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In this work, we synthesize a quinoline-based heptamethine cyanine, QuCy7, with sulfonate groups 
to enhance water solubility. This dye demonstrates exceptional near-infrared absorption beyond 
750 nm, accompanied by photothermal properties but low photostability. Encapsulating QyCy7 
with polyethylene glycol to form nanopolymer, QuCy7@mPEG NPs, addresses the issue of its 
photoinstability. TEM showed that QuCy7@mPEG NPs possess a spherical morphology, featuring a 
core-shell structure with a size of around 120 nm in diameter. Upon irradiation with an 808 nm laser 
for 10 min, a significant increase in temperature up to 24 °C can be achieved with a photothermal 
conversion (PTC) rate of approximately 35%. QuCy7@mPEG NPs exhibit remarkable photothermal 
stability as compared to QuCy7. The efficiency of QuCy7@mPEG NPs was demonstrated by the in vitro 
PTT studies. Finally, the nanoparticles’ acute toxicity and effectiveness were assessed using the chick 
embryo model. The results provide compelling evidence that QuCy7@mPEG NPs are safe without 
inducing hemolysis, inhibit angiogenesis when exposed to light, and exhibit anti-tumor activity with 
a 76% reduction in tumor size compared to QuCy7 (40%). Thus suggesting the sulfonate groups can 
enhance water solubility, and its nanopolymer is biocompatible and possesses superior anti-tumor 
efficacy.
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Photothermal therapy (PTT) is a modern approach to cancer treatment that offers non- or minimally invasive 
procedures. It involves utilizing a photosensitizer to absorb light in the near-infrared (NIR) region, converting it 
into heat, and inducing apoptosis in targeted cells1. In recent years, nanoscale materials incorporating PTT have 
gained much interest. These nanoparticles, which range in size from 20 to 300 nm, preferentially accumulate in 
tumor tissues due to the enhanced permeability and retention (EPR) effect2. As a result, most researchers used 
nanoparticles as a drug or chemical, including PTT agents, to treat cancer3.

Gold nanorods4, gold nanosheets, sulfide nanoparticles5, and metal/metal oxide nanoparticles6–8 have all been 
investigated as potential PTT photosensitizers. Despite their excellent light absorption, photothermal conversion, 
and photostability properties, these materials pose challenges due to their lack of biodegradability and potential 
long-term toxicity in medical applications9–12. Organic-based nanoparticles featuring organic small-molecule 
photosensitizers offer a more promising alternative13. Compounds such as aza-boron-dipyrromethene14,15, 
porphyrins16,17, diketopyrrolopyrroles18, croconaines19,20, squaraines21, and cyanines22 exhibit desirable 
biocompatibility and degradability once they form nanoparticles. These organic-based nanoparticles represent a 
better-suited option for safe and effective PTT in medical practice.
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A NIR-absorbing dye, indocyanine green (ICG), has been loaded into PEG-modified black phosphorus 
nanosheets (ICG@BPNS-PEG) to create the real-time fluorescence-guided tumor location with PTT for breast 
cancer therapy23. The PTT ability and photostability of the nanoparticles ICG@BPNS-PEG were much better 
than those of the free ICG dye, with a temperature increase of 18.21 °C, while the free ICG dye only increased 
by 12.99 °C. Furthermore, these nanoparticles demonstrate superior passive tumor-targeting accumulation via 
the EPR effect23. These findings revealed that the incorporation of organic small-molecule photosensitizers 
into nanoparticles enhances photostability and PTT efficacy. Additionally, because of the properties of the 
nanoparticles, biocompatibility is also enhanced.

Heptamethine cyanine dyes (Cy7) are another well-known fluorescent dye with a structure similar to ICG 
that is highly capable of both absorption and emission of light in the NIR spectrum. In addition, they are 
widely used as photosensitizers in various biological applications24. Numerous studies have shown that these 
cyanine dyes perform well in both photothermal therapy (PTT) and photodynamic therapy (PDT), indicating 
promising in vivo activities24. However, their use in biosystems is limited due to their low aqueous solubility and 
photostability, which reduces their overall efficiency25. Thus, the incorporation of these dyes within nanoparticles 
is important26.

Figure 1 shows the typical structures of Cy7, which consist of two indole rings linked to a methine chain. 
Numerous attempts have been made to alter various components of Cy7’s structure (positions (CH2)n, X, Y, R1, 
and R2) to increase its effectiveness or incorporate it into different types of nanoparticles27,28. However, there 
has been little research into replacing indole rings with alternative heterocyclic aromatic rings such as quinoline 
rings, especially in biological research29.

In this work, we first attempted substituting the indolium ring with N-ethylated quinolinium rings. 
Surprisingly, this alteration produced a cyanine dye-based quinoline with superior photothermal characteristics, 
i.e. higher heat conversion. Unfortunately, the dye displayed photo instability upon irradiation. To overcome 
this limitation, we extend the aliphatic chain as a vibrational unit30 at the N position of quinolinium, leaving 
the sulfate group at the end of the chain to promote water solubility (QuCy7, Fig. 1). Subsequently, the dye was 
encapsulated with methoxy polyethylene glycol (mPEG) to improve its stability and biocompatibility. Following 
that, the photophysical and thermal properties, dye stability, and biological applications of these nanoparticles—
quinoline-based cyanine dye nanoparticles, or QuCy7@mPEG NPs—were investigated.

Results and discussions
Synthesis of QuCy7
Quinoline-based cyanine (QuCy7) was synthesized using an approach akin to that of the most widely used 
Cy7 (Fig.  2A). This involved the assembly of two distinct components, namely bis-carbaldehyde and two 
equivalents of N-heterocyclic aromatic ring, under basic conditions. The synthesis of the bis-carbaldehyde 
precursor, Compound I, began with preparingVilsmeier’s reagent, which involved the reaction of oxalyl chloride 
with dimethylformamide. The reagent was then treated with cyclohexanone and refluxed for a few hours. After 
that, the mixture was hydrolyzed with iced water to yield the product. Another part of QuCy7 is quinolinium 
salt, Compound II, which was prepared through the nucleophilic substitution reaction between 2-methyl 
quinoline and 1,4-butane sultone. The reaction was carried out under microwave radiation. Finally, QuCy7 was 
synthesized by condensing Compound I and two equivalents of Compound II using Knoevenagel condensation 
with piperidine as a base. The product’s structure was confirmed using NMR and ESI mass spectroscopy (Figure 
S1).

Preparation, characterizations, and optical properties of QuCy7@mPEG NPs
Subsequently, QuCy7@mPEG NPs were formed by encapsulating QuCy7 free dye and mPEG at a ratio of 1:1 
(Fig. 2B). By using MALDI-TOF mass spectrometry, the nanoparticle’s mass after encapsulation was found to be 
5328 g/mol (Figure S2), indicating that the mass of QuCy7 (694.28 g/mol) is combined with a mass of m-PEG 
(5000 g/mol). Furthermore, QuCy7@mPEG NPs revealed a NIR absorption profile similar to QuCy7, implying 
the PEGylation did not alter the optical property of the dye31,32 (Fig.  3A). In addition, after irradiation, the 
heat-generating ability of the NPs does not significantly change, indicating that QuCy7@mPEG has excellent 

Fig. 1.  Typical structures of heptamethine cyanine dyes (Cy7) and structure of the dye in this work (QuCy7).
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Fig. 3.  (A) Absorption spectra of QuCy7 and QuCy7@mPEG NPs. (B) Heat stability of QuCy7@mPEG NPs 
over time. Inset: Photograph of heat stability of the QuCy7@mPEG NPs. (C) TEM image of QuCy7@mPEG 
NPs. (D) HD size distribution histogram of QuCy7@mPEG NPs in water measured by DLS.

 

Fig. 2.  (A) Synthesis of QuCy7 and (B) preparation of QuCy7@mPEG NPs.
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photostability for at least 12 days. (Fig. 3B). Moreover, the absence of the fluorescence signal at different excitations 
raises the possibility of nonradiative vibrational relaxation (Figure S3)33,34. Furthermore, the concentration of 
QuCy7 in the nanoparticles was estimated using the absorbance calibration curve shown in Figure S4.

The spherical morphology of QuCy7@mPEG NPs with a diameter of about 120  nm is depicted in the 
transmission electron microscopy (TEM) image (Fig. 3C). The observation of the core–shell architecture further 
supports the incorporation of a soft lyophilic mPEG shell and a dense QuCy7 core. In addition, the dynamic light 
scattering (DLS) result shown in Fig. 3D suggests that the average size of QuCy7@mPEG NPs was 126 ± 8.2 nm, 
which agrees with the TEM result. This indicates that QuCy7@mPEG NPs are ideal for blood artery circulation 
due to the EPR effect35–37. The stability of the NPs was assessed by measuring their absorbances, zeta potentials, 
and particle sizes over seven days in DI water, PBS, DMEM-based cellular medium, and FBS (Figure S5 and Table 
S1). After three days, the average size profiles of all media dispersions are 52–54 nm (FBS), 254–291 nm (PBS), 
267–274 nm (DMEM), and 126–167 nm (DI water), suggesting particle stability. Nevertheless, the NPs showed 
some instability in their agglomeration behavior at day 7, with typical agglomerate sizes rising by roughly 10 
to 100 nm (Table S1). While QuCy7@mPEG NPs exhibit similar hydrodynamic sizes in DI, PBS, and DMEM, 
they are substantially smaller in FBS (Table S1). This might be due to the PBS-stabilized particle dispersion38. 
Interestingly, the zeta potential did not vary much over time in any of the tested media. However, the values are 
around ± 10 to ± 30 mV in DI and FBS, suggesting incipient stability, and ± 30 to ± 40 mV in PBS and DMEM, 
implying moderate stability39,40 (Table S1).

Photothermal properties
To investigate the photothermal effect of QuCy7@mPEG NPs, the NP solutions at various concentrations of 250, 
500, 750, and 1000 µg/ mL were irradiated using an 808 nm laser (1.0 W/ cm2). As shown in Fig. 4A, the solution 
temperature progressively increased under photoirradiation, and the rate of temperature increase is connected 
with the concentration of QuCy7@mPEG NPs. The temperature of the solution quickly increased to about 15 °C 
after 2 minutes of exposure at a concentration of 1000 µg/mL, and temperature elevation (ΔT) climbed to 24 °C in 
10 min, indicating the good photothermal activity of QuCy7@mPEG NPs. The NPs demonstrated a photothermal 
conversion efficiency (PCE) of 35.5 (Figure S6), comparable to sulfonate-containing hepthamethine cyanine 
dyes (Table S2). Furthermore, a slight change in the temperature of the NPs was observed at the fourth cycle 
(OFF − ON laser, Fig. 4B), indicating that QuCy7@mPEG NPs exhibit photothermal stability for a maximum 
of three radiation exposure cycles. On the other hand, the temperature of QuCy7 (free dye) increased to about 

Fig. 4.  (A) Heating curves of QuCy7@mPEG NPs at various concentrations after irradiation with an 808 nm 
laser at a power density of 1 W/cm2. (B) Photothermal handling test of QuCy7@mPEG NPs (1000 µg/mL) 
during five alternate heating − cooling cycles. (C) Heating curves of QuCy7 and QuCy7@mPEG NPs in 
aqueous solution after irradiation with an 808 nm laser at a power density of 1 W/cm2. (D) Photothermal 
handling test of QuCy7 and QuCy7@mPEG NPs during five alternate heating − cooling cycles.
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14 °C after 60 s of radiation at the same concentration. Then, in less than ten minutes, it slightly decreased to 
12 °C, suggesting that QuCy7’s photothermal activity was less stable than that of QuCy7@mPEG NPs (Fig. 4C). 
There is a greater disparity between the OFF − ON laser cycles. Unlike QuCy7@mPEG NPs, the temperature of 
the solution containing free dye rose 60 s after irradiation and then rapidly dropped after the first cycle (Fig. 4D). 
These findings suggest that encapsulating the dye inside NPs could increase its photostability.

In vitro photothermal effect
A relative cell viability assay was performed to evaluate the phototoxicity of QuCy7@mPEG NPs on a human 
colorectal carcinoma (HCT116) cell line. In the absence of laser irradiation, the cell survival was over 90%, even 
at concentrations up to 3  mg/mL, indicating low dark cytotoxicity and excellent biocompatibility (Fig.  5A). 
However, under 808 nm photoirradiation for 5 min (1.0 W/ cm2), the cell viability decreased as the concentration 
of QuCy7@mPEG NPs increased. The IC50 was calculated to be 0.7 mg/mL (Figure S7). Furthermore, using 
the live/dead cell assay, it was possible to evaluate the photocytotoxicity of the NPs both before and after 
laser irradiations. Living cells react with non-fluorescent calcein acetomethoxy (Calcein-AM) when it is 
administered, producing green fluorescence (excited at 488 nm) through a reaction with esterase. On the other 
hand, red fluorescence (λex = 590 nm) can be produced by propidium iodide (PI) when it intercalates between 

Fig. 5.  (A) The relative cell viability of HCT116 cells performed by MTT assay under 808 nm photoirradiation 
for 5 min (1 W/cm2) following incubation with QuCy7@mPEG NPs (0–3.0 mg/mL) for 24 h. Data are 
presented as means ± SD (n = 3), *p < 0.05, or **p < 0.01 based on Student’s t-test. (B) Fluorescent images of 
LIVE/DEAD co-staining assays of HCT116 cells after treatment with QuCy7@mPEG NPs (0, 0.5, and 1.0 mg/
mL) for 24 h before irradiating for 5 min.
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complementary bases of DNA and enters the nucleus of dead cells through the membrane. As illustrated in 
Fig. 5B, the non-irradiated HCT116 cells produced negligible red fluorescence, while the HCT116 cells treated 
with QuCy7@mPEG NPs and then laser irradiated, displayed strong red fluorescence, particularly at a dose of 
1 mg/mL, indicating a higher heat conversion was required to trigger cell death.

Hemocompatibility test and microscopical evaluation of QuCy7@mPEG NPs on chick 
embryo red blood cells
Hemocompatibility holds an important role in therapeutic approaches designed for intravenous administration. 
In this study, red blood cells (RBC) from the chick embryo were used as a model to investigate this effect. As 
shown in Fig. 6A&B, QuCy7@mPEG NPs did not induce hemolysis on the RBC as the supernatant remained 
macroscopically clear at all tested concentrations (15 mg/mL-60 mg/mL). In contrast, distilled water induced 
total hemolysis, producing a reddish supernatant, indicating the release of hemoglobin from the ruptured red 
blood cells. Upon Hematoxylin and Eosin (H&E)-stained blood smear light microscopic observation, QuCy7@
mPEG NPs-treated blood displayed the intact oval-shaped nucleated chick RBC comparable to the PBS-treated 
negative control. However, the distilled water-treated RBC showed destruction of the RBC membranes (Fig. 6C).

In ovo acute toxicity and PTT-induced anti-angiogenesis
The chick embryo model has emerged as a preliminary test for the toxicity and efficacy of novel nanoparticles, 
enabling the rapid screening of the pharmacological and therapeutic behavior of the nanoparticles under relevant 
physiological conditions and providing more ethical means of qualifying the nanoparticle for in vivo testing41,42. 
The acute toxicity of QuCy7@mPEG NPs was determined at 48-hour post-administration into chick embryos. 
In this study, the LC50 value of the QuCy7@mPEG NPs was not determined as the tested concentrations up to 
15 mg/mL (equivalent to mg/kg) were not lethal to the chick embryo. This suggests the great biocompatibility 
and well-tolerability of QuCy7@mPEG NPs, hence, 15  mg/mL of QuCy7@mPEG NPs was selected for the 
evaluation of PTT-induced anti-angiogenesis and antitumor.

Fig. 6.  (A) The hemolysis percentage of QuCy7@mPEG NPs. Data are presented as means ± SD (n = 5), 
*p < 0.0001, positive control distilled water vs. QuCy7@mPEG NPs. (B) The macroscopic observation of RBC 
supernatant post-centrifugation at 1 h after incubation. (C) The representative H&E-stained blood smear of 
RBC post-hemolytic analysis (scale bar = 80 μm, magnification 400×).
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The photothermal-induced anti-angiogenesis ability of QuCy7@mPEG NPs, mPEG, and QuCy7 were 
evaluated using the chorioallantoic membrane (CAM) model. The saline- and mPEG (13.2  mg/mL)-treated 
CAMs showed unchanged in the blood vessel structure post-PTT. In contrast, QuCy7@mPEG NPs (15 mg/
mL) and QuCy7 (1.8 mg/mL; equivalent to the QuCy7 in QuCy7@mPEG NPs at 15 mg/mL) induced visible 
vascular destructions at 10 min post-PTT in the CAMs. The QuCy7-treated CAM showed the destruction of 
tiny vasculatures compared to pre-PTT, while QuCy7@mPEG NPs induced a large area of severe damage to 
the blood post-PTT (Fig. 7A). As shown in Fig. 7B, quantification of the vascular destruction revealed saline 
and mPEG-treated CAMs displayed no angio-destructive activity, while there is approximately 20% higher 
vasculature damage for QuCy7@mPEG NPs (61.48 ± 5.53%) than the QuCy7 (41.59 ± 4.61%)-treated CAMs 
(p = 0.025). The negative vascular destruction in saline and mPEG control might be due to vasodilation. These 
findings indicated that mPEG nanocarrier improves the PTT-mediated vasculature damage of QuCy7, similar 
to another study43.

Additionally, histological analysis demonstrated that the membrane’s H&E staining in CAMs after PTT 
demonstrated a typical blood vessel anatomical morphology. The blood vessel rupture was seen in the QuCy7@
mPEG NPs and QuCy7-treated CAMs, along with the extravasation of nucleated chick erythrocytes (Fig. 7C). In 
addition, a significant reduction in the thickness of the CAMs accompanied by the destruction of the ectoderm in 
the QuCy7@mPEG NPs (0.09 ± 0.01 mm) and QuCy7 (0.18 ± 0.02 mm)-treated CAMs (p < 0.001) was observed 
(Fig. 6D), compared to saline and mPEG-treated group at 0.49 ± 0.06 mm and 0.47 ± 0.01 mm, respectively.

In ovo PTT anti-tumor study
The anti-tumor efficacy of QuCy7@mPEG NPs was evaluated in ovo using human HCT116-implanted tumor 
xenograft in CAMs. The real-time localized temperature of the tumor tissue was monitored and recorded 
throughout the photo-irradiation, after 15 min of intravenous administration. The temperature in the saline- 
and mPEG-treated tumor was maintained between 36 and 37 °C throughout photo-irradiation compared to 
pre-irradiation (Figure S8). Conversely, a gradual increase in temperature was observed in QuCy7 and QuCy7@
mPEG NPs-treated tumor, reaching the peak at 100 s of photo-irradiation at 37 °C for QuCy7 and 41 °C for 
QuCy7@mPEG NPs-treated tumor, respectively (Fig. 8A). The observed 1 °C increase in QuCy7 might be due 
to its poor infiltration into the tumor tissue compared to QuCy7@mPEG NPs.

Fig. 7.  (A) The blood vessels of chorioallantoic membrane (CAM) within the ring O in pre- and 10 min post-
PTT. The arrow indicates the area of vascular destruction. Scale bar = 20 μm, magnification 10×. The diagrams 
shown are representative of each group with similar observations. (B) The percentage of vascular destruction of 
all groups at 10 min post-PTT. Data are presented as means ± SEM (n = 5), #p < 0.0001, saline-treated control 
vs. QuCy7and QuCy7@mPEG NPs; *p < 0.01, QuCy7 vs. QuCy7@mPEG NPs based on one way ANOVA. (C) 
The H&E-stained CAM post-PTT of all groups. BV indicates blood vessels; rp indicates rupture of the blood 
vessels and the red arrow indicates hyperplasia of ectoderm. Scale bar = 100 μm, magnification 1000x. The 
diagrams shown are representative of each group with similar observations. (D) The thickness of CAM of all 
groups post-PTT. Data are presented as means ± SEM (n = 3), #p < 0.0001, saline-treated control vs. QuCy7 
and QuCy7@mPEG NPs based on one-way ANOVA.
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The size of the photo-irradiated tumor tissue in the CAMs in all groups was then measured daily for 72 h. 
As shown in Fig.  8B and C, there was a minor increase in tumor volume in both saline and mPEG-treated 
tumors compared to pre-PTT, which indicates no anti-tumor activity. However, the QuCy7 and QuCy7@
mPEG NPs-treated tumors displayed a significant decrease in tumor volume, especially on days 2 and 3. At 
the equivalent concentration, QuCy7@mPEG NPs demonstrated a better anti-tumor efficacy compared to the 
QuCy7 at 72 h post-PTT with a reduction in tumor volume by 76.04 ± 4.27% and 39.49 ± 7.80%, respectively 
(p = 0.03) (Fig. 8D). The improvement in the anti-tumor efficacy of QuCy7@mPEG NPs might be attributed to 
the nanocarrier mPEG, enhancing the delivery and accumulation of QuCy7 in the tumor tissue. This finding is 
supported by previous studies on the use of heptamethine cyanine as an agent with nanocarriers to improve the 
delivery and photothermal anti-tumor efficacy44,45.

Hematoxylin and eosin staining was performed to observe the morphological changes of the tumor tissues 
post-PTT. In saline and mPEG-treated groups, the tumor tissues were well-vascularized with intact tumor 
cells. Comparatively, tumoral necrosis was observed in both QuCy7 and QuCy7@mPEG NPs-treated group, 
with notable hypoplasia (i.e., decrease in cell numbers) and nucleus loss. QuCy7@mPEG NPs-treated group 
showed necrosis in most of the tumor tissue, compared to QuCy7-treated group (Fig. 9). Major organs were 
isolated for histopathological analysis on metastasis and PTT-mediated organ toxicity or damage. There were 
no abnormalities in the morphology of kidney, heart, lung, and liver tissues observed in the chick embryos 
treated with QuCy7@mPEG NPs (Figure S9). Collectively, these results prove the well-tolerability, good 
biocompatibility, and potential of QuCy7@mPEG NPs as a promising photothermal agent. This study is the first 

Fig. 8.  (A). The real-time temperature of the tumor tissues following 120 s of photo-irradiation. Data are 
presented as means ± SEM (n = 5). (B) HCT116 cells-derived tumor in CAM pre- (day 0) and post-PTT (days 
1, 2, and 3). Scale bar = 20 μm, magnification = 10x. The diagrams shown are representative of each group, 
same egg for 3 days of observation. (C) Percentage of HCT116 tumor volume changes across 3 days of post-
PTT. Data are presented as means ± SEM (n = 5), #p < 0.05, saline-treated control vs. QuCy7 and QuCy7@
mPEG NPs; *p < 0.05, QuCy7 vs. QuCy7@mPEG NPs based on one way ANOVA. (D) Percentage of in ovo 
HCT116 tumor growth inhibition at day-3 post-PTT. Data are presented as means ± SEM (n = 5), *p < 0.05, 
QuCy7 vs. QuCy7@mPEG NPs.
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to employ the chick embryo model to assess the toxicity and effectiveness of cyanine dye-based nanoparticles in 
photothermal therapy.

Conclusions
QuCy7, a heptamethine cyanine produced from quinoline, was effectively synthesized with increased water 
solubility. This dye has outstanding near-infrared absorption beyond 750 nm, as well as remarkable photothermal 
characteristics. Encapsulating QyCy7 with polyethylene glycol to create nanopolymer QuCy7@mPEG NPs 
tackles its photoinstability. QuCy7@mPEG NPs have a spherical morphology, with a core-shell structure and 
a diameter of roughly 120 nm, as detected in TEM. By exposing the NPs to an 808 nm laser for 10 min, the 
temperature can be increased by up to 24 °C. This is accompanied by a remarkable photothermal conversion 
(PTC) rate of around 35%. QuCy7@mPEG NPs had better photothermal stability, preserving efficacy after 
three cycles of radiation exposure as compared to free dye. The in vitro PTT studies demonstrate the efficacy 
of QuCy7@mPEG NPs. Finally, the chick embryo model was employed to assess the nanoparticles’ toxicity 
and efficacy. The results strongly confirm the biocompatibility, photothermal-induced anti-angiogenesis, and 
anticancer properties of QuCy7@mPEG NPs in the HCT116 xenograft tumor model in the chick embryo.

Experimental section
Synthesis of QuCy7@mPEG NPs
QuCy7 dye was dissolved in DI water. Methoxy polyethylene glycol (mPEG) (Mw = 5000 Da) was added to the 
solution. The reaction was vigorously stirred at 4 °C for 24 h. NPs were purified by ultrafiltration and washed with 
cold DI water at least 5 times. The obtained QuCy7@mPEG NPs were resuspended in 10 mL DI water and dried 
by lyophilization. The concentration of the NPs was calculated from UV − vis-NIR absorbance using a QuCy7 
calibration curve (Figure S4). Finally, NPs were stored at -20 °C until use. MALDI-TOF MS (C36H38ClN2O6S2-
mPEG): calculated [M + H]+: 5694, found: 5328.

Photophysical effect of QuCy7@mPEG NPs
UV − Vis and Fluorescence Measurement. UV visible absorption spectra were obtained from the Cary Series 
UV-Vis spectrophotometer (Agilent Tech, Santa Clara, CA, USA). The fluorescence spectra were recorded at the 
excitation wavelengths of 600, 700, 720 750, 780, and 800 nm by the PerkinElmer LS55 fluorescence spectrometer 
(PerkinElmer, USA) using a quartz cell of 1 cm path length.

The solutions of QuCy7@mPEG NPs in DI water were irradiated with different concentrations under laser 
808 nm (1 W/cm2) for 10 min. The temperature changes were recorded by using a FLIR thermal camera and 
thermometer digital Nicety DT1311 K-type.

The photothermal conversion efficiency of the QuCy7@mPEG was calculated according to the reported 
method46,47:

	
η = hs (TMax − TSurr) − QDis

I (1 − 10−A980 ) � (1)

Where h is the heat transfer coefficient, S is the surface area of the container, and the value of hS is obtained 
from Eq. 4 and Figure S5B. The maximum steady temperature (Tmax) of the solution of the QuCy7@mPEG 
was 51.1 °C and environmental temperature (TSurr) was 27 °C. So, the temperature change (TMax-TSurr) of the 
solution of the QuCy7@mPEG was 24.1 °C. The laser power I is 0.525 W. The absorbance of the QuCy7@mPEG 
at 808 nm A808 is 0.665. QDis expresses heat dissipated from the light absorbed by the solvent and container. The 
detailed of the calculation was described in ESI.

Fig. 9.  Hematoxylin and eosin-stained HCT116 cells-derived tumor tissue sections at day 3 post-PTT. The 
yellow arrowhead indicates blood vessels, and the star indicates the tumor necrotic area (scale bar = 80 μm, 
magnification = 400×).
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Cell culture and in vitro assays
Cell culture
The human colorectal carcinoma HCT116 (CCL-274) cell line was purchased from ATCC and cultured in 75 cm3 
culture flasks with Dulbecco’s Modified Eagle’s Media (DMEM, Hyclone) supplemented with 10% fetal bovine 
serum (Gibco) and 1% penicillin-streptomycin (Corning). The cells were cultured at 37  °C in a humidified 
atmosphere containing 5% CO2.

Cell viability assay
Approximately, 1 × 104 cells/well of HCT116 were seeded into a 96-well cell culture plate for 24 h. Afterward, 
the cells were incubated with various concentrations of QuCy7@mPEG NPs (0–3 mg/mL) for 24 h. After the 
incubation, the cells were washed with 0.01 M of PBS pH 7.4 twice before being irradiated with an 808 nm 
laser (1 W/cm2) for 5 min and then cultured for another 24 h according to cell culture protocol. 0.5 mg/mL of 
MTT reagent (Methylthiazolyldiphenyl-tetrazolium bromide, Sigma-Aldrich) in 0.01 M of PBS pH 7.4 solution) 
was added to the cells and incubated for 2.5 h. Following solution removal, DMSO was added to dissolve the 
formazan product, which was then detected using a BMG Labtech/SPECTROstar Nano microplate reader 
capable of UV-vis absorption of formazan at a wavelength of 560 nm. Statistical analysis was performed using 
Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).

LIVE/DEAD assay
Approximately 1 × 104 cells of HCT116 were seeded on 96-well cell culture plates and incubated for 24 h. After 
that, the cells were incubated with 0, 0.5, and 1.0 mg/mL of QuCy7@mPEG NPs for 24 h. After incubation, the 
cells were irradiated by an 808 nm laser (1 W/cm2) for 5 min before further incubation for 24 h. After staining the 
cells with 4 µM calcein-AM and propidium iodide (Thermo Fisher Scientific) solution in a medium for 5 min, 
the cells were examined under a fluorescence microscope (BioRad/Zoe) with λex = 490 nm and λem = 515 nm for 
calcein AM and λex = 535 nm and λem = 615 nm for PI, respectively.

Chick embryo chorioallantoic membrane (CAM) model
Fertilized chicken eggs of the Lohmann brown variety were purchased from Hing Hong Sdn Bhd, Selangor, 
Malaysia. The setup of experimental incubation was done following the method as established48.

Hemocompatibility test of QuCy7@mPEG NPs
The hemocompatibility test was conducted following the procedures with minor modifications49. Blood sample 
was withdrawn from the chick embryo on embryo development day (EDD)-17 using a 27G needle into an 
ethylenediaminetetraacetic acid (EDTA) tube, followed by centrifugation at 2,000 rpm for 5 min to obtain red 
blood cells (RBC). The collected RBC was washed with phosphate-buffered saline (PBS) twice. Thereafter, 100 µL 
of washed RBC was mixed with 100 µL of QuCy7@mPEG NPs at the tested concentrations, followed by incubation 
at 37 °C for 1 h. Hemoglobin released from the RBC was quantitated following subsequent centrifugation at 
2,000 rpm for 5 min by measuring the supernatant spectrophotometrically at 540 nm. The degree of hemolysis 
(%) was determined using the formula hemolysis (%) = Absorbancesample− Absorbanceblank

Absorbancepositive control− Absorbanceblank
. A 

blood smear of the RBC was prepared and processed for H&E-stained observation. As controls, RBC was treated 
with distilled water (positive control) and PBS solution (negative control), respectively.

In ovo acute toxicity of NPs in chick embryos
QuCy7@mPEG NPs and QuCy7 were dissolved and prepared as a stock cocktail in cremophor/ethanol (1:1), 
while mPEG was dissolved in normal saline. Further dilution was done on the dissolved compounds with 
injectable normal saline to the desired concentrations to a final volume of 20 µL for administration. On EDD-10, 
the healthy developing embryos (n = 5) were randomly selected and intravenous microinjection (20 µL/embryo) 
of QuCy7@mPEG NPs was done at three selected concentrations (5, 10 and 15 mg/mL) into the chick embryo 
using a Hamilton microliter capillary glass syringe with a 33-gauge needle. QuCy7 (1.8 mg/mL; equivalent to the 
QuCy7 content in QuCy7@mPEG NPs at 15 mg/mL) and mPEG (13.2 mg/mL; equivalent to the mPEG content 
in QuCy7@mPEG NPs at 15  mg/mL) at 20 µL/embryo were also intravenously administered into the chick 
embryo. The mortality rate of the chick embryos was monitored at 24 h and 48 h post-administration. Mortality 
was considered if immobility and cloudy contents were observed.

PTT-induced anti-angiogenesis
The in ovo PTT-induced anti-angiogenesis study was conducted following the procedure as established with 
minor modifications14. Briefly, QuCy7@mPEG NPs at the nontoxic concentration (0.3 mg/embryo; 15 mg/mL), 
with an equivalent dose of mPEG (0.264 mg/embryo; 13.2 mg/mL) and QuCy7 (0.036 mg/embryo; 1.8 mg/mL), 
was injected intravenously into the chick embryos (EDD-10) at 20 µL/embryo (n = 5 per group). A disinfected 
ring O was gently placed on the CAM for blood vessel spot identification. At 15  min post-administration, 
photo-irradiation was done with an 808 nm laser at 300 mW/cm2 at the targeted blood vessels for 120 s. The 
ring O-marked vasculature of CAMs was photographed under a stereomicroscope (10X) at 10 min post-PTT. 
Quantification of the targeted blood vessels within the region of ring O was done at pre- and 10 min post-PTT. 
The chorioallantoic membrane was collected at 10 min post-PTT and processed for histology analysis.

Development of HCT116 Tumor in CAM and in ovo PTT
Human HCT116 colorectal carcinoma cell suspension (5 × 105 cells/embryo) in DMEM media was prepared and 
mixed with growth factor-reduced Matrigel (8.9 mg/mL) at a 1:1 ratio. A disinfected silicon ring O was placed on 
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the CAM (EDD-10) to enclose a targeted area riched with blood vessels, where 25 µL/embryo of cells-Matrigel 
mixture was loaded on the CAM within the ring O. Thereafter, the eggs were sealed with parafilm and returned 
to the incubator. At day 4 post-tumor implantations (EDD-14), the solid tumor grown on CAMs was monitored 
and randomly grouped for the in ovo PTT antitumor study. QuCy7@mPEG NPs, mPEG and QuCy7 (equivalent 
dose as described above) at 20 µL/embryo were administered intravenously into the chick embryos (n = 5 per 
group). At 15 min post-administration, tumor tissue was irradiated with an 808 nm laser at 300 mW/cm2 for 
120 s. The localized real-time temperature at the irradiated tumor was monitored throughout the 120 s of photo-
irradiation by using the Infra-red Thermal Imager. Tumor volume measurement was done using the calipers at 
24, 48, and 72 h post-PTT. The tumor volume (mm3) was calculated following the equation of volume [(tumor 
width)2 × tumor length/ 2].

Histopathology analysis
The harvested chorioallantoic membrane, tumor tissues, and organs were processed for histopathology analysis 
following the procedure as established43. On EDD-17, the chick embryo was dissected for the collection of 
tumor, liver, kidney, heart, and lung tissues and fixed in 10% neutral buffered formalin. The fixed tissues were 
dehydrated in ascending concentrations of ethanol (70%, 90%, and 100%), followed by clearing in xylene. The 
cleared tissues were then embedded in paraffin blocks, cut into 5 μm thick sections, and stained with H&E.

Statistical analysis
All data were analyzed and compared using the one-way ANOVA (IBM SPSS version 26). p < 0.05 is considered 
statistically significant.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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