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Although simultaneous photothermal therapy (PTT) and photodynamic therapy (PDT) have been proven to
be beneficial for cancer treatment, high-power laser light sources, shallow penetration depth of light and
especially activation by two different light sources make it difficult to be popularized in clinical cancer
therapy. Herein, the novel multifunctional Fe;0, @Au nanocomposites (NCs) have been designed and
synthesized, which simultaneously act as photothermal conversion agents (PCAs) and photosensitizers
(PSs) for PTT/PDT synergistic therapy of human cervical cancer (HeLa) cells using a single excitation light
source. Under low-power 808 nm laser irradiation, photothermal conversion efficiency (PCE) of Fe304 @Au
NCs was as high as 39.22% and the cytotoxic singlet oxygen ('0,) could be simultaneously generated. In
addition, Fe304 @Au NCs showed relatively good biocompatibility and low cytotoxicity, which were ideal
alternatives for nanotherapeutic agents for treatment of HeLa cells. Meanwhile, PTT only and PTT/PDT dual-
modal therapeutic effects of Fe304 @Au NCs on HelLa cells were compared. The experimental results con-
firmed that the near-infrared (NIR)-triggered PDT/PTT synergistic therapy of HeLa cells was more efficient
due to the synergistic effect. Interestingly, Fe;0, @Au NCs with saturation magnetization (Ms) value of
66.5 emu/g possessed good magnetic responsivity, which could be collected easily with a magnet. The
magnetic targeting of Fes04 @Au NCs could effectively promote their accumulation at tumor sites, thus
further enhancing the efficacy of PTT/PDT synergistic therapy of HeLa cells. This study provides a feasible
paradigm for magnetic targeting-assisted PTT/PDT synergistic therapy of cancer cells under a single-wa-
velength excitation and opens up a novel direction for clinical cancer therapy.

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer is one of the malignant neoplasms manifested as the
unbounded division and development of aberrant cells [1]. And
cancer with risk of high incidence and mortality rates has become a
widespread and ever-growing public health issue in developed and
developing countries [2]. According to GLOBOCAN 2020 database
released via International Agency for Research on Cancer (IARC), the
number of new cancer patients was 19.3 million and the number of
cancer deaths was nearly 10 million in 2020 [3]. Up to now, with
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deepening understanding of cancer and update of treatment con-
cepts, multifarious cancer treatment techniques have been explored,
including surgery, chemotherapy, radiotherapy, etc [4]. Although
these traditional methods have certain positive significance for
cancer treatment, they also have their inherent shortcomings. For
example, surgery is the preferred local treatment option only for
patients with early-stage cancer, and the postoperative recurrence
and the metastasis of cancer cells are unpredictable or even in-
evitable in the vast majority of patients [5]. Chemotherapy is another
common way to treat cancer, but chemotherapeutic drugs can harm
healthy tissue cells while inactivating cancer cells owing to the non-
selective recognition ability of chemotherapeutic drugs [6]. In ad-
dition, radiotherapy is also accompanied by a series of complications
and certain side effects [7]. Consequently, there is an urgent need
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but it remains a significant challenge to explore novel, effective and
low side-effect therapy for cancer treatment.

Near-infrared (NIR) light induced phototherapy, primarily con-
sisting of photothermal therapy (PTT) and photodynamic therapy
(PDT), is universally recognized as the most hopeful minimally in-
vasive treatment means for cancer at present [8-12]. Given that the
heat resistance of healthy cells is higher than that of tumor cells, PTT
can cause relatively little damage to normal cells and achieve the
local treatment of advanced tumors [13-16]. From the theoretical
point of view, PTT enables the photothermal conversion agents
(PCAs) to produce local hyperthermy at tumor sites under NIR light
irradiation so as to realize the purpose of photothermal ablation of
tumor cells [17-23]. By contrast, PDT utilizes a laser source of a
particular wavelength to trigger the photosensitizers (PSs) to pro-
duce cytotoxic reactive oxygen species (ROS), mainly involving
singlet oxygen (10,), hydroxyl radicals (*OH) and superoxide (0,7)
ions, which can undergo oxidative reactions with adjacent cellular
components, produce the cytotoxic effects and thereby induce
apoptosis and necrosis of cancerous cells [24-29]. It must be men-
tioned that PTT and PDT have their own disadvantages. PTT may not
completely eliminate tumor cells, especially marginal tumor cells,
owing to the inadequate heat and uneven heat distribution [30-33].
The high laser powers are required for PTT, but hyperthermia is
likely to lead to heat shock [34,35]. In addition, the shallow tissue
penetration of NIR light restricts practical clinical utilization of PTT
[36]. Although PDT can overcome the problem of poor light pene-
tration into tumor tissues excited by X-rays, the hypoxia micro-
environment in solid tumors still significantly influences the
therapeutic efficacy of PDT [37,38].

More recently, many researchers have found that the synergistic
PTT/PDT treatment for cancer therapy by combining PTT and PDT is
more effective than single PTT or PDT, which should be the devel-
opment trend for cancer treatment [39]. On one hand, the photo-
thermal effect of PTT can boost the transport of PTT/PDT agents,
accelerate blood circulation, and thus enhance the oxygen supple-
ment in the tumor tissues, thereby facilitating the therapeutic effect
of PDT [40]. On the other hand, produced ROS during the PDT pro-
cess can inhibit the induction of heat-shock proteins, which will
minimize their protective effects in tumor tissues during the PTT
treatment [41]. Therefore, the synergistic PTT/PDT therapy can rea-
lize the goal that the whole is greater than the sum of its parts.
Unfortunately, since the spectra of photothermal agents and PSs are
mismatched, the two different light sources are usually required to
activate the dual-modal phototherapeutic system, which results in a
tedious treatment process and longer treatment time [42]. There-
fore, it remains challenging to develop a PTT/PDT dual-modal ther-
apeutic agent which can induce local hyperthermia and ROS
simultaneously under single laser irradiation.

In the nanomedical field, noble metal nanoparticles (NPs) have
particular advantages in preparation and innovation of multi-
functional and multimodal nanotherapeutic agents because of their
adjustable surface properties, easy functionalization and modifica-
tion, excellent localized surface plasmon resonance (LSPR) effect and
high electron density, which have been widely used in miscellaneous
therapeutic platforms [43-46]. Among all the noble metal NPs, Au
NPs have always been the preferred materials at the cutting edge of
nanobiotechnology and nanomedicine because of their inherent
biocompatibility, non-toxic property, non-immunogenicity, good
chemical stability and strong capacity of light absorption in the NIR
region [47-50]. Notably, the LSPR induced by the collective oscilla-
tion of surface electrons enables Au NPs to act simultaneously as
effective PCAs and PSs, which makes it possible to achieve sy-
nergistic PTT/PDT therapy under short-term irradiation of single-
wavelength NIR laser [42,51]. Furthermore, it is also indispensable to
achieve precise and selective localization of nanotherapeutic agents
in the synergistic therapeutic of cancer. In addition to the passive
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targeting of some nanotherapeutic agents achieved through en-
hanced permeability and retention (EPR) effect, researchers have
committed to developing more valid methods to achieve efficient
active targeted therapy [52,53]. At present, magnetic targeting has
been widely recognized as an ideal targeting technology [54]. Firstly,
the magnetic targeting exhibits good controllability and predict-
ability under the stimulation of external magnetic field, which can
achieve specific delivery without changing the nature of the internal
environment. Secondly, the magnetic targeting can induce effective
rapid accumulation of magnetic materials at tumor sites and thus
reduce damage to normal tissues [52-54]. It is worthwhile men-
tioning that the combination of magnetic NPs, especially super-
paramagnetic magnetite Fe;04, and Au NPs can not only overcome
disadvantages of less accumulation of PSs in tumor tissues, but also
avoid using excessive laser power and thereby widen the range of
the clinical application of phototherapy [55-57].

In order to realize efficient PTT/PDT synergistic treatment of tu-
mors with few side effects under low-power 808 nm laser irradia-
tion, herein, the novel multifunctional Fe30, @Au nanocomposites
(NCs) were designed and synthesized by a modified seed-mediated
growth method (Scheme 1). Specifically, due to the super-
paramagnetic nature of Fe;04 cores and the presence of Au shells,
the well-designed Fe;04 @Au NCs could be employed as ideal na-
notherapeutic agents and they could permeate into and accumulate
in tumor regions via EPR effect. Furthermore, Fe;04 NPs endowed
Fe304 @Au NCs with targeting ability, which would further promote
distribution of nanotherapeutic agents in cancer cells with an ex-
ternal magnetic field and thus reduce damage of PTT/PDT to healthy
cells. After irradiating low-dose Fe304 @Au NCs with 808 nm laser,
both NIR light-triggered local hyperthermia and the generated '0,
could inhibit tumor growth and even lead to tumor ablation at mild
temperatures, which realized PTT/PDT dual-modal therapy of tu-
mors. Furthermore, the influence of magnetic targeting on PTT/PDT
synergistic therapy was systematically assessed via monitoring cell
viability of human cervical cancer (HeLa) cells in the presence of an
external magnetic field. Therefore, our study clearly demonstrates
that Fes04 @Au NCs, as the combined nanotherapeutic agents, can
achieve the integration of magnetic targeting of tumors under a
magnetic field and PTT/PDT synergistic therapy of tumors under
low-power laser irradiation. The research not only extends knowl-
edge of PTT/PDT synergetic therapeutic mechanism, but also pro-
vides multitudinous possibilities for further development of clinical
cancer treatment.

2. Experimental section

Materials, biochemicals and instruments are listed in Supporting
Information.

2.1. Fabrication of Au NPs

2mL of 27.95mM HAuCls;-3H,0 solution was injected into
200 mL of deionized water and stirred magnetically for 150 s. After
that, 6 mL of 34 mM trisodium citrate dihydrate was slowly put into
mixture and stirred evenly for 200 s. Then, 2 mL of 19.76 mM NaBH,4
was rapidly injected under intense magnetic agitation, and the
mixed solution turned wine red. Finally, Au NPs were successfully
prepared by stirring the mixture for 12 h in the dark.

2.2. Preparation of Fe304 NPs

1.059 g of iron (III) acetylacetonate, 22.5 mL of dibenzyl ether and
1.95 mL of oleic acid were placed in the two-necked round-bottom
flask, respectively. Subsequently, the reactant was degassed by
purging with argon for 280 s. Then, the mixed solution was warmed
to 300°C under reflux in argon and maintained for 2h. After
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Scheme 1. Schematic representation of preparation process of Fe30, @Au NCs and their PTT/PDT synergistic targeted treatment for tumors under 808 nm laser irradiation.

reactants were naturally cooled to room temperature, a magnetic
field was used externally to collect samples. Final products (Fe304
NPs) were rinsed several times with mixture of 6.8 mL toluene and
1.7 mL hexane and stored in a vacuum drying oven at 60 °C.

2.3. Synthesis of Fe30,@Au NCs

The synthesis of Fe304 @Au NCs was divided into three processes.
The first step was to functionalize surfaces of Fes04 NPs with PEI-
DTC. Specifically, 0.4875¢g of KOH, 0.375g of PEI and 37.5mL of
methanol were magnetically stirred in a flask until they were com-
pletely dissolved. The mixture was degassed for 30s, and then
521.25 pL of CS, was dropped into the flask. After severe agitation for
10 min, the mixed solution became pale yellow, which represented
the production of PEI-DTC. Then, 0.015 g of prepared Fes04 NPs was
dissolved in 30 mL of methanol and subsequently put into PEI-DTC
solution. After standing for 1h, the products were rinsed using
deionized water and subsequently dissolved in 6 mL of deionized
water. The second step was to deposit Au NPs on surfaces of Fe;04
NPs. 120 mL of Au NPs was put into Fe;04 @PEI-DTC solution and
ultrasonicated for 2 h. Mixture was rinsed using deionized water to
exclude excess Au NPs to obtain Fe;04-Au seeds NCs, and then dis-
persed in 30 mL of deionized water. The third step was to grow Au
shells on the surfaces of Fe304-Au seeds NCs to achieve the final
Fe304 @Au NCs. 0.249g of K,CO3; and 1.773mL of 27.95mM
HAuCl4-3 H,0 solution were added into 150 mL of deionized water
under magnetic stirring, respectively. Growth solution was obtained
successfully after stirring for 30 min. Finally, 4 mL of Fe;04-Au seeds
NCs, 16 mL of growth solution and 20mL of 40 mM of hydro-
xylammonium chloride were mixed thoroughly by shaking or vortex.
After washing with deionized water, the final products (Fe;04 @Au
NCs) were obtained and dried in a vacuum drying oven at 60 °C.

2.4. Photothermal effect and photothermal conversion efficiency (PCE)
of Fes0,@Au NCs

Under 808nm laser irradiation at 1.0W/cm?, temperature
changes of Fe;0, @Au NCs with various concentrations (10, 25, 50,
100, 150 and 200 pug/mL) in phosphate buffer solution (PBS) were
recorded by infrared (IR) thermal imaging camera at 1 min interval.
The temperature change curve obtained by irradiating PBS using
808 nm laser was used as control group. Moreover, Fe304 @Au NCs
(100 pg/mL) in PBS were also monitored at various laser power
densities (0.5, 0.8, 1.0, 1.3, 1.5, and 1.8 W/cm?). PCE could be calcu-
lated on the basis of following procedure. The Fe304 @Au NCs in PBS
(100 pg/mL) were irradiated using laser of 1.0 W/cm? for 10 min.
Subsequently, laser was removed and solution was cooled naturally
for nearly 20 min. In the above procedure, solution temperature was
continuously monitored via IR thermal imaging camera. Finally, PCE
was calculated according to method proposed in the litera-
ture [58,59].

2.5. Singlet oxygen detection and its reproducibility of Fe30,@Au NCs

Under laser irradiation at 1.0 W/cm?, singlet oxygen sensor green
(SOSG) acted as a probe to investigate '0, production of Fe;0, @Au
NCs with various concentrations (10, 25, 50, 100, 150 and 200 pug/mL)
in PBS. Fluorescence intensity of SOSG procured by irradiating Fe30,4
@Au NCs (100 pg/mL) using laser was used as a control. Briefly, SOSG
was dispersed in PBS including 2% methanol for achieving a final
concentration of 1.0 uM. Then, SOSG was added to the Fes0, @Au
NCs and Fe304 NPs in PBS, respectively. Fluorescence intensity of
mixed solution under laser irradiation was measured every 1 min.
Fluorescence intensity of probe molecule SOSG was recorded and
their values at 525 nm were plotted against irradiation time. To as-
sess influence of re-irradiation on singlet oxygen generating ability,
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Fe304 @Au NCs (100 pg/mL) were irradiated with 808 nm laser at
1.0 W/cm? for diverse times (0, 5, 10 and 15 min). After SOSG was
added to those four samples, they were again exposed under laser of
1.0 W/cm?. Finally, fluorescence intensity of probe molecule SOSG
was recorded every 1 min and values of the fluorescence intensity at
525 nm were taken and plotted against irradiation time.

2.6. Cell culture and biocompatibility of Fe;0,@Au NCs

The details about cell culture were described in Supporting
Information and following experiments were implemented when
the cells were stabilized. Fe304 @Au NCs were dispersed in Dul-
becco’s minimum essential medium (DMEM) (final concentration of
Fe304 @Au NCs: 0, 20, 50, 100, 200, 300, 400 pg/mL), and they were
irradiated with UV light for the purpose of sterilization. Then, 100 uL
of aqueous dispersion (Fes0, @Au NCs) with different concentra-
tions was placed onto the above 96-well plates. Cell viability was
measured  using  3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenylte-
trazolium bromide (MTT) assay after HeLa cells were further cul-
tured for 24 and 48 h. All obtained results were based on three sets
of parallel experiments.

2.7. Photocytotoxicity and targeting specificity of Fe30,@Au NCs

After HeLa cells adhered to the wells, Fes0, @Au NCs with dif-
ferent concentrations (0, 10, 25, 50, 200, 150, 200 pg/mL) in DMEM
with or without 0.1 mM of r-ascorbic acid (VC) were placed onto the
well plates, and resulting mixed solution was treated with or
without a magnetic field for 4 h. Among them, the magnetic field
treatment was to place rectangular NdFeB permanent magnets
(surface magnetic field of 0.2T) under the 96-well plate.
Subsequently, unbound Fe30; @Au NCs were removed from the
medium through rinsing using PBS. HeLa cells were then treated
using laser of 1.0 W/cm? for 10 min. Cell viability was evaluated
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using calcein acetoxymethyl ester/propidium iodide (Calcein-AM/PI)
staining and MTT assay. All results were based on three sets of
parallel experiments. To explore the effect of magnetic targeting on
cellular uptake, Fes0, @Au NCs labeled with fluorescein iso-
thiocyanate isomer I (FITC) were cultured with HeLa cells for 4 h
with/without rectangular NdFeB permanent magnets placed under
the 96-well plate. Nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI), lysosomes were labeled using Lyso-tracker Red,
and then cells were rinsed several times using PBS. Cell uptake of
Fe304 @Au NCs was recorded using confocal laser scanning micro-
scopy (CLSM).

3. Results and discussion
3.1. Physicochemical characterizations

SEM is applicable to characterizing morphologies and structures
of Fe;04 NPs, Fe304-Au seeds NCs and Fes04 @Au NCs, as shown in
Fig. 1 (a)-(c). As revealed in Fig. 1 (a), the fabricated Fe;04 NPs have
relatively regular shapes and uniform sizes. After immobilizing Au
seeds onto Fe;04 NPs, Au seeds are stochastically and uniformly
adsorbed on Fe304 NPs, which can be verified by the SEM image and
EDS elemental mapping images in Fig. 1 (b). After treating the Fe;04-
Au seeds NCs with reducing agent and growth solution, the amount
of Au element increases significantly and the surfaces of Fe;04 NPs
are almost completely covered with Au NPs, which basically in-
dicates the formation of core-shell structure, as presented in Fig. 1
(c). XRD patterns displayed in Fig. 1 (d) confirm successful synthesis
of Fe304 NPs and Fe;04 @Au NCs. The characteristic diffraction peaks
of Fe304 NPs are located at 20 =30.10, 35.42, 37.05, 43.05, 53.39,
56.94, 62.52, 70.92, 73.95 and 74.96°, which correspond to the (220),
(311), (222), (400), (422), (511), (440), (620), (533) and (622) planes
of Fe304 (JCPDS No. 19-0629), respectively [60]. As for Fes0, @Au
NCs, four extra diffraction peaks at 20 =38.18, 44.39, 64.58, and
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Fig. 1. SEM image of (a) Fe304 NPs, SEM images of (b) Fe304-Au seeds NCs and (c) Fe304 @Au NCs and the corresponding EDS elemental mapping images (Fe, O and Au), (d) XRD
patterns, (e) UV-Vis absorption spectra and (f) magnetic hysteresis (M-H) loops of Fe;04 NPs and Fe30, @Au NCs. The photograph of Fe;04 @Au NCs before and after magnetic
separation with magnetic field is shown in inset of (f).
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77.55° are noticed, which can be pointed to (111), (200), (220) and
(311) planes of Au (JCPDS No. 04-0784) [61]. Noticeably, diffraction
peak intensity of Fe304 @Au NCs is significantly reduced compared
with that of pure Fe304 NPs, which indirectly suggests the formation
of Au shells on Fes04 NPs. Fig. 1 (e) shows the UV-Vis absorption
spectra of Au NPs, Fe;04 NPs and Fe;04 @Au NCs. It is observed that
Fe304 NPs have no evident absorption peak in the range of
400-800 nm. Au NPs exhibit the clear LSPR peak at ~516 nm, which
is the typical characteristic of Au nanocrystals [62]. Notably, the LSPR
absorption peak of Fe304 @Au NCs displays a red shift from ~516 to
~610nm compared with Au NPs, which may be due to electron
transfer between Au NPs and Fes04 NPs [63,64]. In addition, the
change in the ratio of the center-to-center distance (L) between Au
NPs and the effective diameter (D) of Au NPs may be another reason
for the red shift of the LSPR absorption peak of Fes0, @Au NCs
[65,66]. The hysteresis loops of Fes0, NPs and Fes0, @Au NCs ob-
tained at room temperature are presented in Fig. 1 (f). The saturation
magnetization (Ms) values of Fe;04 NPs and Fe304 @Au NCs are 78
and 66.5 emu/g, respectively. Although Ms value of Fe304 @Au NCs
decreases due to the diamagnetic contribution from Au shells, they
can still be aggregated by nearby magnets within 13 s [67]. It should
be highlighted that a nanomaterial with a size between 60 and
400nm can easily permeate and achieve accumulation in tumor
sites because of EPR effect [68,69]. In addition, once a nanomaterial
can exhibit a wide light absorption capacity in the range of
600-850 nm, it will show an efficient photothermal conversion
ability after the nanomaterial is irradiated with NIR light. More
importantly, this wavelength range can be easily absorbed by tissues
during PDT treatment and thus reduce the light extinction caused by
the inherent chromophores of healthy tissues [43,70]. Given that
Fe304 @Au NCs in this study meet the above conditions, the devel-
oped Fe304, @Au NCs have great potential as PCAs and PSs for
achieving NIR-triggered PTT/PDT synergistic therapy.
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3.2. Photothermal and photodynamic effect of Fe30,@Au NCs

For the purpose of investigating photothermal effects of Fe304
@Au NCs, the IR thermal imaging camera was utilized to monitor
temperature variations of Fez04 @Au NCs in PBS. Temperature of all
solutions is raised with growth of irradiation time, which is verified
by changes in color of solution from blue to red in IR thermal images
of Fig. 2 (a). Significantly, the photothermal effects of the Fe;0, @Au
NCs are closely related to their concentration, and the photothermal
effects are enhanced remarkably when increasing the concentration
of Fe304 @Au NCs. The corresponding time-dependent temperature
curves are plotted in Fig. 2 (b). Temperature of Fes0, @Au NCs
(200 pg/mL) rises to 63.8 °C and temperature increment (AT) is as
high as 34.4 °C within 10 min. The temperature of Fe304 @Au NCs at
10 pg/mL under laser irradiation can also reach 38 °C within 10 min.
By comparison, when PBS acting as control group is irradiated with
the same power density, only a small temperature rise of ~3.5°C is
observed, implying that the thermal effect of PBS alone is negligible.
In general, local heating of tumor cells to a high temperature > 45 °C
can lead to complete tumor eradication. However, excessively high
temperature can easily cause the severe side effects to human body,
while excessively low temperature will be insufficient to cause tu-
mors ablation and thus result in the recurrence and progression of
tumor [71]. Given that the above factors, a concentration of 100 pg/
mL is the most appropriate for thermal ablation of tumor cells in this
study, because solution temperature is exactly 50.1 °C, which is en-
ough to inactivate tumor cells with little damage to surrounding
normal tissues during photothermal treatment of tumors [72]. Fur-
thermore, the photothermal effect of PACs is strongly dependent on
power density of laser source [73]. Temperature changes of Fe30,4
@Au NCs (100 pg/mL) in PBS at the various laser power densities
were presented in Fig. 2 (c¢) and (d). It can be found that the tem-
perature of Fe304 @Au NCs in PBS rises continuously with increasing
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Fig. 2. (a) IR thermal images and (b) corresponding time-temperature curves of PBS and Fe;04, @Au NCs with diverse concentrations (10-200 pg/mL) in PBS under 808 nm laser

irradiation at 1.0 W/cm?, (

c) IR thermal images and (d) corresponding time-temperature curves of Fe304 @Au NCs in PBS (100 ug/mL) at various laser power densities, (e)

fluorescence spectra of SOSG in presence of Fe;04 @Au NCs (100 pg/mL) after different irradiation times and (f) time-dependent fluorescence intensity curves of SOSG at 525 nm in

presence of Fe;04 NPs (100 ug/mL) and Fe304 @Au NCs with diverse concentrations.
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laser power densities. Although PTT alone can precisely kill the
tumor cells through thermal ablation, the combination of PTT with
other therapies, especially PDT, is a more efficient way to enhance
photothermal efficacy with minimal dosage [74]|. Whether Fe30,4
@Au NCs can exert a PDT effect depends upon their abilities to
generate cytotoxic '0, under laser irradiation. Fe;0, @Au NCs are
theoretically capable of generating cytotoxic '0, owing to the plas-
monic electron transfer capacity of Au [75]. In order to prove the
above hypothesis, the ability of Fe;04 @Au NCs to generate '0, was
detected using fluorescent probe (SOSG). It has been validated that
SOSG has great selectivity to !0, [76]. Once SOSG reacts with 10, to
produce endoperoxides, the strong fluorescence signals at 525 nm
will appear [77,78]. As presented in Fig. 2 (e), the fluorescence in-
tensity observably increases with the increase of time in presence of
Fe304 @Au NCs (100 ug/mL), which is ~18-fold higher than that
produced in Fe304 NPs under same condition (Fig. S1). It implies that
Au shells can effectively promote the generation of '0, under laser
irradiation. Fluorescence intensity and time-dependent fluorescence
intensity curves in presence of Fe30, @Au NCs with various con-
centrations (10-200 pg/mL) after diverse times of irradiation are
exhibited in Fig. 2 (f) and S2. Fluorescence intensity of SOSG in-
creases as the concentrations of Fes04 @Au increase from 10 to
200 pg/mL. Such behavior may be explained by an increase of PSs in
SOSG. These results suggest that Fe;0, @Au NCs can serve simulta-
neously as PCAs and PSs to ablate tumor cells.

3.3. Photostability of Fes0,@Au NCs

To further quantify the photothermal conversion capability of
Fe304 @Au NCs, the PCE was assessed by measuring the temperature
changes of Fes0, @Au NCs (100 ug/mL) in PBS under continuous
laser irradiation for 10 min (Fig. 3 (a)). The detailed PCE calculation is
presented in the Supporting Information. It can be obtained that PCE
of Fe304 @Au NCs (100 ng/mL) in PBS is as high as 39.22%, which is
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higher than that of the formerly recorded PACs [79-81]. Notably, the
corrosion of PCAs is likely to occur in the process of photothermal
conversion, thus affecting the conversion efficiency of PCAs [58].
Hence, the photothermal stability of Fe30, @Au NCs was in-
vestigated. Fig. 3 (b) and (c) are IR thermal images and corre-
sponding temperature variations of Fe30, @Au NCs (100 ug/mL) in
PBS under laser irradiation. After six heating and cooling cycles
(heating 10 min and cooling 20 min for one cycle), there is re-
markably little variation in photothermal conversion performance of
Fe;04 @Au NCs. In addition to the photothermal stability, 10, re-
generation capability of Fes0, @Au NCs under re-irradiation of
808 nm laser was also evaluated. Fe304 @Au NCs (100 pug/mL) in PBS
were firstly irradiated at various times (0, 5, 10, and 15 min). Sub-
sequently, SOSG was added to the Fe3s04 @Au NCs in PBS after laser
irradiation, respectively. These four samples were then re-irradiated
for additional 10 min and fluorescence intensity of SOSG was re-
corded every minute (Fig. S3). The changes of fluorescence intensity
at 525 nm with time are plotted in Fig. 3 (d). It can be found that the
fluorescence intensity increases with increase of time for four
samples, and the change trend of the fluorescence intensity is nearly
identical, indicating that the ability of Fe304 @Au NCs to generate
10, under re-irradiation is well maintained. Based on the above
results, it can be concluded that Fes0, @Au NCs are promising
candidates for next-generation PTT and PDT reagents because of
their high PCE and excellent stability.

3.4. Biocompatibility and photocytotoxicity of Fes0,@Au NCs

Given that cervical carcinoma Hela cells are typically located in
the cervix, which is connected to the vagina, it is feasible to treat
Hela cells with laser irradiation and thus HelLa cells were selected as
the research object in this work [42,82]. When it comes to cancer
therapy, good biocompatibility and low cytotoxicity are the essential
prerequisites for ideal nanotherapeutic agents. The biocompatibility
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Fig. 3. (a) Calculation of PCE of Fe304 @Au NCs (100 pg/mL), (b) IR thermal images and (c) corresponding temperature changes of Fe30, @Au NCs (100 pg/mL) in PBS during six
irradiation/cooling cycles (10 min of irradiation for each cycle), (d) changes of fluorescence intensity of SOSG at 525 nm in presence of Fes0, @Au NCs (100 ug/mL) after re-

irradiation.
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and in vitro cytotoxicity of prepared Fe;0, @Au NCs were assessed
using MTT assay. Fig. 4 (a) exhibits cell viability of HeLa cells cul-
tured with different concentrations of Fe304 @Au NCs in DMEM for
24 and 48 h. A dose-dependent reduction in cell viability is found for
both groups. When the concentration of Fe30, @Au NCs ranges from
10 to 100 pg/mL, cell viability in both groups is higher than 80%. Even
at a high concentration of 200 ug/mL and after 48 h incubation, cell
viability still remains above 75%, indicating that Fes0, @Au NCs
possess good biocompatibility and low cytotoxicity. In addition, PTT
only and PTT/PDT dual-modal therapeutic effect of Fe;04, @Au NCs
on Hela cells were compared. VC was chosen as a scavenger of 10, to
exclude therapeutic influence of PDT [83]. As shown in Fig. S4, Fe304
@Au NCs in SOSG exhibit obvious green fluorescence under laser
irradiation because of generation of '0,. By contrast, no obvious
fluorescence is observed under the same condition once VC is added
(Fig. S5). The result demonstrates that VC can scavenge '0, gener-
ated by Fes04 @Au NCs under specific wavelength laser irradiation.
Fig. 4 (b) exhibits cell viability of HeLa cells incubating with diverse
concentrations of Fes0, @Au NCs (0-200pg/mL) in DMEM with/
without addition of VC and with/without 808 nm laser irradiation.
There is no significant change in cell viability with/without addition
of VC without laser irradiation, implying that cytotoxicity of VC on
Hela cells is negligible. When 808 nm laser irradiation is carried out,
cellular viability of HeLa cells with addition of VC decreases dra-
matically. Obviously, PTT only presents high therapeutic effect
against HelLa cells due to the hyperthermia generated by PCAs from
NIR laser energy. Notably, the viability of Hela cells further de-
creases without addition of VC under laser irradiation, which can be
due to synergistic effect of PTT and PDT. On one hand, the con-
sumption of oxygen during PDT treatment makes cancer cells more
sensitive to heat [84]. On the other hand, PTT treatment can promote
blood circulation, increase oxygen supply to cancer cells and thus
benefit to oxygen-dependent PDT treatment [85]. In addition, the
cell viability significantly decreases with increasing dose of Fe304
@Au NCs. In consideration of the biosafety of the nanotherapeutic
agent, the concentration of 100 ug/mL was chosen as ideal dose for
following combined PTT/PDT of HeLa cells. The killing ability on Hela
cells by combined PTT/PDT of Fes04 @Au NCs was further verified
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using staining HelLa cells with Calcein-AM (green) and PI (red). As
displayed in Fig. 4 (c)-(e), compared to control group, vast majority
of HelLa cells still show green fluorescence after the incubation with
Fe304 @Au NCs only or under10 min of NIR irradiation only, in-
dicating that HeLa cells cannot be effectively inactivated treated
either with Fe;04 @Au NCs only or with laser irradiation only. The
result directly confirms the low cytotoxicity of Fe304, @Au NCs and
the noninvasiveness of laser irradiation towards cancer cells. By
comparison, due to PTT/PDT synergistic effect of Fes0, @Au NCs,
nearly all HeLa cells cultured with Fe;04 @Au NCs are killed under
laser irradiation for 10 min, as revealed by intense red fluorescence
in Fig. 4 (f). From the results we have obtained from MTT assay and
Calcein-AM/PI staining, one can conclude that therapeutic effect of
Fe304 @Au NCs on cancer cells with PDT and PTT synergistic prop-
erties is highly efficient.

3.5. Targeting specificity of Fe30,@Au NCs

In order to visualize the cell uptake of multifunctional Fe304 @Au
NCs by HeLa cells and assess the magnetic targeting ability of Fe304
@Au NCs, Fe304 @Au NCs, nuclei and lysosomes of HeLa cells were
labeled with FITC (green), DAPI (blue) and Lyso-tracker Red (red),
respectively, and then characterized by CLSM to track their in-
tracellular distribution with/without an external magnetic field. As
illustrated in Fig. 5 (a), green fluorescence represents the Fe304 @Au
NCs labeled with FITC, and blue and red fluorescence are the nuclei
and the lysosomes of HeLa cells stained with DAPI and Lyso-tracker
Red, respectively. It can be found that the green fluorescence of the
Fe304 @Au NCs shows a high overlap with the blue fluorescence of
the nuclei and red fluorescence of the lysosomes even without
magnetic field, indicating that Fe30, @Au NCs are endocytosed by
HeLa cells and some of Fe304 @Au NCs are translocated to inside of
Hela cells. In particular, cell uptake amounts of Fe;0, @Au NCs by
Hela cells increase significantly with an external magnetic field
under the same incubation time, as verified by the appearance of
stronger fluorescence signals. This result strongly demonstrates that
Fe304 @Au NCs exhibit excellent magnetic targeting ability, which
can efficiently promote accumulation at tumor sites and penetration
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Fig. 4. (a) Cell viability of HeLa cells cultured with different concentrations of Fe304 @Au NCs (0-200 pg/mL) in DMEM for 24 and 48 h, (b) cell viability of HeLa cells incubating
with different concentrations of Fes04 @Au NCs (0-200 pg/mL) in DMEM with/without addition of VC and with/without laser irradiation for 10 min. Error bars represent the
standard deviation from three separate experiments. Fluorescence images of HeLa cells after various treatments: (c) control, (d) 100 ug/mL of Fe30, @Au NCs in DMEM only, (e)
10 min of NIR irradiation only, and (f) both 100 pg/mL of Fe;0, @Au NCs in DMEM and 10 min of NIR irradiation (808 nm laser, 1.0 W/cm?).
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Fig. 5. (a) CLSM images of HeLa cells cultured with Fe;0, @Au NCs labeled with FITC (green). The nuclei are stained with DAPI (blue) and the lysosomes are stained with Lyso-
tracker Red (red). Cell viability of HeLa cells cultured with diverse concentrations (0-200 ug/mL) of Fe30, @Au NCs with/without magnetic field (b) without 808 nm laser
irradiation and (c) with 808 nm laser irradiation (10 min, 1.0 W/cm?). Error bars represent the standard deviation from three separate experiments.

into tumor cells. In addition, the cell viability of HeLa cells cultured
with diverse concentrations of Fe304 @Au NCs with/without mag-
netic field was measured by MTT assay to explore influence of
magnetic targeting on cell viability of HeLa cells. Cell viability of
Hela cells cultured using diverse concentrations of Fe304 @Au NCs
with magnetic field is lower than that of non-magnetically targeting
treatment under laser irradiation, as presented in Fig. 5 (b). A pos-
sible explanation is that the magnetic targeting can efficiently en-
hance cellular uptake of Fe304 @Au NCs and thus lead to a decrease
in the cell viability [86]. The role of magnetic targeting in PTT/PDT
synergistic therapy was also investigated. As displayed in Fig. 5 (c),
once laser irradiation is carried out, cell viability decreases drasti-
cally either with or without magnetic field. Notably, the presence of
the external magnetic field can induce a comparatively higher cy-
totoxicity, revealing that the magnetic targeting can further boost
PTT/PDT synergistic therapy of tumors owing to EPR effect [57].
These results suggest that the magnetic field-assisted PTT/PDT
treatment for cancer therapy is expected to significantly increase the
possibility of cell ablation, making it a hopeful strategy for tumor
therapies.

4. Conclusion

In summary, the developed Fe;0, @Au NCs had excellent pho-
tothermal conversion ability and were capable of generating cyto-
toxic '0, under a single wavelength of laser irradiation, which made
it possible to excite PTT and PDT simultaneously with a single laser.

In addition, Fe304 @Au NCs exhibited good photothermal stability
and high '0, regeneration capability. Surprisingly, even after six
heating and cooling cycles, PCE of Fe;0, @Au NCs still remained over
39%. PTT only presented high therapeutic effect on HelLa cells owing
to the hyperthermia induced by Fe304 @Au NCs from NIR laser en-
ergy. Notably, simultaneous PTT and PDT generated by Fe30, @Au
NCs under NIR light irradiation exhibited higher therapeutic efficacy
on Hela cells than PTT alone. Furthermore, cell uptake amounts of
Fe304 @Au NCs by HelLa cells increased significantly under the sti-
mulation of external magnetic field, demonstrating that Fe;0, @Au
NCs had the excellent magnetic targeting ability. As a result, the
combined applications of PTT, PDT and magnetic targeting can effi-
ciently improve treatment of cancer cells. This PTT/PDT synergistic
treatment with magnetic targeting capability will afford a concise
and efficient strategy for cancer treatment under single-wavelength
excitation.
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