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Ultraviolet (UV) light has a significant influence on human health. In this study, human erythrocytes were
exposed to UV light to investigate the effects of UV irradiation (UVI) on autofluorescence. Our results
showed that high-dose continuous UVI enhanced erythrocyte autofluorescence, whereas low-dose pulsed
UVI alone did not have this effect. Further, we found that H,0,, one type of reactive oxygen species (ROS),

l<€yW0deJ o accelerated autofluorescence enhancement under both continuous and pulsed UVI. In contrast, continu-
Ultraviolet irradiation ous and pulsed visible light did not result in erythrocyte autofluorescence enhancement in the presence
Autofluorescence

or absence of H,0,. Moreover, NAD(P)H had little effect on UVI-induced autofluorescence enhancement.
From these studies, we conclude that UVI-induced erythrocyte autofluorescence enhancement via both
UVI-dependent ROS production and photodecomposition. Finally, we present a theoretical study of this
autofluorescence enhancement using a rate equation model. Notably, the results of this theoretical sim-
ulation agree well with the experimental data further supporting our conclusion that UVI plays two roles
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Photodecomposition
Erythrocytes

Rate equation

in the autofluorescence enhancement process.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

In addition to infrared and visible light, solar radiation contains
about 9% ultraviolet (UV) light. Although a proper dose of UV radi-
ation is used for treatment of certain diseases, such as eosinophilic
fascitis [1], cystic fibrosis, and short bowel syndrome [2]. UV radi-
ation is generally detrimental to human health [3]. The reduction
of ozone in the stratosphere has caused fears that progressively
more UV radiation will reach the ground and may cause skin can-
cer [4,5], cataracts [5], and immune response [6]. Several factors
play an important role in UV irradiation (UVI)-induced cellular
physiological and pathological responses, especially reactive oxy-
gen species (ROS), which include superoxide, hydrogen peroxide
(H20;) and hydroxyl radicals [7-9].

As the skin cannot entirely prevent UV radiation from penetrat-
ing to the blood supply, erythrocytes can be affected by UV light
[10]. Hemoglobin [11] and the cell membrane [12] are the main
targets of UV-A irradiation (315-400 nm) in erythrocytes. Erythro-
cytes play a key role in human metabolism, and it is therefore
important to fully understand the impact of UVI on them [13]. In
addition, erythrocytes often serve as model cells in vitro for the
study of photodynamic therapy (PDT), which is an emerging new
procedure for treating certain types of cancer. It has been reported
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[14,15] that UV-A irradiation results in strong autofluorescence in
erythrocytes under PDT conditions. However, the detailed mecha-
nisms of this UVI-induced autofluorescence enhancement are still
not clear. Given this gap in the literature, the aim of this study was
to investigate the relationships among UVI, PDT, ROS, photodecom-
position of hemoglobin, and NAD(P)H [hydrogenated znicotinamide
adenine dinucleotide (phosphate)] in human erythrocytes. In addi-
tion, we sought to theoretically analyze the photodynamic process
of high-dose continuous UVI-induced autofluorescence enhance-
ment using a rate equation model.

2. Materials and methods
2.1. Reagents

All compounds, dehydroepiandrosterone (DHEA), 2-deoxy-glu-
cose (2-DG), trypan blue, Histopaque 1119 solution and Bovine
hemoglobin were obtained from Sigma-Aldrich (St. Louis, MO,
USA). All solutions were made with ultrapure water.

2.2. Isolation of erythrocytes

Human erythrocytes were obtained from the peripheral blood
of healthy individuals using step density gradient centrifugation
over Histopaque 1119 solutions at 500g for 10 min. The cells were
more than 99% viable as determined by trypan blue exclusion. Iso-
lated erythrocytes were suspended in Hanks’ Balanced Salt Solu-
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tion (HBSS) (145 mM NacCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,,
10 mM Hepes and 10 mM glucose, pH adjusted to 7.4 using
1 mM NaOH) and then kept in an ice bath before use.

2.3. Imaging system

For all imaging experiments, erythrocytes were observed at
37 °C via a temperature controlled stage. Observations were per-
formed with a fluorescence microscope (Axio observer D1, Carl
Zeiss, Germany). A shutter behind the mercury lamp was used to
control the irradiation and interval times for pulsed UVI
(VS25S52ZM1, Uniblitz, USA). Fluorescence was measured by an
electron multiplying charge coupled device (EMCCD) (DU-897D-
CS0-BV, Andor, UK, ~—80°C) connected to the left exit side of
the microscope. To provide fluorescence simultaneous images
around 450 and 590 nm, an instrument for two-channel fluores-
cence imaging (OptoSplit II, Andor, UK) was mounted between
the EMCCD and the microscope.

2.4. Continuous and pulsed UVI

In all UVI experiments, a 100 W mercury lamp was used as the
light source. Light was passed through a 365/50 nm excitation fil-
ter and focused on the sample via a Fluar 100x/1.30 oil UV objec-
tive. In the continuous UVI experiments, the erythrocytes were
irradiated by the light source the entire time without the shutter.
Using the EMCCD, the autofluorescence intensity data were ob-
tained for 100 ms with a 2 s interval time. For the pulsed UVI
experiments, a shutter was used to chop the continuous UV light
into rectangular pulsed UV light (0.25 Hz, 1.25% duty cycle). Thus,
the erythrocytes were irradiated by this pulsed UV light with an
irradiation time of 50 ms with and an interval time of 4 s. Accord-
ingly, the data for autofluorescence intensity were acquired by the
EMCCD for 50 ms with a 4 s interval time.

2.5. Two-channel fluorescence imaging

Autofluorescence was measured by the imaging system dis-
cussed above. The irradiation-induced autofluorescence light was
first split into two spectral channels via a dichroic mirror
(562 nm edge wavelength; reflection band 425-554.5 nm; trans-
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mission band 569.5-730 nm), passed for further purification
through two emission filters simultaneously (450/58 nm; 590 nm
long-pass), and then simultaneously collected by the EMCCD. The
images obtained were quantitatively analyzed for changes in fluo-
rescence intensity within the region of interest using MetaMorph
software version 7.1 (Universal Imaging Corp., USA).

3. Results
3.1. Exclusion of NAD(P)H autofluorescence influence in erythrocytes

It was reported that the strong autofluorescence signal in eryth-
rocytes is due to bilirubin because the spectrums for erythrocytes
and bilirubin are the same, having a signal range of 400-710 nm
[14]. However, erythrocytes also contain NAD(P)H, an important
endogenous fluorescent substance. Its excitation wavelength is
340 nm and the peak emission wavelength is 460 nm [16,17].
Therefore, the influence of NAD(P)H on the process of UVI-induced
autofluorescence must be considered. First, in erythrocytes, a two-
channel fluorescence imaging instrument was applied to detect the
autofluorescence induced by continuous UV light at 9400 mW/
cm?. As illustrated in Fig. 1A, a typical two-channel autofluores-
cence image was obtained by the EMCCD using a 590 nm long-pass
channel (left) and a 450/65 nm channel (right). Two curves were
recorded simultaneously (Fig. 1B). The gray curve was obtained
from the cell marked with a white ring in the left part of Fig. 1A,
and the black curve was obtained from the same cell marked with
a white ring in the right part of Fig. 1A. Both autofluorescence
intensity curves change synchronously, indicating that NAD(P)H
autofluorescence may have a negligible effect on UVI-induced
autofluorescence enhancement.

To further exclude the participation of NAD(P)H from arole in the
autofluorescence enhancement process, erythrocytes were pre-
treated with 2-DG, a nonmetabolizable analogue of glucose
[18,19], and DHEA, an inhibitor of glucose-6-phosphate dehydroge-
nase (G6PD) [20,21], respectively. In erythrocytes, both 2-DG and
G6PD can inhibit the production of NAD(P)H via the pentose phos-
phate pathway. The results verify that neither 2-DG nor DHEA affect
the UVI-induced strong autofluorescence (data not shown). In sum-
mary, we can disregard the influence of NAD(P)H, as it had little
effect on the UVI-induced autofluorescence enhancement.
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Fig. 1. Two-channel imaging of erythrocyte autofluorescence induced by continuous UVI at 9400 mW/cm?. (A) A typical two-channel image of autofluorescence was acquired
by EMCCD with a 450/65 nm emission filter (right) and a 590 nm long-pass emission filter (left). (B) Two typical curves of the erythrocyte autofluorescence intensity were
recorded simultaneously. The gray curve was obtained from the autofluorescence of the cell marked with a white ring on the left side of (A), and the black line is from the

autofluorescence of the circled cell on the right side of (A).
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3.2. The effect of UVI on the autofluorescence in erythrocytes

In erythrocytes, we investigated the change in autofluorescence
(450/58 nm emission filter) induced by a continuous and pulsed
UV light at an intensity of 9400 mW/cm?. We demonstrate that
high-dose continuous UVI induces autofluorescence enhancement
(black solid curve in Fig. 2A). In contrast, low-dose pulsed UVI does
not have this effect on erythrocytes (gray solid curve in Fig. 2A).
Moreover, we monitored the autofluorescence kinetics of erythro-
cytes at additional continuous UVI intensities. High-dose continu-
ous UVI resulted in an obvious autofluorescence enhancement
(black solid curve in Fig. 2B and C). While low-dose continuous
UVI cannot induce an evident autofluorescence enhancement
(black solid curve in Fig. 2D).

3.3. ROS accelerates UVI-induced autofluorescence enhancement in
erythrocytes

It is known that ROS play a key role in various UVI-induced bio-
logical effects [7-9]. When erythrocytes were pretreated with
10 mM H,0, for 5 min, UVI-induced autofluorescence data were
collected using a 450/65 nm filter. As shown in Fig. 3A, the speed
of the autofluorescence enhancement in H,O,-treated cells was
much faster than that of untreated cells. Furthermore, it was found
that, in the presence of H,0,, pulsed UVI could also induce a linear
increase in autofluorescence at 9400 mW/cm?, whereas pulsed UVI
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alone, at the same intensity, does not have this effect (Fig. 3B).
These data indicate that ROS may have a part in the process of
UVI-induced erythrocyte autofluorescence enhancement. We fur-
ther demonstrated that fluorescence of a H,O,-pretreated hemo-
globin solution could be enhanced by a low-dose continuous UVI
(data not shown).

3.4. UVI-dependent autofluorescence enhancement in erythrocytes

Erythrocytes autofluorescence can be excited by not only UV
light but also visible light, due to wide excitation spectrum of
hemoglobin. Thus, to further determine whether this autofluores-
cence enhancement in erythrocytes was dependent on UVI, we
irradiated cells using continuous and pulsed visible light with a
546/12 nm excitation filter. The data shows that continuous
11,800 mW/cm? 546 nm light could only result in autofluorescence
quenching, but not autofluorescence enhancement (Fig. 3C). Fur-
thermore, when erythrocytes were pretreated with 10 mM H,0,
for 5 min, continuous 546 nm light was still unable to induce auto-
fluorescence enhancement (data not shown). We also found that
11,800 mW/cm? pulsed 546 nm light (0.25 Hz, 1.25% duty cycle)
did not cause autofluorescence enhancement in the presence of
10 mM H,0, (gray line in Fig. 3D). The data clearly show that auto-
fluorescence enhancement in erythrocytes depends on UVIL In
addition, we found that fluorescence enhancement of a H,O,-pre-
treated hemoglobin solution depends on UVI (data not shown).
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Fig. 2. Experimental (solid) and simulation (-@®-) results of UVI-induced autofluorescence (450/65 nm emission filter) enhancement in erythrocytes. Experimental evolution
(gray solid) of autofluorescence change induced by pulsed UVI at 9400 mW/cm? (A). Experimental time tracings (black solid) of autofluorescence change induced by
continuous UVI at 9400 mW/cm? (A), 6400 mW/cm? (B), 3200 mW/cm? (C), 1500 mW/cm? (D). Simulation tracings (-®-) of continuous UVI-induced autofluorescence
enhancement using a rate equation model at 9400 mW/cm? (A), 6400 mW/cm? (B), 3200 mW/cm? (C), 1500 mW/cm? (D). All experimental values are expressed as an

averaged response from least 30 individual cells from three independent experiments.
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Fig. 3. H,0, accelerated UVI-dependent autofluorescence enhancement in erythrocytes. (A) Typical evolutions of erythrocyte autofluorescence induced by 9400 mW/cm?
continuous UVI in the presence or absence of 10 mM H,0,. (B) Representative evolutions of erythrocyte autofluorescence induced by 9400 mW/cm? pulsed UVI in the
presence or absence of 10 mM H,0,. (C) Typical tracings of autofluorescence change induced by 11,800 mW/cm? continuous visible 546 nm light. (D) Representative tracings
of autofluorescence change induced by pulsed UVI or pulsed visible 546 nm light in the presence of 10 mM H,0..

4. Discussion

It is known that NAD(P)H is an important autofluorescent sub-
stance in cells, having an excitation wavelength of about 340 nm
and a peak emission wavelength of 460 nm [16,17]. Many reports
have shown that NAD(P)H can modulate a variety of physiological
functions and signaling pathways in erythrocytes [22,23], especially
in heme degradation [24]. Thus, NAD(P)H should be accounted for in
the process of UVI-induced autofluorescence enhancement. First,
the two-channel fluorescence imaging experiment provided direct
evidence that NAD(P)H might not take part in UVI-induced autofluo-
rescence enhancement due to the synchronous evolution of the two
different fluorescence colors (Fig. 1). Second, we found no significant
change in UVI-induced autofluorescence enhancement in the pres-
ence of either 2-DG or DHEA. As a nonmetabolizable analogue of glu-
cose, 2-DG competitively antagonizes glucose utilization and greatly
reduces the NAD(P)H concentration [18,19]. DHEA can also decrease
the NAD(P)H level by inhibiting the G6PD activity through the pen-
tose phosphate pathway in erythrocytes [20,21]. Given these data,
we clearly demonstrate that NAD(P)H had little effect on this auto-
fluorescence enhancement, and that its influence on autofluores-
cence can be neglected.

We found that only high-dose UVI from high intensity continu-
ous irradiation can induce strong autofluorescence enhancement
(Fig. 2A-C). In contrast, low-dose UVI, from either the low duty
cycle of the pulsed irradiation (gray line in Fig. 2A) or a low excita-
tion intensity (black line in Fig. 2D), did not lead to a marked

autofluorescence enhancement in erythrocytes. It is well-known
that high-dose UVI can produce large amounts of ROS in a variety
of cell types. In addition, ROS play a key role in UV light-induced
cellular physiology and pathology [7-9]. Therefore, we must con-
sider whether ROS are involved in the UVI-induced autofluores-
cence enhancement process. First, it is evident that the speed of
autofluorescence enhancement induced by continuous UVI was
accelerated when erythrocytes were pretreated with exogenous
H,0, (Fig. 3A). Second, our results show that low-dose pulsed UV
light could induce a linear increase in autofluorescence in the pres-
ence of H,0,, whereas pulsed UVI alone does not have this effect at
the same irradiation intensity (Fig. 3B). These results indicate that
H,0, acts as a catalyst for UVI-induced autofluorescence enhance-
ment. Taken together, we conclude that ROS is a key factor in the
UVI-induced autofluorescence enhancement process, and UVI in-
duces autofluorescence enhancement through the production of
ROS in an irradiation dose-dependent manner.

Furthermore, we found that high-dose continuous visible light
(546 nm) only induced autofluorescence quenching rather than
enhancement (Fig. 3C), although it has been reported [25] that vis-
ible light irradiation could also produce ROS in a variety of cell
types. Moreover, pulsed 546 nm light (0.25 Hz, 1.25% duty cycle)
did not induce an obvious erythrocyte autofluorescence enhance-
ment in the presence H,0, (gray line in Fig. 3D). In contrast, pulsed
UVI did result in autofluorescence enhancement when erythro-
cytes were pretreated with H,0, (black line in Fig. 3B and D).
Moreover, continuous 546 nm light could still not induce autofluo-
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rescence enhancement when erythrocytes were pretreated with
H,0, (data not shown). The results also show that fluorescence
enhancement of a H,O,-pretreated hemoglobin solution was
dependent on UVI (data not shown). Considering these data, we
clearly demonstrate that autofluorescence enhancement in eryth-
rocytes depends on UVI. We propose that it is the higher single
photon energy of UV light, in contrast to visible light, that leads
to the photodecomposition of hemoglobin.

Given these data, we can conclude that the production of ROS
and the photodecomposition of hemoglobin have two important
roles in the process of UVI-induced autofluorescence enhancement
in erythrocytes. With this conclusion, our next step was to try to
understand the detailed mechanisms of autofluorescence enhance-
ment induced by high-dose continuous UVI. According to our con-
clusions and the results of other researchers, this detailed process
of autofluorescence enhancement likely occurs as follows.

When erythrocytes are irradiated by UV light, hemoglobin is
elevated in energy to an excited state. This energy may be further
transferred to oxygen, which induces a small production of ROS,
such as superoxide and H;0,, due to the photodynamic effects
(PDE). ROS can degrade hemoglobin or heme [26,27] and it usually
reacts with hemoglobin at the heme position [28], which could
cause a change in the heme ring. Therefore, we propose that expo-
sure to UV light, due to its high single photon energy, opens the

1003

porphyrin ring of heme. Aided by ROS, this UV exposure releases
heme iron and yields bilirubin, which has a high fluorescence effi-
ciency. Notably, there is a one-to-one relationship between heme
and bilirubin. Thus, it is actually the formation of bilirubin that
leads to autofluorescence enhancement due to the high fluores-
cence efficiency of bilirubin. Moreover, bilirubin, an efficient pho-
tosensitizer [14], can further form much more ROS. As the
degradation rate of hemoglobin or heme depends on the ROS con-
centration [26], much more bilirubin are produced, thus, a rapid in-
crease in autofluorescence enhancement was observed (black solid
curve in Fig. 2A). Because continuous UV light can induce photo-
degradation of bilirubin [29], ROS are also involved in the degrada-
tion of bilirubin [30], and the amount of hemoglobin is limited in
erythrocytes, it seems obvious that the autofluorescence will de-
crease when the formation rate of bilirubin is slower than the pho-
todegradation rate (black solid curve in Fig. 2A). However, even
after a long period of continuous irradiation, the autofluorescence
decline does not decline to the initial level, indicating that the pho-
todegradation products of bilirubin might still have some fluores-
cence efficiency. Furthermore, we can speculate that the
fluorescence efficiency of bilirubin photodegradation products
may be lower than that of intact bilirubin, but higher than that
of hemoglobin, where there is a one-to-one relationship between
bilirubin and its photodegradation products. Taken together, the
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Fig. 4. Theoretical simulation of continuous UVI-induced autofluorescence enhancement the process using a rate equation. (A) Schematic representation of the proposed
reaction pathway for UVI-induced autofluorescence enhancement. Dashed arrows indicate that the ROS produced by PDE are involved in degradation of hemoglobin and
bilirubin. (B) The simulation time tracings of autofluorescence enhancement using different UVI intensities. (C) Population density time evolutions of hemoglobin (N;, W),
bilirubin (N5, O), photodegradation products of bilirubin (N3, *), and ROS (Ngos, A) at a UVI intensity of 9400 mW/cm?.
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proposed reaction pathways for high-dose continuous UVI-induced
autofluorescence enhancement are schematically summarized in
schematic form, Fig. 4A.

According our suggested continuous UV light-induced autofluo-
rescence enhancement process, we further simulated this process
using a rate equation model. The rate equation system is as follows:

86_1\? = —7(Nros, Io)N1 ~ (=7oN1 — 1 NrosN1)Cilo
aa_l\f = }(Nros,fo)N1 — B(Nros, Io)N2
~ (YoN1 + 7;NrosN1)Cilo — (BoN2 + B1NrosN2)Calo 1)
% = B(Nros; lo)N2 = (BoN2 + 1 NrosN2)C2lo
51:;1;05 = (01N1 + 02N, + 63N3)Cslg

Ny +N; +N; =N

Eq. (1) can be explained as follows: N, is the population density
of heme (N; is four times larger than that of hemoglobin), N, is the
population density of bilirubin, and Nj is the population density of
the bilirubin photodegradation products. The initial value of Ny is
Np (t=0) and the initial value of N, and N3 are zero (t = 0). There
is a one-to-one relationship among Ny, N, and Ns. Nygs is the pop-
ulation density of ROS. (Nros, o) and B(Ngos, lo) are coefficients of
the photodecomposition speed. First, the influence of ROS is taken
into consideration because we have concluded that the production
of ROS is a key factor in UVI-induced autofluorescence enhance-
ment. It is reported that the ROS are involved in degradation pro-
cesses of hemoglobin [26] and bilirubin [30]. Second, the
intensity of the UVI should be taken into consideration because
our data showed that the different intensities of UVI also have dif-
ferent effects on the autofluorescence enhancement (Fig. 2). There-
fore, for convenience in our calculations, we propose that both ROS
and UVI intensities induce a simple linear effect on y and g. Gy, C,,
and C3 are coefficients related to I. In addition, ROS can be formed
from heme, bilirubin and photodegradation products of bilirubin
due to the PDE. Thus, g4, 0, and o3 are the coefficients of the
ROS production speed.

Therefore, the autofluorescence intensity FI can be expressed as
follows:

FI = klo((p]N1 + ®,N;, + @3N3) (2)

Here &, is the fluorescence efficiency of hemoglobin, @, is the
fluorescence efficiency of bilirubin, and &; is the fluorescence effi-
ciency of the photodegradation products of bilirubin. To test the
accuracy of this theoretical simulation, model parameter values
were chosen according to the experiments, which are Ng= 100,
70 =1/16,000, 7y;=1/1850, po=1/230, B;=1/200,000, C;=C;=
C3=1/9400, o,=1/20,000, o,=1/200, o5=1/5000, &,=0.01,
@, =0.75, ¢3 = 0.07, and k = 1/940. Finally, we obtained a theoreti-
cal evolution curve of FI using numerical simulation. Fig. 4B illus-
trates the simulation of the autofluorescence evolution at the
different UVI intensities. We found that the results of the theoret-
ical simulation are in accordance with the experimental data at
different UV light intensities, 9400, 6400, 3200 and 1500 mW/
cm? (-@- curves in Fig. 2). Furthermore, we can predict the evolu-
tions of Ny, N5, N3 and Nges using this rate equation model, as such
evolutions can be difficult to obtain from experiments. Fig. 4C
shows the simulation tracings for N;, N, N3 and Npos evolutions
at a UVI intensity of 9400 mW/cm?.

Although this theoretical simulation using the rate equation
model is in accordance with the experiments, other influences
should still be considered, including fluorescence quenching, non-
linear effects on 7y(Ngos, Io) and pB(Ngos, Ip), and other sources of
ROS. Moreover, if we can determine experimental values of certain

parameters, the empirical parameters may increase the accuracy of
rate equation model. Given these data, the rate equation model can
qualitatively provide some explanation as to the mechanisms
underlying continuous UVI-induced autofluorescence enhance-
ment. This simulation further supports our conclusions that UVI
plays two roles in the autofluorescence enhancement process.

In conclusion, our data clearly show that continuous UVIinduces
autofluorescence enhancement of erythrocytes in an irradiation
dose-dependent manner. We found that NAD(P)H has little effect
on this autofluorescence enhancement. Furthermore, we conclude
that the production of ROS and UVI-dependent photodecomposition
play two important roles in the process of UVI-induced autofluores-
cence enhancement. Finally, we successfully simulated this UVI-in-
duced autofluorescence enhancement process using a rate equation
model. As erythrocytes often serve as model cells for PDT, we believe
that this study on UVI-induced autofluorescence enhancement
might fill an important gap in the research on PDT in erythrocytes.
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