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Nanostructures formed from the self-assembly of amino acids are promising materials in many
fields, especially for biomedical applications. However, their low stability resulting from the
weak noncovalent interactions between the amino acid building blocks limits their use. In this
work, nanoparticles co-assembled by fluorenylmethoxycarbonyl (Fmoc)-protected tyrosine
(Fmoc-Tyr-OH) and tryptophan (Fmoc-Trp-OH) are crosslinked by ultraviolet light irradiation.
Two methods are investigated to induce the dimerization of tyrosine, irradiating at 254 nm or
at 365 nm in the presence of riboflavin as photo-initiator. For the crosslinking performed at 254
nm, both Fmoc-Tyr-OH and Fmoc-Trp-OH generate dimers. In contrast, only Fmoc-Tyr-OH
participates in the riboflavin-mediated dimerization under irradiation at 365 nm. The
participation of both amino acids in forming the dimers leads to more stable crosslinked
nanoparticles, allowing also to perform further chemical modifications for cancer applications.
The anticancer drug doxorubicin (Dox) is adsorbed onto the crosslinked nanoparticles,
subsequently coated by a tannic acid-iron complex, endowing the nanoparticles with
glutathione-responsiveness and photothermal properties, allowing to control the release of Dox.
A remarkable anticancer efficiency is obtained in vitro and in vivo in tumour-bearing mice

thanks to the combined chemo- and photothermal treatment.
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1. Introduction

Lessons from Nature brought many inspirations to biomedicine and greatly improved its
advances. A typical example concerns the use of natural biomolecules as building blocks to
self-assemble into different structures and materials endowed of various functions.[!!
Biomolecules are generally more biocompatible compared to artificial and synthetic polymers.?!
Moreover, materials formed from the self-assembly of biomolecules retain some original
biological features, which is very important for biomedical applications. Among the wide panel
of biomolecules, amino acids, as one class of basic molecules of the living matter, exhibit the
capacity of self-assembly.[®l Moreover, they can be easily modified on their amino and
carboxylic groups and side chains, allowing to generate a large pool of amino acid derivatives
with different functions and properties. Given their excellent biocompatibility and
functionalization potential, self-assembled amino acid-based nanomaterials have shown broad
prospects for biomedical applications, such as drug delivery, bioimaging and tissue
engineering.””! For example, it was reported that porphyrin-modified diphenylalanine self-
assembled into nanodots."® The introduction of porphyrin not only facilitated the self-assembly
process, but also endowed the nanodots with photothermal properties. Additionally, the co-
assembly of porphyrin with Fmoc-(Leu)s-OMe formed nanoparticles that were exploited for
photodynamic therapy.®! However, self-assembled materials driven by noncovalent
interactions are generally not stable in some conditions, including physiological environment,
acidic and/or basic media and organic solvents, which prevents further modifications and limits
their potential in biomedicine.[ In order to overcome this problem, crosslinking strategies have
been developed. A common approach is to use crosslinkers with two reactive terminal moieties,
such as aldehyde, amino, carboxyl, azido or alkynyl groups.®%1 However, the complete removal
of crosslinkers from the materials might be difficult, likely causing various problems including
cytotoxicity.[' In this regard, crosslinker-free strategies exploiting particular functional groups
in the building blocks presents more advantages. Benefiting from the broad panel of amino acid
side chains, self-assembled materials containing amino acids with reactive side chains can be
directly crosslinked. For example, the phenol group of tyrosine (Tyr) and the indole group of
tryptophan (Trp) can be dimerized through radical reactions.[*! Recently, tyrosine-rich
polypeptides have drawn much attention in materials science, showing high potential in forming
nanoparticles and hydrogels with various desired features, such as good stability,
biocompatibility and fluorescence.[!? Different methods have been developed to form the
dityrosine and ditryptophan dipeptides via the generation of radicals. For example, peroxidases

can oxidize the Tyr side chain and induce the formation of dityrosine.[*®! Besides, the UV-
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induced crosslinking with or without a photo-initiator can lead to dityrosine or ditryptophan
formation.™ In addition to radical reactions, Tyr can be also crosslinked by a catechol-
mediated melanin pathway using the enzyme tyrosinase.[*>¢1 Covalent bonds can be introduced
before or after self-assembly. The former strategy could trigger the self-assembly process, while
the latter approach allows stabilizing the nanostructures for further modifications without losing
their morphology.[*"!

Besides crosslinking, coating strategies can also increase the stability of materials, for instance
using polymers. Moreover, the coating can impart to the materials novel properties, such as a
photothermal response. Natural polyphenols, like tannic acid (TA) complexed to Fe®*, have
drawn much attention for the coating of nanoparticles due to their biocompatibility, stability,
stimuli-responsive-degradability, and photothermal and adhesion properties.[*8l

Herein, binary amino acid nanoparticles (termed BAP) co-assembled from Fmoc-protected Tyr
and Fmoc-protected Trp were crosslinked exploiting the Tyr and/or Trp side chains to increase
their stability. Two crosslinking methods using UV irradiation were explored. Different
crosslinking compounds, including dimerization and oxidation products, were detected in the
crosslinked binary nanoparticles (termed CBP). Next, the stability of the nanoparticles before
and after the crosslinking was evaluated under various physical and chemical treatments.
Finally, the stabilized CBP were loaded with the anticancer drug Dox and coated by TA/Fe®*
complex (termed TAF) for chemo- and photothermal combined anticancer therapy. The TAF
coating not only endowed the nanoparticles with photothermal properties, but it also allowed to
control the release of Dox inside the cells owing to glutathione (GSH)/pH dual-triggered
degradation.[**2! Aa s consequence, an efficient in vitro anticancer effect was observed. These
amino acid-based nanoparticles were then exploited in vivo in a combined chemo/photothermal

therapy (PTT) to treat colorectal cancer.

2. Results and Discussion

2.1 Synthesis and Photocrosslinking of Binary Amino Acid Nanoparticles

BAP were synthesized according to our previous work through the co-assembly of Fmoc-Tyr-
OH and Fmoc-Trp-OH in water, which was driven by supramolecular interactions.[?!! Due to
the weak noncovalent interactions between the amino acids, BAP suffered from a low stability,
limiting their applications. In order to improve their stability, a UV-induced-crosslinking was
performed to generate covalent bonds into the BAP network (Figure 1a). Owing to the Tyr/Trp
side chains that can generate radicals under UV light irradiation, a covalent binding between

Tyr-Tyr, Trp-Trp and/or Tyr-Trp was expected. Because these aromatic side chains play a
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critical role in driving the self-assembly through n-n stacking, their crosslinking would certainly
reinforce the nanoparticles. Two photocrosslinking methods applying different UV sources
were studied (Figure S1). In the first method, we employed a 254-nm light to irradiate the
nanoparticles (named CBPuv). In the second method, a 365-nm light irradiation was applied to
obtain crosslinked nanoparticles named CBPrino. Due to the lower energy of the 365-nm light
making Tyr and Trp difficult to be activated, riboflavin (Ribo) was added as a photo-initiator
to facilitate the photocrosslinking. The 254-nm light could instead excite the side chain of both
Tyr and Trp, and generate radicals due to its strong energy. In contrast, the 365-nm light could
excite only Ribo and generate triplet state Ribo (*Ribo) after intersystem crossing. The
generated Ribo initiated a radical reaction through two different pathways. In type | pathway,
3Ribo directly reacts with the side chains of the amino acids to generate the corresponding
radicals. In type 11 pathway, *Ribo reacts with triplet O, and generates singlet O, which has a
strong oxidation capacity to produce radicals.[??l The generated Tyr/Trp radicals underwent
mainly two competitive routes, namely dimerization and oxidation (Figure S1).' The
dimerization could crosslink BAP, while the oxidation probably helped to increase the water

dispersibility of the nanoparticles.

o0
Chemotherapy

Combined therapy
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Figure 1. (a) CBP were prepared by the crosslinking of Fmoc-Tyr-OH/Fmoc-Trp-OH co-
assembled BAP. Dox was then loaded on CBP through adsorption, followed by TAF coating.
(b) TAF coating endowed the nanoparticles with photothermal properties and the capacity of
GSH/pH dual-sensitive Dox release, which were exploited for chemo/photothermal combined

anticancer therapy.



2.2 Structural and Spectroscopic Characterization of the Nanoparticles

The white colour of the colloidal solution of BAP changed after crosslinking. CBPuv showed a
brownish colour and CBPrino became yellowish (see insets in Figure 2a). The spherical
structures were maintained in both cases, as observed in the TEM images (Figure 2a),
indicating that the photocrosslinking did not alter the morphology of the nanoparticles. The size
of the nanoparticles was in the range of 200-300 nm according to the TEM images, in agreement
with the dynamic light scattering (DLS) analysis (Figure 2b). The polydispersity index (PI) of
the nanoparticles was less than 0.2, suggesting a homogeneous size distribution (Figure 2b).
This was probably due to the highly negative surface of the nanoparticles (zeta potential around
-40 mV, Figure 2c), which provided sufficient interparticle electrostatic repulsion to prevent
their aggregation. After crosslinking, the size of both nanoparticles was slightly increased from
~170 nm to ~250 nm (CBPuyy) and ~210 nm (CBPrino), and the surface charge was more
negative when compared to BAP. These differences were probably caused by photo-oxidation
products with more hydroxyl moieties generated during the UV irradiation (Figure S1).

Next, we analysed the crosslinked nanoparticles by UV-Vis and fluorescence spectroscopy. An
increase of absorbance in the region between 310 and 500 nm was detected in the nanoparticles
after the crosslinking, whereas BAP composed of Fmoc-Tyr-OH and Fmoc-Trp-OH had no
absorbance from 310 to 800 nm (Figure 2d). It has been reported that dityrosine has a specific
absorbance band at around 330 nm.1*?l The UV irradiation-related products of Trp, including
ditryptophan, and their oxidative products absorb between 300 and 500 nm.[?224 Therefore, the
presence of a broad absorbance in both CBP suggested the existence of dimers and oxidized
products of the two Fmoc-amino acids. The absorbance of CBPyyv above 300 nm was higher
and wider than that of CBPrin at the same concentration (0.1 mg/mL), indicating a higher
crosslinking efficiency for CBPuv, which contained probably more Trp-derived products than
CBPrino. The nanoparticles were also characterised by fluorescence spectroscopy. As the broad
absorbance band in the crosslinked nanoparticles is at 310-500 nm, the nanoparticles were
excited at 330 nm wavelength (Figure 2e). BAP showed no fluorescence, which can be
explained by the absence of absorbance in this region. In contrast, the crosslinked nanoparticles
emitted a maximum fluorescence at ~410 nm, with the fluorescence intensity of CBPrino higher
than that of CBPuv, likely because of dimerization and redox products in CBPuyy. Indeed, the
lower fluorescence intensity in CBPuv suggested the existence of more oxidized products,
which had a broader absorbance and lower fluorescence intensity. When excited at 330 nm,
both the dityrosine and the ditryptophan moieties exhibit a fluorescence ranging from 400 to

500 nm wavelength, depending on the substituting groups.*22*2%1 This confirmed the
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generation of Fmoc-Tyr-OH and Fmoc-Trp-OH dimers after crosslinking of BAP.
Subsequently, the thermal stability of the nanoparticles was studied by thermogravimetric
analysis (TGA) performed under inert atmosphere (Figure 2f). The residual weight at 900°C
was ~13%, 25% and 19% for BAP, CBPuv and CBPrino, respectively. The higher amount of
residual mass for CBPuv and CBPrino compared to BAP was indicative of the generation of
compounds with a higher thermal stability after crosslinking, such as oligomers, in particular
for CBPuv. Additionally, the TGA curves of Fmoc-Tyr-OH and Fmoc-Trp-OH overlapped
before 270°C, indicating the same thermal decomposition behaviour, but a difference was
evidenced with the shoulder at around 270-400°C(Figure 2g, red frame). Considering the
molecular structures of the two Fmoc-amino acids, the only difference is the side chain. We can
speculate that the shoulder in the weight loss curves corresponds to the thermal decomposition
of the phenol and indole side chains. In both crosslinked groups, the shoulder in this region
disappeared, indicating that the side chains changed after the UV irradiation, contrarily to BAP
(Figure 2f, red frame). The crosslinking clearly enhanced the thermal stability of the
nanoparticles by forming dimers, oligomers and oxidised species, with CBPuyv containing more
high-molecular-weight products than CBPrino. Meanwhile, we suggest that the dimerization and
the oxidation of Fmoc-Tyr-OH and Fmoc-Trp-OH occurred mainly on their aromatic side
chains.
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Figure 2. (a) TEM images and photographs of the solutions of the nanoparticles before and
after crosslinking. (b) Size and PI assessed by DLS, and (c) surface charge (zeta potential) of
the nanoparticles. (d) UV-Vis absorption spectra, and (e) fluorescence spectra of the
nanoparticles (excited at 330 nm). (f) TGA of the nanoparticles before and after crosslinking.

(9) TGA of the single Fmoc-amino acids.



2.3 Characterization of the Crosslinking Products by High Performance Liquid
Chromatography and Liquid Chromatography-Mass Spectrometry

The high-performance liquid chromatography (HPLC) analysis of the BAP group, which
contained only Fmoc-Tyr-OH and Fmoc-Trp-OH, showed the peaks of the two compounds, as
expected (Figure 3a). In the CBPuyv group, apart from these two remaining peaks, many new
peaks were detected at retention times from ~11.2 to 19.2 min. Moreover, when comparing the
ratio of the remaining Fmoc-Tyr-OH and Fmoc-Trp-OH peaks in the BAP group, the peak of
Fmoc-Trp-OH decreased more compared to Fmoc-Tyr-OH in the CBPuyv group, suggesting a
higher reactivity of Fmoc-Trp-OH than Fmoc-Tyr-OH during the crosslinking process. In
contrast, in the CBPrino group, though there were still new peaks between ~13.8 and 18.4 min,
the total area of these new peaks was smaller than that in the CBPuv group, suggesting that
fewer crosslinking products were formed. These results confirm the generation of new products
after UV crosslinking and highlight differences between the two crosslinked nanoparticles.
Additionally, liquid chromatography-mass spectrometry (LC-MS) was used to identify the
crosslinking products in the two types of crosslinked nanoparticles (Figure 3b). In the CBPuv
group, nearly 90% of the crosslinking products were formed by oxidation of Fmoc-Tyr-OH and
Fmoc-Trp-OH, including 60.5% oxidized Fmoc-Trp-OH (Trp-[O]) and 30.6% oxidized Fmoc-
Tyr-OH (Tyr-[O]). The higher proportion of Trp-[O] is likely due to a higher oxidation rate
constant compared to Tyr.[*Y The dimerization-related products accounted for ~10%. Among
them, the presence of di-Fmoc-Tyr-OH (Di-Tyr), di-Fmoc-Trp-OH (Di-Trp) and Fmoc-Tyr-
OH/Fmoc-Trp-OH dimers (Tyr-Trp) was confirmed, and their proportion was 3.4%, 0.7% and
1.9%, respectively. The UV irradiation generated both Fmoc-Tyr-OH and Fmoc-Trp-OH
radicals, and these radicals dimerized mutually. The existence of Tyr-Trp showed that the
crosslinking was not only limited to self-dimerization of Fmoc-Tyr-OH and Fmoc-Trp-OH, as
the radicals on both Fmoc-Tyr-OH and Fmoc-Trp-OH could also react together. Among the
three dimers, the relative amount of Di-Tyr was the highest and that of Di-Trp was the least.
The much higher yield of the Tyr-[O] and Trp-[O] indicated that the radical reactions
preferentially followed the oxidation pathway in this condition. In addition to Tyr-[O] and Trp-
[O], the detection of oxidative dimers (0.9% Di-Tyr-[O], 0.6% Di-Trp-[O] and 1.4% Tyr-Trp-
[O]) also supported this conclusion. The higher yield of the oxidation products in CBPyv could
mainly result from the generation of reactive oxygen species under 254-nm UV irradiation,
which induced the oxidation of the monomers and the dimers. In contrast, in the CBPrino group,
where the 365-nm UV light was used for the crosslinking, less oxidative products were

generated. As shown in Figure 3b, 55.2% of the crosslinking products were Di-Tyr, formed in
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a much higher proportion than in the CBPuyv group. The proportion of oxidative products in
CBPribo Was 44%, including 25.8% Trp-[O] and 17.1% Tyr-[O]. The higher yield of Di-Tyr
demonstrated that the use of 365-nm UV and a photo-initiator was more specific for the
formation of the Fmoc-Tyr-OH dimer. Moreover, though the Trp-[O] was also detected in
CBPRribo, there were less Trp-related dimers (e.g., Di-Trp and Tyr-Trp). The generation of Trp
radicals probably requires a higher energy, and therefore, the irradiation at 365-nm UV yielded
less Trp radicals, which mainly underwent photo-oxidation. Overall, by comparing the diversity
of the crosslinking products between the CBPuv and CBPrino groups, these results indicated
that the crosslinking under 254-nm UV light could lead to the generation of more reactive
oxygen species and Trp radicals, and thus resulted in more complex reactions. By contrast, the
365-nm UV irradiation with a photo-initiator generated only a limited number of radicals,
resulting mainly in the Di-Tyr formation. These differences can also explain their distinct UV-
Vis absorbance and fluorescence spectra (Figure 2d and e), as well as the different colour of
the nanoparticle solutions (Figure 2a). Di-Trp and Di-Trp-[O] in the CBPuv group contributed
to the broader absorbance band. The brown colour of the nanoparticles was probably due to the
indole dimer core in the Trp-related dimers (e.g., Di-Trp and Di-Trp-[O]), which is similar to
5,6-dihydroxyindole polymer, a key intermediate product in the polymerization of dopamine or
melanin (Figure S2).1?81 In the CBPribo group, only Fmoc-Tyr-OH participated to the
crosslinking, while, both Fmoc-Tyr-OH and Fmoc-Trp-OH jointly formed a covalent network
in the CBPuyv group. The oxidative products in both CBPyy and CBPrine probably correspond
to hydroxyl or quinone groups in the aromatic rings, making the surface charge of the

crosslinked nanoparticles more negative (Figure 2c).
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Figure 3. (a) HPLC chromatograms of the nanoparticles before and after crosslinking
(detection wavelength: 254 nm). Red and blue dotted lines indicate the position of Fmoc-Tyr-
OH and Fmoc-Trp-OH, respectively. Pink areas in the CBPyy and CBPrino groups show the
crosslinking products. (b) Structures of the possible crosslinking products and their relative

percentages in each nanoparticle, identified by LC-MS.

2.4 Stability of the Nanoparticles Before and After Crosslinking

The aim of the crosslinking was to enhance the stability of the nanoparticles, so that they can
maintain their structures during the next chemical modification steps. The stability of all
nanoparticles before and after crosslinking was evaluated under various physical treatments
(e.g., magnetic stirring, washing by centrifugation and resuspension in water, dialysis, and long-
time storage) and different chemical environments (e.g., buffers at different pH and cell culture
media). The assessment of the Tyndall effect using a laser beam is a fast approach to evaluate
the colloidal state of nanoparticle solutions.[?” Any disassembly or aggregation, which disturbs
the colloidal state, can influence the laser beam passing through the solutions (Tyndall effect).
The untreated BAP, CBPuv and CBPrino solutions showed a clear laser beam signal (Figure
S3). However, this state changed in BAP after the different treatments. Indeed, large aggregates
or disassembly/dissolution of the Fmoc-amino acids were observed. In contrast, the crosslinked
nanoparticle solutions showed the same Tyndall effect of the untreated groups after the different
treatments or after long-time storage, indicating a higher stability due to the introduction of
covalent bonds, which contributed to maintain their nanostructures (Figure 4).

Apart from the macroscopic observation of the nanoparticle solutions, the state of aggregation
or the disassembly was also assessed by DLS. The much higher size and PI values of BAP after
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stirring and long-time storage confirmed their aggregation (Figure S4a and b). No size and Pl
results were output in the washed BAP group, which indicated the total disassembly of the
nanoparticles. Though no visible aggregation in the BAP solution was observed after dialysis,
the DLS analysis showed the presence of a population with ~2 pm size and around 1.0 PI,
indicating totally disordered structures. The turbidity of the nanoparticle solutions resulting
from their scattering of light also reflected their colloidal state. As shown in Figure S4c, the
turbidity of BAP decreased after stirring, washing or dialysis, while it increased after storage
due to aggregation, confirming their lower stability. On the contrary, the size, Pl and turbidity
of CBPuv were constant under the different physical treatments (Figure S4a, b and c). CBPrino
were moderately stable, though no difference in their solutions was observed by eye. Their size
and PI were nearly unchanged under the various physical treatments (Figure S4a and b).
However, their turbidity decreased to some extent after some of the treatments (Figure S4c),
probably because of the partial disassembly of the nanoparticles or little aggregation, which
was invisible to the naked eye.

TEM was used to observe the morphology of the nanoparticles after the different treatments
(Figure S4d). Large and irregular aggregates were observed in the BAP groups after stirring
and after long-time storage, confirming the results of the Tyndall effect, DLS and turbidity
experiments. Interestingly, nanofiber-like structures were observed in the dialysed BAP, which
was in agreement with the DLS analysis. This was probably due to the disassembly of BAP,
Fmoc-Tyr-OH having the capacity to form fibers.?!l In contrast, spherical nanostructures, as
homogeneous as the untreated ones, were observed in all CBPyy groups after the different
physical treatments. However, the structure of CBPrino surprisingly changed into homogeneous
hollow spheres, with a similar Tyndall effect and size as CBPuv. Nevertheless, their turbidity
decreased because the removal of the core increased the transmitted light and reduced the
scattering when compared to CBPuy.

For further applications in biomedicine, it is critical that the nanoparticles remain stable also
under different chemical environments, including ionic solutions at different pH and cell culture
media with serum. Therefore, the stability of the nanoparticles before and after crosslinking
was tested in citrate buffer (pH 5.5), phosphate-buffered saline (PBS, pH 7.4),
tris(hydroxymethyl)aminomethane hydrochloride buffer (Tris-HCI buffer, pH 8.5) and Roswell
Park Memorial Institute (RPMI) 1640 cell culture medium with 10% serum. BAP immediately
totally disassembled upon dropping into these buffers and DLS could not provide any reliable
value due to the absence of nanostructures existing in solutions (Figure S5a and b). The

turbidity of these samples was nil, showing transparent solutions due to complete dissolution
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(Figure S5c¢). Similar to the results of the physical treatments, CBPuv showed a high stability,
whereas CBPrino resulted less stable (Figure S5a, b and c). The size of CBPrino in the citrate
buffer and PBS did not change much, but it increased in the Tris-HCI buffer with a large
variability (Figure S5a). Besides, the Pl of CBPrino in PBS and Tris-HCI buffer became larger
compared to that of the nanoparticles in the citrate buffer and the untreated nanoparticles
(Figure S5b). Moreover, the turbidity of CBPrino in PBS and Tris-HCI buffer was almost zero
(Figure S5c). These results revealed that CBPrino Were unstable in PBS and Tris-HCI buffer,
and remained intact only in the acidic citrate buffer.

The structures of the crosslinked nanoparticles after incubation in the different buffers were
observed by TEM. Since BAP totally dissolved in the buffers, no structures were found in the
TEM images. As shown in Figure S5d, integral nanoparticle structures were observed in CBPuyv
dispersed in the three buffers. In contrast, broken nanoparticles were observed in CBPRrino
incubated in PBS, while some structures were hemispherical with many holes. Moreover, only
some fragments were found in CBPrino treated in Tris-HCI buffer, while unchanged
nanoparticles were observed in the acidic citrate buffer (Figure S5d), consistent with the results
from DLS and turbidity.

Finally, the stability of the CBPuv and CBPrino Nanoparticles was studied in RPMI 1640 with
10% foetal bovine serum (FBS). Both CBPuv and CBPrino at 10-min and 24-h incubation
showed an increase of their size when compared with the untreated nanoparticles (Figure S6a),
which was probably due to the adsorption of various proteins (protein corona formation). The
turbidity of BAP decreased to 0 within 1 min, suggesting a rapid degradation of the
nanoparticles (Figure S6c). Similarly, a decrease of the turbidity of CBPrino Was observed
within 5 min. The turbidity of CBPuv decreased to 60% in the first 10 min and reached ~30%
after 24-h incubation (Figure S6c). The structure of the crosslinked nanoparticles after
incubation in cell culture medium was observed by TEM (Figure S5e). Interestingly, though
the turbidity of CBPuv decreased significantly after incubation, the nanoparticles looked
unaffected. Moreover, CBPuv after the cell culture medium treatment showed a less contrasted
surface, likely because of the adhesion of proteins. In the case of CBPrino, hollow structures
were observed already after 10 min, and no structures could be found in the TEM images after
24 h. These results confirmed that CBPuv were more stable than CBPrino in the cell culture
medium, thus being more suitable for their use as drug delivery carriers. Their stability over 30
days was also explored in water, buffers with different pH and cell culture medium (Figure S7).
The size and PI of CBPuv in these conditions were measured by DLS, and negligible changes

were observed, indicating their good long-term stability (Figure S7a and b). Only the surface
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charge of CBPuv was changed from ~-35 mV to ~-20 mV after 30 days in water (Figure S7c),
but their dispersibility was still satisfactory.

These results showed that CBPyv and CBPrino Were more stable compared to BAP because of
the formation of covalent bonds induced by the photocrosslinking reaction (Figure 4). Though
LC-MS results demonstrated that CBPrino contained a higher proportion of Di-Tyr (Figure 3b),
the proportion of crosslinked products was lower than that in the CBPuv groups (Figure 3a).
For CBPRribo, 0nly Fmoc-Tyr-OH dimerized, while Fmoc-Trp-OH almost did not react, resulting
in a less efficient crosslinking (Figure 4). Moreover, CBPrino With a core-shell structure were
observed after physical treatment or incubation in medium, indicating the disassembly of the
core, likely due to less penetration of light that only triggered the crosslinking of the amino
acids on the nanoparticle surface. In the case of CBPuy, more crosslinked molecules were
generated, and both Fmoc-Tyr-OH and Fmoc-Trp-OH participated in the crosslinking, thus
imparting a higher stability to the nanoparticles (Figure 4). Moreover, the oxidation of CBPRrino
and CBPuv led to the formation of hydroxyl groups on the surface, preventing them from
aggregation in water (Figure 3b and Figure 4). For these reasons, CBPyv were used in the rest

of the study (for sake of simplicity, CBPuv are named CBP in the following sections).
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2.5 Functionalization of CBP with Doxorubicin and Tannic Acid/Fe3* Complex

CBP with enhanced stability, spherical structure and appropriate size showed the potential as
nanocarriers for drug delivery. Due to the insufficient anticancer effect of a single therapy,
combined chemo- and photothermal therapies with a higher efficiency was designed, allowing
to reduce the drug dosage, minimize side effects, overcome multidrug resistance in cancer cells,
and eventually improve the overall therapeutic efficacy.[?2% Firstly, Dox was adsorbed onto
CBP thanks to n-7 stacking and electrostatic interactions, generating CDX (C: CBP and DX:
Dox) (Figure 1a). Then, to avoid undesired drug leakage, CDX were subsequently coated with
TAF through the formation of coordination bonds between the polyphenol groups of TA,
adsorbed on the CDX surface via n-n stacking, and Fe®* ions, generating CDT (C: CBP; D: Dox
and T: TAF coating) (Figure 1a). The TAF coating endowed the nanoparticles with not only
photothermal properties when irradiated by a near-infrared light, but also acid/GSH
responsiveness to control the Dox release. Based on this, the multifunctional CDT were
constructed with chemo/photothermal anticancer properties and controlled drug release.

Due to the good solubility of the nanoparticles in organic solvents, the amount of Dox loaded
in CDX was assessed by HPLC after dissolution in dimethyl sulfoxide (Figure S8a). The
encapsulation efficiency (EE) and drug loading efficiency (LE) were calculated based on the
integration of the HPLC peaks and equation 1 and 2 (see SlI, Dox loading section) As shown in
Figure S8b, increasing the initial Dox concentration from 0.02 to 0.10 mg/mL, EE decreased
from ~85% to ~44%, but LE changed from ~10% to 15%. When the initial concentration of
Dox was more than 0.08 mg/mL, the LE remained constant, indicating a loading saturation. As
a result, the optimal loading condition was 0.10 mg/mL of Dox, where EE and LE corresponded
to 44% and 15%, respectively.

The coating process was optimized to achieve a balance between imparting a significant
photothermal capacity, preserving the structure and allowing a sufficient Dox release (Figure
1Db). For this purpose, we investigated the impact of the ratio and addition sequence of TA and
Fe®*, and the thickness of the coating.*3Y For simplicity reasons, CBP without Dox were used
and different conditions were investigated to prepare the TAF-coated CBP (named CTF, C:
CBP and TF: TAF coating) (Table S1). Their size, Pl and surface charge were assessed by DLS.
The PI was less than 0.15 in all groups, suggesting that CTF were homogeneous (Figure S9a-
c). Large size nanoparticles (400-450 nm) were measured when the TA concentration and Fe*
proportion were increased, indicating the generation of a thick layer (Figure S9a and b). The
size of CTF-Fe-TA (prepared by adding 1.2 mg/mL of Fe** in CTF solution followed by 0.6
mg/mL of TA, Table S1) was similar to that of CBP (~300 nm), probably due to the formation

13



of a thin layer (Figure S9c). In the case of CTF-0.6-2 layers prepared by a multi-layered coating
strategy (0.6 mg/mL of TA and 1.2 mg/mL of Fe®*"; coating performed twice, Table S1), the
increase of the size was around 120 nm, indicating that the thickness of the coating was about
60 nm (Figure S9c). The zeta potential of all CTF was around -40 mV. The high negative
charge surface was likely due to the presence of abundant phenolic hydroxyl groups in TA,
ensuring a high water dispersibility of the nanoparticles (Figure S9d-f). CTF were then
observed by TEM. When the concentration of TA increased, the CTF surface became more and
more rough (Figure S10a), while it became gradually smoother when the proportion of Fe3*
increased (Figure S10b). Nevertheless, the surface became rough again in CTF-0.6-2 layers
(Figure S10c). The rough surface confirmed the coating of the nanoparticles with the TAF
complex and the roughness level depended on the coating thickness and Fe* proportion.

The amount of iron in the different CTF was determined by X-ray photoelectron spectroscopy
(XPS) (Figure S11). The amount of Fe was consistent with the thickness of the coating, as a
higher percentage of Fe atoms was detected in the groups with a thick coating (Figure S11a-c).
In CTF-0.6-2 layers the amount was 1.8%. XPS survey and high-resolution spectra of CTF
showed the presence of the Fe 2p peaks in CTF (Figure S11d and e). The position of the Fe
2p12 (725 eV) and Fe 2ps2 (712 eV) in the high-resolution spectra confirmed that only Fe** was
present in CTF, whereas no trace of Fe?* was detected (Fe 2p1/2 expected at 723 eV and Fe 2pas
at 709 eV) (Figure S11e).32 CTF were also characterised by UV-Vis spectroscopy (Figure
S12). After the TAF coating, the colour of the nanoparticles dispersed in water changed from
brownish to dark grey/black. When the concentration of TA increased, the absorbance at 800
nm raised (Figure S12a). For different ratios of TA/Fe®*, the absorbance at 800 nm increased
when using a higher proportion of Fe** (Figure S12b). Besides, the absorbance of CTF-0.6-2
layers at 800 nm was higher than that of CTF-0.6-1 layer, confirming the importance of the
two-step coating process (Figure S12c). However, in the case of CTF-Fe-TA, the absorbance
at 800 nm was similar to that of CBP (Figure S12c). Interestingly, the addition sequence of TA
and Fe®* had a clear influence on the formation of the coating. The initial addition of Fe3* led
to a negligible TAF coating of CBP. In summary, increasing the TA concentration and Fe®*
proportion generated a thicker layer on CBP with a higher absorbance at 800 nm. Finally, the
photothermal capacity of CTF was assessed (Figure S13). Water and CBP were used as
controls. The enhancement of the photothermal performance in the different CTF groups was
in agreement with the thickness of the coating and the absorbance at 800 nm. The increase of
the temperature was 13.9°C in CTF-0.2/0.1, while it raised to 23.9°C in CTF-0.6/0.3 (Figure
S13a). The temperature increases for CTF with different Fe** proportions (CTF-0.6-1/0.5 and
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CTF-0.6-1/2) was 24°C (Figure S13b), indicating that there was nearly no influence of the
TA/Fe®* ratio on the photothermal performance when the amount of TAF coating was high
enough. As expected, because of the thin coating, the photothermal capacity of CTF-Fe-TA was
very low (Figure S13c). However, the photothermal capacity was further improved by forming
a multi-layered coating. Indeed, the temperature increase of CTF-0.6-2 layers reached 31.5°C.
Next, the influence of the concentration of the nanoparticles and irradiation power was studied
using the most efficient system (CTF-0.6-2 layers), showing that the temperature increase was
the strongest at the highest concentration and laser power (0.1 mg/mL, 2.0 W/cm?) (Figure
S13d). Besides, the photostability of CTF-0.6-2 layers was tested by repeatedly irradiating for
10 min and letting the nanoparticles cooling to room temperature. After three cycles, the same
temperature increase was recorded, indicating a stable photothermal performance (Figure
S13e). Overall, these results confirmed that the thickness of the coating, the roughness of the
surface and the photothermal performance were related to the TAF coating conditions. Based
on these results, CTF-0.6-2 layers were selected for the rest of the study. Before the biological
experiments, the best TAF coating conditions were applied to prepare the nanoparticles loaded
with Dox (CDT), which displayed good water dispersibility. TEM allowed to observe spherical
structures for CDT, similar to CDX and CTF. As expected, the nanoparticles coated with TAF
(CDT and CTF) had a rough surface, in contrast to the smooth surface of CDX (Figure 5a).
According to DLS, the size of the coated nanoparticles was around 300 nm (Pl < 0.2), in
agreement with the TEM images and slightly larger than that of CBP (Figure 5b). The
adsorption of Dox resulted in a less negative charge surface (CDX) when compared with the
other nanoparticles coated with TAF (CTF and CDT) or not (CBP) (Figure 5c). This is because
the adsorption of positively charged Dox neutralized some of the negatively charged groups on
the surface of the nanoparticles. The UV-Vis spectra of these nanoparticles were also recorded
(Figure 5d). A small absorbance was observed at ~490 nm, typical of Dox, in the spectra of
CDX and CDT, proving the loading of Dox. The increased absorbance at 800 nm in CTF and
CDT confirmed the existence of the TAF coating.
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Figure 5. (a) TEM images, (b) size/PI assessed by DLS and (c) surface charge (zeta potential)
of CBP, CTF, CDX and CDT. (d) UV-Vis spectra of Dox, TA and the different nanoparticles.

2.6 Glutathione/pH Dual-Responsive Dox Release from CDT

The Dox release from CDT was studied under different physiologically relevant conditions: pH
7.4, pH 5.5 and pH 5.5 with GSH (Figure S14a). At pH 7.4, almost no drug was released from
CDT, suggesting that the coating was stable at physiological pH, thus preventing the leakage
of Dox during the delivery process in vivo. Unexpectedly, there was no release of Dox at pH
5.5. Many studies reported the degradation of TAF under acidic conditions, because of the
protonation of all the hydroxyl groups, altering the coordination with Fe3*.[3334 Nevertheless,
the decreased absorbance at 800 nm of CDT treated at pH 5.5 evidenced that the acidic
environment did affect the coating (Figure S14b). We hypothesize that coating of CDT was
probably too thick to be fully degraded in slightly acidic conditions over a period of 24 h. When
GSH was added to the solution at pH 5.5, the release of Dox was remarkably enhanced (~25%
in 24 h) (Figure S14a). In our work, we found that GSH induced the degradation of the coating
without introducing disulphide bonds, which probably resulted from the competitive binding of
GSH and Fe®* to TA, thus breaking the TAF coordination bonds and triggering the Dox
release.['®1° As shown in Figure S14b, the addition of GSH led to a decrease of the absorbance
at 800 nm. Moreover, the combined acidic (pH 5.5) and GSH treatment reduced even more the
800-nm absorbance, indicating a significant degradation of the TAF coating. Besides, the
change of the colour of the nanoparticle solutions under the different treatments (sole acid, sole
GSH and combined GSH/acid) also confirmed the degradation caused by the pH and GSH. The
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colour of the dark solutions faded after the sole acid or GSH addition, while an orange/brown
solution after GSH/acid combined treatment was observed (Figure S14c). The morphology of
CDT following the different treatments was monitored by TEM. The GSH-treated CDT showed
a less rough surface than the nanoparticles undergoing the acidic treatment, while the surface
of CDT treated by acid and GSH was smoother, indicating that GSH enhanced the degradation
of the TAF coating more than the acid alone (Figure S14d). In addition, XPS was used to detect
the oxidation state of the iron ions in CDT after the acid and/or GSH treatment. Not surprisingly,
the Fe 2p peaks disappeared after all treatments (Figure S15), indicating the GSH/pH dual-

responsive degradation of the TAF coating.

2.7 Biocompatibility Study

Besides imparting photothermal capacities and GSH/pH-controlled Dox release, the TAF
coating also helped to improve the biocompatibility of the nanoparticles by further enhancing
their stability. We investigated the stability of the TAF-coated nanoparticles (CTF and CDT) in
RPMI 1640 with 10% FBS. After 24-h incubation, both CTF and CDT maintained their original
structures, indicating a good stability in this medium (Figure S16a and b). Moreover, the
turbidity of CTF in the medium was monitored at different incubation times (Figure S16c). A
slight decrease to ~85% only happened at the beginning of the incubation (less than 2 h), likely
resulting from the slight disturbance of the nanoparticle dispersibility caused by the protein
adsorption. After the initial change, the turbidity was constant up to 24 h and there were still
~80% of well-dispersed nanoparticles after 24 h. In order to meet the requirement of biomedical
applications, the long-term stability of CDT was also investigated by incubation in water, PBS
and cell culture medium for 30 days, and evaluated by DLS. The change of size and PI was
negligible over 30 days, suggesting a good stability of CDT. (Figure S17a and b). Similarly,
the zeta potential of CDT in water over 30 days was stable (Figure S17c¢). Moreover, these
results were supported by the intact structure of CDT at day 30 as observed under different
conditions, confirming their good long-term stability (Figure S17d).

Then, we assessed the cytocompatibility of the nanoparticles devoid of Dox (CTF). For this
purpose, human breast cancer MCF-7 cell line and human monocytic THP-1-derived
macrophages were incubated with different concentrations of CTF and the cell viability was
determined by  the  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay (Figure 6a). No significant cell death was found in
both cell lines at various concentrations up to 0.15 mg/mL, indicating that CTF had a good

biocompatibility. Additionally, the viability of the cells treated by CTF was also evaluated by
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the Live/Dead assay (Figure 6b). In the Live/Dead assay, live and dead cells can be
distinguished by different fluorescence signals using fluorescence microscopy (live cells in
green and dead cells in red). Moreover, the fluorescence intensity is correlated with the amount
of each type of cells, and thus the cell viability can be measured by microplate reader (Figure
S18). The viability slightly decreased in both types of cells when the concentrations of CTF
reached 0.125 mg/mL, but still ~80% of cells were alive. By the Live/Dead staining, almost no
dead cells were found in both MCF-7 cells and THP-1-derived macrophages incubated with the
different CTF concentrations (Figure 6c). These results showed that CTF induced no
significant cytotoxic effects in cancer and immune cells.

Besides the cytotoxicity, the immune response of the nanoparticles was also considered. Except
for specific therapies like anti-/pro-inflammatory or cancer immunotherapy, administered
therapeutic particles are seen by our immune cells as exogenous matters, thus leading to
immune cell activation and cytokine secretion. To evaluate the impact of CTF on immune cells,
the level of pro-inflammatory cytokines, including interleukin-6 (IL-6) and tumour necrosis
factor-a (TNF-a), secreted from the THP-1-derived macrophages treated with CTF was
measured. IL-6 can induce the differentiation of B lymphocytes into plasma cells, which can
release antibodies.®) TNF-a, as one of major regulators, can be rapidly released by
macrophages after infection or exposure to exogenous matters, to activate an inflammatory
reaction.®8! After incubating the macrophages with different concentrations of CTF, the
secretion level of IL-6 and TNF-a showed no significant differences compared to the control
(Figure 6d and e). Though the secretion of TNF-o was slightly increased at the highest
concentrations (0.15 and 0.20 mg/mL), the values were not significantly different and much
lower than the positive control, indicating negligible inflammatory responses. These results
confirmed the low impact of CTF on immune cells, likely triggering no inflammation during

drug delivery.
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Figure 6. Biocompatibility evaluation of CTF using MCF-7 cell line and THP-1-derived
macrophages. Viability of MCF-7 cells and THP-1-derived macrophages incubated with CTF
at different concentrations using (@) MTS and (b) Live/Dead assay. (c) Fluorescence
microscopy images of the MCF-7 cells and THP-1-derived macrophages treated with CTF and
stained by the Live/Dead reagents. (d-e) Secretion of (d) IL-6 and (e) TNF-a by the THP-1-
derived macrophages after treatment with different concentrations of CTF. (p < 0.01: *; p <
0.001: **; p < 0.0001; ***).

2.8 Cellular Uptake of CDT

The cellular uptake of CDT was studied by laser confocal scanning microscopy (LCSM). MCF-
7 cells were incubated with 0.1 mg/mL of CDT at different time points. Thanks to the intrinsic
fluorescence of Dox, CDT were detected by excitation at 488 nm without extra labelling. As
shown in Figure 7, the signal of Dox (in green) was observed at all three different times (8, 16
and 24 h), and the fluorescence intensity was higher at longer incubation times, indicating the
uptake of CDT by the cells. Additionally, because of the GSH-induced intracellular degradation
of the TAF coating, the release of Dox could explain the increase in the fluorescence intensity
over time. Additionally, the internalization of CDT was also confirmed by flow cytometry. The
fluorescence of Dox was detected in the cells in a time-dependent manner, indicating CDT were
taken up by the cells (Figure S19a). A quantitative analysis revealed a 4-fold increase of the
mean fluorescence in the CDT-treated groups compared to the non-treated control. Besides, a
24-h incubation led to a higher internalization of CDT according to the significantly higher
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fluorescence compared to 8-h and 16-h incubation (Figure S19b). Collectively, these results
confirmed the time-dependent internalization of CDT.

Besides, magnified LCSM images showed the subcellular distribution of Dox (Figure S20a).
By comparing the intensity of the green fluorescence in the nucleus (within the white dash
frames) and the cytoplasm (within yellow solid frames), a change of the fluorescence intensity
was observed. At 8 h, the fluorescence in the cytoplasm was brighter than that in the nucleus,
indicating that most CDT containing Dox were located in the cytoplasm. However, at 16 and
24 h, more and more Dox was observed in the nuclei. Especially at 24 h, the fluorescence was
brighter than that in the cytoplasm, suggesting that Dox was mostly concentrated in the nuclei.
From the merged images, an orange colour was observed in the nuclei at 24 h, resulting from
the colocation of DAPI and Dox, while the nucleus at 8 h was only red. These results confirmed
the release of Dox from CDT after cellular uptake and the translocation of Dox into the nuclei
over time. Moreover, we saw that the nucleus gradually changed from an integral circle with
clear edges (8 h) to irregular shapes at 24 h (Figure S20a). This change indicated that the cells
started to suffer from apoptosis. We assessed the mean fluorescence intensity by ImageJ
software for a semiquantitative analysis (Figure S20b-d). The higher intensity in the case of
the CDT-treated cells compared to the control cells confirmed the uptake of the nanoparticles.
Besides, the fluorescence intensity of Dox increased with longer incubation times, suggesting
a continuous uptake of CDT and intracellular release of Dox (Figure S20b and c). Additionally,
the mean fluorescence intensity in the nucleus and the cytoplasm at different incubation times
was compared (Figure S20d). At 8 h, the fluorescence intensity in the nucleus was less than
that in the cytoplasm. However, at 16 h the intensity was similar in the two cellular
compartments. Finally, after 24-h incubation, the intensity of Dox in the nucleus was higher
than that in the cytoplasm. The increase of the fluorescence intensity in the nucleus

demonstrated the release of Dox from CDT and its translocation to the nucleus.

20



DAPI CellMask Merge

o ...

Figure 7. LCSM images of MCF-7 cells treated by CDT at different times. The cell nucleus

and plasma membrane were stained with 4',6-diamidino-2-phenylindole (DAPI) in red and

CellMask in blue, respectively. The green fluorescence is contributed by Dox.

2.9 In Vitro Combined Anticancer Therapy

The potential of CDT for chemo- and photothermal combined anticancer therapy was then
evaluated (Figure 1b). The chemotherapeutic effect of CDT was first tested. MCF-7 cells were
incubated with different concentrations of the nanoparticles for 24 h, and the cell viability was
measured by MTS and Live/Dead assays. A concentration-dependent decrease of the cell
viability was obtained by both assays from 100 to ~60, ~40 and ~20% at 0, 0.05, 0.10 and 0.20
mg/mL, respectively (Figure S21a and b). The fluorescence images of the MCF-7 cells treated
by CDT showed that the number of live cells (in green) remarkably decreased, while there were
more and more dead cells (in red) with the increase of the CDT concentration (Figure S21c).

These results showed that CDT displayed chemotherapeutic effect owing to the release of Dox.
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Next, we evaluated the anticancer effect of the combined therapy. The MCF-7 cells were
incubated for 12 h with 0.05 or 0.10 mg/mL of nanoparticles, then irradiated by 2 W/cm? 808-
nm laser for 10 min and maintained in culture for another 12 h. Control experiments were
performed by treating the cells in the same conditions but without irradiation (dark groups).
The Dox-free CTF nanoparticles were also used to evaluate the photothermal effect alone. The
changes of viability in the CTF dark groups were non-significant compared with control, while
a significant cell viability decrease, as assessed by the MTS and Live/Dead assays, was
observed in all treated groups under 808-nm irradiation, confirming that the nanoparticles were
efficient photothermal agents (Figure 8a and b). The viability of the cells incubated with CDT
at 0.05 mg/mL with and without irradiation was ~55% and ~35%, respectively, and further
decreased to ~40% and ~10% when CDT concentration increased to 0.10 mg/mL. The higher
mortality of the MCF-7 cells treated by CDT compared to CTF under the 808-nm laser
irradiation indicated that the chemo/photothermal combined therapy was more efficient than
the single treatments. Besides killing cells, PTT could also facilitate the lysosomal escape of
nanoparticles, promoting chemotherapy.”*! The same conclusion was made analysing the
fluorescence images through Live/Dead staining. The 808-nm irradiation groups showed less
live cells (in green) than the darkness groups, and there were almost no live cells when treated

with CDT at 0.10 mg/mL with irradiation (Figure 8c).
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Figure 8. Chemo- and photothermal combined anticancer therapy of CDT. Anticancer effect
of CTF and CDT with or without irradiation assessed by (a) MTS and (b) Live/Dead assay. ()

Fluorescence microscopy images of the MCF-7 cells treated by CTF or CDT with or without
irradiation and stained by the Live/Dead reagents. (p <0.01: *; p <0.001: **; p < 0.0001: **¥*),
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2.10 In Vivo Combined Anticancer Therapy

Based on the promising in vitro results, we evaluated their anticancer therapeutic efficiency in
vivo in a colorectal tumour-bearing mouse model generated by subcutaneous implantation of
Colon26 cells. Tumour-bearing BALB/c mice were randomly separated into 6 groups and
treated by 100 uL of PBS, 2.5 mg/kg of CTF or CDT (250 pg of CTF or CDT for each injection)
through intratumoral injection, when the tumour volumes reached around 100 mm?. Then, for
the three PTT groups, the tumours were irradiated by an 808-nm laser for 5 min every day for
16 days. The groups without laser irradiation were used as controls. The tumour volumes and
body weight of the mice were measured every day. The temperature of the tumours following
the different treatments was monitored during the PTT treatment. The PBS group showed a
slight temperature increase from ~33 to ~40°C in 5 min, while the tumour temperature sharply
raised to ~55°C in the CTF and CDT groups, confirming the strong PTT effect of the
nanoparticles (Figure 9a and S22a). We could also confirm the consistent temperature increase
around 55°C by using thermographic camera every time when the CTF- or CDT-administered
mice were irradiated by the 808-nm laser for 5 min. Therefore, the photothermal stability of the
synthesized CTF and CDT were sufficient in the body of the living mice at least 16 days to
ensure the effective therapeutic performances of these functional nanoparticles.
Immunohistochemistry (IHC) images from the tumour slices stained by a caspase-3 antibody
revealed the anticancer effect of different treatments. Plenty of brownish areas resulting from
the release of caspase-3, an initiator of cell apoptosis that can be detected in apoptotic tissues,
were observed in the CDT group with laser irradiation, indicating that the combined therapy
was able to induce an efficient apoptotic process (Figure 9b).*® The detected caspase-3 in the
CTF group with irradiation and in the CDT group without irradiation was lower than the
combined therapy group. In contrast, the non-irradiated CTF and PBS groups showed almost
no caspase-3 release. Moreover, a terminal deoxynucleotidyl transferase deoxyuridine
triphosphate nick end labelling (TUNEL) assay was also performed to identify apoptotic cells
through tagging the 3'-hydroxyl termini of DNA breaking points.[*)l Again, most cells in the
CDT group with combined therapy were apoptotic. When compared with the PBS and non-
irradiated CTF groups, much more apoptotic signals were detected for CTF with irradiation
group and the non-irradiated CDT group, but still lower than in the combined therapy group
(Figure S22b). Next, a hematoxylin and eosin (H&E) staining revealed that the areas of necrotic
tissues in the irradiated CDT group were larger than in the irradiated CTF group, confirming

again the higher efficiency of the combined therapy (Figure S22c). The CDT group without
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irradiation also showed some necrotic area due to the anticancer effect of Dox, while the tissues
were intact in the other groups.

Given the efficient apoptosis and necrosis induction, a remarkable inhibition of the
tumour growth was observed in the CTF and CDT groups with irradiation when compared with
the PBS groups and the non-irradiated groups, indicating the powerful photothermal therapy
(Figure 9c). There was also a slight decrease, but not significant, of the tumour volume in the
CDT group without irradiation in comparison to the PBS and the non-irradiated CTF groups,
resulting from the chemotherapeutic action of Dox. Moreover, the tumours disappeared in 7
and 10 days in the CDT and CTF group with irradiation, respectively. This difference in time
suggested that the combined therapy (chemo/PTT) was more efficient than the single therapy
(PTT). The therapeutic effect in each group was also evidenced by the representative tumour
images at day 8 (Figure 9d). The tumours in the PBS group and the non-irradiated CTF groups
continued to grow, reaching a big volume. However, the tumour volume was smaller in the
non-irradiated CDT group, due to the anticancer effect of Dox. The tumour was instead
negligible and totally disappeared in the CTF and CDT groups with irradiation. Moreover, the
wounds in these two groups caused by the PTT were healed at the twentieth day. These results
are in agreement with the conclusions obtained from the HIC staining of the tumour slices, and
reveal a certain antitumour effect for the single therapy and a more robust chemo/photothermal
combined effect. Additionally, the body weight of the mice showed that the mice in all groups
gained a little bit of weight during the treatment, indicating no side effects (Figure S22d).
Although it is relatively difficult to achieve a complete response of the tumours by conventional
laser-induced photoresponsive nanomedicines,[***4 we could successfully realize a complete
response of our tumour by the light-activatable amino acid nanoparticles, even if repetitive laser
irradiation was required. In addition, frequent dosing is generally necessary for typical
anticancer drugs such as programmed cell death-1 (PD-1) and cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4) immune checkpoint inhibitors to ensure sufficient therapeutic
outcomes even though it was found that they could not achieve total resorption of the tumours
in rodent cancer models.*>4! Qur light-driven nanoparticle system applied only a single
administration with low dose of nanoparticles (2.5 mg/kg) exerting an excellent anticancer
activity.[*”l Meanwhile, dark toxicity of a conventional photosensitizer is challenging in laser-
based anticancer treatment, especially for photodynamic therapy.[*®! The optical properties of
our amino acid nanoparticles are fully controllable by a therapeutic low-powered laser while
not inducing a dark toxicity, although the proposed method might cause slightly burn of the

skin around the tumour by powerful photothermal conversion of laser-induced nanoparticles.
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Figure 9. In vivo combined anticancer therapy of CTF and CDT. (a) Infrared thermal images
of mice treated with PBS, CTF and CDT. (b) Caspase-3 antibody staining of tumour slices after
the different treatments. (c) Tumour volume growth curves following the different treatments
for 16 days. (d) Representative images of tumours following the different treatments at day 1,
8 and 20. (p < 0.01: *; p <0.001: **; p < 0.0001: ***).

3. Conclusion

To overcome the issue of low stability of nanoparticles based on the self-assembly of amino
acids, which is critical for clinical translation, we formed nanoparticles from the self-assembly
of Fmoc-Tyr-OH and Fmoc-Trp-OH (BAP). The nanoparticles were crosslinked by UV
irradiation exploiting the side chains of Tyr and Trp to form dimers. Crosslinked nanoparticles
showed the same spherical structure as BAP, indicating that the photocrosslinking had no
influence on their morphology. CBPuv involved both Fmoc-Tyr-OH and Fmoc-Trp-OH in the
dimerization process, while only Fmoc-Tyr-OH participated in the crosslinking in CBPribo With
a higher proportion of crosslinked products in CBPuy, resulting in a denser covalent network
in these nanoparticles and an enhanced stability. CBPuv were modified by the adsorption of
Dox and subsequent coating with a tannic acid-Fe** complex for PTT and GSH/pH-responsive
Dox release. Beside the good biocompatibility, we observed an efficient anticancer effect in
vitro and in vivo in response to the combined chemo/photothermal therapy. This work highlights
the effective photocrosslinking strategy to overcome the low stability of self-assembled

nanoparticles, and shows the importance of controlling the coating conditions to impart

25



photothermal and drug release capacity to the nanoparticles. The functionalization of the
crosslinked nanoparticles is currently being studied to design multifunctional nanoparticles for

the treatment of multidrug-resistant cancer.
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Photocrosslinked Co-assembled Amino Acid Nanoparticles for Controlled

Chemo/photothermal Combined Anticancer Therapy
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Nanoparticles prepared from the co-assembly of Fmoc-protected tyrosine and Fmoc-protected
tryptophan are stabilized using UV-induced crosslinking. After loading doxorubicin on the
surface of these nanoparticles, they are coated with a tannic acid/Fe** complex, to impart
photothermal properties and glutathione/pH-responsiveness, allowing to precisely control the
drug release. The chemo/photothermal combined anticancer potential of these nanoparticles is

evaluated in cancer cells and tumour-bearing mice.
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