
Laureates: awards and Honors, sCs FaLL Meeting 2011 CHIMIA 2012, 66, No. 4 237
doi:10.2533/chimia.2012.237 Chimia 66 (2012) 237–240 © Schweizerische Chemische Gesellschaft

*Correspondence: Dr. E. M. V. Johansson
School of Chemistry
University of Edinburgh
The King’s Buildings
West Mains Road
Edinburgh EH9 3JJ, United Kingdom
Tel.: +44 131 6513307
E-mail: emma.johansson@ed.ac.uk

Biocompatible Polymer Nanoparticles for
Intra-cellular Applications

Emma M. V. Johansson§* and Mark Bradley

§SCS-DSM Award for best poster presentation

Abstract: Polymeric styrene microspheres have a great potential at the interface of chemistry and biology. The
progress of the synthetic development of multifunctional microspheres and their use as delivery agents of
different biomolecules into cells is discussed. Their multifunctional properties open a wide range of applications
from intracellular real-time sensors, to the use of microspheres as catalysts performing exogenous chemistry
within cells.
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Introduction

The cell membrane is the natural bar-
rier that protects living cells from the envi-
ronment surrounding them. The ability to
introduce otherwise impermeable species
such as DNA, proteins and larger charged
molecules into cells has been important
in gaining an understanding of their func-
tion in cells. There are numerous delivery
techniques that have been developed over
the years,[1] but by far the greatest ad-
vances have been achieved by the use of
cell penetrating peptides,[2] cationic lip-
ids,[3] dendrimers[4] and nanomaterials.[5] It
is widely believed the use of nanoparticles
in medicine and biotechnology will con-
tinue to increase as demand rises for the
delivery of payload and reporter systems.[6]
Delivery systems will require ever more
sophisticated functionalization methods
able to perform a variety of tasks. Some
polymeric materials in the form of nano/
microparticles have been shown to trans-
port encapsulated materials across cell
membranes,[7] but there remains a need for

such polymeric materials, which can also
be readily functionalized with desired pay-
loads. Herein we summarize the develop-
ment of readily functionalized polystyrene
microspheres, their uptake into cells and
the use of these as a vector of delivery.

Synthesis of Microspheres

Aminomethyl-functionalized poly-
styrene microspheres were synthesized
using two different polymerization meth-
ods depending on the desired size: emul-
sifier-free emulsion polymerization giv-
ing smaller microspheres (50–200 nm)
and dispersion polymerization producing
larger sizes (0.5–2 µm) (Fig. 1a).[8] These
monodisperse microspheres with surface

amino moieties can be readily functional-
ized using standard chemistry which can
be analyzed by colorimetric techniques.[9]
Recently our group introduced a newmeth-
od of analysis using the zeta potential (a
property related to the surface charge)[10,11]
with the zeta potential of a microsphere
directly related to its surface group func-
tionality (Fig. 1b) allowing the rapid moni-
toring of specific chemical reactions (Fig.
2).[12]Covalent functionalization via amide
bonds is one of the most common methods
available to attach dyes and payloads to
polymeric particles.[13] However, follow-
ing such functionalization the number of
surface groups available for attaching fur-
ther cargos is greatly reduced. This prob-
lem can be overcome by the use of bifunc-
tional linkers, although this enhances steric
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Fig. 1. a) The syn-
thesis of polysty-
rene microspheres.
i) Emulsifier-free
emulsion poly-
merization: styrene,
divinylbenzene (DVB),
p-vinylbenzylamine
hydrochloride (VBAH),
2,2’-azobis(2-meth-
ylpropionamidine)
dihydrochloride
V50 initiator, water,
MgSO4, 80 °C, 5–15
h; ii) Dispersion
polymerization: sty-
rene, DVB, VBAH,
AIBN, ethanol/water,
poly(vinylpyrrolidone),
68 °C, 12 h. b) Zeta
potential of surface
functionalized micro-
spheres.[8,11]
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crospheres into cells is related to the size
of the microspheres as well as ‘exposure
time’[8] and an investigation into whether
the microspheres enter via endocytosis has
been conducted.[16] It was established that
microspheres do not enter via endocyto-
sis, micropinocytosis or any other energy
dependent uptake mechanism and it was
shown that the uptake was slowed by a re-
duction in temperature. The microspheres
certainly interacts with the cytoskeleton
and the suggestion is that microspheres
anchor to the membrane and a fast, en-
ergy independent, membrane reorganiza-
tion occurs to deliver the microspheres
directly into the cytosol (Fig. 4b).[17,18]
Microspheres appear to be a highly effi-
cient and inert delivery system as the up-
take was generally good for all cell types
tested in these studies and no impact on the
cell viability and no significant changes
in the gene expression was observed.[16]
Recently there has been a considerable
speculation concerning what is involved in
the initial encounter between a cell and a
particle.[19] The surface of any particle in
biological media is coated with proteins,
and these undoubtedly play a vital role in
the particle–cell membrane interaction and
the eventual uptake into the cell.[20]

congestion. Therefore, alternative methods
for preparing fluorescent microspheres
without reducing the number of surface
moieties are desired. Direct incorporation
of a fluorescent dye into the polymeric
backbone of the microspheres realizes this
goal, and was achieved by including the
styrene-functionalized dye phthalic-styryl
fluorescein (1) (Fig. 3) as an additional
monomer to the microsphere synthesis
without changing the microsphere synthe-
sis protocol. This allowed the generation of
highly fluorescent microspheres without
compromising their cargo carrying capac-
ity.[12] It is worth noting that this approach
leads to higher emission intensity of back-
bone-incorporated fluorescein relative to
the surface-conjugated fluorescein and a
more even distribution of the fluorescent
molecules throughout the particle.[12]

The General Uptake of
Microspheres into Cells

Microspheres have been shown to be
taken up rapidly and efficiently by a wide

variety of cell types including HEK 293T,
K562, B16, HeLa, A375M, ND11, mES
and hES cells (Fig. 4a).[8,14] There ap-
peared to be no significant difference in
uptake by stem cells that were still pluripo-
tent or were in the process of differentiat-
ing and importantly the microspheres did
not initiate differentiation in any way.[15]
Remarkably they were found to be taken
up by pluripotent mouse embryonic stem
cells (mES) that went on to form chime-
ras.[15] The efficiency of the uptake of mi-
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Fig 2. Reaction
monitoring of a PEG
spacer conjugation
to a polystyrene
microsphere us-
ing zeta potential: i)
Fmoc-HN-PEG3-OH,
Oxyma/DIC, DMF,
60 °C, 60 min µw; ii)
20% piperidin in DMF,
2 × 20 min.[12]

Fig 3. Structure of fluorescent dye, phthalic-
styryl fluorescein (1).[12] a) b)

d)
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Fig. 4. a) Uptake of 2 µm fluorescein labelled microspheres by B16F10 cells. The actin filaments
are stained with AlexaFluor 568-phalloidin (red) and the cell nuclei are stained with Hoechst 33342
(blue) (scale bar is 20 µm).[16] b) Scanning Electron Microscopy images of B16F10 cells incubated
with 2 µm microspheres (black arrows) for 2 h (left) (scale bar is 10 µm), 6 h (right) (scale bar is
5 µm).[18] c) Fluorescence image of HeLa cells incubated with 500 nm β-galactosidase-loaded
microspheres after treatment with the fluorogenic substrate C12FDG, a derivative of di-β-d-
galactopyranoside (FDG) (white arrows indicate the green fluorescence related to cytoplasmatic
release of fluorescein due to β-galactosidase activity). The nucleus was labelled with Hoechst
33342 (blue). d) The principle of fluorescent detection of β-galactosidase activity using C12FDG
as a substrate.[31]
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within living cells. This opens the door for
the in situ synthesis of a versatile range of
interesting compounds such as activation
of prodrugs (Fig. 5).[33]

Conclusion

Microspheres can be reproducibly syn-
thesized, readily functionalized and inter-
nalized into a wide range of different cells.
They are non-toxic, stable and carry cargos
of proteins, RNA and DNA. Applications
including sensoring and transition metal
catalysis have also been successfully per-
formed inside cells using functionalized
microspheres. Synthetic techniques have
made it possible to attach multiple cargoes
or sensors to the same microsphere allow-
ing several functions on one microsphere
within the same cell. The long-term stabil-
ity of the microsphere enables possibilities
ranging from imaging and contrast agents
to long-term release of drugs or other bio-
molecules.
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