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Peptidic Monodisperse PEG “Comb” as Multifunctional
“Add-On” Module for Imaging-Traceable and Thermo-

Responsive Theranostics

Junfei Zhu, Huaibin Zhang, Kexin Chen, Yu Li, Zhigang Yang, Shizhen Chen,

Xing Zheng, Xin Zhou, and Zhong-Xing Jiang*

Monodisperse polyethylene glycols—modified (M-PEGylated) biomaterials
exhibit high structural accuracy, biocompatibility, and fine-tunable physico-
chemical properties. To develop “smart” drug delivery systems in a control-
lable and convenient manner, a peptidic M-PEG “comb” with fluorinated
L-lysine side chains and a fluorescent N-terminal is conveniently prepared as
a '%F magnetic resonance imaging ('°F MRI) and fluorescence dual-imaging
traceable and thermo-responsive “add-on” module for liposomal theranos-
tics in cancer therapy. The peptidic M-PEG “comb” has high biocompatibility,
thermo-responsivity with a sharp lower critical solution temperature, an
aggregation-induced emission fluorescence, and high °F MRI sensitivity.

As a highly branched amphiphile, it self-assembles and firmly anchors on
the doxorubicin-loaded liposomal nanoparticles, which M-PEGylates the
liposomes and facilitates the thermo-responsive drug release and drug
tracking with dual-imaging technologies. In a rodent xenograft model of
human liver cancer HepG2 cells, the M-PEGylated liposomes exhibit long

in vivo half time, low toxicity, high tumor accumulation, “hot spot” '°F MR,
and therapeutic efficacy. With accurately programmable chemical structure,
fine-tunable physicochemical and biological properties to meet the demands
of diagnosis, drug delivery, and therapy, the M-PEG “comb” is promising as
a versatile “add-on” module for rapid and convenient formulation of various
“smart” theranostics.

1. Introduction

As the most used polymers in biomedi-
cine, the extraordinary properties of
polyethylene glycols (PEGs), such as
high biocompatibility, “stealthy effect”
to immune system and proteases, high
solubility in both water and organic sol-
vents, et. al., have been regarded as the
“gold standards” for biomaterials.l!l Since
the 1970s, PEGs have been extensively
used as versatile linkers in various bio-
conjugates, solubility and biocompatibility
enhancers in formulation, “bio-shield” to
reduce immune response, renal excretion,
and degradation in biopharmaceutics, etc.
PEGylation has become one of the most
successful drug development strategies
in pharmaceutical industry, especially in
the R&D of biopharmaceutics and nano-
medicine. Till 2015, 17 PEGylated drugs
had been approved by U.S. Food and Drug
Administration, including 15 biophar-
maceutics, 1 small molecular drug, and
1 nanomedicine (liposomal doxorubicin,
Caelyx). However, as complex homolog
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mixtures, the polydispersity of regular PEGs complicates their
biomedical applications by introducing uncertainties and dif-
ficulties during PEGylation, purification, quality control, regu-
latory approval, etc.l’] Although the issues accompanied by
polydisperse PEGs are obvious, they are overwhelmingly used
in biomedicine because it is challenging to synthesize their
monodisperse counterparts.

PEGylated liposomal drug delivery systems with multimodal
imaging and stimuli-responsive property are highly valuable
theranostics.”! First, comparing to their non-PEGylated coun-
terparts, PEGylated liposomes, with Caelyx as an example,
usually exhibit extended in vivo half time, reduced toxicity,
improved “passive” targeting, and therapeutic efficacy.?
Second, multimodal imaging can not only facilitate tracking
of the liposomal drug delivery system, but also provide valu-
able information about the local pathological environment and
therapeutic response, which yields theranostics for optimal
therapeutic efficacy.®! Third, stimuli-responsive liposomes are
capable of releasing the encapsulated drug at the target in a
controllable and targeted way, which further maximizes the
therapeutic efficacy and minimizes the side effects.’l However,
it is very tedious and challenging to integrate multiple compo-
nents of diverse physicochemical properties and functions, e.g.,
PEGylation agent, multiple imaging agents, stimuli-responsive
materials, drug, surfactant, etc., into stable liposomal thera-
nostics. Indeed, stimuli-responsive liposomes usually suffer
the complexity, toxicity, biodegradability, and scale-up ability
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of stimuli-responsive materials, such as proteins, block copoly-
mers, and dendrimers.l In addition, it is difficult to spatially
and temporally synchronize the imaging agents with the drugs
in an accurate, real-time, and quantitative way because of their
heterogenous distribution among the liposomal nanoparticles
and immature release of the imaging agents and drugs. There-
fore, it would be beneficial to integrate the multiple liposomal
components of different functions, such as PEGylation, dual
imaging modalities, stimuli-responsive property, etc., into a
versatile “add-on” module for the construction of liposomal
theranostics with multimodal imaging and stimuli-responsive
capabilities.

Recently, a macrocyclic sulfate-based strategy for the conven-
ient synthesis of M-PEGs and their derivatives was developed
in this group and it was found that replacing the polydis-
perse PEGs with M-PEGs in biomedical research is highly
beneficial for quantitatively optimizing solubility, biocompat-
ibility, biodegradability, drug efficacy and safety, and imaging
properties.”]  Notably, M-PEGylated amphiphilic peptides
were promising imaging-traceable and thermo-responsive
biomaterials.° Herein, we programed the chemical struc-
ture of the M-PEGylated peptides into peptidic M-PEG “comb”
1 as an “add-on” module with sensitive '°F MRI (magnetic
resonance imaging)/fluorescence dual imaging and thermo-
sensitivity for the convenient construction of multifunctional
“smart” liposomal theranostics (Figure 1). Thanks to the versa-
tile peptide chemistry, the chemical structure, physicochemical
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Figure 1. The design of peptidic M-PEG “comb” 1 as “add-on” module for liposomal theranostics.
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and biological properties of the “add-on” module can be accu-
rately programed for potential biomedical applications.[®®%d In
this case, '°F MRI and fluorescent imaging were incorporated
into the “add-on” module because they complement each other
by taking the advantage of no tissue depth limit, no ionizing
radiation, “hot spot” in vivo image of °F MRI, and high sensi-
tivity and convenience in vitro images of fluorescence. Structur-
ally, the peptidic backbone of M-PEG “comb” 1 was composed
of M-PEG-containing @-amino acid 2 and fluorinated L-lysine
3, which N-terminal was capped with a tetraphenylethene-
containing acid 4. In this way, 45 fluorines on the lysine side
chains have similar chemical environments and accumula-
tively give a strong signal for sensitive °F MRI. When formu-
late into liposomal theranostics, the hydrophobic interaction
between the five fluorinated L-lysine sidechains and the lipid
bilayer would facilitate the firm anchoring of M-PEG “comb” 1
on the liposomal nanoparticle surface, while the M-PEG frag-
ments would PEGylate the nanoparticle and therefore enhance
the biocompatibility and in vivo half-time of the liposomes. A
dodecaethylene glycol fragment was chosen as the backbone
of @w-amino acid 2 because much higher biocompatibility was
found for peptidic M-PEGs containing relatively long PEG
fragments in our previous study.®® Tetraphenylethene with
aggregation-induced emission (AIE) fluorescence was intro-
duced as a “smart” fluorophore to trace the liposomes in vitro
and monitor the self-assembly of M-PEG “comb” 1. According
to our previous study,®®'% such amphiphilic M-PEG “combs”
would exhibit thermo-responsive property and a sharp lower
critical solution temperature (LCST) around body temperature,
which may trigger drug release at “hot” regions, like tumor and
inflammatory tissues. As an “add-on” module, M-PEG “comb’
1 along with its multimodal imaging and thermo-responsive
property can be easily introduced into various liposomes
through self-assembly, which provides a convenient and general
strategy for multimodal image traceable and multi-functional

SOCl,, Et3N, DMAP, DCM, O O
0°C; then, NalOy,

62%
5

BrCH,CO,'Bu,

w

NaN3, DMF, 80 °C;

HZO THF, reflux

/{’\/OTH RUC|3, Hzo CH3CN CC|4, rt%\ /f

www.advhealthmat.de

theranostics. In this study, anticancer drug, doxorubicin, was
loaded in the liposomal theranostics for cancer therapy.

2. Results and Discussion

2.1. Synthesis, Physicochemical Property, and Biocompatibility
of M-PEG “Comb” 1

The synthesis of M-PEG “comb” 1 was commenced with
the construction of w-amino acid 2 and L-lysine derivative 3
(Scheme 1). Through a macrocyclic sulfate-based strategy,
Fmoc-protected @-amino acid 2 was conveniently prepared
from tetraethylene glycol 5 with the selective ring opening reac-
tion of macrocyclic sulfate 6 as the key steps on a 10 g scale.
From commercially available Fmoc- and Boc-protected L-lysine
12, fluorinated L-lysine derivative 3 was prepared on a 3 g scale
in four steps with an overall yield of 40%. The fluorinated acid
15 was conveniently prepared from perfluoro-tert-butanol and
tetraphenylethene derivative 4 was prepared according to a
reported method (see the Supporting Information). With amino
acids 2, 3, and tetraphenylethene derivative 4 in hand, M-PEG
“comb” 1 were then prepared through Fmoc-strategy solid-
phase peptide synthesis on a multi-hundred milligram scale
with high purity and full characterization (see the Supporting
Information).

With peptidic M-PEG “comb” 1 in hand, its physicochemical
and biological properties were then investigated. First, M-PEG
“comb” 1 was freely soluble in water because of the seven
highly hydrophilic M-PEG fragments on the peptidic back-
bone. Second, M-PEG “comb”’ 1 showed a strong UV absorp-
tion with a maximum absorption at 310 nm and a strong fluo-
rescent emission at 470 nm (Figure 2a,b). When increasing
the concentration of M-PEG “comb” 1 in water, a concentra-
tion-dependent fluorescent emission and redshift of the UV
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Scheme 1. Synthesis of amino acids 2 and 3.
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Figure 2. a) Concentration-dependent UV absorption and b) fluorescent emission, solvent-induced AIE fluorescent emission c) curves and d) images,
e) turbidity curves (concentration as indicated), f) DLS (concentration = 1.53 x 107 wm, with the corresponding inserted images of the solution),
g) cell viability assay (in LO2 cells and HepG2 cells), and h) confocal images (left at 30 x 10® m of module 1, center at 200 x 10~° m of lysotracker, right
overlay of two images, in HepG2 cells after 2 h) of module 1. Data were presented as mean * standard deviation (n = 3).

absorption were observed. When switching the solvent from
methanol to water, M-PEG “comb” 1 exhibited strong AIE fluo-
rescence, which indicated the hydrophobic interaction and 7w
stacking as the driving forces for the self-assembly in water
(Figure 2c,d). Third, as expected, a sharp LCST of 49 °C was
detected from the turbidity curves of M-PEG “comb” 1 at 20 mg
mL™ (Figure 2e). The LCST was concentration-dependent, i.e.,
the higher the concentration the lower LCST, which was in con-
sistent with our previous study.ll With the aid of dynamic light
scattering (DLS), a dramatic particle size expansion from 15 to
656 nm was observed when heating the M-PEG “comb” 1 solu-
tion from clear to turbid (Figure 2f), which showed the tem-
perature-dependent self-assembly profiles of M-PEG “comb’
1. Finally, the biocompatibility and cell permeability of M-PEG
“comb” 1 were investigated. The biocompatibility of PEGylated
perfluoro-tert-butanol and perfluoropinacol heavily depends on
the molecular geometry: many linear ones are highly toxic,M!
while many branched ones are highly biocompatible./0¢&9212]
Here, high biocompatibility of M-PEG “comb” 1 was observed
during the cell viability assays in human hepatic cell line, L02
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cells, and human liver cancer cell line, HepG2 cells (Figure 2g).
Furthermore, it is noteworthy that no acute toxicity was found
when M-PEG “comb” 1 was injected into Balb/c mice through
tail vein at a high dose of 1.5 g kg™!. Based on previous reports
and the findings here, the highly branched “comb’ structure
and the relatively long dodecaethylene glycol fragments of
M-PEG “comb” 1 may contribute to its high biocompatibility.
Confocal microscopic images showed that M-PEG “comb” 1 can
cross HepG2 cell membrane and enter cells through lysosome
(Figure 2h).

Then, °F MRI properties of peptidic M-PEG “comb” 1 were
investigated. In methanol, M-PEG “comb” 1 gave a sharp and
singlet '°F NMR peak from its 45 fluorines (Figure 3a, top).
When switching the solvent from methanol to water, five peaks
were detected from its 1%F NMR spectrum (Figure 3a, bottom).
The °F NMR signal splitting of PEG “comb” 1 in water showed
the formation of self-assemble nanoparticles in water in which
the five fluorinated L-lysine sidechains were in different chem-
ical environment. Fortunately, the five '°F NMR peaks of M-PEG
“comb” 1 were close enough for accumulatively generating

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Solvent-dependent '°F NMR (top: 100% MeOH, bottom: 100% water, CF;SO3;Na as internal standard) and b) 'F MRI phantom images
(concentrations from 1 to 6 are 3.5 x 1073, 1.8 x 1073, 0.89 x 1073, 0.44 x 1073, 0.22 X 1073, 0.11 x 1073 m in water) of module 1, c) plot of log SI('°F)
versus log C(1) (S| = °F MRI signal intensity), and d) time-dependent in vivo '°F MRI images of mice carrying HepG2 tumor after tail vein injection

of module 1 (n = 3).

sensitive 1°F MRI (Figure 3b). The relatively short *F relaxation
times of M-PEG “comb” 1 (T} = 542 ms, T, = 152 ms, 1.53 X
107 M in water, 25 °C) also contributed to the high F MRI
sensitivity by shortening the data collection time. As expected,
a low F MRI detectable concentration of 0.11 x 1073 M was
found for M-PEG “comb” 1 during the phantom experiments,
which was close to many in vivo drug concentrations. It was
noteworthy that M-PEG “comb” 1 concentration was propor-
tional to its 'F MRI signal intensity (Figure 3c), which would
be valuable for quantitatively tracking M-PEG “comb” 1 and its
nanoparticles with 1°F MRI. Then, an in vivo '°F MRI study
was carried out in a xenograft tumor model of HepG2 cells in
three nude mice (Figure 3d). After tail vein injection of M-PEG
“comb” 1 at 0.23 mmol kg~!, 1%F MRI images were obtained at a
series of time points. It was found that M-PEG “comb” 1 can be
traced in vivo with 'F MRI even 92 h after the injection, which
showed its relatively long in vivo retention time in mice. It was
very interesting to point out that M-PEG “comb” 1 would accu-
mulate in tumor and provide the “hot spot” 1°F MRI images of
tumor.

2.2. Formulation of Theranostics with the “Add-On” Module
Based on the above results, M-PEG “comb’ 1 was employed as
an “add-on” module for the construction of liposomal thera-

nostics with F MRI and fluorescent dual-imaging as well
as thermo-sensitive drug release. When lecithin and M-PEG
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“comb” 1 were formulated with a film dispersion method,
liposomes L0 with a particle size of 96.3 nm and a polydisper-
sity index (PDI) of 0.187 were obtained (Figure 4a,b). Using a
pH gradient strategy, anticancer drug doxorubicin (DOX-HCI)
was loaded into liposomes L0 to give liposomes L1 with a par-
ticle size of 70.6 nm, a PDI of 0.169, and a drug entrapment
efficiency of 95% (Figure 4a,c). The DOX-loaded liposomes
L1 were found to be stable when stored at room temperature
over 30 days or in Dulbecco’'s modified Eagle medium (DMEM)
medium containing 10% fetal bovine serum (FBS) over 4 days
(Figure 4d). It was noteworthy that the nanoemulsions formu-
lated by directly loading DOX with M-PEG “comb” 1 suffered
low DOX loading efficacy and emulsion stability. As a result of
thermo-responsive M-PEG “comb” 1 on the liposomal nanopar-
ticles, liposomes L1 released DOX much faster at 42 °C than
body temperature (Figure 4e), which showed the potential of
L1 in cancer and inflammation diseases-targeted drug delivery.
Liposomes L1 also showed comparable or slightly higher cyto-
toxicity than DOX toward HepG2 cells (Figure 4f). Liposomes
L1 showed valuable dual-imaging modalities. On one hand,
liposomes L1 emitted strong fluorescence from both M-PEG
“comb” 1 and DOX, which facilitated cellular study. With the
aids of confocal microscopy and lysotracker, fluorescent images
indicated that liposomes L1 can cross HepG2 cell membrane
and deliver DOX into cells through lysosome (Figure 4g). On
the other hand, liposomes L1 showed a strong '?F NMR signal
and high 'F MRI sensitivity (Figure S1, Supporting Informa-
tion), which may be used to trace the drug delivery system in

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) DLS, b,c) photos (with insertion of TEM images), and d) stability study with DLS of liposomes LO and L1, e) temperature-dependent drug
release curves, f) cytotoxicity assays, and g) confocal images of liposomes L1. Data were presented as mean * standard deviation (n = 3).

deep tissues. The high stability, cytotoxicity, thermo-sensitivity,
and dual-imaging modality made liposomes L1 a promising
theranostics.

2.3. Cancer Therapy with the Theranostics

With the multifunctional theranostics L1 in hand, an image-
guided cancer therapy was carried out in nude mice xeno-
graft tumor model of HepG2 cells. First, at a very low dose of
0.077 mmol kg™, the liposomal theranostics L1 can be traced
in vivo with “hot spot” ®F MRI which showed not only the
biodistribution of theranostics L1 in mice, but also its aggre-
gation in tumor region as a result of the enhanced perme-
ability and retention effect of the nanoparticles (Figure 5a).
Comparing to the literatures of in vivo drug-tracking with
19F MR, the imaging agent dosage here is the lowest. The
“hot spot” in vivo tracking of theranostics L1 with F MRI in
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mice was also illustrated by the '°F MRI images of a mouse
after intratumoral injection of theranostics L1 (Figure 5b). The
aggregation of theranostics L1 in tumor was confirmed by ana-
lyzing the tissue concentration of M-PEG “comb’ 1 and DOX
in major internal organs at the 12th h after intravenous (iv)
injection (Figure 5c). Second, in vivo pharmacokinetics study
indicated that the mice injected with theranostics 1 had higher
plasma DOX concentration than that of mice injected with
DOX (Figure 5d), which may be valuable for maintain high in
vivo drug level and reducing the dosing frequency. According
to Figure 5d, the half-life time of DOX and theranostics L1 in
plasma were calculated as < 5 and =15 min, respectively. Third,
a therapeutic efficacy study was carried out on three groups of
tumor-carrying mice with five mice in each group, in which
the three groups of mice were injected through tail vein with
saline, DOX, or theranostics L1, respectively. Considerable
tumor growth inhibition was observed in the groups treated
with DOX and theranostics L1 (Figure 5e,g). Importantly, the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) '°F MRI images of mouse after tail vein injection and b) tumor after intratumoral injection of theranostics L1, c) M-PEG “comb” 1 and
DOX concentration in major organs at 12 h post the tail vein inject of theranostics L1, d) plasma concentration of DOX after tail vein injection of
theranostics L1 or DOX (5 mg kg™'), e) tumor growth curves, f) photos of tumor size comparison, and g) mice body weight curves of the three treat-
ment groups dosed with saline, DOX, and theranostics L1, h) H&E and TUNEL staining of HepG2 tumor tissues from the three treatment groups.
Data were presented as mean * standard deviation (n =3 for (a)—(d), n =5 for (e)—(g); the asterisks indicate the differences between L1 and the other

groups, *p < 0.05, and **p < 0.01).

sizes of tumor in the theranostics L1 treated group were much
smaller than that of the DOX treated group, which showed the
improved therapeutic efficacy of theranostics L1 (Figure 5e,g).
Body weigh comparison of the three treatment groups during
the study showed much lower toxicity of liposomes L1 than
DOX (Figure 5f). Finally, the hematoxylin and eosin (H&E) and
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
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labeling) staining of mice tissues showed that theranostics L1
were more efficacious in depleted tumor cells and less toxic to
normal tissue than DOX (Figure 5h and Figure S3, Supporting
Information). Therefore, with the “add-on” module, thera-
nostics L1 could not only provide in vivo “hot spot” F MRI
images, but also improve the therapeutic efficacy and lower the
toxicity.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Conclusion and Outlook

In this study, we have developed a dual-image-traceable and
thermo-responsive M-PEG “comb” as a general and multi-
functional “add-on” module for the convenient construction of
“smart” liposomal theranostics in cancer therapy. The imaging-
guided cancer therapy with the liposomal theranostics has been
demonstrated in both cancer cell lines and murine xenograft
tumor model. The F MRI/fluorescence dual-imaging provided
valuable in vitro and in vivo drug and tumor images. Signifi-
cantly higher therapeutic efficacy and overall survival of animal
was found for the M-PEG “comb’-containing theranostics. In
recent years, a large number of drug delivery systems, including
many theranostics, have been developed, which brought tre-
mendous new ideals for fighting against challenging diseases.
However, most of these systems have too much complexity, but
not enough reproducibility,' which significantly hampered
their clinical application. So, it would be highly valuable to
develop drug delivery systems in a simple and accurate way. The
“add-on” modular strategy developed here is aimed to relieve the
complexity in liposomal theranostics. First, the M-PEG “comb’
is a monodisperse peptide with accurate chemical structure
which completely avoids the heterogeneity issues in such over-
whelmingly used polydisperse biomaterials, as PEGs, polyeth-
yleneimine, poly(lactic-co-glycolic acid), poly lactic acid, poly
glycolic acid, etc. Moreover, the structure of the peptidic M-PEG
“combs” can be accurately programed on solid-phase peptide
synthesis, which enables the fine tuning of their physicochem-
ical and biological properties. Second, a general and versatile
“add-on” module can not only simplify the drug delivery system
by replacing multiple components, such as YF MRI agents,
fluorophore, PEGylation agents, and thermo-responsive bioma-
terials, et al., with just one module, but also provide a general
strategy for the convenient construction of drug-loaded thermo-
responsive theranostics with M-PEGylation, “hot spot” “F
MRI and convenient fluorescence dual-imaging. Meanwhile,
replacing multiple components with one monodisperse module
reduces the uncertainties during formulation and application
of the theranostics. Third, in terms of PEGylation, the peptidic
M-PEG “comb” successfully avoided two major drawbacks of
regular linear polydisperse PEGylation agents: polydisperse and
nonbiodegradable. The M-PEG “comb” is monodisperse and
its biodegradable amide bonds would promote its degradation
to M-PEGs-containing amino acids and natural amino acids.
Currently, the modular strategy has been extensively used in
information technology, science, and engineering and its great
success has been proved by the rapid changes of our daily lives.
Therefore, in a similar way, the application of modular strate-
gies in biomedicine may simplify, standardize, promote bio-
medical R&D in a controllable and precise manner.

4. Experimental Section

Cell Culture and Cytotoxicity Assay: L02 and HepG2 cells were cultured
in DMEM medium containing 10% FBS. All cells were cultured at 37 °C
in humidified atmosphere containing 5% CO, and the growth medium
was replaced with fresh media every 24 h. The biocompatibility assay of
the M-PEGs peptides was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays. For the biocompatibility
assay, L02 and HepG2 cells were seeded into a 96-well plate and allowed

Adv. Healthcare Mater. 2020, 9, 1901331

1901331 (8 of 10)

www.advhealthmat.de

for adherent culture at 37 °C for several hours. Subsequently, a gradient
concentration of “comb” 1 ranging from 125 to 1000 ug mL~" was added
in a series of wells. Every concentration was set with five wells at least.
The wells with 100 uL culture medium alone were used as negative
control and wells containing cells alone were used as positive control.
After incubation for 24 h, the medium was replaced with 100 uL MTT
(1.0 mg mL™) solution and incubated for 4 h. Then the medium was
replaced with 100 uL dimethyl sulfoxide and the absorbance value was
measured at 490 nm using a microplate reader. All of the experiments were
repeated three times at least. Antiproliferation efficiency of L1 and DOX
on HepG2 cells was performed with MTT assay in the similar fashion.

Intracellular Distribution Analysis of “Comb” 1 and L1: After seeding
HepG2 cells in confocal dishes and culturing for 24 h, “comb” 1
(200 pug mL™") was added and the cells were incubated at 37 °C for
2 h. Then, the supernatant was carefully removed and the cells were
rinsed with phosphate-buffered saline buffer twice. After staining with
LysoTracker Green DND-26 (5000 times dilution in DMEM) for 20 min
at 37 °C, cells were rinsed with DMEM twice and imaged using a
confocal laser scanning microscopy (Leica-LCS-SP8-STED). Intracellular
distribution analysis of L1 on HepG2 cells were imaged with confocal
laser scanning microscopy in the similar fashion after incubation at
37 °Cfor 0.5 and 3 h.

Mice T°F MRI Experiments: Mice '°F MRI Experiment of “comb” 1: 200 pL
of “comb” 1 solution (in deionized water, '°F dose was 10 mmol kg™')
was intravenously injected into the HepG2 tumor-bearing mice. "H MRI
and '°F MRI for each mouse were collected over time (at 0, 1, 4, 8, 24, 34,
58, 92 h) on a 400 MHz Bruker BioSpec MRI system after the injection
with isoflurane as anesthetics. '"H MRI: method = RARE-T;, matrix
size = 256 x 256, FOV (field of view) = 4/3 cm, time of repetition (TR) =
3000 ms, time of echo (TE) = 22 ms, slice thickness (SI) = 2/2 c¢m, scan
time = 576 s; 19F MRI: method = RARE, matrix size = 32 x 32, FOV =
5/3.75 cm, SI =15 mm, TR = 1500 ms, TE = 3 ms, scan time = 1536 s.

Mice "PF MRI Experiment of L1: 150 uL of L1 solution ('°F dose was
5 mmol kg™') was intravenously injected into the HepG2 tumor-bearing
mice. "H MRI and '°F MRI for each mouse were collected over time
(at 0, 4, 12, 24 h) on a 400 MHz Bruker BioSpec MRI system after the
injection with 1% pentobarbital sodium as anesthetics. 'H MRI: method
= RARE-T;, matrix size = 256 x 256, FOV = 4/3 cm, TR = 2500 ms,
TE =33 ms, S| = 2/2 c¢m, scan time = 80 s; '°F MRI: method = RARE,
matrix size = 32 x 32, FOV = 5/3.7 cm, SI = 27.2 mm, TR = 1500 ms, TE
=3 ms, scan time = 1536 s.

In Vivo Pharmacokinetic (PK) Study of Free and Encapsulated Drugs: For
the PK assay, male Balb/c mice (6 mice per group) were injected with free
DOX, or liposomes L1 (at an equivalent dose of 5 mg kg™' DOX) through
the tail vein. Three mice were randomly chosen for the first four time
points, and the other three mice were used for the remaining four time
points. Approximately 100 uL of blood was collected in 0.5 mL heparin-
treated tubes from the orbit sinus at each time point (0.083, 0.25, 1,
5, 8, 12, 24, 48 h). The blood samples were extracted with chloroform/
MeOH (4:1, 2 mL) and centrifuged at 3000 rpm for 10 min. The lower
organic phase was concentrated and dried, and then dissolved with 50 pL
methanol. The samples were oscillated for 3 min, sonicated for 2 min,
and centrifuged at 4000 rpm for 5 min. The supernatant was collected and
determined by high-performance liquid chromatography (HPLC) analysis.
The chromatographic conditions were as follows: SPD-20A UV detector
(480 nm), a Sunfire C18 column (5 um, 4.6 x 100 mm), a gradient elution
of solvent A (@ammonium dihydrogen phosphate buffer, water containing
0.5% v/v acetic acid and 0.01 m of ammonium dihydrogen phosphate,
0.35 mL min™") and solvent B (MeOH, 0.35 mL min™").

Assessment of the Biodistribution of L1: The HepG2 tumor-bearing
nude mice were injected with 100 UL of liposomes L1 at an equivalent
dose of 5 mg kg™' DOX via tail vein (n = 3). At 12 h after iv injection,
the mice were euthanized and the heart, liver, spleen, lung, kidney, and
tumor were collected. After tissue homogenization and lyophilization,
DOX and “comb” 1 in tissue samples were extracted with chloroform/
MeOH (4:1). The organic phase was concentrated and dried, and then
dissolved in 200 pL methanol. Then the concentration of DOX and
“comb” 1 were determined by HPLC, respectively. The concentration of
DOX and “comb” 1 were expressed as percentage of injected dose per
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gram tissue (% ID per g tissue). For “comb” 1 HPLC analysis: SPD-20A
UV detector (330 nm), a Sunfire C18 column (5 um, 4.6 x 100 mm),
gradient elution sequence: i) 75% to 85% MeOH in water, 0-10 min; ii)
85% to 100% MeOH in water, 1025 min, flow rate 1 mL min~'. For DOX
HPLC analysis: SPD-20A UV detector (480 nm), a Sunfire C18 column
(5 um, 4.6 x 100 mm), a gradient elution of solvent A (ammonium
dihydrogen phosphate buffer, water containing 0.5% v/v acetic acid
and 0.01 m of ammonium dihydrogen phosphate, 0.15 mL min~') and
solvent B (MeOH, 0.15 mL min™").

Tumor Growth Inhibition using Liposomes L1: The HepG2 tumor-bearing
nude mice were randomly assigned to three groups (five animals each) at
this stage when the tumor sizes approached 100-150 mm?®. The mice were
intravenously injected with saline (100 L), free DOX (100 puL, 5 mg kg™),
or liposomes L1 (100 pL, at an equivalent dose of 5 mg kg™' DOX) at
the time points of 1, 4, and 7 days, respectively. The tumor volume and
body weight of the mice were measured every 2 days. Tumor volume
was measured with a vernier caliper and calculated using the following
equation: volume = 0.5 x L X W2, where “W” and “L” represent the width
and length of the tumor, respectively. The relative tumor volume was
calculated as V/V, (V, was the tumor volume before injection). On the 14th
day, all the mice were sacrificed and the tumor tissues were excised and
collected for immunofluorescence and immunohistochemistry analysis.
The animal experimental procedures were performed in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the local Animal Care and Use Committee.

Statistics: Results were expressed as means £ SD of three
independent experiments. Significance in Figure 5e was determined
via one-way analysis of variance compared to the sample’s respective
prestim value. Statistical significance was denoted by *p < 0.05,
**p < 0.01, and ***p < 0.001. Statistical analysis was performed in
OriginLab OriginPro 8.5.
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