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Amphiphilic di-cationic methylene blue for
improving antibacterial photodynamic efficiency
through high accumulation and low aggregation on
bacterial cell surfaces

Hao Zhang,+° Lixian Xu,1° Xiaoxiao Gu,® Dinghua Yu (*@ and Shuang Li®

The aggregation state of photosensitizers on the surface of bacterial cells is an important scientific problem
for antibacterial photodynamic therapy (APDT). High accumulation and high photoactive state maintenance
of photosensitizers are the prerequisite of high APDT efficiency. In this study, an amphiphilic di-cationic
methylene blue photosensitizer (C;,-MB) was synthesized through quaternization, and its structure,
interface properties, photophysical properties and antibacterial photodynamic properties were studied.
The results showed that C;,-MB could reduce 4.27 log;o CFU and 4.8 log;o CFU for P. aeruginosa and S.
aureus under irradiation of light at 660 nm, higher than the parent methylene blue. Through
a spectroscopic study on photosensitizer adsorption over the bacterial surface, C;,-MB can be
accumulated with higher concentration, and the photo-active monomer content is 73% and 70% over P.
aeruginosa and S. aureus, higher than those of methylene blue: 25% and 49%, respectively. The higher
content of non-aggregated photo-active monomer could contribute to higher antibacterial
photodynamic efficiency. For Ci,-MB adsorbed over bacterial surfaces, planar packing inhibition and
electrostatic repulsion could contribute to lower C;,-MB aggregation, which provides an useful
reference for the structural design of high-efficiency photosensitizers.

1 Introduction

COVID-19 once again showed the struggle between human
beings and microbes, and the war with pathogenic microor-
ganisms will continue forever. After penicillin was firstly
discovered by British bacteriologist Alexander Fleming in 1928,
antibiotics were one of the most significant medical achieve-
ments of the 20th century." With the continuous research and
development of new antibiotics, human beings defeated path-
ogenic microorganisms. However, due to the abuse of antibi-
otics, drug-resistant bacteria have emerged one after another.
Multi-drug resistance has induced many infectious illnesses,
which has seriously threatened human health in the “post-
antibiotic” era as stated by the WHO.” Due to its multi-target
action modes, antimicrobial photodynamic therapy (APDT)
has been reported in response to the severe challenges of the
ever-growing antibiotic resistance.* Photodynamic therapy, due
to the highly cytotoxic singlet oxygen or radical oxygen species
(ROS) from photochemical reaction of oxygen and
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photosensitizers under light illumination, has found broad
application in clinical fields such as hematology, dermatology,
oncology, stomatology, cardiovascular, ophthalmic and infec-
tion science.*®

The development of new photosensitizers and novel delivery
systems is a permanent research subject of photodynamic
therapy. Many previous research studies have revealed that the
quantum yield of singlet oxygen depends heavily on the aggre-
gation state of photosensitizers, which directly determined
photodynamic therapy efficiency. For example, due to extreme
hydrophobicity of the aromatic macrocycle and planarity,
phthalocyanine photosensitizer has low solubility and serious
aggregation in polar environment, which has weakened seri-
ously its photodynamic efficiency.® Similar to hydrophobic
photosensitizers, hydrophilic methylene blue could also aggre-
gate in aqueous solution.' In order to inhibit photosensitizers
aggregation, many novel delivery systems, such as lipo-
somes,"** surfactants vesicles”® and microencapsulation,*
have been developed.

On the other hand, the selective accumulation of photo-
sensitizers on the target cells is another important factor to
determine the efficiency of antibacterial photodynamic therapy.
Comparing with nonionic and anionic photosensitizers,
cationic photosensitizers could accumulate more over
negatively-charged bacterial cells surfaces through electrostatic
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interaction. With high quantum yield of singlet oxygen, cationic
methylene blue has been used as an effective candidate for
APDT due to high bioaccumulation over pathogenic microor-
ganisms.” Durantini et al. has developed tricationic Zn(m)
phthalocyanine derivative photosensitizers, and the multi-
cationic photosensitizers could rapidly bind to microbial cells,
and inactivate S. aureus, E. coli and C. albicans under light
illumination.' Conti et al. reported that the structural charac-
teristics of polyamine ligands gathered on highly charged Ru(u)-
polypyridyl complexes could achieve a notable phototoxicity for
B. subtilis."” Vitor et al. reported that photosensitizers in sodium
dodecyl sulfate (SDS) solution reduced more bacteria compared
to blank in that SDS could decrease the interfacial tension
between the photosensitizer and the microorganisms and
increase their transmembrane permeability.”® Moreover,
compared to anionic surfactant, cationic surfactants showed
better antibacterial activity." These research results provide
a valuable references for the photosensitizers development of
low aggregation and high accumulation. However, most of
these studies focus on the aggregation states of photosensitizer
in aqueous solution. When the photosensitizer is adsorbed on
the target cells surfaces, it is inevitable to show a concentration
increase, which is prone to aggregate and then reduces APDT
efficiency. Therefore, designing photosensitizers that can
maintain low aggregation on the pathogens surface will be an
important goal of photodynamic drug development.

Here, amphiphilic di-cationic methylene blue derivative
(C1-MB) has been synthesized through quaternization of
methylene blue and 1-bromododecane. The interfacial and
photophysical properties results showed that the as-synthesized
C12-MB showed amphiphilicity and singlet oxygen production
capability under 660 nm light illumination. The in vitro anti-
bacterial photodynamic therapy showed that C;,-MB could
reduce 4.27 log;, CFU and 4.8 log;, CFU for P. aeruginosa and S.
aureus, higher than parent methylene blue, respectively. The
photosensitizers states over bacterial cells surface disclosed by
spectroscopic methods showed that the synthesized C;,-MB
photosensitizer could be tightly accumulated with high
concentration, and could maintain the monomer state of high
photodynamic activity. These unique characteristics finally
produced excellent antibacterial photodynamic efficiency.

2 Materials and methods
2.1 Materials

Methylene blue (MB), 1-bromododecane, pyrene, methyl orange
(MO), dodecyl trimethyl ammonium bromide (DTAB) and 9,10-
diphenylanthracene (DPA) were purchased from Aladdin
Regent Co., Ltd (Shanghai, China). In addition, LB broth
powder and LB agar powder were purchased from Sangon
Biotech (Shanghai, China). All other reagent were purchased
from Aladdin Regent Co., Ltd (Shanghai, China) without further
purification.

P. aeruginosa YM4 (CCTCC No. M2017494) was provided by
Prof. Shuang Li, Nanjing Tech University. S. aureus (CICC No.
21600) were kindly supplied by Dr Lixian Xu, the second affili-
ated hospital of Nanjing Medical University.
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2.2 Methods

2.2.1 Synthesis and characterization of C;,-MB. Briefly,
ethanol solutions of MB (30 mL, 3 mM) and 1-bromododecane
(0.96 ml, 4 mmol) were mixed and sonicated for 30 min. The
mixture was transferred into a Teflon-lined autoclave and sealed
before being hydrothermally heated in an oven at 150 °C for
12 h. After cooling, the crude product was recovered through
precipitation with diethyl ether (v/v = 1: 5). After the solvent was
removed by centrifugation, the black powder was dried under
vacuum at 60 °C for 24 h. Finally, the solid was collected and
labeled as C;,-MB (1.59 mg, yield: 85.41%, purity: 92.3%). The
structure was characterized by "H NMR (Brucker spectrometer,
400 MHz) and C NMR (Brucker spectrometer, 101 MHz)
analyses, and the solvent was deuterium oxide and DMSO-d6,
respectively.

High resolution electrospray ionization mass spectra (HR-
ESI-MS) were obtained on Shimadzu LCMS-IT-TOF system.
The positive ion mode was used in the ESI mass spectrometer
with detector voltage of 1.57 kV and the temperature of curved
desolvation line was set as 200 °C. The nebulizing gas flow rate
was 1.5 L min ', and the drying gas pressure was set as 110.0
kPa.

"H NMR (400 MHz, deuterium oxide) 6 7.05 (d, / = 9.2 Hz,
3H), 6.68 (d,J = 8.4 Hz, 2H), 3.06 (dd, ] = 13.2, 8.0 Hz, 6H), 1.17-
1.01 (m, 22H), 0.99 (d, J = 7.3 Hz, 6H), 0.97-0.93 (m, 3H).

3C NMR (101 MHz, DMSO-d6) ¢ 135.29, 122.18, 115.35,
72.52, 54.10, 49.21, 31.74, 27.28, 10.51.

ESI-MS [m/z]: 298.136 (M - C1oH,3)", 312.1509(M — CoHy,)".

Cationic characteristics of C;,-MB photosensitizer was tested
by classic color reaction of potassium ferricyanide. The solution
of C;,-MB and K;[Fe(CN)g] were mixed and stirred.

2.2.2 Surface tension. The solutions of C;,-MB with
different concentration were prepared by dissolving C;,-MB in
the mixed solvent of deionized water and DMSO (v/v = 9:1)
because of the poor water solubility. The surface tension was
measured by the platinum ring detachment method (du Nouy's
method) on the automatic tensiometer (BZY-3B, Shanghai
Hengping instruments Co). The deionized water (72 mN m ™)
was used as standard solution at room temperature. The
minimum surface tension and critical micelle concentration
(CMC) of C1,-MB could be calculated from the surface tension
curves. Moreover, the surface tension of DTAB solution was also
measured as a positive control to analyze the effect of hydro-
philic head on the aggregation behaviors of the surfactant in
water.

2.2.3 Microenvironment characterization. Methyl orange
(MO) and pyrene are two kinds of probe molecules to explore
the microenvironment change of surfactant assembly. The
hydrophobicity of surfactant assembly was reflected by methyl
orange method described before with minor modification.*
The UV absorption spectra of MO mixed with MB and C;,-MB
respectively were recorded in the range of 350-540 nm. The
concentration of MO was always kept at 20 mM.

The fluorescence spectra of pyrene were measured as re-
ported before.”* The methanol solutions of pyrene (300 puL, 5 g
L") was prepared, and the solvent was evaporated by the oven

© 2023 The Author(s). Published by the Royal Society of Chemistry
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at 60 °C for 5 h. Then, the aqueous solutions of MB and C;,-MB
were added to the tube with pyrene, and sonicated for 30 min.
The fluorescence spectra were recorded from 350-420 nm. The
excitation wavelength of pyrene was 335 nm, and the excitation
and emission slits were 5 nm.

2.2.4 Photophysical properties. The UV absorption spectra
were measured by UH3000 UV spectrophotometer (Hitachi,
Japan) with quartz cells. The concentration of MB and C;,-MB
was kept at 6.25 uM. Then, the UV absorption spectra were
recorded in the wavelength range of 250-800 nm at a scanning
rate of 400 nm min . The fluorescence spectra of MB and Cj,-
MB were recorded using the fluorescence spectrophotometer (F-
7000, Hitachi, Japan) equipped with quartz cell in the wave-
length range of 650-800 nm. The excitation wavelength was
600 nm, and the excitation and emission slits were 10 nm. The
concentration of MB and C;,-MB was kept at 25 pM.

2.2.5 Quantum yields and kinetics of singlet oxygen (10,).
According to the previous report,*> DPA oxidation was used as
the probe reaction to measure quantum yields and kinetics of
singlet oxygen based on absorption reduction of DPA. Firstly,
MB and C;,-MB (75 pL, 4 mM) were added to the acetonitrile
solution of DPA (40 mL, 0.1 mM) with stirring for 5 min,
respectively. Then, the mixture was illuminated by a 660 nm
LED light source (Shenzhen Sanxin Optoelectronic Technology
Co., Ltd) with 30 mW cm 2 output power for the different
radiation time, and the absorption intensity change of the
reaction solution at 372 nm was used to calculate the quantum
yields and kinetics of singlet oxygen.

2.2.6 In vitro antibacterial photodynamic assay. P. aerugi-
nosa and S. aureus were cultured according to the previous
report.>® Both strains were inoculated in LB medium, which
were cultured at 37 °C in 200 rpm for 12 h. The bacterial content
of P. aeruginosa and S. aureus is about 10° CFU ml™* and 10"°
CFU ml .

Bacteria cultures in PBS (50 mL) were incubated with 200 pM
photosensitizer for 30 min in the dark at 37 °C with 200 rpm to
promote the combination of photosensitizer and cells. Then,
200 pL of mixture was plated on LB agar medium. The agar
plates were irradiated for 60 min with a 660 nm LED light source
with 30 mW cm > output power, and then cultured at 37 °C for
24 h to observe bacteria growth. The cell viability was deter-
mined by the CFU on the agar plate through the serial dilutions
in PBS. The experiments were repeated for three times with two
replicates.

2.2.7 Photosensitizer accumulation assay. The bacterial
contents of P. aeruginosa and S. aureus were kept in 10® CFU
ml~" and photosensitizers were maintained at 400 mM. The
bacterial suspensions were incubated with photosensitizers for
30 min at 25 °C away from light. Then, the bacterial suspen-
sions were centrifuged at 8000 rpm for 10 min to collect
bacterial cells. The bacterial cells were washed by PBS repeat-
edly, and the UV absorption spectra of supernate were recorded
to explore the elution ratio of photosensitizers. The fluores-
cence images of bacterial cells washed were obtained from
a fluorescence microscopy (Olympus CX43, Tokyo, Japan). The
photosensitizers accumulation over bacteria was calculated by
the fluorescence standard curve of photosensitizers. In detail,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the bacteria cells washed were broken by ultrasonic cell grinder
for 20 min. The fluorescence spectra of bacteria cells were
measured by the fluorescence spectrophotometer.

2.2.8 Photosensitizer aggregation assay. The adsorption-
induced aggregation of photosensitizers was analyzed through
UV-Vis absorption protocol. The bacterial cells washed were
dispersed into PBS solution, which were subjected to UV-Vis
absorption and fluorescence emission tests. The absorption at
660 nm could be indexed to monomer MB or C;,-MB, and the
absorption at 585-605 nm could be attributed to multi-mer
(including dimer, trimer, tetramer or other higher aggrega-
tion) aggregation. The absorption peaks area ratio of monomer
and multi-mer was used to calculate the photosensitizers
aggregation percent.

2.2.9 Scanning electron microscopy. After the bacterial
suspensions of P. aeruginosa and S. aureus were incubated with
MB and C;,-MB for 30 min in the dark condition and irradiated
for 60 min, the mixtures were freeze-dried and the acquired
powder samples were subjected to record bacteria morphology
by scanning electron microscopy (SEM) using a SEMFEI quanta
250.

3 Results and discussion
3.1 C;,-MB synthesis and structures

Amphiphilic di-cationic methylene blue derivatives have been
synthesized through quaternization as illustrated in Fig. 1(A).
Due to the lower reaction activity of 1-bromododecane, the
quaternization couldn't proceed under atmospheric pressure
and moderate temperature (<100 °C). Therefore, the quaterni-
zation of 1-bromododecane and methylene blue was performed
through autoclave hydrothermal process at 150 °C for 12 h. The
structure of C;,-MB was characterized by "H NMR and *C NMR
spectroscopy, and the results were shown in Fig. 1(B) and (C).
The chemical shifts at around 0.85 ppm and 1.23 ppm could be
attributed to the hydrogen atoms in -CH; and -CH, groups of
long chain aliphatic hydrocarbons. The chemical shifts at 6.72—
7.94 ppm belongs to the hydrogen atoms of the benzene ring in
phenothiazine.?* From *C NMR results shown in Fig. 1(C), the
chemical shifts at 27.28 ppm symbolize the carbon atoms of
long alkyl chain, and those around 115 ppm, 122 ppm and
135 ppm could be attributed to the carbon atoms on aromatic
ring. The result of mass spectra has been showed in Fig. 1(D).
Two intense product ion peaks at m/z 298.1360 (C,,H,,N3S) and
m/z 312.1509 (C1gH,,N;S) were formed by fragmentation of long
chain alkyl. MS fragmentation profiles showed peaks at m/z
298.1360 and m/z 312.1509 with the loss of C;;H,; and C;oHy;,
agreed with the results reported by Nichols.>® The result of
cationic characteristics experiment was shown in Fig. 1(E). The
sediment was appeared in the mixture of C;,-MB and
K;[Fe(CN)g], which could be attributed to cationic of quaternary
ammonium. According to Zhang's et al. research, quaternary
ammonium functional group was applied for adsorption of
metal cyanide.*® These results demonstrated that the amphi-
philic di-cationic photosensitizers C;,-MB have been synthe-
sized successfully, which includes hydrophilic phenothiazine
and hydrophobic hydrocarbon chain.

RSC Adv, 2023, 13, 239-250 | 241
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Fig. 1 The synthesis and structural characterization of amphiphilic C1,-MB photosensitizers. (A) The synthesis diagram. (B) *H NMR spectra. (C)
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13C NMR spectra. (D) High resolution electrospray ionization mass spectra. (E) Identification of positive charge of quaternary ammonium salt.
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3.2 Surface and micelle properties

The surface tension of C,,-MB and DTAB solution with different
concentration has been recorded as shown in Fig. 2(A) and (B)
showed the corresponding fitted surface tension-In(C) results.
From Fig. 2(B), the excess surface concentration (I') and the area
occupied by the molecule to micelle (A) were calculated
according to the classic model,> and the corresponding results
have been listed in Table 1. Calculated from Fig. 2, the critical
micelle concentration (CMC) of C;,-MB and DTAB is 1.623 x
10 mol L ™" and 2.85 x 10~® mol L%, respectively, and the
minimum surface tension was 33.4 mN m™* and 22.6 mN m™*,
respectively. Comparing with DTAB, amphiphilic C;,-MB
showed the lower CMC and higher minimum surface tension
values, which could originate from structure differences.
Possibly, the complicated hydrophilic phenothiazine structure
of C;,-MB decreased its surface activity. According to Tomoha-
ru's results, hydrophilic multi-ring structure could decrease the
surface activity of amphiphilic molecules, which would result in
higher surface tension and lower CMC.*®

From Table 1, the A value of C;,-MB and DTAB is 86.52 A2 and
116.98 A2, respectively. On the other hand, the I" value of C;,-MB

>
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Table 1 Adsorption parameters of C;,-MB and DTAB at 298 K

CMC r Minimum surface
System (107° M) (nmol m™?) A (A% tension (mN m™")
C1,-MB 1.623 1.92 86.52 334
DTAB 2.850 1.42 116.98 22.6

and DTAB is 1.92 pmol m™2 and 1.42 pumol m 2 The results
indicate that the occupied area of C;,-MB at the air-water inter-
face is smaller than DTAB, and more C,,-MB molecules have
been adsorbed at the air-water interface than DTAB. These
surface properties differences could originate from the structure
difference of C;,-MB and DTAB, furthermore, the hydrophilic
head differences. Agreed with Miyake's results,* comparing with
the quaternary ammonium salt structure, hydrophilic phenothi-
azine derivatives provide complex planar structure, which could
form planar aggregation at air-water surface.

Two kinds of dyes, methyl orange and pyrene, were used to
probe the micelle microenvironment of C;,-MB and DTAB,

B
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Fig.2 The surface properties of C;,-MB and micelle microenvironment characterization by methyl orange and pyrene. (A) The surface tension
curves of amphiphilic C;,-MB with DTAB as comparison. (B) The corresponding fitted surface tension-In(C) results of surface tension curves (C)
Methyl orange absorption spectra in MB and C;,-MB solutions. Concentration: 20 mM (D) fluorescence spectra with pyrene as the fluorescent

probe in MB and C;,-MB solutions. Concentration: 400 pmol Lt
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and the corresponding UV-Vis absorption spectra and fluo-
rescence emission spectra have been recorded and illustrated
in Fig. 2(C) and (D). From Fig. 2(C), methyl orange in C;,-MB
solution showed the higher absorption at 380 nm than that in
MB solution. According to Karukstis's results, methyl orange
in surfactant solution at concentrations below the CMC could
show a new absorption peak at 374 nm except the peak at
470 nm, which could be attributed to hydrophobic microen-
vironment.>* These results confirm the existence of hydro-
phobic microenvironment provided by amphiphilic C;,-MB
assembly.

Pyrene is often used to disclose the microenvironment of
surfactants solution.” The intensity ratio of the first and the
third peaks (I;/I3) is sensitive to micropolarity. As shown in
Fig. 2(D), fluorescence intensity of pyrene in C;,-MB solution
was higher than that in MB solution. Furthermore, the I;/I;
values in solution of C;,-MB and MB are 1.56 and 1.72,
respectively. The decreased I;/I; value in C;,-MB solution indi-
cated that C,;,-MB could assemble and produce the hydrophobic
microenviroment.
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3.3 Photophysical properties

The photophysical properties of MB and C;,-MB have been
characterized by UV-Vis absorption and fluorescence emission
spectroscopy, and the corresponding results have been
demonstrated in Fig. 3(A) and (B). As shown in Fig. 3(A), C;,-MB
showed the similar absorption pattern to MB, including
stronger absorption peaks at 664 nm and weaker peaks at
615 nm, which could be attributed to monomer and dimer
aggregate forms, respectively.** Comparing with MB, C;,-MB
showed the absorption peak red shift from 664.5 nm to
668.0 nm. On the other hand, C;,-MB showed weaker absorp-
tion than MB in the visible light region, which could be induced
by C;,-MB micelle assembly. Cao et al. reported that dye in
surfactant micelle showed decreased absorption properties.**
On the other hand, both MB and C;,-MB showed the similar
absorption at 293 nm, which indicated that long hydrocarbon
chain was not grafted to the nitrogen atoms of phenothiazine.
From fluorescence emission spectra in Fig. 3(D), the intrinsic
fluorescence intensity of MB is stronger than that of C;,-MB,
and the peak has blue-shifted to 694.0 nm compared with the
peak at 691.6 nm of MB.

B

=
£ 2000

p— p—
n > n
(=3 > >
=] > >
1 1 1

Fluorescence

700 750
wavelength(nm)

800

0.0 = MB
e C,,-MB
0.5

-1.0 1

'

—

wn
1

-2.0 1
-2.51

In(A/A0)(372nm)

-3.0 1
-3.51

-4.0 T T T T T T
0 200 400 600 800 1000 1200

Time of irradiation(s)

Fig. 3 The photophysical properties of methylene blue and C1»-MB. (A) UV-Vis absorption spectra. Concentration: 6.25 pmol L™ (B) Intrinsic
fluorescence emission spectra. Concentration: 25 pmol L™ (C) Singlet oxygen productivity (the absorbance decay at 372 nm with different
irradiation time) of MB and C,,-MB detected by 9,10-diphenylanthracene oxidation. (D) Singlet oxygen productivity kinetics fitted with a pseudo-

first order model.
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Singlet oxygen productivity and kinetics have been disclosed
with DPA oxidation according to Steinbeck's methods,*” and the
absorption decay at 372 nm with different irradiation time was
used to calculate singlet oxygen productivity as shown in
Fig. 3(C). In order to demonstrate singlet oxygen kinetics, the
curves in Fig. 3(C) were fitted with a pseudo-first order model
and were shown in Fig. 3(D). The reaction rate constant of
singlet oxygen generation could be acquired from the slope of
first order kinetic equation. Then, the rate constant of singlet
oxygen of C;,-MB and MB is —0.0033 s and —0.03081 s,
respectively. The rate constant of singlet oxygen production by
MB is almost with 10-fold to that by C;,-MB. The results
demonstrated that the rate of singlet oxygen by C;,-MB is seri-
ously inhibited by the existence of long hydrocarbon chain. Due
to amphiphilicity, C;,-MB could form aggregates which can
reduce their ability to absorb light and decrease the lifetime and
quantum yield of the excited triplet state, which have been re-
ported in Plaetzer's research.®” In addition, electronic features
of C;,-MB photosensitizers may also play a role. According to
Matshitse's*® and Shi's** results, the extra positive charges of the
quaternary ammonium salt improved triplet quantum yields
and shortened fluorescence lifetime, which could result in short
intersystem crossing lifetime and lower 'O, production.

C,,-MB+light PBS MB+dark

antibiotic
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3.4 Invitro antibacterial photodynamic efficiency

Two kinds of typical pathogenic bacteria, P. aeruginosa and S.
aureus, were used to evaluate the antibacterial photodynamic
activity of MB and C;,-MB, and the corresponding results have
been shown in Fig. 4. Fig. 4(A) and (B) are the digital images of
colonies present in the plate. PBS and antibiotic groups indi-
cated the negative and positive controls, respectively. Obviously,
no colony could be found on the C;,-MB plate with light irra-
diation whatever P. aeruginosa and S. aureus. However, there
were many colonies on the PBS and antibiotic plates, which
showed the superior antibacterial photodynamic activity of C,-
MB with light irradiation. log;o CFU reduction has been calcu-
lated according to the results of Fig. 4(A) and (B) and illustrated
by histogram in Fig. 4(C). As previously found in Fig. 4(A) and
(B), it is obvious that C,,-MB with light caused the greatest log,
CFU reduction and achieved 4.27 and 4.8 for P. aeruginosa and
S. aureus, respectively. In comparison, the log;, CFU reductions
of C;,-MB without light are 2.3 and 0.9, which implied that light
was the key of enhancing antibacterial activity of C;,-MB. On
the other hand, C;,-MB without light showed moderate anti-
bacterial activity compared to negative control, which could
originate from the quaternary ammonium structure of C;,-MB.
Many quaternary ammonium surfactants showed antibacterial

DTAB C ,-MB+dark MB-+light

log unit reduction
w

Wil b

PIA®

Fig. 4

hioti e gt "B —\»6‘3"\‘ B—\f(\‘&""v‘j‘g-\—\\%“t

In vitro antibacterial photodynamic activity. Photographs of plate samples of Gram-negative P. aeruginosa (A) and Gram-positive S.

aureus (B) treated with APDT. For APDT, bacteria were incubated with C;,-MB or MB (200 uM, equivalent MB) and exposed to 660 nm LED light at
30 mW cm™2 for 20 min. Antibiotics vancomycin and cefixime (100 mg L™%) were used for S. aureus and P. aeruginosa, respectively, as control. (C)

APDT activity was quantitated by counting colony forming units per milliliter (CFU mL™

group and antibiotics group.

© 2023 The Author(s). Published by the Royal Society of Chemistry

1) and reduction in the log unit compared to the DTAB
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activity and were the most commonly material in disinfec-
tants.** Comparing with the typical quaternary surfactant DTAB,
Ci>-MB without light showed higher antibacterial activity,
which indicated that di-cationic structure or phenothiazine
structure could contribute to higher antibacterial performance.

The strong antibacterial photodynamic activity of C;,-MB
could originate from amphiphilic di-cationic photosensitizers
with strong surface activity. Juliana et al. studied the effect of
surfactants structure on APDT.' Further, the cationic surfac-
tants showed the best effect on APDT because of its positive
charge. In the other paper, Ariane et al. have prepared six
different methylene blue derivatives successfully and concluded
that additional positive charges could promote antibacterial
activity on APDT.** In our study, C;,-MB is a di-cationic
surfactant with the structure of quaternary ammonium
formed by MB and long hydrocarbon chain. Hydrophilic
phenothiazine structure provides two positive charges, which
could increase the combination of bacteria and photosensi-
tizers. At the same time, the long hydrocarbon chain could
insert the lipid bilayers of the cells and improve the binding
force. The similar mechanism of action has been reported in
some literature.’”*®* The hydrophobic palmitic acid and the
hydrophilic RRRR peptide with positively charges are the key for
nanoparticles to targeted absorbed by cell membrane.*”** In
conclusion, the synergetic effect of the phenothiazine structure
with two positive charges and long hydrocarbon chain would
promote C;,-MB photosensitizers adsorption on the cell
membrane to improve antibacterial photodynamic activity.

To explore the influence of APDT on the bacterial envelop
integrity, scanning electronic microscopy was used to record the
cells morphology changes, and the corresponding results were
shown in Fig. 5. Two kinds of bacteria remained integrity after
antibacterial photodynamic treatments with either MB or C;,-
MB, which indicated that antibacterial photodynamic treat-
ment couldn't lead to bacterial envelop damage. According to
some previous studies,**** MB couldn't induce obvious damage
to cell membrane. Therefore, the possible mechanism of Cy,-
MB is inactivating bacteria based on molecular scale interaction
between singlet oxygen and important biological objects, such

P.a-Witheut treatm'er\t
\ i )

o
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as lipid bilayers, proteins or nucleic acid. The loss of biological
function induced by cytotoxic singlet oxygen oxidation cannot
be observed by scanning electron microscopy.

3.5 Photosensitizers accumulation over bacterial cells

High accumulation of photosensitizers is a prerequisite for
efficient antibacterial photodynamic therapy. When the bacte-
rial suspensions (10° CFU ml ') were incubated with photo-
sensitizers (400 mM) for 30 min at 25 °C, the adsorption
amounts of methylene blue were 1064 and 1315 nmol/10® cells
over P. aeruginosa and S. aureus. In comparison, the adsorption
amounts of C;,-MB were 429 and 731 nmol/10® cells over P.
aeruginosa and S. aureus. When these bacterial cells with
adsorbed photosensitizers were washed with PBS solution
repeatedly, the residual quantity of photosensitizers were
determined and plotted in Fig. 6(A). The final retention ratio of
C1,-MB on P. aeruginosa and S. aureus is 65.57% and 38.61%,
respectively. By comparison, MB retention is only 42.06% and
27.72%. 1t is obvious that C;,-MB retention is larger than MB,
which could be ascribed to the hydrocarbon tail of C;,-MB
insertion into cell membrane. From the fluorescence images as
shown in Fig. 6(B) and (C), two kinds of bacterial strains with
adsorbed C;,-MB showed bright red fluorescence, which indi-
cated that more photo-active photosensitizers had been adsor-
bed over bacterial surfaces. On the contrary, the bacterial cells
with adsorbed MB showed much weaker fluorescence. The
photosensitizers over bacterial cells have been quantified by
fluorescence spectra according to the standard curves, and the
corresponding results were shown in Fig. 6(D). The accumula-
tion of C1,-MB over P. aeruginosa is 543.3 nmol/10° cells, higher
than the adsorbed MB amount of 193 nmol/10® cells. On the
other hand, the adsorption amounts of C,,-MB and MB on S.
aureus are 140 and 732 nmol/10® cells, which was opposite to
that on P. aeruginosa.

As a kind of planar aromatic molecules, methylene blue is
prone to aggregate and form multi-layer adsorption through
weak physical forces. Therefore, higher adsorption amounts of
MB over P. aeruginosa and S. aureus were observed. However,
these MB molecules are easily desorbed during washing

Fig. 5 Bacterial morphology observation by scanning electronic microscopy after photodynamic treatment by MB and C;,-MB. Images of P.
aeruginosa (A) and S. aureus (B) treated by APDT of without treatment, without illumination, MB and C;,-MB.
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Fig. 6 The cellular accumulations of MB and C;,-MB by S. aureus and P. aeruginosa. (A) The photosensitizers retention ratio after elution
repeatedly. (B) Fluorescence microscope photographs of S. aureus incubated with C;,-MB. (C) Fluorescence microscope photographs of P.
aeruginosa incubated with MB. (D) The cellular accumulations of MB or C1,-MB by S. aureus and P. aeruginosa quantified by fluorescence spectra

methods.

process. In contrast, C;,-MB could be adsorbed through
hydrophobic interaction between alkyl chain and lipid
membrane. Due to the spatial orientation of adsorbed C;,-MB
molecules, it is difficult to form planar packing, which could
contribute lower adsorption amount over bacterial cells.

On the other way, the adsorption amount of C;,-MB on P.
aeruginosa is also greater than that on S. aureus, which could
attribute to differences in the cell wall structure between Gram-
negative and Gram-positive bacteria. Unlike Gram-positive
bacteria, the cell wall of Gram-negative bacteria lacks the
structure of thick peptidoglycan.** Instead, Gram-negative
bacteria owns the lipopolysaccharide component of the outer
membrane, which are rich in negatively charged lipid A.*”
Lipopolysaccharide with negative charges and di-cationic C;,-
MB attract to each other, which could contribute to the strong
binding with Gram-negative bacteria than MB.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.6 Photosensitizers aggregation states over bacterial cells
surface

It is well known that the methylene blue aggregation affects its
photodynamic efficiency. The dimer-form of MB could produce
reactive oxygen species (ROS) through type I sensitization
mechanism, and practically impare 'O, generation through
type II sensitization process.*” In fact, compared with other
ROS, singlet oxygen has stronger oxidation capacity and better
photodynamic efficiency. Therefore, in the delivery system of
methylene blue, the content of monomer state is improved by
various methods, such as reducing the concentration, using
surfactants, using liposomes and so on.**** However, little
attention is paid to the fact that whether methylene blue can
maintain the monomer state with high photodynamic efficiency
after adsorption on the cell surface. In order to compare the
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possible mechanism of APDT of amphiphilic photosensitizer
Ci,-MB, we studied the photosensitizer aggregation on the
surface of bacterial cells by spectroscopy, and the results are
shown in Fig. 7. Compared the UV-Vis spectra of MB and Cj,-
MB solution in Fig. 3(A), the absorption pattern of the photo-
sensitizer adsorbed on the cell surface changed significantly,
and multiple absorption peaks appeared as seen in Fig. 7(A).
According to Patil' report, the absorption peak at 660 nm could
be attributed to the monomer of methylene blue, while the
second peak varies from about 605 nm (related to the dimer) to
about 585 nm (which can be probably attributed to the pre-
vailing tetramer or even higher aggregates of the dye).***” The
ratio of monomer and multi-mer was calculated based on
absorption peaks area at 660 nm and lower than 660 nm, and
the quantitative histogram has been shown in Fig. 7(C). Due to
the planar structure of phenothiazine ring, its adsorption
aggregation is easy to produce H aggregation. The monomer
percentage of MB adsorbed on the surface of P. aeruginosa is
significantly reduced, while the content of dimer and other
multi-mer is significantly increased. The corresponding fluo-
rescence intensity in Fig. 7(B) is also significantly reduced,
indicating that methylene blue produces significant H aggre-
gation on the surface of P. aeruginosa cells, resulting in the

View Article Online
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decrease of fluorescence intensity. Different from a large
number of trimers or multimers produced by MB, the absorp-
tion peaks of C;,-MB on the bacterial cell surface are located at
660 nm and 615 nm, which corresponds to monomers and
dimers respectively.*” These results demonstrated that the
existence state of amphiphilic C;,-MB on the cell surface is
monomers and dimers, and the monomer content is obviously
higher than that of MB. Moreover, as seen from Fig. 7(C), the
monomer contents of C;,-MB adsorbed on P. aeruginosa and S.
aureus cells are 73% and 70%, respectively, which are higher
than those of 25% and 49% MB monomer contents. Meanwhile,
the fluorescence intensity in Fig. 7(B) is also significantly
stronger than MB, which confirms that the monomer state is
the active state of photodynamic therapy. Totally, after C;,-MB
is adsorbed on the surface of bacterial cells, it can maintain
a high percent of monomer state, which will directly contribute
to the high APDT efficiency.

Based on the above results, we proposed a possible mecha-
nism of amphiphilic C;,-MB enhancing APDT efficiency as
shown in Fig. 8. The specific peptidoglycan or lipopolysaccha-
ride on the surface of bacterial cells endows the cell surface with
negative charge. Therefore, cationic MB can be adsorbed on the
cell surface through electrostatic adsorption. Once MB is

10, — S.a-MB ’;-10000 | —— P.a-MB
2 —— P.a-MB é — S.a-MB
£ 0.8- S.a-C1-MB 2 5000 — P.a-C,,-MB
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Fig. 7 The spectroscopic characterization of adsorbed MB and Cj,-MB over S. aureus and P. aeruginosa. (A) UV-Vis absorption spectra with
normalized intensity. (B) Fluorescence emission spectra. (C) The quantitative histogram of monomer and multi-mer(dimer, trimer, tetramer and
other higher aggregation) based on absorption peaks area ratio at 660 nm and other lower than 660 nm(such as 615 nm, 600 nm, 580 nm, 560

nm).
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Fig. 8 A possible hypothesis of higher APDT efficiency with amphiphilic C;,-MB.

neutralized by the negative charge on the cell surface, it will no
longer have charge. Therefore, it is easy to accumulate with
other MB molecules, resulting in dimers, trimers and multi-
mers. The quantitative results demonstrate that the photo-
active MB monomer accounts for only 25% and 49% over P.
aeruginosa and S. aureus, which could induce lower APDT effi-
ciency. In contrast, the as-synthesized amphiphilic di-cationic
photosensitizer C;,-MB contains both hydrophobic chain and
two quaternary ammonium structures. Therefore, when C;,-MB
interacts with the cell surface, it may interact with plasma
membrane through hydrophobic interaction and electrostatic
interaction. Under the cooperation of two factors, C,-MB binds
firmly to the surface of bacterial cells and is difficult to elute, as
shown in Fig. 6. On the other hand, after part of the positive
charges of C;,-MB is neutralized by the cell surface, the
remaining positive charge repulsion can reduce photosensitizer
aggregation. Moreover, since the amphiphilic C;,-MB will
decrease the planar accumulation possibility on the cell surface
after the hydrophobic chain is inserted into the cell plasma
membrane, C;,-MB molecules could exist in the prevailing
monomers form on the cell surface, such as 73% and 70% over
P. aeruginosa and S. aureus, which could contribute to the
higher APDT efficiency.

4 Conclusion

In conclusion, we have successfully synthesized a kind of
amphiphilic di-cationic photosensitizers C;,-MB for anti-
bacterial photodynamic therapy. C;,-MB under 660 nm illumi-
nation could inactivate P. aeruginosa and S. aureus with the CFU
4.8log;o and 4.27 log,,, higher than log;,2.3 and log;(, 0.9 of
MB. Amphiphilic photosensitizers C;,-MB could remain photo-
active monomer content of 73% and 70% over P. aeruginosa and
S. aureus surfaces, higher than those of MB 25% and 49%,
respectively. The spectroscopic characterization of adsorbed
MB and C;,-MB over bacterial cells demonstrated that the

© 2023 The Author(s). Published by the Royal Society of Chemistry

higher antibacterial photodynamic therapy could originate
from higher C;,-MB photosensitizers monomer percentage. The
amphiphilic and di-cationic structures could contribute to the
high accumulation and low aggregation of photosensitizers
over those biological targets, which could produce outstanding
antibacterial photodynamic efficiency.
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