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Ultrasmall-sized iron-based nanoparticles are showing increasing potentials to be alternatives as T;-weighted
magnetic resonance imaging (MRI) contrast agents to the currently-used gadolinium-based compounds.
However, their synthesis particularly in a large-scale and green fashion is still a big challenge. Herein, we report
an albumin-constrained strategy to synthesize tiny and highly dispersible ferrous sulfide (termed FeS@BSA)
quantum dots (QDs) at ambient conditions. FeS@BSA QDs exhibit ultrasmall size of ca. 3.0 nm with an ultralow
magnetization, affording them an appealing longitudinal relaxivity for T;-weighted MRI. The design principle
leverages on albumin-mediated biomimetic synthesis and spatial isolation of the protein interface prevents bulk
aggregation of the particles. Albumin was found to play crucial roles in the synthesis process: a constrained-
microenvironment reactor for particle growth, a water-soluble layer for colloidal stability and a carrier for multi-
functionality. This synthetic strategy was found facile, green and particularly large-scalable to 10 L. Mice ex-
periments show good T;-weighted MRI capability of FeS@BSA QDs, significantly lighting the whole body organs,
blood vessels and tumors. And interestingly, these QDs can be further used to conduct phototheranostic of tumor
benefited from their intense absorption at near-infrared region. In particular, they can be cleared via glomerular
filtration into bladder after treatment. Given this approach is biomimetic, scalable and does not require any
complicated chemical synthesis or modifications, the method demonstrated here will find great potentials for
clinical translation in T;-weighted MRI of diseases and inspire other functional tiny nanoprobes for biomedical
applications.

Renal metabolism
Phototheranostics

1. Introduction nanostructures and iron-based nanostructures. The former usually acts

as T;-weighted MR imaging CAs and has served in clinics for decades;

Magnetic resonance (MR), as an established powerful imaging
modality, has been widely used in clinics for tumor diagnosis [1]. It is
not only safe and noninvasive without use of any radiotracers but also
provides tomography information on live organisms without penetra-
tion limitations [2,3]. Usually, MR contrast agents (CAs) are highly
needed to identify details of tumor for exploring extra molecular in-
formation which is not acquired by plain imaging [4-7].

In general, two main categories of MR CAs are used in clinics to
increase MR enhancement/sensitivity for accurate early diagnosis of
tumors or other diseases, namely the Gd-based compounds or
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however, Gd ions degraded or leaked from the injected matrix are
frequently reported to be highly toxic in human body, especially prone
to cause nephrogenic systemic fibrosis (NSF) [8]. By comparison, iron-
based MR CAs are considered to be biocompatible since their main
composition is iron which is indispensable in human body [9]. In 1996,
food and drug administration (FDA) approved ferumoxides (iron oxide
nanoparticles) as MR CAs for liver disease diagnosis [10]. Nevertheless,
most of iron-based nanoparticles including ferumoxides are To-
weighted MR imaging CAs because of its oversize. They produce dark
signals in lesions which are easily disturbed by other hypointense
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regions such as calcification, air, blood clots, and haemorrhage.
Therefore, developing ultrasmall-sized iron-based nanoparticles for T,
positive imaging is of great importance in MR diagnosis.

Ultrasmall-sized iron-based nanoparticles are showing increasing
potentials to be alternatives as T;-weighted positive MR CAs to the
currently-used gadolinium-based compounds, and relevant research
including synthesis of iron-based compounds/nanoparticles, surface
engineering, and imaging performance assessment has been a hot topic
worldwide [11]. In recent years, ultrasmall-sized iron oxide nano-
particles have been synthesized by a few methods and they showed
good performance on producing T;-weighted MR signals due to low
magnetization by a strong size-related surface spin-canting effect
[12-15]. Ling et al. [16] synthesized small-sized iron oxide na-
noclusters via “heat up” method and confirmed they exhibited sig-
nificantly improved biosafety and a much lower risk of causing NSF
than Gd-based CAs. According to a similar method, Lu et al. [17] syn-
thesized uniform 2 nm iron oxide nanoclusters for in vivo T;-weighted
MR imaging in large animal models, including beagle dogs and maca-
ques, and they evaluated their potential toxicity. While these iron oxide
nanostructures are effective as T; MR CAs, their MR relaxivity needs to
be improved and more importantly, other iron materials and their
synthetic methodology should be explored.

In contrast, FeS nanoparticles not only possess MR imaging cap-
ability but also exhibit higher absorbance in near infrared region (NIR),
and can convert the absorbed NIR light into heat [18]. Thus, it is able to
be served as MR/PA bimodal imaging CAs for tumor diagnosis and then
guide tumor photothermal therapy (PTT). In the previous studies, some
strategies have been proposed to synthesize FeS nanoparticles, such as
hot-injection and hydrothermal method [19-21]. Although by using
these methods we can fabricate FeS nanoparticles, they are involving
with harsh reaction conditions, such as inert gas shielding, high tem-
perature, and toxic organic solvents. And worse of all, the sizes of the
obtained FeS nanoparticles are usually too large and thus only can be
used for T,-weighted MR imaging. Moreover, it is difficult to be cleared
by kidneys, resulting in adverse effects due to iron retention in liver,
which is not preferred by radiologist. Therefore, developing a green
method to synthesize extremely small-sized and renal-clearable FeS
QDs for T;-weighted MR/PA imaging and tumor PTT is highly desired.

In this study, protein-mediated biomimetic strategy is employed
since this synthetic approach is green chemistry without using any or-
ganic solvents and is conducted at physiological temperature [22]. And
particularly, we found protein-mediated synthesis was inclined to
produce small nanoparticles in our previous work [23-26]. Inspired by
these, we try to use albumin and its constrained and delimited effects to
synthesize extremely small-sized FeS QDs. Results show these QDs have
a small size and good longitudinal relaxivity, excellent photothermal
conversion effect, and renal clearance characteristic. Thus, it can be
used for in vivo T;-weighted MR/PA bimodal imaging-guided tumor
PTT, and particularly, after imaging and therapy applications, these
QDs can be cleared from body via urine. The synthesis process and
application are illustrated in Scheme 1.

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA), FeCly4H50 (=99.0%), sodium sulfide
nonahydrate (Na,S-9H,0), and sodium hydroxide (NaOH) were ordered
from Sigma-Aldrich. Phosphate Buffered Saline (PBS) was ordered from
Aladdin. Cell Counting Kit-8 (CCK-8) was purchased from KeyGEN
bioTECH (KGA317, Nanjing, China). Paraformaldehyde (4%) was pur-
chased from Solarbio Life Science. All the reagents were analytical
grade and used without purification.
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2.2. Synthesis of FeS@BSA QDs

The FeS@BSA QDs were synthesized following a BSA-constrained
biomimetic method [23]. Typically, 200 mg of BSA was dissolved in
8 mL of purified water followed by addition of FeCl,4H,O solution
(0.1 M, 1 mL). Then, the mixture was stirred at 37 °C for 3 min and a
stock solution of NaOH (1 M, 0.5 mL) was introduced to adjust the pH
of solution to be 11. Then, an aqueous solution of Na,S-9H,O (1 mL,
0.8 M) was injected into the mixture. After 3 h of stirring at 37 °C, the
deep green mixture was collected and purified by dialyzing for 24 h
against water.

2.3. Materials characizations

The morphology and size of FeS@BSA QDs were observed by
transmission electron microscopy (TEM). The UV-vis absorption spec-
trum and hydrodynamic size of FeS@BSA QDs were measured by
Zetasizer (Nano-ZS90, Malvern) and ultraviolet-visible spectro-
photometer (Cary 60, Agilent), respectively. The element composition
and valence state of FeS@BSA QDs were analyzed by X-ray photo-
electron spectroscopy (XPS) (*1/AXIS UltraDLD, Kratos, Japan). The Fe
concentration was determined by inductively coupled plasma atomic
emission spectrometer (ICP-AES, 167 nm-785 nm/725, Agilent, USA).

2.4. Relaxivity (r7) and in vitro MR phantom imaging

The longitudinal time (T;) of FeS@BSA QDs at different con-
centration were obtained by using a MR Analyzer (Bruker, Minispec mq
60). Then, the linear fitting curve of Fe concentration (mM) versus 1/T;
(s~1) were obtained, and the corresponding slop is longitudinal relax-
ivity (r1).

For in vitro phantom, T;-weighted MR experiments, different con-
centration of FeS@BSA QDs were prepared, and the corresponding T;-
weighted MR images was taken on Ingenia 3.0 T MR scanner (PHILIPS)
according to the following parameters: NS = 2, slice width = 5.0 mm,
slice gap = 0.55 mm, slices = 8, TR/TE = 500 ms/18.2 ms,
FOV = 80 mm X 80 mm, matrix acquisition = 90 x 90.

2.5. In vitro photothermal conversion and photoacoustic imaging

Different concentrations of FeS@BSA QDs solution were irradiated
for 5 min by 660 nm laser (2 W/cm?). The real-time temperature of all
samples was measured and recorded by a thermal camera every minute.
The pure water was irradiated under the same conditions, which is
served as a control group. Furthermore, to evaluate the photothermal
stability of FeS@BSA QDs, Photothermal cycling test was performed
repeatedly to detect the temperature increase after laser irradiation.
The hydrodynamic size of FeS@BSA QDs was measured before and at
4 h, 24 h, and 7 days post-irradiation.

In vitro PA imaging was conducted on a Vevo LAZR Imaging System
(FujiFilm VisualSonics Inc.). Firstly, different wavelength of excitation
light was used to collect the optimized photoacoustic signals. The
phantoms with different concentrations of FeS@BSA QDs (0.3, 0.6, and
1.2 mg/mL) solution were placed in the PA imaging system and
scanned to collect the PA images and the corresponding PA signals.

2.6. Cytotoxicity study

The in vitro cytotoxicity of FeS@BSA QDs was determined by de-
tecting the 4T1 cell viabilities after incubation with FeS@BSA QDs
using a standard CCK-8 assay. In brief, 4T1 cells were seeded into 96-
well plates followed by cultivation for 24 h to allow cells to attach to
the surface. Then, the medium was discarded, and the fresh medium
containing various concentrations of FeS@BSA QDs (50, 100, 250, 500
and 1000 pug/mL) were added into the plates. After another 24 or 48 h
of incubation at 37 °C, the supernatant was discarded, and the cells
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Scheme 1. Schematic illustration of albumin-constrained biomimetic synthesis of ultrasmall-sized FeS@BSA QDs for in vivo T;-weighted MR imaging and photo-

theranostics of tumors.

were rinsed three times with PBS, followed by addition of CCK-8 so-
lution (10 pL). Then, after 2 h of incubation, absorbance value at
450 nm was measured by using a microplate reader. The cell viability
was obtained by calculating the OD value ratio of FeS@BSA QDs
treatment group and control group. The cytotoxicity of FeS@BSA QDs
to normal cells (DC 2.4) cells was investigated according to the similar
procedure.

To investigate the photothermal conversion effect of FeSS@BSA QDs
on tumor cells inhibition, 4T1 cells were divided into control group,
laser irradiation group (1 W/cm? 5 min), FeS@BSA QDs treatment
group (500 pug/mL), and FeS@BSA QDs (500 pug/mL) plus laser irra-
diation group (5 min, 1 W/cm?). The corresponding cell viabilities of
four groups were measured according to the abovementioned CCK8
assay.

2.7. In vivo T;-weighted MR/PA/fluorescence imaging

All animal experiments were conducted in compliance with a
standard guideline approved by the Institutional Animal Care and Use
Committee of Tongji University. The 4T1 tumor models were generated
by subcutaneous injection of 1 x 10° cells suspended in 100 pL of PBS
into the right thigh of mice (6 weeks old, female).

Invivo MR imaging of tumor, liver, bladder, and blood vessel: balb/c
mice were anesthetized through intraperitoneal injection of pento-
barbital sodium (100 pL, 1%), and then scanned on clinical MR imaging
system (PHILIPS, 3.0 T) to obtain pre-injection MR image of kidney,
bladder, tumor, liver, and blood vessel. Then, the mice were injected
with 150 puL of FeS@BSA QDs solution through tail vein. Then, MR
images at 1 h, 2 h, 3 h, and 5 h post-injection were acquired. The MR
sequences were set as follows: FOV read = 90 mm, TR/TE = 600/20,
slice gap = 0.5 mm, FOV phase = 90 mm, ST = 1.2, slice pos = 12.9,
slice width = 3.5 mm, flip angle = 90°.

For in vivo tumor PA imaging, balb/c mice were anesthetized
through intraperitoneal injection of pentobarbital sodium (100 pL, 1%),
followed by irradiation with pulsed laser and collection the pre-injec-
tion image on PA imaging system (FujiFilm VisualSonics Inc.).
Subsequently, the mice were intravenously injected with FeS@BSA QDs
solution. Then, PA images of tumor at 1 h, 2 h, 3 h, and 5 h post-
injection were obtained at an excitation wavelength of 680 nm.

2.8. In vivo tumor photothermal therapy

4T1 tumor-bearing balb/c mice were divided into 4 groups (3 mice
in each group): Group 1 was intravenously administered with PBS as
the control group; Group 2 was irradiated by laser only; Group 3 was
administered injected with FeS@BSA QDs only; Group 4 was in-
travenous injected with FeS@BSA QDs followed by laser irradiation
(660 nm, 2 W/cm?) at 5 h post-injection; The tumor temperature of
mice in group 2 and group 4 was monitored by using a thermal camera.
The tumor volumes and body weights of all mice were measured and
recorded every day. Tumor volume was calculated according to the
equation: V=(W? x L)/2, where W and L represent the shortest and
longest diameters of tumor. At 15 d post-treatment, the mice were sa-
crificed, and the tumors were collected for H&E staining analysis.

2.9. In vivo toxicity evaluation

Twelve balb/c mice (6-7 weeks, Female) were divided into 3 groups
(n = 4 per group), followed by injection of PBS (group 1) and FeS@BSA
QDs (group 2 and 3, doge: 20 mg/kg mice) through tail vein, respec-
tively. Then, the mice were anaesthetized at day 1 and day 14 post-
injection, and the blood samples were collected for biochemistry
(serum) and blood routine (whole blood) analysis. At the same time, the
spleen, heart, kidney, liver, and lung tissues were harvested and rinsed
three times with PBS, followed by immobilization in formalin. Then, all
tissues were embedded in paraffin and sectioned at 3-um thickness,
followed by H&E staining and finally observed under a microscope.

3. Results and discussion
3.1. Synthesis and characterizations of FeS@BSA QDs

Ultrasmall-sized FeS@BSA QDs were synthesized through a green
and facile protein-biomimetic strategy, which is illustrated in Scheme 1.
The synthesis process of FeS@BSA QDs can be divided into three steps:
Firstly, Fe?™ was intensely anchored by BSA depending on the strong
affinity of metal ions with carboxyl groups, forming Fe®*-BSA complex;
Secondly, NaOH solution was added to produce Fe(OH), intermediates
and adjust the pH of solution to strong alkaline (~11), making the
conformational transformation of BSA from a 3D folding structure into
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Fig. 1. Characterizations of FeS@BSA QDs. Representative TEM (scale bar: 20 nm), HRTEM image (the inset, scale bar: 10 nm), and a digital picture of FeS
synthesized (A) with and (B) without BSA. (C) The hydrodynamic size of BSA, BSA + Fe?", and FeS@BSA QDs. (D) UV-vis absorption spectra of BSA, BSA + Fe?™,
BSA + S, FeS aggregates, and FeS@BSA QDs. (E) EDS and (F) XPS survey spectrum of FeS@BSA QDs, (G) Fe 2p, and (H) S 2p XPS spectra, and their corresponding

fitting curves.

an unfolded configuration; Finally, Na,S-9H,O was added and FeS@
BSA QDs were obtained based on a co-precipitation reaction. This one-
pot synthesis was extremely convenient, environmentally benign, and
reproducible for large-scale preparation. In this study, we found this
reaction can be scaled up to 10 L and even more (Fig. S1). The physical
and chemical properties of the resultant FeSS@BSA QDs were studied. A
representative TEM image in Fig. 1A shows uniform, good mono-
dispersity and ultrasmall size (~3 nm) of the synthesized FeS@BSA QDs
due to the constrained effect of BSA inhibiting the overgrowth of par-
ticles in reaction. Moreover, the protein coating on QDs can delimit
each other from aggregation.

In order to show the indispensable role of BSA in this process, we
tried to synthesize FeS without using BSA, but unfortunately, we just
obtained large-sized aggregates in the solution (Fig. 1B). In contrast,
BSA-constrained synthesized FeS@BSA QDs were found to be very
small and dispersed well in the solution. As displayed in Fig. 1C, the
average hydrodynamic size (HD) of FeS@BSA QDs was measured to be
11.7 nm with a good polydispersity index (PDI = 0.195) and no large
aggregates. Thus, it can be concluded that BSA played roles of con-
strained-reaction site provider and stabilizer that can limit the particle
further growth and avoid large aggregates formation. According to
previous reports, an ultrasmall size of ferrous nanoparticles is a

prerequisite for T;-weighted MR imaging and in vivo kidney clearance
[13,27]. In addition, the zeta potential of FeS@BSA QDs was —19.2 mV
due to the presence of carboxyl groups in BSA.

During the synthesis process, HD and absorption spectra were
monitored. As displayed in Fig. 1C and D, HD was increased from 4 nm
(pure BSA) to 6 nm (Fe?*-BSA complex) and finally to 11.7 nm. And
interestingly, the pattern of UV-vis absorption spectrum of FeS@BSA
QDs were found pretty like that of semiconductor CdSe quantum dots
[28]. We also found the characteristic absorption peak at 650 nm ap-
pears both in the sample of FeS aggregates and FeS@BSA QDs, but the
absorption peak of FeS@BSA QDs is much sharper than that of FeS
aggregates, which is attributed to the delimited distribution of FeS@
BSA QDs in solution. The synthesis conditions were optimized by
changing the molar ratio of Fe/S, reaction time, reaction temperature,
and BSA amount. As shown in Figs. S2A-S2F, with the increase of re-
action time and the decrease of Fe/S molar ratio from 2/1 to 1/16, the
characteristic absorption peaks at 650 nm become more and more ob-
vious. Reaction temperature and the used BSA amount were found to be
critical in controlling size (Figs. S3 and S4). It can be seen that high
temperature leads to large size and abundant albumin should be
guaranteed in the reaction to provide constraining effect for limiting
particle growth. By comparing their absorbance value at 650 nm and
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HD (Figs. S2-S4), the appropriate Fe/S molar ratio, reaction time, and
temperature for reaction were found to be 1/8, 3 h, and 37 °C, re-
spectively.

To determine the elemental composition and chemical valence of
FeS@BSA QDs, energy dispersive spectrum (EDS) and X-ray photo-
electron spectroscopy (XPS) studies were conducted. As depicted in
Fig. 1E and F, EDS shows co-existence of Fe and S elements in the as-
prepared sample, which is also confirmed by XPS survey spectra. Fe
(2p) and S (2p) peaks were analyzed with XPS Peak 4.1 software to
confirm their definite chemical states in the formed FeS@BSA QDs.
Fig. 1G shows the Fe (2p3/2) binding energy of 710.6 eV is char-
acteristic peak of FeS, with a Fe (2p1/2) binding energy of 724.1 eV
[29,30]. For sulfur peaks, the S (2p3/2) binding energy of 163.9 eV also
confirms the presence of FeS. Additionally, a binding energy of
161.9 eV is associated with S2~. The feeble peak at 167.9 eV could be
attributed to the organic sulfur species from BSA (Fig. 1H) [31]. X-ray
diffraction analysis (XRD) was further used to study the crystal phase of
the resultant FeS@BSA QDs (Fig. S5). It shows the diffraction peaks
around at 2-Theta = 17.618°, 30.063°, and 34.46° that correspond to
the (001), (101), and (111) planes, respectively, which attributes to the
mackinawite FeS (PDF#15-0037).

3.2. Invitro MR/PA imaging and photothermal conversion capability study

The longitudinal (r;) relaxivity was measured to examine the
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feasibility of using FeS@BSA QDs as T; MR CAs. As displayed in Fig. 2A,
the r; was measured to be 5.35 mM ~'s ™!, which is higher than that of
the clinically-used MR CAs (Gd-diethylenetetramine pentaacetic acid
(Gd-DTPA), r; = 3.1 mM~'s™1) [32] and the previously reported iron-
based T; MR CAs (Fe-CPNDs, r; = 1.5 mM~'s™' [33]; PEG-IONGCs,
r; = 3.91 mM~'s™! [17]; FeS-PEG, r; = 0.34 mM~'s™! [31]). In
addition, we found the r; of FeS@BSA QDs was much higher than that
of FeS aggregates (r; = 0.2 mM ™ !s™1). Large-sized FeS nanoparticles
or its bulk counterparts are reported as T, MR CAs due to their en-
hanced ordered spins induced large magnetization [13]. In this study,
we used the constrained and delimited effects of albumin to inhibit the
growth and aggregation of FeS nanoparticles, resulting in an ultrasmall
size and highly dispersion of sample. These features therefore provide a
relatively lower magnetization (Fig. S6) and a higher longitudinal re-
laxivity. It should be pointed out here that the magnetization of ma-
terials (such as large-sized iron oxide nanoparticles) affects the static
magnetic field of MRI equipment, which usually results in darkening or
quenching the signals when performing MR imaging [34]. Thus, to
reduce this effect, small or ultrasmall-sized particles are preferred since
they possess very low magnetizations. Moreover, the protein layer of
albumin allows good dispersion state of nanoparticles and particularly
prolongs rotational correlation time (tg) and also enhances sufficient
water-metal interactions (q). These factors collectively improve the r;
of FeS@BSA QDs [35-38]. The T;-weighted MR imaging capability of
FeS@BSA QDs was further assessed and found to be concentration-
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Fig. 2. In vitro MR/PA imaging and photothermal conversion capabilities of FeS@BSA QDs. (A) The longitudinal relaxation rate (r,), (B) in vitro concentration-
dependent T,-weighted MR images, and PA images of FeS@BSA QDs; (C) The linear fitting curve between PA signal intensity and Fe concentration; (D) Time (0
min-5 min) and concentration (0.3-1.2 mg/mL)-dependent infrared thermal images of FeS@BSA QDs before and after laser irradiation (660 nm, 2 W/cm?). (E) The
corresponding temperature increment curve and (F) temperature increase (AT) versus FeS@BSA concentration; (G) Photothermal conversion recycling profiles of
FeS@BSA QDs after laser irradiation for four laser ON/OFF cycles; H) The HD change of FeS@BSA QDs before and at 4 h, 24 h, and 7 days post laser irradiation.
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dependent in generating gradient brightening signals (Fig. 2B), de-
monstrating FeS@BSA QDs are able to serve as a new kind of highly
efficient T; MR CAs. Then, the colloidal stability of FeS@BSA QDs was
evaluated by monitoring time-dependent UV-vis absorption spectrum
and longitudinal relaxation time (T;). As shown in Fig. S7, after 24 h,
the absorption peak position, absorption intensity, and T; displayed
negligible change, which indicate good colloidal stability of FeS@BSA
QDs due to the strong encapsulation of albumin for nanoparticles.

Interestingly, compared with other iron-based materials, FeS@BSA
QDs were found to have a specific and strong absorption in the near-
infrared region. Leveraging this property, we found FeS@BSA QDs can
convert the absorbed light energy to heat. As displayed in Fig. 2B, after
pulsed laser irradiation, the PA signal of FeS@BSA solution gradually
becomes more and more stronger with the increase of concentration,
and it displays a good linear relationship (R> = 0.996, Fig. 2C). As
such, besides being MR CAs, FeS@BSA QDs can also serve as PA CAs to
achieve ultrasensitive tumor imaging.

Subsequently, the photothermal conversion capability and photo-
stability of FeS@BSA QDs were characterized. As depicted in infrared
thermal images (Fig. 2D) and temperature increase curve (Fig. 2E), the
temperature of FeS@BSA solution rapidly increases after laser irradia-
tion for 5 min in a concentration-dependent manner, and the maximum
change of FeS@BSA (0.3, 0.6, and 1.2 mg/mL) in temperature (AT ax)
reaches 13.2 °C, 26.4 °C, and 31.8 °C, respectively (Fig. 2F). Under the
same conditions, no significant change was observed (AT,.x = 0.5 °C)
for an equal volume of pure water. According to previously reported
method [39,40], the photothermal conversion efficiency of FeS@BSA
QDs was calculated to be 30.04% (Fig. S8). Furthermore, it was found
this photothermal conversion effect is very stable (Fig. 2G), even after
performing four cycles of ON/OFF laser irradiations (5 min ON and
15 min OFF). The colloidal stability of FeSS@BSA QDs after irradiation
was found good, which is evaluated by DLS study. The HD is in the
range of 11 nm-15 nm without aggregations (Fig. 2H). These results
indicate the good stability of FeS@BSA QDs during photothermal
conversion.

3.3. In vitro cytotoxicity, cellular uptake, and phototherapy study

To investigate the cytotoxicity of FeS@BSA QDs, CCK-8 assays were
carried out on normal cells (DC 2.4) and 4T1 breast cancer cells, re-
spectively. Different concentrations (50 pg/mL, 100 pg/mL, 250 pg/mL,
500 pg/mL, and 1000 pg/mL) of FeS@BSA QDs were prepared, fol-
lowed by incubation with DC 2.4 and 4T1 cells, respectively. As pre-
sented in Fig. 3A and B, after 24 h and 48 h of incubation, the viabilities
of these two kinds of cells can exceed 80% even at 1000 pug/mL, in-
dicating the good biocompatibility of FeS@BSA QDs, which is mainly
attribute to the non-toxic element use and the surface encapsulation of
albumin.

Subsequently, to study the cellular uptake behavior of FeS@BSA
QDs, a typical hydrophobic and efficient fluorescence squaraine (Sq)
dye (fluorescence emission peak: 685 nm, Fig. S9), was pre-assembled
on FeS@BSA QDs based on hydrophobic-hydrophobic binding force,
forming FeS@BSA:Sq nanoprobes, which is confirmed by noticing a
newly emerged 668 nm absorption peak on FeS@BSA:Sq structure,
compared with that of pure Sq (Fig. 3C). As displayed in confocal laser
scanning microscopy (CLSM) images (Fig. 3D), after 4 h of incubation,
strong Sq fluorescence from FeS@BSA:Sq is observed in 4T1 cells,
suggesting that FeS@BSA:Sq are able to enter 4T1 cells via endocytosis.
Then, 4T1 cells were treated by FeS@BSA QDs plus laser irradiation,
and the cell viability was calculated to be only 28% (Fig. 3E), which is
significantly lower than the other three control groups (PBS incubation,
laser irradiation only, and FeS@BSA incubation only). Therefore, FeS@
BSA QDs are proven to be an efficient probe for PTT in cancer treat-
ment.
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3.4. In vivo T;-weighted MR and PA imaging capability of FeS@BSA QDs

Based on the favorable in vitro results, we next investigated the T;-
weighted MR imaging capability of the synthesized FeS@BSA QDs in
tumor-bearing mice, and the associated PA/fluorescence imaging cap-
ability were also assessed. Firstly, T;-weighted MR/PA imaging were
conducted before and after intravenous injection of FeS@BSA QDs
(20 mg/kg, 150 pL) in 4T1 tumor-bearing mice. As depicted in Fig. 4A,
FeS@BSA QDs can significantly light the tumor lesion in a gradient-
enhanced manner. To be specific, the positive MR signal in tumor site is
gradually enhanced within 5 h post-injection, and the signal is magni-
fied by 1.8-fold at 5 h (Fig. 4B). The T;-enhanced positive MR images
suggest the synthesized biomimetic QDs are expectedly T; MR CAs
which favors diagnostics for physicians, and particularly they can ef-
fectively accumulate at tumor sites for further treatment due to the
enhanced penetration and retention (EPR) effect of nanomaterials and/
or albumin-mediated tumor targeting [41,42].

Further leveraging the photo-thermal conversion capability of FeS@
BSA QDs which was proved above, tumor was imaged under PA mode.
Similar to T,-weighted MR imaging results, the PA signal intensity was
also found gradually enhanced over time post injection of FeS@BSA
QDs (Fig. 4C). This result not only further suggests the time-dependent
accumulation of FeS@BSA QDs in tumor region, but also shows the
inherent bimodal imaging capability of the synthesized FeS@BSA QDs.
Quantitatively, at 5 h post-injection, the average PA signal intensity of
tumor is increased by 150% compared with pre-injection (Fig. 4D).

It should be noted that the tumor can be even visualized in this work
by naked eyes after intravenous injection of the dark green FeS@BSA
QDs. At 5 h post injection, the tumor lesion becomes dark like the
colour of FeS@BSA QDs solution (Fig. 4E). This evidence clearly shows
the strong tumor accumulation effect of FeSS@BSA QDs. Similar results
of high uptake of protein-mediated biomimetic nanoprobes by tumors
have been shown in our previous work, which is most likely attributed
to the unique features of the synthesized nanostructures, including ul-
trasmall size, highly water solubility, and endogenous protein coating
[26]. To be detailed, the size is quite appropriate which is much smaller
than that fabricated by conventional methods but slightly larger than
that of small molecules. As a result, the probe with this favouring size
has more opportunity to escape the liver uptake and circulate in
bloodstream with a proper half-time but not rapidly excluded by kid-
neys. And the albumin protein layer on the nanoparticles is considered
to block protein corona formation in body, acting as an invisible cloak
to prolong half-life in circulation [24].

To investigate the biodistribution of FeS@BSA QDs in mice, a NIR
dye, Sq, was loaded on the structure of FeS@BSA QDs via the hydro-
phobic domain of albumin, which is demonstrated in cell experiments.
The integrated FeS@BSA:Sq was used to monitor in vivo biodistribution
of FeS@BSA QDs by fluorescence imaging. Similarly, the fluorescence
signal of tumor reaches maximum at 5 h post-injection, which is in
accordance with MR/PA imaging results (Fig. 4F). Subsequently, the
signal begins to decrease at 12 h and 24 h post injection (Fig. 4G). As
presented in ex vivo fluorescence images of the major organs including
heart, liver, spleen, lung, kidneys and the tumor before and at 5 h and
24 h post-injection (Fig. 4H), strong fluorescence signals in the liver,
kidneys, and tumor were detected, which demonstrates the QDs un-
dergo a liver and kidney combined clearance way. Therefore, by means
of the complementary MR/PA/fluorescence imaging, the in vivo tumor
accumulation and imaging capability of FeS@BSA QDs are clearly
presented, and this imaging capability can guide the subsequent tumor
therapy.

3.5. In vivo T;-weighted MR imaging capability of FeS@BSA QDs in liver,
kidneys, bladder and blood vessels

After confirming the T;-weighted MR imaging capability of FeS@
BSA QDs in tumor, we further evaluated its capability as T; MR CAs in
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lighting the main metabolic organs, including liver, kidneys and
bladder, and moreover the blood vessels. Thanks to the potent T;-
weighted MR imaging capability of FeS@BSA QDs, these main meta-
bolic organs and the main blood vessels can be clearly visualized.
Fig. 5A and B shows that the liver displays strong T; positive contrast
enhancement after injection (2-fold at 3 h post-injection). We found the
signals decreased at 5 h-post injection, indicating these QDs began
metabolism. It should be noted that some iron-based nanoprobes can
exhibit good T; signals in vitro but unfortunately they become T, MR
CAs with negative enhancement behaviors in liver [43]. The main
reason for this phenomenon is the aggregation of the swallowed na-
noparticles in liver, which changes the magnetic property of iron na-
noparticles. However, herein the albumin coating on FeS@BSA QDs can
effectively inhibit or alleviate the aggregation effect, helping the FeS@
BSA QDs maintain its T; magnetic environment. In addition, it can be
seen from biodistribution of FeS@BSA QDs in main organs (determined
by Fe content) that the spleen displayed a high uptake of FeS@BSA QDs
at first 2 h and decreased subsequently (Fig. S10); and the tumor uptake
at 6 h post-intravenous injection was significantly higher than that at
2 h due to the gradual accumulation of FeS@BSA QDs at tumor tissues
during blood circulation. This high tumor uptake can guarantee the
following therapy.

Then, we also found T, positive MR signal was increased in kidneys
and bladder (Fig. 5A, C and D), demonstrating the renal clearance
characteristic of FeSS@BSA QDs due to the ultrasmall size that can be
filtrated through the glomerulus to bladder [27,44]. Renal clearance is
highly desired for imaging probes, which can reduce the toxicity of
nanoparticles in liver [45].

In addition, we further evaluated the potential of our FeS@BSA QDs
in T;-weighted magnetic resonance angiography (MRA). MRA is fre-
quently used in diagnosis of cardiovascular diseases; however, the

specific CAs are still rare [46]. Fig. 5E shows MRA images of a mouse
intravenously injected with FeS@BSA QDs. Due to the strong T; con-
trast and long circulation time, the blood vessels are clearly imaged.
The corresponding MR signal intensity was measured to be nearly twice
as high as pre-injection at the 5 min post-injection (Fig. 5F). Subse-
quently, as the reticuloendothelial (RES) system capture and the
clearance continues, the T; signal in blood gradually decreases at 4 h
post-injection. As shown in Fig. S11, the blood circulation half-life of
FeS@BSA QDs was determined to be 2.12 h. Compared with the clini-
cally-used small molecule MR CAs (like Gd (III) complexes), the time
window of in vivo imaging is significantly prolonged from a few minutes
to several hours, which allows sufficient time for diagnosis and sub-
sequent treatment [24].

3.6. In vivo tumor PTT

In light of the good in vitro photothermal conversion effect of FeS@
BSA QDs, tumor PTT was conducted in the 4T1-tumor bearing mice. As
presented in the thermal images after laser irradiation (Fig. 6A), the
tumor temperature with FeS@BSA QDs-treated mice rapidly increases
from 26 °C to 57 °C, which is significantly higher than that of PBS-
treated mice from 24 °C to 39 °C (Fig. 6B). The temperature of 57 °C is
considered to be efficient to induce tumor ablation. Then, the tumor
volume during treatment was monitored to reflect therapeutic efficacy.
As depicted in Fig. 6C, the tumor growth of mice injected with FeS@
BSA QDs plus laser irradiation are significantly suppressed at day 6
post-treatment. However, other mice treated with PBS only, laser ir-
radiation only, and FeS@BSA QDs only grow rapidly. Moreover, the
body weights of mice were found to be slightly increased but without
significantly difference between groups (Fig. 6D), suggesting no ob-
vious side effects of PTT treatment in our study. Both the representative
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images (Fig. 6E) and average weight (Fig. 6F) of the dissected tumor
show that the tumors of mice treated with FeS@BSA QDs plus laser
irradiation are much smaller than the other three groups, confirming
the good performance of PTT by the synthesized FeS@BSA QDs.

To further present the PTT efficacy of FeS@BSA QDs, tumors from
different groups were sliced and stained with H&E for histological
analysis (Fig. S12). Notably, the tumor treated by FeS@BSA QDs plus
laser irradiation shows sign of cell necrosis, while the tissue structures
of the other three groups (control, laser irradiation only, and FeS@BSA
QDs treatment only) are almost intact. These data collectively disclose
the good PTT effect of FeS@BSA QDs, besides their imaging capability.

3.7. In vivo toxicology assessment of FeS@BSA QDs

To evaluate the in vivo biosafety of FeS@BSA QDs, biochemical and
blood routine tests of mice before and after intravenous injection of
FeS@BSA QDs were conducted. As shown in Fig. 7A-D, biochemical
test results demonstrate no significant difference in the levels of liver
function markers (AST, ALP, ALT, ALB, A/G) and kidney function
markers (UREA) compared to the control group, which indicates no/
low hepatic or kidney dysfunction induced by FeS@BSA QDs at the
investigated concentration. Moreover, eight key blood routine markers,
including red blood cells (RBC), mean corpuscular hemoglobin (MCH),
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hemoglobin (HGB), hematocrit (HCT), platelets (PLT), mean corpus-
cular hemoglobin concentration (MCHC), white blood cells (WBC),
mean corpuscular volume (MCV), were measured for systematically
evaluating the hemocompatibility. As displayed in Fig. 7E-L, these
marker values are within the normal range and show no observable
variations, indicating good blood compatibility of FeS@BSA QDs in the
investigated concentration.

In addition, H&E staining examination of major organs (liver,
kidney, lung, heart, and spleen) was conducted before and at day 1 and
day 14 post injection of FeS@BSA QDs (20 mg/kg mice). As presented
in Fig. 7M, the tissue structures of the mice at day 1 and day 14 post-
injection of FeS@BSA QDs are intact, and no obvious pathological
changes, such as organ damage, inflammatory lesions, and cell necrosis
are observed. It should be noted that FeSS@BSA QDs can be used for
Fenton reaction for tumor therapy since they contained iron element.
Certainly, in this study for imaging use, the dose of FeS@BSA QDs
should be controlled to avoid the toxicity caused by Fenton chemistry.

10

4. Conclusions

In summary, this work demonstrates albumin-constrained biomi-
metic synthesis of ultrasmall FeS@BSA QDs for T;-weighted MR ima-
ging of tumor, metabolic organs and blood vessels. This synthetic
strategy was found green, concise, and efficient. And particularly the
synthesis of FeS@BSA QDs is large-scalable and reproducible. The ob-
tained FeS@BSA QDs delimited by protein are ultrasmall in size of ca.
3 nm with a very low magnetization and thus exhibit a much higher
longitudinal relaxation rate than that of their large-sized counterparts
and even the clinically-used Gd-DTPA. And interestingly, FeS@BSA
QDs have good photo-thermal conversion capability, therefore enabling
them to be an efficient T;-weighted MR/PA/PTT theranostic agent. In
vivo tumor-bearing mice experiments show good performance of FeS@
BSA QDs in tumor targeting enhancement under the T;-weighted MR
imaging/PA modalities. Besides tumor imaging, FeS@BSA QDs also
exhibit pretty good T;-weighted MR imaging quality in lighting the
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liver, kidneys and bladder, and even the blood vessels. And im-
portantly, these QDs can be finally cleared from body via urine after
theranostics.

To the best of our knowledge, our study provides the first demon-
stration of using albumin on constrained-synthesis of ultrasmall iron-
based nanoparticles to improve its longitudinal relaxation rate for T;-
weighted MR imaging and serendipitously endowed with PA imaging
and PTT therapy capabilities. Given this design does not require any
complicated chemical synthesis or modification, and the synthetic
process including the raw materials are bioinspired, environmentally
benign, and straightforward, the method demonstrated in this work will
find wide applications for fabricating advanced nanoprobes for imaging
and therapy of diseases.
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