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Most photodynamic therapies (PDT) rely on reactive oxygen species (ROS) produced by type Il mecha-
nisms. However, since the production of type I ROS is not limited by oxygen content, making it more
favorable for antimicrobial phototherapy in complex microenvironments. Herein, we report a substituent
cationization design strategy that not only improves the hydrophilicity of the prepared phthalocyanine
molecule, but also promotes the electron transfer process in the photosensitizer, resulting in the strong
type I photodynamic effect of the phthalocyanine self-assembled photosensitizer to efficiently generate
0, under both normal and hypoxic conditions. This in combination with its excellent bacteria recogni-
tion capability derived from the cationic part on its surface and intrinsic photothermal therapy effect of
the phthalocyanine macrocycle endows the phthalocyanine self-assembled photosensitizer with excellent
phototherapeutic antimicrobial properties in preclinical models, effectively promoting the wound healing

Antibacterial therapy

process. This work provides a promising strategy for designing efficient multi-mode photosensitizers.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, diseases caused by bacterial infections have in-
creased rapidly, seriously endangering human life and safety [1].
Although antibiotics have been revealed to be able to effectively
fight bacterial infection, the abuse of antibiotics often leads to the
emergence of bacterial resistance [2,3]. Therefore, it is of great
significance to develop new antimicrobial treatments [4-6]. Pho-
totherapy particularly photodynamic therapy (PDT) has attracted
increasing attention as a promising new antimicrobial therapy
[7,8].

The bactericidal mechanism of PDT is caused by reactive oxy-
gen species (ROS) produced after the photosensitizer is irradiated
[9]. After illumination, photosensitizers can produce type I ROS by
electron transfer, such as hydroxyl radicals (HO*) and superoxide
radicals (0,") [10,11], or type II ROS by energy transfer, such as
singlet oxygen (10,) [12,13]. While type II ROS needs to be formed
in an oxygen-rich environment to play an effective curative effect,
type I PDT is less oxygen-dependent and in turn shows better an-
timicrobial universality in a variety of different physiological mi-
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croenvironments [14]. Therefore, the design and development of
type I PDT photosensitizers have great application potential in an-
timicrobial therapy.

Phthalocyanine has wide application prospects in the field of
phototherapy because of its excellent photochemical properties,
strong photostability, and easy chemical modification [15,16].
Among this series of compounds, silicon(IV) phthalocyanine is
a promising second-generation photosensitizer, among which
Pc4 and RM-1929 have entered clinical trials [17,18]. However,
silicon(IV) phthalocyanine usually produces '0, by type II mecha-
nisms [19,20], while the production of O,* by type I mechanisms
has been less reported [21,22]. Moreover, owing to its hydropho-
bicity and strong 7-m interaction, phthalocyanine easily aggregates
in water, which affects the occurrence of its photoreaction. To ad-
dress these issues, Lin et al. used metal-organic framework loaded
with zinc phthalocyanine photosensitizer to enhance its 10, pro-
duction [23]. Li et al. reported that morpholine-containing silicon
phthalocyanines exhibited a type I mechanism after assembly
with albumin [21]. Duan et al. reported that the Schottky junction
nanozyme based on Mn-bridged Co-phthalocyanines and TizC,Tx
nanosheets showed type I and II photosensitization [24]. How-
ever, the addition of disperse matrix will increase the ineffective
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Fig. 1. (a) The structure of 2 and its self-assembly to form NP2. (b) Mechanism of
type I PDT and PTT effects. (c) Bacterial infected wound model of mice.

components in the photosensitizer. Li and coworkers modified
2,4,6-tris-(N,N-dimethylaminomethyl)phenoxy and perphenazine
onto phthalocyanine respectively to form amphiphilic structures
and then self-assemble into nanoparticles, which demonstrated
effective type I PDT [22,25]. This indicates that phthalocyanine
can be transformed from type II to type I PDT effect by structural
modification. Inspired by these previous research results, we
attempt to further modify the physical and chemical properties
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of silicon(IV) phthalocyanine with morpholine. The N element in
morpholine structure can be cationized to form cationic groups,
which can enhance its water solubility. At the same time, cationic
groups are strong electron acceptors, which facilitate the process
of intramolecular charge separation and transfer, resulting in the
generation of free radicals by electron transfer between the excited
state photosensitioner and the surrounding substrate [26,27].
Here, we designed and synthesized axially substituted bis[3-(N-
morpholinyl)propoxy]phthalocyaninato silicon (1), and then cation-
ized N on the morpholine groups to obtain bis[(3-(N-methyl-
N-morpholinyl)propoxy]|phthalocyaninato silicon(IV) diiodide (2,
Fig. 1a). The cationized 3-(N-methyl-N-morpholinyl)propoxy sub-
stituent makes 2 a typical amphiphilic molecule, which is con-
ducive to its self-assembly into spherical nanoparticles (NP2,
Fig. 1a) with a uniform particle size distribution of 15nm. In par-
ticular, the strong electron acceptor nature of the cationic sub-
stituents in 2 effectively promotes the charge separation and trans-
fer process of NP2, facilitating the generation of type I ROS and in
turn the effective type I PDT effect. This in combination with its
excellent bacteria recognition capability derived from the cationic
part on its surface and intrinsic photothermal therapy (PTT) effect
of the phthalocyanine macrocycle endows NP2 with excellent pho-
totherapeutic antimicrobial properties in preclinical models, effec-
tively promoting the wound healing process (Figs. 1b and c).
Axially substituted morpholine groups of silicon(IV) phthalocya-
nine (1, Fig. S1 in Supporting information) was designed and syn-
thesized, and corresponding cationized derivative (2, Fig. S1) was
obtained. Their synthesis and characterization (Figs. S2-S4 in Sup-
porting information) are provided in Supporting information. 1 and
2 were self-assembled in water to form nanoparticles NP1 and
NP2, respectively (Fig. 2a). It can be seen from the transmission
electron microscopy (TEM) images that NP1 is a spherical parti-
cle with an uneven size of 100-200 nm, while NP2 is a uniformly
dispersed spherical particle with a diameter of about 16 nm. The
results of dynamic light scattering (DLS) are also consistent with
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Fig. 2. (a) The preparation process of NP1 and NP2 and their morphology determined by TEM. (b) Images of 1 and 2 in DMSO and NP1 and NP2 (both at 1 umol/L) in water
for different times. (c) Absorption and (d) fluorescence spectra (lex =630nm) of 1, 2, NP1, and NP2 (1 umol/L) in water and DMSO. (e) Zeta potentials of NP1 and NP2.
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Fig. 3. ROS generation of (a) NP1 and (b) NP2 in water with light irradiation. O,
generation of (c) NP1 and (d) NP2 in water with light irradiation. (e) O, generation
of NP1, NP2, and MB after irradiation detected by DHE. (f) O, generation of NP1,
NP2, and MB upon irradiation (20 min) under normal and hypoxic conditions. All
the irradiation is 660nm, 0.5W/cm?2. Water as a control. All concentrations were
1 pmol/L.

those of SEM images (Fig. 2a). Due to the strong hydrophobicity
of 1, NP1 is unstable and begins to aggregate and precipitate af-
ter 3h (Fig. 2b). After morpholinyl cationization, 2 forms a typ-
ical amphiphilic structure, leading to the formation of the stable
nano-system NP2. Fig. 2c shows that the UV-vis spectra of 1 and
2 as well as NP1 and NP2. Both 1 and 2 exhibit a sharp Q-band
at 680nm. In contrast, the Q-bands of NP1 and NP2 are signifi-
cantly reduced. Similarly, the fluorescence of NP1 and NP2 is also
significantly quenched with respect to 1 and 2, which is due to
the aggregation of molecules. The fluorescence intensity of NP2 de-
creased by 5.6-fold compared with that of 2, thus we may con-
clude that the charge separation and transfer is more effective in
NP2 compared with 2 (Fig. 2d). In addition, fluorescence lifetime
was measured with excitation at 365nm. The longer lifetime of
NP2 (t =4.87 ns) than that of NP1 (7 =4.46 ns), demonstrating the
better charge-separated state in NP2 (Fig. S5 in Supporting infor-
mation) [28]. Fig. 2e displays zeta potentials of NP1 and NP2. The
potential value of NP2 amount to +10.1 mV, much more positive
than that of NP1, —13.9 mV, attributed to the fact that the surface
of NP2 nanoparticles is covered with positively charged N-methyl-
N-morpholinyl. This is able to increase the recognition capability
of NP2 towards bacterial membranes during the antimicrobial pro-
cess, enhancing the antimicrobial effect of NP2 [29-31].

Using DCFH as a fluorescent probe, the total ROS generation
performance of NP1 and NP2 was investigated [32]. As shown in
Fig. 3a, under 660 nm illumination, the fluorescence emission peak
of DCFH in NP1 at 535nm was only slightly enhanced, indicating
that only a small amount of ROS was generated. This may be due
to the photoelectron transfer effect induced by the lone electron on
morpholinyl N of NP1, which inhibits the generation of ROS [26].
The fluorescence of DCFH in NP2 at 535nm was significantly en-
hanced with the illumination time, indicating that it can produce
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Fig. 4. (a) Temperature measurement of NP2 solutions with different concentra-
tions upon irradiation (0.5W/cm?2). (b) Temperature measurement of NP2 solution
(10 pmol/L) under different power density irradiation. (c¢) Temperature rise curve
of NP2 in 5 ON/OFF cycles. (d) Photothermal effect of NP2 upon irradiation. UV-vis
spectra of (e) NP2 and (f) ICG before and after irradiation (0.5W/cm?2) in H,0; illus-
tration showing photos before (left) and after (right) irradiation. All the irradiation
is 660 nm.

abundant ROS (Fig. 3b). Using MB as the reference, it was found
that the ROS generation rate after 7 min of illumination was NP2
> MB > NP1, and the ROS generation rate of NP2 was 1.12-fold
higher than that of MB (Figs. S6-S8 in Supporting information).

In order to confirm the type of ROS, DHE was used as a probe
to evaluate the generation capacity of O,* [22]. Compared with
NP1, NP2 showed stronger O, generation capacity (Figs. 3c and
d), consistent with the results of total ROS. Moreover, the O,* gen-
eration capacity of NP2 is 1.83-fold higher than that of MB (Fig. 3e,
Figs. S9 and S10 in Supporting information). Furthermore, the 0,
generation capacity of the nanoparticles was tested under hypoxic
conditions. As shown in Fig. 3f, under hypoxia conditions, the flu-
orescence intensity of NP2 did not significantly decrease compared
with that in normal condition, and the O, yield of NP2 is 1.91 and
13.20 times higher than those of MB and NP1, respectively. This re-
sult reveals that the ability of NP2 to generate O, under light ir-
radiation is independent of O, level, indicating excellent type I PDT
performance of NP2 under hypoxia environment. This is probably
due to the strong electron-withdrawing nature of the cationized
morpholinyl group in 2 is able to effectively promote the separa-
tion and transfer of charge between cationized morpholinyl group
and the phthalocyanine macrocycle in NP2, and thus greatly pro-
mote the formation of 0,™ [26,27].

In addition, the photothermal property of NP2 was also stud-
ied. As shown in Fig. 4a, the temperature of NP2 rises with the in-
crease of concentration under light irradiation. Among them, the
temperature of NP2 solution with a concentration of 50 pmol/L
is increased by about 30 °C, and the temperature change was
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Fig. 5. Photos and viability of (a, c¢) S. aureus and (b, d) E. coli treated with NP2. (e) SEM images of S. aureus and E. coli before and after treated with NP2. PDT (ice + light)
and PTT (VC + light) effect of NP2 on (f) S. aureus and (g) E. coli Error bars indicate mean + SD (n>3).

not obvious when water was used as the control. Fig. 4b shows
that the temperature of NP2 rises with the increase of irradiation
power under the same concentration, illustrating that the pho-
tothermal performance of NP2 is power-dependent. As shown in
Fig. 4c, the temperature variation range of NP2 did not change sig-
nificantly within 5 cycles, demonstrating that NP2 has good pho-
tothermal stability. According to the cooling curve (Fig. 4d), it is
calculated that the photothermal conversion efficiency () of NP2
under 660 nm illumination is 17.3% [33]. Next, the photostability
of NP2 was studied by UV-vis spectroscopy compared with ICG.
As shown in Figs. 4e and f, upon 660 nm light irradiation, the ab-
sorption peak of ICG gradually decreases, and the color of the so-
lution becomes obviously lighter. In addition, NP2 has no obvious
change after irradiation, indicating the good photostability of NP2.
These results reveal that NP2 has both type I photoreaction and
photothermal effects.

The antibacterial effects of NP1 and NP2 on Staphylococcus au-
reus (S. aureus) and Escherichia coli (E. coli) were studied. As shown
in Figs. 5a and b, NP2 shows no significant inhibitory activity
against the two bacteria in the absence of light. However, the in-
hibition of NP2 on the two bacteria is obviously concentration-
dependent under irradiation. At 100 nmol/L, the inhibition rate of
NP2 to S. aureus and E. coli reaches 100% and 96.5% (Figs. 5c and
d), respectively, showing a good antibacterial effect of photother-
apy. In contrast, the inhibition rates of NP1 with a concentration
of 100nmol/L on the two bacteria after irradiation are 52.1% and
27.0% (Figs. S11 and S12 in Supporting information), respectively,
indicating the inferior phototherapy antibacterial effect of NP1 to
NP2.

Moreover, the surface morphology of bacteria before and af-
ter NP2 treatment was observed by SEM [34]. As shown in Fig.
5e, S. aureus and E. coli in the blank group had intact cell mem-
branes and smooth membrane surfaces. After incubation of NP2
with two kinds of bacteria, the surface of the bacterial mem-
brane did not change significantly. After irradiation, the integrity

of the cell membrane of S. aureus was destroyed and the cyto-
plasm flowed out. Similarly, after irradiation, the cell membrane of
E. coli also appeared to be severely wrinkled and perforated, and
its rod-like structure was severely damaged. These results suggest
that NP2 kills bacteria by destroying their cell membranes under
phototoxic effects.

The mechanism of NP2 phototherapy was further investigated.
Vitamin C (VC) was used to inhibit the photodynamic antibacterial
effect of NP2 (Figs. 5f and g). Compared with NP2 + light group,
the antibacterial effect of NP2 + VC+ light group was significantly
decreased. When the concentration was 100 nmol/L, the inhibition
rate of S. aureus and E. coli was only 43.2% and 28.6%, respectively.
Meanwhile, the photothermal antibacterial action of NP2 was in-
hibited by ice bath (Figs. 5f and g). NP2 +ice + light group still had
a stronger antibacterial effect. At the concentration of 100 nmol/L,
the antibacterial rate of NP2 +ice +light group against S. aureus
and E. coli were 93.6% and 92.7%, respectively, which was only
slightly lower than that of the NP2 + light group. There results in-
dicate that PDT effect of NP2 plays a major role in antimicrobial
phototherapy.

The in vivo antibacterial action and wound healing ability of
NP2 were studied in an animal model infected by S. aureus in
mice (Fig. 6a), with streptomycin as the control (17.2 mmol/L) and
normal saline as the blank [35]. As shown in Figs. 6b and c, the
wounds of mice in the blank group were still obviously red and
swollen on the 11" day, and the healing rate was only 50.2%
(Fig. 6d). The NP2 +light group showed a similar healing ability
as the control group. The healing rate of wounds in both groups
reached 50% on the 6™ day. By the 11th day, the wound redness
and swelling subsided in the two groups, and the wound healing
rates were 91.6% and 94.5%, respectively (Fig. 6d). Moreover, sam-
ples were taken from the wound site during treatment to evaluate
the antimicrobial properties of NP2. As shown in Figs. 6e and f, on
days 3, 6, and 9, the residual amount of S. aureus CFU in the con-
trol group and the NP2 + light group was significantly lower than
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Fig. 6. (a) Schematic diagram of experiments in mice. (b) Photographs and (c) evolution of the wound during treatment. Scale bar =1 mm. (d) Quantitative analysis of wound
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that in the blank group (P < 0.05), indicating that NP2 can effec-
tively promote wound healing through its efficient antibacterial ac-
tion.

The inflammatory response and angiogenesis of NP2 during
wound healing were further investigated by histological analysis
of mouse wound sections (Fig. 6g). In the H&E staining, the blank
group showed a large number of neutrophils (yellow arrows) and
few new vessels (green arrows), indicating a severe inflammatory
response. In the Masson staining, the collagen fibers of the con-
trol group and NP2 + light group were significantly increased com-
pared with the blank group, indicating faster wound healing in
these two groups. In the TNF-¢ staining, inflammatory factors in
the NP2 +light group were significantly reduced compared with
the blank group and the control group (Fig. 6h), indicating a mild
inflammatory reaction and basically healing of the wound. In CD31
staining, the number of new vessels in NP2 + light was significantly
higher than that in the blank group and the control group, indi-
cating that the phototherapy with NP2 resulted in better wound
healing (Fig. 6i). The above results provide important evidence that
NP2 has excellent phototherapy antimicrobial properties and can
effectively promote the healing of infected wounds.

As shown in Fig. 7a, H&E staining analysis of mice organs
showed that there were no significant changes in the tissue sec-
tions of heart, liver, spleen, lung and kidney in the NP2 +light
group compared with the blank and control groups, indicating that
NP2 would not cause damage to mouse organs during treatment.
Moreover, as shown in Fig. 7b, the body weight of mice in the
NP2 + light group was almost the same as that in the control group
and the blank group during treatment, which also indicates that
NP2 had no effect on the health of mice. Moreover, as shown in
Figs. 7c and d, the hemolysis rate of red blood cells treated with
NP2 at a concentration of 1000 nmol/L was zero, indicating that
it had no hemolytic activity on red blood cells. In addition, the
cytotoxicity of NP2 to human embryonic kidney (HEK-293T) cells
was detected by CCK-8 assay. As shown in Fig. 7e, cells treated
with a higher concentration of NP2 (1000 nmol/L) still maintained
a higher viability (> 97%), indicating no actual cytotoxicity of NP2
to HEK-293T cells. All these results indicate that NP2 has good
biosafety.

In summary, a novel nano-photosensitizer, NP2, was devel-
oped by the simple self-assembly of silicon(IV) phthalocyanine ax-
ially substituted with cationized morpholinyl. NP2 can produce



W. Su, X. Luo, P. Li et al.

Chinese Chemical Letters 35 (2024) 109522

Kidney
a b
—— Blank i
) —— Control -
& ]
D —— NP2 + Light 2
=
2
2 30 W s
o &
] s
=2 Cf
bl
5o
9 |
0 4 8 2z 78
Time (d) I
4
c d €
100 WLNP2
=
Lo
< -
e -
-;’ 50 =
E 0.4
@ R
H S
@
0
H,0 NaCl 100 200 300 400 500 0 200 400 600 800 1000

Concentration (nmol/L)

Concentration (nmol/L)

Fig. 7. (a) H&E stained images of major organs of mice (n=3). (b) Body weight curves of mice during treatment. Error bars indicate mean + SD (n>8). (c) Image and (d)
hemolysis rate of NP2. Negative control: normal saline; Positive control: water. (e) Cell viability of HEK-293T cells incubated with NP2 for 24 h. Error bars indicate mean +

SD (n=3).

abundant O, through type I mechanism. This in combination with
its excellent bacteria recognition capability and intrinsic photother-
mal therapy effect endows NP2 with excellent phototherapeutic
antimicrobial properties. Animal experiments demonstrate the ex-
cellent antibacterial and wound healing effect as well as biosafety
of NP2 in preclinical models, indicating its great application po-
tential. This work realizes the transformation of phthalocyanine
from energy transfer to electron transfer by modifying cationic
substituents, which provides a reference strategy for the design of
type | photosensitizers.
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