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ABSTRACT: Minimalist multifunctional platforms for delivering
diagnostic and therapeutic agents effectively and safely into tumor
sites are highly desired in nanomedicine. Herein, we describe the
fabrication of a supramolecular nanoplatform via the amphiphilic amino
acid (9-fluorenylmethyloxycarbonyl-L-leucine, Fmoc-L-L)-modulated
self-assembly of a magnetic resonance imaging (MRI) contrast agent
(ionic manganese, Mn2+) and photosensitive drug (chlorin e6, Ce6).
Coordination drives the coassembly of Fmoc-L-L and Mn2+ to generate a
nanoscale supramolecular network to adaptively encapsulate Ce6. The
obtained biometal−organic nanoparticles exhibit a high drug loading
capability, inherent good biocompatibility, robust stability, and smart
disassembly in response to glutathione (GSH). The cooperative
assembly of the multiple components is synchronously dynamic in nature and enables enhanced photodynamic therapy
(PDT) to damage tumor cells and tissue by efficiently delivering the photosensitizer and improving the reductive tumor
microenvironment via the competitive coordination of GSH with Mn2+. The antitumor effect can also be monitored and
evaluated in vivo by MRI through the long-term intracellular biochelation of Mn2+. Therefore, this work presents a one-
pot and robust method for the self-assembly of a multifunctional theranostic nanoplatform capable of MRI-guided PDT
starting from minimalist biological building blocks.

KEYWORDS: self-assembly, amino acid, nanoplatform, magnetic resonance imaging, photodynamic therapy

T he controlled integration of medical diagnostics, drug
delivery, and efficient therapy into a single nanoplat-
form system has emerged as a promising tool in

personalized medicine.1−5 Imaging-guided systems are partic-
ularly useful for treating tumors (e.g., phototherapy) and easily
evaluating the response to therapy, thus providing important
post-treatment information regarding solid tumors.6−10 Mag-
netic resonance imaging (MRI) can detect the anatomical
information on biological tissues with high resolution and
excellent depth in real time and in vivo.11−13 MRI contrast
agents (e.g., iron oxide and manganese oxide) have been widely
used to construct theranostic platforms.14,15 Although

promising, inorganic nanocarriers present inherent concerns
regarding their long-term safety, low drug loading efficiency
(<5 wt %), and/or the rapid release of the proportion of drug
molecules that are simply adsorbed (or anchored) to their
surface.16−18 Additional efforts have typically been focused on
approaches for integrating both therapeutic molecules and
paramagnetic ions into lipid- and polymer-based nanostruc-
tures by attachment or encapsulation.19−21 However, tedious
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synthesis and multistep integration methods are inevitably
required for these systems, which limits their availability and
applicability. Therefore, developing a facile strategy for
fabricating platforms for the co-delivery of therapeutic and
imaging agents for theranostic applications remains challeng-
ing.
Photodynamic therapy (PDT) is a minimally invasive

therapeutic approach for the treatment skin cancer and
subcutaneous tumors.22 In PDT, the irradiation of photo-
sensitizers produces many reactive oxygen species (ROS) to
kill cancer cells.23 The stimulus-triggered release of therapeutic
and imaging agents (e.g., photosensitizers and MRI contrast
agents) into target pathological tissues and cells is highly
desirable for enhanced theranostic efficacy.24−28 With the
hypoxia in tumor tissue, the intracellular levels of glutathione
(GSH) in cancer cells are much higher (100−1000-fold) than
those in normal cells.29 This characteristic has inspired the
introduction of redox-sensitive sites (e.g., disulfide) into
polymeric drug delivery systems to enhance the exposure of
cancer cells to therapeutic molecules,30 which heavily relies on
skillful polymer synthesis.31 Although high concentrations of
GSH facilitate the development of tumor-responsive thera-
nostic systems, they are detrimental to PDT as they reduce the
generated ROS.32,33 Therefore, to improve the therapeutic
efficacy of PDT, the tumor-responsive production of ROS and
the simultaneous elimination of intracellular GSH is of great
value. Recently, attention has been directed toward reducing
GSH levels by employing redox-active components (e.g., metal
ions and metallic oxide) and metal−organic frameworks via
chemical consumption or physical adsorption, respec-
tively.34−36 To the best of our knowledge, the rational design
of nanomaterials that integrate both of these ideal functions
(i.e., GSH-responsive release of photosensitizers accompanied
by reduced active GSH level) has rarely been reported.34

Molecular self-assembly that leverages cooperative coassem-
bly is becoming a popular strategy in the design and synthesis
of multicomponent functional materials.37−42 Coordination-
driven self-assembly is an elegant “bottom-up” strategy for the
construction of biohybrid architectures.43−47 Metal−organic
matrixes can control guest encapsulation and release, but
porosity control can be challenging.48 A simpler approach is to

employ the adaptive self-assembly of subunits to form
amorphous coordination-bonding networks that are capable
of being adjusted based on the physicochemical properties
(e.g., charge and shape) of the guest molecules.49,50 Due to the
dynamic nature and excellent stimuli-responsiveness of non-
covalent bonds (e.g., metal−ligand coordination bonds and
π−π stacking), assembled nanomedicines exhibiting properties
greater than the total properties of the individual components
have great promise for theranostic applications in cancer.51,52

Nevertheless, the dynamic process can be dramatically slowed
to a kinetically trapped state through crystallization, glass
transition, or gelation in high molecular weight systems.53

Hence, small-molecule-mediated self-assembly without phase
changes should alleviate these issues. Amino acids and their
derivatives (e.g., Fmoc-modified amino acids) are suitable
building blocks with structural diversity, low cost, facile
production, and inherent biocompatibility.54−56 Amino-acid-
coordinated self-assembly can generate various structures but is
generally limited to ordered molecular networks due to the
hydrogen bonding involved,56 which may be incompatible with
adaptive encapsulation for high loading.
Herein, we describe the development of a multicomponent

nanoplatform based on the amphiphilic amino-acid-coordi-
nated self-assembly of metal ions with the simultaneous
encapsulation of photosensitive drugs (Scheme 1). Amphi-
philic 9-fluorenylmethyloxycarbonyl-L-leucine (Fmoc-L-L)
(Figure S1) coordinates with Mn2+, a biocompatible T1

contrast agent with a high spin number,57 forming Fmoc-L-
L/Mn2+ nanoparticles (FMNPs); during this process, chlorin
e6 (Ce6) (Figure S1) molecules are integrated into the
coordination networks to generate Fmoc-L-L/Mn2+/Ce6
nanoparticles (FMCNPs) via the synergy of coordination,
hydrophobic, and π−π stacking interactions. Owing to the
potent coordination of Mn2+ and Fmoc-L-L and Ce6, high drug
loading (up to 36 wt %) can be obtained. The drugs and metal
ions loaded in the FMCNPs are stable in a simulated
physiological environment due to the multiple noncovalent
interactions. The dynamic nature of the metal−ligand bonds is
retained in the FMCNPs, which makes them labile to GSH,
analogous to the tumor microenvironment, resulting in the
responsive release of Ce6 and Mn2+ (Scheme 1). Meanwhile,

Scheme 1. Schematic Illustration of the Fabrication Process of FMCNPs via Coordination-Driven Self-Assembly and Their
Responsive Disassembly for MRI-Guided PDT
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the intracellular active GSH level can be decreased owing to
the generation of GSH/Mn2+ complexes, which facilitate ROS
production. With these features, the FMCNPs show improved
antitumor PDT efficacy in vitro and in vivo. In addition, the
Mn2+ released into the tumor tissue will be rebonded with a
biological chelating agent (e.g., GSH), enabling long-term MRI
observations and facilitating the clinical evaluations. Therefore,
this work presents a self-assembled multicomponent nanoplat-
form that not only integrates therapeutics and diagnostics but
also allows modulation of the responsive release behavior to
offer additional information for cancer therapy, thus providing
an alternative theranostic method.

RESULTS AND DISCUSSION

Synthesis and Characterization of FMCNPs. An
opalescent colloidal suspension appeared upon mixing a
solution of Fmoc-L-L (2 mg mL−1) and Mn2+ (0.11 mg
mL−1) (Figure 1a, inset). The transmission electron micros-
copy (TEM) image shows spherical FMNPs with an average
diameter of approximately 100 nm (Figure 1a), which is
consistent with the dynamic light scattering (DLS) measure-
ments (Figure 1c). The NPs had a ζ-potential of −17 mV,
which can be ascribed to deprotonation of the carboxyl groups
of Fmoc-L-L, rendering the particle surface negatively charged.
More importantly, hydrophobic drugs, such as Ce6, can be
readily incorporated into the NPs during the self-assembly

Figure 1. TEM images of assembled (a) FMNPs and (b) FMCNPs. The insets are corresponding photographs of the samples. Size
distribution of (c) FMNPs and (d) FMCNPs as measured by DLS.

Figure 2. (a) FTIR spectra of Fmoc-L-L and FMNPs. (b) UV−vis spectra of free Ce6 and FMCNPs. (c) Ce6 loading efficiency and (d)
encapsulation efficiency of FMCNPs under different concentrations of added Mn2+ and Ce6.
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process. The addition of an aqueous solution of Mn2+ (0.11 mg
mL−1) to a mixed solution of Fmoc-L-L (2 mg mL−1) and Ce6
(0.6 mg mL−1) yielded a dark-green turbid suspension (Figure
1b, inset), suggesting that Ce6 was entrapped by the FMNPs
to generate FMCNPs. After the integration of Ce6, where the
FMCNPs showed a negligible change in morphology, a smaller
size was observed (Figure 1b,d), as well as a more negative ζ-
potential of −25 mV. The introduction of Ce6 can enhance the
hydrophobic interactions with Fmoc-L-L to some extent,
shrinking the molecular stacking networks and thus decreasing
the particle size. The change in ζ-potential may be attributed
to the presence of more carboxylate (−COO−) groups due to
the deprotonation of Ce6 carboxyl groups. In the resulting
FMCNPs, the loading percentage of Fmoc-L-L, Mn2+, and Ce6
was quantified using a calibration curve constructed from high
performance liquid chromatography (HPLC), ion-coupled
plasma (ICP), and UV−vis measurement, respectively (Table
S1 and Figure S2).

Fourier transform infrared spectroscopy (FTIR) of the
FMNPs showed characteristic peaks at 1593 and 1414 cm−1,
related to the asymmetrical and symmetrical vibrations of
−COO− groups (Figure 2a), indicating that the −COO− of
the leucine moieties had coordinated with Mn2+.58 It should be
noted that the hydrophobic interactions among Fmoc groups
also contribute to the formation of FMNPs, and that they may
restrict hydrogen bonds to generate amorphous networks.
Compared with the monomeric Ce6, Ce6 in the FMCNPs
showed weakened red-shifted absorbance peaks in both the
Soret and Q bands (Figure 2b), suggesting the formation of J-
aggregates but with defects.59−62 This presumably contributes
to the π-stacking and hydrophobic interactions between the
porphin rings of Ce6 and the Fmoc groups of the amino acids.
By adjusting the amount of added Ce6 and Mn2+, the Ce6

loading efficiency can be flexibly tailored, reaching up to ca. 36
wt % and an encapsulation efficiency of ca. 80% (Figure 2c,d).
These data demonstrate the adaptive nature of the coordinated

Figure 3. TEM images of the FMCNPs after (a) 8-fold dilution and (b) incubation with 10% (v/v) bovine serum albumin for 24 h. The insets
are corresponding size distributions of the samples. (c) Change in the turbidity (absorbance at 600 nm) of FMNP and FMCNP solutions
after the addition of GSH. (d) Time-dependent release profiles of Ce6 and Mn2+ from FMCNPs as measured by the dialysis method at 37 °C.
(e) ROS generation of pure Ce6, Ce6 with GSH, and Ce6 with GSH and Mn2+. (f) T1 relaxation rate of Mn2+ and GSH/Mn2+ complexes. The
GSH concentration was fixed at 10 mM, and the Mn2+ concentration was 0.02, 0.05, 0.08, 0.1, and 0.2 mM. The insets are corresponding T1

MR images.
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networks in the FMNPs and the efficiency of this approach for
hydrophobic drug delivery. Importantly, the size of the
assembled NPs can be flexibly tuned by changing the initial
concentration of Fmoc-L-L. The NP size changed from ∼38 to
∼126 nm when the concentration of Fmoc-L-L was altered
from 0.5 to 3.0 mg mL−1 with a fixed ratio of all the
components (Figure S3). In addition, the type of amino acids
can be extended to others, such as Fmoc-L-histidine, Fmoc-L-
proline, and Fmoc-L-tryptophan for the formation of well-
defined NPs (Figures S1 and S4), indicating that amphiphilic
amino-acid-coordinated self-assembly is a general strategy for
the fabrication of functional NPs capable of drug encapsula-
tion.
Stability and Responsive Release of FMCNPs. For

further biomedical applications, the stability of NPs is a
priority. The FMCNPs maintained their structural integrality
after 8-fold dilution (Figure 3a) and incubation with a solution
containing fetal bovine serum (FBS) for 24 h (Figure 3b),
confirming their excellent colloidal stability. The robust
structure of the NPs is likely the result of the multiple
cooperative intermolecular interactions. After FMNPs or
FMCNPs were mixed with GSH, the turbidity of the solutions
dramatically decreased (Figure 3c), which is indicative of their
disassembly in response to GSH. GSH has two carboxyl groups
and one thiol group, which chelates various metal ions.63

Therefore, we suggest that the competitive coordination with
Mn2+ induced by GSH causes disassembly of the FMCNPs,
facilitating the release of Ce6 and Mn2+.
The release of Ce6 and Mn2+ from the FMCNPs was further

evaluated by dialysis against phosphate-buffered saline (PBS;
10 mM, pH 7.5 and 5.5) in the presence of GSH (10 mM) to
simulate the ambient physiology of blood and tumor cells,
respectively. Only ca. 21% of the Ce6 and Mn2+ was released at
48 h in the PBS (Figure 3d), which is consistent with the fact
that the FMCNPs are stable against dilution. In contrast,
progressive release of the two components was observed when
GSH was added to the solution, amounting to ca. 80% during
the first 15 h (Figure 3d). These release profiles suggest
desirable delivery for active reagents, with minimal release in
the circulation and accelerated release within tumor cells. The
binding of Mn2+ with GSH may accelerate the transmembrane
transport of Mn2+ due to a shift in the thermodynamic
equilibrium, as demonstrated by its increased release rate
compared to that with free Ce6 (Figure 3d). To further

demonstrate the GSH-responsiveness of the FMCNPs, non-
responsive nanoparticles (FLCNPs) were prepared as controls
using amphiphilic Fmoc-L-Lysine to modulate the interactions
with Ce6 following a previously reported method.52 The
resulting NPs were an average of 98 nm in size and had a
negative ζ-potential (−18 mV), similar to the FMCNPs
(Figure S6). Ce6 has the same release profiles from the
FLCNPs in the presence and absence of GSH (Figure S7),
confirming that the competitive binding between GSH and
Mn2+ is the basis of the triggered disassembly of the FMCNPs
and the subsequent release of Ce6.

In Vitro ROS Generation and MRI. Considering that
GSH can bind with Mn2+, the potential effect of Mn2+ on the
ROS generation of Ce6 in the presence of GSH was
investigated using anthracene-9,10-dipropionic acid (ADPA)
as an ROS probe. GSH, as a reducing agent, could in principle
consume the ROS generated by Ce6 (Figure 3e) and thus
reduce the efficacy of PDT. Interestingly, the addition of Mn2+

alleviated the inhibitory effect induced by GSH (Figure 3e),
presumably because GSH/Mn2+ complexes are less reactive
than free GSH. Likewise, we observed that the ROS generation
capacity of the FMCNPs in the presence of GSH was
significantly greater than that in the absence of GSH (Figure
S8). This result indicates that the assembled FMCNPs are apt
to disassemble in response to GSH and completely release
Ce6. Moreover, the coordination between Mn2+ and GSH can
inactivate GSH, thus reducing its effect on ROS generation.
These characteristics are very favorable for efficient PDT.
Due to the GSH-responsive nature of the FMCNPs, their

MRI properties were investigated in the form of GSH/Mn2+.
The GSH/Mn2+ complex exhibited a superparamagnetic
property with an r1 value of 6.46 mM−1 s−1 (Figure 3f). In
vitro MRI examination of GSH/Mn2+ showed enhanced T1-
weighted contrast compared to free Mn2+ (Figure 3f, inset),
which may be ascribed to the increased water exchange rate
and reduced molecular tumbling time of GSH/Mn2+ complex
compared with Mn2+.64 In this sense, the rechelated Mn2+ in
the form of GSH/Mn2+ has enhanced MRI properties, as
demonstrated by the above in vitro measurements.

Cellular Uptake and Efficacy of FMCNPs in MCF7
Cancer Cell PDT. The promising data obtained with
FMCNPs prompted us to evaluate the dynamic process at
the cellular level. Confocal laser scanning microscopy (CLSM)
examination of MCF7 breast cancer cells incubated with

Figure 4. (a) CLSM image of MCF7 cells after incubation with FMCNPs at 37 °C for 24 h. Blue and green fluorescence indicate the cell
nucleus and membrane, respectively. (b) In vitro T1-weighted MR images of MCF7 cells collected by centrifugation. (c) MCF7 cell viability
after incubation with FLCNPs, FMCNPs, and free Ce6 at various concentrations with and without 660 nm laser irradiation (100 mW cm−2, 1
min).
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FMCNPs showed the uniform dispersion of the red
fluorescence of Ce6 in the cytoplasm (Figure 4a), revealing
that FMCNPs are internalized by endocytosis and then
disassembled in endocytic compartments, such as lysosomes.
Compared to free Ce6, FMCNP-treated cells exhibited
brighter fluorescence (Figure S9), indicating the superior
cellular uptake of the NPs. The intracellular accumulation of
Mn2+ was monitored by MRI. T1-weighted MRI showed
brighter images with excellent contrast at 24 h, which was
ascribed to the paramagnetic Mn2+ (Figure 4b). In addition,
the MRI intensity increased during the incubation (Figure
S10), which is in agreement with the fluorescence observations
(Figure S9). These results demonstrate that the continuous
uptake of FMCNPs is followed by disassembly induced by
GSH in cancer cells. Therefore, the assembled FMCNPs can
release their cargo within tumor cells.
Encouraged by the in vitro and in vivo data that revealed

well-controlled Ce6 release in response to the tumor
microenvironment, we used FMCNPs for antitumor PDT.
Methyl thiazolyl tetrazolium (MTT) assay showed that the
FMCNPs have a phototoxicity greater than that of free Ce6,
with a median lethal dose 4 times lower than that of free Ce6
(Figure 4c), which is the result of the enhanced cellular uptake
(Figure S9). The cytotoxicity of the FLCNPs with and without
irradiation was also evaluated and compared to that of the
FMCNPs (Figure 4c). No obvious cytotoxicity was observed
for the FMCNPs or FLCNPs without irradiation even at the
highest tested dose (Figure 4c), suggesting their inherent
biocompatibility. In addition, the FLCNPs exhibited less
photocytotoxicity than the FMCNPs, especially at higher
doses. Moreover, the intracellular ROS production was
detected by 2′,7′-dichlorofluorescein diacetate (DCFH-DA)
which can be oxidized by ROS to fluorescent 2,7-
dichlorofluorescein (DCF) (Figure S11). The FMCNP-treated
cells exhibited a fluorescence intensity stronger than that of the
FLCNPs. Taken together, these results demonstrate that the
FMCNPs can inactivate GSH in MCF7 cancer cells, leading to
enhanced ROS generation and PDT efficacy.

Biodistribution and MRI. The in vivo distribution of the
FMCNPs was further investigated in MCF7 tumor-bearing
mice. At 2 h after the injection of the FMCNPs, the
fluorescence intensity of the tumor site showed an obvious
increase (Figure 5a), suggesting the accumulation of the
FMCNPs and release of Ce6 at the tumor site. The
fluorescence weakened due to metabolic clearance but
remained stronger than that in mice treated with free Ce6
(Figure 5a,b and Figure S12a), showing that the FMCNPs can
efficiently deliver Ce6 to tumors, which is a prerequisite for
PDT. Ex vivo imaging at 24 h postinjection also confirmed that
the FMCNPs were capable of improving the bioavailability of
Ce6 to favor tumor selectivity (Figure S12b) arising from the
enhanced permeability and retention (EPR) effect.65 Simulta-
neously, MRI signals were detected in the tumor tissue at 1 h
postinjection and reached a maximum after 4 h (Figure 5c,d).
This increase is consistent with the change in fluorescence
intensity during the early period after injection, further
demonstrating the accumulation of FMCNPs in the tumor.
Interestingly, the MRI signals were sustained for at least 72 h
(Figure 5d), during which time the fluorescence completely
disappeared (Figure S12c). This disparity suggests the long-
term retention of Mn2+ released from the FMCNPs, facilitated
by the high affinity of Mn2+ for intracellular GSH.15 During
this time, the tumor border can still be distinguished, even at
72 h (Figure 5c), which can provide valuable information for
planning and guiding therapeutic actions.

In Vivo PDT Studies. The PDT effects were further
evaluated in MCF7 tumor-bearing mice. In the mice treated
with FMCNPs, the tumors were successfully suppressed and
ablated once applied to laser irradiation (660 nm, 200 mW
cm−2, 10 min); however, only a gentle inhibition of tumor
growth was observed in mice treated with free Ce6 compared
with the control (Figure 6a and Figure S13). Histological
analysis by hematoxylin and eosin (H&E) staining showed no
tumor cells in the skin at the FMCNP-treated tumor site
(Figure 6c). The apoptosis rates of tumors in the Ce6-treated
and control groups were further quantified by TUNEL

Figure 5. Representative in vivo (a) fluorescence images and (c) T1-weighted MR images of nude mice bearing MCF7 breast cancer
xenografts following the intravenous injection of FMCNPs. The dashed circles include the tumor site. (b,d) Variation in the fluorescence and
MR signal intensity in (a) and (c), respectively.
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staining. The control group showed negligible apoptosis, with
an apoptotic rate of nearly 2%, whereas the apoptotic rate of
the free Ce6-treated group was approximately 47% (Figure
S14). These results suggest that FMCNPs achieve efficient
drug delivery. The body weight and tissue sections of the mice
showed no obvious change during the treatments (Figure
6b,d), indicating the safety of FMCNP-based PDT. To reveal
the GSH-responsiveness of the coordination platform in PDT,
the therapeutic results of the FMCNPs and FLCNPs were
compared at reduced irradiation doses but an increased
treatment frequency. Both groups showed delayed tumor
growth initially, but the tumors treated with FLCNPs showed
quicker recurrence and were heavier than tumors treated with
FMCNPs (Figure 6e,f). In the three groups, obvious apoptosis
was observed in the tumor sections of mice administered
FMCNPs, along with infiltrating tumor cells with highly
pleomorphic nuclei and many mitotic cells (Figure S15a−c).
Moreover, no tumor cells appeared among the infiltrating
inflammatory cells at the site of the original tumor in FMCNP-
treated mice (Figure S15d). The above results suggest that, in
response to GSH, FMCNPs can improve the PDT efficacy in
vivo. Therefore, FMCNPs have potential as a biocompatible
and efficient phototherapy agent.

MRI-Guided PDT. After accumulating in tumor tissue,
FMCNPs can induce a tumor-cell-killing effect and enable
prolonged MRI observations, effectively integrating two
functionalities in a spatiotemporal manner. As a proof of
concept, we used MRI to observe tumor growth in MCF7
breast cancer mouse models after the administration of
FMCNPs and PDT by laser irradiation. The MR images
showed significant FMCNP accumulation at the tumor site at
4 h postinjection (Figure 6g). Tumor shrinkage and an
increased necrotic volume at the tumor site were observed at
24 h postinjection (20 h after irradiation) (Figure 6g). MRI
also showed almost complete tumor elimination at 3 days
postinjection (Figure 6g). Thus, FMCNPs can serve as a
theranostic nanoplatform for MRI-guided PDT.

CONCLUSIONS

In summary, we demonstrate the development of a minimalist
supramolecular multifunctional theranostic nanoplatform
based on amphiphilic amino-acid-coordinated self-assembly.
The assembled biometal−organic NPs exhibit multifold
advantages for theranostic applications: (1) a facile but green
and universal approach; (2) intrinsic biocompatible materials
with high biosafety; (3) strong ability to chelate imaging agents

Figure 6. (a) Change in tumor volume of mice bearing MCF7 breast cancer xenografts treated with FMCNPs and free Ce6 (equivalent Ce6
concentration, 5.0 mg kg−1 body) followed by irradiation (660 nm, 200 mW cm−2, 10 min). The results are expressed as the mean ± SD. *P
< 0.05, one-way ANOVA. (b) Variation in the body weight of MCF7 tumor-bearing mice after various treatments. Representative
micrographs from H&E analysis of (c) tumor or hypoderm and (d) major organs from different groups of mice. Scale bars are all 100 μm.
(e) Tumor growth inhibition curves of the MCF7 tumor-bearing mice administered FLCNPs and FMCNPs (equivalent Ce6 concentration,
5.0 mg kg−1 body weight) on days 0, 1, and 2 (black arrow) followed by irradiation (660 nm, 100 mW cm−2, 10 min) at 4 h postinjection
(red arrow). (f) Weights of resected tumors after different treatments (insets: photographs of the tumors). (g) MRI-guided PDT:
representative MR images of a mouse administered FMCNPs before and after laser irradiation. White arrows indicate the tumor sites.
Images were collected at 0 (preinjection), 4 (irradiation), 24, and 72 h postinjection from the same mouse.
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(Mn2+) and flexible responsiveness to GSH; (4) a one-step
process for high drug loading with excellent encapsulation
efficiency; and (5) tunable and suitable particle sizes for
efficient tumor EPR effect. The nanoplatform enables
enhanced cellular uptake and tumor accumulation accom-
panied by the tumor microenvironment (GSH)-responsive
release of drugs and imaging agents, resulting in a superior
antitumor efficacy and imaging capability. The binding of GSH
with Mn2+ gives rise to emerging advantages, including
alleviating the inhibition of GSH by ROS production and
enhancing the retention time of Mn2+ in the tumor. In addition
to achieving and validating the nanoscale integration of
imaging (MRI) and therapeutic (PDT) functions, the benefits
of such a combination allow the real-time monitoring of the in
vivo delivery of NPs and the noninvasive assessment of the
therapeutic efficacy. This integrated platform shows great
promise as a highly versatile theranostic agent for cancer. This
study also suggests that amino acid or peptide-tuned
multicomponent synergetic self-assembly is a promising
approach for developing “all-in-one” nanomedicines with
improved diagnostic precision and therapeutic efficacy.

EXPERIMENTAL SECTION

Materials. Amphiphilic amino acid Fmoc-L-leucine, Fmoc-L-
histidine, Fmoc-L-tryptophan, Fmoc-L-proline, and Fmoc-L-lysine
were purchased from Bachem (Bubendorf, Switzerland), and Chlorin
e6 was obtained from Frontier Scientific (Newark, Delaware, USA).
Other chemicals were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA) and used as received unless otherwise stated.
Fabrication of the Drug-Loaded NPs. Typically, 10 mg of

Fmoc-L-L powder was dissolved in 300 μL of NaOH solution (0.1 M,
pH 13) and then diluted to a final concentration of 10 mg mL−1 with
ultrapure water. Ce6 (6 mg), the hydrophobic drug, was dissolved in
100 μL of NaOH solution (1 M, pH 14). A MnCl2 aqueous solution
(10 mM, 200 μL) was first mixed with 590 μL of ultrapure water;
next, the solution was added to the mixture of the above Fmoc-L-L
solution (200 μL) and Ce6 solution (10 μL) with the total volume
reaching 1 mL. Turbidity appeared immediately when the pH was
adjusted to 8.0 by 1 M HCl. The final concentration of Fmoc-L-L,
Mn2+, and Ce6 was 2, 0.11, and 0.6 mg mL−1, respectively. To adjust
the particle size and drug loading efficiency, different volumes of
components were added while the final volume and pH remained
fixed. FLCNPs were fabricated according to previously reported
work.52

Characterizations of FMCNPs. For the size distribution and ζ-
potential measurements, a DLS instrument (Nano ZS ZEN3600,
Malvern) was used. The TEM image was collected by a JEOL JEM-
100 CXII (Japan) at an accelerating voltage of 80 kV on the sample-
deposited carbon-coated copper grids. The scanning electron
microscopy image was measured on an S-4800 HITACHI (Japan)
with clean silica wafers. The absorbance and the fluorescence signals
were monitored using a Shimadzu UV-2600 spectrophotometer and
Hitachi F-4500 fluorescence spectrometry. VERTEX-70/70v spec-
trometer (Bruker Optics, Germany) was used to execute FTIR
measurement. The sample was centrifuged on an Optima XE
supercentrifuge (Beckman Coulter, America). HPLC spectra were
performed on a VWD-3100 detector (Thermo Fisher U3000 HPLC
system) using an Acclaim 120 C18 HPLC column (Thermo
Scientific) at 25 °C. The elemental analysis was performed by ion-
coupled plasma mass spectrometry (ICP-MS) on an Agilent 7700
ICP-MS under vacuum. A 660 nm laser (K660E02MN, BWT Beijing
LTD, China) was used for irradiation.
Determination of Ingredient Content in FMCNPs. The

sample was centrifuged at 50000 rpm for 1 h in a 2 mL centrifuge
tube (Beckman Coulter, America). The upper phase was collected for
DLS measurements to ensure complete separation. The solids were
dissolved in dimethyl sulfoxide (DMSO) and subjected to UV−vis

measurements using a quartz cell (1 mm) to quantify the Ce6
content. The particles collected from 1 mL of solution were dissolved
in 1 mL of DMSO and then diluted 100 times before measurement.
The concentration of assembled Ce6 was calculated using the
standard curve for Ce6 (1−30 μg mL−1) in DMSO. HPLC was
employed to quantify the content of Fmoc-L-L in the particles using
the standard curve of Fmoc-L-L (5−100 μg mL−1) in methanol.
Solvent A was water and 0.1% v/v trifluoroacetic acid (TFA), and
solvent B was methanol and 0.1% v/v TFA. Fmoc-L-L with a retention
time of 17.4 min was monitored at an absorption wavelength of 220
nm with a gradient of solvent B from 60 to 95% over 45 min at a flow
rate of 1.0 mL min−1. The amount of Mn2+ loaded in the NPs was
measured by ICP-MS using the standard curve for Mn2+ (2−40 μg
L−1) in 1% HNO3. The Mn2+ in the assembled particles in a 1 mL
sample was digested in 1% HNO3, and the final concentration was
diluted to less than 100 μg L−1 using 1% HNO3. The loading
efficiency and encapsulation efficiency were calculated as follows:
loading efficiency (%) = m2/m0 × 100% (1); encapsulation efficiency
(%) = m2/m1 × 100% (2), where m2 is the weight of the component
in the NPs, m1 is the weight of the component added to the system,
and m0 is the total weight of the assembled NPs.

Stability Testing. The resuspended FMCNPs were diluted eight
times using PBS to observe their stability. The stability was further
studied in 10% (v/v) FBS at physiological temperature (37 °C). The
treated samples were incubated for 24 h before DLS and TEM
measurements.

GSH-Responsive Release of Model Drugs. The Ce6 release
profiles in vitro were measured by the dialysis method. FMCNPs from
a 2 mL sample were collected by centrifugation and redispersed in 1
mL of water. The redispersed solution was pipetted into a dialysis
membrane (MW cutoff = 3 kDa) and then dialyzed against 40 mL of
PBS solution containing 0.1% (v/v) Tween 80 and 0 mM (pH 7.5) or
10 mM GSH (pH 5.5) in the dark. Next, 1 mL of the dialysate was
collected and replaced with 1 mL of fresh medium at the indicated
time points. The dynamic change process was monitored by UV−vis
spectrophotometry.

Generation and Detection of ROS. ADPA was employed to
determine the ROS generation efficiency of Ce6 (5 μg mL−1; 5 μg
mL−1 containing 1 mM of GSH; and 5 μg mL−1 containing 1 mM of
GSH and 1 mM of Mn2+). Next, 0.1 mL of ADPA (1 mg mL−1) was
mixed with 2.9 mL of the above samples, followed by irradiation with
a 660 nm laser. The decrease in the adsorption at 378 nm upon the
reaction of ADPA with ROS was measured by UV−vis spectropho-
tometry. To confirm the active ROS generation, 0.5 mL of ADPA (1
mg mL−1) was added to 2.5 mL of FMCNPs (containing 0.1 mg
mL−1 of Ce6) in the presence and absence of GSH (10 mM),
respectively. The above solutions were incubated for 10 min before
laser irradiation.

In Vitro Cell Uptake. Breast cancer cells (MCF7) were seeded in
a cover glass chamber at a density of 1 × 106 cells well−1 and cultured
in Dulbecco’s modified Eagle medium (DMEM; Mediatech)
supplemented with 10% premium FBS (Gibco) and 1% penicillin−
streptomycin (Gibco) in a 5% CO2 incubator at 37 °C. After 24 h of
incubation, the medium was removed, and the cells were washed with
PBS gently three times. Then the cells were treated with 2 mL of
culture medium containing Ce6-loaded NPs or free Ce6 (10 μg mL−1

Ce6). The intracellular delivery of Ce6 was observed by CLSM
(Olympus FV1000, Ex = 633 nm) after thorough washing at different
time intervals. Hoechst 33342 (1 mg mL−1) staining was performed
according to the manufacturer’s protocols; 5 μL of Hoechst 33342
was added and allowed to stand for 10 min to stain nuclei. Next, 5 μL
of Alexa 488 (1 mg mL−1) was added to the cells and allowed to stand
for 10 min. The fluorescence signals were then observed using 405
and 488 nm lasers.

In Vitro MTT Assay. The cytotoxicity of assembled and free Ce6
to MCF7 cells was evaluated by MTT assay. MCF7 cells (1 × 104

cells well−1) were seeded in 96-well plates and treated with equal
amounts of assembled or free Ce6 at a range of concentrations. The
cells were allowed to attach for 24 h before being irradiated by a 660
nm laser (100 mW cm−2) for 1 min. Subsequently, 10 μL of MTT (5
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mg mL−1) solution was added to each well as the color changed to
purple-blue. Finally, 100 μL of DMSO was pipetted into the medium,
followed by absorbance measurements on a microplate reader
(Thermo Fisher Scientific). Cell viability was defined as the
percentage of live cells per total control cells. The dark toxicity was
evaluated similarly but with no exposure to laser irradiation.
Intracellular ROS Detection.MCF7 cells were cultured in media

containing FMCNPs or FLCNPs (equivalent Ce6 concentration, 15
μg mL−1) for 12 h; next, the medium was removed and replaced with
DCFH-DA (ROS indicator) dissolved in DMEM (final concentration,
10 μM). After incubation for another 20 min, the cells were exposed
to a 633 nm laser (3 mW) for 2 min. The oxidized product DCF (Ex/
Em wavelength: 495 nm/529 nm) yielded a fluorescence signal
reflecting ROS generation.
Animal Models. The animal experiments complied with animal

protection laws of China and were approved by the responsible
governmental authority. Female BALB/c-nu mice aged 4−6 weeks
were used in the experiments. MCF7 cells (100 μL) at a density of 6
× 107 cells mL−1 were subcutaneously injected into each mouse. The
experiment was conducted until the tumor size reached ∼150 mm3.
The tumor volume was calculated according to the following formula:
tumor volume = length × width2/2.
MRI. All images were acquired on a 7.0 T Bruker BioSpec system

(Bruker BioSpin, Ettlingen, Germany) with a 35 mm quadrature RF
transmit and receive coil. Spin echo imaging was performed using a
rapid-acquisition relaxation−enhancement sequence with the follow-
ing parameters: TE, 5.39 ms; TR, 300 ms; rapid acquisition with
refocused echoes (RARE) factor, 2; number of excitations, 3; field of
view, 40 × 40 mm2; matrix size, 256 × 256 (in-plane resolution of
0.23 mm); slice thickness, 2 mm for material and 1 mm for cells and
mice. The MRI contrast effect of the magnetic NPs at various
concentrations (0.02−0.20 mM) was estimated by measuring the
proton longitudinal relaxivity, r1, which was defined as the slope of 1/
T1 versus Mn2+ concentration. The T1-weighted MRI signal intensity
was obtained from manually selected image areas. For in vitro MRI,
MCF7 cells were seeded in culture dishes (10 × 10 cm2) and cultured
with DMEM containing 10% FBS and 1% penicillin/streptomycin
until reaching a density of 3 × 106 cells per dish. Next, the culture
medium was replaced with media containing FMCNPs (equivalent to
60 μmol mL−1 Mn2+), and the cells were further incubated for
different times. After 2, 8, 12, and 24 h, the medium was discarded,
and the cells were washed three times with PBS prior to trypsinization
and centrifugation at 800 rpm for 5 min. After the supernatant was
discarded, the cell pellets were redispersed with 400 μL of PBS,
transferred to small tubes, and centrifuged (800 rpm, 3 min) before
MRI. For in vivo MRI, the mice bearing tumors on the right shoulder
received 200 μL of redispersed of FMCNPs at a dose of 0.2 mmol
kg−1 Mn2+. For each scan, the mice were anesthetized and placed in a
groove-shaped bed inside the scanner (7.4 cm bore) equipped with a
birdcage-type RF coil (Rapid Biomedical). The bore was warmed to
37 °C during the experiment. The signal was collected at preset time
points. For MRI-guided PDT, the mouse bearing a tumor on the back,
the position facilitating irradiation, was 4 weeks old, and their thin
body could not fill the groove-shaped bed completely; furthermore,
tape was used on the back of the mouse to fix the mouse in the bed;
thus, the shape of the longitudinal section slightly varied for each time
scan.
Fluorescence Imaging. Equal weights of Ce6 in FMCNPs or as

free molecules were intravenously injected into MCF7 tumor-bearing
mice before imaging. Fluorescence imaging was performed using an
FX Pro system (Carestream Health) with a 670 nm pulsed diode laser
and near-infrared fluorescence emission (650−700 nm). The
biodistribution was estimated by imaging the mice under anesthesia
at designed times. At 24 h postinjection, the heart, liver, lungs, spleen,
kidneys, and tumor were excised and imaged, and the fluorescence
intensity was acquired using a 12-bit CCD camera (Image Station
4000 mm; Kodak, New Haven, CT) and Kodak MI software (New
Haven, CT, USA).
In Vivo PDT. When the tumor volume reached ∼150 mm3, PDT

was performed. Tumor-bearing mice (n = 6 for each group) were

administered a 5% glucose solution containing FMCNPs or Ce6
molecules at the same concentration (equivalent Ce6 concentration,
5.0 mg kg−1 body weight) via the tail vein. At 4 h postinjection, the
tumor site was irradiated by a 660 nm laser (200 mW cm−2) for 10
min. The control array was treated with 200 μL of saline. The tumor
volume and body weight were monitored every day. For histological
analysis, tissues were harvested, fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at 5 μm of thickness. The
sections were stained by H&E and observed by optical microscopy.
TUNEL staining was performed on tumor sections using a DNA
fragmentation detection kit (S7101, Millipore, USA) according to the
manufacturer’s instructions. The number of apoptotic cells in 10
random fields was counted. The apoptotic rate was calculated as the
ratio of the number of apoptotic cells to the total cell number. For
comparing the therapeutic efficacy of FMCNPs and FLCNPs, both
(equivalent Ce6 concentration, 5.0 mg kg−1 body) were injected into
the mice (n = 5) at 0, 1, and 2 days; the mice were irradiated by a 660
nm laser (100 mW cm−2, 10 min) at 4 h postinjection. After the mice
were sacrificed, the tumors were also collected and weighed.
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