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Abstract: Biologically derived nanomaterials have gained increasing attention in tumor
diagnosis and treatment due to their inherent biocompatibility. In this study, a nanoconjugate
of cuttlefish ink (M, extracted from cuttlefish ink sacs) and meso-tetra (4-carboxyphenyl)
porphyrin (TCPP), termed M-TCPP, was synthesized. The nanoparticle size of M-TCPP was
approximately 120 nm, and it could be activated by a 660 nm light to induce the generation of
reactive oxygen species (ROS) via TCPP for photodynamic therapy (PDT) of tumor cells.
Additionally, when triggered by an 808 nm light (near-infrared light), the cuttlefish ink
component efficiently converted light into heat for photothermal therapy (PTT) of tumor cells.
Compared to standalone PDT or PTT, the synergistic combination of PDT-PTT resulted in
significantly enhanced tumor cell destruction. Moreover, in vitro experiments demonstrated
that M-TCPP exhibited no noticeable toxic side effects. The research offers some inspiration
for the development of natural multifunctional biomaterials and their use in tumor therapy.

Keywords: biomaterials; cuttlefish ink; photodynamic therapy; photothermal therapy; tumor
cell

1. Introduction

The malignant tumors represent a significant risk to human health. In addition to
traditional treatment methods, researchers have been exploring various new treatment
technologies in recent years. These mainly include photodynamic therapy (PDT) [1],
photothermal therapy (PTT) [2], sonodynamic therapy (SDT) [3], and chemo dynamic
therapy (CDT) [4]. However, tumor development and progression are highly intricate,
and no single treatment approach fully addresses all clinical requirements [5,6]. As a
result, researchers are attempting to combine different therapies to achieve a
synergistic “1 + 1 > 2” effect [7,8]. To date, several combination treatment strategies
have emerged, such as PDT-PTT [9,10], SDT-PTT [11,12], SDT-PDT [13,14], PDT-
CDT [15,16], PDT-chemotherapy [17,18], and PTT-chemotherapy [19,20]. It is worth
noting that among the phototherapy combinations (PTT and PDT), PTT is considered
an effective treatment method due to its oxygen-independent mechanism and high
spatial-temporal precision [21]. PTT typically uses a photothermal agent to trigger
localized hyperthermia under near-infrared (NIR) light irradiation, leading to the
irreversible ablation of tumor cells with high treatment efficiency [22]. In PDT, laser
irradiation at a specific wavelength activates the photosensitizer, which transfers
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energy to nearby oxygen molecules, producing ROS that exhibit strong cytotoxicity,
leading to cellular damage or death [23]. When PTT and PDT are used in combination,
PTT disrupts the membrane structure of cancer cells, enhancing the permeability of
ROS into tumor cells, thus improving PDT efficacy. Meanwhile, ROS generated
during PDT can disrupt heat shock proteins, which typically prevent DNA
denaturation and apoptosis. This disruption enhances the effectiveness of PTT,
creating a synergistic effect that complements PDT [24]. The combined PTT-PDT
strategy has proven to be effective, as it accelerates blood flow, increases tumor cell
oxygenation, promotes ROS generation, and improves the thermosensitivity of tumor
cells [25,26]. The key to synergistic PDT-PTT lies in developing new nanomaterials
with significant photothermal and photodynamic properties [27]. Several
multifunctional nanomaterials have been developed so far for the combined treatment
of tumor cells using PDT and PTT.

There are three main strategies for constructing PDT-PTT combinations. The first
involves designing inorganic photosensitizers and inorganic photothermal
nanomaterials, with gold, iron, copper, tungsten, and molybdenum-based
nanomaterials being the most common photothermal and photodynamic agents [28].
However, one of the main challenges of inorganic nanomaterials is their potential
toxicity. Over time, inorganic nanomaterials would accumulate in the body, and due
to their slow degradation/metabolism, they may cause unwanted side effects/toxicity.
The second strategy involves encapsulating organic photosensitizers within inorganic
photothermal shells, or vice versa [29]. For example, H-TiO,@PDA@ICG
(indocyanine green) [30] and Fe;04/SiO,@CUR (curcumin) [31] composite
nanoagents have demonstrated significant photothermal and photodynamic effects.
However, the inorganic part of these materials is difficult to degrade in the body, and
the organic part is not effectively/rapidly released from the inorganic part, resulting in
low utilization efficiency. To address these challenges, a series of organic
photothermal-organic photosensitizer nanocomposites have been developed, such as
ML880 [32] and DPP-TPA (triphenylamine) [33]. However, organic small molecules
generally exhibit poor loading efficiency, and their drug release is uncontrollable.
Furthermore, the limited diffusion distance (< 20 nm) of ROS produced by
photosensitizers directly leads to poor utilization efficiency of ROS within composite
nanoagents [34,35]. Thus, the development of novel organic PDT-PTT nanoagents
with optimal ROS diffusion range, along with enhanced biocompatibility and
biodegradability, is essential.

Natural melanin is widely distributed in many organisms such as human
skin/hair, plant seeds and ink sacs of cuttlefish, which contain active chemical units
(such as 5,6-dihydroxyindole-2-carboxylic) with rich amine groups. Cuttlefish ink (M)
has been recognized as an excellent agent for PTT of tumors because of their native
biocompatibility and biodegradability, which could alleviate safety concerns and
default metabolism in biological systems [36]. Additionally, cuttlefish ink contains
abundant amino groups, which can undergo amide reactions with photosensitizers
containing carboxyl groups to create multifunctional nanoagents [37]. TCPP (meso-
tetra (4-carboxyphenyl) porphyrin) is an organic molecule with carboxyl groups and
has been recognized as an effective photosensitizer in clinical trials over the years [38].
Moreover, given the short diffusion distance of ROS, TCPP is uniformly distributed
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on the surface of M, maximizing the utilization of ROS. In this study, M and TCPP
were conjugated through an amide reaction to form the M-TCPP nanoconjugate. M-
TCPP exhibited high PDT efficiency and photothermal effects, making it a promising
PDT-PTT nanoagent for synergistic tumor cell therapy (Figure 1).
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Figure 1. A diagram depicting the design of M-TCPP and its application in
synergistic PDT-PTT for tumor treatment.

2. Materials and methods

2.1. Preparation of M-TCPP

First, a specific amount of TCPP (5 mg), EDC (40 mg), and NHS (20 mg) was
weighed using an electronic analytical balance and dispersed in 5 mL of DMF
solution, stirred in the dark for 2 h. Then, 10 mg of cuttlefish ink was added to the
mixture and stirred with a magnetic stirrer for an additional 12 h. Finally, the mixture
was centrifuged at 10,000 rpm for 5 min and washed three times with a water/ethanol
mixture (1/4 mL).

2.2. Singlet Oxygen (*O2) Experiment

DPBF (20 pL, 2.0 mg/mL in DMF) was added to the DMF solution of M-TCPP
(3 mL, 50 mg/mL), forming a homogeneous mixture. This mixture was then exposed
to a light source (660 nm, 0.1 W/cm?) and labelled as “M-TCPP + DPBF + Light.”
The UV-visible absorption spectra were recorded to detect the ROS generation
efficiency of M-TCPP during photodynamic therapy. Control experiments were
conducted under the same conditions for “DPBF + Light” and “M-TCPP + Light,” and
their absorbance changes were also recorded.

2.3. Photothermal effect experiment

M-TCPP dispersions at different concentrations (0, 0.025, 0.05, 0.1, and 0.2
mg/mL, 100 uL. each) were placed into plastic tubes (150 pL) and exposed to an 808
nm near-infrared laser (1.0 W/cm?) for 10 min. Temperature changes were recorded
using an infrared thermal imaging camera.
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2.4. In vitro cell experiment

Human umbilical vein endothelial cells (HUVEC) and mouse breast cancer cells
(4T1) were cultured in 96-well plates under standard conditions. After 24 h, the culture
medium was replaced with a fresh medium containing different concentrations of M-
TCPP. Following an additional 24-h incubation, the cells were rinsed with PBS, and
cell viability was assessed using the standard MTT assay.

3. Results and discussion

3.1. Synthesis and characterization of M-TCPP

As shown in (Figure 1), TCPP is an organic molecule with carboxyl groups,
commonly used as a photosensitizer in photodynamic therapy (PDT). Cuttlefish ink
(M) is a natural biopolymer abundant in amine groups, making it an outstanding
photothermal agent for photothermal therapy (PTT). The M-TCPP composite
nanoparticles were synthesized by coupling the carboxyl groups of TCPP with the
amine groups of cuttlefish ink, enabling their use in combined PDT-PTT therapy.
Scanning electron microscopy (SEM) was employed to study the morphology of M-
TCPP, which revealed that M-TCPP formed nanoscale microspheres with an average
particle size of =120 nm (Figures 2a,b). The optical properties of M-TCPP were then
measured using UV-vis spectrophotometry. M exhibited significant absorption in the
300-800 nm range, whereas TCPP showed a distinct absorption peak at 410 nm. The
absorption spectrum of M-TCPP exhibited all the characteristic peaks of both TCPP
and M, indicating successful coupling. Notably, a slight redshift in peak position was
observed in M-TCPP compared to pure TCPP, likely due to energy transfer between
TCPP and squid ink (Figure 2c¢). The interaction between TCPP and carboxyl groups,
as well as cuttlefish ink and amine groups, was investigated using Fourier infrared
spectroscopy (FTIR) (Figure S1). The FTIR spectra revealed that the amino peak in
cuttlefish ink corresponds to the bending vibration of N-H at 1620 cm™ and the
stretching vibration of C-N at 1368 cm™. Moreover, M-TCPP exhibited two new
carboxylic acid bands at 1690 cm™* and 1400 cm™?, while TCPP did not display any
carboxylic acid stretching bands (1688 cm™), indicating the presence of -CONH-
groups. Moreover, when excited at 560 nm, TCPP in DMF solution displayed its
primary emission peak at 660 nm. In contrast, the fluorescence intensity of M-TCPP
was notably lower than that of TCPP, suggesting an energy transfer from TCPP to M.
(Figure 2d). This confirms the successful conjugation of TCPP onto the surface of
squid ink. Additionally, the average hydrodynamic size of M-TCPP was found to be
~165 nm (Figure 2e). The surface of cuttlefish ink carries a negative charge [39], and
the Zeta potential shifts from —10.7 mV for TCPP to —17.9 mV for M-TCPP (Figure
2f), further confirming the successful conjugation of TCPP on the cuttlefish ink
surface [29].
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Figure 2. (a, b) SEM images of M-TCPP; UV-vis absorption spectra; (c) and fluorescence spectra; (d) of M-TCPP,
TCPP and cuttlefish ink; (e) Hydrodynamic dimensions of the M-TCPP; (f) {-potential for TCPP and M-TCPP.
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3.2. Photodynamic effect of M-TCPP

The M-TCPP nanocomposite was formed by coupling TCPP with cuttlefish ink,
where the TCPP component can be excited by a 660 nm light source to convert O; into
cytotoxic singlet oxygen (*O). The production of O, was detected using 1,3-
diphenylisobenzofuran (DPBF) as an indicator (Figure 3a). When the mixture of M-
TCPP and DPBF was exposed to light for 5 min, the characteristic absorption peak of
DPBF at 415 nm rapidly decreased with increasing light exposure time, indicating that
10, was generated by the (M-TCPP + DPBF + Light) system (Figure 3b). To rule out
other possible influences, we also tested the absorbance changes of the pure DPBF
group and the M-TCPP group under the same conditions. It was found that 34.1% of
the DPBF was oxidized in the M-TCPP + Light (5 min) group, whereas there was no
significant reduction in absorbance in either the pure DPBF or M-TCPP groups
(Figure 3c). These results demonstrate that M-TCPP can effectively generate 'O,
under 660 nm light irradiation, showing potential for application in PDT.
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Figure 3. (a) Schematic diagram of M-TCPP stimulated by Light to produce 'O, and oxidize DPBF; (b) UV-vis
absorption spectra of M-TCPP + DPBF + Light with time variation; (c) Under the same conditions, the absorbance

changes of different test groups.
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3.3. Photothermal effect of M-TCPP

With the increase in M-TCPP concentration (ranging from 0.025 to 0.2 mg/mL),
the optical absorption of the M-TCPP dispersions was significantly improved (Figure
4a). When subjected to an 808 nm laser (1.0 W/cm?), these dispersions demonstrated
a rapid rise in temperature in response to laser irradiation, indicating a strong
photothermal effect that depended on concentration. At concentrations of 0, 0.025,
0.05, 0.1, and 0.2 mg/mL, the temperature elevations of the M-TCPP dispersions were
5.8 °C, 12.5 °C, 19.5 °C, 30.8 °C, and 47.5 °C respectively (Figure 4b). The
temperature increase of M-TCPP dispersion (0.1 mg -mL™?) was 10.5 °C, 17.6 °C,
25.2 °C, 30.8 °C, and 37.3 °C at laser powers of 0.3, 0.6, 0.8, 1.0 and 1.3 W/cm?
respectively (Figure S3). Infrared thermal images of the M-TCPP (0.1 mg/mL)
dispersion demonstrated a gradual increase in thermal imaging signal intensity with
extended 808 nm laser irradiation, indicating that M-TCPP possesses an excellent
photothermal conversion effect (Figure 4c). After four photothermal cycles, the
photothermal conversion effect of the M-TCPP (0.1 mg/mL) dispersion was well-
maintained (Figure 4d), suggesting good photothermal cycle stability. The
photothermal conversion efficiency of M-TCPP was calculated to be 31.5% (Figure
4e). Additionally, the photothermal performance of M-TCPP in PBS solution (0.1
mg -mL™, 1.0 W -cm?) was tested over some time. The results showed that M-TCPP
exhibited a similar photothermal effect after a 48-h interval in PBS solution, further
demonstrating its excellent long-term photothermal stability (Figure S4). In summary,
M-TCPP nanocomposite exhibits excellent photothermal conversion efficiency,
highlighting its promising potential for applications in photothermal therapy (PTT).
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Figure 4. (a) UV-vis absorption spectra of M-TCPP with different concentrations; (b) temperature rise curves of
different concentrations of M-TCPP; (c) photothermal imaging of M-TCPP; (d) temperature changes of M-TCPP over

four irradiation cycles; (e) temperature curve of M-TCPP moisture dispersion after 808 nm laser on/off and linear time
data with -Ln (0) after NIR laser off.
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3.4. Cytotoxicity and in vitro photodynamic-photothermal combination
therapy

To assess the biocompatibility of M-TCPP, M-TCPP was co-incubated with
HUVEC and 4T1 cells for 24 h, and cell viability was measured using the MTT assay.
The results showed that after 24 h of co-incubation, the cells remained highly viable,
with an average survival rate of over 88% at a concentration of 0.4 mg/mL, confirming
the good biocompatibility of M-TCPP (Figures 5a,b). Next, the uptake of M-TCPP
(0.2 mg/mL) by 4T1 cancer cells was investigated. Under identical experimental
conditions, ink from squid served as a non-fluorescent control. After 4 h of co-
incubation with M-TCPP, strong red fluorescence was observed in 4T1 cells,
indicating that M-TCPP was effectively taken up/endocytosed by the 4T1 cells
(Figure 5c).
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Figure 5. (a, b) Cytotoxicity of HUVEC and 4T1 cells under different
concentrations of M-TCPP; (c) Fluorescence images of 4T1 cells after incubation
with M-TCPP or M for 4 h.

Next, the PDT and PTT effects of M-TCPP on 4T1 tumor cells were studied in
vitro. 4T1 cells were incubated with M-TCPP (0.2 mg/mL) for 12 h, followed by
irradiation with either 808 nm laser (NIR) or 660 nm laser (Light) in some groups
(Figure 6a). The cells were divided into seven groups: (1) Control group; (2) M-TCPP
group; (3) NIR irradiation group; (4) Light irradiation group; (5) M-TCPP + NIR
group; (6) M-TCPP + Light group; and (7) M-TCPP + NIR + Light group. Cell
viability in these groups was measured using the MTT assay, and fluorescence
microscopy was used to observe cell staining. In groups (1-4), the cell viability
remained above 85%, indicating that neither M-TCPP alone nor irradiation with NIR
or Light alone had any significant cytotoxic effect on the 4T1 cancer cells. However,



Nano and Medical Materials 2024, 4(1), 1895.

in group (5), the cell viability dropped to 43.1%, demonstrating that M-TCPP under
NIR irradiation exhibited effective PTT performance. Furthermore, in group (6), the
cell viability decreased to 56.2%, confirming the efficacy of PDT. Most importantly,
the lowest cell viability was observed in group (7), with a survival rate of only 16.8%,
attributed to the strong synergistic effect of PTT-PDT combination therapy (Figure
6b). Fluorescence microscopy images further supported these results, showing
predominantly green fluorescence (live cells) in groups (1-4). In contrast, groups (5—
7) exhibited a decrease in green fluorescence and a corresponding increase in red
fluorescence (dead cells), indicating reduced cell viability. Notably, group (7) (M-
TCPP + NIR + Light) displayed the highest number of red fluorescent (dead) cells
(Figure 6¢). In summary, the combination of M-TCPP with both 808 nm and 660 nm
laser irradiation demonstrated excellent photothermal-photodynamic synergistic
effects, effectively killing tumor cells.
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Figure 6. (a) Schematic diagram of combined PTT-PDT in vitro. Relative survival
rate; (b) and fluorescence image; (c) of 4T1 cells treated in different groups.

4. Conclusions

In summary, a biomimetic M-TCPP nanomaterial was successfully synthesized
by coupling TCPP with cuttlefish ink. M-TCPP demonstrated efficient production of
ROS under 660 nm laser irradiation and rapid heat generation under 808 nm laser
irradiation, exhibiting excellent photodynamic and photothermal effects. Additionally,
M-TCPP displayed good biocompatibility, and its combined PDT-PTT treatment
significantly enhanced the ability to kill tumor cells compared to PDT or PTT alone.
This study provides a promising new strategy for tumor cell treatment using
biocompatible materials.

Supplementary materials: Experimental materials and instruments, FTIR spectra,
XRD spectra, photothermal effect under different laser power, and stability assessment
are provided in the Supporting Information.
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