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Conversion of light energy to heat via photothermal conversion agents (PTCAs) is of great interest and has
potential applications. Here, we described a heptamethine cyanine (Cy7) dye nanoparticles (Cy7-PEG NPs)
prepared from heptamethine cyanine and poly(ethylene glycol) (PEG400) via a simple solvothermal process as
novel PTCA. Cy7-PEG NPs have absorption maximum at about 808 nm and good photothermal conversion
ability. Upon irradiation, Cy7-PEG NPs can effectively kill living mosquito larva (Aedes albopictus) through heat
generation. Furthermore, Cy7-PEG NPs have excellent phototoxic activity to Sf9, HeLa and MCF-7 cells. Our

results indicated that Cy7-PEG NPs can be used as controlling agent for mosquito larvae and cancer cells.

Photothermal conversion agents (PCTAs) attract extensive atten-
tions recently among scientists.'> PCTAs are a kind of materials that
can convert light energy to heat under near infrared (NIR) irradiation.*
PCTAs are widely used as therapeutic agents for cancer and bacteria
control due to their excellent specificity, spatiotemporal controllability,
less side effects and greater tissue penetration capacity of NIR light.”
They can raise the cell local temperature and induce local eradication of
tumor cells or bacteria.”” The commonly-used PCTAs are inorganic
nanomaterials such as Au-based nanoparticles (NPs),®'? nano-
carbons’®>'° and transition-metal nanomaterials.'”?° As most in-
organic nanomaterials are nonbiodegradable and difficult to diffuse
throughout tissues, organic PCTAs have been developed in recent years
as replacements of inorganic counterparts owing to their biodegrad-
ability and easy structural modification merits.*'°

The heptamethine cyanines (Cy7) generally show absorption in the
NIR region, longer wavelengths of light can penetrate cells and tissues
more easily and are not absorbed by other biomolecules in the cell.*®
Many NIR cyanine dyes have been developed as both PCTAs and ima-
ging agents for tumor treatment.>’>> However, rapid decomposition,
low hydrophilicity and poor photostability impede their applications in
cancer therapy. To enhance the photothermal conversion and ther-
apeutic efficiency, Cy7 dyes-containing nanoparticles are usually pre-
pared via chemical conjugation or encapsulation.
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In this work, we constructed a novel NIR Cy7-based NPs for the
control of mosquito larvae and cancer cells. Our NIR Cy7 dye was de-
signed and prepared by introducing p-tolylthio-substituent with a view
to enhancing the conjugation and bathochromic shift of the absorption.
Encapsulation to poly(ethylene glycol) (PEG400) can improve hydro-
philicity of NIR Cy7. Since living organisms are sensitive to temperature
changes, which is similar with human fever, we envisioned that the
temperature evaluation can lead to malfunction of physiological pro-
cesses, tissue damage, and eventual organism death. To the best of our
knowledge, phototoxic effects of PCTAs have never been evaluated on
living insects. We studied here for the first time the application of
PCTAs in photothermally killing the mosquito larvae.

The synthetic route of Cy7 dye and its nanoparticles were depicted
in Fig. 1. Originally, dye CyOH was prepared according to the pre-
viously-reported procedure, then CyOH and 4-methylbenzenethiol are
catalyzed by triethylamine (TEA) to form the target dye Cy7. After
purification by silica gel column chromatography, Cy7 was character-
ized by proton nuclear magnetic resonance (*H NMR) and carbon-13
magnetic resonance (*C NMR) and electrospray mass spectrometry
(ESI-MS). Cy7-PEG NPs was prepared by means of a solvothermal
method, ethanol solution of PEG400 (0.5 g) and compound Cy7 (30 mg)
was heated with stirring at 160 °C for 2 h. After cooling down to room
temperature, the crude product was transferred to a dialysis bag, then
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Fig. 1. Synthetic route of Cy7 and preparation of Cy7-PEG NPs.

the dialysis bag was transferred to a freeze drier for freeze-drying to
afford green-yellow solid powder.

The morphology of our Cy7-PEG NPs was characterized by trans-
mission electron microscopy (TEM) (Fig. 2A). For TEM samples pre-
paration, the Cy7-PEG NPs dispersions dropped on conventional TEM
copper grids and dried in air. Cy7-PEG NPs showed spherical structures,
uniform shapes and good dispersion, indicating successful preparation
of the expected NPs. The particles size distribution of Cy7-PEG NPs was
measured by dynamic light scattering. The NPs all show a sphere-like
shape with an average size of 164.06 = 12.5nm (Fig. 2B). The ab-
sorption spectra of Cy7 and Cy7-PEG NPs in DMSO was presented in
Fig. 2C. The absorption maximum is at about 808 nm, which located in
the near infrared region. The Cy7 content in Cy7-PEG NPs was de-
termined using UV-Vis standard curve (Fig. 2D) providing the load rate
of 12.4% wt%.

The powder of Cy7-PEG NPs was dissolved in ethanol and analyzed
with a UV-vis spectrophotometer at 796 nm by using a standard curve
method. The linear relationship between the concentration of Cy7-PEG
NPs and absorption intensity at 796 nm in ethanol was presented in
Fig. 2D. The drug loading content (DLC) was calculated to be 5.3% by
the following equation:

DLC (wt%)
= the weightof Cy7in Cy7 - PEG NPs/the weight Cy7 - PEG NPs

The photostability of Cy7-PEG NPs was investigated by monitoring
their absorbance changes upon continuous laser irradiation at a power
of 4.0 W cm ™2 for different time periods. I, is the maximum absorbance
of Cy7-PEG NPs in the NIR region, and I is the absorbance of Cy7-PEG
NPs after different irradiation periods. As shown in Fig. 2E, no obvious
absorbance decay was observed for Cy7-PEG NPs, indicating that Cy7-
PEG NPs has good photostability.

The photothermal conversion ability of Cy7-PEG NPs was evaluated
in aqueous solution. Temperature changes curves was recorded under
irradiation of 300 s, various aqueous concentrations (100, 50, 25, 12.5,
OugmL™1) of Cy7-PEG NPs were prepared and tested. Dramatic
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temperature evaluation occurred during irradiation and maximum AT
approached 41.2°C at concentration of 100ugmL~' (Fig. 3A). The
temperature of pure water maintained almost unchanged after laser
irradiation, only 2.81 °C temperature evaluation was detected in pure
water. The temperature increased with the prolongation of illumination
and reached steady state after about 230s irradiation, indicating a
balance between light energy absorbing and heat releasing. When the
concentration was fixed at 25 pg mL ™, the temperature evaluation rate
increased with the increase of irradiation power (Fig. 3B). The above
results indicated that Cy7-PEG NPs can efficiently convert light energy
to heat. Photothermal conversion efficiency (n) is an important index
that indicated the ability of utilizing light energy. This index was cal-
culated referring to the method reported previously.>® Photothermal
conversion efficiency of our NPs is about 33.4% under 808 nm laser
irradiation. After reaching steady-state, thermal exchange from the
solution to environment was also monitored (Fig. 3C).

With successful identification of excellent photothermal ability of
Cy7-PEG NPs, we then investigated their ability in killing mosquito
larvae (Aedes albopictus) through heat generation. All the previously-
reported applications of PCTAs mainly focused on cells or tissues, but
seldom on living organisms. We used mosquito larvae as living animal
here for investigation. Mosquito is a main sanitary insect pest that
transmits many deadly diseases and causes bite allergy. Mosquito larva
were firstly co-incubated with Cy7-PEG NPs for 4 h and then irradiated
with laser light of different power and the mortality was recorded at
different time intervals (Fig. 4A and B). The photothermal killing effects
on mosquito larvae increased with the increase of laser illumination
time or NPs concentration, indicating that the mortality correlated
closely with the amount of heat generation. Laser irradiation or Cy7-
PEG NPs alone did not have any influence on the larvae. These results
demonstrated that the heat production was the main factor that led to
the death of mosquito larvae. Median lethal concentrations (LCs,) were
120 uyg mL~! and 75.4 ug mL.~ ' under laser power density of 6 W cm ™2
and 8 W cm ™2, respectively.

We further evaluated phototoxic effects of Cy7-PEG NPs on Sf9 cells
(Spodoptera frugiperda cells) (Fig. 5A). As comparison, Cy7 and Cy7-
PEG NPs with or without irradiation were screened using MTT assay at
light intensity of 4 W cm ™~ 2. When treated with Cy7 alone, cell viability
decreased significantly even at concentration of 5 ug mL ™' and the LCs,
value was 0.62ugmL~'. When Cy7 was encapsulated, its intrinsic
toxicity in the dark reduced 4-folds with LCso, approaching
2.51 ugmL~'. When co-treated with Cy7-PEG NPs and laser light,
phototoxicity towards Sf9 cells (ICso = 0.0048 ugmL~ ") enhanced
around 500-folds compared to the dark control. Sole laser illumination
had no apparent impact on cell survival. All above observations proved
that the phototoxicity of Cy7-PEG NPs to cells can be triggered by light.

As PCTAs draw tremendous attention in cancer treatment,®” the
ability of Cy7-PEG NPs in ablating HeLa (human cervical carcinoma)
and MCF-7 (human breast adenocarcinoma) cells was studied (Fig. 5B
and C). HeLa or MCF-7 cells were subjected to various concentrations of
Cy7-PEG NPs and irradiated with laser light (4Wem™2 for 3min) or
kept in the dark. Without irradiation, Cy7-PEG NPs had dark toxicity to
both HeLa and MCF-7 cells, which can inhibit around 60% cell viability
at 5ugmL~ 1. The ICs, values are 0.43pgmL ™" and 0.30 uygmL ™! to-
wards HeLa and MCF-7 cells, respectively. Upon light illumination, the
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Fig. 2. (A) Transmission electron microscopy (TEM) images of Cy7-PEG NPs; (B) The diameter distribution of TEM image; (C) UV-Vis spectra of Cy7 and Cy7-PEG
NPs in ethanol. (D) The linear relationship between the concentration of Cy7-PEG NPs and absorption intensity at 796nm in ethanol, the linear range is
5.0-15ugmL ™! (R? = 0.9997) and the regression equation is y = 0.22x + 0.07. (E)Absorbance evolution of Cy7 and Cy7-PEG NPS (5 ug mL~') upon continuous
laser irradiation (808 nm, 4.0 W/cm ~2) for different time periods, where I0 is the maximum absorbance of Cy7 and Cy7-PEG NPs in the NIR region and I is that of
Cy7 and Cy7-PEG NPs after irradiation for different time periods.

activity increased significantly about 693- (HeLa cells) and 15-fold
(MCF-7 cells) in comparison with the dark controls. Data shown in the
study were obtained from at least three independent experiments and

expressed as mean * standard deviation (S.D.). Significance was as-
sessed by t-test. Difference significance between light group vs. the
same concentration of dark group was assessed as *p < 0.05;
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Fig. 3. (A) Temperature evaluation of various concentrations of Cy7-PEG NPs aqueous solution (0, 12.5, 25, 50, 100 ugmL~") under laser power density of
6Wcem™2 (B) Temperature change of Cy7-PEG NPs aqueous solution (25 ug mL™Y) irradiated by various laser power density (808 nm, 2, 4, 6, 8Wem™2); (C)
Photothermal profile of Cy7-PEG NPs aqueous solution (50 ug mL ') irradiated by laser light to reach steady state, followed by natural cooling to room temperature;
(D) Plot of cooling time versus negative natural logarithm of the temperature driving force obtained during the cooling period.
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Fig. 4. Photothermal effect of Cy7-PEG NPs against Aedes albopictus larvae irradiated at laser power density of 8W cm ™2 (A) and 6 W cm ™2 (B), respectively.

#*p < 0.01; ***p < 0.001.

Trypan blue staining experiment was performed to visually dis-
criminate the viable and nonviable cells. For all three tested cells, only

light or Cy7-PEG NPs (1 pg mL~ ') cannot cause any damage to the cells,
while cells treated by light plus Cy7-PEG NPs became nonviable (a
distinctive blue color appeared in dead cells) (Fig. 6). This trend was
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Fig. 5. Cytotoxicity curves of compound Cy7 and Cy7-PEG NPs towards Sf9 cells (A), HeLa cell (B) and MCF-7 cells (C), respectively, irradiated by laser intensity of
4 W cm™2 for 3 min. Data mentioned above are represented as the mean + S.D. (n < 4 per group). *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. the the same

concentration of dark group condition.

further verified by fluorescence staining studies using fluorescent cal-
cein-AM (green) and propidium iodide (red) on three cells (Fig. 6),
suggesting that the toxicity of Cy7-PEG NPs towards cells showed a
light-dependent behavior.

In conclusion, a novel cyanine dye Cy7 whose maximum absorption
wavelength bathochromically shifted to about 808 nm was prepared by
introducing p-tolylthio-substituent. Cy7 encapsulated to PEG400 af-
forded a cyanide-based nanoparticles with photothermal conversion
efficiency approaching 33.4%. Using the heat generated upon 808 nm
light irradiation, the prepared nanoparticles have photothermally lethal
effect on mosquito larvae whose LCsq value is 75.4 ug mL ™! under laser
power of 8 W cm ™2 The good photothermal properties of Cy7 nano-
particles also allowed of light-dependent control of HeLa and MCF-7

cells. When irradiated with laser light (4Wcm™2) for 3 min, the ICsq
values were 0.43 pgmL ™! and 0.30 ugmL ™' towards HeLa and MCF-7
cells, respectively. Our Cy7-PEG NPs provide an alternative potential
PCTA for mosquito control and photothermal therapy.
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and then stained by trypan blue, calcein-AM and propidium iodide.
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