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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,lll but by far the greatest ad-
vances have been achieved by the use of
cell penetrating peptides,l?! cationic lip-
ids,[31 dendrimers/4! and nanomaterials.[51 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. !
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,[”] but there remains a need for
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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 um) (Fig. 1a).l8] These
monodisperse microspheres with surface

amino moieties can be readily functional-
ized using standard chemistry which can
be analyzed by colorimetric techniques.!
Recently our group introduced a new meth-
od of analysis using the zeta potential (a
property related to the surface charge)!0:11]
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).1121 Covalent functionalization via amide
bonds is one of the most common methods
available to attach dyes and payloads to
polymeric particles.['3] 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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Phthalic-styryl (1)

variety of cell types including HEK 293T,
K562, B16, HeLa, A375M, NDI11, mES
and hES cells (Fig. 4a).3141 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.[!5]
Remarkably they were found to be taken
up by pluripotent mouse embryonic stem
cells (mES) that went on to form chime-
ras.151 The efficiency of the uptake of mi-

cell viability and no significant changes
in the gene expression was observed.[!0]
Recently there has been a considerable
speculation concerning what is involved in
the initial encounter between a cell and a
particle."®! 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]

Fig 3. Structure of fluorescent dye, phthalic-
styryl fluorescein (1).0'2

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.[121 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.!!2]

The General Uptake of
Microspheres into Cells

Microspheres have been shown to be
taken up rapidly and efficiently by a wide
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R
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Fig. 4. a) Uptake of 2 um 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 um).['® b) Scanning Electron Microscopy images of B16F10 cells incubated
with 2 um microspheres (black arrows) for 2 h (left) (scale bar is 10 um), 6 h (right) (scale bar is

5 um).["® ¢) Fluorescence image of Hela cells incubated with 500 nm -galactosidase-loaded
microspheres after treatment with the fluorogenic substrate C12FDG, a derivative of di-f3-p-
galactopyranoside (FDG) (white arrows indicate the green fluorescence related to cytoplasmatic
release of fluorescein due to -galactosidase activity). The nucleus was labelled with Hoechst
33342 (blue). d) The principle of fluorescent detection of f-galactosidase activity using C12FDG

as a substrate.B"
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The Use of Microspheres as a
Delivery Vector

The possibility to either insert or cor-
rect a faulty gene by delivery of DNA
into cells is the basis of gene therapy.[2!l
A requirement for expression of proteins
encoded on DNA is that the DNA is trans-
ported to the nucleus. Microspheres are
generally restricted to the cytosol so in
order to successfully use these to deliver
DNA to the nucleus; a new delivery strat-
egy with a cargo release mechanism was
developed. The introduction of a disulfide
linker to a carrier molecule is a well-es-
tablished approach exploiting the stability
of a disulfide bond in the different redox
environments in the extra- and intracellular
compartments. A plasmid DNA (pDNA)
encoding yellow fluorescent protein was
attached with a cleavable disulfide linker
ensuring the release of the pDNA once the
microspheres entered the cytosol. Cellular
processes then transported the pDNA to
the nucleus resulting in the expression of
the protein.[221 Another approach would be
the delivery of synthetic siRNA into cells
which has increasing applications due to
the ability to switch off a genes without the
necessity of being transported into the nu-
cleus.[23] Microspheres functionalized with
adouble stranded siRNA were shown to ef-
ficiently silence green fluorescent protein
(eGFP) expressed in human cervical can-
cer (HeLa) cells.[2¥! The efficiency of the
silencing effect was partly due to the mi-
crospheres being directly taken up into the
cytosol allowing the conjugated RNA di-
rect access of the cells messenger RNA.[25]
There are always risks associated with po-
tential side effect of gene therapy(?¢! and
the delivery of a fully functional protein
into the cytosol would allow for an imme-
diate effect by the protein as well as lower-
ing these risks. As an example of this the
protein [-galactosidase was loaded onto
microspheres and was delivered to HeLa
cells without any observable damage to
the proteins function. The activity of the
protein inside the cell was confirmed using
a specific cell-permeable substrate which
releases the fluorescent dye fluorescein
upon hydrolysis by B-galactosidase (Fig.
4c,d).18:251

The Use of Microspheres as Sensors

As the microspheres do not degrade,
the possibilities of their use as reliable
long-term sensors inside cells were also
explored. The pH of the cytosol affects a
wide range of processes and the function
of proteins in the cell, hence it is controlled
within a narrow range by ion transfer across
the cellular membrane.?’! Fluorescein is a
well-known fluorescent pH indicator, 28!
however it is able to readily cross the cell

membrane and rapidly leak from the cell,
preventing its reliable use as an intracel-
lular pH probe. By contrast, fluorescein
immobilized onto microspheres has been
shown to be an accurate pH sensor in the
cellular range of pH 6 to 8 with long-term
stability and with no observable leakage
from cells.?) The concentration of other
ions such as calcium is equally important
and well-known fluorescent Ca’* probes
like Indo-113% are also not easily delivered
into cells. A derivative of Indo-1, covalent-
ly attached to microspheres, was success-
fully delivered into cells and calcium levels
were evaluated at the single cell level, in
real time.B! Cells containing the Indo-1
microsphere sensor had activity after 18
hours while the conventional sensor had
completely diffused out of the cells in the
same period, suggesting the microspheres
may have a role as long-term sensors of
cellular calcium levels.3!

The Use of Microspheres as a
Carrier of Inorganic Catalysts

The chemistry within a cell is typically
carried out by a wide range of proteins.[32]
Although the use of these proteins and their
mimics has been widely explored, little at-
tention has been paid to the use of small
molecule catalysts to perform chemical
transformation within cells. Microspheres
modified to °‘contain’ a heterogeneous
Pd(0) catalyst cross the cellular membrane
and remain in the cytosol for a prolonged
period of time without causing any harm to
the cell. These Pd(0)-loaded microspheres
retain catalytic activity within cells and a
Suzuki-Miyaura cross-coupling reaction
was performed allowing the synthesis of a
fluorescent mitochondrial dye demonstrat-
ing the first use of a palladium catalyst

Fig. 5. Confocal image of a HelLa cell where
Pd(0)-catalyzed intracellular cross-coupling
reaction formed a mitochondria-localized fluo-
rescent dye. The dye is co-localized with Mito
Tracker Deep Red (mitochondrial stain) (or-
ange) and the cell nucleolus was stained with
Hoechst 33342 (blue). White arrow indicate the
presence of Pd(0)-microsphere in the cytosol
(green).k

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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