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ABSTRACT: Porphyrins suffer from visible light excitation, which
seriously restricts photothermal therapy (PTT) to superficial
lesions. Developing porphyrin derivatives with near-infrared (NIR)
absorption via chemical synthesis requires complicated synthesis
and purification. In this work, the electron acceptor N,N'-di(L-
alanine) perylene diimide (PDI) was introduced to the electron
donor tetraminophenyl porphyrin (TAPP) to prepare the charge-
transfer TAPP/PDI nanoparticles (NPs) as an NIR activatable
photothermal agent via a simple and efficient nanoprecipitation
method. When the molar ratio of TAPP to PDI was 1:2, uniformly
dispersed TAPP/PDI NPs were obtained with a new NIR
absorption peak (758 nm), along with fluorescence emission
quenching. These results indicated that the charge transfer from
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the donor to the acceptor occurred within the TAPP/PDI NPs. The co-assembly forces were proven to originate from -1
interactions and hydrogen bond interactions, according to experiment results and molecular dynamic simulation.
Furthermore, the energy gap of TAPP/PDI dimer was significantly narrowed, however, the spin-orbit coupling (SOC)
constant was too small for intersystem crossing, which in favor of the NIR light activated non-radiative transition of
TAPP/PDI NPs. Consistent with theoretical calculations, TAPP/PDI NPs could effectively generate heat with photothermal
conversion efficiency (PCE) of 36.5% under the illumination of 808 nm laser. Antibacterial experiments demonstrated that
TAPP/PDI NPs could induce the death of both Gram-positive S. aureus bacteria and Gram-negative E. coli bacteria, and
could eradicate S. aureus infection in mice after only one treatment. Therefore, supramolecular co-assembly affords a facile
approach for fabricating NIR activated porphyrin-based photothermal agents (PTAs) for photothermal therapy and beyond.

KEYWORDS: tetraminophenyl porphyrin, N,N'-di(L-alanine) perylene diimide, near-infrared, photothermal therapy

1 Introduction

Supramolecular assembly utilizing optically active molecules as
building blocks offers an effective approach for constructing
nanoscale photothermal agents (PTAs) for photothermal therapy
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(PTT). PTT [1, 2] uses PTAs to transfer light energy into heat,
thereby killing bacteria. This modality has emerged as a pivotal
approach for effectively combating bacterial infections, featuring
high selectivity, non-invasiveness, broad-spectrum antibacterial
properties, less drug resistance, and low toxicity [3—5]. Porphyrins
possess rigid m-conjugated structures, good biogenicity, and
excellent light energy conversion properties, positioning them
suitable for molecular assembly [6-8]. Leveraging supramolecular
interactions, self-assembled porphyrins may demonstrate enhanced
photophysical properties, combined with improved nonradiative
decay (internal conversion) or increased reactive oxygen species
(ROS) production [9-11]. However, their dependence on visible
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light excitation restricts therapeutic applications to superficial
lesions [12]. Therefore, developing porphyrin-based near-infrared
(NIR, 750-1700 nm) PTAs is essential to improve the
photothermal antibacterial efficacy.

Researchers have synthesized a series of porphyrins derivatives
with NIR absorption via chemical synthesis. For example, to extend
the m-conjugation length, Narita et al. fused porphyrins with one or
two nanographene units to fabricate nanographene-porphyrin
hybrids (NGP-1 and NGP-2), which exhibited absorption
extending to = 1000 and = 1400 nm, respectively [13]. Zeng et al.
synthesized an A-D-A structured porphyrin (PPor) derivate by
conjugating porphyrin to perylene diimide (PDI), which could self-
assemble into nanoparticles (NPs) with NIR absorbance peak at 860
nm, attributed to the internal charge transfer (CT) effect [14].
Wong synthesized two porphyrin derivates ZnP-CPDT and ZnP-
BT with A-n-D-m-A structure, which showed absorption ranging
from 370 to 800 nm in free molecular form [15]. However, the
molecular engineering strategy involves complicated synthesis and
extremely troublesome purification, while the supramolecular
assembly method would be more convenient and efficient. The
charge-transfer assemblies (CTA) could achieve spectral regulation,
which might be superior than the constituent components, due to
the CT from electron donor to acceptor [16, 17]. For example,
tetraminophenyl porphyrin (TAPP) could form ordered J-
aggregates (TAPP-O NPs), which show obvious bathochromic shift
to ~ 710 nm [18, 19]. When 7,7,8,8-tetracyanoquinodimethane
(TCNQ, the electron acceptor) was introduced to TAPP, the
obtained charge-transfer TAPP-TCNQ NPs showed an NIR
absorption peak and photothermal conversion efficiency (PCE) of
23.1% [20]. To enhance the photothermal property of porphyrin
near-infrared PTAs, other charge-transfer materials need to be
explored.

With a n-conjugated structure, perylene diimides exhibit a large
extinction coefficient, high biocompatibility, and strong electron-
accepting ability, making them promising candidates for co-
assembly with porphyrin [21-25]. However, based on our previous
work on porphyrin assembly [26-29], it might be difficult to
prepare the co-assemblies only by the m—m interaction, other non-
valent interactions such as hydrogen bond interaction need to be
introduced. Interestingly, this idea has also been verified by Xie et
al. They fabricated TAPP/PDI-G NPs by co-assembly of TAPP and
perylene diimide with 4 carboxyl groups (PDI-G), which
demonstrated absorption redshift and photothermal effect
irradiated by 808 nm laser [30]. However, it is essential to
systematically investigate the co-assembly of TAPP and perylene
diimide with two carboxyl, because the intermolecular/
intramolecular interaction forces-dominated co-assembly process is
complicated. More importantly, it is necessary to elucidate the
origin of the absorption red-shift and the energy dissipation
process, due to their fundamental significance.

In this work, we constructed D-A structured TAPP/PDI NPs for
NIR photothermal antibacterial therapy, using TAPP as the
electron donor and N,N'-di(L-alanine) PDI as the electron acceptor
through a facile nanoprecipitation method. Due to charge transfer,
TAPP/PDI NPs showed a new characteristic absorption peak at
758 nm, and fluorescence quenching compared with TAPP NPs.
Importantly, theoretical ~calculation was conducted to
comprehensively elucidate the co-assembling forces, the original
cause of absorption redshift, and the possible energy dissipation
courses. Consistent with theoretical calculations, TAPP/PDI NPs
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could effectively generate heat with PCE of 36.5% and kill bacteria
under the illumination of 808 nm laser. This work represents an
important supplementary to the field of near-infrared porphyrin
nanomaterials.

2 Experimental

2.1 Materials

TAPP and N,N’-dimethylformamide (DMF) were purchased from
Aladdin Chemical Reagent Co., Ltd. PDI was purchased from
Bidepharm Chemical Co. Pluronic F-127 was purchased from
Sigma Aldrich. Cytotoxicity assay kits (CCK-8) and 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) were obtained
from Beyotime Biotechnology. Ultrapure water (18.2 MQ-cm) was
utilized to prepare aqueous solutions.

2.2 Characterization

The morphological characteristics of the nanomaterials were
examined using scanning electron microscopy (SEM, JSM-7900F)
and transmission electron microscopy (TEM, JEM-2100). Particle
size distribution measurements were performed using dynamic
light scattering (DLS, Nano ZS, Malvern). The absorption and
fluorescence spectra were measured by ultraviolet-visible (UV-vis)
(Agilent Cary60) and fluorescent spectrophotometer (JY HORIBA
FluoroLog-3), respectively. Functional group was analyzed through
Fourier transform infrared (FT-IR) spectroscopy (Bruker
VERTEX70), while crystalline data was obtained on X-ray
diffraction (XRD, Bruker D8 Advance). Photothermal experiments
employed an 808 nm laser (Haite Optoelectronics Co., Ltd.).
Cellular viability assessments were quantified using microplate
reader (Tecan, Infinite MPlex). Live/dead cell staining images were
acquired using confocal laser scanning microscopy (CLSM,
OLYMPUS FV1000). The changes in tumor temperature were
recorded using an infrared thermal imaging camera (FIukTIX580,
Fluke Company).

2.3 Synthesis of TAPP/PDI NPs

To obtain TAPP/PDI NPs (TAPP to PDI feed ratio of 1:2), 100 pL
TAPP in DMF (14.8 mM), and 495 uL PDI in DMF (6 mM) were
quickly mixed, and injected into 10 mL F-127 aqueous (1 mg-mL™),
followed by probe sonication (100 W, 3 min). After continuously
stirring for 48 h at room temperature, the assemblies were collected
by centrifugation (30,000 rpm, 30 min) and rinsed with deionized
water for once to remove the excess surfactants. TAPP/PDI NPs
were dispersed in ultrapure water.

For the preparation of TAPP/PDI co-assemblies with feed ratio
of 1:1, 1:4, and 1:6, the protocol was essentially the same as the
procedure used for the preparation of TAPP/PDI NPs (1:2 feed
ratio), except that the volume of PDI was changed to 248, 991, and
1490 L.

For the preparation of TAPP NPs or PDI NWs, the protocol was
the same as the procedure used for the preparation of TAPP/PDI
NPs (1:2 feed ratio), except for the absence of PDI or TAPP. The
TAPP NPs and PDI NWs were collected by centrifugation at speed
of 12,000 and 60,000 rpm, respectively for 30 min.

24 Photothermal properties of TAPP/PDI NPs

TAPP/PDI NPs (1 mL) were added into the quartz cuvette, and the
temperature was monitored by a thermocouple with accuracy of +
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0.1 °C under 808 nm laser irradiation.
The photothermal conversion efficiency (#) under 808 nm laser
was calculated through the following formula

 hSAT,, —Q

(T W
A — )
Ts

where m (~ 1.0 g) and ¢ (4.2 J.g'°C") are the mass and heat
capacity of water. hS are calculated according to Eq. (1). 7, is the
time constant and simulated to be 439.2 s. AT, equals to T,
minus Ty,. Qs is the heat dissipated from quartz cell and water
irradiated by laser. Qs was measured to be 44.8 mW. Agy is the
absorbance at 808 nm, and I is the laser power density. According
to Eq. (2), ffrappppines = 36.5%.

2.5 Detection of reactive oxygen species

To assess the 'O, production properties of the assemblies,
anthracene-9,10-dipropionic acid (ADPA) (10° M) was used as an
'O, indicator and added to each assembly. The samples were
irradiated by 808 nm laser (1.0 W-cm™), and the absorbance was
measured at 0, 1, 3, 5, 7, 10 min by a UV—-vis spectrophotometer.

The 'O, generation of TAPP/PDI NPs was further assessed via
electron spin resonance (ESR) spectroscopy using TEMP as the
spin-trapping reagent, which produced the characteristic 1:1:1
triplet signal. Deionized water served as the control. The ESR
spectra were recorded using a computer-coupled spectrometer.

DCFH-DA was utilized as ROS indicator after activated by
NaOH. First, 10 L DCFH-DA (10 mM) was added into 90 uL of
NaOH (50 mM) aqueous solution. The solution was sonicated for
30 min under dark at room temperature to cleave the ester bond
and generate 2,7’-dichlorodihydrofluorescein (DCFH). After that,
20 pL of DCFH solution was added into TAPP/PDI NPs. The
solution was irradiated by 808 nm laser (1.0 W-cm™), and then the
fluorescence spectra were measured at 0, 1, 3, 5 min, with an
excitation wavelength of 488 nm.

2.6 Theory calculations

Molecular optimization was conducted firstly at the B3LYP/6-31+G
(d, p) level with density functional theory (DFT) using the Gaussian
16 program package. For molecular dynamics simulation, we used
the Gromacs software to construct a box of size 3 nm x 3 nm x 3
nm and randomly inserted 5 TAPP molecules and 5 PDI molecules
into it. During the simulation process, we first carried out 2 ns of
NVT and 5 ns of NPT ensemble to pre-equilibrate the system, and
then conducted a 1 ns molecular dynamics simulation to obtain
information on the intermolecular interactions.

Then the absorption-related information was obtained with DFT
using Gaussion. Excited-state properties were evaluated via time-
dependent density functional theory (TD-DFT) with the PBE/6-
31G* method for both monomeric and dimeric systems,
incorporating five singlet and five triplet excited states. Subsequent
optimizations of the singlet and triplet excited states were carried
out at the same level of theory using the unrestricted formalism.
Molecular orbital visualization was achieved using VMD,
GaussView, and Multiwfn [31-33].

2.7 Bacterial culture

Bacterial strains (S. aureus or E. coli) were incubated at 37 °C
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overnight in Luria-Bertani (LB) broth under shaking conditions.
Afterwards, the bacteria were collected by centrifugation (3000 rpm,
5 min), rinsed thrice with saline, and re-dispersed in saline for later
experiment.

2.8 In vitro antibacterial assay

Firstly, the antibacterial efficacy of TAPP/PDI NPs was evaluated
using the standard spread plate method. Bacterial suspensions were
treated with varying concentrations of TAPP/PDI NPs (determined
by the amount of TAPP), and then irradiated with 808 nm laser
(1.0 W-cm? 10 min) or kept in dark conditions as control.
Subsequently, the bacterial suspension was washed with saline, then
serially diluted and 100 pL solution was plated on LB. Following
24 h incubation, bacterial viability was determined by colony
enumeration and photographic documentation of the plates.

Following different treatments, the bacterial cells were collected
by centrifugation (3000 rpm, 5 min) and fixed with 2.5%
glutaraldehyde at 4 °C overnight. Subsequently, the samples were
dehydrated for 5 min through a graded ethanol series (30%, 50%,
70%, 90%, and 100%) before SEM characterization.

Additionally, bacterial suspension was stained with SYTO9/PI
dyes (3 pL, 1:1, v/v) for 15 min under dark after different treatment,
then observed via a CLSM.

2.9 Invitro cell cytotoxicity assay of TAPP/PDI NPs

The cytotoxicity of TAPP/PDI NPs was assessed by CCK-8 assay
using HeLa cells. After incubated in the 96-well plates overnight at
37 °C containing 5% CO,, the Hela cells were cultured with
Dulbecco’s modified eagle medium (DMEM) (100 pL) containing
TAPP/PDI NPs (TAPP concentration of 0, 100, 200, 300, and 400
pgmL™) for 8 h. After discarding the culture medium, cells were
treated with CCK-8 solution (100 pL, diluted 1:10 in medium).
Microplate reader was utilized to record the absorbance at 450 nm.

210 Hemolysis assay

Whole blood from mice was centrifuged (3000 rpm, 5 min) to
separate the red blood cells (RBCs) from serum and washed three
times with PBS. The RBCs were then resuspended to prepare 50%
(v/v) suspensions in deionized water (positive control), PBS
(negative control), and TAPP/PDI NPs (25, 50, 100, 200, 300, and
400 pug-mL™). Following a 2-hour incubation at 37 °C, the samples
were centrifuged (15,000 rpm, 20 min) to pellet intact erythrocytes.
Supernatants (100 uL) were transferred to a 96-well microplates for
absorbance measurements at 541 nm using a microplate reader.
Concurrently, the erythrocyte pellets were resuspended in PBS
(100 uL) for cellular morphology examination by inverted
fluorescence microscopy. The equation for calculating hemolysis
percentage: HemOIYSiS (%) = (Asample - Anegative control)/ (Apositive control
Anegative control) x 100%.

211 Invivowound healing assay

Female ICR mice (5-6 weeks) were procured from SPF (Beijing)
Biotechnology Co., Ltd. All experiments were conducted in
accordance with the ethical guidelines approved by the Medical and
Scientific Research Ethics Committee of Henan University School
of Medicine.

To establish mice wound infection model, circular full-thickness
cortical wounds with an approximately 8 mm diameter were
created, followed by inoculation of S. aureus suspension. One day
later (day 0), the mice with S. aureus-infected wounds were
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randomly divided into four groups (n = 6): control, NIR,
TAPP/PDI NPs, and TAPP/PDI NPs + NIR. For laser-treated
groups, wound was irradiated with 808 nm laser (1.0 W-cm?,
10 min). Real-time thermal imaging was performed using an
infrared camera to monitor temperature variations at the wound
site. Wound images were captured using a camera and the mice
weights were measured on days 0, 2, 4, 6, 8, and 10, respectively.

To ascertain bacterial burden of each group, the surrounding
skin tissue near the wound in each group was harvested and
homogenized on day 10. Subsequently, the homogenate was diluted
using saline and streaked onto LB plates for colony enumeration,
enabling a comprehensive analysis of bacterial colony counts for
comparison.

2.12 Tissue sectioning and staining

To assess the degree of wound healing, the infected skins were
collected on day 10 for hematoxylin and eosin (H&E) or Masson
staining. For further pathological examination, the major organs
including heart, liver, spleen, lung, and kidney were obtained for
H&E staining (Service bio, Zhengzhou, China).

2.13 Blood routine and biochemistry analysis
The blood samples were collected on day 10 for blood routine

examination and inflammatory factor detection to evaluate the level
of inflammatory reaction after different treatments (Service bio,
Zhengzhou, China).

3 Results and discussion

The synthetic route of TAPP/PDI NPs via nanoprecipitation
process is illustrated in Scheme 1. The synthesis was conducted by
employing F-127 as the surfactant. As shown in Fig. S1 in the
Electronic Supplementary Material (ESM), uniform nanoparticles
could be prepared by changing the F-127 concentration from 0.6 to
25 mgmL". Strikingly, the nanoparticles showed Q-band
absorption red-shifted to 758 nm compared with TAPP monomer
and PDI monomer, implying the successfully co-assembly of TAPP
and PDI (Fig. S2 in the ESM) [20]. Considering that the assemblies
dispersion prepared in the presence of F-127 was very stable
without precipitation, we selected 1 mg-mL™ F-127 to study the
impact of feed ratio on the assembly behavior. As shown in Fig. S3
in the ESM, uniform nanoparticular morphology could be obtained
when the feed molar ratios of TAPP to PDI are 1:1 and 1:2, then
mixed morphology arise when the feed molar ratios change to 1:4
and 1:6. Careful studies on the absorption spectra (Fig. S4 in the
ESM) showed that a weak NIR peak arose with 1:1 feed ratio, and
the NIR peak intensified with 1:2 feed ratio, maintained until 1:4
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feed ratio, finally decreased with 1:6 feed ratio. Due to the uniform
morphology and intensified NIR peak, TAPP/PDI NPs fabricated
at 1:2 feed ratio were used in the subsequent experiment. Moreover,
the proportions of TAPP to PDI in the TAPP/PDI co-assemblies
have been calculated according to the standard absorption curves.
As shown in Table S1 in the ESM, the proportion of TAPP to PDI
was calculated to be ~ 1:1 within TAPP/PDI NPs (1:2 feed ratio).
This proportion was related to our subsequent theoretical
calculation.

For comparison, TAPP nanoparticles and PDI nanowires (NW5s)
were obtained by using a similar method, as shown in Figs. 1(a)-
1(d). TAPP self-assemblies showed non-uniform nanoparticular
morphology with serious adhesions, and PDI self-assemblies
displayed wirelike morphology. Different from TAPP NPs and PDI
NWs, TAPP/PDI NPs showed relatively uniform nanoparticular
morphology (Figs. 1(e) and 1(f)). The DLS of TAPP/PDI NPs was
99 nm with polydispersity index of 0.158 (Fig. 1(g)), indicating the
uniform diameter, which was suitable for biological application.
The DLS size of TAPP/PDI NPs (Fig. S5 in the ESM) did not show
obvious change during 5 days, demonstrating their excellent
dispersion. The UV-vis-NIR absorption spectra of TAPP NPs
(Fig. 1(h)) showed B-band absorption peak at 455 nm and Q-band
absorption peak at 587 and 678 nm with a red-shift of ~ 27.5 nm
compared to that of the TAPP monomer (at 427.5 nm). The PDI
nanowires showed absorption peak at 477 nm. While the
absorption of TAPP/PDI showed significant red-shift to 758 nm,

which should be attributed to the charge transfer from TAPP to
PDI [20, 34, 35]. The fluorescence spectra of TAPP NPs displayed
emission peak at 688 nm, and PDI nanowires demonstrated peaks
at 544 and 590 nm (Fig. 1(i)). In contrast, TAPP/PDI NPs showed
only weak peak at 544 and 588 nm from PDI, while the emission
peaks from TAPP nearly disappear, further indicating the charge
transfer from TAPP to PDI [34, 36]. Then the interactions between
TAPP and PDI were investigated. We redissolved TAPP/PDI NPs
in DMF, and found the obtained solution showed absorption peaks
identical to TAPP free molecule and PDI free molecule (Fig. 1(j)),
implying TAPP and PDI were co-assembled through the non-
covalent interactions. FT-IR spectra of TAPP/PDI NPs displayed a
broad peak at 3400 cm™, which belonged to the stretching vibration
of the -NH, from TAPP and the -OH from PDI (Fig. 1(k)).
Importantly, the TAPP powder showed N-H internal bending
vibration peak at 1614 cm”, which shifted to 1599 cm™ in
TAPP/PDI NPs, indicating the hydrogen bonds existed in
TAPP/PDI NPs derived from the interactions between the
carboxylic acid group of PDI and the primary amine group of
TAPP [37]. The XRD patterns of the TAPP/PDI NPs, TAPP NPs,
and PDI NWs showed similar diffraction peak (Fig. S6 in the ESM),
indicating the disordered nanostructures.

Inspired by the new NIR absorption, we then systematically
studied the photoactivated properties of TAPP/PDI NPs
illuminated by 808 nm laser. Firstly, the photothermal properties of
TAPP/PDI  co-assemblies with different feed ratios were
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NPs. (j) The absorption spectra recorded for TAPP/PDI NPs redissolved in DMF. (k) The FT-IR spectra of two monomer powder and TAPP/PDI NPs.
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Figure2 NIR light activated properties of the co-assemblies. (a) The temperature elevation of TAPP/PDI co-assemblies with different feed ratios, TAPP NPs (50
ug-mL™), and PDI NWs (50 pg-mL™). (b) The temperature elevation of TAPP/PDI NPs (feed ratio of 1:2) with different TAPP concentrations. (c) Heating and cooling
curves of TAPP/PDI NPs under 808 nm laser irradiation (1.0 W-cm™) and corresponding cooling time constant (z,) calculation. (d) Photothermal stability of TAPP/PDI
NPs for five irradiation cycles (808 nm, 1.0 W-cm™). (e) ESR results of singlet oxygen detection for TAPP NPs, PDI NWs, and TAPP/PDI NPs. (f) The fluorescence
intensity (at 525 nm) of DCFH in TAPP/PDI NPs dispersion under laser illumination (808 nm, 1.0 W-cm™).

investigated (Fig. 2(a)). When the feed ratio of TAPP to PDI is 1:2
or 1:4, the TAPP/PDI co-assemblies showed temperature elevation
(AT) of 31.5 °C, which was much higher than TAPP/PDI NPs with
feed ratio of 1:1 (26 °C). When the feed ratio increased to 1:6, the
obtained TAPP/PDI co-assembly showed weak temperature
elevation (14.6 °C), in accordance with the weak NIR absorption. In
comparison, TAPP NPs and PDI NWs showed the temperature
elevation of 5.5 and 5.0 °C, which was only a little higher than the
water, indicating TAPP NPs and PDI NWs are not suitable for NIR-
excitable PTT. Then the temperature elevation of TAPP/PDI NPs
at different concentrations (Fig. 2(b)) and different power densities
(Fig. S7 in the ESM) were investigated. TAPP/PDI NPs showed the
temperature elevation of 16.1, 252, and 359 °C at TAPP
concentrations of 12.5, 25, and 50 ug-mL™ irradiated by 808 nm
laser (1.0 W-cm™). In addition, the temperature increased by 19.6,
27.5, and 35.9 °C at 0.5, 0.7, and 1.0 W-cm™ (50 pug-mL™) with the
laser power density rising. Thus, the photothermal properties of
TAPP/PDI NPs varied with different concentrations and different
laser densities. According to the Egs. (1) and (2), the PCE of
TAPP/PDI NPs was calculated to be 36.5% (Fig. 2(c)) [38, 39],
surpassing that of commercial ICG (17.3%), Au nanorods (20.7%),
CuSe nanocrystal (22%) and so forth [40-42]. TAPP/PDI NPs
demonstrated no temperature decrease during five irradiation
cycles (Fig. 2(d)), indicating their excellent photothermal stability.
To assess singlet oxygen ('O,) generation of TAPP/PDI NPs
under NIR irradiation, we employed anthracene-9,10-dipropionic
acid (ADPA) as a chemical capture agent, because the three
absorbance peaks (359, 379, and 400 nm) of ADPA would decrease
upon reacting with 'O, [9]. The absorbance of TAPP/PDI NPs,
TAPP NPs, and PDI NWs remained virtually unchanged after
808 nm laser irradiation for 5 min (Fig. S8 in the ESM),
indicating no 'O, production in any of these groups. The ESR
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spectra [43] further confirmed the absence of singlet oxygen
generation (Fig. 2(e)). Furthermore, the ROS production
performance of TAPP/PDI NPs was studied utilizing DCFH-DA
probe [44]. Figure 2(f) showed that the DCFH fluorescence
intensity in TAPP/PDI NPs dispersion remained the same under
808 nm laser irradiation, certifying no ROS generation by
TAPP/PDI NPs.

We then investigated the intermolecular interactions between
TAPP and PDI molecule through molecular dynamics simulation
with Gromacs software (Fig. 3(a)) [45, 46] . After 1 ns of molecular
dynamics simulation, the two closest molecules demonstrated the
intermolecular center distance of 3.953 A, which was characteristic
of m-n conjugated stacking (Fig. 3(b)). Further analysis revealed
that there also existed dynamic hydrogen bonds between the two
monomers with the closest center distance (Fig. S9 and Video S1 in
the ESM). Therefore, both m—m interactions and hydrogen bonds
affect the stability and interaction characteristics of the molecules.
Then the absorption spectra of the closest dimer as well as two
monomers were simulated by adopting the B3LYP/6-31G** basis
set. As demonstrated in Fig. 3(c), TAPP molecule showed the B-
band and Q-band absorption peaks at 402 and 582 nm,
respectively. PDI molecule displayed the B-band and Q-band
absorption peaks at 341 and 524 nm, respectively. Compared with
the two molecules, the dimer demonstrated the B-band absorption
peak red-shifted to 406 nm, and the Q-band absorption peak
significantly red-shifted to 664 nm. To further study the reasons for
the spectral red-shift, detailed calculations were carried out on the
absorption spectra. The calculation results are shown in Fig. 3(d)
and Table S2 in the ESM. Table S2 in the ESM demonstrated that
the dimer’s B-band absorption was originated from the main
orbital (45%) transition from the highest occupied molecular orbital
(HOMO)-9 to the lowest unoccupied molecular orbital (LUMO)+3
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orbital (Fig. S10 in the ESM); the dimer’s Q-band absorption was
derived from the main orbital (48%) transition from the HOMO-1
to the LUMO+2 orbital; the number of transition orbital in the
dimer increased compared with that of two monomers, resulting in
the broadened dimer’s B-band and Q-band absorption. Besides, the
oscillator strength of the dimer’s B-band (f;) and Q-band (fp)
decreased compared with that of two monomers. As shown
in Fig. 3(d), the energy gaps of the two monomers were 2.144 and
2.772 eV, while the energy gap of the dimer significantly decreased
to 0.7481 eV, thus TAPP/PDI NPs show obvious spectral redshift.
Moreover, the spin-orbit coupling (SOC) constants of the dimer
and two monomers was obtained through TD-DFT calculations.
The SOC value of the dimer is calculated to be 0.21552 (Table 1),
which was too low and could not result in an adequate intersystem
crossing (ISC) efficiency. Therefore, the energy dissipation process
mainly occurs through internal conversion.

Given the photothermal properties of TAPP/PDI NPs, their
antimicrobial potential was systematically investigated against
Gram-positive S. aureus and Gram-negative E. coli pathogens.
Quantitative assessment of bactericidal efficacy was performed via
standardized colony-forming unit (CFU) enumeration assays. As
shown in Figs. 4(a)-4(c), TAPP/PDI NPs (100 pg-mL™) do not
demonstrate antibacterial effect under dark condition, while
TAPP/PDI NPs irradiation could eradicate S. aureus or E. coli
effectively under 808 nm laser illumination, proving the well
antibacterial ability of TAPP/PDI NPs. Then, bacterial membrane
integrity and morphological changes induced by the treatments
were visualized via SEM. As displayed in Fig. 4(d), the cellular
membranes of both S. aureus and E. coli remain structurally intact

Table1 The SOC constants of the monomers and TAPP/PDI dimer
TAPP PDI
1.37515 0.01364

TAPP/PDI
0.21552

SOC (cm™)
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in the control (saline), NIR, and TAPP/PDI NPs groups. In
contrast, significant morphological disruptions, including
membrane collapse and the intracellular contents leakage, were
observed in bacterial cells of TAPP/PDI NPs plus laser group.
These findings further corroborated the potent antibacterial activity
of TAPP/PDI NPs under photothermal stimulation. Bacterial
viability was also visually analyzed via SYTO9/propidium iodide
(PI) dual staining, providing additional validation of the
photothermal antibacterial effects of the nanoparticles (Fig. 4(e)).
For control, NIR, and TAPP/PDI NPs groups, green fluorescence
(live bacteria) dominated absolutely. However, for TAPP/PDI NPs
combined laser group, red fluorescence (dead bacteria) dominated
thoroughly. The photothermal antibacterial performance of
TAPP/PDI NPs was also compared with several NIR PTAs (Table
S3 in the ESM), which showed the considerable antibacterial effect
of TAPP/PDI NPs.

Before evaluating the in vivo antibacterial performance of
TAPP/PDI NPs, their hemocompatibility and cytotoxicity were
assessed. Figure S11 in the ESM shows the hemolysis ratio of the
TAPP/PDI NPs dispersions with different concentrations. The
hemolysis ratios of TAPP/PDI NPs groups were less than 5%, and
erythrocyte  morphology  remained unaltered even the
concentration increased to 400 pgmL™. The cytotoxicity of
TAPP/PDI NPs was detected in HeLa cell lines (Fig. S12 in the
ESM). CCK-8 assays [47] showed no significant reduction in cell
viability after 24 h incubation with varying concentrations of
TAPP/PDI NPs (0 to 400 pug-mL™). The therapeutic process can be
illustrated in Fig. 5(a). We randomly divided the S. aureus-infected
mice into 4 groups: Control, NIR, TAPP/PDI NPs, and TAPP/PDI
NPs + NIR. As exhibited in Figs. 5(b) and 5(c), the temperature of
infected wound area of the mice in TAPP/PDI NPs + Laser group
could reach 60.2 °C within 10 min. In contrast, the temperature
change of the NIR group was not evident. This result identified that
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S. aureus after different treatments (300 ug-mL™ of TAPP/PDI NPs).

TAPP/PDI NPs could serve as an advanced photothermal dressing
for accelerating wound healing. To assess the therapeutic efficacy,
infected wound sites were photographed after different treatments.
As demonstrated in Fig. 5(d), the TAPP/PDI NPs + NIR group
demonstrated superior wound healing efficacy compared to other
groups. To evaluate bacterial load in the infected wounds, standard
bacterial culture assays were performed. Results revealed significant
reduction in bacterial counts in the TAPP/PDI NPs + NIR group
relative to the other three groups (Fig. 5(e)), which could be
attributed to the potent photothermal activity of TAPP/PDI NPs.
Furthermore, histological analysis of infected wound tissues was
conducted via H&E and Masson staining on day 10. There were
incomplete epidermis and substantial inflammatory cell infiltration
in the infected wounds in the groups of control, NIR and
TAPP/PDI NPs, while the tissues treated with TAPP/PDI NPs plus
laser displayed evident epithelialization and collagen fiber formation
(blue stained area) (Fig. 5(g)) [48, 49]. The experimental data
demonstrate that TAPP/PDI NPs with laser irradiation could
facilitate wound healing and possess potent antibacterial efficacy in
vivo.

To ensure the biological application of TAPP/PDI NPs, a
comprehensive biosafety assessment is necessary. During the 10-
day treatments, the mice body weight in all groups gradually
increased (Fig. 5(f)), indicating minimal systemic toxicity at the
used dosage. On day 10 post-treatments, the major organs were
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obtained for histopathological examination via H&E staining. As
shown in Fig. S13 in the ESM, the mice in the TAPP/PDI NPs +
NIR group show no observable histopathological abnormalities
compared to the control group. To further assess the biosafety
in vivo, blood routine test and blood biochemistry analyses were
conducted from TAPP/PDI NPs + NIR group, with healthy mice
and control group as comparison. No significant differences were
noticed in hematological and biochemical parameters among the
three groups (Fig. S14 in the ESM), further confirming the
favorable biosafety profile of TAPP/PDI NPs.

4 Conclusions

In conclusion, CTA TAPP/PDI NPs with NIR absorption have
been successfully fabricated through the supramolecular assembly
of TAPP and PDI mediated by the n—m interactions and hydrogen
bonding interactions. TAPP/PDI NPs exhibit profitable absorption
in the NIR region and fluorescence quenching, due to the charge
transfer from TAPP to PDI. Furthermore, TAPP/PDI NPs possess
satisfactory ~ photothermal ~property under 808 nm laser
illumination. According to molecular dynamic simulation, the co-
assembly forces were confirmed to originate from n-m interactions
and hydrogen bond interactions. Moreover, the energy gap of
TAPP/PDI dimer was significantly narrowed, accompanied by
small SOC, which in favor of the NIR light activated internal
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conversion of TAPP/PDI NPs. As evidenced by both in vitro
and in vivo experimental results, TAPP/PDI NPs could efficiently
kill bacteria under 808 nm laser irradiation. This supramolecular
approach provides a robust platform for designing nanoparticle
systems with tailored NIR absorption properties for photothermal
therapy.
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(SEM images and absorption spectra of TAPP/PDI co-assemblies,
the proportions of TAPP to PDI in the co-assemblies,
photothermal elevation curves, the variation of the number of
hydrogen bond over time (figure and video), the molecular orbitals
of TAPP/PDI dimer, comparison of photothermal antibacterial
performance, hemolysis analysis, CCK-8 assay, H&E staining tissue
section, and routine blood test and blood biochemistry data) is
available in the online version of this article at https://doi.org/
10.26599/NR.2025.94907835.
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