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ABSTRACT: A biodegradable amphiphilic liquid polymer was
designed to form self-emulsifying nanodroplets in water for delivering
poorly soluble drugs. The polymer was composed of multiple short
blocks of poly(ethylene glycol) (PEG) and poly(caprolactone) (PCL)
connected through acid-labile acetal linkages. With an overall average
molecular weight of over 18 kDa, the polymer remained as a viscous
liquid under room and physiological temperatures. Dispersing the
polymer in an aqueous buﬀer gave rise to highly stable micelle-like
nanodroplets with an average size of approximately 15−20 nm. The
nanodroplet dispersions underwent reversible temperature-sensitive
aggregation with cloud points ranging from 45 to 50 °C, depending
on polymer concentration. Nuclear magnetic resonance (NMR) and
dynamic light scattering analyses revealed that while the nanodroplets
were stable at pH 7.4 for several days, hydrolysis of the acetal linkages in the polymer backbone was much accelerated under mildly
acidic pH 5.0, resulting in the formation of large microdroplets. Nile red (NR), a poorly water-soluble ﬂuorophore, can be
solubilized in the nanodroplets, and eﬃcient intracellular delivery of NR was achieved. The hydrophobic indocyanine green (ICG)
was also encapsulated in the nanodroplets. Near-infrared (NIR) ﬂuorescence imaging and in vivo biocompatibility of the ICG-loaded
nanodroplets were demonstrated in mice. In summary, the self-emulsifying nanodroplets of amphiphilic liquid polymer would be a
promising material system for poorly soluble drug delivery and imaging in vivo.
KEYWORDS: block polymer, nanodroplets, dual-responsive, self-emulsifying, drug delivery
stability.9 Drugs are loaded in polymeric micelles during the
self-assembly of amphiphilic block copolymers, relying on the
partitioning of poorly water-soluble payloads into the hydrophobic core of the micelles across the aqueous/nonaqueous
solvent interface. Such processes are complicated and
ineﬃcient. Furthermore, the hydrophobic core of many
polymeric micelle systems can be crystalline, resulting in
limited drug-loading capacity and solubilization.10
Poly(ethylene glycol)-poly(caprolactone) (PEG-PCL) block
copolymers are among the most widely studied polymeric
materials as drug nanocarriers, which possess excellent
biocompatibility.11−13 The PCL core of the PEG-PCL block
copolymer micelles is typically solid and crystalline. Here, we
designed a unique biodegradable amphiphilic liquid polymer
based on the same building blocks (namely, PEG and PCL)

1. INTRODUCTION
Over the past several decades, a wide range of “smart”
nanoparticles has been investigated extensively for drug
delivery applications including the delivery of poorly soluble
molecules to treat cancer.1,2 Much attention has been focused
on polymeric micelles, which are usually formed by the selfassembly of amphiphilic polymers in an aqueous phase.3
Polymeric micelles, due to their nanoscale size and the ability
of solubilizing poorly water-soluble cargos, have been shown to
accumulate in solid tumor sites after systemic administration
either passively through the enhanced permeability and
retention (EPR) eﬀect or actively via cell-speciﬁc ligands.4−7
Polymeric micelles with stimuli-responsive dynamic properties
have been utilized to modulate controlled drug release,
achieving antitumor eﬃcacy superior to free drugs. Other
forms of nanomaterials for systemic delivery of poorly soluble
drugs are also widely studied. However, these nanomaterial
systems still have several drawbacks. Small molecule surfactants
have limited drug solubilization and loading capacity, and can
be toxic. Liposomes may also have limited drug-loading
capacity and are not stable in a physiological environment.8
Self-emulsiﬁed drug delivery systems often need surfactants for
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that formed nanodroplets in water. In contrast to conventional
polymeric micelles and nanoparticles, these nanodroplets were
liquid with high ﬂuidity (potentially facilitating drug loading)
and were self-emulsifying (no need for additional surfactants
that could have a negative inﬂuence on the biological activity
of nanoparticles14). Furthermore, the nanodroplets were
designed to be responsive to changes in temperature
(reversible aggregation and dispersion) and pH (transformation to larger microdroplets as a result of acid-catalyzed
polymer hydrolysis), which would allow for environmental
modulation of drug delivery. In this study, we reported the
synthesis and solution properties of the nanodroplets,
encapsulation and release of poorly soluble compounds,
cellular uptake, cytotoxicity, in vivo systemic delivery of a
poorly soluble imaging agent, and histological analysis for an
evaluation of systemic biocompatibility.

against polymer concentration, and the CAC was determined as the
inﬂection point of the curve.
2.6. Transmission Electron Microscopy (TEM). The polymer
was dispersed into deionized water to 10 mg/mL and vortexed for 60
s. The nanodroplet dispersion was deposited onto a carbon-coated
copper grid, followed by drawing oﬀ excess water with a ﬁlter paper.
The grid was dried at room temperature before examination under a
transmission electron microscope (Tecnai-F20, FEI Co., Eindhoven,
Netherlands).
2.7. Thermal Phase Transition and Cloud Point. Temperature-dependent optical absorbance at 500 nm was measured using an
Agilent Cary 100 Bio UV−vis spectrophotometer. Heating and
cooling cycles between 25 and 55 °C were controlled by a Cary
temperature controller at the rate of 1 °C/min with data collection at
1 °C interval. The temperature reading of the spectrophotometer was
calibrated with a thermocouple. The cloud point of each sample was
determined as the onset temperature, at which the solution became
less than fully transparent during heating.19,20
2.8. Kinetics of Polymer Hydrolysis. The hydrolytic degradation proﬁle of the polymer was determined based on the 1H NMR
spectra, which reﬂected the changes in polymer chemical structure
during the course of degradation. The polymer was dissolved at 10
mg/mL in a mixed solvent of 90% DMSO-d6 and 10% D2O. The pH
value of the solution was adjusted to either 7.4 or 5.0 by adding
minute amounts of hydrochloric acid (1 M). The samples were loaded
and sealed in NMR tubes and incubated at 37 °C for up to 7 days. 1H
NMR spectra were acquired on days 0, 1, 3, 5, and 7 using a Varian
Unity spectrometer at 300 Hz.
2.9. Cytotoxicity. Mouse breast cancer EMT-6 cells (ATCC)
were maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM,
Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco) and incubated at 37 °C in a humidiﬁed 5% CO2 atmosphere.
Conﬂuent cells were harvested and seeded into a 96-well plate at a
density of 10 000 cells per well in 200 μL of growth media and
incubated for 24 h in 5% CO2 at 37 °C. After replacing with 180 μL of
fresh media, 20 μL of nanodroplet solution with polymer
concentration ranging from 0 to 2000 μg/mL was added and
incubated for 24 h. The cytotoxicity was measured using an MTT (3(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay
as described previously.21
2.10. Preparation and Intracellular Uptake of NR-Loaded
Nanodroplets. EMT-6 cells were seeded into 35 mm glass-bottom
confocal Petri dishes (MatTek Corporation, MA) at the density of
50 000 cells per dish in 1800 μL of culture media and incubated for 24
h to reach 80% conﬂuency. NR (3 mg) was mixed with 100 mg of
bulk PA11 polymer and incubated at room temperature overnight to
ensure that NR dissolved completely in the polymer without the aid
of additional solvent. The NR/polymer mixture was then dispersed in
PBS (pH 7.4) to reach 1 mg/mL ﬁnal polymer concentration and
ﬁltered through 0.45 μm nylon membrane ﬁlters. PA11/NR
nanodroplets (200 μL) were added to each dish of EMT-6 cells
and incubated for 24 h. At 4 and 24 h time points, the culture media
was removed. The cells were washed with PBS twice, ﬁxed with
formaldehyde, washed again, and stained with Actin-Tracker Green
for 1 h and then treated with DAPI for 5 min to stain cell nuclei.
Furthermore, the cells were also treated with free NR at 24 h based on
the method mentioned above. The stained cells were observed under
a confocal laser scanning microscope (CLSM, Zeiss LSM 710, Carl
Zeiss Meditec AG, Jena, Germany) at the following excitation/
emission wavelengths: 495/518 nm (Actin-Tracker Green), 530/635
nm (NR), and 360/460 nm (DAPI). At a 24 h time point, the cells
were also stained with Lyso-Tracker Green for 2 h at 37 °C, followed
by CLSM with excitation/emission wavelengths of 504/511 nm.
2.11. Preparation of ICG-Loaded Nanodroplets. ICG (3 mg)
and tetrabutylammonium iodide (17.16 mg) were dissolved in 2.5 mL
of dichloromethane and stirred at room temperature for 12 h. After
drying with an evaporator (BUCHI R-100, BUCHI Labortechnik AG,
Switzerland), 100 mg of PA11 was added and stirred for 12 h at room
temperature, followed by dispersion into PBS (pH 7.4). Finally, the
PA11/ICG nanodroplets were dialyzed against PBS for 24 h (MW

2. MATERIALS AND METHODS
2.1. Materials. Poly(ε-caprolactone) (PCL) diol (average Mn =
530), poly(ethylene glycol) (PEG) diol (average Mn = 400),
tri(ethylene glycol) divinyl ether, para-toluenesulfonic acid monohydrate (pTSA), tetrahydrofuran (THF), acetone, ammonium
hydroxide, and Nile red (NR)15 were purchased from Sigma-Aldrich.
PCL diol and PEG diol were dried under vacuum at room
temperature for at least two days before use. THF was dried over
sodium. Other chemicals were used as received.
2.2. Polymer Synthesis. Dried PCL diol (2.65 g) and PEG diol
(2 g) were added to a reaction ﬂask through a syringe under a
nitrogen atmosphere. Dried THF (10 mL) was added to dissolve PCL
diol and PEG diol completely under stirring. Tri(ethylene glycol)
divinyl ether (2.02 g) was then added to the ﬂask and stirred for 5
min, followed by the addition of 0.5 wt % of pTSA in THF (10 mL)
as a catalyst. The polymerization continued under stirring for 2 h at
room temperature. A few drops of ammonium hydroxide were added
to stop the reaction. THF was then removed by rotary evaporation
and the crude product was obtained as a viscous liquid. For further
puriﬁcation, the crude product was dialyzed against THF (MW cutoﬀ:
3500) for two days. The polymer product (code named “PA11”) was
obtained after removing THF by rotary evaporation and dried under
vacuum for two days at room temperature.
2.3. Polymer Characterization. Gel permeation chromatography
(GPC) experiments were performed at 25 °C in CHCl3 with a ﬂow
rate of 1 mL/min using a Hewlett-Packard 1100 series liquid
chromatography equipped with three PL gel 5 μm mixed columns
(Jordi Gel columns of 500, 103, and 104 Å pore sizes) and a HewlettPackard 1047A refractive index detector. The GPC instrument was
calibrated with polystyrene standards (Polymer Laboratories,
Amherst, MA). All sample solutions were ﬁltered through a 0.22
μm ﬁlter before analysis. 1H NMR spectra were recorded on a Varian
Unity spectrometer (300 MHz) with DMSO-d6 as a solvent.
Chemical shifts were given in ppm relative to that of the residual
solvent DMSO-d6 at 2.5 ppm.
2.4. Preparation of Nanodroplets and Dynamic Light
Scattering (DLS). The polymer PA11 was dispersed into 2 mL of
20 mM phosphate-buﬀered saline (PBS, pH 7.4) or sodium acetate/
acetic acid (NaAc/HAc) buﬀer (pH 5.0) with polymer concentration
varying from 0.1 to 50 mg/mL via vortex to form nanodroplets. The
solutions were passed through a 0.45 μm membrane ﬁlter (Millipore/
Merck, Darmstadt, Germany) before measurement. The size and ζpotential of the nanodroplets were determined using a Zetasizer Nano
ZS (Malvern Instruments, UK).
2.5. Determination of Critical Aggregation Concentration
(CAC). The CAC of PA11 was determined using a method described
previously.16−18 Brieﬂy, the ﬂuorescence emission spectra of NR (1 ×
10−6 M) in aqueous solutions of polymer (concentrations ranging
from 0.00001 to 10 mg/mL) were obtained. The ﬂuorescence
intensity at the maximum emission wavelength of 624 nm was plotted
B
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Scheme 1. Synthesis of the Biodegradable Amphiphilic Multiblock Copolymer PA11

cutoﬀ: 8000−14 000). After dialysis, the volume of the PA11/ICG
nanodroplet dispersion was adjusted to 6 mL for in vivo experiments.
2.12. Animals. Female BALB/c mice (6−8 weeks old) were
obtained from Beijing Huafukang Biotechnology Company and raised
under speciﬁc pathogen-free (SPF) conditions. All procedures were in
compliance with the regulations of the Tianjin Committee of Use and
Care of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee of the Chinese Academy of Medical
Sciences.
2.13. Mouse Injection, Fluorescence Imaging, and Histological Analysis of Mouse Organs. Diﬀerent formulations of ICG
(free ICG and PA11/ICG nanodroplets in PBS) with the same
equivalent ICG concentration of 2.5 mg/kg (100 μL) were injected
into mice via the tail vein. Mice receiving PBS-only injections were
used as control. After 1 and 48 h, the mice were sacriﬁced and their
major organs were collected and observed under the CRI Maestro in
vivo imaging system (CRI Maestro 2.4, Cambridge Research &
Instrumentation, Inc., USA). The organs collected 48 h after injection
were sectioned and stained with hematoxylin and eosin (H&E) to
examine potential organ damage.

blocks (PEG 400 and PCL 530) and the acetal linkages that
disrupt the molecular regularity of the polymer main chains.
3.2. Self-Assembly of PA11 in Water to Form
Nanodroplets. DLS and TEM results reveal that the PA11
nanodroplets appeared to be spherical and had relatively
uniform sizes (Figure 1). The ζ-potential of the nanodroplets

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of PA11. The
biodegradable amphiphilic multiblock copolymer PA11 consists of short-chain PEG and PCL segments connected through
acetal linkages. PA11 was synthesized through one-step
condensation copolymerization of diols of PEG and PCL at
a 1:1 molar ratio with tri(ethylene glycol) divinyl ethert. The
route of synthesis is shown in Scheme 1. GPC was used to
determine the number-average molecular weights (Mn) and
dispersity (Đ) of PA11 (Figure S1), which were 1.83 × 104 and
1.47, respectively. 1H NMR spectrum of PA11 is shown in
Figure S2. Peaks at 1.40−1.65, 2.32, and 4.06 ppm were
assigned to methylene protons of −(CH2)3−, −OCCH2−, and
−CH2OOC− in the PCL units, respectively. The sharp peak at
3.65 ppm was attributed to methylene protons of
−CH2CH2O− in PEG units of block copolymers.22 The acetal
bond formation was conﬁrmed by the characteristic peaks at
4.7−4.8 ppm assigned as methine protons of acetal groups and
at 1.3 ppm from methyl protons of acetal groups. The very
weak peaks at 4.23 ppm were attributed to methylene protons
of −O−CH2− in the PEG end-unit linked with the PCL
blocks. The characteristic NMR peaks of acetal groups were
consistent with previously reported results.23,24 The polymer
product was a viscous liquid at room and physiological
temperatures. Two design considerations have ensured that
PA11 remains in the liquid state: relatively short building

Figure 1. PA11 forms nanodroplets in water. (A) Particle size
distribution determined by DLS. Mean peak size: 23 nm.
Polydispersity index: 0.16. (B) TEM image of nanodroplets. Scale
bar: 200 nm. Concentration of PA11: 0.2 mg/mL.

was −2.27 ± 0.085 mV. Light scattering intensity (Derived
Count Rate) (Figure 2A), cumulant size (Figure 2B), and
polydispersity (Figure 2C) measured by DLS showed that the
self-assembly of PA11 in water is dependent on polymer
concentration, a common behavior of self-associating amphiphilic polymers in aqueous solvents.25 Below a certain
concentration threshold (∼0.05 mg/mL), molecular chains
of PA11 existed as unimers and no stable particles were
detectable under such dilution conditions. PA11 begun to form
stable nanodroplets at or above 0.05 mg/mL (shaded regions;
Figure 2). In addition, at the concentration above ∼2 mg/mL,
PA11 appeared to be in a superstable phase, where it formed
smaller particles with low polydispersity compared to the
C
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Figure 2. Nanodroplet formation is dependent on polymer concentration as revealed by DLS measurements. (A) Derived count rate, (B) cumulant
size, and (C) polydispersity of particles. Gray-shaped areas indicate the range of concentration within which PA11 forms stable nanodroplets.
Samples were measured in triplicate. Data points are mean ± SD.

even lower concentrations (0.02 mg/mL), the onset of phase
transition was not observed below 60 °C (Figure 4C). The
strong concentration dependence of thermal phase transition
of PA11 droplets was a common aqueous solution property of
many amphiphilic block copolymers such as PEG-b-PCL and
PEG-b-PLA, which involves temperature-induced dynamic
changes of hydrophobic interaction and hydrogen bonding
among self-associating polymer chain segments and water
molecules. Such temperature-triggered phase transition of
polymeric nanoparticles may provide opportunities for
modulating the retention, biodistribution, and controlled
release of bioactive cargos through localized hyperthermia.
One possibility is that the nanodroplets are administered
locally at high concentrations (preferably at or above 1 mg/
mL) and the injection site can be heated, causing aggregation
and potentially fusion of nanodroplets into larger microdroplets with longer retention in the biological tissue or organ.
Another possible scenario is that after systemic administration
of the nanodroplets, local hyperthermia can be induced at
distal target organs (such as a solid tumor), enhancing the
accumulation of the polymer carriers and their bioactive
cargos. Notably, the concentration-dependent cloud point
ranges from 40 to 51 °C, which is attainable by clinical
hyperthermia therapy.27 Furthermore, increasing the polymer
hydrophobicity by reducing the PEG/PCL ratio would be
expected to decrease the thermal transition temperature to be
even closer to the physiological temperature.
3.4. pH-Sensitive Hydrolysis and Changes in Nanodroplet Size. It is expected that PA11 should undergo
hydrolytic degradation due to the acid-sensitive cleavable
acetal linkages, generating the starting monomers (PEG diol,
PCL diol, triethylene glycol) and acetaldehyde (Figure 5A).
Hydrolytic degradation of PA11 was evaluated in a
physiological and acidic pH environment by NMR. The
results indicated that PA11 underwent more rapid hydrolysis
under acidic conditions than a neutral physiological environment, as seen from the time-dependent diminishing acetal
proton signal “a” at 4.6−4.7 ppm (Figures 5B and S4). The pH
of the degradation medium had a profound inﬂuence on the
kinetics of polymer hydrolysis. PA11 was relatively stable
under physiological pH with only 10% degradation by day 7,
whereas under the mildly acidic pH 5.0, the degradation was
essentially complete by day 3 (Figure 5C). pH-dependent
changes in nanodroplet size as a result of PA11 hydrolysis were
also analyzed through DLS measurement. The cumulant size
and polydispersity of the nanodroplets increased over 3 days to
reach the micrometer range at pH 5.0, whereas they remained

concentration range of 0.05−2 mg/mL. The CAC of PA11 was
determined using NR as a ﬂuorescent probe, which was
solubilized in the nanodroplets above CAC, leading to
increasing ﬂuorescence intensity (Figure S3). The CAC was
determined as the ﬁrst inﬂection point of the temperaturedependent maximum ﬂuorescence intensity at 624 nm curve to
be approximately 0.04 mg/mL (Figure 3). This value agrees
well with the threshold polymer concentration value (∼0.05
mg/mL) determined using DLS.

Figure 3. Determination of critical aggregation concentration (CAC)
of PA11 in water using NR as a probe. Maximum emission wavelength
of NR: 624 nm. NR concentration: 1 μM. Gray shaded area indicates
the range of concentration within which PA11 forms stable
nanodroplets.

3.3. Thermal Phase Transition and Cloud Point
Analysis. To analyze the temperature-sensitive phase
transition of nanodroplets, we determined optical transmittances and cloud points at diﬀerent polymer concentrations
and temperatures and took optical images to record the onset
of phase transition.26 When an aqueous solution of PA11 at
above the CAC was heated beyond a certain threshold
temperature, the transparent solution turned cloudy and
opaque due to the aggregation of the nanodroplets into
large, visible light scattering microdroplets (Figure 4A). The
onset temperature of thermal phase transition (cloud point)
was determined quantitatively and found to be dependent on
polymer concentration (Figure 4B). At relatively high polymer
concentrations (e.g., 5 and 10 mg/mL), the phase transition
occurred during a narrow temperature range, indicative of
discontinuous transition, whereas at lower concentrations (e.g.,
0.1 and 1 mg/mL), the temperature range of transition was
broader, indicative of a more gradual, continuous process. At
D

https://doi.org/10.1021/acsabm.1c00194
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

ACS Applied Bio Materials

www.acsabm.org

Article

Figure 4. Temperature-sensitive phase transition of nanodroplets. (A) Optically transparent aqueous solution of nanodroplets turns opaque after
heating. Concentration of PA11: 10 mg/mL. (B) Optical transmittance of PA11 solution at 500 nm as a function of temperature increase and PA11
concentration. Heating rate: 1 °C/min. (C) Concentration-dependence of cloud points and kinetics of heat-induced phase transition. Black dots:
cloud points deﬁned as the onset temperature of decrease in optical transparency. Vertical lines (black and gray) connected to each data point
represent the range of temperature over which phase transition occurs. The magnitude of the gray line was estimated by extrapolating the data of
0.1 mg/mL in (B) to zero transmittance. “X”: no phase transition was observed below 60 °C for PA11 at 0.02 mg/mL.

Figure 5. Hydrolytic degradation of PA11 under physiological and mildly acidic pH environment. (A) Chemical structure of hydrolytic products of
PA11. (B) Changes in characteristic 1H NMR peaks (a and h) during the course of hydrolysis at 37 °C. (C) Kinetics of hydrolysis determined by
1
H NMR.

unchanged over 7 days at pH 7.4 (Figure 6A−C). Concurrent
to polymer degradation, nanodroplet aqueous dispersion also
became opaque after 3 days at 37 °C (Figure 6D). These
results provide the basis of potentially targeting the acidic
intracellular compartment of tumor cells using the nanodroplets as carriers of anticancer drugs or imaging agents. One
may envision that the stability of nanodroplets at physiological
pH would enable prolonged circulation in the bloodstream
until accumulation in the solid tumor due to the EPR eﬀect.
Upon uptake by tumor cells, the mildly acidic pH environment

of the endolysosomes would then catalyze the irreversible
polymer hydrolysis and fusion of nanodroplets into much
larger microdroplets, which would be retained inside the cells
for sustained therapeutic action.
3.5. In Vitro Cytotoxicity. To determine the compatibility
of PA11 nanodroplets with cells, EMT-6 murine mammary
carcinoma cells were incubated with various concentrations of
the nanodroplets for 24 h and the viability of the cells was
quantiﬁed by the MTT assay. It was found that even at a high
polymer concentration of 2 mg/mL, cell viability was at least
E
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Figure 6. Eﬀect of pH-dependent hydrolysis of PA11 on the size of nanodroplets. Changes in particle size distribution (A), cumulant size (B) and
polydispersity (C) of the nanodroplets as a function of time and pH. (D) Change in optical transparency of nanodroplet aqueous solution after 3
days of hydrolysis at 37 °C. PA11 concentration: 1 mg/mL. Samples were measured in triplicate. Data points are mean ± SD.

Figure 7. Cytotoxicity and intracellular delivery of NR-loaded nanodroplets in EMT-6 cells. (A) Cytotoxicity determined by the MTT assay. Data
points are mean ± SD, N = 5. (B) Solubilization of NR by the nanodroplets. (C) Confocal ﬂuorescence microscopy images of the intracellular
uptake of NR-loaded nanodroplets. Blue: nuclei. Green: actin cytoskeleton. Red: NR. Scale bar: 20 μm.

F
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Figure 8. Organ distribution and short-term in vivo safety evaluation of systemically injected PA11/ICG in comparison with free ICG. (A)
Representative ex vivo ICG ﬂuorescence images of major organs at 1 and 48 h after tail-vein injection. (B) H&E staining for major organs 48 h after
systemic administration.

“liquid-like” ﬂuidic structure of the nanodroplets would allow
for a more intimate fusion between the nanodroplets and the
endosomal membrane that led to the permeation of the latter.
If true, such unique property of the nanodroplets would set
them apart from conventional solid-core micelles and nanoparticles. The investigation of these potential mechanisms will
be the subject of future studies.
3.7. Imaging In Vivo and Histological Analysis. The
hydrophobic ﬂuorescence probe ICG was incorporated into
the PA11 nanodroplets (denoted as PA11/ICG) (Figure S7)
and injected into mice intravenously via the tail vein. The
purpose of this experiment is twofold: to investigate if the
nanodroplets can alter the biodistribution pattern of ICG in
comparison to free ICG and to demonstrate that the
nanodroplets are without any acute toxicity. Major mouse
organs (heart, liver, spleen, lung, and kidney) were collected 1
or 48 h after injection and observed with a ﬂuorescence
imaging system. One hour after injection, the ﬂuorescence
signal was detected in the liver and kidneys except for the
buﬀer only control group, and the signal intensity of the PA11/
ICG group was much higher than that of the free ICG group,
demonstrating that the nanodroplets substantially improved
the in vivo delivery of the poorly soluble ICG to the liver and
kidneys but not to other organs (Figure 8A, left). By 48 h, the
signals from the liver and kidneys were greatly attenuated for
both the PA11/ICG group and the free ICG group, and there
is little diﬀerence between them (Figure 8A, right).
Quantitative analysis of the ﬂuorescence images further
supports these conclusions (Figure S8). Finally, histological

85%, which demonstrated that PA11 nanodroplets had little
toxicity to cells.
3.6. Intracellular Uptake of NR-Loaded Nanodroplets.
Nanodroplets loaded with NR were prepared and the
internalization by EMT-6 breast cancer cells was evaluated.
The lipophilic ﬂuorescent probe, NR, was chosen for this study
because the water solubility of NR was poor (less than 1 μg/
mL).28 The internalization of PA11/NR nanodroplets
incubated for 4 and 24 h was visualized by CLSM. To
precisely observe the intracellular distribution of the nanodroplets, we performed triple ﬂuorescence-labeling experiments and visualized red ﬂuorescence from NR, green
ﬂuorescence from Actin-Tracker Green labeling the actin,
and blue ﬂuorescence from DAPI labeling the nucleus. With 4
h of incubation, the red ﬂuorescence signal of NR was found in
the cytoplasm (Figure 7). After 24 h, the cytoplasmic NR
signal intensiﬁed, suggesting an increased uptake of the NRloaded nanodroplets, whereas the uptake of free NR was very
poor (Figure S5). The NR signal appeared punctate after 4 h, a
pattern typical for endosomal localization, yet at 24 h the NR
signal could be found throughout the cytoplasm, suggesting
that the NR had potentially been released out of the
endolysosome (Figure 7). This conclusion is further supported
by images of cells stained with LysoTracker, showing a strong
but diﬀusive NR signal outside of the endolysosomes (Figure
S6). One plausible mechanism of cytoplasmic delivery of NR is
that the acid-catalyzed degradation of the PA11 nanodroplets
inside the endosome led to the permeation of the endosomal
membrane. Another potential mechanism may be that the
G
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analysis of major organs shows that there was no obvious
change in the tissue structure and morphology 48 h after
systemic administration, indicating that the nanodroplets do
not have acute systemic toxicity in vivo (Figure 8B).

4. CONCLUSIONS
We have successfully designed a dual-sensitive poorly soluble
drug carrier system based on a novel amphiphilic liquid
copolymer consisting of PEG and PCL segments linked via
acetal bonds synthesized through one-step polycondensation.
The copolymer could form stable nanodroplets in water with
narrow size distribution and was responsive to temperature and
acidic conditions. The nanodroplets could solubilize poorly
water-soluble cargos and be internalized eﬃciently by cells
with minimal cytotoxicity. ICG-loaded nanodroplets could be
utilized for imaging in vivo with no acute systemic toxicity.
These studies established that the dual-responsive selfemulsifying nanodroplets based on a novel biodegradable
liquid polymer may have unique potential in the delivery of
poorly soluble drugs and imaging agents.
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