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Fluorescent  nanoparticles  continue  to  be of wide  interest,  as  they  have  many  advantages  over single
fluorescent  molecules  for biological  imaging  and  sensing  applications,  such  as  increased  fluorescence
intensity  and  reduced  photobleaching.  In  the  following  work,  styrene  was  copolymerised  with  a  newly
synthesised,  fluorescein-based,  vinylic  crosslinking  monomer,  by  emulsion  polymerisation,  to  create  a
series  of  different  sized  fluorescent  nanoparticles  (35–100  nm),  each  of  narrow  size-distribution.  The
eywords:
luorescent nanoparticles
olystyrene nanoparticles
luorescein
mulsion polymerisation

particles  were  found  to  be  highly  fluorescent  and  with  lower  photobleaching  compared  to  fluores-
cein  isothiocyanate  (FITC),  offering  an  attractive  alternative.  The  fluorescence  excitation  and  emission
spectra  were  recorded,  being  similar  to fluorescein,  but  with  interesting  variation  in the  excitation  spec-
tra.  The  particles  also  have  a wide  range  of  potential  uses,  such  as  examining  particle  uptake  activity
of  a  macrophage  cell  line,  also  demonstrated.  The  nanoparticles  were  coated  with  albumin  to provide
functionality  for  potential  conjugation  to  biological  targeting  agents.
. Introduction

Fluorescent nanoparticles have attracted much interest in
iological imaging, biosensing [1],  fluorescent cell sorting and
ioanalysis [2] due to their various advantages over single dye
olecules, such as increased fluorescence and reduced photo-

leaching [3,4]. Besides the simple additive effect achieved by
onfining a large number of fluorescent molecules into a small
olume, increasing the fluorescence per particle, dye molecules
ntrapped within matrix particles have a matrix shielding effect
5] from molecular oxygen, which reduces formation of reactive
xygen species (ROS) hence reducing photobleaching. The matrix
lso reduces mobility of the dye molecules reducing the chance of
ollision, thus reducing fluorescence quenching [4],  giving overall
ncreased photostability.

Covalently incorporating dye into particles rather than dye-
oping, greatly reduces potential problems such as dye aggregation
s well as leakage of dye from within the particles [6],  and several
esearch groups have applied this technique. Brambilla et al. syn-
hesised rhodamine B cyanoacetate and covalently incorporated
he dye within poly(alkyl cyanoacrylate) nanoparticles, shown to

e appropriate for in vitro imaging of human brain endothelial cells
6]; mesoporous silica nanoparticles with covalently attached FITC
ave been prepared, and the particles were successfully uptaken

∗ Corresponding author. Tel.: +972 3 5318861; fax: +972 3 5351250.
E-mail address: shlomo.margel@mail.biu.ac.il (S. Margel).

010-6030/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.jphotochem.2011.11.012
© 2011 Published by Elsevier B.V.

into fibroblast cells [7]; fluorescent nanoparticles have been syn-
thesised using a perylene-based fluorescent monomer [1] as well
as bifunctional crosslinker [8];  nanoparticles as potential optical
imaging contrast agents have been synthesised, and polystyrene
microspheres have also been created, using fluorescent monomers
such as fluorescein-based or carbocyanine-based monomers
or 4-ethoxyl-N-allyl-1,8-naphthalimide, covalently incorporated
within the polymeric chains [9,10].  If fluorophores are located
within energy-transfer distance to each other, this may lead to
quenching [9],  however, covalently attaching the dyes to other
monomers gives more control over distances between fluorescent
moieties.

Fluorescein, and fluorescein isothiocyanate (FITC) are widely
used for fluorescence, including biological targeting and imag-
ing, due to their wide accessibility, high quantum yield and FDA
approval for in vivo use of fluorescein [11–13].  However, its use
may  be limited due to photobleaching [14,15], the kinetics of which
has been studied by Song et al. [16], as well as the limited flu-
orescent signals obtained from single fluorescent molecules in
biological labelling. By incorporating fluorescein into nanoparti-
cles, its advantages can be maintained while minimising effects of
bleaching, by slightly modifying the fluorescein molecule. One of
the reasons for fluorescein being so prone to photobleaching is the
vulnerability of the two phenol groups, which are highly suscepti-

ble to attack by radical ROS to form phenoxy radicals [17,18],  which
can lead to destruction of aromaticity. Therefore, by exchanging
the hydroxyl groups with an alternative group photobleaching is
expected to be reduced.

dx.doi.org/10.1016/j.jphotochem.2011.11.012
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:shlomo.margel@mail.biu.ac.il
dx.doi.org/10.1016/j.jphotochem.2011.11.012
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A common method for synthesis of polymeric nanoparticles
ith narrow size-distribution is by radical emulsion polymerisa-

ion. The emulsion polymerisation process begins with the minute
mount of insoluble monomer found in the continuous aqueous
hase, which, as the oligomeric chain grows, becomes even less
oluble and migrates into the surfactant micelles where polymeri-
ation continues. Further oligomeric chains enter between the
xisting polymeric chains, and again, their polymerisation con-
inues until termination [19]. Controlling factors such as total

onomer concentrations, crosslinker concentrations and surfac-
ant concentrations result in variation of the average nanoparticle
ize [20–23].

The nanoparticles in the following work were prepared by
opolymerising a new fluorescent vinylic crosslinking monomer,
uorescein-O,O-bis-methylstyrene (FBMS), with styrene by emul-
ion polymerisation. The resulting polystyrene-co-fluorescein-
,O-bis-methylstyrene (PS-FBMS) nanoparticles synthesised are

ntensely fluorescent, photostable, and have potential to be
xploited in many applications. Here we demonstrated their use
n examining particle uptake by a macrophage cell line. We  also
oated the PS-FBMS particles with albumin, which provided amine
nd carboxylate functional groups suitable for conjugation of a
ioactive agent.

. Materials and methods

.1. Materials

The following analytical-grade chemicals were purchased from
igma–Aldrich and used without further purification: fluores-
ein (95%), p-chloromethyl styrene (97%), tetrahydrofuran (THF,
9.9%), (Bu)4NOH (40% in H2O), chloroform (CHCl3 99%), potas-
ium persulphate (99%), sodium dodecyl sulphate (SDS), styrene
99%), FITC, and BSA. Water was purified by passing deionised
ater through an Elgastat Spectrum reverse osmosis system (Elga,
igh Wycombe, UK). Fluorescence intensity measurements and
bsorbance measurements were performed using a microplate
eader with excitation wavelength 485 nm and emission wave-
ength 535 nm (Spectrafluor Plus, Tecan, Männedorf, Germany).
n immunoperoxidase assay kit for determination of albumin in
uman sera (HSA) (Immunology Consultants Laboratory, Inc.) was
sed for qualitative determination of BSA. The cell line RAW264
as obtained from ATCC (VA, USA). DMEM,  FCS, l-glutamine, peni-

illin and streptomycin were purchased from Biological Industries,
eit Haemek, Israel.

.2. Synthesis of FBMS

Synthesis was carried out according to a similar procedure
escribed in the literature [24]. Briefly, fluorescein (0.33 g, 1 mmol)
as dissolved in THF (7 mL). A 40% aqueous solution of (Bu)4NOH
as added to the solution and the reaction mixture was stirred

t room temperature for 2 h, after which the reaction solvent
as evaporated under vacuum. The dry product was dissolved

n CHCl3 (5 mL)  and the reaction mixture was cooled to 5 ◦C. p-
hloromethylstyrene (0.25 mL,  2 mmol) was added dropwise at
emperatures below 5 ◦C, and the mixture was maintained below
◦C for 1 h, and then at room temperature for 18 h. Distilled water

10 mL)  was added and the product solution was extracted. The
roduct was precipitated from the CHCl3 solution then purified by
ilica gel chromatography, and its structure was confirmed by NMR

1H, 13C and 2D, Bruker Avance III–700), low resolution ESI pos-
tive mass spectroscopy (QTOF micro, “waters”, UK), MALDI High
esolution Mass spectroscopy (using DHB matrix) with external
tandard of (PEG/OMe)750, Reflection mode, YAG Laser (AutoFlex
otobiology A: Chemistry 228 (2012) 60– 67 61

III Tof/Tof Bruker, Germany) and elemental analysis (EA1110, CE
Instruments).

1H NMR  (700 MHz, CD3OD): ıH 8.30 (1H, 19), 7.81 (1H, 17), 7.77
(1H, 18), 7.50 (2H, 34a,b), 7.46 (2H, 33a,b), 7.34 (1H, 16), 7.13 (2H,
26a,b), 7.00 (1H, 8), 6.97 (1H, 11), 6.96 (1H, 1), 6.93 (1H, 10), 6.75
(1H, 28), 6.71 (2H, 25a,b), 6.70 (1H, 36), 6.53 (1H, 2), 6.28 (1H, 4),
5.81 (1H, 29Z), 5.78 (1H, 37Z), 5.28 (1H, 37E), 5.25 (1H, 29E), 5.25
(2H, 31), 4.82 and 4.87 (2H, 23).

13C NMR  (175 MHz, CD3OD): ıC 187.20 (3), 166.72 (21), 165.72
(9), 161.17 (5), 155.99 (7), 155.51 (13), 139.30 and 139.28 (27 and
35), 137.75 (36), 137.69 (28), 136.96 (32), 135.06 and 134.92 (15 and
24), 134.08 (17), 132.51 (11), 132.41 (19), 131.71 (20), 131.69 (16),
131.31 (18), 130.75 (1), 129.71 (25a,b), 129.41 (2), 129.02 (33a,b),
127.61 (34a,b), 127.47 (26a,b), 118.26 (14), 116.31 (12), 116.25 (10),
115.04 (37), 114.71 (29), 105.57 (4), 102.59 (8), 71.73 (31), 68.41
(23).

HRMS (M+, C38H28O5) calculated: 564.63; found: 565.2010. Ele-
mental analysis: calculated C 80.83; H 5.00; O 14.17%; found C
80.86; H 5.01; O 14.11%.

2.3. Synthesis of fluorescent nanoparticles

The fluorescent nanoparticles were synthesised by emulsion
polymerisation, with varying ratios of FBMS to styrene, initiator
to monomer ratios and total monomer to continuous phase ratios.
In a typical experiment, FBMS (10 mg)  was dissolved in styrene
(1.1 mL)  and added to a deaerated solution of potassium persul-
phate (10 mg)  and SDS (50 mg)  in water (10 mL). The mixture was
polymerised overnight at 73◦, to yield nanoparticles of 60 ± 10 nm
in diameter. While the mixture appeared uniform, any unpoly-
merised styrene was removed by disposal of the upper part of
the mixture, using a separating funnel. The particles were then
passed through a 0.45 �m filter, to remove unpolymerised FBMS,
and excess SDS as well as any small amount of monomers remain-
ing in solution were then removed by dialysis. Particle size was
varied by manipulation and control of concentrations of both SDS
and FBMS.

2.4. Particle characterisation

The hydrodynamic diameter and size distribution of the
nanoparticles dispersed in water were determined using a sub-
micron particle analyzer, model N4 Plus, Coulter Electronics Ltd.,
England. Excitation and emission spectra were measured by a spec-
trofluorometer (Cary Eclipse).

Thermogravimetric analysis (TGA) and differential scanning
calorimetery (DSC) were performed under nitrogen gas, by
TGA/DSC STARe System (Mettler Toledo, Switzerland).

2.5. Photobleaching experiment

An aqueous solution of FITC (0.01 �M,  100 �L) was  prepared,
as was a dilute aqueous suspension of PS-FBMS nanoparticles, to
give similar fluorescence intensity (FI), at excitation wavelength
460 nm,  and emission wavelength of 523 nm (0.02 ± 0.005 mg/mL,
100 �L). The excitation slit was  open to 20 nm and the emission
slit was  open to 5 nm.  Each of the samples was illuminated contin-
uously, and FI was  measured over a period of twenty minutes by
a Cary Eclipse fluorescence spectrophotometer (Agilent Technolo-
gies, Inc.).
2.6. Cytotoxicity assay

96-Well plates were seeded with 2 × 105 cells per well of the
phagocyte cell line RAW264 in 100 �L DMEM supplemented with
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0% foetal calf serum (FCS), 2 mM l-glutamine, 50 units/mL peni-
illin, and 50 �g/mL streptomycin. After 24 h at 37 ◦C, nanoparticles
n a similar medium to the cells (100 �L) were added, giving total
oncentrations of 500, 250, 125, 50, 25 and 12.5 �g/mL. After a fur-
her 24 h at 37 ◦C, 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
is(4-methoxy-6-nitro)benzene-sulphonic acid hydrate (XTT) was
dded according to kit manufacturer instructions (Biological Indus-
ries, Beit Haemek, Israel). Absorbance was read at 450 nm,
nd the absorbance of corresponding concentrations of PS-FBMS
anoparticles was subtracted from the reading. Cell viability was
etermined as a percentage of the negative control (untreated
ells).

.7. Uptake of nanoparticles by phagocytes

.7.1. Cell lines
Cells from the macrophage tumour line RAW264, were grown

s adherent cells in tissue culture dishes in a 5% CO2, 95% air atmo-
phere at 37 ◦C, similarly to a previous phagocytosis study [25].
ultures were transferred biweekly in DMEM supplemented with
0% foetal calf serum (FCS), 2 mM l-glutamine, 50 units/mL peni-
illin, and 50 �g/mL streptomycin.

.7.2. Endocytosis assay
100 �L aliquots of the RAW264 cells (1 × 107 cells/mL DMEM-

CS) were dispensed into fluorescence activated cell sorter (FACS)
ubes, and 100 �L of PS-FBMS beads [1 mg  beads/mL DMEM-FCS]
ere added to each, and the cultures were incubated at 37 ◦C for

–5 h. After incubation, PBS (Ca2+, Mg2+ free) was  added and the
ubes were centrifuged at 1300 rpm for 10 min. The cells were
esuspended in PBS (1 mL)  and fluorescence was determined by
ACS (GalliosTM, Beckman Coulter). In addition, 100 �L aliquots
f cell preparations, (1 × 105 cells/mL in DMEM-FCS), were dis-
ensed a 24-well plate and incubated at 37 ◦C. After 24 h, 100 �L
f PS-FBMS beads (1 mg  beads/mL) were added and the cultures
ncubated for 4 h at 37 ◦C. The cells were rinsed with PBS, and
hen viewed by a digital inverted fluorescent microscope (EVOS,
dvanced Microscopy Group).

.8. Albumin coating

An albumin coating was achieved according to the literature
26], briefly, a mixture of bovine serum albumin (BSA, 10 mg)  and
S-FBMS nanoparticles (various sizes, 20 mg)  in water (10 mL)  was
repared. The mixture was allowed to gradually reach 60◦, and was
hen stirred at 60◦ overnight, after which the mixture was  allowed
o cool. Excess albumin was removed by cycles of membrane ultra-
ltration, during which the mixture was gradually transferred to
BS.

Qualitative determination of the presence of albumin on the
article surface was performed using an immunoperoxidase assay

ntended for determination of albumin in human sera (Immunol-
gy Consultants Laboratory, Inc.). Briefly, duplicate samples of
ncoated as well as BSA coated PS-FBMS nanoparticles (100 �L)
ere transferred to separate wells containing bound anti-albumin

ntibody (antiAlb), and allowed to stand at room temperature
vernight. The wells were then washed to remove unbound par-
icles, and horseradish peroxidase (HRP) antiAlb conjugate was

dded. A solution containing 3,3′,5,5′-tetramethylbenzidine and
ydrogen peroxide in citric acid buffer at pH 3.3 was  added, fol-

owed by a 0.3 M sulphuric acid solution, and absorbance was
etermined at 450 nm.
Scheme 1. Synthesis of FBMS.

3. Results and discussion

3.1. Fluorescent crosslinker FBMS

The fluorescent crosslinking monomer was synthesised as
described in Section 2, by reaction of fluorescein with p-
chloromethyl styrene, in basic conditions (Scheme 1). The first step
involves deprotonation of fluorescein, opening of the lactone ring
and formation of its dianionic form [14,27] The product was a dark
orange powder (yield 89%).

Interesting to note is that the hydrogen atoms at C23 are
diastereotopic in the NMR  spectrum, indicating a biphenyl-like
chirality of the molecule. This is due to substitution at the ortho
position of the aromatic ring (C20) and hence slow rotation at room
temperature about the C13 C15 bond (in the NMR  time-scale), due
to steric hindrance.

3.2. Synthesis of PS-FBMS nanoparticles

Fluorescent PS-FBMS nanoparticles were synthesised as
described in Section 2, by dissolving a small percentage (discussed
in the following sections) of FBMS in styrene, followed by emulsion
polymerisation. Excess reagents (such as unpolymerised monomer
and SDS) were removed by filtration followed by extensive dial-
ysis against water. Variation of concentrations of the fluorescent
crosslinker, and concentrations of the surfactant created a series
of particles with different fluorescence intensities and of different
sizes and size-distributions.

TGA and DSC were performed on the PS-FBMS nanoparti-
cles, and were compared to thermal behaviour of polystyrene.
Polystyrene particles were recorded to undergo thermal decom-
position at 360–440 ◦C, whereas those crosslinked with FBMS
appeared to decompose at 375–455 ◦C, showing increased stabil-
isation against heat, which is probably due to crosslinking of the
polystyrene chains. In addition, the glass transition temperature

(Tg) of polystyrene is at approximately 110 ◦C, whereas the lack of
a Tg indicates the presence of a crosslinked polymer.
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Fig. 2. Effect of percentage of FBMS on FI. A linear increase in FI of the particles was
observed with increase in FBMS. Increasing the concentration of particles in water
also increased the fluorescent signal, without quenching.

minute period. While for both FITC and the nanoparticles the
photobleaching appeared to be slow, the decrease in FI was  signifi-
cantly slower for the nanoparticles, which over the twenty minutes
ig. 1. Variation of average particle size and size distribution by variation of per-
entage of FBMS, keeping concentrations of initiator, total monomer and volume of
ontinuous phase constant, as described in Section 2.

.3. Effects of variation of FBMS concentration

Variations of crosslinker concentrations while preserving the
otal monomer concentration may  be expected to affect the aver-
ge particle size. Solutions of 0.1, 0.5, 0.75 and 1.0% (by weight) of
BMS in styrene were prepared at room temperature. At 1.0% (by
eight) the solution appears to be saturated, as larger quantities
ere not successfully dissolved in the styrene. Following polymeri-

ation, the resulting average particle diameters were 70, 60, 55
nd 50 nm respectively (Fig. 1), showing only a slight decrease in
ize, and the size-distribution was also not significantly affected.
he trend of a gradual reduction in size is probably due to the
ecreased ability of the growing nanoparticle to “swell” during the
mulsion polymerisation process with an increased percentage of
rosslinker.

Fluorescence intensity rarely scales linearly with the number of
ye molecules in the particle due to factors such as singlet–singlet
nnihilation, self-quenching and Stern–Volmer quenching [1].
owever, when the fluorescent moiety is kept at low concentra-

ions relative to the non-fluorescent monomer, when integrated
nto a polymer, FI may  be increased with an increase in fluorescent
ye, as the non-fluorescent monomer maintains a certain distance
etween the fluorescent moieties, thus preventing aggregation and
uorescence quenching. The quantum yield of FBMS was found to
e 0.67, using fluorescein as a standard with a quantum yield of
.97 [28]. Despite its lower quantum yield, incorporation of sev-
ral FBMS molecules would result in significant increase in FI per
article compared to a single fluorescein molecule, if no significant
uenching or non-emissive energy transfer takes place.

For nanoparticles prepared using 0.1, 0.5, 0.75 and 1.0% (by
eight) of FBMS in styrene, the relative FI was measured for simi-

ar particle concentrations (mg/mL). There appeared to be a linear
ncrease in intensity with an increase in concentration of FBMS,

ith no fluorescence quenching observed (Fig. 2). This can be
xplained in that the polystyrene chains provide sufficient sepa-
ation between the fluorescein (FBMS) moieties, so non-emissive
nergy transfer cannot take place. In experiments that followed,
BMS concentrations used were 1.0% (by weight, 0.2 mmol/mol
tyrene), in attempt to create the particles with highest FI.

.4. SDS concentration and particle size

As is well documented, particle size decreases with increas-
ng surfactant concentration [21,29–32].  Besides the tightly packed
urfactant molecules affecting growth during particle formation

21], the smaller the particle, the greater the number of SDS

olecules required per unit of surface area for particle stabilisation
32]. Variation of SDS concentration was found to be an effective

ethod for obtaining average particle diameters in the range of
Fig. 3. Effect of SDS concentration on particle size. A non-linear decrease in particle
size  was observed with increasing concentrations of SDS, while initiator concentra-
tion, and volumes of styrene and of aqueous continuous phase are kept constant.

approximately 40–100 nm,  while keeping constant initiator and
total monomer concentrations. In an experiment using 1% initiator
relative to the monomer, and 15 mL  of aqueous continuous phase
with 0.25, 0.5, 0.75, 1, 1.5 and 2% SDS, particles of average diam-
eter, 94, 67, 54, 45, 44 and 37 nm respectively (Fig. 3). PS-FBMS
nanoparticles, at approximate concentrations of 67 mg/mL gave
an orange to yellow suspension, depending on particle size. The
smaller particles gave a darker translucent suspension, whereas
the larger particles gave a lighter opaque suspension (qualitatively
illustrated in Fig. 4).

3.5. Photobleaching

The spectrofluorometer measurements of FI for FITC and for the
PS-FBMS nanoparticles were plotted against time over a twenty-
Fig. 4. Appearance of aqueous PS-FBMS nanoparticles (67 mg/mL) of increasing size
(35 ± 5 nm (left) to 87 ± 12 nm (right)).



64 M. Pellach et al. / Journal of Photochemistry and Photobiology A: Chemistry 228 (2012) 60– 67

F
0

d
t
a

l
d
t
t
p
e
m
w
t
t
r
p

3

3

o
n
o
n
o
m
t
w
A
t
n
p
c
a
s
b
t

E
t
h
i
t
7
c

Fig. 6. Optical spectra for (a) fluorescein in EtOH. Excitation �max = 458(485) nm,
emission �max = 515 nm, (b) FBMS in EtOH. Excitation �max = 460(488) nm, emis-
ig. 5. Photobleaching kinetics of 0.01 �M aqueous FITC (100 �L) compared to
.2  mg/mL  aqueous PS-FBMS nanoparticle suspensions (100 �L).

ecreased by approximately five percent and more linear compared
o the FITC, which decreased more rapidly by about twenty percent,
nd the FI graph gradually plateaus (Fig. 5).

It has been shown that there are two major pathways for
oss of excited-state fluorescein: reaction between a triplet-state
ye molecule with another dye molecule, and reaction between a
riplet dye and an oxygen molecule [16]. In the PS-FBMS nanopar-
icles, the dye–oxygen interaction is greatly reduced due to the
olystyrene shielding, and dye–dye interactions are practically
liminated due to the covalent incorporation of the fluorescent
oieties and their lack of mobility. Furthermore, The excitation
avelength used was the particles’ excitation maximum, rather

han that of aqueous FITC (460 rather than 494). On illumina-
ion at the FITC excitation maximum one would expect a more
apid decrease in FI, and an even slower loss of fluorescence of the
articles.

.6. Fluorescence spectra

.6.1. “Solvatochromic” effects
The fluorescence spectra were obtained for fluorescein, the flu-

rescent crosslinker in solution, as well as incorporated within PS
anoparticles (Fig. 6). Interestingly, when comparing, the spectrum
f fluorescein in EtOH is similar to that of FBMS in EtOH, with
o significant shifts in the excitation and emission maxima. The
ptical spectra of fluorescent molecules are often affected by their
edium, as changes in polarity of the medium result in changes in

he electronic state or dipole moments of the fluorescent moieties,
hich consequently results in shifts of peak maxima [14,33–35].
lthough the FBMS moiety is slightly modified after polymerisa-

ion, a shift is demonstrated with the spectrum of FBMS within
on-polar PS. Note that once dye is incorporated into polymeric
articles, it no longer interacts with the solvent in which the parti-
les are dispersed, and therefore the media in which the particles
re dispersed does not affect the fluorescence spectra, that is,
olvatochromism is generally not relevant for these polystyrene-
ased fluorescent particles, unless the solvent is able to penetrate
hem.

Also worth noting, is that the stokes shift of fluorescein in
tOH, as shown in Fig. 6, is approximately 67 nm,  which is advan-
ageous over the usual 22–24 nm observed for aqueous FITC,
owever, its use is limited partly because of its lack of solubility
n aqueous solution. The stokes shift of the PS-FBMS nanopar-
icles is similar to that of fluorescein in EtOH (approximately
0 nm), allowing excitation as well as detection at the parti-
les’ maxima, and thus full exploitation of their fluorescent
sion �max = 521, and (c) an aqueous suspension of PS-FBMS nanoparticles of average
diameter 50 nm.  Excitation �max = 452 nm,  emission �max = 521.

properties, while also having dispersibility in an aqueous
phase.

3.6.2. Particle size and optical effects
The original precipitated product (see Section 2.2) contained

approximately ten percent of the monoalkylated product fluores-
cein methyl styrene (FMS, molecular weight 449 by MS)  monomer
(with alkylation presumably at O22, Scheme 1). Following poly-
merisation using this product mixture, the emission spectrum of
the obtained nanoparticles was found to be a shouldered peak (as
in the spectra in Fig. 6), and again approximately equivalent for each
of the particle sizes. The excitation spectra, however, showed a size-
dependence for the PS-FBMS-FMS nanoparticles, with a secondary
excitation peak appearing similar in intensity to the primary peak
for the 100 nm particles, and then decreasing in intensity as particle
size is reduced (Fig. 7). A possible explanation of this phenomenon
is that the monoalkylated fluorescent moiety is less protected by
polystyrene chains. The larger particles’ polystyrene chains are rel-
atively extended, maintaining distance between the fluorescent
moieties. As the particle size decreases, there is increased folding
of the polymeric chains within the particle, allowing an increasing

number of the monosubstituted moieties to reach energy-transfer
distances between fluorescent moieties, and to quench each other’s
fluorescence.
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similarities between BSA and HSA [36]. The average absorbance for
uncoated particles at 450 nm was  0.095 (a.u.) compared to 0.145
(a.u.) for coated particles. As expected, the use of denatured BSA
ig. 7. Normalised excitation spectra of PS-FBMS-FMS nanoparticles. Larger parti
econdary peak decreases in intensity relative to the primary peak, as the particle s

.7. Cytotoxicity assay

An XTT assay for determining the effect of PS-FBMS nanopar-
icles on cell viability was performed, as described in Section 2.
fter 24 h of exposure of the phagocyte cell line RAW264 to the
anoparticles, no significant toxicity was observed for nanoparti-
le concentrations of up to 125 �g/mL. Minor toxicity was observed
or concentrations of 250 and 500 �g/mL, with approximately 80%
nd 75% cell viability, respectively (Fig. 8).

.8. Uptake of nanoparticles by phagocytes

A macrophage cell line (RAW264) was treated with differ-
nt sized PS-FBMS nanoparticles, as described in Section 2. The
acrophage cells were found to gain fluorescence due to the

ptaken PS-FBMS nanoparticles (Fig. 9). The larger the particles,
he greater the percentage of cells that obtained fluorescence and
he greater their FI (Fig. 10a). A kinetic study showing increas-
ng fluorescence over 5 h indicated continued internalisation of
anoparticles (Fig. 10b). With illumination of the cells over several
inutes, no loss of fluorescence was observed due to photobleach-

ng.

.9. Albumin coating

The uncoated particles are stabilised in the aqueous phase due to
he negatively charged SDS molecules that remain on the particle
urface, in slightly acidic aqueous conditions. For most biological
abelling, the particles require a buffered environment, that is, pos-
tive and negative ions that affect both the pH of the solution as well

s the charge of the particle surface, and hence the ability of SDS
olecules to stabilise the particles. Transferring the particles to PBS

hus leads to particle destabilisation and aggregation. The albumin
oating, with both positive and negative charges at physiological

ig. 8. Viability of cells exposed to PS-FBMS nanoparticles, after 24 h, expressed as
 percentage of the negative control.
ave a secondary peak appearing similar in intensity to the primary peak, and the
creases.

pH, provides a more “buffer friendly” particle surface, and stabilises
the particles in aqueous buffer solutions such as PBS. The main func-
tion of the proteinaceous coating, though, is to provide functional
groups such as amines and carboxyl groups for conjugation of a
desired targeting agent.

The albumin coating was  verified as described in Section 2.
Although the method used was  for un-denatured HSA, and the pro-
tein in question was  denatured BSA, the method was predicted to
be effective for qualitative analysis, due to sequential and structural
Fig. 9. Fluorescent microscopy of RAW264 macrophages without (a) and containing
(b)  uptaken 60 ± 12 nm PS-FBMS nanoparticles. The figure shows that the particles
have been internalised into the cells and are not merely adsorbed onto the cell
surface.



66 M. Pellach et al. / Journal of Photochemistry and Ph

F
D
o

r
i
c
o
t
o
a

4

m
w
e
b
w
m
m
t

[

[

[

[

[

[

ig. 10. Phagocytosis of PS-FBMS nanoparticles by RAW264 macrophage cells.
ependence on particle size (a) and kinetic study showing increase in fluorescence
ver time due to phagocytotic uptake of PS-FBMS 60 ± 12 nm nanoparticles (b).

esulted in a weakened signal compared to what would be expected
f detecting natured HSA. However, results were reproducible, and
onclusive to our satisfaction, indicating the presence of albumin
n the particle surface, and thus functional groups for conjugation
o a biological targeting agent, for imaging purposes. The influence
f an albumin coating on endocytosis of the particles was unclear,
nd further investigation of this is required.

. Conclusions

Fluorescent PS-FBMS fluorescent, crosslinked nanoparticles
ay  be synthesised by emulsion copolymerisation of styrene
ith a fluorescein-based crosslinking monomer, and their size is

asily manipulated. Their biocompatibility together with their non-
iodegradability makes them ideal as biological imaging agents,

ith an increased lifetime in biological settings. Compared to com-
only used FITC, the particles’ emission wavelength is similar, so
ethods used for detection are similar, however the particles’ exci-

ation maximum is at 452 nm giving a significant increase in Stokes

[

[

otobiology A: Chemistry 228 (2012) 60– 67

shift. Each particle also has greater fluorescence and greater pho-
tostability compared to a single FITC molecule.

Functionalisation of the particles is provided by an albumin
coating, which provides both carboxyl and amine groups that may
be used for conjugation of a bioactive agent. In the future, the
bioactivated fluorescent nanoparticles can then be used in vari-
ous biomedical applications such as diagnostics, drug targeting,
cellular labelling and cell separation [3,37].  Overall, the PS-FBMS
nanoparticles are promising fluorescent nanomaterials that are
easily synthesised, bright, photostable and size-tuneable with a
variety of potential uses.
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