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ABSTRACT: Although albumin has been extensively used in nanomedicine, it
is still challenging to fluorinate albumin into fluorine-19 magnetic resonance
imaging (19F MRI)-traceable theranostics because existing strategies lead to
severe 19F signal splitting, line broadening, and low 19F MRI sensitivity. To this
end, 34-cysteine-selectively fluorinated bovine serum albumins (BSAs) with a
sharp singlet 19F peak have been developed as 19F MRI-sensitive and self-
assembled frameworks for cancer theranostics. It was found that fluorinated
albumin with a non-binding fluorocarbon and a long linker is crucial for
avoiding 19F signal splitting and line broadening. With the fluorinated BSAs,
paclitaxel (PTX) and IR-780 were self-assembled into stable, monodisperse, and
multifunctional nanoparticles in a framework-promoted self-emulsion way. The
high tumor accumulation, efficient cancer cell uptake, and laser-triggered PTX
sharp release of the BSA nanoparticles enabled 19F MRI-near infrared
fluorescence imaging (NIR FLI)-guided synergistic chemotherapy (Chemo),
photothermal and photodynamic therapy of xenograft MCF-7 cancer with a high therapeutical index in mice. This study developed a
rational synthesis of 19F MRI-sensitive albumin and a framework-promoted self-emulsion of multifunctional BSA nanoparticles,
which would promote the development of protein-based high-performance biomaterials for imaging, diagnosis, therapy, and beyond.
KEYWORDS: albumin fluorinating, self-assemble nanoparticles, 19F MRI, fluorescence, controlled release, photodynamic therapy

1. INTRODUCTION
In recent years, albumin has become the most used protein in
nanomedicine. Besides its abundance, long half-time, high
biocompatibility, good biodegradability, and non-immunoge-
nicity, albumin can escape from systemic clearance and
degradation, accumulate in tumor regions, and be taken up
and metabolized by cancer cells, which makes it an ideal drug
delivery vehicles.1−5 The approval of Abraxane led to
overwhelming research on albumin nanoparticles.6−8 Despite
the diversity in nanostructures and components, there are two
main strategies to develop albumin nanoparticles: physical
absorption and covalent modification. Because of the weak
interactions, albumin nanoparticles prepared through physical
absorption are prone to dissociation and burst drug release
under biological conditions.9 Although covalent bonds can
significantly improve stability, unspecific modification, con-
jugation, and crosslink are usually used to construct albumin
nanoparticles, leading to heterogeneous components and
nanostructures, severely altered albumin structures and bio-
logical properties, and possible immunogenicity and toxic-
ity.10−14 Thus, the development of albumin nanoparticles
through precise covalent modification without crosslink and

heterogeneity may maximize the benefits of albumin as a
natural vehicle for cancer drug delivery.
Integrating multimodal imaging into albumin nanoparticles

facilitates imaging-guided drug therapy with high therapeutical
indexes.15−1719F MR-FL dual-modal imaging is highly
attractive among the imaging modalities.18−22 The low cost,
high sensitivity, and high spatiotemporal resolution of FLI
facilitate real-time monitoring of the targets, especially at the
cellular level. Notably, albumin can bind many fluorophores
and improve their optical performance,23 providing a
convenient way to construct fluorescent albumin nanoparticles.
Because many FL agents, such as ICG, IR-780, and BODIPY,
are also excellent photosensitizers for photothermal therapy
(PTT) and photodynamic therapy (PDT), these fluorescent
albumin nanoparticles are valuable in combined cancer
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therapy.24−26 However, the poor photon penetration depth
limits the FLI of deep organs. To this end, NIR FLI has shown
improved tissue penetration capability.27−30 Moreover, 19F
MRI perfectly complements FLI by providing quantitative,
background-free, and tissue depth limit-free “hot-spot”
images.31−36 Although many fluorinated albumin nanoparticles
have been developed through noncovalent encapsulation of
perfluorocarbons,37−39 their 19F MRI capability has seldom
been explored. Notably, the high density, low intermolecular
interactions, and 19F signal splitting of perfluorocarbon often
lead to low nanoparticle stability and 19F MRI sensitivity. In
contrast, covalent modification of albumin with fluorocarbons
may significantly improve nanoparticle stability, shorten the
relaxation times of 19F, and thus improve the 19F MRI
sensitivity by reducing the data collection time. Therefore, it
would be highly beneficial to covalently modify albumin with
fluorocarbons for the construction of stable, 19F MR-FL dual
imaging traceable and multifunctional nanoparticles.
However, as far as we know, there are only a handful of

reports on the covalent modification of albumins with
fluorocarbons. Mehta et al. and Godovikova et al. trifluoroacy-
lated the multiple surface amino groups on albumin,40−43 while
the resulting albumins showed split and broad 19F signals,
severely modifying the solubility and biological behaviors.
Then, Yu et al. developed perfluoro-tert-butoxylated tags and
selectively conjugated them to the 34-cysteine of albumin
(Scheme 2),44 which gave multiple broad 19F NMR peaks with
ultra-short transverse relaxation times, hindering their 19F MRI
application. The severe 19F signal splitting and line broadening
were probably caused by the short linkers and albumin binding
of the fluorocarbon.45−49 Therefore, precise modification of

albumin with non-binding fluorocarbons through a long and
flexible linker may deliver fluorinated albumin with high 19F
MRI sensitivity and preferred physicochemical properties.
Herein, we developed PTX- and IR-780-loaded BSA

theranostics for 19F MRI-FLI-guided synergistic Chemo−
photothermal−photodynamic therapy of xenograft MCF-7
human breast cancer through precise fluorination of BSA and
framework-promoted self-emulsion of BSA nanoparticles
(Scheme 1). On the one hand, a series of fluorinated tags
were designed with bulky hydrophobic fluorocarbon, flexible
hydrophilic monodisperse oligoethylene glycols (M-OEGs)
linkers, and thiol-reactive maleimide. In the fluorocarbon, two
perfluoro-tert-butoxyl groups were symmetrically installed on
the benzyl group to build up the size, prevent BSA binding,
and thus improve the fluorine atoms’ mobility. Therefore, the
18 chemically equivalent fluorine atoms would provide an
intense 19F NMR signal without signal splitting and line
broadening for sensitive 19F MRI. A series of M-OEG linkers
were employed to accurately tune the mobility of the
fluorocarbon and thus optimize the 19F relaxation times for
sensitive 19F MRI. The maleimide-containing fluorinated tags
were supposed to selectively conjugate BSA at the only free
cysteine on the protein surface (34-cysteine), providing
fluorinated BSAs with accurate structures. On the other
hand, the fluorinated BSAs were amphiphilic and tended to
aggregate into a framework with a fluorocarbon core and a
BSA surface. Meanwhile, the maleimide non-reactive BSAs50 in
the systems would complement the nanostructure and deliver
stable BSA nanoparticles with minimal BSA structural changes.
Hydrophobic PTX and IR-780, the anticancer drug and NIR
FL agent, respectively, would self-assemble in the hydrophobic

Scheme 1. Schematic Illustration of Versatile BSA Nanoparticles, Formed by Framework-Promoted Self-Emulsion of
Fluorinated BSA, PTX, IR-780, and Soybean Oil, for 19F MR-NIR FL Dual Imaging-Guided Synergistic Chemo−PTT−PDT of
Cancer
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core and BSA binding sites, further strengthening the
hydrophobic interactions and improving the nanoparticle

stability. Under laser irradiation, the encapsulated IR-780
would alter the conformation and stability of the nanoparticle

Scheme 2. Synthesis of Fluorinated Tags 1a−1e and the Fluorinated Tags Developed by Yu et al.44

Figure 1. Partial 19F NMR spectra (a, in CDCl3), log P (b), and CMC (c) of fluorinated tags 1a−1e.
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through the photothermal effect and generate reactive oxygens
through the photodynamic effect, facilitating controlled PTX
release and synergistic Chemo−PTT−PDT of cancer.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of Fluorinated

Tags. The synthesis of fluorinated tags 1a−1e started with
constructing fluorinated alcohol 6 (Scheme 2). After refluxing
commercially available benzoic acid 2 in methanol with sulfuric
acid as the catalyst, the resulting methyl ester 3 was then free-
radically brominated with N-bromosuccinimide (NBS) in the
presence of benzoyl peroxide to give dibromide 4 on a 7.3 g
scale with 43% yield over two steps. Nucleophilic substitution
of dibromide 4 with sodium perfluoro-tert-butoxide in N,N-
dimethyl formaldehyde (DMF) gave fluorinated ester 5,35

which was reduced with lithium aluminum hydride to afford
fluorinated alcohol 6 with a 48% yield over two steps. Then, a
series of M-OEG azides 8a−8e were prepared by sequentially
nucleophilic ring-opening of tetraethylene glycol macrocyclic
sulfate 7,51−53 which were then transformed into the
corresponding tosylates 9a−9e, respectively. Next, a highly
efficient divergent synthesis of azides 10a−10e was achieved
by the Williamson ether synthesis between fluorinated alcohol
6 and tosylates 9a−9e, respectively. After reducing azides
10a−10e with triphenylphosphine and water, the correspond-

ing amines 11a−11e were treated with maleic anhydride and
acetic anhydride to give fluorinated tags 1a−1e with good
yields, respectively. Over seven linear steps, fluorinated tags
1a−1e were conveniently synthesized from acid 2 with high
efficacy on multi-hundred-milligram scales.
Fluorinated tags 1a−1e and their synthetic intermediates

were fully characterized with 1H/13C/19F NMR and mass
spectra (see the Supporting Information). As expected, the
symmetrical arrangement of two perfluoro-tert-butoxyl groups
in fluorinated tags 1a−1e provided an intense singlet 19F NMR
peak around −73.08 ppm (Figure 1a). Furthermore, a
comparative study of fluorinated tags 1a−1e was carried out
to investigate the impact of M-OEG linker length on the
physicochemical properties because considerable water sol-
ubility and self-assembly capability are crucial for downstream
BSA conjugation and nanoparticle formulation. First, their
lipophilicities were measured by the octanol−water partition
coefficients (log P). It was found that the hydrophilic linker
length played a vital role in log P, i.e., the longer the linker, the
lower the log P, in which a 13.5-fold decrease in lipophilicity
from 1a to 1e was found (Figure 1b). Second, the aggregation
behaviors of the fluorinated tags were studied by measuring the
critical micelle concentration (CMC). As expected, the
increase in linker length considerably improved the hydro-
philicity of the fluorinated tags and the corresponding CMCs

Figure 2. Schematic synthesis (a) and partial MALDI-TOF mass spectrum (b) of EG12-BSA. Partial 19F NMR spectra of fluorinated BSAs (c, in a
mixture of H2O and D2O). 19F T1 (d) and T2 (e) of fluorinated tag 1c, a mixture of β-ME-blocked 1c and BSA, and fluorinated BSAs at a 19F
concentration of 10 mM in a mixture of H2O and D2O. 19F MRI phantom images (f) at the indicated 19F concentrations and the logarithm plot of
signal intensity (SI) versus 19F concentration (g) of EG12-BSA.
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increased from 0.12 mM (1a) to 0.26 mM (1e), a 2.2-fold
increase (Figure 1c). Therefore, we precisely controlled the
hydrophilic−hydrophobic balance and aggregation behaviors
of fluorinated tags by accurately manipulating the M-OEG
linker length, which may play an essential role in the
physicochemical properties of fluorinated BSAs.
2.2. Synthesis and Characterization of Fluorinated

BSAs. With fluorinated tags 1a−1e in hand, their conjugation
with BSA was carried out. As Ellman’s assay on commercial
BSA showed a free thiol content of 29.2%,54 dithiothreitol
(DTT) and tris(2-carboxyethyl)phosphine (TCEP) were
employed to activate 34-cysteine. Unexpectedly, the reaction
mixture of reduced BSA and fluorinated tag 1c in phosphate-
buffered saline (PBS) gradually turned into white jello (Figure
2a), showing the resulting fluorinated BSA’s low water
solubility. In contrast, direct conjugation of commercial BSA
with fluorinated tag 1c provided a transparent reaction mixture
(Figure 2a). After Ellman’s assay showed the completion of
conjugation, the mixture was dialyzed to give a transparent
mixture of non-reactive BSA and fluorinated BSA, named
partially fluorinated BSA (EG12-BSA). Based on the
phenomena, we proposed a framework-promoted self-emulsion
process during the conjugation: the hydrophobic fluorocarbons
first aggregate into a hydrophobic core and drag the
conjugated BSAs into a sparse surface, resulting in a fluorinated
BSA framework. In the case of commercial BSA, non-reactive
BSAs self-assemble onto frameworks and fill in the gaps on the
surface to give water-soluble nanoparticles. In the case of
reduced BSA, the hydrophobic fluorinated BSA frameworks
would precipitate into jello without non-reactive BSAs to fill in
the gaps on the surface. Thus, it is unnecessary to remove the
non-reactive BSAs from the reaction mixture to construct BSA
nanoparticles. Under the same conditions, BSA was conjugated
with fluorinated tags 1a, 1b, 1d, and 1e to give the
corresponding partially fluorinated BSAs EG4-BSA, EG8-
BSA, EG16-BSA, and EG20-BSA as clear solutions.
Compared to our previous monodisperse polyethylene

glycolated (M-PEGyated, M-PEG with an MW of 11,420
Da) BSAs,55 the mass differences between fluorinated BSA and
non-reactive BSA were minimal, which posed a challenge in
isolating the fluorinated BSAs. Fortunately, the successful
conjugation of fluorinated tags 1a−1e to BSA was confirmed
by MALDI-TOF mass and 19F NMR spectra. Although the
mass differences were relatively small, peaks of fluorinated
BSAs were obvious at the right shoulder of non-reactive BSA
peaks in MALDI-TOF mass spectra of the partially fluorinated
BSAs (Figure 2b and Supporting Information). The con-
jugation was further confirmed by perfluoro-tert-butoxyl 19F
peak in the 19F NMR spectra of the partially fluorinated BSAs
after thorough dialysis (Figure 2c).
In contrast to the fluorinated BSAs in previous reports,40−44

the partially fluorinated BSAs gave an intense, sharp, and
singlet 19F peak in water, except for EG4-BSA (Figure 2c),
which encouraged us to investigate the structure−19F NMR
relationship with 19F relaxation times. First, the impact of
linker length on the 19F relaxation times was investigated.
Longitudinal relaxation times (T1) of about 440 ms for all the
partially fluorinated BSAs indicated the neglectable effect of
linker length on T1 (Figure 2d), while their transverse
relaxation times (T2) dramatically increased with linker length
from 3.07 ms of EG4-BSA to 17.15 ms of EG20-BSA (Figure
2e), indicating that short linkers may significantly restrict the
mobility of fluorine atoms. Second, the fluorocarbon and BSA

interactions were examined (Figure 2d,e). Compared to the
relaxation times of fluorinated tag 1c (T1 = 487.1 ms, T2 = 14.1
ms), considerable reductions were observed in the correspond-
ing EG12-BSA (T1 = 441.9 ms, T2 = 6.2 ms), while neglectable
changes were observed in the mixture of mercaptoethanol (β-
ME)-blocked 1c and BSA (T1 = 484.1 ms, T2 = 14.1 ms). It is
worth mentioning that EG12-BSA displayed much shorter 19F
T1 (441.9 vs 630.0 ms) and much longer 19F T2 (6.2 ms vs too
short to be measured) than the fluorinated albumin reported
by Yu and coworkers,44 which is beneficial for 19F MRI.
Because T2 of fluorinate compounds is highly sensitive to BSA
binding,48 the neglectable T2 changes showed no apparent
interaction between the bulky fluorocarbon and BSA. Third,
the aggregation of the partially fluorinated BSAs in water was
studied with dynamic light scattering (DLS). Surprisingly, the
longer M-OEG linker led to smaller nanoparticles of partially
fluorinated BSAs in water (Table 1, entries 1−5), indicating

that the linker length also led to quite different frameworks of
fluorinated BSAs, i.e., the shorter the linker, the more BSAs
there are in a nanoparticle. Thus, besides modulating the
mobility of the fluorine atoms in the fluorinated BSAs, the M-
OEG linker length may also impact the relaxation times by
tuning the nanoparticle size because large nanoparticles usually
have short T2 due to slow tumbling.56 Because of its
convenient synthesis and appropriate 19F relaxation times,
EG12-BSA was chosen for the 19F MRI phantom experiment,
which was imaged at a low 19F concentration of 1.25 mM with
a data collection time of 10 min (Figure 2f). In contrast, the
fluorinated BSAs developed by Yu and coworkers had too
short 19F T2 to conduct the 19F MRI phantom experiment.44

Notably, the logarithm of EG12-BSA signal intensity (SI) was
proportional to the logarithm of the corresponding 19F
concentration, which facilitated the accurate quantification of
fluorine concentration with 19F MRI SI (Figure 2g). The 19F
concentration of EG12-BSA was measured as 0.082 mmol/g
(Figure S1). Therefore, we have developed EG12-BSA with a
strong and sharp 19F peak as a sensitive and quantitative 19F
MRI agent by providing a relatively long M-OEG linker and
building a bulky non-binding fluorocarbon, which would be a
valuable strategy for developing 19F MRI-traceable proteins.

Table 1. The Ingredients, Particle Sizes, PDIs, and Zeta
Potentials of BSA Nanoparticles

entry ingredientsa sizesb (PDI)
zeta

potentialsc

1 EG4-BSA 117 (0.30) −7.7
2 EG8-BSA 76 (0.59) −7.1
3 EG12-BSA 40 (0.55) −6.6
4 EG16-BSA 30 (0.48) −6.9
5 EG20-BSA 25 (0.41) −7.3
6 EG12-BSA, PTX 85 (0.54) −4.2
7 EG12-BSA, PTX, soybean oil 141 (0.13) −9.9
8 EG4-BSA, PTX, soybean oil 151 (0.17) −10.3
9 EG8-BSA, PTX, soybean oil 146 (0.15) −10.6
10 EG16-BSA, PTX, soybean oil 145 (0.18) −10.9
11 EG20-BSA, PTX, soybean oil 147 (0.11) −10.7
12 EG12-BSA, PTX, soybean oil, IR-780 144 (0.11) −9.6
aAmount of ingredients in 1 mL PBS: 20 mg of EGn-BSA, 3 mg of
PTX, 10 mg of soybean oil, and 0.8 mg of IR-780. bSize is the
diameter in nm. cZeta potential is given in millivolts.
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2.3. Formulation of Theranostics with Partially
Fluorinated BSAs. With the preferred physicochemical
properties, EG12-BSA was employed to formulate theranostics
for 19F MR-NIR FL dual imaging-guided synergistic Chemo−
PDT−PTT of cancer. Although it had self-emulsion capability
(Table 1, entry 3), the direct formulation of PTX with EG12-
BSA gave polydisperse nanoparticles with a polydispersity
index (PDI) of 0.54 (Table 1, entry 6). Then, soybean oil, a
hydrophobic oil widely used in pharmaceutical formulation,
was employed to dissolve the fluorocarbon and provide a
hydrophobic core for better self-assembly of EG12-BSA, i.e.,
creating monodisperse EG12-BSA frameworks.57 Fortunately,
PTX-loaded EG12-BSA nanoparticles, PTX@BSA, with a
particle size of 141 nm and a low PDI of 0.13 were successfully
prepared using a desolvation method (Table 1, entry 7).
Interestingly, PTX@BSA (T1 = 463.2 ms, T2 = 11.8 ms) had a
significantly longer T2 than EG12-BSA (T1 = 441.9 ms, T2 =
6.2 ms), confirming that soybean oil indeed dissolved the
fluorocarbon and thus considerably improved the mobility of
the fluorine atoms by eliminating the tangling of fluorocarbons.
As a result, PTX@BSA was imaged at a low 19F concentration
of 1.25 mM with a data collection time of 37 min (Figure S4).

Under the same conditions, a series of PTX-loaded BSA
nanoparticles were prepared from the partially fluorinated
BSAs (Table 1, entries 8−11). Notably, although the partially
fluorinated BSA nanoparticles showed linker length-dependent
particle sizes (Table 1, entries 1−5), the PTX-loaded BSA
nanoparticles had quite similar particle sizes and PDIs (Table
1, entries 7−11), further confirming the dissolution of
fluorocarbon in soybean oil. Based on these observations, we
envision that the fluorocarbons are tangled in the partially
fluorinated BSA nanoparticles, showing linker length-depend-
ent particle sizes and relaxation times. Once the fluorocarbons
are dissolved in soybean oil, the fluorocarbons are no longer
tangled and, compared to the large soybean core, the relatively
short linker length plays a neglectable role in the particle size of
PTX-loaded BSA nanoparticles. Therefore, the soybean oil
actually restructured the fluorinated BSA frameworks and
promoted the self-emulsion of monodisperse BSA nano-
particles.
After adding IR-780, a highly monodisperse nanoparticle,

PTX/IR@BSA, was formulated with a particle size of 144 nm
and PDI of 0.11, PTX entrapment efficiency of 94% and
loading content of 14%, and IR-780 entrapment efficiency of

Figure 3. DLS and TEM images of PTX/IR@BSA (a: fresh, b: redissolved and after 5 min laser irradiation). Stability of PTX/IR@BSA at different
temperatures (c) and in various mediums (d) monitored by DLS over 7 days. UV−vis absorption (e) and NIR FL emission (f) spectra of PTX/
IR@BSA and IR-780. The plot of temperature elevation versus laser irradiation time (g) and SOSG FL emission spectra (h) of PTX/IR@BSA and
IR-780 under laser irradiation. PTX release curves of PTX/IR@BSA under the indicated conditions (i). An 808 nm laser at 1 W cm−2 was used in
all cases.
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99% and loading content of 3% (Table 1, entry 12, Figure 3a).
Moreover, the 19F concentration of PTX/IR@BSA was
measured as 0.051 mmol/g (Figure S1). Transmission electron
microscopy (TEM) images further confirmed the particle size
and monodispersity (Figure 3a). Notably, PTX/IR@BSA can
be freeze-dried into green powder and redissolved in water
with neglectable particle size and PDI changes (Figure 3b).
Furthermore, PTX/IR@BSA showed high stability over 7 days
toward temperature, cell culture medium, and fetal bovine
serum (Figure 3c,d). Basically, the high monodispersity and
stability and the freeze-drying and redissolving capability of
PTX/IR@BSA are highly valuable for long-term storage and
convenient use.
Next, the optical properties of PTX/IR@BSA were

investigated. Compared to IR-780, PTX/IR@BSA had a red-
shifted maximum NIR absorption at 789 nm and FL emission
at 815 nm (Figure 3e,f), owing to the good dispersion of IR-
780 in PTX/IR@BSA and the change in solvent polarity. After
laser irradiation, the characteristic UV−Vis absorption and FL
emission of PTX/IR@BSA almost disappeared due to laser-
promoted nanoparticles and IR-780 degradation. At an IR-780
concentration of 90 μM, a temperature elevation of about 22.8
°C was observed in PTX/IR@BSA solution after an 808 nm

laser irradiation of 10 min at 1 W cm−2, which was 9.3 °C
higher than IR-780 under the same conditions (Figure 3g).
Benefiting from the red shift and broadening absorption of
loaded IR-780, PTX/IR@BSA showed significant enhance-
ment in the photothermal conversion efficiency (21.4 vs
12.7%) compared to IR-780. Using a singlet oxygen sensor
green (SOSG) as the 1O2 fluorescence probe, PTX/IR@BSA
showed higher photodynamic efficacy than IR-780 under the
same conditions (Figure 3h). Furthermore, the singlet oxygen
species 1O2 generation capability of PTX/IR@BSA was
confirmed by the electron spin resonance (ESR) (Figure
S3). Using a dialysis method to monitor the drug release, over
97% of PTX was released from PTX/IR@BSA in 16 h at pH
7.4 (Figure 3i). The drug release rate was accelerated under
acidic conditions, with over 97% of PTX released in 10 h at pH
5.0. Furthermore, 808 nm laser irradiation of 5 min at the third
hour dramatically accelerated the drug release at pH 7.4 and
pH 5.0, with over 96% of PTX released in 8 h. Notably, the
laser irradiation led to significant particle size and PDI
expansions from 144 nm and 0.11 to 290 nm and 0.29,
respectively (Figure 3b), indicating that the photothermal
effect of IR-780 reassembled the nanostructure and dramati-
cally accelerated the drug release. Therefore, the good

Figure 4. Biocompatibility assay in MCF-10A cells (a), cytotoxicity assay (b), and IC50 (c) in MCF-7 cells of PTX/IR@BSA with Abraxane, PTX,
and BSA-NP as controls using CCK-8 assay. The confocal microscope images of PTX/IR@BSA-treated MCF-7 cells at a PTX concentration of 20
μg/mL at the indicated time points, scale bar: 25 μm (d). The confocal microscope images of MCF-7 cells, HCT-116 cells, MDA-MB-231 cells,
HeLa cells, and A549 cells, scale bar: 25 μm (e) after 12 h of incubation. DCFH-DA-stained (f) and AM/PI double-stained (g) MCF-7 cells treated
with PTX/IR@BSA and PBS after laser irradiation, scale bar: 100 μm. An 808 nm laser irradiation at 1 W cm−2 was used in all cases.
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encapsulation and dispersion of IR-780 in PTX/IR@BSA
facilitated the red-shifted FL emission, high photothermal and
photodynamic efficacies, and controlled PTX release.
2.4. Biocompatibility, Cytotoxicity, and Cell Uptake

of PTX/IR@BSA. With PTX/IR@BSA in hand, its bio-
compatibility toward human breast epithelial MCF-10A cells
and cytotoxicity toward human breast cancer MCF-7 cells were
investigated using CCK-8 cytotoxicity assay. PTX, Abraxane,
and PTX- and IR-780-free nanoparticle BSA-NP were used as
controls. On the one hand, PTX/IR@BSA showed high
biocompatibility of over 90% viability at a PTX concentration
as high as 30 μg/mL, which was much higher than PTX and
comparable to Abraxane (Figure 4a). Notably, no apparent
cytotoxicity was found for BSA-NP with up to 200 μg/mL of
EG12-BSA. On the other hand, compared to Abraxane and
PTX, PTX/IR@BSA showed significantly higher cytotoxicity
toward MCF-7 cells, which was further improved after 3 min of
808 nm laser irradiation at 1 W cm−2 (Figure 4b). From the
dose-responsive curves, the half-maximal inhibitory concen-
tration (IC50) of PTX/IR@BSA was calculated as 10.3 μg/mL,
which was dramatically lower than those of Abraxane (38.4 μg/
mL) and PTX (27.6 μg/mL, Figure 4c). Furthermore, the laser
irradiation significantly lowered the IC50 of PTX/IR@BSA to
3.0 μg/mL, which was almost 13-fold higher than Abraxane.
The cell uptake of PTX/IR@BSA was then studied with

laser confocal microscope images. The gradually increasing red
NIR FL of IR-780 around the nucleus showed a significant
uptake of PTX/IR@BSA in MCF-7 cells (Figure 4d). The
merged FL images of IR-780 and nucleus dye DAPI indicated
that PTX/IR@BSA remained in the cytoplasm after the
uptake. Meanwhile, the uptake of PTX/IR@BSA was
investigated in human colorectal cancer HCT-116 cells,
triple-negative breast cancer MDA-MB-231 cells, cervical
cancer HeLa cells, and lung cancer A549 cells. After 12 h of
incubation, significant red FL of IR-780 in the cytoplasm of
these cells showed high uptakes of PTX/IR@BSA (Figure 4e),

indicating its broad potential for cancer therapy. Then, the
reactive oxygen species (ROS) generation capability of PTX/
IR@BSA was evaluated in MCF-7 cells using DCFH-DA as
the fluorescence probe. After 6 h of incubation with PTX/IR@
BSA and then 3 min of 808 nm laser irradiation at 1 W cm−2,
obvious green FL of DCFH-DA was detected in MCF-7 cells,
while neglectable green FL was seen in PBS-treated MCF-7
cells (Figure 4f), indicating the high ROS generation ability of
PTX/IR@BSA in cells. Finally, the PDT efficacy of PTX/IR@
BSA was investigated using the AM-PI double staining in
MCF-7 cells. The weak green FL of AM from live cells and
strong red FL of PI from dead cells were observed in the PTX/
IR@BSA-treated MCF-7 cells after 3 min of 808 nm laser
irradiation at 1 W cm−2 (Figure 4g), showing the high PDT
efficacy of PTX/IR@BSA. In contrast, only slight red FL of PI
from dead cells was detected in PBS-treated MCF-7 cells after
the laser irradiation.
Therefore, compared to Abraxane, PTX/IR@BSA showed

high biocompatibility toward normal breast MCF-10A cells
and nearly threefold higher cytotoxicity toward human breast
cancer MCF-7 cells, which was further improved to almost 13-
fold after the laser irradiation. On top of its high uptake by a
series of human cancer cells, PTX/IR@BSA exhibited high
ROS generation capability and PDT efficacy in cells for
synergistic Chemo-PTT-PDT of cancer.
2.5. In Vivo NIR FLI, 19F MRI, and Photothermal

Efficacy of PTX/IR@BSA. In BALB/c nude mice, no acute
toxicity was observed after intravenous (IV) injection of PTX/
IR@BSA at a PTX concentration of 75 mg/kg. Then, the NIR
FLI capability of PTX/IR@BSA was investigated in BALB/c
nude mice carrying xenograft MCF-7 human breast tumors of
about 200−300 mm3. After IV injection, the whole-body NIR
FLI showed that PTX/IR@BSA accumulated first in the lung
region and then gradually in the tumor region (Figure 5a). The
potential lung-targeting ability of BSA may account for the
lung accumulation at the early stage.58 In contrast, because the

Figure 5. Whole-mouse NIR FL images (a), the plot of NIR FL intensities in lung and tumor regions versus time (b), NIR FL images (c), and
intensities (d) of collected organs 24 h after injection of PTX/IR@BSA. Photothermal images (e) and the plot of tumor region temperature versus
time (f) under 808 nm laser irradiation at 1 W cm−2 of mice 24 h after PTX/IR@BSA and PBS injection. IV injection of PTX/IR@BSA at 10 mg/
kg of IR-780 was carried out on BALB/c nude mice. 19F MRI of mice after IV injection (g) of PTX/IR@BSA. Groups of three mice were used in
all cases.
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nanoparticles are not large enough (<2000 nm) to retain in the
lungs,59PTX/IR@BSA gradually accumulate in the tumor
region through the EPR effect and BSA-mediated tumor
targeting. Quantitative analysis of the whole-body NIR FL
images indicated that the peak NIR FL intensities in the lung
and tumor regions were around the 8th and 24th hours,
respectively (Figure 5b). A high NIR FL intensity in the tumor
region was observed between the 12th and 72nd hours, which
provided a long time window for NIR FL-guided synergistic
Chemo−PTT−PDT of cancer. After sacrificing the mice, the
NIR FL images (Figure 5c) and intensity analysis (Figure 5d)
of collected internal organs confirmed a high accumulation of
PTX/IR@BSA in the tumor and lungs, which also showed a
slight accumulation in kidneys (Figure 5c,d). Interestingly, a
neglectable NIR FL signal was observed in the heart, liver, and
spleen, indicating the high tumor target of PTX/IR@BSA. The
photothermal efficacy of PTX/IR@BSA was also investigated
in MCF-7 tumor-carrying BALB/c nude mice using a thermal
camera. After 2 min of laser irradiation, a significant
temperature elevation of about 20 °C was detected in the
tumor region (Figure 5e,f). In comparison, a slight temperature
elevation in the tumor region was seen in the PBS-injected
mice. Besides photothermally killing the cancer cells, the
photothermal effect of PTX/IR@BSA may promote the
selective in vivo PTX release in the tumor region for synergistic
Chemo−PTT−PDT of cancer. Using a time-dependent in vivo
19F MRI, the accumulation of PTX/IR@BSA in the tumor was
observed 12 h after the intravenous injection (Figure 5g).
Therefore, NIR FLI and 19F MRI may guide the downstream
synergistic Chemo−PTT−PDT of cancer by evaluating the
drug targeting and estimating optimal laser irradiation time and
drug dose frequency.
2.6. Synergistic Chemo−PTT−PDT of Xenograft MCF-

7 Cancer with PTX/IR@BSA. With the high tumor

accumulation and 19F MR-NIR FL dual imaging capability,
PTX/IR@BSA was employed in the imaging-guided syner-
gistic Chemo−PTT−PDT of xenograft MCF-7 human breast
cancer. When the tumor sizes reached about 100 mm3, six
groups of five BALB/c nude mice were IV injected with PBS
(groups 1 and 2), PTX (group 3), Abraxane (group 4), and
PTX/IR@BSA (groups 5 and 6) every 3 days, respectively.
Compared to the PBS groups, a significant chemotherapy
efficacy was observed in the PTX, Abraxane, and PTX/IR@
BSA groups, while the highest tumor growth inhibition was
observed in the PTX/IR@BSA groups (Figure 6a). The
therapeutic efficacy of PTX/IR@BSA was further improved by
2 min of 808 nm laser irradiation with a power density of 1 W
cm−2 at the 24th-hour post-injection (Figure 6a, group 6).
After 21 days of therapy, the mice were sacrificed and the
tumors were collected (Figure 6b). Notably, only a tiny tumor
was collected from the five mice in group 6. Both tumor size
and tumor mass analyses showed significant therapeutic
efficacy in group 6 with p < 0.01 and 0.001 compared to the
PTX and PBS groups, respectively (Figure 6a,c). No significant
body weight loss was observed in the PTX/IR@BSA
treatment groups during the therapy period (Figure 6d),
indicating no apparent therapy-induced toxicity. Furthermore,
no tissue damage was observed from the H&E staining of
internal organs collected from the mice after the therapy
(Figure 6e and Supporting Information). Obvious tissue
damage was observed from the H&E staining of tumors
collected from the PTX/IR@BSA treatment group (Support-
ing Information). The expressions of cell proliferation-related
antigen Ki-67 were significantly downregulated in the tumor
tissues receiving PTX/IR@BSA, indicating the suppressive
effect of PTX/IR@BSA for inhibiting tumor growth
(Supporting Information). Therefore, highly efficient 19F
MR-NIR FL dual imaging-guided synergistic Chemo−PTT−

Figure 6. Tumor growth curves (a), tumor photos (b), tumor mass (c), and body weight curves (d) of six groups of mice treated with PBS (G1),
PBS + laser (G2), PTX (G3), Abraxane (G4), PTX/IR@BSA (G5), and PTX/IR@BSA + laser (G6). H&E staining of internal organs from G1,
G4, and G6 (e, the rest groups can be found in the Supporting Information), scale bar: 100 μm. Data were presented as mean ± standard deviation
(n = 5, for a, c, d, the asterisks indicate the statistical significance between G6 and G1, G3, **p < 0.01, and ***p < 0.001). Irradiation of 808 nm
laser at 1 W cm−2 for 2 min at the tumor region 24 h after PTX/IR@BSA and PBS injection. Tumors and organs were collected on the 22nd day.
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PDT of xenograft MCF-7 human breast cancer was achieved
by PTX/IR@BSA without apparent toxicity.

3. CONCLUSIONS
Although albumin nanoparticles have been widely used in
nanomedicine, novel strategies to develop high-performance
albumin nanomaterials are precious. In this study, we have
developed precisely fluorinated BSAs with sensitive 19F MRI
and self-assembly capabilities to construct monodisperse,
stable, and multifunctional BSA nanoparticles for highly
efficient 19F MR-NIR FL dual imaging-guided synergistic
Chemo−PTT−PDT of breast cancer. On the one hand, the
rational synthesis has delivered the fluorinated BSA nano-
particles with high 19F MRI sensitivity. First, the symmetrical
assembly of perfluoro-tert-butanols into a bulky fluorocarbon
not only provided an intense 19F signal from 18 equivalent
fluorine atoms but also avoided 19F signal splitting by
eliminating the interaction between fluorocarbon and BSA.
Second, the relatively long, hydrophilic, and flexible M-OEG
linkers were employed to improve the mobility of fluorocarbon
and avoid the severe 19F signal broadening. Third, dissolving
hydrophobic fluorocarbon in soybean oil further enhanced the
mobility of fluorocarbon and thus proved a sharp singlet 19F
peak. On the other hand, the self-assembly of fluorinated BSA
delivered a framework for the self-emulsion of BSA, PTX, and
IR-780 into nanoparticles with maximal retained physical and
biological properties of albumin. The good dispersion of IR-
780 and high loading of PTX in BSA nanoparticles enabled
highly efficient 19F MR-NIR FL dual imaging-guided
synergistic Chemo−PTT−PDT of breast cancer on cell and
mouse levels. Besides the high-performance fluorinated BSAs
and BSA theranostics, this study developed valuable strategies
for precise modification, tuning of the 19F MRI sensitivity, and
framework self-assembly of proteins, which would be highly
important for engineering various proteins into multifunctional
biomaterials of clinical potential. Nevertheless, the stability of
hydrophobic interaction-based nanoparticles can be further
improved by covalent bonds for more specific and sustained
drug release, and the immunogenicity of the fluorinated BSA
deserves examination for potential clinical application, which
are under active study in this group and will be published in
due course.

4. EXPERIMENTAL SECTION
4.1. Materials. Unless otherwise stated, all chemicals were

obtained from commercial sources and used without further
purification. All solvents were either analytical or HPLC grade.
Deionized water was used unless otherwise indicated. Tetrahydrofur-
an (THF) and DMF were dried and freshly distilled prior to use.
Reactions were monitored by thin layer chromatography (TLC)
carried out on silica gel plates (HSGF254, Yantai Jiangyou), using
iodine, KMnO4, or a UV lamp for visualization. Purifications by silica
gel chromatography were performed using silica gel (200−300 mesh)
with petroleum ether (PE) and ethyl acetate (EA) or dichloro-
methane (DCM) and methanol. BSA was purchased from Life-iLab
Biotech (Shanghai, China). Soybean oil medicinal grade was acquired
from Aladdin (Shanghai, China). IR-780 iodide was purchased from
J&K Scientific (Beijing, China). Paclitaxel was purchased from Accela
(Beijing, China).
4.2. CMC and Log P of Compounds 1a−1e. The CMCs of

compounds 1a−1e were detected using pyrene as a fluorescent
indicator (excitation wavelength, 334 nm). The ratio of fluorescence
intensity at 384 and 373 nm from the pyrene was plotted against the
compound concentration to calculate the CMC.

The log P of compounds 1a−1e were measured using HPLC. An
appropriate amount of the compound was dissolved in the water-
saturated n-octanol to prepare solutions of a series of concentrations.
The solution was analyzed by HPLC, and the standard curve was
plotted from peak area values verse concentrations. A certain volume
of the stock solution was mixed with an equal volume of n-octanol-
saturated aqueous solution for 12 h. The organic phase was separated
and subjected to HPLC quantitative analysis, and the compound
concentration (Co) in organic phase was calculated from the standard
curve. Log P was then determined according to the formula log P =
log [Co/(Cn−Co)] (Cn represents the initial concentration; Co
represents the concentration of the organic phase), and the log P of
each compound was obtained.
4.3. In Vitro 19F MRI Study of Fluorinated BSAs. All 19F MRI

phantom experiments were performed on a 400 MHz Bruker BioSpec
MRI system at 25 °C. Fluorinated BSA, EG12-BSA, was serially
diluted with PBS to give a series of the following 19F concentrations:
20, 15, 10, 5, 2.5, and 1.25 mM. The 19F density-weighted 19F MRI
phantom images were acquired by using a gradient-echo (GRE) pulse
sequence, method = RARE, matrix size = 32 × 32, SI = 20 mm, FOV
= 3.0 × 3.0 cm, TR = 4000 ms, TE = 3 ms, NS = 16, scan time = 600
s.
4.4. Preparation of Nanoparticles. To prepare PTX/IR@BSA

nanoparticles, 15 mg of PTX, 4 mg of IR-780, and 50 mg of soybean
oil were dissolved in 1 mL DCM. Then, 5 mL of 20 mg/mL
fluorinated BSA solution was added. The dispersion was ultra-
sonicated at 250 W for 15 min, and the organic solvents were
removed by rotary evaporation.
4.5. Characterization of Nanoparticles. DLS measurement was

performed to determine the average particle size and zeta potential of
nanoparticles using Malvern Zetasizer (Malvern, Nano ZS 90, UK).
Data were given as mean ± standard deviation (SD) based on three
independent measurements. TEM (Tecnai G20, FEI, USA, negative
staining with phosphotungstic acid at 1%, w/v) was then used to
further explore the morphology of nanoparticles.

Encapsulation efficiency (EE%) and drug loading efficiency (DLE
%) of nanoparticles were determined using HPLC. Acetonitrile was
added to the accurately weighed nanoparticles, then the mixture was
sonicated for 30 min and centrifuged at 12,000 rpm for 10 min, and
the supernatant was diluted to the corresponding concentration. The
total content of PTX in nanoparticles (Wt) was determined by HPLC.
Another equal amount of nanoparticles was dissolved in water, the
mixture in the ultrafiltration centrifuge tube was centrifuged at 12,000
rpm for 10 min, and the filtrate was diluted to the corresponding
concentration. The content of free PTX in nanoparticles (Wf) was
determined by HPLC. The total weight of dried nanoparticles (Wd)
was calculated, and EE% and DLE% were calculated as shown in eqs 1
and 2.

W W WEE% ( )/ 100%t f t= × (1)

W W WDLE% ( )/ 100%t f d= × (2)

The EE% and DLE% of IR-780 were measured in the same way.
4.6. Stability of PTX/IR@BSA. The nanoparticles were dispersed

into PBS at 4 and 37 °C for 7 days or dispersed into DMEM,
DMEM:FBS (9:1), and FBS for 7 days. The particle size and PDI
were measured and recorded daily.
4.7. In Vitro Photothermal and Photodynamic Capability of

PTX/IR@BSA. 1 mL samples were exposed to NIR laser irradiation
(808 nm, 1 W cm−2) for 5 min, and the temperature and image were
obtained by an infrared thermal-imaging camera (Hikvision H13
Thermal Imager).

To explore the singlet oxygen generation capability, SOSG as a
fluorescence sensor was added to the solutions of nanoparticles. After
mixing well, the solution was exposed to NIR laser irradiation (808
nm, 1 W cm−2) for a particular time period. The emission spectrum of
SOSG was recorded to reflect the amount of singlet oxygen.
4.8. In Vitro Drug Release of PTX/IR@BSA. The PTX release

behavior of nanoparticles was studied using the dialysis method.
Specifically, 2 mL NP solution (2 mg/mL) was packed in a uniform
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pore dialysis bag (MWCO = 3.5 kDa) and fastened, then immersed in
30 mL PBS solution containing 0.2% (w/v) Tween-80 at different pH
values (5.0, 7.4). The release system was then placed in a 37.5 °C
thermostatic cradle and oscillated at a frequency of 100 rpm. Then, 1
mL PBS dialysate was collected at the predetermined time point and
supplemented with 1 mL fresh PBS solution corresponding to the pH.
After that, constant temperature oscillation dialysis was continued,
and the content of PTX in each sample was calculated according to
the above method for determining the paclitaxel content. The average
value was obtained by measuring three times in parallel, and the
time−drug cumulative release curve was plotted. Using the above
method, under the condition of pH 7.4 and pH 5.0, laser irradiation
(808 nm, 1 W cm−2) was performed for 3 min after 3 h and the drug
release was also measured.
4.9. Cell Experiments. MCF-7 cells seeded on a petri dish were

cultured at 37 °C with 5% CO2 for 24 h. Then, the cells were co-
incubated with PTX/IR@BSA nanoparticles (IR-780 concentration:
5.4 μg/mL; PTX concentration: 20 μg/mL) for 6 h. After the
treatment, the medium was removed and DCFH-DA was added at a
concentration of 10−5 M. After incubation for 30 min, the cells were
irradiated by NIR irradiation (808 nm, 1.0 W cm−2, 3 min) and the
intracellular singlet oxygen generation was observed using a confocal
laser scanning microscopy (CLSM).

MCF-7 cells seeded on a petri dish were cultured at 37 °C with 5%
CO2 for 24 h. Then, the cells were co-incubated with drug-loaded
nanoparticles (IR-780 concentration: 5.4 μg/mL; PTX concentration:
20 μg/mL) for 12 h. After the treatment, the medium was removed
and refilled with a new medium. Then, the cells were irradiated by
NIR irradiation (808 nm, 1 W cm−2, 3 min). After incubating for 6 h,
the medium was discarded. 1 μL of calcein AM (1000×) and PI
(1000×) was diluted into 1 mL of detection buffer, respectively, to
prepare the working solution. 1 mL of calcein AM/PI detection
working solution was added to the confocal dish and incubated in the
incubator for 30 min in the dark. Afterward, the cell-killing ability of
drug-loaded nanoparticles was studied by CLSM.

MCF-7 cells were co-incubated with drug-loaded nanoparticles
(IR-780 concentration: 5.4 μg/mL; PTX concentration: 20 μg/mL)
at 37 °C for 0.5, 2, 4, 6, and 12 h, respectively. Afterward, the cellular
uptake of drug-loaded nanoparticles was studied by CLSM.
Fluorescent dye DAPI was used as the nucleus dye.

MCF-7 cells (5 × 103 cells per well) and MCF-10A cells (5 × 103
cells per well) were seeded in 96-well plates and incubated in 0.1 mL
of DMEM containing 10% FBS at 37 °C in a humidified 5% CO2
atmosphere for 24 h. After the culture medium was removed, 0.1 mL
of fresh medium containing drug-loaded nanoparticles was added.
After 12 h of incubation, the medium was removed and the cells were
washed with PBS (pH 7.4) for three times and 0.1 mL of fresh
medium was added. Then, the cells were illuminated using an 808 nm
laser with an energy density of 1 W cm−2 for 3 min. For comparison,
the cells without illumination were also studied. After 12 h of
incubation, 0.1 mL of CCK-8 was added in each well. After incubation
for 1 h, the optical density (OD) was measured at 450 nm using a
microplate reader (Bio-Rad 550). Cell viability was calculated as
follows: cell viability = (ODtreated/ODcontrol) × 100%, where ODtreated
was obtained from the cells after a particular treatment and ODcontrol
was obtained from the cells without treatment.
4.10. Animals and Tumor Model. The MCF-7 tumor model

was established by subcutaneously injecting MCF-7 cells (1 × 107)
suspended in 0.1 mL of PBS on the flank of the female BALB/c nude
mouse.
4.11. In Vivo Biodistribution and Tumor Accumulation.

When the tumor volume reached about 150 mm3, the in vivo
distribution and tumor accumulation in mice were studied at
particular time points after tail vein injection of 0.1 mL of PBS
containing PTX/IR@BSA nanoparticles (IR-780, 10 mg/kg) by using
an IVIS imaging system (PerkinElmer) (excitation/emission, 770/820
nm). After 24 h, the mice were sacrificed and major organs and
tumors were dissected for ex vivo NIR fluorescent imaging.
4.12. In Vivo Photothermal Imaging. To evaluate the effect of

PTT in vivo, when the tumors reached approximately 150 mm3 in

size, PTX/IR@BSA nanoparticles (IR-780, 10 mg/kg) or PBS was
intravenously injected into the mouse. After 24 h, the mice were
irradiated with a NIR laser (808 nm, 1 W cm−2) for 5 min. Thermal
images were evaluated using a photothermal camera.
4.13. In Vivo 19F MRI. The mice had free access to water and food

until tumor size reached about 200 mm3. The MCF-7 tumor-bearing
mice were anesthetized by isoflurane, and 0.1 mL of PTX/IR@BSA
nanoparticles was intravenously injected into the tumor-bearing mice
(CF = 0.3 mmol/kg). 19F MRI was performed on the 400 MHz Bruker
BioSpec MRI system. 1H MRI scanning was performed using a RARE
sequence (TR = 2500 ms, TE = 33 ms, FOV = 30 mm × 30 mm, 2
mm slice thickness, RARE factor = 8, matrix size = 256 × 256), and
19F MRI was performed through a RARE sequence (TR = 1600 ms,
TE = 3 ms, FOV = 37 mm × 37 mm, 30 mm slice thickness, matrix
size = 32 × 32, 64 averages).
4.14. In Vivo Tumor Inhibition. The mice bearing MCF-7

tumors were randomly divided into six groups (G1, G2, G3, G4, G5,
and G6). When the tumor volume reached about 100 mm3, the mice
in the G1 and G2 groups were intravenously injected with 0.1 mL
PBS, the mice in the G3 group were intravenously injected with 0.1
mL PBS containing PTX (10 mg/kg), the mice in the G4 group were
intravenously injected with 0.1 mL PBS containing Abraxane (PTX,
10 mg/kg), and the mice in the G5 and G6 groups were intravenously
injected with 0.1 mL PBS containing PTX/IR@BSA nanoparticles
(PTX, 10 mg/kg), respectively. After tail vein injection for 24 h, the
tumors of the G2 and G5 groups were irradiated by NIR irradiation
(808 nm, 1 W cm−2, 2 min). The body weights and the tumor
volumes were measured every 2 days. The tumor volume was
calculated as V = W2 × L/2, in which W and L are the shortest and
longest diameters of the tumor, respectively. After 22 days of
treatment, the mice were sacrificed, and the major organs and tumors
were dissected to detect histological changes by H&E staining.
4.15. Statistical Analysis. All experiments were repeated at least

three times, and the data were presented as mean ± SD. Asterisks
indicate significant differences (**p < 0.01, ***p < 0.001) by
unpaired Student two-sided t test.
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