applications including the investigation of the 

instrumentation and analysis in tissue phantom and in vivo, although photosensitizer studies were still 

quite limited. To achieve time-resolved mapping of photosensitizers in a thicker tissue volume,  

time-domain (TD) NIR fluorescence diffuse optical tomography (FDOT) has become an attractive 

option to account for light propagation in tissue by the use of multiple source-detector pairs across the 

targeted area [75,97–99]. Imaging reconstruction was then performed based on the normalized Born 

approximation [100]. Mo et al. in 2012 used a time-gated fluorescence tomography system to 

characterize the fluorescence lifetime of a PDT photosensitizer, 2-(1-hexyloxyethyl)-2-devinyl 

pyropheophorbide-a (HPPH), in a tissue phantom as well as a human head-and-neck xenograft in a 

mouse model [75]. HPPH-based PDT has shown effective results in superficial cancers such as 

Barrett’s esophagus [101], head, and neck tumors [102]. In this experiment, the HPPH in a tube was 

embedded in a liquid phantom of which the optical properties match healthy mouse tissue. The correct 

location of the HPPH tube was extracted, which showed both the quantum yield and the mean lifetime 

of 6.4 ns. Results were further validated by consistent measurement from a standard fluorophore, Atto 

655. Changes of fluorescence lifetimes of HPPH in vivo were characterized before and after PDT, with 

the scanning depth from 5 mm to 13 mm underneath the surface. Shorter fluorescence lifetimes were 

observed in vivo and an increase from 4.3 ns to 5.0 ns was obtained after treatment (Figure 5). The 

tomographic results also showed a 20% increase in photosensitizer photobleaching at the surface of the 

tumor mass due to the increased fluence rate close to the irradiation plane. Fluorescence lifetimes of 
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HPPH also increased by 16% after PDT treatment, which could be related to changes in physiological 

parameters. It is important to note that the change of physiological parameters, in particular oxygen 

level and blood perfusion, could all contribute to the changes in fluorescence lifetimes [103]. In 

addition, changes from the standard dose parameters—fluence distribution and photobleaching of the 

photosensitizers—should also be considered [75]. These influencing factors are discussed in the 

following sections. 

Figure 5. In vivo imaging of the HPPH-targeted tumor in mice before treatment. The 

mouse was immersed in the optical matching fluid (µa = 0.4 cm−1; µs' = 10 cm−1. Note:  

µs'= µs (1-g), which accounts for anisotropic scattering dominating in tissue. g is the 

anisotropy factor with a typical value of 0.9).The reconstructed fluorescence lifetime and 

quantum yield at different depth agreed well with reported values (The figure is from [75], 

with permission from SPIE).  

 

3.2.1. Endogenous Fluorophores 

Endogenous fluorophores that participate in oxidative phosphorylation are common fluorescence 

markers that reflect cell metabolism and mitochondrial function. These include reduced nicotinamide 

adenine dinucleotide (NADH), reduced NADH phosphate (NADPH), and flavin adenine dinucleotide 

(FAD) [104,105]. In vitro TRF measurement of photosensitizers focused more on the lifetime changes 

of the photosensitizers themselves; however, it is indispensable to take the interactions from abundant 

endogenous fluorophores into account for in vivo environment. In fact, though abundant endogenous 

fluorophores present in tissue provide insight for probing the phototoxicity of PDT, they also interfere 

with the fluorescence lifetime estimation to some extent, which will be further discussed in  

Section 4.1. With the potential to correlate biological effect (cell function) to the treatment dose, 

endogenous fluorescence lifetimes were studied alone or incorporated with photosensitizers to 

investigate cell function after PDT. Pogue et al. tackled the changes of NADH fluorescence lifetimes 

both in vitro and in vivo after the cell damage induced by verteporphyrin-mediated PDT [104]. Results 

have demonstrated that the NADH fluorescence was reduced both in vitro and in murine muscle after a 

toxic PDT dose was given that introduced immediate mitochondrial damage. This can be more likely 

attributed to compromised mitochondrial membrane that ceased the accumulation of NADH  

molecules [18], or the oxidation caused by the singlet oxygen induced by the photodynamic reactions. 

Fluorescence lifetimes remained the same at approximately 1.5 ns throughout the time course and were 

found to be shorter than the no-drug control groups (2.1 ns). Later cell experiments performed by 
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Wang et al. [106] further characterized the NADH lifetimes in an attempt to differentiate staurosporine 

(STS)-induced apoptosis from hydrogen peroxide-induced necrosis, which could be essential for 

monitoring cell responses to the treatment. It is noted that the fluorescence lifetime of NADH 

increased within 15 min after apoptosis was introduced, while no change was observed in necrotic 

cells. The observed changes were much earlier than regular apoptosis detection techniques that require 

2 to 4 h for cytochrome c and caspase 3 activation [107]. These results are consistent with earlier work 

from Ghukasyan et al. that showed a significant increase of protein-bound NADH occurred only in 

apoptosis that caused an increase fluorescence lifetime to 3.6 ns [105]. Wang et al. further used  

5-ALA-mediated PDT to induce cell apoptosis and have a consistent finding as STS-induced apoptosis 

(increased NADH lifetime) [108]. With the alteration of fluorescence properties of endogenous 

fluorophores during apoptosis, it is feasible to perform noninvasive treatment monitoring and detection 

of cell death by considering both the changes of fluorescence lifetimes from photosensitizer (the  

drug–molecular interactions), and the endogenous fluorophores (the treatment effect). 

3.2.2. Microenvironment—Oxygen Level, Vascularization, and pH  

The dynamic physiological factors induced by PDT can also alter fluorescence lifetimes of the 

photosensitizers and inevitably increase the complexity of data analysis. These factors include the size 

of tumor masses [75], oxygen saturation [103], vascularization [109], and pH [110]. For example, 

oxygen supplied by the surrounding capillary vessels plays an important role in PDT treatment. Large 

tumor masses usually manifest an oxygen level of nearly zero in tissue far away from the capillary 

supplies. Studies have been done to show the oxygen diffusion capability into the tissue and the 

kinetics between oxygen pressure and photosensitizer quenching using Photofrin [28,111],  

Pd-porphyrins [112], and mTHPC [113]. However, the oxygen pressure and the extent of oxygen 

depletion were not solely based on the blood perfusion, but also on the local photosensitizer 

concentration and light dose. High local drug concentration can bear multiple cycles of excitation 

before photobleaching and can use up oxygen easily; a dose of high irradiance also aggravates the 

depletion effect, thus limiting the overall PDT efficacy [33]. It is noted that these changes associated 

with the depletion of oxygen through the photosensitizing processes could possibly increase the 

fluorescence lifetime of photosensitizers in tissue due to reduced quenching effects [114].  

PDT-associated blood perfusion changes can also cause consequent effects on oxygen supplies and 

photobleaching rates; occlusion of vessels and reduced vasculature deep within the tumor mass also 

affect delivery of the photosensitizers [32]. Changes in interstitial fluid pressure induced by PDT can 

also result in changes in pH [103]. Correlating all of these factors becomes essential to interpret 

fluorescence lifetime measurement in vivo. 

3.3. Discussion 

To discuss the feasibility of using TRF as a complementary tool for PDT dosimetry, one needs to 

first answer the following question: What information provided by TRF is relevant to PDT dosimetry? 

Abundant in vitro and some preliminary in vivo studies have demonstrated the capability of using TRF 

to probe the photosensitizers in a biological environment. Differences in TRF results were observed 



Photonics 2014, 1 548 

 

 

between photosensitizers and cell lines, but some key observations that are related to PDT dosimetry 

are summarized in Table 5.  

Table 5. Implications from TRF-PDT. 

Key Information for Dosimetry  

 

Information Yielded by PDT-FLIM 

Drug interactions with 

subcellular organelles (Section 

3.1.2) 

Quenching of photosensitizer fluorescence lifetime while binding to 

biomolecules [73,115].  

Changes of fluorescence lifetimes through the drug uptake process [78]. 

Photoproducts (Section 3.1.3) FLIM is able to determine photoproduct species although significant spectral 

overlap exists. Understanding of photoproduct contribution is essential to 

avoid over- or underdose estimation [31,45,69].  

Apoptosis (Section 3.2.1) NADH fluorescence lifetime would increase immediately after the initiation 

of apoptosis. This can be applicable to apoptosis-mediated PDT 

[105,116,117].  

Necrosis (Section 3.2.1) NADH fluorescence lifetime does not change through the necrosis 

procedures. This can be related to necrosis-mediated PDT (plasma membrane 

as a target) [116,117]. 

Cell function (Section 3.2.1) Cell metabolism and mitochondrial malfunction can be revealed by the ratio 

of free NADH (short lifetime) and bound NADH [44,104,117].  

Oxygen Sensing (Section 3.2.2) Decreased oxygen level lead to increased lifetime [75]. 

An instrument with low laser repetition rate and CCD detection is under 

development for sensing oxygen concentration and fluorescence  

lifetime [118].  

To correlate TRF with PDT dosimetry, we first consider what the most important factors are to 

build up the effective PDT dose. These encompass the local drug concentration, effective light fluence, 

and oxygen levels [3]. However, the approaches to accurately quantify these parameters are still under 

investigation [25,119] with either indirect [29,38] or direct dosimetry [25,40,118]. As for direct 

dosimetry, it may be noted that phosphorescence measurements of singlet oxygen provide a direct 

indicator as well as a measure of oxygen depletion, but certain practical issues have to be considered. It 

is a challenging task to probe short-lived singlet oxygen species because the phosphorescence signal is 

so weak and there is a significant background due to fluorescence. More importantly, singlet oxygen 

may not be solely responsible for the treatment effect. The overall efficacy still relies on the 

interdependencies indicated in Table 1 and Figure 1a, and free radicals could potentially be significant 

in hypoxic or anoxic conditions. Although TRF does not probe any of the three parameters directly, it 

is able to reveal another key dosimetry factor: the biological effect at the molecular/cellular level, 

which includes several transitional steps such as drug interactions with its targets, photoproduct 

formation, singlet oxygen quenching, and cell function alterations. For example, it is able to probe the 

quenched fluorescence lifetimes and the contribution of photoproducts when drugs are bound to 

various subcellular organelles. Cell function alterations such as mitochondrial depolarization and cell 

death pathways can be characterized according to the proportional intensity and lifetime changes of 

autofluorescence [116,117]. This can lead to overall changes in the amplitude-weighted average 

lifetime of the photosensitizers. More specifically, TRF may help discriminate apoptotic and necrotic 
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responses after treatment. For example, autofluorescence lifetime could be correlated to type II 

(singlet-oxygen) PDT when NADH exhibits increased lifetime immediately after apoptosis, or type I 

(free radicals) PDT if no such change is observed. However, the presence of both cytotoxic oxygen 

species, free radicals and singlet oxygen, may result in a quenched fluorescence lifetime for 

photosensitizers. In other words, fitting the data with multiple exponents could be essential to delineate 

the differences and dependencies when different types of photosensitizers (type I or type II) are used in 

PDT. Overall, dynamic relationships should be taken into account while interpreting the results in vivo, 

where the supporting vasculature plays a role in the PDT parameters, including oxygen and 

photosensitizer concentration. Is TRF measured in vitro going to be independent of these in vivo 

changes? It is unlikely that the in vitro time-resolved features are still completely applicable when 

measured in animal models. Efforts have to be made to characterize the effect of the surrounding in 

vivo environment (i.e., the change of oxygen level, drug delivery, light delivery, and pH) to the 

proportional changes of individual fluorescence lifetimes (i.e., photosensitizers, photoproducts, 

endogenous fluorophores, and the overall changes of average lifetimes). This further poses an inherent 

challenge: the complexity of data analysis (Section 4.3). Furthermore, the self-aggregation and 

photoproduct phenomena discussed in Section 3.1.3 raise another question: is fluorescence lifetime 

actually independent of fluorophore concentration and light delivery? In theory, within a certain range 

of concentrations that do not cause aggregation of photosensitizers, the fluorescence lifetime of the 

fluorophore should remain unchanged. As a result, fluorescence lifetime alone cannot provide 

concentration information. In fact, it will be affected by the drug concentration accumulated at its 

target due to the formation of dimers at high concentration; the photobleaching of monomers also leads 

to an increase in the proportion of photoproducts, and changes the average fluorescence lifetime. These 

factors will play a more complicated role in animal models. To date, there is a lack of TRF studies that 

correlate TRF parameters to treatment efficacy. A practical question is how TRF may reflect treatment 

progress or the final effect. Contribution of the specific lifetime component can change significantly 

during the treatment progress and this eventually alters the amplitude-weighted average lifetime. 

Overall, the sensitivity of time-resolved parameters offers a great opportunity to look into biological 

responses after PDT, but also introduces significant complexity in terms of data analysis and 

interpretation. Development of clinical friendly instrumentation and analysis are in progress and will 

enable researchers to further tackle these questions (further discussed in Section 4). 

4. Challenges and Advances in Using TRF for Clinical Applications 

In vitro and in vivo results demonstrated the potential to employ TRF for dose monitoring. 

However, when implementing the in vitro technique at the tissue level or in animal models, the 

questions become more complicated, as mentioned in Section 3.3. In short, in vivo applications 

introduce complexity to the microenvironment, including diversity of fluorophores, variation in 

photosensitizer and light delivery, perfusion, etc. Therefore, the following perspectives must be taken 

into account:  

(i) Robust data analysis that deals with substantial biological variables and low SNR. Time-domain 

parameters are typically retrieved from fitting the results with known decay dynamics. Fitting 

accuracy may be reduced in multiple exponential decay and low SNR from photosensitizer 
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fluorescence. In addition, the typical fluorescence lifetime range of photosensitizers can be long 

enough to introduce pulse pile-up and incomplete decay problems using time-domain TRF 

techniques. To be practical, the first challenge to overcome is to have fast and robust algorithms to 

retrieve time-resolved parameters, τi (lifetime) and Ai (coefficients).  

(ii) Tissue optics that affects light focusing and drug targeting efficiency. This can be approached by 

modeling light transport using diffuse optical tomography.  

(iii) Compatible instrumentation for clinical implementation. It is desired to have compact instrumentation 

with accessibility to desired tissue target (e.g., coupled to endoscopy). In addition, spectral-

resolved analysis (e.g., hyperspectral TRF) may provide additional advantages in terms of 

interpreting multiple sources of fluorophores.  

4.1. Data Analysis 

Fluorescence emission profiles of photosensitizers have been shown to exhibit multiple exponential 

decays with a relatively lower SNR. SNR is particularly important when analyzing multiple 

fluorescence lifetime components, and is usually one of the major considerations for data acquisition in 

clinical settings. In this section, we mainly review approaches in analyzing time-domain TRF for its 

feasibility in clinical implementation. 

In time-domain TRF, the measured fluorescence decay curve is a convolution of the true 

fluorescence decay, F (Equation (1)), with the instrumental response function (IRF) of the optical 

system. The time-resolved parameters such as lifetime can be estimated through deconvolution [41]. 

Global analysis based on non-linear least squares (NLLS) [46,47] is a common approach that shows 

good accuracy in lifetime estimation. It assumes fluorescence lifetimes are spatially invariant, thus a 

high SNR decay profile averaged from all pixels can be used to retrieve fractional contributions of 

lifetime components. Another method particularly proposed in biological systems is the stretched 

exponential model [120]. This assumes a continuous distribution of lifetimes by using a single decay 

model that can be generalized, thus it does not require assumptions of the decay function and is 

considered computationally efficient compared to NLLS. However, the Fourier transform of the model 

for frequency-domain data cannot be expressed in analytical solutions, and numerical approximation 

has not been successfully presented. Also, data interpretation is challenging when considering a 

continuous lifetime distribution [121], thus limiting its use. When approaching complex tissue 

characterization in PDT, NLLS still suffers from certain limitations: (i) NLLS gives non-unique 

solutions of fluorescence decay times and their coefficients. The inaccurate local minima can be 

obtained due to the low SNR in multi-exponential fitting. (ii) The retrieved exponential components 

are usually not sufficient to represent the different types of fluorophores in tissue, and lead to 

difficulties in data interpretation [41,49]. (iii) Nonlinear optimization is computationally expensive. 

Therefore, several techniques have been proposed to overcome computational challenges and 

estimation accuracy. For example, Maus et al. compared performance of maximum likelihood 

estimation (MLE) and NLLS on low SNR data and found that MLE resulted in better accuracy in 

multiexponential analysis with photon counts of 1000 to 20000, while NLLS underestimated the 

fluorescence lifetimes by about 5% [122]. Laguerre basis functions (LBF) are another alternative 

proposed in previous TCSPC and time-gated FLIM [123–125], where the intrinsic fluorescence decays 
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are expanded to a set of orthonormal functions to provide unique estimation of fluorescence lifetime 

coefficients. To improve clinical compatibility, Jo et al. performed a global analysis based on a 

common LBF for data in every pixel obtained from a time-gated FLIM system. Results showed an 

improved computational speed in the order of a few seconds, which is at least two times faster than 

standard NLLS [125].  

Incomplete decay of long-lived fluorophores can introduce estimation error in time-domain TRF 

using ultrafast lasers. As demonstrated in Figure 6, when the fluorescence decay cannot be completed 

within the pulse duration (t), the decay tails from previous excitation pulses are superimposed to the 

currently measured decay curve, I(t). The consequent estimation error can be critical when the lifetime 

changes of energy transfer can be as short as 0.1–0.2 ns [126]. Previous studies have used the forward 

model to estimate the measured parameters based on original values [67,68,127], as well as the inverse 

model to recover the original values from estimated results [68]. Leung et al. simulated the effect of 

incomplete decay using a bi-exponential model. It is noted that the pulse pile-up caused errors in 

individual coefficients (Ai), but not in the individual lifetimes (τi). In addition, an increased estimation 

error can be caused when there is an increased discrepancy of original lifetime components (τ2- τ1), or a 

convergence of individual coefficients to 0.5 (Ai = 0.5) [68]. The inverse model thus provided a way to 

correct the measured coefficients and the eventual average lifetimes for a more valid interpretation of 

fluorophore concentration and interactions. 

Figure 6. Schematics of incomplete decay when an ultrafast laser is used in time-domain 

TRF. Ultrafast laser pulses with an inter-pulse interval of t yield fluorescence emission that 

follows exponential decay profiles, as indicated by the decay curves A–D, corresponding to 

each pulse. The tails of previous decays (B–D) are superimposed on the current decay (A) 

when t is not sufficiently long for a full fluorescence decay, causing distortion of the 

measured decay curve, I(t). The effect becomes more prominent when t is decreased or 

with a slow decay profile (adapted from [68], with permission from OSA). 

  

4.2. Tissue Optics in PDT and Lifetime Measurement 

In PDT, scattering dominates light transport when red to NIR light sources are used, although 

hemoglobin also plays a role in light absorption as a function of oxygen content. As turbid tissue is 

heterogeneous, spatial and individual variation of tissue optical properties is always one of the major 

concerns in light-mediated therapies. These factors alter PDT targeting efficiency due to attenuation of 
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the effective light dose. For example, the fluence rate near the tissue surface could be several times 

greater than the delivered irradiance due to backscattering. This applies to both surface and 

intracavitary irradiation schemes. In interstitial treatment, the distribution of light dose is still affected 

by the effective attenuation coefficient, defined as [3 µa(µa + µ's) ]1/2. The variation in light fluence can 

cause various extents of photosensitizer photobleaching and biological effect. Mathematical solutions 

to model light fluence and distribution in superficial, interstitial, and intracavitary applications were 

done to further account for the effect of scattering and absorption [25]. Detailed reviews of light 

propagation and modeling can be found in recent work from Zhu et al. and Jacques [25,128]. This may 

be further correlated with dose monitoring using time-resolved parameters.  

In addition, light propagation of the emitted photons leads to distortion of measured data, although 

fluorescence lifetime estimation is supposed to be relatively more independent of light path when the 

propagation time is shorter than the fluorescence decay time. However, potential distortions still exist: 

(i) the measured fluorescence lifetime may not be attributed to the targeted location, and (ii) the 

penetration depth and the total light path can be increased when a NIR source is used. Therefore, both 

diffusion theories [129,130] and Monte Carlo simulations [131,132] can be applied in an attempt to 

retrieve intrinsic fluorescence yield and time decay based on source-detector geometries and tissue 

optical properties. A thorough modeling of these coefficients in vivo is essential for accurate data 

interpretation, while keeping the computational speed reasonable. Recent improvement including the 

use of TD-FDOT (Figure 5), frequency-domain [97,133–135], and asymptotic TD (ATD)  

approach [136] have been proposed to reduce the computational complexity when dealing with  

non-linear problems [41,136,137]. Time-domain analysis can lead to computational challenges in order 

to solve non-linear problems (Equation (1)). Thus, frequency-domain that calculates the phase shifts 

between the fluorescence emission and excitation simplifies the problem to a linear solution Y(i) = Ax. 

Y is the ratio of emission to excitation photon density from the measurements (i) that depends on the 

source location, detector location, modulation frequency, and wavelength. A represents the effect from 

each imaging voxel, where the two-point Green’s function yields for light propagation in tissue by 

taking into account parameters such as detection geometry and tissue optical properties. Eventually, 

the reconstruction is to solve quantum yield and the fluorescence lifetime represented by x. The first 

approach to analyze time-resolved fluorescence tomography is using a normalized Born 

approximation, which was extensively reviewed to resolve 3D map of fluorescence distribution [133]. 

Ratiometric analysis of the excitation and emission sets is used to reconstruct the tomographic image, 

thus the normalized data are independent of parameters of the optical system and the coupling 

efficiency to the sample [97]. In addition to frequency-domain approaches, the asymptotic separation 

(ATD) approach has been proposed. Considering the contribution of each lifetime component 

(Equation 1) is a function of time affected by light transport in tissue, it can be independent of time 

only when considering times longer than light propagation in the background medium. Therefore, 

ATD separates the analysis into temporal and spatial steps and has been shown to significantly 

simplify the complexity of the fitting process using NLLS on each source-detector pair. Performance 

of FD and ATD approaches were compared by Kumar et al. [136], where simulations and phantom 

studies were done to examine the accuracy of 3D fluorescence lifetime reconstruction. Results showed 

that ATD demonstrated better capability to resolve distinct lifetimes in the turbid medium, while the 

comparison of computation speed was not explicitly indicated in current FLIM tomography studies.  
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4.3. Instrumentation  

To implement TRF technology for PDT treatment monitoring, it is necessary to have 

instrumentation that can access the treatment area other than superficial malignancies. In addition, 

instrumentation that can encompass spectral-resolved information may further improve data 

interpretation. The advances in these developments are reviewed in Sections 4.3.1 (regarding FLIM 

endoscopy) and 4.3.2 (regarding hyperspectral TRF).  

4.3.1. FLIM Endoscopy 

The output of light can be coupled to a flexible fiber bundle endoscope, which will be compatible 

with in vivo imaging of the gastrointestinal tract during PDT application. Wide-field time-domain FLIM 

has been proposed for clinical applications and a real-time flexible endoscopic FLIM system has been 

reported [61], which can achieve 29 frames per second when the RLD algorithm is used. TCSPC-based 

FLIM endoscopy has also been developed to accommodate low SNR applications (i.e., FRET) [138] and 

can potentially be used depending on the acquisition speed required by the application. 

Most current clinical FLIM applications use UV to blue emission lasers to acquire fluorescence 

decays of the endogenous fluorescence [139]; however, when photosensitizers and their interactions 

with biomolecules are the main fluorophores, red to NIR lasers play an important role in matching the 

photosensitizer’s absorption peaks and reducing unwanted autofluorescence background. In particular, 

absorption from hemoglobin typically reaches its minimum in the optical window between 600 and 

900 nm. An NIR laser operating at this range provides an opportunity to achieve high-resolution 

optical imaging and better penetration depth comparable with the tissue thickness in histopathological 

analysis [139]. König et al. introduced the first multi-photon endoscope for clinical settings in 2003 

using femtosecond two-photon excitation [140]; this has been tested on skin cancer diagnosis. Note 

that the mode-locked femtosecond Ti:Sapphire lasers are currently the primary light sources for  

multi-photon FLIM. Therefore, the incomplete decay effect should be considered when using it to 

probe photosensitizers and their interactions with biomolecules [67,68]. However, the two-photon 

endomicroscope is not widely used in current biomedical research field because several restrictions are 

posed when using optical fibers for delivering the femtosecond excitation pulses of the desired  

pulse energy.  

4.3.2. Hyperspectral TRF Imaging 

As summarized in Section 3, photosensitizers go through photoproduct/aggregate transitions and an 

energy transfer with the microenvironment that lead to dynamic PDT efficacy. Moreover, when 

probing the biological, not only is the status of photosensitizers considered, but also the endogenous 

fluorophores that correlate with viability. In other words, the source of fluorophores can exhibit broad-band 

emission spectra with significant spectrum overlap, which leads to difficulties in data interpretation. 

Therefore, more comprehensive assessment may be required to deal with the complexity in vivo.  

Spectral-resolved TRF techniques have been proposed by several research groups to probe the 

aforementioned biological reactions. The spectral partition can be achieved by scanning methods 

(hyperspectral) over the whole spectrum range, or parallel acquisition of multiple spectral bands. 
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Typically, parallel acquisition is faster by using multiple band-pass filters [141] or multiple-delay 

optical fiber bundles [58], while it may not be sufficient to deal with significant spectral overlap in 

PDT application. In contrast, scanning methods such as grating-based monochromator [51], 

spectrometer with multichannel PMTs [142], and an acousto-optic tunable filter (AOTF) [57,59] can 

yield more detailed spectrum information. Among these techniques, AOTF uses the acoustic wave to 

modulate spatial refractive index of a birefringent crystal, which diffracts light of different 

wavelengths [57]. The modulation frequency of acoustic waves is in the order of microseconds. 

Therefore, faster hyperspectral data acquisition becomes its main advantage for clinical 

implementation when compared to other approaches that typically need tens of seconds to complete a 

full spectral scan [51]. Moreover, Nie et al. reported an AOTF-based hyperspectral FLIM to render 

four dimensional data (x, y, τ, λ), and the system was validated using the standard fluorophores and porcine 

skin tissue [59]. Although current development is still used ex vivo, the development of hyperspectral TRF 

may render more thorough information and help the interpretation of PDT dynamics. 

5. Conclusion and Outlook 

In this report, we have reviewed dosimetric limitations in PDT as well as current progress of time-

resolved fluorescence for its feasibility in PDT dosimetry. Up-to-date, explicit, implicit, or direct 

dosimetrics based on steady-state fluorescence measurement have been proposed to improve real-time 

monitoring of treatment efficacy, while the additional imaging contrast given by fluorescence lifetime 

can provide new information that looks into PDT dynamics. Towards this goal, time-resolved studies 

have been performed using common PDT photosensitizers in cellular and animal models. In particular, 

we reviewed influencing factors such as molecular bindings, photoproducts, irradiation doses, 

endogenous fluorophores, and the overall microenvironment that could lead to fluorescence lifetime 

changes of the photosensitizers. These studies have provided encouraging results that showed the 

potential to correlate changes of time-domain parameters to the eventual drug-molecular interactions 

and cell toxicity produced by PDT. Recently, time-resolved studies have been tested in vivo using 

mouse models and the retrieved 3D fluorescence yield and lifetime mapping demonstrated good 

agreement between phantom and animal studies. This advance has been successfully applied in PDT 

photosensitizer (HPPH) to study photobleaching and fluorescence lifetime changes before and after 

treatment. The eventual goal is to correlate “real time” biological effects at the molecular/cellular level 

to eventual tissue responses, and adjust treatment parameters based on the detected changes and this 

correlation. Hence, robust and rapid mapping of TRF results, the scope and speed of data acquisition, 

and penetration depth play key roles when considering the feasibility of PDT dosimetry in vivo. These 

challenges still exist and the use of TRF in PDT may actually introduce even more complexity for 

dosimetry. However, with the development of hyperspectral TRF, the use of TD-FDOT to account for 

tissue optics, robust data analysis for low SNR data, and the rapidly emerging in vivo PDT-TRF 

studies, time-resolved fluorescence can still be promising in aiding PDT dosimetry. 
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