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This study investigated fluorescence photobleaching and the recovery of fluorescein sodium (FS)-loaded
carbomer films. To mitigate errors caused by the self-quenching effect, the experiments were
conducted at FS concentrations of 0.1, 0.5, and 1 wt%. The results revealed a nonlinear relationship
between fluorescence intensity and FS concentration (0.1-1 wt%). Moreover, the degree and rate of
photobleaching increased with FS concentration. The recovery level and recovery rate exhibited
contrasting relationships with FS concentration. Higher FS concentrations were associated with a longer
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Introduction

Fluorescence technology plays a pivotal role in the field of
biomedical research.”> A common challenge in using this
technology is photobleaching, which affects the effectiveness of
fluorescence imaging in clinical medicine. Understanding
photobleaching kinetics is essential for effectively addressing
its occurrence. Furthermore, the study of photobleaching can
shed light on molecular mobility and diffusion phenomena.
This knowledge is crucial for overcoming the aforementioned
challenges and enhancing the utility of fluorescence imaging
techniques in clinical applications.

Fluorescence recovery after photobleaching (FRAP) is an
essential technique for studying molecular mobility and diffu-
sion phenomena across various scientific domains. FRAP is
widely used to measure slow diffusion®* in various contexts,
including high-viscosity solutions,>” colloidal systems,*° thin
films,***3 live cells,***” and others.'®*° The effectiveness of FRAP
in measuring molecular diffusion is influenced not only by the
molecules themselves but also by their environmental medium.
FRAP can also be used to explore the microstructural charac-
teristics underlying the resolution of fluorescence microscopy.

Notably, the motion of fluorescent molecules in aqueous
solutions differs considerably from their motion in biological
cell tissues. In cell tissues, in addition to Brownian motion,
fluorescent molecules interact with the cellular environment,
which influences their diffusion behavior.”*** Relevant studies
have attempted to extract information about the microstruc-
tural properties of the cellular environment or factors such as
binding'**'** from anomalous diffusion.
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was larger than the initially irradiated area.

In scenarios where excessive interference hinders the appli-
cation of appropriate diffusion theory models to measure the
motion of molecules, some researchers have applied the half-
time for recovery as a substitute for diffusion coefficients to
quantify molecular motion.>*** Studies applying FRAP have
typically employed short photobleaching times and small pho-
tobleached volumes to minimize experimental interference,
enabling the application of mathematical models of diffusion
coefficients.”®*” However, in clinical applications and biomed-
ical research, photobleaching engendered by prolonged fluo-
rescence excitation is a more prevalent problem.?®?*®

The application of fluorescence imaging in clinical medicine
introduces challenges related to prolonged fluorescence exci-
tation; this is because both photobleaching and recovery
phenomena can influence the interpretation of fluorescence
signals, which may lead to misdiagnoses or inaccuracies in
surgical procedures. However, the use of FRAP for conducting
long-term photobleaching experiments to investigate molecular
dynamics is relatively uncommon. Our previous study involved
conducting extended photobleaching experiments using a self-
constructed laser-induced fluorescence system,> but we did not
explore the subsequent recovery kinetics.

To clearly understand photobleaching and FRAP in clinical
medicine, the present study employed carbomer films as
biomimetic substrates and explored the photobleaching and
recovery kinetics of fluorescein sodium (FS) that was loaded
within these carbomer films.

Experimental section

Preparation of FS-loaded carbomer films

We mixed 2 g of 1 wt% carbomer with 2 g of 0.001, 0.005, 0.01,
0.02, and 0.03 wt% FS solutions separately in a 5 cm-diameter
plastic Petri dish. These five homogeneously mixed FS-
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carbomer solutions were then dried in an oven at 50 °C for 12 h,
resulting in the formation of 0.1, 0.5, 1, 2, and 3 wt% FS-loaded
carbomer films. These steps were all conducted in a light-
shielded environment. A compact fluorescence detection
system comprising a fiber-coupled light-emitting diode and
photodiode sensor® was used to measure the photobleaching
and recovery dynamics of these samples at a constant temper-
ature (25 °C). The 10 minutes irradiation of 470 nm LED was
applied for photobleaching and then recovery observation was
followed at predetermined time points until reaching plateau of
fluorescence intensity.

Photobleaching and recovery model

We used a photobleaching model based on the exponential
decay framework outlined in a previous study.? Fig. 1 illustrates
the framework; in this framework, the exponential decay of
fluorescence intensity starts at the initial intensity Iyrigina and
progresses to the fluorescence intensity I, at the conclusion of
the bleaching process (¢,). Subsequently, the fluorescence
recovery process initiates at t,. However, the fluorescence
intensity does not achieve complete recovery, ultimately
converging toward Ipjaceau- All fluorescence intensity values are
normalized with respect to Ioriginal t0 obtain the normalized
intensity for further analysis.

Results and discussion

Fig. 2 illustrates the fluorescence intensity of the carbomer
films loaded with FS at varying concentrations. The results
indicate that the fluorescence intensity initially increases with
the FS concentration, yet undergoes a subsequent inversion and
declines beyond a concentration threshold of 1 wt%. This can
be attributed to the phenomenon of self-quenching, which
resulted in a decrease in fluorescence intensity at FS concen-
trations of 2 and 3 wt%. This observation is consistent with the
findings of previous research, which attributed self-quenching
to collisions between excited fluorophores, the formation of
nonfluorescent dimers, and energy transfer to the nonfluores-
cent dimers.** Additionally, a nonlinear correlation was
observed between fluorescence intensity and FS concentrations
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Fig. 1 Dynamic fluorescence
recovery processes.
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Fig. 2 Effects of FS concentration on fluorescence intensity of FS-
loaded carbomer films.

ranging from 0.1 to 1 wt%; this demonstrates that the number
of fluorescent molecules exerted a multiplicative effect on
fluorescence intensity. To mitigate potential errors in our
subsequent recovery experiments due to the self-quenching
effect, we conducted our experiments by using FS concentra-
tions that were below the critical concentration; specifically, we
used the FS concentrations of 0.1, 0.5, and 1 wt%.

We conducted a 10 min photobleaching experiment on the
FS-loaded carbomer films, and the resulting dynamic normal-
ized fluorescence intensity values are illustrated in Fig. 3. As
demonstrated in this figure, a higher FS concentration was
associated with a greater degree of photobleaching. This finding
is attributable to the reversal of the multiplicative effect of
fluorescent molecule concentration on fluorescence intensity
(Fig. 2). Another possible explanation for this finding is that the
increased FS concentration resulted in a higher encounter
probability for the self-quenching process.*® Consequently,
when subjected to identical irradiation intensity levels and
durations, the highly concentrated fluorescent molecules
experienced a more pronounced bleaching effect than did the
molecules with lower concentrations.

In our previous study,> we used a double-exponential decay
model for an optimal numerical analysis of the photobleaching
process. Although the double-exponential decay model
provided excellent optimization fits, we noted a substantial
difference (up to a factor of 20) in the two kinetic constants
within the double-exponential component. This discrepancy

Time (min)

Fig. 3 Dynamic normalized intensity of FS-loaded carbomer films
during a 10 min photobleaching process.
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Table 1 Results of optimal analysis of photobleaching, as derived
using I(t) = A + Be

Con. (wWt%) A B k (min™) R*
0.1 0.3650 0.5552 0.3849 0.9898
0.5 0.3507 0.5104 0.4919 0.9795
1 0.2745 0.5863 0.5542 0.9779
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Fig. 4 Dynamic normalized intensity observed after photobleaching
and recovery of carbomer films containing various FS concentrations
by 10 min irradiation.

Table 2 Results of best fit in /(t) = o + (/piateau — o)1 — e

Wt (%) 1o (%) Iplageau (%) 7 (%) k(min™')  t,, (min) R
0.1 35.46 49.95 22.45 0.0211 32.92 0.98
0.5 31.19 57.01 38.40 0.0070 99.02 0.98
1 25.20 60.00 46.52 0.0053 131.28 0.99

suggested that the influence of one of the exponential terms was
negligible. Consequently, the present study used a single-
exponential decay model for an optimal analysis of photo-
bleaching kinetics. The analysis results are presented in Table
1, indicating that the derived correlation coefficients consis-
tently exceeded 0.97. In this table, the constant A represents the
fluorescence intensity after photobleaching, with a lower value
indicating a higher degree of photobleaching, and k represents
the photobleaching rate constant. The optimized numerical
values demonstrate that in addition to irradiation intensity and
time, the concentration of fluorescent molecules substantially
affects the degree of photobleaching. Moreover, the k values
revealed that during the photobleaching process, higher FS
concentrations were associated with a greater degree of photo-
bleaching compared with lower FS concentrations. In summary,
both the degree and rate of photobleaching increased with the
FS concentrations.

After the bleaching process, we conducted fluorescence
recovery measurements. Fig. 4 presents the dynamic normal-
ized intensity in a recovered carbomer film containing various
concentrations of FS after a 10 min irradiation process. The
fluorescence recovery processes displayed similar patterns after
similar irradiation durations. To quantify the fluorescence
recovery processes, a recovery curve was plotted according to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a previously reported model,*® as shown in Table 2. The calcu-
lated I, obtained from the recovery process, representing the
fluorescence intensity after photobleaching, exhibited a slight
discrepancy when compared with the theoretical value of A for
the bleaching endpoint in Table 1, which was derived in the
calculation of the effects of the bleaching process. However,
according to both Tables 1 and 2, the degree of bleaching
increased with the FS concentrations. The final normalized
fluorescence intensity Ipjaceau Obtained from the analysis of the
recovery processes confirmed that complete recovery was not
achievable. The assumption underlying the recovery processes
was that different FS concentrations would ultimately return to
the same proportion of their original concentration. Due to the
nonlinear relationship between fluorescence intensity and FS
concentration, the final normalized fluorescence intensity
Ijateaw increased with the FS concentrations. The recovery level r
(%) was derived using the following equation: (Ipiateau — Z0)/(1 —
Iy) x 100%. We observed that higher FS concentrations were
associated with more pronounced recovery levels. This indicates
that the nonlinear increase in fluorescence intensity with FS
concentration overshadows the bleaching effect associated with
the increase in FS concentration.

We also calculated the kinetic constant k, which represents
the recovery rate, in our simulation of the recovery process, and
the results revealed distinct results from those observed for the
recovery level r. Specifically, as indicated in Table 2, the recovery
rate decreased as the FS concentration increased. This rela-
tionship can be expressed as follows: t;,, = (In 2)/k, where ¢/,
represents the half-time of recovery. This expression indicates
that higher FS concentrations correspond to longer recovery
times. Accordingly, r and k exhibited contrasting relationships
with FS concentration. According to the literature,* the recovery
rate is inversely related to the size of the bleached region. We
hypothesized that during photobleaching, unbleached FS
molecules near the irradiated area migrate into the irradiated
region, while the bleached molecules within the region simul-
taneously disperse outward. This dynamic creates a phenom-
enon where the region outside the irradiated area seems to
experience similar bleaching, giving the appearance of an
expansion of the original irradiated zone. An increase in FS
concentration can result in a more pronounced concentration
disparity between the interior and exterior of the irradiated
region during bleaching. This disparity can accelerate the
relative movement of molecules inside and outside the irradi-
ated area, consequently amplifying the affected region beyond
the originally bleached area.

Conclusions

In clinical medicine, fluorescence imaging techniques require
prolonged exposure to accurately monitor fluorescence signals.
This study used carbomer films as biomimetic substrates to
investigate the photobleaching and recovery kinetics of FS
molecules. The results demonstrate a nonlinear relationship
between fluorescence intensity and FS concentration. Moreover,
the results reveal that under extended exposure durations, the
concentration of fluorescent molecules significantly influenced
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the photobleaching rate, photobleaching degree, recovery level,
and recovery rate. Notably, the recovery rate decreased as the FS
concentration increased, marking a deviation from the
conventional pure diffusion phenomenon.
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