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Multifunctional nanoparticles as theranostic tools hold great potential for its unique and efficient way to
visualize the process of disease treatment. However, the toxicity of conventional fluorescent labels and
difficulty of functionalization limit their widespread use. Recently, a number of amino-rich polymers have
demonstrated high luminescent fluorescence but rarely showed potential for in vivo imaging due to their
blue fluorescence. Here, a general route has been found to construct polymer-based multifunctional
nanoparticles for combined imaging and drug delivering. The weak fluorescent polyethyleneimine (PEI) has
been conjugated with hydrophobic polylactide as the amphiphilic PEI for construction of nanoparticles
which showed bright and multicolor fluorescence with high drug loading capacity. The paclitaxel-loaded
nanoparticles showed significant therapy effect in contrast to the free paclitaxel. Meanwhile, fluorescence
imaging of the nanoparticles showed accumulation around tumor. These results demonstrate a new type of
polymer-based multifunctional nanoparticles for imaging-guided drug delivery.

here has been intense interest in the development of nanomaterials as therapeutic and diagnostic agents,
owing to their unique properties including large, specific drug loading capacity’, strong superparamagnet-
ism?, or efficient photoluminescence’. Recently, a number of nanomaterials have been constructed for use in
imaging or therapy systems, such as polymeric nanoparticles*, quantum dots’, gold nanoparticles®, and para-
magnetic nanoparticles’. Among these, only biocompatible polymeric nanoparticles that can encapsulate hydro-
philic or hydrophobic drugs have been approved for clinical application®. However, polymer-based nanoparticles
generally require the introduction of an additional molecular tag so that drug delivery can be monitored in vivo’.
Owing to their unique optical properties, quantum dots are often conjugated with polymeric nanoparticles for use
in combined imaging and therapy'’, but the intrinsic toxicity of such materials has limited their further applica-
tion and clinical translation''. Nevertheless, luminescent polymer dots (PDs), which are biocompatible and
brightly fluorescent, have recently been used as labels for biological imaging'>">. However, PDs are difficult to
functionalize with biological molecules or conjugate with drug delivery vehicles. Phospholipid encapsulation' or
blending with functional polymers'*'® can overcome this problem, but the introduction of additional polymers or
nanoparticles makes the PDs less effective'” and results in alteration of the emission sensitivity'*. Therefore,
luminescent PDs with the potential for drug delivery without further modification would be highly desirable.
Here we developed novel, multifunctional PDs which can encapsulate drugs and act as an imaging tag. The PDs
were produced from an amphiphilic polymer based on polyethyleneimine (PEI) and hydrophobic polylactide
(PLA) (Fig. 1a). Drugs can be easily encapsulated into the PDs through a modified emulsion/evaporation method.
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Figure 1 | (a) Schematic illustration of the construction of the multifunctional PDs. (b,c) TEM and DLS characterization of blank PDs. Scale bar, 100 nm.

Moreover, the PDs possess an unexpectedly bright, multicolor fluor-
escence in comparison to the weak fluorescence of PEI alone. Most
importantly, due to the unique proton sponge effect of PEI, the drug-
loaded PDs effectively overcame a major hurdle for drug delivery
vehicles'®!” by escaping from endosomes/lysosomes into the cyto-
plasm. In addition, the drug-loaded PDs have higher antineoplastic
activity compared with free drug. Hence, PDs derived from amphi-
philic PEI could be ideal theranostic tools for imaging-guided drug
delivery.

Results

Synthesis and characterization of PEI-PLA copolymers. The amphi-
philic copolymer was constructed by conjugating the PEI with hydro-
phobic PLA using a one-step ring-opening polymerization method as
previously described with some changes® (Scheme S1). We synthe-
sized a series of copolymers with different weight ratios of D, L-
lactide/PEL A weight ratio of 60 gave a copolymer which had the
optimal balance of hydrophobic and hydrophilic segments and
could potentially form well-defined, uniform nanoparticles. This
copolymer was therefore selected for further research. FT-IR and 'H
NMR spectra are shown in Fig. S1. The molecular weight of the final
amphiphilic polymer was 127 kDa and the polydispersity (Mw/Mn)
was 1.50.

Preparation and characterization of PDs. PDs were then constructed
using a modified emulsion/solvent evaporation technique as previ-
ously reported”. The PDs were well-dispersed with a typical sphe-
rical shape and a size around 50 nm (Fig. 1b). The hydrodynamic size
of the PDs in phosphate buffer solution was 226.7 = 3.1 nm by
dynamic light scattering (DLS) (Fig. 1c). The zeta potential was 11.1
* 0.5 mv, and the positive charge was much lower than PEI (reported
as ~50 mv**) because the amino groups of the PEI in the PDs were
partly reacted with the PLA.

The as-synthesized PDs exhibited extraordinarily bright and col-
orful fluorescence in aqueous solution (Fig. 2a, b). At an emission
wavelength of 450 nm, the fluorescence quantum yield (QY) of the
PDs was as high as 0.31, compared with the previously reported QY
of 0.01 for PEI*’. Moreover, the emission spectra of the PDs were
generally broad and were sensitive to the excitation wavelengths
(Fig. 2a, b). When the solution of PDs was excited at wavelengths

from 360 to 540 nm, the emission peak shifted from 450 nm to
615 nm and the fluorescence intensity decreased remarkably. More
importantly, as can be seen from Fig. 2b, the normalized spectra
clearly indicate that the emission peaks shift to red and near-infrared
windows as the excitation wavelength increases, a property which
may be suitable for in vitro and in vivo imaging. The similar excita-
tion-dependent fluorescence behavior was also observed from the
solution of PEI (Fig. S2). However, unlike the significant red-shift
of PDs, PEI showed negligible fluorescence when excited at wave-
lengths above 420 nm and thus resulted in no obvious visible green
fluorescence. We then investigated the fluorescent lifetime of the PDs
using a time-correlated single-photon counting instrument (Fig. 2c).
The average lifetime is 3.1 ns and contains two components with
different ratios, 4.8 ns (~56%) and 1.0 ns (~44%), and no multi-
electron trapping was observed. The fluorescence of PDs in solution
was ten times higher than the copolymer solution (Fig. 2d). When
irradiated by UV light at 360 nm, powdered PEI-PLA copolymer
exhibited significant white fluorescence while Rhodamine B powder
gave negligible luminescence (Fig. S3). Interestingly, we show that
the PEI-based PDs show significant pH-dependent fluorescence
(Fig. S4). When the aqueous solution of the PDs changed from acidic
(pH 2) to basic environment (pH 14), the fluorescence intensity
decreased obviously both at the emission of 450 nm and 540 nm.
As can be seen from Fig. $4, the enhanced fluorescence at pH 2 could
be attributed to the much more compact structure of PDs.

To further optimize the production process of the multicolour of
PDs. The reaction solution of PEI-PLA at different interval time was
collected (Fig. S5). The emission intensity excited at 320 nm went up
with the increase of the ratio of PLA segment. Meanwhile, the emis-
sion was enhanced and red-shift to 500 nm with increasing reaction
time. Taken together, we demonstrate that the rigid structure of PEI-
PLA and much more compact structure of PDs resulted in the
aggregation-enhanced emission and red-shift of fluorescence*.

Biocompatibility of PDs. The biocompatibilities of PDs were inves-
tigated using a CCK-8 assay in human breast cancer MCF-7 cells
(Fig. 3a). PDs were much less cytotoxic than PEL Although cytoto-
xicity of the PDs increased slightly with increasing concentration, the
concentrations of PDs used in the in vitro evaluations were
significantly higher than those required for applications such as
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Figure 2| (a, b) Luminescence emission spectra (with progressively longer excitation wavelengths in 20 nm increments from 360 nm on the left)
(a) and normalized emission spectra with the same excitation wavelengths (b). (c) Fluorescence lifetime of PDs. (d) Fluorescence intensity of PEI-PLA

copolymer and PDs at the same concentration.

optical imaging of living cells. Because the PDs were designed for
intravenous administration, a blood compatibility test was per-
formed to determine if the PDs induce hemolysis in mice®. As
shown in Fig. 3b, no hemolysis of red blood cells was caused by
the PDs, even at a concentration of 4000 ng/mL, indicating
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Figure 3| (a) Cytotoxicity of the PDs and PEI alone. (b) Hemolysis test
with different concentrations of the PDs (negative: phosphate buffer
solution; positive: dd H,O).

favorable blood compatibility. Thus, the cellular experiments and
hemolysis assay confirmed the biocompatibilities of the PDs,
especially in comparison with PEI alone, the cytotoxicity of which
has been cited as a significant concern in the literature®.

In vitro and in vivo imaging. We next evaluated the possibility of
using the PDs as fluorescence probes for in vitro and in vivo imaging.
Significant luminescence of the PDs was observed in MCF-7 cells
using excitation wavelengths of 405, 488 and 543 nm (Fig. 4a). For
further imaging analysis in vivo, we firstly observed the spectra of the
PDs using a Maestro in vivo optical imaging system. As shown in
Fig. 4b, the PDs showed concentration-dependent fluorescence in all
three excitation filters tested, and the green filter (excited at 503-
548 nm) vyielded the strongest fluorescence intensity. Longer
infrared wavelengths are most suitable for in vivo imaging, but the
fluorescence intensity decreased markedly using the red filter
(excited at 616-661 nm). We therefore chose the green filter for
further in vivo imaging analysis. Subcutaneous and intramuscular
injections of PDs were administered to the right flank of two nude
mice. As shown in Fig. 4c, although the near-skin fluorescence
intensity is higher than the signal emanating from deeper tissue,
bright emissions were detected in fluorescence images of both
injection sites. Unfortunately, the fluorescence of PDs could not be
clearly detected in live mouse after intravenous injection. Further-
more, biodistribution studies on organs collected at multiple time
points after intravenous injection were carried out (Fig. 4d). Liver
showed the strongest fluorescence signals, and the specific signals last
for at least 24 h. Although lungs showed the moderate signals, the
signals were cleared very quickly (within 2 h). These results indicate
that the intrinsic luminescence can potentially be used for
monitoring biodistribution of the PDs in live animals as well as
microscopic observation of their localization in organs.

Combined drug delivery and imaging of PDs into tumors. We
wanted to demonstrate the unique drug delivery features of the
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Figure 4 | (a) In vitro cellular imaging of PDs. MCF-7 cells were treated with PDs for 4 h and then imaged with excitation wavelengths of 405, 488 and
543 nm. The scale bar is 20 pm. (b) Fluorescence images of PDs as a function of concentration using a Maestro in vivo imaging system with

different excitation filters (blue: 435480 nm; green: 503548 nm; red: 616-661 nm). Ex filter: excitation filter. (c) In vivo fluorescence image of PDs
(20 pl of 2 mg/mL) injected into mice subcutaneously (left) and intramuscularly (right). (d) Fluorescence images showing the ex-vivo biodistribution of
PDs in organs collected from the animals at the time points shown after intravenous injection. Li, liver; Sp, spleen; K, kidney; H, heart; Lu, lung.

PDs, which potentially make them powerful theranostic vehicles for
imaging-guided drug delivery. First, we tested whether the PEI-
containing PDs retained the proton-buffering ability of PEI
alone”. Fig. S6 shows that the PEI-containing PDs have broad
proton-buffering ability within the endosomal pH range
(specifically at pH 5.1-7.4), similar to PEI alone at an equal
concentration of amine groups. However, the buffering capacity of
PDs (10.3%) was lower than PEI alone (average 17.9% from two
different concentrations). The broad proton-buffering ability
should allow the PDs to escape easily from endosomes/lysosomes,
where many drug delivery vehicles become trapped and are unable to
release the drug to cytoplasm®. Then we carried out confocal
experiments at various time points and analyzed the co-occurrence
between PDs and endosomes/lysosomes using a method as
previously reported”. Consistently, compared to the data when
treated for 0.5 h and 1 h, the fluorescent signal of PDs in cells
treated for 4 h did not co-localize with the endosomes/lysosomes
(dyed with lysotracker red), indicating that the PDs had already
escaped to the cytoplasm from endosomes/lysosomes (Fig. S7a,b).
We next investigated the degree of drug release and inhibition of
cell growth in vitro and further assessed the therapeutic potential of
the drug-loaded PDs in vivo. The representative drug, Paclitaxel
(PTX), was encapsulated within the hydrophobic core of the PDs
using the modified emulsion/solution methods'. The optimal load-
ing content and encapsulation efficiency of PTX-loaded PDs were
5.11 £ 0.26 wt.% and 61.7 = 3.5%, respectively (Table S1). The PTX-
loaded PDs and blank PDs exhibited no obvious difference in size
and were highly stable in different solutions (Table S2). Drug release
experiments showed that in both acidic conditions (pH 5.2) and
physiological conditions (pH 7.4) there was an initial burst of PTX
release from the PDs within the first 12 hours, followed by sustained
release (Fig. 5a). However, PTX was released much faster at pH 5.2
than that at pH 7.4, indicating that the PTX-loaded PDs have a pH-
sensitive release profile. This pH sensitivity may benefit the release of
PTX when drug-loaded PDs enter the acidic endosome/lysosome

compartments of cells. Fig. 5b shows cell viabilities after incubating
with free PTX, blank PDs and PTX-loaded PDs for 48 h. PTX-loaded
PDs were more cytotoxic than free PTX, whereas blank PDs showed
no significant cytotoxicity.

We next compared the in vivo antitumor activity of PTX-loaded
PDs with free PTX and saline. Both free PTX and PTX-loaded PDs
effectively inhibited MCF-7 tumor growth, whereas the tumor
growth rate of mice treated with PTX-loaded PDs was much lower
than that of the free PTX-treated mice (Fig. 5¢). The average tumor
weight in the group treated with PTX-loaded PDs was significantly
decreased in contrast to the free PTX group (Fig. 5d). Meanwhile, the
excised tumors from the mice after intravenous injection with PTX-
loaded PDs showed obvious fluorescence in contrast to the saline
group, which indicated the accumulation of PTX-loaded PDs in the
tumors (Fig. 5e). In addition, the body weight of tumor-bearing mice
treated with PTX-loaded PDs did not change significantly during the
treatment period compared to the other two groups (Fig. S8a), which
was consistent with the biocompatibility of the PDs (Fig. 3a,b).
Representative images of excised tumors from mice receiving differ-
ent treatments are shown in Fig. S8b. Overall, PTX-loaded PDs
exhibited significantly higher antitumor activity than free PTX and
can be used as an effective drug delivery system for cancer treatment.

Discussion

In this work, we report herein novel, multifunctional PDs that have
the potential to be used as imaging-guided drug delivery vehicles as
part of a “see and treat” strategy. Originally, the PEI-PLA copolymer
was designed to improve the biocompatibility of PEI Interestingly,
the PEI-PLA copolymer-based nanoparticles showed unique ultrab-
right and multicolorful fluorescence property. PDs based on PEI-PLA
copolymer show an excitation-dependent fluorescence behavior, and
significant red-shift of PDs. Meanwhile, we find that PEI show
negligible fluorescence when excited at wavelengths above 420 nm.
Lourdes et al.* indicated that the fluorescence of PEI was attributed
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Figure 5| (a) In vitro drug release of PTX-loaded PDs in acidic conditions (pH 5.2) and physiological conditions (pH 7.4). (b) Cytotoxicity of free PTX,
PTX-loaded PDs, and blank PDs after 48 h incubation with MCE-7 cells. The concentration of blank PDs used was equal to the concentration of PTX-
loaded PDs. (¢, d) Tumor volume and tumor weight of MCF-7 tumor-bearing female nude mice treated with saline, PTX or PTX-loaded PDs.

*,P<0.05.(e) Fluorescence images showing the ex-vivo biodistribution of PDs in tumors isolated from the mice after intravenous injection. Lower, saline

group; Upper, PTX-loaded PDs group.

to amine rich nano-clusters and electro-hole recombination. PLA
nanoparticles with no polyamine (such as PEG-PLA) have rarely
been demonstrated their fluorescence. Our lab has previously syn-
thesized the amphiphilic fluorescent copolymer based on HPAE-
PLA™. The copolymer and self-assembled nanoparticles exhibited
similar excitation-dependent fluorescence behaviour as the PEI-based
PDs. The HPAE prepared by Dengchen Wu just showed blue fluor-
escence’’, but the nanoparticles based on the amphiphilic HPAE-PLA
copolymer demonstrated obvious green emission when excited at
455 nm using the laser scanning confocal microscopy. This result
evidenced that the rigid and compact structure of the HPAE-PLA
nanoparticles played a very important role for red-shift of the fluor-
escence emission from blue to green. The enhanced fluorescence of
PEI-PLA nanoparticle (Fig. 2d) and PEI-PLA copolymer powder
(Fig. S3) demonstrate that the rigid and compact structure of the
PDs played a crucial role in the excitation-dependent and enhance
fluorescence behavior. Previous studies' have demonstrated that the
conformation of PAMAM was pH-responsive and the acidic envir-
onment could form the much more rigid and compact conformation.
To further investigate the potential mechanism for the multicolor and
enhanced fluorescence of PDs, we further study the fluorescence
intensity of the PDs with the emission at 450 nm and 540 nm at
different pH. The pH-dependent fluorescence of PDs (Fig. S4) further
confirm that the acidic environment result in the much more rigid
and compact conformation and induce the unique fluorescent effect.

In order to check the biocompatibility of PDs, we carry out the
CCK-8 assay and hemolysis assay to demonstrate that the PDs pos-
sess a good biocompatibility compared with PEI. And the biocom-
patibility of PDs further promotes the development of PDs in
nanomedicine. The ultrabright and near-infrared fluorescence of
PDs make them suitable for in vitro (Fig. 4a) and in vivo (Fig. 4c,
d) imaging. The drug release study confirms that the PTX-loaded

PDs show a controlled and pH-responsive drug-release profile. The
PTX-loaded PDs was effective in inhibiting tumor cell growth at low
concentration in vitro. Furthermore, in vivo tumor growth inhibition
study was performed in nude mice with MCF-7 tumor revealed that
the pH-sensitive PTX-loaded PDs significantly suppress the tumor
growth. Meanwhile, the body weight of tumor-bearing mice treated
with PTX-loaded PDs did not change significantly during the treat-
ment period compared to the other two groups (Fig. S8a). These
results revealed that the great potential of the unique multicolorful
PDs design in imaging guided drug delivery applications.

In conclusion, this work represents the first proof of concept that
the multifunctional PDs possessing excitation-dependent fluor-
escence behavior and multicolorful fluorescence to be used as
imaging-guided drug delivery vehicles. The ultrabright and near-
infrared fluorescence of PDs make them suitable for in vitro and in
vivo imaging. This study represents the first example of in vitro and
in vivo imaging using biocompatible PEI-containing PDs in live
animals. More importantly, the PTX-loaded PDs showed a con-
trolled and pH-responsive drug-release profile that was effective in
inhibiting tumor cell growth at low concentration in vitro. Cell and
animal studies revealed the great potential of the pH-sensitive PEI-
containing PDs for therapeutic effect in cancer treatment.

Methods

Reagents and cell lines. Branched polyethyleneimine (PEL 25 kD) was obtained
from Sigma-Aldrich (St. Louis, MO, USA). D,L-Lactide (DLLA), was obtained from
Alfa Aesar (Ward Hill, MA, USA). Paclitaxel (PTX) was purchased from NuoRi Co,
Ltd. (Beijing, China). Human breast adenocarcinoma (MCF-7) cells were purchased
from the American Type Culture Collection (ATCC; Manassas, VA, USA). CCK-8
Kits were purchased from Dojindo Molecular Technologies (Japan). All other
reagents and solvents were of analytical grade.

Synthesis of PEI-PLA copolymers. Pre-dehydrated (15 g, 10 g and 5 g) DLLA and
(0.25 g) PEI were dissolved in 50 mL anhydrous dimethylsulfoxide by stirring,
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respectively, and then 0.05 mol triethylamine was added. The solution was kept at
86°C with constant stirring under nitrogen for 12 h. Subsequently, the reacted
solution was added to ice-water and the precipitate collected and thoroughly washed
with distilled water. Finally, the obtained product was extracted using toluene to
remove homopolymer.

Preparation of PDs. In brief, 20 mg of PEI-PLA copolymers and a given amount of
PTX were dissolved in 2 mL dichloromethane. The mixture was then slowly added to
10 mL aqueous solution with 1-4% (w/v) of polyvinyl alcohol (PVA) under gentle
stirring for 10 min. The emulsion was then sonicated for 5 min at 40 W and then
evaporated under reduced pressure to remove the dichloromethane. After that, the
PDs suspension was centrifuged at 15,000 rpm for 15 min and washed with
deionized water three times.

Invitro and in vivo fluorescence imaging. For the in vitro imaging, MCF-7cells were
cultured in DMEM medium containing PDs for 4 h in confocal dishes. The cells were
then imaged with a laser confocal scanning microscope (Zeiss) equipped with a 60X
oil immersion lens. The excitation wavelengths were 405, 488 and 543 nm. To
minitor the colocalization between PDs and endosomes/lysosomes, MCF-7cells were
stained with lysotracker red (Molecular Probes, USA) after culturing in DMEM
medium containing PDs for various times. Then the cells were imaged by confocal
microscopy and the data were analysed according to the method described before®.
For the in vivo imaging, mice were injected subcutaneously and intramuscularly in
the right flank with blank PDs respectively and imaged immediately with green
excitation (503-548 nm) using the Maestro in vivo optical imaging system. For
systemic administration, blank PDs were intravenously injected into nude mice
(20 mg/kg). The mice were imaged under anesthesia several different times after
injection using the Maestro in vivo optical imaging system. The organs (heart, kidney,
liver, lung and spleen), collected at multiple time points after injection, were also
imaged.

Cytotoxicity assays. MCE-7 cells were seeded at a density of 5 X 10° cells per well in
96-well plates in DMEM medium and incubated for 24 h. The medium was then
replaced with 200 pL of medium containing various equivalent concentrations of
blank PDs and PEI; or blank PDs, free-PTX and PTX-loaded PDs. The cells were
incubated for 48 h and cytotoxicity assays were performed using CCK-8 Kits
(Dojindo Molecular Technologies, Tokyo, Japan). All data were presented as mean
percentages *+ SEM in triplicate compared to the OD values of untreated cells.

In vivo therapeutic efficacy. Female nude mice (18-20 g) were purchased from
Beijing Vital River Company (Beijing, China) and housed under standard conditions
with free access to food and water. All animal experiments were performed in
accordance with the principles of care and use of laboratory animals. Next, 2 X 10°
MCEF-7 cells in 100 pL of physiological saline were injected subcutaneously into the
right flank of nude mice. The animals were randomly divided into 3 groups (five mice
per group) and when the tumors reached about 100 mm?® they were treated with
saline, free PTX (10 mg/kg) or PTX-loaded PDs (administered at a PTX-equivalent
dose of 10 mg/kg). Drugs were administered by intravenous (i.v.) injection every 3
days for a total of seven times. Tumor progression in the mice was then monitored
every three days. Tumor volumes were calculated as (length X width*)/2 (mm®). The
mice were sacrificed at the end of the experiment, and their tumors were immediately
removed and weighed. All of the animal experiments were conducted under approved
protocols of the Institutional Animal Care and Use Committee at the Institute of
Tumor in the Chinese Academy of Medical Science.
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