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ABSTRACT

Commercially available polystyrene (PS) fluorescent microspheres are widely used in biological field for
tracing, in vivo imaging and calibration of flow cytometry, among other applications. However, these par-
ticles do suffer from some drawbacks such as the leakage and photobleaching of organic dyes within them.
In the present study, inherently fluorescent properties of PS based microspheres have been explored for
the first time. Here we find that a simple chloromethylation reaction endows the polystyrene particles
with inherent fluorescence without any subsequent conjugation of an external fluorophore. A possi-
ble mechanism for fluorescence is elucidated by synthesizing and investigating p-ethylbenzyl chloride,
a compound with similar structure. Significantly, no photobleaching or leaking issues were observed
owing to the stable structure of the microspheres. Chloromethylated PS (CMPS) microspheres can keep
their perpetual blue fluorescence even in dry powder state making them attractive as a potential coat-
ing material. Furthermore, the chloromethyl groups on CMPS microspheres make them very convenient
for further functionalization. Poly(ethylene glycol) (PEG) grafted microspheres showed good biocom-
patibility and negligible cytotoxicity, and could be used to image intracellular Fe3* due to the selective
fluorescence quenching effect of aqueous Fe3* in cytoplasm.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescent microspheres are able to luminesce under UV
illumination, which provides contrast and visibility of the micro-
spheres relative to the background. Due to this unique property,
they have been intensively employed as tracers for water- and
air-flow testing. Biologically, fluorescent microspheres are widely
used in medical imaging and flow cytometry [1-4]. Conventional
methods to prepare fluorescent microspheres include: encapsula-
tion of small molecular dyes or fluorescent nanomaterials [5-8],
covalent linking of fluorophores [9,10], copolymerization with dye-
functional monomers [2,11,12], and self-assembly [13]. Although
entrapment of dyes is a straight forward design, the leaching of
these dyes can be pronounced, reaching up to 50% within 48 h
[14]. Stability can also be an issue for self-assembled fluorescent
nanoparticles [15-18]. Covalent attaching labels and copolymer-
ization with fluorescent monomer could overcome the leakage of
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dye and provide more stable fluorescence signal, but inevitably,
extra chemical reactions often lead to an increase in the complex-
ity and cost. In addition, the copolymerization with fluorescent
monomer can lead to the interaction of fluorophores with the poly-
meric bulk material, changing the photophysical behavior of the
dye and inducing aggregation [2]. It has been reported that cova-
lently coupled dyes showed photochemical instability due to the
undesirable interaction between the fluorophores and surrounding
compounds [19,20]. It is therefore desirable to simplify the system
while retaining all the fluorescent properties.
Fluorophore-modified polystyrene microspheres are commer-
cially available (from Polyscience, Dow Chemicals, etc.) in various
sizes and colors. In biological field they have proved to be effec-
tive tools for diagnosis, in vivo imaging, optical tracking tracing
and calibration of flow cytometry, etc. Their non-biodegradability
makes them traceable in vitro and in vivo for long periods of time
[7].However, as with any traditional fluorescent microsphere, leak-
age of the organic dyes can lead to overestimation of the analyte
concentration and can also produce a high background for opti-
cal microscopy analysis [21]. In addition, hydrophobic aggregation
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of fluorescent PS microspheres is common in aqueous solution,
limiting their practical application in biomedical field.

Herein, we have found that PS microspheres, after chloromethy-
lation [22], exhibit intriguing inherently fluorescent properties
without the need to conjugate any external fluorophores. The
fluorescent PS microspheres showed excellent stability with no
obvious photobleaching or leaking issues after one month of con-
tinuous soaking and irradiation. Control experiments were carried
out and revealed the mechanism of the luminescence to be the
rigid conjugated structure developed by the Friedel-Crafts reac-
tion, which makes the microspheres fluorescent even when dried
as a film in air, showing great application potential as a coating
material. In addition, the fluorescent PS microspheres showed a
sensitive response to Fe3*. After further hydrophilization with PEG,
the microspheres showed excellent biocompatibility and was suc-
cessfully utilized for intracellular Fe3* imaging.

2. Experimental
2.1. Materials and methods

Cross-linked polystyrene microspheres (1-2 pm, crosslinking
degree is 20%) were ordered from Wuxi Knowledge & Bene-
fit Sphere Tech. Co. Ltd; chloromethyl methyl ether (CMME,
40%) was ordered from Zhengzhou Wanxiang Chemicals Co. Ltd;
poly(ethylene glycol) methyl ether (Mw 5kDa), 4/,6-diamidino-
2-phenylindole dihydrochloride (DAPI, >95.0%) and fluorescein
isothiocyanate (FITC, 95%) were purchased from Sigma-Aldrich
Co. Ltd; Rhodamine Phalloidine (Molecular Probes) was ordered
from ThermoFisher Scientific Co. Ltd; anhydrous aluminum chlo-
ride (AICl3, AR), tetrabutyl ammonium bromide (TBAB, AR) and
sodium hydride (NaH, 60%) were obtained from Sinopharm Chem-
ical Reagent Co. Ltd; metal iron solutions were prepared from KCI,
NaCl, CaClz, MgClz, AI(NO3 )3, CUSO4, ZHClz, Niclz, COC12, AgN03,
CdCIZ, MnSOQOy, HgClz, BaClz, NH4NOs3, Cl‘C13, SI‘C12, Pb(NO3 )2, FeSQOyq,
and FeCls, respectively. Other reagents and inorganic salts were of
analytical grade from local sources.

The morphologies and sizes of fluorescent microspheres were
characterized by scanning electron microscope (SEM, S-4800,
Hitachi, Japan) and transmission electron microscopy (TEM, JEM-
1400 plus, JEOL, Japan). UV-vis absorption and fluorescence spectra
were recorded on a Shimadzu UV-2450 spectrophotometry and
a Hitachi F-2500 fluorescence spectrophotometer, respectively.
The fluorescence images and phase contrast bright-field images
of particles and cells were recorded on a confocal laser scanning
microscope (CLSM, Nikon A1, Japan). The chemical composition
changes of PS microspheres before and after modification were
determined using KBr pellets on a Nicolet 6700 FT-IR spectrom-
eter (USA). Dynamic light scattering (DLS) analyses were run on
a Zetasizer Nano ZS (Malvern, UK). Static water contact angles of
microspheres were measured using an optical contact angle mea-
suring device (DSA100, Kruss, Germany) by placing them densely
on a slide glass with a double faced adhesive tape. The water was
dropped onto the slide glass by a needle at 0.5 L per drop. At least
three measurements were made for each sample.

2.2. Preparation of CMPS microspheres

CMPS microspheres were prepared via Friedel-Crafts alkylation
(Scheme 1A). Briefly, dry PS microspheres (5g, 38.5 mmol) were
swollen in CMME (50 mL) for 60 min and then added AICl3 (1.2
eq. based on PS microspheres) into the mixture. After stirred for
12 h at 50°C, the microspheres were collected by centrifuging and
washed with acetone, HCI solution (4N), ethanol and deionized

water for several times. The chloride content of CMPS microspheres
determined by Volhard back titration method was 13.3 wt%.

2.3. Preparation of CMPS-PEG microspheres

PEG was grafted on CMPS microspheres via Williamson reaction
(Scheme 1B). Typically, dry CMPS microspheres (0.5 g, 2.1 mmol)
were immersed in anhydrous N,N-dimethylformamide (DMF,
10mL) in 2-necked flask overnight. A mixture solution contain-
ing PEG (3 g, 0.6 mmol), NaH (0.24 g, 6 mmol) and TBAB (0.322 g,
1 mmol) in DMF (50 mL) was introduced into the flask. After stir-
ring 24 hat 65 °C, the microspheres were collected and washed with
ethanol and water for several times. The amount of PEG grafted to
CMPS microspheres was determined as the difference between ini-
tial and remaining amount. The unreacted PEG was quantified by
I5-KI method [23].

2.4. Cell imaging

The HepG2 cells were seeded onto sterile coverslips in a 24-
well plate and cultured with DMEM medium containing 10% FBS
for 48 h at 37°C and humidified atmosphere of 5% CO,. Then the
cells were separated from culture medium, washed with PBS buffer
and incubated with CMPS-PEG microspheres (10% particles mL~1)
for 2 h. Parallel experiment was performed to detect the quench-
ing effect of Fe3*, HepG2 cells were cultured with DMEM medium
which contained Fe3* (12 mM) for 6 h in advance, then incubated
with CMPS-PEG microspheres (10° particlesmL~1) for 2 h. Subse-
quently, the cells were separated, fixed by 4% paraformaldehyde
and washed with PBS buffer. Followed, the membrane was dyed
by Rhodamine Phalloidin (10 wgmL-') for 20 min, then washed
with PBS buffer. And nucleus was stained by DAPI (5 wgmL~1) for
20 min, then washed. At last the fixed cells with 10 L of 50% glyc-
erol/PBS (v/v) were placed on slide glass covered with coverslip and
observed by CLSM.

3. Results and discussion
3.1. Fabrication of inherently fluorescent microspheres

The fluorescent microspheres (chloromethylated PS micro-
spheres, CMPS) were fabricated via Friedel-Crafts alkylation on
the surface of crosslinked polystyrene microspheres. In order
to improve their biocompatibility and dispersibility in aqueous
medium, CMPS microspheres were further grafted with PEG. The
reactions were briefly illustrated as Scheme 1. The morphologies of
the PS, CMPS and CMPS-PEG microspheres were shownin Fig. 1A-C.
All particles were monodisperse and spherical. The average size of
microspheres was 1.2 pm as estimated from the SEM images. After
chloromethylation and PEGylation, no apparent change in the mor-
phology of the microspheres was observed (see TEM images in Fig.
S1).

The physical properties of PS, CMPS and CMPS-PEG micro-
spheres are summarized in Table 1. Although the grafting density
of PEG is 48.8mgg-!, no significant change in the size of the
microspheres before and after functionalization was observed.
However, the water content of PS microspheres increased from
14.55% to 19.9% and 53.4% after chloromethylation and PEGylation,
respectively. Correspondingly, the water contact angle decreased
from 119° to 107° and 58°, respectively (Fig. S2), indicating
the hydrophobic surface of CMPS microspheres was effectively
shielded after PEGylation. The successful surface modification was
also showed by FT-IR (Fig. 1D). Compared to the spectrum of PS
microspheres, new peaks at 1265cm~! and 674 cm~! in spectrum
of CMPS were observed and ascribed to the bending vibration CH, Cl
and the stretching vibration of C—Cl, respectively. After further
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