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ABSTRACT.

Near-infrared (NIR) photosensitizers have great potential to develop various fields of
photochemistry, such as photodynamic therapy (PDT) and photocatalysts. Organelle-targeted
PDT using NIR light attracts considerable attention to high-efficiency phototherapy. Although
drug delivery system (DDS) carriers are often combined with NIR photosensitizers for effective
PDT, the systematic correlations between the cargo and DDS carriers are still unclear. In this
study, we develop NIR-photosensitizers from a n-extended porphyrin-type sensitizer (rTPA)
that allows us to modify the structure and properties with a one-touch operation for the
systematic study. Single-step amidations give five rTPA derivatives readily, facilitating
comprehensive information about the properties according to their molecular structure and
electric charge of the photosensitizer and DDS carriers prepared using a microfluidic device.
One of the combinations, rTPA-NH@MP, demonstrates the highest ability among the
derivatives to kill pancreatic cancer cells, which are known to be highly lethal. The present
study provides a guideline for inventing effective DDS-based NIR-PDT compounds for future
photodrugs.
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Introduction.

Near-infrared (NIR) photosensitizers have great potential to revolutionize the field of
photochemistry. These molecules can absorb NIR light and transfer the absorbed energy to
neighboring molecules, offering reactive oxygen species such as singlet oxygen ('0,) for
photodynamic therapy or excited state species for photocatalytic reactions [1,2]. While various
photosensitizers absorb ultraviolet and visible lights, NIR light is selectively absorbed by
specific molecules, thus minimizing side effects and reactions while achieving the desired
effects [3]. Therefore, there is a great need to develop high-performance NIR photosensitizers
to open up new possibilities in the fields of photocatalysis, photon upconversion, and PDT [4—
6].

PDT of cancers can selectively destroy tumor cells, vasculature, and tissues with 'O, [1,2,7—
9]. This makes PDT more advantageous than conventional treatments such as surgery,
chemotherapy, and radiotherapy. Especially, organelle-targeted PDT using NIR-light has
gathered tremendous attention for developing highly efficient phototherapeutic methods [6,10—
12]. Successful targeting of the essential organelle in tumor cells would achieve therapeutic
effects with low chemical/light doses and avoid undesired side effects. In this context, several
research groups, including ours, have recently developed mitochondria-targeting
photosensitizers that absorb NIR light [1]. The sensitizer consisting of a n-extended porphyrin-
type sensitizer, rTPA, and a mitochondrial-targeting career, MITO-Porter [13], demonstrated
more than one-order effective photoactivated cancer-killing ability than approved PDT drugs,
such as Photophryin [14,15].

Drug delivery system (DDS) nanocarriers enable us to flexibly design and develop photo-
drugs for various purposes, including organelle-targeted PDT. However, a growing consensus
is that the good performance of drugs in DDS emerges from optimizing the interaction between
the DDS carrier and cargo [16,17]. The physical properties of the cargo may change or collapse



the carriers. In particular, the effect of encapsulant charge is important and provides valuable
guidelines for the development of DDS-based drug compounds. Thus, developing
photosensitizers that fit the corresponding DDS carriers is essential for effective PDT.
Nevertheless, a limited number of reports revealed the systematic correlations between the
cargo and DDS nanocarriers. One reason is the scarily of photosensitizer molecules that can
change their structure and properties with a one-touch operation. In this regard, rTPA enables
us to readily modify its structure and property because of two accessible carboxylic moieties
(Scheme 1).

For DDS-based drug production, microfluidic devices are becoming a standard method in
the industrialization of DDS-nanocarrier because they can produce DDS-carrier with precision
and reproducibility [18,19]. However, there are very few examples of the inclusion of
amphiphilic and hydrophobic molecules used for nanocarrier preparation by the device. To the
best of our knowledge, there was no report on the encapsulation of porphyrin-based molecules
into DDS-nanocarrier using microfluidic devices, except ours [17].

In this study, we developed the conjugates of NIR-photosensitizers/DDS-nanocarrier, in
which rTPA is the core structure to create effective organelle-targeted PDT reagents. A one-
step amidation on rTPA affords a variety of derivatives. The novel rTPA derivatives
demonstrate unique properties associated with their charge and molecular structure in an
aqueous solution. Three of the molecules, rTPA, rTPA-NH, and rTPA-OH, demonstrate
suitability as a DDS-cargo and systematic correlations between the cargo and DDS carrier to
invent more effective and promising DDS-based PDT compounds for photodynamic therapy.
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targeting using a drug delivery carrier, MITO-Porter.

RESULTS AND DISCUSSIONS
The original rTPA motif has two carboxylic groups, which enable us to one-touch chemical
modification of the molecule by an amido-condensation (Scheme 1). We expanded the structure



of rTPA by five different chains respectively for the following three expectations; (i)
introducing terminal OH or NH; group to change the net charge of the molecule and be cationic
(rTPA-NH>) or neutral (rTPA-OH); (ii) introducing ethylene glycol chains to enhance the
hydrophilicity of the molecule for better solubility in aqueous solvents (rTPA-EGOH and
rTPA-EGNH,). (iii) an additional amino group of rTPA-DETA from rTPA-NH; to increase
the cell-penetration ability due to the cationic moiety. These compounds were synthesized by
one-step reactions from the original rTPA and the corresponding amines by the amido-
condensation reactions using DMT-MM as the coupling reagent, followed by a facile
purification process, such as single precipitation (see the supporting information for the details).
The products were characterized by spectroscopic methods, including NMR and high-
resolution ESI-mass spectroscopies.
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Fig 1. (a, c, ¢) Absorption and (b, d, f) fluorescence spectra of 2.5 uM of (a and b) rTPA, (¢
and d) rTPA-NH;, and (e and f) rTPA-OH in DMSO. WLc: 460 nm (red), WLex:690 nm
(blue).
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First, we examined the photophysical properties of rTPA, rTPA-NH;, and rTPA-OH. In
their absorption spectra measured in DMSO (Figs. 1a, 1c and le), characteristic bands were
observed around 700 nm as a Q-band and the Soret band around 480 nm (Table 1). These peak
wavelengths are nearly identical, indicating that the chemical modification of the two carboxyl
groups has little effect on the optical absorption properties. The density functional theory (DFT)
calculations on the rTPA derivatives support this fact (Fig. 2). The calculations showed that the
HOMO and LUMO are delocalized similarly in the original rTPA and its derivatives.
Molecular long-axis direction plays the primary role in the electron transition to the lowest
excited state (from HOMO to LUMO). In contrast, there is almost no contribution from the
short-axis direction containing aromatic rings neighboring the carboxylic acid parts, verifying
the insusceptibility of the optical absorption to the chemical modification. The HOMO-LUMO



energy gaps of rTPA, rTPA-NH;, and rTPA-OH are identical (-2.01 eV) (Fig. 2), supporting
the similar absorption peak wavelengths of each compound. These results confirmed that the
introduction of electropositive or electronegative substituents to rTPA does not affect the
optical absorption properties for rTPA-NH;, and rTPA-OH, as well as the other derivatives
rTPA-EGOH, rTPA-EGNH;, and rTPA-DETA (Fig. S1).

Table 1. Absorption and fluorescence data of the rTPA derivatives in DMSO.

Compound Peak WLq-band | Peak WLsoret | €480 nm £700 nm Opr
/ nm / nm /10°Mcm  /10*Mcm

rTPA 707 481 1.71 8.16 0.086“
rTPA-NH: 705 484 1.62 8.28 0.039?
rTPA-OH 707 485 1.35 6.76 0.045°
rTPA-EGNH: 705 481 1.63 8.36 0.035°
rTPA-EGOH 708 482 1.65 8.24 0.035%
rTPA-DETA 705 481 1.63 8.36 0.051%

a. Determined by the absolute method using an integral sphere. . Determined by the relative
method where rTPA is the standard.
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Fig. 2. (Left-top) DFT-optimized structures, (right-top) energy levels of the frontier molecular
orbitals (solid line: HOMO, dashed line: LUMO), and (bottom) HOMO and LUMO
distributions of (a) rTPA, (b) rTPA-NH; and (c) rTPA-OH, calculated at the UB3LYP/6-
31G(d) [for C, H, N, O], 6-31+G(d) [for N, O], LANL2DZ [Zn] level of theory.

Meanwhile, a difference was seen in the fluorescence intensities and the photoluminescence
quantum yield (PLQY). rTPA-NH; and rTPA-OH showed smaller PLQY (0.039 and 0.045)
compared to rTPA (0.086) (Figs. 1b, 1d, and 1f, and Table 1). This result suggests that the
probability of pathways other than the radiative pathway from the singlet excited state is higher
in rTPA-NH; and rTPA-OH than rTPA. Their lifetimes of the triplet excited state were
determined by nanosecond-transient absorption measurements. rTPA-NH; showed a longer
lifetime (48.7 ps) than rTPA (40.4 ps) (Fig. S2), which suggests the greater contribution of the
triplet state. rTPA-OH showed the shortest lifetime, which may be due to the aggregation of



the compound, discussed in the following section with the dynamic light scattering (DLS)
measurements. The DFT calculations predict no large difference in the transition dipole
moments or oscillator strength. Meanwhile, the smaller energy gaps between the singlet and
triplet excited states in rTPA-NH, and rTPA-OH (0.37 and 0.38 ¢V) (Fig. S3) favored the
intersystem crossing [20] than rTPA (0.42 eV). These results support the difference in the
fluorescence intensities, among rTPA, rTPA-NH;, and rTPA-OH. Therefore, it was indicated
that the chemical modification of the COOH group in rTPA forming the amido-bonds may
change the probability of the intersystem crossing and influence the PLQY.

Similar trends in absorption and fluorescence spectra were observed in rTPA-EGOH,
rTPA-EGNH;, and rTPA-DETA (Fig. S1). No drastic changes were seen in the absorption
and fluorescence spectral peaks by the chemical modifications. These results also verify that
the extension of the carboxylic acid terminus of rTPA does not affect its optical absorption.

In contrast, remarkable differences were observed in the particle sizes in an aqueous
solution. The DLS measurements demonstrated a moderate particle size of rTPA (16.0 nm)
(Table 2 and Fig. S4). rTPA forms the assembly because rTPA possesses an amphiphilic
nature originating from the large hydrophobic region of the molecule and two hydrophilic
moieties, the carboxylic acid groups. Its small PDI (<0.1) indicates that the particles are almost
mono-dispersed with the formation of stable particles in the aqueous solution. The side-chain
chemical modifications led to either increase or decrease in the hydrodynamic sizes. rTPA-
NH; shows a smaller particle size (11.7 nm) than rTPA, suggesting the stabilization due to the
amino groups on the assembly in the aqueous solution. Remarkably, rTPA-OH presents a large
particle size (>3000 nm) and PDI (0.982), indicating that the compound forms random
assemblies. The assemblies would have dynamic structures in which the OH groups
demonstrate intermolecular interaction with the solvent molecules and the other porphyrin
molecules, especially with their zinc atoms [21]. This assumption is supported by the fact that
rTPA-OH did not show remarkably visible precipitates and light scattering in the absorption
spectra. The introduction of ethylene glycol chains in rTPA-EGOH, rTPA-EGNH;, or the
extension with additional aminoalkyl groups in rTPA-DETA increased the particle sizes from
the original rTPA. These results suggest that the longer chain structures would increase the
hydrodynamic size of the assemblies to balance with the aqueous solution.

Their partition coefficients were determined in 1-octanol/water (Table 2, Fig. S5) to confirm
the amphiphilicity of the compounds. The coefficients (logPow) of the compounds did not
indicate largely different amphiphilicity, except rTPA-OH. rTPA-DETA demonstrated the
lowest values (logPow = 0.09), indicating its balanced amphiphilicity. rTPA-NH; showed a
moderate value (0.40), and the introduction of ethylene glycol chains tends to increase the
hydrophobicity in the present cases of rTPA-EGNH; and rTPA-EGOH (0.53 and 0.60). The
amidation of rTPA decreased the hydrophobicity because rTPA showed the highest value
(0.90). The value of rTPA-OH could not be determined due to its unstable properties forming
precipitates in unbuffered water. The different amphiphilicities of the compounds may explain
their different behaviors in the solution and in the lipid-based nanoparticles, as mentioned later.
These differences may affect molecular functionality, such as the photosensitizing ability.

Table 2. Data of dynamic light scattering (DLS) in 10 mM HEPES buffered aqueous solution
and partition coefficients.



compound Ave. particle Polydispersity index Partition coefficients

size / nm (PDI) (log Pow)
rTPA 16.0+6.4 0.089 0.90
rTPA-NH: 11.7+£3.1 0.102 0.40
rTPA-OH >3000 0.982 n/a
rTPA-EGNH: 31.0+23.5 0.338 0.53
rTPA-EGOH 90.2+15.2 0.173 0.60
rTPA-DETA 293+8.2 0.085 0.09

!0, generation abilities of the rTPA derivatives were examined under 700 nm and 480 nm
illumination in the presence of a 'O»-detecting reagent, SOSG (Figs. 3 and S6-8) [22]. rTPA-
NH; showed the best ability to generate 'O, with the highest photostability without showing
remarkable photobleach among the compounds (Figs. 3a, 3b and 3d). In contrast, rTPA-OH
decreased its absorbance remarkably with illumination (Fig. 3e). Precipitation was also
observed, indicating the instability of rTPA-OH. Because rTPA-EGOH exhibits much better
photostability than rTPA-OH (Fig. 3b), the ethylene glycol chains linked to the OH group may
increase solubility and inhibit precipitation [21]. The other derivatives, rTPA-EGNH, and
rTPA-DETA, also showed moderate 'O, generation abilities, although less than rTPA-NHS,.
The best performance of rTPA-NH; is consistent with its long triplet excited state lifetime
observed in the transient absorption measurements, as mentioned above (Fig. S2). The quantum
yield of the 'O, generation of rTPA-NH,, (®,) is estimated to be 23 % by comparing the
fluorescence increase of SOSG with the original rTPA (®a =19 %) [14,22].
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Fig. 3. (a) Fluorescence of SOSG, indicating 'O, generation, and (b) the normalized
absorbances at 700 nm of the rTPA derivatives under the illumination. The change of absorption
spectra of (c) rTPA, (d) rTPA-NH;, and (¢) rTPA-OH under illumination. 4#v: A xenon lamp
with a band-pass filter (700 + 10 nm, 20 mW / cm?).

To investigate the molecular effects on living cells, we focused on rTPA-NH;, which
showed the best 'O, generation ability solely, accompanied by rTPA and rTPA-OH. These
three molecules are suitable for comparing their difference in electric charges, which are
negative (rTPA), positive (rTPA-NHz), and nearly neutral (rTPA-OH), as indicated by their
zeta potentials in water (Fig. S9; rTPA: -44.3+ 4.6 mV, rTPA-NH;: 13.2+3.8 mV, and rTPA-
OH: -8.1 £5.1 mV). Localizations of the compounds 15 min after administration were observed
using PCI55 cells derived from pancreatic cancer expressing the green fluorescent protein
(GFP) [23]. The fluorescence in the 500-540 nm range is from GFP, and 700-720 nm is from
rTPA, rTPA-NH;, and rTPA-OH. The observed images demonstrated the attachment of
rTPA, rTPA-NH,, and rTPA-OH on the cell membrane. It was also found that rTPA-OH
formed large aggregates, consistent with the observed large-size particles in the DLS
measurements mentioned above. A small extension of the side chains in rTPA-DETA was
found not to be effective in penetrating the membrane (Fig. S10) even though rTPA-DETA
possesses more cationic nature preferable to attach and penetrate the cell membrane [24].
Therefore the rTPA derivatives in the present study do not penetrate the cell membrane and
locate mainly on/in the membrane. This feature is advantageous for selectively targeting
membrane proteins or lipids for photosensitization for cell membrane controls [25]. However,
it is not preferable for organelle targeting.

The obtained results of the membrane localization emphasize the necessity of using the
DDS system for molecules with large hydrophobic parts, such as the rTPA derivatives.
Therefore, rTPA, rTPA-NH,, and rTPA-OH were incorporated with the mitochondria-
targeting DDS carrier, MITO-Porter [13], for an effective organelle-targeted strategy. The



three compounds were selected because they enabled the comprehensive study by avoiding
complex factors that were seen in the DLS measurements caused by the ethylene glycol chains
or aminoalkyl chains. The encapsulations were achieved using a microfluidic system, which
guarantees the generation of the DDS carrier with consistent quality [17]. Noteworthy, the
rTPA derivatives could be encapsulated successfully in MITO-Porter without interference
from the electric charge of the encapsulants and were typically at about 0.5 mol% relative to
the lipid components of MITO-Porter. DLS measurements verified that the total particle sizes
of the rTPA derivatives in MITO-Porter (rTPAs@MP) were comparable between rTPA and
rTPA-NH; (62 and 66 nm), which suggested a small influence from the structure of the
negatively or positively charged rTPA derivatives (Table 3 and Fig. S11). Noteworthy, rTPA-
OH was also stably incorporated MITO-Porter with the help of the lipid molecules consisting
of MITO-Porter although the particle size (81 nm) is larger than rTPA@MP and rTPA-
NH:@MP. Zeta-potentials of empty MITO-Porter, rTPA@MP, rTPA-NH,@MP, and
rTPA-OH@MP were almost identical (19-21 mV). This result indicates that the charge of the
encapsulated rTPA derivatives has a small effect on the surface charge of MITO-Porter .
rTPA, rTPA-NH;, and rTPA-OH would mainly locate “inside” the carrier, which is distant
from the surface, and they did not change the zeta potentials. Absorption and PL spectra
confirmed that the characteristic absorption bands and fluorescence properties of rTPAs in
MITO-Porter are comparable to those without MITO-Porter (Fig. S12), indicating the
photoactive property maintained in MITO-Porter.

Table 3. Data of DLS and zeta potentials of rTPAs@MP

compound Ave. particle size Polydispersity Zeta (C) potential compound:lipid
/nm index (PDI) /mV ratio / %
rTPA@MP 62.0+£5.8 0.181 18+2.5 0.46
rTPA-NH:@MP 66.0+ 3.8 0.149 21+£2.0 0.51
rTPA-OH@MP 81.0+11.0 0.218 19+1.5 0.53

MITO-Porter 62.0+£42 0.167 18+4.2 -
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Fig. 4. Confocal laser microscope images of PCI55 cells with (a) rTPA@MP, (b) rTPA-
NH:@MP, and (c) rTPA-OH@MP. (Top) Merged images with a bright field image, (middle)
rTPA derivatives, and (bottom) MitoBright LT Green.

Confocal laser microscopic observations verified that the rTPA enveloped in the MITO-
Porter system were successfully internalized into the cells and mostly localized in
mitochondria (Fig. 4). This result and the particle properties (i.e., sizes and zeta potentials)
indicate that the difference among rTPA@MP, rTPA-NH,@MP, and rTPA-OH@MP would
not change the transporting properties of MITO-Porter. Then, the photoinduced cancer-killing
ability was tested for rTPA@MP, rTPA-NH@MP, and rTPA-OH@MP with and without
MITO-Porter. The target cancer cells were PCI-55 cells derived from pancreatic cancer.
Pancreatic cancer cells have recently gathered much attention in cancer therapy because of their
aggressive nature and the low survival rate of the patients [26]. Noteworthy, all rTPA@MP,
rTPA-NH;@MP, and rTPA-OH@MP demonstrated significant cancer-killing effects on
PCI-55 cells. rTPA-NH@MP showed the highest cancer-killing ability (Fig. 5), which is
slightly higher than rTPA@MP. As rTPA@MP demonstrated more than a one-order higher
effect than an approved photo-drug, Photophryin [14,15], rTPA-NH@MP was also concluded
to be effective and promising for NIR-light mediated cancer phototherapeutic reagents.
Moreover, our result indicates that the positive charge of the encapsulant would be essential for
it to be a superior mitochondria-targeted NIR-PDT agent for nanocarriers, such as MITO-
Porter. Generally, positively charged molecules favor staying in mitochondria, which are
charged negatively [27]. As rTPA-NH@MP demonstrated the highest Mander’s coefficients
(Fig. S13), indicating the highest co-localization efficiency of rTPA-NH; and mitochondria,
the positively charged feature may increase the affinity of the PDT agent delivered by the DDS
carrier to the mitochondria and efficiently impart the PDT effect.
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and ***p<0.001 compared with the negative control.

Conclusion

In this research, the two carboxylic moieties in the original rTPA were chemically modified,
and the influence of the derivatization on the rTPA core was systematically investigated. The
rTPA derivatives exhibited absorption spectra similar to the original rTPA, indicating that the
chemical modifications do not significantly affect the intrinsic m-conjugated structure and
photophysical properties of rTPA. DFT calculations confirmed the photophysical similarities
among the derivatives and the original rTPA. Among them, rTPA-NH, showed the best 'O,
generation ability with excellent photostability. The confocal laser microscope observations
demonstrate the localization of rTPA and its derivatives predominantly on the periphery of
cells. Using a mitochondria-targeted DDS carrier, MITO-Porter, dramatically improved the
cellular uptakes of rTPA, rTPA-NH;, and rTPA-OH. The present study clarified that
relatively lipid-soluble molecules with electric charges, such as rTPA and rTPA-NH;, do not
significantly alter the size or surface charge of DDS carriers with a high lipid composition, such
as MITO-Porter, and do not affect their DDS ability. In such cases, the singlet generation
ability of the photosensitizer part is essential for the cancer-killing effect. The optimized choice
of cargo and carrier is important for excellent performance in organelle-targeted PDT. rTPA-
NH:@MP showed a significant cancer-killing effect on pancreatic cancer cells. These findings
provided a guideline for the future development of effective DDS-based photofunctional
compounds.
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