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ABSTRACT: To avoid off-target effects, targeted cancer therapy Lo — Photodynamic Therapy (PDT)

offers a feasible alternative to traditional cancer therapies such as ‘uew

chemotherapy and radiotherapy. The human ferritin receptor /% E wotiBLzn 0EN -
(transferrin receptor, TfR1) is greatly overexpressed in several cancer @ (%@) poon (@B o {é} Cancer cell death
types, including liver cancer. Therefore, human ferritin (HFn) has = D ™ %%@(’ 4

been used in drug encapsulation for targeted therapy. However, the expvessm\). nd o )

drug encapsulation method is time-consuming and not applicable to T e

all conditions. In this study, we effectively designed HFn fused with a

photosensitizing protein called mini-singlet oxygen generator

(miniSOG) to create HFn-miniSOG for targeted photodynamic therapy (PDT) applications. The fusion protein HFn-miniSOG
self-assembled to form nanoparticles with an average size of 22.4 + 1.3 nm and generated singlet oxygen ('O,) when activated by
blue-light irradiation with ®, = 0.30. To demonstrate its targeted PDT capability, phototoxicity was assessed in HepG2 and HeLa
cells with varying TfR1 expression levels. The viability of HepG2 cells was reduced by 63% after light irradiation, compared to 34%
in HeLa cells, because HepG2 cells exhibit greater levels of TfR1. As a result, our study provides a straightforward approach for
creating ALL-IN-ONE protein nanoparticles for targeted PDT applications.
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1. INTRODUCTION reason, ferritin nanoparticles have been developed to
Chemotherapy, radiation therapy, and surgical intervention are encapsullate antlca.nce'r drtllgi,zgnloactlve nutr.lents, or enzymes
for various applications. In comparison to different

examples of first-line cancer therapies. However, they have not
been able to completely eradicate the disease and have a
number of substantial problems, including low tumor

nanodelivery strategies,”' the advantage of utilizing ferritin as
tumor-targeting nanocarriers is its intrinsic selectivity for TfR1,

selectivity, systemic toxicity, off-target toxicity, multidrug as well as the relative simplicity of administration.””** TfR1 is
resistance, and severe adverse health effects.’ Targeted cancer overexpressed in various tumor types due to increased iron
therapy has recently emerged as a potential alternative to requirements for accelerated cell proliferation, although the
standard cancer treatments because of its superior therapeutic level of overexpression varies by tumor type.”* Differences in
outcomes. However, only a few drugs are appropriate for this TfR1 expression across tumors are affected by tumor type and
function. As a result, nanotechnology has evolved, presenting subtype, the tumor microenvironment, genetic and epigenetic
promising solutions to these challenges while also improving alterations, and the impacts of therapies such as chemotherapy
antitumor effectiveness.”™° Among them, protein nanoparticles and radiotherapy. It was discovered that TfR1 is the receptor
have been intensively explored because of their natural for HFn, and when HFn interacts with TfR1 on the cell
availability and physiological compatibility.7_” Because membrane, it internalizes into the lys.osome.25 In 2012, the
proteins are biological molecules with unique properties, they ability of HFn to specifically identify tumor tissues was
can be applied to both materials science and biomedicine. In demonstrated, proving HFn’s potential as a targeted strategy in
some cases, natural protein nanoparticles such as ferritins, tumor diagnostics.”® This discovery is significant because TfR1,

encapsulins, and lumazine synthases perform highly specific
biological activities.'” By integrating functional protein
domains, synthetic biology enables the engineering of natural
protein nanoparticles with new features.

Ferritin is an ideal candidate for protein nanoparticles
because of its unique properties such as great pH and
temperature stability, uniform size, high biocompatibility,
biodegradability, affordability, and the feasibility of large-scale
production."*™ " Ferritin can form a 12 nm-diameter 24-mer
nanoparticle with an 8 nm-diameter hollow cavity. For this

which is widely known for its involvement in iron transport, is
overexpressed in many cancer cells, making it an excellent
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Figure 1. HFn-miniSOG nanoparticles for targeting cancer cells that overexpress TfR1. E. coli BL21(DE3) produced HFn-miniSOG nanoparticles.
The purified protein nanoparticles were delivered into cancer cells via TfR1. Following light irradiation, the nanoparticles generated 'O, that
eradicated cancer cells.
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Figure 2. DLS analysis and TEM imaging of HFn nanoparticles (a ,b) and HFn-miniSOG nanoparticles (c,d). (f) Effect of encapsulation on the
fluorescence excitation/emission spectra of miniSOG of HFn-miniSOG compared to miniSOG alone. Absorbance (dashed line) and fluorescence
(solid line) spectra of HFn-miniSOG and miniSOG are given in normalized fluorescence units (NFU). (g) Fluorescence emission intensity (4.,/
Aem = 485/520 nm) of 10 yM HFn, miniSOG, and HFn-miniSOG. Each intensity was normalized to the highest fluorescence intensity value
obtained in each data set. Error bars represent the mean + standard deviation; n = 3 from three independent experiments.
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target for tumor treatment and detection. As a result, it has
been demonstrated that apoferritin-encapsulated Temozolo-
mide and its analog are internalized via TfRIl-mediated
endocytosis, promoting brain cancer cell uptake and thereby
improving therapeutic efficacy.”” A similar method using
apoferritin to encagpsulate Jerantinine A was applied in breast
cancer treatment.”

While chemotherapy remains an established cancer treat-
ment, PDT has emerged as a promising alternative. PDT
employs light to activate a photosensitizer (PS), which
transforms molecular oxygen into reactive oxygen species
(ROS). This process creates a phototoxic effect that targets
cancer cells. Since PDT relies on light, it minimizes nonspecific
targeting. To enhance the effectiveness of PDT, PSs are often
loaded into nanocarriers, including ferritin.”’ However, dye
sensitizers have concerns with biocompatibility and biodegrad-
ability. Encapsulating substances in ferritin nanocages
frequently involves pH-mediated disintegration and reassem-
bly, as well as denaturing buffer to disrupt protein structure.
The pH-mediated approach is limited to compounds that are
stable at low pH, around 2. As a result, ferritins have been
engineered to disassemble at higher pH values ranging from 4
to 5.'7°%%" Nonetheless, most encapsulation processes involve
dialysis, which requires a large quantity of substrate input
during encapsulation, resulting in substrate waste.”” Finally, the
integrity of the drugs encapsulated within ferritin must be
evaluated throughout various temperatures and environmental
conditions due to encapsulated chemical leakage.

To avoid the encapsulation process, we inserted the PDT
function into ferritin by creating a nanoreactor (HFn-
miniSOG) with HFn fused with the PS protein, miniSOG, at
its C-terminus. MiniSOG is a flavin mononucleotide (FMN)-
binding protein derived from the light-oxygen-voltage-sensing
domain of Arabidopsis thaliana phototropin-2 that converts
molecular oxygen into ROS, primarily 'O,, when exposed to
blue light.>*~ In this study, soluble HFn-miniSOG was
overexpressed in E. coli BL21(DE3) and self-assembled to form
nanoparticles with an average hydrodynamic diameter of 22.4
+ 1.3 nm (Figure 1). As anticipated, HFn-miniSOG
nanoparticles generated 'O, upon blue-light irradiation.
Phototoxicity was evaluated in HepG2 and HeLa cells, which
express different levels of TfR1. The viability of HepG2 cells
was reduced by 63%, while HeLa cells showed a reduction of
34%. This difference in cell viability corresponds to the levels
of TfR1 in each cell type. This study presents a straightforward
method for producing ALL-IN-ONE protein nanoparticles for
targeted photodynamic therapy (PDT) applications.

2. RESULTS AND DISCUSSION

2.1. Characterization of HFn-miniSOG. MiniSOG with a
short encapsulation signal peptide was reported to be
encapsulated in encapsulin nanoparticles.*® Its cargo loading
capacity was 7—9%, which represents ~7 + 2 miniSOG
packaged per nanocompartment. To maximize the PDT
impact, the number of miniSOG per nanocompartment should
be carefully considered. As a result, we planned to overexpress
a single recombinant fusion protein of ferritin and miniSOG in
order to achieve maximum miniSOG incorporation. MiniSOG
was fused with HFn at either its N- or C-terminus with a linker
of 15 amino acids (G/S) for miniSOG-HFn and HFn-
miniSOG, respectively. To facilitate purification, a His-tag was
incorporated. These two recombinant fusion proteins were
overexpressed individually in E. coli BL21(DE3). SDS-PAGE
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analysis revealed that miniSOG-HFn formed inclusion bodies
while HFn-miniSOG was soluble (Figure S1). E. coli
BL21(DE3) lysate containing HFn-miniSOG was subjected
to Ni-NTA chromatography. The fractions that contained
HFn-miniSOG were collected and filtered through a 0.22 ym
filter to remove aggregated HFn-miniSOG nanoparticles. The
resulting filtrate underwent biophysical characterization to
analyze HFn-miniSOG. SDS-PAGE gel analysis confirmed
successful purification, showing good purity (Figure S2a). The
native-PAGE gel analysis revealed a high molecular weight
band around 720 kDa, according to the native gel protein
ladder (Figure S2b), indicating that HFn-miniSOG forms an
18-mer nanoparticle. To further confirm the morphology and
size of the HFn-miniSOG nanoparticles, dynamic light
scattering (DLS) measurements and transmission electron
microscopy (TEM) imaging were performed (Figure 2c,d). In
addition, HFn nanoparticles were prepared as a control. The
DLS measurements of the HFn-miniSOG nanoparticles
indicated a mean hydrodynamic diameter of 22.4 + 1.3 nm
(Figure 2c), compared to 15.7 = 0.5 nm for the HFn
nanoparticles (Figure 2a). The TEM image of negatively
stained HFn-miniSOG showed filled particles (Figure 2d),
while the HFn nanoparticles displayed a hollow structure
(Figure 2b). These results suggest that the miniSOG may
occupy the hollow structure of the HFn nanoparticles, leading
to an increase in size.

Spectrophotometric analyses of absorbance and fluorescence
were conducted to examine the impact of encapsulation on the
properties of miniSOG. As illustrated in Figure 2f, both
miniSOG and HFn-miniSOG exhibit nearly identical absorb-
ance and fluorescence spectra, with an excitation wavelength
(Aey) of 485 nm. The fluorescence spectra for both
demonstrate emission maxima at 495 nm, accompanied by a
shoulder at 525 nm. However, it was noted that the
fluorescence intensity of HFn-miniSOG is reduced by 44.6%
compared to that of miniSOG at the same concentration, as
shown in Figure 2g. The FMN chromophore in miniSOG
absorbs light energy, entering excited states to release energy as
both fluorescence (S; — S,) or transfer energy to molecular
oxygen via intersystem crossing (S; — T,) to generate 0,
predominantly via a type II mechanism.’>”**” Recently, new
variants of miniSOG with improved photosensitization
efficiencies were developed by eliminating intermolecular
hydrogen bonds between FMN and the protein scaffold.
This modification encourages the transfer of light energy
toward triplet-state photosensitization, rather than singlet-state
fluorescence. Consequently, the significant reduction in
fluorescence observed in HFn-miniSOG during this study
may be attributed to the structural rigidity in its FMN-binding
region that occurs when forming the nanoparticle. As a result,
HFn-miniSOG was expected to generate more 'O, compared
to miniSOG.

2.2. Generation of '0, from the Light-Activated HFn-
miniSOG Nanoparticles. As shown in Figure 1, we
hypothesized that the miniSOG in the HFn-miniSOG
nanoparticles can convert molecular oxygen into 'O, when
exposed to blue light. This highly reactive 'O, then diffuses
into the surrounding area, where it can react with
biomolecules. To test this hypothesis, we measured the ability
of blue light-activated HFn-miniSOG to generate 'O, using the
singlet oxygen sensor green (SOSG) reagent. SOSG selectively
reacts with 'O, and does not react with hydroxyl radicals or
superoxide, resulting in the emission of green fluorescence of
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Figure 3. (a) 'O, generation by miniSOG and HFn-miniSOG with blue-light irradiation in the time course experiment of 35 min. HFn is the
negative control. Control is SOSG alone. 'O, generation was monitored by measuring the fluorescence signal of SOSG endoperoxide (SOSG-EP),
data presented as normalized fluorescence unit (NFU). Each fluorescence intensity was measured every S min and normalized to the highest
fluorescence intensity value obtained in each data set. Error bars represent the mean = standard deviation (n = 3). (b) NFU of SOSG-EP generated
by 10 min light activation of HFn, miniSOG, and HFn-miniSOG at S and 10 uM, compared to dark conditions. (c) Absorbance spectra of
miniSOG and HFn-miniSOG after blue-light irradiation were recorded every 5 min in the time course experiment of 30 min to know the integrity
of FMN cofactor in miniSOG. The HFn-miniSOG absorbance at 450 nm decreased more rapidly than the miniSOG one. (d) Comparison of uric
acid (UA) bleaching rate at 292 nm in the presence of miniSOG (blue) or HFn-miniSOG (orange) after irradiation.
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Figure 4. DLS analysis and TEM imaging of HFn (a,b) and HFn-miniSOG (c,d) after blue-light irradiation.

SOSG endoperoxide (SOSG-EP), with the excitation and was mixed with SOSG in a 50 mM Tris buffer at pH 8. A
emission maxima at 504 and 525 nm, respectively.”® The control sample, consisting of SOSG in the same buffer, was
fluorescence intensity corresponds to the amount of 'O, also prepared. All samples were then irradiated with a blue
generated. Each sample of HFn, miniSOG, and HFn-miniSOG LED at a wavelength of 450 nm for 35 min. The fluorescence
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Figure S. Cytotoxicity and phototoxicity of (a) miniSOG and (b) HFn-miniSOG. The cell viability of HepG2 cells (higher TfR1 expression) and
HeLa cells (lower TfR1 expression) after incubation with various concentrations of miniSOG or HFn-miniSOG was determined by the MTT assay
under dark and light conditions. The cells were irradiated with a blue light for 10 min. Values are expressed as means = SD. Significance levels are
indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, using two-way ANOVA, with n = 6 from three independent

experiments.

intensity was measured every S min (Figure 3a). SOSG
displayed a minimal fluorescence intensity after light
irradiation, as did the HFn sample, which lacks the ability to
generate 'O,. The fluorescence intensity of both HFn-
miniSOG and miniSOG samples increased as a result of the
formation of the SOSG-EP adduct,*® especially HFn-miniSOG
had higher fluorescence over time, suggesting more 'O,
generation (Figures 3a,b and S3). It is possible that the
rigidity of miniSOG in the protein nanoparticle increases the
triplet state of FMN to molecular oxygen as compared to solely
miniSOG. The fluorescence intensity of HFn-miniSOG and
miniSOG (Figure 2g) supported this. Furthermore, the
absorbance spectra of HFn-miniSOG and miniSOG following
blue light irradiation have been studied to determine the
stability of miniSOG’s cofactor, FMN. In Figure 3c, the results
showed that the flavin signal of HFn-miniSOG disappeared
more rapidly compared to the one of miniSOG over 30 min.
Both HFn-miniSOG and miniSOG’s absorbance spectra
showed that the FMN in HFn-miniSOG deteriorates more
quickly than in miniSOG, with significant signal loss after 10
min as opposed to 30 min for miniSOG. This implies that
HFn-miniSOG produces singlet oxygen more effectively in its
initial stages, which speeds up cofactor decomposition and is
important for its potential application in photodynamic
therapy. Using the uric acid (UA) method (Scheme S1) to
calculate the quantum yield (®,) of '0,**" we found that
HFn-miniSOG produced a higher @, value than miniSOG
(Figures 3d and SS, Table S1), confirming the photo-
sensitization efficiency of HFn-miniSOG.

To further investigate the integrity of FMN, we measured
the fluorescence spectra of HFn-miniSOG and miniSOG after
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blue light irradiation at 5 min intervals over a 30 min period
(Figure S4). The results were consistent with the absorbance
spectra; the intensities of both spectra showed a continuous
decrease over time. Notably, the FMN spectrum of HFn-
miniSOG nearly disappeared after just 10 min of irradiation
(Figure S4b). These findings suggest that a significant amount
of '0, is generated during the initial phase, leading to the
decomposition of the cofactor.*

Although ferritin nanoparticles have been described as
robust nanostructures capable of withstanding severe pH and
high temperatures, 'O, is very reactive with specific amino
acids and can thus induce oxidative damage to protein
structures. Therefore, we observed the structural change of
HFn-miniSOG following irradiation by DLS analysis and TEM
imaging compared to the control of HFn (Figure 4). Because
HFn cannot produce 'O, under blue light irradiation (Figure
3a), there was no structural difference in DLS and TEM
assessments before (Figure 2a,b) and after (Figure 4a,b)
irradiation. The average diameter of the irradiated HFn-
miniSOG was 47.6 + 1.3 nm in DLS analysis (Figure 4c),
which is about a 2-fold increase over the nonirradiated one
(Figure 2c). The nanoparticle shape was subsequently studied
by TEM imaging, which revealed nanoparticle aggregation
(Figure 4d). The HFn-miniSOG’s structural integrity and
stability loss can be attributable to 'O, produced by the
irradiated miniSOG, which can severely destroy its surround-
ing protein shell. This is consistent with ferritin nanoparticles
encapsulating the potent PS, ZnF16Pc, which were then
destroyed by 'O, produced by the light-activated ZnF16Pc
molecule.”
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Figure 6. Intracellular 'O, generation by HFn-miniSOG in HepG2 cells. Confocal microscopy images of HepG2 cells treated with miniSOG or
HFn-miniSOG-treated cells in the absence (a) or presence (b) of blue-light irradiation. Scale bar: 20 ym. (c) The corrected green fluorescent
signals represent 'O, generation levels inside HepG2 cells for different experiments in (b). Values represent means + SD (*p < 0.05, **p < 0.01,
kkp < 0.001, ****kp < 0.0001), two-way ANOVA, n = 3 from three independent experiments. (d) Schematic illustrates the generation of
intracellular singlet oxygen ('O,). The photooxidation of SOSG inside HepG2 cells produces SOSG-EP, leading to a green fluorescent signal.

2.3. In Vitro PDT Applications of HFn-miniSOG intracellular molecular oxygen into reactive oxygen species
Nanoparticles. PDT utilizes light-induced PSs that convert (ROS). This process damages cellular components and
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Figure 7. Cell death caused apoptosis induced by PDT of HFn-miniSOG. (a) Cytometry analysis: effect of different doses of miniSOG and HFn-
miniSOG under blue-light irradiation on apoptosis in HepG2 cells compared to nonirradiated ones. (b) Histogram analysis of cytometry results.
Values represent means + SD (*p < 0.05, **p < 0.01, ***¥p < 0.0001), two-way ANOVA, n = 3 from three independent experiments.

ultimately leads to cell death. MiniSOG, which contains the
FMN cofactor, can generate '0, when exposed to blue light,
making it a potentially valuable tool for PDT. However,
miniSOG has not progressed to preclinical studies due to
limitations in dosage and localization, which reduce its
therapeutic efficacy. Ferritin is versatile and can target tumor
cells that have high levels of TfR1 on their membranes. To
explore this concept, HFn-miniSOG was used to assess its
feasibility and compare its performance in downstream in vitro
experiments with that of miniSOG.

To test whether miniSOG or HFn-miniSOG has a
cytotoxicity effect on tumor cells, this study used cell lines
with different TfR1 expression levels, HepG2 (higher TfR1
expression) and HeLa (lower TfR1 expression) cells, as
models. HepG2 has 2.5-fold higher TfR1 expression than
HeLa cells."' The cells were treated with miniSOG or HFn-
miniSOG with increasing concentrations (0, 1.25, 2.5, S, and
10 uM) for 6 h before assessing cell viability using MTT assay.
In the absence of light activation, neither miniSOG nor HFn-
miniSOG exhibited significant cytotoxicity compared to
untreated cells (Figure S). However, when cells were treated
under the same conditions and subsequently exposed to blue
light for 10 min, a phototoxic effect was observed. This effect
was noted with both miniSOG (Figure Sa) and HFn-miniSOG
(Figure Sb) in a dosage-dependent manner. As expected, the
viability of HepG2 cells preincubated with 10 yM HFn-

3915

miniSOG under light irradiation was significantly reduced by
approximately 63% due to the higher expression of TfRI1
compared to HeLa cells, which had a 34% reduction in cell
viability. "'

The generation of intracellular 'O, by HFn-miniSOG in
HepG?2 cells was further confirmed using SOSG, a probe that
detects 'O, produced by internalized nanoparticles. SOSG
emits a green fluorescence signal upon reaction with 'O,
which can be observed through confocal microscopy. As
illustrated in Figure 6a, HepG2 cells treated with 10 uM of
either miniSOG or HFn-miniSOG did not exhibit any
fluorescence signal in the dark, similar to the untreated
control. In contrast, cells treated with 10 uM of miniSOG or
HFn-miniSOG, followed by blue light irradiation, showed
significant green fluorescence (Figure 6b). Notably, HFn-
miniSOG-treated cells displayed a 1.4-fold increase in
fluorescence signals compared to those treated with miniSOG
(Figure 6¢). These results align with the findings in Figure Sb,
indicating that HFn-miniSOG generates more ROS, which
contributes to cell death. Additionally, the schematic in Figure
6d illustrates the detection of SOSG-EP generated from singlet
oxygen production following photosensitizer activation.

To assess whether intracellular 'O, induces apoptosis in
cancer cells, we conducted annexin V/PI staining followed by
flow cytometry analysis to examine photodynamic-assisted
apoptosis. As shown in Figure 7, light irradiation increased the
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apoptotic rate in cells treated with different concentrations of
miniSOG or HFn-miniSOG compared to the untreated cells.
The treatment of 10 #M HFn-miniSOG resulted in the highest
apoptotic rate at approximately 3.1%. However, the relatively
low percentage of apoptotic cells suggests that apoptosis may
not be the predominant mechanism of cell death induced by
this nanoparticle. This implies that other forms of cell death,
such as necrosis or autophagy, may also play a role. For
instance, studies have demonstrated that miniSOG can induce
necrosis through oxidative stress,*” lysosomal membrane
permeabilization,”'3 and autophagic processes.44 Therefore,
these in vitro investigations demonstrate that photosensitizing
HFn-miniSOG is transported into tumor cells and activated by
light to produce cytotoxic 'O,, which decreases cell viability
and promotes apoptotic cell death.

3. CONCLUSION

HFn was selected as a scaffold for targeted drug delivery due to
its ability to produce stable nanoparticles that are resistant to
heat and can withstand low and high pH levels. Additionally, it
can specifically target cancer cells that overexpress TfR1, which
is the receptor for HFn. Rather than encapsulating a drug
within HFn nanoparticles, which is the typical approach, we
fused HFn with miniSOG to create the HFn-miniSOG protein.
We found that HFn-miniSOG can self-assemble into nano-
particles with an average size of 22.4 + 1.3 nm and produces
'0, when exposed to blue light. Additionally, HFn-miniSOG is
capable of generating more singlet oxygen ('O,) compared to
miniSOG alone over the same period. This suggests that the
encapsulation of miniSOG enhances the energy transfer from
flavin mononucleotide (FMN) to molecular oxygen in the
triplet state. The generated 'O, also leads to the decom-
position of the flavin cofactor and the aggregation of HFn-
miniSOG nanoparticles.

We further assessed the phototoxicity of HFn-miniSOG in
HepG2 cells, which express higher levels of TfR1 compared to
HeLa cells, to showcase its specific capabilities for PDT.
Following light exposure, the viability of HepG2 cells
decreased by 63%, while HeLa cells experienced a 34%
reduction. Notably, HFn-miniSOG did not show significant
cytotoxicity in the absence of light.

This study introduces a straightforward method for
producing all-in-one protein nanoparticles tailored for targeted
PDT applications. The goal is to enhance the effectiveness of
cancer treatment while minimizing side effects on healthy cells.
However, it is worth noting that HFn-miniSOG is activated by
short-wavelength blue light, which has limited tissue
penetration and may restrict its in vivo applications. To
overcome this limitation, interventional fiber optic therapy
could be utilized to deliver light to sg)eciﬁc tissue areas through
surgical procedures or endoscopy.**

4. EXPERIMENTAL SECTION

4.1. Materials. Chemicals and reagents used in this study were
purchased from Acros, Carlo Erba, Cytiva, Himedia, Thermo
Scientific, TCI, Merck, Supelco, and Sigma-Aldrich. The power
density of the blue light (450 nm) is 140 mW/cm? for every
experiment.

4.2. HFn Overexpression and Purification. Ten milliliters of an
overnight culture of E. coli BL21(DE3) containing pET-HFn were
inoculated into 1 L Luria—Bertani (LB) medium with the final
concentration of 100 yg/mL ampicillin. The culture was incubated at
37 °C with the shaking speed of 200 rpm. The protein overexpression
was induced by the addition of isopropyl-$-p-1-thiogalactopyranoside
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(IPTG) with the final concentration of 0.5 mM when the culture’s
OD600 reached about 0.6 to 0.7. After that, the culture was incubated
at the same conditions for another 4—6 h. Finally, the cells were
harvested by centrifugation at 5,000 rpm at 8 °C for 20 min.

For protein purification, cell pellets were resuspended in lysis buffer
(300 mM NaCl, SO0 mM Tris, pH 8) containing 1 mM PMSF and
then sonicated in ice bath for 30 s (1.5 s cycle, 50% duty) three time.
Cellular debris was removed by centrifugation at 12,000 rpm at 8 °C
for 40 min. The resultant supernatant was heated at 70 °C for 20 min,
then chilled on ice. The solution was centrifuged at 12,000 rpm at 8
°C for 40 min. The obtained supernatant was filtered through a 0.22
pm filter to remove any precipitate followed by buffer exchange to 50
mM Tris (pH 8.0) using an Amicon Ultra-15 centrifugal filter unit
(10-kDa cutoff). Finally, the protein was purified by HiTrap DEAE
FF column (Cytiva) using AKTA Start ion-exchange chromatography
(Cytiva). The HFn protein was eluted using an increasing gradient of
NaCl concentration. Lastly, the purified HFn protein was desalted in
100 mM Tris (pH 7.5) containing 20% glycerol by Amicon Ultra-15
centrifugal filter unit (10-kDa cutoff). The protein was aliquoted and
stored at —20 °C.

4.3. MiniSOG Overexpression and Purification. Ten milliliters
of an overnight culture of E. coli BL21(DE3) containing pET30a-
miniSOG was inoculated into 1 L LB medium containing the final
concentration of 50 yg/mL kanamycin. The culture was incubated at
37 °C with the shaking speed of 200 rpm. The protein overexpression
was induced by the addition of IPTG with the final concentration of
200 uM when the culture’s ODyg, reached about 0.6—0.7. After that,
the culture was incubated at the same conditions for another 4—6 h.
Finally, the cells were harvested by centrifugation at 5,000 rpm at 8
°C for 20 min.

For protein purification, cell pellets were resuspended in lysis buffer
(300 mM NaCl, S0 mM Na,HPO,, 10 mM imidazole, pH 8)
containing 1 mM PMSF, and then sonicated in ice bath for 30 s (1.5 s
cycle, 50% duty) for three times. Cellular debris was removed by
centrifugation at 12,000 rpm at 8 °C for 40 min. The resultant
supernatant was filtered through a 0.4S pm filter and then loaded into
a Ni-NTA column (QIAGEN). The protein was eluted by following
the manufacturer’s instructions. The fractions containing miniSOG
identified by SDS-PAGE analysis were pooled and concentrated by an
Amicon Ultra-15 centrifugal filter unit (10-kDa cutoff). After that, the
concentrated miniSOG solution was incubated with FMN at a 1:2
molar ratio of miniSOG and FMN in the dark for 30 min. Finally, the
protein was desalted using a 10-DG column (BioRad) pre-
equilibrated with the desalting buffer (100 mM Tris-HCI buffer,
20% glycerol, pH 7.5). The miniSOG concentration was determined
using the extinction coefficient of flavin (& = 12,500 M™"-cm™" at 450
nm). The purified protein was aliquoted and stored at —20 °C.

4.4. HFn-miniSOG Overexpression and Purification. 10 mL
of an overnight culture of E. coli BL21(DE3) containing pET30a-
HFn-miniSOG was inoculated into 1 L Terrific Broth (TB) medium
with the final concentration of 50 yg/mL kanamycin. The culture was
incubated at 37 °C with the shaking speed of 200 rpm. When the
culture’s ODyg, reached about 0.6 to 0.7, the protein overexpression
was induced by the addition of IPTG with the final concentration of
500 uM. After that, the culture was incubated at the same condition
for another 4—6 h. The cells were harvested by centrifugation at 5,000
rpm at 8 °C for 20 min. Cell pellets were resuspended in lysis buffer
(300 mM NaCl, S0 mM Na,HPO,, 10 mM imidazole, pH 8)
containing 1 mM PMSF and then sonicated in ice bath for 30 s (1.5 s
cycle, 5S0% duty) three times. Cellular debris was removed by
centrifugation at 12,000 rpm at 8 °C for 40 min. The resultant
supernatant was filtered through a 0.4S pm filter and then loaded into
a Ni-NTA column (QIAGEN). The protein was eluted by following
the manufacturer’s instructions. The fractions containing HFn-
miniSOG identified by SDS-PAGE analysis were pooled and
concentrated by using an Amicon Ultra-15 centrifugal filter unit
(10-kDa cutoff). After that, the concentrated HFn-miniSOG solution
was incubated with FMN at a 1:2 molar ratio of HFn-miniSOG and
FMN in the dark for 30 min. Finally, the protein was desalted using a
10-DG column (BioRad) pre-equilibrated with the desalting buffer
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(100 mM Tris-HCl buffer, 20% glycerol, pH 7.5) followed by
filtration using a 0.22 um filter. The HFn-miniSOG concentration of
HFn-miniSOG was determined using the extinction coefficient of
flavin (¢ = 12,500 M~":cm™ at 450 nm). The purified protein was
aliquoted and stored at —20 °C.

4.5. Absorbance Spectroscopy of miniSOG and HFn-
miniSOG. The absorbance spectra of 10 yM miniSOG, or HFn-
miniSOG in a final volume of 200 L S0 mM Tris (pH 8) were
measured by the CLARIOstar Plus plate reader (BMG LABTECH,
Germany).

4.6. Fluorescence Spectroscopy of miniSOG and HFn-
mMiniSOG. The fluorescence emission intensity (Ao /dem = 485/520
nm) of 10 M HFn, miniSOG or HFn-miniSOG in a final volume of
2 mL S0 mM Tris (pH 8) was measured using Duetta fluorescence
spectrometer (HORIBA Scientific) using a quartz cuvette with 1 cm
path length.

4.7. Dynamic Light Scattering (DLS) Analyses. Purified
protein samples were diluted to final concentrations of 0.5 mg/mL
in PBS buffer, filtered through Minisart syringe filters, poly(ether
sulfone), pore size 0.22 ym, nonsterile (Sartorius Inc.), and analyzed
with the DynaPro NanoStar (Wyatt Technology Ltd.) at 25 °C in 1
mL disposable polystyrene cuvettes. Measurements were performed in
triplicates. Size distributions derived from intensity distributions were
presented.

4.8. Field Emission Gun Transmission Electron Microscope
(FEG-TEM) Analyses. Purified HFn or HFn-miniSOG protein
samples were diluted to final concentrations of 50—7S ug/mL in
PBS buffer. The HFn or HFn-miniSOG proteins, after blue light
treatment for 10 min, were prepared with a concentration of 100 ug/
mL. Glow discharge of the Formvar/Carbon Supported Copper
Grids, size 400 mesh (Sigma-Aldrich), was performed with Emitech
K100X (Quorum Technologies Ltd.) at 25 mA for 30 s. Five uL of
each sample were deposited onto the glow-discharged grids and
incubated for 90 s. Excess solution was then wicked away with filter
papers. Grids were then rinsed thrice with S yL of ddH20, with the
solution wicked away immediately. Grids were stained with S yL of
aqueous, freshly filtered 1% uranyl acetate for 1 min, with the solution
then wicked away, and air-dried in a desiccator. Images were collected
with the FEI Tecnai G2F20 Super TWIN FEG-TEM at an
accelerating voltage of 120 kV.

4.9.'0, Detection. 'O, generation was measured in each protein
solution containing the fluorescent probe SOSG according to the
manufacturer’s protocol (Invitrogen, USA). Each sample solution
contained 10 uM SOSG and 10 M HFn, HFn-miniSOG, or
miniSOG in 200 uL of SO mM Tris (pH 8). Every mixture was
irradiated by blue light for different time periods. At each time point,
the fluorescence signal from SOSG-EP (A,/A., = 504/52S nm) in
every sample was measured CLARIOstar Plus plate reader (BMG
LABTECH, Germany).

4.10. '0, Quantum Yield Measurements. Indirect measure-
ment of 'O, was performed using uric acid (UA) as a chemical probe.
The absorption spectra of a sample solution containing 50 yuM UA
and 2.5 uM FMN, miniSOG, or HFn-miniSOG in a total volume of 2
mL were measured on a UV—vis spectrophotometer (Shimadzu/UV-
1900i). The absorbances of UA at 292 and 315 nm were measured
every 2.5 min of the irradiation time course experiment of 20 min.
Upon the reaction with 'O,, UA forms a hydroperoxide intermediate
resulting the decreasing of absorbance at 292 nm. Consequently, the
absorbance at 292 nm decreases following biexponential kinetics.
Since the breakdown of the hydroperoxide intermediate does not rely
on oxygen, the initial decay rate (k,) solely represents the interaction
with '0,. Additionally, this reaction can be observed at 315 nm,
where the formation of the intermediate (k;) is indicated by an

increase in absorbance. The singlet oxygen quantum yield (@} le)
was calculated using FMN in UA as a reference ( (sz = 0.32).
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4.11. In Vitro Cytotoxicity and Phototoxicity. HelLa and
HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS and 1% penicillin-
streptomycin at 37 °C in a 5% CO,-containing humidified incubator.
For in vitro cytotoxicity and phototoxicity studies, HeLa or HepG2
cells were seeded into a 96-well microplate with about 5.0 X 10° cells
per well, followed by incubation at 37 °C for 24 h. First, the effect of
laser irradiation on cell viability was investigated by exposing cells to a
450 nm blue laser for 10 min. To evaluate the cytotoxicity of every
protein, cells were incubated with different concentrations (0, 1.25,
2.5, 5.0, and 10.0 pM) of miniSOG or HFn-miniSOG at 37 °C in the
dark for 6 and 24 h. To evaluate phototoxicity, every cell culture in
the cytotoxicity experiments was irradiated by a blue lamp for 10 min.

To quantify cell viability, the cells in each well were washed once
with PBS to remove noninternalized protein, and then fresh growth
medium was added. The cells were cultivated for another 24 h, and
cell viability was finally determined by using the 3-(4,5-dimethylth-
iazol-2-y1)-2,S-diphenyltetrazolium bromide (MTT) cell viability
assay (Invitrogen, USA) according to the manufacturer’s protocol.

4.12. Intracellular '0, Generation Detection. To visualize
intracellular 'O, generation in vitro, HepG2 cells were seeded on 2
sets of eight-well chambered cover glass (Nunc Lab-Tek II Chamber
Slide) and incubated at 37 °C under 5% CO, for 24 h. After that, the
cultured mediums were replaced with fresh growth mediums
containing 10 M HFn-miniSOG or miniSOG followed by another
6 h incubation. Then, the cells were washed with PBS three times,
followed by adding 20 #M SOSG for 2 h incubation. Then the cells
were washed with PBS three times, followed by adding fresh culture
medium. Finally, each sample was irradiated by a blue light lamp for
10 min. The nonirradiated set was used as a control.

After irradiation, the cells were incubated at 37 °C under 5% CO,
for 20 min. Then the medium was replaced with the medium
containing 1.0 yM Hoechst 33342 (Thermo Fisher Scientific),
followed by incubation in the dark until performing fluorescence
observation. Laser scanning confocal microscopy (LSCM) with a 60X
oil immersion objective lens (Nikon A1Rsi) was used to observe
fluorescence products. Hoechst 33342 was excited at 405 nm, while
SOSG was detected using a 488 nm excitation laser.

4.13. Apoptosis Detection by Flow Cytometry. HepG2 cells
were seeded into six-well cell culture plates with about 5 X 10° cells/
well and incubated at 37 °C under 5% CO, for 24 h. After that, the
medium was removed, and the solution containing HFn-miniSOG or
miniSOG in DMEM was added to make the final concentrations of §
and 10 M. After incubation for 6 h, the culture medium was replaced
with DMEM, followed by overnight incubation. After that, the cells
were harvested and washed with cold PBS three times. Then, the cells
were resuspended in 0.5 mL of 1X Annexin binding buffer (Thermo
Fisher Scientific from Tali Apoptosis Kit), followed by adding 25 uL
of Annexin V fluorescein conjugate (Annexin V Alexa Fluor TM 488,
Thermo Fisher Scientific). After the solution was incubated at room
temperature for 15 min, 0.5 yL of 1 mg/mL Propidium iodide (PI,
Thermo Fisher Scientific) was added. Finally, the cells were analyzed
by flow cytometry using an Attune NxT Flow Cytometer (Thermo
Fisher Scientific).

4.14. Statistical Analysis. Statistical analyses were performed
using GraphPad Prism 8.0 (GraphPad Software, Inc.). The results
(presented as the mean + SD) were calculated from three
independent experiments. The one-way and two-way ANOVAs,
followed by Tukey’s correction, were used to compare multiple data
sets. Image] was used to quantify corrected total cell fluorescence
data, which was represented as mean + SD. p < 0.05 was considered
significant.
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