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ABSTRACT: Novel cross-linked copolymers of PEG-IM-
PhNH2 are successfully synthesized through PEGylation via
radical polymerization of 2-isocyanatoethyl methacrylate and
poly(ethylene glycol) monomethyl ether methacylate and
subsequent cross-linking with an amino-terminated aggrega-
tion-induced emission fluorogen. Such obtained amphiphilic
copolymers can self-assemble to form uniform fluorescent
polymeric nanoparticles (FPNs) and be utilized for cell imaging.
These cross-linked FPNs are demonstrated good water
dispersibility with ultralow critical micelle concentration
(∼0.002 mg mL−1), uniform morphology (98 ± 2 nm), high red fluorescence quantum yield, and excellent biocompatibility.
More importantly, this novel strategy of fabricating cross-linked FPNs paves the way to the future development of more robust
and biocompatible fluorescent bioprobes.

KEYWORDS: PEGylation, cross-linking, aggregation-induced emission, fluorescent polymeric nanoparticles,
critical micelle concentration, cell imaging

1. INTRODUCTION

Fluorescent polymeric nanoparticles (FPNs) have attracted
great research attention owing to their large Stokes shifts,
excellent photostability, and large absorption cross sections, and
become widely used probes for bioimaging and biomedical
applications.1−6 So far, many polymerizable dyes such as
rhodamines,7 fluoresceins,8 1,8-naphthalimides,9 and coumar-
ins,10 have been utilized for fabricating FPNs based on side-
chain functionalized polymers. In addition, fluorescent
conjugated polymers, or main-chain functionalized polymers,
have been extensively investigated for various in vitro and in
vivo bioimaging applications.11−13 However, many conven-
tional dyes in FPNs are planar conjugated structures, which are
easy to quench fluorescence in aggregated state because of
strong intermolecular π−π interactions. This phenomenon is
also called aggregation-causing quenching effect.14−16 Gener-
ally, most light-emitting materials for real biomedical
application are at aggregated state, it seems impossible to
avoid this annoying fluorescent quenching. To overcome this
limitation, aggregation-induced emission (AIE) fluorogens,
which emit intensely in aggregated state without quenching
effect, have emerged and already been utilized to construct
fluorescent chemosensors and bioprobes.17−23

Recently, some strategies like noncovalent and covalent
methods of fabricating FPNs based on AIE fluorogens have

been reported, and the covalent one is demonstrated with more
stability than the noncovalent one in the aspect of preventing
dye leakage.24,25 Owing to great advances in fabrication
technology, FPNs based on AIE dyes with intense fluorescence,
high dispersibility and excellent biocompatibility have been
prepared for cell imaging applications.26−28 However, more
versatile and robust fabricating strategies are extremely desired,
like stable dispersion in aqueous solution, as the nanoparticles
from self-assembly are often unstable when their concentrations
are below critical micelle concentrations (CMC).29 To this end,
fabricating FPNs via cross-linking strategy has been reported to
construct AIE-based amphiphilic copolymers with low
CMC.30,31 In our previous study, an AIE chain transfer agent
has been utilized to prepare biocompatible cross-linked FPNs
through reversible addition−fragmentation transfer polymer-
ization. Such FPNs showed intense blue emssion and high
stability in physiological solution with low CMC values (0.155
and 0.178 mg mL−1).30 Another kind of AIE-based cross-linked
FPNs (EP-CL) has also been prepared in our group by means
of emulsion polymerization and anhydride cross-linking. These
EP-CL FPNs were endowed with even lower CMC (∼0.020
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mg mL−1), which broaden their application scopes for cell
imaging.31 Polyethylene glycol (PEG) is an amphiphilic
polymer comprised of repeating ethylene oxide subunits,
which is approved by FDA previously for applications in
various biomedical areas, and widely utilized to improve water
dispersibility and biocompatibility in the area of surface
modifications.32 Therefore, it is of great scientific interest to
develop novel synthetic routes for the preparation of
biocompatible and robust cross-linked FPNs, especially through
PEGylation and cross-linking.
In this work, novel cross-linked copolymers, PEG-IM-

PhNH2, are successfully synthesized through PEGylation via
radical polymerization of 2-isocyanatoethyl methacrylate (IM)
and poly(ethylene glycol) monomethyl ether methacylate
(PEGMA) to afford an isocyanate-containing macromolecular
intermediate (PEG-IM), and subsequent cross-linking of PEG-
IM with an amino-terminated AIE-based fluorogen (PhNH2).
Such obtained amphiphilic copolymers tend to self-assemble to
form uniform nanoparticles (Scheme 1). To prove the

successful synthesis of PEG-IM-PhNH2 and characterize the
performances of the as-prepared FPNs, some experiments
including gel permeation chromatography (GPC), 1H NMR
spectroscopy, Fourier transform infrared spectroscopy (FT-IR)
spectroscopy, X-ray photoelectron spectroscopy (XPS),
elemental analysis (EA), transmission electron microscopy
(TEM), dynamic light scattering (DLS), UV−visible absorption
spectrum (UV), and fluorescence spectra are carried out.
Finally, potential biomedical applications of PEG-IM-PhNH2
FPNs are further evaluated by investigating their biocompati-
bilities and cell uptake behaviors.

2. EXPERIMENTAL SECTION
2.1. Materials and Measurements. N,N-dimethylformamide

(DMF), 1-bromooctadecane, phenothiazine, 1,2-dichloroethane, 4-
aminobenzyl cyanide, tetrabutylammonium hydroxide (0.8 M in
methanol), phosphoryl chloride, and 2-isocyanatoethyl methacrylate
(IM) were purchased from Alfa Aesar. PEGMA (Mn = 950 Da) was
bought from Aldrich company. All other materials were purchased
from commercial sources. Ultrapure water obtained from Milli-Q was
used in the experiments.
The characterization of the as-prepared copolymers by GPC

(Shimadzu LC-20AD pump system), 1H NMR spectra (Mercury-
Plus 300 MHz spectrometer), FT-IR spectra (Shimadzu Spectrum
8400 spectrometer), and XPS (VGESCALAB 220-IXL spectrometer)
were the same as our previous reference.31 The size distribution and
morphology of the PEG-IM-PhNH2 FPNs were determined with Zeta
Plus apparatus (ZetaPlus, Brookhaven Instruments, Holtsville, NY),
HT7700 microscope (Hitachi, Japan) according our previous
reference.30 UV (UV/vis/NIR 2600 spectrometer) and Fluorescence
spectra (F-4600 spectrometer) were used to determine the optical
properties of the PEG-IM-PhNH2 FPNs with the same detail
conditions reported in our previous literature.30

2.2. Preparation of PEG-IM-PhNH2. The AIE monomer, PhNH2,
was prepared according to our previous literature.27 For the synthesis
of PEG-IM-PhNH2 copolymers, a PEG monomer (PEGMA) and an
isocyanate monomer (IM) were copolymerized first using a radical
initiator (AIBN) dissolved in ethyl acetate, and through radical
polymerization to afford a macromolecular isocyanate intermediate
(PEG-IM), and then subsequent cross-linking of PEG-IM with
PhNH2 via facile combination of isocyanate and amino groups was
carried out to obtain the resulting cross-linked copolymers, PEG-IM-
PhNH2 (Scheme 2). In detail, IM (31 mg, 0.20 mmol), PEGMA (190

mg, 0.20 mmol), and AIBN (5.0 mg) were dispersed in 6 mL of ethyl
acetate. The above mixture was introduced into Schlenk tube, and
purged with nitrogen for a period of 30 min, and then put into an oil
bath, as the reaction temperature at 80 °C for 12 h. Followed by the
addition of PhNH2 (37 mg, 0.05 mmol), which was previously
dissolved in ethyl acetate (4 mL), and the reaction took place at room
temperature for 0.5 h. Then, stopped the reaction and dialyzed using
dialysis membranes (Mw ≈ 7000 Da, cutoff) against tap water and
ethanol for 24 and 6 h, respectively. Finally, the dispersion of PEG-
IM-PhNH2 in dialysis bag was purified by freeze-drying.

2.3. Cytotoxicity of PEG-IM-PhNH2 FPNs. Different concen-
trations of PEG-IM-PhNH2 FPNs were employed in the incubation of
A549 cells, and the cell morphology was examined to determine the
cytotoxicity of PEG-IM-PhNH2 FPNs. A Leica optical microscopy
(Germany) was used to observe the morphology of cells, while the
detail of experimental conditions was consistent with our previous
report.30

Cell counting kit-8 (CCK-8) assay was carried out to evaluate the
cell viability of PEG-IM-PhNH2 FPNs on A549 cells. The cells were
incubated with different concentrations of PEG-IM-PhNH2 FPNs (10,
20, 40, 80, and 120 μg mL−1). The percent reduction of CCK-8 dye
was compared to control cells (no exposure to PEG-IM-PhNH2

FPNs), which represented 100% CCK-8 reduction. The detail of
experimental conditions was the same as our previous reference.30

2.4. Confocal Microscopic Imaging of Cells Incubated with
PEG-IM-PhNH2 FPNs. A confocal laser scanning microscope (Zeiss
710 3-channel, Germany) was used to record the confocal microscopic
imaging of A549 cells incubated with PEG-IM-PhNH2 FPNs. The
excitation wavelength for A549 cells was set as 488 nm. The cell
culture conditions have already been reported in our previous
reference.30

Scheme 1. Fabricating Route of PEG-IM-PhNH2
Copolymers through PEGylation via Radical Polymerization
of PEGMA and IM to Afford PEG-IM, and Subsequent
Crosslinking with an AIE-Based Fluorogen (PhNH2), and
Subsequent Self-Assembly of the Copolymers to Afford
FPNs

Scheme 2. Synthetic Route of PEG-IM-PhNH2
a

aPEGylation through radical polymerization of PEGMA and IM to
obtain PEG-IM and subsequent facile crosslinking with PhNH2 to
obtain the cross-linked copolymer, PEG-IM-PhNH2.
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3. RESULTS AND DISCUSSIONS
3.1. Characterization of PEG-IM-PhNH2 FPNs. In the

synthesis of PEG-IM-PhNH2 copolymers, PEGylation was first
carried out by radical polymerization between IM and PEGMA
using a radical initiator of AIBN in ethyl acetate to obtain PEG-
IM, then subsequent cross-linking of PEG-IM with PhNH2 was
conducted to obtain the cross-linked copolymers, PEG-IM-
PhNH2 (Scheme 2). The feed molar ratio of PEGMA, IM, and
PhNH2 was designed as 4:4:1, respectively. The number-
average molecular weight value of PEG-IM-PhNH2 was
determined by GPC, which indicated that the value was
167800 Da with a polydispersity index of 1.44. To confirm the
successful synthesis of PEG-IM-PhNH2 copolymers, 1H NMR
spectra of the reactants and resulting copolymer were
conducted for comparison (Figure 1A). After PEGylation and

consecutive cross-linking with PhNH2, the characteristic
chemical shifts of the methylene group of PEGMA located at
4.2 and 3.5 ppm, and the methylene group of IM located at 4.4
and 3.9 ppm were found in PEG-IM-PhNH2. Meanwhile, the
amino group of PhNH2 located at 4.8 ppm was disappeared
and new N−H group at 6.3 ppm was observed in the PEG-IM-
PhNH2, demonstrating the successful synthesis of PEG-IM-
PhNH2. From the 1H NMR spectrum of PEG-IM-PhNH2, the
ratio of PEGMA and IM units (x/y) was calculated as 2/1 in
the final composition of the polymers. As the degree of
polymerization is unknown, the conversion of the polymer-
ization is unavailable.
Furthermore, successful synthesis of PEG-IM-PhNH2 was

also proven by FT-IR (Figure 1B). Two characteristic peaks,
which represented for the stretching vibration of CH2 group,
were observed in PhNH2 located at 2919 and 2847 cm−1.
Meanwhile, several peaks distributed at the range of 1450−
1600 cm−1 were found, which were ascribed to the stretching
vibration of aromatic rings. After PEGylation and subsequent
cross-linking with PhNH2, obvious stretching vibration peaks of
N−H (3360 cm−1), C−H (2870 cm−1), CO (1725 cm−1),
C−N (1249 cm−1), and C−O (1100 cm−1) were all observed in
PEG-IM-PhNH2, which demonstrated the successful formation
of this copolymers.

XPS was also carried out to determine the chemical
composition of the prepared PEG-IM-PhNH2. As shown in
Figure 2 and Supporting Information Figure S1, the XPS result

indicated that carbon was the major component, while
nitrogen, oxygen, and sulfur were the other minor components.
It could be found two peaks in the C 1s XPS spectrum of PEG-
IM-PhNH2. The main peak was at ∼285 eV, while the shoulder
peak was at ∼286 eV, which were attributed to sp2 and sp3

carbon atoms, respectively. The N 1s, O 1s, and S 2p spectra of
PEG-IM-PhNH2 showed peak centered at ∼399, ∼ 532, and
∼164 eV, respectively. The ratio of PhNH2 in the resulting
PEG-IM-PhNH2 has significant effect on their fluorescence
quantum yields and cytotoxicity. Therefore, elemental analysis
(EA) of PEG-IM-PhNH2 was detected with an Elementar
Vario EL Elemental Analyzer (Germany). The overall wt % of
elements existing in PEG-IM-PhNH2 was ∼55.48:8.95:1.49 for
C/H/N, respectively. The content of PhNH2 in the resulting
copolymer was calculated from the EA result and given as 11%
for the mass fraction. Moreover, we have synthesized other two
new copolymers by adjusting the content of PhNH2, they are
PEG-IM-0.5PhNH2 and PEG-IM-0.25PhNH2 with 50% and
25% of PhNH2 as comparing with that in PEG-IM-PhNH2,
respectively. The fluorescence quantum yield and cytotoxicity
of these three copolymers would be discussed later.
Self-assembly of amphiphilic block copolymers into nano-

particles has been widely studied ranging from biomedical to
nanometer-scale enzymatic reactors.33,34 Therefore, the size
distribution of PEG-IM-PhNH2 FPNs has been determined in
PBS to confirm the particles sizes. The results showed that the
size distribution of PEG-IM-PhNH2 FPNs was 98 ± 2 nm,
with a polydispersity index of 0.209 (Figure 3A). Meanwhile,
the morphology of the resulting PEG-IM-PhNH2 FPNs was
further confirmed by the TEM study (Figure 3B). Some
spherical nanoparticles could be clearly observed with
diameters at the range of 40−70 nm, demonstrating the as-

Figure 1. (A) 1H NMR spectra of PEGMA (a), IM (b), PhNH2 (c),
and PEG-IM-PhNH2 (d), the characteristic chemical shifts of the
methylene group of PEGMA located at 4.2 and 3.5 ppm, and the
methylene group of IM located at 4.4 and 3.9 ppm are found in PEG-
IM-PhNH2, meanwhile, the amino group of PhNH2 located at 4.8
ppm is disappeared and new N−H group at 6.3 ppm is observed in the
PEG-IM-PhNH2, demonstrating the successful synthesis of PEG-IM-
PhNH2; (B) FT-IR spectra of PEGMA (a), IM (b), PhNH2 (c), and
PEG-IM-PhNH2 (d), obvious stretching vibration peaks of N−H
(3360 cm−1), C−H (2870 cm−1), CO (1725 cm−1), C−N (1249
cm−1), and C−O (1100 cm−1) are observed in PEG-IM-PhNH2,
indicating their successful preparation.

Figure 2. XPS spectrum of PEG-IM-PhNH2 FPNs indicating the
presence of carbon, nitrogen, oxygen, and sulfur.

Figure 3. (A) DLS result of PEG-IM-PhNH2 FPNs in PBS; (B) TEM
image of PEG-IM-PhNH2 FPNs dispersed in water, scale bar = 200
nm.
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prepared copolymers could self-assemble to form FPNs. It
could be noted that the size of nanoparticles observed by TEM
were smaller than that by DLS, which might be owing to the
shrinkage of FPNs at dry phase.
The amphiphilic feature of the as-prepared copolymers

endowed them the tendency to self-assemble into nanoparticles
when PEG-IM-PhNH2 were dispersed in water. Here, the
hydrophobic AIE components tended to aggregate into the
cores, while the surfaces were covered the hydrophilic PEG
segments. Therefore, the FPNs are expected to have high water
dispersibility and bright fluorescent emission. Hence, the UV
absorption spectrum of PEG-IM-PhNH2 FPNs in water was
detected (Figure 4A). It could be found that three continuous

absorption peaks were located at 310, 352, and 448 nm,
representing for the different conjugated systems from the parts
to the whole. In the previous report, when the FPNs were
formed in the UV solutions, the entire spectrum started to
increase from 800 nm owing to the Mie effect, which was
considered as the dispersion of nanoparticles in the solution.27

However, it is interestingly in this work to find that no increase
of the absorption in the UV spectrum from 800 to 600 nm,
which might be caused by the high dispersibility of the FPNs in
water after the introduction of PEG components. The inset of
Figure 4A directly proved these FPNs had high water
dispersibility with high transparency.
Because of the aggregation effect of AIE fluorogens inside the

FPNs, bright red fluorescence was clearly observed when PEG-
IM-PhNH2 FPNs was dispersed in water (inset of Figure 4B).
To quantitatively determine their optical performances in
water, the PL spectra of PEG-IM-PhNH2 FPNs were recorded.
The results showed that the maximum emission wavelength
was 593 nm. Meanwhile, the fluorescence excitation wavelength
could be divided into three peaks (375, 415, and 450 nm),
which was consistent with the absorption result. Fluorescence
emission spectra of PEG-IM-PhNH2, PEG-IM-0.5PhNH2, and
PEG-IM-0.25PhNH2 FPNs were showed in Supporting
Information Figure S2. The results proved blue-shift of the
emission when the content of PhNH2 in the copolymers
decreased. The fluorescent quantum yield of the PEG-IM-
PhNH2 FPNs was determined as ∼14% using Rhodamine 6G
in ethanol as the reference dye. The fluorescence quantum
yields of PEG-IM-0.5PhNH2 and PEG-IM-0.25PhNH2 were
calculated as ∼12% and ∼9%, respectively. For comparison, the
fluorescent quantum yield of PhNH2 determined in THF was
7.0%.
Photostability is one of the most important factors for the

development of fluorescent bioprobes. The fluorescent biop-

robe should be photostable under continual irradiation for
long-term tracking and treatment.35 Thus, the photostability of
PEG-IM-PhNH2 FPNs in water was determined (Figure 5A).

The result showed no obvious fluorescent bleaching were
detected after irradiated by a UV lamp of 365 nm for a period
of 30 min, demonstrating remarkable photostability and high
resistance to photobleaching of these PEG-IM-PhNH2 FPNs.
It is very annoying that the CMC problem often hinders the
application of FPNs at low concentration. To overcome the
issue of CMC, novel cross-linking strategy by facile combining
the isocyanate and amino groups has been adopted in this
work. Thanks to the superiority of AIE-based fluorogens, the
as-prepared copolymers emitted little fluorescence when they
are dispersed in the aqueous solution below CMC. However,
when the concentration is higher than CMC, the fluorescent
emission of these copolymers increases rapidly due to the
aggregation of the AIE-based fluorogens.36 Then, we tracked
the change of the maximum fluorescent emission intensity
under different aggregated state of PEG-IM-PhNH2 in water to
obtain the CMC value. In this case, the intensity of fluorescence
emission vs the logarithm of different concentration of PEG-
IM-PhNH2 was determined to track the CMC value by the
tangent method. The results showed that ultralow CMC value
of 0.002 mg mL−1 was obtained in PEG-IM-PhNH2 FPNs
(Figure 5B), which made it become the lowest CMC in the
reported cross-linked FPNs. Such ultralow CMC of PEG-IM-
PhNH2 FPNs might be due to the introduction of PEG
segments, which greatly increased the dispersibility of the
FPNs, and would be highly beneficial to broaden the
concentration range of the FPNs for biomedical applications.

3.2. Biocompatibility. The cell viability of PEG-IM-
PhNH2 FPNs was evaluated to test their biocompatibilities.
A549 cells were incubated with different concentrations of
PEG-IM-PhNH2 FPNs for 24 h, and observed by optical
microscopy to examine the influence of the FPNs to these cells
(Figure 6A-C). The result showed high cell viability when the
cells were incubated with either 10 or 80 μg mL−1 of PEG-IM-
PhNH2 FPNs, which demonstrated the FPNs were highly
biocompatible. Furthermore, to quantitatively characterize the
cytocompatibility of these nanoparticles, CCK-8 assay was used
to determine their cell viabilities to A549 cells. It could be
found in Figure 6D that cell viability did not decrease, when the
cells were incubated with different concentrations of PEG-IM-
PhNH2 FPNs (10−120 μg mL−1) either for 8 or 24 h. Even at
high concentration of 120 μg mL−1 for a period of 24 h, high
cell viability value was still achieved at 95%, indicating highly
potential of these FPNs for cell imaging. Cell viability of PEG-
IM-0.5PhNH2 and PEG-IM-0.25PhNH2 FPNs for 8 and 24 h

Figure 4. (A) UV−vis spectrum of PEG-IM-PhNH2 FPNs, the inset is
the visible image of PEG-IM-PhNH2 FPNs in water; (B) Fluorescence
excitation (Ex) and emission (Em) spectra of PEG-IM-PhNH2 FPNs,
the inset is the fluorescent image of PEG-IM-PhNH2 FPNs under UV
light (excitated at 365 nm).

Figure 5. (A) PL spectra of PEG-IM-PhNH2 FPNs before and after
irradiated with UV lamp of 365 nm for a period of 30 min; (B)
Intensity of the fluorescence emission vs the logarithm of the
concentration of PEG-IM-PhNH2 (λex = 488 nm, λem = 593 nm).
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were also determined, and shown in Supporting Information
Figure S3. The results demonstrated that these two FPNs had
high cell viability as that of PEG-IM-PhNH2 FPNs.
3.3. Cell Imaging. Confocal Laser Scanning Microscope

(CLSM) was conducted to further evaluate the cell uptake style
of PEG-IM-PhNH2 FPNs and explore their cell imaging
applications. As shown in Figure 7, after the cell was incubated

with 10 μg mL−1 of PEG-IM-PhNH2 FPNs, bright red
fluorescence could be detected at the cell region. Moreover,
many dim areas inside the cells were found, which indicated the
possible position of the cell nucleus (Figure 7B). As compared
to the nucleus pore of the cells, PEG-IM-PhNH2 FPNs could
facilely stain the cells at cytoplasm without entrancing into the
cell nucleus. Due to the intense emission derived from the
aggregation of PhNH2, strong red fluorescent signal can be
detected inside the cells, which is greatly beneficial to cell
imaging.
In the previous report, some AIE based cross-linked FPNs

have been facilely prepared through radical polymerization,
which demonstrated uniform morphology and intense fluo-
rescence for cell imaging.30,31 However, those FPNs are limited
for biomedical application due to the instability in the highly
dilute solution or the lack of biocompatible elements (e.g.,
PEG) for satisfactory metabolic behavior. As compared to the
previous references, PEG-IM-PhNH2 FPNs reported in this
work have obvious superiority. First, PEG-IM-PhNH2 FPNs

are endowed with ultralow CMC, which can distinctly broaden
the scope of application in highly dilute solution. Second, PEG
segments are utilized in the construction of FPNs as the major
components to meet their biomedical application due to their
biocompatible property. Moreover, this novel strategy of
PEGylation and cross-linking will provide the opportunity to
develop more and more biocompatible and robust fluorescent
polymers for biomedical applications.

4. CONCLUSIONS
In summary, we have successfully prepared novel cross-linked
copolymers (PEG-IM-PhNH2) through PEGylation and cross-
linking with an amino-terminated AIE-active fluorogen. Such
obtained amphiphilic copolymers can self-assemble to form
uniform FPNs, which are demonstrated good water dispersi-
bility with ultralow CMC (∼0.002 mg mL−1), uniform
morphology (98 ± 2 nm), high red fluorescence quantum
yield, and excellent biocompatibility for cell imaging. More
importantly, this novel strategy of fabricating cross-linked FPNs
paves the way to the future development of more
biocompatible and robust fluorescent bioprobes.
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