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Focused on the performance promotion of organic small molecular dyes based photothermal agents via
non-chemical modification, we found that heat-assisted binding of human serum albumin (HSA) to the
dye causes shrinkage of the protein and encapsulate the dye to form nanoparticles. This revolutionizes
the photostability of small molecule dyes which further improves their photothermal conversion effi-
ciency and tumor ablation performance as photothermal agents significantly. In this work, the obtained
photothermal agent named HSA-P2-T could accumulate in tumor and induce 22 °C enhancement of the
tumor in xenograft models upon ultra-low dose (0.1 W/cm?) laser irradiation, which, as far as we know, is
the lowest laser dose used in vivo photothermal therapy. Utilizing HSA-P2-T, we realized tumor ablation
upon twice intravenous injections of the nanoparticles and four photothermal treatments.

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

Medica, Chinese Academy of Medical Sciences.

Photothermal therapy (PTT) relies on the photothermal effect of
photothermal agents to convert light into heat which further trig-
gers the death of cancer cells via a relatively noninvasive manner
[1-3]. As a key component of the therapy, photothermal agents
confined the actual therapeutic effect by their photophysical prop-
erties and photochemical stabilities [4,5]. Typically, an ideal pho-
tothermal agent for efficient PTT should hold the features such as
high molar extinction coefficient to support sufficient photother-
mal performance, moderate blood retention time and high cancer
accumulation rate to promote cancer ablation precisely, and high
photostability and minimized biological toxicity to support mul-
tiple irradiations while avoid the damage to healthy tissues, etc.
[1,6-9]. Up to now, the major members of photothermal agents
are inorganic materials such as noble metal materials and carbon-
based nanomaterials due to their excellent photostability and pho-
tothermal conversion efficiency [10-12]. However, their chemi-
cal inertness in turns caused nonbiodegradable of these materials
which further resulted in a long-term toxicity risk [13,14].

Comparing with these inorganic materials, organic small
molecular dyes hold great potential to construct biodegradable
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photothermal agents promoted by their easily modified nature,
tunable absorption, and accessible structure-property relationships
[6,15-18]. However, for most of the organic small molecular dyes,
the photo-functional applications are seriously affected by their
photobleaching properties which are more significance for fluo-
rescent dyes in near infrared band [6,19,20]. For PTT, the pho-
tobleaching of dyes not only attenuated the photothermal effi-
ciency through dyes degradation during laser irradiation, but also
restricted multiple PTT upon once injection. In that case, repeated
administration of photothermal agents would increase their accu-
mulation in healthy organs with amplified toxicity [21]. Thus, im-
proving the photostability of organic small molecular dyes might
be a breakthrough to fit the actual applications.

Actually, photobleaching generally results from the irreversible
destruction of the fluorophore by surrounding molecules, espe-
cially oxygen, when the fluorophore is in the excited state [22].
Thus, we anticipated that protein encapsulation of organic small
molecular dyes might block the surrounding oxygen in solution
and improve their photostability. Human serum albumin (HSA) fea-
tures multiple molecular binding sites for both endogenic and ex-
ogenous species [23,24]. Upon HSA modification, the dispersion
and biocompatibility of most exogenous organic compounds were
improved effectively [25-27]. Besides, HSA modification formed
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Fig. 1. Non-chemical modification method to restrain the photobleaching of organic
small molecular dyes and improve their performance as photothermal agents.

nano particles could deliver exogenous compounds to tumor via
the synergy of enhanced permeability and retention (EPR) of tu-
mor tissue and the expression of the albumin-binding proteins in-
cluding the gp60 receptor and secreted protein, acidic and rich in
cysteine (SPARC) in tumor tissue [28,29]. These peculiarities pro-
moted HSA as preferred cage for the development of efficient pho-
tothermal agents based on organic small molecular dyes.

In this work, we synthesized four cyanine dyes. All of these
dyes displayed significant photothermal effect under 660 nm laser
irradiation. However, these dyes were bleached after the first
irradiation-cooling cycle. Their photobleaching fate could be re-
versed upon encapsulation in HSA. Typically, instead of the pre-
viously used spontaneous binding of dyes and HSA under phys-
iological condition, heating of the bound complex would shrink
the protein and encapsulate the dyes tightly to avoid their pho-
tobleaching completely (Fig. 1). We selected P2, a cell membranes
permeable dye with lowest cytotoxicity, as the preferred dye to
obtain the spherical nanoparticles named HSA-P2-T with a parti-
cle size of about 3nm. The corresponding photothermal conver-
sion efficiency (PCE) was calculated to be 64.5%, which is higher
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than most of the organic small molecular dyes based photother-
mal agents [10,30]. Moreover, HSA-P2-T enriched in mitochondria,
which is regarded as the most sensitive organelle toward hyper-
thermia, to induce cell death upon laser irradiation [7,31,32]. In the
following in vivo imaging and therapeutic experiments, we found
that HSA-P2-T could accumulate in tumor efficiently after intra-
venous (IV) injection and ablate it upon twice injections and four
ultra-low dose (0.1 W/cm?) laser irradiation.

Compared with rhodamine and other fluorescent dyes, cyanine
dyes feature high molar extinction coefficient and low fluores-
cence quantum yield, which make them widely concerned in the
preparation of photothermal conversion materials and photoacous-
tic imaging materials. However, similar to many small molecu-
lar fluorescent dyes, the polyolefin structure of cyanine is espe-
cially vulnerable to oxidation and bleaching by reactive oxygen
species. In this work, we synthesized four asymmetric cyanine-
3 (Cy-3) derivatives. All of these asymmetric Cy-3 dyes displayed
significant photothermal effect in phosphate buffered saline (PBS)
upon laser irradiation. To evaluate their potential as photothermal
reagents for tumor PTT, we evaluated the dark- and photo-toxicity
of these compounds in HCT-116 cells, respectively. We found that,
similar to most of the small molecule organic dyes containing car-
boxyl groups, carboxyl modified compounds P1 and P3 showed lit-
tle dark- and photo-toxicity due to their poor cell membrane per-
meability. The quandary was efficiently improved in the esterifica-
tion products named P2 and P4. As shown in Fig. 2, incubation of
cells with 10 pmol/L P2 for 30 min resulted in 50% cell death after
5min of laser irradiation at 660 nm. The phototoxicity of P2 toward
HCT-116 cells aggravated along with the increasing dye concentra-
tions. At the same time, its biocompatibility without laser irradi-
ation could be highlighted by the negligible decrease in cell via-
bility after being treated with 40 pmol/L P2 for 12 h. For the thi-
azolium substituted Cy-3 derivative P4, however, both of its dark-
and photo-toxicity are significant. P2 and P4 displayed similar dark
and photo-toxicity results of on the murine 4T1 cells (Fig. S1 in
Supporting information). Therefore, P2 was selected as the pho-
tothermal agent in the following photothermal experiments.

(G) (H)

Fig. 2. (A-D) The chemical structures of the asymmetric Cy-3 dyes synthesized in this work. (E-H) The corresponding cytotoxicity of the four dyes upon 6h and 12h
incubation, respectively. (I-L) The dark- and photo-toxicity comparation of the four dyes upon 30 min incubation followed by 5 min laser irradiation. ICG with 40 pumol/L
was used as control compound in (I-L). 660 nm laser with 0.45 W/cm? power density was used in these experiments. Error bars represent standard deviations obtained from

three independent experiments.
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Fig. 3. HSA modification to improve the photostability of P2. (A) Ultraviolet-visible and (B) fluorescence responses of P2 (40 umol/L) toward HSA, BSA and RSA in PBS. (C)
Fluorescence intensity changes of HSA-P2 and HSA-P2-T system at 650 nm upon addition of 400 pmol/L competitive compounds including ibuprofen, warfarin, acetaminophen
(APAP), aspirin, and camptothecin, respectively. (D) Absorbance (600 nm) changes of 40 umol/L P2, HSA-P2 and HSA-P2-T in PBS with or without 5min laser irradiation
(660 nm, 0.2 W/cm?). Dynamic light scattering data and transmission electron microscopy images of HSA-P2 (E) and HSA-P2-T (F). Aex =600 nm. Error bars represent standard
deviations obtained from three independent experiments. Statistical analyses were performed with Student’s t-test, **P < 0.01, ***P < 0.001.

We then evaluated the laser power density and irradiation time
dependent cell viability changes of HCT-116 cells after 30 min in-
cubation of 40 pmol/L P2. Upon 5min of laser irradiation, the
cell mortality rate was positively correlated with the laser power
density (Fig. S2A in Supporting information). Considering the neg-
ligible phototoxicity of the utilized laser (Fig. 2), we selected
0.45W/cm? as a standard laser power density in the in vitro exper-
iments. In the following irradiation time dependency evaluation,
we found that the cell viability decreased in the first 5min irradi-
ation range (Fig. S2B in Supporting information). However, exten-
sion of the irradiation time did not induce further cell death un-
der the same conditions. Actually, the absorption band of P2 in PBS
was significantly reduced under similar irradiation condition which
meant the photobleaching of the dye. Thus, to improve the pho-
tostability of P2 might support a long-term laser irradiation and
amplify its performance in PTT.

HSA as the most abundant protein in serum has widely been
used as vehicles to delivery drugs or contrast agents for diseases
diagnosis and treatment, such as the clinical used albumin bound
Paclitaxel. We anticipated that HSA might bind P2 spontaneously
to protect the dye in solution and improve its photostability. So,
we added HSA in P2 containing PBS solution and monitored the
optical changes. As shown in Fig. 3A, P2 displayed a broad ab-
sorption band centered at 600nm. After HSA addition, the ab-
sorbance at 600 nm increased distinctively, and the corresponding
full width at half maxima (FWHM) decreased. Along with the ab-
sorbance changes, HSA addition induced turn on fluorescence sig-
nal of P2 at 650nm in PBS (Fig. 3B). Bovine serum albumin (BSA)
and rat serum albumin (RSA) could also bind P2 with similar op-
tical responses. These results confirmed that albumin could bind
P2 in aqueous solution spontaneously. So, we further evaluated
the binding molar ratio and binding site of albumin to P2. The
fluorescence intensity changes at 650 nm were elected to indicate
the binding of HSA and P2. HSA bound P2 with a molar ratio of
2:1 based on the equimolar method (Fig. S3B in Supporting in-
formation). The corresponding binding site was analyzed by the
competitive inhibition experiments upon addition of the reported
HSA non-covalent binding compounds with different binding do-
mains to HSA-P2 system [33]. We noticed that warfarin, a typical

anticoagulant that binds to the drug site I of HSA with high affin-
ity, could inhabit the fluorescence enhancement efficiently (Fig. 3C)
[34,35]. At the same time, aspirin (drug site I) with lower bind-
ing constant could also inhabit the spontaneous binding of HSA
and P2 to some extent [36,37]. Fig. S4 (Supporting information)
displayed the corresponding energetic favorable molecular dock-
ing result. Other compounds such as ibuprofen, camptothecin and
paracetamol did not inhabit the binding process. Thus, P2 was pro-
posed to bind to drug site I of HSA. These results also suggested
that the non-covalent bound dye could escape from the subdo-
main of HSA dynamically to reduce the protective effect. To further
strengthen their binding and encapsulate P2 in HSA, we heated
the HSA-P2 solution at 70 °C for 10min to constringe the protein
while preserving its water solubility and dispersibility [26]. Indeed,
there was no tendency for the heated HSA-P2 system (HSA-P2-T)
to be inhibited by the competing drugs (Fig. 3C). The heat pro-
cess brought 58% K, enhancement comparing HSA-P2-T with HSA-
P2 (Fig. S5 in Supporting information). With similar optical prop-
erties to HSA-P2, HSA-P2-T features higher absorbance at 600 nm
and lower FWHM (Fig. 3A). This means the gradual transition from
the aggregate state to the monomer of P2. Transmission electron
microscopy analysis showed that both HSA-P2 and HSA-P2-T were
spherical in shape, but with different diameters which were fur-
ther verified by the dynamic light scattering tests (Figs. 3E and F,
approximately 14nm for HSA-P2 and 3 nm for HSA-P2-T, respec-
tively). We utilized the absorbance changes of P2, HSA-P2 and
HSA-P2-T at 600 nm to evaluate their photostability upon laser ir-
radiation. As shown in Fig. 3D, 5 min laser irradiation induced 70%
P2 and 40% HSA-P2 quenching in PBS. However, the photobleach-
ing fate of the dye was reversed in the HSA-P2-T case and only 3%
HSA-P2-T was quenched under same irradiation condition. These
results confirmed that comparing with the traditional spontaneous
binding of dyes with HSA, 70 °C heating reinforced the sponta-
neous binding and brought significant photostability improvement
via a non-chemical modification way.

The feasibility of HSA encapsulation to improve the photosta-
bility of P2 and amplify its performance in PTT was then veri-
fied upon laser irradiation of P2, HSA-P2 and HSA-P2-T in PBS, re-
spectively. As shown in Figs. S6A-C (Supporting information), the
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Fig. 4. Cell imaging experiments to evaluate the distribution of HSA-P2-T in cells and the photothermal effect induced cell death. (A) Dual-channel fluorescence imaging
of 4T1 cells co-stained of with HSA-P2-T and Mito-Tracker green (1 pmol/L). The Pearson’s coefficient was obtained by Image] based on the fluorescence images. Green
channel: Aem=510-536nm; Red channel: Aem =606-666 nm. (B) Dual-channel fluorescence imaging of HSA-P2-T pre-incubated 4T1 cells after co-stained with Calcein-
AM and PIL Green channel: Aem =420-520nm; Red channel: Aem =540-600nm. (C) Laser irradiation induced cell viability changes of HSA-P2-T loaded HCT-116 cells by a
chemiluminescence cell viability assay kit. The concentrations of P2 and HSA were 10 and 20 pmol/L, respectively.

first 5min irradiation resulted similar temperature enhancement
of the three solutions. However, similar to the aforementioned ab-
sorbance changes, P2 and HSA-P2 showed a 45% and 10% attenua-
tion in temperature response in the third irradiation-cooling cycles,
respectively. For HSA-P2-T, no change was detected in the temper-
ature plateau after three irradiation-cooling cycles, confirming the
anticipation to improve the photothermal performance of P2 upon
HSA encapsulation. Besides, the HSA engineering to improve anti-
photobleaching property and photothermal performance of organic
dyes could also be seen in the P1 bound system (Fig. S7 in Sup-
porting information). Interestingly, along with the photostability
improvement, the cell uptake rate and cell compatibility of HSA-
P2-T were also significantly improved (Figs. S6D-F in Supporting
information). Besides, the PCE of P2, HSA-P2 and HSA-P2-T were
calculated to be 45.4%, 46.5% and 64.5%, respectively (Fig. S8 in
Supporting information) [30]. Thus, HSA-P2-T holds great potential
to be utilized as high performance photothermal reagent based on
small molecule dye.

Since cyanine dyes are well used mitochondria targetable flu-
orescence dyes, we wondered that HSA encapsulation might re-
tain the mitochondria targeting potential of the dye and accumu-
late in mitochondria [38-40], which is reported as the most sen-
sitive organelle toward hyperthermia, to proceed efficient PTT [41].
HSA-P2-T entered cells efficiently and lightened cells with distinct
fluorescence signal in the red channel (606-666 nm). At the same
time, the fluorescence signal of HSA-P2-T overlapped with that of
the Mito-Tracker green with a Pearson’s R of 0.92 (Fig. 4A). The
potential of HSA-P2-T as efficient photothermal agent for PTT was
also evaluated by fluorescence imaging-based cell viability kit. As
shown in Fig. 4B, laser free HSA-P2-T loaded 4T1 cells displayed
significant fluorescence signal in the green channel while unde-
tectable signal in the red channel after co-staining with calcein-AM
(stains live cells with green fluorescence signal) and propidium io-
dide (PI, stains nucleus of dead cells with red fluorescence signal)
[42]. However, after laser irradiation, only the nucleus of 4T1 cells
displayed fluorescence signal. To further confirm that the fluores-
cence nature of HSA-P2-T did not interfere the former fluorescence
imaging results, we utilized a chemiluminescence cell viability as-
say kit to evaluate the cell viability after dyes incubation. Upon

same concentration of dyes incubation and laser irradiation, the
chemiluminescence signals of HCT-116 cells reflected the largest
decrease in cell viability induced by HSA-P2-T (Fig. 4C). Supported
by the in vitro results, we evaluated the tumor targetable prop-
erty of HSA-P2-T proposed by the synergetic EPR effect of nano
particles and active uptake through albumin-binding proteins. As
shown in Fig. S9 (Supporting information), the fluorescence signal
of the tumor enhanced significantly within 2.5h after IV injection
of HSA-P2-T and retained in the following 20 h. The ex vivo or-
gans fluorescence imaging also supported the tumor accumulation
of HSA-P2-T after IV injection (Fig. S10 in Supporting information).
Thus, HSA-P2-T features several key properties such as minimal
dark cytotoxicity, mitochondria targetable, ultrahigh photostability,
high phototoxicity and tumor targetable to be utilized as favorable
photothermal agent for PTT.

To evaluate the PTT based therapeutic effect of HSA-P2-T in
vivo, we constructed xenograft tumor models by subcutaneous in-
jection of 4T1 cells and administrated PBS, P2 and HSA-P2-T via
IV injection, respectively. In a preliminary experiment, we used
a 660nm laser with 0.2W/cm? (the lowest laser power density
utilized for organic small molecular dyes centered photothermal
agents, as far as we know) light intensity to irradiate the tu-
mor regions [6,7,30,43-45]. As shown in Fig. S11B (Supporting in-
formation), mice injected with PBS displayed minor temperature
enhancement (about 3 °C) in the tumor region upon laser irra-
diation. The temperature changes might be induced by the self-
absorption of the tissue and blood at 660 nm [46,47]. However, sur-
prisingly, the HSA-P2-T injection group resulted about 40 °C en-
hancement over the tumor region within 5min irradiation (Figs.
S11B and C in Supporting information). So, to ensure the labora-
tory animal welfare, we further lowered the irradiation intensity
(0.1W/cm?) in the following in vivo experiments. Fig. 5A illustrated
the general procedures of these experiments. Upon 5 min irradia-
tion, the tumor regions of P2 and HSA-P2-T injection group fea-
tured 10 and 22 °C enhancement, respectively (Fig. 5B). In con-
trast to the continuous tumor growth in PBS treatment group,
the tumor growth was significantly inhibited in the P2 or HSA-
P2-T injection group during the PTT course (Fig. 5C and Fig. S12
in Supporting information). Actually, the tumors in the HSA-P2-T
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Fig. 5. In vivo PTT evaluation of HSA-P2-T in xenograft mice models. (A) Illustration of the procedures performed in these experiments. (B) Photothermal imaging of mice
irradiated with 0.1 W/cm? laser for 5min. The PTT were performed 2.5 and 12 h after IV injection of 100 pL PBS, P2 and HSA-P2-T, respectively. (C) Tumor volume changes
of the three mice groups within the PTT. (D) Changes in body weight of each group of mice during PTT. The concentrations of P2 and HSA were 100 and 200 pmol/L,
respectively. Error bars represent standard deviations obtained from three independent experiments.

injection group could be ablated entirely upon twice injections and
four PTT. The corresponding tumors in the three group were har-
vested at the terminal of the experiments and we did not find any
tumor tissue in the HSA-P2-T injection group (Fig. S13 in Support-
ing information).

Besides, during the PTT course, the body weight of the mice
in each group remained stable, which meant that the dyes and
light dose used were within the safe range for normal tissues of
the mice (Fig. 5D). In addition, the biosafety of HSA-P2-T was also
confirmed by hematoxylin-eosin staining of major organs of exper-
imental mice (Fig. S14 in Supporting information). Thus, with ex-
cellent PTT performance, HSA-P2-T holds great potential to be uti-
lized as biocompatible tumor specific ablation regent.

In this work, we synthesized four asymmetric Cy-3 dyes and
evaluated their potential to be used as photothermal agents. We
found that like most of the organic small molecular dyes, these
Cy-3 dyes were easily photobleached upon laser irradiation. Their
photobleaching fate could be reversed completely upon encapsula-
tion in HSA. Actually, along with the photostability improvement,
HSA encapsulation also endowed several qualities including im-
proved PCE and cancer cell uptake rate, lowered dark cytotoxic-
ity and activated fluorescence property that are key parameters to
guarantee the prospect of efficient PTT of the dyes. The photother-
mal agent proposed in this work, HSA-P2-T, presented an 64.5%
PCE and could accumulate in the mitochondria of cancer cells to
perform PTT. In the in vivo PTT experiments, an ultra-low laser
irradiation dose could induce about 22 °C enhancement over the
tumor region within 5min irradiation. Utilizing the HSA-P2-T, we
realized the tumor ablation upon twice photothermal agent injec-
tion and four PTT. The present protocol makes up for the defect
of poor photostability of organic small molecular dyes to be uti-
lized as photo-functional materials, which has positive significance
in promoting the therapeutic applications of these dyes.
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