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ABSTRACT: Thermosensitive and imaging-traceable materials with ﬁne-tunable lower critical solution temperature (LCST)
around body temperature are highly valuable in biomedicine. However, such materials are rare because it is challenging to ﬁnetune the LCST and incorporate suitable imaging modalities. Herein, peptidic monodisperse polyethylene glycol (M-PEG)
“combs” with ﬁne-tunable LCST, “hot spot” ﬂuorine-19 magnetic resonance imaging (19F MRI), thermoresponsive ﬂuorescent
imaging, and drug loading ability were developed through accurately programming their structures during solid phase peptide
synthesis (SPPS). The easy availability, structural accuracy, biocompatibility, and versatility provide the M-PEG “combs”
with promising prospects as thermoresponsive and imaging-traceable biomaterials for controlled drug delivery.

■

INTRODUCTION
In recent years, thermosensitive biomaterials have attracted
considerable attention in drug delivery, tissue engineering,
biosensing, and so on.1−6 Taking drug delivery as an example,
thermosensitive drug carriers, most of which are amphiphilic
block copolymers, can release drugs at the pathogen sites in a
highly controllable fashion through phase transitions triggered
by pathogenic local hyperthermia or high intensity focused
ultrasound.7−11 When treating human diseases with a
thermosensitive drug delivery system, a sharp and tunable
LCST slightly above body temperature is crucial for achieving
controlled drug release and high therapeutic eﬃcacy. However,
thermosensitive amphiphilic block copolymers with such a
LCST are rare, and tuning the LCST of the existing
thermosensitive amphiphilic block copolymers is challenging
due to their structural complexity. In addition, few imaging
modalities in existing thermosensitive amphiphilic block
copolymers are available for monitoring the drug delivery
and controlled release process. Therefore, it is of great
importance to develop novel imaging-traceable and thermosensitive materials with sharp and ﬁne-tunable LCSTs around
body temperature.
© 2019 American Chemical Society

Basically, the LCST of a material is mainly determined by its
chemical structure. Thus, the more accurately the structure of a
material is manipulated, the better its LCST is ﬁne-tuned.
Structurally, most thermosensitive materials in biomedicine are
amphiphilic block copolymers.12−16 Among the block copolymers, PEG block copolymers are the most used thermosensitive biomaterials due to their high biocompatibility.17−19
However, it is very challenging to accurately manipulate the
structure of a PEG block copolymer because of numerous
components and multiple reaction centers in these polydisperse materials. Thus, the development of amphiphilic MPEGs-based biomaterials with structural accuracy and diversity
may lead to thermosensitive biomaterials of sharp and ﬁnetunable LCSTs.20−24
With the development of novel synthetic methods for MPEGs,25−28 M-PEGs and alternatives have been increasingly
used biomedicine.29−31 Now, some low molecular weight MPEGs and derivatives are commercially available. Recently, MReceived: November 25, 2018
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Published: January 22, 2019
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Figure 1. Designed thermosensitive peptidic M-PEG “combs”.

metrical ﬂuorines in the peptide would facilitate sensitive “hotspot” 19F MRI tracking of the M-PEG “combs”. Based on these
concerns, comb-shape M-PEG octa-peptides (P6-8, P8-8, and
P12-8) and dodeca-peptides (P6-12, P8-12, and P12-12),
together with a block copolymer-type M-PEG control peptide
P8-8′ were designed (Figure S1).

PEGs modiﬁed drugs, peptides, and imaging agents were
developed in this group.32−35 It was found that the
monodispersity of PEG is crucial for achieving optimal
physicochemical and biological properties. Moreover, manipulating the size of M-PEGs has been proven as a convenient
and eﬃcient way to ﬁne-tune the properties of M-PEG-based
materials. Therefore, amphiphilic M-PEGs-based materials
may avoid the issues of thermosensitive block copolymers
and achieve sharp and ﬁne-tunable LCSTs. Herein, we took
the advantage of peptide chemistry and developed oligopeptide-based amphiphilic M-PEG “combs” with sharp and ﬁnetunable LCSTs as image-traceable and thermosensitive
biomaterials (Figure 1). The versatile SPPS provided a highly
programmable strategy to accurately manipulate the chemical
structure and incorporate multifunctions, such as imaging
modality, targeting molecule, drug loading, and so on. In the
M-PEG “combs”, M-PEG-containing ω-amino acids were
employed as hydrophilicity backbones and biocompatibility
enhancers. 2-(3,5-Bis(triﬂuoromethyl)-phenyl) acetic acid
modiﬁed L-lysines were evenly inserted into the peptidic MPEG backbone to induce self-assembly through hydrophobic
interactions. For the convenience of puriﬁcation in peptide
synthesis and imaging in downstream applications, 2-naphthoic
acid was employed as a UV and ﬂuorescent tag to block Nterminals of the M-PEG “combs”. Because comb-shape
polymers usually exhibit superior physicochemical properties
compared to their block copolymer counterparts,36−40
oligopeptides of such M-PEG “combs” may achieve the
desired physicochemical properties of high molecular weight
PEG block copolymers (usually >10000 Da). Because they
have much lower molecular weights than PEG block
copolymers, it is much easier to synthesize and accurately
manipulate the structure of the M-PEG “combs”. Finally, a
uniﬁed strong 19F NMR signal from multiple pseudosym-

■

EXPERIMENTAL SECTION

Synthesis and Puriﬁcation of Peptidic M-PEG “Combs”. The
peptidic M-PEG “combs” were manually synthesized through the
Fmoc-strategy in a sintered glass reaction funnel ﬁtted with a threeway stopcock on Rink amide-AM resin. Coupling reactions were
performed in DMF for 2 h with 2.5 equiv of Fmoc-protected amino
acid, which was activated in situ with either 2.5 equiv of HATU and
5.0 equiv of DIPEA or 2.5 equiv of HOBt, 2.5 equiv of TBTU, and 5.0
equiv of DIPEA in DMF. Double coupling reactions were carried out
on each residue. The coupling eﬃciency was assessed by TNBS test
(1% picrylsulfonic acid in DMF and 10% N,N-diisopropylethylamine
in DMF) for 5 min. Deprotection reactions were performed by
treating the resin 5 min with a cocktail of either piperidine/DMF
(2:8) or piperidine/DBU/DMF (2:2:96) for several times. The target
peptide (peptidic M-PEG “comb”) was released from the resin with a
solution of TFA/TES/DCM (20:1:20). The crude peptide was
puriﬁed with preparative reverse phase HPLC (UV detection at 254
nm, RP C18 column (10 μm; 30 mm × 250 mm), gradient elution
from 60% methanol in water to 100% methanol over 60 min, ﬂow rate
10 mL/min). The purity of the peptidic M-PEG “combs” was
evaluated on reverse phase HPLC.
Preparation of DOX- or BODIPY-Loaded Nanoemulsions.
Solvent evaporation method was used for DOX loaded nanoemulsion
formulation. DOX·HCl (2 mg) and TEA (3 equiv) in 2 mL of DCM
was stirred at rt for 2 h. The resulting mixture was evaporated under
vacuum and the residue was suspended in 0.2 mL DCM to which P1212 (10 mg in 0.2 mL of DCM) was added. The resulting mixture was
injected into 5 mL of deionized water under sonicating over 30 min.
The organic solvent was evaporated under reduced pressure at room
temperature. The red solution was ﬁltered twice through a 0.45 μm
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polycarbonate membrane. The amount of DOX in the nanoemulsion
was measured by HPLC. Film dispersion method was employed for
BODIPY-loaded nanoemulsion formulation. A mixture of P12-12/
BODIPY (30 mg/1 mg) in 2 mL of DCM was evaporated on a
vacuum rotavapor to form a dry ﬁlm on the wall of the ﬂask.
Deionized water (2.0 mL) was added to the ﬂask and the ﬂask was
sonicated at 60 °C for 1 h, then sequentially ﬁltered twice through
0.45 and 0.22 μm polycarbonate membranes. The amount of
BODIPY loaded in the nanoemulsion was measured by HPLC.
Cellular Uptake. After seeding HepG2 cells in confocal dishes
and culturing for 24 h, free DOX (5 μg/mL) or P12-12 + DOX
nanoemulsion (equivalent DOX concentration: 5 μg/mL) was added
and the cells were incubated at 37 °C for 0.5 or 2 h, respectively.
Then, the supernatant was carefully removed and the cells were
washed with PBS buﬀer. The cells were ﬁxed with 4% formaldehyde
for 20 min at room temperature and washed three times with PBS.
After staining with 4,6-diamidino-2-phenylindole (DAPI) for 5 min,
the cells were imaged with confocal laser scanning microscopy (LeicaLCS-SP8-STED).
In Vitro 19F MRI Experiments. All magnetic resonance imaging
(MRI) experiments were performed on a 400 MHz Bruker BioSpec
MRI system. The temperature of the magnet room was maintained at
25 °C during the entire MRI experiment. P12-12 solutions (4, 2.7, 2,
1.3, 0.67, and 0.33 mM) were prepared by sequential dilution with
deionized water. The 19F in vitro images were acquired using a
gradient-echo (GRE) pulse sequence, method = RARE, matrix size =
32 × 32, SI = 37 mm, FOV = 3.7 cm, TR = 4000 ms, TE = 7.0 ms,
scan time = 32 s, B = 9.4 T.
In Vivo Fluorescence Imaging. A total of 250 μL of BODIPYloaded micelles (corresponding to 0.6 μmol/kg) was intravenously
injected into the HepG2 tumor-bearing mice. The ﬂuorescent scans
were recorded on Bruker Xtreme BI (U.S.A.). Fluorescence imaging
was performed using a 690 nm excitation and a 750 nm emission
ﬁlter.

Figure 2. Turbidity curves of M-PEG peptides (a: 0.342 mM, b: 3.42
mM, c: mixtures of 0.171 mM each peptide; d: P6-8, P8-8, and their
mixture) and photos of M-PEG peptides at 10−62 °C (tubes 1−6
contain 0.342 mM of P6-12, P8-12, P6-8, P12-12, P8-8, and P12-8,
respectively).

■

RESULTS AND DISCUSSION
Synthesis and Characterization of Peptidic M-PEG
“combs”. The peptidic M-PEG “comb” synthesis started with
amino acids construction. Through a macrocyclic sulfate-based
strategy,28 the ω-amino acids with 6, 8, and 12 ethylene glycol
units were conveniently prepared in Fmoc-protected forms on
10 g scales, respectively. 2-(3,5-Bis(triﬂuoromethyl)-phenyl)
acetic acid modiﬁed L-lysine was prepared from a commercially
available L-lysine derivative. Then, the designed peptides were
prepared through Fmoc-strategy on solid phase. After HPLC
puriﬁcation, the peptidic M-PEG “combs” were obtained on
multihundred milligram scales with high purity and full
characterization (see Supporting Information).
With the peptidic M-PEG “combs” in hand, their
thermosensitive property was then studied with the aid of
turbidity curves. As a result of their peculiar mode of
interactions, LCSTs were observed from all the M-PEG
“combs”. But, no LCST was observed in the range of 10−100
°C for M-PEGs block copolymer P8-8′. As thermosensitive MPEG “combs” P8-8 and nonthermosensitive M-PEGs block
copolymer P8-8′ had the same molecular weight and amino
acid components, it is the “combs”-shape allocation of
hydrophobic L-lysine derivatives resulted in the thermosensitive property of these amphiphilic M-PEG “combs”. Comparing to polydisperse PEGs-containing block polymers,41 all the
M-PEG “combs” gave very sharp LCSTs due to their structural
accuracy. Moreover, the LCSTs of the M-PEG “combs” can be
ﬁne-tuned by structural modiﬁcation in two ways: (1)
Increasing the length of M-PEGs fragments in the M-PEG
“combs” elevated the LCSTs (Figure 2a, serial 1: P6-12 (10
°C), P8-12 (26 °C), P12-12 (43 °C); serial 2: P6-8 (31 °C),

P8-8 (47 °C), P12-8 (62 °C), at 0.342 mM). (2) Increasing the
number of amino acid residues in the M-PEG “combs” lowered
the LCSTs (Figure 2a, serial 1: P6-8 (31 °C), P6-12 (10 °C);
serial 2: P8-8 (47 °C), P8-12 (26 °C); serial 3: P12-8 (62 °C),
P12-12 (43 °C), at 0.342 mM). Concentration of the M-PEG
“combs” also played a role in the LCSTs, that is, the higher
concentration the slightly lower LCSTs (Figure 2a,b). In
addition, the LCSTs may be tuned by mixing two M-PEG
“combs” (Figure 2c). The LCST of M-PEG “combs” mixture
was between the LCSTs of two-component M-PEG “combs”
(Figure 2d). It is noteworthy that pure M-PEG “combs” gave
much sharper LCSTs than their mixtures, which illustrated the
crucial role of structural accuracy for sharp LCSTs and LCSTs
ﬁne-tuning. Because regular PEG are mixture of oligomers,
replacing the M-PEGs fragments in the M-PEG “combs” with
regular PEG fragments would resulted in polydisperse
structure, much wider LCSTs, and diﬃculty in LCSTs ﬁnetuning. Photos of sequential turbidity changes in the range of
10 to 62 °C further illustrated the LCSTs ﬁne-tuning through
accurate structure modiﬁcation (Figure 2e−j). Interestingly,
the limpidity−turbidity transition at the LCSTs was reversible
and the turbid solutions of M-PEG “combs” turned into clear
solution again when cooling the turbid solutions below their
LCSTs. Therefore, a preferred LCST round body temperature
for certain biomedical applications would be obtained through
these ﬁne-tunings: accurately structural modiﬁcation, concentration manipulation, and mixing of two M-PEG “combs”.
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To probe the mechanism of limpidity-turbidity transition at
LCST, the M-PEG “combs” phase transition was investigated
with dynamic light scattering (DLS) and transmission electron
microscopy (TEM). DLS showed sharp particle size expansion
when heating the M-PEG “combs” from clear solution to
turbid solution at LCST (Figure 3a). For example, a particle

Figure 4. CD spectrum (a) and temperature-dependent (b: 1H NMR,
c: 19F NMR) and solvent-dependent (d) NMR of P6-8.

dependent 1H and 19F NMR of P6-8 (Figure 4b,c). Enhanced
interaction between hydrophobic groups in water was further
conﬁrmed by much wider 19F peak distribution of P6-8 in
water than in methanol (Figure 4d). Based on these
observations, thermosensitive interactions between the hydrophobic moieties, including π−π stacking, hydrophobic
interactions and hydrogen bonds, were the driving forces for
the phase transition behavior at LCST.
In Vitro 19F MRI and Fluorescent Imaging. The
incorporated 19F MRI and ﬂuorescent imaging capability in
the M-PEG “combs” were then investigated. M-PEG “comb”
P12-12 with a LCST slightly above body temperature was
chosen as a representative M-PEG “comb”. First, through the
strong 19F signals from its 30 pseudosymmetric ﬂuorines,
sensitive 19F MRI was obtained at a low P12-12 concentration
of 0.33 mM with a short scan time of 32 s (Figure 5a).
Comparing to ﬂuorescent imaging (sub-μM level), 19F MRI
(mM level) is not a sensitive imaging modality.32,35 P12-12
with a 19F MRI detectable concentration of 0.33 mM would be
regarded as a highly sensitive imaging agent. Relatively short
19
F relaxation times were found for P12-12 (T1 = 754 ms and

Figure 3. Temperature-dependent DLS of P6-8 (a) and its size
distributions around LCST (b, 0.342 mM), TEM of P6-8 solutions (c:
25 °C, d: 35 °C, 0.342 mM).

size expansion of over 80 times was observed by DLS at the
LCST of M-PEG “comb” P6-8 (Figure 3b). The sharp particle
size expansion of P6-8 around LCST was also conﬁrmed by
TEM, in which the small nanoparticles of M-PEG “comb” P6-8
aggregated into much larger particles above the LCST (Figure
3c,d). It is noteworthy that transformation above LCST is a
dynamic process during which small particles keeps aggregating into large particles. So, small particles and large particles
were observed in the same TEM image (Figure 3d).
Interestingly, TEM showed the formation of long nanotubes
with a diameter of about 10 nm in M-PEGs block copolymer
P8-8′, which indicated the quite diﬀerent modes of selfassembly in M-PEG “combs” and M-PEGs block copolymers
as a result of the diﬀerent allocation of hydrophobic groups in
the peptidic M-PEGs (see Supporting Information). Therefore,
the limpidity−turbid transition at LCST is a result of particle
size expansions originated from the peculiar thermosensitive
interactions and self-assembly of the M-PEG “combs”, during
which more M-PEG “combs” aggregated together to form large
particles.
To study the thermosensitive behaviors of the M-PEG
“combs” on the molecular level, CD and NMR spectra of a
model M-PEG “comb”, P6-8, were investigated. First, CD
spectrum showed that P6-8 formed random coils in water at
LCST as a result of its highly ﬂexible M-PEGs backbone and
the excessive hydrogen bonds between M-PEGs and water
(Figure 4a). Second, the hydrophobic interactions of P6-8 in
water was observed from the 19F chemical shift changes in its
solvent-dependent 19F NMR (see Supporting Information).
Multiple 19F NMR peaks from 30 pseudosymmetric ﬂuorines
in the M-PEG “combs” indicated quite diﬀerent microenvironment of the triﬂuoromethyl groups in the self-assembled
nanoemulsions. Third, the formation of thermosensitive π−π
stacking among the aromatic groups and hydrophobic
interaction among the triﬂuoromethyl groups were observed
from the signal shifting to lower ﬁeld in the temperature-

Figure 5. 19F MRI images of P12-12 (a, P12-12 concentrations of 1 to
6 are 4.0, 2.7, 2.0, 1.3, 0.67, 0.33 mM, scan time = 32 s, B = 9.4 T),
thermoresponsive ﬂuorescent emission curves and images of P12-12
(b, c, Ex = 305 nm, Em = 613 nm) and BODIPY-loaded P12-12
nanoemulsion (d, e, Ex = 690 nm, Em = 750 nm).
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T2 = 142 ms, 3.42 mM in water, 37 °C), which also contribute
to its high 19F MRI sensitivity by shortening the 19F MRI data
collection time. As a “hot spot” imaging technique, 19F MRI
may conveniently and sensitively track the M-PEG “combs”
without ionizing radiation, tissue depth limit, and background
signal. Second, through its 2-naphthoyl group, M-PEG
“combs” P12-12 gave thermoresponsive ﬂuorescent images.
As a result of thermoresponsive phase transitions at LCST, an
over 50 times of ﬂuorescent intensity enhancement at 613 nm
was observed when heating P12-12 solution from limpidity to
turbidity (Figure 5b) which exhibited as thermoresponsive
“oﬀ” and “on” ﬂuorescent images (Figure 5c). Meanwhile,
thermoresponsive ﬂuorescent images were also generated from
ﬂuorescent dye BODIPY-loaded P12-12 nanoemulsion. On the
contrary, an over 10 times of ﬂuorescent intensity reduction at
750 nm was observed when heating the nanoemulsion from
limpidity to turbidity (Figure 5d). The thermoresponsive “on”
and “oﬀ” ﬂuorescent images (Figure 5e) may be a result of
BODIPY aggregation induced ﬂuorescent quench at LCST. It
is noteworthy that the ﬂuorescent “on” and “oﬀ” process can
be repeated many times (Figure 5c).
Biocompatibility and Cytotoxicity. A proof-of-concept
study using the thermosensitive M-PEG “combs” as “smart”
drug delivery vehicles was carried out. First, biocompatibility of
the PEG “combs” was evaluated. Biocompatibility assay on
murine ﬁbroblast cells (L929 cells) indicated that the length of
M-PEGs fragments in the “combs” played an important role in
biocompatibility. M-PEG “combs” P12-12 and P12-8 containing
relatively long dodecaethylene glycol fragments showed
negligible cytotoxicity toward L929 cells while M-PEG
“combs” P6-8 and P8-8 containing short hexaethylene glycol
and octaethylene glycol fragments showed dramatic cytotoxicity toward L929 cells, especially at concentrations higher than
0.125 mg/mL (Figure 6a). Then, highly biocompatible M-PEG
“comb” P12-12 was chosen as the drug delivery vehicle and
cytotoxicity of drug-loaded P12-12 was investigated. Drugloaded M-PEG “combs” nanoemulsion with a diameter of
107.4 nm and a polydispersity index of 0.292 were
conveniently obtained by mixing an anticancer drug doxorubicin (DOX) with M-PEG “comb” P12-12 (Figure 6b). The
nanoemulsion released DOX much faster at 40 °C than at 37
°C (Figure 6c), which illustrated the possibility of targeted
drug delivery to pathologic sites of higher temperature. The
DOX-loaded nanoemulsion exhibited higher antiproliferation
eﬃcacy toward hepatocellular carcinoma cells (HepG2 cells)
than free DOX at 37 °C, Moreover, the DOX-loaded
nanoemulsion exhibited higher antiproliferation eﬃcacy at 40
°C than at 37 °C (Figure 6d, IC50 of the nanoemulsion at 37
and 40 °C are 2.7 and 1.3 μg/mL, respectively). Confocal laser
scanning microscopy analysis indicated that DOX-loaded P1212 nanoemulsion can cross HepG2 cell membrane more
eﬃciently than free DOX (Figure 6e). Therefore, M-PEG
“comb” P12-12 is an eﬀective thermoresponsive drug delivery
vehicle for in vitro DOX delivery.
In Vivo Fluorescent Images. Finally, a proof-of-concept
image-traceable drug delivery in cells and mice was carried out
on BODIPY-loaded P12-12 nanoemulsion with BODIPY as an
imaging-traceable model “drug”. Confocal laser scanning
microscopy showed that BODIPY-loaded P12-12 can more
eﬀectively delivery the payload, BODIPY, into HepG2 cells,
especially into nucleus, than free BODIPY (Figure 7a), which
is in consistent with the cytotoxicity results. With a xenograft
nude mice model, in vivo ﬂuorescent images showed a long

Figure 6. Biocompatibility of the peptides on L929 cells after
cultivation for 24 h (a), DLS (b) and DOX release curves of P12-12 +
DOX nanoemulsion (c), antiproliferation eﬃcacy (d), and confocal
images (e) of DOX and P12-12 + DOX nanoemulsion treated HepG2
cells. Values are the means ± s.d. (n = 6 for a, n = 3 for c, d).

Figure 7. Fluorescent image-guided drug delivery in HepG2 cell after
cultivation for 12 h (a), mice (b) and organs after 24 h of intravenous
injection (c) with BODIPY-loaded P12-12 nanoemulsion.

circulating time of the drug delivery system and considerable
payload accumulation in tumor (Figure 7b,c). It should be
pointed out that, in this case, the P12-12 dosage of 19.4 μmol/
kg is too low to detect P12-12 in mice with 19F MRI.

■

CONCLUSION
In summary, we developed thermosensitive and imagetraceable M-PEG “combs” as versatile biomaterials. Comparing
to thermosensitive PEG block copolymers with polydisperse
components, high molecular weight (usually >10 000 Da), and
unpredictable LCST, the M-PEG “combs” are featured with
accurate and programmable chemical structures, low molecular
weights of 3000−6000 Da, sharp and ﬁne-tunable LCSTs, and
“hot spot” and “smart” imaging modalities. The accurately
structural manipulations of the M-PEG “combs”, especially
manipulating the size of M-PEGs ω-amino acid and peptide,
1285
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make LCST and biocompatibility ﬁne-tunable, where M-PEGs
act as solubility enhancer, biocompatibility and LCST
modulator. It was found that the reversible limpidity−turbidity
transition at LCST is a result of thermoresponsive phase
transition in self-assembly of the amphiphilic M-PEG “combs”,
which is accompanied by thermoresponsive “on” and “oﬀ”
ﬂuorescent imaging from both host, the M-PEG “combs”, and
guest, loaded cargos, in the micelle system. The multiple
pseudosymmetrical ﬂuorines and 2-naphthoyl group in the MPEG “combs” endow the drug delivery system with “hot spot”
and “smart” imaging modalities which facilitate the M-PEG
“combs” as “smart” and imaging-traceable biomaterials. The
M-PEG “combs” can load and deliver DOX into cells with high
eﬃcacy and release DOX in a thermoresponsive fashion. In a
proof-of-concept mice study, the M-PEG “combs”-based drug
delivery system eﬀectively delivers the payload to tumor in an
image-traceable way. Notable, the ﬂexibility of peptide
synthesis would provide the M-PEG “combs” with many
functions for potential applications, such as targeted delivery,
controlled drug release, theranostics, biodegradability, and
beyond. On account of their advantages in structural accuracy
and diversity, ﬁne-tunable LCST, biocompatibility, drug
delivery capability, and versatile multiple imaging modalities,
the M-PEG “combs” may ﬁnd broad applications in
biomedicine. Using the peptides as “smart” drug carriers in
image-guided cancer therapy on animal models is currently in
progress and will be published in due course.
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