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Photoheranostics have emerged as a promising tool for cancer theranostics owing to their real-time feed-
back on treatment and their precise diagnosis. Among them, how to improve the photothermal conver-
sion efficiency (PCE) of phototheranostic agents (PTAs) is the key factor for phototheranostic systems.
Herein, we provided an efficient method to improve PCE and constructed a biocompatible nano-material
ICR-Qu@NH,-Fe304@PEG (QNFP) by combing near-infrared second region (NIR-II) molecular dye ICR-Qu
and amino-modified magnetic nanoparticles and then encapsulated by DSPE-mPEG2000. QNFP exhibited
excellent performance for photothermal therapy with a high PCE of 95.6%. Both in vitro and in vivo exper-
iments indicated that QNFP could inhibit the growth of tumors under laser irradiation with low toxicity
and realized real-time NIR-II fluorescent imaging of tumors. In general, we realized a simple but efficient
method to improve the PCE of NIR-II molecular dye without reduce its quantum yield, which is an ideal
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choice for cancer diagnosis and treatment.
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Cancer is still one of the most troublesome and life-threatening
diseases people encounter today [1]. Among the various meth-
ods for cancer treatment, photothrombotic has gained much recent
attention due to its high spatiotemporal selectivity, non-invasive
features as well as deep tissue pentation [2-5]. Phototheranos-
tic strategies can make up for the shortcomings of traditional di-
agnosis and treatment methods [6,7]. Therefore, significant effort
has been devoted to developing photothermal materials functional
fluorescent including small molecule fluorescent dyes [8-10] and
metal nanomaterials [11-13]. These materials absorb the energy
of the excitation light that can be converted into thermal energy
to be used for photothermal therapy through non-radiation tran-
sitions. However, traditional short wavelength photothermal ma-
terials only suitable for treatment and diagnosis of superficial le-
sions owing to its low tissue penetration depth. In recent years,
the near-infrared second region (NIR-II) fluorescent dyes are widely
used for imaging and treatment because of high tissue penetration
and photothermal characteristics, including polymethine cyanine,
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rhodamine, BODIPY dyes and ]-aggregates of molecules [14-17].
Although different NIR-II fluorophores have been reported with
widespread use in fluorescence imaging and phototherapy, most of
them have low to mild photothermal conversion efficiencys (PCEs).
PCE is the key factor of phototheranostic agent for tumor treat-
ment, therefore, how to improve the material’s PCE is one of ur-
gent problem to resolve. Researchers are devoted to developing
nanomaterials to enhance the PCE by means of self-assembly or
nanocomposites. Unfortunately, only few phototheranostics mate-
rials with PCE over 90% have been reported yet [18-22].

In the previous study [7], ICR-Qu was developed as a NIR-
II phototheranostic agent, which has high PCE and multimodal
imaging and therapy. Regrettably, the NIR-II emissions of ICR-Qu
was suppressed entirely in water solution and the PCE of ICR-Qu
nanoparticles (81.1%) was not satisfactory. Fortunately, not only flu-
orescent probes but also metal nanomaterials can be used as pho-
tothermal agent. For example, Fe;04 nanoparticles can convert ab-
sorbed light energy into heat energy under the irradiation of near-
infrared light, thus possessing a photothermal effect to some ex-
tent [23-25]. As a photothermal agent, the application of Fe30g4
nanoparticles has opened up investigations [26-28]. Therefore, it
is a superexcellent strategy to achieve the aim of enhancing the
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Scheme 1. (a) Schematic illustration of preparation of QNFP. (b) Illustration of the application of QNFP in NIR-II fluorescence imaging (FLI)/photothermal imaging (PTI) and

photothermal therapy of cancer.

photothermal effect through preparing a nanocomposite combine
NIR-II fluorescent probes and metal nanomaterials with synergistic
photothermal characteristics. Inspired by this, herein, we rationally
proposed amino-modified magnetic nanoparticles (NH,-Fe304) and
encapsulated them within ICR-Qu by DSPE-mPEG2000 into nano-
materials (QNFP) (Scheme 1a).

Under 808 nm laser irradiation, QNFP exhibits outstanding NIR-
I fluorescence emission and good PCE, which can achieve up to
95.6%. This suggests that QNFP has an efficient photothermal effect
and has been successfully applied to image-guided thermal abla-
tion of solid tumors in a mouse model of breast cancer in vivo.
Overall, QNFP with biocompatibility was successfully performed on
photothermal treatment of cancer (Scheme 1b).

The QNFP could be easily achieved via simple operation. Firstly,
Fe;04 was prepared using the co-precipitation method and then
modified with KH-791, which has an amino group to reduce the
probability of oxidation and agglomeration. Afterward, ICR-Qu with
NIR-II fluorescence characteristics and NH,-Fe304 were wrapped
by DSPE-mPEG2000 and then the fluorescent-magnetic nanocom-
posites were obtained. The average hydrodynamic diameter of
QNFP was 162nm (Fig. 1a), and larger than that measured by
transmission electron microscopy (Fig. S2 in Supporting informa-

tion), which may be attributed to the shrinking of the nanoparti-
cles (NPs) during the transmission electron microscope (TEM) sam-
ple preparation and the clustering effect of Fe;04 in aqueous con-
dition. These results indicated that the nanocomposites were suit-
able for tumor labeling due to the enhanced permeability and re-
tention effect (EPR). Besides, we used an X-ray photoelectron spec-
trometer (XPS) to confirm amino groups were successfully mod-
ified on Fe304 (Fig. S3 in Supporting information). In that, there
were characteristic peaks of elements such as N and C in the XPS
of NH,-Fe;0,4 and the element content of N element was 1%. Al-
though a few, it is enough to suggest that amino groups were suc-
cessfully modified on the surface of Fe304. The presence of Fe3Oq4
in QNFP could be further observed in the X-ray diffraction (XRD)
result. The characteristic peaks of Fe;0,4 in the range of 25°-75°
could be observed for NH,-Fe304 and QNFP as shown in Fig. 1b.
These characteristic peaks could be indexed to (220), (311), (400),
(511), and (440) planes of the cubic spinel Fe304 (JCPDS No. 19-
0629). As the hysteresis curve (Fig. 1c) showed, the QNFP are su-
perparamagnetic at room temperature with no hysteresis loop and
coercivities [29]. To confirm the existence of ICR-Qu onto QNFP, we
performed Fourier transform infrared (FT-IR) spectroscopy analy-
sis on the freeze-dried samples. The FT-IR spectra of NH;,-Fe30y,
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Fig. 1. (a) Particle size measured by DLS of QNFP. (b) XRD patterns of NH,-Fe;04 and QNFP. (c) Hysteresis loop of NH,-Fe30, and QNFP. (d) FT-IR spectra of NH,-Fe30y4,
ICR-Qu and QNFP. (e) Normalized absorption spectrum of NH,-Fe304, ICR-Qu and QNFP. (f) Normalized FL spectrum of ICR-Qu and QNFP.
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Fig. 2. (a) Concentration-dependent photothermal heating curves of QNFP aqueous solution under 808 nm laser irradiation (1.2 W/cm?2). (b) Power density-dependent pho-
tothermal heating curves of QNFP aqueous solution (10pg/mL) under 808 nm laser irradiation. (c) Photothermal heating and cooling curves of QNFP aqueous solution
(10pg/mL) under 808 nm laser irradiation (1.2W/cm?) and linear fitting of cooling time versus -In(6). (d) Photothermal stability of QNFP under 808 nm laser irradiation
(1.2W/cm?) for five heating-cooling cycles. (e) Photothermal images of QNFP aqueous solution (10 ug/mL) and PBS buffer under 808 nm laser irradiation (1.2 W/cm?).

ICR-Qu and QNFP are shown in Fig. 1d. The appearance of the
peaks at 1436, 1351, 1249, 1164 cm~! in ICR-Qu and 1460, 1342,
1240, 1101 cm~! in QNFP was ascribed to stretching vibration of
aromatic ring. The characteristic peak at 1080 cm~! of QNFP was
due to the stretching characteristics of the sulfonic acid group. The
characteristic absorption peak at 566 cm~! in NH,-Fe;04 and 575
cm~! in QNFP was due to the Fe-O stretching. The FI-IR spectrum
of QNFP revealed all these characteristic peaks of NH,-Fe304, ICR-
Qu, confirming the key constitution in the nanocomposites [30,31].
The absorption spectrum of NH,-Fe304, ICR-Qu and QNFP and the
fluorescence (FL) spectrum of ICR-Qu and QNFP has been shown in
Figs. 1e and f. The appearance of the absorption bands at 708 nm
and a maximum emission peak around 1030nm for QNFP con-
firmed that ICR-Qu has successfully been coated in nanocomposites
with an encapsulation efficiency of 57.8%. Furthermore, NH,-Fe304
and QNFP exhibited a strong absorption in the NIR wavelength
region until 1400 nm, indicating NH,-Fe304 has the possibility of
convert absorbed light energy into heat energy under the irradia-
tion of near-infrared light. Besides, meanwhile, QNFP showed ex-
cellent stability at room temperature (Fig. S4 in Supporting infor-
mation).

Based on their excellent photophysical property, the photother-
mal performance of QNFP and NH,-Fe304 under 808 nm laser was
assessed. As shown in Fig. 2a and Fig. S5a (Supporting informa-
tion), upon the 808 nm laser irradiation for 5min (1.2 W/cm?), the
solution of QNFP and NH,-Fe;04 exhibited a significant concen-
tration dependence and the solution of QNFP dramatically vio-
lently warms to 66.2 °C. By contrast, the phosphate buffered saline
(PBS) group shows negligible temperature change (<5 °C). What is
more, in the same conditions (c=10pug/mL), the temperature was
warmed by 38.5 °C under 808 nm laser irradiation as the power
density increased within 5min for QNFP in PBS solution, which is
much higher than increase of NH,-Fe304 (13.7 °C) (Fig. 2b and Fig.
S5b in Supporting information). Additionally, because of the syn-
ergistic photothermal effect of ICR-Qu and NH,-Fe30,4, the PCE of
QNFP was measured (95.6%) and more excellent than NH,-Fe304
(52.5%) (Fig. 2c and Fig. S5d in Supporting information), owing to
the highest PCE so far compared to nanocomposites that have been
reported (Table S1 and Fig. S1 in Supporting information). Notably,

the QNFP still had good photostability and photothermal image ef-
fect (Figs. 2d and e).

Encouraged by the excellent photothermal properties of QNFP,
we then investigated its antitumor performance under 808 nm
laser irradiation. As shown in Fig. S6 (Supporting information),
more than 90% of 4T1 cells even stayed alive after incubation with
10pg/mL QNFP for 24h in the absence of laser; in sharp con-
trast, the cell viability was no more than 40% with incubation of
10 pg/mL QNFP upon irradiation with 808 nm laser (1.2 W/cm?) for
5min. The result indicated that QNFP had tolerable biocompatibil-
ity under dark but exhibited high cytotoxicity via its photothermal
effect under NIR irradiation. Next, to visualize the antitumor effi-
ciency of QNFP under 808 nm laser irradiation, we used the live-
dead cell staining analysis with calcein-AM/propidium (PI) to re-
veal the viability of the 4T1 cells with the QNFP and laser irradia-
tion. The image of confocal laser scanning microscopy (CLSM) (Fig.
3a) showed only the confocal image of 4T1 cells incubated with
QNFP exhibited an obvious red emission signal of PI under 808 nm
laser irradiation (1.2W/cm?) for 5min, while in other 4T1 cells
with treatment of PBS, PBS with laser, or QNFP, only a bright green
signal of calcein-AM could be observed. In addition, we also used
flow cytometry (FCM) to study the cell death pathways treated by
QNFP. The FCM analysis of 4T1 cells with different treatments (Fig.
3b) revealed that after laser irradiation, the percentage of apopto-
sis cells increased to 42.9% and showed a much higher percentage
of apoptosis than that of other groups. This result was similar to
CLSM imaging and cell viability assay, which showed that QNFP
could induce apoptosis to further cause cell death.

To evaluate the feasibility of QNFP for in vivo NIR-II imaging, the
distribution in tumors was determined by intravenous injection of
QNFP (1.0 mg/kg, 100 pL). The animal experiments were carried out
according to the protocol approved by the Ministry of Health in the
People’s Republic of China and were approved by the Ethical Com-
mittees of West China School of Stomatology, Sichuan University
(WCHSIRB-D-2017-042). As shown in Figs. 4a and b, the NIR-II flu-
orescence signal of QNFP at the tumor region was visible after in-
travenously injecting the NPs for 2h and then gradually increased
with the extension of time. The NIR-II FLI detected the strongest
signal of fluorescence after injection at 12 h. Even after 72 h, FL sig-
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Fig. 3. (a) Confocal images of 4T1 cells with different treatments after being co-stained with calcein-AM (green) and PI (red) for 30 min. (b) Apoptosis analysis by FCM

toward 4T1 cells co-stained with Annexin V-FITC/PI dyes after different treatments.
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Fig. 4. In vivo multimodal imaging of QNFP. (a) NIR-II FLI of 4T1-tumor-bearing BALB/c mice and (b) corresponding fluorescence intensity under 808 nm laser irradiation at
different time points after intravenous injection of QNFP (300 pg/mL, 100 uL). (c) NIR-II FLI of 4T1-tumor-bearing BALB/c mice and (d) corresponding fluorescence intensity
under 808 nm laser irradiation at different time points after intravenous injection of QNFP (300 pg/mL, 100 pL) with and without magnetic field. Data were presented as

mean + standard deviation (SD) (n=5).

nals could still be observed at the tumor site compared with the
major organs (except for liver), which was a sign of their immense
potential for tracking tumors in the long term (Fig. S7 in Support-
ing information). In addition, we investigated the photothermal ef-
fect of QNFP in 4T1-tumor-bearing mice after 4h of the injection
of the NPs. With the irradiation of 808 nm laser (0.5W/cm?), the
temperature of the tumor increased dramatically with increasing
irradiation time, reaching 58.7 °C after 5min. By contrast, it only
raised to 39 °C of the control group injected with PBS under the
same conditions, indicating that the QNFP represents a promising
vehicle to be used in the photothermal therapy (PTT) of subcuta-
neous tumor-bearing mice (Figs. 4c and d).

Guided by the above results, we further test the PTT effect
of QNFP against tumors in vivo. The 4T1-tumor-bearing BALB/c
mice model was built and then the mice were divided into four
groups randomly for different treatments (PBS, PBS+ Laser, NPs,
NPs + Laser) to value the antitumor effects of different treatment
methods. After 3h of intratumor injection of PBS/NPs, the tumors
of the laser groups were irradiated under 808 nm laser (0.5 W/cm?2)
for 5min (Fig. 5a). Infrared thermal imaging, which intuitively
showed the temperature changes was used to monitor the temper-

ature variation on the tumor surface in real-time during the laser
irradiation periods. The tumor volume and weight of four groups of
mice were then monitored for 14 days. After being irradiated with
laser, the QNFP + Laser group showed significant inhibition for tu-
mor growth compared with the control groups (PBS, PBS + Laser,
and QNFP, Fig. 5b and Fig. S8 in Supporting information). The re-
gion of the tumors in the NPs+ Laser group showed severe scald-
ing with the irradiation of 808 nm laser, indicating that the 4T1
cells in the group were killed rapidly by hyperthermia generated
by QNFP through the photothermal conversion. Furthermore, the
mice were sacrificed after 14 days and their tumors were iso-
lated and weighed. As shown in Figs. 5c and d, the tumors in the
NPs + Laser group exhibited much lower mean weight and smaller
size than that of other groups with significant differences. To ver-
ify the 4T1 cell apoptosis, hematoxylin and eosin (H&E) staining
and TdT-mediated dUTP nick end labeling (TUNEL) staining were
performed. The results are displayed in Figs. 5e and f, showing
the obvious damage of tumor tissue and severe cell apoptosis in
the NPs + Laser group, while the tumor tissues in the other groups
were normal. The above results suggested that QNFP has an excel-
lent PTT effect on subcutaneous tumors in mice. Throughout the
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Fig. 5. In vivo antitumor performance of QNFP. (a) Schematic diagram of the establishment of 4T1-tumor-bearing BALB/c mice model and QNFP phototherapy. (b) Tumor
volume of mice during the treatment period. (c) Weight and (d) digital photographs of tumor after 14 days of treatment. (e) H&E staining analysis of tumor tissues after
14 days of treatment. (f) The tumor TUNEL staining with the different groups. Scale bar: 100 um. Data were presented as mean + SD (n=3). n.s., not significant (P> 0.05).

***P <0.001.

treatment process, the body weight of four groups of mice had
no significant differences, indicating that neither the QNFP nor the
laser affected the normal growth of the mice (Fig. S9 in Supporting
information). Besides, no significant tissue damage was found in
the major organs (heart, liver, spleen, lung, and kidney) of the four
groups through the H&E staining assay, revealing that the QNFP
and laser had no toxicity in various organs (Fig. S10 in Supporting
information).

In summary, we have rationally developed a competitive pho-
totheranostic nanocomposite named QNFP by combining NIR-II flu-
orescent dye (ICR-Qu) and nanoparticles (NH,-Fe30,4). The results
suggested that the PCE of ICR-Qu was enhanced obviously by as-
sembly with NH,-Fe;04 and then encapsulated DSPE-mPEG2000.
The PCE of QNFP can reach to 95.6%, which is higher than ICR-
Qu (44.4%) and ICR-Qu@PEG (81.1%) because of the trace existence
of NH,-Fe304. Additionally, both cell validation experiments and
in vivo tumor treatment experiments proved the excellent pho-
tothermal effects of QNFP. Moreover, fluorescence imaging exper-
iments clearly showed that QNFP could capable of labeling tumors
of mice by passive transport. Overall, the present method for im-
proving PCE is very helpful for photothermal nanoparticles, which
will make these nanocomposites advantageous and efficient for hy-
perthermal treatment of cancer.
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